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Poliovirus (PV) mRNA is unusual because it possesses a 5�-terminal monophosphate rather than a 5�-
terminal cap. Uncapped mRNAs are typically degraded by the 5� exonuclease XRN1. A 5�-terminal cloverleaf
RNA structure interacts with poly(rC) binding proteins (PCBPs) to protect uncapped PV mRNA from 5�
exonuclease (K. E. Murray, A. W. Roberts, and D. J. Barton, RNA 7:1126–1141, 2001). In this study, we
examined de novo polysome formation using HeLa cell-free translation-replication reactions. PV mRNA
formed polysomes coordinate with the time needed for ribosomes to traverse the viral open reading frame
(ORF). Nascent PV polypeptides cofractionated with viral polysomes, while mature PV proteins were released
from the polysomes. Alterations in the size of the PV ORF correlated with alterations in the size of polysomes
with ribosomes present every 250 to 500 nucleotides of the ORF. Eukaryotic initiation factor 4GI (eIF4GI) was
cleaved rapidly as viral polysomes assembled and the COOH-terminal portion of eIF4GI cofractionated with
viral polysomes. Poly(A) binding protein, along with PCBP 1 and 2, also cofractionated with viral polysomes.
A C24A mutation that inhibits PCBP–5�-terminal cloverleaf RNA interactions inhibited the formation and
stability of nascent PV polysomes. Kinetic analyses indicated that the PCBP-5� cloverleaf RNA interaction was
necessary to protect PV mRNA from 5� exonuclease immediately as ribosomes initially traversed the viral ORF,
before viral proteins could alter translation factors within nascent polysomes or contribute to ribonucleopro-
tein complexes at the termini of the viral mRNA.

Poliovirus (PV) mRNA has a long 5� nontranslated region
(5� NTR) without a 5� cap (22, 40). A cloverleaf RNA structure
at the 5� terminus of PV mRNA forms ribonucleoprotein
(RNP) complexes with poly(rC) binding proteins (PCBPs) and
with viral protein 3CD (16, 46). A C24A mutation in the 5�
cloverleaf inhibits the binding of PCBP (1) and renders PV
mRNA susceptible to degradation by 5� exonuclease (36). An
internal ribosome entry site (IRES) within the 5� NTR of PV
mRNA requires eukaryotic initiation factor 4G (eIF4G) to
mediate translation initiation (47, 62), and accumulating evi-
dence indicates that eIF4G likely interacts directly with the
IRES (42, 49, 50). PV 2A protease (2APro) expression during
the course of PV mRNA translation leads to the cleavage of
eIF4GI and eIF4GII (18). Cleavage of eIF4Gs by 2APro pre-
vents cap-dependent host mRNA translation and thereby con-
tributes to the conversion of host mRNA polysomes to pre-
dominantly viral mRNA polysomes in infected cells (56).
Cleavage of eIF4Gs by 2APro may abrogate some RNA-pro-
tein-protein-RNA bridges between the 5� and 3� termini of
mRNAs (18) while leaving intact other potential RNA-pro-
tein-protein-RNA bridges (21, 29). In addition to interactions
with the 5� cloverleaf, PCBPs interact with stem-loop 4 of the
PV IRES to mediate the initiation of translation (8, 9). PCBPs
may also contribute to RNA-protein-protein-RNA bridges be-
tween the 5� and 3� termini of PV mRNA (7, 21).

Eukaryotic mRNA translation and mRNA stability are co-
ordinately regulated (38). Because PV mRNA is converted
into a template for viral RNA replication following translation
(41), it is unlikely that regulated degradation of PV mRNA,
like that of host mRNAs, would be advantageous from the
perspective of the virus. Interactions between 5�- and 3�-ter-
minal RNP complexes appear to mediate and regulate both
mRNA translation and mRNA stability. eIF4GI and eIF4GII
are important scaffolding proteins that mediate interactions
between translation factors present at the 5� and 3� termini of
mRNAs (20, 49). eIF4G has domains for protein-protein in-
teractions with eIF4E, the cap binding protein, and poly(A)
binding protein (PABP) (23, 34). Deadenylation of mRNAs
can lead to 3�-to-5� mRNA degradation by the exosome (63,
64) or to decapping and degradation of mRNA by a 5� exonu-
clease (10). The mechanisms by which translation factors in-
teract with and regulate mRNA degradation machinery coor-
dinate with translation are actively under investigation (13, 14).

Cytoplasmic extracts from uninfected HeLa cells have been
used to create cell-free reaction mixtures capable of supporting
all of the metabolic steps of PV replication, including the
translation and replication of PV mRNA (3, 32). Similar ex-
tracts support the translation and replication of coxsackievirus
(65), rhinovirus (61), and encephalomyocarditis virus (58).
These reactions are advantageous because they faithfully re-
capitulate the conditions within infected cells, including syner-
gistic interactions between 5�- and 3�-terminal RNPs (59, 60),
thereby supporting detailed analyses of the sequential molec-
ular events associated with various steps of PV mRNA trans-
lation and replication (4, 6, 33, 35, 37, 53). In this study, we
used HeLa cell-free translation reaction mixtures to examine
the de novo formation of PV polysomes and the role of
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PCBP-5� cloverleaf RNA interactions during polysome forma-
tion. We examined de novo polysome formation coincident in
time with that needed for ribosomes to traverse the viral
mRNA open reading frame (ORF) and compared the kinetics
and magnitude of C24A PV mRNA stability, translation, and
polysome formation with that of wild-type PV mRNA. The
data provide evidence that PV mRNA within polysomes can be
degraded by 5� exonuclease and that PCBP-5� cloverleaf RNA
interactions are important before viral proteins like 2APro or
3CD have an opportunity to modify messenger RNP (mRNP)
complexes.

MATERIALS AND METHODS

PV mRNAs. cDNA clones encoding full-length PV mRNA [pT7-PV1(A)80]
(7), DJB1 mRNA with a four-base CUAG insertion at nucleotide 2474 [pT7-
PV1(A)80G2474�CTAG] (30), RNA2 mRNA (an efficient RNA replicon) with
an in-frame deletion of PV nucleotides 1175 to 2956 (11), and DJB14 mRNA
with deletions of nucleotides 630 to 6011 and nucleotides 6061 to 6516 (30) were
kindly provided by James B. Flanegan, University of Florida, Gainesville. A
C24A mutation was engineered into RNA2 as previously described (36).

PV mRNAs were made from MluI-linearized cDNA templates by T7 tran-
scription (Epicenter, Madison, WI). [�-32P]CTP was included to make radiola-
beled RNA when necessary. RNA was precipitated with 2.5 M ammonium
acetate, washed with ethanol, and quantified by UV absorption at 260 nm.

Cell-free translation reactions. PV mRNAs were programmed into reaction
mixtures containing cytoplasmic HeLa cell extracts as previously described (3, 5,
35). Reaction mixtures (10 to 300 �l) contained 50% (by volume) S10, 20% (by
volume) ribosomal salt wash-derived translation initiation factors, 10% (by vol-
ume) 10� nucleotide reaction mix (10 mM ATP, 2.5 mM GTP, 2.5 mM CTP or
2.5 mM UTP, 600 mM KCH3CO2, 300 mM creatine phosphate, 4 mg/ml creatine
kinase, and 155 mM HEPES-KOH [pH 7.4]), 2 mM guanidine hydrochloride,
and T7 transcripts of viral RNA at 50 �g/ml. Reaction mixtures were incubated
at 34°C for the indicated periods of time. When indicated, [35S]methionine
(Amersham, Piscataway, NJ) was included in reaction mixtures to radiolabel
proteins. Samples (1 �l) of reaction mixtures containing [35S]methionine were
precipitated with 5% trichloroacetic acid, collected on nitrocellulose filters, and
quantified by scintillation counting to determine the magnitude of protein syn-
thesis. Samples (1 to 4 �l) of reaction mixtures containing [35S]methionine were
also solubilized in sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) sample buffer (2% SDS [Sigma, St. Louis, MO], 62.5 mM Tris-HCl
[pH 6.8], 0.5% 2-mercaptoethanol, 0.1% bromophenol blue, 20% glycerol). The
samples were heated at 100°C for 5 min and separated by gel electrophoresis in
9 to 18% SDS-polyacrylamide gels. [35S]methionine-labeled proteins were de-
tected by phosphorimaging.

Polysomes. Sucrose gradients were prepared and samples were treated using
conventional protocols with minor modifications (19, 44, 51). Sucrose gradients
were prepared in 14- by 89-mm polypropylene tubes (Seton, Los Gatos, CA) by
layering 3 to 4 ml of 0.5 M sucrose on top of 7 to 8 ml of 1.5 M sucrose (0.5 or
1.5 M sucrose, 0.3 M NaCl, 10 mM Tris-HCl [pH 7.6], 10 mM MgCl2, 100 �g per
ml cycloheximide, and 100 �g per ml heparin) for a total volume of 11 ml. Tubes
were capped with parafilm and laid on their sides for 1 h at room temperature to
allow for gradient formation.

Cell-free translation reaction mixtures (300 �l) were diluted with an equal
volume of solution containing cycloheximide (0.1 M Tris-HCl [pH 7.6], 0.1 M
NaCl, 40 mM MgCl2, 0.5 M sucrose, 300 �g per ml cycloheximide, and 100 �g
per ml heparin) to stabilize polysomes and 1/10 volume of a 10� nonionic
detergent solution (5% Triton X-100, 121 mM sodium deoxycholate). Samples
were layered on top of the gradients and subjected to centrifugation at 36,000
rpm (�160,000 � g) for 3 to 3.5 hours at 4°C using an SW41 rotor (Beckman).
Sucrose gradients were fractionated using a BR-184 tube piercer and a syringe
pump (Brandel, Gaithersburg, MD), and a UA-6 UV detector (ISCO, Lincoln,
NE). Fluorinert FC-40 (ISCO) was pumped into the bottom of sucrose gradients
(3.0 pump speed, �1 ml per min), while plumbing at the top of the tubes carried
the gradient through the UV detector (sensitivity of 0.5, noise filter set at 1.5,
peak separator off, and chart speed of 150). Digital data (100 samples per
second) were captured during fractionation using a DI-158U USB data acquisi-
tion device (DATAQ Instruments, Akron, OH) connecting the UV detector to
a personal computer. The digital data were processed using WINDAQ/HS and
WINDAQ/XL software (DATAQ Instruments), and UV absorption at 254 nm

was plotted versus mobility (from top to bottom of sucrose gradients) using
Microsoft Excel.

Twenty 0.5-ml fractions were collected from each gradient. When 32P-labeled
viral RNA was used, it was detected by Cerenkov counting sucrose gradient
fractions. Total RNA within fractions of sucrose gradients was isolated by phe-
nol-chloroform extraction and ethanol precipitation, fractionated by electro-
phoresis in 1% agarose Tris-borate-EDTA buffer, stained with ethidium bro-
mide, and detected with UV light or by phosphorimaging for 32P-labeled viral
RNA. When [35S]methionine-labeled viral proteins were fractionated, the pro-
teins within sucrose gradient fractions were collected by methanol-chloroform
precipitation, solubilized in SDS-PAGE sample buffer, and fractionated by elec-
trophoresis in 9 to 18% polyacrylamide gels.

Western blots. Proteins fractionated by SDS-PAGE were transferred to Hy-
bond-P membranes (Amersham) using a constant current of 1.6 A for 1.5 h in
transfer buffer (25 mM Tris-HCl, 0.2 M glycine, 0.05% SDS, and 20% methanol).
Membranes were soaked for 1 h in blocking buffer (20 mM Tris-HCl [pH 7.6], 14
mM NaCl, 0.05% Tween 20, and 5.0% dry powdered milk) and then soaked
overnight with 1:1,000 dilutions of eIF4G (NH-terminal portion) rabbit poly-
clonal antibody (Ab) (AbCAM, Cambridge, MA), eIF4G (COOH-terminal por-
tion) mouse monoclonal Ab (BD Biosciences, San Jose, CA), PABP rabbit
polyclonal Ab (Cell Signaling, Danvers, MA), or PCBP1 (hnRNP E1) and
PCBP2 (hnRNP E2) goat polyclonal Abs (Santa Cruz Biotechnology, Santa
Cruz, CA) (primary Abs) diluted in blocking buffer. Membranes were soaked
with secondary Abs (1:10,000 goat anti-mouse Ab conjugated to horseradish
peroxidase [HRP; Sigma, St. Louis, MO], 1:25,000 donkey anti-rabbit Ab con-
jugated to HRP [Jackson ImmunoResearch, West Grove, PA], or 1:5,000 donkey
anti-goat Ab conjugated to HRP [Santa Cruz Biotechnology]) diluted in blocking
buffer, washed three times for 15 min each time with blocking buffer, and
developed using Lightning Plus chemiluminescence (Perkin Elmer, Waltham,
MA). Signals were detected using blue-light autoradiography film (ISC BioEx-
press, Kaysville, UT).

RESULTS

PV mRNA formed polysomes coordinate in time with the
elongation of ribosomes across the ORF. PV RNA2, an effi-
cient RNA replicon (11), was used to examine de novo poly-
some formation in cell-free reactions (Fig. 1). PV RNA2 has a
4,845-nucleotide-long ORF with an in-frame deletion of two
viral capsid proteins, VP2 and VP3 (Fig. 1A). PV RNA2
mRNA translated efficiently when incubated in cell-free trans-
lation reaction mixtures (Fig. 1B). Reaction mixtures without
viral mRNA did not make proteins (Fig. 1B) because micro-
coccal nuclease was used to degrade endogenous host mRNAs
in the cytoplasmic HeLa cell extracts used for the reaction
mixtures (3, 5). [35S]methionine incorporation into PV pro-
teins increased for 2 hours (Fig. 1B). SDS-PAGE revealed a
diffuse array of nascent PV polyprotein after 20 min of incu-
bation (Fig. 1C, lane 8). After 40 min of incubation, mature PV
proteins were clearly apparent (Fig. 1C, lane 9). 3CDPro, en-
coded at the 3� end of the viral ORF, is required for polypro-
tein processing. The size distribution of nascent PV polypro-
teins within reaction mixtures incubated for 20 min and the
absence of mature viral proteins like 3CDPro within reaction
mixtures incubated for 20 min support the conclusion that
ribosomes required just over 20 min to traverse the 4,845-
nucleotide-long ORF.

PV mRNA began to form polysomes immediately, and the
size of the polysomes increased over time (Fig. 2). The density
of ribosomes on each PV mRNA increased from 1 to 4 ribo-
somes per mRNA after 15 seconds of incubation to 4 to 10
ribosomes per mRNA after 20 min of incubation and then to
8 to 15 ribosomes on most mRNAs after 60 min of incubation
(Fig. 2B). As ribosome density increased above six to eight
ribosomes per mRNA, the resolution of incrementally larger
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polysomes was lost. By extrapolating polysome density coordi-
nate with the mobility of polysomes, we estimate that the
highest ribosome density on RNA2 was 15 to 20 ribosomes per
mRNA. Polysomes were not observed at any time point in
reaction mixtures without viral mRNA (Fig. 2B, mock reac-
tions). Rather, in mock reactions, a large amount of free pro-
tein and other material was detected by UV absorbance at the

top of the sucrose gradients followed by peaks of absorbance
for both 40S and 60S/80S ribosomal subunits (Fig. 2A).

PV mRNA and nascent polyproteins cofractionated with
polysomes. We used agarose gel electrophoresis to examine
the distribution of rRNAs (Fig. 3A) and the distribution of PV
mRNAs (Fig. 3B and C) in polysome gradients. As expected,
18S rRNA cofractionated with 40S ribosomal subunits and 28S
rRNA cofractionated with 60S/80S ribosomal subunits (Fig. 3,
mock infections). Proportionate amounts of 28S and 18S
rRNAs cofractionated with increasingly larger PV polysomes
after 15 seconds and 60 min of incubation (Fig. 3B, 15 sec and
60 min). The distribution and integrity of PV mRNA were
assessed by tracking the total amount of 32P in fractions of the
gradient (data not shown) and by agarose gel electrophoresis
(Fig. 3C). PV mRNA comigrated with free ribosomal subunits
and with nascent polysomes immediately after addition to re-
action mixtures (Fig. 3A to C, 15 sec). After 60 min of incu-
bation, a large portion of PV mRNA remained intact and

FIG. 1. Kinetics and magnitude of PV mRNA translation in cell-
free reaction mixtures. (A) Diagram of poliovirus (Polio) RNA2, a
replicon mRNA with an in-frame deletion of capsid proteins VP2 and
VP3. (B) Protein synthesis in cell-free reaction mixtures containing PV
RNA2 or no mRNA (mock) as measured by the incorporation (in cpm
per �l) of [35S]methionine into acid-precipitable material after 0, 20,
40, 60, 120, and 240 min of incubation. (C) Protein synthesis in cell-
free reaction mixtures containing [35S]methionine and PV RNA2
(lanes 7 to 12) or no mRNA (lanes 1 to 6) after 0 (lanes 1 and 7), 20
(lanes 2 and 8), 40 (lanes 3 and 9), 60 (lanes 4 and 10), 120 (lanes 5 and
11), and 240 (lanes 6 and 12) minutes of incubation as detected by
SDS-PAGE and phosphorimaging. Note that full-length polyproteins
corresponding to the ORF are evident by 20 min of incubation but that
mature proteins have just begun to appear (lane 8).

FIG. 2. PV mRNA formed polysomes coordinate in time with the
elongation of ribosomes across the ORF. (A) Cell-free reaction mix-
tures with or without PV RNA2 were incubated at 34°C for 15 seconds
or for 20, 40, or 60 minutes as indicated. Reaction products were then
separated by centrifugation at 36,000 rpm for 3 h in 0.5 M to 1.5 M
sucrose gradients as described in Materials and Methods. UV absor-
bance was monitored and plotted as the gradients were fractionated.
The top and bottom of sucrose gradients are indicated. (B) Polysome
traces of indicated time points superimposed to show the maturation
of PV polysomes over time. The UV traces from the portion of the
gradients with polysomes were cropped and magnified for clarity. In-
dividual peaks corresponding to smaller polysomes were clearly evi-
dent. The size of larger polysomes was estimated by natural logarith-
mic regression and extrapolation based on their mobility.
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comigrated with polysomes (Fig. 3A to C, 60 min). Based on
the amounts of 32P in each fraction of the gradient (data not
shown), approximately 25% of the PV mRNA programmed
into reaction mixtures was intact after 60 min of incubation.
The amounts of radiolabel in fractions 1 to 3 increased over
time and ran off the bottom of agarose gels, suggesting near
complete degradation by exonuclease, while a portion of PV
mRNA appears to be partially degraded in fractions 3 and 4
(Fig. 3C). After 60 min of incubation, the majority of intact PV
mRNA comigrated with polysomes (Fig. 3B and C).

SDS-PAGE revealed that nascent PV polyproteins comi-
grated with viral polysomes, while mature viral proteins frac-
tionated near the top of the gradients (Fig. 4). It is important

to note that reaction products were treated with Triton X-100
before fractionation on sucrose gradients (see Materials and
Methods); therefore, the dissociation of mature viral proteins
from the polysomes may be due in part to the nonionic deter-
gent treatment. A smear of nascent PV polyproteins comi-
grated with polysomes after 20 min of incubation, as ribosomes
were initially reaching the 3� terminus of the viral ORF (Fig. 4,
20 min, fractions 8 to 14). Sucrose gradients from mock reac-
tion mixtures had no polysomes (Fig. 2 and 3) and no smear of
polyproteins on SDS-polyacrylamide gels (data not shown).
Nascent PV polyproteins also comigrated with viral polysomes
after 60 min of incubation, while mature viral proteins accu-
mulated at the top of the gradient (Fig. 4).

The sizes of the PV polysomes correlated with the sizes of
the ORFs. We used PV mRNAs with variable-size ORFs to
more carefully examine ribosome density within PV ORFs
(Fig. 5). Wild-type PV mRNA has an ORF 6,627 nucleotides

FIG. 3. PV mRNA cofractionated with polysomes. Cell-free reac-
tions were programmed with 32P-labeled PV RNA2, and the reaction
mixtures were incubated at 34°C for 15 seconds or 60 minutes as
indicated. A reaction mixture without mRNA (Mock) was incubated
for 60 min. Reaction products were separated by centrifugation at
36,000 rpm for 3 h in 0.5 M to 1.5 M sucrose gradients as described in
Materials and Methods. (A) Polysomes were detected by continuous
UV absorbance as the gradients were fractionated. (B) RNAs from
sucrose gradient fractions 1 to 20 were separated by electrophoresis in
1% agarose, stained with ethidium bromide, and detected by UV light.
The mobility of PV RNA2 is marked with a white arrow. (C) 32P-
labeled poliovirus (Polio) RNA2 within the agarose gel was detected
by phosphorimaging.

FIG. 4. Nascent poliovirus (Polio) polyproteins cofractionated with
polysomes. Cell-free reactions containing [35S]methionine were pro-
grammed with PV RNA2, and the reaction mixtures were incubated at
34°C for 20 or 60 min as indicated. Reaction products were then
separated by ultracentrifugation in sucrose gradients, and the gradients
were fractionated (as described in the legends to Fig. 2 and 3). [35S]me-
thionine-labeled proteins from fractions 1 to 20 of the gradients were
separated by SDS-PAGE, and radiolabeled proteins were detected by
phosphorimaging.
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long, while PV RNA2 has an ORF 4,845 nucleotides long and
DJB14 mRNA has an ORF 819 nucleotides long (Fig. 5A). An
out-of-frame stop codon in DJB1 mRNA results in an ORF
1,758 nucleotides long (Fig. 5B). After 60 min of translation,
DJB14 mRNAs had a range of 1 to 3 ribosomes per ORF,
RNA2 had a range of 1 to �20 ribosomes per ORF, and
wild-type PV mRNA had a range of 1 to �30 ribosomes per
ORF (Fig. 5A). The predominant number of ribosomes per
ORF was 1 for DJB14 mRNA, �9 or 10 for RNA2, and �14
or 15 for wild-type PV mRNA (Fig. 5A). DJB1 mRNA had a
range of 1 to �10 ribosomes per ORF with a peak at 5 ribo-
somes per ORF (Fig. 5B). Thus, the density of ribosomes on
these mRNAs was variable over a limited range; however, a
majority of PV mRNAs had a ribosome every 250 to 500
nucleotides of ORF.

eIF4GI was cleaved rapidly after the elongation of ribo-
somes across PV ORFs. Western blots were used to examine
the integrity of eIF4GI during the translation of PV RNA2
(Fig. 6A and B). Antibodies that recognize NH-terminal (Fig.
7A) and COOH-terminal (Fig. 6B) cleavage fragments of
eIF4GI were used. eIF4GI was cleaved between 20 and 60 min
of incubation (Fig. 6A and B). eIF4GI remained intact in mock
reaction mixtures (data not shown). A small amount of 2APro

FIG. 5. The size of PV polysomes correlated with the size of ORFs.
Four PV mRNAs with variable-length ORFs were incubated for 60 min in
cell-free reaction mixtures. A reaction mixture without mRNA (Mock)
was incubated for 60 min. Reaction products were then separated by
centrifugation in sucrose gradients, and polysomes were detected by con-
tinuous UV absorbance (ABS) as the gradients were fractionated (as
described in Materials and Methods). The UV trace from the portion of
the gradients with polysomes was cropped and magnified for clarity.
(A) UV traces for reaction mixtures containing PV mRNA (ORF 6,627
nucleotides [nts] long), RNA2 mRNA (ORF 4,845 nucleotides long),
DJB14 mRNA (ORF 819 nucleotides long), and no mRNA (Mock). (B) UV
traces for reaction mixtures containing PV mRNA (ORF 6,627 nucleotides
long), DJB1 mRNA (ORF 1,758 nucleotides long), and no mRNA (Mock).

FIG. 6. eIF4GI was cleaved rapidly as PV polysomes assembled.
PV RNA2 was incubated for 0, 20, 40, 60, 120, and 240 min in cell-free
reaction mixtures as described in the legend to Fig. 1. Proteins from
the reaction mixtures were fractionated by SDS-PAGE and probed by
Western blotting with antibodies as described in Materials and Meth-
ods. The gels were probed by Western blotting with an eIF4GI poly-
clonal antibody that recognizes the NH-terminal portion of the eIF4GI
protein (eIF4GI NH) (A), eIF4GI monoclonal antibody that recognizes
an epitope within the COOH-terminal portion of the eIF4GI protein
(eIF4GICOOH) (B), and PABP rabbit polyclonal antibody (C).
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was released from the nascent RNA2 polyprotein by 20 min
(Fig. 1B, lane 8). As shown elsewhere (26), 2APro was respon-
sible for degradation of eIF4GI. PABP, a proteolytic target of
both 2APro and 3CPro (27, 28), was not cleaved as quickly or
completely as eIF4GI in our reaction mixtures (Fig. 6C).

PABP and the COOH-terminal portion of eIF4GI comi-
grated with PV polysomes. Because PABP and the COOH-
terminal portion of eIF4G are thought to be involved in PV
mRNA translation, we examined the distribution of these pro-
teins in polysome gradients (Fig. 7). A portion of both PABP
and the COOH terminus of eIF4GI comigrated with PV poly-
somes (Fig. 7, gradient fractions 9 to 14 correspond to the
mobility of polysomes as shown in Fig. 3 and 4). A large
amount of these proteins fractionated at the top of polysome
gradients (Fig. 7, polysome gradient fractions 1 to 3). eIF4GI
remained intact in mock reaction mixtures and fractionated
almost exclusively at the top of the polysome gradients (data

not shown). Likewise, PABP fractionated at the top of mock
reaction mixtures (data not shown). Thus, PABP and the
COOH terminus of eIF4GI cofractionated with PV polysomes.

PCBP 1 and 2 cofractionated with PV polysomes. Because
PCBP 1 and 2 interact with the 5�-terminal cloverleaf of PV
mRNA and PCBP 2 interacts with the PV IRES (8, 16, 46), we
used Western blots to determine whether PCBP 1 and 2 were
associated with PV polysomes (Fig. 7C). As would be pre-
dicted, a portion of PCBP 1 and PCBP 2 were found to co-
fractionate with PV polysomes (Fig. 7C).

PV mRNA with a C24A mutation in the 5� cloverleaf RNA
formed unstable polysomes. Previous investigations indicated
that PCBPs bound to the 5� terminus of PV mRNA (1, 16, 46)
and that a C24A mutation that inhibited this protein-RNA
interaction rendered PV mRNA susceptible to 5� exonuclease
(36). To examine how translation machinery interacted with
this unstable mRNA, we compared de novo polysome forma-
tion of PV mRNA with C24A PV mRNA (Fig. 8). C24A PV
mRNA was able to form polysomes in the time needed for
ribosomes to traverse the ORF; however, the quality and quan-
tity of C24A polysomes were not like those of wild-type PV
mRNA (Fig. 8B, 20 min). Furthermore, after 60 min of incu-
bation, C24A PV mRNA was no longer present in polysomes
(Fig. 8B, 60 min). Thus, PV mRNA with a C24A mutation was
able to transiently form polysomes coordinate in time with the

FIG. 7. PABP, the COOH-terminal portion of eIF4GI, and PCBPs
cofractionated with PV polysomes. PV RNA2 was incubated for 60
min in a cell-free reaction mixture as described in the legend to Fig. 5.
The reaction products were then separated by centrifugation in sucrose
gradients, and the gradients were fractionated (as in Fig. 2 to 4, in 20
0.5-ml fractions per gradient from top to bottom). Proteins from the
sucrose gradient fractions were separated by SDS-PAGE and probed
by Western blotting with antibodies as described in Materials and
Methods. Proteins from sucrose gradient fractions 1 to 8 were diluted
1:10 relative to proteins in sucrose gradient fractions 9 to 20 due to the
bulk of material near the top of the gradients. The gels were probed
with an eIF4GI monoclonal antibody that recognizes an epitope within
the COOH-terminal portion of the protein (eIF4GICOOH) (A), PABP
rabbit polyclonal antibody (B), and PCBP 1 antibody or PCBP 2
antibody as indicated (C).

FIG. 8. A C24A mutation at the 5� terminus of PV mRNA inhib-
ited de novo polysome assembly and stability. (A) Diagram of PCBP
interaction with the 5�-terminal cloverleaf RNA structure of PV
mRNA. (B) Cell-free reaction mixtures containing wild-type (wt) PV
RNA2, PV RNA2 with a C24A mutation, or no mRNA (Mock) were
incubated for 20 or 60 min as described in the legend to Fig. 1. The
reaction products were then separated by centrifugation in sucrose
gradients, and the gradients were fractionated (as described in the
legends to Fig. 2 to 4). The UV traces from the portion of the gradients
with polysomes were cropped and magnified for clarity.
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elongation of ribosomes across the ORF, but C24A mRNA
polysomes were smaller than wild-type polysomes and unstable
over time. These results indicate that PCBP-5� cloverleaf RNA
interactions are necessary for viral mRNA stability during de
novo polysome formation.

Ribohomopoly(C) competitor RNA rendered wild-type PV
mRNA unstable and prevented polysome formation. PCBP
interacts with two RNA elements within the 5� NTR of PV
mRNA, the 5� cloverleaf and the IRES (8, 15, 16, 46). We
previously established that ribohomopoly(C) competitor RNA,
like the C24A mutation, prevented PCBP from binding to the
PV 5� cloverleaf RNA and rendered PV mRNA susceptible to
5� exonuclease. Thus, as predicted, ribohomopoly(C) compet-
itor RNA rendered wild-type PV mRNA unstable [Fig. 9A,
note that the kinetics of PV mRNA instability in the presence
of ribohomopoly(C) correspond to the kinetics of C24A
mRNA instability] and prevented polysome formation by wild-

type PV mRNA (Fig. 9B). These data indicate that ribo-
homopoly(C) competitor RNA can prevent polysome forma-
tion by wild-type PV mRNA. Therefore, these data reinforce
the important roles of PCBP in both PV mRNA stability and
polysome formation.

The kinetics and magnitude of PV mRNA stability, transla-
tion, and polysome formation were indistinguishable in reac-
tion mixtures containing untreated or micrococcal nuclease-
treated HeLa S10 extracts. We compared the kinetics of
ribosomes loading onto PV mRNA in untreated and micro-
coccal nuclease-treated cell extracts because competition with
host mRNAs in untreated extracts could theoretically affect
the ability of PV mRNA to compete for translation and sta-
bility factors. Further rationale for this comparison is a recent
publication reporting phenotypic differences within reaction
mixtures containing micrococcal nuclease-treated or untreated
cellular extracts (55). Accordingly, we prepared untreated and

FIG. 9. Ribohomopoly(C) competitor RNA inhibited PV mRNA stability and polysome formation. (A) (Left) 32P-labeled wild-type (WT) or
C24A PV mRNA were incubated at 34°C for 0 to 240 min in cell-free reaction mixtures as indicated. (Right) 32P-labeled wild-type PV mRNA was
incubated in the presence and absence of 25 �g per ml ribohomopoly(C) competitor RNA. The amounts (in cpm per �l) of acid-precipitable PV
mRNA were plotted versus time of incubation. Note that ribohomopoly(C) competitor RNA rendered wild-type PV mRNA unstable, similar to
the kinetics of C24A mRNA instability. 32P-RNA, 32P-labeled RNA. (B) Cell-free reaction mixtures containing PV RNA2, PV RNA2 with a C24A
mutation, or no mRNA (Mock) were incubated for 20 or 60 min as described in the legend to Fig. 8. Ribohomopoly(C) competitor RNA (25 �g
per ml) was included in one reaction mixture containing wild-type (WT) PV mRNA. Reaction products were separated by centrifugation at 36,000
rpm for 3.5 h in 0.5 M to 1.5 M sucrose gradients as described in Materials and Methods. UV absorbance (ABS) was monitored and plotted as
the gradients were fractionated. The UV traces from the portion of the gradients with polysomes were cropped and magnified for clarity.
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FIG. 10. Comparison of wild-type (WT) and C24A PV mRNA stability, translation, polyprotein processing, and polysome formation in reaction
mixtures containing micrococcal nuclease-treated versus untreated HeLa S10 extracts. PV RNA2 (WT), PV RNA2 with a C24A mutation (C24A),
or no mRNA (Mock) was incubated for 0 to 240 min in cell-free translation reaction mixtures containing untreated or micrococcal nuclease-treated
HeLa S10 extracts as indicated. (A) PV mRNA stability. 32P-labeled wild-type and C24A PV mRNAs were incubated in reaction mixtures
containing untreated or micrococcal nuclease-treated HeLa S10 extracts. Acid-precipitable 32P-labeled PV mRNA (32P-RNA) is plotted versus
time of incubation. WT mRNA translated in micrococcal nuclease-treated (f) and untreated (�) HeLa S10, C24A mRNA translated in
micrococcal nuclease-treated (Œ) and untreated (‚) HeLa S10 are shown. (B) PV mRNA translation. Acid-precipitable [35S]methionine
accumulation plotted versus time of incubation. WT mRNA translated in micrococcal nuclease-treated (f) and untreated (�) HeLa S10, C24A
mRNA translated in micrococcal nuclease-treated (Œ) and untreated (‚) HeLa S10, and mock reactions without exogenous mRNA in micrococcal
nuclease-treated (F) and untreated (E) HeLa S10 are shown. (C) PV polyprotein processing. SDS-PAGE of [35S]methionine-labeled proteins from
mock infections, PV mRNA, or C24A mRNA reaction mixtures containing untreated or micrococcal nuclease-treated HeLa S10 extracts after 0,
20, 40, 60, 120, and 240 min of incubation. (D) PV polysome formation. 32P-labeled wild-type PV mRNA, C24A mRNA, or no mRNA (Mock)
were incubated for 20 or 60 min in reaction mixtures containing untreated or micrococcal nuclease-treated HeLa S10 extracts. Reaction products
were separated by centrifugation at 36,000 rpm for 3.5 h in 0.5 M to 1.5 M sucrose gradients as described in Materials and Methods. UV absorbance
(ABS) was monitored and plotted as the gradients were fractionated. The UV traces from the portion of the gradients with polysomes were
cropped and magnified for clarity. (E) 32P-labeled wild-type and C24A PV mRNA distribution in polysome gradients. 32P-labeled PV mRNAs from
all 20 sucrose gradient fractions in panel D above were separated by electrophoresis in 1% agarose and detected by phosphorimaging (as described
in the legend to Fig. 3).
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micrococcal nuclease-treated HeLa S10 extracts and measured
the kinetics and magnitudes of PV mRNA stability (Fig. 10A),
PV mRNA translation (Fig. 10B) and polyprotein processing
(Fig. 10C), and PV polysome formation (Fig. 10D). Further-
more, we examined the integrity and quantity of wild-type and
C24A PV mRNAs within PV polysomes formed in reaction
mixtures containing the untreated and treated S10 extracts
(Fig. 10E).

The magnitude of host protein expression from endogenous
host mRNAs was greater in reaction mixtures containing un-
treated S10 extracts than in reaction mixtures containing mi-
crococcal nuclease-treated S10 extracts (Fig. 10B, note the
magnitude of [35S]methionine incorporated into acid-precipi-
table material in mock reactions). [35S]methionine-labeled
host proteins were easily detected by SDS-PAGE from reac-
tion mixtures containing untreated S10, whereas host proteins
were nearly undetectable from reaction mixtures that had been
treated with micrococcal nuclease (Fig. 10C, SDS-PAGE of
treated and untreated mock reaction products in the top gel).
These data are consistent with the conclusion that micrococcal
nuclease treatments of S10 extracts digest host mRNAs, as
expected. PV mRNA stability, PV mRNA translation, and PV

polysome formation exhibited comparable kinetics and magni-
tudes in reaction mixtures containing either untreated or mi-
crococcal nuclease-treated S10 (Fig. 10A to D). These data are
consistent with the conclusion that competition of PV mRNA
for limiting factors with endogenous host mRNAs was minimal
in the cell-free reaction mixtures and that endogenous host
mRNAs have little impact on the ability of PV mRNA to form
functional polysomes in the reaction mixtures. The kinetics and
magnitudes of PV C24A mRNA stability, translation, and poly-
some formation were equally defective relative to wild-type PV
mRNA in reaction mixtures containing untreated and micro-
coccal nuclease-treated HeLa S10 extracts (Fig. 10A to D).
These data are consistent with the conclusion that endogenous
host mRNAs did not affect the phenotypes associated with the
C24A mutation in the 5� cloverleaf of PV mRNA. Agarose gel
electrophoresis revealed that PV mRNA within polysomes was
intact, that PV mRNA shifted to larger polysomes between 20
and 60 min of incubation, and that PV mRNA near the top of
sucrose gradients was progressively degraded into small RNAs
(Fig. 10E). The amounts of C24A PV mRNA within polysomes
from reaction mixtures incubated for 20 min were notably less
than the amounts of wild-type PV mRNA within polysomes,

FIG. 10—Continued.
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consistent with the defective stability of C24A PV mRNA (Fig.
10E). Furthermore, vanishingly small amounts of C24A
mRNA remained intact relative to the amounts of wild-type
mRNA after 60 min of incubation (Fig. 10E). These data
indicated that the integrity of PV mRNA correlated with the
ability of PV mRNA to form functional polysomes and that the
C24A mutation coordinately reduced mRNA stability and
polysome formation and stability.

DISCUSSION

In this study, we established experimental conditions to
study the de novo formation and maturation of PV polysomes.
The PV polysomes formed in HeLa cell-free reaction mixtures
were similar to those identified long ago in PV-infected HeLa
cells (48, 52). Viral mRNA and nascent viral proteins cofrac-
tionated with polysomes (Fig. 3 and 4), and the density of
ribosomes on viral mRNA (Fig. 5, ribosomes every 250 to 500
nucleotides of the ORF) was comparable to that on PV mRNA
within infected cells (57). A key technical advantage of PV
cell-free translation-replication reactions is the ability to syn-
chronize populations of viral RNA within particular steps of
replication and to examine the requirements for particular
molecules during the progression of metabolic events. Previ-
ously, we established experimental conditions to study the syn-
chronous and sequential replication of PV RNA (4) and used
such reactions to examine how seemingly distal RNP com-
plexes at the termini of PV mRNA are coordinately required
during the replication of viral RNA (7, 35).

Uncapped mRNAs are typically degraded by 5� exonuclease
(45); however, PV mRNA, which is naturally uncapped (22, 39,
40), is able to form stable polysomes (Fig. 8). Our experimental
results indicate that uncapped PV mRNA formed polysomes
coordinate in time with that needed for ribosomes to traverse
the ORF (Fig. 1 and 2), that eIF4GI was cleaved as polysomes
matured (Fig. 6), that the COOH terminus of eIF4GI required
for translation initiation comigrated with PV polysomes (Fig.
7A), and that a 5�-terminal RNP complex containing PCBP
was necessary for the formation and stability of PV polysomes
(Fig. 8 to 10). Previous investigations indicated that disruption
of the 5�-terminal RNP complex containing PCBP rendered
PV mRNA susceptible to degradation by 5� exonuclease (36).
The instability of nascent C24A PV mRNA polysomes sup-
ports the conclusion that nucleases, presumably XRN1, can
degrade PV mRNA within nascent polysomes and that
PCBP-5� cloverleaf RNA interactions prevent this degrada-
tion. The PCBP-5� cloverleaf RNA interaction was required
during the formation of polysomes (0 to 20 min of incubation),
before ribosomes traversed the PV ORF, before the synthesis
of viral protein 3CD, and before cleavage of eIF4GI by 2APro.
Therefore, PCBP-5� cloverleaf interactions are important dur-
ing de novo polysome formation and function independently of
viral protein 3CD, which forms RNP complexes associated
with the cloverleaf RNA that are required for steps of repli-
cation long after polysome formation (7, 30, 35). Because
PCBP-5� cloverleaf interactions are required to mediate viral
mRNA stability before the synthesis of viral protein 3CD, our
experimental observations are not compatible with the idea
that accumulating viral protein 3CD functions to recruit PCBP

to the 5� cloverleaf RNA from another binding site within the
IRES as suggested by others (15).

PV mRNA is converted into a template for viral RNA rep-
lication following translation (41); therefore, it would be ad-
vantageous for the viral mRNA to avoid the cellular mRNA
turnover machinery. Recently, discrete foci containing mRNA
degradation enzymes were identified in yeast (54) and in HeLa
cells (12, 24). These so-called P-bodies (mRNA processing
bodies) are thought to be localized sites for degradation of
cellular mRNAs. Furthermore, specific mRNA binding pro-
teins may target cellular mRNAs to P-bodies for degradation
(17), while other specific mRNA binding proteins like PCBP
stabilize mRNAs. PCBP is known to interact with CU-rich
sequences in the 3� NTR of globin mRNA, and these interac-
tions make globin mRNA one of the most stable mRNAs
identified (31, 66). PV mRNA is uncapped, localized within
endoplasmic reticulum membrane-associated polysomes, bound
by PCBP, and present within 2APro-modified mRNP complexes
containing the COOH-terminal portion of eIF4GI. Cofraction-
ation of the COOH-terminal eIF4G fragment with PV mRNA
polysomes (Fig. 7) is consistent with evidence that this portion
of eIF4GI mediates IRES-dependent translation initiation
(43). The NH-terminal portion of eIF4GI is dispensable for
IRES-dependent translation (43) and is not associated with PV
polysomes (data not shown). The NH-terminal portion of
eIF4G interacts with eIF4E, the cap binding protein of eIF4F,
and eIF4E in concert with eIF4E-T may be required for tar-
geting 5� capped mRNAs to P-bodies (2). Intriguingly, 2APro

activity contributes to increased stability of PV mRNA (25).
Ironically, the absence of a 5� cap on PV mRNA in conjunction
with 2APro activity may be part of the concerted mechanisms
that uncouple PV mRNPs from the cellular mRNA turnover
machinery.
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