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Sequence elements (DE) located downstream of the adenovirus major late promoter start site have previ-
ously been shown to be essential for the activation of this promoter after the onset of viral DNA replication.
Two proteins (DEF-A and DEF-B) bind to these elements in a late-phase-dependent manner and contribute to
this activation. DEF-B corresponds to a dimer of the adenovirus IVa2 gene product (pIVa2, 449 residues), while
DEF-A is a heteromeric protein also comprising pIVa2. As revealed by specific immunofluorescence staining
of infected cells, pIVa2 is targeted to the nucleus, where it distributes to both nucleoplasmic and nucleolar
structures. We have identified the pIVa2 nuclear localization signal (NLS) as a basic peptide element at the C
terminus of the protein (residues 432 to 449). An element essential for nucleolar localization (NuLS) has been
mapped in the N-terminal part of pIVa2 (between residues 50 and 136). While NuLS activity is dependent upon
an intact NLS, we show that both NLS and NuLS functions are independent of specific DNA-binding activity.
As visualized by immunoelectron microscopy, pIVa2 is detected in the nucleoplasm at the level of the fibril-
logranular network which is active in viral transcription. More surprisingly, pIVa2 accumulates within
electron-dense amorphous inclusions found both in the nucleoplasm and in the nucleolus. Altogether, these
results suggest that, besides controlling major late promoter transcription, pIVa2 serves additional, as yet
unknown functions.

Adenoviruses (Ads) are icosahedral particles (about 80 nm
in diameter) comprising 11 to 15 structural proteins and a
double-stranded linear DNA molecule (19). The most com-
monly studied serotypes, Ad types 2 and 5 (Ad2 and Ad5),
cause lytic infections in permissive cells, through infectious
cycles of 36 to 40 h. Infection starts by receptor-mediated
endocytosis (36) and subsequent viral DNA delivery to the cell
nucleus (16). Immediate expression of the viral pre-early se-
quences (E1a) allows activation of the viral early genes which
encode proteins involved in viral DNA replication (7, 19),
proteins which counteract the immune system (55, 56), and
proteins which interfere with cell growth control (35). Follow-
ing the onset of viral DNA synthesis, the expression of genes
(IVa2 and IX) belonging to the intermediate class of viral
genes is turned on (4, 11, 25). Finally, activation of the major
late promoter (MLP) leads to the production of the structural
proteins that, together with the accumulated viral DNA, as-
semble into new virus particles.
Sequence elements (DE) located downstream of the MLP

start site have been found to be essential for promoter activa-
tion (1, 20, 21, 24, 31–34). One of the proteins (DEF-B) which
bind to these elements (between positions 185 and 1120) and
contribute to MLP activation has been identified as the prod-
uct of the IVa2 gene (27, 53). This 449-residue protein
(pIVa2), which is expressed after the onset of viral DNA rep-
lication and binds to its recognition site as a dimer, is the first

adenoviral protein so far characterized that exhibits specific
DNA-binding activity. Site-directed mutagenesis of pIVa2 has
delineated two distinct domains (residues 50 to 100 and resi-
dues 357 to 449), each bearing sequence elements potentially
capable of amphipathic helix formation, that are essential for
specific sequence recognition (27). Immunofluorescence ex-
periments have shown that pIVa2 is restricted to the nucleus
and that it distributes both to the nucleoplasm and to the
nucleolus (27).
Here we examine the nature of the sequence elements which

are responsible for the efficient nuclear targeting and nucleolar
retention of pIVa2. The subnuclear distribution of pIVa2 was
also investigated at the ultrastructural level.

MATERIALS AND METHODS

Cells. HeLa cells were grown in suspension at a density of 106 cells per ml in
Eagle medium supplemented with 5% calf serum or as monolayers in the pres-
ence of Dulbecco medium supplemented with 2.5% fetal calf serum and 2.5%
newborn calf serum. Whole-cell extracts were prepared from uninfected cells or
20 h postinfection (hpi) with 10 PFU of Ad5 per cell as previously described (33).
Monolayer COS-7 cells were grown in 5% newborn calf serum-supplemented
Dulbecco medium.
Recombinant vectors. The IVa2 coding sequence and deleted versions lacking

N-terminal (D1-50 and D1-136) or C-terminal (D441-449 and D357-449) amino
acid residues were inserted into the p513 vector, a derivative of the pSG5
expression vector (17). The D441-449 mutation was obtained by creating a frame-
shift at residue 441 (insertion of 4 nucleotides at the corresponding position of
the cDNA), resulting in the replacement of the natural residues 441 to 449
(AYRARKTPK) by the sequence PGLPRAQNP. The other deletions were
constructed by oligonucleotide-directed mutagenesis (23). All constructs were
verified by DNA sequencing.
A vector (pCHK-NLS.IVa2) expressing the putative nuclear localization signal

(NLS) of pIVa2 in frame with the bacterial b-galactosidase coding sequence was
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constructed by inserting a synthetic oligonucleotide corresponding to residues
432 to 447 of pIVa2 into pCHK (50), a derivative of pCH110 (Pharmacia).
The pCHK-NLS.SV40 vector (gift of V. Schreiber and J. Menissier de Murcia)

directs the expression of the simian virus 40 T-antigen NLS fused to the b-ga-
lactosidase protein (50).
Transfection. COS-7 cells were transfected by calcium phosphate coprecipi-

tation (9) with recombinant DNA adjusted to 14 mg/9-cm-diameter petri dish
with double-stranded pBluescript as the carrier DNA. After 36 h, the cells were
harvested in ice-cold phosphate-buffered saline (PBS), pelleted, washed twice in
the same buffer, and resuspended in extraction buffer (0.4 M KCl, 20 mM
Tris-HCl [pH 7.9], 20% glycerol, 5 mM dithiothreitol, 0.4 mM phenylmethylsul-
fonyl fluoride). After two freeze-thaw cycles in liquid nitrogen, the resulting cell
lysate was cleared by centrifugation for 15 min (48C) at 10,000 3 g and used for
electrophoretic mobility shift assay (EMSA) analysis.
EMSA. Gel retardation assays were performed as previously described (33).

Approximately 0.25 ng (15,000 cpm) of a 32P-59-end-labelled, synthetic double-
stranded oligonucleotide, corresponding to the DE binding sites, was incubated
with cell extracts in the presence of appropriate amounts of poly(dI-dC) as a
nonspecific competitor. After 15 min at room temperature, the complexes were
separated by nondenaturing 4.5% polyacrylamide gel electrophoresis (PAGE)
(acrylamide-bisacrylamide, 80:1) at 48C. Retardation competition experiments
were carried out by preincubating the extracts with poly(dI-dC) and unlabelled
competitor oligonucleotides for 15 min at room temperature before addition of
the probe and further incubation (see above).
Antibodies and immunoblots. Hybridoma cell lines were obtained as previ-

ously described (27). Briefly, BALB/c mice were injected with bacterially syn-
thesized recombinant pIVa2 or with a synthetic peptide (Pc) corresponding to
residues 428 to 443 of pIVa2, coupled to ovalbumin. After immunization, mice
were sacrificed and spleen cells were fused with Sp2/O-Ag14 myeloma cells.
Hybridomas which secreted antibodies specifically recognizing pIVa2 were
cloned twice on soft agar, resulting in the isolation of monoclonal antibody 1A1
(MAb1A1) (directed against an N-terminal domain of pIVa2 located roughly
between residues 50 and 100, as revealed by gross epitope mapping) and
MAb2E4 (directed against Pc). Immunoblot analysis of sodium dodecyl sulfate
(SDS)-PAGE-separated proteins was performed as previously described (5).
Immunofluorescence. Monolayer HeLa cells, grown in Leighton tubes, were

infected with Ad5 at 50 PFU per cell in serum-free medium. After 1 h of
adsorption, this medium was changed with serum-supplemented medium. At
various times after infection, cells were washed in PBS and treated for 4 min at
room temperature with 2% formaldehyde in PBS. After fixation, the cells were
permeabilized by two treatments with PT (PBS, 0.1% Triton X-100) of 10 min
each. After a 30-min treatment with blocking solution (PBS, 2% nonfat dry
milk), the cells were incubated for 1 h at room temperature with primary anti-
bodies diluted in PT, washed thrice in PT, incubated with secondary antibodies
for 1 h (at room temperature), and washed in PT. DNA was counterstained with
Hoechst 33258 dye, and the preparations were mounted in glycerol-PBS (4:1)
containing 5% propylgallate.
COS-7 cells, grown on glass coverslips, were transfected by calcium phosphate

coprecipitation (9) with 1 mg of p513-IVa2 recombinant vectors or pCHK,

FIG. 1. Protein recognition pattern of pIVa2-specific MAbs. Uninfected
HeLa cell extracts (Non Inf.) or Ad5-infected HeLa whole-cell extracts prepared
20 hpi (Inf.) were separated by SDS–10% PAGE and analyzed by immunoblot-
ting with MAb1A1 or MAb2E4 as indicated. Prestained See Blue size markers
(Novel Experimental Technology) are positioned on the left (kilodaltons). The
arrowhead points to the expected location of pIVa2 (55 kDa).

FIG. 2. Subcellular localization of pIVa2 during Ad5 infection. HeLa cells
were mock infected (A) or infected with Ad5 at a multiplicity of 50 PFU per cell
(B to J) and fixed at 8 (B), 12 (C), 16 (D), 20 (E and G to J), and 24 (F) hpi. After
permeabilization, the cells were treated with MAb2E4 (A to G) or MAb1A1 (I)
(undiluted hybridoma culture supernatant) and stained with Cy3-conjugated
goat anti-mouse immunoglobulin G (Fcg) (diluted 1:500). In panels H and J, the
same cells as in panels G and I, respectively, were counterstained with Hoechst
33258 reagent. Enlargement (bars, 10 mm) was the same for panels A to F and
2.4-fold higher for panels G to J. Arrows indicate nucleoli.
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together with 3.5 mg of double-stranded pBluescript carrier DNA per tube. The
medium was changed after 20 h, and the next day, the cells were washed and
treated for immunofluorescence, as described above.
Observations were made with a confocal microscope (Leica TCS4D) equipped

with an argon-krypton laser and suitable barrier filters. A high-resolution film
recorder was used to obtain photomicrographs.
Electron microscopy. HeLa cells grown in Eagle minimum essential medium

supplemented with 5% newborn calf serum were seeded at a density of 5 3 105

cells per 5-cm-diameter petri dish. The next day, the cells (which were near
confluency) were infected with Ad5 at 10 PFU per cell. Infected cultures were
incubated for 12 and 17 h before fixation. Noninfected cells were used as con-
trols.
Both noninfected and Ad5-infected cells were fixed for 1 h at 48C with either

4% formaldehyde (Merck) or 1.6% glutaraldehyde (Taab Laboratory Equip-
ment) in 0.1 M Sörensen phosphate buffer, pH 7.3. In some experiments, PBS
was used instead of Sörensen phosphate buffer to maintain conditions similar to

those used for photonic microscopy. After fixation, cells were scraped from the
plates and centrifuged. Pellets were dehydrated in increasing concentrations of
methanol and embedded in Lowicryl K4M (Chemische Werke Lowi) at a low
temperature, according to the method of Roth (48). Polymerization was carried
out at2308C under long-wavelength UV light (Philips TL 6W fluorescent tubes)
for 5 days. Ultrathin sections were collected on Formvar-carbon-coated gold
grids (200 mesh) and stored until use.
For immunogold detection of pIVa2, grids bearing Lowicryl sections of non-

infected and Ad5-infected HeLa cells were first placed on a 10-ml drop of a 5%
bovine serum albumin solution in PBS for 30 min in order to minimize subse-
quent nonspecific binding of antibodies to the specimen. Grids were then floated
for 1 h at room temperature on 10-ml drops of primary antibodies, either undi-
luted or diluted (1:10, 1:50, or 1:100 in PBS). After washing in PBS (15 min), the
grids were floated on a 10-ml drop of goat anti-mouse immunoglobulin G (1:25
in PBS) conjugated to 10-nm gold particles (Biocell Research Laboratories).
After a final PBS wash, the grids were rapidly rinsed in a stream of distilled

2

FIG. 3. Sequence elements involved in nuclear and nucleolar addressing of pIVa2. (A) Schematic representation of the IVa2 sequences encoded by the p513-based
expression vectors used, with the wild-type pIVa2 on the top and C-terminally deleted (D441-449 [DC1] or D357-449 [DC2]) and N-terminally deleted (D1-50 [DN1]
or D1-136 [DN2]) versions of the protein below. (B) Sequences involved in nuclear targeting: COS-7 cells were transfected with the indicated series of C-terminally
truncated IVa2 constructs, permeabilized and treated with MAb1A1 (1A1), and stained with Cy3-conjugated goat anti-mouse immunoglobulins (Fcg; diluted 1:1,000);
the same cells were counterstained with Hoechst 33258 reagent (33258). (C) Sequences involved in nucleolar targeting: COS-7 cells were transfected with N-terminally
deleted IVa2 recombinants as indicated, treated with MAb2E4 (2E4), and further processed as in panel B. Bars, 10 mm. Arrows indicate nucleoli.
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water, air dried, and stained for 10 min with 5% aqueous uranyl acetate. The
specificity of the immunogold labelling was controlled by using normal mouse
serum (1:10 in PBS) instead of the primary antibody.

RESULTS

Nucleoplasmic and nucleolar distribution of pIVa2, as re-
vealed by immunofluorescence. Immunofluorescent staining
experiments with pIVa2-specific antibodies had previously
shown that the IVa2 gene product could be detected in in-
fected cell nuclei from 12 hpi onwards, both in the nucleoplasm
and within the nucleoli (27). While this initial study was carried
out with an antibody (MAb1A1) directed against an N-termi-
nal epitope of pIVa2, a similar analysis has been repeated with
a distinct MAb (MAb2E4) directed against a C-terminal pep-
tide of pIVa2. As a preliminary control, we verified that the
two antibodies were specific and did not recognize any host cell
protein. To this end, equal amounts of extracts prepared from
uninfected and Ad5-infected cells were subjected to SDS-
PAGE, transferred to nitrocellulose, and probed with each
antibody. As shown in Fig. 1, both antibodies generated signals
of similar intensities at the level of the full-length pIVa2
polypeptide (55 kDa) with infected-cell extracts. Additional
bands corresponding to smaller polypeptides (most likely deg-
radation products of pIVa2) were differentially detected with
the two antibodies. By contrast, no band was detected with any
antibody on mock-infected cell extracts, stressing the absence
of any cross-reactivity of these antibodies with host cell
polypeptides.
When applied to Ad5-infected cells that had been fixed and

permeabilized at various times after infection, the two antibod-
ies generated significantly different immunofluorescence pat-
terns (Fig. 2). MAb1A1, in agreement with our earlier obser-
vation (27), brightly stained the nucleolus and produced a
rather diffuse staining of the nucleoplasmic compartment (Fig.
2I). MAb2E4, on the other hand, revealed a speckled nuclear
distribution detectable from 12 hpi (Fig. 2C), with a slightly
delayed nucleolar staining that became clearly visible only after
16 hpi onward (Fig. 2D). At later times, a diffuse staining of the
nucleoplasm superimposed on this dotted pattern also became
apparent (Fig. 2E to G).
Since none of these antibodies exhibited background levels

of nonspecific activity (Fig. 1), it is very unlikely that the dif-
ferences in labelling patterns concerned proteins other than

pIVa2. Rather, they probably reflected variations in epitope
accessibility for the two antibodies. Thus, depending on its
subnuclear localization, pIVa2 was probably differentially sus-
ceptible to antibody recognition: MAb1A1, although recogniz-
ing nucleoplasmic pIVa2, was more efficient in reaching pIVa2
in the nucleolus, whereas MAb2E4 preferentially targeted
pIVa2 in nucleoplasmic bodies, revealed as speckles.
Identification of an NLS at the C terminus of pIVa2. In an

attempt to map the signals which mediate pIVa2 nuclear lo-
calization, we constructed a set of pIVa2 cDNA deletion mu-
tants, inserted in a eukaryotic cell expression vector (Fig. 3A).
The recombinants were transfected into cultured cells, and the
subcellular localizations of the corresponding overexpressed
proteins were examined by indirect immunofluorescence (Fig.
3B). COS-7 cells were used in these experiments, because of
the higher transfection efficiencies reached in these cells com-
pared with that in HeLa cells. We previously verified that
transfected pIVa2 was transcriptionally active in Ad-infected
COS-7 cells (53) and that its subnuclear localization was the
same in both cell lines (27). The largest C-terminal truncation
(IVa2DC2), deleting sequences spanning residues 357 to 449,
completely abolished nuclear accumulation of pIVa2, which
was restricted to the cytoplasm. A comparison with reported
NLS sequence compilations (6, 8, 12, 13) pointed to a basic
sequence element (between residues 432 and 447 [Fig. 4]),

FIG. 4. Structural features of pIVa2. The sequence element exhibiting nu-
clear localization (NLS) properties is shown, positioned relative to the amino (N)
and carboxy (C) termini of pIVa2 (449 residues). Basic residues are represented
in boldface letters, acidic residues have solid underlines, and bulky residues have
dotted underlines. Sequences predicted to form amphipathic helices and possibly
involved in pIVa2 dimerization and DNA binding (27) are shown: H1 spanning
residues 79 to 98 and H2 spanning residues 413 to 432. The residues that are
essential for specific DNA binding are overlined (dashed line spanning residues
441 to 449) within the NLS. The domain encompassing the NuLS is delineated.

FIG. 5. Subcellular localization of a b-galactosidase fusion protein contain-
ing the putative NLS element of pIVa2. (A) The inserts of recombinant pCHK
vectors encoding b-galactosidase, either alone or fused to the putative NLS of
pIVa2 or to the simian virus 40 T antigen, are schematically depicted. (B) About
36 h following transfection of these vectors into COS-7 cells, cellular localization
of the chimeric proteins was assessed by immunofluorescence microscopy. After
permeabilization, the cells were treated with a MAb (Anti-b-gal) directed against
b-galactosidase (diluted 1:2,000; Promega) and stained with Cy3-conjugated goat
anti-mouse immunoglobulin G (Fcg). The same cells were counterstained with
Hoechst 33258 reagent (33258). Arrows indicate nucleoli. Bar, 10 mm.
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unique within this C-terminal domain and conserved among a
number of Ad serotypes (Swiss Prot accession numbers
P03272, P03271, P03273, and P12539), with characteristics of a
bona fide core NLS (6): (i) an NLS generally comprises at least
six basic amino acid residues (boldfaced residues in Fig. 4), (ii)
it usually contains residues with acidic or bulky side chains
(underlined in Fig. 4), and (iii) it is often flanked by residues
interrupting a-helices (helix H2, predicted by computer anal-
ysis on the N-terminal side of the presumptive NLS of pIVa2,
is likely to be interrupted by the following D residue) (Fig. 4).
Consistent with a role of this element in nuclear localization,

a deletion removing the C-terminal half of it (IVa2DC1) sig-
nificantly reduced nuclear confinement of pIVa2, as revealed
by increased cytoplasmic staining with specific antibodies (Fig.
3B). To further establish the central importance of the entire
element in directing the nuclear accumulation of pIVa2, we
generated a plasmid expressing residues 432 to 447 of pIVa2 in
frame with the b-galactosidase coding sequence (pCHK-NL-
S.IVa2) (Fig. 5A). Expression of this construct after transfection
into COS cells clearly resulted in nucleoplasmic accumulation
of the hybrid protein (Fig. 5B), as revealed by the anti-b-
galactosidase antibodies. Nonfused b-galactosidase was con-
fined to the cytoplasm, whereas nontransfected cells were de-
void of labelling (not shown).
Altogether, these results demonstrate conclusively that res-

idues 432 to 447 of pIVa2 define a strong NLS, capable of

mediating the nuclear localization of an unrelated protein. The
efficiency of this element in targeting a protein to the nucleus
was comparable to that of the NLS present in the simian virus
40 T antigen, as shown by the distribution pattern of the chi-
meric product of pCHK-NLS.SV (Fig. 5B).
The pIVa2 NLS overlaps with sequences essential for spe-

cific DNA-binding activity. Analysis of the pIVa2 sequence
revealed that the NLS (comprising residues 432 to 447, as
defined above) contains a high concentration of basic residues
(38%) compared with the mean basic-residue content of the
entire protein (12%). To examine the possibility that the basic
residues clustered at the NLS position participate in the pIVa2
DNA-binding activity, we compared the ability of the IVa2 and
IVa2DC1 proteins (Fig. 3A) to bind to the cognate DE element
of the MLP (Fig. 6A). Cells were transfected with the corre-
sponding recombinant vectors, and extracts were prepared and
analyzed by EMSA (Fig. 6B). While equivalent amounts of
each protein were recovered in the extracts (Fig. 6C), only the
wild-type pIVa2 generated a specific retarded complex (Fig.
6B, lanes 4 to 6). Deletion of nine residues at the C terminus
(residues 441 to 449) completely abolished specific DNA bind-
ing (lanes 7 to 9), indicating that these residues are critical
components of the pIVa2 DNA-binding domain. That these
essential residues are part of a larger element was initially
suggested by deletion experiments showing that DNA-binding
activity of pIVa2 was dependent not only on the C-terminal
region of the protein but also on elements located between
residues 50 and 100 (27). Whatever the precise nature of the
pIVa2 DNA-binding domain is, it appears that the NLS activity
is essentially independent from the DNA-binding activity,
since a deletion which totally impaired specific DNA sequence
recognition (DC1) did only slightly affect nuclear targeting
(Fig. 3B).
Sequence elements spanning residues 50 to 136 are essential

for nucleolar targeting of pIVa2. As illustrated by the specific
labelling of subnuclear compartments with anti-pIVa2 antibod-
ies (arrows in Fig. 2G and I and in top panels of Fig. 3B),
substantial amounts of pIVa2 accumulate in the nucleoli. To-
wards the identification of the peptidic sequence element me-
diating its nucleolar localization, we investigated the subcellu-
lar distribution of a limited set of deletion variants of pIVa2.
While a truncation removing the 50 N-terminal residues of
pIVa2 (DN1) had no effect on pIVa2 localization, deletion of
an additional 86 residues (DN2) completely abolished nucleo-
lar localization of the corresponding IVa2 derivative (Fig. 3C).
This observation indicates that an element essential for nucle-
olar targeting is present between amino acids 50 and 136. We
have not further refined the mapping of this nucleolar local-
ization signal (NuLS). However, in agreement with the current
view of NuLS function, our results confirmed that nucleolar
localization is dependent on an NLS, as an IVa2 mutant pro-
tein lacking NLS activity (DC2) was restricted to the cytoplasm
and showed no detectable nucleolar targeting (Fig. 3B). On the
other hand, we show that elements with NLS activity are un-
able by themselves to direct proteins to the nucleolus, as dem-
onstrated by the lack of nucleolar staining in cells transfected
with the pCHK-NLS.IVa2 and SV recombinants (Fig. 5B).
Finally, it is noteworthy that a deletion (DC1) impairing DE2b
complex formation had no marked effect on nucleolar accu-
mulation (Fig. 3B), indicating that specific DNA binding of
pIVa2 is not essential for NuLS function.
Localization of pIVa2 at the ultrastructural level. Ads in-

duce dramatic changes in nuclear organization during the
course of infection (summarized in Fig. 7). As revealed by
electron microscopy, the earliest visible manifestation (at
about 14 hpi) is the occurrence in the nucleoplasm of small

FIG. 6. Specific DNA binding of pIVa2 critically depends on the integrity of
the C terminus of the protein. (A) Schematic representation of the oligonucle-
otides (coordinates with respect to the MLP start site at 11) used as the probe
or competitor in EMSA reactions: the open box represents the pIVa2 binding
site (DE2b; see reference 34 for details); DEwt corresponds to a double-stranded
oligonucleotide with the wild-type DNA sequence; DEm differs from DEwt by
alterations (crossed box) impairing specific complex formation, as previously
described (34). (B) Recombinant expression vectors encoding the wild-type
pIVa2 or the C-terminally deleted (D441-449 [DC1]) protein (Fig. 3 and 4) were
transfected into COS-7 cells. ‘‘Mock’’ refers to cells that had been transfected
with the unloaded p513 vector. Extracts prepared 36 h after transfection were
analyzed by EMSA: 2-ml aliquots of extract were preincubated with 100 ng of
poly(dI-dC) and 10 ng of DEm as nonspecific competitors and, where indicated,
with a 20-fold molar excess of competitor oligonucleotide (DEwt or DEm)
before addition of the DEwt probe. F points to the excess of free probe. (C)
Aliquots corresponding to 10 mg of cell lysate were fractionated by SDS–10%
PAGE, transferred to nitrocellulose, and probed with MAb1A1, which is di-
rected against an epitope within the N-terminal portion of pIVa2.
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fibrillar masses that increase in size with time postinfection
(43). These structures correspond to accumulation sites of
single-stranded (ss) viral DNA and its associated 72-kDa
ssDNA-binding protein (42). They are surrounded by the fi-
brillogranular network (also called the peripheral replicative
zone), which fills the nucleus and pushes the host chromatin
towards the nuclear border (2). This network is active in both
viral DNA replication and transcription (43, 44, 46). The non-
replicating and nontranscribing viral genomes are stored in the
central part of the nucleus, during late-phase progression. Nu-
cleolar compaction arises at about 17 hpi, although a few
nucleoli remained seemingly unchanged, even at 24 hpi. Late
viral RNA accumulates in three types of nuclear structures: the
fibrillogranular network, in which viral genomes are tran-
scribed; clusters of interchromatin granules, which most likely
participate in postsplicing events; and virus-induced compact
rings, which essentially contain nonused portions of the pri-
mary transcripts resulting from differential polyadenylation
site selection (39, 45, 46). Two additional types of inclusions
(the electron-dense and clear amorphous inclusions), of yet
unknown function, are found at late times within the fibril-
logranular network. From 24 hpi onwards, the clear amorphous
inclusions are found associated with an electron-translucent area
containing protein crystals and virus particles (30, 40).
To identify the distinct structures targeted by pIVa2 during

infection, we undertook a high-resolution immunocytochemis-
try study. Ultrathin sections of fixed Ad5-infected cells were
probed with MAb1A1 or MAb2E4 and subsequently reacted
with gold-conjugated anti-mouse antibodies. Identical results
were obtained whether the cells had been fixed with glutaral-
dehyde or formaldehyde. However, the use of PBS instead of
Sörensen buffer during fixation slightly enhanced the overall
labelling, especially with MAb1A1. Irrespective of the fixation
conditions, none of the MAbs used produced any detectable
labelling of uninfected cells (not shown).
At 12 hpi, nuclei of infected cells looked apparently un-

changed compared with those of uninfected cells (Fig. 8). A
weak labelling was observed with MAb1A1 all over the nucleus
(Fig. 8A), including the nucleolus and the virus-induced com-
pact rings (0.5 mm in diameter) (Fig. 8B). A few gold particles
were also visible in the cytoplasm (Fig. 8A). No significant
labelling was obtained following treatment with MAb2E4 (not
shown).
At 17 hpi, most nuclei were extensively modified (Fig. 9).

Electron-dense virus-induced globules, rather spherical, were
occasionally observed in nucleoli (Fig. 9A, C, and D). In some
nuclear sections, more or less regularly shaped electron-dense
amorphous inclusions were observed in the nucleoplasm (Fig.
9C and F and Fig. 10), close to (Fig. 9B, C, and E) or inside
(Fig. 9E) the nucleolus. All virus-induced globule and

FIG. 7. Ad-induced alterations of the host cell nucleus during infection. The main structural alterations appearing during infection are schematically represented
and named, with current abbreviations. Electron-dense amorphous inclusions, either round or less regular, were found both in the nucleoplasm or in the nucleolus: they
have tentatively been given a single name (ai), their origin being presently unclear. Structures that were labelled after treatment with antibodies against pIVa2 are
indicated with stars.
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amorphous inclusion structures were intensely labelled follow-
ing treatment with MAb2E4 (Fig. 9) and MAb1A1 (Fig. 10).
By contrast, only MAb1A1 clearly labelled, though less in-
tensely, the virus-induced compact rings, which were more
frequent at 17 hpi (Fig. 10) than at 12 hpi (Fig. 8B), and the
nuclear fibrillogranular network (Fig. 10). The viral ssDNA
accumulation sites, protein crystals, and virus particles occa-
sionally visible at this time postinfection were not labelled (Fig.
9F and 10).

DISCUSSION

The Ad IVa2 gene product (pIVa2) has previously been
shown to interact with the downstream regulatory element
(DE) of the MLP: pIVa2 binds as a homodimer (DEF-B) to
the central part of this element and as a complex (DEF-A) with
a distinct, yet unidentified protein(s) to either side of DEF-B
(27, 53). Both complexes bind cooperatively to their target
sequences and, together with upstream regulatory factors, con-
tribute to the activation of the MLP (33). Since pIVa2 has no
transcriptional activity on its own, it is assumed that it provides
the promoter-binding activity, while its partner(s) supplies the
activation function. Preliminary studies (27) had shown a clear
nucleoplasmic distribution of pIVa2, in agreement with the
functional properties of this protein and the nucleoplasmic
location of transcribing viral DNA. Unexpectedly, these stud-
ies also revealed a significant level of targeting to the nucleo-
lus, suggesting additional functions for pIVa2. To gain further
insight into the mechanism of pIVa2 subnuclear localization,

we have delineated the peptide sequence elements responsible
for nuclear (NLS) and nucleolar (NuLS) targeting. In addition,
we have examined, at the ultrastructural level, the fate of
pIVa2 inside the nucleus during infection.
The pIVa2 NLS overlaps sequences that are essential for

specific DNA binding. Deletion and fusion protein analyses
allowed the identification of the NLS element involved in nu-
clear transportation of pIVa2. As already discussed, the struc-
tural characteristics of this element, which is located between
residues 432 and 449, fit with those deduced from a compila-
tion of a number of sequences with similar functions (6, 13).
Interestingly, the pIVa2 NLS is part of a bipartite domain that
spans residues 50 to 100 and residues 357 to 449 and that is
responsible for specific DNA binding (27). Our present obser-
vations that nuclear localization of pIVa2 is completely inde-
pendent from its binding to the DE sequence of the MLP
clearly indicate, as previously suggested for other nuclear pro-
teins (51), that an active transfer mechanism is involved. Fur-
thermore, the fact that pIVa2 is directed to the nucleus when
expressed from transfected vectors, in a noninfected-cell con-
text, rules out any interaction of pIVa2 with a hypothetical
viral karyophilic carrier protein.
In an earlier immunofluorescence study (54) Winter and

D’Halluin reported that the distribution of pIVa2 was mainly
cytoplasmic, although a slight shift towards the nucleus was
observed only at later times. We do not know the reason for
this discrepancy with our findings, but the identification of a
strong NLS within pIVa2 tilts if anything, in favor of our
conclusions.

FIG. 8. Immunogold detection of pIVa2 at 12 hpi, using MAb1A1. Ad5-infected HeLa cells were fixed at 12 hpi with glutaraldehyde (A) or formaldehyde (B) in
PBS buffer prior to Lowicryl embedding, slicing, immunoreaction (MAb1A1), and uranyl acetate staining of sections. (A) Gold particles are scattered through the cell
but are significantly more abundant over the nucleus (c, cytoplasm; n, nucleoplasm; nu, nucleolus). (B) Gold particles are present over the intranuclear virus-induced
compact ring (cr) and over the surrounding components of the nucleoplasm. Bars: 0.5 mm.
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The pIVa2 NuLS function does not depend on pIVa2 DNA-
binding activity but requires NLS contribution. Rough map-
ping of the pIVa2 NuLS positions an element essential for this
activity between residues 50 and 136, a region also known to
comprise the N-terminal portion of the pIVa2 DNA-binding
domain. Our results show (i) that nuclear entry occurs inde-
pendently from nucleolar addressing, which can be impaired
separately, and (ii) that impeding specific DNA binding of
pIVa2 does not abolish nucleolar localization. The precise
nature of the pIVa2 NuLS is presently unknown: the sequence
encompassing the NuLS is not particularly rich in basic resi-

dues (about 1 arginine [R] or lysine [K] every 10 amino acids);
no putative nucleolar RNA-binding motifs (glycine or arginine
rich, acidic residue or serine rich, or containing HMG box
repeats), previously described in a number of cellular proteins
(10, 49, 57), could be identified within the entire pIVa2 se-
quence; and finally, preliminary transcription experiments, in-
dicating that pIVa2 had no effect on ribosomal gene transcrip-
tion (26), strongly suggested that pIVa2 does not bind to
ribosomal promoter DNA.
Remarkably, a computer analysis (not shown) of the IVa2

peptide sequences from human (Ad2, Ad5, and Ad7; Swiss

FIG. 9. Immunogold detection of pIVa2 at 17 hpi, using MAb2E4. Ad5-infected HeLa cells were fixed at 17 hpi with glutaraldehyde in Sörensen phosphate buffer,
embedded, sliced, immunoreacted (MAb2E4), and uranyl acetate stained. (A to C) The intranucleolar virus-induced electron-dense globule (vg) in panel A is intensely
labelled, whereas that in panel C, within a highly compacted nucleolus (nu), is smaller and only poorly labelled. The extranucleolar electron-dense amorphous inclusions
(ai) in panels B and C are also intensely labelled, irrespective of their shape, irregular in panel B and spherical in panel C, and their location in the nucleoplasm (n).
ch, condensed host chromatin. (D and E) Comparison at the same magnification of an intranucleolar virus-induced globule (vg) (D) and virus-induced electron-dense
amorphous inclusions (ai) (E). (D) The intensely labelled vg element is closely surrounded by the nucleolar granules (g). (E) The three irregularly shaped ai elements
are intensely labelled and surrounded by an unlabelled, electron-translucent halo. While ai1 and ai2 are near the nucleolus, ai3 is located within the nucleolus. (F) Part
of a nucleus more advanced in infection, in which virus particles (v) and a protein crystal (pc) are present and entirely devoid of labelling. Gold particles are confined
to the irregularly shaped ai structures. Bars: 0.5 mm.
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Prot accession numbers P03272, P03271, and P03273, respec-
tively) and mouse (Ad1; Swiss Prot accession number P12539)
serotypes revealed the conservation of two structural motifs
(H1 and H2 in Fig. 4). While the sequence conservation of
these elements (especially that of the most N-terminal one) is
modest, both elements have the potential to fold into amphi-
pathic a-helices. This observation further stresses the impor-
tance of the H1 and H2 structural elements. Although it is not
known whether the mouse Ad IVa2 protein localizes to the

nucleolus, this observation also suggests that the H1 motif,
which lies within an otherwise poorly conserved region, is part
of the pIVa2 NuLS.
There exists therefore the possibility that pIVa2 specifically

interacts with a nucleolar protein harboring a retention signal
and thus, once transported to the nucleus, will be sequestered
in the nucleolar compartment. Such a model has initially been
proposed for GAR1, a small nucleolar ribonucleoprotein-as-
sociated protein (15), although in this case NLS and NuLS

FIG. 9—Continued.
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could not be physically separated. It will be of interest to
identify the nucleolar target(s) of pIVa2, if it exists.
Its nucleoplasmic and nucleolar distribution suggests that

pIVa2 exerts multiple functions during infection. As visualized
by electron microscopy of late Ad-infected cells, antibodies
against pIVa2 most strongly labelled virus-induced electron-
dense amorphous inclusions and globules located both in the
nucleoplasm and in the nucleoli. A diffuse labelling is also
observed, mainly over the nucleoplasmic fibrillogranular net-
work. This pattern (schematized in Fig. 7) nicely correlates
with the speckled distribution of pIVa2 revealed by specific
immunofluorescence on top of a more uniform nucleoplasmic
staining.
The localization of pIVa2 in the fibrillogranular area, ini-

tially identified as the site of viral DNA replication and tran-
scription (43, 44, 46), is consistent with the contribution of this
protein to MLP transcriptional activation. By contrast, the
nature of the nucleoplasmic amorphous inclusion bodies is
presently less clear: these structures have been reported to
contain neither viral DNA nor RNA (52) but to react with
antibodies against components of cellular heterogeneous nu-
clear ribonucleoprotein particles (30), suggesting a storage
function for proteins participating in RNA maturation and/or
transport. Thus, the elevated amounts of pIVa2 detected
within these structures may just reflect the stockpiling of this
protein. Alternatively, the presence of pIVa2 in distinct nu-
clear particles raises the interesting possibility that pIVa2 ex-
erts additional functions besides controlling MLP activation.
This conclusion is in fact further supported by the finding of

pIVa2 in similar electron-dense structures inside the nucleoli
(amorphous inclusions and virus-induced globules), the role of
which has not yet been established. Other viral regulatory
proteins have been reported to localize to the nucleolus.

Among these are the Us11 gene products of herpes simplex
virus type 1 (29, 38, 47), the Rex protein of human T-cell
leukemia virus type 1 (22), and the Rev protein of human
immunodeficiency virus type 1 (37). It will be important to
determine whether pIVa2, like the above-mentioned proteins,
can modulate the accumulation of viral or cellular transcripts
by acting at some posttranscriptional level. It may be relevant
in this respect that pIVa2 was reproducibly detected in asso-
ciation with the compact ring structures found in the nucleo-
plasm and which have been attributed to contain nonpolyade-
nylated RNA molecules (3, 39).
Finally, it is worth recalling that anti-pIVa2 antibodies did

not significantly label the electron-translucent area containing
protein crystals and virus particles, in contrast to antibodies
directed against the product of the Ad IX gene (pIX) (28) or
against the Ad L1 52- and 55-kDa proteins (18), which in-
tensely labelled this region. The pIX protein, which is a shell
component of the mature virus, has been proposed to play a
connecting function between the hexons (14). The L1 52- and
52-kDa proteins seem to be absent from mature virions but are
thought to play a transient role in assembly of the Ad particle
(18). It is unlikely therefore that pIVa2 has any of these prop-
erties: it is not a virion component and probably does not
participate in the maturation of the virus. The use of a virus
deleted for the IVa2 coding region, together with the transfec-
tion of vectors expressing wild-type or truncated pIVa2, will be
most helpful to clarify the putative multiple functions of this
protein.
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