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Mapping of Mutations Associated with Neurovirulence in Monkeys
Infected with Sabin 1 Poliovirus Revertants Selected at

High Temperature
C. CHRISTODOULOU,lt* F. COLBERE-GARAPIN,l A. MACADAM,2 L. F. TAFFS,2 S. MARSDEN,2

P. MINOR,2 AND F. HORAUD'

Unite de Virologie Medicale, Institut Pasteur, 75724 Paris Cedex 15, France,1 and National Institute for Biological
Standards and Control, Potters Bar, Hertfordshire, United Kingdom2

Poliovirus type 1 neurovirulence is difficult to analyze because of the 56 mutations which differentiate the
neurovirulent Mahoney strain from the attenuated Sabin strain. We have isolated four neurovirulent mutants
which differ from the temperature-sensitive parental Sabin 1 strain by only a few mutations, using selection for
temperature resistance: mutant S137C, was isolated at 37.5°C, S138C5 was isolated at 38.5°C, and S139C6 and
S139C10 were isolated at 39.5°C. All four mutants had a positive reproductive capacity at supraoptimal
temperature (Rct+ phenotype). Mutant S137C1 induced paralysis in two of four cynomolgus monkeys, and the
three other mutants induced paralysis in four of four monkeys. The lesion score increased from the S137C,
mutant to the S139 mutants. To map the mutations associated with thermoresistance and neurovirulence, we
sequenced all regions in which the Sabin 1 genome differs from the Mahoney genome. The S137C, mutant had
one mutation in the 5' noncoding region and another in the 3' noncoding region. Mutant S138C. had these
mutations plus another mutation in the 3D polymerase gene. The S139 mutants had three additional mutations
in the capsid protein region. The mutations were located at positions at which the Sabin 1 and Mahoney
genomes differ, except for the mutation in the 5' noncoding region. The noncoding-region mutations apparently
confer a low degree of neurovirulence. The 3D polymerase mutation, which distinguishes S138C. and S139
mutants from S137C1, is probably responsible for the high neurovirulence of S138C5 and S139 mutants. The
capsid region mutations may contribute to the neurovirulence of the S139 mutants, which was the highest
among the mutants.

Poliovirus (PV) is a human enterovirus belonging to the
Picornaviridae family. The ability of the three serotypes of
PV to replicate in and destroy motor neurons characterizes
PV neurovirulence (19), but the molecular basis of neurovir-
ulence is still largely unknown (33). The disease, however,
has been brought under control by two efficient viral vac-
cines: the inactivated and the oral attenuated vaccines (35,
37). To make the latter vaccine, attenuated strains of the
three serotypes of PV were derived from the wild-type
strains by multiple passages in monkey tissue culture (35).
The viral genome is a single-stranded RNA of positive
polarity which is 3' polyadenylated. At the 5' end of the
genome, there is no cap structure, but a small protein, VPg,
is covalently linked to the extremity (14). The nucleotide
sequence has been determined for virulent and attenuated
strains of all three PV serotypes (18, 34, 42, 43). The 5'
noncoding (NC) region is highly conserved among the three
serotypes (31), and the alignment of RNA sequences of
several picornaviruses suggested a model for the secondary
structure containing three relatively independent domains
involved in the cap-independent initiation of translation (16,
30). In the case of PV, particularly type 3, the secondary
structure of the 5' NC region could also be correlated with
neurovirulence. It has been shown that a single point muta-
tion at position 472 (C -> U) affects the structure of the 5'
NC region, the level of in vitro translation, and the degree of
neurovirulence (2, 3, 9, 45). A second mutation, which
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affects the capsid protein VP3, is responsible for the temper-
ature-sensitive phenotype of the attenuated strain ofPV type
3 (Sabin 3) and is also involved in determining whether the
phenotype of PV type 3 is attenuated or neurovirulent (24).
The situation appears to be more complicated in the case

of PV type 1. The virulent Mahoney and the attenuated
Sabin 1 strains differ by 56 point mutations, which are

scattered throughout the genome of 7,441 nucleotides and
which correspond to 21 amino acid differences (14, 15, 43).
Inter- and intratypic recombinants have been constructed by
different groups in order to localize the sequences implicated
in neurovirulence and attenuation (1, 3, 12, 15, 28). While it
was proposed that the determinants of neurovirulence were
spread over the entire viral genome (28, 32), the results
suggested that position 480 in the highly ordered 5' NC
region could be a major determinant of PV type 1 neurovir-
ulence (12).
We used a different strategy to study the molecular basis

of PV type 1 neurovirulence, starting from the correlation
between virulence and the capacity for viral multiplication at
40°C (20, 22). Spontaneous mutants can be easily selected
because of the high mutation rate of single-stranded RNA
genomes. We obtained several point mutations of the Sabin
1 strain after successive passages at supraoptimal tempera-
tures. The mutants differed from the parental strain by
several phenotypic markers, including plaque size, ther-
moresistance, and degree of neurovirulence in monkeys.
The neurovirulence of the mutants increased gradually with
the number of passages at elevated temperature, correlating
with an accumulation of point mutations in their genomes.
The results that we report here show that not only the 5' half
of the genome but also the 3' NC region and the 3D
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polymerase gene may carry strong determinants of PV type
1 neurovirulence.

MATERIALS AND METHODS

Cells, viruses, and viral RNA. HEp-2c cells were grown in
Eagle basal medium supplemented with 5% calf serum.
Stocks of the Sabin 1 (original strain plus three passages) and
the mutant strains ofPV were prepared in HEp-2c cells. The
virus stocks were clarified at 10,000 x g for 30 min, and
virions were sedimented by centrifugation at 100,000 x g for
2 h and purified on a CsCl density gradient in a VTi65 rotor
at 242,000 x g for 18 h. The PV RNA was extracted twice
with phenol-chloroform and once with chloroform and was
then ethanol precipitated.

Reproductive capacity at different temperatures (Rct mark-
er). The thermoresistance of viruses was evaluated by an Rct
test. Rct is defined as the difference, after 7 days of incuba-
tion, between the virus titer at 34°C and that at 40°C, in
HEp-2c cells (26).

Test of neurovirulence in Monkeys. Seronegative monkeys
[Macaca fascicularis (Cynomolgus)] were inoculated in-
traspinally with 0.1 ml of a virus suspension (106 50%
infectious doses) by the standard technique of Beswick and
Coid (4).

Labeling of viral proteins. (i) Capsid proteins. HEp-2c cells
in 75-cm2 flasks were washed twice and inoculated with
virus. After 30 min, Eagle medium with 2% newborn calf
serum was added and the cells were incubated for 90 min.
This medium was replaced by medium without methionine
for 30 min, followed by the addition of 150 pRCi of
[35S]methionine (Amersham). When all cells showed cyto-
pathic effects, the virus was recovered and purified as
described above.

(ii) Intracellular viral proteins. Confluent cultures of
HEp-2c cells in 75-cm2 flasks were infected in 1 ml at a
multiplicity of 5 to 10 PFU per cell. After 30 min of
adsorption at 37°C, 10 ml of Eagle medium with 2% newborn
calf serum was added. After 2 h, this medium was replaced
by medium without methionine. Serum (2%) and 450 ,Ci of
[35S]methionine were added 30 min later, and the prepara-
tion was left for 3 h. The cells were then washed twice with
cold phosphate-buffered saline and lysed in 2.5 ml ice-cold
TNE buffer (0.01 M Tris hydrochloride, pH 7.4, 0.1 M NaCl,
0.001 M EDTA, 0.5% [vol/vol] Nonidet P-40, 0.1 mM
isopropyl fluorophosphate, 0.2 mM phenylmethylsulfonyl
fluoride). Cell debris was pelleted by centrifugation for 5 min
at 10,000 x g, and cytoplasmic extracts were stored at
-200C.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE). Protein samples were denatured for 5 min in
0.04 M Tris hydrochloride (pH 6.8)-2% (wt/vol) SDS-5%
(vol/vol) P-mercaptoethanol-15% (vol/vol) glycerol-0.01%
bromophenol blue. Electrophoresis was performed on a
12.5% polyacrylamide-SDS gel for 10 h at 8 mA with a
standard Tris-glycine buffer system (17). After migration, the
gel was fixed for 30 min in a 50% methanol-7% acetic acid
solution, dried, and autoradiographed with Fuji-X films.
[35S]methionine-labeled capsid proteins from wild-type virus
were used as markers.

Two-dimensional isoelectric focusing. Protein samples were
incubated in 8 M urea at 25°C for 1 h in the presence of 100
,ug of pancreatic RNase per ml and 4% ,B-mercaptoethanol.
Gels for isoelectric focusing contained 6.5% acrylamide,
15% urea, and 4% ampholytes (pH 3.5 to 10). For the first
dimension, isoelectric focusing was performed in gel rods of

1.5 mm in diameter and 13 cm in length. The rods were
overlaid with 7 M urea containing 2% ampholytes (46). The
electrode solutions consisted of 0.2 M sodium hydroxide at
the cathode and 0.1 M phosphoric acid at the anode. The
samples were applied to the top of the gel. The potential was
200 V for 1 h and 400 V overnight with an additional hour at
800 V. In the second dimension, the gel rods were set up on
top of stacking gels of 12.5% polyacrylamide-SDS and
overlaid with 1% agarose in gel buffer (10% glycerol, 2%
SDS, Tris hydrochloride [2.5 mM, pH 6.8]). Samples were
denatured by heating for 2 min at 100°C in a gel buffer
containing 1% SDS, 20% glycerol, 1% 3-mercaptoethanol,
and 0.1% bromophenol blue. Electrophoresis was carried
out at 8 mA overnight.
RNA sequencing. The dideoxy-chain termination method

(38, 48) was employed, with modifications, for sequencing
RNA. Synthetic 16- to 18-nucleotide DNA primers specific
for precise regions of the PV genome, with approximately
200-nucleotide intervals, were used (Table 1). A 1-,ug sample
of PV RNA was mixed with 40 ng of primer and incubated at
65°C for 10 min. A 2-,ul sample of hybridization buffer (0.5 M
Tris hydrochloride, pH 8.3, 60 mM MgCl2, 0.4M KCl, 1 mM
dithiothreitol, 25 U of RNase block [Genofit]) was added,
and the hybridization mixture was incubated at 0°C for 10
min. The mixture was divided into four samples for the A, C,
G, and T reactions, and 2 ,u of reverse transcriptase solution
(5 ,l of hybridization buffer, 5 ,ul of H20, 0.5 RI of avian
myeloblastosis virus reverse transcriptase [17 U/,ul], 2 ,ul of
[a-32P]dTTP [800 mCi/ml, Amersham]) was added. One
microliter of deoxynucleoside-dideoxynucleotide solution
was added to each reaction, as follows: 100 ,uM (each) dCTP
and dGTP, 50 ,uM (each) dTTP and dATP, and 10 ,uM
ddATP were added to the A reaction; 100 ,uM (each) dATP
and dGTP, 50 ,uM (each) dCTP and dTTP, and 10 ,uM ddCTP
were added to the C reaction; 100 ,uM (each) dATP and
dCTP, 50 ,uM (each) dGTP and dTTP, and 10 ,uM ddGTP
were added to the G reaction; 100 ,uM (each) dATP, dCTP,
and dGTP, 50 ,uM dTTP, and 10 ,uM ddTTP were added to
the T reaction. The reactions were carried out at 37°C for 15
min and then at 42°C for 45 min. Then 1 pLA of chase mixture
containing the four deoxynucleoside triphosphates (1 mM
each) was added. After 15 min, the reaction was stopped by
the addition of 3 ,ul of a solution containing 0.1% xylene
cyanol, 0.1% bromophenol blue, 1 mM EDTA, and 80%
formamide in running lx TBE buffer (0.089 M Tris hydro-
chloride, pH 8.3, 0.089 M boric acid, 0.002 M EDTA). The
final mixture was denatured at 100°C for 2 min, and the
samples were applied to sequencing gels containing 7 M
urea, 7% acrylamide, and 0.35% bisacrylamide in lx TBE.
Electrophoresis was carried out at 1,400 to 1,800 V in lx
TBE. Electrophoresis was stopped when the xylene cyanol
reached 19 cm. The gel was then fixed for 20 min in 10%
acetic acid-10% methanol, dried in a Zabona drying-gel
apparatus for 1 h, and autoradiographed with Fuji-X film for
24 or 48 h.

RESULTS

Selection of mutants derived from Sabin type 1 PV. The
attenuated strain of PV type 1 (Sabin LSc 2ab strain)
multiplies well at 34 to 35°C (26, 47). However, above this
temperature, viral multiplication becomes less and less effi-
cient. To isolate temperature-resistant derivatives of this
virus, we subjected the LSc 2ab strain to successive pas-
sages and plaque purification at 37.5, 38.5, and 39.5°C (Fig.
1). The LSc 2ab virus was passaged twice at 37.5°C and then
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TABLE 1. Genome regions sequenced in parental and mutant strains

Differences between Mahoney and Sabin 1 strains
Sequenced GenomeSquleotdes Genob Nucleotide Amino acid
nucleotidesa regionb __

Position Mahoney Sabin 1 Position Mahoney Sabin 1

1-742 5' NC 21 U C

780-958
1031-1298

1402-1507

1570-1700
1736-2014

2100-2252
2264-2612

2635-3040

3080-3274
3317-3670

3715-4206

4423-5187

5377-5622

6097-6486

VP4
VP2

VP2

VP2
VP2
VP3

VP3
VP3

VP1

VP1

VP'
2A

2A

2B

2C

3A
VPg
3C
3D

6547-7245

7383-7413
7431-7441

3' NC

26
189
480
619
674
934
1208
1228
r442
1465
1490
1507

1747
1885
1941
1943

2353
2438
2545
2585
2741
2749
2762
2775
2795
2879
3163
3445
3460
3492
3765
3784
3905
3907
3918
4002
4115
4446
4788
5106
5136
5419
5439
6141
6202
6372
6615
6678
6730
6851
7070
7197
7242
7410
7441

A
C
A
C
C
G
A
G
A
C
C
G

C
A
C
c

u
u
A
A
A
G
C
C
G
C
U
C
U
G
C
U
A
C
C
C
U
U
A
U
A
C
A
G
U
C
G
U
A
C
C
U
U
U
A

G
U
G
U
U
U
C
C
G
U
U
A

U
U
A
A

C
A
G
G
G
A
U
A
A
U
C
U
A
A
A
A
G
A
U
U
C
C
G
C
G
A
G
A
C
T
A
C
G
U
U
A
A
C
G

65
87
93
154
161
170
176

225
40
59
60

196
255
22
36
88
90
95
99
106
134
228
20
25
36
127
134
22
22
29
57
95
107
222
308
9
17
1

53
73
129
210
231
250
289
362
404
419

A
R
G
N
R
L
L

I
V
A
T

T
L
T
T
T
M
p
T
A
L
L
H
D
S
G
S
S
S
T
N
I
T
T
F
K
R
G
D
y
D
V
A
K
G
T
T
L

S
R
G
D
R
F
L

I
V
A
K

T
M
T
A
A
I
S
K
T
F
L
H
E
N
G
T
G
G
T
N
T
T
T
F
K
R
G
N
H
D
V
A
E
G
I
T
L

a All regions were sequenced by the dideoxynucleotide method for the four mutants and the Sabin 1 strains.
b Protein region corresponding to sequenced nucleotides.

cloned by plaque isolation. The clones thus obtained were
designated S137C (1 -- n). The clone S137C, was used as an
inoculum, passaged twice at 38.5°C, and then cloned. The
resulting clones were designated S138C (1 -- n). Mutants

S139C (1 -> n) were obtained in the same way by using as the
parental virus a S138C clone passaged at 39.5°C (Fig. 1) (8).
Mutants S137C,, S138C5, S139C6, and S139C10 were studied
in detail at passage 5 or 6 after cloning.
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LSc2ab

3 passages at 37.50C

I
Cloning at 37.5°C

I
S137C1 + Sx37C2

Sl37C3
Sx37C4

I S137Cs

2 passages at 38.5°C

I
Cloning at 38. 5°C

I
Sx38Cx + S1 38C2

S138C3
S2.38C4
S. 38C!

2 passages at 39.5°C

I
Cloning at 39.5°C

I
S139C6

S139Cxo

FIG. 1. Schema for isolation of PV mutant clones derived from
the thermosensitive and attenuated Sabin 1 (LSc 2ab) strain. Mu-
tants were selected by successive passages and plaque purification
at the indicated temperatures. The four viral clones studied in detail
are underlined. Virus stocks at five or six passages after cloning
were used for all studies.

Phenotype of the mutants. The LSc 2ab Sabin strain differs
from its parent, the Mahoney strain of PV type 1, by several
phenotypic characteristics, including plaque size, thermore-
sistance (Rct marker), and neurovirulence in monkeys. To
see whether the temperature-resistant mutants behaved like
their parental Sabin 1 strain or like the temperature-resistant
Mahoney strain, we studied their phenotypic properties.
Temperature-resistant mutant clones, like the parental Sabin
1 strain, produced plaques that were 2.5 times smaller than
those of the virulent Mahoney wild-type strain (data not
shown). The reproductive capacity of PV strains at different
temperatures (Rct marker) has been correlated with neuro-

virulence (11, 12, 28, 47). When the difference in virus
logarithmic titer at permissive (34°C) and supraoptimal
(40°C) temperatures is lower than 2, the Rct marker is
considered positive (Rct+) (47). Neurovirulent viruses are
generally Rct+ (11, 12, 36). The Rct marker was positive for
all four mutants and, as expected, negative for the LSc 2ab
parental strain (Table 2). Because neurovirulence depends
on several parameters, such as the viral strain, the host
species, and the route of inoculation (33), we chose a
standard test (4) to quantitate paralysis and the pathological
lesions in the monkey central nervous system.
The parental Sabin strain was used as a negative control

and the virulent Mahoney strain was used as a positive
control in tests for neurovirulence in monkeys. All four
mutants were neurovirulent (Table 2). However, mutant
S137C, induced paralysis in only two of four monkeys, while
the three other mutants induced paralysis in four of four
monkeys. The lesion scores were higher for the mutants
isolated at 39.5°C than for those isolated at 38.5 and 37.5°C
(Table 2). The degree of neurovirulence thus increased with
the temperature used for mutant isolation and perhaps also
with the number of passages.

In an attempt to approximately localize the mutations
which result in amino acid changes on the genomes of the
four mutants, we analyzed the migration profiles of viral
polypeptides obtained by SDS-PAGE or by isoelectric fo-
cusing. We chose this approach because the polypeptides of
the Mahoney strain and those of the Sabin strain migrate
differently (46). In addition, it has been shown that even a
few amino acid changes can dramatically alter the migration
of a PV polypeptide on SDS-PAGE and isoelectric focusing
(7, 46). The capsid proteins of the mutants comigrated in
SDS-PAGE with those of the Sabin parental strain, with the
exception of polypeptide VP1 of mutants S139C6 and
S139C10 (data not shown). The VPls of both of these mutants
migrated at an intermediate position, between those of the
Mahoney and Sabin VP1 proteins.
These results indicate that mutations had occurred in the

VP1-coding region for the two clones selected at 39.5°C and
that such mutations changed the amino acid sequence of
VP1. For S137C, and S138C5, mutations could not be corre-
lated with changes in any of the structural or nonstructural
viral polypeptides, since all mutant polypeptides comigrated
with those of Sabin 1 both in SDS-PAGE and in two-
dimensional electrophoresis (data not shown).
Genomic sequence of the mutants. A comparison of the

nucleotide sequence of the LSc 2ab Sabin 1 genome with
that of the Mahoney reveals 56 nucleotide substitutions (14,

TABLE 2. Phenotypic markers and point mutations on the genome of thermoresistant PV 1 mutants
in comparison with reference strains

Nucleotided at region (position):

Strain Rct' Neuro- Lesion 5' NC VP1virulence' score' 5NCVP3 V13D""' 3' NC
480 525 (2438) 2741 2795 (6203) (7441)

Sabin 1 6.4 0 0.56 G U A G A C G
S137C, 1.3 2 1.52 G C A G A C A
S138C5 0.1 4 2.14 G C A G A U A
S139C6 0.2 4 2.52 G C C U G U A
S139C1O 0.2 4 2.51 G C C U G U A
Mahoney 0.2 4 2.50 A U U A G U A

a Reproductive capacity at supraoptimal temperature (see Material and Methods)."Number of monkeys (n = 4) in which paralysis was induced, as evaluated by the standard test described by Beswick and Coid (4).
cEvaluated in monkeys by the standard test described by Beswick and Coid (4).
d Boldface type indicates a point mutation at the position indicated, compared with the LSc 2ab Sabin sequence.
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5'NC VP3

225

VP1

88 106

3D 3'NC

73

Met
Sabin 1

G U AUG

Met
S137C1 v

G C AUG

Met
S138C5 v

G C AUG

Leu
S139C6 V V

G C CUG

Leu
S139CIO v v

G C CUG

Leu
Mahoney V V

A U UUG

nt
-1--F--

_

480 525 2438

Ala Thr

I I
GCC ACA

Ala Thr

I I
GCC ACA

Ala Thr

GCG ACA

Ser Ala
v V
I I
UCC GCA

Ser Ala
V V
I
UCC GCA

Thr Ala

I
I

ACC GCA

I 2

2741 2795

His
poly(A)

- ~ -I I
CAC

His

AGG

_ _ V poly(A)

CAC AGA

Tyr
_ V poly(A)- 1- -

UAC AGA

Tyr
y V poly(A)
I _ I
UAC AGA

Tyr
Ty poly(A)

UAC AGA

Tyr V poly(A)

UAC AGA

poly(A)
I -I
6203 7441

FIG. 2. Mutation positions on the genome of the four temperature-resistant mutants derived from the parental Sabin 1 strain. Mutations
are indicated with arrowheads. With the exception of that at position 525, all mutations found were at positions at which the virulent Mahoney
and the attenuated Sabin 1 strain differ from each other. The genomic regions in which mutations were found and the corresponding amino
acids (a.a.) are shown. Nucleotide (nt) positions corresponding to mutations are indicated at the bottom of the figure.

15, 43). Twenty-one of these change an amino acid. The
genomic RNAs of the four temperature-resistant mutants
were sequenced directly, by using the dideoxynucleotide
method and primers upstream of all positions at which the
Mahoney and Sabin genomes differ. Primers were chosen
that corresponded to regions of the genome separated by 200
nucleotides. Approximately 80% of the genome of each
mutant was sequenced and compared with the sequence of
the parental LSc 2ab Sabin 1 genome. Sequenced regions
corresponding to 5,880 of the 7,441 nucleotides of the
genome are presented in Table 1. With only one exception,
all of the mutations found in the genome were located at
positions at which substitutions differentiate the Mahoney
and the Sabin 1 RNAs.
When compared with the Sabin 1 strain, all four mutants

carried one mutation in the 5' NC region, at position 525 (U
-- C). At this position, the Mahoney and the Sabin 1
genomes are identical (U). Another mutation carried by all
four mutants was found in the 3' NC region, at position 7441
(G -* A); this is the last nucleotide before the poly(A)
sequence of the PV type 1 genome. This substitution is a true
reversion toward the Mahoney genotype. In all regions of
the genome of mutant S137C, that have been sequenced
(approximately 78%; Fig. 2), only these two mutations were
found; they are probably responsible for the Rct+ and
partially neurovirulent phenotype of this mutant.
Mutant S138C5 had the same mutations as S137C, in the 5'

and 3' NC regions and one additional point mutation in the

3D polymerase gene, at nucleotide 6203 (C -- U) (Fig. 2).
This mutation induced the alteration His -- Tyr of amino
acid 73 of the enzyme.
The two mutants S139C6 and S139C10 were found to be

identical to each other. They carried the mutations in the NC
regions and 3D polymerase gene described above, as well as
three additional mutations in the capsid protein region. Two
of the mutations found in S139C6 and S139C10 are in the VP1
gene (Fig. 2). The first one, at nucleotide 2741 (G -> U),
induced an Ala -> Ser change at amino acid 88 of VP1. The
second one, at nucleotide 2795, induced a Thr -> Ala change
at amino acid 106. In the latter case, the mutation was a true
reversion toward the Mahoney genotype (Fig. 2). The third
capsid mutation found in the S139 mutants is in the VP3 gene
at nucleotide 2438 (A -> C) and induced the alteration Met-

Leu (Fig. 2). This mutation restored the Mahoney amino
acid sequence, although the Leu codons used are different in
the mutants and the wild-type strain.

DISCUSSION

We have isolated a series of PV revertants derived from
the Sabin 1 strain by passages at supraoptimal temperature
(20, 21). Four of these revertants are neurovirulent. The
degree of neurovirulence increased with the selection tem-
perature and with the accumulation of point mutations on the
genomes; thus, the mutants selected at the highest temper-
ature (39.5°C) had the greatest number of mutations and the

J. VIROL.
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highest degree of neurovirulence. Five of six mutations
identified were located at positions at which the Mahoney
and Sabin 1 genomes differ. These results strongly suggest
that despite a high mutation frequency, the evolution of the
PV genome under the specific selective pressure of high
temperature can be limited to specific positions.
None of our mutants was mutated at nucleotide 480, which

is the equivalent of the type 3 mutation at position 472 (43).
The moderately neurovirulent S137C, mutant differed from
the parental attenuated Sabin 1 strain by only two mutations
in the 5' and 3' NC regions. Because we did not have an
intermediate mutant with a single substitution, we could not
evaluate the contribution of each of these mutations to the
mild neurovirulence of the S137C, mutant. At least one of
the two mutations is probably implicated in the loss of the
attenuated phenotype, since all four mutants have these two
mutations and are temperature resistant and partially or fully
neurovirulent.
The mutation in the 5' NC region was found at a position

at which the Mahoney and the Sabin 1 genomes are identical.
In the secondary structure predicted by Skinner et al. (41),
residue 480 pairs with residue 525, and the mutation ob-
served in S137C1, S138C5, S139C6, and S139C10 at residue
525 restores the base pair disrupted in the Sabin type 1
strain. By changing the secondary structure of the 5' NC
region, this mutation may facilitate the cap-independent
initiation of translation (30, 31) or viral replication or both,
thus rendering S137C, moderately virulent. The mutation in
the 3' NC region at position 7441 may also contribute to the
PV type 1 neurovirulence. Recently, evidence was presented
that the length of the poly(A) tail is important for virus
replication and that molecules with short poly(A) sequences
are unstable and unfavorable templates for the initiation of
minus-strand RNA synthesis (39). The sequence of the 3'
NC region is highly conserved among picornaviruses, and its
secondary structure may be important for the binding of
RNA-dependent RNA polymerase to the 3' end of the
genome, translocation to the beginning of the poly(A) tract,
and the initiation of minus-strand RNA synthesis by a
complex including a host factor (10, 27, 39, 40). The muta-
tion at position 7441 could restore the wild-type secondary
structure or the affinity of the host cell factor for RNA or
both and thus favor the initiation of replication. A compara-
ble situation occurs in the case of PV type 3, in which the last
nucleotide before the poly(A) tail is an A in the virulent Leon
strain and a G in the attenuated Sabin 3 strain (6). It has been
suggested that the last nucleotide before the poly(A) tail
contributes to the neurovirulent phenotype (5, 6). This
hypothesis is strengthened by the finding of similar 3'-end
mutations in vaccine-associated cases of poliomyelitis (5).
Mutant S138C5 had three mutations: the 5' and 3' NC-

region mutations at positions 525 and 7441, respectively, and
a mutation at position 6203 within the gene which encoded
the RNA-dependent RNA polymerase (3DPOl). Mutant
S138C5 was much more virulent than S137C, as measured by
the proportion of paralyzed monkeys and by lesion scores.
These results strongly suggest that the mutation in the 3D
polymerase gene contributes to the neurovirulent pheno-
type. Omata et al. (28) have constructed recombinant viruses
between the Mahoney and Sabin 1 strains. The results of the
neurovirulence tests in monkeys indicated that determinants
at multiple loci along a large portion of the viral genome are
involved in the expression of neurovirulence of type 1 PV.
Two mutations, including the one at position 6203, in the
N-terminal half of the 3D polymerase gene, appeared to
strongly influence the initiation of viral RNA replication

above 38°C (44). If neurovirulence depends on the rate of
virus multiplication before the immune response intervenes,
it would not be surprising to find that viral functions involved
in replication are implicated in neurovirulence.
The two mutants S139C6 and S139C10 were found to be

identical to each other by sequence analysis. These mutants
carry the 5' NC-region mutation, the two 3' mutations, and
three additional mutations in the capsid region: one in VP3
(position 2438) and two in VP1 (positions 2741 and 2795).
The VP1 mutation at position 2795 has already been found in
isolates from children vaccinated with the Sabin 1 strain of
PV (13). Such a finding is not surprising, since the intestine
temperature already represents a selective pressure for the
Sabin strain.
The three capsid mutations are together responsible for

increased neurovirulence in monkeys, since the mutants
isolated at 39.5°C had a lesion score higher than that of
S138C5, which does not carry the capsid mutations. The two
mutations in VP1, which were responsible for an altered VP1
migration in SDS-PAGE, flank the antigenic site 1, which
has been implicated in neurovirulence of PV type 2 in mice
(23, 25). The mutation positions in VP3 are different for these
type 1 mutants and the Sabin type 3 strain in which the
attenuating mutation is also responsible for the virus tem-
perature sensitivity (positions 2438 and 2034, respectively).
Not all of the mutations may result in thermoresistance, yet
they were all selected for by passage at high temperature.
Since, excluding temperature, the isolation of mutants was

performed under the same culture conditions as those used
to grow the parent strain, it is possible that some mutations
represent only the natural heterogeneity of the viral RNA
genome population (29).

In conclusion, the results presented here strongly suggest
that the 5' and 3' NC-region mutations are able to induce a

partial reversion towards neurovirulence. The mutation in
the 3D polymerase gene together with the 5' and 3' NC-
region mutations restored a high degree of neurovirulence.
These results suggest that neurovirulence may arise from the
cooperation of several essential functions affecting the speed
of virus multiplication in neurons. Thus, reversion towards
neurovirulence may result from changes in the secondary
structure of the 5' NC region and enhancement of the
efficiency of translation initiation, as in PV type 3 (31), or

from the restoration of an optimal RNA synthesis, as sug-
gested here. The data presented up until now, however, do
not exclude the possibility that reversion towards neurovir-
ulence could arise in other ways. The identification of point
mutations directly implicated in the PV type 1 reversion
towards neurovirulence may provide the basis for under-
standing this phenomenon at the molecular level.
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