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Highly Infectious Plasmids Carrying Poliovirus cDNA Are Capable
of Replication in Transfected Simian Cells
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We examined events leading to production of infectious poliovirus upon transfection of simian cells with
plasmids carrying poliovirus cDNA and simian virus 40 transcription and replication signals. The nature of the
simian virus 40 promoter upstream from the poliovirus cDNA had no influence on its infectivity. A high specific
infectivity was correlated with plasmid replication, dependent on expression of T antigen either encoded by the
plasmid or present in host cells (COS-1).

The poliovirus genome is a single-stranded RNA molecule
of positive polarity, 3' polyadenylated (26) and 5' linked to a
small polypeptide, VPg (17). Studies of viral gene functions
have been hampered by the lack of well-defined mutants. A
new approach became feasible when Racaniello and Balti-
more (20) showed that plasmids carrying the complete
cDNA copy of poliovirus type 1 RNA were infectious upon
transfection of cultured primate cells, since the virus pro-
duced is identical to that used for the synthesis of the cDNA
(20, 22). Poliovirus production after transfection with cDNA
is very inefficient (ca. 10 PFU/Lg of DNA) compared with
that after transfection with viral RNA (106 PFU/pg of RNA)
(14), and its mechanism remains unknown. Insertion of the
simian virus 40 (SV40) replication origin and early promoter
into the plasmids significantly increased the production of
infectious poliovirus (22; V. Racaniello, personal communi-
cation), but the infectivity of these plasmids reached a high
level (>400 PFU/4ig of DNA) only after transfection of
COS-1 cells (8). In an attempt to clarify the mechanism of
infectious poliovirus production from cDNA, we report here
a comparison of the effects of different promoters on the
expression of poliovirus cDNA independent of, or in con-
junction with, plasmid replication.
We constructed two plasmids in which the full-length

poliovirus type 1 cDNA was immediately preceded by the
SV40 late promoter (Fig. 1). Plasmid pCW2-SV40 (25) was
used as the source of SV40 DNA for the construction of
recombinant vectors (Fig. lA). Conversion of the HpaII site
at position 346 of SV40 DNA (24) to an XhloI site conserves
intact the SV40 late promoter (11) and the major initiation
sites of late transcription (4, 9). The SV40 BamHI-XlhoI
(position 2533 to 346) fragment, used in the construction of
pKK2, contains the SV40 replication origin (2), the promot-
ers for both early and late transcription, the 72-base-pair
repeat sequences known to act as an enhancer of transcrip-
tion (1), and the sequences coding for T antigen (5). A large
portion of the sequences coding for T antigen were elimi-
nated from pKK2 by deletion of the BamHI-NdeI (position
2533 to 4826) fragment, generating pKK8. Plasmid pSV-
polio (Fig. iB) was used as the source of poliovirus cDNA.
This plasmid contains a full-length poliovirus type 1 cDNA
immediately downstream from the SV40 early promoter and
replication origin and upstream from the SV40 small t
antigen signals for RNA splicing, polyadenylation, and ter-
mination (V. Racaniello, personal communication). The in-
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sertion of these sequences into pKK2 and pKK8 yielded
pKK17 and pKK25, respectively (Fig. IB). Thus, pKK17
carries the poliovirus cDNA together with all of the elements
necessary for autonomous plasmid replication in simian cells
(3, 23), whereas pKK25, like pSV-polio, cannot replicate in
the absence of exogenous T antigen. Because the SV40
maturation signals are duplicated in pKK17, we verified by
fine restriction mapping that no rearrangements via homol-
ogous recombination had occurred.
The biological activities of pKK17, pKK25, and pSV-polio

were compared by measuring PFU production after trans-
fection (10) of Vero and COS-1 cells (Table 1). The specific
infectivity of a given cDNA was found to vary as a function
of plasmid concentration, showing an optimum level which
was different for each plasmid (Table 1) and then dropping
sharply as the concentration was increased above this value
(data not shown). The specific infectivities observed were
independent of the transfection method used (calcium phos-
phate or DEAE-dextran).

Hartzell et al. (12) have shown that the strength of the
SV40 late promoter is negligible in the absence of T antigen
and DNA replication, whereas the early promoter functions
efficiently. Transfection of Vero cells with pSV-polio or
pKK25 allowed us to compare the effect of the SV40 early
and late promoters, respectively, on the specific infectivity
of poliovirus cDNA in the absence of plasmid DNA replica-
tion. Our results show that promoter strength had little or no
effect on PFU production from poliovirus cDNA (Table 1).
However, the infectivities observed were significantly higher
than those observed in the absence of eucaryotic transcrip-
tion signals (20) (data not shown). This was probably due to
the presence of the SV40 enhancer because a significant
increase in poliovirus production was observed even when
the SV40 early promoter region was placed 2.700 base pairs
away from the 5' end of poliovirus cDNA (22).
The participation of T antigen in the infectivity of the

poliovirus cDNA was indicated by the fact that only pKK17
showed a high specific infectivity in Vero cells, whereas all
three plasmids were highly infectious in COS-1 cells, which
constitutively express the SV40 T antigen (8). We verified by
immunofluorescence staining (25) with hamster anti-SV40 T
antigen immune serum that the SV40 T antigen was ex-
pressed in Vero cells transfected by pKK17. T antigen
expression was detected in approximately 10 of 1 cells
under the same conditions in which we observed 20 PFU per
106 cells. Thus, it seems that five times more cells expressed
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FIG. 1. Strategy for the construction of recombinant plasmids carrying a full-length infectious poliovirus cDNA. DNA was manipulated
by classical techniques (18). DNA sequences derived from pBR322 and pBR328 are shown as single lines, those derived from SV40 are shown
as open boxes, and those derived from the cDNA copy of poliovirus type 1 RNA are shown as closed boxes. Abbreviations: PL. late
promoter; PE, early promoter; ori, DNA replication origin, splice. poly A, and term., SV40 small t antigen splice, polyadenylation, and
termination signals, respectively. (A) Construction of recombinant vectors. (B) Insertion of full-length poliovirus cDNA and SV40 maturation
signals.

T antigen than initiated a poliovirus PFU, although these
numbers are too small to be significant.
T antigen could be involved through initiation of plasmid

replication at the SV40 replication origin (3, 23) to increase

TABLE 1. Specific infectivity of poliovirus cDNA in cultured
simian cells

Optimal condi- Virus yield (PFU/ pmol of
tions used (ng of plasmid DNA per 106 cells) under

Source of plasmid/106 cells) optimal conditions of
DNA for: infectivity from":

Vero COS-1 Vero COS-1

pKK17 50 50 4,395 4,395
pKK25 1,500 50 53 12,700
pSV-polio 1,000 50 86 4,480
pKK2 NAb NA 0 0
pKK8 NA NA 0 0

a Average of five experiments. DNA was at a final concentration of 10 to 30
tig/ml, with salmon sperm DNA as carrier. Cells were seeded 24 h before
transfection (106 cells per 60-mm plate) so that transfections were carried out
on 90 to 100% confluent monolayers. After 5 h of incubation with calcium
phosphate-DNA precipitates, the cells were shocked with 20% glycerol for 2
min (6).
bNA, Not applicable; transfection with 1.5 ,ug of DNA.

the number of templates available for transcription. To
measure relative plasmid copy number in simian cells at
various times after transfection, biologically active plasmid
molecules were scored as CFU on the basis of their capacity
to transform Eschlericlija coli to ampicillin resistance. We
chose this approach, rather than a simple detection of total
plasmid DNA present in extracts from transfected cells,
because of recent reports that transfected DNA is mutated at
high frequency in animal cells (16. 21). We reasoned that,
because mutations should be random, an increase in the
number of plasmids with both a functional bacterial replica-
tion origin and an intact ampicillin resistance gene would be
indicative of amplification of poliovirus cDNA. After trans-
fection of Vero cells with 50 ng of DNA, only plasmids
pKK2 and pKK17, which contain all of the signals for
autonomous replication in simian cells, showed an increase
in copy number (Fig. 2A). No increase in copy number was
detected when the same quantity of DNA was used for
transfection of Vero cells with pKK25 and pSV-polio (Fig.
2A), but under these conditions neither plasmid gave rise to
PFU (Table 1 and data not shown). Under conditions of
optimal specific infectivity of pKK25 and pSV-polio (i.e., 1.5
and 1 pg of DNA per 106 cells, respectively), CFU were
detected, in continually decreasing amounts, from greater

B
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Time post-transfection(hrs)

FIG. 2. Relative number of biologically active plasmid molecules
present in simian cells at various times posttransfection. Vero cells
(A) or COS-1 cells (B) were transfected with 50 ng of the following
DNA: pKK17 (0), pKK25 (0). pSV-polio (OI), pKK2 (A), or

pBR328 (A). At the indicated times, low-molecular-weight DNA
was extracted from transfected cells (13). treated with RNase A (20
pg/ml for 15 min at 37°C), extracted with phenol-chloroform, and
ethanol precipitated before being used to transform E. coli 1106 (19).
Ampr colonies were selected and scored. pBR322 DNA added to a

Hirt extract from mock-transfected cells was treated in parallel and
used to standardize the number of CFU. 10" transformants per pg of
pBR322 DNA was used as a standard. Zero time was the time of
glycerol shock.

than 10,000 CFU at 30 min posttransfection to 100 to 200
CFU at 48 h posttransfection (Table 2 and data not shown).
In contrast, an increase in copy number was observed in
COS-1 cells for all plasmids containing the SV40 replication
origin (Fig. 2B). Later posttransfection, we observed a drop
in copy number of replicating plasmids which we are not able
to explain at present and which we did not observe with
pCW2-SV40 (data not shown).
To confirm that the increases in CFU detected in the

experiments shown in Fig. 2 were indeed due to plasmid
replication in simian cells, DNA extracted from transfected
cells was digested with one of the isoschizomers DpnI and
Mbol before transformation of E. (coli. DpnI only cuts DNA
methylated at adenine residues in GATC sequences (15),
i.e., DNA synthesized in dsnt bacteria, whereas MboI cuts
nonmethylated DNA (7), in this case DNA synthesized in

the animal cell. Simian cells were transfected under condi-
tions of optimal specific infectivity for each of the three
recombinant plasmids. The results (Table 2) clearly show
that plasmid replication, i.e., the appearance of DpnlI-
resistant plasmid molecules, occurred in the presence of the
SV40 replication origin and SV40 T antigen; pKK17 was the
only plasmid which replicated in Vero cells, as expected,
since only this plasmid codes for T antigen. On the other
hand, all three plasmids replicated in COS-1 cells in which T
antigen was supplied exogenously.
Measurement of plasmid copy number showed that high

specific infectivity of poliovirus cDNA (Table 1) could be
correlated with the ability of the recombinant plasmid to
replicate in simian cells (Fig. 2 and Table 2). We suggest that
the high specific infectivity of our constructions and of those
of other workers (22; V. Racaniello, personal communica-
tion) depends on the presence of eucaryotic replication
signals rather than on the presence of promoter elements.

TABLE 2. Replication of recombinant plasmid DNA in
simian cells

CFU/106 cells after
DNA Cell line and digestion with': % Replicated
sore

time post-amlclssource transfection" No Dpn MboI moleculesc
enzyme

pKK17 Vero
30 min 21 1 24 4.8
47 h 194 156 26 80

COS-1
30 min 22 0 21 <4.5
47 h 253 216 28 86

pKK25 Vero
30 min 11,170 60 12,060 0.5
47 h 142 8 130 5.6

COS-1
30 min 21 0 18 <4.8
47 h 284 280 2 98.6

pSV-polio Vero
30 min 9,820 130 9,470 1.3
47 h 130 10 146 7.7

COS-1
30 min 34 0 26 <2.9
47 h 254 260 70 102

pBR322d Vero 860 40 NDe 4.7

COS-1 470 30 ND 4

Zero time was the time of glycerol shock. DNA was extracted by the Hirt
method (13) at the times indicated (see the legend to Fig. 2).
bEach Hirt extract was digested by the enzyme indicated, reextracted with

phenol-chloroform, and then ethanol precipitated before transformation of E.
coli 1106. Ampicillin-resistant colonies were scored, and their numbers were
corrected to CFU per 106 simian cells and corrected for transformation
efficiency with purified pBR322 DNA.

C DpnI-resistant plasmid DNA was considered to be replicated in simian
cells. The percentage of replicated molecules was calculated by comparison
with undigested plasmid. By comparison with pBR322 controls, values under
5% cannot be considered to be significant.

d pBR322 DNA (1 ng) was added to a Hirt extract from 106 mock-
transfected cells and treated in parallel to experimental samples.
eND, Not determined.
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