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The viral RNA-dependent RNA polymerase (3Dpol) is highly conserved between the closely related entero-
viruses poliovirus type 1 (PV1) and coxsackievirus B3 (CVB3). In this study, we generated PV1/CVB3 chimeric
polymerase sequences in the context of full-length poliovirus transcripts to determine the role of different
subdomains within the RNA-dependent RNA polymerase of PV1 that are required for functions critical for
RNA replication in vitro and in cell culture. The substitution of CVB3 sequences in the carboxy-terminal
portion (thumb subdomain) of the polymerase resulted in transcripts incapable of RNA replication. In
contrast, three of the seven chimeras were capable of synthesizing RNA, albeit to reduced levels compared to
that of wild-type PV1 RNA. Interestingly, one of the replication-competent chimeras (CPP) displayed an
inability to generate positive strands, indicating the presence of amino-terminal sequences within the 3D
polymerase and/or the 3D domain of the 3CD precursor polypeptide that are necessary for the assembly of
strand-specific RNA synthesis complexes. In some constructs, the partial reestablishment of PV1 amino acid
sequences in this region was capable of rescuing RNA replication in vitro and in cell culture.

For an RNA virus to replicate successfully inside a host cell,
it must carry out several processes that alter the intracellular
milieu, making it a suitable environment for genomic RNA
amplification and the synthesis of progeny virions. Members of
the Picornaviridae family of RNA viruses are very efficient at
carrying out these functions, since they utilize very few gene
products generated from relatively small genomes. Part of this
efficiency stems from the fact that many of the viral proteins,
generated entirely from a single polyprotein that is processed
by virally encoded proteinases (33), are multifunctional in na-
ture (for a review, see reference 18). Combined with the ob-
servation that viral protein precursors often have functions
distinct from those of the mature polypeptides, this allows
picornaviruses to maximize their coding capacities and rapidly
subvert the host cell, resulting in the production of thousands
of new virus particles from just one RNA genome. Central to
the process of genome amplification is the viral RNA-depen-
dent RNA polymerase 3D. This enzyme participates in specific
protein-protein and protein-RNA interactions with other viral
proteins and their precursors to form replication complexes
that allow the selective recognition and amplification of the
viral genome among a vast excess of nonviral RNAs.

The structure and biochemical activities of several viral
RNA polymerases have been described. In 1997, Schultz and
coworkers determined the three-dimensional structure of the
poliovirus type 1 (PV1) 3D RNA polymerase (9), which re-
sembles a cupped right hand with “fingers,” “palm,” and
“thumb” subdomains characteristic of all viral polymerases
described thus far (for a review, see reference 24). Interest-

ingly, the poliovirus 3D polymerase possesses the ability to
form oligomers, mediated by two proposed interfaces of poly-
merase-polymerase contacts (interface I and interface II) that
may allow higher ordered polymerase structures to form (9,
27). Previous studies have suggested that the ability of the PV1
3D polymerase to form these structures is necessary for full
enzymatic activity (13, 28), possibly by producing a “lattice”
network of polymerase molecules upon which membrane-as-
sociated RNA replication takes place (20). Interface I has been
suggested to involve contacts between the back of the thumb of
one polymerase molecule and the back of the palm of an
adjacent polymerase molecule, forming head-to-tail interac-
tions infinitely in both directions. It has been proposed that the
interface I junction provides a binding space for double-
stranded RNA, the equivalent of a primed template (13). An
additional interface (interface II) has been proposed to form
between the top of the thumb of one molecule and the base of
the fingers of another molecule. These contacts could allow for
extension of the polymerase oligomers in directions opposite
those formed from interface I interactions, resulting in the
formation of polymerase “sheets” (20). These specifically or-
dered structures may be a somewhat unique feature of picor-
navirus polymerases, although recently it has been shown that
the NS5B polymerase of hepatitis C virus (a flavivirus) can also
form oligomers involving two discrete polymerase interfaces
(37).

It is possible that, in the context of certain replication com-
plexes, one or more precursor forms of the polymerase assem-
ble with other viral proteins and/or the viral RNA. An example
of this is the 3CD polypeptide of poliovirus, which consists of
amino acids from both the 3C viral proteinase and the 3D
RNA-dependent RNA polymerase. In addition to acting as a
viral proteinase, protein 3CD is capable of carrying out a
number of functions critical to viral RNA replication. These
include stimulating VPg (viral protein 3B) uridylylation (30),
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the mechanism by which protein-primed RNA synthesis initi-
ation is thought to occur, and forming complexes with host and
viral proteins at the 5� and 3� ends of the genome, which play
critical roles in RNA replication (1, 2, 6, 8, 11, 26, 40). Inter-
estingly, the 3CD polypeptide does not possess RNA elonga-
tion activity (10, 36), nor does it have the ability to carry out
VPg uridylylation (29). Therefore, 3CD may provide a source
of 3D to these complexes.

We have previously generated recombinant 3CD polypep-
tides with chimeric 3D polymerase subdomains representing
suballelic exchanges between PV1 and the closely related en-
terovirus, coxsackievirus B3 (CVB3). We initially carried out
biochemical assays in vitro to examine the effects of these
mutations on the ability of 3CD to bind viral RNA and process
viral polyprotein (7). Furthermore, we have generated cDNA
constructs harboring each of these chimeric polymerase se-
quences that reside in different structural regions of the 3D
polymerase based on the published three-dimensional struc-
ture of the molecule. T7-derived transcripts from these cDNAs
do not yield infectious virus in cell culture (C. T. Cornell, K. M.
Bedard, and B. L. Semler, unpublished observations). In the
present study, we utilized an in vitro translation-RNA replica-
tion assay (3, 4, 21, 34, 35) to determine the abilities of each
PV1/CVB3 chimeric transcript to carry out RNA replication.
Chimeric substitutions within the thumb subdomain of 3D that
would be predicted to disrupt interface I result in a polymerase
incapable of RNA synthesis in vitro. Genetic modification of
the amino-terminal one-third of the polymerase sequence re-
vealed a positive-strand RNA synthesis defect. This defect
could be rescued, in some instances, by partial restoration of
PV1 amino acids.

MATERIALS AND METHODS

Plasmids and cloning. The construction of the full-length PV1/CVB3 poly-
merase subdomain chimeras and luciferase replicon constructs pRib(�)RLucM
and pRib(�)RLucM (CPP) will be described elsewhere (C. T. Cornell and B. L.
Semler, unpublished data). To generate the amino-terminal PV1/CVB3 substitution
mutants, PCR amplification of CVB3 sequences was carried out with the following
oligonucleotides: PV-3C(5924�) (5�-GGTGGGAACGGTTCACACGGG-3�),
S-6524(�) (5�-GCCACTGAGTCATTCAAACT-3�), CVB3 BseRI(�) (5�-GGCC
AATTTTGAGGAGGCTATATTCTCCAAGTA-3�), CVB3 BseRI(�) (5�-TACT
TGGAGAATATAGCCTCCTCAAAATTGGCC-3�), CVB3 XbaI(�) (5�-CGAG
GGTCTAGAGGCGCTTGAT-3�), and CVB3 XbaI(�) (5�-ATCAAGCGCCTCT
AGACCCTCGGTA-3�). Where applicable, the oligonucleotide nomenclature
indicates the presence of mismatched nucleotides designed to generate restriction
enzyme sites for cloning each PCR fragment into the PV1 luciferase replicon back-
ground. A previously described plasmid, pET15b-3CD (CPP) (7) was used as a
template for PCR amplification of different amino-terminal sequences within the
CVB3 polymerase. Region 1 (see Fig. 3B) of CVB3 sequence was amplified by using
oligonucleotides PV-3C(5924�) and CVB3 BseRI(�), region 2 was amplified by
using oligonucleotides CVB3 BseRI(�) and CVB3 XbaI(�), and region 3 was
amplified by using oligonucleotides CVB3 XbaI(�) and S-6524(�). To generate
pRib(�)RLucM (C1,2PP), oligonucleotides PV-3C(5924�) and CVB3 XbaI(�)
were utilized for PCR amplification, whereas pRib(�)RLucM (C2,3PP) was gener-
ated with oligonucleotides CVB3 BseRI(�) and S-6524(�). To prepare each for
ligation, PCRs were phenol-chloroform extracted, ethanol precipitated, and treated
with restriction enzymes as follows: region 1 (BsaI and BseRI), region 2 (BseRI and
XbaI), and region 3 (XbaI and HindIII). Each digested PCR fragment was then
subjected to a final gel purification step. The �9-kb vector backbone for each
ligation was prepared by digesting pRib(�)RLucM with BglII and HindIII, followed
by treatment with alkaline phosphatase and agarose gel purification. The following
fragments containing PV1 sequences were also isolated from pRib(�)RLucM: Bg-
lII-BsaI (�400 bp), BsaI-BseRI (�150 bp), BseRI-XbaI (�140 bp), and XbaI-
HindIII (�200 bp). To generate the set of seven amino-terminal PV1/CVB3 chi-
meric luciferase replicon constructs, ligations were assembled containing the BglII-

HindIII vector fragment, the BglII-BsaI PV1 fragment, and the necessary
combinations of PV1 and PCR-derived CVB3 fragments in the presence of T4 DNA
ligase (see Fig. 3B). All pRib(�)RLucM plasmids were confirmed by restriction
enzyme digests and nucleotide sequencing (Biotech Diagnostic, Laguna Niguel,
Calif.). pRib(�)RLucM(CPP) harbors CVB3 sequence in regions 1 to 3 in a PV1
background (Cornell and Semler, unpublished).

In vitro synthesis of T7-derived transcripts. To generate templates for in vitro
transcriptions, full-length PV1/CVB3 chimeric pRib(�)RLucM luciferase repli-
con constructs (Fig. 1) were linearized with MluI. Each linearized template was
phenol-chloroform extracted, ethanol precipitated, washed with 70% ethanol,
and resuspended in diethyl pyrocarbonate-treated water. In vitro transcription
reactions were carried out with T7 RNA polymerase at 37°C in a total volume of
20 �l. Transcripts to be utilized in HeLa monolayer transfections were stored at
�70°C without further purification, whereas transcripts to be utilized for in vitro
translation and RNA replication experiments were treated with 2 U of RNase-
free DNase and then incubated for an additional 15 min at 37°C. These reactions
were quenched with the addition of 375 �l of sodium dodecyl sulfate (SDS) stop
buffer (0.5% SDS, 100 mM NaCl, 10 mM Tris-HCl [pH 7.5], 1 mM EDTA) and
100 �g of predigested proteinase K. The resulting mixture was incubated at 37°C
for an additional 30 min, phenol-chloroform extracted, and ethanol precipitated.
RNA pellets were washed with 70% ethanol, dried, and resuspended in diethyl
pyrocarbonate-treated water. All transcripts were quantitated on an ethidium
bromide-stained agarose gel by using RNA of the same length and known
quantity as a standard.

In vitro translation-RNA replication reactions. For translation-replication
experiments, 50-�l reactions were prepared containing 65% (vol/vol) HeLa S10
cytoplasmic extract, 1.3 �g of wild-type or chimeric transcript RNA, 10% (vol/
vol) of 10� replication mix (10 mM ATP, 2.5 mM GTP, 2.5 mM UTP, 600 mM
potassium acetate, 300 mM creatine phosphate [Boehringer Mannheim], 4 mg of
creatine kinase [Boehringer Mannheim]/ml, 155 mM HEPES-KOH [pH 7.4]),
and 2 mM guanidine hydrochloride. For translation analysis, 10 �l of this reac-
tion was added to 10 �Ci of [35S]methionine (�1,000 Ci/mmol; Amersham
Pharmacia Biotech). The remaining 40 �l was used for RNA replication analysis.
Both reactions were incubated at 30°C for 5 h, at which time 10 �l of 2�
Laemmli sample buffer (17) was added to each translation reaction. The trans-
lation reactions were boiled and resolved on a 12.5% polyacrylamide gel con-
taining SDS. The gel was fluorographed and subjected to autoradiography on
X-MR film (Kodak). The 40-�l RNA replication reactions were subjected to
centrifugation for 20 min at 15,000 � g at 4°C, and the supernatants were
removed. Pellets containing replication complexes were resuspended in 9 �l of
fresh HeLa S10 cytoplasmic extract, 1.3 �l of 10� replication mix, and 2.5 �l (25
�Ci) of [�-32P]CTP (3,000 Ci/mmol; Amersham Pharmacia Biotech) and then
incubated for 2 h at 34°C. After incubation, total RNA in each reaction was
isolated by RNeasy spin column purification (Qiagen), subjected to a final am-
monium acetate precipitation, washed with 70% ethanol, resuspended in 10 �l of
diethyl pyrocarbonate-treated water–RNA loading buffer (Ambion), and sub-
jected to gel electrophoresis on a native 1% agarose Tris-borate-EDTA gel
containing ethidium bromide. The amount of 18S and 28S rRNA present in each
lane was used to confirm equal loading of samples before the gel was dried and
subjected to phosphorimager analysis on a Personal Molecular Imager FX (Bio-
Rad).

Transfections and luciferase assays. Chimeric luciferase replicon constructs
were transfected into HeLa monolayers as previously described (5). Parallel
transfections and subsequent incubations were carried out in the presence of 2
mM guanidine hydrochloride to prevent RNA replication and to allow for the
measurement of luciferase levels at each time point that resulted solely from the
translation of input replicon RNA. When necessary, lysates were diluted to
remain within the linear range of the luminometer instrument (Monolight 2010).
Each transfection was carried out in triplicate to obtain standard deviations.

RESULTS

Design and rationale of PV1/CVB3 chimeric cDNAs. The 3D
RNA-dependent RNA polymerases of PV1 and CVB3 share
ca. 75% amino acid identity. To examine the functional role of
different regions within the 3D polymerase domain of 3CD
that are critical for 3C-mediated biochemical activities, we
previously generated seven chimeric 3CD polypeptides repre-
senting suballelic exchanges between the polymerase se-
quences of PV1 and CVB3 (7). The junctions of the chimeric
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sequences were placed in regions of sequence identity to allow
(i) proper folding of the resulting polypeptides and (ii) an
analysis of the effects of amino acid mutations involving resi-
dues likely to be surface exposed on the 3CD protein. Further-
more, in the absence of a three-dimensional structure for the
3CD precursor polypeptide, we utilized the crystal structure of
the PV1 3D polymerase (9) to predict which region(s) of the
polymerase subdomain of the 3CD polypeptide were altered by
our chimeric substitutions. The results from these initial stud-
ies indicated the presence of separate determinants within the
3D polymerase subdomain of the 3CD polypeptide that were
critical for capsid (P1) protein processing versus RNA binding
[indicated by the formation of a complex consisting of the viral

protein 3CD, host protein poly r(C)-binding protein 2
(PCBP2), and the viral 5� cloverleaf RNA] (7).

To expand our analysis of the effects of these chimeric sub-
stitutions to other functions known to be mediated by the
polymerase (or the polymerase subdomain of 3CD), we cloned
PV1 cDNAs containing each of the seven PV1/CVB3 suballelic
exchanges from which RNA transcripts could be generated
(Fig. 1A). The 3D polymerase gene is divided into thirds, with
the location of each region of the protein (based on the pub-
lished three-dimensional structure for the poliovirus 3D poly-
merase [9]) indicated in Fig. 1B. The columns show the sec-
ondary structures found within the three segments of the 3D
polymerase that have been replaced with CVB3 sequence in

FIG. 1. (A) Schematic of chimeric PV1/CVB3 transcripts. The top of the panel shows the organization of a PV1 cDNA containing a 5� cis-acting
hammerhead ribozyme. Transcriptions with T7 RNA polymerase result in the production of wild-type or chimeric PV1/CVB3 transcripts with
precise 5� ends. Shown below the parent transcript are the different RNAs used in the present study containing either a wild-type or chimeric
PV1/CVB3 polymerase domain. Portions of the polymerase gene containing CVB3 sequence are indicated by the hatched boxes, along with the
amino acid numbers corresponding to the PV1/CVB3 sequence junctions in each construct. (B) Schematic indicating which secondary structure(s)
within the poliovirus 3D polymerase are affected by CVB3 amino acid substitutions generated in panel A, along with “fingers,” “thumb,” and
“palm” subdomain designations. §, based on previously published data (9).
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the chimeras (9). Transcripts generated from these constructs,
each with a precise 5� end resulting from cis cleavage by the 5�
hammerhead ribozyme (12) (see Fig. 1A), were used to pro-
vide not only a functional readout of alterations of 3CD pre-
cursor functions extending beyond protein processing and
RNA binding but also an indication of the ability of each
chimeric 3D polymerase to mediate critical life cycle functions.
Initially, a transfection analysis carried out in HeLa cell mono-
layers with transcripts generated from each chimeric cDNA
revealed that none of the chimeric substitutions allow produc-
tion of infectious virus at 33 or 37°C (data not shown). Al-
though previously published biochemical data from our labo-
ratory indicate wild-type or near wild-type RNA binding and
protein processing by some of the chimeric 3CD polypeptides
(7), the transfection results indicated that one or more addi-
tional 3CD and/or 3D polymerase functions have been altered,
abolishing the production of infectious virus in cell culture.

In vitro translation and RNA replication properties of PV1/
CVB3 chimeras. We next wanted to analyze RNA replication
directly in the absence of presumably more stringent require-
ments for virus production in cell culture. To do this, we
carried out translation and RNA replication studies in vitro
with the chimeric PV1/CVB3 transcripts shown in Fig. 1. Fig-
ure 2A shows two exposures of the RNA replication results
with purified virion RNA (lane 1), wild-type PV1 (lane 2) and
each of the seven chimeric PV1/CVB3 transcripts (lanes 4 to
10). As expected, both virion RNA and wild-type transcript

were capable of synthesizing high levels of radiolabeled RNA
(Fig. 2A, lanes 1 and 2). The presence of the species labeled
RI/RF is an indication, in part, of negative-strand RNA syn-
thesis, whereas the species labeled ssRNA indicates positive-
strand RNA synthesis. Interestingly, three of the seven chime-
ras tested were capable of RNA synthesis (Fig. 2A, lanes 4, 5,
and 8). Two of the three replication-competent chimeras (PCP
and CCP) were capable of synthesizing detectable levels of
both negative- and positive-strand RNA (Fig. 2A, lanes 5 and
8), with PCP RNA replication products accumulating to con-
siderably higher levels than those of CCP. However, chimera
CPP was only capable of generating negative-strand RNA in
this assay (Fig. 2A, lane 4), as indicated by the presence of
RI/RF species and the absence of any detectable ssRNA sig-
nal, even after a long exposure of the agarose gel. Interestingly,
this is not a by-product of an overall RNA synthesis defect,
since CPP is more effective in making negative strands com-
pared to CCP (Fig. 2A, compare lane 4 to lane 8 on the long
exposure autoradiogram), a chimera which is capable of gen-
erating low levels of positive-strand RNAs. Therefore, the CPP
chimeric substitution, mapping to amino acids within the fin-
gers and the top of the thumb subdomain of the 3D polymerase
(Fig. 1), results in a strand-specific RNA synthesis defect. Fur-
thermore, other chimeric substitutions (PPC, CPC, PCC, and
CCC) could mediate one or more functional defects in the 3D
polymerase or polymerase precursor (3CD) that inhibit RNA
synthesis in vitro. Given the lack of correlation between in vitro

FIG. 2. In vitro translation and RNA replication of wild-type and chimeric PV1/CVB3 transcripts. (A) �-32P-labeled RNA replication reactions
were incubated with 1.3 �g of virion RNA, wild-type RzPV1 transcript, or chimeric RzPV1 transcript RNA and analyzed by agarose gel
electrophoresis as described in Materials and Methods. Lanes 1 and 2 are positive controls utilizing purified PV1 virion RNA (vRNA) and
wild-type RzPV1 transcript, respectively. Lane 3 is a negative control in which the wild-type RzPV1 replication reaction was supplemented with
2 mM guanidine hydrochloride (GuHCl) to inhibit RNA synthesis. The identity of the full-length RzPV1 transcript RNA utilized in each reaction
is indicated above each lane. The mobilities (visualized by ethidium bromide staining) of single-stranded virion RNA (ssRNA) and the 28S and
18S rRNAs are indicated to the right of the panel. Also shown is the predicted mobility of the replicative intermediate/replicative form (RI/RF),
corresponding, in part, to negative-strand synthesis. The autoradiogram shown below is a longer exposure of the same gel. (B) SDS-polyacrylamide
gel analysis of [35S]methionine-labeled translations from the corresponding reactions shown in panel A. The identities of the precursor and mature
cleavage products generated during translation and processing in vitro are indicated on the left side of the panel. Note the different mobilities of
the chimeric 3CD and 3D polypeptides in each lane due to the substitution of PV1 amino acids with those from CVB3.
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RNA replication (shown in Fig. 2A) and virus production in
cell culture (data not shown) for the PCP and CCP chimeras,
there are likely other macromolecular interactions extending
beyond those required for RNA synthesis that involve 3D
polymerase sequences that have been disrupted in these chi-
meras, thereby precluding virion production.

Shown in Fig. 2B are the results of the in vitro translation
reactions, carried out in the presence of [35S]methionine, from
the corresponding RNA replication reactions. Overall, the
translation levels observed for all RNAs tested were approxi-
mately equal, as indicated by the comparable amounts of ra-
diolabeled viral proteins present in each lane. Furthermore,
the presence of 3D mutations in each of the chimeras is evident
from the altered electrophoretic mobilities of the 3D-contain-
ing polypeptides (P3 and 3CD) and mature 3D protein prod-
ucts in each lane. Importantly, chimeras whose 3CD proteins
were previously described by our laboratory as being deficient
in processing the capsid (P1) precursor protein at the VP0-
VP3 junction (CPP, PPC, CPC, PCC, and CCC) also showed
reduced proteolysis in this assay (Fig. 2B, lanes 4, 6, 7, 9, and
10). No other processing defects are apparent that could result
in the generation of suboptimal amounts of viral proteins nec-
essary for RNA replication in vitro.

Generation of PV1/CVB3 amino-terminal chimeric lucif-
erase replicons. To determine which amino acids in the amino-
terminal one-third of the poliovirus polymerase were most
critical for polymerase contacts necessary for positive-strand
RNA synthesis, we constructed six additional chimeric con-
structs. Each was cloned into a poliovirus-luciferase replicon
cDNA from which RNA could be transcribed in vitro and
transfected into HeLa cells (Fig. 3B). The kinetics and levels of
positive-strand RNA synthesis were then assessed by determin-
ing the levels of luciferase activity. The chimeric luciferase
replicon constructs utilized for these RNA transfections har-
bored CVB3 sequences in different regions of the amino-ter-
minal one-third of their polymerase sequences, and all contain
PV1 sequence in the carboxy-terminal two-thirds of the 3D
polymerase gene. Each “region” (designated 1, 2, and 3; see
Fig. 3B) represents a subdivision of the amino-terminal one-
third of the 3D polymerase (amino acids [aa] 1 to 176), the
junctions of which are based on PV1/CVB3 sequence identity.
Region 1 contains sequences residing at the top of the thumb
subdomain of the polymerase (aa 12 to 37), whereas region 2
contains amino acids found at the base of the fingers (see Fig.
3A). The sequence designated region 3 consists of amino acids
that form the amino-terminal portion of the palm subdomain.
The sequence alignment of the amino-terminal one-third of
the polymerases from PV1 and CVB3 is given in Fig. 3A. It
should be noted that the first nine amino acids within the
polymerase gene of all luciferase replicons tested are derived
from poliovirus.

RNA replication kinetics with amino-terminal chimeric lu-
ciferase replicons. In addition to the original CPP polymerase
chimeric substitution analyzed in the context of a full-length
PV1 transcript (see Fig. 2), we analyzed the ability of a lucif-
erase replicon harboring this same chimeric polymerase to
replicate in HeLa cells. We also analyzed the kinetics of RNA
replication in transfection experiments with the six amino-
terminal substitution mutant transcripts described in Fig. 3.
The use of luciferase replicons has previously been shown to

afford a high degree of sensitivity in detecting positive-strand
RNA synthesis for picornaviruses (1, 15), allowing us to deter-
mine slight increases or decreases in replicative fitness brought
about by our amino-terminal chimeric polymerase substitu-
tions. Figure 4 shows the results from a 14-h time course
experiment, indicating the levels of luciferase produced from
the translation of each replicon RNA in HeLa monolayers at
different times posttransfection. As controls for this approach,
in the presence of 2 mM guanidine-HCl (Fig. 4, closed circles)
all transcripts yielded approximately equal levels of luciferase
at each time point. Since guanidine-HCl inhibits negative-
strand RNA synthesis, these data give a quantitative measure
of luciferase produced from the translation of input RNA in
the absence of genome amplification. Without guanidine-HCl,
wild-type luciferase replicon RNA was capable of replicating
its RNA to a level that resulted in a 2- to 3-log increase in
luciferase units over that of the guanidine-HCl control (Fig. 4,
closed squares). The CPP replicon, with a complete CVB3
substitution in the amino-terminal one-third of its polymerase,
was incapable of synthesizing levels of luciferase greater than
�0.5 log units above those observed in the presence of guani-
dine-HCl, providing additional evidence that this construct is
severely deficient in positive-strand RNA synthesis. The �0.5-
log difference in luciferase activity detected at late times after
transfection of the CPP replicon may reflect the production of
a small amount of positive-strand RNA, accumulating to a
level that is not detectable in the in vitro translation-RNA
replication assay shown in Fig. 2. Nonetheless, these data are
consistent in suggesting that the CPP construct displays a
strand-specific RNA synthesis defect.

Constructs harboring CVB3 sequence in only one region
within the amino-terminal one-third of the polymerase (chi-
meras C1PP, C2PP, and C3PP; refer to Fig. 3B) were capable of
near-wild-type levels of positive-strand RNA synthesis, indi-
cated by the levels of luciferase that accumulated to ca. 2- to
3-log units above the guanidine-HCl control. Interestingly,
changes made in the chimeras simultaneously within regions 1
and 3 (C1,3PP; see Fig. 3B) were not tolerated, as indicated by
luciferase levels produced by this chimera that were virtually
identical in the presence or absence of guanidine hydrochlo-
ride at all times posttransfection. In this case, the substitution
of noncontiguous species-specific polymerase sequences may
have resulted in a misfolded polymerase, or 3CD precursor
molecule, thereby preventing RNA replication. CVB3 substi-
tutions that were contiguous in the C1,2PP chimeric construct
also prevented RNA replication. The C1,2PP construct harbors
CVB3 substitutions within regions 1 and 2, mapping to both
the top of the thumb and the base of the fingers (see Fig. 3). In
contrast, other chimeric substitutions that change sequences at
only one of these protein surfaces allow for positive-strand
synthesis (i.e., C1PP, C2PP, C3PP, and C2,3PP; see Fig. 4).

In vitro translation-RNA replication with amino-terminal
chimeras. Although the luciferase replicon approach should
afford a higher degree of sensitivity in detecting RNA replica-
tion in cell culture, it is sometimes subject to signal-to-noise
problems that do not allow the detection of subtle differences
in the levels of RNA replication. Furthermore, the use of
luciferase replicons does not provide an indication as to the
ability of each RNA to synthesize negative strands. To confirm
our results shown in Fig. 4 and to determine whether any
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amino-terminal chimeras display a strand-specific RNA syn-
thesis defect, we used in vitro translation and replication re-
actions with the same luciferase replicon transcripts. Figure 5A
shows two exposures of in vitro RNA replication reactions with
wild-type full-length PV1 RNA (RzPV1; lane 1), wild-type
PV1 luciferase replicon transcript (Rzluc; lane 2), and each of
the chimeric luciferase replicon RNAs (lanes 4 to 10). Substi-
tuting either the top of the thumb or the base of the fingers of

3D with CVB3 sequences resulted in a replicon RNA that was
capable of synthesizing both negative- and positive-strand
RNA (C1PP, C2PP, C3PP, and C2,3PP; Fig. 5A, lanes 4, 5, 6,
and 9). Our original analysis of the RNA replication pheno-
types of these constructs in cell culture (Fig. 4) did not reveal
any major differences in the overall ability of each to synthesize
positive-strand (and presumably negative-strand) RNA. In
contrast, Fig. 5A indicates that chimeric substitutions made

FIG. 3. (A) Sequence alignment of the amino-terminal one-third of PV1 and CVB3 3D polymerases, which share ca. 75% amino acid identity.
Shaded white letters show regions of sequence divergence, and the amino acids in the top of the thumb and base of the fingers are boxed (aa 12
to 37 and 67 to 97). In the alignment, circled letters A to D indicate junctions that are the boundaries for regions 1, 2, and 3 (i.e., region 1 consists
of CVB3 amino acids from junction A to B, region 2 consists of amino acids from junction B to C, etc.). (For the PV1 sequence, see reference
16; for the CVB3 sequence, see reference 19). (B) Schematic of amino-terminal PV1/CVB3 chimeric luciferase replicons. The plasmid construct
(top of panel) pRib(�)RLucM contains a cis-acting 5� hammerhead ribozyme and the firefly luciferase gene in place of the viral capsid sequence.
In vitro transcriptions with T7 RNA polymerase yield the RNAs appearing below, with different regions (shown by hatched boxes) of the
amino-terminal one-third of the PV1 polymerase changed to CVB3 sequence. Also shown are region number designations used in the nomen-
clature for these constructs. The right portion of the panel indicates the location of the chimeric substitutions based on the published three-
dimensional structure of the PV1 3D RNA polymerase, although most substitutions (other than �A within the base of the fingers) are in an
unresolved region of the structure. †, based on previously published data (9).
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closer to the central portion of the polymerase (i.e., C3PP)
have a more significant effect on both negative- and positive-
strand RNA synthesis than those made closer to the amino
terminus (i.e., C1PP). Consistent with the data shown in Fig. 4,
the in vitro RNA synthesis assay reveals an inability of the
C1,3PP and C1,2PP (Fig. 5A, lanes 7 and 8) chimeras to syn-
thesize both negative- and positive-strand RNA, indicating
that one or more functions mediated by 3D polymerase se-
quences have been disrupted. Finally, the CPP luciferase rep-
licon construct yielded somewhat lower levels of negative-
strand RNA synthesis than its full-length counterpart
(compare Fig. 5A, lane 10, to Fig. 2A, lane 4) but nonetheless
shows a phenotype consistent with the strand-specific defect
previously described for this chimera.

The [35S]methionine-labeled translation products synthe-
sized from the corresponding RNA replication reactions are
displayed in Fig. 5B. The asterisk to the right of the figure
indicates the mobility of firefly luciferase, which is synthesized
in roughly equal amounts from each luciferase replicon RNA
(Fig. 5B, lanes 2 to 10). The wild-type luciferase replicon
(Rzluc) displayed a slightly lower efficiency in generating viral
replication proteins (Fig. 5B, lanes 2 and 3) compared to full-
length PV1 RNA (lane 1). The reason for this is unclear, but
the reduced levels of nonstructural proteins could be respon-
sible for the lower level of RNA replication seen in the wild-
type luciferase replicon compared to that of the full-length
construct (Fig. 5A, compare lanes 1 and 2). As previously
observed, chimeric substitutions (Fig. 5B, lanes 4 to 10) within
polymerase sequences resulted in an altered mobility of the P3

and 3CD precursor proteins, as well as the mature 3D RNA
polymerase. The overall translation levels between the chi-
meric constructs were approximately equal, confirming that the
differences in RNA replication shown in Fig. 5A are not due to
protein synthesis or proteolytic processing defects.

DISCUSSION

Picornavirus RNA replication involves the assembly of com-
plexes containing viral and host proteins that specifically rec-
ognize viral RNA in the presence of a vast excess of cellular
transcripts. The first step in the process of genome amplifica-
tion involves the synthesis of a negative-strand RNA that is
complementary to the positive-strand genome, presumably re-
quiring ribonucleoprotein complexes that are strand specific in
function. Once the positive-strand RNA is copied, multiple
copies of progeny plus strands must be synthesized from a
negative-strand or double-stranded intermediate with a high
degree of efficiency. Complexes that assemble for positive-
strand synthesis likely differ from those that assemble for the
initial rounds of negative-strand synthesis, both with respect to
the host and viral proteins involved and the surfaces in contact
between them and the viral RNA. A key player in this process
is the 3D RNA-dependent RNA polymerase. The poliovirus
3D polymerase has been shown to interact with other replica-
tion proteins such as 3AB (31, 32, 38, 39), in addition to
associating with other polymerase molecules (9, 13, 20, 27, 38).
As mentioned above, it is possible that the 3D polymerase is
delivered to strand-specific replication complexes in one or

FIG. 4. Luciferase replicon kinetics. Replicon transcripts shown in Fig. 3B were transfected into HeLa monolayers as described in Materials
and Methods. At 2, 4, 6, 8, 10, and 14 h posttransfection, cells were harvested and luciferase activity measured. The y axis shows log10 units of
luciferase activity, and the x axis shows time (in hours) posttransfection. Luciferase units in the presence (F) and absence (■ ) of guanidine-HCl
(an inhibitor of RNA replication) are shown in each graph. Although not readily visible, standard deviations (as error bars) are given for each data
point.
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more precursor forms (i.e., 3CD). 3CD has been shown to
strongly interact with 3AB (and 3B) (38) and weakly with itself
and 3D (Cornell and Semler, unpublished).

Considerable published data support 3D polymerase oli-
gomerization (via crystallographically observed interfaces I
and II) as important for polymerase function. Specifically, in-
terface I has been suggested to be involved in RNA binding,
and interface II may be necessary for efficient elongation and
catalytic activity (9, 13, 27, 28). Consistent with these observa-
tions, changing amino acids in the thumb portion of the poly-
merase (as would occur in our chimeras PPC, CPC, PCC, and
CCC) could severely affect interface I formation. This is sup-
ported by the lack of detectable RNA replication seen in each
of these four chimeras (Fig. 2A). A previously published study
indicated that mutations in the thumb region of interface I
dramatically inhibit polymerase function, whereas mutations
within the palm are tolerated (28). Our results with chimera
PCP, which is capable of both negative- and positive-strand
RNA synthesis and harbors primarily palm subdomain muta-
tions (see Fig. 1), are in agreement with these data.

Analysis of the CVB3 substitutions in the context of the
three-dimensional structure of the polymerase molecule and
its proposed oligomerization interfaces further supports the
possibility that structural perturbations might contribute to the
defective enzymatic functions of the PV1/CVB3 chimeric 3D
polymerases. The atomic coordinates of the three-dimensional
structure of the PV1 polymerase (9) were used in molecular
modeling studies to substitute CVB3 amino acids in place of
PV1 amino acids. Figure 6A to C each show four polymerase
molecules interacting via the proposed interfaces I and II
(boxes X and Y, respectively). In each, the locations of the

amino acids (shown in red) changed in CPP (Fig. 6A), PCP
(6B), and PPC (Fig. 6C) are indicated. Figure 6E and D show
the amino acids changed at proposed interface I (in the PPC
chimera) and interface II (in the CPP chimera) with the iden-
tity of the CVB3 amino acids labeled. Due to the number of
mutations observed in these chimeras, it is plausible that in-
terface I and its neighboring interactions may be affected by
the amino acid substitutions. For instance, wild-type D349 in
helix I may hydrogen bond with R455 in helix N (of the oppo-
site molecule), but in the four chimeras noted above this res-
idue is changed to G349, which could disrupt such a hydrogen
bond. This residue has also been studied by Pathak et al. (28),
who described a D349A/S341A/D339A triple mutant that has a
lower rate of RNA synthesis resulting in a small plaque phe-
notype. However, Hobson et al. (13) described a D349R mu-
tant that was wild-type in phenotype when engineered into a
poliovirus cDNA. Therefore, the D349G mutation alone may
not be sufficient to disrupt interface I but in the context of the
other changes (e.g., Y454R) may have an adverse effect on the
stability of interface I and enzymatic functions of the polymer-
ase. Y454 in helix N, although facing internally, is proximal to
several aromatic amino acids, as well as R455 and R456, two
amino acids that have been shown to be important for two-
dimensional lattice formation (20) and RNA binding (13).
Therefore, the change of D349G and Y454R together may be
disruptive. Similarly, L446, which is in the loop immediately
preceding helix N, has been changed to T446 in the chimeras.
Hobson et al. have shown that poliovirus transcripts harboring
a L446A mutation did not yield viable virus, and the purified
3D polymerase containing this mutation had a reduced ability
to bind RNA (13). Therefore, it is possible that L446T may

FIG. 5. In vitro translation and RNA replication of wild-type (full-length and luciferase replicon) and amino-terminal chimeric PV1/CVB3
luciferase replicon transcripts. (A) RNA replication carried out as described in the legend for Fig. 2A, utilizing full-length PV1 transcript (lane
1) and wild-type (lane 2) or amino-terminal chimeric luciferase replicon RNA (lanes 4 to 10). The autoradiogram shown below is a longer exposure
of the same agarose gel. (B) [35S]methionine-labeled translations from the corresponding reactions shown in panel A, carried out as in Fig. 2B.
The mobility of firefly luciferase (observed in lanes 2 to 10) is indicated by an asterisk to the right of the panel.
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also affect 3D polymerase functions. Furthermore, the E449A
mutation present in the chimeras may affect the local environ-
ment in this region by replacing a larger glutamic acid side
chain with the smaller one of alanine.

Another important feature of the chimeric substitutions de-
scribed above is that they change several surface-exposed
amino acids that could participate in additional protein-pro-
tein interactions necessary for polymerase activity. These

FIG. 6. Molecular modeling of 3D polymerase interfaces. The coordinates of the three-dimensional structure of the PV1 3D polymerase (PDB
identification number 1RDR) (9) were used to construct models of selected PV1/CVB3 chimeric 3D polymerase molecules by using the program
O (14). Residues unique to CVB3 3D were substituted for those of PV1 3D and the resulting effects on intra- and intermolecular interactions were
analyzed (9). (A to C) Four polymerase molecules (colored blue and green), arranged as described in the published three-dimensional structure,
with the proposed interfaces I and II (boxes X and Y, respectively) depicted and circled letters highlighting subdomains within the 3D polymerase
(T, thumb; P, palm; F, fingers). The amino acid side chains changed to CVB3 sequence in chimera CPP (A), PCP (B), and PPC (C) are shown
in red. Boxes X and Y indicate the regions shown in panels E and D, respectively. (D) Ribbon diagram of interface II. One polymerase is shown
in green and the adjacent polymerase molecule is shown in blue, with the amino acids in each that participate in the formation of proposed
interface II colored yellow and aqua, respectively. The amino acid side chains (shown in red) changed to CVB3 sequence in the CPP chimera are
labeled. Interface II is indicated by the dashed line, and the amino acids comprising the two faces of proposed interface II (aa 12 to 37 [top of
thumb] and 67 to 97 [base of fingers]) are numbered. (E) Ribbon diagram of interface I, with the same coloring scheme as in panel D, with labeled
side chains (shown in red) representing amino acids changed to CVB3 in the PPC chimera. The locations of � helices I, L, and N are depicted.
Interface I is indicated by a dashed line.
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amino acids are primarily clustered in helix L, a helix that does
not participate in interface I formation. In the PPC, CPC,
PCC, and CCC chimeras, four mutations (K431E, A434R,
E427H, and N430E) change the charge characteristics on this
surface of the polymerase and could disrupt interactions be-
tween the polymerase and other viral or host factors. Although
these changes could result in structural perturbations that im-
pact interface I, it is possible that this region of the polymerase
contains additional determinants proximal to interface I that
participate in protein-protein interactions involving the poly-
merase that are critical to RNA replication.

Although the chimeric substitutions within the amino-termi-
nal one-third of the molecule (see Fig. 1) are not predicted to
be as severe as those that affect interface I, the substitutions
alter the overall hydrophobicity of this region (data not
shown). Structural perturbations caused by these changes
could be reflected in the reduced RNA synthesis phenotypes
observed for the CPP and CCP chimeras (see Fig. 2). Inter-
estingly, the CPP chimera was capable of only low levels of
negative-strand RNA synthesis with no detectable positive-
strand RNA synthesis, whereas CCP (which further substituted
CVB3 sequences into the central one-third [or palm subdo-
main] of the polymerase) was capable of positive-strand RNA
synthesis. Therefore, aa 67 to 97 and selected palm subdomain
sequences (�B through �I) may need to interact to form a
surface on 3D (or the 3CD precursor polypeptide) that is
required for positive-strand RNA synthesis. Chimeric substi-
tutions within the central one-third region of the 3D RNA
polymerase present in the absence of changes to the amino-
terminal one-third (i.e., chimera PCP; see Fig. 1) could main-
tain this surface.

The amino acid changes in each of the chimeric substitutions
involving the amino-terminal one-third of the polymerase (i.e.,
CPP and CCP) fall within proposed Interface II. The CPP
chimera was only capable of synthesizing negative strands in
vitro, with almost undetectable levels of positive-strand RNA
synthesis in luciferase assays in cell culture transfections. In-
terestingly, the CCP chimera was capable of very low levels of
positive-strand RNA synthesis, suggesting that making addi-
tional chimeric substitutions in the central one-third portion of
the polymerase with CVB3 sequence could at least partially
reestablish protein-protein contacts. This is true if it is assumed
that the PV1/CVB3 3D polymerase can form functional pro-
tein-protein contacts similar to those formed by PV1 due to its
�75% amino acid identity with the PV1 polymerase.

Our data provide insights into strand-specific RNA synthesis
complexes and protein-protein interactions involving the poly-
merase. For negative-strand synthesis initiation, it is possible
that higher-ordered structures necessary for template recogni-
tion by the polymerase involve such proposed interface I con-
tacts, which are sufficient for the copying of the positive-strand
genome. Interface I contacts may only require the very low
stoichiometric amount of polymerase initially present early in
an infection. During negative-strand RNA synthesis, the pro-
teolytic processing of replication proteins continues, resulting
in an increase in mature 3D polymerase available to participate
in interface II contacts that could then form a polymerase
lattice (as proposed by Lyle et al. [20]) or other protein-protein
contacts utilized for positive-strand synthesis.

There are other possible explanations for the positive-strand

synthesis defect observed in the CPP chimera. The amino-
terminal one-third (the fingers subdomain) of the polymerase
may contain determinants necessary for associations with het-
erologous protein or RNA-binding partners, and due to one or
more deficiencies in these contacts, the CPP polymerase is
incapable of gaining access to complexes that form for positive-
strand RNA synthesis. Recently, it has been shown that cre-
dependent VPg uridylylation is necessary for positive-strand
RNA synthesis (22, 23), suggesting that the 3� poly(A) tract
could act as the biologically relevant template for 3D-catalyzed
VPg uridylylation that generates the primer for negative-strand
RNA synthesis. It is possible that the CPP 3D RNA polymer-
ase is capable of participating in protein-protein and protein-
RNA interactions necessary for 3� poly(A) tract-dependent
VPg uridylylation but unable to form complexes that mediate
the analogous cre-dependent reaction required for positive-
strand RNA synthesis. This argument can be extended to the
role of the 3CD polypeptide, which has been shown to stimu-
late both cre- and poly(A)-dependent VPg uridylylation. Al-
though we have previously shown that 3CD (CPP) is active in
ribonucleoprotein complex formation, it is deficient in capsid
protein processing (7), which could suggest other deficiencies
in critical protein-protein interactions with other host or viral
polypeptides necessary for RNA replication. It is not clear why
the CPP construct (with CVB3 sequence present in regions 1
to 3 of its amino-terminal one-third) is capable of generating
negative-strand RNA, whereas the C1,2PP construct, harboring
CVB3 sequence only in regions 1 and 2, is incapable of RNA
synthesis altogether. In the context of region 1 and 2 substitu-
tions, the presence of CVB3 sequence in region 3 could allow
the 3D polymerase to somehow regain RNA synthesis activity,
possibly by facilitating proper folding of the molecule. In the
form of its precursor polypeptide, 3CD, specific subdomains
within 3D modulate the 3C-mediated functions of protein pro-
cessing and RNA binding (7, 25). Since the mature 3D poly-
merase is itself multifunctional, carrying out both the uridyly-
lation of VPg and mediating the synthesis of RNA molecules,
the presence of functionally specific subdomains is not surpris-
ing. Finally, we have not carried out a direct analysis of PV1/
CVB3 chimeric polymerase biochemical functions in the
present study but rather have used in vitro RNA synthesis as an
indicator for polymerase activity. Efforts are currently under
way to purify each chimeric 3D RNA polymerase and examine
their activities in VPg uridylylation, nucleic acid binding, and
RNA chain elongation.
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