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F I DWLKEKTI!I I PQARDIKLEFVTITKLKQLEMLENR.I ATI HQSTC

TTTATTGACTGGCTCAAAGAGAAGATCATTCCACAGGCTAGAGACAAGCTAGAGTTTGTTACCAAACTGAAGCAACTAGAAATGTTGGAGAACCAAATTGCAACCATTCATCAATCGTGC
4220 4239 4240 4250 4260 4270 4280 4290 4310 4329

P SQEHQE T LFNNVRWLSIQSKRFAPLYAVEAKRIQKLEHT
CCAAGTCAGGAGCATCAAGAAATCCTGTTCAATAACGTGAGATGGTTATCCATACAGTCAAAGAGATTTGCCCCGCTCTATGCGGTTGAGGCTAAGAGAATACAAAAGTTAGAGCACACG
4340 4350 4379 4380 4410 4420 4430 440

I NNYVQFKSKHRIEPVCLLVHGSPGTGKSVATNLIARAIA
ATTAACAACTACGTACAGTTCAAGAGCAAACACCGTATTGAACCAGTATGTTTGTTGGTGCACGGTAGCCCAGGCACGGGCAAGTCAGTTGCCACCAATTTAATTGCCAGAGCAATAGCA
4450 4470 4480 4490 4500 4510 4520 4540 4550 4560
EKENTSTYSLPPDPSHFDGYKQ@Q@GVYVIMDDLNQNPDG GADM
GAGAAGGAGAACACCTCCACATACTCACTACCACCAGATCCCTCCCATTTCGATGGGTACAAGCAACAAGGTGTGGTGATCATGGATGATTTGAATCAGAACCCAGNZGGAGCAGACATG
4570 580 459 4620 4650 4660 L670 4680
KLFCQMVSTVEFIPPMASLETEKS GILFTSNYVLASTNSS SR
/-\AGCTG;[TTTGTCAGAT?gTCTCCACTGTAGAATTCA;ACCACCAATGGCTTCGCTAGAAGAAAAGG?gaTTTTGTT%ACATCTAAI}'/7\(3GTTTTGGCCTCAACCA;&%%CAGTCGCATC
TPPTVAHSDALARRFAFDMDIQI MSEYSRDGKLNMAMATE
ACCCCACCAACTGTTGCGCACAGCGATGCCCTAGCCAGGCGCTTTGCATTTGACATGGACATACAAATCATGAGCGAGTATTCTAGAGATGGAAAATTGAACATGGCGATGGCAACTGAA
4810 4820 4840 4860 4870 4880 4900 4910 4920

M CKNCHHPANFKRCCPLVCGKAI!I @QLMDIKSSRVRYSIDQIT
ATGTGTAA%\ACTGTCATCACCCAGCAAACTTCAAGAGATGTTGCCCATTGGTGTGTGGCAAAGCCATCCAGCTGATGGACAAATCTTCCAGAGTCéGIZXgATAGTA%\%TCAGATEACT

4940 4950 4960 70 4980 4990 5010
TMIINERNRRSSIGNCMEALFQF&LQYKDLKlDIKTTPPP
ACCATGATTATTAATGAGAGGAACAGAAGATCAAGTATCGGTAATTGCATGGAGGCACTTTTCCAAGGTCCTCTTCAATACAAAGACCTGAAAATAGACATTAAGACCACACCTCCTCCT

5050 5060 5070 5080 5099 5100 5120 5130 5140 5150 5160

ECINDLLQAVDSQEVRDYCEKKGWI!IVDITSQ@VQTERNINR
GAGTGCATCAATGATTTGCTCCAAGCAGTTGATTCTCAAGAGGTAAGAGACTACTGTGAGAAGAAGGGTTGGATAGTAGACATCACTAGTCAGGTGCAAACCGAAAGAAACATCAATAGA
5170 518 5190 5200 5218 5220 5230 5250 5260 5210 5280
AMT I LQAVTTFAAVAGYVYVMYKLTFAGHDA® F:’? Y TGLPNKRTP
GCAATGACTATTCTTCAGGCGGTCACCACATTTGCCGCAGTTGCTGGAGTGGTGTATGTGATGTACAAACTCTTTGCAGGGCATCAAGGAGCGTATACAGGGCTTCCCAATAAGAGACCC
5290 5300 5320 5350 5360 5370 5380 5390 540
NVPTIRTAKVQQGP GFDYAVAMAKRNILTATTIKGETFTMLSG

AATGTCCCCACCATCAGGACTGCCAAGGTTCAGGGCCCAGGATTTGACTACGCAGTGGCAATGGCCAAAAGAAACATTCTTACGGCAACTACCATTAAGGGAGAGTTCACAATGCTCGGA
5419 5420 5450 5460 5470 5480 5490 5500 5510 5520

FIG. D

4882 of Lansing have been inserted. Another recombinant,
pSV20(N16), contains all Mahoney sequences with the ex-
ception of nucleotides 631 to 3413, which are derived from
Lansing. This recombinant was constructed to determine
whether the Lansing virus capsid would suffice to convert
the Mahoney strain into a mouse-virulent virus. The struc-
tures of all four recombinant plasmid DN As were verified by
restriction enzyme digestion (data not shown).

Analysis of recombinant viruses. HeLa S3 cell monolayers
were transfected with closed circular forms of pSV20(400),
pSV20(N12), pSV20(N15), and pSV20(N16), and the corre-
sponding viruses PRV1.1, PRV3.5, PRV4.3, and PRVS.1
were recovered. The plaque size of all the recombinant
viruses was identical to that of the parental type 1 and type
2 viruses (data not shown). Furthermore, virus yields of cells
infected with the recombinants were the same as those
obtained with the parental viruses (approximately 1,000 PFU
per cell). These results indicate that the growth characteris-

tics of the recombinant viruses did not differ from those of
the parent viruses. '

The serological type of the recombinant viruses was
determined by a neutralization assay with homotypic anti-
sera (Table 2). The recombinant viruses were neutralized
only by the type 2-specific antiserum, demonstrating that all
the recombinants possessed the type 2 capsid as expected.
The type 1-type 2 junctions in the recombinant viral RNAs
were mapped by the nuclease S1 protection technique. All
four viral recombinants contained the expected junction
sites (data not shown).

Neurovirulence of recombinant viruses. To determine
whether the recombinant viruses were capable of causing
paralysis and death in mice, Swiss Webster mice were
injected intracerebrally with different amounts of either the
parental type 1 or type 2 virus or the recombinant PRV1.1,
PRV3.5, PRV4.4, or PRVS.1. The amount of virus causing
paralysis or death in 50% of the mice (LDs,) was calculated.
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VHDNVAI LPTHASPGETIVIDGKEVEVLDAKALEDG AGTN
GTGCATGATAATGTGGCCATTCTACCAACCCACGCATCACCGGGTGAAACAATAGTCATTGATGGCAAGGAAGTAGAGGTACTGGATGCTAAAGCCCTGGAGGACCAGGCCGGGACCAAC
5530 5540 5550 5560 5570 5580 5590 5610 5630
LEIT I VTLKRNEKFRDIRPHIPTQ@ITETNDGVLIVNTSK K.Y
CTGGAAATCACCATTGTCACTCTTAAGAGAAATGAGAAGTTCAGGGACATCAGACCACACATCCCCACTCAAATCACTGAGACAAATGATGGAGTTTTAATTGTGAACACTAGTAAE;A%

5670 5680 5690 5700 5710 5720 5730 5740 5750 6
PNMYVPVGEAVTEQGYLNLSGRQTARTLMYNFPTRAGQTCSGS®EG
CCCAACATGTATGTTCCTGTCGGTGCTGTGACTGAACAGGGGTATCTCAATCTCAGTGGACGCCAAACTGCTCGTACTTTAATGT TTTCCAACGAGAGCA TCAATGTGG
ST19 5780 5790 5800 5810 5820 BBEE 5845 Ag Gg %ol gggA
VI1ITCTGEKVYIGMHVYGGNGSHGFAAALKRSYFTQ@SQIGEI QWM
GTTATCACCTGCACTGGCAAGGTCATCGGSATGCATGTTGGTGGGAACGGTTCACATGGGTTCGCAGCAGCCCTGAAGCGATCCTATTTCACTCAGAGTCAAGGTGAAATCCAGTGGATG
5850 5900 5920 5930 5949 5950 5960 5979 5980 5990 6000
RPSKEVGEGYPVINAPSKTIKLEPSAFHYVFEGVEKEPAVLTEKS
PGACCATCAAAAGAAGTGGGCTACCCCGTTATTAATGCTCCATCTAAAACTAAACTGGAACCCAGTGCATTCCATTATGTGTTTGAAGGTGTCAAGGAACCAGCTGTGCTCACCAAAAGT
6010 6020 6030 6040 6050 6060 6099 100 6120
DPRLKTDFEEAIFSKYVGENKITEVDEYMKEAVDHYAG QLM
GACCCCAGATTGAAGACAGATTTTGAAGAGGCTATCTTTTCCAAGTATGTGGGAAATAAGATTACTGAAGTGGATGAGTACATGAAAGAAGCTGTCGATCATTACGCAGGCCAGCTCATG
6130 6140 6150 6170 6180 6200 6210 6220 6230 6240
SLDINTEQMCLEDAMYGTDGLEALDLS ST SAGYPYVAMGEKEK
TCACTAGACATCANZACAGAACAAATGTGCCTTGAGGATGCAATGTATGGCACTGACGGTCTCGAAGCTCTAGACCTCAGTACCAGTGCTGGGTATCCCTATGTGGCAATGGGGAAAAAG
6250 6260 6270 6280 6299 6310 6330 349 6350 6360
KRDILNKQTRDTKEMQ@RLLDTYGI NLPLVTYVKDETLRSKT
AAMGAGACIATTTTGAATAAGCAAACCAGAGACACAAAGGAAATGCAAAGGCTTCTGGACACCTATGGTATTAATTTACCTTTAGTCACCTATGTGAAAGATGAGCTTAGATCCAAGACC
6370 6380 6390 6400 6410 6420 6430 Le) 6450 6460 6470 6480
K VEQGKSRLIEASSLNDSVAMRMAFGNLYAAFHKNPGVVT
AAAGTGGAACAGGGCAAGTCCAGGCTAATTGAGGCCTCAAGTCTCAATGACTCTGTCGCCATGAGGATGGCTTTTGGCAACTTGTACGCAGCATTCCACAAGAACCCAGGTGTAGTGACA
6500 6510 6520 6540 6570 6580 6599 600
GSAVGEGCDPDLFWSKIPVLMEEKLFAFDYTGYDASLT SPAWTF
GGATCGGCTGTTGGCTGTGACCCAGATTTGTTTTGGAGTAAAATACCAGTCCTCATGGAGGAAAAACTCTTTGCATTTGATTACACGGGTTATGATGCTTCACTAAGCCCCGCCTGGTTT
6610 6620 6650 6660 6670 6719 6720
EALKMVLEKIGFGDRVDY I DYLNHSHHLYKNKTYCVKS G® GHM

GAGGCTCTCAAGATGGTTCTAGAGAAAATTGGGTTTGGTGACAGAGTGGATTACATTGATTATCTGAATCACTCGCACCATCTATATAAAAATAAGACATATTGTGTTAAGGGCGGCATG
6740 6760 6779 6780 6790 6800 6810 6820 6830

FIG. E

Neurovirulence tests showed that all the recombinants
caused paralysis and death in mice (Table 3). In contrast,
inoculation of 5 X 108 PFU of Mahoney virus did not
produce disease. The ability of PRVS.1 to cause paralysis in
mice demonstrates that the mouse neurovirulence of Lan-
sing virus is due to sequences within the capsid region.

DISCUSSION

We are using infection of mice by the Lansing strain of
poliovirus as a model for addressing questions on the mo-
lecular basis of neurovirulence. As a first step it was impor-
tant to determine why the Lansing virus is able to cause
disease in mice, in contrast to most other poliovirus strains,
which cannot. The Lansing strain, which was isolated orig-
inally from a case of fatal poliomyelitis, was adapted to
rodents by a series of passages (2). It would be important to
determine which areas of the Lansing genome have under-
gone change during the adaptation process in mice. Unfor-

tunately, the original mouse-avirulent Lansing isolate is no
longer available, and therefore it was necessary to compare
Lansing to other viral strains. The complete nucleotide
sequence of the Lansing viral genome was determined, and
this sequence and its deduced translation product were
compared with those of other mouse-avirulent viruses. From
these analyses it was not possible to determine which viral
sequences are required for mouse virulence. Therefore, a
series of Lansing-Mahoney intertypic recombinants were
constructed by in vitro manipulation of infectious cDNAs to
test the role of various portions of the Lansing genome in
mouse virulence. Neurovirulence assays of the recombinant
viruses indicated that the Lansing capsid region contains
sequences which impart mouse neurovirulence. A similar
approach has been used to map the genomic location of in
vitro markers which are used to assess the monkey
neurovirulence of the type 1 Mahoney strain (12).

It is interesting that the LDsq of the transfection-derived
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PSGCSGTSIFNSMITNNLIIRTLLLKTYZKS GIDLDHLEKMIAY
CCATCTGG%GCTCTGGCACCTCAATTT;TAATTCAATGSTTAATAATCTAATAATCAGGACTCTCT;A%TGAAAACCTACAAGGGCA;QGATTTAGACCACCTGAQ%%GATAGCCTA%

6GDDVIASYPHEVDASLLAQSGKDYGLTMTPADIKSATTFETV
GGTGATGATGTAATTGCTTCCTACCCCCATGAGGTTGATGCTAGTCTCCTAGCCCAATCAGGAAAAGACTATGGACTAACCATGACACCAGCTGACAAATCAGCCACCTTTGAAACAGTC
6978 6990 700 7020 1030 040 7850 7060 1070 7080
TWENVTFLKRFFRADEKYPFLVHPVMPMKETIHESIRMWTIKTHD
/-\CATGGGAGAATGTAACATTCTTGAAAAGATTCTTTAGAGCAGATGAAAAGTATCCCTTTCTGGTACATCCAGTGATGCCAATGAAAGAAATTCACGAATCAATTAGATGGACTAAAGAT
7090 7100 0 7120 7130 Tk 7150 7160 7170 7180 7190 1200
PRNTQ@DHVRSLCLLAWHNGETETEYNKTFLAKIRSVYPIGRALL
CCCAGAAACACTCAGGATCATGTTCGCTCACTGTGCTTATTGGCTTGGCACAATGGCGAGGAAGAGTACAATAAATTTTTAGCTAAGATTAGAAGTGTGCCAATCGGAAGAGCATTACTG
7210 7220 7250 7260 1270 728 7299 7300 7310 7320
LPEYSTLYRRWLDSTF = =

CTCCCTGAGTACTCCACATTGTACCGCCGTTGGCTCGACTCATTTTAGTAACCCTACCTCAGTCGAATTGGATTGGGTCATACTGTTGTAGGGGTAAATTTTTCTTTAATTCGGAGG
7330 735 7360 7370 7380 7390 7400 ™ 742 7430

FIG. F

type 2 virus was about 40 times higher than the LDy, of the
parental type 2 stock (Table 3). There are several possible
reasons for this difference in neurovirulence. Virus V667 is
an uncloned stock which had been passaged 99 times in mice
before passage in HeLa cells (20). This virus may therefore
consist of a relatively homogeneous population with respect
to the ability to cause disease in mice. In contrast, transfec-
tion-derived virus V676P3 is plaque purified and furthermore
is derived from a single DNA sequence cloned from all the
RNA sequences in the V667 stock. This virus may therefore
be a variant which does not have the optimum nucleotide
sequence for mouse virulence. Virus V676P3 may also
contain mutations introduced during the molecular cloning
process which alter its virulence. However, it is not likely
that the neurovirulence of virus V676P3 is altered simply
because it is a temperature-sensitive mutant or is impaired in
replication, since this virus grows as well as V667 in HeLa
cells at all temperatures tested (data not shown). The first 68
nucleotides of V676P3 are derived from type 1 (20). There
are four nucleotide differences between Lansing and
Mahoney viruses in this region which might affect mouse
neurovirulence.

There is also some variation in the LDs, values of the
recombinants. This variation in neurovirulence might also be
the result of mutations acquired during the molecular cloning
process or may reflect plaque-to-plaque variation, as dis-

TABLE 1. Comparison of capsid protein sequence of Lansing 2,
Sabin 2, and Mahoney 1 viruses

No. of amino acid differences/total residues

(% homology)
Viral protein
Lansing 2 vs Lansing 2 vs
Sabin 2 Mahoney 1
VP4 1/69 (98.6) 2/69 (97.1)
VP2 5/271 (98.2) 32/272 (88.2)
VP3 4/238 (98.3) 29/238 (87.8)
VP1 22/301 (92.7) 70/301 (76.7)
P2 30/575 (94.8) 31/575 (94.6)
P3 21/753 (97.2) 15/753 (98.0)
Overall 83/2,207 (96.2) 179/2,207 (91.9)

cussed above. We have not determined whether the recom-
binants are temperature sensitive; however, all recombi-
nants replicated in HeLa cells to the same titers as the
parental viruses. Alternatively, noncapsid sequences may
play a role in modulating neurovirulence. For example,
recombinant PRV1.1 shows approximately the same
neurovirulence as transfection-derived type 2. However,
replacement of the Lansing P2 and P3 proteins with the
Mahoney counterparts caused a decrease in neurovirulence
(PRV4.3). Replacement of the Lansing P2, P3, and S’ end
noncoding sequences with Mahoney counterparts resulted in
a virus with the lowest neurovirulence, PRVS.1. In addition,
replacement of only the Lansing 5’ end resulted in virus
PRV3.5, which is less neurovirulent than transfection-
derived type 2. We do not know what role nonstructural
proteins or noncoding sequences might have in production of
disease, but examination of mutant viruses containing le-
sions in these regions would enable us to address this
question.

Recombinant PRVS.1 derives only nucleotides 631 to 3413
from Lansing virus. Since the capsid region is encoded by
nucleotides 745 to 3381, this recombinant has 114 nucleo-
tides of 5'-noncoding region and 36 nucleotides encoding
part of protein 2A from Lansing as well as the Lansing
capsid. Since the 12 amino acids of protein 2A are identical
in Lansing and Mahoney viruses, they cannot play a role in
Lansing neurovirulence. We feel it is unlikely that the 114
nucleotides of 5’-noncoding sequence are responsible for the
virulence of Lansing virus in mice. This particular region of
the genome (nucleotides 650 to 745) is very different from the
rest of the 5'-untranslated region since the sequences are
poorly conserved from one strain to another, suggesting that
this region may serve only as a spacer in the genome (32).

Since the capsid appears to be responsible for the unique
ability of Lansing virus to cause disease in mice, it seems
likely that most poliovirus strains do not cause disease in the
mouse because they cannot enter the appropriate cells. This
block to virus entry is probably caused by the inability of
mouse-avirulent strains to attach to receptors on cells of the
mouse central nervous system. However, the block to virus
entry might also occur at the penetration or uncoating steps,
which are probably mediated in part by the viral capsid.

A comparison of the Lansing capsid sequence with that of
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VP4 VP2 VP3 VPRI P2 . P3 )

5 vhg (a), 3
plasmid g, Pstl Xbal ius
pVR106 i L Mahoney

Ball (Pst1) Xbal
pVR204 ] Lansing
pPSV20(N12) — ] PRV3.5
pSV20{400) { 1 PRV11
PSV20(N15) { } PRV4.3
pSV20(N16) — } PRV5.1

FIG. 2. Maps of full-length poliovirus cDNAs used to generate recombinant viruses. The viral RNA is shown at the top (thin liné,
untranslated regions; thick line, open reading frame) with the locations of the poliovirus proteins. The DNA inserts of different plasmids are
shown below, as well as the three restriction enzyme sites used in the constructions. The bracketed Ps¢I site in the Lansing cDNA is not
present in the original clone pVR204 but was introduced as described in Materials and Methods. The name of each plasmid is shown at left,
and the name of the virus derived by transfection with that plasmid is shown at right. Single lines, Mahoney sequences; double lines, Lansing

sequences.

other nonvirulent viruses might identify regions of the capsid
which are involved in either binding to the cell receptor or
penetration or uncoating. The Sabin 2 capsid was chiosen for
closer examination since it was more related to Lansing
virus than Mahoney virus (Table 1). The observed differ-
ences between the Lansing and Sabin 2 capsids are¢ depicted
in Fig. 3. There are 32 amino acid differences, about half of
which are scattered throughout all four capsid proteins and
about half of which are concentrated in the first 41 residues
of VP1. None of the amino acid changes from Sabin to
Lansing virus result in alteration of the overall hydropathy
or secondary structure of the capsid proteins when calcu-
lated by published methods (5, 8, 13). In most cases, the
changes in the Lansing sequence do not involve amino acids
of different charges. At three positions, all in VP1, the
charge of the Lansing amino acid differed significantly from
that of the Sabin amino acid. Position 29 is glycine (polar) in
Sabin virus and aspartic acid (negatively charged) in Lansing
virus; position 30 is histidine (positively charged) in Sabin
virus and threonine (polar) in Lansing virus; and position 31

TABLE 2. Serological characterization of transfection-derived

is lysine (positively charged) in Sabin virus and glutamine
(polar) in Lansing virus. Since these amino acid changes are
clustered, their overall effect might be to produce a negative
charge in a small region of the Lansing capsid which is
positively charged in the Sabin capsid. Such a charge differ-
ence might be consistent with the ability to bind a different
cellular receptor in the mouse central nervous system. In
influenza virus, single amino acid changes in the hemagglu-
tinin, the receptor-binding protein, can alter receptor-
binding specificity (24). However, the real importance of
these amino acid changes in Lansing virus is not clear,
particularly in light of the observation that the N terminus of
VP1 is the most variable region of the poliovirus genome
(32). To determine which amino acids play a role in patho-
genesis, we are assaying the mouse neurovirulence of re-
combinants in which small portions of the Lansing virus
capsid sequences have been inserted into the corresponding
region of the Sabin genome.

It was previously observed that inoculation of type 1 RNA
into mouse brain does not cause disease but results in limited
replication of virus, while inoculation of type 1 virus does
not lead to replication. On the basis of these results, Holland

polioviruses
Antiserum¢® TABLE 3. Neurovirulence of transfection-derived polioviruses
Vi

e Anti-1 Antiz  Virus LDe (PFU)
PRV1.1 - + PRV L. ittt 4.00 x 10°
PRV3.5 - + PRV .S 4.25 x 10*
PRV4.3 - + PRV, 3. 1.40 x 10*
PRVS.1 - + PRV S L. e 4.50 x 10°
type 1 (M)* + - VO67 et 1.60 x 102
type 2 (L)® - + Y L) 5 6.25 x 10°
- POaC .. e >5.00 x 108

2 +, 100% reduction in plaque number by a 1:5,000 dilution of anti-
poliovirus type 1 or a 1:500 dilution of anti-poliovirus type 2 antisera; —, no
effect of the same dilution.

b M, Mahoney; L, Lansing.

“ Uncloned type 2 Lansing virus.
 Transfection-derived type 2 Lansing virus.
< Uncloned type 1 Mahoney virus.

1sanb Ag 0z0zZ ‘62 Jaqwardas uo /Bio wse’IAl//:dny wol) papeojumoq


http://jvi.asm.org/

524 La MONICA ET AL.

LANSING leu leu v:ll val avig thr

J. VIROL.

LANSING thr lys ser ser ala ala asn lys asn ala thr lys tyr ala gly
— - 1
SABIN 2 met arg thr phe val val ser arg ser thr arg arg iL thrglu
67 43 45 115 186 239 59 62 73 75 69 103 143 252280 291295
—VP4 —- VP2 —t— VP3 4 vP1 4
69aa 271aa 238aa 301aa

FIG. 3. Location of amino acid differences between the capsid proteins of Lansmg and Sabin 2 viruses. Line shows the map location of
each capsid protein and its length in amino acids. Both the Lansing and Sabin 2 amino acids are displayed at points where the two viruses
differ. Numbers refer to the amino acid residue within the individual capsid protein. The N terminus of VP1 is expanded above the line for

clarity.

et al. (7) suggested that type 1 virus cannot cause disease in
mice because it cannot bind the mouse brain receptor.
However, from these studies it was not possible to deter-
mihe whether other type 2 sequences were also required for
mouse neurovirulence. Our results show that the ability of
the Lansing virus to cause disease in mice lies solely within
the capsid region. Furthermore, it appears that other Lan-
sing sequences may play a role in mouse neurovirulence as
well. The ability to manipulate the Lansing genome through
cloned infectious cDNA coupled with the convenience of a
small animal model will make it possible to further study the
role of specific viral sequences in the production of disease.
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