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It has been shown by van der Werf et al. (S. van der Werf, J. Bradley, E. Wimmer, F. W. Studier, and J.
Dunn, Proc. Natl. Acad. Sci. USA 83:2330-2334, 1986) that in vitro synthesis of poliovirus RNA by T7 RNA
polymerase gives rise to infectious RNA molecules; however, these molecules are only 5% as infectious as RNA
isolated from virions. A plasmid, T7D-polio, was constructed that allows the in vitro synthesis of full-length
RNA molecules with two additional guanine residues at the 5' end. However, T7D-polio differed from the
construct of van der Werf et al. in that RNA transcribed from T7D-polio has an authentic 3' end, ending with
only a polyadenine nucleotide sequence. Transfection of these RNA molecules into mammalian cells produced
wild-type poliovirus with an efficiency similar to that of virion RNA. The use of this vector in the
characterization of viral mutants in vivo and in vitro is discussed.

Recombinant DNA technology has proven to be fruitful in
the application of genetics to the study ofRNA viruses. The
discovery that infectious cDNA copies of RNA viruses can
be obtained (14, 16) has allowed the use of site-directed
mutagenesis techniques in the construction of viral mutants
(3, 8, 15). In addition, in vitro transcription of cloned cDNA
of animal (13, 21), insect (5), and plant (1, 11, 17) RNA
viruses has produced infectious RNA molecules in several
instances. The production of infectious poliovirus by in vitro
transcription of a cDNA copy has been described recently
(21). The in vitro-made RNA contained two additional
nucleotides at the 5' end as well as seven nucleotides 3' of
the poly(A) tract; these RNA molecules were 5% as infec-
tious as poliovirion RNA. We report here the construction of
a vector that can be transcribed by T7 RNA polymerase to
yield RNA molecules bearing authentic polyadenylated 3'
end that are as infectious as virion RNA.
The construction of plasmid T7-polio, used to transcribe

viral RNA with only two additional guanine nucleotides at
the 5' end is shown in Fig. 1. Plasmid p5'polio was con-
structed by subcloning a SacI-PstI fragment from pSV2-
polio (3) into a pGem3 vector (Promega Biotec, Madison,
Wis.). This plasmid can be transcribed by T7 RNA polymer-
ase to yield viral molecules 1,859 nucleotides in length which
contain a Sacd linker and 50 guanine residues at the 5' end.
A synthetic oligodeoxynucleotide (5'CTGTTTTAACCT
ATAGTG3') was used to introduce, by site-directed muta-
genesis, the nucleotide deletion needed to juxtapose the T7
promoter and poliovirus cDNA sequences (4, 7, 22) (see Fig.
1). The recombinant clone bearing the T7 promoter element
next to poliovirus sequences was isolated and digested with
BglI, and the small BglI fragment was isolated and ligated to
the two large BglI fragments obtained from digestion of
pSV2-polio. The resulting plasmid was termed T7-polio (see
Fig. 1). The expected nucleotide sequence at the junction of
the T7 promoter and the 5' end of poliovirus was verified by
DNA sequencing (10). Upon linearization of T7-polio DNA
with EcoRI and in vitro transcription with T7 RNA polymer-
ase, RNA molecules were synthesized which had two extra
guanine residues at their 5' ends before the first nucleotide of
the poliovirus genome and 17 nucleotides at their 3' ends
after a stretch of 12 adenine residues. The concentration of

full-length RNA molecules was determined by comparing
known amounts of virion RNA with various dilutions of in
vitro-made RNA in an ethidium bromide-stained agarose gel.
These RNA molecules were introduced into human HeLa
cells by DEAE-dextran transfection (19), and an infectivity
of 3.0 x 104 PFU/,g of RNA was observed in dilution
experiments; in parallel experiments, virion RNA displayed
an infectivity of 1.5 x 106 PFU/,ug (see Table 1). Capping of
the in vitro-made transcripts had no effect on the infectivity
(not shown). These results are in accord with the findings of
van der Werf et al. (21), who constructed a plasmid similar to
T7-polio by different methods.

In an attempt to produce viral RNA molecules that are
closer in sequence to virion RNA we constructed T7D-polio.
We used the strategy outlined in Fig. 1 to insert a unique
MluI restriction endonuclease site betwen the viral poly(A)
sequences at the 3' end and the poly(C) sequences which
were derived from the cDNA cloning of the infectious viral
RNA (14). Briefly, the oligodeoxynucleotide (5'AAAAA
AACGCGTCCCCC3') was annealed to gapped duplexes
prepared by annealing T7-polio cut with PvuI (see Fig. 1) to
T7-polio cut with HindlIl (position 6516) and EcoRI (posi-
tion 7498). Gapped duplexes were repaired with the Klenow
enzyme, ligated with T4 DNA ligase, and transformed into
Escherichia coli (4, 7, 9, 22). Bacterial colonies were
screened with the radiolabeled oligodeoxynucleotide, and a
positive clone, T7D-polio, was identified. Again, the pres-
ence of the sequences surrounding the expected introduced
MluI restriction endonuclease site was verified by DNA
sequencing (10). The restriction endonuclease MluI leaves
staggered ends in digested DNA with a GCGC-5' overhang.
This single-stranded overhang can be removed by treatment
of MluI-digested DNA with exonuclease VII (2), leaving a
DNA template whose coding strand terminates in 12 adenine
residues. Thus, T7D-polio DNA can be transcribed by T7
RNA polymerase to produce viral RNA molecules that
contain two extra guanine residues at their 5' ends and
oligoadenine tails at their 3' ends. These 3' sequences can
then be extended in vitro to form long polyadenine tails by
the action of poly(A) polymerase (18).

Figure 2 shows the nucleotide sequences of the T7D-polio
cDNA and in vitro transcripts. The 5' ends contain the two
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FIG. 1. Construction of plasmid T7-polio. The blackened lines represent poliovirus cDNA sequences, and the blank lines denote pBR322
sequences. The promoter elements for simian virus 40, T7, and SP6 RNA polymerases are diagrammed as open boxes. The numbers next to
the circles represent positions in the poliovirus genome. Restriction endonuclease sites for BgIl, KpnI, Pvul, and PvuIl are indicated.

extra guanine nucleotides, and the 3' ends contain either
CGCG nucleotides derived from the MluI site (a and b) or
adenosine residues (c and d) which were transcribed from an
exonuclease VII-treated linearized template (2). In another
experiment, extra adenine nucleotides were added in vitro
by poly(A) polymerase (b and d).

Transcripts were made in vitro and analyzed by agarose
gel electrophoresis (Fig. 3). Lanes 1 and 2 contain virion
RNA (0.1 and 0.01 pg, respectively), lane 3 shows RNA
molecules made in vitro containing 12 adenine residues at
their 3' ends, and lane 4 displays RNA molecules that have
been extended by poly(A) polymerase. The poly(A) poly-

merase reaction was carried out by incubating 5 ,ug of RNA
transcript with 10 U of poly(A) polymerase (Bethesda Re-
search Laboratories, Inc., Gaithersburg, Md.) and 0.25 mM
ATP in 30 mM Tris hydrochloride (pH 8-l10 mM MgCl2-2.5
mM MnCl2-250 mM NaCl. The upper band in lanes 3 and 4
is the linearized template cDNA which was not removed.
The RNA produced in vitro by transcription of T7D-polio
DNA displays electrophoretic mobility similar to that of
virion RNA (lane 3). As expected, RNA that has been
polyadenylated in vitro migrated somewhat more slowly in
the gel (lane 4). A more detailed electrophoretic analysis
(now shown) revealed that the polyadenylated RNA is
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3' end

AAAAAAAAAACGCGTCC CCC
TTTTTTTTTTGCGCAGGGGG

Mlul

pppGGUUAAAACAG a. An=12CGCG-OH
b. An=12CGCGAn-10-OH
c. An=12-OH
d. An-10-OH

FIG. 2. Nucleotide sequences of template cDNAs and in vitro transcripts.

heterogeneous in length, with an average length of 100
adenine residues at the 3' end.

Next, we transfected the in vitro-made RNA transcripts
into HeLa cells and compared their infectivities with that of
virion RNA (Table 1). This was done by transfecting cells
with various dilutions of the in vitro-synthesized RNA
molecules, using a DEAE-dextran transfection protocol (19)
followed by agar overlay of transfected cells. Infectious
center assays were also performed to estimate the extent of
infection of transfected cells. From this finding, it was

estimated that as many as 40 to 60% of the cells could be
transfected with polyadenylated RNA made in vitro.

All of our transcripts have identical 5' ends but contain
different nucleotide sequences at their 3' ends; RNA mole-

FIG. 3. Analysis of in vitro-made viral transcripts by agarose gel
electrophoresis. T7D DNA was linearized with MluI and treated
with exonuclease VII, and transcripts were made in vitro by T7
RNA polymerase. The products were analyzed immediately by
electrophoresis in a 1% agarose gel (21). Lanes: 1 and 2, 0.1 and 0.01
,ug virion RNA, respectively; 3, transcription products of MluI-
linearized, exonuclease VII-treated T7D plasmid; 4, RNA molecules
shown in lane 3 after in vitro polyadenylation with ATP and poly(A)
polymerase.

TABLE 1. Infectivity of in vitro transcripts

Nucleotide sequence of transcript Infectivity

pppGGUUAA ... An=12Cn=17............ 3.0 x 104
pppGGUUAA ...An=12CGCG........ 2.0 x 105
pppGGUUAA .. An=12CGCGAn100......................... 1.5 x 106
pppGGUUAA ... An=12 ........ 1.5 x 105
pppGGUUAA...A...... 1.5 x 106

Virion RNA..... 1.5 x 106
a The numbers for the infectivities are averaged from five independent

experiments.

cules containing 17 cytosine nucleotides were 2% as infec-
tious as virion RNA, whereas RNA molecules with only 4
nucleotide residues after the adenine tail showed an in-
creased infectivity to 10% of the virion RNA. If the latter
transcripts were polyadenylated in vitro, infectivities com-

parable to that of virion RNA can be obtained. Similarly,
while transcripts terminating with 12 adenine nucleotides
were 10% as infectious as virion RNA, RNA polyadenylated
in vitro was as infectious as virion RNA. It is interesting that
an extra 4 nucleotides at the end of the adenine (12 A's) tract
did not diminish the infectivity of the RNA, while 17
cytosine residues did. Although the 3'-terminal sequences of
these RNA molecules have not been determined directly, it
has been shown that T7 RNA polymerase continues tran-
scription of single-stranded template extensions (12). There-
fore, we presume that the 3'-terminal sequences of these
RNAs are as shown in Table 1.
These results show that long heteropolymeric nucleotide

sequences at the 3' end of poliovirus RNA decreased the
infectivities of the RNA molecules, whereas long homopoly-
meric adenine sequences increased RNA infectivity. The
lengths of the adenine sequences were important to the yield
of highly infectious RNA. From earlier studies, it is known
that adenine sequences shorter than 20 nucleotides reduce
the infectivity of virion RNA 20-fold (20). Therefore, we

speculate that this is the sole reason why the
pppGGUUAA... .An=12CGCG and pppGGUUAA ..An=12
transcripts displayed low infectivities. It could be that RNA
molecules with short polyadenine tails are unstable or unfa-
vorable templates for translation or initiation of minus-
strand RNA synthesis.
The capacity to produce poliovirus RNA in vitro that is

identical to virion RNA at the 3' end, bears only two extra
guanine nucleotides at the 5'end, and is infectious as virion
RNA is a useful tool to perform several kinds of studies.
First, these templates can be used to explore the role of
nucleotide sequences in the 3'-noncoding region and the
length of the poly(A) tail in the initiation of minus-strand
RNA synthesis in vitro and in vivo. Second, these RNA
molecules are ideal substrates for in vitro translation studies.
Third, a new attempt can be made to introduce lethal
mutants, made by in vitro site-directed mutagenesis meth-
ods, into mammalian cells and to study their phenotypes in a

single infectious cycle, an approach which has been difficult
due to the low infectivities of cDNA clones and infectious
transcripts. Very recently, however, Kaplan and Racaniello
(6) presented evidence that RNA produced in vitro from
noninfectious poliovirus cDNAs bearing deletions in the
capsid region could be studied in a single cycle of infection.
Increasing the specific infectivity of RNA transcripts made
in vitro may extend this experimental approach to the study
of mutants defective in replication as well.

cDNA
5' end

+1
ATAGGTTAAAACAG
TATCCAATTTTGTC

poliovirus

In vitro transcripts
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