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Adenovirus infection inhibits synthesis and processing of rRNA and redistributes nucleolar antigens.
Adenovirus protein V associates with nucleoli in infected cells. This study delineates regions of protein V
independently capable of nucleolar targeting. Also, evidence is presented that protein V has the unique
property of relocating nucleolin and B23 to the cytoplasm when transiently expressed on its own in uninfected
cells. Point mutation analysis indicates a role for the C terminus of protein V in the redirection of nucleolin
and B23 to the cytoplasm. This is the first time an adenovirus protein has been shown to have a direct effect
on nucleolar antigens in isolation from viral infection. Moreover, adenovirus protein V is the first protein
demonstrated to be capable of redirecting nucleolin and B23 to the cytoplasm.

Adenoviruses are icosahedral, nonenveloped particles en-
closing a genome of linear double-stranded DNA approxi-
mately 36 kbp in length. Linear viral DNA is covalently linked
to the virally coded terminal protein and is noncovalently as-
sociated with three viral proteins, V, VII, and Mu. Arrange-
ment of viral DNA and protein inside the capsid is not clearly
understood, but it is believed that protein VII is most tightly
associated with the DNA, while protein V may form a link
between the viral DNA-protein complex and the inside of the
capsid (4, 21, 37). Evidence recently published proposes that
protein V plays a role in the delivery of viral DNA to the host
cell during the infection process and associates with infected
cell nucleoli during the virus life cycle (19, 21). Nucleoli are the
centers of ribosome biogenesis whereby rRNA is synthesized,
processed, and incorporated into ribosomes (24, 31). Adeno-
virus infection inhibits the synthesis, processing, and exit of
both the 18S and 28S species of rRNA (3). Moreover, adeno-
virus has been shown to disrupt nucleoli at late times in infec-
tion (26, 28, 39). For example, nucleolar proteins fibrillarin,
upstream binding factor, and RNA polymerase I associate with
p80 coilin-enriched clusters during adenovirus infection (28).

Adenovirus proteins V and IVa2 have been shown to asso-
ciate with the host nucleoli in all infected cells (18, 21). Protein
IVa2 has been implicated in packaging of viral DNA (42) and
found to bind to the adenovirus major late promoter (36); its
distribution within the infected cell nucleus and nucleolus has
been examined in detail (18). However, no effects on specific
nucleolar proteins were reported, and the authors indicated
that preliminary experiments revealed that IVa2 expression
has no effect on rRNA synthesis. Therefore, like many viruses,
adenovirus produces proteins that interact with nucleoli during

* Mailing address: Molecular Medicine Unit, University of Leeds,
Clinical Sciences Building, St. James’s University Hospital, Beckett St.,
Leeds LS9 7TF, United Kingdom. Phone: 44 113 206 6328. Fax: 44 113
244 4475. E-mail: meddam@stjames.leeds.ac.uk.

1031

the replication cycle. However, the protein(s) responsible for
direct effects on the nucleolus is not known.

Nucleoli contain several proteins involved in ribosome bio-
genesis. Two major components are nucleolin (also called C23)
and B23 (also called nucleophosmin). Protein B23 is impli-
cated in rRNA processing (30), and it is proposed that inter-
action with B23 directs many proteins to the nucleolus of cells
(8, 9, 16, 22, 34, 35). Nucleolin also plays a role in rRNA
processing, ribosome assembly, transcriptional repression, and
transport of ribosomes to the cytoplasm (10-13).

This paper explores the association between adenovirus pro-
tein V and the nucleolus; the results show that protein V
contains multiple nuclear and nucleolar targeting signals and is
capable of redistributing the major nucleolar proteins nucleo-
lin and B23 to the cytoplasm. Moreover, this ability to redis-
tribute nucleolin and B23 can be ablated by point mutation of
amino acids near the C terminus of protein V.

As a first step in identifying functional domains of the pro-
tein, the regions involved in nucleolar localization were deter-
mined. Using oligonucleotide primers (available on request)
and a PCR kit (Advantage PCR; Clontech), regions of the
protein V open reading frame were amplified from adenovirus
serotype 2 (Ad2) DNA. The PCR fragments were cloned into
a mammalian expression plasmid (pcJMAZ2egfp; a kind dona-
tion from J. Askham) (1) such that amino acid sequences from
protein V were expressed as an N-terminal fusion to enhanced
green fluorescence protein (EGFP; Clontech). HeLa cells were
grown at 37°C with 5% CO, on glass coverslips in six-well
dishes in Dulbecco’s modified Eagle medium supplemented
with 10% fetal calf serum, penicillin (100 IU/ml), and strepto-
mycin (100 wg/ml). The cells were transfected with 1 g of each
plasmid, using Lipofectamine as specified by the manufacturer
(Life Technologies Inc.). After 18 to 20 h, the cells were fixed
with 4% (vol/vol in phosphate-buffered saline [PBS]) formal-
dehyde at 4°C for 5 min, washed in PBS, and then permeabil-
ized in 1% (vol/vol in PBS) Triton at 4°C for 5 min; a further
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wash in PBS was followed by blocking with dried skimmed milk
(5% [wt/vol] in PBS) for 1 h at room temperature. Coverslips
were mounted on Vectashield with 4’,6-diamidino-2-phenylin-
dole (DAPI; Vector Laboratories) and visualized using a Zeiss
Axiovert 135TV microscope with a Neofluor 40X oil immer-
sion lens. Detection of EGFP-tagged proteins in situ can be
used to gain antibody-independent data on subcellular target-
ing regions. Alternatively, cells were grown in six-well dishes
and transfected as described above; after 18 to 20 h cells were
harvested and processed for sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and Western blotting as described
previously (20). Western blots using monoclonal antibodies
(MAbs) against EGFP (Clontech) revealed that cells trans-
fected with the full-length protein V-EGFP fusion (V-EGFP)
or any of the deletion mutants express fusion proteins of the
predicted apparent mass with little degradation of the protein
(data not shown).

Figure 1 shows the deletion mutants generated, localization
of the EGFP fusion products, the amino acid sequences of the
minimal nucleolar targeting regions, and representative exam-
ples of the different localization patterns. In each case almost
all transfected cells showed similar patterns of distribution of
the fusion protein. Full-length protein V fused to EGFP (1-
369/V-EGFP) is restricted to the nucleus and mainly concen-
trated in the nucleoli. This pattern is reproduced by clones
315-337EGFP and 23-78EGFP, but clones 1-31EGFP, 43-
316EGFP, and 338-369EGFP do not accumulate in the nucle-
olus. Thus, protein V contains two regions independently ca-
pable of directing EGFP to the nucleolus in the absence of
other portions of the protein: 315-337EGFP and 23-78EGFP.
Further dissection reveals that each region contains a lysine- or
arginine-rich nucleolar retention signal. For example, 1-43EGFP
can be detected in the cytoplasm, but both the nucleus and
nucleolus appear to accumulate progressively more of the fu-
sion protein (Fig. 1C); this pattern is also shown by 23-43EGFP
and 23-61EGFP. Thus, amino acids 23 to 42 are the minimal
requirements for nucleolar retention, but additional arginine-
rich sequences between 62 and 78 are needed for a pattern of
targeting similar to that of full-length V-EGFP. Similarly, 331-
369EGFP is detected, in the cytoplasm, nucleus, and nucleolus
but without a progressive accumulation (Fig. 1C; compare
1-43EGFP and 331-369EGFP). As at the N terminus, addi-
tional sequences between 315 and 331 are required to restrict
the fusion protein to a V-EGFP-like localization pattern. Both
the arginine-rich C terminus and the lysine-rich N terminus
appear to contain independent nuclear targeting and nucleolar
retention sequences similar to those of other nucleolar viral
proteins (reference 17 and references therein; 18). Moreover,
any EGFP fusion protein containing one of these regions is
directed to the nucleus and nucleolus. Examining clones de-
rived from amino acids 78 to 315 of protein V reveals an
interesting feature. Clones 79-125EGFP, 191-271EGFP, and
191-316EGFP do not apparently contain any subcellular tar-
geting sequences. However, clones 105-316EGFP and 105-
271EGFP are both directed to the nucleus but not the nucle-
olus. This finding indicates that region 126-190 of protein V
contains sequences important for the nuclear localization of
clone 105-271EGFP. Surprisingly, however, 126-190EGFP is
directed to the nucleus and nucleolus, which suggests that
region 126-190 can direct EGFP to the nucleolus, but sur-
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rounding sequence from protein V masks this nucleolar tar-
geting. This region contains only two short stretches of basic
amino acids (underlined): 157 EEKRGLKRESGDLAPTVQ
LMVPKRQRLED 184. These might be part of a bipartite
nuclear localization signal (7) but are quite distinct from the
other nucleolar targeting sequences described here. While the
presence of a cryptic targeting region is intriguing, the func-
tional significance of this region is difficult to assess at present.

Adenovirus infection disrupts B23 localization (39). There-
fore, the localization of two nucleolar proteins, nucleolin and
B23, were examined in protein V-EGFP-expressing cells.
Mouse MAbs to nucleolar antigens nucleolin (Santa Cruz Bio-
technology) and B23 (23, 25) (kindly provided by B. Valdez)
were used to determine the effects of protein V expression on
their subcellular localization. Full-length, deletion, and point
mutants of V-EGFP were transfected into cells, fixed, perme-
abilized, and blocked with dried skimmed milk as described
above. The cells were incubated with MADbs against either
nucleolin (Fig. 2A) or B23 (Fig. 2B to D) for 1 h. The cover-
slips were washed extensively with dried skimmed milk (1%
[wt/vol] in PBS) and then incubated with Texas red-conjugated
goat anti-mouse antibodies as indicated by the manufacturer
(Vector Laboratories) for 1 h. Finally, the coverslips were
washed again and mounted for fluorescence microscopy as
described above. Images were collected using a laser confocal
microscope (Leica TCS SP) and a PlanApo 100X UV oil
immersion lens collecting data from the three channels se-
quentially.

Figure 2A shows that cells expressing full-length V-EGFP
contain nucleolin in the cytoplasm. In one cell expressing lower
levels of protein V-EGFP, no deviance from the normal dis-
tribution of nucleolin was observed. Indeed, redistribution of
nucleolin correlated well with generally higher levels of expres-
sion as assessed visually. In each transfection experiment, the
proportion of cells transfected (as measured by expression of
the tagged fusion protein) was between 20 and 35% (data not
shown), and the ranges of expression levels were comparable in
all cases. A similar redistribution was observed when V-EGFP
was expressed in A549 cells (data not shown). Figure 2B shows
the results of a similar experiment using the B23 MAD illus-
trating that in cells transfected with V-EGFP, B23 is redistrib-
uted to the cytoplasm. Similar redistribution of nucleolin or
B23 was observed if protein V lacking an EGFP tag was trans-
fected into HeLa cells (data not shown; protein V expression in
situ and by Western blotting was detected using rabbit poly-
clonal anti-protein V serum 21).

A close-up of a single 0.36-um cell section reveals that V-
EGFP fusion protein is excluded from subnucleolar structures
reminiscent of the fibrillar centers where inactive rRNA DNA
is stored (31). Moreover, V-EGFP is concentrated in what
appears to be the dense fibrillar component, the site of rRNA
synthesis and early rRNA processing (31). This subnucleolar
localization pattern can also be seen in cells transfected with
clones 23-78EGFP, 126-190EGFP, and 315-337EGFP but not
1-43EGFP and 331-369EGFP (data not shown).

Several of the clones described in Fig. 1 were used to deter-
mine which regions of protein V-EGFP are essential to this
redistribution. Figure 2E shows that deletion of only the C-
terminal seven amino acids of protein V ablates the redistri-
bution of nucleolin or B23 (i.e., the effect on one protein is not
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FIG. 1. Identification of regions of protein V involved in nuclear and nucleolar targeting. (A) Schematic showing the regions of protein V fused
to EGFP. On the left, each clone is identified by the amino acids from the full-length protein V sequence expressed N terminal to the EGFP
sequences. On the right, the subcellular distribution of each fusion protein is indicated as No. (nucleolar), Np. (nucleoplasmic), Cyt. (cytoplasmic)
or diffuse (distribution throughout the cell, with no particular subcellular localization). (B) Sequences at the N and C termini of protein V which
are capable of independently directing EGFP to the nucleus and nucleolus. (C) Subcellular localization of five representative fusion proteins. The
images represent the five patterns of fluorescence seen in these experiments. All images were scanned from slide film and labeled using Adobe
Photoshop 4.0.
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separable from the effect on the other protein). The N-termi-
nal lysine-rich 43 amino acids were not required to redistribute
nucleolin or B23. HeLa cells expressing high levels of mutants
89-369EGFP and 105-369EGFP were observed to round up
and detach from the glass coverslips. Thus, only cells express-
ing low levels of these mutants could be assessed, and in none
of these cells was B23 or nucleolin relocalized. As noted above,
redistribution of B23 and nucleolin correlated with high levels
of expression, and so the inability of these mutants to relocate
B23 and nucleolin could be related to expression levels in those
cells still adherent to the coverslips rather than a loss of critical
structure or amino acids.

Figure 2F shows that the C-terminal amino acids of protein
V are highly conserved among the mastadenoviruses, suggest-
ing that the ability to affect B23 and nucleolin is universal
among these viruses. To further refine the analysis at the C
terminus, the three hydrophobic amino acids proline, isoleu-
cine, and valine were separately replaced with a glycine residue
to generate three point mutant clones (Fig. 2G). These three
mutants revealed that the valine at 369 can be replaced without
affecting V-EGFP’s ability to redistribute nucleolin and B23.
However, replacement of the isoleucine residue ablated V-
EGFP’s ability to redistribute nucleolin and B23. Western blot-
ting analysis (Fig. 2H) confirmed that average expression levels
of the valine and isoleucine mutants were comparable to those
of V-EGFP. The average expression levels of the proline mu-
tant are markedly reduced for unknown reasons, although,
unlike 89-369EGFP, expression of the proline mutant did not
induce cells to round up. Moreover, there is no evidence of
proteolytic breakdown of the proline mutant (data not shown).
Individual cells were observed to express high levels of the
proline mutant without relocalizing B23 or nucleolin. How-
ever, the status of this mutant is somewhat ambiguous com-
pared to the isoleucine and valine mutant proteins.

Redistribution of nucleolin and B23 to the cytoplasm occurs
only naturally, during the cell cycle from prometaphase to
mid-telophase (23, 41), and cannot be induced by cytotoxic
drugs (25). Progression through the cell cycle and serum star-
vation also affect nucleolin and B23 distribution and expression
levels (23, 33). However, serum starvation experiments showed
no effect on the subcellular localization of V-EGFP or its
ability to redistribute nucleolin and B23 to the cytoplasm
(D. A. Matthews, unpublished data).

Adenovirus infection inhibits rRNA synthesis (3). Therefore
an in situ TRNA synthesis assay (10) was used to assess TRNA
synthesis in protein V-EGFP-expressing cells. HeLa cells were
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transfected with V-EGFP as described above; after 18 to 20 h,
the cells were treated in 4°C acetone-ethanol (1:1) for 5 min.
The cells were then washed in assay buffer (100 mM Tris-HCI
[pH 7.9], 12 mM 2-mercaptoethanol, 150 mM sucrose, 12 mM
MgCl,) at 37°C for 3 min before incubation in assay buffer
containing ATP, CTP, and GTP (0.5 mM; Sigma) and bromo-
UTP (Br-UTP; 0.2 mM; Sigma) for 15 min at 37°C. The reac-
tion was stopped by fixing and permeabilizing the cells as
described above. The incorporated Br-UTP was detected using
MADb against Br-dUTP (Sigma) and appropriate secondary
antiserum as described above. In this assay, the nucleoli incor-
porate Br-UTP into nascent rRNA and fluoresce. As negative
controls, cells are incubated with UTP instead of Br-UTP or
are preincubated for 3 h with actinomycin D (5§ pg/ml), in-
cluded in the assay buffer to inhibit all RNA synthesis (data not
shown).

The results of this assay (Fig. 3A to C) demonstrate that
protein V-EGFP expression has no apparent effect on RNA
synthesis in the nucleolus. Protein V is therefore unlikely to
play a central role in the reported decline in rRNA synthesis
during adenovirus infections. Consistent with this observation,
preliminary experiments indicate that V-EGFP expression
does not affect upstream binding factor distribution (Mat-
thews, unpublished), which is required for rRNA synthesis.

Inhibition of rRNA synthesis by actinomycin D causes many
nucleolar proteins, including nucleolin and B23, to lose nucle-
olar targeting and redistribute to the nucleoplasm (25). The
effect of this on V-EGFP, nucleolin, and B23 was investigated
in HeLa cells transfected with V-EGFP. After 18 to 20 h, the
medium was supplemented with actinomycin D (5 wg/ml), and
the cells were incubated for a further for 3 h to inhibit RNA
synthesis. The cells were prepared for immunofluorescence as
usual, using a MAD against nucleolin. As shown in Fig. 3D to
F), while nucleolin is redistributed to the nucleoplasm, indic-
ative of rRNA synthesis shutdown, protein V remains associ-
ated with nucleolar structures (identical results are seen if B23
redistribution is assessed [not shown]). Thus, actinomycin D
does not affect V-EGFP or the redistribution of nucleolin and
B23 to the cytoplasm in V-EGFP-expressing cells (unlike the
case for human immunodeficiency virus Rev [8]), strongly sug-
gesting that protein V subcellular localization does not com-
pletely depend on B23 (or nucleolin) and therefore the protein
interacts with other nucleolar/nuclear components. This inter-
action could indirectly trigger the redistribution of nucleolin
and B23.

The effects of V-EGFP transfection on B23 subcellular lo-

FIG. 2. Protein V induces relocalization of nucleolin and B23. In all color images, V-EGFP stains green, DAPI stains blue, and nucleolin or
B23 is in red. Images A and B represent 20- by 0.36-pm focal planes which start below and end above the cells. They are superimposed so that
all layers of the cell can be visualized simultaneously. The scale bars in images A and B represent 10 wm. (A) Distribution of nucleolin (red) in
cells expressing various levels of V-EGFP. The cell marked with an arrowhead shows expression of low levels of protein V. (B) Distribution of B23
(red) in cells expressing various levels of V-EGFP. (C) A 0.36-pm section (approximately halfway through the cell) of the cell marked with an arrow
in image B. (D) Close-up of the nucleolus marked with an arrow in image C, with DAPI staining deleted for clarity. The diameter of the large
nucleolus is approximately 3 wm. Images C and D were annotated by Adobe Photoshop 4.0. (E) Deletion mutants from Fig. 1, assessed for
redistribution of nucleolin and B23. Text on the right indicates whether the mutant could relocate B23 and nucleolin to the cytoplasm (N.D., not
determined). (F) Amino acid sequences of the C-terminal seven amino acids of protein V from Ad2 along with the analogous C-terminal sequences
of protein V from canine Adl, murine Ad1, human Ad40, and human Ad12. (G) The three point mutants of protein V which were generated by
PCR. Each fusion expressed amino acids 1 to 369 (full-length protein V) fused to EGFP but with a single amino acid alteration as indicated.
Abilities of mutants to redirect nucleolin or B23 to the cytoplasm are indicated on the right. (H) Total protein extracts from cells transfected with
the point mutants described in panel G. Expression of the mutants and V-EGFP was assayed by Western blotting using rabbit polyclonal antiserum
against protein V. Also included is a mock transfection. Duplicate transfections were assayed to confirm the data presented in panel G.
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Bromo-UTP

FIG. 3. rRNA synthesis is not affected by V-EGFP, nor does inhibition of RNA synthesis affect the ability of V-EGFP to relocalize nucleolin
to the cytoplasm. (A to C) Cells, some expressing V-EGFP, in which RNA synthesis has been detected by a standard in situ assay as outlined in
the text. (A) Cells expressing V-EGFP; (B) phase-contrast image of the same cells (the dark nucleoli are clearly visible); (C) nucleoli that fluoresce
due to the detection of Br-UTP incorporated into nascent RNA. (D to F) HeLa cells transfected with V-EGFP and then treated with actinomycin
D to inhibit RNA synthesis. (D) V-EGFP expression pattern; (E) DAPI-stained cells; (F) distribution of nucleolin. Slides were scanned and

annotated by Adobe Photoshop 4.0.

calization contrast with the reported effects of adenovirus in-
fection (39). This prompted an examination of nucleolin and
B23 distribution in adenovirus-infected cells, in which protein
V shows clear nucleolar association in cells with low levels of
protein V (21). As infection proceeds, the nucleus fills with
protein V (and other virally induced structures).

At 6, 18, 24, and 48 h postinfection (multiplicity of infection
of 5 PFU per HeLa cell), immunofluorescence techniques
were used to assess expression levels of protein V (using a
rabbit polyclonal antiserum [21]) and either nucleolin or B23
MAD as described above. The results (Fig. 4A to C) demon-
strate that infected cells expressing high levels of protein V
redistribute nucleolin to the cytoplasm and apparently reduce
the intensity of nucleolin staining compared to surrounding
cells. As described above for the transfection experiments, the
effect appears to be dependent on levels of protein V expres-
sion in an individual cell. The images in Fig. 4D to F confirm
previous reports that B23 is redistributed to a speckled pattern
in the nucleus by adenovirus infection (39). Significantly, the
B23 distribution pattern (Fig. 4E) is distinct from adenovirus
protein V (Fig. 4D), which is normally excluded from DNA
binding protein-rich regions of the infected nucleus (21).

The redistribution of nucleolin or B23 was observed only in

protein V-expressing cells, and the proportion of cells exhib-
iting redistribution increased with time. After 20 to 24 hours,
however, the numbers of total cells still adherent to the cov-
erslips begins to fall as the cells start to become detached (by
30 to 36 h very few cells are still attached, and by 48 h the
coverslips are essentially free of cells).

Western blotting was used as previously described (20) to
assess the levels of protein V, nucleolin, and B23 in either
infected or transfected cells at various time points after infec-
tion or transfection (Matthews, unpublished). Transfection of
V-EGFP had no effect on levels or apparent mass of nucleolin
or B23. Adenovirus infection, however, appears to induce pro-
teolytic breakdown of nucleolin but not B23 (data not shown).
Furthermore, there appeared to be an increase in the total
detectable nucleolin present in infected cells. The apparent
increase in nucleolin could be due to upregulation of c-Myc by
adenovirus (14), since expression of nucleolin is upregulated by
overexpression of c-Myc (6). However, in situ detection of
nucleolin in Fig. 4B (using the same antiserum as used in the
Western blot) indicates a reduction in the levels of detectable
antigen. This finding suggests that other factors present in a
viral infection presumably contribute to this phenomenon.
Clearly, further investigation is warranted.
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FIG. 4. Adenovirus infection causes redistribution of nucleolin to the cytoplasm, but B23 is redistributed within the nucleus at 18 h postin-
fection. All images show adenovirus-infected HeLa cells at 18 h postinfection. (A) Polyclonal anti-V serum reveals the accumulation of protein
V (note that cells at the bottom left express lower levels of protein V); (B) the same field stained with nucleolin MAb; (C) DAPI staining. Images
A and B are overexposed to allow visualization of the faint staining of cells with protein V (A) or nucleolin (B). (D) Polyclonal anti-V serum reveals
the accumulation of protein V in one cell; (E) the same field stained with B23 MADb; (F) DAPI staining. Images D to F are higher magnifications
of images A to C to clearly show the patterns of B23 and protein V localization in the infected nucleus. Slides were scanned and annotated by

Adobe Photoshop 4.0.

Adenovirus disturbs the synthesis and processing of rRNA
(3) and disrupts nucleolar structure and silver staining of nu-
cleoli (26, 39). The results presented in this report are consis-
tent with adenovirus protein V being involved in these events
since silver staining is specific for nucleolin as well as B23 (29),
and both proteins are involved in rRNA processing (11, 30).
Moreover, relocalization of nucleolin and B23 to the cytoplasm
in protein V-transfected cells is consistent with the known
interaction of B23 and nucleolin in vivo (16) and the known
nuclear-cytoplasmic shuttling of nucleolin (2).

Examination of the subcellular distribution of other nuclear
proteins, such as PML, SC35, p80 coilin, Sm antigens (as re-
vealed by MAb Y12 [15]), and proliferating nucleolar antigen
p120, reveals that they are unaffected in V-EGFP-transfected
cells (Matthews, unpublished). This suggests that the effects of
protein V on the nucleus or nucleolus are restricted to a subset
of proteins or functions. Indeed, while protein V affects nucle-
olar proteins involved in processing and transport of rRNA, it
has no effect on (nor is affected by cessation of) RNA synthesis.
This is consistent with reports suggesting that rRNA synthesis
and processing can be uncoupled (32).

In adenovirus-infected cells, B23 redistributes from the nu-
cleolus to a speckled pattern similar to that of viral DNA
replication centers and distinct from that of protein V (refer-
ence 39 and this report). In addition, nucleolin is redistributed
and the levels of nucleolin detectable in situ in the infected cell
decline. Conversely, in V-EGFP-transfected cells, B23 and
nucleolin are redistributed to the cytoplasm (Fig. 2A and B).
These discrepancies underline the complex nature of the viral
infection compared to transfection of cells with a single pro-
tein. Potentially, protein V displaces nucleolin and B23 from
the nucleolus indirectly by interacting with a third, unknown
protein. Thus, in transfected cells, the lack of virus replication
means that B23 (and nucleolin) is transported to the cyto-
plasm.

Why does adenovirus disrupt the nucleoli at all? Several
theories may be inferred from this and other research (27, 38).
Possibly disruption of rRNA biogenesis frees up resources for
adenovirus mRNA biogenesis, or nucleolin, for example, is
redistributed because it would normally interfere with adeno-
virus replication via its ability to repress transcription (40). The
RNA motif recognized by nucleolin is known (11), and exam-
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ination of the adenovirus genome reveals several potential
binding sites for nucleolin on adenovirus transcripts (data not
shown).

This study is the first to identify an adenovirus protein which
directly affects nucleolar antigens. Moreover, adenovirus pro-
tein V represents the first protein shown to be capable of
relocating nucleolin and/or B23 to the cytoplasm on its own,
another example of the varied mechanisms and proteins uti-
lized by this virus to subvert cellular processes; protein V is
also a significant structural component of the mature virus
particle. This report provides a basis to begin to unravel a
presumably complex relationship between adenovirus and nu-
cleolar proteins. Experiments are under way to determine the
role of nucleolin and B23 in the virus life cycle and what other
viral proteins play a part in disrupting nucleolar functions.
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