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cDNA fragments representing the region in polypeptide 2C containing mutations in a guanidine-resistant or

-dependent mutant were cloned into the wild-type background of an infectious clone. Transfection of COS-1
cells with these plasmids yielded viruses that were either completely resistant to 2.0 mM guanidine
hydrochloride or dependent on this concentration of drug for growth.

The three poliovirus serotypes, like other members of the
Picornaviridae family, contain a single-stranded RNA
genome of positive polarity approximately 7,500 nucleotides
long (9, 18). This genomic RNA is 3' polyadenylylated and
linked at the 5' end to a small protein called VPg (3B; for a
new nomenclature, see reference 21) (9). The RNA is
translated into a single continuous polyprotein with a molec-
ular weight of 246,000 (10), which is subsequently processed
by two viral proteases to yield the viral structural and
nonstructural proteins (14).
The growth of many picornaviruses, including poliovirus,

is selectively inhibited by guanidine hydrochloride at con-
centrations of 0.1 to 2.0 mM (5, 6, 12, 20). Although
guanidine inhibits several virus-induced processes, the pri-
mary effect appears to be blockage of synthesis of viral
RNA, particularly production of single-stranded RNA (3-5,
15). The specific site of inhibition appears to be the initiation
step of RNA synthesis (3, 5, 27), although release of com-
pleted RNA chains might also be blocked under certain
conditions (8).

Several lines of evidence suggest that protein 2C is the
viral gene product responsible for the guanidine trait. Mu-
tants capable of growing in the presence of guanidine were
isolated from both foot-and-mouth disease virus and
poliovirus. Analysis of virus-induced polypeptides in
guanidine-resistant foot-and-mouth disease virus mutants
showed that polypeptide 2C was altered in 5 of 10 mutants,
an observation suggesting that 2C may be the target of the
antiviral action of guanidine (23). Similar results have been
described for poliovirus (1); 75% of guanidine-resistant mu-
tants contained modifications in protein 2C. Recombinants
between appropriate poliovirus strains unambiguously
mapped the guanidine-resistant mutation(s) downstream
from polypeptide 2APro in the region of the viral genome
specifying protein 2C (7, 17). Recently we have sequenced
poliovirus type 1 genomic RNA isolated from (i) six mutants
resistant to 2.0 mM guanidine, (ii) one mutant resistant to 0.5
mM guanidine, and (iii) two mutants whose growth was
dependent on the addition of guanidine (17). The mutants
resistant to 2.0 mM guanidine all contained an amino acid
substitution in 2C at the same position. Resistance to this
level of drug required two nucleotide substitutions in the
same codon that resullted in an exchange of either N-*G or
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N-*A. The other types of mutant each contained one or two
amino acid changes also within the 2C coding region.

Racaniello and Baltimore (19) reported that a complete
cloned cDNA copy of the Mahoney strain of poliovirus was
infectious in mammalian cells. Semler et al. (24) showed that
a similar clone containing simian virus 40 transcription and
replication signals had higher specific infectivity. These
observations had profound implications for the study of
picornavirus genetics because they created the possibility of
creating specifically designed mutant or recombinant viruses
by transfecting cells with cDNA which has been modified by
DNA manipulation techniques. By this technique, inter-
strain recombinants have been obtained for the purposes of
determining the molecular basis of attenuation, as well as for
further studies of antigenicity (11, 26). This technique has
also been used to generate specific mutants of poliovirus
with novel phenotypes (2, 22, 25). In this communication we
describe the cloning ofcDNA segments containing either the
mutation for resistance to 2.0 mM guanidine or the mutations
responsible for guanidine dependence into the wild-type
background of an infectious clone. The viruses isolated from
transfected cells were found to express the resistance or
dependence phenotype, demonstrating that mutations in
protein 2C are directly responsible for altered guanidine
sensitivity.
The lack of unique restriction sites at the boundaries of the

2C region of our infectious clones (nucleotides 4124 to 5110)
caused us to adopt the strategy for cloning this region from
the resistant and dependent mutants depicted in Fig. 1. We
synthesized double-stranded DNA from viral RNA of the
guanidine-resistant (GR2) or -dependent (GD1) mutant by
using reverse transcriptase as described previously (16). The
cloning vector pSP-1 was prepared by addition of a BglII
linker (CAGATCTG) (New England BioLabs, Inc.) at the
unique EcoRI site of pXf3 (13). After digestion of pSP-1 with
PstI and BglII, the large fragment containing the gene for
tetracycline resistance was purified and ligated to the dou-
ble-stranded DNA which had been digested with these two
enzymes. Tetracycline-resistant colonies of Escherichia coli
HB101 were obtained after transformation with the ligation
mixture and screened for the presence of poliovirus-specific
inserts by rapid plasmid preparations and restriction endo-
nuclease digestions (24). Plasmids were identified that con-
tained poliovirus-specific inserts spanning nucleotides 3417
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FIG. 1. Cloning of poliovirus double-stranded DNA encoding polypeptide 2C from a guanidine-resistant (GR2) or -dependent (GD1)
mutant.

to 5601 of either the resistant (pSP-3R) or the dependent
(pSP-3D) mutant genome.
Sequence analysis of genomic RNA of GR2 and GD1 from

nucleotides 4048 to 5138 revealed an asparagine-to-glycine
change within 2C (amino acid 179, nucleotides 4658 to 4660)
in both mutants and an isoleucine-to-methionine change
within 2C in GD1 (amino acid 227, nucleotides 4802 to 4804)
(17). We have previously shown that the resistance of
another mutant containing the N-*G change maps to the 3'
side of nucleotide 4444 (17). Thus, pSP-3R and pSP-3D
contain regions of the mutant genomes that should not be
needed for expression of the altered guanidine phenotypes.

The following strategy was used to eliminate these additional
regions.
A full-length poliovirus insert was isolated from pDS303

(24) and cloned into the EcoRI site of pSVO, which con-
tained the simian virus 40 origin and enhancer sequences.
The resulting clone (pSVO-polio) was found to have as high
a specific infectivity as pEV104 (24; Putnak and Wimmer,
unpublished data). A PstI-BglII fragment from pSVO-polio
was ligated to the PstI-BglII fragment from pSP-1 described
above resulting in a plasmid (pSP-2W) containing wild-type
poliovirus sequences from nucleotides 3417 to 5601. pSP-2W
was digested with BstEII and NsiI, and the large fragment
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FIG. 2. Scheme for construction of full-length cDNA clones of
-dependent mutant.

was purified and ligated to the BstEII-NsiI fragment (nucle-
otides 3925 to 4830) from pSP-3R or pSP-3D. Plasmids were

identified that contained the resistance (pSP-4R) or depen-
dence (pSP-4D) region in a wild-type background. Since the
region from nucleotides 3925 to 4048 had not been sequenced
in the dependent mutant, we had not ruled out the possibility
that a mutation required for dependence was contained
within this region. A HincII-NsiI fragment (nucleotides 3913
to 4830) was isolated from pSP-4R or pSP-4D and sequenced
in the M13 system (Bethesda Research Laboratories, Inc.);
no additional mutations were found in either plasmid within
this region.

Full-length clones containing the resistance or dependence
regions were generated by the strategy depicted in Fig. 2. A
7,900-base-pair PstI-BglII fragment was isolated from
pSVO-polio by partial digestion with PstI and complete
digestion with BglII. This fragment was ligated to the PstI-
BglII poliovirus specific insert from pSP-4D, and after trans-
formation a full-length clone (pSV-PGD) was identified. Our
attempts to obtain a full-length resistant clone by this strat-
egy were unsuccessful for reasons that are not clear. We
overcame this problem by performing a three-fragment liga-
tion. pSVO-polio was digested with NheI and BglII, and the
resulting fragments (7.0 and 3.1 kilobases) were purified. The
3.1-kb fragment was digested with PstI, and a 0.9-kb frag-
ment was purified. Ligation of the 7.0-kb and 0.9-kb frag-
ments and the poliovirus-specific insert from pSP-4R re-

sulted in a full-length clone (PSV-PGR). The N-*G mutation
results in loss of a HinFI site. We verified that PSV-PGD and

poliovirus containing the 2C region from a guanidine-resistant or

PSV-PGR contained mutant sequences by comparing the
HinFI pattern of these clones to that obtained with pSVO-
polio.
To test whether our full-length clones containing the

resistance or dependence region would produce infectious
virus on introduction of plasmid DNA into primate cells, we
carried out transfection of COS-1 cells by using the modified
calcium phosphate coprecipitation technique (24). COS-1
cells were grown to confluency in 6-cm (diameter) plastic
dishes and transfected in duplicate with 50 ng of pSVO-
polio, PSV-PGD, or PSV-PGR with a 20% glycerol shock.
The plates were incubated at 37°C for 2 days after which half
received 2.0 mM guanidine hydrochloride. Addition of
guanidine before this time caused total cell death in mock-
transfected plates. After 7 days at 37°C, those plates in
which the cells were no longer attached were subjected to
three cycles of freeze-thawing, the cell debris was removed
by centrifugation, and the virus-containing supernatants
were titrated in the absence or presence of 2.0 mM guanidine
hydrochloride as previously described (17).
The results of two separate experiments are presented in

Table 1. Virus obtained by transfection of COS-1 cells with
pSVO-polio in the absence of guanidine was as sensitive to
2.0 mM guanidine as our parental Mahoney strain of
poliovirus. Addition of 2.0 mM guanidine on day 2 to cells
transfected with this plasmid prevented the appearance of
any cytopathic effect (data not shown). Cells transfected in
the absence of guanidine with pSV-PGR produced virus that
displayed similar titers when assayed in the presence or
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TABLE 1. Characteristics of viral stocks derived upon
transfection of COS-1 cells with recombinant polio-virus plasmids

Titer (PFU/ml)
Expt no. and With Without Plaquing

plasmid guanidine guanidine efficiency (A/B)
(A) (B)

1

pSVO-polio 1.0 x 102a 1.7 x 108 5.9 x 10-7
pSV-PGR 5.8 x 107 6.6 x 107 0.9
pSV-PGD 8.2 x 108 2.9 x 106 280

2

pSVO-polio 1.0 x 102a 1.9 x 108 5.3 x 10-7
pSV-PGR 7.0 x 107 9.0 X 107 0.8
pSV-PGD 2.0 x 108 3.5 x 105 570
a Cytopathic effects were noted at a 10-2 dilution. Total cytopathic effect

was seen at a 10-1 dilution.

absence of drug, indicating that this virus was as resistant to
guanidine as was GR2. Virus produced by transfection of
this plasmid in the presence of guanidine was equally resist-
ant (data not shown). Transfection of cells in the absence of
guanidine with pSV-PGD failed to produce any cytopathic
effect (data not shown). Cells transfected with PSV-PGD in
the presence of guanidine produced virus that displayed a

280- to 570-fold higher titer in the presence of drug than in its
absence, indicating that this virus was as dependent on

guanidine as was GD1.
In conclusion, the results presented here demonstrated

that the N->G mutation in GR2 was directly responsible for
its resistance to 2.0 mM guanidine hydrochloride and addi-
tion of the I-+M mutation in GD1 resulted in a virus that
required guanidine for growth. The results demonstrated
that transfection of cells with cDNA clones is a powerful tool
for identifying the genome location of mutations in
poliovirus and for demonstrating that a mutation is respon-
sible for an observed phenotype.

We thank Thomas Shenk for supplying pSVO and J. R. Putnak for
construction of pSVO-polio. We thank Hiroomi Tada for help in
sequencing.

This work was supported by Public Health Service grants
AI-15122 and CA-28146 from the National Institutes of Health.
S.E.P. was supported by Public Health Service postdoctoral fellow-
ship AI-06920 from the National Institutes of Health.

LITERATURE CITED

1. Anderson-SilMman, K., S. Bartal, and D. R. Tershak. 1984.
Guanidine-resistant poliovirus mutants produce modified 37-
kilodalton proteins. J. Virol. 50:922-928.

2. Bernstein, H. D., N. Sonenberg, and D. Baltimore. 1985.
Poliovirus mutant that does not selectively inhibit host cell
protein synthesis. Mol. Cell. Biol. 5:2913-2923.

3. Caliguiri, L. A., and I. Tamm. 1968. Action of guanidine on the
replication of poliovirus RNA. Virology 35:408-417.

4. Caliguiri, L. A., and I. Tamm. 1970. The role of cytoplasmic
membranes on polio biosynthesis. Virology 42:100-111.

5. Caliguiri, L. A., and I. Tamm. 1973. Guanidine and 2-(P-
hydroxybenzyl)-benzimidazole (HBB): selective inhibitors of
picornavirus multiplication, p. 257-294. In W. Carter (ed.),
Selective inhibitors of viral functions. CRC Press Inc., Boca
Raton, Fla.

6. Crowther, D., and J. Melnick. 1961. Studies of the inhibitory

action of guanidine on poliovirus multiplication in cell culture.
Virology 15:65-74.

7. Emini, E. A., J. Leibowitz, D. C. Diamond, J. Bonin, and E.
Wimmer. 1984. Recombinants of Mahoney and Sabin strain
poliovirus type 1: analysis of in vitro phenotypic markers and
evidence that resistance to guanidine maps in the nonstructural
proteins. Virology 137:74-85.

8. Huang, A. S., and D. Baltimore. 1970. Initiation of polysome
formation in poliovirus-infected HeLa cells. J. Mol. Biol.
47:275-291.

9. Kitamura, N., C. Adler, and E. Wimmer. 1980. Structure and
expression of the picornavirus genome. Ann. N.Y. Acad. Sci.
345:183-201.

10. 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.

11. Kohara, M., T. Omata, A. Kameda, B. L. Semler, H. Itoh, E.
Wimmer, and A. Nomoto. 1985. In vitro phenotypic markers of
a poliovirus recombinant constructed from infectious cDNA
clones of the neurovirulent Mahoney strain and the attenuated
Sabin 1 strain. J. Virol. 53:786-792.

12. Loddo, B., W. Ferrari, G. Brotzu, and A. Spanedda. 1962. In
vitro inhibition of infectivity of poliovirus by guanidine. Nature
(London) 193:93-98.

13. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

14. Nicklin, M. J. H., H. Toyoda, M. G. Murray, and E. Wimmer.
1986. Proteolytic processing in the replication of polio and
related viruses. Biotechnology 4:33-42.

15. Nobel, J., and L. Levintow. 1970. Dynamics of poliovirus-
specific RNA synthesis and the effects of inhibitors of virus
replication. Virology 42:634-642.

16. Nomoto, A., H. Toyoda, N. Imura, S. Noguchi, and T. Sekiya.
1982. Restriction map of double-stranded DNA copy synthe-
sized from poliovirus Sabin 1 RNA. J. Biochem. 91:1593-1600.

17. Pincus, S. E., D. C. Diamond, E. A. Emini, and E. Wimmer.
1986. Guanidine-selected mutants of poliovirus: mapping of
point mutations to polypeptide 2C. J Virol. 57:638-646.

18. Putnak, J. R., and B. A. Phillips. 1981. Picornaviral structure
and assembly. Microbiol. Rev. 45:287-315.

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

20. Rightsel, W. A., J. R. Dice, R. J. McAlpine, E. A.Timm, I. W.
McLean, G. J. Dixon, and F. M. Schabel. 1961. Antiviral effect
of guanidine. Science 134:558-559.

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

22. Sarnow, P., H. D. Berstein, and D. Baltimore. 1986. A poliovirus
temperature-sensitive RNA synthesis mutant located in a
noncoding region of the genome. Proc. Natl Acad. Sci. USA
83:571-575.

23. Saunders, K., And A. M. Q. King. 1982. Guanidine-resistant
mutants of aphthovirus induce the synthesis of an altered
nonstructural polypeptide. P34. J.Virol. 42:389-394.

24. Semler, B. L., A. J. Dorner, and E. Wimmer. 1984. Production
of infectious poliovirus from cloned cDNA is dramatically
increased by SV40 traanscription and replication signals. Nu-
cleic Acids Res. 12:5123-5141.

25. Semler, B. L., V. H. Johnson, and S. Tracy. 1986. A chimeric
plasmid from cDNA clones of poliovirus and coxsackievirus
produces a recombinant virus that is temperature-sensitive.
Proc. Natl. Acad. Sci. USA 83:1777-1781.

26. Stanway, G., P. J. Hughes, G. P. Westrop, D. M. A. Evans, G.
Dunn, P. D. Minor, G. C., Schild, and J. W. Almond. 1986.
Construction of poliovirus intertypic recombinants by use of
cDNA. J. Virol. 57:1187-1190.

27. Tershak, D. R. 1982. Inhibition of poliovirus polymerase by
guanidine in vitro. J. Virol. 41:313-318.

J. VIROL.


