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Poliovirus type 1 strain LS-a [PV1(LS-a)] is a PV variant adapted to mice by multiple passages through
mouse and monkey tissues. To investigate the molecular basis underlying mouse neurovirulence of PV1(LS-a),
a cDNA of the viral genome containing nucleotides 112 to 7441 was cloned, and the nucleotide sequence was
determined. Compared with that of the mouse avirulent progenitor PV1(Mahoney), 54 nucleotide changes were
found in the genome of the PV1(LS-a) virus, resulting in 20 amino acid substitutions in the virus polyprotein.
Whereas the nucleotide changes were scattered throughout the genome, the amino acid substitutions were
largely clustered in the capsid proteins and, to a certain extent, in the virus proteinase 2AP™. By in vitro
mutagenesis, PV1(LS-a)-specific capsid mutations were introduced into a cDNA clone of PV1(Mahoney). We
show that neither the individual amino acid mutations nor combinations of mutations in the region encoding
VP1 conferred to PV1(Mahoney) the mouse-adapted phenotype of PV1(LS-a). Chimeric cDNA studies
demonstrated that a recombinant type 1 virus containing the PV1(LS-a) sequence from nucleotide 2470 to
nucleotide 3625 displayed a neurovirulent phenotype in mice. Further dissection of this region revealed that
mouse neurovirulence of PV1(LS-a) was determined by multiple mutations in regions encoding both viral
proteinase 2AP™ and capsid protein VP1. The mouse neurovirulent viruses, PV1(LS-a), W1-M/LS-Pf
[nucleotides 496 to 3625 from PV1(LS-a)], and W1-M/LS-NP [nucleotides 2470 to 3625 from PV1(LS-a)],
showed increased sensitivity to heat treatment at 45°C for 1 h. Surprisingly, the thermolabile phenotype was
also displayed by a recombinant of PV1(Mahoney) carrying a PV1(LS-a) DNA fragment encoding the
N-terminal portion of 2AP™. This suggests that base substitutions in the region encoding 2A"™ affected capsid

stability, thereby contributing to the neurovirulence of the virus in mice.

Enigmatic in studies of the pathogenesis of poliovirus (PV)
is the mechanism by which mouse-adapted strains cause neu-
rologic symptoms in mice. These strains cannot infect any
cultured rodent cells, such as mouse L cells, unless the cells
have been transformed with cDNAs (16, 24) or with the gene
(3) specifying the human PV receptor (hPVR). Apparently,
the mouse homolog of ZPVR cannot replace that receptor for
the mouse-adapted PV (27). Therefore, at least at the level of
cell culture, the barrier to infection resides in the absence of a
suitable cell surface protein facilitating uptake of the mouse-
adapted virus. When injected intraspinally or intracerebrally,
however, these strains may kill the mouse, although they do not
cause the typical syndrome of poliomyelitis (8a).

PV is the prototype virus of the genus Enterovirus of the
family Picornaviridae. It is a small, nonenveloped plus-strand
RNA virus. The icosahedral particle consists of 60 copies each
of the capsid proteins VP1, VP2, VP3, and VP4. The three
largest molecules (VP1 to VP3) form the outer surface, while
VP4 is a capsid-internal protein (13). The genome of PV is a
single copy of single-stranded RNA of plus-strand polarity
encoding a single polypeptide, the polyprotein (Fig. 1A) (15,
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34). The polyprotein is processed by virus-encoded proteinases
into numerous polypeptides, including the capsid-specific pro-
teins VPO (the precursor to VP4 and VP2), VP3, and VP1 (15,
32). Except for the “maturation cleavage” of VPO (10), pro-
teolytic processing is catalyzed by the proteinases 2AP™, 3CP™,
and 3CDP™ (8, 11). The coding region for 2AP™ maps directly
adjacent to the capsid protein region P1 (Fig. 1A), and, indeed,
2AP™ cleaves the polyprotein cotranslationally into the struc-
tural (P1) and nonstructural (P2 and P3) polypeptides (12, 31,
41).

PV exists in three serotypes (PV1, PV2, and PV3). All three
are able to cause poliomyelitis in humans or, after experimen-
tal infection, in monkeys. The narrow host range is determined
by the specificity of the interaction between hPVR (4, 16, 24)
or its monkey homolog (17) with the poliovirion. These
receptors, whose normal function is unknown, are immuno-
globulin-like polypeptides consisting of three extracellular
domains (V-C2-C2). They perform a dual function in PV
infection: attachment of the virus to the cell surface and
destabilization of the virion, leading to the formation of A
particles (7). The genetics of expression of the PVR gene,
resulting in the synthesis of several splice variants, is complex,
and the distribution of the receptor protein(s) in human tissue,
as a determinant of viral tissue tropism, is poorly understood
(43).

Most wild-type PV strains do not proliferate in mice,
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FIG. 1. Genotype and mouse neurovirulence of the wild-type and
mutant PVs. (A) Gene organization of PV. Domains of the 5'-
nontranslated region (5’ NTR) are indicated by Roman numerals.
Stars indicate the positions of noninitiating AUG triplets. P1 is the
precursor of the capsid proteins; P2 and P3 are the precursors of the
noncapsid proteins. 1A, 1B, 1C, and 1D are capsid proteins VP4, VP2,
VP3, and VP1I, respectively. (B) Genotype and mouse neurovirulence
(mn) phenotype of the wild-type and mutant viruses. The genome
segments from nt 620 to 3833 of the viruses are enlarged, and the
nucleotide positions are indicated by numbers under the bar. The
PV1(M) sequence is indicated by an open bar, and the PV1(LS-a)
sequence is indicated by a hatched bar. Amino acid changes are
indicated by stars. The mouse neurovirulence of each virus was assayed
with young Swiss Webster mice as described in Materials and Methods.
LDs,, 50% lethal dose.

presumably for lack of receptors (14). An exception may be
MEF 1, a type 2 PV (PV2) strain reported to be mouse
neurovirulent without extended prior passage in mouse brain
(39). Other PV2 strains were adapted to proliferate in the
mouse central nervous system (CNS), the best known being
PV2(Lansing) [PV2(L)] (2). In 1953, Li and Schaeffer reported
the isolation of a mouse-adapted, neurovirulent strain of PV
type 1 [PV1(LS-a)] (20).

Attempts to decipher the determinants of mouse neuroviru-
lence of PV have yielded a very complex pattern. These
experiments have followed a strategy to convert PV1(Ma-
honey) [PV1(M)], a wild-type strain that does not cause
apparent disease in mice, to the mouse neurovirulent pheno-
type (mn), either by genetic exchange of gene segments
between PV1(M) and PV2(L) (23, 29) or by passage in the
CNS of mice (6, 28). mn PV1(M) variants were obtained by the
exchange of a limited number of amino acids in a loop well
exposed at the surface of the virion (BC loop of VP1) (23, 29)
or, remarkably, as the result of single-amino-acid exchanges in
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VP1 or VP2 internal to the capsid (6, 28). We have begun to
analyze mn determinants of PV1(LS-a) and the disease syn-
drome that this strain causes in normal mice. Here, we report
the unexpected finding that mn is determined by mutations
mapping to the coding regions of VP1 plus 82AP™ (32AP™
contains the first 80 amino acids of 2AP™).

MATERIALS AND METHODS

Bacterial strains and plasmids. Escherichia coli DH5a and
C600 were used as hosts for plasmid transformation and
propagation. Plasmid pT7PVM is a derivative of pT7XL, a
full-length PV1(M) clone (5). Plasmid pBH6-5 is a pBR322-
based vector containing PV1(M) sequence from nucleotide
(nt) 1172 (the Nrul site) to nt 2954 (the SnaBlI site). To clone
the cDNA of PV1(LS-a), pBH6-5 was cut with Nrul and SnaBI
and the PV1(M) DNA fragment from nt 1172 to nt 2954 was
replaced with in vitro-synthesized PV1(LS-a) cDNA.

Virus and cells. The mouse-adapted PV1(LS-a) was origi-
nally generated from PV1(M) by Li and Schaeffer (21). The
virus stock kept at the Centers for Disease Control and
Prevention, Atlanta, Ga., was used as seed in this study.

HeLa R19 cell monolayers or HeLa S3 suspension cultures
were maintained in Dulbecco’s modified Eagle medium sup-
plemented with 5% fetal bovine serum. For virus amplification,
HeLa cells were infected with viruses at a multiplicity of
infection of between 5 and 10 PFU per cell. The infected cells
were incubated in Dulbecco’s modified Eagle medium-5%
fetal bovine serum and harvested upon the appearance of the
cytopathic effect. After three cycles of freezing and thawing,
the released virus was clarified by low-speed centrifugation and
concentrated by spinning at 30,000 rpm in a Beckman 50.2 Ti
rotor at 22°C for 3 h. When necessary, the virus was further
purified through CsCl gradient centrifugation at 40,000 rpm
(Beckman SW 50.1 rotor) at 22°C for 18 h. The titers of the
virus stocks were determined by standard plaque assay on
HeLa R19 monolayers.

Construction of the cDNA clone of PV1(LS-a). PV1(LS-a)
virus RNA was isolated from CsCl-purified PV1(LS-a) virus
stock by standard methods. A cDNA synthesis kit (Boehringer
Mannheim) was used to synthesize the cDNA of the PV1
(LS-a) virus as instructed by the manufacturer. Briefly, the
virus RNA (5 pg) was annealed to a deoxyribosylthymine
oligonucleotide primer and reverse transcribed to produce the
first strand of cDNA. The second-strand synthesis was carried
out by RNase H and E. coli DNA polymerase 1. The resulting
double-stranded DNA was blunt ended by T4 DNA poly-
merase and ligated to the pBH6-5 vector blunted by SnaBI and
Nrul restriction, yielding pBH75LS-a.

DNA manipulations. DNA cloning was accomplished by
standard procedures (38). The recombinants between PV1(M)
and PV1(LS-a) were constructed by exchanging the corre-
sponding DNA fragments digested with common restriction
enzymes. Point mutations were generated in subclones either
by PCR of the corresponding sequence from the PV1(LS-a)
c¢DNA or by site-directed mutagenesis that used uridine-
enriched single-strand DNA (19). After sequence analysis, the
mutated DNA fragments were cloned back into the full-length
cDNA clone.

Plaque assay. The infectivity of all of the virus stocks was
titrated by plaque assay on HeLa R19 cell monolayers seeded
on six-well plates. Serial dilutions (10-fold) of virus stocks were
made with phosphate-buffered saline. Three hundred microli-
ters of each dilution was applied to the monolayer and then
adsorbed at room temperature for 30 min. The cells were then
overlaid with 1.4% Noble agar containing 5% fetal bovine
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FIG. 2. Plaque phenotypes of PV1(M) and PV1(LS-a) on HeLa
cell monolayers. The plates were incubated at 37°C for 48 h, followed
by 1% crystal violet staining.

serum and 1X modified Eagle medium. After 48 h of incuba-
tion at 37°C, the plaques were developed by staining with 1%
crystal violet.

RNA and DNA sequencing. Five to 10 pg of total cytoplas-
mic RNA isolated from virus-infected cells was used for each
RNA sequencing reaction. RNA sequencing was accomplished
by using an RNA sequencing kit (Boehringer Mannheim) and
following the instructions provided by the manufacturer.

The P1 region of the PV1(LS-a) genomic cDNA was se-
quenced with an Applied Biosystems model 373A DNA se-
quencing system. The DNA was purified by two cycles of CsCl
gradient banding and sequenced according to the manufactur-
er’s protocol for Tag DyeDeoxy terminator cycle sequencing.
The rest of the genome was sequenced by using the PRISM
dye terminator cycle sequencing kit with the same auto se-
quencing system. The sequencing was performed in both
directions, and each nucleotide position was sequenced at least
twice from both strands.

Transcription and transfection assays. For the production
of infectious RNA transcripts in vitro, 2 pg of full-length
cDNA was linearized by a unique restriction enzyme down-
stream of the virus genome. RNA transcripts were produced
from the linear DNA by T7 RNA polymerase in an in vitro
system described previously (42).

HeLa R19 monolayers cultured in 35-mm-diameter plates
were transfected with approximately 200 ng of RNA transcripts
in the presence of 0.5 mg of DEAE-dextran per ml in HeBSS
buffer (42 mM HEPES, 270 mM Na(l, 9.6 mM KCl, 1.4 mM
Na,HPO,, and 11 mM glucose) and incubated at room tem-
perature for 30 min (42). The RNA mixture was then removed,
and the cells were grown in 2 ml of Dulbecco’s modified Eagle
medium containing 2% fetal bovine serum at 37°C until the
cytopathic effect appeared.

Mouse neurovirulence assay. The mouse neurovirulence of
each virus was tested on 22- to 24-day-old female Swiss
Webster mice. Groups of six mice were intracerebrally injected
with 30 pl of purified virus suspended in phosphate-buffered
saline. The injected mice were observed daily for 3 weeks for
paralysis and death. The 50% lethal dose of the viruses was
determined by injecting serially (10-fold) diluted virus and was
calculated as described by Reed and Muench (35).

RESULTS

Nucleotide sequence of the genome of PV1(LS-a). PV1(M),
albeit highly virulent in primates, is avirulent in rodents.
However, repeated passage of the virus in monkey tissues as
well as in mouse CNS resulted in the emergence of PV1(LS-a),
one of the few PV1 strains that caused disease in mice (20).
The plaque phenotype of the PV1(LS-a) virus assayed on
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HeLa cells was slightly smaller than that of PV1(M) (Fig. 2),
but the virus grew in cultured cells to a level comparable to that
of PV1(M) (data not shown). There were no apparent differ-
ences observed in cleavage patterns of PV1(LS-a) polyprotein,
and that was true particularly for the processing of the capsid
P1 precursor and the composition of the virion proteins (data
not shown). The 50% lethal dose of a plaque-purified isolate of
PV1(LS-a) was found to be 10%° PFU (Fig. 1B). To analyze the
molecular basis underlying the mouse-adapted phenotype of
this virus, a cDNA clone was generated from the genomic
RNA of PV1(LS-a). The cDNA was sequenced from nt 113 to
the 3’ end of the genome. A total of 54 nt substitutions (13
transversions and 41 transitions) accumulated in the virus
genome during mouse adaptation. Twenty of these yielded
amino acid changes (Table 1). Whereas the base changes were
scattered throughout the genome, the amino acid substitutions
were largely clustered in the region encoding the capsid
proteins and the virus proteinase 2AP™. Moreover, approxi-
mately 50% of the amino acid changes were specific for
PV1(LS-a); the rest could also be found in PV1(Sabin) and
some other strains. It is noteworthy that five of six PV1(LS-a)-
specific capsid amino acid changes occurred in VP1, the most
exposed protein of the capsid proteins. In addition, four base
changes were identified in the 5’ nontranslated region that was
sequenced in this study. Among these, the mutations at nt 140
and 189 were located in the 5'-terminal region of the internal
ribosomal entry site, a cis-acting genetic element of picornavi-
rus that confers cap- and 5’ end-independent translation of the
virus mRNA (44). It is not clear if these point mutations in the
internal ribosomal entry site would affect virus RNA transla-
tion inside the mouse CNS; however, they appeared to have no
effect on virus growth in cultured HeLa cells (data not shown).
Furthermore, a guanosine-to-adenosine change at nt 4124
resulted in a cleavage site mutation (GIn-Gly—Gln-Ser) at the
border between the virus polypeptides 2B and 2C, in contrast
to a GIn-Gly pair found at this cleavage site of all the other PV
strains.

PV1(LS-a)-specific mutations that accumulated in VP1 were
not sufficient to confer the mouse neurovirulent (mn) pheno-
type. The nucleotide sequence of the PV1(LS-a) cDNA re-
vealed a cluster of PV1(LS-a)-specific mutations yielding
amino acid changes in capsid protein VP1 (Table 1). Most of
these mutations were located either in the exposed surface
loops on the apexes of the virion or close to the canyon, a
depressed structure surrounding the fivefold axis of symmetry
(Table 2). This canyon is the likely receptacle for APVR (37).
To determine whether any of these mutations could produce
the mn phenotype, mutant PV1(M) clones bearing corre-
sponding amino acid changes were constructed by site-directed
mutagenesis. The resulting viruses were tested with Swiss
Webster mice via an intracerebral route. Surprisingly, none of
the point mutants caused any apparent disease in mice (Fig.
1B). To examine the possibility that these mutations additively
contribute to the mn phenotype, a construct combining all five
of the PV1(LS-a)-specific capsid mutations was engineered.
However, the combination of the mutations did not increase
mouse neurovirulence either (Fig. 1B). As will be shown
below, recombinant viruses containing PV1(LS-a)-specific se-
quences of VP1 or the entire P1 failed to cause paralysis in
mice, an observation suggesting that PV1(LS-a) capsid muta-
tions by themselves were not sufficient to confer mouse neu-
rovirulence for PV1 (see viruses W1-M/LS-NB in Fig. 3B and
W1-M/LS-PB in Fig. 3A). However, the capsid mutations did
play a role in mouse infectivity, since chimeric PV containing
PV1(LS-a) 2A mutations but lacking the PV1(LS-a)-specific
capsid mutations also failed to cause paralysis in mice (e.g.,
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TABLE 1. Nucleotide and amino acid substitutions in the genome of PV1(LS-a) compared with those in PV1(M)

Nucleotide Amino acid

Strain(s) with the same amino acid

Position PV1(M) PV1(LS-a) Position PV1(M) PV1(LS-a) change as PV1(LS-a)

AS' nontranslated region
(nt 113-742)

140 T G
189 C T
649 C T
674 G T
VP4, 935 G T 65 Ala Ser All other strains
VP2
1072 T C
1329 T C 130 Val Ala*
1490 C T 181 Leu Phe PV1(S)?, PV2(L), PV2(S)
VP3
1547 C T
1885 A T
1933 C T
1944 C A 60 Thr Lys PVI1(S)
2353 T C
2438 T A 224 Leu Met PV1(S)
VP1
2545 A G
2585 A G 36 Thr Ala All other strains
2645 G A 56 Val Ile?
2784 A G 102 Asp Gly*
2879 C T 134 Leu Phe All other strains
2906 A G 143 Thr Ala*
3135 A G 219 Asp Gly PV2(L), PV2(S)
3163 T C
3171 C T 231 Ala Val*
3228 C T 250 Pro Leu®
2A
3445 C T
3460 T A 25 Asp Glu All other strains
3492 G A 36 Ser Asn PV1(S), PV2(S), PV3(Le),c PV3(S)
3514 A G
3594 A G 70 Tyr Cys*
2B
3896, 3898 A, C G, A 22 Ser Gly All other strains
3931 C T
4003 C T
4117 C T
2C
4124 G A 1 Gly Ser”
4143 A G 7 Lys Arg®
4174 C A
4186 G A
4339 C T
4444 T C
5107 T C
3A
5248 C T
5317 C T
3B, 5420
3C
5440 G
5506 A G
5839 T C

Continued on following page
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TABLE 1—Continued

Nucleotide Amino acid
Position PVI(M) PV1(LS-a) Position PVI(M) PV1(LS-a) Strain(s)

3D

6373 C T

6679 T C

6820 A T 278 Lys Asn®

7069 T C

7198 T A

7303 T A
3’ nontranslated region,

7410 T C

2 PV1(LS-a)-specific amino acid substitutions; an additional G-2245—A transition generating a synonymous codon was identified in an independent sequencing of

the P1 region of PV1(LS-a) genomic RNA (14a).
bS, Sabin.
¢ Le, Leon.

virus W1-M/LS-BP in Fig. 3B). In conclusion, these results
suggested that the amino acid substitutions that accumulated
in the region encoding the PV1(LS-a) capsid were necessary
but not sufficient to confer the mn phenotype.

A major host range determinant resides in the region
encoding VP1 and the N-terminal portion of 2AP™. To further
map the determinant of PV1(LS-a) mouse neurovirulence, a
series of chimeric type 1 clones were constructed by replacing
various DNA segments of PV1(M) with the corresponding
segments of PV1(LS-a). The resulting chimeras were propa-
gated on HeLa cells and found to have plaque phenotypes
more or less similar to that of PV1(LS-a). Subsequently, they
were assayed for their abilities to cause paralysis and death in
mice. Two of the chimeric viruses, W1-M/LS-Pf and W1-M/
LS-NP, exhibited the mn phenotype (Fig. 3B), whereas other
chimeras that contained fragments encoding various regions of
P1 of PV1(LS-a) did not cause any apparent disease (Fig. 3).
W1-M/LS-Pf and W1-M/LS-NP harbored nt 496 to 3625 and
2470 to 3625 of PV1 (LS-a), respectively. W1-M/LS-NP was of
particular interest because it identified the smallest segment of
the PV1(LS-a) genome that conferred mouse neurovirulence.
Further division of the PV1(LS-a) segment nt 2470 to 3625
into nt 2470 to 3236 and nt 3236 to 3625 resuited in two
chimeras (W1-M/LS-NB and W1-M/LS-BP) that did not ex-
hibit any pathogenic effect in mice. W1-M/LS-NB and W1-M/
LS-BP contained the PV1(LS-a) sequences encoding VP1
and the N-terminal portion of 2AP™, respectively, suggest-
ing that the mouse neurovirulence of PV1(LS-a) was deter-
mined by multiple, nonseparable mutations in this region.
This was further confirmed by another set of chimeras,
W1-M/LS-NSn [which contained PV1(LS-a) nt 2470 to
2954] and W1-M/LS-SnP [PV1(LS-a) nt 2954 to 3625], both
of which were mouse avirulent (Fig. 3B). We therefore
conclude that the mouse neurovirulence of PV1(LS-a) was
determined by mutations from two loci: the region encoding
the viral capsid protein VP1 and the region encoding viral
proteinase 2AP™.

Thermostability of the wild-type and chimeric viruses.
PV1(M) is relatively resistant to inactivation at 45°C. We were
interested in determining whether the mutations that accumu-
lated during multiple passages in monkey tissue and mouse
CNS influenced the thermostability of PV1(LS-a). In this
study, wild-type PV1(M), PV1(LS-a), and a series of Mahoney/
LS-a chimeric viruses were incubated at 45°C for 1 h, and the
residual infectivities were examined by plaque assay. Un-
treated control samples were assayed at the same time. As

shown in Fig. 4, the titer of PV1(M) was reduced by approxi-
mately 1 log during heat treatment, whereas that of PV1(LS-a)
lost approximately 5 logs of infectivity, a result indicating that
PV1(LS-a) was highly thermolabile. In general, the virus
variants expressing the mn phenotype were also thermolabile
(LS-a, M/LS-PF, and M/LS-NP), and these variants all con-
tained the 82AP™ segment harboring the five PV1(LS-a)-
specific mutations. Analysis of the nonneurovirulent variants
revealed the surprising result that the increased thermolability
correlated with the presence or absence of the PV1(LS-a)-
specific 82AP™ segment (M/LS-BP versus -NB, -NN, or -NS).
Specifically, W1-M/LS-BP, a virus whose genotype is like that
of PV1(M) except for the PV1(LS-a)-specific gene segment
encoding 2AP™, lost 5 logs of infectivity within 1 h at 45°C. It
appears that the numerous mutations in the PV1(LS-a) capsid
proteins had little effect on the sensitivity of the virion to heat.
This suggests that the increased thermolability of PV1(LS-a)
may result from specific RNA-protein interactions destabiliz-
ing the virus capsid.

DISCUSSION

Wild-type strains of PV are neurovirulent in transgenic mice
expressing #/PVR (18, 36). For virologists, the explanation for
the extended host range is straightforward because the mn
phenotype is not related to an altered genotype of the virus but
is related to that of the host. In contrast, adaptation of PV
strains to express an mn phenotype in normal mice is due to
genetic changes of the virus. It now appears that with every
genetic analysis of independently isolated mouse-adapted PV
strains, the phenomenon of mouse neurovirulence is rendered
more complicated. Even more complex are the disease syn-
dromes produced by these PV variants, because none of them
causes typical poliomyelitis in normal mice (8a).

Original analyses of the mouse-adapted strain PV2(L)
mapped mn determinants to the BC loop of VP1 (23, 29), a
well-exposed structure located near the fivefold axis above the
canyon of the virion (Fig. 5). The VP1 BC loop is a neutral-
ization antigenic site (N-Agla) (25), while the canyon is
considered to be the receptacle for the receptor (37) (for
further references, see reference 1). Indeed, monoclonal anti-
bodies binding to N-Agla prevent attachment of the virus to
host cells (1). Antigenic hybrid viruses consisting of PV1(M)
carrying six PV2(L)-specific amino acids in the VP1 BC loop
grow to wild-type levels in HeLa cells (23, 29), and their crystal
structure differs from that of PV1(M) mainly in the VP1 BC



7512 LU ET AL.

A
Virus Ratio of Paralysis
(108pfu/mouse)
PVI(M)
—jve| vz | v ] vm [ 2a | onz
743 949 1765 2480 3386 3833
Neu w1-M/1.s-1~JNmIlel
—lppprv 5 v | | 202
un 270
WI1.M/LS-SaB
Sacl  BsiEN
—Jvi] Ve VP3 Z I o2
)
. Wl-M/ls-PNI;md
Fo V7 000 0 IR N onz
2470
WI1-M/LS-PB
. BSEIl
s ] A o2
3236
B
Virus Ratio of paralysis
(lospfu/mouse)
PVI(LS-a)
VAU SN ans
W1-M/LS-Pf
P PAMI
foam 7 Sttt % B 82
3625
WIMILSNP M
—Jvm] e VP3 e A | 812
2470 3625
WIMLSNB -
—vee] v ] e 3 ] oA | o012
2470 3236
W1-M/LS-BP BeED POMI
—{vee] v T v ] VP | 012
3236 3625
W1-M/LS-NSn
Npel  SnaBI
—vi] vk ] vm et | 2a | o2
w0 295
W1-M/LS-SnP
SnaBI PfIMI
—ves| vk ] ves ] e K | onz
2954 2625

FIG. 3. Enlarged genome segments (nt 490 to 3833) demonstrating
the genotypes of PV1(M) (open bars), PV1(LS-a) (hatched bars), and
the chimeras. The restriction sites used to construct the chimeric
viruses are indicated above the bars. The Sacl site at nt 2879 was
introduced by in vitro mutagenesis. (A) Chimeric virus with PV1(LS-a)
sequences encoding different regions of the capsid proteins. (B)
Chimeric viruses demonstrated a multigenic, nondividable host range
determinant that was contributed from the regions encoding VP1 and
2AP™, The asterisk indicates that the front limbs of the mice were
slightly paralyzed.
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FIG. 4. Thermostability of the wild-type and chimeric PVs. The
viruses were incubated at 45°C for 1 h prior to plaque assays. The titers
of the heat-treated viruses are indicated by hatched bars (45°C), and
those of the untreated viruses are indicated by solid bars (4°C). M,
PV1(M); LS-a, PV1(LS-a); Pf, NP, BP, NB, NSn, and NN, chimeric
viruses (structures illustrated in Fig. 3).

loop region (45). It was therefore suggested that the mn
phenotype of PV2(L) was probably related to the ability of the
BC loop of VP1 to interact with an unknown mouse receptor.

Subsequent studies of mn strains of PV1(M) that were
obtained by passages in mouse CNS revealed, surprisingly, that
very few mutations in the capsid other than the VP1 BC loop,
and even a single mutation in VP1 or VP2, could produce an
mn phenotype, although the mutations were not located at the
surface of the virus shell (6, 28). These observations have led to
the hypothesis that mutations affecting capsid protein interac-
tions, such as protomer-protomer association or VP4 interac-
tion with other capsid proteins, contribute to the PV mn
phenotype in normal mice.

The numerous mutations in the capsid proteins of the
mouse-adapted strain PV1(LS-a), however, are not sufficient
to produce the mn phenotype (Fig. 1B and Fig. 3). This virus,
whose parental strain is PV1(M), was isolated after 14 passages
in monkey testicular and kidney tissue cells and 60 passages
through the mouse CNS. It accumulated 54 point mutations
with the expected higher frequency of transitions over trans-
versions (44). The frequencies of base changes of regions
encoding capsid and noncapsid proteins were found to be
similar, although there were many fewer amino acid substitu-
tions in noncapsid proteins than in capsid proteins. Exception-
ally, the coding region for the virus proteinase 2AP™ accumu-
lated five base changes; three of these resulted in amino acid
changes. Another peculiar mutation in PV1(LS-a) was that of
the proteolytic cleavage site between polypeptides 2B and 2C
from GIn-Gly to GlIn-Ser. In all wild-type PVs analyzed,
proteolytic processing of the polyprotein catalyzed by protein-
ase 3CP or 3CDP* occurs at Gln-Gly amino acid pairs (8, 11).
The only other exception reported so far is a cleavage site
between polypeptides 2C and 3A in PV2(W-2), which is also a
Gin-Ser pair (33). Both PV1(LS-a) and PV2(W-2) are mouse-
adapted viruses generated by passage through mouse CNS.
However, whether the identical change of the P1’ position in
cleavage sites of these viruses is significant or coincidental
remains an open question.

Thirteen of 20 amino acid changes in the PV1(LS-a)
polyprotein were located in the capsid proteins. The majority
of the mutations occurred in VPI, including five of the six
PV1(LS-a)-specific capsid mutations. The general location of
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FIG. 5. Mapping of the capsid mutations accumulated in PV1(LS-a) on an a-carbon model of a protomer, viewed from the front (A) and side
(B) of the virion. The display was generated by the program Insight II with a Silicon Graphics computer (model IRIS4D). The coordinates for PV
(13) were obtained from Brookhaven Protein Data Bank. Sixty protomers, each consisting of a single copy of VP1 to VP4, constitute a poliovirion.
VP4 and the BC loop of VP1 (on the top of the structure model) are highlighted. Amino acid substitutions are indicated by black dots. A four-digit
nomenclature is used, in which the first digit specifies the capsid protein and the remaining digits denote the position of the amino acid within the

protein (e.g., 1250 indicates residue 250 of VP1).

the capsid mutations in a protomer is shown in Fig. 5.
Approximately 30% of these, almost all of which are PV1
(LS-a) specific, are located on the virion surface; the rest are
more or less internally positioned, including one mutation
mapping to the internal capsid protein VP4. Some structural
implications of the PV1(LS-a)-specific VP1 mutations are
summarized in Table 2. Mutation V-1056—1 is located near
the threefold axis of symmetry, adjacent to residue E-1054. A
single mutation (E-1054—G) has recently been reported to
produce an mn phenotype in PV1(M) (28), an observation that
contrasts with the V-1056—I mutation identified here that had
no effect. D-1102—G, T-1143—A, and P-1250—L mapped to

TABLE 2. Structural properties of the PV1(LS-a)-specific
VP1 mutations

Amino acid . % Solvent- . .
substitution Location accessible Interacting residues®
area

V-1056—1  Interior 2 1054-1055, 1057-1059, 4063

D-1102—-G VP1 BC loop 42 1100-1101, 1103-1104, 1169

T-1143—A  VP1 DE loop 33 1141-1142, 1144-1145, 1252-
1254

A-1231-V  Rim of canyon 12 1209, 1211-1213, 1228-1233,
2141

P-1250—L  Apexes 26 1096, 1248-1252, 1142-1145°

@ Residues within 5 A (1 A = 0.1 nm) in the same protomer.
& Residues within 5 A of the neighboring protomer.

the surface of the apexes (Fig. 5) within or in the vicinity of the
BC loop (N-Agla), a site that can determine mouse neuroviru-
lence (see above). The A-1231—V mutation is located on the
rim of the canyon and may influence binding to the unknown
mouse receptor. Although the mutations found in PV1(LS-a)
VP1 by themselves are not sufficient to produce the mn
phenotype, they are necessary because they act in conjunction
with downstream sequences (in 2AP™).

The most interesting result of the study presented here is the
apparent involvement of the coding sequence of 2AP™ in
mouse neurovirulence of PV1(LS-a). As mentioned, the PV1
(LS-a) 2AP™ sequence harbors three amino acid changes, a
large fraction of the mutations mapping to the nonstructural
regions (Table 1). Of the three amino acid changes, the
Y-70—C mutation is unusual because Tyr-70 of 2AP™ is
conserved among all sequenced strains of PV. PV proteinase
2AP™ has been implicated in several different processes of
replication: cleavage of the structural from the nonstructural
proteins of the polyprotein (8, 11, 41); inhibition of host cell
protein synthesis (40); transactivation of translation (9), pos-
sibly by binding to the internal ribosomal entry site elements
(22); and RNA replication (26). It is conceivable that the
mutations in PV1(LS-a) 2AP™ created a protein with altered
properties affecting any of the 2AP™ functions mentioned
above (or hitherto uncovered functions) and that such altered
properties influenced the mn phenotype. On the other hand,
the PV1(LS-a) mutations in 2AP™ per se were not sufficient to
confer the mn phenotype to PV1(M), but they rendered this



7514 LU ET AL.

virus extremely thermolabile (Fig. 4). We consider it possible,
therefore, that specific interactions between the RNA se-
quence specifying 2AP™ and the capsid proteins exist and that
a modification of these interactions by point mutations desta-
bilizes the virus, thereby contributing to the mouse neuroviru-
lence of PV1(LS-a). If so, it is even possible that sequences
mapping to the coding region of 2AP™ function as an encap-
sidation signal.

An alternative, less likely explanation of the effect of the
2AP™ mutations could be that one or a few molecules of 2AP™
are encapsidated in the poliovirion that, hitherto undetected,
influence capsid stability. Encapsidation of nonstructural pro-
teins into picornavirus virions has been suggested recently (30).
Dissection of the PV1(LS-a) mutations in 2AP™ will allow us to
identify their effects on virus replication, capsid stability, and
mouse neurovirulence.
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