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A full-length reverse-transcribed, infectious cDNA copy of coxsackievirus B3 (CVB3) was used to determine
the nucleotide sequence of this cardiotropic enterovirus. Comparison of the nucleotide sequence and the
deduced amino acid sequence of the viral precursor polyprotein with the sequences of other group B
coxsackieviruses (CVB1 and CVB4) demonstrates a high degree of genetic identity. They share about 80%
homology at the nucleotide level and about 90% when the amino acid sequences of the polyproteins are
compared. The potential processing sites of the coxsackievirus polyproteins, as deduced from alignment with
the poliovirus sequence, are conserved among these enteroviruses with the exception of the cleavage sites
between VP1 and 2AP™ and between polypeptides 2B and 2C. Comparison of the 5’ termini of the enteroviral
genomes reveals a high degree of identity, including the initial 5' consensus UUAAAACAGC, suggesting
essential functions in virus replication. An important finding concerning the molecular basis of infectivity was
that both recombinant CVB3 ¢cDNA and in vitro-synthesized CVB3 RNA transcripts are infectious, although
two initial 5’ uridine residues found on the authentic CVB3 RNA were missing. Here, we report that
cDNA-generated CVB3, as well as CVB3 generated by in vitro-synthesized RNA transcripts, regains the
authentic initial 5’ uridine residues during replication in transfected cells, indicating that the picornaviral
primer molecule VPg-pUpU may be uridylylated in a template-independent fashion. The generation of virus or
virus mutants with infectious recombinant CVB3 ¢cDNA and in vitro-synthesized infectious CVB3 transcripts

should provide a valuable means for studying the molecular basis of the pathogenicity of this cardiotropic

enterovirus.

Enteroviruses of the human Picornaviridae, such as the
group B coxsackieviruses (types 1 to 5), are the most
common agents known to cause viral myocarditis (1, 12, 24,
34, 53). Other human enteroviruses, comprising at present
over 70 serotypes (e.g., various group A coxsackieviruses
and echoviruses), have also been associated with human
heart disease. These agents are capable of producing dilated
cardiomyopathy of acute onset or leading to life-threatening
arrhythmias. Particularly intriguing is the concept of entero-
virus persistence in chronic dilated cardiomyopathy evolv-
ing from acute or subacute infections of the human heart (13,
17).

The structure and molecular genetics of the enteroviruses
are well understood, chiefly by analogy with the extensively
studied poliovirus (for a review, see reference 52). The
coxsackieviruses possess a single-stranded RNA genome of
about 7,500 nucleotides (nts) of positive polarity, which is
covalently linked at the 5’ end to a small virus-encoded
protein, VPg (3B, according to the systematic nomenclature
of picornavirus proteins [36]). The viral RNA, which is
infectious (22, 39), is polyadenylylated at the 3’ end and
functions as an mRNA in the cytoplasm of infected cells. It
is translated into a large precursor polyprotein, which is
processed by virus-encoded proteinases to yield the mature
structural and nonstructural proteins (19). Replication of
picornaviral RNA has been studied extensively (52, and
references therein), although the individual steps in RNA
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replication, e.g., initiation of plus-strand RNA synthesis,
have not yet been elucidated unambiguously. Distinct pro-
teins may be involved in the formation of a replication
complex, including the virus-encoded RN A-dependent RNA
polymerase (3DP°'), VPg (3B) or its precursor molecule 3AB,
and possibly other virus- or host cell-encoded factors (2, 27,
52, 55).

In order to study the molecular basis of pathogenicity and
to introduce in situ hybridization as a diagnostic tool in
patients with a clinical suspicion of enteroviral heart disease,
we have previously cloned the genome of the cardiotropic
coxsackievirus B3 (CVB3), which had been propagated in
cultured human myocardial cells (14-16). Full-length re-
verse-transcribed recombinant cDNA generated infectious
virus antigenically identical to CVB3 upon transfection into
mammalian cells, demonstrating the biological intactness of
the cloned cDNA copy. The isolation of cDNA fragments
representing the genomic RNA of CVB3 has also been
described by others (20, 48), and a nucleotide sequence of
CVB3 based on subgenomic cDNA fragments has been
reported by Lindberg et al. (20). We now present the entire
nucleotide sequence of infectious, full-length reverse-tran-
scribed recombinant CVB3 ¢cDNA and have compared this
with that of other human enteroviral genomes.

In this context, we report on transfection experiments
with circular recombinant CVB3 ¢cDNA and in vitro-synthe-
sized CVB3 RNA transcripts, demonstrating that inherent
infectivity of these CVB3 constructs is independent of the
presence of two initial 5’ uridine residues found on the
authentic viral RNA. Remarkably, the authentic viral 5’
terminus is restored in the RNA genome of both cDNA-
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derived CVB3, as well as in vitro-synthesized RNA-derived
virus progeny.

MATERIALS AND METHODS

Sequence determination. Full-length reverse-transcribed,
infectious CVB3 c¢cDNA (16) was used to determine the
nucleotide sequence of CVB3. For this purpose, subgenomic
CVB3 cDNA fragments were inserted into the Smal site of
pUC19 (54) and sequenced by the chain termination method
(3, 37). Fragments from the cloned CVB3 cDNA were
generated by digestion with Bgll or Pvull and subsequent
incubation with nuclease Bal 31 or by digestion with one of
the frequently cleaving restriction endonucleases, Haelll,
Alul, and Rsal. A total of 93% of the CVB3 nucleotide
sequence was obtained from both strands, and the remainder
was obtained from multiple determinations on one strand of
at least two independent subclones.

To determine the sequence of the very 5’ end of the viral
genome, 1 pg of purified CVB3 RNA (16) was primed with
an 18-base-long synthetic oligonucleotide, complementary to
a region of viral RNA comprising nucleotide positions 62 to
78. Single-stranded cDNA was synthesized with reverse
transcriptase as previously described (16). The primer-ex-
tended cDNA was separated on an 8% denaturating poly-
acrylamide gel and sequenced by the method of Maxam and
Gilbert (23). Analogously, the 5’ sequence of cDNA-gener-
ated CVB3, as well as the 5’ sequence of viruses generated
by in vitro-synthesized CVB3 RNA, was obtained.

Computer analysis. The program library of the University
of Wisconsin Genetics Computer Group (6) was used for
sequence analysis on a Microa VAX II computer system.
Alignments were performed by the GAP program at a gap
weight penalty of 5 and a length weight penalty of 0.3.
Secondary structures and free energies for the 5’ noncoding
(5' nc) region (bases 1 to 741) were calculated by the folding
program of Zuker and Stiegler (56).

Plasmid construction. A 7.5-kilobase EcoRI fragment ob-
tained by partial digestion of the infectious CVB3 cDNA
plasmid pCB3-M1 (16) was inserted in both orientations into
the dual-promoter plasmid pSPT18 (constructed at Pharma-
cia) containing both the SP6 and T7 promoter sequences,
diametrically opposed and separated by the multiple cloning
site of pUC-18 (54). The resulting recombinant plasmids
were designated pCB3/T7 and pCB3/SP6 (Fig. 1) and al-
lowed the in vitro synthesis of plus-strand CVB3 RNA under
the control of the T7 and SP6 promoter, respectively,
whereas minus-strand transcripts are synthesized under the
control of the opposite promoter. The nucleotide sequences
at the ligation junctions were determined directly from
plasmid DNA (3). The T7 promoter of pCB3/T7 directs
synthesis of plus-strand transcripts with 34 nonviral nts at
the 5’ end. pCB3/SP6-derived SP6 transcripts contain 82
nonviral nucleotides at the 5’ end (see legend to Fig. 1). Both
plasmids, pCB3/T7 and pCB3/SP6, were found to be infec-
tious upon transfection into HeLa cells.

In vitro transcription. Plasmid pCB3/T7 was digested with
Sall [cuts 65 nts after the 3’ poly(A) tail], and the resulting
linear DNA was isolated by phenol extraction and ethanol
precipitation. RNA transcription was carried out essentially
as described previously (4, 50). Briefly, 1 g of Sall-digested
pCB3/T7 DNA served as a template for plus-strand RNA
synthesis with T7 polymerase (400 U/ml) for 60 min at 37°C
in 50 pl that contained 40 mM Tris hydrochloride (pH 7.5),
10 mM NaCl, 6 mM MgCl,, 2 mM spermidine hydrochloride,
10 mM dithiothreitol, 500 uM each of ATP, CTP, UTP, and
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FIG. 1. Plasmids containing infectious CVB3 cDNA (16) under
the control of the T7 and SP6 promoters. Plasmids pCB3/T7 and
pCB3/SP6 were constructed by insertion of infectious CVB3 cDNA
(open bars) in both orientations into the dual-promoter plasmid
pSPT18 as described in Materials and Methods. Infectious plus-
strand CVB3 RNA was synthesized in vitro from plasmid pCB3/T7
following linearization with Sall or from plasmid pCB3/SP6 follow-
ing linearization with Pvul. Plus-strand CVB3 RNA transcripts
synthesized in vitro from pCB3/T7 under the control of the T7
promoter contain 34 nonviral nts at the 5’ end: 5GGGAGACCC
GAAUUCUCCAAGACAUCCCCCCCCCAAAACAGC. . .. Plus-
strand CVB3 RNA transcripts synthesized from pCB3/SP6 under
the control of the SP6 promoter contain 82 nonviral nts at the 5’ end:
S'GAAUACAAGCUUGCAUGCCUGCAGGUCGACUCUAGAG
GAUCCCCGGGUACCGAGCUCGAAUUCUCCAAGACAUCCC
CCCCCCAAAACAGC. . .. Nucleotides underlined represent the S’
terminal region of in vitro-synthesized CVB3 RNA. Note that two
initial 5’ uridine residues of the authentic CVB3 RNA are missing
that are not contained in the infectious CVB3 cDNA (16). kb,
Kilobases; amp, ampicillin resistance.

GTP, bovine serum albumin (100 pg/ml), and RNasin (500
U/ml). After the DNA template was digested with DNase I
(20 U/ml) for 15 min at 37°C, RNA transcripts were isolated
by phenol extraction and ethanol precipitation. Analogously,
plus-strand RNA was synthesized from plasmid pCB3/SP6
after digestion with Pvul [cuts 1,652 nts after the poly(A)
tail], except that transcription was performed with SP6
polymerase.

Synthesis of minus-strand RNA was identical to that
described above, except that plasmid pCB3/T7 was linear-
ized with Pvul while plasmid pCB3/SP6 was linearized with
Sall and transcription was performed under the control of
the opposite promoter.

Transfection of cells and detection of CVB3. At 18 h before
being transfected, HeLa cells were plated onto 60-mm petri
dishes at about 5 x 10° cells per dish. RNA transfections
were performed with DEAE-dextran as a facilitator (49). A
total of 10 to 15 pg of in vitro-synthesized CVB3 RNA in 500
wl of N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
(HEPES)-buffered saline (137 mM NaCl, S mM KCl, 0.7 mM
Na,HPO,, 6 mM glucose, 20 mM HEPES adjusted to a pH
of 6.98 with 0.5 M NaOH) was mixed with 0.5 ml of
DEAE-dextran (1 mg/ml in HEPES-buffered saline). The
RNA-DEAE-dextran mixture was added to HeLa cells
(about 80% confluent) and was incubated at room tempera-
ture for 30 min; then, 4 ml of Dulbecco modified Eagle
minimal minimal medium was added and incubation was
continued for 2.5 h at 37°C. At the end of the incubation, the
cells were washed twice with Dulbecco modified Eagle
minimal medium and maintained in medium supplemented
with 10% fetal bovine serum and kanamycin at 50 pg/ml.
Complete lysis of cell cultures transfected with plus-strand
RNA transcripts was observed at 48 to 96 h posttransfection.
The supernatant medium of lysed cultures was taken and
submitted to a specific antibody neutralization assay (16) to
examine the identity of transfection-derived viruses. In
addition, plaque assays (15) were carried out to determine
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specific infectivities in dilution experiments and to assess the
plaque morphology of transfection-derived first-passage vi-
rus.

DNA transfections of circular recombinant CVB3 plas-
mids were performed with HeLa cells as described previ-
ously (16).

Materials. Sources were as follows: plasmid pSPT18,
Pharmacia; avian myeloblastosis virus reverse transcriptase,
J. W. Beard, Life Sciences (St. Petersburg, Fla.); Bal 31,
Bethesda Research Laboratories, Inc.; RNasin and all other
enzymes, Boehringer Mannheim Biochemicals; dideoxynu-
cleotide sequencing kit, New England BioLabs, Inc.; chem-
ical sequencing kit, Dupont, NEN Research Products; [a-
32P]dCTP and [y-32P]JATP, Amersham Corp.

RESULTS

Nucleotide sequence of the CVB3 genome. The nucleotide
sequence of the CVB3 genome was determined from sub-
cloned fragments of infectious recombinant CVB3 cDNA.
The sequence of the two initial 5’ uridine residues of the
genome that was not contained in the infectious CVB3
cDNA was obtained from primer-extended cDNA with a
synthetic oligodeoxynucleotide corresponding to positions
62 to 78 of the authentic viral RNA. The complete nucleotide
sequence of CVB3 is shown in Fig. 2, including an alignment
with the genomes of CVBI1 (10) and CVB4 (11). The CVB3
genome consists of 7,399 nts in addition to a 3’ terminal
poly(A) stretch. The 5' nc region comprises 741 nts, followed
by an open reading frame that encodes the viral polyprotein
consisting of 2,186 codons with a start codon (AUG) at
position 742 and a stop codon (UAG) at position 7297. The 3’
nc region consists of 100 nts. Results from independently
obtained CVB3 cDNA clones revealed that up to 59 adenine
residues constitute the 3’ poly(A) stretch. The base compo-
sition of the CVB3 genome excluding the poly(A) stretch is
A (28.8%), C (23.3%), G (24.5%), and U (23.4%).

Comparison of the sequence of the infectious CVB3
cDNA with the CVB3 nucleotide sequence reported by
Lindberg et al. (20) showed 65 nucleotide changes through-
out the genome that result in 41 amino acid changes.
Regarding the partial CVB3 sequence reported by Tracy et
al. (48) comprising the 5’ part of the genome (nts 1 through
3822), 41 nts were found to be changed corresponding to 24
amino acid changes. Some of these are likely to be changes
which occurred when the virus was propagated in different
cell systems, reflecting a selective adaption process to myo-
cardial cells. At two positions within the gene region coding
for the 2A proteinase (2AP™), the infectious CVB3 cDNA
exhibits differences which cause significant alterations in the
amino acid sequence. One nucleotide insertion after position
3299 together with 1 nt deletion at position 3333 leads to a
frameshift within the previously reported CVB3 sequences
(20, 48) (Fig. 3). This frameshift results in an altered peptide
sequence of 12 amino acids. The majority of amino acids in
the immediate vicinity of the cleavage site between the
structural protein VP1 and 2AP™ are changed in a noncon-
servative fashion. In addition, insertions after positions 3486
(1 nt) and 3502 (2 nts) within the partial sequence reported by
Tracy et al. (48) lead to three amino acid changes and the
appearance of an additional amino acid (leucine) within
2AP™. Alignment of these two regions of the infectious
CVB3 cDNA sequence with other enterovirus sequences
reveals a high degree of sequence identity with CVB1 (100%)
(10), CVB4 (83%) (11), and, less pronounced, with poliovirus
type 1 (PV1) (50%) (18, 32), whereas the previously reported
CVB3 sequences (20, 48) clearly deviate (Fig. 3).
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Sequence comparison with other group B coxsackieviruses.
Comparison of the nucleotide sequence of the CVB3 genome
with the sequences of the potentially cardiotropic CVB1 and
CVB4 (compare the sequences in Fig. 2) revealed high
degrees of overall identity, 80.7 and 78.3%, respectively.
The nc regions are highly conserved among the coxsackie-
viruses: CVB3-t0o-CVBI1 identity, 94.1% (5’ nc) and 89.4%
(3’ nc); CVB3-to-CVB4 identity, 83.4% (5’ nc) and 92.3% (3’
nc). One insertion (CVB4, 1 nt after position 32) and three
deletions (CVB3, 1 nt after position 115; CVBI, 1 nt each at
positions 118 and 7399) were observed within the 5’ nc and 3’
nc regions, respectively.

The majority of nucleotide differences among group B
coxsackieviruses appear to be almost evenly distributed
over the entire open reading frame encoding the viral poly-
protein and occur frequently (71.3%) at third-nucleotide
positions. As expected, the regions coding for the structural
proteins VP1, VP2, and VP3 are less conserved than the
regions coding for VP4 and the nonstructural proteins.
Notable deletions and insertions are observed in the coding
regions of VP1 and VP2. A total of 15 nts are inserted within
the gene region of VP1 of CVB4 (after nt 2703), 6 nts are
deleted within VP1 (nt 2673 and nts 2680 through 2684) and
VP2 of CVB4 (nt 1404 and nts 1414 through 1418), and 9 nts
are inserted within VP1 of CVB3 (nts 3283 through 3291).

Alignment of the deduced CVB3 polyprotein sequence
with those of CVB1, CVB4, and PV1 (Fig. 4) allows the
identification of putative cleavage sites. In comparison to
those of PV1, cleavage sites are conserved, with the excep-
tion of the cleavage sites between polypeptides 2B and 2C
(2B/2C) and between VP1 and 2AP™ (VP1/2AP™). In PV1,
2B/2C is a target of the 3C proteinase (3CP™) (8). However,
a Q-N pair is found to be present in CVB3, CVB1, and CVB4
at a position corresponding to the Q-G cleavage site of PV1.
Since no alternative Q-G site is found at a proximal position,
we suggest that the Q-N pair is cleaved by the coxsackievi-
rus 3CP™, generating termini of polypeptides 2B and 2C at
equivalent positions with respect to PV1.

In the case of poliovirus, the cleavage between VP1 and
2AP™ is mediated by 2AP™, leading to the proper release of
the structural precursor protein P1 (46). In comparison to the
Y-G cleavage site of PV1 comprising the cleavage between
VP1 and 2AP™, the corresponding amino acids are not
conserved among the group B coxsackieviruses (Fig. 4).
Assuming cleavage sites with properties similar to the polio-
virus Y-G pair (aromatic amino acid-G), the F (or Y)-G pairs
located two residues downstream with respect to PV1 would
represent suitable cleavage sites in the group B coxsackie-
viruses. Alternatively, the T-G pair (two residues upstream)
has been suggested (10, 30). To verify the proposed cleavage
site for CVB3, protein sequence studies are required.

The alignment of the polypeptides of CVB1, CVB3,
CVB4, and PV1 (Fig. 4) indicates that identity among the
coxsackieviral polyproteins is clearly higher compared with
that of PV1. Taking into consideration the deduced cleavage
sites of the polyproteins, the degree of identity among the
viral proteins has been determined and is summarized in
Table 1. This comparison reveals that the structural protein
VP4 and all nonstructural polypeptides are highly conserved
among the coxsackieviruses (90.9 to 99.0% identity) and that
polypeptides 2B and 2C with yet unknown functions are
almost identical (98 to 99%). In contrast, the structural
proteins VP2, VP3, and VP1 exhibit a pronounced diversity
(69.4 to 82.9% identity) which is restricted to clusters of
heterologous sequences alternating with highly conserved
regions (compare sequences in Fig. 4). Highly homologous
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FIG. 2. Nucleotide sequence of infectious CVB3 cDNA (top) in comparison with the sequences of CVB1 (middle) (lizuka et al. [10]) and
CVB4 (bottom) (Jenkins et al. [11]). The CVB3 sequence is shown in its entirety together with the corresponding nucleotide changes of CVB1
and CVB4. The gene regions of the distinct viral proteins are defined by vertical lines by analogy to the poliovirus genome (18, 32). The
interrupted line after nucleotide position 3303 indicates the proposed border between the CVB3 gene regions of VP1 and 2AP™. Dots represent
nucleotide deletions.



VoL. 64,
CVB3 3883
CVB1
CvB4

4033

4183

4333

4633
4783

4933

5233

6433

6733

7033

783

7333

peptide sequences are found corresponding to the antiparal-
lel oriented beta strands and short alpha helices which
determine the core structure of PV1 capsid proteins (9).
Diverging sequences correlate to distinct loops connecting
the conserved core elements of VP2, VP3, and VP1. CVB3
peptide sequences at positions 75 through 86 of VP1 (site 1),

1990 INFECTIOUS COXSACKIEVIRUS B3 ¢cDNA

WWWWWWCWWWWM&WU
[ [} [ CGAAA Ge SGCUCAC

[
o
o0
]
>
>
<
<=
o
cc
o
o0

[} v A U6

A GUA v e A cu uc A A C A ACG ce6

WUWW&WWWWWWWMCWW
C 6 [ [ C U A ccc A cCue [3

4 A AGGA v Cll C [} C CA UGCCCGEG A C c c6 ll.‘ AGCU v

WWWWWWW
A A CGGA A CGUC MU

=
>
o
[a X el
(]
oo
»>

v AUC 6 UCA cu GC X 6 A '] ]
c cu ccc cuvuvccuwe G [} 6 C6 AACGE AU A c
CUGUACAGGGAUAACAUUACUUUGUGAGGGGUGECAUGCCCUCGEGAUGUUCUGGUACCAGUAUULUCAACUCAAUGALUAACAAUAUCAUAAUUAGGACACUAAUGCUAAAAGUGUACAAGGGAUUGAC UUGGACCAAIUCAGGAG
C AA [ cCAC AUC C ue 6 A
A AC [ AUV CU AGC cc cuec uc (1) Ve 6 [} ']
AUCGCAUAUGGUGAUGAUGUGAUCGCAUCGUACCCAUGGC CUAUAGAUGCAUCUUUACUCGCUGAAGCUGGUAAGGGUUACGGGCUGAUCAUGACACCAGCAGAUAAGGGAGAGUGC UUUAAC GAAGUUACCUGGACCAACGCCACULIUC
1) [+ AU G [ 6 CC6 U € AG U CAGU cu [ GU UU AU
v [} AU U [ cc c6 AN A G u vuv cu
CUAAGAGGUAUUUUAGAGCAGAUGAACAGUACCCCUUCCUGGUGCAUCCUGUUAUGCCCAUGAAAGACAUACACGAAUCAAUUAGAUGGACCAAGGAUC CAMGAACACCCAAGAUCACGUGCGCUCACUGUGUCUAUUAGCUUGGCAY
WA ccec u [} c [ 66 @ 6 ¢ [
A U U uUCAG c 6 ucCea A [} u c [=1]
AACGGGGAGCACGAAUAUGAGGAGUUCAUCCEUAAALUAGAASCGUCCCAGUCGEACGUUIGUUUGACC CUCCCCECGUUUUCAACUCUACGCAGGAAGUGGUUGEAC!
C U 6 C U A [} A c UA
U A M G C vecc U e 6 C [} A [} A [+ A
UAACCCUACUGUGCUAACCGAACCAGAUAACGGUACAGUAGGGGUAAABUCUCCGCAUUCGGUGCEE 7399
CCA U 6 6 .
CA v 6 6

FIG. 2—Continued.

1577

2B

2C

3B

3C

3D

197 through 210 of VP1 and 135 through 174 of VP2 (site 2),
and 54 through 66, 75 through 80 of VP3, 72 through 76 of
VP2, and the C terminus of VP1 (site 3) correspond to PV
sequences containing the main immunodominant antigenic
sites of the three poliovirus strains PV1, PV2, and PV3 (25,
29). These regions are part of the highly divergent sequences
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FIG. 3. Alignment of two regions within 2AP™ of infectious
CVB3 c¢DNA with various enterovirus sequences. The deduced
amino acid sequence of infectious CVB3 ¢cDNA presented here
(CVB3) reveals a high degree of identity to CVB1 (10) and CVB4
(11) but lower homology to PV1 (18, 32). The CVB3 sequences
determined by Lindberg et al. (20) (CVB3*) and Tracy et al. (48)
(CVB3™) clearly deviate from the CVB3 sequence presented here as
a consequence of the frameshift between nts 3300 and 3333 (indi-
cated). Note that the majority of amino acids in this region are
nonconservatively changed. A second frameshift between nts 3487
and 3502 was only found to be present in the partial sequence
reported by Tracy et al. (48) (CVB3™), leading to a different peptide
sequence with conserved amino acid changes. Shaded areas depict
identical amino acids.

among the coxsackieviruses, suggesting that they play a
major role in the formation of the antigenic determinants.

The 5’ terminus of the CVB3 genome contains structural
features conserved among the picornaviruses. The 5’ terminal
sequence is highly conserved among different enteroviruses.
Enteroviruses have the first 10 nts, S’ UUAAAACAGC, in
common (Fig. 5). In addition, two pairs of inverted repeats
are found to be present within the first 90 nts at correspond-
ing positions (nts 2 through 9 and 79 through 86, 10 through
18 and 26 through 35, in the case of CVB3). These features
are common to other human pathogenic picornaviruses such
as rhinoviruses, and to a lesser extent, hepatitis A virus (Fig.
5). Computer-calculated secondary structures (data not
shown) indicate that inverted repeats facilitate the formation
of unique secondary structures presumably serving essential
functions in virus replication. In addition, it is of interest that
all picornaviral genomes sequenced so far contain two initial
5’ uridine residues. However, their relevance and function
are still obscure.

Two initial 5’ uridine residues missing in infectious recom-
binant CVB3 cDNA are present in cDNA-derived virus. Se-
quencing of the 5’ terminus of infectious recombinant CVB3
cDNA revealed that two 5’ uridine residues are missing that
were found to be encoded in the authentic viral RNA.
Instead, deoxycytidine residues have taken their position
corresponding to the oligo(dC) tract generated during clon-
ing of the CVB3 genome (16). This finding raised the
question of how the recombinant CVB3 cDNA containing a
modified 5’ terminus is capable of inducing an infectious
cycle. To examine whether this modification is conserved
during transfection of mammalian cells, genomic RNA was
isolated from cDNA-derived CVB3. The 5’ nucleotide se-
quence of the genome of cDNA-generated viruses was
determined by primer extension and chemical sequencing, as
performed for the determination of the very 5’ end of the
authentic wild-type RNA. Strikingly, the 5’ terminus of the
cDNA-generated CVB3 genome was found to be identical to
that of the wild-type RNA containing two 5’ uridine resi-
dues. These residues must have been provided during the
initiation of an infectious cycle upon transfection of recom-
binant CVB3 cDNA into permissive cells (Fig. 6).

J. VIROL.

Restoration of the authentic CVB3 5’ end takes place in the
cytoplasm of transfected cells. To prove whether the authen-
tic 5’ terminus is restored through a cytoplasmic event,
transfection experiments were performed with in vitro-
synthesized RNA transcripts, which should initiate an infec-
tious cycle independent of a nuclear event. For this purpose,
the recombinant CVB3 cDNA was set under the control of
both the T7 and SP6 promoters and was used for the
synthesis of full-length CVB3 RNA transcripts of plus-strand
polarity (compare structures shown in Fig. 1). These RNA
molecules also lacked the two 5’ uridine residues and con-
tained additional nonviral nucleotides at both ends. A spe-
cific infectivity of 14 to 30 PFU/pg of T7- and SP6-derived
transcripts was observed in transfected HeLa cells (n = 3
different experiments each), whereas virion RNA showed an
infectivity of 2 X 10° PFU/ug. Total lysis of cells overlaid
with fluid medium was observed within 2 to 4 days upon
transfection of in vitro-synthesized plus-strand RNA. As
expected, no infectious cycle was initiated upon transfection
of minus-strand RNA transcripts. To examine whether the
authentic CVB3 5’ terminus had been restored in plus-strand
RNA-transfected cells, the 5’ nucleotide sequence of the
virus progeny was determined. The analysis revealed the
presence of two initial 5’ uridine residues identical to the 5’
sequence S'UUAAAA. . . in cDNA-derived CVB3 (Fig. 6).
This finding demonstrates that the authentic CVB3 5’ termi-
nus has been restored in the cytoplasm upon transfection of
in vitro-synthesized RNA transcripts.

Biological properties of transfection-derived CVB3. The
supernatant medium of transfected cultures was tested after
complete lysis of the cells in a specific antibody neutraliza-
tion assay to examine the identity of transfection-derived
viruses. Neutralization was achieved with CVB3 serotype-
specific antiserum but not with CVB1 or CVBS antiserum,
indicating that the cDNA-generated viruses, as well as
viruses generated through in vitro-synthesized RNA tran-
scripts, were authentic CVB3. With regard to tissue tropism,
transfection-derived viruses were found to induce myocardi-
tis in mice and are also capable of establishing a persistent
carrier state infection in cultured human myocardial fibro-
blasts, as was previously described for the parental CVB3
(14, 15). In addition, transfection-derived viruses were found
to grow to titers of about 2 x 108 to 4 x 108 PFU/ml upon
passage in HeLa cells, which is typically observed for
wild-type stocks. cDNA-derived virus, as well as virus
generated through transfection of in vitro-synthesized CVB3
RNA, clearly revealed wild-type virus plaque morphology
(Fig. 7).

DISCUSSION

Picornavirus research is in a very dynamic phase following
the demonstration that cloned cDNA copies of poliovirus
(33) and CVB3 (16) and in vitro-synthesized RNA transcripts
of poliovirus (50), human rhinovirus 14 (26), and hepatitis A
virus (4) are infectious. In addition, recombinant DNA
techniques have contributed to an improved diagnosis of
picornavirus infections. We have previously developed an in
situ hybridization assay capable of detecting enterovirus
RNA in myocardial tissue with full-length reverse-tran-
scribed recombinant CVB3 cDNA as an enterovirus group-
specific probe (14). By this approach, the presence of
enterovirus RNA has been assessed in endomyocardial
biopsy samples of a significant number of patients with
myocarditis or dilated cardiomyopathy or both (13, 17).

By comparison of the CVB3 genome to those of other
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FIG. 4. Deduced amino acid sequence of infectious CVB3 cDNA in comparison with that of the polyproteins of CVB1 (lizuka et al. [10]),
CVB4 (Jenkins et al. [11]), and PV1 (18, 32). The CVB3 amino acid sequence is shown in its entirety, and deviating amino acids are depicted
for CVB1, CVB4, and PV1. Dots represent amino acid deletions. The proposed cleavage sites of the polyproteins of the coxsackieviruses are
marked by vertical lines by analogy to the biochemically established sites of proteolytic processing of PV1 (18). Note that only the proposed
cleavage sites between polypeptides 2B and 2C and between VP1 and 2AP™ differ between the coxsackieviruses and poliovirus. To determine
the exact position of the cleavage site of CVB3 between VP1 and 2AP™, direct sequencing of the termini of these polypeptides will be required.
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TABLE 1. Amino acid sequence identity among the proteins of
CVB3 and three other enteroviruses“

Identity between:

Protein CVB3®

CVB3 and CVB3 and CVB3 and

CVB1 CVB4 PV1
VP4 69 97.1 94.2 65.2
VP2 263 82.9 79.8 51.0
VP3 238 80.7 79.0 55.5
VP1 281 77.2 69.4 38.8
2AP® 150 94.0 92.0 58.0
2B 99 98.0 99.0 49.5
2C 329 98.2 97.9 62.3
3A 89 97.8 93.3 51.7
3B 22 90.9 90.9 77.3
3Cere 183 98.9 97.8 55.2
3pro! 462 96.3 97.0 79.7

“ Sequence identities are expressed as percentages. Details are taken from
lizuka et al. (10) for CVB1, Jenkins et al. (11) for CVB4, and Kitamura et al.
(18) for PV1.

» Number of amino acids of CVB3 proteins based on the cleavage sites
proposed in the legend to Fig. 4.

potentially cardiotropic group B coxsackieviruses, the high
degree of identity among nucleotide and amino acid se-
quences clearly demonstrates their close genetic relation-
ship, which is considerably lower with respect to poliovirus
(compare Table 1 with Fig. 4). Most pronounced is the
degree of identity within the 5' and 3’ nc regions and,
regarding the polyprotein sequences, within the nonstruc-
tural proteins and VP4. In the case of the structural proteins
VP1, VP2, and VP3, identity is confined to distinct regions
interspersed between nonhomologous sequences (Fig. 4). As
is evident from the crystallographic structures of various
picornaviruses (9, 21, 35), conserved regions have an impor-
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FIG. 6. 5’ Terminal sequence of CVB3 generated through trans-
fection of recombinant CVB3 plasmid DNA into HeLa cells. To
obtain the sequence of the 5’ terminal region of the genomic RNA of
cDNA-derived CVB3, primer-extended cDNA was synthesized
from purified viral RNA and sequenced chemically as described in
Materials and Methods. Lanes 1 to 4, Labeled DNA fragments
generated from cleavage at G (lane 1), G and A (lane 2), T and C
(lane 3), and C (lane 4). The complementary 5’ terminal sequence of
the corresponding viral RNA is shown at the right. Note the
presence of the two initial 5’ uridine residues which are not
contained in the recombinant infectious CVB3 c¢cDNA (16). An
identical sequence was obtained by sequencing genomic RNA from
CVB3 generated upon transfection of in vitro-synthesized viral
RNA.
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FIG. 5. Common structural features of the 5’ terminus of different picornaviruses. The first 90 S’ terminal nts of CVB3, CVB1 (10), CVB4
(11), PV1 (18, 32), PV2 (45), PV3 (41), human rhinovirus type 14 (HRV14) (40), human rhinovirus type 2 (HRV2) (38), and hepatitis A viruses
(HAV/LA) (28) and HAV/MBB (31) are presented. Note that the first 10 nts at the 5’ end are identical among the enteroviruses. Arrows
indicate perfect repeats of inverted symmetry, 6 to 10 nts in length, which are found at corresponding positions for the human enteroviruses
and rhinoviruses (nts 9 to 20 are complementary to nts 23 to 37, and nts 2 to 11 are complementary to nts 75 to 88). In the case of hepatitis
A virus, the inverted repeat that is complementary to nts 2 to 11 is shifted to nts 31 to 39. Computer-calculated secondary structures (data
not shown) suggest an important function for these inverted repeats during plus- and minus-strand RNA replication.



FIG. 7. Plaque morphology of CVB3 generated through transfec-
tion of wild-type RNA (A), recombinant pCB3-M1 plasmid DNA
(B), recombinant pCB3/T7 plasmid DNA (C), and in vitro-synthe-
sized CVB3 RNA (D). HeLa cell monolayers were infected with
transfection-derived first-passage stocks, as described for plaque
assays in Materials and Methods, indicating that viruses generated
in the absence of two initial 5’ uridine residues exhibited wild-type
plaque morphology.

tant function in maintaining polypeptide chains of the struc-
tural proteins in the barrel-like core structure. Structurally
conserved loops and terminal extensions have been sug-
gested to be involved in dynamic viral processes, e.g.,
assembly, receptor binding, and uncoating (7), whereas
highly divergent sequences may participate in the formation
of antigenic determinants. This pattern of conserved and
heterologous peptide sequences is shared by various genera
of picornaviruses, as demonstrated by a comprehensive
alignment of the capsid proteins of 33 picornavirus strains
(30). Peptide sequences, which can be identified by correla-
tion to poliovirus sequences containing antigenic determi-
nants, are highly divergent among the coxsackieviruses and
probably exhibit serotype-specific antigenic properties. In
addition, peptides with sequences common to a subset of
serotypes should provide useful targets for broad-spectrum
clinical diagnosis of potentially cardiotropic enteroviruses.
In this context, we have recently demonstrated that poly-
clonal antibodies generated against bacterially synthesized
fusion proteins of various CVB3 structural proteins clearly
cross-react with a wide variety of group A and B coxsack-
ieviruses, as well as echoviruses (51).

The mechanism by which the recombinant cDNA of a
picornavirus initiates an infectious cycle in transfected cells
is currently poorly understood. Presumably, the recombi-
nant cDNA is transcribed in the nucleus of transfected cells
to produce plus-strand RNA transcripts, which serve as
messengers for the synthesis of virus-directed proteins and
as templates for replication. Regardless of whether these
transcripts are initiated from cellular promoters after inte-
gration or from cryptic promoters present in the vector
DNA, they probably represent oversized transcripts with
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extra nonviral sequences at both ends. The in vitro-synthe-
sized CVB3 RNA transcripts also represent oversized tran-
scripts. These RNAs, while about 20 times more infectious
than the plasmid DNAs, are only about 0.01% as infectious
as RNA isolated from the virus. This may be caused by the
presence of oversized nonviral sequences (50) and possibly
also by the absence of two initial 5’ uridine residues.
Nonetheless, transfection-derived viruses have biological
properties indistinguishable from those of parental CVB3.

The 5’ termini of the transfection-derived viruses and that
of parental CVB3 were found to be identical, demonstrating
that recombinant plasmid DNA, as well as in vitro-synthe-
sized RNA transcripts, has regained two initial 5’ uridine
residues during initiation of an infectious cycle. Presumably,
these uridine residues are provided by the picornaviral
nucleotidyl protein VPg-pUpU, which has been proposed as
a component of the initiation complex of poliovirus RNA
synthesis (5, 43, 44, 52). Free VPg-pUpU is known to be
present in poliovirus-infected cells (5) and has been synthe-
sized in vitro in a membrane fraction of poliovirus-infected
cells (43). It was suggested that a precursor of VPg, most
likely polypeptide 3AB, is uridylylated and subsequently
cleaved by the 3C protease (3CP™) to yield the primer
molecule VPg-pUpU (44, 52). In vitro pulse-chase analyses
have supported a model in which VPg-pUpU can function as
a primer in the elongation reaction (42), and evidence was
obtained by an in vitro genetic approach that implicates
3DP° in the formation of VPg-pUpU (47). Thus, a very
attractive model for the initiation of picornaviral RNA
synthesis is provided by implying synthesis of VPg-pUpU by
3DP°! without a template, by its hybridization to template
RNA, and by elongation by 3DP°!,

Our finding of a correct 5’ end of transfection-derived
CVB3 strongly supports uridylylation of VPg in a template-
independent fashion. This implies a unique mechanism al-
lowing the correct initiation of plus-strand RNA synthesis
independent of the presence of two complementary adenines
of the minus strand. Presumably, distinct sequences of the
minus-strand RNA template are involved in this process by
interacting with components of the replication complex. The
inverted repeats identified near the 5’ terminus of the viral
genome (compare structures shown in Fig. 5) might play an
important role. It is tempting to assume that these se-
quences, as part of the minus strand, might adopt a distinct
three-dimensional arrangement serving as a signal element
for the interaction with protein entities of the putative
replication complex.

The availability of the nucleotide sequence of an infectious
cDNA clone of a cardiotropic CVB3 should prove to be
useful for further studies on the structure and function of the
viral RNA and provides a basis for a molecular genetic
approach not previously available for the analysis of entero-
virus-induced cardiomyopathy.

ACKNOWLEDGMENTS

We thank C. Schommer and H. Riesemann for excellent technical
assistance. The identity of transfection-derived CVB3 was kindly
established by M. Roggendorf (University of Munich).

This work was supported in part by grant 321-7291-BCT-0370
Grundlagen und Anwendungen der Gentechnologie from the Ger-
man Ministry for Research and Technology. I.B. received support
from a research fellowship from the Alexander von Humboldt-
Stiftung. R.K. is a Hermann and Lilly Schilling Professor of Medical
Research.



1582

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

KLUMP ET AL.

LITERATURE CITED

. Abelmann, W. H. 1973. Viral myocarditis and its sequelae.

Annu. Rev. Med. 24:145-152.

. Andrews, N. C., and D. Baltimore. 1986. Purification of a

terminal uridylyltransferase that acts as host factor in the in
vitro poliovirus replicase reaction. Proc. Natl. Acad. Sci. USA
83:221-225.

. Chen, E. Y., and P. H. Seeburg. 1985. Supercoil sequencing: a

fast and simple method for sequencing plasmid DNA. DNA
4:165-170.

. Cohen, J. L., J. R. Ticehurst, S. M. Feinstone, B. Rosenblum, and

R. H. Purcell. 1987. Hepatitis A virus cDNA and its RNA
transcripts are infectious in cell culture. J. Virol. 61:3035-3039.

. Crawford, N. M., and D. Baltimore. 1983. Genome-linked

protein VPg of poliovirus is present as free VPg and VPg-pUpU
in poliovirus-infected cells. Proc. Natl. Acad. Sci. USA 80:
7452-7455.

. Devereux, J., P. Haeberli, and O. Smithies. 1984. A comprehen-

sive set of sequence analysis programs for the VAX. Nucleic
Acids Res. 12:387-395.

. Filman, D. J., R. Syed, M. Chow, A. J. Macadam, P. D. Minor,

and J. Hogle. 1989. Structural factors that control conforma-
tional transitions and serotype specificity in type 3 poliovirus.
EMBO J. 8:1567-1579.

. Hanecak, R., B. L. Semler, C. W. Anderson, and E. Wimmer.

1982. Proteolytic processing of poliovirus polypeptides: anti-
bodies to polypeptide P3-7c inhibit cleavage at glutamine-
glycine pairs. Proc. Natl. Acad. Sci. USA 79:3973-3977.

. Hogle, J. M., M. Chow, and D. J. Filman. 1985. Three-dimen-

sional structure of poliovirus at 2.9 A resolution. Science
229:1358-1365.

Tizuka, N., S. Kuge, and A. Nomoto. 1987. Complete nucleotide
sequence of the genome of coxsackievirus B1. Virology 156:
64-73.

Jenkins, O., J. D. Booth, P. D. Minor, and J. W. Almond. 1987.
The complete nucleotide sequence of coxsackievirus B4 and its
comparison to other members of the Picornaviridae. J. Gen.
Virol. 68:1835-1848.

Johnson, R. A., and I. Palacios. 1982. Dilated cardiomyopathies
of the adult. N. Engl. J. Med. 307:119-126.

Kandolf, R. 1988. The impact of recombinant DNA technology
on the study of enterovirus heart disease, p. 293-318. In M.
Bendinelli and H. Friedman (ed.), Coxsackieviruses: a general
update. Plenum Publishing Corp., New York.

Kandolf, R., D. Ameis, P. Kirschner, A. Canu, and P. H.
Hofschneider. 1987. In situ detection of enteroviral genomes in
myocardial cells by nucleic acid hybridization: an approach to
the diagnosis of viral heart disease. Proc. Natl. Acad. Sci. USA
84:6272-6276.

Kandolf, R., A. Canu, and P. H. Hofschneider. 1985. Coxsackie
B3 virus can replicate in cultured human foetal heart cells and is
inhibited by interferon. J. Mol. Cell. Cardiol. 17:167-181.
Kandolf, R., and P. H. Hofschneider. 1985. Molecular cloning of
the genome of a cardiotropic coxsackie B3 virus: full-length
reverse-transcribed recombinant ¢cDNA generates infectious
virus in mammalian cells. Proc. Natl. Acad. Sci. USA 82:
4818-4822.

Kandolf, R., and P. H. Hofschneider. 1989. Viral heart disease.
Springer Semin. Immunopathol. 11:1-13.

Kitamura, N., B. L. Semler, P. G. Rothberg, G. R. Larsen, C. J.
Adler, A. J. Dorner, E. A. Emini, R. Hanecak, J. J. Lee, S. van
der Werf, C. W. Anderson, and E. Wimmer. 1981. Primary
structure, gene organization and polypeptide expression of
poliovirus RNA. Nature (London) 291:547-553.

Kriusslich, H.-G., M. J. H. Nicklin, C.-K. Lee, and E. Wimmer.
1988. Polyprotein processing in picornavirus replication. Bio-
chimie 70:119-130.

Lindberg, A. M., P. O. K. Stilhandske, and U. Pettersson. 1987.
Genome of coxsackievirus B3. Virology 156:50-63.

Luo, M., G. Vriend, G. Kamer, I. Minor, E. Arnold, M. G.
Rossmann, U. Boege, D. G. Scraba, G. M. Duke, and A. C.
Palmenberg. 1987. The atomic structure of Mengo virus at 3.0 A
resolution. Science 235:182-191.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

J. VIROL.

Mattern, C. F. T. 1962. Some physical and chemical properties
of coxsackie viruses A9 and A10. Virology 17:520-532.
Maxam, A. M., and W. Gilbert. 1980. Sequencing end-labeled
DNA with base-specific chemical cleavages. Methods Enzymol.
65:499-560.

Melnick, J. L. 1985. Polioviruses, coxsackieviruses, echovi-
ruses, and newer enteroviruses, p. 739-794. In B. N. Fields
(ed.), Virology. Raven Press, N.Y.

Minor, P. D., M. Ferguson, D. M. A. Evans, J. W. Almond, and
J. P. Icenogle. 1986. Antigenic structure of polioviruses of
serotypes 1, 2 and 3. J. Gen. Virol. 67:1283-1291.

Mizutani, S., and R. J. Colonno. 198S. In vitro synthesis of an
infectious RNA from cDNA clones of human rhinovirus type
14. J. Virol. 56:628-632.

Morrow, C. D., G. F. Gibbons, and A. Dasgupta. 1985. The host
protein required for in vitro replication of poliovirus is a protein
kinase that phosphorylates eukaryotic initiation factor-2. Cell
40:913-921.

Najarian, R., D. Caput, W. Gee, S. J. Potter, A. Renard, J.
Merryweather, G. Van Nest, and D. Dina. 1985. Primary struc-
ture and gene organization of human hepatitis A virus. Proc.
Natl. Acad. Sci. USA 82:2627-2631.

Page, G. S., A. G. Mosser, J. M. Hogle, D. J. Filman, R. R.
Rueckert, and M. Chow. 1988. Three-dimensional structure of
poliovirus serotype 1 neutralizing determinants. J. Virol. 62:
1781-1794.

Palmenberg, A. C. 1989. Sequence alignments of picornaviral
capsid proteins, p. 211-241. In B. L. Semler and E. Ehrenfeld
(ed.), Molecular aspects of picornavirus infection and detection.
American Society for Microbiology, Washington, D.C.

Paul, A. V., H. Tada, K. von der Helm, T. Wissel, R. Kiehn, E.
Wimmer, and F. Deinhardt. 1987. The entire nucleotide se-
quence of the genome of human hepatitis A virus (isolate MBB).
Virus Res. 8:153-171.

Racaniello, V. R., and D. Baltimore. 1981. Molecular cloning of
poliovirus cDNA and determination of the complete nucleotide
sequence of the viral genome. Proc. Natl. Acad. Sci. USA
78:4887—4891.

Racaniello, V. R., and D. Baltimore. 1981. Cloned poliovirus
complementary DNA is infectious in mammalian cells. Science
214:916-919.

Reyes, M. P., and A. M. Lerner. 1985. Coxsackievirus myo-
carditis—with special reference to acute and chronic effects.
Prog. Cardiovasc. Dis. 27:373-394.

Rossmann, M. G., E. Arnold, J. W. Erickson, E. A. Franken-
berger, J. P. Griffith, H.-J. Hecht, J. E. Johnson, G. Kramer, M.
Luo, A. G. Mosser, R. R. Rueckert, B. Sherry, and G. Vriend.
1985. Structure of a human common cold virus and functional
relationship to other picornaviruses. Nature (London) 317:
145-153.

Rueckert, R. R., and E. Wimmer. 1984. Systematic nomencla-
ture of picornavirus proteins. J. Virol. 50:957-959.

Sanger, F., S. Nicklen, and A. Coulson. 1977. DNA sequencing
with chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA
74:5463-5476.

Skern, T., W. Sommergruber, D. Blaas, P. Gruendler, F. Fraun-
dorfer, C. Pieler, I. Fogy, and E. Kuechler. 1985. Human
rhinovirus 2: complete nucleotide sequence and proteolytic
processing signals in the capsid protein region. Nucleic Acids
Res. 13:2111-2126.

Sprunt, K., W. M. Redman, and H. E. Alexander. 1959. Infec-
tious ribonucleic acid derived from enteroviruses. Proc. Soc.
Exp. Biol. Med. 101:604—608.

Stanway, G., P. J. Hughes, R. C. Mountford, P. D. Minor, and
J. W. Almond. 1984. The complete nucleotide sequence of a
common cold virus: human rhinovirus 14. Nucleic Acids Res.
12:7859-7875.

Stanway, G., P. J. Hughes, R. C. Mountford, P. Reeve, P. D.
Minor, G. C. Schild, and J. W. Almond. 1984. Comparison of
the complete nucleotide sequences of the genomes of the
neurovirulent poliovirus P3/Leon/37 and its attenuated Sabin
vaccine derivative P3/Leon 12a,b. Proc. Natl. Acad. Sci. USA
81:1539-1543.



VoL. 64, 1990

42.

43.

45.

47.

48.

Takeda, N., R. J. Kuhn, C.-F. Yang, T. Takegami, and E.
Wimmer. 1986. Initiation of poliovirus plus-strand RNA synthe-
sis in a membrane complex of infected HeLa cells. J. Virol.
60:43-53.

Takegami, T., R. J. Kuhn, C. W. Anderson, and E. Wimmer.
1983. Membrane-dependent uridylylation of the genome-linked
protein VPg of poliovirus. Proc. Natl. Acad. Sci. USA 80:
7447-7451.

. Takegami, T., B. L. Semler, C. W. Anderson, and E. Wimmer.

1983. Membrane fractions active in poliovirus RNA replication
contain VPg precursor polypeptides. Virology 128:33-47.
Toyoda, H., M. Kohara, Y. Kataoka, T. Suganuma, T. Omata,
N. Imura, and A. Nometo. 1984. Complete nucleotide sequences
of all three poliovirus serotype genomes. J. Mol. Biol. 174:
561-585.

. Toyoda, H., M. J. H. Nicklin, M. G. Murray, C. W. Anderson,

J. J. Dunn, F. W. Studier, and E. Wimmer. 1986. A second
virus-encoded proteinase involved in proteolytic processing of
poliovirus polyprotein. Cell 45:761-770.

Toyoda, H., C.-F. Yang, N. Takeda, A. Nomoto, and E. Wim-
mer. 1987. Analysis of RNA synthesis of type 1 poliovirus by
using an in vitro molecular genetic approach. J. Virol. 61:
2816-2822.

Tracy, S., H.-L. Liu, and N. M. Chapman. 1985. Coxsackievirus
B3: primary structure of the 5' non-coding and capsid protein-
coding regions of the genome. Virus Res. 3:263-270.

50.

51.

52.

53.
54.

55.

56.

INFECTIOUS COXSACKIEVIRUS B3 cDNA 1583

. Vaheri, A., and J. S. Pagano. 1965. Infectious poliovirus RNA:

a sensitive method of assay. Virology 27:434-436.

Van der Werf, S., J. Bradley, E. Wimmer, W. F. Studier, and
J. J. Dunn. 1986. Synthesis of infectious poliovirus RNA by
purified T7 RNA polymerase. Proc. Natl. Acad. Sci. USA
83:2330-2334.

Werner, S., W. M. Klump, H. Schénke, P. H. Hofschneider, and
R. Kandolf. 1988. Expression of coxsackievirus B3 capsid
proteins in Escherichia coli and generation of virus-specific
antisera. DNA 7:307-316.

Wimmer, E., R. J. Kuhn, S. Pincus, C.-F. Yang, H. Toyoda,
M. J. H. Nicklin, and N. Takeda. 1987. Molecular events leading
to picornavirus genome replication. J. Cell Sci. Suppl. 7:
251-276.

Woodruff, J. F. 1980. Viral myocarditis—a review. Am. J.
Pathol. 101:427-479.

Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved
M13 phage cloning vectors and host strains: nucleotide se-
quences of the M13mp18 and pUC19 vectors. Gene 33:103-119.
Young, D. C., D. M. Tuschall, and J. B. Flanegan. 1985.
Poliovirus RNA-dependent RNA polymerase and host cell
protein synthesize product RNA twice the size of poliovirion
RNA in vitro. J. Virol. 54:256-264.

Zuker, M., and P. Stiegler. 1981. Optimal computer folding of
large RNA sequences using thermodynamics and auxiliary
information. Nucleic Acids Res. 9:133-148.



