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Confocal microscopy allowed us to localize viral nonstructural (NS) and capsid (VP) proteins and DNA
simultaneously in cells permissively infected with Aleutian mink disease parvovirus (ADV). Early after infec-
tion, NS proteins colocalized with viral DNA to form intranuclear inclusions, whereas VP proteins formed
hollow intranuclear shells around the inclusions. Later, nuclei had irregular outlines and were virtually free
of ADV products. In these cells, inclusions of viral DNA with or without associated NS protein were embedded
in cytoplasmic VP protein. These findings implied that ADV replication within an infected cell is regulated

spatially as well as temporally.

A close correlation exists between the pathogenesis of dis-
ease induced by the Aleutian mink disease parvovirus (ADV)
and viral replication at the single-cell level. Acute ADV infec-
tion of type II pneumocytes in mink kits is permissive and leads
to a fulminant pneumonia (3, 4, 9, 27). Chronic infection of
adult mink, on the other hand, is associated with profound
immune disturbances and restricted viral replication in lym-
phoid tissues (2, 4, 9, 20-22).

Parvovirus replication is an intranuclear process dependent
on cell cycle and cellular differentiation (16). During replica-
tion, the single-stranded DNA genome is converted to duplex
replicative intermediates that function as templates for
genomic amplification and transcription as well as a source for
progeny single-stranded genomes (16). The 4,800-base single-
stranded ADV genome codes for at least two nonstructural
(NS) proteins (NS1 and NS2) and two capsid (VP) proteins
(VP1 and VP2) (1, 7-9, 12, 13, 42). Viral DNA replication and
efficient viral transcription require the pleiotropic NS1 protein
(11, 33, 34, 39). The smaller, NS2 protein regulates the pro-
duction of viral proteins (23, 24, 28). For ADV, minus-sense
single-stranded progeny genomes are packaged in 25-nm ico-
sahedral capsids consisting of VP1 and VP2 in a 1/10 ratio (16).

Intracellular compartmentalization of viral products may be
a higher-order regulatory mechanism for viruses, including
parvoviruses (37, 40, 44). For example, coinfection with ade-
novirus type 2 facilitates replication of the parvovirus minute
virus of mice in HeLa cells, and this is associated with the
shifting of minute virus of mice DNA to replication factories in
the peripheral nuclear matrix (26). In addition, permissive
replication of parvovirus H-1 depends on effective nuclear
transport of NS1 in certain cell types (35). Thus, the precise
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cellular location of viral components might influence the out-
come of parvovirus infection.

Several previous publications have described the distribution
of ADV proteins and nucleic acids within infected cells (3, 27);
however, no information exists on how the two classes (NS and
VP) of ADV proteins colocalize with viral DNA in situ during
permissive or restricted infection. To provide a framework for
comparison, we used confocal microscopy to examine the lo-
calization of ADV proteins and DNA during permissive infec-
tion.

For the detection of NS proteins, ADV segments specific for
NS1 (ADV-G nucleotides 722 to 1596) (1, 8) and NS2 (ADV-
G nucleotides 2043 to 2210) (1, 8) were expressed as fusion
proteins in frame with the maltose-binding protein in
pMAL-c2 (New England Biolabs, Beverly, Mass.) (5, 19, 25,
43). Maltose-binding protein—ADYV fusion proteins were puri-
fied by affinity chromatography on amylose resin columns (25)
and used to immunize rabbits. The rabbit anti-NS immuno-
globulin G (27, 31) was conjugated to fluorescein isothiocya-
nate. A cocktail of murine monoclonal antibodies reactive
against both VP1 and VP2 was used to detect ADV VP pro-
teins (32). DNA probes for the detection of ADV DNA were
prepared by PCR (29). Four different ADV DNA fragments of
220 to 240 bp in length, spanning 20 to 68 map units (1, 8),
were labeled in standard PCR mixtures (29) containing 200
pM Cy-5 dCTP (Molecular Probes, Eugene, Oreg.), pooled,
purified on spin filters, and stored at 5 to 10 ng/ul at —20°C.

A triple stain for ADV NS proteins, VP proteins, and DNA
was performed on monolayers in slide chambers. For fluores-
cent in situ hybridization, previously used protocols were mod-
ified (3). Slides were incubated in 10 mM Tris (pH 7.4)-15 mM
NaCl-200 pg of DNase-free RNase I (Pharmacia) per ml for
15 min at 37°C and then prehybridized for 30 min at 50°C in
hybridization solution (50% formamide-5X SSC [1X SSC is
0.15 M NaCl plus 0.015 M sodium citrate]-0.5% sodium do-
decyl sulfate [SDS]-500 pg of denatured salmon sperm DNA
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FIG. 1. Colocalization of ADV DNA, NS proteins, and VP proteins. ADV-infected asynchronous CRFK cultures were harvested 3 days postinfection and triple
stained as described in the text. Representative confocal optical sections through the nucleus of a single infected cell are shown. The staining patterns for ADV NS
proteins, DNA, and VP proteins (a, b, and c, respectively) are shown separately in black and white and are merged in color (d; NS proteins in green, DNA in blue,
and VP proteins in red, colocalizing NS protein-DNA appears as turquoise, NS protein-VP protein appears as yellow, and DNA-VP protein appears as violet. Bar, 10

pm. See text for discussion.

per ml). After denaturation for 20 min at 65°C in 95% form-
amide-0.1X SSC, slides were hybridized for 2 h at 50°C with
200 to 400 ng of heat-denatured ADV probe per ml. Next,
slides were washed twice at 65°C in 0.1X SSPE (1X SSPE is
0.18 M NaCl, 10 mM NaH,PO,, and 1 mM EDTA [pH 7.7])-
0.1% SDS. For subsequent staining for ADV proteins, slides
were blocked and incubated for 1 h at room temperature in a
cocktail of the fluorescein isothiocyanate-conjugated anti-NS
rabbit immunoglobulin G and the three monoclonal antibodies
(MAbs). After a 5-min wash in phosphate-buffered saline (PBS)-

0.5% Tween 20, slides were incubated for 30 to 45 min in a
1:200 dilution of rhodamine-conjugated goat anti-mouse im-
munoglobulin, washed in PBS-0.5% Tween 20, and mounted
in an anti-fade mounting medium. Negative controls for the
triple stain procedure included uninfected Crandell feline kid-
ney (CRFK) cells, CRFK cells infected with another parvovi-
rus, mink enteritis virus, and omission of the MAbs against
ADV VP proteins.

VP proteins were also localized in CRFK cells that had been
fixed in 3.5% paraformaldehyde in PBS for 10 min, permeab-

FIG. 2. Subcellular localization of ADV VP proteins. ADV-infected asynchronous CRFK cultures were harvested 3 days postinfection, fixed in paraformaldehyde,
and stained with an anti-VP MAb cocktail and propidium iodide. Single confocal optical sections through infected cells are shown. ADV VP proteins are shown in
green, the signal from propidium iodide is shown in red, and overlap is shown in yellow. (a) Early-infection cells; (b) late-infection cell. Bars, 10 pm. See text for

discussion.
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FIG. 3. Colocalization of ADV DNA, NS proteins, and VP proteins in synchronized cells. Synchronized CRFK cultures infected with ADV and harvested at 45 (a
to e) or 75 (f to j) h postrelease were triple stained and examined by confocal microscopy. Shown are single confocal optical sections through groups of infected cells.
The magnification, field of view, and confocal sectioning depth are the same in panels a through e and panels f through j. Bars, 10 um. Fluorescent signals from NS
protein (¢ and h), DNA (d and j), and VP protein (e and i) stains are shown separately in black and white and merged in color (a and f), as described in the legend

to Fig. 1. (b and g) Phase-contrast pictures. See text for discussion.

ilized for 3 min in 0.1% Triton X in PBS, and stained with the
MAD anti-VP cocktail. These slides were counterstained with
1 pg of propidium iodide per ml-200 pg of RNase per ml in
PBS to visualize cell nuclei in the absence of fluorescent in situ
hybridization.

Confocal microscopy was performed with a Zeiss Axiovert
inverted microscope fitted with a Bio-Rad MRC 1000 laser
confocal module (6). There was no spectral overlap among
the three fluorochromes (6). Digitalized images from each of
the three fluorochromes in a representative optical section
through infected cells were initially acquired by using Comos
software. Three-color images were generated by using Confo-
cal Assistant (Bio-Rad) and Adobe Photo Workshop (Adobe
Systems, Inc., Mountain View, Calif.).

Asynchronous CRFK cells were infected with 20 fluores-
cence-forming units of ADV-G per cell (10). At the indicated
times monolayers were fixed in acetone. Some cultures were
synchronized in early S phase by a double-block regimen of
topoinhibition and hydroxyurea treatment (18). Topoinhibited
cells were infected with 20 fluorescence-forming units of
ADV-G per cell in media containing 0.002 M hydroxyurea and
incubated at 37°C until release from the block. They were then
incubated at 31.8°C. A detailed description will be given else-
where (30).

In asynchronous CRFK cultures studied 2 to 3 days postin-
fection, a characteristic cell morphology was observed. In these
cells, the bulk of ADV DNA colocalized with NS proteins in
intranuclear inclusions (Fig. 1; compare panel a [NS] with
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FIG. 3—Continued.

panel b [DNA]). Note the almost exact colocalization in every
limb of this complex honeycombed structure. The nuclear lo-
calization of NS protein-viral DNA inclusions was obvious in
phase-contrast pictures (see below). The complex three-di-
mensional structure of the inclusions, when examined by con-
focal z-sectioning (6), ranged from solid to honeycombed, and
the size varied from being small to encompassing virtually the
whole of the infected nucleus.

VP proteins in these cells were concentrated in shell-like
structures surrounding the intranuclear NS protein-viral DNA
inclusions. In a single optical section (Fig. 1c), the VP proteins
appear as a ring, but confocal z-sectioning confirmed the three-
dimensional structure. There was little overlap (shown in yel-
low) evident between VP protein shells and NS protein-viral
DNA inclusions (Fig. 1d). The subcellular localization of the
VP shells was identical (yellow rings in Fig. 2a) in paraform-
aldehyde-fixed cells in which the nuclei had been counter-

stained with propidium iodide, showing that the shells were
not procedural artifacts. In single confocal sections, VP shells
showed complete overlap with the propidium iodide signal,
indicating that VP shells were confined within the nucleus,
closely opposed to the nuclear border. Nuclei containing VP
shells typically had sharp outlines similar to those of uninfected
interphase nuclei.

An alternative morphology, with VP proteins localized ex-
clusively in the cytoplasm, was also observed (Fig. 2b). These
cells had nuclei with irregular outlines, and small granules of
DNA were dispersed throughout the cytoplasm (Fig. 2b; DNA
granules are shown in red or yellow, depending on the degree
of overlap with VP proteins; the arrow points to a large DNA
granule; numerous other granules are present in the cyto-
plasm). The nuclei of such cells were remarkably empty of VP
proteins (Fig. 2b; the nucleus is shown in red, and any intranu-
clear VP protein would be shown in yellow). This morphology
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suggested an end stage in infection, at which ADV-mediated
cytotoxic injury had compromised nuclear integrity and led to
the release of viral products to the cytoplasm.

In synchronized CRFK cultures, no specific ADV signal was
observed until 6 h after hydroxyurea release, confirming that
replication is dependent on the cellular S phase (16). By 6 to 8
h postrelease, ADV DNA and NS and VP proteins were noted
in small, weakly staining intranuclear foci (not shown), but the
signal was poorly resolved and present only in a small number
of cells.

Between 12 and 45 h postrelease, the signal from ADV
DNA and proteins became strong. Many cells exhibited the
layered arrangement of VP shells around intranuclear inclu-
sions of NS protein and viral DNA (Fig. 3a; arrow) described
above. Minor variations of this morphology, for example, at
points (Fig. 3a; arrowhead) where the overlap between NS and
VP proteins was larger, were also noted. Phase-contrast exam-
ination clearly demonstrated that the localization of the NS
protein-viral DNA inclusions was nuclear (Fig. 3; compare
panels a and b; the arrow in panel b points to the nuclear
border).

Later than 72 h after release, both VP proteins as well as the
NS protein-viral DNA complexes localized to the cytoplasm
(Fig. 3; compare panel h [NS] with panel j [DNA]; colocalizing
NS proteins and viral DNA are shown in panel f in turquoise
or yellow [overlap with VP proteins]; viral DNA without asso-
ciated NS proteins is shown in blue or violet [overlap with VP
proteins]). The nuclei at that time were remarkably devoid of
viral proteins and DNA (Fig. 3f; arrow; compare with the cell
just below, in which the nucleus still contains some NS proteins
and viral DNA).

Taken together, our results suggested that the distribution
patterns of viral DNA and proteins shown in Fig. 1 to 3 reflect
a time-dependent sequence of viral replication and cytotoxic
injury. For convenience, the patterns can be grouped in two
main categories: (i) early infection, when NS proteins and viral
DNA colocalized in intact nuclei (Fig. 1d, 2a, and 3a); and (ii)
late infection, when colocalizing NS proteins and viral DNA
were found as small cytoplasmic granules in cells with damaged
nuclei (Fig. 2b and 3f). In both categories, VP proteins over-
lapped with the spherical NS protein-viral DNA complexes
only at their margins. VP proteins were found either in in-
tranuclear shell-like structures in early infection (Fig. 2a) or in
the cytoplasm in late infection (Fig. 2b). Consequently, two
new findings emerged from these studies. First, NS proteins
colocalized with viral DNA as inclusions in the nuclei of in-
fected cells (Fig. 1). Second, VP proteins within the nucleus
were present in shell-like structures near the nuclear margin
and were largely excluded from the NS protein-viral DNA
inclusions (Fig. 1d).

Although both ADV DNA and NS proteins are known to
localize in the nucleus, we demonstrated a close spatial asso-
ciation between parvoviral DNA and NS proteins in infected
cells in situ (Fig. 1; compare panel a [NS] with panel b [DNA]).
This result is striking but perhaps not surprising, as NS pro-
teins function in parvoviral DNA replication and gene expres-
sion and NS1 binds specifically to viral DNA in vitro (15). The
size and staining intensity of the inclusions increased from 6 to
12 h postrelease in synchronized cells. Therefore, we assume
that inclusions of the type shown in Fig. 1d and 3a (colocalizing
NS proteins and viral DNA shown in turquoise) contain ac-
tively replicating ADV DNA. Experiments with monospecific
reagents are planned to directly address the question of
whether ADV NS1 and NS2 have differential localization in
relation to each other, VP proteins, and viral DNA.

The intranuclear shells of VP were not resolved in previous
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studies in which the same anti-VP MADbs were used for
immunofluorescence analysis (3, 32). The hollow shell struc-
tures that are so striking in single confocal optical sections
appear more as solid bodies when viewed by epifluores-
cence.

It is uncertain at present if the striking peripheral concen-
tration of VP seen early after infection has any functional
importance (Fig. 2a). In this regard, expression of the minute
virus of mice VP protein has been shown to be toxic to murine
cells (14) and perhaps the intranuclear VP shells somehow
contribute to parvoviral cytotoxicity. Alternatively, topograph-
ical segregation of replicating viral DNA and NS proteins from
the VP shells might also regulate interactions between repli-
cative intermediates. In contrast, in late-infection cells, we
observed fragmentation of the intranuclear inclusions and cy-
toplasmic colocalization of VP proteins and NS protein-viral
DNA complexes (3, 27, 36). NS proteins are important for
encapsidation and maturation (17, 23), and there is also a
precedent for differential processing of parvoviral DNA in the
presence or absence of VP proteins (17, 23). However, it is
unclear if our observations are the morphological manifesta-
tions of these biochemical findings.

Another important question is the relationship of the in-
tranuclear VP protein shells (Fig. 2a) to capsids. Interestingly,
concentration of unassembled capsid protein was observed in
marginated heterochromatin along the border of H-1-infected
nuclei, whereas both empty and full H-1 capsids were distrib-
uted diffusely throughout the nucleus (38). However, whether
the empty capsids commonly observed in infected nuclei serve
as precursors for full capsids or whether full and empty capsids
arise from unassembled capsid proteins by parallel pathways
remains undetermined (38, 41).

In conclusion, we have described permissive ADV replica-
tion in terms of the precise subcellular colocalization of viral
NS proteins, VP proteins, and DNA. Work is currently under
way to further refine the localization of ADV products in
CRFK cells by triple-label immunofluorescence with antibod-
ies monospecific for NS1, NS2, and VP1. Finally, we plan to
determine whether these localization patterns are altered dur-
ing restricted ADV infection, as occurs in macrophages (21).
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