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Temperature-Sensitive Poliovirus Mutant Fails To Cleave VPO and
Accumulates Provirions
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A temperature-sensitive mutant of poliovirus, VP2-103, was isolated and characterized. A single nucleotide
change, resulting in the substitution of glutamine for arginine at amino acid 76 of the capsid protein VP2,
prevented the maturation of virions at the nonpermissive temperature. Particles indistinguishable from the
previously elusive provirions were observed; these particles have been proposed to be penultimate in virion
morphogenesis. Cleavage of VPO into VP2 and VP4, the products found in mature virions, was not observed
in VP2-103-infected cells at the nonpermissive temperature. The cleavage of VPO in wild-type poliovirus-
infected cells is dependent on RNA packaging; this reaction has been postulated to be autocatalytic. The
existence of RNA-containing provirionlike particles in VP2-103-infected cells shows that RNA packaging can be
uncoupled from VPO cleavage.

The existence and protein composition of potential inter-
mediates in poliovirus assembly have been extensively doc-
umented, and likely assembly pathways have been suggested
(21, 26, 36, 40). It is generally thought that the folding of P1,
the precursor of the final capsid proteins, triggers the cleav-
ages by the viral protease 3CD (2, 8, 10) that yield a 5S
protomer particle composed of one copy each of VP1, VP3,
and VPO. Five of these protomers are then thought to
assemble into a structure sedimenting at 14S, termed the
pentamer (40). The three-dimensional structures of poliovi-
rus (13, 19) and other picornaviruses (1, 3, 30, 39) have
revealed the apparent strength of the interactions at the
fivefold symmetry axis of these viruses (36, 40).
The next steps in poliovirus assembly are less clear. The

14S pentamers can assemble into 75S empty icosahedral
capsids both in vitro and in vivo (36, 40). During viral
assembly within an infected cell, it has not been established
whether the viral RNA genome is threaded into these
preformed empty capsids (20, 21) or whether the 14S pen-
tamers condense around the viral RNA (40).
The predicted product of either RNA packaging scheme is

a particle containing 60 copies each of VPO, VP1, and VP3,
as well as the 7,500-nucleotide genomic RNA, with the small
protein VPg covalently attached to its 5' end (40). In
poliovirus-infected cells, particles with these properties
were first observed by Fernandez-Tomas and Baltimore (11),
and termed provirions. Additional properties of these parti-
cles included a sedimentation rate of 125S, instability in
CsCl, sodium dodecyl sulfate (SDS), or EDTA, and lack of
infectivity. The role of provirions as precursors to final
mature virions was suggested by pulse-chase experiments,
but the presence of large amounts of intact virions rendered
these experiments inconclusive (11). Subsequent attempts to
characterize the 125S provirion particles and to repeat the
reported in vitro assembly of provirions (12) were unsuc-
cessful (17); however, particles were found cosedimenting
with 150S virions with some similar properties, including a
preponderance of uncleaved VPO and sensitivity to SDS and
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EDTA (17). Particles with some of the properties of the
reported poliovirus provirions, including the presence of
uncleaved capsid proteins, decreased stability, and lower
sedimentation rate, have been observed in bovine enterovi-
rus-infected cells (18) and in flock house virus-infected insect
cells (15).
The maturation of the predicted poliovirus provirion into

the final virion requires cleavage of an asparagine-serine
peptide bond in VPO, yielding the individual capsid proteins
VP2 and VP4. Only a few uncleaved VPO proteins remain in
preparations of infectious poliovirus; if these molecules are
distributed evenly throughout the population of particles,
one or two of the 60 VP0 proteins in each virion remain
uncleaved (40). One of the several surprises that emerged
from the determination of the three-dimensional structures
of rhinovirus 14 (39), poliovirus (13, 19), and other picoma-
viruses (1, 30) was that the cleaved termini of VP2 and VP4
were found to be buried within the mature virion structures.
Barring drastic rearrangement after VPO cleavage, it thus
appeared that the scissile bond is inaccessible to external
proteases, leading to suggestions that VPO cleavage is cata-
lyzed by some aspect of the virion structure itself (3, 19, 39).
Another intriguing feature of the mechanism of VP0 cleav-

age is its apparent dependence on RNA packaging. In
extracts from poliovirus-infected cells, the cleaved products
VP2 and VP4 have been seen only in mature virions and not
in any subviral particles that are not associated with the viral
RNA (36, 40). It has been suggested that RNA nucleotide
residues may function directly in the proteolysis of VPO, by
contributing to the active site of a serine protease formed by
conserved amino acid residues in VPO (3). Whether the RNA
acts directly as a component of the active site of a proteo-
lytic activity or as an allosteric effector of a protein-based
protease may be difficult to determine. However, the depen-
dence of VPO cleavage on RNA packaging may serve to
make the RNA packaging step of viral assembly irreversible
(3, 39).
We identified and characterized a temperature-sensitive

poliovirus mutant, VP2-103, that shows no detectable VP0
cleavage at the nonpermissive temperature. That VPO cleav-
age is the primary defect in VPO-103 is shown by the
accumulation of particles identical to the proposed provirion
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(11) at the nonpermissive temperature. The existence of
these provirions in analyzable quantities demonstrates that
whatever the precise mechanism of VPO cleavage, the pack-
aging of RNA can be uncoupled from the catalytic reaction.

MATERIALS AND METHODS

Cells and viruses. HeLa cells were maintained in Dulbecco
modified Eagle medium (DME) supplemented with 10% calf
serum. Wild-type Mahoney type 1 poliovirus was derived
from a single plaque resulting from transfection of an infec-
tious poliovirus cDNA clone (37). Plaque assays were per-
formed as described previously (23); incubations at 32.5° C
were for 48 h, and incubations at 39.5° C were for 72 h. Titers
of both wild-type and VP2-103 viruses were determined at
32.5° C on HeLa cells, and multiplicities of infection at both
temperatures were calculated by using the viral titers deter-
mined at 32.5° C.

Mutagenesis and reconstruction of VP2-103. The initial
isolate of a highly temperature-sensitive virus, here termed
VP2-103i, was found in a genetic screen designed to recover
temperature-sensitive, cold-sensitive, or host range mutants
(24). The screen followed a mutagenesis procedure designed
to introduce small deletions into the poliovirus genome (24).
A deletion of nucleotides 632 to 657 relative to wild-type
poliovirus RNA was first identified in VP2-103i by RNase
protection (23, 24); the precise sequence was determined by
chemical sequencing of cDNA primed from a 5' end-labeled
oligonucleotide complementary to the viral RNA 3' of the
mapped deletion. To reconstruct the deletion into an infec-
tious cDNA encoding an otherwise wild-type poliovirus
genome, a synthetic deoxyoligonucleotide (CCAGCAAA
CAGATAGGGCCAATCCAATTCGC) was used to muta-
genize (24) a 4.8-kilobase-pair plasmid, pSP61809, contain-
ing only the first 1,809 base pairs of the poliovirus cDNA (25,
31, 38); the mutant sequences were confirmed by chemical
sequencing (32). A DNA fragment containing the 25-nucle-
otide deletion was then reconstructed into a plasmid con-
taining the full-length poliovirus cDNA (24, 38). The result-
ing cDNA, p5NC-104, was transfected into HeLa cells at
32.5, 37, and 39.5° C to determine the phenotype of the
encoded virus genome. All plaques resulting from duplicate
transfections contained virus that was indistinguishable from
the wild type, although the presence of the 25-nucleotide
deletion in the 5NC-104 virus was confirmed by sequencing.
The mutation responsible for the VP2-103 phenotype was

then identified by making cDNA from VP2-103i viral RNA.
RNA was prepared from VP2-103i virions as described
previously (5). cDNA was made as described previously
(16), except that the first strand was not primed with
oligo(dT). Instead, the first strand of cDNA was primed
with 100 ,ug of a deoxyoligonucleotide (AGTATGCTCTAGT
TTC, termed g2seq) complementary to nucleotides 4431 to
4446 of the poliovirus genome (25, 38) per ml. Duplicate
fragments containing sequences from nucleotides 66 to 2516
of the poliovirus cDNA were then cloned into a plasmid
designed to reconstruct the 5' end of the infectious poliovi-
rus cDNA. These intact 5' ends were then reconstructed into
plasmids (p5, p43) containing infectious full-length poliovi-
rus cDNA (24, 37). DNA from pPolio (24), p5, and p43
plasmids was transfected into HeLa cells at 32.5 and 39.5° C;
plaques resulting from the p5 and p43 transfections con-
tained virus displaying the initial temperature-sensitive phe-
notype of VP2-103i.

Further cloning revealed that infectious cDNA containing
nucleotides 1 to 1118 of p43 DNA encoded wild-type viruses,

whereas infectious cDNA with nucleotides 1118 to 1639 gave
rise to temperature-sensitive virus. Chemical sequencing
(32) between nucleotides 1118 and 1639 of p43 DNA revealed
exclusively wild-type sequences, with the exception of the
substitution of an A for the wild-type G at position 1178 (25,
38).

Analysis of virus yields. HeLa cells were grown in modified
Eagle medium for suspension (MEM) supplemented with 7%
horse serum in a spinner culture at 370 C to a density of 4.0
x 105 cells per ml. Cells (125 ml) were pelleted by low-speed
centrifugation, suspended in 2 ml of phosphate-buffered
saline (PBS), and infected with wild-type or VP2-103 virus at
a multiplicity of infection of 20 PFU per cell. After 30 min of
viral absorption, cells were washed twice in PBS, suspended
in 20 ml of MEM supplemented with 10% fetal calf serum,
and incubated with stirring at 32.5 or 39.5° C. Samples (1 ml)
of cells were removed and washed twice with PBS at
designated times. Cells were lysed by freezing and thawing
three times, and nuclei were removed by centrifugation at
1,600 x g for 10 min at 4° C. Plaque assays to determine virus
yield were performed at 32.5° C.

Analysis of viral RNA synthesis. Total viral RNA synthesis
was measured by incorporation of [3H]uridine into trichloro-
acetic acid-precipitable material in the presence of dactino-
mycin as described previously (7).

Analysis of viral and subviral particles. For incorporation
of [3H]uridine into virus-specific particles, subconfluent
HeLa cells in 100-mm dishes were infected with viruses at
multiplicities of infection of 50 and incubated at 39.5° C in
DME with 10% calf serum. After 3 h, dactinomycin was
added to 5,ug/ml and [3H]uridine was added to 20,uCi/ml. At
4 h postinfection, cells were washed with PBS and scraped
into RSB (10 mM Tris [pH 7.4], 10 mM NaCl, 1.5 mM
MgCl2) with 1% Nonidet P-40, 1 mM phenylmethylsufonyl
fluoride, and 40 U of RNasin per ml. Nuclei were pelleted by
centrifugation at 1,600 x g for 10 min at 4° C, and 0.5 ml of
cytoplasmic extract was loaded directly onto an 11-ml 15 to
30% sucrose gradient in RSB. Particles were sedimented for
3 h at 27,500 rpm at 15° C in a Beckman SW41 rotor.
Fractions from the gradient were analyzed for infectivity by
plaque assay. For incorporation of [3H]uridine, 0.1 ml of
each fraction was precipitated with 4 ml of cold 5% trichloro-
acetic acid and collected by filtration through nitrocellulose.
Radioactivity bound to each filter was measured by scintil-
lation counting.

For incorporation of [35S]methionine into virus-specific
particles, infected HeLa cells were labeled as described
previously (22). Cells were harvested 4 h after infection,
extracts were prepared, and particles were sedimented
through 15 to 30% sucrose gradients as indicated above.

Fractions from the sucrose gradients were analyzed for
infectivity by plaque assay at 32.5° C, the permissive temper-
ature for VP2-103.

Two-dimensional polyacrylamide gel electrophoresis. The
products and amounts of viral protein synthesis were ana-
lyzed by two-dimensional electrophoresis of [35S]methi-
onine-labeled viral proteins. Plates (100 mm) of HeLa cells
were infected separately with wild-type and VP2-103 viruses
at multiplicities of infection of 50 PFU per cell and incubated
at 32.5° C for 4 h or at 39.5° C for 2.5 h. Cells were then
washed with PBS and incubated in 3 ml of DME without
methionine or calf serum for 0.5 h. Subsequently, 100 ,iCi of
[35S]methionine per ml was added to each plate, and incu-
bation was continued for 2.5 h. Thus, the total postinfection
incubation times were 7 h at 32.5° C and 5.5 h at 39.5° C. Cells
were washed with PBS and lysed in 0.5 ml of RSB with 1%
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FIG. 1. Plaque phenotypes of wild-type poliovirus, VP2-103i, reconstructed virus 5NC-104, and VP2-103 at 32.5 and 39.5° C. lx and 10OX
denote the relative concentrations of the viral inocula.

Nonidet P-40 per plate. Nuclei were pelleted by centrifuga-
tion at 1,600 x g for 10 min at 4° C, and 20 ,ul of each
cytoplasmic extract was applied to 4% acrylamide tube gels
containing 9.2 M urea, 2% Nonidet P-40, and 2% ampholine
(pH 4 to 9; Pharmacia). Electrophoresis was for 16 h at 400
V (34). Tube gels were then loaded on SDS-15% polyacryl-
amide gels and electrophoresed. Labeled proteins were
visualized by autoradiography. The assignments of the mo-
bilities of the capsid proteins VP0 and VP2 were made by
comparison of the mobilities in the first dimension with those
of proteins from purified virions and from the expected net
charges (25).

RESULTS

Isolation of the temperature-sensitive mutant VP2-103 and
its genetic reconstruction. During a genetic screen for condi-
tional poliovirus mutants (24), a virus isolate that displayed
a very pronounced temperature-sensitive phenotype on
HeLa, CV1, cos-7, and Vero cells was identified. The plaque
phenotype of this mutant, now termed VP2-103initial (VP2-

103i), is shown in Fig. 1. The VP2-103i isolate produced
more than 100-fold fewer plaques at 39.5° C than at 32.5° C,
and the 32.5° C plaques were smaller than wild-type plaques.
Virus from plaques picked at 39.5° C no longer displayed the
mutant phenotype and thus consisted of phenotypically
revertant viruses with either intragenic or extragenic second-
site mutations.
The mutagenesis procedure used to generate the viral

cDNAs examined in the genetic screen involved the intro-
duction of random small deletions into infectious poliovirus
cDNA (24). RNase protection mapping (Materials and Meth-
ods) of the VP2-103i RNA revealed the presence of a
25-nucleotide deletion spanning nucleotides 632 through 657
in the 5' noncoding region of the poliovirus genome. By
using deoxyoligonucleotide-directed mutagenesis (Materials
and Methods), this deletion was reconstructed into a plasmid
containing a full-length copy of otherwise wild-type poliovi-
rus cDNA; the mutant plasmid was termed p5NC-104.
However, the 5NC-104 virus that resulted from transfection
of this plasmid displayed a completely wild-type phenotype
(Fig. 1), showing that the 25-nucleotide deletion was not the
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Mutant cDNA

WILD TYPE GENOME
PROTEIN
AMINO
ACID NO.

GUG UCU UGG ACG AAA GAG UCG CGA GGG UGG UGG UGG AAG
VAL SER TRP THR LYS GLU SER ARG GLY TRP TRP TRP LYS
69 70 71 72 73 74 75 76 77 78 79 80 81

VP2- 103 GENOME GUG UCU UGG ACG AAA GAG UCGCAAGGG UGG UGG UGG AAG
PROTEIN VAL SER TRP THR LYS GLU SER GLN GLY TRP TRP TRP LYS

FIG. 2. Portions of the nucleotide sequence of the type 1 Mahoney poliovirus genome and the protein sequence of VP2 in wild-type and
VP2-103 mutant viruses.

cause of the temperature-sensitive phenotype. It has been
previously demonstrated that large deletions between nucle-
otides 600 and 720 of the poliovirus genome have no effect on
viral replication (27). Thus, it actually would have been
surprising if the 25-nucleotide deletion within this region had
conferred the temperature-sensitive phenotype; this result
would' have suggested a gain of function in the mutant
genome.
To determine the location of the genetic lesion that was

responsible for the temperature-sensitive phenotype of the
isolated virus, cDNA was prepared from mutant viral RNA
(Materials and Methods). We found that cDNA representing
nucleotides 1118 to 1639 of the VP2-103i viral RNA was
sufficient to create the mutant phenotype in the transfection
products of an otherwise wild-type poliovirus cDNA (Fig.
1). Sequencing of this cDNA fragment revealed the presence
of only one genetic deviation from the wild-type sequence: a
transition mutation at nucleotide 1178, altering amino acid 76
in VP2 of poliovirus from an arginine to a glutamine (Fig. 2).
Thus, this point mutation in VP2 is almost certainly respon-
sible for the temperature-sensitive phenotype of the isolated
virus; the mutant was therefore termed VP2-103, according
to the nomenclature suggested by Bernstein et al. (6).
Temperature sensitivity of VP2-103 in single-cycle infec-

tions. The production of infectious wild-type and VP2-103
virus during single-cycle infections initiated at the same
multiplicity of infection was measured at 39.5 and 32.5° C. In
accordance with the plaque phenotype, VP2-103-infected
cells produced 1,000-fold less virus than did wild type-
infected cells at the nonpermissive temperature (Fig. 3A). At
32.5° C, however, VP2-103-infected cells produced only 10-
fold less virus than did the wild type, and the mutant viral
titer increased with time, showing that an infection was
occurring at the permissive temperature (Fig. 3B).
Temperature shift experiments were performed to deter-

mine whether the process that is defective in VP2-103 is
required throughout the infection. Cells infected with VP2-
103 at 39.5° C for 4 h began to produce mutant virus when
shifted to the permissive temperature (Fig. 3C). Therefore,
the defect could be reversed even when the infection was
begun at the nonpermissive temperature. Conversely, when
cells were infected with VP2-103 at 32.5° C for 6 h and then
shifted to 39.5° C, viral production quickly ceased (Fig. 3D).
Wild-type viral production was relatively unaffected by the
temperature shifts, except for the slower growth that oc-
curred at the lower temperature. Therefore, it appears that

the process that is defective in VP2-103 virus is important
late in viral infection.

Analysis of viral RNA synthesis in VP2-103-infected cells.
To determine whether VP2-103 virus is defective in the
synthesis of RNA, virus-specific RNA synthesis was mea-
sured at 39.5 and 32.5° C in VP2-103- and wild-type poliovi-
rus-infected cells. Cells infected with VP2-103 at 39.50C
produced approximately half- the amount of RNA synthe-
sized by wild type-infected cells (Fig. 4). The amount of
virus-specific RNA synthesis at 32.5° C, although delayed
with respect to the infection at higher temperature, was
similar in wild type- and VP2-103-infected cells (Fig. 4B).
The small decrease in viral RNA production in VP2-103-
infected cells at the nonpermissive temperature does not
seem sufficient to account for the drastic reduction in virus
production seen at 39.50C (Fig. 3A). Actually, the wild-type
and VP2-103 RNA synthesis curves are identical until 4 h
postinfection at 39.5° C (Fig. 4A), supporting the idea that the
mutant displays a defect only late in infection. From these
data, we concluded that the biochemical- event that is defec-
tive in VP2-103-infected cells occurs after viral RNA syn-
thesis.

Analysis of assembly of mutant and wild-type viruses. After
macromolecular synthesis, the next step in the formation of
infectious viral progeny is the assembly of newly synthe-
sized viral proteins and RNA into the infectious virion and
its precursors. To determine whether any viral particles
could be assembled from VP2-103 proteins made at 39.5° C,
sucrose gradients of viral and subviral particles were ana-
lyzed. To aid in the identification of the particles that were
formed, similar gradients were studied in which either the
viral RNA or the viral proteins were labeled.

[35S]methionine-labeled viral and subviral particles
formed at 39.5° C by VP2-103 and wild-type poliovirus are
shown in Fig. 5A. Two peaks of radioactivity were observed
in the sucrose gradients of particles from wild type-infected
cells; the positions of these peaks suggested their identities
as the 150S virions and 75S empty capsids, respectively.
These assignments of the peaks were confirmed by analyzing
the corresponding fractions for infectivity (see below) and
protein composition (data not shown). These peaks corre-
lated well with the 150S and 75S peaks documented in the
literature (36, 40). Two peaks of [35S]methionine-containing
particles were also observed in extracts from cells infected
with VP2-103 at the nonpermissive temperature (Fig. SA).
One of these peaks corresponded to the 75S empty capsids in
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FIG. 3. Growth curves of VP2-103 (0) and wild-type (U) poliovirus at 39.5° C (A) and 32.5° C (B). (C) Effect of temperature shift to 32.5° C

at 4 h postinfection on the 39.5° C growth curves. (D) Effect of shifting to 39.5° C at 6 h postinfection on the 32.5° C growth curves.

the wild type-infected cell extracts. Another peak in the
mutant-infected cell extracts had an approximate sedimen-
tation rate of 125S, intermediate between procapsids and
mature virions and identical with the originally reported
provirion of Fernandez-Tomas and Baltimore (11). Compar-
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ison of the distributions of infectious particles and 35S-
labeled particles made at 39.5° C in VP2-103 (Fig. 5B) and
wild-type (Fig. 5C) infections revealed that the 125S parti-
cles made in the mutant-infected cells were more than 10
times less infectious than mature wild-type virions. Like the
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simultaneously and are thus directly comparable; gradients D and E were also run simultaneously.

previously reported provirion, the 125S material that accu-
mulated in VP2-103-infected cells at 39.5° C was much more
sensitive to SDS and EDTA treatment than was the 150S
wild-type material (data not shown).
Did the 125S peak contain viral RNA? Cells infected with

either VP2-103 or wild-type poliovirus at 39.5° C were labeled
with [3H]uridine in the presence of dactinomycin, so that
only viral RNA should incorporate radioactivity (4). Analy-
sis of the resulting particles on sucrose gradients revealed
one large peak of radioactivity in extracts from cells infected
with both VP2-103 (Fig. 5D) and the wild type (Fig. 5E). The
positions of the RNA-containing fractions from wild type-
and VP2-103-infected cells in the sucrose gradients were
similar to those of the 150S and 125S particles, respectively,
observed during [35S]methionine labeling. Like the 125S
particles in Fig. 5B, the RNA-containing particles from

VP2-103-infected cells were more than 10 times less infec-
tious than the 150S peak of mature virions resulting from the
wild-type infection (Fig. SD and E). The shoulder of material
sedimenting more slowly than the 150S virions in Fig. 5E
may be provirionlike particles as well.
Some infectious virus was always seen after growth of

VP2-103 at high temperature (Fig. SD). This infectivity was
usually not centered under the 125S radioactive peak, and
we presume that it results from the presence of the inevitable
phenotypically revertant viruses, which could grow under
these conditions. Thus, we conclude that VP2-103 viruses
can accomplish morphogenesis of subviral particles, at least
to the point of assembling particles that sediment at approx-
imately 125S and display several properties reminiscent of
the elusive poliovirus provirion, including lack of infectivity
(11).
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VP2-103 is defective in VPO cleavage at the nonpermissive
temperature. To determine the efficiency of protein process-
ing in VP2-103-infected cells, two-dimensional polyacryl-
amide gel electrophoresis (34) of mutant and wild-type viral
proteins was performed. Proteins from cells infected with
VP2-103 at 39.5° C (Fig. 6A) or 32.5° C (Fig 6B) were labeled
with [35S]methionine. Assignment of the spots whose mobil-
ities corresponded to the viral capsid proteins were made by
comparison with one-dimensional SDS-gel electrophoretic
patterns of labeled proteins from extracts of wild-type po-
liovirus-infected cells (Fig. 6D), from purified virions (data

not shown), and from the predicted net charges of the
proteins (25). At 39.5° C, VP2-103 proteins were synthesized,
but no processing of VPO to VP2 (Fig. 6A) was apparent. In
VP2-103-infected cells at 32.5° C, however, cleavage of VPO
to VP2 was readily observed (Fig. 6B).
The electrophoretic patterns of mixtures of wild-type and

VP2-103 proteins from separate infections at 39.5° C (Fig. 6C)
and 32.5° C (Fig. 6D) were also determined. Both VPO and
VP2 from VP2-103-infected cells (light arrows) displayed
slightly more acidic isoelectric points than the corresponding
proteins from wild type-infected cells (heavy arrows). The
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altered charge of the VP2-103 proteins was expected from
the arginine-to-glutamine substitution at amino acid 76 of
VP2 that is responsible for the mutant phenotype (Fig. 2).
The absence of VPO cleavage in VP2-103-infected cells at the
nonpermissive temperature is again apparent in Fig. 6C. At
the permissive temperature for VP2-103, however, VPO
cleavage was clearly observed, albeit at lower levels than in
wild-type-infected cells (Fig. 6D).

DISCUSSION
We isolated and characterized a temperature-sensitive

mutant of Mahoney poliovirus type 1 which failed to cleave
VPO at the nonpermissive temperature. The defect in VPO
cleavage appeared to be the primary defect in this mutant,
because subviral particles predicted to be present immedi-
ately before VPO cleavage also accumulated at the nonper-
missive temperature. In VP2-103-infected cells at 39.5° C,
particles were observed that displayed several characteris-
tics of the original provirions reported by Fernandez-Tomas
and Baltimore (11). These particles sedimented at approxi-
mately 125S, were quite uninfectious, and consisted of both
viral RNA and proteins. No cleavage products of VPO were
detected in VP2-103-infected cells at 39.5° C (Fig. 6) or in
isolated 125S particles (data not shown). Thus, the presence
of a single amino acid change in VP2 still allowed RNA
packaging to occur but prevented the maturation cleavage of
VPO at the nonpermissive temperature. RNA packaging and
the RNA-dependent proteolysis of VPO can therefore be
uncoupled in poliovirus assembly, and RNA packaging is not
sufficient for VPO proteolysis.
The mutation that confers the VP2-103 phenotype was

found to be an arginine-to-glutamine substitution at amino
acid 76 of VP2. Amino acid 76 of VP2 is quite distant from
the location of the products of the VPO cleavage reaction, the
carboxyl terminus of VP2, and the amino terminus of VP4 in
the mature virion (Fig. 7) (19). It thus seems likely that the
VP2-103 mutation inhibits VPO cleavage at the nonpermis-
sive temperature via a conformational alternation in the
virion precursors, rather than by interfering directly with the
active site of proteolysis.

It has been postulated that the dependence of the VPO
cleavage reaction on RNA packaging derives from the direct
participation of the RNA nucleotides in the proteolysis
reaction (3, 39). Recent refinement of the three-dimensional
structure of poliovirus has revealed the presence of two
ordered purine nucleotides near tryptophan 38 and tyrosine
41 in VP2, although a role for these nucleotides in VPO
proteolysis remains highly speculative (13). Direct involve-
ment of RNA nucleotides in a serine protease active site that
includes serine 10 of VP2 (Fig. 7) has been suggested (3).
Regardless of the precise mechanism of a catalytic activity
containing both amino acids and nucleotides, or only nucle-
otides, in its active site, the interesting possibility of a direct
role for RNA bases, phosphates, or copackaged divalent
cations or polyamines (14) in VPO cleavage remains extant.
Another model for the RNA dependence of VPO cleavage

is that packaged RNA causes a conformational change in the
capsid proteins, allowing exclusively protein-catalyzed au-
toproteolysis to occur. In the VP2-103 mutant, for example,
it may be impossible at the nonpermissive temperature for
the mutant capsid to undergo the conformational changes
that normally accompany viral RNA encapsidation, thereby
blocking VPO cleavage. Several examples of autoproteolytic
events mediated by the binding of a noncatalytic effector
exist. For example, Escherichia coli RecA protein, originally

FIG. 7. Representation of VP2 in mature virions. The amino
terminus resulting from VPO cleavage is marked with an arrow. VP4
is not shown, but the newly formed carboxy terminus is quite close
to the amino terminus of VP2. Amino acid 76 of VP2 is circled, as
are amino acids 38 and 41, the residues most proximal to the RNA
nucleotides seen in the three-dimensional structure (13). This figure
has been modified from reference 19 with permission.

thought to be a protease (9, 35), has been shown genetically
and biochemically to induce the proteolytic cleavage of E.
coli LexA protein and bacteriophage X cI repressor. The
ability of RecA to induce these proteolytic events is depen-
dent on the presence of both single-stranded nucleic acids
and ATP (9). However, at high pH in the absence of RecA,
both LexA and cI proteins undergo autoproteolysis at the
same bonds cleaved in the presence of RecA (29). Thus, it is
likely that RecA acts as an allosteric activator of LexA and
cI autoproteolysis (28, 29). Other examples of allosteric
effectors involved in regulating proteolytic activities include
the activation of human plasmin by streptokinase and of
prothrombin by staphylcoagulase (33).
The absence of any host-range dependence of the pheno-

type of VP2-103 is consistent with the idea that VPO cleavage
is either autoproteolytic or exclusively mediated by viral
constituents. The role of packaged viral RNA in VPO cleav-
age remains a subject of investigation. The existence of a
poliovirus mutant that accumulates provirionlike particles at
the nonpermissive temperature may facilitate the purifica-
tion and analysis of poliovirus provirions and inquiry into the
mechanism of their proposed maturation into infectious
virions.
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