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ABSTRACT The complete nucleotide sequence ofthe genome
of the type 1 poliovirus vaccine strain (LSc,2ab) was determined
by using molecular cloning and rapid sequence analysis tech-
niques. The restriction fragments of double-stranded cDNA syn-
thesized from the vaccine strain RNA were inserted into the ad-
equate sites of cloning vector pBR322. Sequence analysis of the
cloned DNAs revealed that the virion RNA molecule was 7,441
nucleotides long and polyadenylylated at the 3' terminus. When
the nucleotide sequence was compared with that of the genome
of the virulent parental strain (Mahoney), 57 base substitutions
were observed to be scattered all over the genome. Of these, 21
resulted in amino acid changes in a number of viral proteins. A
cluster of amino acid changes is located in the viral coat proteins,
especially in the NH2-terminal halfofthe viral capsid protein VP1.
These results may imply that the mutations in the VP1 coding re-
gion contribute to attenuation.

The genome ofpoliovirus is a single-stranded RNA with positive
polarity, in which all of the viral genetic information is stored
(1). This genomic RNA is composed of =7,500 nucleotides,
polyadenylylated at the 3' terminus (2) and covalently attached
to a genome-linked protein (VPg) at the 5' terminus (3-6). Re-
cently, the total genome sequence of the virulent Mahoney
strain oftype 1 poliovirus [PV1(M)] was determined (7, 8). Stud-
ies on the sequences of RNA and of amino acid in viral poly-
peptides have provided a precise viral protein map and proved
that all of the known poliovirus polypeptides originated from
a single precursor molecule NCVPOO [noncapsid viral protein
(NCVP)] (7).

Attenuated polioviruses have been used effectively as oral
live vaccines to prevent poliomyelitis. However, little is known,
as yet, about the mechanisms responsible for attenuation. Polio-
virus LSc,2ab strain [Sabin 1 strain, PVl(Sab)] is a live vaccine
strain derived from the PV1(M) by spontaneous mutations dur-
ing the attenuation process (9, 10).
To determine the molecular basis for the biological differ-

ences between virulent and attenuated poliovirus strains, the
sequences of large and unique RNase Ti- and A-resistant ohi-
gonucleotides of PV1(M) and PV1(Sab) have been compared.
We have shown that mutations detected by oligonucleotide
analysis were caused by single base substitutions and appeared
to be scattered all over the genome (11).

For further comparative sequence studies, the restriction
fragments obtained from double-stranded cDNA of the PV1(Sab)
genome have been cloned (12). We report here the complete
7,441-nucleotide sequence of the PV1(Sab) genome, and the
mutation sites were identified by comparison of our sequence
with the known sequence of the PV1(M) genome (7, 8).

VPg poly(A)
5'0 %%I- 3' virion RNA

B PBBP P B H H oligo(dT)
CDNA

EB1 BB3 BB2 BH1 HH4 HE1

pVS(1)EB1- PP2
pVS(1)BB3'-pVS(1)pPP1

ppVS l)PP2
pVS(1)BHV1

pVS(1)HH4-
pVS(1)HE1.-

0 1 2 3 4 5 6 7 8
Length of Nucleotide

FIG. 1. Restriction cleavage sites on PV1(Sab) cDNA and the ob-
tained cDNA clones. B, H, and P represent restriction cleavage sites
forBamHI, Hinrdl, and Pst I, respectively. The oligo(dT)-oligo(dA) at
one end of EB1 fragment is not shown. Length of nucleotide is given
in kilobases.

MATERIALS AND METHODS
Molecular Cloning ofthe PVl(Sab) Genome. Double-stranded

cDNA of PVl(Sab) genome was synthesized from the purified
virion RNA as described (12). Restriction fragments of the dou-
ble-stranded cDNA were obtained by digestion with HindIII,
BamHI, Pst I, or a mixture of HindIII and BamHI (Takara
Shuzo, Kyoto, Japan) and were inserted into the appropriate
site of cloning vector pBR322 by virtue of their cohesive termi-
ni (12).
To obtain the clone pVS(1)HEl (see Fig. 1) that contains the

sequence corresponding to the 3' end of the viral genome, the
synthesized double-stranded DNA was ligated to EcoRI linker
nucleotides (Collaborative Research, Waltham, MA) after treat-
ment with Escherichia coli DNA polymerase I (Bethesda Re-
search Laboratories) to exonucleolytically remove any 3' pro-
truding ends and to "fill in" any 5' protruding ends (13). The
double-stranded DNA ligated with EcoRI linker nucleotide(s)
was digested with a mixture of HindIII and EcoRI, purified by
Sephadex G-150 column chromatography (13), and inserted into
pBR322 that had been treated with the same endonucleases.
One clone, pVS(1)HEl, was selected from ampicillin-resistant
and tetracycline-sensitive transformants (ampicillin and tetra-
cycline at 30 and 15 ,ug/ml, respectively) (12).
To isolate the pVS(1)EBl (see Fig. 1) that contains the se-

quence corresponding to the 5' end of the viral genome, the
primer extension method (8) was employed by using a HinfI
fragment (positions 221-267) of cloned BB3 fragment (see Fig.
1) as a primer for the reverse transcription. The sequence ofthe
extension products was determined by the method of Maxam
and Gilbert (14). For cloning ofthe EB1 fragment, the extended

Abbreviations: PV1(Sab), poliovirus type 1 Sabin strain; PV1(M), polio-
virus type 1 Mahoney strain; VPg, genome-linked viral protein; NCVP,
noncapsid viral protein.
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vpg-
140

UUAAAACAGC UCUGGGGUUG CACCCGCCCC AGAGGCCCAC GUGGCGGCUA GUACUCCGGU AUUGCGGUAC CCUUGUACGC CUGUUUUAUA CUCCCUUCCC GUMCUUAGA CGCACAAAAC CMGUUCAAU AGAAGGGGGU

280
ACAAACCAGU ACCACCACGA ACAAGCACUU CUGUUUCCCC GGUGAUGUUG UAUAGACUGC UUGCGUGGUU GMAGCGACG GAUCCGUUAU CCGCUUAUGU ACUUCGAGAA GCCCAGUACC ACCUCGGAAU CUUCGAUGCG

420
UUGCGCUCAG CACUCAACCC CAGAGUGUAG CUUAGGCUGA UGAGUCUGGA CAUCCCUCAC CGGUGACGGU GGUCUAGGCU GCGUUGGCGG CCUACCUAUG GCUMCGCCA UGGGACGCUA GUUGUGAACA AGGUGUGAAG

560
AGCCUAUUGA GCUACAUAAG AAMCCUCCGG CCCCUGAAMG CGGCUAAUCC CAACCUCGGG GCAGGUGGUC ACAAACCAGU GAUUGGCCUG UCGUMCGCG CAAGUCCGUG GCGGMCCGA CUACUUUGGG UGUCCGUGUU

700
UCCUUUUAUU UUAUUGUGGC UGCUUOAGGU GACAAUCACA GAUUGUUAUC AUAAAGCGAA UUGGAUUGGC CAUCCGGUGA AAGUGAGAUU CAUUAUCUAU CUGUUUGCUG GAUUCGCUCC AUUGAGUGUG UUUACUCUAA

840
GUACAAOUUC AACAGUUAUU UCMUCAGAC AAUUGUAUCA UAAMGGGUGC UCAGGUUUCA UCACAGAAAG UGGGCGCACA UGAAAACUCA AAUAGAGCGU AUGGUGGUUC UACCAUUMU UACACCACCA WMWAWUA VP4 1a
D ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~980
U1AGAGAUUCA GCUAGUMCG CGGCUUCGM ACAGGACUUC UCUCAAGACC CUUCCAAGUU CACCGAGCCC AUCAAGGA0G UCCUGAUAAA AACAUCCCCA AUGCUMACU CGCCAAACAU AGAGGCUUGC GGGUAUAGCG V P 2

AUAGAGUACU GCAAMWAACA CUGGGAAACU CCACUAUMC CACACAGGAG GCGGCUAAUU CAGUAGUCCC UUAUGGGCGU UGGCCUGAAU AUCUGAGGGA CAGCGAAGCC AAUCCAGUGG ACCAGCCGAC AGAACCAGAC

1260
GUCGCUGCAU GCAGGUUUUA UACGCUAGAC ACCGUGUCUU GGACGAAAGA GUCGCGAGGG UGGUGGUGGA AGUUGCCUGA UGCACUGCGG GACAUGGGAC UCUUUGGCCA AAAUAWUGAC UACCACUACC UAGGUAGGUC

1400
CGGGUACACC GUGCAUGUAC AGUGUAACGC CUCCAAAWUC CACCAGGGGG CACUAGGGGU AUWCGCCGUA CCAGAGAOGU GUCUGGCCGG GGAUAGCAAC ACCACUACCA UGCACACCAG CUAUCAAAAU GCCAAUCCUG

1540
GCGAGAAAGG AGGCACUUUC ACGGGUACGU UCACUCCUGA CGACAACCAG ACAUCACCUG CCCGUAGGUU CUGCCCGGUG GAUUACCUCU UUGGAAAMGG CACGUUAUUG GGGMUGCCU UUGUGUUCCC GCACCAGAUA

1680
AUMACCUAC GGACCMCAA CUGUGCUACA CUGGUACUCC CUUACGUGAA CUCCCUCUCG AUAGAUAGUA UGGUMAGCA CAAUMWUGG GGAAMUGCAA UOAUACCAUU GGCCCCAUWA AAWUUUGCUA GUGAGUCCUC

1820-
CCCAGAGAUU CCAAUCACCU UGACCAUAGC CCCUAWUGGC UGUGAGUUCA AUGGAUUAAG AAACAWUACC CUGCCACGCU OACAGGGCCU GCCGGUCAUG AACACCCCUG GUAGCAAUCA AUAUCWUACU GCAGACACO V p 3

UCCAGUCACC GUGUGCGCUG CCUGAAMUWG AUGUGACCCC ACCUAWUGAC AUACCCGGUG AAGUUAAGAA CAUGAUGM WOGGCAGAAA UCGACACCAU GAUUCCCUUU GACUUAGUG CAAAAAAAAA GAACACCAWG

2100
GAAAUGUAUA GGGUUCGGUU MGUGACAAA CCACAUACAG ACGAUCCCAU ACUCUGCCUG UCACUCUCUC CAGCUUCAGA UCCUAGGUUG UCACAUACUA UGCUUGGAGA AAUCCUAAAU UACUACACAC ACUGGGCAGG

2240
AUCCCUGMG UUCACGUUUC UGUUCUGUGG AUCCAUGAUG GCAACUGGCA AACUGUUGGU GUCAUACGCG CCUCCUGGAG CCGACCCACC AAAGAAGCGU AAGGAGGCGA UGUUGGGAAC ACAUGUGAUC UGGGACAUAG

2380
GACUGCAGUC CUCAUGUACU AUGGUAGUGC CAUGGAUUAG CAACACCACG UAUCGGCAAA CCAUAGAUGA UAGUUUCACC GAAGGCGGAU ACAUCAGCGU CUUCUACCAA ACCAGAAUAG UCGUCCCUCU UUCGACACCC

1 ~~~2520-
AGAGAGAUGG ACAUCCUUGG UUUUGUGUCA GCGUGUAAUG ACUUCAGCGU GCGCUUGAUG CGAGAUACCA CACAUAUAGA GCAAAAAGCG CUAGCACAUZG GGUUAGGUCA GAUGCUUGAA AGCAWGAWUG ACAACACAGU V P 1

2660
CCGUGAAACG GUGGGGGCGG CAACGUCUAG AGACGCUCUC CCAAACACUG AAGCCAGUGG ACCAGCACAC UCCAAGGAAA WUCCGGCACU CACCGCAGUG GAAACUGGGG CCACAAAUCC ACUAGUCCCU UCUGAUACAG

2800
UGCAAACCAG ACAUGUUGUA CMCAUAGGU CMGGUCAGA GUCUAGCAUA GAGUCUUUCU UCGCGCGGGG UGCAOGCGUG GCCAUUAUAA CCGUGGAUAA CUCAGCUUCC ACCAAGAAUA AGGAUAAGCU AUUUACAGUG

2940
UGGAAGAUCA CUUAUAAAGA UACUGUCCAG UUACGGAGGA AAUMGGAGUU CUUCACCUAU UCUAGAWUUG AUAUGGAAUU UACCUUUGUG GUUACUGCAA AUUUCACUGA GACUAACAAU GGGCAWGCCU UAAAUCAAGU

3080
GUACCAAAMU AUGUACGUAC CACCAGGCGC UCCAGUGCCC GAGAAAUGGG ACGACUACAC AUGGCAAACC UCAUCAAAUC CAUCAAUCUU UUACACCUAC GGAACAGCUC CAGCCCGGAU CUCGGUACCG UAWGUUGGUA

3220
UUUCGMCGC CUAUUCACAC UUUUACGACG GUUUUUCCAA AGUACCACUG AAGGACCAGU CGGCAGCACU AGGUGACUCC CUCUAUGGUG CAGCAUCUCU AAAUGACUUC GGUAUUUGG CUGUUAGAGU AGUCAAUGAU

3360
CACAACCCGA CCAAGGUCAC CUCCAAAAUC AGAGUGUAUC UAAAACCCAA ACACAUCAGA GUCUGGUGCC CGCGUCCACC GAGGGCAGUG GCGUACUACG GCCCUGGAGU GGAUUACAAG GAUGGUACGC UUACACCCCU

1 3500
CUCCACCAAG GAUCUGACCA CAUAU.GGAUU CGGACACCAA AACAAAGCGG UGUACACUGC AGGUUACAAA AUUUGCMCU ACCAUUUGGC CACUCAGGAA GAUUUGCAAA ACGCAGUGAA CGUCAWGUGG AAUAGAGACC 3 b

P 2 3640
UCUUAGUCAC AGMUCAAGA GCCCAGGGCA CCGAUUCMU CGCAAGGUGC AAUUGCAACG CAGGGGUGUA CUACUGCGAG UCUAGMGGA AAUACUACCC AGUAUCCUUC GUUGGCCCAA CGUUCCAGUA CAUGGAGGCU

3780
MUMCUAUU ACCCAGCUAG GUACCAGUCC CAUAUGCUCA WUGGCCAUGG AUUCGCAUCU CCAGGGGAWU GUGGUGGCAU ACUCAGAUGU CACCACGGGG UGAUAGGGAU CAUUACUGCU GGUGGAGMG GGUUGGUUGC

1 3920
AUUUACAGAC AUUAGAGACU UGUAUGCCUA CGMGAAGM GCCAUGGMAC AAGGCAUCAC CAAUUACAUA GAGUCACUUG GGGCCGCAUW UGGMGUGGA UUUACUCAGC AGAGUGGAGA CAAMUAACA GAGUUGACUA 5b

4060
AUAUGGUGAC CAGUACCAUC ACUGAAAAGC UACUUAAGM CUUGAUCAAG AUCAUAUCCU CACUAGUUAU UAUAACUAGG AAUUAUGMG ACACCACMC AGUGCUCGCU ACCCUGGCCC UUCUUGGGUG UGAOGCUUCA

1 ~~~~~~~~4200 -~
CCAUGGCAGU GGCUUAGMA GAAAGCAUGC GAUGUUCUGG AGAUACCUUA UGUCACCAAG CMGGUGACA GUUGGUUGM GMGUUUACU GAAGCAUGCA ACGCAGCUM GGGACUGGAG UGGGUGUCM ACAAAAUCUC X

4340
AAAAUUCAUU GAUWGGCUCA AGGAGAAMU UAUCCCACAA GCUAGAGAUA AGUUGGAAUU UGUMCAAAA CUUAGACAAC UAGAAAUGCU GGAAAACCAA AUCUCAACUA UACACCAAUC AUGCCCUAGU CAGGAACACC

4480
AGGAAAUUCU AUUCAAUMU GUCAGAUGGU UAUCCAUCCA GUCUAAGAGG UUUGCCCCUC UUUACGCAGU GGMGCCAAA AGAAUACAGA AACUAGAGCA UACCAUUAAC AACUACAUAC AGUUCAAGAG CAMCACCGU

4620
AUUGAACCAG UAUGUUUGCU AGUACAUGGC AGCCCCGGM CAGGUAAMUC UGUAGCMCC AACCUGAUUG CUAGAGCCAU AGCUGAAAGA GAAAACACGU CCACGUACUC GCUACCCCCG GAUCCAUCAC ACUUCGACGG

4760
AUACAAACAA CAGGGAGUGC UGAWUAUGGA CGACCUGMU CAAAACCCAG AUGGUGCGGA CAUGMGCUG UUCUGUCAGA UGGUAUCMC AGUGGAGUUU AUACCACCCA UGGCAUCCCU GGAGGAGAAA GGMUCCUGU

4900
UUACUUCMMA UACGUUCUA GCAUCCACGA ACUCMGCAG AAUUUCCCCC CCCACUGUGG CACACAGUGA UGCAUUAGCC AGGCGCUUUG CGUUCGACAU GGACAUUCAG GUCAUGMUG AGUAUUCUAG AGAUGGGAAA

5040
UUGMCAUGG CCAUGGCUAC UGMAUGUGU MGAACUGUC ACCAACCAGC AAACUUUAAG AGAUGCUGUC CUUUAGUGUG UGGUMAGGCA AUUCMUAA UGGACAAAUC UUCCAGAGUU AGAUACAGUA UUGACCAGAU

CACUACMUG AUUAUCAAUG AGAGAAACAG AAGAUCCMC AUUGGCAAUU GUAUGGAGGC UUUGUUCCM CGGACCACUCC AGUAUAMGA CUUGAAGAUU GACAUCMGA CGAGUCCCCC UCCUGAAUGU AUCAAUGACU

P 3 UGCUCCAAGC AGUUGACUCC CAGGAGGUGA GAGAUUACUG UGAGAAGAAG GGUUGGAUAG UCMCAUCAC CAGCCAGGUU CMACAGAAA GGAACAUCAA CAGGGCMUG ACAAGCUAC AAGCGGUGAC MCCUUCGCC

I V 9pg 5460
GCAGUGGCUG GAGUUGUCUA UGUCAUGUAU AAACUGUUUG CUGGACACCA GUGAGCAUAC ACUGGUUUAC CAAACAAAAA ACCCAACGUG CCCACCAUUA GGACAGCAAAGGUACAAGGG CCAGGUUCG AUUACGCAGY 2

5600
GGCUAUGGCU MAAGAAACA UUGUUACAGC AACUACUAGC AAGGGAGAGU UCACUAUGUU AGGAGUCCAC GACMCGUGG CUAUUUUACC AACCCACGCU UCACCUGGUG AMACAUUGU GAUCGAUGGC AAAGAAGUGC

5740
AGAUCUUGGA UGCCAAAGCG CUCGMGAUC AAGCAGGAAC CAAUCUUGAM AUCACUAUAA UCACUCUAAA GACAAAUGM AAGUUCAGAG ACAUUAGACC ACAUAUACCU ACUCAAAUCA CUGAGACAAA UGAUGGAGUC

5880
UUGAUCGUGA ACACUAGCM GUACCCCAAU AUGUAUGUUC CUGUCGGUGC UGUGACUGM CAGGGAUAUC UAMUCUCCG UGGGCGCCAA ACUGCUCGUA CUCUMUGUA CMCUUUCCA ACCAGAGCAG GACAGUGUGO

1 ~~~6020 -
UGGAGUCAUC ACAUGUACUG GGAAAGUCAU CGGGAUGCAU GUUGGUGGCA ACGGUUCACA CGGGUUUGCA GCGGCCCUGA AGCGAUCAUA CUUCACUCAG AGUCMUGUG AAAUCCAGUG GAUGAGACCU UCGMGGAAG 4b

6160
UGGGAUAUCC AAUCAUAAAU GCCCCGUCCA AAACCAAGCU UGAACCCAGU GCUUUCCACU AUGUGUUUGA AGGGGUGMG GAACCAGCAG UCCUCACUAA AMCGAUCCC AGGCUUMGA CAAACUUUGA GGAGGCAAUM

6300
UUCUCCAAGU ACCUGGGUM CAAAAUMACU GMGUGGAUG AGCACAUGM AGAGGCAGUA GACCACUAUG CUGGCCAGCU CAUGUCACUA GACAUCAACA CAGMCAAAU GUGCUUGCAG GAUGCCAUGU AUGGCACUGA

6440
UGGUCUAGM GCACUUGAUU UGUCCACCAG UGCUGGCUAC CCUUAUGUAC CMUGGGAAA GMGAAGAGA GAUAUCUUGA ACAAACAAAC CAGAGACACU AAGCAAAUGC AAAAACUGCU CCACACAUAU GGAAUCAACC

6580
UCCCACUGGU GACUUAUGUA AAGGAUGAAC UUAGAUCCAA AACAAAGGUU GACCAGOGGA AAUCCAGAUU AAUUGAAGCU UCUAGUUUGA AUGACUCAGU GGCMUGAGA AUGGCUUUUG GGMCCUAUA UGCUGCUUUU

6720
CACAAAAACC CAGGAGUGAU MCAGCUUCA CCAGUAGGGU GCGAUCCAGA UUUGUUUUGG AGCAAAAUUC CGGUAUUGAU GGAAGAGAAG CUGUUUCCCU UUGACUACAC AGGGUAUGAU GCAUCUCUCA GCCCUGCUUG

6860
GUUCGAGGCA CUAGAGAUGG UGCUUGAGAA AAUCGGAUUC GGAGACAGAG UUGACUACAU CGACUACCUA AACCACUCAC ACCACCUGUA CAAGAAUAAA ACAUACUGUG UCAAGGGCGG UAUGCCAUCU GGUUGCUCAG

7000

GCACUUCMU UUUUAACUCA AUGAUUAACA ACUUGAUUAU CAGGACACUC UUACUGAAAA CCUACAAGGG CAUAGAUUUA GACCACCUAA AAAUGAUUGC CUAUGGUGAU GAUGUAAUUG CUUCCUACCC CCAUGAAGUU

GACGCUAGUC UCCUAGCCCA AUCAGGAAAA GACUAUGGAC UAACUAUGAC UCCAGCUGAC AAAUCAGCUA UAUUUGAAAC AGUCACAUGG GAGAAUGUAA CAUUCUUGAA GAGAUUCUUC AGGGCAGACG AGAAAUACCC

AUUUCUUAUU CAUCCAGUM UGCCMUG GCGAAUUCAU GMUCAUUA GAUGGACAAM AGAUCCUAGG MCACUCAGO AUCACGUUCG CUCUCUGUGC CUAUUAGCUU GGCACMUGG CUMA AM UAUMCAMU

UCCUAGCUM AAUCAGOAGU GUGCCMGGG AMGAGCUUU AUUGCUCCCA GAGUACUCA CAUUGUACCG CCGUUGGCUU GACUCAGGUUG AGUMCCCUA CCUCAGUCGA AUUGGAUUGG GUCAUACUGC UGUAGGGGUA

7440
MWUUUUCUU UAAUGCGGAG G-poly(A)

FIG. 2. (Legend appears at the bottom of the next page.)
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DNA fragment was purified by polyacrylamide gel electropho-
resis and tailed with poly(dT). The fragment was used as a tem-
plate for the synthesis of the second strand with reverse tran-
scriptase in the presence of oligo(dA)1o (P-L Biochemicals). The
product obtained, after treatment with the DNA polymerase
I, was ligated to EcoRI linker nucleotides at both termini,
treated with a mixture of EcoRI and BamHI, and inserted into
pBR322 as described above.

Sequence Analysis of the PVl(Sab) Genome. Nucleotide se-
quences ofthe cloned PVL(Sab) cDNA were determined by the
method of Maxam and Gilbert (14). In addition, sequences of
restriction fragments of the synthesized single-stranded cDNA
were determined to ascertain whether the primary structure of
the PV1(Sab) genome was correctly reflected in that of the
cloned DNA. This was carried out by digestion of the single-
stranded cDNA with Hae III, Hinfl, or Hha I, which was fol-
lowed by use of rapid sequence analysis techniques (unpub-
lished results). Primer extension products that included se-
quences of restriction sites were analyzed to confirm the
restriction map shown in Fig. 1.

RESULTS
Sequence Analysis of Cloned DNA. The HE1 fragment in

the plasmid pVS(1)HE1 was shown to contain poly(dT) at one
end (data not shown) to which EcoRI linker nucleotide was li-
gated. This result indicated that this insert corresponded to the
3' end portion of the viral genome (Fig. 1). van der Werf et al
(15) have succeeded in the direct cloning of the 5' end of polio-
virus RNA using RNADNA hybrids. Because we were unable
to obtain directly 5'-terminal clones, we used a restriction frag-
ment (positions 221-267) from clone pVS(1)BB3 that was 5'-
end-labeled and employed as a primer to synthesize a primer
extension fragment. The nucleotide sequence of this extended
material was determined chemically (14). Comparison of the
sequence with that of the previously established 5'-terminal
sequences (15-17) indicated that the extension proceeded to the
very 5' end of the viral genome. Sequence analysis of the EB1
fragment in a plasmid pVS(1)EB1 revealed that this insert con-
tained the sequence corresponding to that of the first 220 bases
of the viral genome.
We were unable to obtain clones that contained overlapping

sequences that included the restriction cleavage sites of the
genome region consisting of the fragments BB2, BH1, HH4,
and HEL. Therefore, the single-stranded cDNAs having the
nucleotide sequences of these sites were synthesized by the
primer extension method. Sequence analysis of these cDNAs
proved that sequences of any two neighboring cloned DNAs
were directly adjacent to each other in this part of the viral
genome.

Selection of Correct Clones and Primary Structure of
PVl(Sab) Genome, To know whether the primary structure of
the cloned DNAs correctly reflected those of the viral genome,
sequences of single-stranded cDNA synthesized directly from
genome RNA were determined after digestion with Hae III,
HinfI, or Hha I, as described. By this alternative method, se-
quences totaling more than 4,000 nucleotides were determined
(data not shown). Among the sequences, three disagreements
were discovered compared with the sequences ofcloned DNAs,
and all ofthem were found to exist in the BB2 fragment. There-
fore, the BB2 DNA fragment was recloned and the recloned
BB2 DNA was analyzed again. The result indicated that this new
clone reflected the viral genome correctly.

Thus, every portion of the viral genome was cloned into a
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FIG. 3. Location of mutations of the PV1(Sab) genome. The num-
ber of total mutations or missense mutations accumulated from the 5'
terminus of the PV1(Sab) genome was plotted for comparison with the
sequence of the PV1(M) genome (8). Gene organization follows that of
the PV1(M) genome (7). Number of nucleotides is given in kilobases.

plasmid pBR322, and the complete nucleotide sequence of the
PV1(Sab) genome was determined by using the cloned DNAs.
The total PVl(Sab) genome sequence of 7,441 nucleotides is
shown in Fig. 2. This nucleotide sequence of PVl(Sab) is very
similar to that of PV1(M) (7, 8), an observation that was expected
from oligonucleotide analyses (6, 11). A possible initiator codon
for the polyprotein was found at position 743, which is followed
by an open reading frame that terminated at a UAG. in position
7,370 (Fig. 2). The amino acid sequence (data not shown) ofthe
viral polyprotein NCVPOO predicted from the identified open
reading frame was also very similar to that of PV1(M) (7, 8).
Furthermore, amino acid pairs that serve as possible signals for
proteolytic processing of the PV1(M) polyprotein (7) were per-
fectly conserved in the amino acid sequence of the PV1(Sab)
polyprotein. Thus, the genetic map established for PV1(M) (7)
is applicable to PVl(Sab), as indicated in Figs. 2 and 3.

DISCUSSION
Cloning and Sequence of the PVl(Sab) Genome. We have

determined the complete PV1(Sab) genome sequence using
molecular cloning technique. The sequence data suggest that
the ninth AUG triplet from the 5' terminus of the RNA serves
as an initiator codon for the synthesis of the large polyprotein
NCVPOO. This was suggested previously in the translation of
PV1(M) RNA (7, 8) and has now been proven by sequence anal-
yses of the viral capsid proteins and of mRNA (18). According
to the "scanning model" (19), eukaryotic ribosomes bind to the
5' terminus ofmRNA and migrate along the mRNA sequence
until they encounter the first AUG triplet which, solely by vir-
tue of its position, is the initiator codon. Recently, a more elab-
orate version of the scanning model (20) was proposed in which
the nucleotides flanking the AUG initiator codon are proposed
to play an important role in the recognition by eukaryotic ri-
bosomes, the most favorable sequence for initiation being
G-N-N-A-U-G-G. An AUG at position 390 has such a flanking
sequence but it is followed closely by in-phase terminator
codons.

FIG. 2 (on preceding page). Nucleotide sequence of PV1(Sab) genome. The RNA sequence is deduced from the DNA sequence of cloned cDNAs.
Genome organization indicated here follows that of the PV1(M) genome reported by Kitamura et al. (7).
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In addition, a computer search of the genome identified a
very stable secondary structure surrounding the upstream AUG
at position 390. The free energy ofthis secondary structure was
calculated as -29.2 kcal/mol (Fig. 4) (21). Therefore, it may be
possible that ribosomes "jump" over the stable secondary struc-
ture without recognition of the AUG at position 390. Alterna-
tively, initiation of protein synthesis on poliovirus RNA may
occur by a quite different mechanism from that on other eu-
karyotic mRNAs, because poliovirus RNA, as well as other pi-
cornavirus RNAs, lacks the m7Gppp cap at the 5' terminus (22,
23). Ribosomes thus might bind to the RNA independently of
the cap at the site close to the AUG at position 743 so as to use
this AUG as the initiation codon.
The results of oligonucleotide analysis of the PV1(Sab) ge-

nome had suggested that the inoculation stock used in the ex-
periment seemed to be pure enough for structural studies ofthe
genome (6, 11). However, an intrinsic problem in using the
molecular cloning technique for viral genomes is the threat of
selecting a cloned DNA whose sequence reflects that of a mu-
tated virus genome that was a minor component in the inocu-
lation stock. Moreover, the molecular cloning procedure itself
could lead to minor base changes. Therefore, we employed an
alternative sequence analysis method (unpublished results) by
which the sequence of the synthesized single-stranded cDNA
was directly determined without recourse to molecular cloning.
The results were compared with that obtained from the cloned
DNA. By this strategy we discovered a few wrong nucleotides
in the cloned BB2 fragment.

C"C U
A' A

' ,'
C * G

G C-U,
IC A A

C -G
¢ C AG - -29.2 kcal/molG.9G (q
9 -A-U-G
U * A-G-G
I 1

360 GC

C-U-G C
6-G-+A, U

UyA 'I-400

-GG-U-G-G-U' 'U-UG-U-G-A-A-C-A-A-GG-U-

FIG. 4. Secondary structure of the nucleotide sequence including
AUG at position 390. The calculated free energy (AG) for the stem and
loop structure (21) is indicated to the right of the figure. A seven-nu-
cleotide sequence, which emerges as the favored sequence for eukaryot-
ic initiation sites of protein synthesis (20), is drawn in boldface letters.

Comparison of Genome Sequences Between PV1(M) and
PV1(Sab). To date, two slightly different genome sequences of
PV1(M) have been published. One was reported by Kitamura

Table 1. Comparison of genome sequences between PV1(M) and PV1(Sab)
Substitutions

Nucleotide Base
position M Sab

Amino acid
M Sab

Ala Ser

Asn Asp

Leu Phe

Thr Lys

Leu Met

Thr
Thr
Met
Pro
Thr
Ala
Leu

Ala
Ala
Ile
Ser
Lys
Thr
Phe

Nucleotide
position
3,445
3,460
3,492
3,766*
3,785
3,896
3,898
3,919
4,003
4,116
4,444
4,789
5,107
5,137
5,420
5,440
6,143
6,203
6,373
6,616
6,679
6,734
6,853
7,071
7,198
7,243
7,410*
7,441*

Substitutions
Base Amino acid

M Sab M Sab
C U (3)
U A (3)
G A (2)
C A (3)
U A (1)
A G (1)
C A (3)
C U (3)
C U (3)
U C (2)
U C (3)
A G (3)
U C (3)
A G (3)
C A (1)
A G (3)
G A (1)
U C (1)
C U (3)
G A (3)
U C (3)
A G (1)
C U (3)
C U (2)
U A (3)
U A (3)
U C
A G

Asp
Ser

Ser
Ser

Glu
Asn

Thr

Gly

Ile Thr

Asp Asn
Tyr His

Lys

Thr

Glu

Ile

21
26
189
355
480
649
674
935

1,208
1,228
1,442
1,465
1,490
1,507
1,747
1,885
1,942
1,944
2,353
2,438
2,545
2,585
2,741
2,749
2,762
2,775
2,795
2,879
3,163

U C
A G
C U
C U
A G
C U
C U
G U(1)
A C(1)
G C (3)
A G (1)
C U (3)
C U (1)
G A (3)
C U (3)
A U (3)
C A (3)
C A (2)
U C (3)
U A (1)
A G (3)
A G (1)
A G (1)
G A (3)
C U (1)
C A (2)
G A (1)
C U (1)
U C (3)

M and Sab represent PV1(M) and PV1(Sab), respectively. The PV1(M) genome sequence by Racaniello and Baltimore (8) is
usedhere. Position of the nucleotide is shownby the nucleotide numberfrom the 5' terminus of the genome. Nucleotidenumbers
of the PV1(M) genome are corrected, considering 30 additional nucleotides that should be inserted at position 2,104 (8). Numbers
in parentheses represent positions of in-phase codon. Predicted amino acid changes resulting from base substitutions are also
shown. Three nucleotides of PV1(M) with asterisks are different from those in the sequence reported by Kitamura et al. (7).
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et al (7), who used the modified dideoxynucleotide method for
sequence analysis of the cDNA directly synthesized from the
genome. The other sequence was reported by Racaniello and
Baltimore (8), who applied the Maxam and Gilbert method on

the cloned cDNA; this method is the same method we have
used. Because it is possible that different methods for sequence
determination give rise to disagreements in the determined
sequences, the sequence by the latter group was employed in
this study and was compared with that of the PVl(Sab) genome.

As a result, we identified 57 base substitutions dispersed all over
the genome (Table 1; Fig. 3). These base substitutions can be
marked with great confidence because 54 of them were also
found when the sequence proposed' by Kitamura et at (7) was

used for the comparison (Table 1).
Many base substitutions in the P2-X and P3-lb coding re-

gions of the genome occurred in the third letter position of the
in-phase codons (Table 1). This has resulted in a low frequency
of amino acid changes in these coding regions. As shown in
Table 1 and Fig. 3, most missense mutations are located in poly-
peptides P1-la and in the NH2-terminal half of P2-3b. No mis-
sense mutations occur in P2-X and in the NH2-terminal half of
P3-lb. A similar observation has' been made by comparative
sequence studies on PVl(Sab) and poliovirus type 2 Sabin strain
genomes (unpublished results). This result may indicate that
conservation of amino acid sequences of P2-X and portions of
P3-lb is more important for the poliovirus replication than that
of the viral coat proteins (Pl-la).

Mutation Sites Contribute to Attenuation. A major marker
for attenuated poliovirus vaccine is the sensitivity of viral mul-
tiplication to temperature (24). In the case of PVl(Sab), the as-

sembly of viral capsid proteins into capsomeres appears to be
a temperature-sensitive step (24). In addition to a difference in
optimal temperature of growth, PV1(M) and PVl(Sab) are dis-
tinguishable from each other by some of their antigens (25) and
by virion aggregation (26). Thus, many known differences in
vitro between the two strains can be explained by the surface
changes of the virion particle resulting from amino acid substi-
tutions in the coat proteins. In agreement, Kew et al. (27) have
recently suggested that 10-13 amino acid replacements in the
coat proteins occurred during the attenuation process leading
to PVl(Sab). Because we have found that 12 of 21 amino acid
replacements occurred in the coat proteins, we suggest that the
surface changes of the virion may play an important role in the
multiplicity of quantitative changes which are reflected in the
characteristics of attenuated strains.

Our comparative data shown here indicate that base substi-
tutions that resulted in amino acid changes were predominantly
located in the 5'-terminal half of the genome. Of particular in-
terest is a cluster of them in the 5'-terminal half of the viral
capsid protein VPl coding region (Table 1; Fig. 3). These re-

sults, together with abundant evidence that VP1 contributes
importantly to the surface properties of the virion (28), suggest
that base substitutions occurring in the coding region for the
NH2-terminal half of VP1 may contribute to the quantitative
changes in certain biological properties that are associated with
attenuation of virulence in different hosts and by different
routes (29).

Evidence recently presented by Racaniello and Baltimore
(30) suggests that a complete, cloned cDNA of the PV1(M) ge-

nome is infectious in mammalian cells. A reasonable approach
to identification of the mutation(s) responsible for attenuation
seems to be the in vivo quantitative neurovirulence tests (9, 29,
31) of recombinant viruses that could be recovered by trans-
fection of the infectious cloned recombinant cDNAs made from

cloned cDNAs of PV1(M) and PVl(Sab). Therefore, as a first
step in identification of such mutation(s), we are currently at-

tempting to construct an infectious cloned cDNA of PVL(Sab)
in which the PP2 or BB2 fragment is replaced by the corre-
sponding fragment of the PV1(M) genome. It is also of interest
to test the influence of base substitutions in noncoding regions
on the virulence of the virus, especially the base change ob-
served at position 26 which affects the free energy of the sec-
ondary structure reported, previously (16). Thus, recombinant
DNA technology that includes site-directed mutagenesis be-
comes an extremely powerful tool for studying the relationship
between the structure of the poliovirus genome and its biolog-
ical significance.
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Ministry of Education, Science, and Culture of Japan.
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