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Muge Kuyumcu-Martinez,1 Gaël Belliot,2 Stanislav V. Sosnovtsev,2 Kyeong-Ok Chang,2
Kim Y. Green,2 and Richard E. Lloyd1*

Department of Molecular Virology and Microbiology, Baylor College of Medicine, Houston, Texas 77030,1

and Laboratory of Infectious Diseases, National Institute of Allergy and Infectious Diseases,
National Institutes of Health, Bethesda, Maryland 208922

Received 23 December 2003/Accepted 23 March 2004

Caliciviruses are single-stranded RNA viruses that cause a wide range of diseases in both humans and
animals, but little is known about the regulation of cellular translation during infection. We used two distinct
calicivirus strains, MD145-12 (genus Norovirus) and feline calicivirus (FCV) (genus Vesivirus), to investigate
potential strategies used by the caliciviruses to inhibit cellular translation. Recombinant 3C-like proteinases
(r3CLpro) from norovirus and FCV were found to cleave poly(A)-binding protein (PABP) in the absence of
other viral proteins. The norovirus r3CLpro PABP cleavage products were indistinguishable from those
generated by poliovirus (PV) 3Cpro cleavage, while the FCV r3CLpro products differed due to cleavage at an
alternate cleavage site 24 amino acids downstream of one of the PV 3Cpro cleavage sites. All cleavages by
calicivirus or PV proteases separated the C-terminal domain of PABP that binds translation factors eIF4B and
eRF3 from the N-terminal RNA-binding domain of PABP. The effect of PABP cleavage by the norovirus r3CLpro

was analyzed in HeLa cell translation extracts, and the presence of r3CLpro inhibited translation of both
endogenous and exogenous mRNAs. Translation inhibition was poly(A) dependent, and replenishment of the
extracts with PABP restored translation. Analysis of FCV-infected feline kidney cells showed that the levels of
de novo cellular protein synthesis decreased over time as virus-specific proteins accumulated, and cleavage of
PABP occurred in virus-infected cells. Our data indicate that the calicivirus 3CLpro, like PV 3Cpro, mediates
the cleavage of PABP as part of its strategy to inhibit cellular translation. PABP cleavage may be a common
mechanism among certain virus families to manipulate cellular translation.

The family Caliciviridae is comprised of four genera: Vesivi-
rus (including feline calicivirus [FCV]), Lagovirus (including
rabbit hemorrhagic disease virus [RHDV]), Norovirus (includ-
ing Norwalk virus and MD145-12), and Sapovirus (including
Sapporo virus and porcine enteric calicivirus [PEC]) (21). They
are single-stranded, positive-sense RNA viruses that share evo-
lutionary relatedness with the picornaviruses. The major cali-
civiruses associated with human disease belong to the genus
Norovirus. The noroviruses (designated here as NoV) are re-
sponsible for the majority of food- and waterborne outbreaks
of viral gastroenteritis worldwide (15, 26), but the development
of control strategies for NoV disease has been complicated by
the absence of tissue culture systems to study replication (23).
Analysis of calicivirus proteins in comparative studies with the
picornaviruses might yield insight into their functions during
viral replication and facilitate the development of treatment
strategies for calicivirus-associated diseases.

In this study, we investigated possible strategies that calici-
viruses might use to inhibit cellular translation. For picornavi-
ruses, previous studies had implicated the cleavage of eIF4G
by certain 2A proteinases (2Apro) and the cleavage of poly(A)-
binding protein (PABP) by the 3C cysteine proteinase (3Cpro)
in the shutoff of cellular mRNA translation during viral repli-
cation (8, 20, 32, 34, 39, 40, 42, 46). Caliciviruses have only one

known viral proteinase (45, 53, 58), designated as a 3C-like
proteinase (3CLpro) because of its sequence similarity to the
picornavirus 3Cpro in the active site region. The picornavirus
3Cpro and calicivirus 3CLpro enzymes belong to a family of viral
proteinases that fold into a bilateral beta sheet domain similar
to the cellular chymotrypsin-like serine proteinases. However,
the nucleophilic residue of the viral enzymes is a cysteine
instead of serine (4, 9). Atomic structures for some picornavi-
rus 3Cpro enzymes have been solved (1, 7, 47). Amino acid
residues His40, Glu71, and Cys147 constitute the catalytic triad
in the poliovirus (PV) 3Cpro (49), and His40, Glu71, and
Cys146 form the catalytic triad in the rhinovirus 3Cpro (47).
The calicivirus 3CLpro structure has not yet been determined,
but site-directed mutagenesis has been used to identify resi-
dues His27, Asp44, and Cys104 as part of the active site of the
RHDV 3CLpro (9) and residues His30 and Cys139 as part of a
catalytic dyad in the NoV 3CLpro (53). The presence of con-
served histidine and cysteine residues in the active site is a
feature that is conserved between the picornavirus and calici-
virus proteinases in spite of considerable diversity in the pri-
mary amino acid sequence.

PABP and the poly(A) tail of eukaryotic mRNAs play an
important role in stimulating translation initiation (31, 52).
The PABP molecule is comprised of two functional domains,
an N-terminal domain with four RNA recognition motifs
(RRM) and a C-terminal domain (CTD) (19, 50). The N-
terminal domain of PABP (RRM2) binds to eIF4G and to the
poly(A) tail of mRNAs. eIF4G binds the cap-binding protein
eIF4E. Combined, these protein-protein interactions facilitate
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the 5�-3� end circularization of mRNA and also stimulate
translation by 4- to 10-fold (30, 60, 63). The mechanism of this
cap-poly(A) synergy is unclear, but PABP binding was pro-
posed to induce cooperative conformational changes in eIF4E
and eIF4G that enhance the stability of initiation complexes on
capped mRNAs (62). There is also evidence that some ribo-
somes may recycle after reaching termination codons and that
PABP or mRNA circularization may facilitate this process (3,
61). Though the PABP CTD seems to be dispensable for RNA
circularization, it has been implicated in translation. The CTD
contains a cleft that binds several proteins involved in transla-
tion regulation (38), including translation initiation factor
eIF4B (a cofactor of RNA helicase eIF4A) (14), PABP-inter-
acting proteins Paip-1 (16) and Paip-2 (35), and eukaryotic
release factor 3 (eRF3) (29). A recent report has shown that a
point mutation in the CTD could eliminate its binding to eRF3
and in turn inhibit cap–poly(A)-dependent translation (29, 61).
It was recently demonstrated that PV 3Cpro cleaves PABP to
release the CTD from the N-terminal domain, and it was
proposed that the removal of CTD inhibits translation by a
novel mechanism without affecting binding of the N-terminal
domain of PABP to poly(A) RNA and eIF4G (40).

We report here that a strategy to inhibit cellular translation
likely exists during calicivirus infection, and we provide evi-
dence that the calicivirus 3CLpro, like that of the picornavirus
3Cpro, may play a role in this inhibition by the cleavage of
PABP. Our data suggest that cleavage of PABP may be a
common mechanism used by diverse virus families to manip-
ulate host cell mRNA translation and further confirms the
importance of the CTD from PABP in translation.

MATERIALS AND METHODS

Viruses and cells. The caliciviruses analyzed in this study were the Urbana
strain of FCV (GenBank accession no. L40021) (54) and the MD145-12 strain of
NoV (GenBank accession no. AY032605) (22). FCV was grown in Crandell-
Rees feline kidney (CRFK) cells (54), and FCV-infected total cell lysates were
prepared as described previously (24).

Analysis of protein synthesis in FCV-infected cells. To study the effect of
calicivirus replication on host protein synthesis, CRFK monolayers (4 � 106

cells) were infected with FCV at a multiplicity of infection (MOI) of 10 (or mock
infected) and incubated at 37°C. For radiolabeling of viral and host cell proteins,
the cells were washed with methionine-free growth medium at different times
postinfection and incubated in the same medium for 30 min. [35S]methionine
(�1,000 Ci/mmol) (Amersham Biosciences Corp., Piscataway N.J.) was added at
a concentration of 150 �Ci/ml, and the cells were incubated for an additional
hour. Cells at each time point were then collected, washed, and lysed in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer
with 2% mercaptoethanol prior to analysis in a 12% Tris-Gly polyacrylamide gel
by SDS-PAGE and autoradiography. Signals were detected with a phosphorim-
ager (Molecular Dynamics, Amersham), and the IP Lab Gel suite (Signal Ana-
lytics, Vienna, Va.) was used for the analysis.

Plasmids and recombinant proteins. pGEM-4Z (Promega Corporation, Mad-
ison, Wis.) containing the firefly luciferase gene was a kind gift of P. Sarnow. This
plasmid was linearized with HpaI or BamHI to produce runoff templates for
synthesis of polyadenylated (30-nucleotide [nt]) and nonpolyadenylated lucif-
erase RNAs, respectively.

To express the recombinant (r) FCV 3CL proteinase (which occurs in infected
cells as part of a proteinase-polymerase precursor protein, ProPol) (58), the
corresponding ProPol region of the virus genome was PCR amplified from the
full-length FCV cDNA clone pQ14 (54) as template and cloned into bacterial
expression vector pET-28b (Novagen, Madison, Wis.). The region was amplified
using oligonucleotides 5�-ACATATAAGCTTTCTGGACCCGGCACC-3� (cor-
responding to the beginning of the ProPol sequence at nt 3233 to 3247 with a
HindIII site shown underlined) and 5�-ATTATACTCGAGTCAAACTTCGAA
CACATC-3� (complementary to the 3� end of the ORF1 at nt 5294 to 5311 with

a termination codon [bold] and a XhoI site [underlined]). The purified PCR
fragment was treated with HindIII and XhoI and ligated into HindIII–XhoI-
linearized pET-28b. The resulting plasmid, designated pHPP, contained the
FCV ProPol sequence fused to the vector sequence encoding an N-terminal His6

tag under control of the T7 RNA polymerase promoter and placed downstream
from the bacterial ribosome binding site. The expression and purification of FCV
rProPol in Escherichia coli BL21(DE3) cells were performed as previously de-
scribed (5). The mature r3CL proteinase of the MD145-12 NoV strain (desig-
nated NoV r3CLpro), engineered with a His6 tail at its carboxyl terminus, was
expressed in bacteria and purified as previously described (5). Protein quantity
was estimated by the Bradford method (11), and the enzyme was stored in buffer
containing 300 mM NaCl, 50 mM Tris, pH 8, 2 mM dithiothreitol, and 10%
glycerol at �70°C. The NoV r3CLpro was inactivated by heating at 80°C for 25
min, and this preparation was designated 3CL inactivated (NoV r3CL-In).

The expression and purification of recombinant human His-PABP, coxsackie
B3 virus (CVB3) 2Apro, and PV 3Cpro proteins have been previously described
(32, 41). Plasmid pET28a-PABP, encoding human PABP, was constructed by
excising the PABP open reading frame from plasmid pGEX-4T2-PABP with
BamHI and NotI and inserting the DNA fragment into the unique BamHI/NotI
sites of pET-28a. The predicted cleavage sites Q413/T414, Q437/G438, and Q537/
G538 in the PABP protein recognized by PV 3C (41) were each altered by
site-directed mutagenesis of the pET28a-PABP plasmid. The primers (Invitro-
gen, Carlsbad, Calif.) used for the mutagenesis are described in Table 1. The
resulting plasmids were designated pET-Q413A/PABP (A413/T414), pET-Q437A/
PABP (A437/G438), and pET-Q537A/PABP (A537/G538). All plasmid construc-
tions were verified by sequence analysis. Another set of PABP plasmid deriva-
tives was obtained by inserting a stop codon at each mapped cleavage site such
that full-length translated PABP products were equivalent to the N-terminal
cleavage fragments generated by PV 2Apro or 3Cpro (Table 1).

HeLa cell fractionation. For fractionation of HeLa cells, an S10 lysate was
prepared as described previously (12) and centrifuged at 200,000 � g for 1 h
using a 70 Ti rotor in a Beckman ultracentrifuge. The supernatant containing
non-ribosome-associated PABP was retained as the non-ribosome-associated
fraction (S200). The pellet was resuspended in one cell volume of lysis buffer
containing 0.5 M KCl to dissociate ribosome-associated proteins and resedi-
mented at 200,000 � g for 45 min. The supernatant was dialyzed and used as the
crude translation initiation factor extract designated RSW. The pellet was re-
suspended in lysis buffer and used as the ribosome-enriched fraction (designated
ribosome). All fractions contained PABP and were used in assays as substrates
for viral proteinases.

In vitro cleavage assays. In vitro cleavage assays of cellular PABP were
performed using essentially the same conditions regardless of the source of the
substrate, which included S10, S200, RSW, and ribosome-enriched fractions of
HeLa cells. These substrates and various amounts of proteinases (final concen-
tration, 3 to 30 �g/ml) were incubated at 37°C for 3.5 h in cleavage buffer (100
mM NaCl, 5 mM MgCl2, 10 mM HEPES-KOH, pH 7.4). All reactions were
stopped by the addition of SDS-PAGE sample buffer and were analyzed in 10%
(wt/vol) acrylamide gels by SDS-PAGE, followed by immunoblotting or autora-
diography.

Two approaches were used to analyze the cleavage of recombinant PABP in
vitro. The first method used as substrate radiolabeled human PABP protein
derived by in vitro translation of purified RNA in reticulocyte lysates as described

TABLE 1. Primers used for site-directed mutagenesis of PABP

Mutation Primer sequencea

Q413Ab GCAGCTATCCCAgcGACTCAGAACCG
Q437Ab GCTGGACTGCTgcGGGTGCCAGACC
Q537Ab CTGTTCATGTAgcAGGTCAGGAAC
T414Xc CTTCATGGCAGCTATCCCACAGtgaCA

GAACGCTGCTGCATACTAT
G448Xc CACATCAACACAGACAATGtGaCCAC

GTCCTGCAGCTGCA
G538Xc CAGCCTGCTGTTCATGTACAAtgaCA

GGAACCTTTGACTGCTTCC

a Only the forward-sense primer sequence is shown. Nucleotide substitutions
are shown in lowercase.

b The Glu residue at the P1 position was replaced by an Ala in each of the
previously established cleavage sites in PABP recognized by PV 3Cpro (41).

c The codon for the amino acid at the P1� position was replaced with a
stopcodon (X).
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previously (32). The second method used radiolabeled human PABP protein
synthesized in a coupled transcription-translation (TNT) reaction containing
pET/T7-PABP plasmid (or its derivatives). Each 25-�l TNT reaction contained
1 �g of plasmid DNA and 15 �Ci of 35S-labeled Met (1000 Ci/mmol) (Amer-
sham) and was performed in the presence of T7 RNA polymerase at 30°C for
1.5 h as recommended by the manufacturer (Promega). An aliquot (4 �l) of the
PABP TNT reaction was mixed with 6 �l of phosphate-buffered saline (PBS)
(Quality Biological Inc., Gaithersburg, Md.), pH 7.4, containing 5 �g of FCV
ProPol incubation at 30°C, overnight. The entire reaction was then resolved in a
12% Tris-Gly polyacrylamide gel by SDS-PAGE, prior to staining with Coomas-
sie blue (Pierce, Rockford, Ill.). The gel was then dried and subjected to auto-
radiography. Alternatively, aliquots (1 �l) of the human PABP TNT reaction
were mixed with cytoplasmic extracts from FCV-infected cells (10 �l) and incu-
bated for 3.5 h at 30°C before analysis by SDS-PAGE and autoradiography.

Translation assays in HeLa cell extracts. HeLa S3 cells were maintained in
suspension cultures at a concentration of 7 � 105 to 9 � 105 cells/ml at 37°C and
5% CO2 in Joklik’s medium, supplemented with 1% fetal calf and 9% calf serum.
Cells were disrupted in a Dounce homogenizer with five to seven strokes until
80% lysis occurred, and then extracts were prepared as previously described (6,
40). In vitro translation assays were typically performed in 40-�l reaction mix-
tures containing a mix of cell lysate-translation cocktail (l:1) {1.8 mM HEPES,
pH 7.6, 25 �M amino acids minus methionine, 50 �g of creatine phosphokinase/
ml, 3 mM 2-aminopurine, 25 mM creatine phosphate, 1 mM ATP, 0.5 mM GTP,
2 mM dithiothreitol, 90 mM KCl, 1.8 mM Mg(OAc)2, and 30�Ci [35S]methi-
onine-cysteine [trans label]} (1,200 Ci/mmol; ICN). HeLa extracts were prein-
cubated with CVB3 2Apro, PV 3Cpro, NoV 3CL, FCV 3CL, or buffer for 5 min
at 30°C as indicated in the figure legends. The translation cocktail was added to
the extracts pretreated with proteinases at the same time as exogenous RNA

(100 to 300 ng) and incubated at 37°C. Incorporation of 35S-trans label into
translation products was analyzed by densitometry of SDS-PAGE autoradio-
grams with NIH Image J software or by precipitation of proteins with trichloro-
acetic acid and scintillation counting. For PABP restoration experiments, PABP
(200 �M) was preincubated with capped, polyadenylated, or nonpolyadenylated
luciferase RNA at room temperature for 10 min. RNA/PABP complexes were
added to the non-nuclease-treated HeLa extracts pretreated with buffer or the
proteinase of interest for 5 min at 30°C.

Luciferase assays. Luciferase activity was determined by luciferase assay sys-
tem reagents (Promega) according to the manufacturer’s instructions with pho-
ton emission measured using a Sirius luminometer (Berthold, Oak Ridge,
Tenn.).

Antibody production and immunoblots. Rabbit anti-human PABP antibody
was raised against a synthetic peptide sequence (GIDDERLRKEFSPFGTC) in
the RRM4 of PABP. Immunoblots (with the exception of that shown in Fig. 1)
were incubated with a 1:1,000 dilution of the PABP peptide-specific antibody in
BLOTTO (5% dry milk, 20 mM Tris, pH 7.4) overnight at 4°C. After washing
three times with PBST (PBS containing 0.05% Tween 20), blots were incubated
with a 1:1,000 dilution of horseradish peroxidase-conjugated goat anti-rabbit
antibody (Calbiochem, San Diego, Calif.) in BLOTTO at room temperature for
an hour. Blots were washed three times with PBST and developed by enhanced
chemiluminescence (Pierce). Signals were detected with a Kodak chemilumines-
cent image analyzer (Eastman Kodak, Rochester, N.Y.). The immunoblot shown
in Fig. 1 was analyzed with antibodies raised against recombinant PABP as
described previously (41). Immunoblot analysis of eIF4GI was carried out with
rabbit polyclonal antisera raised versus a peptide sequence (RPDDRSQGAIIA
DRPGLPGPEH) located in the N-terminal domain of human eIF4GI (amino
acid 231 to 252). Immunoblots were incubated with a 1:1,000 dilution of primary

FIG. 1. Comparison of the cleavage activity of NoV r3CLpro with that of PV 3Cpro and 2Apro on the cellular protein substrates, PABP and
eIF4G. (A) The structural organization of human PABP and the previously mapped cleavage sites recognized by the PV 3C and 2A proteinases
(32, 41). (B and C) NoV r3CLpro cleaves PABP. HeLa S3 cells were fractionated into cytoplasmic (S10) (B) and ribosome-associated fractions (C).
In vitro cleavage reactions were assembled in these fractions and proteins were analyzed by SDS–10% PAGE followed by immunoblotting with
PABP-specific antibodies. Numbers on the right show the migration of molecular weight markers (in thousands). HeLa S10 lysates (B) were
incubated for 3.5 h at 37°C with the following: lane 1, mock incubation control (indicated by C); lane 2, heat-inactivated NoV proteinase, 3CL-In;
lane 3, NoV r3CLpro, 80 ng/�l; lane 4, PV r3Cpro, 40 ng/�l; and lane 5, PV r3Cpro, 80 ng/�l. The HeLa ribosomal fraction (C) was incubated for
3.5 h at 37°C with the following: lane 1, mock control (indicated by C); lane 2, PV r3Cpro, 40 ng/�l; lane 3, PV r3Cpro, 80 ng/�l; and lane 4, NoV
r3CLpro, 80 ng/�l. (D) NoV 3CLpro does not cleave eIF4G. Prior to immunoblot analysis with eIF4G antibody, HeLa S10 lysates were incubated
for 3.5 h at 37°C with the following: lane 1, mock control (indicated by C); lane 2, PV r3Cpro, 40 ng/�l; lane 3, PV r3Cpro, 80 ng/�l; lane 4, NoV
r3CLpro, 40 ng/�l; lane 5, NoV r3CLpro, 80 ng/�l; lane 6, CVB3 r2Apro, 40 ng/�l; and lane 7, CVB3 r2Apro, 80 ng/�l. The 115-kDa N-terminal
cleavage fragment of eIF4G is indicated as cpN.
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antibody in BLOTTO overnight at 4°C, followed by secondary antibodies as
described above.

RESULTS

Cleavage of PABP by NoV 3CLpro and comparison with PV
3Cpro. A comparison of the viral polyprotein dipeptide cleav-
age sites recognized by the 3Cpro of PV with those of the
3CLpro of two caliciviruses, NoV strain MD145 and vesivirus
strain FCV, shows certain similarities and differences (Table
2). Substrate recognition by PV has been shown to depend on
the Q/G dipeptide sequence flanking the scissile bond, hydro-
phobic residues in the P4 position, and conformational con-
straints (44). In regard to the amino acid residue in the P1
position of the viral polyprotein cleavage site, the PV 3Cpro has
a high requirement for Q (37, 44, 51). FCV 3CLpro recognizes
E (55), and the NoV 3CLpro recognizes either Q or E (5, 27).
We recently showed that PV 3Cpro cleaves PABP at specific
Q/G or Q/T amino acid pairs (41) to generate three possible
N-terminal cleavage products (cp) designated 3C (61 kDa),
3Calt� (49 kDa), and 3Calt (45 kDa) (illustrated in Fig. 1A).
The cleavage efficiency of PV 3Cpro at the various sites was
found to vary depending on the form of the PABP substrate
presented to the proteinases. The similarities in dipeptide rec-
ognition sites between PV 3Cpro and the NoV 3CLpro

prompted us to investigate whether the NoV 3CLpro might also
recognize these or similar sites on human PABP.

In vitro cleavage reactions were performed in which PABP
present in either HeLa S10 cytoplasmic extracts or in isolated

ribosome fractions was incubated with similar concentrations
of PV 3Cpro, NoV r3CLpro, or PV 2Apro (Fig. 1B and C). When
PV 3Cpro was incubated with the HeLa S10 lysate, PABP was
cleaved (at about 70% efficiency) in a dose-dependent manner
and the 3C cp (61 kDa) was detected along with a minor
amount of 3Calt cp (46 kDa) (Fig. 1B, lanes 4 and 5). Consis-
tent with a previous study (41), a proportion of PABP in the
S10 fraction remained resistant to cleavage by PV 3Cpro. When
NoV r3CLpro was incubated with these fractions, the PABP
was cleaved to release a similar cleavage product of about 61
kDa, but at a lower cleavage efficiency than with PV 3Cpro (Fig.
1B, lane 3). The control for this reaction was heat-inactivated
NoV proteinase (r3CL-In), which did not cleave PABP (Fig.
1B, lane 2). The activity of the NoV r3Clpro was confirmed by
efficient in vitro trans cleavage of a 76-kDa MD145-12 viral
Pro�Pol substrate containing an intact cleavage site but an
inactivated viral proteinase to prevent autocleavage (see Fig.
5C) (5). It had previously been shown that the pool of PABP
associated with the polyribosomes was cleaved more efficiently
by PV 3Cpro than in the cytoplasmic S10 extract, and the
predominant cleavage product was 3Calt cp (46 kDa) (41). We
examined whether the NoV r3CLpro could also cleave ribo-
some-associated PABP (Fig. 1C). Consistent with the previous
study (41), ribosome-associated PABP was cleaved in the PV
3Cpro control experiment in a dose-dependent manner (Fig.
1C, lanes 2 and 3) to yield both the 3C cp and a larger amount
of 3Calt cp. Similarly, NoV 3CLpro cleaved PABP more effi-
ciently in the ribosome fractions to yield both 61- and 46-kDa
proteins that comigrated with the cleavage products produced
by PV 3Cpro (compare Fig. 1B, lane 3 with C, lane 4). At the
highest concentration tested (80 ng/�l), both proteinases
cleaved the full-length PABP completely (Fig. 1C, lanes 3 and
4). These results suggested that both proteinases specifically
target the PABP associated with the translation machinery of
the ribosomes more efficiently than the various cytoplasmic
forms of PABP and that the NoV 3CLpro likely recognizes the
same cleavage sites as PV 3Cpro on PABP. Further, both pro-
teases display a switch in cleavage site preference to the 3Calt
site when presented with polysome-associated PABP.

eIF4G is not cleaved by NoV 3CLpro. Certain picornavirus
proteinases cleave translation initiation factor eIF4GI, and this
cleavage is involved also in the mechanism responsible for the
shutoff of host cell translation in virus-infected cells (18). Dur-
ing PV, coxsackievirus, or rhinovirus infection, the cleavage of
eIF4GI is mediated by 2Apro and cellular proteases (10, 43,
64), and for foot-and-mouth disease virus, it is mediated by the
leader proteinase Lpro (36). Because the caliciviruses appar-
ently do not encode a 2A-like proteinase, we examined the
ability of the NoV r3CLpro to cleave eIF4G (Fig. 1D). The
HeLa S10 lysates were incubated with the PV 3C, CVB3 2A, or
NoV 3CL proteinases and then analyzed in an immunoblot
developed with anti-eIF4GI antibodies. A control was included
without proteinase to illustrate the presence of intact eIF4GI
in HeLa cell lysates. As expected, eIF4GI was cleaved com-
pletely by CVB3 2Apro, and the typical 110- to 130-kDa N-
terminal cleavage fragments were generated (Fig. 1D, lanes 6
and 7). In contrast, neither PV 3Cpro or NoV 3CLpro (at the
same concentrations used in Fig. 1B and C) cleaved eIF4GI
(Fig. 1D, lanes 2 to 5). FCV rProPol also did not cleave HeLa
eIF4GI when incubated under similar conditions (data not

TABLE 2. Comparison of viral polyprotein cleavage sites
recognized by the cysteine proteinases of two caliciviruses (MD145

and FCV) and a picornavirus (PV) with PABP cleavage sitesa

Strain (genus) or site

Position in
polyprotein of

dipeptide
cleavage site

Sequence of dipeptide cleavage site
and surrounding regionb

P4 P3 P2 P1 P1� P2� P3�

MD145 (Norovirus) 330/331 Y E L Q G P E
696/697 Y E L Q G P T
875/876 I K T E G K K

1008/1009 L S F E A P P
1189/1190 A T L E G G D

FCV (Vesivirus) 46/47 I R A E A C P
331/332 F R S E D V A
685/686 F E A E N G H
960/961 P K S E A K G

1071/1072 F A E E S G P

PV (Poliovirus) 341/342 P R L Q G L P
579/580 A L A Q G L G

1030/1031 A M E Q G I T
1127/1128 V I K Q G D S
1456/1457 A L F Q G P L
1543/1544 A G H Q G A Y
1565/1566 A K V Q G P G
1748/1749 T Q S Q G E I

PABP 3C site 534/539 V H V Q G Q N
PABP 3Calt� site 434/439 W T A Q G A R
PABP 3Calt site 410/415 A I P Q T Q E

a The cleavage site recognized by the PV 2A proteinase is Y881/G882 (32).
Calicivirus and PV cleavage site data were previously published (5, 37, 51, 55).

b The dipeptide cleavage site is on the P1 and P1� positions.
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shown). These results indicate that the NoV r3CLpro does not
cleave human eIF4GI in vitro, despite the existence of several
potential dipeptide cleavage site sequences in eIF4GI (data
not shown).

NoV 3CLpro inhibits endogenous mRNA translation in
HeLa translation extracts. We examined whether the observed
cleavage of PABP by NoV r3CLpro might affect protein syn-
thesis in a HeLa lysate-based translation assay. We used non-
nuclease-treated HeLa translation extracts in order to preserve
competition for ribosomes from endogenous mRNAs and re-
tain cap-poly(A) synergy. As previously reported, poly(A) tails
on mRNA could stimulate translation 5- to 10-fold compared
to nonpolyadenylated counterparts in this system, effectively
mimicking in vivo cap-poly(A) synergy (6). Viral proteinases
were preincubated with translation extracts before testing their
effects on translation of endogenous HeLa mRNA (Fig. 2).
Preincubation with rNoV 3CL resulted in a dose-dependent
inhibition of translation as determined by the analysis of newly
synthesized radiolabeled proteins (Fig. 2, lanes 2 to 4), whereas
inactivated rNoV 3CL only slightly decreased translation (lane
5). Preincubation of the lysate with a high concentration of
NoV r3CLpro that cleaved over half the ribosome-associated
PABP (80 ng/�l) reduced translation about 60% compared to
the buffer-treated control (Fig. 2). The level of translation
inhibition induced by NoV 3CL was similar to the inhibition
resulting from incubation with PV 3Cpro (lane 7). These data
indicate that NoV r3CLpro is associated with inhibition of
translation in this in vitro assay and that it can mediate this
effect in the absence of other viral proteins.

PABP cleavage by 3CLpro inhibits poly(A)-dependent trans-
lation. PABP/poly(A)-dependent translation stimulation is
demonstrated most effectively using non-nuclease-treated
yeast or HeLa translation extracts, and depletion of PABP in
these extracts affects only the translation of polyadenylated
RNAs (6, 59). Our next experiments examined whether the
inhibition of cellular translation by NoV 3CLpro was associated
with a poly(A)/PABP-dependent mechanism. RNA transcripts
(with or without polyadenylation) encoding firefly luciferase
were generated in vitro for use as a reporter for translation in
HeLa lysates. Figure 3A (left panel) shows that preincubation
of lysates with NoV r3CLpro inhibited translation of polyade-
nylated RNAs in a dose-dependent manner. When nonpolya-
denylated luciferase RNA was examined, the overall transla-
tion rates were approximately fourfold lower than
polyadenylated RNA, showing poly(A) stimulation to be func-
tional in these extracts (Fig. 3A, right panel). Addition of NoV

FIG. 2. Inhibition of cellular mRNA translation by NoV r3CLpro.
Autoradiogram of a 10% (wt/vol) polyacrylamide SDS-PAGE gel
showing [35S]methionine-cysteine incorporation into newly synthesized
proteins in HeLa translation extracts that were treated with buffer only
(lanes marked C), increasing concentrations of NoV r3L Cpro at 20, 40,
or 80 ng/�l (lanes 2 to 4, respectively), inactivated NoV r3CL (lane 5),
or PV r3CLpro at 60 ng/�l (lane 7). Migration of molecular mass
standards (in kilodaltons) is shown on the right. Relative translation
intensity compared to control was determined by densitometry (per-
centage of control) and is shown below each lane.

FIG. 3. NoV 3CLpro specifically inhibits poly(A)-dependent trans-
lation, and translation is restored by the addition of PABP. (A) Effect
of NoV 3CLpro on translation efficiency of polyadenylated mRNA.
Graphic representation of luciferase activity generated (relative light
units [RLU] set to 100% of control reactions) using capped and poly-
adenylated luciferase RNA (left panel) or nonpolyadenylated lucif-
erase RNA (right panel) in HeLa translation extracts incubated with
increasing concentrations of NoV r3CLpro. Data represent the means
� standard deviations of four individual experiments. (B) Addition of
exogenous PABP restores translation efficiency of polyadenylated
mRNA in the presence of NoV 3CLpro. Comparison of polyadenylated
(left panel) or nonpolyadenylated (right panel) luciferase RNA trans-
lation in HeLa translation extracts pretreated with buffer or 10 ng of
NoV r3CLpro/�l and supplemented with His-PABP. Black bars repre-
sent the percent translation (light units relative to buffer control) in
3CLpro-treated lysates. Gray bars indicate luciferase translation levels
after addition of His-PABP. Data represent the means � standard
deviations of three individual experiments.
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r3CLpro did not significantly affect translation levels of non-
polyadenylated RNAs (Fig. 3A, right panel).

To test whether 3CLpro-mediated translation inhibition was
reversible and linked to PABP cleavage, 3CLpro-treated ex-
tracts were supplemented with purified recombinant His-
PABP. Increasing concentrations of His-PABP were incubated
together with a constant amount of either polyadenylated or
nonpolyadenylated RNA. This RNA/protein complex was used
to supplement extracts pretreated with 3CLpro. As before, 10
ng of 3CLpro/�l significantly inhibited reporter RNA transla-
tion (Fig. 3B, left panel). Addition of increasing concentrations
of His-PABP restored translation in extracts pretreated with
3CLpro in a dose-dependent manner (Fig. 3B, left panel).
3CLpro did not affect translation of nonpolyadenylated lucif-
erase RNA (Fig. 3B, right panel), and addition of His-PABP
did not stimulate translation of nonpolyadenylated luciferase
RNA after NoV 3CLpro treatment. Collectively, the results
show that PABP supplementation restores poly(A)-dependent
translation after inhibition by 3CLpro. This restoration is spe-
cific for polyadenylated mRNAs because PABP supplementa-
tion did not stimulate translation of non-poly(A) mRNAs.
Furthermore, the data support the hypothesis that NoV
r3CLpro-mediated translation inhibition is PABP dependent.

Evidence for shutoff of host cell protein synthesis during
FCV infection. Although the in vitro data showed evidence for
cleavage of human PABP by the NoV r3CLpro, the absence of
a cell culture system precluded testing of PABP cleavage dur-
ing NoV infection. Because FCV grows well in cell culture, we
examined whether there was indeed evidence for a decrease in
cellular protein synthesis during calicivirus infection. CRFK
cells were infected with FCV (or mock infected) and pulse-
labeled at hourly time points beginning at 3 h postinfection

(hpi) (Fig. 4). Analysis of the FCV-infected cell lysates by
SDS-PAGE and autoradiography showed a visible increase in
radiolabeled virus-specific proteins over time and a decrease in
the accumulation of cellular proteins when compared to the
mock-infected control cell lysates (Fig. 4A). Measurement and
comparison of the signals generated by representative cellular
proteins present in mock- or FCV-infected cells showed that
FCV infection was associated with a decrease in cellular trans-
lation beginning at 5 hpi (Fig. 4B). In comparison, the FCV
capsid protein showed a marked increase at 5 hpi and peaked
in intensity at 6 hpi (Fig. 4B). This result was consistent with
the presence of a mechanism for the preferential translation of
viral proteins at the expense of host cell translation during
calicivirus replication.

PABP is cleaved in FCV-infected cells. We then used the
FCV cell culture system to examine whether cleavage of PABP
occurred during infection. Although the NoV r3CLpro clearly
cleaved PABP and caused an inhibition of translation in in
vitro assays, the absence of PABP cleavage in an authentic
calicivirus infection would argue against its biological rele-
vance. It should be noted that although PABP is highly con-
served across species, the feline PABP has not yet been char-
acterized. Mock- or virus-infected feline CRFK cell lysates
were analyzed by immunoblotting with anti-human PABP an-
tibodies (Fig. 5A). The anti-human PABP antibodies detected
proteins consistent with PABP in the mock-infected feline cell
lysates (Fig. 5A, lane 3), which then allowed us to examine
PABP cleavage in FCV-infected cells. A mock- or PV-infected
HeLa cell lysate were included in the immunoblot as controls
(Fig. 5A, lanes 1 and 2, respectively). The PV-infected cell
lysate control contained the two predominant PABP N-termi-
nal cleavage products (the 61-kDa 3C cp and 46-kDa 3Calt cp)

FIG. 4. Comparison of proteins produced during FCV infection with those produced in mock-infected cells over time. (A) Analysis of proteins
by SDS-PAGE and autoradiography. Feline kidney cells (4 � 106 cells) were either infected with FCV at an MOI of 10 or mock infected. After
3 h and then at subsequent hourly time points, medium was removed and the cells were pulse-radiolabeled for 1.5 h. The cells were then collected,
washed, and boiled in SDS sample buffer prior to analysis by SDS-PAGE in a 12% polyacrylamide gel and autoradiography. Viral proteins ProPol,
capsid, p39, and p32 are indicated. The asterisks illustrate two cell-associated proteins that decrease in intensity over time during FCV infection.
(B) Phosphorimager quantitation of signals associated with selected cellular and viral proteins. Bands 1 and 2 correspond to the cellular proteins
indicated with an asterisk in panel A, with band 1 corresponding to the slower migrating protein. The signals generated by the cellular proteins
were compared to that of the 60-kDa mature FCV capsid protein. RLU, relative light units.
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derived by 3Cpro cleavage and the previously described N-
terminal cleavage product (55 kDa) of PABP generated by
2Apro cleavage. In contrast, a protein of approximately 50 kDa
that corresponded to a potential PABP cleavage product was
detected in the FCV-infected cell lysate (Fig. 5A, lane 4).
Cleavage of feline eIF4GI could not be determined because of
a lack of reactivity with anti-human eIF4GI antiserum (data
not shown).

It was possible that the difference in size of the major PABP
cleavage product detected in FCV-infected cells was due to
amino acid sequence diversity between PABPs from different

species. We examined whether FCV 3CLpro (in the form of
rProPol) could cleave human PABP (Fig. 5B). In vitro cleav-
age reactions were assembled by incubating FCV rProPol or
rPV 3Cpro with radiolabeled human PABP and the resulting
products were compared directly. The rPV 3Cpro released the
expected 61-kDa 3C cp (Fig. 5B, lane 2) that migrated similarly
to the 61-kDa N-terminal PABP fragment produced by trans-
lation of a PABP construct engineered with a stop codon at the
PABP 537 cleavage site (Fig. 5B, lane 4). The FCV 3CLpro

cleaved human PABP to generate a 50-kDa cleavage product
(Fig. 5B, lane 3) that was similar in size to the feline PABP

FIG. 5. Analysis of PABP cleavage in FCV-infected cells and in vitro with the FCV 3CL proteinase (rProPol). (A) Comparison of PABP
cleavage between PV-infected HeLa cells and FCV-infected CRFK cells. CRFK cells were either mock or FCV infected and harvested after 6 hpi.
HeLa cells were mock or PV infected (MOI of 3) and harvested 6 hpi. An aliquot of FCV-infected lysates (lane 4) was compared to a PV-infected
HeLa cell lysate (lane 2) by SDS–10% PAGE followed by immunoblotting with human PABP-specific antibodies. Numbers on the right show the
migration of molecular weight markers (in thousands). Previously identified PABP cleavage fragments are indicated (3C, 61-kDa N-terminal
cleavage fragment of PABP; 3Calt, 46-kDa N-terminal cleavage fragment of PABP; 2A, 57-kDa N-terminal cleavage fragment of PABP generated
by 2Apro; FCV 3CLpro cp, FCV-induced cleavage fragment of PABP). (B) Comparison of PV 3Cpro and FCV 3CLpro in an in vitro cleavage assay
of rPABP. RNA transcripts encoding PABP were translated in a reaction mixture containing 35S-labeled methionine. Translation mixtures were
then incubated with 10 ng of PV 3Cpro/�l (lane 2) or FCV rProPol (lane 3) at 30°C. The translation mixture incubated without proteinase was used
as negative control (indicated by C, lane 1). Marker proteins corresponding to three N-terminal fragments of PABP were produced by translation
of three PABP RNAs bearing individual stop codons at positions 537 (PABP537), 487 (PABP487), or 413 (PABP413) are included as a control (lane
4). These correspond to N-terminal PABP cleavage fragments released by cleavage at the 3C, 2A, or 3Calt sites, respectively. (C) Mapping of the
FCV 3CLpro cleavage site on PABP by site-directed mutagenesis of the Q413/T414, Q437/T438, and Q537/G538 dipeptides. For each construct indicated
above the gel (PABP, Q413A, Q437A, and Q537A), 4 �l of a 25-�l reaction mixture was either incubated with 6 �l of PBS, pH 7.4, (odd-numbered
lanes and minus signs) or 6 �l of PBS containing 5 �g of FCV 3CL (rProPol) (even-numbered lanes and plus signs). Reaction mixtures were
incubated overnight at 30°C prior to separation in a 12% Tris-Gly polyacrylamide gel and autoradiography. To assess calicivirus protease activity,
a MD145-12 NoV Pro�Pol substrate (76 kDa) was translated and incubated alone or with proteases similarly (lanes 9 to 11). Molecular weight
markers (in thousands) are indicated on the left. (D) FCV 3CL inhibits cellular mRNA translation in vitro. HeLa lysates were treated with buffer
(indicated by C) or increasing amounts of FCV 3CL (10, 20, and 40 ng/�l) as described in Materials and Methods. An autoradiogram of
SDS-PAGE is shown and percent translation quantified by densitometry is shown below the lanes. Migration of molecular mass standards (in kDa)
is shown on the right.
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cleavage product detected in feline kidney cells. This result
suggested marked conservation of amino acid sequence be-
tween the human and feline PABP, consistent with the ob-
served cross-reactivity of human PABP antibodies with feline
PABP noted above. However, this 50-kDa cleavage product
produced by FCV rProPol did not comigrate with PABP frag-
ments truncated at the 3Calt, 2A, or 3C sites (lane 4). It should
be noted that the size of the observed FCV 3CLpro PABP
cleavage product was consistent with that of the previously
described 49-kDa 3Calt�, a minor cleavage product that has
been observed only occasionally in studies of PV 3Cpro (41). In
addition, the FCV 3CLpro characteristically recognizes dipep-
tide cleavage sites with an E in the P1 position when processing
viral proteins, although mutational analysis previously indi-
cated that the FCV 3CLpro was not restricted to this sequence
(57). To further map the cleavage site, wild-type and mutant
forms of human PABP were incubated with FCV rProPol in an
in vitro cleavage assay (Fig. 5C). The FCV rProPol cleaved
wild-type PABP efficiently to yield two proteins of approxi-
mately 50 and 28 kDa (Fig. 5C, lane 2), with the 50-kDa
protein consistent in size with the cleavage product observed in
FCV-infected cells. Mutation of the PABP 3Calt� cleavage site
at position 437 (Q to A) abolished cleavage by FCV rProPol
(Fig. 5C, lane 6), suggesting that the FCV 3CLpro recognized
this site preferentially over those utilized predominantly by PV
3Cpro, and likely, NoV 3CLpro. When FCV rProPol (3CL) was
incubated with HeLa translation lysates, a dose-dependent de-
crease in mRNA translation was observed, although the levels
of inhibition were slightly less than that observed with NoV
3CL (Fig. 5D). This suggests that cleavage of PABP at the
alternate 3Calt� site also results in a similar inhibition of trans-
lation.

Finally, we investigated the kinetics of PABP cleavage in
FCV-infected cells. Immunoblot analysis of infected CRFK
cells at time points during FCV infection revealed that PABP
cleavage was detected initially at 5 hpi and was maximal at 7
hpi (Fig. 6A). We also mixed infected cell extracts with radio-
labeled human PABP generated in in vitro TNT reaction ex-
tracts and detected PABP cleavage activity at 5 hpi that peaked
at 7 hpi, closely correlating with PABP cleavage and levels of
ProPol expression in infected cells (Fig. 4). Thus, the kinetics
of PABP cleavage paralleled translation inhibition, both be-
ginning at 5 hpi and becoming maximal at 7 hpi. Further, the
inhibition of translation in FCV-infected cells correlated with
partial PABP cleavage, similar to what has been reported pre-
viously in PV-infected cells (32, 41).

DISCUSSION

Viruses require the use of the host cell translation machinery
to produce viral proteins in an infected cell. Thus, most viruses
have evolved with strategies to effectively compete with cellular
mRNAs for ribosomes and a limited number of translation
initiation factors. The mechanisms by which caliciviruses ma-
nipulate cellular translation had not been established. Here,
we report evidence that host cell translation is inhibited during
calicivirus replication and demonstrate that PABP, a key
protein involved in the translation of polyadenylated cellular
mRNAs, can be cleaved and apparently inactivated by the
calicivirus 3CLpro. The NoV 3CLpro cleaved PABP similarly to

PV 3Cpro, including a recognition of PABP associated with
ribosomes that is more efficient than for PABP associated with
a less-purified cytoplasmic fraction. This observation indicates
that both enzymes selectively target PABP associated with the
translation apparatus, possibly to inhibit PABP function in
translation. We recently reported that PV 3Cpro selectively
inhibits poly(A)-dependent translation by removal of the CTD
of PABP (40). This cleavage inhibits translation by a unique
mechanism without affecting PABP interactions with eIF4GI
or the poly(A) tail, since N-terminal cleavage fragments of
PABP retain intact RRMs that bind RNA (40). It was pro-
posed that cleavage of PABP likely inhibits translation by dis-
rupting interactions with eIF4B and eRF3 and possibly affects
late events in translation such as ribosome recycling (40). The
striking similarity in the cleavage specificities between the PV
and NoV proteinases suggests that study of both virus systems
could be useful in further defining common themes used by
these viruses to manipulate cellular translation.

We examined a cultivatable calicivirus, FCV, to verify the
occurrence of cellular PABP cleavage during replication. An-
tibodies generated against human PABP cross-reacted with
feline PABP, enabling the identification of a PABP cleavage
fragment in FCV-infected cell lysates. Of interest, the FCV

FIG. 6. Kinetic analysis of PABP cleavage in FCV-infected cells.
CRFK cells were infected with FCV as described previously, and cells
were isolated at hourly time points (indicated above lanes) postinfec-
tion for analysis. (A) Immunoblot analysis of feline PABP over time in
FCV-infected cells detected with antibodies raised against human
PABP. An analysis of mock-infected cells harvested after 8 h incuba-
tion is shown (M). (B) Analysis of FCV-infected cell lysates in the in
vitro assay for human PABP cleavage. Aliquots of infected cell extracts
from time points 1 to 8 hpi were mixed with radiolabeled human PABP
and incubated for 3.5 h at 30°C. Controls include radiolabeled PABP
incubated with recombinant FCV ProPol enzyme, mock-infected cell
extract (M), and buffer alone (C). Autoradiogram of SDS-polyacryl-
amide gel is shown. Arrowheads indicate PABP cleavage products.
Migration of molecular weight markers is indicated on the right. The
human PABP-specific antibody used in the immunoblot (A) is peptide-
specific (sequence located in RRM4) and recognizes only the amino-
terminal cleavage product of PABP.
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3CLpro (rProPol) cleaved both feline and human PABP simi-
larly, and the cleavage site was provisionally mapped to a site
on human PABP rarely utilized by PV 3Cpro. This alternate
cleavage site (3Calt�) is only 24 amino acids away from the
3Calt site, thus a similar effect on PABP function would likely
occur with cleavage by either viral proteinase. Examination of
cleavage site sequences does not reveal an obvious reason for
the differential selection of PABP cleavage sites by the various
proteinases. PV 3Cpro cleavage depends on both conforma-
tional constraints and primary sequence which includes a pref-
erence for A/V-X-X-Q/G in the P4 through P1� positions (44).
The sequences surrounding the three PV 3Cpro cleavage sites
on PABP are different; however, all contain Q/G or Q/T dipep-
tides (Table 2) (41). NoV 3CL recognizes amino acid pairs
with E or Q in the P1 position (45) and, therefore, might share
specificity for Q/G pairs in PABP with PV 3Cpro. The cleavage
pair recognized in human PABP by FCV 3CL is likely Q437/G,
although FCV 3CL apparently prefers cleavage sites with E
(Table 2). However, its ability to recognize cleavage sites with
Q in the P1 position has been also demonstrated (57). In
addition, comparison of the sequences adjacent to known
cleavage sites of FCV showed a preference for a large, hydro-
phobic amino acid residue in the P4 position (55), and the
presence of a tryptophan residue in the P4 position of the
PABP Q437/G cleavage site may provide further explanation
for efficient recognition of this particular site by FCV 3CL
(Table 2). Another factor in this recognition could be the
folding of the PABP that provides the FCV 3CL proteinase
access to this particular cleavage site. It is likely that the cleav-
age site selection by these proteases requires conformational
constraints and perhaps even unknown cofactors. Despite the
differences in PABP cleavage site selection, the ability of FCV
to cleave PABP strongly suggests that this translation inhibi-
tion mechanism occurs during an authentic calicivirus infec-
tion. It may prove useful to develop homologous reagents for
further study of the effect of FCV replication on cellular pro-
teins in permissive feline cells.

Similar to PV 3Cpro, the NoV r3CLpro did not cleave eIF4G
in an in vitro assay. It remains possible that eIF4GI may be
cleaved during NoV infection by a viral or cellular proteinase,
but our in vitro studies suggest that its cleavage is not essential
for the translation inhibition associated with the PABP cleav-
age. We could not rule out the absence of cleavage of eIF4GI
during FCV infection because the anti-human and -mouse
eIF4G antibodies we tested did not recognize feline eIF4G in
CRFK cells (data not shown). Furthermore, it should be noted
that FCV (2, 56) and other caliciviruses such as RHDV (33)
induce apoptosis in infected cells, and this process could also
affect the cellular translation machinery.

The mechanism of viral mRNA translation initiation during
calicivirus infection remains unclear. The calicivirus genome is
capable of serving as an mRNA but lacks either a 5�-end cap
structure or any identified internal ribosomal entry site. The
genome contains a VPg protein covalently linked to the 5� ends
of both the genome and the subgenomic RNAs (13, 48), which
may play a role in translation initiation by recruiting the 40S
ribosomal subunit through interactions with translation initia-
tion factor eIF3 (17, 28). In addition, the calicivirus VPg itself
contains sequence homology with certain translation initiation
factors, indicating that it might directly compete with cellular

host factors for binding to the ribosome (57). Both genomic
and subgenomic calicivirus RNAs possess a poly(A) tail at the
3� end, and a recent study has shown that the 3�-end nontrans-
lated region of the Norwalk virus genome with a poly(A) tail of
24 nt binds directly to PABP (25). However, it is not clear
whether PABP binding of the calicivirus poly(A) tail stimulates
translation of viral mRNAs since there is no 5� cap structure.
PABP may interact with VPg at the 5� end of calicivirus RNA
in an analogous fashion; however, this has not been tested.
Since the poly(A) tail itself stimulates translation of capped
and internal ribosomal entry site-containing mRNAs, it will be
important to determine whether poly(A) tails stimulate VPg-
dependent translation of calicivirus mRNAs. However, if the
poly(A) tail is indeed important for viral mRNA translation, it
might be predicted that 3CLpro-mediated cleavage of PABP
could also inhibit viral protein synthesis. A mechanism would
be needed to allow discrimination between polyadenylated cel-
lular and viral RNAs in infected cells so that host cell mRNAs
are selectively inhibited during early phases of infection. It is
possible that cleavage of PABP may also be a requirement for
the switch between translation and RNA replication, convert-
ing the viral genome from a translation-competent to replica-
tion-competent status. The elucidation of these mechanisms
for both caliciviruses and picornaviruses will be relevant to the
understanding of how viral messages are translated at such
high efficiency in infected cells and yet allow RNA replication
to begin.

In summary, we show that calicivirus 3CLpro cleaves PABP
in vitro and during infection. We propose that the calicivirus
3CLpro specifically targets a pool of PABP involved in cellular
protein translation. Furthermore, this cleavage likely inhibits
cellular mRNA translation by removal of CTD from PABP
independently of eIF4G cleavage. Cleavage of PABP may be a
strategy used by caliciviruses to down-regulate cellular mRNA
translation in infected cells to more effectively synthesize viral
proteins. The cleavage of PABP by viral proteinases may be a
common mechanism used by different viruses to gain control of
host cell mRNA translation, and this may be crucial for the
successful life cycle of these RNA viruses.
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