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Using immunofluorescence and in situ hybridization techniques, we studied the intracellular localization of
adeno-associated virus type 2 (AAV-2) Rep proteins, VP proteins, and DNA during the course of an AAV-2/
adenovirus type 2 coinfection. In an early stage, the Rep proteins showed a punctate distribution pattern over
the nuclei of infected cells, reminiscent of replication foci. At this stage, no capsid proteins were detectable. At
later stages, the Rep proteins were distributed more homogeneously over the nuclear interior and finally
became redistributed into clusters slightly enriched at the nuclear periphery. During an intermediate stage,
they also appeared at an interior part of the nucleolus for a short period, whereas most of the time the nucleoli
were Rep negative. AAV-2 DNA colocalized with the Rep proteins. All three capsid proteins were strongly
enriched in the nucleolus in a transient stage of infection, when the Rep proteins homogeneously filled the
nucleoplasm. Thereafter, they became distributed over the whole nucleus and colocalized in nucleoplasmic
clusters with the Rep proteins and AAV-2 DNA. While VP1 and VP2 strongly accumulated in the nucleus, VP3
was almost equally distributed between the nucleus and cytoplasm. Capsids, visualized by a conformation-
specific antibody, were first detectable in the nucleoli and then spread over the whole nucleoplasm. This
suggests that nucleolar components are involved in initiation of capsid assembly whereas DNA packaging
occurs in the nucleoplasm. Expression of a transfected full-length AAV-2 genome followed by adenovirus
infection showed all stages of an AAV-2/adenovirus coinfection, whereas after expression of the cap gene alone,
capsids were restricted to the nucleoli and did not follow the nuclear redistribution observed in the presence
of the whole AAV-2 genome. Coexpression of Rep proteins released the restriction of capsids to the nucleolus,
suggesting that the Rep proteins are involved in nuclear redistribution of AAV capsids during viral infection.

Capsid formation was dependent on the concentration of expressed capsid protein.

The nucleus, commonly referred to as the control center of
the eucaryotic cell, is highly organized into subcompartments
to perform a number of essential functions such as DNA rep-
lication, RNA transcription, processing, and transport (6, 13,
58, 68). Development of protein and nucleic acid localization
techniques allowed the visualization of many nuclear compo-
nents and processes at discrete subnuclear sites, which suggests
that they are part of an underlying structure involved in the
functional organisation of the nucleus. These structures are
highly dynamic and change in the cell cycle as a function of
cellular activity (36, 39, 40, 43, 44, 54). Viral infections often
are associated not only with a functional reprogramming of
host cell gene expression but also with a reorganization of the
cellular architecture, in particular of the nucleus (4, 9, 10, 14,
19, 20, 46, 56, 59, 64). Although several viral components
possibly involved in formation and reorganization of this nu-
clear architecture are being investigated, they still are not well
understood.

The life cycle of the adeno-associated virus (AAV) strongly
depends on helper virus functions provided by either adenovi-
rus or herpesvirus families (for reviews, see references 8 and
41). These helper viruses themselves show a profound influ-
ence on the host cells and a characteristic subcellular compart-
mentalization of viral products during infection (10, 46, 47, 49,
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66). Coinfection of AAV-2 with adenovirus leads to induction
of AAV-2 gene expression and to changes of the cellular milieu
which are necessary for replication and production of infec-
tious virus (3, 7, 11, 12, 15, 16, 31, 51). Accumulation of viral
transcripts is controlled by a set of nonstructural AAV-2 pro-
teins which are also required for DNA replication (5, 35, 38,
63). They are encoded by an overlapping reading frame located
on the left half of the AAV-2 genome and are transcribed from
either the p5 or the pl9 promoter at map units 5 and 19,
respectively. The transcripts from both promoters are trans-
lated from spliced and unspliced mRNAs, resulting in four
proteins designated Rep78, Rep68, Rep52 and Rep40 accord-
ing to their apparent molecular weight. Rep78 and Rep68 play
key roles in AAV DNA replication (25, 62) by binding to the
inverted terminal repeats and catalyzing the terminal resolu-
tion reaction (2, 29, 57). Several influences of these proteins on
AAYV gene expression have been documented, without delin-
eating a comprehensive model for AAV gene regulation by
these proteins (5, 27, 34, 35, 38, 63). Mutations that prevent the
synthesis of the small Rep proteins Rep52 and Rep40 lead to
a strongly reduced level of single-stranded DNA (ssDNA) ac-
cumulation, suggesting that they play a role in DNA packaging
(17, 26). The AAV cap gene located in the right half of the
AAYV genome codes for three capsid proteins, VP1, VP2, and
VP3, which are present in the virion in a 1:1:10 stoichiometry
(32, 33, 52). Pulse-chase experiments support the view that the
single-stranded AAV genomes are packaged into preformed
capsids (42). In a time course of AAV-2/adenovirus type 2
coinfection, the synthesis of Rep and Cap proteins follows
similar kinetics, reaching a maximum level around 20 h postin-
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fection together with bulk duplex DNA synthesis, whereas
maximum ssDNA accumulation appears to occur about 4 h
later (50). Immunoprecipitation experiments showed that Rep
proteins were detected in complexes with capsid proteins pos-
sibly representing intermediates of the AAV-2 DNA packaging
process (48, 67). The observation that the four Rep proteins
colocalize in intranuclear centers together with the capsid pro-
teins (28) was interpreted in terms of replication and packag-
ing centers of AAV-2 DNA. Recently, it could be shown by in
situ hybridization that AAV-2 DNA and Rep proteins colocal-
ize with adenovirus DNA in common foci, which were inter-
preted as replication centers (65).

In this study, the dynamics of the subcellular distribution of
AAV proteins, capsids, and DNA was monitored over the time
course of an AAV-2/adenovirus type 2 coinfection to define
the possible sites of AAV capsid assembly and DNA packag-
ing. In early phases of infection, Rep proteins and AAV DNA
are colocalized in typical replication centers, but at that time
no capsid proteins were detectable, showing that these centers
are not the sites of DNA packaging. By using a conformation-
specific capsid antibody, it was possible to show that capsids
accumulated first in the nucleoli and later also in intranuclear
areas outside the nucleoli. Rep proteins and AAV DNA also
colocalized in these extranucleolar zones, suggesting that DNA
packaging could occur at these sites. DNA and Rep could
hardly be detected in the nucleoli. Free capsid proteins, cap-
sids, and Rep proteins underwent a number of redistributions
during later stages of infection and showed mainly a separate
nuclear localization. Expression of the cap and rep genes by
transient transfection showed that capsid formation was
strongly dependent on capsid protein concentration and that
the Rep proteins have an influence on the subnuclear com-
partmentalization of AAV capsids.

MATERIALS AND METHODS

Cell culture and virus infections. HeLa cells were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum and
penicillin-streptomycin at 37°C and 5% CO,. For generation of AAV-2, cells
were grown to 80% confluency, the medium was removed, and the cells were
incubated with AAV-2 (multiplicity of infection [MOI] = 20) and adenovirus
type 2 (MOI = 2) for 2 h in 2 to 3 ml of DMEM per 175-cm? flask. After the
incubation period, DMEM was added and the cells were incubated at 37°C and
5% CO, for 3 days. Then the flasks containing cells and medium were frozen and
thawed three times at —70 and 37°C, respectively. Debris was removed by
centrifugation at 5,000 X g,,, and the clear supernatant was collected. Adeno-
virus was inactivated by heating to 56°C for 30 min. For generation of adenovirus
stocks, HeLa cells were infected solely with adenovirus (MOI = 2) and super-
natants were harvested as described above. AAV and adenovirus stocks were
subjected to titer determination by immunofluorescence staining of cells which
had been infected for 3 days either with serial dilutions of AAV to which
adenovirus was added at an MOI of 2 or serial dilutions of adenovirus alone.
Cells were grown to 70% confluency in 96-well plates prior to infection. AAV
infections were monitored with monoclonal antibody 76/3 (67), which reacts with
the nonspliced Rep proteins of AAV, and adenovirus infections were monitored
with monoclonal antibody A30 (see below). Immunofluorescence staining was
performed as described below, except that cells in 96-well plates were fixed with
methanol alone before the staining procedure. The titers were calculated from
the average numbers of fluorescence-positive cells infected with limiting dilu-
tions of virus stocks.

For analysis of different stages of infection by immunofluorescence staining,
cells were grown on coverslips and were infected in 10-cm petri dishes for 2 h in
1 ml of medium with the same MOIs as described for the preparation of virus
stocks. After infection, 9 ml of medium was added and the dishes were incubated
at 37°C and 5% CO, for the time intervals indicated at the respective experi-
ments. Transfections of HelLa cells were performed in 10-cm petri dishes by
following published protocols (18).

Plasmids. The plasmid containing the full-length AAV2 genome (pTAV-2)
was derived from pAV-2 (37) as described previously (24). Plasmids designated
pCMV-Rep78, pPCMV-Rep68, pPCMV-Rep52, and pCMV-Rep40 are identical to
the respective plasmids pKEX-Rep78, pKEX-Rep68, pKEX-Rep52, and pKEX-
Rep40 described elsewhere (27). The cap gene expression plasmid (pCMV-VP)
was generated by insertion of a 650-bp BarnHI human cytomegalovirus (CMV)
promoter fragment from pHCMV-Luci (kindly provided by K. Butz, German
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Cancer Research Center, Heidelberg, Germany) into the BamHI site of Blue-
scriptll SK+ (Stratagene) and ligation of the FspI-SnaBI cap gene fragment
from pTAV-2 into the Smal site of the same plasmid. pHCMYV-Luci was con-
structed by cloning the Hincll-Avall fragment of the CMV promoter into the
Smal site of pUC19. An EcoRI-HindIII fragment containing the CMV promoter
was subcloned into the EcoRI-HindIlI site of plasmid pBL (21).

Gel electrophoresis, immunoblotting, and immunoprecipitation. Protein sam-
ples were analyzed on 15% polyacrylamide gels in the presence of sodium
dodecyl sulfate (SDS-PAGE) (61). Total-cell lysates were prepared by sonifica-
tion of cells in protein sample buffer followed by heating to 100°C for 5 min. For
immunoblotting, proteins were electrophoretically transferred to nitrocellulose
membranes by using a semidry blotting equipment and stained with Ponceau S.
Incubations with monoclonal antibodies or polyclonal antisera were performed
by following published protocols (23). Rep and Cap proteins were visualized by
alkaline phosphatase-coupled secondary antibodies as described in standard
protocols (23) or by peroxidase-coupled secondary antibodies and enhanced
chemoluminescence detection (Amersham, Little Chalfont, United Kingdom),
as described by the supplier.

For immunoprecipitation experiments, either sucrose gradient fractions from
soluble nuclear extracts (500 wl) (67), purified, nonassembled, baculovirus-ex-
pressed capsid proteins (14 jl, 100 pg/ml) (60), AAV virus stock (100 wl of 10°
IU/ml), or purified recombinant VP2/VP3-containing virus-like particles (28 pl,
50 pg/ml) (53) were incubated overnight at 4°C in the presence of 0.5% Nonidet
P-40 (NP-40) with 200 .l of hybridoma supernatant of monoclonal antibody A1,
A69, B1, or A20 (see below) or 2 ul of a polyclonal capsid protein antiserum
raised in a rabbit (VP-S) (53). For control precipitations, we used monoclonal
antibody IVA7 (see below), which is directed against the 33-kDa protein of
Onchocerca volvulus. After this incubation, 2 pl of affinity-purified polyclonal
goat anti-mouse immunoglobulins was added to the samples with the monoclonal
antibodies as a sandwich for binding to protein A, and the mixtures were incu-
bated for 1 h. To remove nonspecific protein precipitates, the samples were
centrifuged for 5 min at 17,600 X g,, at 4°C. The immune complexes were
precipitated by addition of 30 ul of protein A-Sepharose (10% [wt/vol] in NETN
buffer, where NETN buffer consists of 0.1 M NaCl, 1 mM EDTA, 20 mM
Tris/HCI [pH 7.5], and 0.5% NP-40). The samples were agitated for 1 h, and the
Sepharose beads were washed three times with 1 ml of NETN buffer, boiled in
protein-loading buffer, and analyzed by SDS-PAGE and Western blotting. All
incubations were done at 4°C. For immunoprecipitation of metabolically labeled
proteins, 5 X 10° cells were infected as described above either with AAV-2 and
adenovirus type 2 or with adenovirus alone. After 20-h, the cells were incubated
for 1 h in DMEM free of methionine and cystine and then for 3 h in the same
medium containing 100 wCi of 3*S-translabeling mix (ICN Biochemicals). The
cells were washed twice with phosphate-buffered saline (PBS; 18 mM Na,HPO,,
10 mM KH,PO,, 125 mM NaCl [pH 7.2]) and lysed directly in the dish with 1 ml
of RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, 50
mM Tris/HCI [pH 8.0]) for 15 min at 4°C. The lysates were centrifuged for 15
minutes at 17,600 X g,, at 4°C, and the supernatants were immunoprecipitated
as described above.

Generation of monoclonal antibodies. Monoclonal antibodies against AAV-2
capsid proteins (Al, A69, B1, and A20), replication proteins (76/3), and an
adenovirus protein (A30) were generated as described previously (67). The
nucleolus-specific antibodies were obtained commercially (Paesel & Lorei,
Hanau, Germany), and antibody IVA7, directed against the 33-kDa protein of O.
volvulus, was kindly provided by R. Lucius, University of Heidelberg.

Immunofluorescent staining. Cells were grown on coverslips and were trans-
fected and infected as described above. Before fixation, the cells were washed for
5 min in PBS and fixed in methanol (5 min at 4°C) and then in acetone (5 min
at 4°C). Then the coverslips were air dried and either stored dry at —20°C or used
directly for immunofluorescence staining. Alternatively, cells were fixed in 2%
paraformaldehyde (PFA) in PBS for 20 min. After incubation in PFA, the
coverslips were incubated for 3 min in 50 mM (NH),Cl in PBS and for 5 min in
0.5% Triton X-100 in PBS. Then they were washed in PBS. All steps of the PFA
fixation were performed at room temperature. PFA-fixed cells were directly used
without air drying for immunofluorescence staining. The first antibody was ap-
plied to the coverslips for 1 h at 20°C or 15 h at 4°C in a moist chamber.
Hybridoma supernatants were applied undiluted, and polyclonal antisera were
diluted 1:50 in PBS containing 1% bovine serum albumin (BSA) prior to appli-
cation. After incubation with the first antibody, the samples were washed three
times in PBS for 5 min each at 20°C. The samples were incubated for 1 h at 20°C
with either fluorescein- or rhodamine-coupled anti-mouse or anti-rabbit second-
ary antibodies (Dianova, Hamburg, Germany) diluted 1:50 or 1:100 in PBS-1%
BSA. After incubation, the samples were washed as described above and then
given short rinses in distilled water and in 100% ethanol. Then the coverslips
were air dried, embedded in Elvanol, visualized, and photographed with a Leitz
Dialux 22-Microscope, using Kodak T-Max 400 films. For counting fluorescence-
positive cells, 5 to 10 randomly chosen image fields each displaying between 100
and 400 cells were evaluated.

Fluorescent in situ hybridization. Coverslips with adherent cells were washed
three times in PBS and fixed with 4% PFA in PBS for 20 min. Then the cells were
permeabilized by incubation for 20 min in PBS containing 0.5% (vol/vol) Triton
X-100 and 0.5% (vol/vol) saponin. After permeabilization, they were washed
again in PBS three times, placed in 0.1 M HCI for 5 min, and incubated for 30
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minutes at room temperature in PBS containing 20% glycerol. Then the samples
were immersed in liquid nitrogen for 2 min and thawed slowly at room temper-
ature. This freeze-thaw step was repeated three times. The coverslips were either
stored at —70°C or directly used for in situ hybridization. A Clal-Bsal fragment
of pTAV-2 which covers the first 286 nontranscribed nucleotides of AAV was
used for in situ hybridization. It was labeled with Bio-16 dCTP (Sigma, Munich,
Germany) by using Ready-To-Go DNA-labeling beads (Pharmacia, Uppsala,
Sweden) as specified by the manufacturers. The hybridization mixture was pre-
pared by dissolving 36 ng of the labeled fragment and 8 ug of competitor tRNA
in 4 ul of formamide per coverslip. The probe was denatured via incubation at
70°C for 10 min and immediately chilled on ice. Then dextran sulfate and 10X
SSC (1.5 M NaCl plus 0.15 M sodium citrate [pH 7.0]) were added to final
concentrations of 4 ng of labeled probe per ml, 1 pg of tRNA per ul 2X SSC,
10% dextran sulfate, and 50% formamide. Prior to hybridization, the frozen
samples were thawed and washed twice with 2X SSC, incubated with 2 SSC (in
50% formamide) at 90°C for 10 min and washed with ice-cold 2X SSC. Then the
samples were incubated with the hybridization mixture for 1 h at 37°C in a moist
chamber. After hybridization, they were successively washed in 2X SSC (in 50%
formamide) for 15 min at 37°C, 2X SSC for 30 min at room temperature, and 1X
SSC for 15 min at room temperature. The coverslips were then rinsed in buffer
W (20 mM HEPES [pH 7.2], 150 mM KCl, 0.05% Tween 20) and incubated with
fluorescein isothiocyanate-coupled ExtrAvidin (Sigma) for 15 h at 4°C (2 ug of
ExtrAvidin per ml in 20 mM HEPES [pH 7.2]-250 mM KCI-0.5 mM dithiothre-
itol-1% BSA). After two washing steps in buffer W (5 min at 20°C each), the
samples were immunolabeled for double staining as described above.

Preparation of AAV proteins and particles. Recombinant AAV proteins and
VP2/VP3 particles were prepared by infection of SF9 cells with recombinant
baculoviruses expressing VP1, VP2, and VP3 (53, 60). For preparation of AAV-2
capsids for electron microscopy, 5 X 107 HeLa cells were transfected with
pCMV-VP, infected with adenovirus (MOI = 10), harvested, and sedimented by
centrifugation for 5 min at 200 X g,, and 4°C. The pellet was resuspended in 50
ml of PBS and centrifuged again for 5 min at 200 X g, and 4°C. The supernatant
was discarded, and the pellet was resuspended in 1 ml of PBS containing 1 mM
phenylmethylsulfonyl fluoride, 1 pg of pepstatin per ml, and 3 ug of leupeptin
per ml and sonified three times for 10 s on ice (Branson sonifier, level 4). The
extract was centrifuged (16,500 X g, for 10 min at 4°C), and the pellet was
resuspended in 1 ml of digestion buffer (150 mM NaCl, 50 mM Tris/HCI [pH
8.0], 1 mM EDTA, 5 mM MgCl,). DNase and RNase were added to final
concentrations of 50 and 25 pg/ml, respectively, and the extracts were incubated
for 3 h at 12°C. After digestion, NaCl was added to a final concentration of 0.5
M. Dithiothreitol and EDTA were added to final concentrations of 10 and 2 mM,
respectively. Then the samples were sonified again three times for 10 s each and
subjected to agitation for 30 min at room temperature. After the agitation, the
extracts were centrifuged for 20 min at 3,500 X g,, and 4°C. The supernatant was
loaded onto a two-step sucrose cushion, with the lower layer consisting of 200 .l
of 50% sucrose in TE buffer (10 mM Tris [pH 7.5], 1 mM EDTA) and the upper
layer consisting of 200 .l of 30% sucrose in TE, and the extracts were centrifuged
for 2.5 h at 42,000 rpm and 4°C in a Beckman TLS55 rotor. The pellet was
resuspended in 300 wl of TE buffer with 0.1 M NaCl and incubated at room
temperature for 30 min. Then the samples were centrifuged for 1.5 h at 80,000
rpm and 4°C in a Beckman TLA100.3 rotor, and the sediment was resuspended
in 200 pl of 0.3 M NaCl in TE buffer and subjected by agitation for 15 h at 4°C.
The samples were cleared by centrifugation for 10 min at 16,500 X g, and 4°C,
and the supernatant was stained for electron microscopy with 2% uranyl acetate
and examined in a Zeiss EM 10 electron microscope.

RESULTS

Characterization of AAV-2 capsid protein antibodies. To
study the intracellular localization of AAV-2 capsid proteins in
comparison to the localization of Rep proteins and AAV-2
DNA during AAV-2/adenovirus type 2 coinfections, we raised
a number of monoclonal antibodies directed against AAV-2
capsid proteins. Western blot analysis of extracts of AAV-2/
adenovirus type 2-infected HeLa cells showed that the hybrid-
oma clone Al produced antibodies which specifically recognize
VP1, antibodies of clone A69 recognize VP1 and VP2, and
antibodies of clone B1 react with all three capsid proteins (Fig.
1). The immunoreactive polypeptides exactly comigrated with
polypeptides detected with a polyclonal capsid protein anti-
serum (Fig. 1, VP-S) (53). None of the antibodies tested
showed cross-reaction with proteins extracted from HeLa cells
infected with adenovirus alone under the conditions tested.
Antibodies of clone A20 did not react with capsid proteins in
Western blot analyses. Based on the overlapping reading
frames of VP1, VP2, and VP3 in the AAV-2 cap gene, these
findings indicate that Al detects an epitope within N-terminal
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FIG. 1. Immunoblot analysis of monoclonal antibodies raised against AAV
capsid proteins. Extracts of HeLa cells infected with adenovirus type 2 (Ad) or
AAV-2 plus adenovirus type 2 (AAV+AD) were prepared 24 h postinfection,
separated by SDS-PAGE, and blotted. Monoclonal antibodies A1, A69, B1, and
A20 were applied to these Western blots and compared with a polyclonal anti-
serum (VP-S) described previously (53). The antibody reaction was visualized by
reaction with an alkaline phosphatase-coupled secondary antibody. Note that
A20 does not detect AAV proteins after SDS-PAGE.

amino acids 1 to 137 of VP1, A69 detects an epitope between
amino acids 138 and 203 of VP1, corresponding to amino acids
1 to 65 of VP2, and B1 detects an epitope of the VP3 sequence
which completely overlaps with VP1 and VP2.

To investigate the specificity of the antibodies toward non-
denatured proteins, we immunoprecipitated capsid proteins
from extracts of [**S]methionine-labeled HeLa cells infected
with AAV-2 and adenovirus type 2 (Fig. 2a) or adenovirus
alone (Fig. 2b). Monoclonal antibodies Al, A69, B1, and A20
immunoprecipitated AAV capsid proteins as confirmed by
comparison with polypeptides precipitated with the VP-S an-
tiserum. In some precipitations, we recovered a non-AAV-
specific polypeptide (Fig. 2a, b, asterisks), but this polypeptide
was not specific for a particular antibody and probably repre-
sented material nonspecifically adsorbed to protein A-Sepha-
rose. The fact that VP3 was also found in precipitates obtained
with antibodies A1 and A69, which do not recognize epitopes
of VP3, suggests that VP1 and VP2 are also detected in cap-
sids, capsid precursors, or other complexes involving VP3 (Fig.
2a). To distinguish between these possibilities, we tested the
antibodies on more clearly defined substrates, such as recom-
binant nonassembled capsid proteins purified from baculovi-
rus-infected SF9 cells, assembled capsids present in AAV-2
virus stocks, and recombinant VP2/3 containing empty virus-
like particles prepared from baculovirus-infected SF9 cells
(Fig. 2c to e). While Al, A69, B1, and VP-S precipitated the
recombinant, nonassembled, but partially oligomerized
AAV-2 capsid proteins (60), A20 failed to precipitate these
proteins, although they were renatured and soluble in buffers
of physiological ionic strength (Fig. 2c). Al and A69 copre-
cipitated some VP3, probably reflecting complex formation
between the capsid proteins. Interestingly, all antibodies ex-
cept B1 recognized and precipitated capsids from AAV virus
stocks (Fig. 2d). Obviously, the epitope which is recognized by
B1 becomes masked during capsid assembly. In contrast, A20
antibodies, which failed to detect nonassembled or denatured
capsid proteins, precipitated assembled capsids, suggesting
that they recognize an epitope which is formed during capsid
assembly. These properties of the capsid protein antibodies
were confirmed by precipitation of VP2/3 containing virus-like
particles (Fig. 2e). In addition it was confirmed that Al spe-
cifically detects VP1, since VP2/3 particles were not precipi-
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FIG. 2. Immunoprecipitations with monoclonal capsid protein antibodies.
(a) Monoclonal antibodies A1, A69, B1, and A20 were used to immunoprecipi-
tate capsid proteins from extracts of [**S]methionine-labeled HeLa cells infected
with AAV-2 and adenovirus type 2. (b) Control precipitations were performed
with extracts of adenovirus type 2-infected cells. The asterisks denote a nonspe-
cific precipitate in some lanes. (c) Capsid proteins precipitated from a pool of
soluble, nonassembled capsid proteins. (d) Capsids precipitated from virus
stocks. (e) Precipitation of VP2/VP3 containing capsid-like particles (53). For
controls, precipitations with the polyclonal capsid protein antiserum (VP-S) and
a nonspecific antibody (Co) were performed. Precipitated capsid proteins were
detected by Western blotting with B1 and developing the detected bands with
alkaline phosphatase-coupled secondary antibodies.

tated by this antibody. B1 also did not precipitate these virus-
like particles. The weakly stained bands migrating below VP3
in Fig. 2c to e are immunoglobulin G molecules of the anti-
bodies. To further clarify the specificity and selectivity of these
antibodies for capsid protein populations present in AAV-2/
adenovirus type 2-infected HeLa cells, we fractionated nuclear
extracts of AAV-2/adenovirus type 2-infected HeLa cells on
sucrose gradients and immunoprecipitated the capsid proteins
from each fraction (Fig. 3). Al, A69, B1, and VP-S preferen-
tially precipitated VP proteins sedimenting below 20S, repre-
senting monomeric or oligomeric capsid proteins. A20 did not
precipitate capsid proteins sedimenting in this range. Instead,
A20 antibodies selectively precipitated capsid proteins sedi-
menting around 60S and above (see also reference 67), repre-
senting the sedimentation range of empty and full AAV cap-
sids (42). However, it is not clear whether empty and full
capsids are recognized with the same affinity. This confirms
and extends the conclusion drawn from Fig. 1 and 2 that the
A20 antibody specifically recognizes an epitope of assembled
capsids which is not present in denatured capsid proteins and
native but nonassembled capsid proteins. Al, A69, and VP-S
precipitated capsids with lower efficiency than did free capsid
proteins. Nevertheless, the specific epitopes for Al, A69, and
VP-S are accessible on capsids at least to some extent. Al-
though B1 was highly efficient in precipitating free VP pro-
teins, it precipitated only trace amounts of capsids, which were
close to background levels. Taken together with the results of
Fig. 2d and e, this antibody can be characterized by a high
preference for free capsid proteins; however, a slight reaction
with capsids cannot be completely ruled out.

As such, these antibodies, in particular A20 and B1 in com-
bination with polyclonal anticapsid antibodies, e.g., VP-S, are
interesting tools for investigating capsid assembly on the cel-
lular level, since they distinguish between free capsid proteins
and assembled AAV-2 capsids within infected cells.
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FIG. 3. Immunoprecipitation of size-fractionated capsid proteins obtained
from AAV-2/adenovirus type 2-infected HeLa cells with monoclonal capsid
protein antibodies. Nuclear extracts of AAV-2/adenovirus type 2-infected HeLa
cells were fractionated on sucrose density gradients, and monoclonal antibodies
Al, A69, B1, and A20 were used to immunoprecipitate capsid proteins from the
fractions obtained. The immunoprecipitates were analyzed by SDS-PAGE and
Western blotting with monoclonal antibody B1. The immunoreaction was visu-
alized by incubation with a peroxidase-coupled secondary antibody followed by
enhanced chemiluminescence detection. Immunoprecipitations were compared
with those obtained by precipitation with a polyclonal capsid protein antiserum
(VP-S). Sedimentation positions were determined in parallel gradients with
thyroglobulin (20S), empty VP2/3 capsid-like particles (60S), and infectious
AAV particles (1108S).

Stages of AAV-2/adenovirus type 2 coinfection characterized
by the intracellular localization of Rep and Cap proteins.
After staining of HeLa cells infected with AAV-2 and adeno-
virus type 2 (MOI, oy, = 20, MOI 4 = 2) by double immuno-
fluorescence with the polyclonal antiserum VP-S, recognizing
all capsid proteins, and monoclonal antibody 76-3, recognizing
the nonspliced Rep proteins Rep78 and Rep52 (67), we ob-
served a number of different phenotypes regarding the spatial
intracellular distribution of Rep and Cap proteins. We classi-
fied them into five groups defined by typical patterns of intra-
cellular Rep and Cap protein distribution (Fig. 4a) and
counted their frequencies at consecutive time points after in-
fection. As shown in Fig. 4b, different phenotypes, defined as
stages 2 to 5, exhibited their peaks of relative frequency at
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different time points postinfection. This allowed us to postulate
a sequence of stages representing the progression of an AAV-
2/adenovirus type 2 coinfection.

Stage 1 clearly appeared at earlier time points than stage 2,
between 10 and 14 h after infection, but did not decline in
frequency when the following stages appeared. This made it
difficult to include the frequency distribution of stage 1 in the
graph shown in Fig. 4b. Between 70 and 80% of the cells
showed this distribution of the Rep proteins. The observation
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Stage

FIG. 4. Characterization of stages of a productive AAV-2/adenovirus type 2
coinfection in HeLa cells by double immunofluorescence with Rep and Cap
antibodies. (a) The subcellular localization of replication proteins (Rep) and
capsid proteins (Cap) was visualized with the polyclonal VP antiserum and
monoclonal antibody 76/3, recognizing Rep78 and Rep52 (67), in samples pre-
pared during the time course of infection by double immunofluorescence stain-
ing. (b) The succession of five stages shown in panel a was analyzed by deter-
mining the frequency of defined subcellular Rep and Cap distributions in a
population of coinfected cells at various time points postinfection. Stage 1 was
omitted from the graph, since its frequency remained constant throughout the
infection, although it appeared before the other stages.

that a higher proportion of cells, up to 90% and more, ap-
peared in stages 2 to 5 when the MOI of adenovirus was
enhanced suggests that at low MOI of adenovirus relative to
the MOI of AAV-2 there is a block of progression to the
following stages in some cells (data not shown). The dotted
distribution pattern of Rep proteins probably represents sites
of AAV DNA replication (65), since AAV-2 DNA colocalized
in the same spots (see Fig. 7). At this stage, no capsid proteins
which could be used for packaging of the replicated DNA were
expressed, whereas cells in stage 2 expressed both Rep and
Cap proteins. In stage 2, Rep proteins were detectable all over
the nucleoplasm and occasionally were also visible in the nu-
cleoli as a group of small fluorescence-positive clusters. We
interpret this as a short transient nucleolar state of Rep (e.g.,
Fig. 4, stage 2), since Rep was not detectable in nucleoli in the
preceding or following stages. Capsid proteins were detectable
in the nucleus and in the cytoplasm and were clearly enriched
in the nucleoli. The identity of the nucleoli was confirmed with
a commercially available nucleolus specific antibody (data not
shown). In stage 3, large amounts of Rep and capsid proteins
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were present in the nucleoplasm; however, capsid proteins
were also detectable in the cytoplasm and the nucleoli. The
nucleoli, if detectable, were strongly enlarged or fragmented
and began to disappear. In this stage, the most extensive co-
localization of replication and capsid proteins in broad zones
of the nucleoplasm was observed. The colocalization of Rep
and Cap proteins of some of the samples shown here by con-
ventional immunofluorescence microscopy was verified by la-
ser scanning microscopy of doubly stained samples (data not
shown). In stages 4 and 5, Rep proteins concentrated in some
clusters of the nucleus, often along the nuclear periphery, and
the capsid proteins were no longer codistributed in these
stages. Some of these redistributions might be due to adeno-
virus-induced changes of the nuclear structure. Furthermore,
an increasing amount of strongly capsid protein-positive dots
became visible both in the nucleus and in the cytoplasm. These
stages describe the most frequent images and omit intermedi-
ates and rare patterns of Rep and Cap distribution. The local-
ization pattern of replication and capsid proteins was con-
firmed after fixation of cells with PFA (data not shown).

VP1 and VP2 accumulate in the nucleus, in contrast to VP3.
Comparison of the distribution patterns of VP1 alone (deter-
mined by antibody Al), VP1 plus VP2 (determined by anti-
body A69), and nonassembled VP1 plus VP2 plus VP3 (deter-
mined by antibody B1) with those of total capsid proteins
(detected by the VP-S serum) showed some interesting details
(Fig. 5). VP1 and VP2 were highly enriched in the nucleus,
while nonassembled VP3 detected with B1 was evenly distrib-
uted over the nucleus and cytoplasm. This result suggests that
the stoichiometry of capsid proteins is different in the nuclear
and cytoplasmic compartments. As Bl, in contrast to VP-S,
does not detect assembled capsids, it seems likely that the
higher proportion of the VP-S-positive material in the nucleo-
plasm accounts for assembled capsids. All three monoclonal
antibodies, A1, A69, and B1, showed similar rearrangements of
nuclear compartmentalization of capsid proteins during the
time course of infection, as shown in Fig. 4 with the VP anti-
serum (data not shown).

Localization of AAV-2 capsids during the time course of
infection. To localize the cellular compartment of capsid for-
mation, we used the capsid-specific antibody A20 in double-
immunofluorescence stainings with the polyclonal capsid pro-
tein antiserum (VP-S) to visualize AAV-2 capsids in AAV-2/
adenovirus type 2-coinfected HeLa cells at various time points
postinfection. Between 10 and 14 h after infection (transition
of stage 1 to stage 2), VP proteins were distributed over the
cytoplasm and the nucleoplasm while the nucleoli were nega-
tive. At this time, no AAV-2 capsids were detectable (Fig. 6a).
Before 10 h postinfection, no immunofluorescence was seen,
demonstrating that the VP-S antiserum detected newly synthe-
sized capsid proteins. At later time points (stage 2 and the
transition between stage 2 and stage 3), capsid proteins accu-
mulated in the nucleoli, which increased in size and intensity of
staining for capsid proteins (Fig. 6b to d). Coincidentally with
the nucleolar localization of capsid proteins, AAV-2 capsids
were detectable with the A20 antibody. Counting the frequen-
cies of various A20-positive images at early time points after
infection suggested that the nucleoli were the sites in infected
cells where capsids were first detected (Fig. 61), although at the
earliest stages a significant number of cells also showed some
nucleoplasmic staining. The nucleoli gradually increased in
size during infection (Fig. 6b to d) and finally seemed to be-
come fragmented (Fig. 6¢) or completely dissolved (Fig. 6f). At
intermediate stages (stage 3 and 4), capsids colocalized with
capsid proteins in the nucleoli and the nucleoplasm; however,
they were never detectable in the cytoplasm at these stages
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FIG. 5. Subcellular localization of VP1, VP1/2, or VP1/2/3 in AAV-2/adeno-
virus type 2-infected HeLa cells. Double immunofluorescence with monoclonal
antibodies Al, A69, B1, and the VP antiserum (VP-S) at stages 2 to 3 is shown.
B1 (reacting with VP1, VP2 and VP3) detected nuclear and cytoplasmic capsid
proteins with similar intensity, whereas Al (reacting with VP1) and A69 (react-
ing with VP1 and VP2) exclusively stained nuclear capsid proteins.

(Fig. 6d to ). Only very late in the progression of the infection
were capsids released to the cytoplasm. They did not colocalize
with the bulk of capsid proteins (Fig. 6g and h). These results
clearly indicate that capsid assembly is confined to nuclei of
infected cells and that the nucleoli or nucleolar components
may play a role in the assembly process.

Localization of AAV-2 DNA in relation to Rep and Cap
proteins. To define potential sites for AAV DNA packaging,
we performed fluorescent in situ hybridization experiments in
combination with immunofluorescent stainings to compare the
distribution patterns of Rep and Cap proteins with the local-
ization of AAV-2 DNA (Fig. 7). In cells of stage 1, Rep and
AAV-2 DNA colocalized in the finely dotted pattern already
described for Rep localization in Fig. 4, an observation which
recently was also made by others (65). As mentioned above,
capsid proteins were not detectable at this stage. In stages 2
and 3, Rep and DNA still colocalized over large areas of the
nucleoplasm and weak signals inside the nucleoli could some-
times be observed. During these stages, localization of the
capsid proteins visualized with the B1 antibody overlapped
with DNA in the nucleoplasmic areas, but DNA was either
absent from the nucleoli or present in only very small amounts,
although the nucleoli were the sites of strongest capsid protein
fluorescence. Double staining of AAV DNA and capsids with
the capsid-recognizing antibody (A20) was not successful be-
cause a denaturation step was necessary for DNA hybridiza-
tion and the A20 antibodies did not react with denatured
capsid proteins. We were unable to detect AAV-2 DNA in
cells harvested 30 h postinfection (stages 4 and 5 [data not
shown]), suggesting that the amount of DNA accessible for
hybridization was too small at late stages of infection because
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FIG. 6. Detection of cellular sites of AAV-2 capsid assembly with monoclo-
nal antibody A20. HeLa cells coinfected with AAV-2 and adenovirus type 2 were
analyzed at different time points postinfection by double immunofluorescence
with monoclonal antibody A20, specifically detecting AAV-2 capsids and the
polyclonal capsid protein antiserum (VP-S). The different staining patterns (a to
h) were arranged in an arbitrary sequence of changes in cellular localization of
capsid proteins (VP-S) with time according to the stages depicted in Fig. 4 and
the frequency determination of different A20 staining patterns (i).
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FIG. 7. Subcellular localization of AAV-2 DNA in comparison to Rep and Cap proteins in AAV-2/adenovirus type 2-infected HeLa cells. Double staining of
AAV-2/adenovirus type 2-coinfected HeLa cells was performed using indirect immunofluorescence and in situ hybridization techniques. The localization of AAV-2
DNA was shown in comparison to capsid proteins by detection with monoclonal antibody B1 and in comparison to the nonspliced Rep proteins visualized with
monoclonal antibody 76/3 for stage 1 and stages 2 and 3 of an AAV-2/adenovirus type 2 coinfection. Note the complete colocalization of AAV-2 DNA and Rep proteins
and the only partial colocalization of AAV-2 DNA and capsid proteins in the nuclei of infected cells.

most of the AAV-2 DNA had already been packaged. As such,
the nucleoplasm is an area where replication proteins, capsid
proteins, and DNA colocalize and where DNA packaging
might occur.

Genetic elements of AAV-2 involved in capsid formation.
Detection of capsids by the A20 antibody allowed us to inves-
tigate which AAV-2 genes are involved in capsid formation.
HelLa cells were transiently transfected with a plasmid contain-
ing the complete AAV genome (pTAV-2) and infected with
adenovirus, and capsid formation was monitored by A20 im-
munofluorescence in comparison to cells transfected with a
construct expressing the cap gene alone (pCMV-VP) (Fig. 8).
Transfection of pTAV-2 and infection with adenovirus led to
the formation of capsids in about 90% of capsid protein-ex-
pressing cells (equivalent to AAV-2/adenovirus type 2-coin-
fected cells), and the cells proceeded through the same stages
as in a coinfection experiment (data not shown). Only the cells
showing nucleolus-localized capsid proteins also showed cap-
sid formation (Fig. 8a, pTAV-2). This correlation also held
true for cells expressing solely the cap gene, regardless of
whether they were infected with adenovirus (Fig. 8a,
pCMV-VP +Ad, pCMV-VP —Ad). Preparative isolation of
capsids from such transfected cells and analysis by negative
staining and electron microscopy confirmed that capsids were

indeed assembled (data not shown). However, two differences
were obvious when cells transfected with pCMV-VP were com-
pared with cells transfected with pTAV-2: first, the capsids
accumulated in the enlarged nucleoli and did not proceed
through the following stages of infection, and second, only
about 40% of the capsid protein-expressing cells also formed
capsids as quantitated by comparison of VP-S- and A20-posi-
tive cells. Therefore, we tried to determine which components
of the AAV genome enhance the efficiency of capsid formation
and which factors have an influence on the subcellular distri-
bution of capsids.

Transfection of increasing amounts of the AAV cap gene
expression plasmids (CMV-VP) resulted in a nearly exponen-
tial increase in the percentage of capsid-producing cells (Fig.
8b), showing that capsid formation is strongly dependent on
cellular capsid protein concentration.

When we studied the influence of different Rep proteins or
of replication-competent plasmids with terminal repeats on the
efficiency of capsid formation, we were not able to detect a
direct and reproducible stimulation of capsid assembly by these
components (data not shown). An indirect effect due to
changes of the intracellular capsid protein concentration could
not be excluded. However, when we analyzed the subcellular
distribution of capsids, we observed an altered pattern of cap-
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FIG. 8. Capsid assembly in HeLa cells transfected with a full-length AAV-2
genome or the cap gene alone. (a) HeLa cells were transfected with plasmids
containing a full-length AAV-2 genome (pTAV-2) or the cap gene expressed
under the control of the CMV promoter (CMV-VP) in the presence or absence
of adenovirus type 2 (Ad) and analyzed for capsid formation by double immu-
nofluorescence with the polyclonal capsid protein antiserum (VP-S) and mono-
clonal antibody A20 for detection of capsid formation. (b) The percentage of
capsid protein-expressing cells which formed capsids was determined by the same
assay after transfection of increasing quantities of CMV-VP plasmid.
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sid distribution when Rep proteins were coexpressed (Fig. 9).
As mentioned above, expression of the cap gene alone led to
the formation of capsids which were restricted to the nucleoli,
in contrast to the accumulation of capsids throughout the nu-
cleoplasm in the presence of the whole AAV genome (Fig. 9,
pTAV2 and pCMV-VP + pKEX). Coexpression of the small
Rep proteins in most cells resulted in a punctate distribution
pattern of assembled capsids (Fig. 9). This was accompanied by
a significantly reduced capsid protein expression level and re-
duced capsid formation efficiency (data not shown). Coexpres-
sion of Rep78 or Rep 68 seemed to permit the release of
assembled capsids from the nucleoli or stimulated capsid as-
sembly outside the nucleoli also, leading to a capsid distribu-
tion rather similar to the situation in AAV-2/adenovirus type
2-coinfected cells (Fig. 9). This effect was capsid protein con-
centration independent, and cotransfection of a plasmid with
AAV terminal repeats did not change this pattern. This result
clearly showed an influence of the Rep proteins on the sub-
cellular distribution of assembled AAV capsids.

DISCUSSION

Analysis of cellular compartmentalization of AAV-2 DNA,
Rep, and Cap proteins during the course of a productive in-
fection provided evidence for temporal and spatial regulations
of DNA replication, capsid assembly, and DNA packaging.
The whole process could be described in a number of charac-
teristic stages of infection. The spatial distribution of capsid
protein subgroups, including the distribution of assembled and
nonassembled capsid proteins by specific monoclonal antibod-
ies, allowed us to determine the cellular sites of capsid assem-
bly and packaging and finally to identify AAV genes involved
in capsid assembly and localization. These data provide a
framework for the interpretation of biochemical and genetic
data describing the process of AAV reproduction.

An important tool for the analysis of subcellular capsid pro-
tein localization was a set of monoclonal antibodies which
allowed us to distinguish between proteins VP1 (A1), VP1 plus
VP2 (A69), and VP1 plus VP2 plus VP3 (B1) and between
nonassembled capsid proteins (B1l) and assembled capsids
(A20). The specificity of these antibodies was established by
Western blotting and immunoprecipitations with a number of
different substrates. Only the A1 antibody occasionally reacted
with a non-AAV-derived protein in immunoprecipitations,
whereas the other antibodies showed cross-reactions only at
very high concentrations of antibodies and protein and after
prolonged exposure. The cross-reaction of Al was variable and
of low affinity compared to the reaction with the VP1 polypep-
tide, since, for example is was not detectable when VP1 was
precipitated from extracts of AAV-2/adenovirus type 2-in-
fected HeLa cells. Immunoprecipitations with the VP1- or
VP1/VP2-specific antibodies Al and A69, respectively, re-
sulted in a weak precipitation not only of assembled capsids
but also of nonassembled VP3, suggesting that the epitopes for
VP1 and VP2 are accessible both in assembled capsids and in
nonassembled capsid precursor complexes containing VP1 and
VP3. In contrast, the antibody reacting with all three capsid
proteins (B1) did not significantly precipitate assembled cap-
sids according to several criteria. It is more difficult to interpret
the characteristics of the A20 antibody. This antibody certainly
has a high affinity for assembled capsids, and the Western
blotting and immunoprecipitation experiments suggest that it
recognizes a conformational epitope which is absent in dena-
tured or nonassembled native capsid protein. The epitope is
also present in recombinant virus-like particles made up of
VP2 and VP3. It is, however, difficult to exclude the possibility
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FIG. 9. Rep proteins influence the subcellular distribution of assembled
AAV capsids. HeLa cells were transfected with a plasmid containing the com-
plete AAV genome (pTAV-2) or the AAV-2 cap gene alone (pCMV-VP) or the
cap gene in combination with single Rep protein expression constructs (pCMV-
Rep40, pCMV-Rep52, pCMV-Rep68, and pCMV-Rep78) and infected with
adenovirus type 2 18 h after transfection. Cells were fixed 20 h after infection and

stained with monoclonal antibody A20 to detect AAV-2 capsids. Note the dif-
ferent subcellular distribution patterns of AAV capsids.

that this antibody also reacts with capsid precursors which
possibly already have acquired the specific conformational
epitope. Keeping this precaution in mind, this antibody is a
very useful tool for the analysis of the AAV assembly process.

The immunofluorescence data obtained with the A20 anti-
body clearly showed that capsid assembly is a nuclear process.
The antibody characteristics of Al and A69 allowed us to show
that VP1 and VP2, unassembled and assembled, are highly
enriched in the nucleus whereas unassembled VP3 is equally

J. VIROL.

distributed between both compartments or somewhat enriched
in the cytoplasm. This observation already implies that the
stoichiometry of VP1 and VP2 to VP3 must be different in the
nucleus and in the cytoplasm. This conclusion seems to con-
tradict the analysis of capsid proteins obtained by preparation
of nuclear and cytoplasmic fractions of infected cells (67). Such
fractionation data, however, often lead to a mislocalization of
highly soluble proteins, such as, e.g., the small Rep proteins,
due to the leakiness of prepared nuclei. Expression of single
capsid proteins also showed that VP1 and VP2 efficiently en-
tered the nucleus whereas VP3 only equilibrated between both
compartments (53). Coexpression of VP1 or VP2 with VP3
increased the nuclear accumulation of VP3, suggesting that
VP1 and VP2 are able to cotransport VP3 to the nucleus as has
also been shown for capsid proteins of other viruses (30). Such
a heterotypic complex formation for nuclear transport of a
particular capsid constituent could be a mechanism to enrich
the capsid proteins in the correct stoichiometry for capsid
assembly in the nucleus. Assembly experiments with single
capsid proteins expressed by infections with recombinant bacu-
loviruses are in line with these speculations, since capsid-like
structures could be detected in VP3-expressing SF9 cells only
when VP2 was coexpressed (53). Recently, the expression of
single capsid proteins in HeLa cells also showed that VP3
alone was incapable of assembling into capsids as analyzed by
immunofluorescence with the A20 antibody (60).

Strikingly, the capsid proteins accumulated in the nucleoli of
HeLa cells in early stages of infection or when expressed by
transfection of the cap gene. We observed capsid formation
only in cells in which the capsid proteins had entered the
nucleoli. Exceptions were cells in which nucleoli could no
longer be detected, either due to progression of the infection
or to the disassembly of the nucleoli during the cell cycle (e.g.,
Fig. 6e to h). Cells which expressed the capsid proteins but in
which the nucleoli were clearly capsid protein negative never
showed any signs of capsid formation. This suggests that nu-
cleolar components are involved in the capsid assembly pro-
cess. In kinetic studies, capsids clearly were first detected in the
nucleoli of a large proportion of infected cells; however, at the
same time, smaller amounts of capsids in addition to the ones
localized in the nucleoli were also detectable at some nucleo-
plasmic sites in a similar proportion of infected cells. Since A20
fluorescence is an indicator for capsids but not for the assembly
process itself and the capsid localization pattern changes with
time, this could reflect capsids which had already been released
or exported from the nucleoli. Alternatively, initiation of cap-
sid assembly could also occur at these nucleoplasmic positions.
The transfection studies support the first interpretation, since
in the presence of the cap gene alone, capsids were detectable
almost exclusively in highly enlarged nucleoli. The fact that
coexpression of the large Rep proteins leads to a significant
increase of extranucleolar capsids can be interpreted as an
influence of the Rep proteins on relocalization of the assem-
bled capsids from the nucleoli to the nucleoplasm. The alter-
native interpretation, i.e., that Rep stimulates capsid assembly
outside the nucleoli, possibly by recruitment of assembly fac-
tors at these sites, cannot be excluded. Although the presented
data do not allow us to postulate an assembly pathway which
obligatorily goes through the nucleolus in infected cells, the
nucleolar localization of capsids during AAV infection is strik-
ingly prominent. A high concentration of empty parvovirus H-1
particles in the nucleolus was also observed in early electron
microscopic studies (1, 56). Capsid assembly undoubtedly de-
pends on the capsid protein concentration, and since capsid
proteins accumulate in the nucleoli, they might represent just
the cellular sites where the critical concentration for capsid
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assembly is first reached. This simple interpretation, however,
is questionable, since capsid proteins did not continuously con-
centrate in the nucleolus. In transfection and infection exper-
iments, one could observe many cells which showed a strong
capsid protein fluorescence while the nucleoli were empty of
capsid proteins, giving the impression that a switch for nucle-
olar uptake of VP proteins had not yet occurred. The nucleoli
are the cellular sites of ribosome biogenesis and harbor many
proteins involved in assembly processes. It is therefore tempt-
ing to speculate that nucleolar chaperones may also be used for
AAV capsid assembly.

According to the model of AAV packaging established by
Myers and Carter (42), ssDNA resulting from displacement
synthesis is introduced into preformed empty AAV capsids.
Genetic evidence showed that in addition to the capsid pro-
teins (25), Rep40 and Rep52 significantly stimulated ssDNA
accumulation (17). This means that during AAV-2 DNA pack-
aging, colocalization of Rep proteins, DNA, and capsids
should be expected. Rep proteins 78 and 52 and AAV-2 DNA
showed a perfect colocalization pattern (see also reference 65).
A direct comparison of the localization of capsids and DNA
was not possible because denaturation steps required for in
situ hybridization of the DNA destroyed the epitope recog-
nized by the A20 antibody. However, comparison of the local-
ization of free capsid proteins by the B1 antibody with AAV-2
DNA and correlation of B1 fluorescence and A20 fluorescence
by comparison of the fluorescence obtained with the VP-S
antiserum clearly demonstrate that the predominant sites of
capsid and DNA colocalization are nucleoplasmic areas at a
certain distance from the nucleolus. This means that at the site
of the highest capsid concentration and probably the most
intensive capsid production, namely, the nucleolus, little or no
DNA packaging occurs. Only trace amounts of AAV-2 DNA
were detectable in the nucleolus, in contrast to reports of
nucleolar localization of minute virus of mice DNA in mouse
cells (22, 64). Coinfection with adenovirus also redirected
minute virus of mice DNA to multiple intranuclear foci in
Hela cells, similar to the distribution of AAV-2 DNA. Ultra-
structural studies of the autonomous H-1 parvovirus replica-
tion suggest that DNA synthesis begins at clusters of fibrillar
centers released from nucleoli (55), suggesting that destruction
of the nucleolus is part of the viral replication and asembly
process. This view urges the interpretation that the assembled
capsids are released from the nucleoli to the sites of DNA
packaging, possible with the aid of the large Rep proteins in
the course of nucleolar destruction. Hunter and Samulski (28)
observed that AAV Rep and capsid proteins colocalize in the
nuclei of infected cells. However, they also observed densely
fluorescent capsid regions where they did not see an increase in
Rep fluorescence. These regions may correspond to the nucle-
oli. It is not clear why these authors found a colocalization of
Rep and Cap proteins in the foci where Rep proteins and
AAV-2 DNA already colocalized, i.e., at a stage when we could
not detect capsid protein expression. In the course of the
present experiments, colocalization of Rep and capsid proteins
could be observed only at stage 2, with a peak at stage 3 when
Rep was already distributed in rather broad areas of the nu-
cleoplasm. One possibility is that infections with a higher MOI
of adenovirus led to an earlier onset of capsid protein expres-
sion than was observed in this study, which could result in an
overlap of Rep and Cap localization at an earlier stage of
infection than reported here. A close spatial association of
replication proteins and DNA but a rather distinct localization
of the capsid proteins was also observed for the Aleutian mink
disease virus (45), although at different nuclear sites from
those observed in this study. The segregation of replicating
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DNA and replication proteins from capsid proteins and cap-
sids at certain time points postinfection to separate compart-
ments might reflect necessary regulatory events in DNA rep-
lication and packaging.

The interpretation of different localization patterns as a pro-
cess is difficult, because several different images can be ob-
served at a certain time point after infection, and often the
tools for revealing the underlying processes are not available.
The five stages described above are more or less arbitrarily
defined and omit rare images which could not be arranged into
an order of events. Several studies have interpreted the distri-
bution pattern of Rep proteins and DNA in a number of foci
typically observed in stage 1 as replication centers which in-
crease in size with the duration of infection (28, 65; see above).
The strong nucleolar accumulation of capsid proteins in stage
2 could be interpreted as an expression of an intense capsid
assembly activity. The nucleoli also increase in size during
infection, and capsids finally spread over the nuclear interior,
possibly indicating relocation of capsids for packaging. The
broad nucleoplasmic zones outside the nucleoli and not di-
rectly associated with the nuclear envelope harboring AAV
DNA, Rep proteins, and capsid proteins are probably the areas
of DNA packaging. They are formed in stage 2 and 3 and last
for about 2 h. Interpretation of clusters of Rep proteins or the
speckles of capsid proteins where no capsids are detectable at
later stages (stages 4 and 5) is not possible at present. The fine
network of capsid fluorescence emerging from the nuclei of
AAV-producing cells which often ends at the surface of not yet
infected cells might depict the path of virion release and at-
tachment at cells for a new round of infection.
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