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It was previously shown that the second open reading frame of the avian reovirus S1 gene encodes a
146-amino-acid nonstructural protein, designated p17, which has no known function and no sequence simi-
larity to other known proteins. The results presented in this report demonstrate that p17 accumulates in the
nucleoplasm of infected and transfected cells. An examination of the deduced amino acid sequence of p17
revealed the presence of a putative monopartite nuclear localization signal (NLS) between residues 119 and
128. Mutagenesis analysis revealed both that this sequence is indeed a functional NLS and that two of its basic
residues are critical for the normal nuclear distribution of p17. An interspecies heterokaryon assay further
showed that p17 shuttles continuously between the nucleus and the cytoplasm and that this activity is restricted
to its NLS-containing C-terminal tail. Finally, an analysis of the intracellular distribution of p17 in the
presence of inhibitors of both RNA polymerase II and CRM1 further revealed that the nucleocytoplasmic
distribution of p17 is coupled to transcriptional activity and that the viral protein exits the nucleus via a

CRM1-independent pathway.

Avian reoviruses and mammalian reoviruses are members of
the Orthoreovirus genus, 1 of the 11 genera of the Reoviridae
family (22, 37). These agents, which replicate in the cytoplasm
of infected cells, lack a lipid envelope and contain a frag-
mented double-stranded RNA genome enclosed within a dou-
ble protein capsid shell with a 70- to 80-nm external diameter.
Their genome segments have been grouped into three classes
according to size, namely, large (L1, L2, and L3), medium (M1,
M2, and M3), and small (S1, S2, S3, and S4). Each segment
expresses an mRNA that is identical to the positive strand of its
encoding double-stranded RNA; reoviral mRNAs lack a 3’
poly(A) tail and contain a 5 type 1 cap (20, 21).

Most reoviral mRNAS are monocistronic, with each encod-
ing a single primary translation product. However, there are
some exceptions to this rule. For example, the S1 genome
segment of most mammalian reoviruses is bicistronic and en-
codes one structural and one nonstructural polypeptide from
overlapping open reading frames (ORFs) (10, 46). The S1
genes of the fusogenic avian reoviruses and Nelson Bay mam-
malian reovirus express one structural and two nonstructural
proteins from partially overlapping ORFs (2, 49). The S4 seg-
ment of the fusogenic baboon reovirus specifies two nonstruc-
tural proteins from partially overlapping ORFs (6). The bicis-
tronic S1 gene of the fusogenic reptilian reovirus encodes a
structural and a nonstructural protein (8). Finally, the M3
genes of avian and mammalian reoviruses express two isoforms
of the nonstructural protein wNS, apparently by initiation of
translation at two different AUG codons (31, 55).

We have recently demonstrated that the three S1 ORFs of

* Corresponding author. Mailing address: Departamento de Bio-
quimica y Biologia Molecular, Facultad de Farmacia, Universidad de
Santiago de Compostela, 15782 Santiago de Compostela, Spain. Phone
and fax: 34-981-599157. E-mail: bnjbena@usc.es.

2141

various avian reovirus strains are expressed in infected cells
(2). The first ORF specifies p10, a nonstructural fusion-asso-
ciated small transmembrane protein that displays membrane
destabilization activity (3, 48). The second ORF encodes pl7,
a nonstructural protein of unknown function. Finally, the third
OREF expresses oC, an elongated trimeric structural protein
responsible for the initial attachment of the virus to cell recep-
tors (30, 47).

When we initiated this study, nothing was known about the
activity or properties of the avian reovirus nonstructural p17
protein. Furthermore, this polypeptide has no significant se-
quence similarity to other known proteins, so its amino acid
sequence offers no clues about its function. On the other hand,
the fact that the p17 ORF is conserved in every avian reovirus
S1 gene sequence reported so far suggests that p17 plays an
important function in virus-host interactions. All of these facts
and also the broadly accepted assumption that nonstructural
viral proteins play key roles in virus-host interactions prompted
us to perform an initial characterization of this viral protein.
The results of this study demonstrate that p17 is a nuclear
targeting protein that shuttles between the nucleus and the
cytoplasm in a transcription-dependent manner and that exits
the nucleus via a CRM1-independent pathway. We have also
identified a monopartite-type functional nuclear localization
signal (NLS) near the C terminus of p17 which is necessary and
sufficient for nuclear import.

MATERIALS AND METHODS

Cells, viruses, and antibodies. Primary cultures of chicken embryo fibroblasts
(CEF) were prepared from 9- to 10-day-old chicken embryos and grown in
medium 199 supplemented with 10% tryptose-phosphate broth and 5% calf
serum. Monkey Vero and human HeLa cells were grown in monolayers in
medium 199 supplemented with 10% fetal bovine serum. Strain S1133 of avian
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reovirus was grown on semiconfluent monolayers of primary CEF as previously
described (16).

A polyclonal antiserum against the N terminus of p17 was raised by Sigma
Genosys Ltd. (Cambridge, United Kingdom). Specifically, the peptide CD-
FEREYKSWRFDADL, comprising residues 132 to 146 of the deduced amino
acid sequence of p17 and containing an extra cysteine residue at its N terminus
for coupling, was chemically synthesized, cross-linked to carrier keyhole limpet
hemocyanin, and then used as an immunogen for antibody production in rabbits.
The production of an anti-oNS monoclonal antibody was described previously
(55). The following antibodies were purchased from Sigma-Aldrich (Madrid,
Spain): an anti-tubulin mouse monoclonal antibody, an anti-nucleolin rabbit
polyclonal antibody, and alkaline phosphatase-, fluorescein isothiocyanate
(FITC)-, and tetramethyl rhodamine isocyanate (TRITC)-conjugated goat anti-
bodies against mouse and rabbit immunoglobulin G (IgG). An anti-fibrillarin
monoclonal antibody was purchased from Cytoskeleton, Inc. (Denver, Colo.).

Cloning and transfections. All manipulations of DNA were performed accord-
ing to standard cloning protocols (45). Cloning of the S1 ORF2 into the eukaryotic
pCINeo expression vector to generate pCINeo-p17 was described previously (2). For
the expression of fusions with green fluorescent protein (GFP), ORF2 sequences
were amplified by PCR, digested with appropriate restriction enzymes, and inserted
into the pGFP-C1 vector (Clontech). To generate inserts for the production of
pGFP-C1 recombinant plasmids, we used the following primers: for the production
of GFP-pl17, the sense primer was 5'-GGAATTCTATGCAATGGCTCCGCCAT
ACG-3" (EcoRlI site is underlined) and the antisense primer was 5'-CGGGATCC
TCATAGATCGGCGTCAAATCGC-3' (BamHI site is underlined); for the pro-
duction of GFP-p17(1-103), the sense primer was 5'-GGAATTCTATGCAATGG
CTCCGCCATACG-3' (EcoRI) and the antisense primer was 5'-CGGGATCCTC
AATCGGATGCAGGCAATGG-3" (BamHI); and for the production of GFP-
p17(104-146), the sense primer was 5'-CGAATTCTCGGCGGTCTTGTCTTATA
GTTC-3’' (EcoRI) and the antisense primer was 5'-CGGGATCCTCATAGATCG
GCGTCAAATCGC-3' (BamHI). The correct orientation of the inserts was
confirmed by restriction analysis and nucleotide sequencing.

The pCINeo-p17 plasmid and a QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, Calif.) were used according to the manufacturer’s specifi-
cations to generate recombinant plasmids that expressed K122A and/or R123A
mutant versions of p17. The following mutagenic oligonucleotide primers were
used: for the production of pCINeo-p17(K122A,R123A), the sense primer was
5'-CAATCCATCGCAGCGGCGGCAGGTCGTCAGCTTGATAC-3" and the
antisense primer was 5'-GTATCAAGCTGACGACCTGCCGCCGCTGCGAT
GGATTG-3'; for the production of pCINeo-p17(K122A), the sense primer was
5'-CAATCCATCGCAGCGGCGAGAGGTCGTCAGCTTG-3" and the anti-
sense primer was 5'-CAAGCTGACGACCTCTCGCCGCTGCGATGGATTG-
3’; and for the production of pCINeo-p17(R123A), the sense primer was 5'-C
AATCCATCGCAGCGAAGGCAGGTCGTCAGCTTG-3' and the antisense
primer was 5'-CAAGCTGACGACCTGCCTTCGCTGCGATGGATTG-3'.

Transfections of preconfluent cell monolayers were done by use of the Lipo-
fectamine Plus reagent (Invitrogen) according to the manufacturer’s instructions.
Transfected cells were incubated at 37°C for 24 h, unless otherwise stated.

Viral infections, metabolic radiolabeling, and electrophoretic analysis of pro-
teins. The infection of CEF by avian reovirus S1133 and metabolic radiolabeling
have been described previously (29). Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis was performed in 15% polyacrylamide gels as described previ-
ously (26). After electrophoresis, the gels were stained in a solution containing
0.25% Coomassie blue in 33% methanol and 10% acetic acid and then were
destained in the same solution without the dye. For visualization of the radio-
active bands, the gels were dried and exposed to X-ray films (Agfa-Curix AFW).

Subcellular fractionation and immunoblot analysis. The fractionation of avian
reovirus-infected cells into cytosolic and nuclear fractions was performed essen-
tially as described previously (39). Briefly, a cell monolayer (30 X 10° cells) was
washed with PBS, and the cells were subsequently collected in 0.5 ml of TBN
buffer (10 mM Tris-HCI [pH 6.5], 140 mM NaCl, 3 mM MgCl,, 0.5% Nonidet
P-40, 1 mM phenylmethylsulfonyl fluoride, 100 uM tosylsulfonyl phenylalanyl
chloromethyl ketone, and 50 wg of aprotinin/ml) and incubated for 10 min at 4°C.
The resulting extract was centrifuged (5,000 X g for 5 min at 4°C), and the
supernatant was collected and stored as the cytosolic fraction. The pellet was
washed twice with TBN buffer, resuspended in 0.4 ml of a buffer containing 62.5
mM Tris-HCI (pH 6.8), 40% glycerol, 4% sodium dodecyl sulfate, and 3%
dithiothreitol, and incubated for 5 min at 4°C. The sample was then passed 20
times through a 25-gauge needle and centrifuged at 12,000 X g for 5 min at 4°C,
and the supernatant was collected as the nuclear fraction. Western blotting
analysis was done as described previously (2).

Heterokaryon formation and immunofluorescence microscopy. Heterokaryons
of transfected monkey Vero cells and untransfected mouse 1929 cells were
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formed as previously described (11). For indirect immunofluorescence micros-
copy, cell monolayers grown on coverslips were infected or transfected as indi-
cated in the figure legends. At the indicated times, the monolayers were washed
twice with PBS and fixed either in methanol at —20°C for 30 min or in 4%
paraformaldehyde at 37°C for 10 min. Paraformaldehyde-fixed cells were washed
twice with PBS, incubated for 10 min in permeabilizing buffer (0.5% Triton
X-100 in PBS), and then incubated for 1 h at room temperature with primary
antibodies diluted in blocking buffer (2% bovine serum albumin in PBS). The
cells were washed three more times with PBS and then incubated with secondary
antibodies and with either 1 pg of DAPI (4',6'-diamidino-2-phenylindole)/ml, 10
pg of propidium iodide/ml, or 0.05 wg of Hoechst dye/ml for 1 h at room
temperature. The coverslips were then washed six times with PBS and mounted
on glass slides. Images were obtained by sequential scanning with a Leica TCS
SP2 confocal microscope using a 100X 1.3 oil immersion objective. FITC was
detected by using the 488-nm excitation line and analyzing the emission between
500 and 535 nm. TRITC was detected by using the 543-nm excitation line and
analyzing the emission between 575 and 650 nm. Images were processed with
Adobe Photoshop (Adobe Systems).

RESULTS

Avian reovirus nonstructural protein p17 localizes to the
nucleoplasm of infected and transfected cells. To study the
subcellular localization of p17, we first generated a polyclonal
antiserum against a hydrophilic peptide comprising the 15
most C-terminal amino acid residues of the viral protein. This
antiserum recognized p17 in extracts of avian reovirus-infected
cells, but not in extracts of mock-infected cells, by both immu-
noblotting and immunoprecipitation (data not shown).

The anti-p17 antiserum was next used to evaluate the sub-
cellular distribution of p17 in avian reovirus-infected cells by
indirect immunofluorescence. To this end, avian reovirus
S1133-infected cells were stained at 9 h postinfection (hpi) with
DAPI and then immunostained with antibodies against both
pl7 and the avian reovirus nonstructural protein oNS. An
examination of the triply stained cells by fluorescence micros-
copy (Fig. 1A) revealed that while NS was found in cytoplas-
mic globular phase-dense perinuclear inclusions, as previously
described (55), p17 was concentrated within the nucleus. The
nuclear accumulation of the nonstructural protein was con-
firmed by subcellular fractionation (see Fig. 7A) as well as by
confocal microscopy using optical sectioning parameters that
eliminated the out-of-focus cytosolic fluorescence above or
below the nucleus (Fig. 1B). On the other hand, p17 nuclear
targeting was not dependent on the virus strain or the host cell
type, since this protein also exhibited a robust nuclear signal in
CEF infected with different avian reovirus strains (data not
shown) and in a monkey cell line infected with avian reovirus
S1133 (Fig. 1C).

Visualization of the nuclei of infected cells by confocal mi-
croscopy suggested that pl7 was not uniformly distributed
within the nucleus and that its signal was absent from nuclear
structures resembling nucleoli (Fig. 1B). To assess whether p17
was indeed absent from the nucleolus, we stained avian reovi-
rus-infected cells with DAPI and with antibodies against both
pl7 and the nucleolar protein fibrillarin. The results revealed
that p17 was present in the nucleoplasm but was excluded from
fibrillarin-stained nucleoli, as clearly shown in the superim-
posed image (Fig. 1D). Similar results were obtained when
nucleoli were stained with anti-nucleolin antibodies (data not
shown).

Examinations of pl7-immunostained cells at different infec-
tion times showed that p17 was first detectable at 3 hpi in both
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FIG. 1. Intracellular distribution of ¢NS and p17 in infected cells. Mock-infected or avian reovirus-infected cells (10 PFU/cell) were incubated
for 9 h. (A) Infected CEF were fixed with methanol and incubated with DAPI, anti-p17 serum, and a monoclonal antibody against the avian
reovirus nonstructural protein oNS. The cells were subsequently immunostained with FITC-conjugated goat anti-rabbit serum and a TRITC-
conjugated anti-mouse monoclonal antibody. The p17 protein is shown in green, and oNS is shown in red. Stained cells were visualized by
fluorescence microscopy. (B) Infected CEF were stained with propidium iodide and immunostained for p17. The cells were subsequently visualized
by confocal microscopy. (C) Infected monkey Vero cells were stained with DAPI and immunostained for p17. Stained cells were visualized by
fluorescence microscopy. (D) Infected CEF were stained with DAPI and immunostained for both p17 and fibrillarin. Stained cells were visualized
by fluorescence microscopy. The p17 protein is shown in green, and fibrillarin is shown in red.

the nucleus and the perinuclear region (Fig. 2); as infection
progressed, pl7-associated staining was restricted to the nu-
cleus, and at 12 hpi, the protein was observed inside the nuclei
of the typical multinucleated cells that are formed at late in-
fection times following infection with fusogenic avian reovi-
ruses.

To determine whether the intranuclear location of pl17 is
dependent on viral factors and/or viral infection, we next ex-
amined its intracellular distribution in transfected cells. To this

end, the second open reading frame of the avian reovirus S1
gene was cloned into the mammalian expression vector
pCINeo, and the recombinant pCINeo-ORF2 plasmid was
transfected into avian CEF and human HelLa cells by the use
of Lipofectamine. Cells were subsequently stained with DAPI
and immunostained for p17. Visualization of the cells by flu-
orescence microscopy (Fig. 3A) revealed that p17 accumulated
in the nuclei of the transfected cells. Furthermore, when p17
was fused to the C terminus of GFP, the resulting chimera,
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FIG. 2. Intracellular distribution of p17 during infection. At the
infection times indicated on the left, avian reovirus-infected cells (20
PFU of S1133/cell) were fixed, stained with DAPI, and immunostained
for p17. Stained cells were visualized by fluorescence microscopy.

GFP-pl7, also accumulated in the nuclei of the transfected
cells, while GFP alone was located in both the nuclear and
cytoplasmic compartments (Fig. 3B). This result demonstrated
that p17 is able to target appended GFP to the nucleus, indi-
cating that GFP fusions may be used for further studies.

Identification of a functional NLS in p17. Most nuclear
proteins enter the nucleus through specific interactions be-
tween the nuclear import machinery and specific protein se-
quences known as nuclear localization signals (NLSs). The
following two types of canonical NLSs have been described: (i)
monopartite NLSs, which contain one continuous array of ba-
sic amino acid residues; and (ii) bipartite NLSs, which possess
two basic regions separated by an unconserved linker region of
approximately 10 to 12 amino acid residues (reviewed in ref-
erence 14).

A close examination of the deduced amino acid se-
quence of pl7 revealed the presence of a basic region,
"9 JAAKRGRQLD'?® (underlined in Fig. 4A), which shares
a high degree of similarity with the functional monopartite
NLS of the c-Myc protein (5) and which is highly conserved
among the p17 proteins from different avian reovirus iso-
lates and from the fusogenic mammalian Nelson Bay reovi-
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FIG. 3. Distribution of p17 within transfected cells. (A) Semicon-
fluent monolayers of CEF and HeLa cells were transfected with the
pCINeo-p17 plasmid by the use of Lipofectamine, and 24 h later the
cells were fixed, stained with DAPI, and immunostained for pl7.
Stained cells were visualized by fluorescence microscopy. (B) Fluores-
cence microscopy analysis of CEF that were transfected with the pGFP
(top row) or pGFP-p17 (bottom row) plasmid by the use of Lipo-
fectamine.

rus (Fig. 4B). As a first approach to assess whether this basic
region represents a functional NLS, we evaluated the nu-
clear targeting capacity of two p17 fragments comprising the
first 103 or the last 43 residues of the viral protein. For this
experiment, constructs producing GFP fused to the N ter-
minus of p17 or to the pl17 regions spanning residues 1 to

Al MQWLEHTTFEVQRFNFCPLS
2] LRELAIPSFTAITGADPSQY
41 FNIELPHTHPLYSEKLPTLLS
6l QPCRVHVRLIRRFALYSTLS
81 SICEYDCALLFSPHAIVPLEP
101 ASDRRSCLIVHWDGGSQSIA
121 AKRGRQLDTVIDFERET YK KSW
141 RFDADL
B
AR S1133 IAAKRGRQLD
AR 138 ITAEKRGRQLD
AR 1733 IARKERGRQLD
AR 176 IARKERGRQLD
AR RAM 1 TAAKRSRGID
AR Sommerville TAAKRSRGID
MR Nelson Bay PAAKRGCSLD
c Myc PAAREKRVK LD

FIG. 4. Amino acid sequences. (A) Deduced primary sequence of
avian reovirus p17 nonstructural protein. The basic putative monopar-
tite NLS is underlined. (B) Alignment of putative NLSs of several
avian reovirus strains and the mammalian Nelson Bay reovirus and of
the reported functional NLS of the human c-Myc protein.
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FIG. 5. Intracellular distribution of deleted and mutated p17 ver-
sions. (A) Fluorescence microscopy analysis of the GFP fusion pro-
teins indicated on the right. (B) Immunofluorescent localization of
wild-type p17 (top row) and of three mutated versions in which resi-
dues K-122 and R-123 (underlined) were mutated to alanines (boxed),
either together (second row) or individually (bottom two rows).

IAAKRGRQLD

TAAAAGRQLD
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103 and 104 to 146 were transfected into CEF, and 24 h after
transfection, the subcellular localization of the fused pro-
teins was monitored by fluorescence microscopy. The results
shown in Fig. 5A revealed that while GFP-p17 and GFP-
p17(104-146) were efficiently imported into the nuclei of the
transfected cells, GFP-p17(1-103), which lacks the putative
NLS sequence, was excluded from the nucleus and distrib-
uted evenly in the cytoplasmic compartment. These results
demonstrate both that a functional NLS is present in the p17
region spanning residues 104 to 146 and that residues 1 to
103 are dispensable for the normal nuclear localization of
pl7.

To assess whether the region '""IAAKRGRQLD'?® has
NLS activity as well as to identify specific residues that may be
essential for nuclear targeting, we generated three recombi-
nant plasmids that expressed pl7 versions in which the two
conserved basic residues K-122 and R-123 were mutated to
alanines, either together or individually. The intracellular dis-
tribution of the transiently expressed p17 versions in CEF was
subsequently analyzed by fluorescence microscopy 24 h after
transfection. As shown in Fig. 5B, in contrast to the strong
nuclear signal of wild-type p17, all three mutants were distrib-
uted evenly over the cell, indicating that K-122 and R-123 are
necessary for the normal nuclear localization of p17, which in
turn suggests that these two basic residues belong to a func-
tional NLS motif that mediates p17 nuclear import.

NUCLEOCYTOPLASMIC SHUTTLING PROTEIN OF AVIAN REOVIRUS 2145

Inhibition of transcription redistributes p17 to the cyto-
plasm. An inhibition of RNA polymerase II activity causes a
redistribution of some nuclear proteins to the cytoplasm, sug-
gesting that active transcription is required for the normal
nuclear localization of these proteins (56). To assess whether
this is also true for p17, we analyzed the intracellular distribu-
tion of p17 in the presence and absence of the RNA polymer-
ase inhibitors actinomycin D (AMD) and 5,6-dichlorobenzimi-
dazole riboside (DRB). To this end, avian reovirus-infected
CEF and pCINeo-pl7-transfected Vero cells were treated with
or without 5 pg of AMD/ml or 100 uM DRB for 5 h in the
presence of 20 pg of cycloheximide/ml, and the intracellular
distribution of p17 was subsequently assessed by immunofluo-
rescence microscopy. Visualization of the cells by indirect im-
munofluorescence revealed a shift in the distribution of p17
from the nucleus to the cytoplasm when infected and trans-
fected cells were incubated in the presence of cycloheximide
plus either DRB (Fig. 6A and B, compare panels 1 and 2) or
AMD (see Fig. 9), but not when cells were incubated with
cycloheximide alone (Fig. 6A and B, panels 1). Cytoplasmic
accumulation in the presence of RNA polymerase inhibitors
occurred in ~75% of the antigen-positive cells. In contrast, p17
remained within the nucleus when the cells were incubated
with AMD (data not shown) or DRB (Fig. 6A and B, panels 3)
at 4°C, suggesting that pl7 is exported from the nucleus
through an active, energy-dependent process. Furthermore,
the DRB-induced cytoplasmic accumulation of p17 could be
reversed in ~80% of the antigen-positive cells by subsequent
incubation of the cells in DRB-free medium for 5 h at 37°C
(Fig. 6A and B, panels 4), but not at 4°C (results not shown),
indicating both that the normal nuclear localization of p17 can
be restored by the activation of transcription and that p17 is
imported into the nucleus through an energy-mediated pro-
cess. A DRB-induced redistribution of p17 from the nucleus to
the cytoplasm in avian reovirus-infected cells was further dem-
onstrated by subcellular fractionation and immunoblot analysis
(Fig. 7A and B).

p17 is a nucleocytoplasmic shuttling protein. There are pro-
teins that are always confined to the nucleus, while others
shuttle continuously between the nucleus and the cytoplasm
(38). Our finding that pl7 redistributes to the cytoplasmic
compartment upon inhibition of transcription raised the pos-
sibility that p17 shuttles between the nucleus and the cyto-
plasm. To test this hypothesis, we performed a very sensitive in
vivo interspecies heterokaryon assay that has been previously
used to characterize the shuttling properties of various pro-
teins (11). Monkey Vero cells were transfected with the re-
combinant plasmid pGFP-p17, and 24 h later these cells were
fused with untransfected mouse L cells in the presence of 50%
polyethylene glycol. The fused cells were then incubated for 3 h
in the presence of 100 pg of cycloheximide/ml. The appearance
of p17 in mouse L nuclei of interspecies heterokaryons indi-
cated that p17 was exported out of the transfected monkey
cells into untransfected mouse nuclei. Monkey and mouse nu-
clei in heterokaryons can be distinguished by Hoechst staining,
since monkey nuclei stain relatively diffusely, whereas mouse
nuclei exhibit a characteristic punctate pattern due to the stain-
ing of intranuclear bodies (11). As shown in Fig. 8A, GFP-
associated fluorescence was detected in both monkey and
mouse nuclei of heterokaryons, indicating that p17 was able to
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FIG. 6. Effect of RNA polymerase II inhibitors. At 9 hpi of CEF
with avian reovirus (A) and 24 h after the transfection of Vero cells
with the pCINeo plasmid (B), the cells were incubated as follows: (1),
5 h at 37°C with 20 pg of cycloheximide/ml; (2), 5 h at 37°C with 20 g
of cycloheximide/ml and 100 uM DRB; (3), 5 h at 4°C with 20 pg of
cycloheximide/ml and 100 pM DRB; and (4), 5 h at 37°C with 20 pg of
cycloheximide/ml and 100 uM DRB, followed by another 5-h incuba-
tion at 37°C with 20 g of cycloheximide/ml. At the end of the incu-
bation period, the cells were fixed, stained with DAPI, and immuno-
stained for pl7 (FITC). The stained cells were visualized by
fluorescence microscopy.

travel from donor-transfected nuclei into recipient mouse nu-
clei. However, a similar assay performed with pcDNA-cA-
transfected Vero cells failed to reveal translocation of the
avian reovirus nuclear protein cA into the mouse nucleus
(results not shown), suggesting both that A is not a nucleo-
cytoplasmic shuttling protein and that our heterokaryon assay
is able to discriminate between shuttling and nonshuttling pro-
teins. The nucleocytoplasmic shuttling of p17 was also evident
in an avian-murine heterokaryon assay performed with pGFP-
pl7-transfected avian CEF (data not shown). Taken together,
our findings demonstrate that p17 is a nucleocytoplasmic shut-
tling protein.

To assess whether the shuttling property of p17 is conserved
in its NLS-containing C-terminal fragment, we performed a
monkey-mouse heterokaryon assay with GFP-p17(104-146)-
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FIG. 7. Subcellular fractionation. At 9 hpi, mock-infected

(U) (lanes 1 and 2) and infected (I) (lanes 3 and 4) CEF cells were
mock treated (A, C, and D) or treated for 5 h at 37°C with 20 g of
cycloheximide/ml and 100 wM DRB (B). The cells were then lysed, and
the lysates were fractionated into cytoplasmic (lanes 1 and 3) and
nuclear (lanes 2 and 4) fractions as described in Materials and Meth-
ods. The fractions were analyzed by Western blotting with specific
antibodies against p17, nucleolin, and tubulin, as indicated on the
right.

transfected Vero cells (Fig. 8B). The data demonstrated that
p17(104-146) is also able to translocate from nuclei of donor
monkey cells into nuclei of recipient mouse cells, indicating
that the shuttling properties of p17 are retained in the region
spanning amino acid residues 104 to 146.

p17 exits the nucleus through a CRM1-independent path-
way. Many shuttling proteins are exported from the nucleus to
the cytoplasm via a pathway that involves the chromosome
region maintenance 1 (CRM1) protein. CRM1 is a cellular
transport receptor that specifically binds nuclear export signals
(NESs) of such proteins for their transfer through the nuclear
pore complex. This receptor mediates the nuclear export of
numerous cellular proteins with leucine-rich NESs (13, 40, 53).
The antifungal cytotoxin leptomycin B (LMB) is a highly spe-
cific and potent inhibitor of CRM1 function through a covalent
modification blocking the CRM1-dependent nuclear export
pathway (25). To investigate the role of CRM1 in p17 nuclear
export, we assessed whether LMB can inhibit the AMD-in-
duced cytoplasmic accumulation of p17 in both transfected
cells and avian reovirus-infected cells. CEF cells that had been
infected with 20 PFU of avian reovirus S1133/cell for 9 h (Fig.
9A) or transfected with pCIneo-pl17 for 24 h (Fig. 9B) were
incubated for 5 h in the presence of 20 pg of cycloheximide/ml
with either 30 ng of LMB/ml (panels 1), 5 pg of AMD/ml
(panels 2), or 30 ng of LMB/ml plus 5 pg of AMD/ml (panels
3). The cells were then fixed, stained with both DAPI and
anti-p17 serum, and visualized by immunofluorescence micros-
copy. The results revealed that LMB did not alter the normal
nuclear localization of p17 in AMD-untreated cells (Fig. 9A
and B, panels 1) or the cytoplasmic accumulation of the viral
protein in AMD-treated cells (Fig. 9A and B, compare panels
2 and 3). These results strongly suggest that p17 does not exit
the nucleus through a CRM1-dependent pathway.
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FIG. 8. Heterokaryon assays. Semiconfluent monkey Vero cell
monolayers were transfected with the pGFP-pl7 (A) or pGFP-
p17(104-146) (B) plasmid by the use of Lipofectamine, and 24 h later
the cells were scraped off the plate. Aliquots of 5 X 10° transfected
cells were then fused with 5 X 10° untransfected mouse L cells in the
presence of 50% polyethylene glycol 4000 and 100 g of cyclohexi-
mide/ml. At the indicated postfusion times, the cells were fixed and
stained with Hoechst 33258.

GFP
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DISCUSSION

The second cistron of the avian reovirus S1 gene expresses
a nuclear protein. The results presented in the first part of this
study demonstrate that the protein encoded by the second
open reading frame of the avian reovirus S1 gene accumulates
in the nucleoplasm of the infected host cell, with nucleolar
exclusion. Furthermore, our finding that p17 also targets the
nuclei of transfected cells indicates that it does not require
other viral factors or viral infection for nuclear import, thus
suggesting that the viral protein itself has the ability to trans-
locate across the nuclear pore complex and to accumulate in
the nucleus.

Eukaryotic cell nuclei possess an exclusionary double mem-
brane containing nuclear pores that regulates the transport of
macromolecules into and out of the nucleus during interphase.
Transport proceeds through the nuclear pore complex (NPC),
a macromolecular assembly of nucleoporins which allows the
passive diffusion of globular proteins of up to 40 to 60 kDa.
Molecules and particles that exceed the diffusion limit of NPCs
are actively imported and exported via specific pathways that
are mainly governed by a class of soluble protein receptors of
the karyopherin-B family. Regarding proteins that are smaller
than the diffusion limit of NPCs, some are able to diffuse into
the nucleus passively, whereas others are dependent on signal-
mediated import (reviewed in reference 15). Because p17 has
a mass of ~17 kDa, it was formally possible that it might enter
the nucleus by passive diffusion. However, the data presented
in this study argue against this and suggest that p17 is actively
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FIG. 9. Effect of leptomycin B. At 9 hpi of CEF with avian reovirus
(A) and 24 h after the transfection of Vero cells with the pCINeo-p17
plasmid (B), the cells were incubated for 5 h at 37°C in the presence of
20 pg of cycloheximide/ml plus the following: (1), 30 ng of leptomycin
B (LMB)/ml; (2), 5 pg of actinomycin D (AMD)/ml; or (3), both
inhibitors. The cells were then stained with DAPI and immunostained
for p17 (FITC). The stained cells were subsequently visualized by
fluorescence microscopy.

imported into the nucleus, as (i) p17 and the C-terminal frag-
ment p17(104-146) are both able to transport the GFP protein,
which lacks an NLS signal, into the nucleus, but this property
is not displayed by the p17(1-103) N-terminal fragment; (ii)
mutation of either K-122 or R-123 to alanine completely elim-
inates pl7 accumulation in the nucleus; and (iii) the viral
protein redistributes to the cytoplasm upon inhibition of tran-
scription, but after release from inhibition, the return of the
viral protein to the nucleus is temperature dependent. Collec-
tively, our data suggest that p17 is imported into the nucleus
through the NPC by an energy- and signal-dependent mecha-
nism.

Our finding that avian reovirus, which replicates exclusively
in the cytoplasm of the infected host cell, expresses a nuclear
protein was at first surprising. However, this is not a unique
situation, since several other cytoplasmic viruses have also
been shown to express nuclear proteins. As with avian reovirus
pl7, most of these viral proteins are sufficiently small to cross
the NPC by passive diffusion, yet they are imported into the
nucleus actively and contain NLSs that resemble cellular mo-
tifs (see reference 17 and references therein). The mammalian
reovirus S1 gene also expresses a 14-kDa nonstructural pro-
tein, designated ols, which, like avian reovirus p17, accumu-
lates in the nuclei of transfected and infected cells (1, 4, 43).
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However, a comparative analysis of the deduced amino acid
sequences of p17 and o1s revealed no significant similarities in
their primary sequences and hydropathy profiles and showed
an absence of conserved functional motifs (49). This and the
fact that, unlike p17, o1s was detected in the nucleoli of trans-
fected cells (1), suggest that these two proteins are unrelated in
evolutionary and functional terms.

A functional monopartite NLS is present in the C-terminal
tail of p17. Deletion and mutagenesis analyses allowed us to
identify a functional NLS near the C terminus of p17. The
deletion of the 43 most C-terminal residues completely elimi-
nated the ability of p17 to transport appended GFP into the
nucleus, suggesting that the first 103 amino acid residues of p17
do not have nuclear import activity. This observation and our
finding that the p17 fragment spanning residues 104 to 146
redirects GFP to the nucleus suggest that the pl7 nuclear
import signal activity resides in its 43-residue C-terminal tail.
An examination of the deduced amino acid sequence of this
fragment revealed the presence of the sequence
"IAAKRGRQLD'*, which is a good candidate for a mono-
partite-type NLS and is highly conserved among the p17 pro-
teins of all known avian reovirus strains and of the fusogenic
mammalian Nelson Bay reovirus. Our finding that the replace-
ment of K-122 and/or R-123 with alanines causes an even
distribution of pl7 throughout the cell suggests that these
residues form part of a functional NLS motif that is sufficient
for the translocation of p17 into the nucleus. This motif is
reminiscent of the previously reported functional monopartite
NLSs of c-Myc proteins from different species (Fig. 5B) (5), of
the C-terminal nuclear targeting signal of the polyomavirus
large T antigen (PPKKARED) (42), and of the solitary NLS
present in the simian virus 40 large T antigen (PKKKRKYV)
(24).

The pl17 protein contains a CRM1-independent shuttling
sequence. By performing interspecies heterokaryon assays and
by using specific inhibitors of transcription, we have demon-
strated that p17 is a nucleocytoplasmic shuttling protein. The
capacity of GFP-p17(104-146) to translocate into the nuclei of
rodent cells in the heterokaryon assay demonstrated that the
shuttling ability of p17 is maintained on its C-terminal 43-
residue fragment. In spite of being able to shuttle back and
forth between the nucleus and the cytoplasm, p17 accumulates
in the nuclei of actively transcribing cells, suggesting that nu-
clear import dominates over nuclear export at a steady state.
On the other hand, our observation that leptomycin B does not
prevent the cytoplasmic accumulation of p17 in transcription-
ally arrested cells or the transfer of p17 to the nuclei of rodent
cells in heterokaryon assays (data not shown) suggests that the
route of p17 nuclear export is unrelated to the classical CRM1-
mediated pathway. In support of this suggestion, we were un-
able to find a canonical leucine-rich NES motif within the
C-terminal fragment of p17 that might target the CRM1 export
pathway in the presence of Ran-GTP (40). CRM1-indepen-
dent nuclear export has also been reported for several viral
proteins, including human adenovirus E4orf6 (7), the human
cytomegalovirus transactivating protein pUL69 (28), and her-
pesvirus 1 ICP27 (52), and for cellular proteins such as impor-
tin a (18), the cytoplasmic signaling mediators Smad2 and
Smad3 (19), the translation initiation factor eIF-5A (27), and
several RNA-binding proteins (35).
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The intracellular distribution of p17 is transcription depen-
dent. An important observation emerging from the results of
this study is the dependence of the intracellular distribution of
p17 on the transcriptional state of the cell. Whereas in actively
transcribing cells p17 accumulates within the nucleus, an inhi-
bition of transcription induces a cytoplasmic redistribution of
pl7. Our finding that cycloheximide alone does not perturb the
nuclear accumulation of p17 suggests both that ongoing pro-
tein synthesis is not required for the redistribution effect in-
duced by transcriptional inhibitors and that the effect caused
by transcriptional inhibitors is a direct result of the transcrip-
tional block, not an indirect result of an inhibition of protein
synthesis due to the transcriptional block. Therefore, the avian
reovirus nonstructural pl7 protein should be added to the
small but growing list of proteins that exhibit dynamic tran-
scription-dependent trafficking between the nucleus and the
cytoplasm. The regulated localization of shuttling proteins is
achieved in many cases by reversible phosphorylation (23), but
this does not appear to be the mechanism that controls the
intracellular distribution of p17, since we were unable to detect
phosphorylation in either nuclear or cytoplasmic p17 (data not
shown).

The nucleocytoplasmic shuttling properties of p17 are sim-
ilar to those reported for several proteins that participate in a
wide variety of nuclear processes as well as in mRNA export
and stability. For example, hnRNP A, has a 38-residue M9
shuttling domain which is glycine rich and has only a single
essential basic residue (32). The hnRNP K protein contains a
39-residue nuclear shuttling signal which induces both nuclear
import and export and probably contacts the NPC directly
(33). Finally, the HuR protein possesses a 32-residue shuttling
sequence designated HNS that does not appear to correspond
to any previously described class of shuttling motifs (11). These
shuttling sequences differ from the classical unidirectional NLS
and NES signals in that only the former are coupled with
bidirectional nuclear import and export activities. Like pl17,
these proteins accumulate predominantly in the nuclei of ac-
tively transcribing cells, their nuclear export does not rely on
CRM1, and their shuttling is controlled by the activity of RNA
polymerase II. Furthermore, the export receptors for these
proteins are unknown, and their import- and export-inducing
signals could not be separated by extensive mutagenesis. Ac-
cordingly, it is possible that the mechanism which governs the
nucleocytoplasmic transport of pl7 is related to those de-
scribed for the above-mentioned shuttling proteins and is fun-
damentally different from those that govern the import and
export of classical NLS- and NES-containing proteins.

Implications of nucleocytoplasmic shuttling on p17 activity.
In contrast to the avian reovirus nonstructural protein pl7,
most of the reported nucleocytoplasmic shuttling proteins en-
coded by viruses that assemble in the cytoplasm are structural
proteins (17), and thus their shuttling is justified on the basis
that they must return to the cytoplasm after performing their
nuclear functions in order to participate in viral assembly.
Therefore, our finding that p17, being a nonstructural protein,
is constantly moving in and out of the nucleus suggests that this
protein performs specific duties in both the nucleus and the
cytoplasm, as has been reported for several RNA-binding pro-
teins. The shuttling properties of these proteins have been
reported to be important for controlling their activities in sev-
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eral nuclear processes as well as for modulating the functions
of mRNAs in the cytoplasm (35, 50). Alternatively, the regu-
lated nucleocytoplasmic shuttling of p17 might be used to
control the activity of p17 within the nucleus and/or the cyto-
plasm.

Why should a cytoplasmic virus need a nucleus-targeted
protein? The presence of p17 in the nuclei of avian reovirus-
infected cells implies a potential role in the regulation of nu-
clear processes during virus replication. Nuclear p17 may avoid
triggering the host immune response by blocking nuclear sig-
naling pathways. This strategy might disrupt the interferon-
mediated response and may be one of the reasons that avian
reoviruses are so resistant to the antiviral effects of interferons
(9, 29). Another possibility is that nuclear p17 decreases cel-
lular transcription to induce host cell shutoff or to divert bio-
synthetic resources from the nucleus to the cytoplasm, the site
of avian reovirus replication. Finally, p17 may activate the
transcription of specific genes to enhance viral replication. A
potential role of pl7 in transcription was reinforced by our
recent finding that this protein has specific double-stranded
DNA binding activity (our unpublished data) and by its depen-
dence on transcription for nuclear accumulation.

The activities of several transcription factors or cofactors,
including the human immunodeficiency virus type 1 Rev pro-
tein (12), signal transducer and activator of transcription
(STAT1) (34), the adenomatosis polyposis coli protein (36),
the tumor protein p53 (54), the breast cancer 1 early onset
(BRCAL1) protein (44), certain members of the SOX family of
development transcription factors (51), and several members
of the SMAD family of signaling mediators (41), are modu-
lated by shuttling in and out of the nucleus. Likewise, it is also
possible that the accumulation of p17 in the nuclei of actively
transcribing cells is caused by an association with a DNA target
and that the inhibition of transcription might lead to DNA
dissociation and the activation of export, either by unmasking
a functional NES or by promoting its binding to a protein
containing a transcription-dependent and CRM1-independent
export activity. The generation of a cell line that stably ex-
presses pl17 would surely help to elucidate the effects of this
viral protein on cellular metabolism.
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