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ABSTRACT As part of a study into the molecular basis of
attenuation and reversion to neurovirulence in the Sabin polio-
virus vaccines, we have determined the complete nucleotide
sequence of a cloned DNA copy of the genome of P3/Leon/37,
the neurovirulent progenitor of the type 3 Sabin vaccine
strain, P3/Leon 12alb. Comparison of the sequence with that
which we previously obtained for the vaccine strain [Stanway,
G., Cann, A. J., Hauptmann, R., Hughes, P., Clarke, L. D.,
Mountford, R. C., Minor, P. D., Schild, G. C. & Almond,
J. W. (1983) Nucleic Acids Res. 11, 5629-5643] indicates that
attenuation has been brought about by a maximum of 10 point
mutations, at least 5 of which are likely to be of minor signifi-
cance. Predicted amino acid sequences of all the known virus-
encoded proteins show that amino acid substitutions have oc-
curred at only three positions. Two of these are in structural
proteins (i.e., Ser -* Phe in VP3 and Lys -- Arg in VP1), and
the third, Thr -* Ala, is in the nonstructural protein P2-3b.
The distribution and nature of nucleotide and amino acid se-
quence differences suggest that a single base substitution may
be responsible for the attenuated phenotype of the vaccine
strain.

Over the past 20 years, the use of live, attenuated oral polio-
virus vaccines has played a major role in reducing the inci-
dence of paralytic poliomyelitis in many areas of the world
(1). The live, attenuated vaccine strains in current use were
developed by Albert Sabin in the 1950s by protracted pas-
sage of wild-type virus in monkey tissue in vivo and in vitro
(2). Although the Sabin vaccines have proved highly effec-
tive and generally safe, occasional cases of paralytic disease
do occur among vaccinees and their susceptible contacts
(3). Viruses isolated from such cases can often be desig-
nated "vaccine-like" on the basis of serology and two-di-
mensional electrophoretic maps of ribonuclease l11 oligonu-
cleotides (1, 4-7). The majority of these viruses are of
serotype 3. Despite the widespread use of live, attenuated
vaccines, little is known about the molecular basis of attenu-
ation and why reversion to neurovirulence apparently varies
among vaccines of the three distinct serotypes (3). Prospects
for improving the safety of live, attenuated vaccines may be
enhanced by a clearer understanding of these processes.

Polioviruses are typical members of the family Picornavir-
idae, and are composed of a small (27-nm diam.), icosahedral
particle containing four virus proteins, VP1-VP4, surround-
ing a single-stranded positive-sense RNA genome of approx-
imately 7500 nucleotides (8). The biological properties of dif-
ferent strains of virus must be determined ultimately by the
nucleotide sequences of their genomes. One approach to the

elucidation of the molecular basis of attenuation is, there-
fore, to compare the nucleotide sequences of neurovirulent
and attenuated polioviruses (9, 10).

In the present study, we have determined the nucleotide
sequence of the poliovirus type 3 strain, P3/Leon/37, the
neurovirulent progenitor of the currently used Sabin type 3
live, attenuated vaccine (2). The complete nucleotide se-
quence of the vaccine strain itself has been published (11). A
comparison of these two genome sequences reveals all of the
mutations that have occurred during the attenuation process,
which must include those responsible for the attenuated phe-
notype.

MATERIALS AND METHODS
Virus. P3/Leon/37 was isolated originally from the brain

and spinal cord of a fatal case of paralytic poliomyelitis and
is the neurovirulent progenitor from which the attenuated
vaccine strain, P3/Leon 12alb, was derived by 53 passages
in vitro interspersed with 21 passages in vivo (2). The isolate
of P3/Leon/37 used in this study was obtained from A. Sa-
bin by way of 0. M. Kew of the Center for Disease Control
(Atlanta, GA) as the strain from which the vaccine was de-
veloped. This isolate is significantly different in its molecu-
lar and biological properties from that deposited under the
same name in the American Type Culture Collection (unpub-
lished data). A plaque-purified derivative no. 960 was char-
acterized by its two-dimensional electrophoretic map of ri-
bonuclease T, oligonucleotides and found to be indistin-
guishable from the parental stock and from plaque-purified
isolate no. 411 of the vaccine strain. P3/Leon/37 960 was
shown to be neurovirulent in monkeys (10).
cDNA-RNA hybrids prepared from plaque-purified isolate

960 were cloned in Escherichia coli, and a plasmid contain-
ing a complete copy of the genome (pOLIO-Leon) was con-
structed (ref. 12; unpublished data).

Nucleotide Sequence Determinations. pOLIO-Leon (10 ,g)
was digested with Pst I, and the two poliovirus-specific frag-
ments were isolated. These were circularized by ligation and
then sheared by sonication. The random fragments thus gen-
erated were end-repaired by treatment with the large frag-
ment of E. coli DNA polymerase I and fractionated on a
1.5% agarose gel. DNA of size 300-1000 base pairs was elec-
troeluted, subcloned into Sma I-digested, phosphatase-treat-
ed M13 mp8 and sequenced by the dideoxynucleotide meth-
od (13, 14).

Nucleotide sequences thus generated were compared with
the sequence of P3/Leon 12alb by using computer programs
developed by Staden (15).
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P 3/LEON/3 7 TTAAAACAGCTCTGGGGTTGTTCCCACCCCAGAGGCCCACGTGGCGGCTAGTACACTGGTATCACGGTACCTTTGTACGCCTGTTTTATACTCCCTCCC 100

220

ATGCGGCTAATCCTAACCATGGAGCAGGCAGCTGCAACCCAGCAGCCAGCCTGTCGTAACGCGC AAGTCCGTGGCGGAACCGACTACTTTGGGTGTCCGTGTTTCCTTTTATTCTTGAAT 580

GGCTGCTTATGGTGACAATCATAGATTGTTATCATAAAGCGAGTTGGATTG~7CATCC AGTGTGAATCAGATTAATTACTCCCTTGTTTGTTGGATCCACTCCCGAAACGTTTTACTCCT 700

M GVP QV S S Q K V GA H EN S N R AY G G S T I N
TAACTTATTGAAATTGTTTGAAGACAGGATTTCAGTGTCAC AATGGGAGCTCAAGTATCATCCCAAAAAGTAGGCGCTCACGAGAATTCTAACCGAGCCTACGGTGGTTCTACGATCAAC 820

Y T T I NY Y K D S A S N A A SK Q D Y SOQD P SK F T E P L K D V L I1K TA P

A L N S PNV E A C G Y S D R V L 0 L T L G N S T I TT Q E A A N S V V A Y G R

W P E F I R D D EA N P V D Q P T E P D V AT C R F Y T L D T V M W G K E S K G

TGGCTGAGTTATAGAOTGACAAGAAACCGGTGACCACCACTGACCAATGTGCTAATGCGATCTACCACTGACATGTATGTGGGTAGGATCGAAG 11808

W W W K L P D A L R D M G L F G Q N M Y Y N Y L G R S G Y T V N V Q C N A SK F

TGGTGTGAAGTACCGACGACTAGAGCATGGTCGTTGGACAAAATGTTTACACTCCTGGAAATCGGGTCACGTGCCGTCAGT;TATGCACCAAT 13000

HOQG A L G V F AlIP E Y C L A G D S D K Q R Y T S Y A N A N P G E RG G K F Y

CACCAGGGCACCGGGTGTTGCATTCTGATATTTCTGCGGTGAAGTGCAACAAGGTAACTGTTAGCAATGCAATCAGGGAAGAGGGGAAATTT 14202

S Q F N K DNWA V T SP K R EF C P V D Y L L G C G V L L G N A F V Y P H Q I I

TCCCATTCACAGGATACGCGTACATCCCAA~kGGAGTCTGCCAGGGATATCCCTGGATGGGGtGTTCTGGAAAGCCTTGTTACCACA ATTACA 15404

NML R T N N SA T I V L P Y V N A L A ID S M V KH NH NW G I A I L P L S P L

m-~VP3
F AQ D S S V ElI P IT V T I A P M C S E F N G L R N V T AP K FOQG L P V L N

TTTGCTCAAGATTCATCAGTTGAAATTCCAATTACTGTGACAATTGCCCCAATGTGTAGCGAGTTCAACGGCCTTCGC AACGTGACTGCACCTAAATTTC AAGGACTACCAGTGTTGAAC 1780

T P G S N 0 Y L T S D N HOQ S P C AlIP K F D V T P PI D IP G E V K N M ME L

A ElI D T M I P L N L E ST K R N T M D M Y R V T L S D S AD L SOQP I L C L S

GCCGAGATAGACACCATGATTCCTCTCAATTTGGAGAGCACCAAGAGAAACACAATGGACATGTACAGAGTTACTCTGAGCGACAGTGCCGATCTATCGC AACCAATTTTGTGCTTGTCA 2020

L S PA S D P R L SNH T M L G E V L N Y Y TNH W A GS L K F T F L F C G S MM A

T G K I L V A Y AP P G AO P P T SR K E A M L G TNH V I1W G L G LOQSS C T M

V V P W I S N V T Y R O T TO D S F T E GG Y I S M P Y 0 T RI- V V P L S T P K

S M S M L G F V S AC N D F S V R L L R D T T HI S O S A L P0Q 7 E D LI S E

V A 0 G AL T L S L P K 00Q D S L P D T EKA S G P ANHS K E V P AL t AVE T G

A T N P L A PS D T.V Q T R H V V O R R S R S E S TI ES F F AR G A C V AlIl
GCCACCAATCCTCTGGCACCATCCGACACAGTTCAAACGCGCCACGTAGTCCAACGACGC AGCAGGTCAGAGTCCACAATAGAATCATTCTTC-GCACGCGGGGCGTGCGTCGCTATTATT 2740

E V D N E O PT T R A O K L F A M W R I T Y K D T V 0 L R R K L E F F T Y S R F

D M E F T F V V T AN F T N AN N HG H AL NOQ V Y 01I M Y I PP G AP T P K S W
GACATGGAATTC ACCTTCGTGGTAACCGCCAACTTC ACCAACGCTAATAATGGGCATGCACTC AACCAGGTGT'ACCAGATAATGTACATCCCCCCAGGGGCACCCACACCAAAGTCATGG 2980

D D Y T WO T S S N P SI F Y T Y G A A P A RIS V P Y V G L A NA Y SNH F Y D

GACGACTACACTTGGCAAACATCTTCCAACCCGTCCATATTTTACACCTATGGGGCTGCCCCGGCGCGAATCTCAGTGCCATACGTGGGGTTAGCCAATGC TTACTCGC ACTTTTACGAC 3100

G F A K V P L K T D AN DOQ I G D S LY S AM T V D D F G V L A V R V V N D H N
GGCTCGCCAGGGCCATGAAACAATGCAATGCCAATTGTGATCCTGTACGCGCATGCAGTGATACTTGGTTATTGCAGTCGGTT~CAATATCCA 32202

P T K V T S KV R I Y M K P K N V R V W C P R P P R A V P Y Y G P G V D Y K NHN
CCCACTAAAGTAACCTCCAAAGTCCGCATTTAC ATGAAACCCAAA~ACGTACGTGTCTGGTGCCCTAGACCGCCGCGCGCGGTACCTTATTATGGACCAGGGGTGGACTATAAGAACAAC 3340

L D P L S E K G L T T Y %G F H O N K A V Y T AG Y K I C N Y H L A TE E D L 0

N T V S IM W N R D L L V V E S K A 0 G T D S I A R C N C N AG V Y Y C E S R R
AATATGTAGCATATGTGAATGAGCCTCTGGTGTTGATCAAAGTCAAGTACGACTAATACAAGTGCATTGAATGAGGGTGTCTATGTGATCCAAA 35808

K Y Y P V S F V G P T F 0 Y M EA N D Y Y P AR Y O S N M L I G H G F A S P G D
AAATCT~dCTGGTCGTTGTGGACCACTTCCATAATGGGGCAATGCTACACCAGCTGATACAACCCAA~dTAATGGGCCACCAGGTGACC3700C370
C GG I L R C ONHG V I G I V T AG G E G L V A F S D I R D L Y A YE E E A M K

TGTGGTGG ACC 'TAGGTGTCAACATGGCGTC ATCGGAATCGTGACAGCTGGTGGAGAGGGA3TTAGTCGC ATTCTCTGAC ATAAGGGACTTGTATGCTTACGAGGAAGAGGCCATGGAG 3820

Q [--I ~ Y I E S L G A A F G S G F TOQ Ql G D ElI SE L T S M V T S T I T E K

L L K N L I K I I SS L VI I T R N Y E D T T T V L A T L A L L G CD0V S P W Q
CTATAAACATAATATCTTTGGTACCAAATCAGAACCAATCCCATTGTTCTGTTAGTCCGGCA4060
W L K K K A C D T L E I P Y V I R IG D S W L K K F T E A C N A A K G L E W V S

N K I SK F I D W L R E R I I P0Q A R D E L E F V T K L K O LE M L E N 01IS T

(Fig. 1 continues on the next page.)
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I H Q S C P S Q E H Q E I L F N N V R W L S I Q S K R F A P L Y A L E A K R I Q
ATACACCAATCTTGTCCAAGTCAGGAACACCAGGAAATTTTGTTCAACAATGTACGCTGGTTGTCCATTCAATCCAAGAGATTCGCTCCATTGTACGCACTTGAGGCCAAGAGAATACAA 4420

K L E H T I N N Y I Q F K S K H R I E P V C L L V H G S P G T G K S V A T N L I
AAGTTGGAACACACCATTAATAATTACATACAGTTCAAGAGCAAACACCGTATTGAGCCAGTATGTTTGTTAGTGCATGGGAGCCCAGGTACAGGAAAATCAGTTGCGACTAACCTAATT 4540

A R A I A E K E N T S T Y S L P P D P S H F D G Y K Q Q G V V I M D D L N Q N P
GCTAGAGCCATAGCTGAGAAAGAGAACACCTCCACCTACTCGCTACCACCGGACCCGTCTCACTTTGATGGATACAAACAACAAGGTGTGGTTATCATGGACGACCTAAACCAAAACCCG 4660

D G A D M K L F C Q M V S T V E F I P P M A S L E E K G I L F T S N Y V L A S T
GATGGGGCAGATATGAAGCTCTTTTGTCAAATGGTGTCCACTGTGGAGTTTATCCCACCTATGGCCTCGCTGGAAGAGAAAGGCATTCTGTTCACATCCAACTATGTTTTAGCCTCCACC 4780

N S S R I T P P T V A H S D A L A R R F A F D M D I 0 V M G E Y S R D G K L N M
AACTCCAGTCGCATCACACCACCTACAGTAGCCCACAGTGACGCTCTGGCCAGGAGGTTCGCTTTCGATATGGATATTCAAGTGATGGGCGAGTACTCCAGAGATGGTAAACTCAACATG 4900

A M A T E T C K D C H O P A N F K R C C P L V C G K A I 0 L M D K S S R V R Y S
GC AATGGCTAC TGAGACGTGCAAGGAC TGCCACCAACCAGC AAACTTCAAAAGATGCTGTCCTTTAGTGTGTGGTAAGGCAATTCApT3A5¶GGACAAATCTTCCAGAGTTAGGTACAGT 5020

V D Q I T T M I I N E R N R R S N I G N C M E A L F Q G P L Q Y K D L K I D I K
GTTGACCAGATTACTACAATGATTATCAACGAGAGAAACAGAAGATCTAACATTGGCAATTGCATGGAGGCTTTGTTCCAAGGACCACTCCAGTACAAAGACCTGAAAATTGACATCAAG 5140

T R P P P E C I N D L L Q A V D S Q E V R D Y C E K K G W I V N I T S Q V Q T E
ACGAGGCCCCCCCCTGAATGCATCAATGATCTGCTTCAAGCAGTTGACTCCCAGGAAGTGAGGGATTATTGTGAAAAGAAAGGATGGATCGTCAACATCACTAGCCAAGTTCAAACAGAG 5260

R N I N R A M T I L Q A V T T F A A V A G V V Y V M Y K L F A GH 0 V Y9 G L
AGAAACATTAACCGAGCAATGACCATTTTGCAGGCAGTGACAACTT TCGCCGC AGTGGfTgGATGTECGTGTACGTCATGTACAAGTTATTCGCTGGACACCAGGGAGCATACACTGGTCTG 5380

P N K R P N V P T I R A A K V Q G P G F D Y A V A M A K R N I V T A T T S K G E
CCAAACAAAAGACCCAATGTGCCCACCATTAGAGCAGCAAAAGTGCAAGGGCCTGGGTTTGACTATGCAGTGGCTATGGCTAAAAGAAACATTGTTACAGCAACTACTAGCAAAGGGGAG SS00

F T M L G V H D N V A I L P T H A S P G E S I V I D G K E V E I L D A K A L E D
TTCACAATGCTAGGAGTCCACGACAACGTGGCCATTTTACCAACTCATGCCTCACCTGGTGAGAGTATTGTAATTGATGGCAAAGAGGTTGAAATCCTAGACGCTAAAGCCCTCGAAGAT 5620

Q A G T N L E I T I I T L K R N E K F R D I R Q H I P T Q I T E T N D G V L I V
CAGGCAGGCACTAATCTGGAAATCACCATAATAACCCTCAAAAGAAATGAAAAGTTCAGAGATATCAGACAACACATACCCACTCAAATCACCGAGACGAATGATGGAGTTCTGATTGTG 5740

N T S K Y P N M Y V P V G A V T E Q G Y L N L G G R Q T A R I L M Y N F P T R A
AACACTAGTAAGTACCCCAACATGTATGTTCCTGTCGGTGCTGTGACTGAGCAGGGATACCTAAATCTCGGTGGGCGCCAGACTGCTCGTATTCTAATGTACAACTTTCCAACCAGAGCT 5860

G Q C G G V I T C T G K V I G M H V G G N G S H G F A A A L K R S Y F T 0 S 0 G

GGTCA'bT6T GGG ACATGCACTGGGAAAGTCATCGGGATGCACGTTGGTGGGAATGGTTCACATGGGTTTGCAGCGGCCCTGAAGCGGTC ATAC TTCACTCAGAGCCAAGGT 5980

E I Q W S K E A G Y P I I N A P T K T K L E P S A F H Y V F KG V K E P A
GAAATCCAGTGGATGAGACCATCAAAGGAGGCAGGGTATCCAATTATAAACGCCCCAACCAAGACCAAGCTCGAGCCCAGCGCTTTCCACTATGTGTTTGAAGGAGTAAAGGAACCAGCA 6100

V L T K N D P R L K T D F E E A I F S K Y V G N K I T E V D E Y M K E A V D H Y
GTCCTCACAAAGAATGATCCCAGACTTAAAACAGACTTTGAAGAAGCAATCTTCTCTAAGTATGTAGGGAACAAGATCACTGAGGTGGATGAGTACATGAAAGAGGCAGTGGACCATTAT 6220

A G Q L M S L D I S T E 0 M C L K D A M Y G T D G L E A L D L S T S A G Y P Y V
GCTGGACAACTTATGTCGCTGGATATCAGCACAGAGCAAATGTGTCTAGAAGACGCCATGTATGGTACTGATGGTCTGGAGGCGCTAGATCTGTCTACCAGTGCCGGGTACCCCTACGTG 6340

A M G K K K R D I L N K Q T R D T K E M Q R L L D A Y G I N L P L V T Y V K D E
GCAATGGGGAAGAAGAAGAGAGATATCCTAAACAAGCAAACCAGAGACACCAAAGAAATGCAAAGACTTTTGGACGCTTACGGAATCAACCTACCATTAGTGACATATGTCAAGGACGAG 6460

L R S K T K V K Q G K S R L I E A S S L N D S V A M R M A F G N L Y A A F H R N
CTGAGGTCCAAAACAAAAGTGGAACAGGGAAAATCCAGACTGATTGAAGCTTCCAGTCTAAATGACTCAGTGGCCATGAGAATGGCATTTGGAAACCTTTATGCAGCATTCCACAGGAAT 6580

P G V V T G S A V G C D P D L F W S K I P V L M E E K L F A F D Y T G Y D A S L
CCAGGGGTCGTCACTGGTAGTGCAGTTGGATGCGATCCAGACCTATTCTGGAGCAAGATCCCAGTGTTGATGGAAGAAAAGCTATTTGCCTTTGATTACACAGGATACGACGCATCACTT 6700

SP A W F E A L K M V L E K I G F G D R V D Y I D Y L N H S H H L Y K N K I Y C
AGCCCAGCTTGGTTTGAGGCACTCAAGATGGTGTTAGAGAAAATTGGTTTTGGAGATAGAGTGGATTACATAGACTACCTTAACCATTCACACCACTTGTACAAAAACAAGATATATTGT 6820

V K G G M P S G C S G T S I F N S M I N N L I I R T L L L K T Y K G I D L D H L
GTTAAGGGCGGCATGCCATCTGGCTGCTCCGGCACTTCAATTTTTAATTCAATGATTAACAATTTGATCATTAGGACGCTTTTACTGAAAACCTACAAGGGCATAGATTTGGACCACTTA 6940

K M I A Y G D D V I A S Y P H E V D A S L L A Q S G K D Y G L T M T P A D K S A
AAAATGATTGCCTA TGGTGACGATGTAATAGCTTCCTATCCCCATGAGGT TGACGC TAGTCTCCTAGCCCAATC AGGAAAAGAC TATGGACTAACCATGACTCCGGC AGATAAATC TGCC 7060

T F E T V T W E N V T F L K R F F R A D F K Y P F L I H P V M P M K E I H E S I
ACTTTTGAGAC AGTC ACATGGGAGAATGTAAC TTTCTTGAAAAGATTC TTC AGAGC AGATGAGAAATACCCCTTCCTC ATACATCCAGTAATCC AATGAAGGAGA TTC ATGA ATC AATC 7 180

R W T K D P R N T O D H V R S L C L L A W H N G E E E Y N K F L A K I R S V P I
AGA TGGAC AAAAGATCCTCGGA ATACGCAGGACCATGTACGC TCCTTGTGTCTA TTGGCTTGGC ACAACGGGGAAGAAGA ATAC AAC AAATTTTTAGCmAAAATTAGGAGTGTGCC AATC 7 300

G R A L L L P E Y S T L Y R R W L D S F * *
GGAAGAGCTTTGTTGC TCCCAGAGTAC TC AACATTGTACCGCCGTTGGC TTGAC TCATTTTAGTAACCCTACCTCAGTCGAATTGGATTGGGTCATACTGTTGTAGGGGTAAATTTTTCT 7420

TTAATTCGGAG-POLY A

FIG. 1. Complete nucleotide sequence of poliovirus type 3 P3/Leon/37. A cloned DNA copy of the genome was subjected to random
shearing by sonication and was subcloned into bacteriophage M13. Nucleotide sequence was determined by the dideoxynucleotide method (13,
14).

RESULTS of the strains, including the identical migration of 55 charac-
To safeguard against the possibility that an individual, teristic Tl-oligonucleotides (10), suggest that neutral muta-
cloned DNA copy of the genome could be derived from a tions in the genomes are minimal and, therefore, that se-
subpopulation unrepresentative of the biological properties quence differences have a high probability of correlating
of the original virus stock, P3/Leon/37 was plaque-purified, with biological differences.
and its highly neurovirulent phenotype was confirmed in A complete DNA copy of the genome of P3/Leon/37,
monkeys prior to gene cloning (10). The vaccine strain, plaque-isolate 960, was subjected to random shearing by
P3/Leon 12a1b plaque isolate 411, was similarly tested and sonication and subcloned into bacteriophage M13 (14). Over-
shown to be attenuated. Therefore, it is highly likely that lapping sequences were determined by the dideoxynucleo-
nucleotide sequences derived from cloned cDNAs of these tide chain-termination method (13) and together comprise
strains reflect their neurovirulence properties. In addition, the complete sequence presented in Fig. 1. This 7431-nucleo-
the close similarity in serological and biochemical properties tide sequence excluding the poly(A) tract is 1 base shorter
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than that derived from the vaccine strain P3/Leon 12alb and
differs from it at only 10 positions as summarized in Table 1.
The level of sequence conservation between the two strains
is surprising in view of the number of passages between them
[53 in vitro and 21 in vivo (2)] and current ideas on the high
mutability of RNA genomes [one error per 103104 incorpo-
rated nucleotides (16)]. The result contrasts with that ob-
tained in a study comparing the poliovirus type 1 strains,
Sabin vaccine P1/LSc,2ab, and its neurovirulent precursor
P1/Mahoney (9). Between these strains 57 point mutation
differences were observed, 21 of which gave rise to amino
acid changes scattered throughout the genome. It should be
noted that in the case of type 1, there is no reported plaque-
purification and neurovirulence testing of strains immediate-
ly prior to molecular cloning and/or nucleotide sequence de-
termination (9, 17, 18).
Although the predicted amino acid sequences of poliovirus

types 1 and 3 show close homology (ca. 90%) (11), none of
the mutations observed in the type 3 vaccine strain have an
identical counterpart in the type 1 vaccine strain, indicating
-that the mutational events responsible for attenuation are
different in these two serotypes.
Of the 10 changes listed in Table 1, 5 are unlikely per se to

be of significance to the attenuated phenotype. Thus, the
changes at 871, 4064, 6127, and 7165 are all silent and fall
within the large open-reading frame believed to encode all
the known virus-specified polypeptides (17, 18). Although it
is possible that these changes could influence biological
properties by destabilizing RNA secondary structure, we
have no evidence for the involvement of these regions in sec-
ondary structure of any significance. The change at position
7432 (A -- G) corresponds in P3/Leon/37 to the first A of
the poly(A) tract. Variation at this position has been ob-
served in poliovirus type 1 between two isolates of the same
strain, both of which are believed to be neurovirulent (17,
19).
The significance of sequence changes at positions 220 and

472 is difficult to assess. This 5' region of the genome, which
is presumed to be noncoding (17), shows extensive sequence
conservation between types 1 and 3, suggesting that it plays
a critical role in the replicative cycle of the virus (11). How-
ever, its precise function and the constraints this imposes on
sequence changes within the region remain obscure. It is un-
likely that position 220 is involved in a translational function
because there are no AUG codons in the preceding sequence
(11). Position 472, on the other hand, could function in two
short open-reading frames. In one of these, positions 461-
595, the C -> T mutation would be silent. In the second,
positions 322-519, the mutation would give rise to a Ser -)

Pro amino acid substitution. However, this second frame is
not conserved between poliovirus types 1 and 3 and, there-
fore, is of doubtful significance (11). Indeed, at the present

Table 1. Differences in nucleotide sequence between the
genomes of poliovirus type 3 P3/Leon/37 and the Sabin
vaccine derivative P3/Leon 12alb (2, 11)

Change from parent -* vaccine

Position Nucleotide Amino acid Altered protein

220 G-*T --
472 C->T -
871 G A-A

2034 C - T ser phe VP3
3333 A -G lys -arg VP1
3464 A-- G thr ala P2-3b
4064 T C --
6127 T C --
7165 Go-AA
7432 A--G-G

time, there is no evidence for the use of any translational
reading frames other than that encoding NCVPOO (17, 19).
The mutations most likely to determine the attenuated

phenotype are those at positions 2034, 3333, and 3464, which
give rise to amino acid substitutions in VP3, VP1, and non-
structural protein P2-3b, respectively. The most chemically
conservative of these changes is the Lys -+ Arg change in
VP1. We have argued previously that this change is unlikely
to be the major determinant of attenuation, mainly on the
evidence that a neurovirulent revertant of the Sabin type 3
vaccine does not show a back-mutation at this point (10).
Although our arguments are still valid, the observation of
only two additional coding changes in the entire genome sug-
gests that involvement of the Lys -+ Arg change in attenua-
tion should not be totally ruled out. Indeed, it has been ar-
gued previously that surface changes may play an important
role in attenuation; thus, VP1 is a likely site for attenuating
mutations (9, 20). A similar case may be made for the struc-
turally most drastic of the three coding changes (i.e., Ser
Phe in VP3). It is conceivable that this change could modify
the surface properties of the virion in a way that would re-
duce its neurotropism.
The final coding change, Thr -- Ala (position 3464),

causes an alteration in the nonstructural protein P2-3b. This
protein is the precursor of two other nonstructural proteins
observed in poliovirus-infected cells, P2-5b and P2-X (17).
However, the region of P2-3b incorporating the change is
removed upon formation of these derivatives. It is notewor-
thy that this change is juxtaposed between two mutations
that are 12 amino acids apart in the Sabin type 1 vaccine
strain (i.e., Asp -* Glu at 3460 and Ser -* Asn at 3492 of that
strain) (9). Therefore, these mutations may affect the same
structural domain of P2-3b and, thereby, possibly represent
a common basis of attenuation in the two serotypes. Howev-
er, an explanation of the molecular mechanism would neces-
sitate an understanding of the function of P2-3b.

DISCUSSION
The nucleotide sequence of P3/Leon/37 presented here indi-
cates that only 10 mutations have occurred during the deri-
vation of the Sabin type 3 vaccine strain, P3/Leon 12alb.
Unambiguous identification of the mutations responsible for
the attenuated phenotype is not yet possible, but it is likely
that one or more of the three coding changes are involved.

It might be predicted, considering the extensive passage
regime used to derive the Sabin poliovirus vaccines, that at-
tenuation would be the result of an accumulation of muta-
tions acting concertedly (2). The number of mutations ob-
served in the type 1 vaccine and the observed genetic stabil-
ity of this strain favor such a conclusion (3, 9). For serotype
3, however, the sparsity of the mutations and their disparate
locations raise the possibility that attenuation has been ef-
fected by a single point mutation. The observed frequency of
reversion of the type 3 vaccine (at least 10 times greater than
that of type 1) (3, 21, 22) is consistent with this conclusion.
Profound biological effects resulting from single point muta-
tions have been observed in other viruses. In the case of
rabies virus, a single amino acid substitution in the surface
glycoprotein can dramatically reduce neurovirulence (23). In
influenza viruses, a single change may affect virus interac-
tion with the cell surface (24).
We have reported the partial nucleotide sequence of rever-

tants of the type 3 vaccine in an attempt to shed further light
on the attenuating change(s) (10). It is likely that a parallel
genetic approach based on the construction of recombinants
from cDNA in vitro will also be required (25). A precise defi-
nition of attenuating mutations in Sabin vaccine types 1, 2,
and 3 and an explanation of their mechanism of action may
raise the possibility of designing derivatives that are incapa-
ble of reverting to neurovirulence.
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Finally, it is worth noting that the sequence of P3/Leon/
37 presented here and that of P3/Leonl2a1b presented previ-
ously (11) together constitute one of the few examples where
total RNA sequences have been obtained from RNA ge-
nomes separated by a known number of passages (although
the number of replication cycles within one passage and the
number of replications of a genome within one infected cell
remain unknown). The level of change observed here sug-
gests either that the vast majority of mutations are disadvan-
tageous or that the spontaneous mutation rate in these RNA
genomes is significantly lower than previously supposed
(16).
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