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FIG. 4. (A) Formation of wild-type-105-kDa complexes in the presence of
wild-type, mutant, or revertant 3'NCR-containing competitor RNAs. UV cross-
linking was performed as described in Materials and Methods, except that un-
labeled wild-type (WT), mutant (3NC202), or revertant (R5, R9) RNAs were
preincubated with the HeLa extract prior to the addition of radiolabeled wild-
type RNA (12 nM). The triangles at the top represent the molar excess (50-, 100-,
and 875-fold) of each unlabeled RNA over the radiolabeled RNA. The arrow
identifies the 105-kDa RNA-binding protein. (B) Quantitation of the formation
of 105-kDa protein-RNA complexes in the presence of competitor RNAs. The
amount of UV-cross-linked complexes formed was set to 100% in the absence of
competitor RNA. The x axis indicates the concentrations of wild-type (n), mu-
tant (), or revertant (R5,E; R9, {) RNAs relative to that of radiolabeled
wild-type RNA (12 nM). (C) Formation of wild-type-, mutant-, and revertant-
105-kDa protein complexes. UV cross-linking was performed as described above
with labeled wild-type (WT), mutant (3NC202), or revertant (R5, R9) RNAs.
The arrow denotes the migration of the 105-kDa RNA binding activity. The
autoradiographs in panels A and C were scanned using a Microtek ScanMaker
E6, and the resulting images were labeled using Adobe Photoshop version 3.0.

incubation in methanol-glacial acetic acid (3:1, Fisher Scientific) for 10 min at
25°C. For staining with anti-fibrillarin antibodies, cells were fixed by incubation
in ice-cold acetone-methanol (3:1, Mallinckrodt) for 3 min at —20°C, followed by
removal of the fixation solution and air drying for 5 min at 25°C. Fixed cells were
washed three times with PBS for 5 min each at 25°C and incubated with primary
antibodies either undiluted (anti-fibrillarin) or diluted in PBS-0.1% BSA (Sig-
ma) at the following ratios: anti-nucleolin (1:5), anti-TBP (1:100), anti-Sam68
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(1:1,000). Following incubation with primary antibodies at 4°C overnight, the
cells were washed three times with PBS for 5 min each at 25°C. The secondary
antibodies were diluted 1:100 in PBS-0.1% BSA; cells which had been stained
with anti-nucleolin or anti-fibrillarin were incubated with fluorescein isothiocya-
nate-conjugated goat anti-mouse IgG (Caltag); cells which had been stained with
anti-TBP or anti-Sam68 were incubated with Texas red-conjugated goat anti-
rabbit IgG (Cappel). The secondary antibody was incubated for 1 h at 25°C. Next,
the cells were washed three times with PBS for 5 min each at 25°C and mounted
onto glass slides using Vectashield (Vector Laboratories). Cells were viewed and
photographed using an Olympus BX60 system microscope.

RESULTS

Isolation and characterization of poliovirus genomes bear-
ing mutations in the 3'NCR. We reported previously the iso-
lation and phenotypes of polioviruses carrying mutations in the
3'NCR (46). One of those, mutant 3NC202, contains an 8-nt
insertion at nucleotide position 7387 and displays a tempera-
ture-sensitive phenotype for RNA synthesis (46). Subse-
quently, several phenotypic revertants of 3NC202 were isolated
based on their abilities to grow at the nonpermissive temper-
ature. Figure 1 shows that, in contrast to mutant 3NC202, the
two revertants, RS and R9, accumulated viral RNA at the
nonpermissive temperature, although not as much as wild-
type. However, both revertant viruses still displayed a delay in
viral RNA accumulation compared to that of wild-type virus
(Fig. 1).

The genotypes of the wild-type, mutant, and revertant ge-
nomes are listed in Fig. 2. By deleting 8 nt adjacent to the
3NC202 insertion, the RS genome differs from the wild-type by
only 2 nt (i.e., Gy3863A 735 and U,34,3C 5347 Fig. 2). In
contrast, R9 differs from the wild-type by 3 nt and the 3'NCR
of R9 is one nucleotide longer than the 3'NCR of the wild-type
(Fig. 2). Because of their different phenotypes in viral RNA
synthesis, we decided to use wild-type, mutant, and revertant
3'NCRs as tools to search for specific RNA-protein complexes
that may be involved in viral RNA synthesis.

Interaction of host cell proteins with the poliovirus 3’'NCR.
Radiolabeled, thiouridine-containing RNAs representing the
3’-terminal 108 nt of the wild-type viral genome were mixed
with cytoplasmic extracts prepared from human HeLa cells.
After irradiation at 312 nm and digestion with RNases, cross-
linked samples were separated in SDS-polyacrylamide gels and
visualized by autoradiography to identify any transfer of la-
beled nucleotides to protein. Figure 3 (lane 3) shows that
several cellular factors which displayed apparent molecular
weights of 120,000, 105,000, 68,000, and 45,000 could be cross-
linked to the viral 3'NCR. Digestion of the reaction mixture
with proteinase K abolished the appearance of the species
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FIG. 5. Purification of the 105-kDa protein using affinity chromatography
with viral 3’NCR RNA. A silver-stained SDS-polyacrylamide gel which displays
various fractions of 105-kDa protein-containing extracts after RNA affinity chro-
matography is shown. Lanes: M, molecular weight markers; I, input fraction; FT,
flowthrough fraction; W, wash fraction. Fractions after elution with 0.3, 0.5, and
1.0 M KClI are shown. The arrow identifies the 105-kDa protein that was pre-
pared for microsequencing. The migration of marker proteins of known molec-
ular weights (in thousands) is indicated at the left. Note that the 1 M eluate was
erroneously loaded prior to the 0.5 M eluate. The autoradiograph was scanned
using a Microtek ScanMaker E6, and the resulting image was labeled using
Adobe Photoshop version 3.0.

(lane 4), confirming that they are proteins. A similar cross-
linking pattern was observed with the extracts from infected
HeLa cells (55).

To examine the specificity of binding of these proteins to
wild-type 3'NCR-containing RNAs, various amounts of wild-
type, mutant, or revertant competitor 3'NCR RNAs were add-
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FIG. 6. Immunoprecipitation of cross-linked RNA-protein complexes with
antinucleolin and anti-2A antibodies. The 0.5 M KClI fraction obtained after
3'NCR-RNA affinity chromatography was cross-linked to the wild-type poliovi-
rus 3'NCR, and immunoprecipitation experiments were performed. Lane I,
cross-linked RNA-protein complex before immunoprecipitation. The superna-
tant (S) and pellet (P) fractions following immunoprecipitation with antinucleo-
lin (N) or anti-2A (2A) antibodies are displayed. The arrow indicates the migra-
tion of the 105-kDa protein-RNA. The migration of a marker protein of known
molecular weight (in thousands) is indicated at the right. The autoradiograph
was scanned using a Microtek ScanMaker E6, and the resulting image was
labeled using Adobe Photoshop version 3.0.
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FIG. 7. Binding of purified nucleolin to the viral 3'NCR. Cross-linking was
performed as described in Materials and Methods, except that various amounts
of unlabeled wild-type 3'NCR was preincubated with purified nucleolin prior to
the addition of radiolabeled wild-type RNA. Lanes 1, 2, and 3 contain 0, 10-, and
100-fold molar excess, respectively, of the unlabeled RNA over the radiolabeled
RNA (12 nM). Lane 4 displays the pattern when the 0.5 M KCl fraction, obtained
after 3'NCR RNA affinity chromatography, was cross-linked to the wild-type
3'NCR and displayed in the same gel. The arrow indicates the 105-kDa RNA
binding activity. The autoradiograph was scanned using a Microtek ScanMaker
E6, and the resulting image was labeled using Adobe Photoshop version 3.0.

ed to the incubations before cross-linking with UV light. The
formation of 105-kDa-wild-type 3'NCR complexes was inhib-
ited by approximately 40% in the presence of a 100-fold molar
excess of unlabeled wild-type 3'NCR RNA in the binding re-
action (Fig. 4A and B). In contrast, similar concentrations of
mutant 3NC202 or revertant 3’NCRs did not significantly
inhibit the formation of 105-kDa protein-RNA complexes
under the same conditions. Formation of 105-kDa protein-
3'NCR complexes could be inhibited by higher concentrations
(875-fold molar excess) of either mutant or revertant 3’NCRs.
At this concentration, the revertant 3’NCRs competed more
efficiently than the mutant 3'NCR for binding of the 105-kDa
protein to the wild-type 3'NCR (Fig. 4B). Also, the binding of
the 68-kDa protein was more specific to wild-type than to
mutant 3NC202 and revertant RNAs. Curiously, formation of
68-kDa protein-viral RNA complexes was dependent on the
presence of 3’ terminal polyadenosine residues on the RNAs
(55). Binding of the 120-kDa protein to wild-type RNA was not
significantly affected in the presence of excess wild-type, mu-
tant, or revertant RNAs; in contrast, binding of the 45-kDa
protein to wild-type RNA was diminished in the presence of
similar amounts of both mutant and revertant RNAs. Thus, the
120- and 45-kDa protein-wild-type 3'NCR complexes are likely
to represent unspecific RNA-protein complexes.

Next, we determined the direct binding of host cell proteins

FIG. 8. Immunodepletion of HeLa S10 cell extracts. Extracts (lane 1) were
subjected to four successive rounds of immunodepletion using monoclonal an-
tibodies directed against fibrillarin (lane 2) or monoclonal antibodies directed
against nucleolin (lane 3). The amount of nucleolin was visualized by Western
blotting using an antibody directed against nucleolin, as described in Materials
and Methods. The autoradiograph was scanned using a Microtek ScanMaker E6,
and the resulting image was labeled using Adobe Photoshop version 3.0.
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TABLE 2. Virion production in immunodepleted HeLa S10
extracts after 6 h of incubation

Virus yield (PFU/ml)

Expt Fibrillarin-depleted Nucleolin-depleted Fold difference
extract” extract”
1 3700 350 11
2 5900 300 20
3 650 50 13

“ Note that the activities of the depleted extracts in virion formation are
reduced by 10- to 20-fold compared to those of nondepleted extracts.

to mutant and revertant RNA molecules. UV cross-linking of
cytoplasmic extracts to radiolabeled mutant 3NC202 RNAs
displayed a diminished binding particular to the 105-kDa pro-
tein compared to wild-type RNA (Fig. 4C). In contrast, the
105-kDa protein could be cross-linked with higher efficiencies
to both RS and RY revertant RNAs than to 3NC202 mutant
RNA,; although not to the same level seen with wild-type RNA
(Fig. 4C). Although UV cross-linking experiments are in gen-
eral only semiquantitative, the binding of the 105- and 68-kDa
proteins to the viral 3'NCRs correlated somewhat with the
phenotypes of the revertant and mutant genomes in RNA
synthesis (Fig. 1). Clearly, the in vivo phenotype in RNA syn-
thesis of the 3NC202 virus is much more striking than the in
vitro phenotype in nucleolin binding of the 3NC202 3'NCR.
Nevertheless, because the 105-kDa protein could be cross-
linked most efficiently, we first decided to determine the iden-
tity of the 105-kDa protein and to study its potential role in the
viral infectious cycle.

Purification of the 105-kDa protein and its identification as
nucleolin. The 105-kDa protein was partially purified by am-
monium sulfate precipitation and RNA affinity chromatogra-
phy (see Materials and Methods). Figure 5 shows that a major
105-kDa protein could be eluted from the affinity matrix after
treatment with 0.5 M KCIl. In hopes that this protein was
identical to the 105-kDa protein that could be cross-linked to
wild-type 3'NCRs (Fig. 4), the 105-kDa band from the 0.5 M
KCl fraction was excised from the gel and prepared for micro-
sequencing (see Materials and Methods). Table 1 shows that
the partial amino acid sequence of the two peptides matched,
with 100% identity, the contiguous amino acid sequences
present in human nucleolin (13, 50). Thus, the 105-kDa protein
excised from the gel is closely related or identical to nucleolin.

Two experiments were performed to test whether nucleolin
was the 105-kDa poliovirus 3'NCR RNA-binding protein.
First, the 0.5 M KCI-RNA affinity chromatography fraction
was cross-linked to radiolabeled, thiouridine-containing viral
3'NCR sequences; the reaction was then immunoprecipitated
with antibodies directed against nucleolin or poliovirus protein
2A. Figure 6 shows that antibodies directed against nucleo-
lin could immunoprecipitate cross-linked RNA-protein com-
plexes (lane N, fraction P), whereas antibodies directed against
2A did not (lane 2A, fraction P). In a second experiment, a
sample containing purified nucleolin (see Materials and Meth-
ods) was mixed with radiolabeled, thiouridine-containing
3'NCRs in the absence or presence of unlabeled competitor
3'NCRs and irradiated at 312 nm. Figure 7 shows that the
purified nucleolin could be cross-linked to the viral RNA (Fig.
7, lane 1). Curiously, the purified nucleolin sample migrated
somewhat faster than the nucleolin present in the 0.5 M RNA
affinity eluate (Fig. 7, lane 4). Nucleolin is known to be sub-
jected to autoproteolysis (15, 20). Thus, the faster-migrating,
purified nucleolin (i.e., 95-kDa nucleolin) is likely to be a
product of this reaction. Formation of the 95-kDa nucleolin-
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RNA complexes, like the formation of the 105-kDa protein-
RNA complexes from the 0.5 M KCl fraction (see above),
could be inhibited by the addition of increasing amounts of
unlabeled viral 3’'NCR sequence elements (lanes 2 and 3).
These data strongly suggest that the 105-kDa poliovirus
3'NCR-binding protein is authentic, unproteolyzed nucleolin.

Cell extracts, immunodepleted of nucleolin, display de-
creased virus production at early times of viral gene expres-
sion. To examine whether the binding of nucleolin to the viral
3'NCR has a functional role in the viral infectious cycle, virus
production was measured in a cell-free system which has been
shown to de novo synthesize infectious poliovirions when pro-
grammed with genomic RNA (7, 36). First, it was confirmed by
UV cross-linking that nucleolin bound to the 3'NCR in this
cell-free system (data not shown). Next, the extracts were in-
cubated in four successive rounds with monoclonal antibodies
directed against either fibrillarin or nucleolin (see Materials
and Methods). The depletion of nucleolin was then monitored
by Western blotting. Figure 8 shows that nucleolin was greatly
depleted from the extract after four rounds of incubation with
the monoclonal antibody directed against nucleolin (lane 3). In
contrast, incubation of the extract with the monoclonal anti-
bodies directed against fibrillarin did not significantly remove
nucleolin (lane 2). Next, the efficiencies of these depleted ex-
tracts for virion production were assayed. It was observed that
both fibrillarin- and nucleolin-depleted extracts synthesized
and assembled the same amount of infectious virus after pro-
gramming the depleted extracts with virion RNA and incubat-
ing for 20 h (not shown). To test whether nucleolin might have
an effect on virus production at an earlier time of incubation in
this cell-free assay, virus yields from fibrillarin- and nucleolin-
depleted extracts were measured after only 6 h of incubation.
Table 2 shows that virus yield was repeatedly at least 10-fold
reduced in nucleolin-depleted extracts compared to that of
fibrillarin-depleted extracts. However, virus yield in the nucleo-
lin-depleted extract was only reduced sixfold compared to that
of the fibrillarin-depleted extract after a 10-h incubation (not
shown). Thus, the absence of a significant amount of nucleolin
diminished viral yield at early times in the cell-free assay,
suggesting that nucleolin increases the efficiency of viral gene
expression at times when viral RNA and viral proteins are
limiting. However, the absence of nucleolin was overcome at
later times in this cell-free assay. Whether nucleolin enhances
the rate of viral mRNA translation or RNA replication or if it
affects RNA stability is unclear at present.

So far, the addition of various nucleolin-containing fractions
to nucleolin-depleted extracts failed to restore virion produc-
tion (not shown). These results seem to indicate that either
nucleolin in these purified fractions was inactive or that essen-
tial nucleolin-associated factors were removed from the ex-
tracts during immunodepletion. Of course, any of such nucleo-
lin-associated factors could have been responsible for the
observed reduction in virus yield in the nucleolin-depleted
extracts.

Nucleocytoplasmic relocalization of nucleolin in poliovirus-
infected cells. Nucleolin is a nucleolar protein that shuttles
between the nucleolus and the cytoplasm. Its nucleolar func-
tions include roles in the regulation of rDNA transcription and
rRNA processing (19, 35). Because the poliovirus infectious
cycle takes places in the cytoplasm, one would expect an ac-
cumulation of nucleolin in the cytoplasm of infected cells if the
binding of nucleolin to the 3'NCR of the viral RNA has a
significant role in the viral infectious cycle. We examined the
intracellular distribution of nucleolin in uninfected and polio-
virus-infected cells by immunofluorescence, using a monoclo-
nal antibody directed against nucleolin. Cells showed punctate,
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predominantly nucleolar staining of nucleolin at the beginning
of infection (Fig. 9A, panel Nuc0). However, a dramatic relo-
calization of nucleolin into the cytoplasm commenced at 3 h
after infection (panel Nuc3). As a positive control, the relocal-
ization of Sam68 (Src-associated in mitosis, 68-kDa) protein
from the nucleus in mock-infected cells (panel Sam0) to the
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FIG. 9. (A) Immunolocalization of nucleolin (Nuc), Sam68 (Sam), and
TATA-binding protein (TBP) during poliovirus infection. Cells were stained with
anti-nucleolin (Nuc), anti-Sam68 (Sam), or anti-TBP (TBP) at 0, 1.5, 3, and 4.5 h
after infection with wild-type poliovirus. (B) Immunolocalization of fibrillarin
during wild-type poliovirus infection. Cells were stained with anti-fibrillarin an-
tibodies at 0 (Fib0) and 4.5 (Fib4.5) h after infection with wild-type poliovirus.
Color slides were scanned using a Nikon 35-mm film scanner LS-1000, and the
resulting image was labeled using Adobe Photoshop version 3.0.

cytoplasm in infected cells (panels Sam3 and Sam4.5) was
monitored (34). In contrast, the TATA-binding protein TBP
localized to the nucleus in both mock-infected (TBP0) and
infected cells (TBP4.5), as noted by McBride et al. (34).

To determine whether other nucleolar proteins relocated
from the nucleolus to the cytoplasm during poliovirus infec-
tion, the intracellular distribution of the nucleolus-resident
fibrillarin (3, 37) was monitored. Figure 9B shows that fibril-
larin remained associated with the nucleolus during the infec-
tious cycle (panel Fib4.5). Therefore, the relocalization of
nucleolin was not due to an overall nucleolar-cytoplasmic re-
distribution of proteins.

Subcellular localization of nucleolin in cells during inhibi-
tion of protein synthesis. Infection of cells with poliovirus re-
sults in the selective inhibition of cellular cap-dependent pro-
tein synthesis (reviewed in references 18 and 24). Thus, it is
possible that the inhibition of protein synthesis was primarily
responsible for the nucleolar-cytoplasmic relocalization of nu-
cleolin. To test whether this is the case, cells were treated with
cycloheximide, which inhibits the elongation of polypeptide
chains by inhibiting the peptidyltransferase activity of 60S ribo-
somal subunits. The relocalization of nucleolin in treated cells
was then monitored by immunofluorescence analysis. Figure
10 shows that the localization of nucleolin remained exclusively
nucleolar in both untreated (panel Chx0) and cycloheximide-
treated (panel Chx4.5) cells. Thus, the nucleolar-cytoplasmic
relocalization of nucleolin requires ongoing viral gene expres-
sion and is not simply a consequence of the inhibition of host
cell translation.
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FIG. 10. Immunolocalization of nucleolin in cycloheximide-treated cells.
Cells were stained with monoclonal antibodies directed against nucleolin after 0
(Chx0) or 4.5 (Chx4.5) h of incubation with cycloheximide (20 ng/ml). Color
slides were scanned using a Nikon 35-mm film scanner LS-1000, and the resulting
image was labeled using Adobe Photoshop version 3.0.

Subcellular localization of nucleolin in cells during inhibi-
tion of host cell transcription. It is known that infection by
poliovirus induces the inhibition of cellular RNA synthesis
(reviewed in reference 48). Because the activities of all three
RNA polymerases are inhibited in infected cells, the overall
cessation of RNA synthesis could lead to release of nucleolin
into the cytoplasm. Thus, the outcome of inhibition of DNA-
dependent RNA synthesis on the subcellular localization of
nucleolin was examined in cells treated with actinomycin D.
Figure 11 shows that a nucleolar-nuclear redistribution of nu-
cleolin could be observed at 1.5 h after inhibition of transcrip-
tion (compare panel ActD0O with panel ActD1.5). Nucleolin
resided almost entirely in the nucleus at 4.5 h after transcrip-
tional inhibition (panel ActD4.5) with concomitant loss of the
nucleoli, likely due to the inhibition of RNA polymerase I
activity. However, nucleolin did not relocalize to the cytoplasm
under these conditions. Because the viral RNA-dependent
RNA polymerase is insensitive to actinomycin D, we could test
whether infection of actinomycin D-treated cells with poliovi-
rus induces a nucleolar-nuclear redistribution of nucleolin. As
was observed in uninfected actinomycin D-treated cells (panel
ActD1.5), infection of actinomycin D-treated cells resulted
in a nucleolar-nuclear relocalization of nucleolin (panel ActD-
PV1.5). By 3 h after infection, however, nucleolin further re-
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localized from the nucleus into the cytoplasm in infected cells
(panel ActD-PV3). These findings indicate that inhibition of
transcription results in a redistribution of nucleolin from the
nucleolus to the nucleus. However, the nuclear-cytoplasmic
redistribution of nucleolin requires infection of the cells by
poliovirus. Because a nuclear accumulation of nucleolin was
not observed in cells infected with poliovirus in the absence of
actinomycin D (Fig. 9A), it is unlikely that the virus-induced
inhibition of cellular transcription plays a role in the nucleolar-
cytoplasmic relocalization of nucleolin in infected cells.

DISCUSSION

We have identified an interaction of human nucleolin with
RNA sequences derived from the 3'NCR of the wild-type
poliovirus RNA genome. Although the exact cellular functions
of nucleolin are not known, its peculiar domain structure has
suggested that nucleolin is likely to be a multifunctional pro-
tein (31). The amino-terminal third of nucleolin contains re-
peated TPXKK motifs, predicted to be sites of phosphoryla-
tion by p34°!°? (8) and CK2 protein kinases (32). The central
domain of the protein contains four RNA recognition motifs
(RRM) (12), each 80 to 100 amino acids in length, often found
in proteins that interact with RNA (14). The carboxy-terminal
domain of nucleolin and several other RRM-containing pro-
teins is unusually rich in glycine, arginine, and phenylalanine
residues, the so-called GAR (or RGG) domain. Curiously, a
10-kDa GAR-containing fragment of nucleolin interacts non-
specifically with RNA and can destabilize RNA helices (22),
supposedly by an associated RNA helicase activity (54). These
biochemical properties have implicated a role for nucleolin in
ribosomal DNA transcription and in the formation and pro-
cessing of pre-rRNA molecules in the nucleolus. Thus, the
interaction of nucleolin with a cytoplasmically located viral
RNA was surprising.

What determines the specificity of interaction of nucleolin
with the viral 3'NCR? Nucleolin binds pre-rRNAs at multiple
sites which contain short stem-loop structures called nucleolin
recognition elements or NREs (49). Nucleolin interacts with
an NRE through a highly conserved UCCCGA motif, located
in the loop of the hairpin (23). Mutations that destroy any of
the cytosine residues in the binding motif greatly reduce the
binding of nucleolin to the NRE (23). Inspection of the polio-
virus 3'NCR sequences which contain the nucleolin-binding
sites fails to reveal a UCCCGA motif. Thus, nucleolin must
contact sequences in the viral 3'NCR which differ from the
canonical NRE. Interestingly, Zaidi and Malter described the
specific interaction of nucleolin cleavage products with a con-
served 29-nt sequence present in the 3’'NCR of amyloid pre-
cursor protein (APP) mRNA (59, 60); it was postulated that
the interaction of nucleolin with the 3’'NCR of APP mRNA
resulted in an increase in mRNA stability (58). The nucleolin-
binding site in APP mRNA contains the sequence CAUUU
UGGU (58). A very similar sequence (CAUUUUAGU; nt
7365 to 7373) can be found at the very 3’ end of the coding
region of the poliovirus genome. This sequence encompasses
the terminal codons of the viral polymerase and the stop
codon. Curiously, this sequence is located in a loop of a pre-
dicted pseudoknot structure whose stability was proposed to be
affected in mutant 3NC202 and revertant genomes (28). While
the exact binding site of nucleolin in the viral 3'NCR is not yet
known, it is interesting to note that two different structural
models of the viral 3'NCR predict that the viral nt 7365 to 7371
sequence element either resides in a loop of a predicted
pseudoknot, as mentioned above, or is base paired with the
terminal polyadenosine sequences (40). It is of course possible
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FIG. 11. Immunolocalization of nucleolin in uninfected (ActD; top panels) and poliovirus-infected (ActD-PV; bottom panels) cells which were treated with
actinomycin D (5§ pg/ml). Cells were stained with monoclonal antibodies directed against nucleolin after 0, 1.5, 3, or 4.5 h, as indicated. Color slides were scanned using
a Nikon 35-mm film scanner LS-1000, and the resulting image was labeled using Adobe Photoshop version 3.0.

that these two alternative structures both exist in an equilib-
rium that could be affected by sequence- and structure-specific
RNA-binding proteins. Binding of nucleolin to the 3’-terminal
sequences of the viral genome bearing defined mutations
should identify the structural features that govern the forma-
tion of nucleolin-3'NCR complexes.

Functional role of nucleolin or nucleolin-containing com-
plexes in viral gene expression. Inmunodepletion of nucleolin
from cell extracts capable of de novo synthesis of poliovirions
(6, 36) diminished the efficiency with which virions were syn-
thesized when assayed at early times of incubations. Interest-
ingly, the presence of nucleolin was not required when virion
production was assayed at late times of incubation in the cell
extract. That the effect of nucleolin on viral gene expression
was seen only at early times suggests that nucleolin may aid in
the assembly of complexes that are needed for RNA replica-
tion or packaging when viral RNA or protein is limiting. For
example, nucleolin could act as an RNA chaperone that could
increase the steady-state level of replication-competent RNA
molecules. Later in infection, when substantial amounts of
RNAs have been synthesized, the level of replication-compe-
tent RNAs may not be rate limiting. Preliminary experiments,
in which the levels of radiolabeled, newly synthesized viral
RNA were monitored, have indicated that less RNA was syn-
thesized in nucleolin-depleted extracts than in fibrillarin-de-
pleted extracts (55).

Although an in vivo function for nucleolin in the viral life
cycle remains to be elucidated, there are two putative roles that
nucleolin could fulfill at early stages in the viral life cycle. It is
known that infectious viral cycles can be initiated by viral
positive-stranded RNAs in enucleated cells (16). However,
enucleated cells produce approximately 10-fold less virions
than do nucleated cells when infection is initiated with posi-
tive-stranded RNA molecules (16). This finding implies that
nuclear functions may be needed to enhance virion production.
This notion is further supported by the observation that the
double-stranded replicative form of the viral RNA is unable to
initiate an infectious cycle in enucleated cells in contrast to
single-stranded virion RNA (16). If the RNA helicase activity
of nucleolin is needed to unwind double-stranded RNA mol-
ecules, a decrease in the steady-state level of nucleolin in the
cytoplasm of enucleated cells may explain the poor infectivity
of both single- and double-stranded viral RNA. Second, nu-

cleolin could function as an RNA chaperone that is needed to
speed up the attainment of structures that make the viral RNA
replication competent. That RNA chaperones can lead to
accelerated attainment of thermodynamically favored RNA
structures has been shown in hammerhead ribozyme catalysis
(27).

Nucleolar-cytoplasmic relocalization of nucleolin in infected
cells. Nucleolin is known to shuttle between the nucleolus and
the cytoplasm (11). Several scenarios could explain why nu-
cleolin is relocated to the cytoplasm in poliovirus-infected cells.
One could envisage that the inhibition of several host macro-
molecular pathways in infected cells results in the relocaliza-
tion of nucleolin but curiously not of fibrillarin. However, this
scenario is less likely because the addition of actinomycin D
and cycloheximide, inhibitors of host cell transcription and
translation, respectively, did not induce nucleolar-cytoplasmic
relocalization of nucleolin. Another possibility is that the nu-
clear import pathway is inhibited by poliovirus infection. As a
consequence, nucleolin would be unable to reenter the nucleus
in infected cells. There are at least three distinct nuclear im-
port pathways (10, 57). Nucleolin is thought to share the karyo-
pherin B-dependent pathway used by mRNA-binding protein
Al (57). Whether karyopherin B-dependent pathways are op-
erational in poliovirus-infected cells remains to be tested. It is
also possible that nucleolin becomes trapped in the cytoplasm
by virus-induced ligands which could be viral proteins, modi-
fied cellular proteins, or, most likely, the viral RNA itself. Fi-
nally, the interaction of nucleolin with pre-rRNA in the nucle-
olus could be inhibited in infected cells. Nucleolin would then
relocalize into the cytoplasm due to loss of affinity for its
nucleolar ligand. Using poliovirus to distinguish between these
possibilities will provide a novel experimental means of study-
ing the mechanism of intracellular distribution of host cell
proteins.
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