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The La autoantigen (also known as SS-B), a cellular RNA binding protein, may shuttle between the nucleus
and cytoplasm, but it is mainly located in the nucleus. La protein is redistributed to the cytoplasm after
poliovirus infection. An in vitro translation study demonstrated that La protein stimulated the internal
initiation of poliovirus translation. In the present study, a part of the La protein was shown to be cleaved in
poliovirus-infected HeLa cells, and this cleavage appeared to be mediated by poliovirus-specific protease 3C
(3Cpro). Truncated La protein (dl-La) was produced in vitro from recombinant La protein by cleavage with
purified 3Cpro at only one Gln358-Gly359 peptide bond in the 408-amino-acid (aa) sequence of La protein. The
dl-La expressed in L cells was detected in the cytoplasm. However, green fluorescence protein linked to the
C-terminal 50-aa sequence of La protein was localized in the nucleus, suggesting that this C-terminal region
contributes to the steady-state nuclear localization of the intact La protein in uninfected cells. The dl-La
retained the enhancing activity of translation initiation driven by poliovirus RNA in rabbit reticulocyte lysates.
These results suggest that La protein is cleaved by 3Cpro in the course of poliovirus infection and that the dl-La
is redistributed to the cytoplasm. dl-La, as well as La protein, may play a role in stimulating the internal
initiation of poliovirus translation in the cytoplasm.

Poliovirus polypeptides are generated by cotranslational and
posttranslational cleavages of the 247-kDa polyprotein precur-
sor encoded by a unique long open reading frame of the virus
RNA. Three virus-coded proteases, 2Apro (specific to Tyr-Gly),
3Cpro (Gln-Gly), and 3CDpro (Gln-Gly) are involved in protein
processing during the virus replication (29, 34). 3CDpro may
also function in the initiation of poliovirus plus-strand RNA
synthesis via RNA-protein complex formation on the plus-
strand 59-end RNA (2, 16). These proteases also play a role in
host cell alteration. It is well known that 2Apro induces the
shutoff of cap-dependent translation initiation (25). 3Cpro is
involved in transcriptional inhibition by the proteolytic cleav-
age of transcription factors, such as TATA binding protein
(TBP), CREB, and Oct-1 (10, 13, 49, 50), and in changes in cell
morphology by the cleavage of microtubule-associated protein
(MAP-4) (22).

Translation initiation of poliovirus RNA occurs by entry of
ribosomes in the internal RNA sequence called the internal
ribosome entry site (6, 32). The internal initiation of poliovirus
requires host cellular factors other than basic initiation factors.
These host cellular factors include La protein (6, 12, 33, 44),
polypyrimidine tract binding protein (19), poly(rC) binding
protein 1 (PCBP-1), and PCBP-2 (7, 16). While the translation
of poliovirus does not occur efficiently in a cell-free translation
system prepared from rabbit reticulocyte lysates (RRL), trans-
lation is markedly improved by the addition of factors from
HeLa cells (8) or recombinant La protein (33).

The La autoantigen, also called SS-B, is a cellular protein
that is involved in the initiation and termination of RNA poly-

merase III transcription. It associates with various small RNA
molecules to form La ribonucleoprotein particles (La RNPs).
The RNA components of an La RNP are mostly newly syn-
thesized RNA polymerase III transcripts, such as 7S RNA, 5S
rRNA, U6 RNA, or Y RNA (42, 43, 47). In addition, some
virus-coded RNA species are also bound by La (28), such as
adenovirus VAI and VAII RNAs (15, 37), Epstein-Barr virus
EBER1 and EBER2 RNAs (37), and the leader RNA of ve-
sicular stomatitis virus (27). Moreover, La protein also binds to
sites within the 59 noncoding regions (NCRs) of poliovirus
(32), hepatitis C virus (1), and human immunodeficiency virus
(HIV) (9) mRNAs. Interaction of La with these viral mRNA 59
NCRs stimulates translation initiation (1, 12, 33, 44).

Subcellular immunolocalization studies showed that La pro-
tein is located mainly in the nucleus is redistributed to the
cytoplasm after poliovirus infection (33). Here we demonstrate
that a part of the La protein is converted to a lower-molecular-
weight molecule in poliovirus-infected HeLa cells and in HeLa
cells expressing 3Cpro. Structural analysis of the in vitro 3Cpro-
mediated cleavage product of recombinant La protein indi-
cates that the cleavage site is between Gln358 and Gly359 in the
408-amino-acid (aa) La protein sequence. We further demon-
strate that the truncated La protein, in which the C-terminal
50-aa sequence is missing, is distributed in the cytoplasm and
retains the host factor activity for internal translation initiation
of poliovirus in RRL.

MATERIALS AND METHODS

Cells and viruses. Suspension-cultured HeLa S3 cells were grown in RPMI
1640 medium with 5% newborn calf serum (NCS) and used for plaque formation
and the preparation of poliovirus type 1 Mahoney strain PV1(M)OM (38).
Monolayer cultured HeLa S3 cells were grown in Dulbecco modified Eagle
medium (DMEM) with 5% NCS. 293 cells were cultured in DMEM with 10%
fetal calf serum (FCS) and used for the preparation and titration of adenovirus
type 5 (Ad5), the adenovirus vector for the expression of Cre recombinase
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(AxCANCre) (23, 24), and control adenovirus vector (Adex1W1) (23, 24).
Mouse L cells and TgSVA cells established from the kidney of a transgenic
mouse carrying the human poliovirus receptor gene (38, 39) were cultured in
DMEM with 5% FCS.

Antibodies. The mouse anti-human La monoclonal antibodies (MAb) La4B6
and SW5 (36, 45) (gifts from M. Bachmann) were used. The rabbit hyperimmune
sera to peptides of the C-terminal 15-aa sequence of human La protein and the
C-terminal aa sequence of poliovirus 3Cpro were prepared and used as anti-La
and anti-3Cpro antibodies, respectively. Rabbit hyperimmune serum to the ami-
no-terminal (N-terminal) aa sequence of poliovirus 3Cpro was also used both as
anti-3CDpro and as anti-3Cpro antibodies. The rabbit hyperimmune sera to Cre-
recombinase peptides were from I. Saito. The antibody to TBP was from T.
Yamamoto and M. Horikoshi.

Construction of plasmid DNAs. Poliovirus 3Cpro gene was amplified from the
cDNA corresponding to the region from nucleotides (nt) 5438 to 5986 of plasmid
pOM1 (38) by PCR with the sense primer 59-CGCGACGCGTACCCGGATG
GGACCAGGGTTCGATTACGCAGTG-39 and the antisense primer 39-AGT
ATGAAGTGATGAGTCTCAGTTATTCAGCTGCGCGAG-59, where the MluI
and SalI sites are underlined and the initiation and termination codons are
indicated by boldface letters. To construct pCIneo-3C, amplified products were
digested with MluI and SalI, purified by gel electrophoresis, and cloned into the
MluI and SalI sites of pCIneo (Promega). After confirmation of the nucleotide
sequence of the 3Cpro gene, the 3Cpro gene was inserted into SwaI site of
pCALNLw (23, 24), and the resultant plasmid was called pCALNLw-3C. To
construct plasmid pET3C8 for the production of recombinant 3Cpro carrying a
histidine tag at the C terminus, a cDNA corresponding to the nucleotide se-
quence from nt 5242 (HincII) to nt 6056 (HindIII) of the poliovirus RNA was
inserted into the HincII and HindIII sites of pET22b (Novagen). The plasmid
pGEX-La for recombinant La production is pGEX-4T-1, with La cDNA isolated
from the HeLa cell cDNA library. Plasmid pCIneo-La was a gift from M.
Bachmann (46). The DNA sequence corresponding to nt 861 to 1074 of La DNA
was amplified by PCR with the sense primer 59-AGATGCAAATAATGGTAA
CCTACAATTAAG-39 and the antisense primer 39-CAGACCATTTCCTTTTC
ATGTCAAAGTCATCACTGAGCTCTATG-59, where the BstEII and XhoI
sites are underlined and the termination codons are indicated by boldface letters,
from the pCIneo-La DNA template. Plasmids pCIneo-La and pGEX-La were
digested with BstEII and XhoI, and the La coding sequence was replaced by the
PCR product to prepare plasmids pCIneo-dl-La and pGEX-dl-La, respectively.
To construct pGEX-N9-La, DNA fragment corresponding to nt 330 to 666 of La
DNA was amplified from the pGEX-La DNA template by PCR using the sense
primer 59-AGCGCAGATCTGTTTATATTAAAGGCTTCC-39 and antisense
primer 39-TGTTTTCAATCTTCTTCTACGACTTATTATCGCCGGCGGCTG
C-59, where the BglII and NotI sites are underlined and the termination codons
are indicated by boldface letters, digested with BglII and NotI, and inserted into
the pGEX-La plasmid which had been digested with BglII and NotI. The EcoRI-
NotI fragment from pGEX-N9-La was inserted into the EcoRI and NotI sites of
pCIneo, resulting in plasmid pCIneo-N9-La. The pSV40 NLS-GFP (nuclear
localization signal, green fluorescence protein) plasmid was plasmid pCE321-FL
(Clontech) into which the simian virus 40 (SV40) NLS sequence-GFP fusion
DNA had been inserted and which was a gift from S. Sugano. The construction
of pCIneo-GFP-C950-La and pCIneo-GFP was carried out as follows. To obtain
stronger GFP fluorescence (11, 40), nucleotide substitutions were introduced
into the DNA sequence of GFP by using a PCR-based method as described
previously (26). The resulting plasmid, designated pGFP536, had F64L, S65T,
V163A, I167T, and S175G substitutions. To make pCIneo-GFP, pGFP536 was
digested with EcoRI and SalI and cloned into the EcoRI and SalI sites of
pCIneo. To construct pCIneo-GFP-C950-La, the C-terminal portion of La (aa
359 to 408) was fused to the C-terminal end of GFP536 (aa 1 to 226) as described
earlier (26), and the fusion gene was cloned into the EcoRI and SalI sites of
pCIneo.

Purification of 3C protease. Escherichia coli BL21(DE3) cells were trans-
formed with plasmid pET3C8 to express a 3Cpro-histidine tag protein and grown
at 37°C. At an optical density at 600 nm of 0.5, IPTG (isopropyl-b-D-thiogalac-
topyranoside) was added at a final concentration of 1 mM, and the cells were
further cultured at 37°C for 4 h. The pelleted cells were suspended in phosphate-
buffered saline (PBS; 140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4) and then disrupted by sonication. After centrifugation at 5,000 3 g for
10 min, the pellet was washed once with a binding buffer (0.5 M NaCl, 5 mM
imidazole, 20 mM Tris-HCl; pH 8.0) containing 1% Triton X-100 and twice more
with the binding buffer alone. The pellet was resuspended in the binding buffer
containing 6 M guanidine hydrochloride and placed on ice for 60 min, and the
supernatant was then applied onto an Ni-NTA agarose column (Q/Aexpress
Type IV Kit; Qiagen). Recombinant 3Cpro was purified by elution with 100 mM
imidazole and by dialysis against TE buffer (1 mM EDTA, 10 mM Tris-HCl; pH
8.0) containing 150 mM NaCl, 1 mM dithiothreitol (DTT), and 5% glycerol.

Purification of La protein. E. coli BL21 cells were transformed with plasmid
pGEX-La to express a glutathione S-transferase (GST)-La fusion protein and
grown at 37°C. At an optical density at 600 nm of 0.5, IPTG was added to the
culture at a final concentration of 1 mM and further cultured at room temper-
ature for 20 h. The pelleted cells were suspended in PBS and disrupted by
sonication. Triton X-100 at a final concentration of 1% was added and mixed at
4°C for 30 min. The fusion protein was purified by using glutathione-Sepharose

4B (Pharmacia Biotech). La protein was purified after digestion with thrombin
protease (Pharmacia Biotech). Purification of dl-La and N9-La was carried out by
a method similar to that for the La protein.

Immunoblot analysis. Cells were washed in PBS, lysed in radioimmunopre-
cipitation assay (RIPA) buffer (10 mM Tris-HCl, pH 7.5; 150 mM NaCl; 1%
Triton X-100; 0.1% sodium dodecyl sulfate [SDS]; 1% sodium deoxycholate; 1.5
mM phenylmethylsulfonyl fluoride; 1 mg each of aprotinin, leupeptin, and pep-
statin A per ml; 1 mM Na3VO4) at 4°C and centrifuged at 15,000 rpm at 4°C for
10 min. The supernatants were heated at 100°C for 3 min in lysis buffer (2% SDS;
50 mM Tris-HCl, pH 6.8; 10% glycerol; 0.1% bromophenol blue; 50 mM DTT),
separated by SDS–12% polyacrylamide gel electrophoresis (PAGE) and trans-
ferred onto a polyvinylidene difluoride membrane (Millipore). After being
blocked with PBST (PBS with 0.3% Tween 20) containing 3% skim milk at 4°C
overnight, the membranes were incubated with antibodies for 1 h and then with
alkaline phosphatase-conjugated goat secondary antibodies to rabbit or mouse
immunoglobulin G (IgG; Bio-Rad) for 1 h. Blots were visualized by enhanced
chemiluminescence (ECL; Amersham).

Cell-free translation. Cytoplasmic extract (S10) was prepared from suspen-
sion-cultured HeLa S3 cells as previously described (21, 39). RRL were pur-
chased from Promega. Template RNA was transcribed by T7 RNA polymerase
from poliovirus cDNA pOM1 cleaved by XbaI. For each reaction mixture of
12.5 ml, 0.5 mg of RNA, 170 mM potassium acetate, 1.5 mM magnesium acetate,
and 10 mCi of [35S]methionine (1,000 Ci/mmol) were used. Reaction with 8.75 ml
(200 mg) of RRL was carried out at 30°C for 1 h in the presence or absence of
N9-La, dl-La, La, or HeLaS100 extract. Translation products were analyzed by
PAGE as described above. The gels were treated with Enlightning (Dupont),
dried, and subjected to autoradiography.

Immunofluorescence. After infection or transfection, the cells were fixed in
cold acetone-methanol (2:3) and subjected to indirect immunofluorescence stud-
ies. The cells were incubated with La4B6 or SW5 antibody at 37°C for 1 h. After
being washed with PBS, the samples were reacted with fluorescein isothiocya-
nate-labeled anti-mouse IgG (Biosys, SA) at 37°C for 1 h and were then treated
with propidium iodide (PI) that has a high affinity for nucleic acids at 37°C for 15
min. Fluorescence was visualized by a confocal laser scanning microscope
(MRC1024 system; Bio-Rad).

RESULTS

Establishment of HeLa cells carrying Cre recombinase-in-
ducible 3Cpro expression unit. HeLa cells were transfected
with plasmid pCALNLw-3C and cultured in medium contain-
ing G418. Several G418-resistant cell lines were infected with
AxCANCre. 3Cpro-expressing cells were screened by immuno-
blot analysis with antibodies to 3Cpro. Among several cell lines
thus obtained, two cell lines, 3C-HeLa9 and 3C-HeLa12 were
used in the following experiments (Fig. 1A). As shown in Fig.
1B, Cre recombinase was detected 5 h after AxCANCre infec-
tion, and 3Cpro was detected 7 h after the infection. These
proteins were not detected in cells infected with control virus
Adex1W1 (data not shown). The cleavage of TBP was ob-
served by immunoblot analysis in those cells infected with
AxCANCre (data not shown) as reported earlier (10, 13).
These data indicate that 3Cpro is expressed in 3C-HeLa9
and 3C-HeLa12 cells only when the cells are infected with
AxCANCre.

Cleavage of La protein by 3Cpro. The cleavage of La protein
was observed in 3C-HeLa9 and 3C-HeLa12 when 3Cpro was
expressed by infection with AxCANCre (Fig. 2), but the cleav-
age was not detected in these cells infected with Ad5 (Fig. 2)
and Adex1W1 (data not shown). During the infection of HeLa
cells with poliovirus, 3Cpro was detected 3 h after the infection,
and the cleavage product of La protein was slightly detected.
The amount of the 3Cpro and the cleavage product of La
protein increased with time after infection (Fig. 2). These
results suggested that La protein was cleaved by poliovirus
3Cpro. It is possible that La protein is also cleaved by 3CDpro

that can be detected slightly earlier than 3Cpro by Western blot
analysis (data not shown).

Poliovirus 3Cpro cleaves Gln-Gly bonds. As can be seen from
the schematic structure of La protein (see Fig. 4A), only one
Gln-Gly pair is present at aa 358 to 359 on the La protein. To
determine whether 3Cpro is able to cleave La protein, HeLa
cell extract or affinity-purified recombinant La protein was
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incubated with affinity-purified recombinant 3Cpro, and the
products were analyzed by immunoblot analysis with monoclo-
nal antibodies (MAbs) La4B6 and SW5. As shown in Fig. 3A,
La protein in HeLa cell extracts was cleaved by purified 3Cpro.
After incubation at 30°C for 10 h, almost all of the La protein
was cleaved. La protein was not cleaved by heated 3Cpro or by
the same fraction from E. coli BL21(DE3) carrying vector
plasmid. Recombinant La protein was also cleaved by purified
3Cpro but not by heated 3Cpro (Fig. 3B). The lower band shown
in Fig. 3A migrated to the same position as the lower band in
Fig. 3B (data not shown). The lower bands in Fig. 3A and B

were not detected with La antibody to the C-terminal peptide
(data not shown). The C-terminal aa sequence of the lower
band of recombinant La protein was determined to identify the
cleavage site and was found to be Val-Gln-Phe-Gln. These
results indicated that 3Cpro cleaved the Gln358-Gly359 bond in
La protein both in vivo and in vitro.

Intracellular redistribution of 3Cpro cleavage products of La
protein. La protein was detected mainly in the nucleus by im-
munostaining. After poliovirus infection, La protein was redis-
tributed to the cytoplasm (Fig. 4C2; Table 1) (33). Although
only a part of the La protein was converted to the dl-La (Fig.

FIG. 1. Establishment of HeLa cells carrying a Cre recombinase-inducible 3Cpro expression unit. (A) Strategy for the establishment of the 3C-HeLa9 and
3C-HeLa12 cells. These cell lines produce poliovirus 3Cpro when the cells are infected with AxCANCre. (B) Expression of 3Cpro. The cells were incubated for periods
indicated in the figure after AxCANCre infection. The Cre recombinase and 3Cpro were detected by immunoblot analysis of cell lysate with antibodies to Cre
recombinase and to 3Cpro as described in Materials and Methods.
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2), it is of interest to determine the distribution of 3Cpro-
catalyzed cleavage products of La protein. Plasmids carrying
cDNAs of intact La protein (aa 1 to 408), dl-La (aa 1 to 358),
N9-La (aa 1 to 222), GFP, and GFP-C950-La (Fig. 4B) were
constructed and designated pCIneo-La, pCIneo-dl-La, pCIneo-
N9-La, pCIneo-GFP, and pCIneo-GFP-C950-La. Plasmid pSV40
NLS-GFP was used as a control for NLS function (Fig. 4B and
C). L cells were transfected with these plasmids and, after 20 to
28 h, the cells were fixed for immunostaining with MAb La4B6
or SW5. As shown in Fig. 4C, La protein was detected in the
nucleus of HeLa cells (Fig. 4C1) and L cells (Fig. 4C3), and at
6 h after poliovirus infection La protein was detected mainly in
the cytoplasm of HeLa cells (Fig. 4C2). dl-La (Fig. 4C4) and
N9-La (data not shown) were detected in the cytoplasm of L
cells. GFP was present in both the cytoplasm and the nucleus
(Fig. 4C5), and GFP-C950-La, as well as SV40 NLS-GFP, was
detected in the nucleus of L cells (Fig. 4C6 and 4C7). These
results suggest that the C-terminal 50-aa sequence contributes
to the nuclear localization of GFP as well as to the intact La
protein. TgSVA cells carrying La, dl-La, and N9-La cDNAs,
the expression of which was controlled by infection of
AxCANCre, were established. The immunolocalization exper-
iments with La, dl-La, and N9-La with these cell lines showed
the same results as in the transient-transfection experiments
shown in Fig. 4 (data not shown). These results suggest that the

FIG. 3. In vitro cleavage of La protein by recombinant 3Cpro. (A) HeLa cell
extracts were incubated at 30°C for 5 h (lanes 1 to 4) and 10 h (lanes 5 to 8) with
recombinant 3Cpro, heated 3Cpro (70°C, 10 min) and E. coli BL21(DE3) extract
with vector DNA in an incubation buffer (5% glycerol, 150 mM NaCl, and 1 mM
DTT). The samples were boiled in SDS sample buffer for immunoblot analysis as
described in Materials and Methods. (B) Recombinant La protein was incubated
at 30°C for 5 h with no protein (lane 1), recombinant 3Cpro preparations 1 (lanes
2 and 4) and 2 (lanes 3 and 5), and E. coli BL21(DE3) extract with vector DNA
(lane 6) in an incubation buffer. Immunoblot analysis for the samples was per-
formed as above.

FIG. 4. Distribution of La protein and its related proteins in HeLa cells. (A)
A possible function of La protein is shown. Poliovirus 3Cpro cleaved the Gln358-
Gly359 peptide bond. (B) Structures of mutant La proteins. (C) Immunostaining
of La proteins in HeLa cells. Columns: 1, HeLa cells; 2, HeLa cells 6 h after
poliovirus infection; 3, pCIneo-La-transfected L cells; 4, pCIneo-dl-La-trans-
fected L cells; 5, pCIneo-GFP transfected L cells; 6, pCIneo-GFP-C950-La-
transfected L cells; 7, pCIneo-GFP-SV40 NLS-transfected L cells. MAb La4B6
was used in the immunostaining (columns 1 to 4). GFP fluorescence was detected
at 480 nm with a confocal laser scanning microscope (Bio-Rad) (columns 5 to 7).
Top row, immunostainings or GFP fluorescence; bottom row, stainings with PI.
In the middle row the pictures are merged.

FIG. 2. Cleavage of La protein by 3Cpro. HeLa cells were incubated for 1, 3,
5, 7, and 10 h after poliovirus infection at 37°C (lanes 2 to 6). 3C-HeLa9 cells
were incubated for 5, 7, 10, and 15 h after AxCANCre infection (lanes 7 to 10).
HeLa cells were incubated for 7, 12, and 23 h after Ad5 infection (lanes 12 to 14).
Mock-infected cells are indicated by an “M” (lanes 1 and 11). The cells were
lysed in RIPA buffer and analyzed by immunoblot with MAbs La4B6 and SW5
as described in Materials and Methods.
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dl-La produced from La protein is distributed to the cyto-
plasm.

The kinetics of distribution of the La protein that might
include the dl-La, in poliovirus-infected cells, demonstrated
that La redistribution after poliovirus infection appeared to
roughly parallel the switch from cellular translation to polio-
virus-specific translation (Table 1). Subcellular localization of
La protein in the cytoplasm observed about 4 h postinfection
appeared to be the same as that of poliovirus antigens, that is,
bright fluorescence spots in certain cytoplasmic regions near
the nucleus (data not shown). A similar phenomenon has been
reported by Meerovitch et al. (33) with CV-1 cells infected with
poliovirus. However, it is still possible that the proteolytic
processing of La is an inconsequential modification of another
cellular factor.

Effect of dl-La on poliovirus translation initiation in RRL. It
is of interest to determine whether dl-La retains a stimulatory
activity for poliovirus translation initiation, since the subcellu-
lar localization is mainly in the cytoplasm, the site of poliovirus
replication.

Recombinant La, dl-La, and N9-La proteins were purified as
described in Materials and Methods (Fig. 5B). To examine
these recombinant proteins for their stimulatory effects on
poliovirus translation initiation, we employed RRL in which
the efficiency of the internal translation initiation of poliovirus
was very low. A 66-kDa in vitro translation product, a trun-
cated capsid protein of poliovirus, was barely detectable in
poliovirus RNA-programmed RRL (Fig. 5A, lane 1). The ef-
ficiency was enhanced by the addition of HeLa cell S100 ex-
tracts or La protein as reported previously (33, 44) (Fig. 5A,
lanes 4 and 5). The dl-La, as well as La protein, stimulated the
synthesis of the 66-kDa protein, but N9-La did not (Fig. 5A,
lanes 2 and 3). These results suggested that the dl-La produced
by 3Cpro in poliovirus-infected cells was localized in the cyto-
plasm and stimulated the poliovirus internal initiation of trans-
lation.

DISCUSSION
The La antigen is distributed mainly in the nucleus, but it

may be shunted between the nucleus and the cytoplasm (4). A
number of functions have been assigned to the La protein. In
the nucleus, La protein binds the UUUOH sequence, which is
the 39 terminus of most newly synthesized polymerase III tran-

TABLE 1. Immunofluorescence study of La protein and poliovirus antigens in poliovirus-infected HeLa cells

Time (h) postinfection
at 100 PFU/cell

% Immunofluorescence of:

La proteina Poliovirus antigensb

Strongly in
nucleus

Weakly in
whole cell

Strongly in
cytoplasm

Weakly in
cytoplasm

Strongly near
nucleus

Strongly in
cytoplasm

0 100c 0 0 0 0 0
1 100 0 0 0 0 0
2 80 20d 0 20f 0 0
3 40 50 10e 70 10g 0
4 10 60 30 50 30 10h

5 5 5 90 10 30 50
6 5 5 90 10 20 60

a La protein was detected with MAbs La4B6 and SW5.
b Poliovirus antigens were detected with rabbit hyperimmune serum to poliovirus type 1.
c La protein was detected only in the nucleus of about 100% of cells, as shown in Fig. 4C1.
d La protein was distributed both in the nucleus and in the cytoplasm of about 20% of cells.
e La protein was detected only in the cytoplasm of about 10% of cells, as shown in Fig. 4C2.
f Poliovirus antigens were detected relatively weakly in the cytoplasm of about 20% of cells.
g Poliovirus antigens were detected strongly near the nucleus of about 10% of cells.
h Poliovirus antigens were detected strongly in a whole cytoplasm of about 10% of cells.

FIG. 5. Effect of dl-La on poliovirus RNA translation in RRL. (A) Effect of
recombinant La protein on cell-free translation. Template RNA (0.5 mg) was
incubated in RRL containing [35S]methionine and 1 mg of N9-La, 0.7 mg of dl-La,
0.7 mg of La, or 50 mg of HeLa S100 extract as described in Materials and
Methods. The mixture was boiled in SDS sample buffer for the immunoblot as
described in the legend to Fig. 3. (B) Purities of recombinant La-related proteins.
La-related proteins (lane 1, La; lane 2, dl-La; lane 3, N9-La) were purified as
described in Materials and Methods and separated by SDS-PAGE. The results of
silver staining of the gel (a) and immunoblot analysis with MAb La4B6 (b) are
shown. Arrows on the right side of each figure indicate the positions of La
protein, dl-La, and N9-La.
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scripts, and a part of La protein bound to RNA is exported to
the cytoplasm from the nucleus (43). The La protein is in-
volved in the initiation and termination of RNA polymerase III
transcription (17, 30, 31). Fan et al. (14) have reported that
RNA synthesis from isolated polymerase III transcription com-
plex is inhibited by phosphorylation on Ser-366 in the La pro-
tein and is reversible by dephosphorylation. Goodier et al. (17)
have shown by using in vitro reaction that a C-terminal basic
region (aa 328 to 336) of the La protein is important for its
activity as an RNA polymerase III transcription factor. The
dl-La produced by poliovirus 3Cpro in the present study con-
tained aa 328 to 336 but not Ser-366. Therefore, it is of interest
to determine whether dl-La plays a role in RNA polymerase
III transcription in poliovirus-infected cells, even though most
dl-La is located in the cytoplasm (Fig. 4C).

La protein binds several viral RNAs, including those of
poliovirus and HIV, and enhances their translation in vitro (1,
6, 9, 12, 33, 44). Svitkin et al. (44) reported that aa 1 to 194 of
La protein possessed RNA-binding specificity for the 59 NCR
of poliovirus RNA but did not stimulate protein synthesis in a
poliovirus RNA-programmed RRL. Recently, Craig et al. (12)
reported that aa 1 to 380 of the La protein could enhance
poliovirus translation but that aa 1 to 293 of the La protein
could not. They concluded that aa 293 to 348 of the La protein
was a functional domain that promotes homodimerization and
is absolutely required for the enhancement of translation of
poliovirus RNA in vitro by La. As shown in Fig. 5, dl-La (aa 1
to 358) enhanced the translation of poliovirus in vitro. Our
data were consistent with the results of Craig et al. (12). The
mechanism by which the La protein enhances the internal
translation of poliovirus in virus-infected cells remains unclear.
If La protein is necessary for poliovirus translation and repli-
cation in HeLa cells, the double-stranded RNA unwinding
activity of La protein (5, 20, 48) may be important. La protein
may interact with a subset of small ribosomal subunits and may
directly bind to 18S ribosomal RNA (35). This interaction may
also be related to the role of this protein in translational
regulation.

Microinjection of mutant La proteins to Xenopus laevis oo-
cytes indicated that the nuclear import signal of La protein
probably resides in the C-terminal region between aa 382 and
aa 408, a section which contains a sequence that resembles
the consensus bipartite NLS (41). As shown in Fig. 4, the cis
nuclear import element of the La protein may reside within aa
359 to 408. This observation is compatible with the previous
report above. The dl-La was detected in the cytoplasm in this
study, although Simons et al. (41, 42) reported that the se-
quences between aa 266 and 269 and aa 313 and 337 were the
signals for nuclear retention. It is of interest to determine
whether the C-terminal 50-aa sequence of La protein interacts
with importines a and b (18).

Various molecular weights of proteins reactive to anti-La
protein antibodies have been reported. The La protein may be
easily cleaved by proteases during extraction processes from
cells. Indeed, there are two PEST (Pro, Glu, Ser, and Thr)-rich
regions which are putative target aa sequences of ubiquitine in
the central and C-terminal regions of La protein (Fig. 4A)
(41). However, cleaved La proteins may only account for a
small proportion of La in cells, since an La protein of 52 kDa
was obtained as a single band from uninfected cells in this
study (Fig. 2 and 3). This observation suggests that the 48-kDa
dl-La is not derived from random proteolysis.

After poliovirus infection, La protein in most cells is redis-
tributed mainly to the cytoplasm. Immunoblot analysis indi-
cated that the amount of intact 52-kDa La protein was more
abundant than the 48-kDa dl-La protein in infected cells dur-

ing the course of poliovirus replication, which usually came to
the end 7 to 8 h after the infection began (Fig. 2). Thus, intact
La protein must also be translocated to the cytoplasm in po-
liovirus-infected cells. The reason for this phenomenon is not
clear at present. Redistribution of La protein may not be solely
due to 3Cpro function but may also depend on altered cellular
metabolisms caused by poliovirus replication. Indeed, the rel-
ative amount of La-related proteins redistributed in the cyto-
plasm in 3Cpro-expressing HeLa cells was less than in poliovi-
rus-infected HeLa cells (data not shown). It has been reported
that intracellular redistribution (cytoplasmic accumulation) of
La protein also occurs under certain stress conditions, such as
UV irradiation (3) and inhibition of RNA synthesis (4). With-
out cleavage by 3Cpro, La protein may be redistributed under
certain conditions of stress induced by virus infection. The
pleiotropic effects caused by virus infection are complicated,
and these effects may be advantageous for virus replication.

Finally, it should be noted that the cleavage of La protein
and/or redistribution of the protein to the cytoplasm may result
in the inhibition of cellular reactions in the nucleus that re-
quire La protein. This would be one of several examples of how
cellular functions are inhibited in poliovirus-infected cells.
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