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The poliovirus (PV) genome was manipulated by replacing its 2A-encoding sequence with the corresponding
sequence of coxsackie B4 virus (CBV4) or human rhinovirus type 2 (HRV2). In vitro translation of the resulting
chimeric PV genomes revealed a normal cis-cleavage activity for both heterologous 2Apro proteinases in the
chimeric PV polyproteins. However, only the genome containing the 2A-encoding sequence of CBV4 (PV/CBV4-
2A) yielded viable virus in transfected cells, producing a mixture of large and small plaques on HeLa cell
monolayers. The large-plaque variants were found to contain single-amino-acid mutations at a specific site
near the C terminus of the CBV4 2Apro protein. When the same single-amino-acid mutations were directly
introduced into the parental PV/CBV4-2A genome, chimeric viruses with a large-plaque phenotype and a
wild-type PV-like growth pattern were obtained upon transfection, an observation demonstrating that these
point mutations alone had a drastic effect on the growth of the PV/CBV4 chimeric virus. On the other hand,
the chimeric genome containing the 2A-encoding sequence of HRV2 (PV/HRV2-2A) produced a null phenotype
in transfected HeLa cells, although low-level replication of this chimeric genome was evident. We conclude that
only 2Apro of the more closely related enterovirus CBV4 is able to functionally substitute for that of PV in vivo,
and a subtle genetic modification of the CBV4 2Apro protein results in a drastic improvement in the growth of
the chimeric PV/CBV4-2A virus. In addition, this chimeric cDNA approach enabled us to dissect multiple
biological functions encoded by the 2Apro proteins.

Picornaviridae, a family of small, nonenveloped RNA vi-
ruses, is divided into the five genera Enterovirus, Rhinovirus,
Cardiovirus, Aphthovirus, and Hepatovirus (36, 43). The genus
Enterovirus includes polioviruses (PV), coxsackie A viruses,
coxsackie B viruses (CBV), and echoviruses, while the genus
Rhinovirus is divided into major and minor receptor group
rhinoviruses and consists of more than 100 distinct serotypes.
Despite their great divergence in tissue tropism and in the
disease syndromes that they produce, the enteroviruses and the
rhinoviruses share a striking similarity in virion structure, gene
organization, and replication cycle (36).
Typical of all the picornaviruses, the PV genomic RNA is a

positive-sense RNA of about 7,500 nucleotides, with a small
viral protein (VPg) and a poly(A) tail present at its 59 and 39
termini, respectively (20). Striking features of the 59 nontrans-
lated region of the viral RNA are that it is unusually long
(approximately 750 nucleotides) and highly structured and
possesses multiple noninitiating AUGs. Apart from a charac-
teristic 59-terminal cloverleaf structure, this region contains a
cis-acting element termed the internal ribosomal entry site
(IRES), which directs viral RNA translation in a 59-end- and
cap-independent manner (Fig. 1A) (16, 17, 33, 34, 43). The
virus expresses its genetic information from a single large open
reading frame that encodes a 247-kDa polyprotein, which is
divided into regions for the capsid precursor, P1, and the
noncapsid precursors, P2 and P3 (Fig. 1A). The initial cleavage
of the polyprotein occurs at the P1*P2 junction in cis by 2Apro

located at the N terminus of the P2-P3 precursor (41). Other
proteolytic cleavages are largely carried out by 3CDpro and/or
its processing product 3Cpro (12, 19, 31, 46), except the matu-
ration cleavage, which occurs by an unknown mechanism at the

VP4*VP2 junction during virus morphogenesis (3, 11). Signif-
icantly, in addition to their cleavage activities, both 2Apro and
3CDpro are found to play important roles in viral RNA repli-
cation (1, 2, 9, 13, 29, 47). It is not known, however, whether
the different functions of these viral proteins are accomplished
by independent functional domains or by domains involved in
proteolysis. This question is particularly perplexing in the case
of the viral 2Apro proteins, which are relatively small in size
and yet accommodate multiple essential functions during virus
proliferation (9, 27, 29, 47).
The 2Apro proteins of the enteroviruses and the rhinoviruses

are cysteine proteinases which share significant sequence ho-
mology to the trypsin-like small serine proteases (4, 8, 12).
Both genetic and biochemical studies suggest that 2Apro also
plays an essential role in the proteolytic degradation of the
large subunit eIF-4g (also known as p220) of the eukaryotic
translational initiation factor 4 (eIF-4), thereby causing a shut-
off of cap-dependent translation of cellular mRNAs (5, 21, 23,
24, 44). The inactivation of the cellular cap-dependent trans-
lational machinery facilitates the IRES-driven translation of
the viral open reading frame (43). In addition, recent studies
from a number of groups suggest that the 2Apro protein of PV
is involved in viral RNA replication (29, 47) and in the trans-
activation of IRES-driven translation (9). Moreover, the 2A-
encoding sequence of PV type 1, strain LS-a, contributes to the
mouse-neurovirulent phenotype of the virus (27). Apparently,
the 2Apro proteins of the enteroviruses and the rhinoviruses
have multiple functions that are essential at different stages of
viral proliferation. It has been difficult, however, to dissect
these functions from one another because the 2Apro proteins
are relatively small and their tertiary structures are unknown.
Sequence alignment of the enteroviruses and the rhinoviruses
reveals that the viral 2Apro proteins share significant overall
similarity while diverging in detailed structures (32). It is likely
that subtle structural differences can fine-tune the common
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functions encoded by these 2A proteins for each viral species.
Thus, comparison of the 2Apro proteins of different viruses by
a genetic approach may enable us to dissect the multiple func-
tions associated with these small proteins. Here we present
results concerning the engineering of chimeric PV constructs
in which the 2A-encoding sequence was replaced by those of
either coxsackie B4 virus (CBV4) or human rhinovirus type 2
(HRV2). Our data suggest that 2Apro of CBV4 could function-
ally replace that of PV, whereas that of the more distantly
related HRV2 could not. We show that PV genomes contain-
ing heterologous 2A-encoding sequences displayed different
translational activities in vitro, while the kinetics of proteolytic
processing of their translation products were indistinguishable

from those of the wild-type PV. In addition, point mutations in
the region encoding the CBV4 2Apro protein which conferred
a wild-type PV-like growth pattern to the PV/CBV4 chimeric
virus were identified.

MATERIALS AND METHODS
Cells, virus, and plasmids. HeLa R19 cell monolayers were maintained in

Dulbecco modified Eagle medium (DMEM) supplemented with 5% bovine calf
serum (BCS) at 378C. PV type 1 Mahoney [PV1(M)] and its derivatives were
used in this study. For virus amplification, HeLa cells were infected at a multi-
plicity of infection of 10 PFU per cell. The infected cells were incubated in
DMEM–5% BCS and harvested upon the appearance of the cytopathic effect
(CPE). After three cycles of freezing and thawing, the released virus was clarified
by low-speed centrifugation and concentrated by spinning at 30,000 rpm in a
Beckman 50.2 Ti rotor at 228C for 3 h. The virus pellet was resuspended in
phosphate-buffered saline (PBS).
pT7HRV2, a full-length HRV2 cDNA clone (39), and pCB4-P, a cDNA clone

of CBV4 (35), were generously provided by E. Kuechler and A. Ramsingh,
respectively. The 2A-encoding sequences of HRV2 and CBV4 were PCR am-
plified from the corresponding cDNAs. pT7PVM was a derivative of pT7XL, a
full-length cDNA clone of PV1(M) constructed in our laboratory.
Oligonucleotide primers. The primers used in this study were as follows:

primers 996 (59-GCG TGA CCA TTA TGA CCG-39), 16 (59-TGG TGA GCT
CCT TGG TG-39), 14 (59-CCA AGG AGC TCA CCA C-39), 3455 (59-GTT
ATA ATA ACT AGT GAG-39), 4578 (59-GCG GAG CTC ACT ACA GCT
GGC CCC-39), 4579 (59-GGC AGG CCT TGT TCT TCA GCA C-39), 4559
(59-CTT TCA GGC CTT GTT CCA TTG CAT CAT C-39), 4560 (59-CAA GGA
GCT CAC CAC CTA TGG CCC CTA TGG ACA TC-39), 4919 (59-CTA TAA
ATA AGG TTA CCT ACA TGA ACA TAC ATG TC-39), 2436 (59-GCA AAA
AGC GCT AGC ACA GGG G-39), 28 (59-GGC CAA GTG GTA GTT GC-39),
and 2007 (59-GAT CAC AAC CTG ACC AAG-39).
DNA manipulation. Escherichia coli DH5a was used for plasmid transforma-

tion and propagation. DNA cloning was accomplished by standard procedures
(37). The cloning enzymes and reagents were purchased from either New En-
gland Biolabs, Inc. (Beverly, Mass.) or Boehringer Mannheim Biochemicals
(Indianapolis, Ind.).
For the construction of a mutagenesis cassette for the 2A protein, pT7PVM

was modified to introduce a unique SacI site immediately upstream of the
2A-encoding sequence. Specifically, PCRs were carried out with oligonucleotide
primers 996 and 16 and 14 and 3455 to amplify the PV1(M) sequences corre-
sponding to nucleotides 2736 to 3381 (with a SacI site at the 39 end) and 3381 to
3997 (with a SacI site at the 59 end) of the PV genome, respectively. The two
PCR products were gel purified, digested with SacI, and ligated. The ligated
DNA fragment was further digested with BstEII and returned to pT7PVM,
giving rise to plasmid pT7S/2A/S. The SacI site and a previously introduced StuI
site (immediately downstream of the 2A-encoding sequence) constituted a 2A-
mutagenesis cassette.
To construct a chimeric PV genome containing the 2A-encoding sequences

from HRV2, the region encoding HRV2 2A was PCR amplified with primers
4578 and 4579, and the product was digested with SacI and StuI and cloned into
pT7S/2A/S to yield the chimeric cDNA pPV/HRV2-2A. Similarly, the CBV4 2A
sequence was generated by PCR with primers 4560 and 4559, digested with SacI
and StuI, and returned to pT7S/2A/S to produce pPV/CBV4-2A.
In vitro transcription, translation, and RNA transfection. For the production

of infectious RNA transcripts in vitro, 0.7 mg of the full-length construct was
linearized with PvuI downstream of the viral genome. RNA transcripts were
synthesized from the linear template DNA by use of T7 RNA polymerase in 100
ml of an in vitro reaction mixture described previously (42). RNA transcripts
were purified by phenol-chloroform extraction and ethanol precipitation. For
each RNA transcript, the optimal RNA concentration for in vitro translation was
determined as described previously (30). In vitro translation was performed at
the optimal RNA concentration in a 12.5-ml reaction system containing HeLa
S-10 extract, a translational master mixture, and 10 mCi of 35S translabel (Am-
ersham Corp., Arlington Heights, Ill.) (30). The reactions were carried out at
348C for up to 7 h. Sodium dodecyl sulfate (SDS)–12% polyacrylamide gels were
used to analyze the translation products according to the method of Laemmli
(22). To estimate the translational efficiency, autoradiograms of the SDS-poly-
acrylamide gel electrophoresis (PAGE) gels were generated by use of a densi-
tometer scan program [Scan Analysis (68000); Biosoft].
To perform transfection, HeLa R19 cells cultured on a 35-mm-diameter plate

were incubated with up to 10 mg of RNA transcript in the presence of 0.5 mg of
DEAE-dextran per ml in HeBSS buffer at room temperature for 30 min (26).
The transfection mixture was then removed, and the cells were cultured in 2 ml
of DMEM–2% BCS at 378C and harvested at the time points indicated in the
text.
Plaque assay and one-step growth curve. The infectivities of all the virus stocks

were titrated by plaque assay on HeLa R19 cell monolayers seeded on six-well
plates. Serial dilutions (10-fold) of virus stocks were made with PBS. Three
hundred microliters of each dilution was added to the monolayers and incubated
at room temperature for 30 min to allow binding of virus to the cells. The cells

FIG. 1. (A) Genotypes of the wild-type PV and the chimeric constructs
containing the heterologous 2A genes. Domains of the 59 nontranslated region
(NTR) are indicated by Roman numerals, and the noninitiating AUGs are
denoted by stars. P1 is the precursor of the capsid proteins; P2 and P3 are the
precursors of the noncapsid proteins. 1A, 1B, 1C, and 1D are capsid proteins
VP4, VP2, VP3, and VP1, respectively. Enlargements show the exchanged 2A-
encoding region in the chimeric constructs. (B) In vitro translation directed by
the wild-type and chimeric PV RNA transcripts. The translations were per-
formed in HeLa cell extracts by using the optimal RNA concentration for each
transcript, i.e., 16 ng/ml for the wild-type PV RNA, 40 ng/ml for PV/CBV4-2A
RNA, and 80 ng/ml for PV/HRV2-2A RNA. The translation products were
analyzed on SDS–12.5% polyacrylamide gels. Relative efficiencies of in vitro
translations of the three RNA transcripts, presented on the bottom of the
autoradiogram, were estimated by densitometry of the total translated proteins.
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were then overlaid with 2 ml of 1.4% Noble agar containing modified Eagle
medium–5% BCS and were incubated at 378C for 48 h. Virus plaques were
developed by staining with 1% crystal violet.
To measure one-step growth kinetics, virus was loaded onto 35-mm-diameter

HeLa R19 plates at a multiplicity of infection of 10 PFU per cell and the plates
were incubated at room temperature for 30 min to allow virus binding. Unbound
virus particles were removed by three rounds of washing with PBS. The infected
cells were cultured in 2 ml of DMEM–5% BCS at 378C and lysed at 0, 1, 2, 4, 6,
8, and 10 h postinfection. The virus titer in each cell lysate was determined by
plaque assay.
RNA isolation and reverse transcription PCR (RT-PCR). A 35-mm-diameter

plate of HeLa R19 cells, infected with PV or its derivatives at a multiplicity of
infection of 10 or transfected with up to 10 mg of RNA transcripts, was harvested
in 200 ml of lysis buffer (10 mM Tris, 1 mM EDTA, 0.5% Nonidet P-40, 100 mM
NaCl [pH 7.5]). Cellular debris was removed by spinning the lysate in a micro-
centrifuge for 2 min. The supernatant was mixed with 2 ml of 10% SDS, extracted
with phenol-chloroform, and precipitated with ethanol. Thirteen micrograms of
the isolated total RNA was reverse transcribed in 20 ml of a reaction mixture
containing 50 mM (each) deoxynucleoside triphosphates, 10 mM dithiothreitol, 2
U of avian myeloblastosis virus reverse transcriptase (Boehringer Mannheim
Biochemicals), and 100 pmol of a backward oligonucleotide primer (negative
sense). After a 60-min incubation at 428C, 10 ml of the reaction mixture was
mixed with 50 pmol of a forward primer (positive sense) and amplified with Pfu
DNA polymerase (Stratagene, La Jolla, Calif.) as described previously (26). The
final products were analyzed on 1% agarose gels.
Isolation and characterization of large-plaque variants. HeLa cells were

transfected with 5 to 10 mg of RNA transcripts derived from pPV/CBV-2A and
lysed by three cycles of freezing and thawing upon the onset of CPE. The viral
infectivity in the lysate was titrated on HeLa cell monolayers by plaque assay.
Prior to staining, large plaques were individually picked up with 27G1/2 needles
and inoculated onto fresh 35-mm-diameter HeLa R19 cell plates for virus ex-
pansion. The viruses harvested from the expansion were stored at 2808C as
stocks of large-plaque variants. To characterize the 2A-encoding region of these
variants, total RNA was isolated from cells that were infected for 6 h with the
large-plaque variants of PV/CBV4-2A. RT-PCRs were performed with oligonu-
cleotide primers 2007 and 3455 to amplify the sequences corresponding to
nucleotides 3250 to 3996 of the viral genomes. The 750-bp PCR fragments were
digested with SacI and StuI and returned to pT7S/2A/S. The 2A-encoding re-
gions of the resulting clones were sequenced, and any mutations thus identified
were further confirmed by sequencing DNA fragments obtained from indepen-
dent RT-PCRs. The effect(s) of these mutations was examined by characterizing
the in vitro translation of the respective RNA transcripts and the growth phe-
notypes of the viruses generated from these cDNA clones.
Rescue assay. Rescue of the nonviable PV/HRV2-2A RNA by the wild-type

PV RNA was tested by cotransfection of HeLa cells with the two RNAs. Spe-
cifically, 35-mm-diameter HeLa cell plates were transfected with 5 mg of either
the wild-type PV RNA or PV/HRV2-2A RNA or with a mixture of the two RNA
species (5 mg each). The transfected cells were washed with 2 ml of DMEM three
times and then cultured in 2 ml of DMEM–2% BCS at 378C. The cells were lysed

in 200 ml of the lysis buffer at 2 and 16 h posttransfection. In parallel, transfected
cells were harvested at 20 h after transfection and the cell lysates were inoculated
onto fresh 35-mm-diameter HeLa cell plates. At 7 h after inoculation, the cells
were lysed in 200 ml of the lysis buffer. Total RNAs were extracted from the
transfected or inoculated cells and used as templates for RT-PCR. Primers that
specifically anneal with the 2A-encoding sequences of PV (primer 28) or HRV2
(primer 4919) were used to differentiate signals from the helper RNA and the
PV/HRV2-2A RNA (see Fig. 8).
The percentage of cells simultaneously taking up two RNA species in a co-

transfection assay was determined as follows. Five micrograms of the wild-type
PV RNA was transfected into cells in a 35-mm-diameter HeLa cell plate, with or
without the presence of 5 mg of a nonviable PV mutant. The nonviable PV
mutants used in this study were PV/HRV2-2A and PVM-PvuII; the latter has a
450-nucleotide truncation at the 39 terminus of the PV genome which abrogated
RNA replication. The cells were lysed at 5 h posttransfection, and the virus titer
in each lysate was estimated by plaque assay. Approximately 90% reduction in
wild-type PV production was observed for cotransfection of the wild-type PV
RNA with either PV/HRV2-2A or PVM-PvuII RNA, indicating that cotransfec-
tion was efficient in this study. The reduction in wild-type PV production was not
obvious when the cells were harvested at 10 or 20 h postcotransfection.

RESULTS

The wild-type and chimeric PV genomes exhibit differential
translational efficiency in vitro. The 2Apro proteins of the
enteroviruses and the rhinoviruses, originally identified as the
viral proteinases involved in viral polyprotein processing, en-
code multiple functions that are vital to virus proliferation. It is
not clear, however, if the proteinase activity of 2Apro is indis-
pensable for functions unrelated to proteolysis. Given the
small size of these proteins, it is difficult to dissect functional
domains of the 2Apro proteins by biochemical approaches.
Nevertheless, sequence alignment of the 2Apro proteins of
PV1(M), CBV4, and HRV2 revealed that the C-terminal por-
tions of the proteins are strikingly conserved, whereas the
N-terminal and central portions are more or less variable (Fig.
2). Compared with that of CBV4, 2Apro of HRV2 is more
distantly related to that of PV1(M). The structural divergence
may reflect a need to interact with other cognate viral proteins
even though the cis-cleavage function of 2Apro remains the
same. It was therefore of interest to examine whether the
2A-encoding sequence of CBV4 or HRV2 could functionally

FIG. 2. Amino acid alignment of the 2A proteins of PV1(M), CBV4, and HRV2. Identical residues are shaded with black, and conserved residues are shaded with
gray. Missing amino acids are indicated by black dots. Amino acid positions are given at the end of each line. The alignment is in accordance with that of Palmenberg
(32).
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replace that of PV1(M). It was anticipated that such replace-
ments would produce viral phenotypes whose properties might
reveal further 2Apro activities.
To facilitate the genetic manipulation of PV 2Apro, a mu-

tagenesis cassette was engineered by introducing two unique
restriction sites flanking the 2A-encoding region in the full-
length cDNA clone of PV1(M). The virus generated from this
cassette had a growth phenotype that was indistinguishable
from that of wild-type PV1(M) (data not shown), indicating
that the newly introduced restriction sites did not interfere
with the growth of the virus in vivo. The 2A-encoding region of
PV was then replaced by the corresponding sequence of CBV4
or HRV2 (Fig. 1A). The resultant chimeric PV constructs were
designated PV/CBV4-2A and PV/HRV2-2A, and they shall be
abbreviated hereafter as P/C-2A and P/R-2A, respectively. In
vitro translation of the RNA transcripts was performed to test
whether the heterologous 2Apro proteins would have any ef-
fects on PV RNA translation in general and on the cis cleavage
of the viral polyprotein in particular. It was observed that in a
HeLa cell-derived in vitro translation system (30), optimal
translation was achieved when the RNA concentration was 16
ng/ml for the wild-type PV RNA, 40 ng/ml for P/C-2A RNA,
and 80 ng/ml for P/R-2A RNA. At their respective optimal
RNA concentrations, the protein profiles of the in vitro trans-
lations were very similar for the three RNA species, and as
expected, differences were observed in particular in the migra-
tion of the respective 2Apro polypeptides (Fig. 1B). However,
the relative translational efficiencies of the three RNAs in vitro
were significantly different; the ratio of the translation prod-
ucts of wild-type PV, P/C-2A, and P/R-2A RNAs was approx-
imately 2.5:2:1, as estimated by densitometry of the total pro-
teins translated (Fig. 1B; also see below). It is noteworthy that
viral protein 3CD barely accumulated in P/R-2A translation
and was disproportionally decreased in P/C-2A translation. In
addition, the position at which P2 migrates also exhibited het-
erogeneity among the three constructs (Fig. 1B). These data
imply that the exchange of 2Apro sequences also resulted in
some minor changes in proteolytic processing of the P2 and P3
proteins.
Kinetics of protein translation and processing directed by

the wild-type and chimeric PV genomes in vitro. The reduced
translational efficiency of P/C-2A and P/R-2A RNAs could be
due either to defects in their translational initiation or to in-
efficient cis cleavage by the heterologous 2Apro. We therefore
tested the possible effects of these foreign 2Apro proteins on
the kinetics of translation and proteolytic processing in the
HeLa cell extract. In vitro translation was performed with the

optimal RNA concentrations for each RNA. The reactions
were stopped at different time points, and the translation prod-
ucts were analyzed by SDS-PAGE. As shown in Fig. 3, the
capsid precursor P1 was one of the earliest viral proteins ap-
pearing in all three translation reactions, indicating that the
2Apro proteinases of HRV2 and CBV4 were as efficient as that
of PV1(M) in cis cleavage of P1 from the polyproteins. In
addition, the kinetics of translation directed by the wild-type
and chimeric PV RNAs were indistinguishable, whereas the
quantities of the translation products were significantly differ-
ent, as pointed out earlier. In all three cases, the progression of
proteolytic processing by 3CDpro or 3Cpro was largely unaf-
fected, and the translation reactions were finished within 5 h of
incubation at 348C. These data demonstrate that the replace-
ment of the 2Apro of PV with that of CBV4 or HRV2 did not
result in obvious alteration in the kinetics of viral protein
translation or 2Apro-mediated cis cleavage. Instead, it appears
that the predominant effect of the 2Apro replacement was the
reduction of the rate of translational initiation.
In vivo phenotypes of P/C-2A and P/R-2A. To examine

whether the 2Apro protein from HRV2 or CBV4 could func-
tionally replace its counterpart in PV1(M) in vivo, the RNA
transcripts from the wild-type PV and the two chimeric con-
structs were transfected into HeLa cells. CPE was scored at
approximately 20 h posttransfection for the wild-type PV RNA
and at approximately 24 h posttransfection for the P/C-2A
RNA. Transfection with the P/R-2A RNA, however, did not
induce detectable CPE even after prolonged incubation.
Plaque assays of the cell lysates from each transfection re-
vealed that both the wild-type PV and the P/C-2A RNAs pro-
duced viable viruses, an observation indicating that 2Apro of
CBV4 could functionally mimic that of PV1(M) in vivo (Fig.
4). Labeling of protein synthesized in infected cells indicated
that both wild-type PV and the P/C-2A chimera completely
inhibited host protein synthesis at 3.5 h postinfection (data not
shown), an observation suggesting that CBV4 2A translated
from the chimeric genome was capable of inducing p220 deg-
radation. In fact, available evidence suggests that purified
2Apro proteins of CBV4 and HRV2 are able to cleave p220 in
vitro (23). We thus assume that these 2Apro proteins, when
expressed from their respective chimeric genomes, would be
functional in the induction of p220 cleavage as well as the
consequent shutoff of host protein synthesis. Nevertheless, the
P/R-2A chimera failed to produce any viable virus in transfec-
tion assays. This phenomenon substantiates the notion that the
divergence in sequence may result in functional incompatibility
between the 2Apro proteins of PV1(M) and HRV2. It is note-
worthy that there is a correlation between viability and the
efficiency of in vitro translation of the three viral RNA tran-
scripts, which could be interpreted as supporting previous re-

FIG. 3. Kinetics of protein synthesis and processing directed by the RNA
transcripts of PV/CBV4-2A, PV/HRV2-2A, and the wild-type PV [PV(M)] in a
HeLa cell-derived in vitro translation system. Translations were performed at the
optimal RNA concentration for each RNA at 348C for 1 to 5 h. The protein
products were analyzed by SDS–12.5% PAGE.

FIG. 4. Phenotypic comparison of the plaques derived from cDNA clones of
PV1(M), PV/CBV4-2A, and PV/HRV2-2A. HeLa cell monolayers were infected
with lysates derived from cells transfected with the respective RNA transcripts.
After a 48-h incubation at 378C, plaques were developed by staining the mono-
layers with 1% crystal violet.
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sults indicating that the 2Apro proteins play a role in cap-
independent translation driven by the picornavirus IRES
elements (9). However, it is unlikely that the null phenotype of
the chimera P/R-2A resulted solely from inefficient transla-
tional activation of P/R-2A RNA by the heterologous HRV2
2A protein.
Rapid emergence of large-plaque variants from the P/C-2A

chimera. Plaque assays showed that viruses emerging from
transfection of P/C-2A RNA displayed a mixed population of
plaques, the large plaques being indistinguishable from those
of wild-type PV1(M) (Fig. 4). The small-plaque-phenotype
virus disappeared within two additional passages of the chi-
meric virus through cultured cells. The rapid emergence of
large-plaque variants from the P/C-2A chimera implied that
certain genetic events, most likely point mutations, may have
occurred during viral replication. To access the molecular mech-

anisms underlying the growth improvement of the P/C-2A chi-
mera, seven of the large-plaque variants were plaque purified
for further characterization. The entire 2A-encoding regions of
these variants were amplified by RT-PCR. Sequence analysis
of the PCR fragments revealed that each of the variants had a
mutation at amino acid 146 of CBV4 2A (Fig. 5). Three of the
seven variants at this position mutated from an aspartate to a
glycine, two mutated to a tyrosine, and the remaining two
mutated to a valine. It is interesting that the mutations oc-
curred at a specific site in a highly negatively charged motif. In
all the cases, the mutations resulted in a change of the third
charged amino acid (Asp-146) of this motif to a noncharged
residue. Besides one silent mutation found in variant P/C-2A-
L3R (data not shown), no other changes were observed in the
2A-encoding regions of these large plaque variants.
Point mutations in CBV4 2A promote the replication of the

P/C-2A chimera. To determine whether the point mutations
found in CBV4 2Apro of the large-plaque P/C-2A variants are
the sole cause for the improved replication properties of the
chimeric virus, the 2A-encoding regions of the seven large-
plaque P/C-2A variants were separately used to replace the
equivalent sequence in the wild-type PV1(M) cDNA. All the
resulting reconstructed chimeric PV clones (P/C-2A-L1R to
-L7R) contained a CBV4 2A-encoding sequence plus point
mutations at the 146th codon of CBV4 2A. In vitro translation
of the resulting RNAs revealed that none of the point muta-
tions significantly affected translational efficiency or the kinet-
ics of protein translation and processing (Fig. 6). RNA tran-
scripts derived from these constructs were transfected into
HeLa cells. It was observed that all of them produced CPE at
approximately 20 h posttransfection. This was identical to the
time at which wild-type PV RNA produces CPE, but it was 4 h
faster than the time for the original P/C-2A RNA. The viruses
derived from these constructs produced wild-type PV-like
large plaques on HeLa cell monolayers (data not shown), in
contrast to the mixed plaques produced by the parental P/C-2A
chimera. In addition, one-step growth analysis demonstrated
that these point mutations promoted the growth rate of the
P/C-2A chimera to a level which was similar to that of PV1(M)

FIG. 5. Point mutations detected in large-plaque variants (PV/CBV4-2A-
L1R to -L7R) of the PV/CBV4-2A chimera. The nucleotide sequences (upper
lines) and the amino acid sequences (lower lines) corresponding to the carboxyl-
terminal portions of the viral 2A proteins are aligned according to the scheme of
Palmenberg (32). Point mutations are indicated by bold letters. Missing nucle-
otides and amino acids are represented by black dots.

FIG. 6. Kinetic analysis of protein synthesis and processing directed by the
RNA transcripts of PV/CBV4-2A-L1R, -L2R, and -L4R cDNAs. The in vitro
translations were performed at the optimal RNA concentration (40 ng/ml) at
348C for 1 to 5 h in a HeLa cell extract. The translation products were analyzed
on SDS–12.5% polyacrylamide gels. PV/CBV4-2A-L1R, -L2R, and -L4R bear a
point mutation at amino acid 146 of the CBV4 2A protein, as illustrated in Fig. 5.

FIG. 7. One-step growth curves of wild-type PV and the PV/CBV4-2A chi-
mera and its large-plaque variants in HeLa cells. Cells were infected at a mul-
tiplicity of infection of 10 and were harvested at 0, 1, 2, 4, 6, 8, and 10 h
postinfection. The virus titer of each sample was determined by a standard
plaque assay.
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(Fig. 7). These observations strongly argue that the point mu-
tations in CBV4 2Apro were necessary and sufficient to confer
the improved growth property of the P/C-2A variants.
P/R-2A could not be rescued by cotransfection with the

wild-type PV RNA. We have shown that the exchange of the
2A-encoding sequence of PV with that of HRV2 significantly
reduced the translation efficiency of the viral RNA in vitro and
yielded a null phenotype upon transfection. It was of interest to
know whether the nonviable P/R-2A RNA could be rescued
and encapsidated by cotransfection with wild-type PV RNA. If
the 2A proteins can be supplemented in trans, then the 2Apro

protein of wild-type PV would be able to promote the repli-
cation of P/R-2A RNA, presumably by a mechanism of in-
tergenomic complementation (6, 43). We therefore cotrans-
fected cells with equal amounts (5 mg) of the RNAs of the
wild-type PV and the P/R-2A chimera, and in control experi-
ments, cells were transfected with the RNA of either species.
The transfected cells were lysed at 2 and 16 h posttransfection.
In parallel, to examine any possible encapsidation of the
P/R-2A RNA, the transfected cells were harvested at 20 h
posttransfection and the lysates were subsequently inoculated
onto fresh HeLa cells which were lysed at 7 h after the inoc-
ulation. Total RNA of each sample was analyzed by RT-PCR
using either PV 2A-specific or HRV2 2A-specific primers. Am-
plification of viral sequences using a common primer (oligo-
nucleotide 2436 anneals with the VP3-VP1 junction of PV) and
a PV 2A-specific primer (oligonucleotide 28) revealed that
there was no detectable level of PV RNA accumulation at 2 h

posttransfection (Fig. 8A, lanes 5 to 7) but a significant level of
PV RNA replication at either 16 h posttransfection (lanes 8
and 10) or 7 h after inoculation with the transfected cell lysates
(lanes 11 and 13). RT-PCR using primer 2436 and an HRV2
2A-specific primer (oligonucleotide 4919), on the other hand,
revealed no detectable level of the P/R-2A chimeric RNA at 2
h posttransfection (Fig. 8B, lanes 5 to 7) and a weak band of
the expected size (970 bp) at 16 h posttransfection with either
the P/R-2A RNA alone or a mixture of the P/R-2A RNA and
the wild-type PV RNA (lanes 9 and 10). No PCR products
were detected in cells inoculated with the transfected cell ly-
sates. These observations suggest that the P/R-2A chimeric
RNA was capable of replicating itself to a low, but detectable,
level. However, cotransfection with the wild-type PV RNA did
not significantly promote the replication of the chimera. Fur-
thermore, low-level replication of the chimeric P/R-2A RNA
did not lead to a detectable level of encapsidation by the capsid
proteins that were expressed either from its own genome or
from the cotransfected wild-type PV genome.

DISCUSSION

All primary translation products of PV are generated in
equimolar amounts, a strategy that could be viewed as wasteful
since only the capsid proteins are needed in large excess over
the nonstructural proteins. However, PV, like many other
RNA viruses, uses precursors as well as end products of the
proteolytic processing pathway for different functions. For ex-
ample, the virus-encoded proteinase 3CDpro is not just a pro-
teinase but also a cofactor in various steps of genome replica-
tion (1, 2, 10, 13, 19, 45).
Similarly, PV 2Apro has numerous different functions: as a

proteinase, as a translational trans activator, and as a compo-
nent in viral RNA replication (9, 21, 27, 29, 31, 44, 47). We
have used a strategy to replace the PV 2Apro-encoding se-
quence in the viral genome with picornavirus 2Apro sequences
that are related, but not identical, to that of PV, hoping that
the genetic exchange of the proteins would reveal phenotypes
indicative of one or another function of picornavirus 2A pro-
teins. We have chosen the 2A-encoding sequences of the en-
terovirus CBV4 and the rhinovirus HRV2, which are 66 and
50% homologous to PV 2Apro, respectively.
Common to the enteroviruses and the rhinoviruses is the

speed at which the P1 region is severed from the nonstructural
P2-P3 regions, a reaction thought to occur cotranslationally
(12, 14). Available evidence suggests that the cleavage employs
a cis mechanism (15). The cleavage site at the P1*P2 junctions
(i.e., P1*2Apro) of the PV polyprotein is LtTY*GfGh, where
the capital letters represent residues conserved among PV
strains (15). In contrast, the corresponding CBV4 cleavage site
is LITT*GPYG (18), and that of HRV2 is ITTA*GPSD (38).
In the constructs described here, the P1*P2 junctions are chi-
meric, being LTTY*GPYG for P/C-2A and LTTA*GPSD for
P/R-2A. It is noteworthy that the heterologous 2Apro protein-
ases process the chimeric cleavage sites in P/C-2A or P/R-2A
as efficiently as the homologous 2Apro does in wild-type PV
polyprotein. This observation supports previous conclusions
that the cis cleavage signal at the P1*P2 junction does not pose
stringent sequence conditions for processing (15, 38).
Whereas the general efficiencies of proteolytic processing

are comparable between the wild-type and the chimeric con-
structs (Fig. 3), the efficiencies of translation are not (Fig. 1B).
Currently, we cannot explain this phenomenon, but it is ap-
pealing to speculate that it may be attributable to the role of
the 2Apro protein as a translational activator in trans (9). Un-
fortunately, the mechanism of 2Apro-mediated translational

FIG. 8. Attempt to rescue nonviable mutant PV/HRV2-2A by cotransfection
with the wild-type PV RNA. The cells were transfected with 5 mg of either
PV/HRV2-2A RNA or the wild-type PV RNA or with a combination of the two
RNA species. Cells were lysed at 2 h (lanes 5 to 7) or 16 h (lanes 8 to 10) after
transfection or at 7 h after inoculation with the lysates of the transfected cells
(lanes 11 to 13). Total RNA was purified and reverse transcribed by using primer
3455. A PV-specific primer (A) and an HRV2 2A-specific primer (B) were used
in PCRs to selectively amplify wild-type PV RNA and PV/HRV2-2A RNA,
respectively. The RT-PCR products were analyzed on 1% agarose gels, and sizes
of the products are indicated.
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activation has not been studied in detail. Second site mutations
mapping in PV 2Apro have been isolated in response to muta-
tions in domain V of the PV IRES (Fig. 1A), a result that has
been interpreted as indicating possible interactions between
2Apro and the IRES element (28). It is possible, therefore, that
neither the CBV4 2A protein nor the HRV2 2A protein can
perform efficient translational activation leading to wild-type
PV-level protein translation from the chimeric genomes.
Transfections of PV/CBV4-2A RNA yield a progeny virus

population with mixed plaque phenotypes. It has not been
possible to isolate virus consisting only of the small-plaque
phenotype because of rapid genetic variation. Sequence anal-
ysis of several plaque-purified viruses with the large-plaque
phenotype consistently revealed a change of the amino acid
which is 5 residues upstream of the chimeric 2A*2B junction
(Fig. 5). These point mutations, however, did not significantly
affect 3Cpro-mediated cleavage at the chimeric junction. The
3Cpro proteinases of PV, CBV, and HRV recognize a consen-
sus P5-P4-P3-P2-Q*G signal, where the residues at the P5, P3,
and P2 positions are variable while the P4 position has a
prevalence of alanine or other small aliphatic residues (6a, 7, 8,
25, 31). The point mutations detected in the large-plaque vari-
ants of P/C-2A mapped to the P5 position of the 2A*2B junc-
tion, and as expected, none of them significantly affected the
3Cpro-mediated cleavage at this site. It is noteworthy, however,
that these point mutations occurred within an acidic motif,
E-E/D-E/D-A-M-E-QCOOH, that is highly conserved among
enteroviruses. Surprisingly, the aspartic acid in the large-
plaque variants of P/C-2A (indicated above by the bold letter
D) was changed to three different noncharged amino acids.
Clusters of highly charged amino acids may be located at the
surface of a protein and thus participate in interactions with
other proteins. The mutations in CBV4 2Apro of the large-
plaque variants of P/C-2A may modify such interactions,
thereby improving the binding of CBV4 2Apro to its nonnative
partner(s), a PV polypeptide(s). In any event, in spite of the
34% sequence heterogeneity between CBV4 and PV 2Apro

proteins, the point mutations elevate the replication of the
P/C-2A chimera to the wild-type PV level in cultured cells. The
wild-type-like replication phenotype of the chimera variants
did not result from improved translation efficiencies of the
chimeric RNA, because in vitro translation indicated that the
efficiencies of translation of the large-plaque P/C-2A variant
RNAs in a HeLa cell extract remained lower than that of the
wild-type PV RNA. Thus, we propose that the point mutations
may exert their effect, possibly via an interaction with PV
polypeptides, on other biochemical processes, most likely in-
cluding genome replication.
Given the extent of sequence heterogeneity, it was perhaps

not surprising that P/R-2A RNA expressed a null phenotype.
Sequence alignments indicate that the C termini of HRV 2Apro

proteins lack 4 amino acids compared with those of the en-
teroviruses, although an acidic motif has been preserved (EE -
- - - QCOOH). Sommergruber et al. (40) have reported that the
C terminus of HRV2 2Apro can be truncated by up to 6 resi-
dues without losing its cis-cleavage activity. It is possible, there-
fore, that the lesion leading to the null phenotype of the
P/R-2A chimera resides in macromolecular events other than
2A-mediated protein processing. In vitro translation of P/R-2A
RNA revealed minor alterations in the processing of the P2
proteins, which could also contribute to the defects in replica-
tion of this chimera. Rescue of the P/R-2A construct by co-
transfections with wild-type PV RNA was unsuccessful. In con-
trast, a PV mutant bearing a lesion in the 2A region, which is
defective in the inhibition of host cell translation, can be res-
cued by genetic complementation (6). One possible explana-

tion for this discrepancy is that HRV2 2Apro may have multiple
functional defects (e.g., translational activation and RNA rep-
lication) in the replication of the P/R-2A chimera, whereas the
2Apro mutant studied by Bernstein et al. was found to be
defective only in the inhibition of host cell translation. The
multiple defects of the HRV 2Apro within a PV polyprotein
may not be fully complemented by wild-type PV 2A provided
in trans. In addition, the level of genome replication was very
low in transfections with P/R-2A RNA, and so far, we have
failed in numerous attempts to isolate viable variants from this
construct. Nevertheless, these studies have allowed us to sep-
arate 2A-related functions, and they may allow us to engineer
an HRV2 2Apro that will allow efficient PV genome replication
and encapsidation.
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