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The phenotypic defects of two type 1 Mahoney poliovirus mutants, termed VP1-101 and VP1-102, were
caused by two different small deletions in the region of the RNA genome encoding the amino terminus of the
capsid protein VP1. This portion of VP1 was unresolved in the three-dimensional structure of the poliovirion,
buried within the virion, and likely to interact with the viral RNA. Both VP1-101 and VP1-102 showed a
diminished ability to enter CV1 but not HeLa cells; both mutants formed plaques on CV1 and HeLa cells that
were smaller than wild type. Neither the rate of binding to cells nor the rate of subsequent receptor-dependent
conformational change of the mutant poliovirions was affected. However, both mutants displayed delayed
kinetics of RNA release compared with wild-type virus. One of the mutants, VP1-102, also displayed a defect
in viral morphogenesis: 75S empty capsids formed normally, but 150S particles that contained RNA
accumulated much more slowly. We suggest that the VP1-102 mutation affects RNA encapsidation as well as
RNA release, whereas the VP1-101 mutation affects only RNA release. Therefore, RNA packaging and RNA
release are genetically linked but can be mutated separately in different VP1 alleles, and both processes involve
the amino terminus of VP1.

The primary functions of viral capsids are to protect viral
nucleic acids and to escort them into and out of host cells.
The three-dimensional structure of the poliovirion has been
determined by X-ray crystallography (17), providing insight
into the way the virus might bind to its receptor and
assemble in an infected cell. However, questions about
function, such as how the poliovirus capsid allows the
release of the viral RNA into the cell and how the capsid
proteins assemble around the viral RNA to produce infec-
tious stable virions, cannot be answered by understanding
the structure alone. These questions can also be produc-
tively addressed by genetic and biochemical analysis of
mutants defective in the processes of interest. Careful ge-
netic analysis of poliovirus and certain other positive-strand
RNA viruses is now possible due to the availability of
infectious cDNA copies of the viral RNA genomes (31).
The construction and characterization of two Mahoney

type 1 poliovirus mutants, VP1-101 and VP1-102, are re-
ported in the accompanying paper (19). The mutations
responsible for the phenotypic defects of these mutants are
both small, in-frame deletions in the amino terminus of VP1.
The phenotypes of these mutants include a reduction in the
number of plaques formed on CV1 cells relative to that on
HeLa cells and a diminution of plaque size on both cell types
compared with wild-type poliovirus; these phenotypes are
most apparent at 39.5° C (19). Here, I dissect the biochemical
defects that are presumably responsible for the mutant
phenotypes, with the goal of understanding the role of the
amino-terminal sequences of VP1 in the function of the
poliovirus capsid.
A poliovirus infection is initiated by the binding of the

virion to the poliovirus receptor on the surface of the human
or monkey cell. The human poliovirus receptor has recently
been cloned, sequenced, and identified as a member of the
immunoglobulin superfamily of cell surface molecules (25).
The uptake of the virus into the cell subsequent to receptor
binding is thought to occur by endocytosis of the virion-
receptor complex, because infection by poliovirus (22) and
other picornaviruses (28) is inhibited by chloroquine and

ammonium chloride, agents that prevent vesicle acidifica-
tion.

During cell entry, poliovirions undergo structural transi-
tions in complex with the cellular receptors (34). The first
such transition corresponds to a large conformational
change: VP4, one of the capsid proteins, is lost; the altered
particle displays a decreased sedimentation rate and in-
creased protease sensitivity (12); and the viral RNA be-
comes sensitive to RNase A in the presence of sodium
dodecyl sulfate (SDS) (16). If such altered poliovirions are
recovered from the cell that they are in the process of
infecting, they are uninfectious (18). The molecular details of
this conformational change are not known, but it is a step
that appears to be on the pathway to productive infection for
all picomaviruses (10). Virion alteration has been shown to
occur in cell-free membrane fractions (16, 18) and is similar
to the structural transition that occurs during inactivation of
poliovirions with heat or alkali (10).

Several antiviral compounds, including arildone (7, 24),
rhodanine (13), WIN 51711 (41), and Ro 09-0410 (29), have
been reported to block picornavirus infection by blocking
viral "uncoating" or "eclipse," steps which correspond to
the conformational change described above for poliovirus
that results in the loss of VP4 and virion infectivity. The
three-dimensional structure of human rhinovirus 14, another
picornavirus, has been determined by X-ray crystallography
in the presence (2, 37) and absence (33) of several such
antiviral compounds. The inhibitors bind to the viral capsid
and occupy a "pore" directly beneath an indentation encir-
cling the five-fold symmetry axis of the icosahedral virion
that is thought to be the binding site (9, 33) for ICAM-1, the
major rhinovirus receptor (15, 38). The antiviral compounds
have been proposed to act by making the picomavirus
structures more rigid, increasing viral stability and prevent-
ing the conformational changes that are required for success-
ful entry into target cells (2, 37).

Release of the viral RNA into the cell occurs subsequent
to this conformational change. At this step, the viral RNA
becomes RNase A sensitive even in the absence of SDS (16),
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and virions that have matured in the presence of photoreac-
tive dyes become light insensitive (40). Actually, the loss of
light sensitivity of dye-containing virus particles, while
thought to be correlated with RNA release, could coincide
either with the physical release of the RNA or with a
structural transition allowing the viral particle to become
freely permeable to solvent (10, 22), an ambiguity addressed
by the findings presented here.

After a poliovirus infection is initiated, new viral RNA and
proteins accumulate. Although subviral particles of various
sizes, as well as newly synthesized infectious virions, can be
observed within the infected cell, the actual pathway of viral
assembly has not been clarified. Probable scenarios describe
5S particles, which contain one copy each of VPO, VP1, and
VP3, associating to form 14S particles or "pentamers,"
which contain five copies each of VPO, VP1, and VP3. These
14S particles may condense around the viral RNA directly or
assemble first into 75S icosahedral "empty capsids" or
"procapsids," containing 60 copies each of VPO, VP1, and
VP3. A morphogenesis pathway that involves the 75S parti-
cles directly must then include a step in which the RNA
threads into the empty capsid (34). In any case, 75S particles
are found in infected cells, can be assembled in vitro from
14S subunits (30), and at least reflect the intrinsic self-
assembling properties of the 14S particles (3). A particle
whose reported sedimentation rate has ranged from 125S to
150S, termed the provirion, is thought to contain one copy of
the 7,500-nucleotide viral RNA and 60 copies each of VPO,
VP1, and VP3. Autoproteolytic cleavage of VPO to the final
products VP2 and VP4 would then be required to convert
provirions into infectious 150S virions (1, 17, 33, 34).
The completed poliovirions consist of 60 copies each of

VP1, VP2, VP3, and VP4 and one copy of the 7,500-
nucleotide viral RNA and are resistant to a variety of
treatments, including SDS, RNase, and low pH. Only a
small percentage of the SDS-resistant 150S particles isolated
from infected cells are infectious, however; the particle/PFU
ratio for poliovirus can be in the thousands (10, 23, 34). Due
to the large proportion of uninfectious virions present in any
virion preparation, interpretation of the results of any bio-
chemical experiments performed on a virion population is
subject to the assumption that the biochemical properties of
the infectious subpopulation are accurately represented. For
this reason, I have chosen to analyze the VP1 mutant defects
primarily by assays that measure only the infectious popu-
lation.
As discussed in the accompanying paper (19), the deletion

responsible for the phenotype of VP1-101 removes amino
acids 8 and 9 from VP1, and the deletion of amino acids 1 to
4 from VP1 causes the VP1-102 phenotype. Even though the
glutamine-glycine cleavage site for the viral 3C protease is
altered in VP2-102, proteolytic processing appears to be
normal (19). The drawing in Fig. 1 shows the amino acid
backbone of VP1 and its orientation with respect to one of
the five-fold symmetry axes of the icosahedral virion. The
arrow denotes the amino terminus of VP1 as it projects into
the interior of the particle (17). Analysis of the defects in
these two mutants may delineate the wild-type functions of
these sequences. It is shown here that both RNA packaging
and RNA release can be affected by mutation of the amino
terminus of VP1.

MATERIALS AND METHODS

Cells and viruses. Cell lines and growth conditions were as
described in the accompanying report (19). Wild-type, VP1-

FIG. 1. Diagram of the peptide backbone of poliovirus capsid
protein VP1 and its arrangement at the fivefold symmetry axis of the
icosahedral virion. The arrow denotes the most amino-terminal
residue of VP1 resolved in the three-dimensional structure deter-
mined to 2.9 A resolution. (From Hogle et al. [17]; used with
permission.)

101, VP1-102, and 3NC-202 virus stocks were all amplified
from single plaques derived from transfection of the corre-
sponding cDNAs: pPolio, pVP1-101, pVP1-102 (19), and
p3NC-202, originally termed pPTH7387 (35). Plaque assays
were performed as described; incubations were at 39.5° C for
44 h unless otherwise indicated. The titers of the virus stocks
were defined as the titers at 39.5° C on HeLa cells, except for
3NC-202, whose titer was defined by its titer at 32.5° C.
Multiplicities of infection (MOIs) were determined by using
the titer of wild type, VP1-101, and VP1-102 at 39.5° C on
HeLa cells.

Infectious-center assays, in which plaque assays were
initiated with infected cells, were begun by infecting either
HeLa or CV1 cell monolayers in 100 mm petri dishes
(Corning) with virus at MOIs of 0.01 to 0.1 PFU/cell. Viruses
were allowed to bind to the cells for 30 min at 39.5° C for wild
type, VP1-101, and VP1-102 or at 32.5° C for 3NC-202 virus.
The monolayers were then washed twice with phosphate-
buffered saline (PBS); 10 ml of Dulbecco modified Eagle
medium (DME) supplemented with 10% fetal calf serum
(GIBCO) was added to each plate, and incubation was
continued for 90 min. Subsequently, the medium was re-
moved and the cells were dislodged from the petri dishes
with 1 ml of a 0.4% trypsin solution (Irvine Scientific). Ten
milliliters of DME supplemented with 10% calf serum
(GIBCO) was added to the trypsin mixture. The cells were
sedimented by centrifugation at 800 x g for 5 min and
resuspended in 5 ml of DME with 10% calf serum. Four
sequential 10-fold dilutions of the cells were made in DME
with 10% calf serum, and 0.5 ml of each dilution was added
directly to HeLa and CV1 cell monolayers in 100-ml petri
dishes. Agar overlays containing 0.9% Bacto-agar (Difco
Laboratories), DME, and 10% calf serum were added imme-
diately. Wild-type, VP1-101, and VP1-102 plates were incu-
bated at 39.5° C for 44 h; 3NC-202 plates were incubated at
32.5° C for 72 h. After removal of the agar overlay, plates
were stained with crystal violet as described before (6).
DNA plasmids and RNA transfections. Plasmid pT7D (35),

in which the full-length poliovirus cDNA is located down-
stream of a T7 RNA polymerase promoter, was kindly
provided by P. Sarnow (University of Colorado Health
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Sciences Center). This plasmid directs the transcription of
full-length poliovirus RNA differing in sequence from virion
RNA only by the presence of two guanosine residues at the
5' end and by encoding a poly(A) tract only 12 nucleotides
long. Plasmids T7VP1-101 and T7VP1-102 were constructed
by replacing the Pflm 1 DNA fragment, nucleotides 496 to
3625 of the poliovirus cDNA (20, 32), in T7-polio with the
corresponding fragment from pVP1-101 and pVP1-102, re-
spectively. Digestion of the plasmids with MluI, T7 tran-
scription, and DEAE transfection were all performed as
described by Sarnow (35).
Measurement of virus-specific RNA synthesis and single-

cycle infections. The amount of [3H]uridine incorporated
during poliovirus infection of CV1 and HeLa cells in the
presence of dactinomycin was determined as described by
Bernstein et al. (6). In the time courses of virus-specific
RNA synthesis for the wild type, VP1-101, and VP1-102,
time zero was defined as the time postabsorption at which
the dactinomycin-containing medium and [3H]uridine were
added. The background [3H]uridine incorporation in mock-
infected cells after 6 h of incubation was approximately 4,000
cpm for both CV1 and HeLa cells.
For complementation and interference experiments, ap-

propriate amounts of each virus or combination of viruses
were bound to duplicate 60-mm dishes containing HeLa cell
monolayers for 30 min at 39.5° C, after which the monolayers
were washed twice with PBS. Five milliliters of DME
containing 10% calf serum was added, incubation was con-
tinued for 4 or 5 h at 39.5° C as indicated, and the cells were
washed with PBS and scraped into 1 ml of PBS. The
solutions were frozen and thawed twice, the cell nuclei were
pelleted by centrifugation at 1,600 x g for 10 min at 4° C, and
the resulting cytoplasmic extracts were used as virus stocks
for subsequent plaque assay. The identities of the plaques
resulting from infection with different viruses were readily
identifiable by plaque phenotype, as were wild-type recom-
binants.

Binding assays. To determine the percentage of particles
bound in 30 min at 39.5° C, 3H-labeled virions were absorbed
to HeLa and CV1 cell monolayers in 0.5 ml of PBS. The
amount of radioactivity remaining bound to the cells after
extensive washing with PBS and the starting amount of
radioactivity in the inoculum were determined by scintilla-
tion counting of nitrocellulose filters after trichloroacetic
acid precipitation and filtering of the labeled particles. 3H-
labeled virions were prepared by infecting approximately 108
HeLa cells (as monolayers in five 150-mm petri dishes each)
with wild-type, VP1-101, and VP1-102 viruses at MOIs of 50.
After absorption, 10 ml of DME with 10% calf serum and 30
,uCi of [3H]uridine per ml were added to each plate. Incuba-
tions at 37° C were continued until cytopathic effects were
marked, at which time the cells were harvested by scraping.
Virions were isolated by equilibrium centrifugation in CsCl
density gradients by standard methods (4, 5) and dialyzed
into PBS.
To determine the percentage of virions that bound and

remained infectious in 30 min at 39.5° C or in 60 min at 4° C,
viruses were bound to CV1 or HeLa cells at MOIs of 50 in
0.5 ml of PBS, followed by extensive washing with room-
temperature PBS. Viruses were released and harvested by
freezing and thawing the collected cells and preparing cyto-
plasmic extracts.

Conformational alteration and RNA release assays. For
alteration assays, wild-type, VP1-101 and VP1-102 viruses
were prebound to HeLa and CV1 monolayers at4° C for 60
min at MOIs of 0.1 PFU/cell. The monolayers were washed

three times with room-temperature PBS, and 0.5 ml of PBS
was added to each 60-mm petri dish to prevent the cells from
drying during subsequent incubation at 39.5° C for various
time periods. After incubation, an additional 0.5 ml of PBS
was added to each plate, the cells were harvested by
scraping, and cytoplasmic extracts were prepared and ti-
tered by plaque assay on HeLa cells.

Neutral red-containing virus was prepared for the RNA
release assays by harvesting wild-type, VP1-101, and VP1-
102 virus from HeLa monolayers grown in the presence of 10
jig of neutral red (Aldrich) per ml as described before (11,
40). Cytoplasmic extracts were prepared and used as virus
stocks. During virus growth, the plates were wrapped in
velvet, and all manipulations were performed under low
levels of red light. To determine the optimal time of irradi-
ation to inactivate the NR viruses with an available white
light source (American Medical Sales model 201, 40 W), 200
PFU of each NR virus was absorbed onto each of several
HeLa monolayers, the cells were washed with PBS, an agar
overlay was applied, and the plates were irradiated immedi-
ately by direct placement on the light box for various periods
of time. An optimal time of irradiation, 8 min, was found,
during which 95% of each of the NR viruses was inactivated
(data not shown).
Time courses of RNA release were determined by pre-

binding approximately 200 PFU of each virus to monolayers
of CV1 and HeLa cells in 60-mm dishes at 4° C for 60 min.
The monolayers were washed twice with room-temperature
PBS, agar overlays were added immediately, and duplicate
plates were irradiated for 8 min after various times of
incubation at 39.5° C. Control plaque assays of the NR
viruses, which received no irradiation, were done in parallel.
The data were quantified by counting the numbers of plaques
on the irradiated plates, and these values were expressed as
a percentage of the number of plaques on the unirradiated
control.

Analysis of viral and subviral particles. To allow the
incorporation of [35S]methionine into virus-specific parti-
cles, HeLa and CV1 cells in 100-mm petri dishes were
injected with viruses and incubated at 39.5° C in DME with
10% calf serum. MOIs for wild-type, VP1-101, and VP1-102
viruses were all 20 PFU/cell on HeLa cells and 100, 500, and
500 PFU/cell, respectively, on CV1 cells. The increased
nominal MOIs on CV1 cells were used to bypass the cell
entry defects of all the viruses on CV1 cells. After 3 h of
incubation, the cells were washed with DME lacking methi-
onine (GIBCO), 2.0 ml of DME lacking methionine, contain-
ing 50I,Ci of [35S]methionine (ICN) per ml was added to
each plate, and incubation at 39.5° C was continued for either
30 or 90 min. Cells were washed and harvested by scraping
into 1 ml of a solution containing 10 mM Tris (pH 7.4), 10
mM NaCl, 1.5 mM MgCl2, 1% Nonidet P-40, 1,uM phen-
ylmethylsulfonyl fluoride (Sigma), and 40 U of placental
RNasin (Promega) per ml. Nuclei were pelleted by centrifu-
gation at 1,600 x g for 10 min at 4° C, and 0.5 ml of the
resulting cytoplasmic extract was loaded directly on 11-ml
gradients containing 15 to 30% sucrose in 10 mM Tris (pH
7.4)-10 mM NaCl-1.5mM MgCl2. The particles were sedi-
mented through the sucrose gradients by centrifugation for 3
h at 27,500 rpm at 15° C, with a Beckman SW41 rotor. The
gradients were analyzed by collecting 0.5-ml fractions; 2 ml
of 10% trichloroacetic acid was added to 0.2 ml of each
fraction, the precipitate was collected by filtration through
nitrocellulose, and the radioactivity bound to each filter was
determined by scintillation counting. The 150S and 75S
peaks were identified by correlation with published values
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virus-specific RNA synthesis in CV1 and HeLa cells.
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(c) Virus-specific RNA synthesis in HeLa cells infe
virus at an MOI of 10. (d) Virus-specific RNA synt
cells infected with each virus at an MOI of 200.

and their predicted behavior (34) in response t
with SDS and EDTA (data not shown).

RESULTS
VP1-101 and VP1102 RNA synthesis shows

pendence on MOI. Virus-specific RNA synthesi
I

HeLa cells infected with wild-type, VP1-101, and VP1-102
poliovirus at different MOIs is shown in Fig. 2. At a low MOI
of 10 PFU/cell, viral RNA synthesis in CV1 cells infected

/.....kwith VP1-101 and VP1-102 clearly occurred but at lower
levels than that of wild-type virus at the same MOI (Fig. 2a).
Figure 2b, in which the MOIs of both wild-type and mutant
viruses were 200 PFU/cell, shows an increase in virus-
specific RNA synthesis for all the viruses. Increased MOI
can both increase the amount of viral RNA produced in a
single-cycle infection and diminish the time lag before max-
imal RNA synthesis begins (4). Both of these effects were
seen in the wild-type infection of CV1 cells in Fig. 2b, but
RNA synthesis for both mutants was still not maximal. In..........

fact, the mutant viral RNA curves for Fig. 2b, determined at
an MOI of 200, were nearly superimposable with the wild-
type curve in Fig. 2a, done at an MOI of 10.

Parallel experiments on HeLa cells (Fig. 2c and d) re-
vealed a similar pattern. At MOIs of 10 PFU/cell, mutant
virus-specific RNA synthesis was depressed relative to that
of wild-type virus. At an MOI of 200 PFU/cell on HeLa cells
(Fig. 2d), both wild-type and VP1-101 viruses showed an
increase in the amount of RNA synthesis and a decrease in
the lag time before maximal RNA synthesis began. VP1-102

4 5 6 7 RNA synthesis was only slightly lower at this high MOI on
HeLa cells than in the other two viruses.

P1-102 ( Thus, both mutants VP1-101 and VP1-102 can synthesize(a) [3H]uridine viral RNA. However, the levels of RNA synthesis are more
ach virus. (b) MOI dependent than those of wild-type virus. These findingsfor each virus. suggest that the diminished levels of RNA synthesis in thected with each mutants are not a primary effect of the mutations, but anthesis in HeLa effect secondary to the apparent MOI.

Plaque reduction phenotypes of VP1-101 and VP1-102 can
to treatments be overcome in infectious-center or RNA transfection experi-

ments. Wild-type Mahoney serotype 1 poliovirus formed
fewer plaques on CV1 than on HeLa cells (Fig. 3). The ratio
of the numbers of plaques formed on HeLa to CV1 cells

increased de- varied with the experimental conditions, but was usuallyis in CV1 and from 6 to 15. All experiments were performed at 39.50C, the

2 3 4

wild type iN

'.,:t. v~~~~~~~~~~~~~~~~11 41
VP1-102

FIG. 3. Plaque assays and infectious-center assays of wild-type, VP1-101, and VP1-102 viruses on HeLa (columns 1 and 3) and CVI(columns 2 and 4) cells. Columns 1 and 2 show plaque assays of all three viruses at identical dilutions on HeLa and CV1 cells. Columns 3and 4 display the results of infectious-center assays on HeLa and CVl cells, in which plaque formation was initiated by infected CV1 cellsas described in Materials and Methods.
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TABLE 1. Ratios of plaques formed on HeLa cells to those
formed on CV1 cells following infection and transfection

HeLa/CV1 plaque ratio in infection initiated with:
Virus

Virions Infected ceilsa RNAa

Wild type 7 1.4 6.4
1.5 5.7

VPl-101 36 1.3 5.8
0.9 14.7

VP1-102 98 1.3 8.1
1.4 2.9

a Results of duplicate experiments are shown.

condition under which the mutant phenotypes were most
pronounced (19). Both VP1-101 and VP1-102 viruses formed
even fewer plaques on CV1 cells than on HeLa cells. In a
number of experiments, the HeLa/CV1 ratios of these mu-
tants both ranged from 35 to 120, but were always 5- to
10-fold greater than the wild-type ratio in any given experi-
ment. One such experiment is presented in Table 1. Perhaps
a more striking aspect of the phenotypes of VP1-101 and
VP1-102 is their formation of small plaques on HeLa cells
(Fig. 3, column 1) and very small plaques on CV1 cells (Fig.
3, column 2). However, the plaque reduction aspect of both
their phenotypes proved useful in demonstrating a primary
defect for both mutants in cell entry.

If the reduction in the number of plaques formed by
VP1-101 or VP1-102 is caused by a defect in cell entry or
some other early, MOI-dependent defect, the plaque reduc-
tion phenotype should disappear when plaque formation is
initiated by an infected cell instead of a viral particle. In such
an infectious-center assay, the infected cell, when it lyses,
will inoculate its neighbors with high doses of infectious
particles, and the MOI-sensitive step in plaque formation
will have been bypassed.

In Fig. 3, plates are shown on which wild type, VP1-101,
and VP1-102 infections were initiated with either virus
particles (columns 1 and 2) or infected CV1 cells (columns 3
and 4). It is apparent that the discrepancy in the numbers of
plaques formed by wild-type, VP1-101, and VP1-102 virions
on HeLa and CV1 cells disappeared in infectious-center
assays; these ratios are given in Table 1. Identical results
were obtained whether the infectious centers were prepared
from infected HeLa or CV1 cells. Not all mutant phenotypes
can be masked when plaque assays are initiated with previ-
ously infected cells, In infectious-center assays performed
with a poliovirus mutant defective in RNA replication, the
temperature-sensitive mutant 3NC-202 (36), the tempera-
ture-sensitive phenotype was completely reproduced (data
not shown). Furthermore, as shown in Fig. 3, the small-
plaque phenotypes of both VP1-101 and VP1-102 were still
evident in the infectious-center assays.

Apparently, an early, MOI-dependent defect is responsi-
ble for the plaque reduction of both VP1-101 and VP1-102
virions on CV1 cells. This conclusion is also consistent with
the MOI dependence of the RNA synthesis data (Fig. 2).
That the same or another defect continues to be limiting in
the propagation of the mutant plaques is shown by the
persistence of the small-plaque phenotypes of both mutants
on both HeLa and CV1 cells. The reduced ability of wild-

type virus to form plaques on CV1 cells was also abolished
when the infection was initiated with infected cells; there-

fore, even wild-type poliovirus displays an early, MOI-
dependent defect in initiating an infection in CV1 cells

relative to the ability of wild-type virus to infect HeLa cells.

If the diminished numbers of CV1 plaques formed by
VP1-101 and VP1-102 result from the mutant capsid pro-
teins' causing a defect in the ability of the viruses to enter
cells, then initiating the plaque assays with RNA instead of
virions should also overcome the plaque reduction pheno-
type. Infectious wild-type, VP1-101, and VP1-102 RNA was

synthesized in vitro by T7 RNA polymerase transcription of
DNA plasmids (35, 39) containing the cDNA sequences of
the three viruses and a T7 promoter (Materials and Meth-
ods). These RNA molecules were transfected into HeLa and
CV1 cells. From the ratios of the numbers of plaques formed
on HeLa cells to the numbers formed on CV1 cells given in
Table 1, it is apparent that initiating an infection by RNA
transfection also eliminated the differences between mutant
and wild-type infections in plaque-forming efficiency on
HeLa and CV1 cells. The transfection and plaque-forming
efficiencies of even wild-type RNA were greater on HeLa
than on CV1 cells, and a certain amount of variability in the
experiments can be seen in Table 1. However, any differ-
ences observed in the HeLa/CV1 ratios are not sufficient to
explain the mutant phenotypes. In addition, the plaques
formed following transfection of VP1-101 and VP1-102 RNA
retained the small-plaque phenotypes characteristic of each
mutant on both cell lines (data not shown). Thus, subsequent
propagation of the plaques was still affected by the mutations
to various extents, even when the infections were initiated
with RNA or infected cells.
Some feature of the mutated viruses renders initiation of

plaque formation rate-limiting, especially on CV1 cells at
39.5° C. To test the idea that VP1-101 and VP1-102 viruses
are defective in entering cells and to determine at which
point the defects occur, the behavior of the mutants in the
different steps of entry into HeLa and CV1 cells was studied
and compared with that of wild-type virus.

Initial binding of VP1-101 and VP1-102 to HeLa and CV1
cells is comparable to that of wild-type virus. The most
straightforward way to measure the binding of viruses to
cells is to prepare radioactive virions, expose them to cells
for a certain length of time, wash the cells extensively, and
determine the amount of radioactivity bound to the cells.
The results of such an experiment are shown in Table 2.
After incubation with cells for 30 min at 39.5° C, similar to the
usual plaque assay conditions, similar percentages of each
preparation of labeled particles were bound to each cell line.
The HeLa/CV1 ratios of the amounts of 3H-labeled particles
bound to the two different cell lines were also comparable for
the different viruses. A possible reduction in the HeLa/CV1
ratio observed for the VP1-102 particles did not appear to be
significant.

Interpretation of the preceding binding results required the
assumption that the population of viral particles reflected the
biochemical behavior of the subpopulation of particles that
were actually infectious. Furthermore, the relative size of
this infectious subpopulation was found to vary between
different viruses and different preparations of the same virus.
For example, in the preceding experiment, wild-type, VP1-
101, and VP1-102 virions were prepared following growth
conditions in which [3H]uridine was present at identical
concentrations in the medium for all the infections. The
specific activities of the resulting 3H-labeled virus particles
were 8 x 10-6, 8 x 10', and 4 x 1i-0 cpm/PFU for
wild-type, VP1-101, and VP1-102 viruses, respectively. That
is, the particle/PFU ratios differed substantially, with the
percentage of wild-type particles that were infectious being
higher than that of either of the mutant populations. This is
probably a significant aspect of the mutant phenotypes, but
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TABLE 2. Binding of wild-type and mutant viruses to HeLa and CV1 cells

% of cpm bounda % of PFU boundb % of PFU boundc
Virus

HeLa CV1 HeLa/CV1 HeLa CV1 HeLa/CV1 HeLa CV1 HeLa/CV1

Wild type 13 12 0.97 1.5 0.62 2.7 4.9 1.9 2.8
15 17 1.4 0.46 5.7 1.9

VP1-101 13 10 0.96 2.7 0.91 2.4 3.3 1.1 3.0
14 14 2.4 1.2

VP1-102 7.9 14 0.78 2.0 0.92 1.9 3.4 1.3 2.6
17 18 2.0 1.2

a Cells were exposed to all viruses at MOIs of 100 to 500 PFU/cell. After virus binding to cells at 39.5° C for 30 min, the extent of 3H-labeled virus binding in
duplicate experiments was determined by scintillation counting. The HeLa/CV1 ratio is the average of the data shown.

b After binding to HeLa or CV1 cells at 39.5° C for 30 min as above, viruses were eluted and counted on HeLa cells as described in Materials and Methods.
C Mutant and wild-type viruses were bound to HeLa and CV1 cells at 4° C for 60 min. Bound virus was assayed as described above.

could further confound an experiment in which the direct
binding of all viral particles was measured.
Another way to measure the binding of viruses to cells is

to elute them from the cells subsequent to binding and to
count the infectious particles that can be recovered. The
results of such experiments are shown in Table 2. Again,
neither the percentages of wild-type, VP1-101, or VP1-102
PFU that bound to the cells nor the HeLa/CV1 ratios of
those percentages differed significantly. The percentages of
bound PFU were lower than the percentages of bound
labeled particles for each virus. This probably resulted from
the conformational alteration of those particles subsequent
to binding (see next section). It is shown below, however,
that conformational alteration of the mutant and wild-type
virions proceeds at identical rates, so any differential effect
of alteration on these results is excluded. Thus, the physical
binding of VP1-101 and VP1-102 to HeLa and CV1 cells is
unaffected by the mutations. Similar ratios of binding to CV1
and HeLa cells of infectious mutant and wild-type particles
were also seen at 4° C (Table 2), at which temperature
conformational alterations subsequent to binding do not
occur.

Neither the rate nor the extent of viral alteration is changed
in VP1-101 or VP1-102. Subsequent to binding to the viral
receptor at the cell surface, conformational changes in the
poliovirion ensue that have been termed alteration. Empiri-
cally, alteration has been correlated with numerous physical
changes in virion structure, such as loss of VP4, increased
RNase and protease sensitivity, and decreased sedimenta-
tion rate (10, 34). Here, loss of infectivity was used as an
assay of alteration in order to measure only the infectious
population of virions. Conformational change leading to loss
of infectivity does not occur at lower temperatures (10).
Populations of infecting viruses can therefore be synchro-
nized by prebinding at 40C. A temperature switch to 39.50C
then allows the bound virions to begin their postbinding
processes simultaneously.
The results of such experiments are shown in Fig. 4. After

prebinding at 40C for 60 min, viruses bound to cells were
recovered after various periods of incubation at 39.50C. The
titers of the resulting virus stocks were determined by plaque
assay. The amount of infectious virus present after prebind-
ing at 40C, with no incubation at 39.50C, was defined as 100%
unaltered. Soon after incubation at 39.5° C began, the bound
virions lost infectivity; more than half were altered after 15
min. The time courses in Fig. 4 display both the rates and
extents of uncoating of wild type, VP1-101, and VP1-102 on
CV1 and HeLa cells. No significant mutant-specific differ-
ences were seen on either cell line. Alteration of the viral
particles seemed to proceed normally for both VP1-101 and
VP1-102, and any defect in cell entry must occur later.

VP1-101 and VP1-102 display altered rates of RNA release
on both CV1 and HeLa cells. RNA release, the step at which
the viral RNA is released from the viral capsid, has been
defined as the point at which the viral RNA becomes RNase
sensitive in the absence of ionic detergent (16). In an attempt
to measure the infectious population of viral particles di-
rectly, the loss of photosensitivity of virions grown in the
presence of a chromogenic dye (11, 40) was monitored. For
this assay, virus stocks were prepared in the presence of
neutral red; the resulting NR virus was able to initiate an
infection normally so long as it was kept in the dark. The
period of light sensitivity has been correlated with the time
required for the virus to release its RNA (10, 40). It is
thought that, after RNA release, the reversibly bound dye
molecules can diffuse away from the RNA with which they
were encapsidated, and thus the RNA can no longer be
destroyed by irradiation (10).

In Fig. 5, the results of experiments in which the escape of
the viral RNA from copackaging with the neutral red dye
molecules was monitored are shown. Wild-type, VP1-101,
and VP1-102 viruses were prebound to monolayers of CV1
and HeLa cells at 4° C; the monolayers were then washed
extensively and transferred to 39.5° C incubators for various
periods of time. All manipulations were performed under
low levels of red light as described before (40). Figure 5a
shows the results of one such experiment. The first plates on
the left show the results of infecting HeLa cells with NR-
wild-type and NR-VP1-101 viruses with no irradiation;
approximately 200 plaques formed on each plate. The sec-
ond set of plates shows the result of irradiating the cells
(Materials and Methods) before any incubation at 39.5° C;
more than 95% of the infectious virus was inactivated. With
increasing periods of incubation time at 39.5° C, increasing
amounts of virus escaped inactivation; by 60 min, 100% of
the wild-type virus was immune to irradiation. The amount
of NR-VP1-101 virus, however, increased more slowly; the
difference was seen most clearly at the 10- and 20-min time
points. Furthermore, the total extent of escape of NR-
VP1-101 viruses from irradiation sensitivity at the last time
point was also lower than that of the wild-type virus.
These data are shown graphically in Fig. Sb and c. In both

graphs, the number of plaques that formed with no irradia-
tion at all is defined as 100%, and all other values are given
as a percentage of this unirradiated-control value. On CV1
cells (Fig. 5b), a pronounced lag in the loss of sensitivity to
irradiation was observed for both mutants, indicating that
both VP1-101 and VP1-102 show a defect in RNA release
under these conditions. The times at which 50% of the
viruses had released their RNA, t112, for wild type, VP1-101,
and VP1-102 on CV1 cells were 17, 33, and 40 min, respec-
tively.
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FIG. 4. Time courses of alteration of mutant and wild-type viruses on CV1 and HeLa cells. Viruses were adsorbed to cell monolayers at

low temperature to allow binding but not subsequent changes; the number of infectious unaltered virions is shown as a function of time at
39.5° C after temperature shift. The amount of infectious virus before any 39.5° C incubation was defined as 100% unaltered for each
experiment; other values are given as a percentage of this amount. The average values of duplicate points are connected for wild type (0;

), VP1-101 (A; - - -), and VP1-102 (O;... ) viruses. (a) Time course of alteration for each virus on CV1 cells. (b) Similar data for each
virus on HeLa cells.

The extent of RNA release after 60 min at 39.5° C was
similar for all the viruses on CV1 cells. Neither the wild-type
nor either of the mutant NR viruses completely unencapsi-
dated their RNA within the time of the experiment; further
time points may have revealed further RNA release on CV1
cells. Perhaps this effect is part of the reason for the reduced
numbers of even wild-type plaques formed on CV1 cells.
The results of similar experiments with HeLa cells are

shown in Fig. 5c. Again, both mutants showed a lag in RNA
release relative to wild-type virus; the tl2s of RNA release
for wild type, VP1-101, and VP1-102 were 18, 48, and 31
min, respectively. On HeLa cells, both wild-type and VP1-
102 NR viruses appeared to unencapsidate their RNA com-
pletely within 60 min; both viruses approached the number
of plaques in the unirradiated control with increased time of
incubation at 39.5° C. NR-VP1-101 virus, however, did not;
the significance of this observation is not clear at this time.
VP1-101 and VP1-102 thus show altered kinetics of RNA

release at 39.5° C on both CV1 and HeLa cells. The pheno-
types of these two mutants were originally defined as having
both plaque reduction and small-plaque characteristics on
CV1 cells. Why is there a defect in RNA release on both
HeLa and CV1 cells? One possibility is that unencapsidation
of viral RNA is a rate-limiting step in CV1 cells but not HeLa
cells, and thus plaque formation in CV1 cells is much more
sensitive to a defect in RNA release. A second possibility is
that VP1-101 and VP1-102 are defective in cell entry and,
specifically, in RNA release, on both cell lines, and that this
effect is slightly more pronounced on CV1 cells. The in-
creased particle/PFU ratio for both VP1-101 and VP1-102 on
HeLa cells argues for the second suggestion.
VP1-102 shows an additional defect in RNA packaging.

Growth curves in which the numbers of infectious particles
of wild-type, VP1-101, and VP1-102 viruses were measured

over the course of a single-cycle infection showed dimin-
ished yields of both mutant viruses (Tables 3 and 4; time
course not shown). Even at MOIs sufficiently high to over-
come the cell entry defects, the yield of VP1-101 virus was
usually fivefold diminished, and the yield of VP1-102 virus
50-fold reduced relative to a wild-type infection on either
CV1 or HeLa cells. The lower yield of VP1-101 could be the
result of the increased percentage of defective particles
produced; the reduction of VP1-102 titer, however, seemed
too large to be explained in this way. An additional defect in
the VP1-102 infectious cycle was therefore sought.
The largest of the viral and subviral particles accumulated

during wild-type, VP1-101, and VP1-102 infections are
shown in Fig. 6. The amounts and identities of the particles
were monitored by sucrose gradient sedimentation of cyto-
plasmic extracts from viral infections performed in the
presence of [35S]methionine. Infectious virions sediment at
150S; empty capsids, or "procapsids," sediment at 75S.
Empty capsids do not contain RNA and are expected to be
in equilibrium, both in vivo and in vitro, with 14S pentamers
(34). In this experiment, the extent of RNA encapsidation in
a given infection was estimated from the amount of material
in the 150S peak, and the relative amount of RNA-less
subviral particles present in the infection was estimated from
the amount of material in the 75S peak.
The tracings in Fig. 6a show the viral and subviral particle

profiles from CV1 cells infected with wild-type, VP1-101,
and VP1-102 viruses at high MOIs to overcome the cell entry
defects of the mutants. [35S]methionine was added to the
medium 3.5 h post-infection, and labeling was continued for
30 min. The approximately 1:1 ratio of material in the 150S
and 75S peaks in the wild-type infection was clearly changed
for both mutants. Much less 150S material accumulated
during the VP1-102 infection, suggesting that RNA packag-
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FIG. 5. Time course of RNA release of mutant and wild-type viruses on CV1 and HeLa cells. (a) Increase in resistance to irradiation of

wild-type and VP1-101 NR viruses after the indicated time (in minutes) of incubation at 39.5° C or after incubation at 39.5° C with no irradiation
at any time (column -). The time courses of RNA release of wild type (0; ), VP1-101 (A; -- -), and VP1-102 (0;.* ) are shown
graphically for CV1 cells (b) and HeLa cells (c). The averages of duplicate points for each virus are connected by the curves.

ing occurred more slowly. Surprisingly, a larger amount of
150S material accumulated relative to the 75S peak in the
VP1-101 infection; this effect was only somewhat reproduc-
ible, but may represent a slightly increased rate of RNA
packaging in VP1-101.

TABLE 3. Complementation in single-cycle infections

Infection moi ~~~~~~~Titer'~after HL/VInfection Virus(es) (PFMUO/Iell) 4 h at 39.50C plaquVratiob
no. (PFU/cell) ~~(106 PFU/ml) plqerto

1 3NC-202 100 0.0095 14
0.0025

2 Wild type 10 2,250 14
2,100

3 Wild type, 10, 100 2,200 11
3NC-202 1,500

4 VP1-101 10 355 106
450

5 VP1-101, 10, 100 635 43C
3NC-202 640

6 VP1-102 10 48 102
83

7 VP1-102, 10, 100 56 d

3NC-202 69
a Results of duplicate experiments are shown.
b Average of duplicate experiments is given.
c The apparent increase in titer on CV1 cells was not due to the presence of

recombinant viruses in the mixed infection. Recombinant viruses could be
clearly distinguished by plaque morphology and were not prevalent enough to
account for the observed effect.

d The presence ofrecombinant viruses in the progeny of the mixed infection
made determination of this value difficult.

The same experiment is shown in Fig. 6b, but the labeling
with [35S]methionine was continued for 90 min. Again, the
150S peak was greatly reduced in the VP1-102 infection
relative to either the wild-type or VP1-101 infections of CV1
cells. VP1-102 virion or provirion particles were formed, but
apparently at a greatly diminished rate.
The viral and subviral particles made during a 90-min

labeling of HeLa cells are shown in Fig. 6c. The relative
abundance of the 150S peak was again lower for the VP1-102
infection, although the effect was less dramatic than on CV1
cells. Therefore, the rate of RNA packaging in VP1-102
infections appears to be diminished in both CV1 and HeLa

TABLE 4. Interference in single-cycle infectionsa

Infection MOI 5ith after5a HeLa/CV1
no. Virus(es) (PFU/cell) h at 39.5C laque ratioVirus(es) ~~(106PFU/ml)
1 Wild type 10 2,100 16

3,200
2 Wild type 20 2,500 16

3,000
3 VP1-101 10 480 112

635
4 Wild type, 10, 10 3,100 13

VP1-101 2,100
5 VP1-102 10 51 106

75
6 Wild type, 10, 10 1,400 11

VP1-102 1,700
a See Table 3, footnotes a and b.
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FIG. 6. Viral and subviral particles synthesized during mutant
and wild-type infections of CV1 and HeLa cells. "S-labeled 150S
RNA-containing virions and provirions and 75S empty capsids from
wild type (-), VP1-101 (-- -), and VP1-102 (. --) are
displayed on sucrose gradients. (a) Pattern of particle accumulation
on CV1 cells following a 30-min labeling period, from 3 to 3.5 h
postinfection. (b) Pattern on CV1 cells following labeling for 90 min,
from 3 to 4.5h postinfection. (c) Particles accumulated in HeLa cells
labeled from 3 to 4.5 h postinfection.

cells; this effect may be responsible for the extremely small
size of the VP1-102 plaques on both cell lines (Fig. 3), as well
as the low virus yield during single-cycle infections.

Phenotypic defects of VP1-101 and VP1-102 result from the
mutant proteins, not the RNA. The mutations causing the
phenotypes of VP1-101 and VP1-102 map to the region of the
RNA genome encoding the amino terminus of VP1 (19). That
these mutations are both deletions that preserve the trans-
lational reading frame does not argue that the mutations
affect only the viral proteins, because any viable virus would
need an open reading frame. The possibility exists, there-
fore, that one or both of these mutants derive their pheno-
typic defects from the mutation in the viral RNA and that the
mutated proteins confer no part of the mutant phenotype.
Complementation analysis can be used to test for the

presence of such a cis-dominant mutation. Capsid proteins,
however, function as a multimer containing 60 copies of each
of the structural proteins. Thus, true complementation is not
expected, but instead partial dominance or phenotypic mix-

ing, a situation in which the mutant infections are partially
complemented by the presence of nonmutant capsid proteins
and a wild-type infection is partially poisoned by the pres-
ence of the mutant capsid proteins. Depending on the nature
and severity of the mutations, these effects are expected to
be quite sensitive to the dosage of the mutant and wild-type
proteins (26).
The results of a complementation experiment are pre-

sented in Table 3. To be able to detect the mutant plaques for
subsequent analysis, the coinfecting virus used was 3NC-
202, a temperature-sensitive mutant whose defect is in RNA
replication and whose capsid proteins are wild type in
sequence and function (36). Because 3NC-202 does not
replicate at 39.5° C, a high MOI was used to ensure that some
nonmutant viral proteins were made from the infecting
3NC-202 RNA.

In infection 1 (Table 3), the numbers of background
plaques resulting from the 3NC-202 virus were shown to be
quite low. Infections 2 and 3 indicate the yield of wild-type
virus and that the yield was neither enhanced nor diminished
during coinfection with 3NC-202 virus. Infections 4 and 5
show the yield of VP1-101 during single-cycle infections and
that the presence of 3NC-202 virus resulted in a small but
reproducible increase in the yield of VP1-101 virus. Further-
more, due to phenotypic mixing, the HeLa/CV1 ratio was
significantly diminished in the coinfection between VP1-101
and 3NC-202 virus from its value in the VP1-101 infection
alone. Thus, partial complementation of VP1-101 was ob-
served; this complementation affected both the growth rate
and the plaquing efficiency of the resulting virus on CV1 and
HeLa cells.

Infections 6 and 7 show the low yield of VP1-102 virus in
a single-cycle infection and the lack of complementation of
VP1-102 during coinfection with 3NC-202. The absence of
complementation may be a dosage effect; more nonmutant
capsid proteins may be required to rescue a VP1-102 than a
VP1-101 virion. If that is true, then VP1-102 proteins should
prove more poisonous to a wild-type infection.

In Table 4, the results of an interference experiment are
presented. In these experiments, equivalent MOIs of wild-
type, VP1-101, and VP1-102 viruses were tested in coinfec-
tions for the poisoning of the wild-type infections by the
presence of the mutant proteins; this is a test for dominance
of the mutants. The yields of both VP1-101 and VP1-102
under the same conditions were less than 20% of the
wild-type yields, and therefore the presence of the mutant
plaques did not interfere with the analysis of the wild-type
yields. Infections 1 and 2 show the comparable yields of
wild-type virus from infections initiated at the two different
MOIs relevant to the experiment. Lines 3 and 4 display the
lack of effect of coinfection with VP1-101 on either the yield
of wild-type virus or the resulting HeLa/CV1 ratio. Infec-
tions 5 and 6 show, on the other hand, that a significant
reduction of the yield of wild-type virus occurred during
coinfection with VP1-102. Thus, VP1-102 virus displayed
some dominance in a coinfection with wild-type virus.
Under similar conditions, VP1-101 showed no dominance
over the wild-type infection; this result is consistent with the
complementation experiments, in which it seemed possible
that fewer copies of nonmutant capsid proteins could com-
plement VP1-101 than would be necessary to complement
VP1-102. The model that emerges is that VP1-102 mutant
proteins are able to create a mutant phenotype at lower
doses than VP1-101 proteins.
The findings that VP1-101 can be complemented and that

VP1-102 can show partial dominance confirm the idea that
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the mutant capsid proteins contribute to, or are responsible
for, the phenotypes of both mutants. The possibility of a
direct role for the mutant RNAs in causing the mutant
phenotypes is of course not eliminated. However, the sim-
pler idea, that the mutant proteins are solely responsible for
the defects in RNA uncoating and encapsidation, is consist-
ent with the data presented here.

DISCUSSION
Two different small deletions in the amino terminus of VP1

of Mahoney serotype 1 poliovirus confer both phenotypic
and biochemical defects on the mutant viruses bearing them.
Deletion of amino acids 8 and 9, the lesion sustained by
mutant VP1-101, had no effect on the binding of the virus to
cells or the subsequent conformational alteration of the
virion that renders it uninfectious. When time courses of the
loss of photoinactivation of wild-type and VP1-101 viruses
grown in the presence of neutral red were compared, how-
ever, a pronounced delay was observed for VP1-101 (Fig. 5).
The loss of photoinactivation of viruses in which chro-

mogenic dyes are copackaged with the viral RNA presum-
ably measures a structural change that allows the diffusion of
dye molecules away from the viral RNA. It has not been
clear, however, whether this transition corresponds to phys-
ical RNA release or only to conformational alteration of the
virion (10, 22). The differences between the time course of
the conformational change resulting in loss of infectivity
(Fig. 4) and the kinetics of loss of light sensitivity of NR
virus (Fig. 5) reported here may help to resolve this uncer-
tainty. The two assays clearly measured different structural
transitions, with the transition corresponding to loss of
photosensitivity occurring subsequent to the transition cor-
responding to loss of infectivity. Receptor-dependent loss of
viral infectivity has been well correlated with a variety of
structural alterations in the virion (10, 22, 34). It seems
reasonable to conclude that loss of photosensitivity of NR
virus corresponds to the physical uncoating of the viral RNA
occurring after the first structural alteration.

Thus, VP1-101 virus displayed delayed RNA release from
the mutant viral capsid. The VP1-101 mutation also caused
the plaque and growth rate phenotypes of the VP1-101
mutant: fewer and smaller plaques made on CV1 cells in
comparison to HeLa cells than wild-type virus, a slightly
small-plaque phenotype on HeLa cells, a higher particle/
PFU ratio on HeLa cells than wild-type virus, and a five-
fold-lower virus yield in single-cycle infections on either
HeLa or CV1 cells. That the phenotypic defects of VP1-101
were caused by mutation of the viral protein and not the viral
RNA alone was shown by the partial complementation of the
VP1-101 phenotype by wild-type capsid proteins (Table 3).
Therefore, the small deletion in the amino terminus of VP1 is
responsible for both the biochemical defect in RNA release
and the phenotypic defects in virus growth. To rationalize
the plaque reduction phenotype on CV1 cells, either an
increased sensitivity to defects in RNA release for CV1 cells
or the direct participation of a cellular component in viral
RNA release must be invoked.

Deletion of amino acids 1 to 4 of VP1 of Mahoney serotype
1 poliovirus, the mutation borne by VP1-102, also caused a
delay in RNA release mediated by either CV1 or HeLa cells.
An additional biochemical defect, in RNA packaging, was
discovered for this mutant: the amount of encapsidation of
viral RNA, as measured by the relative abundance of RNA-
containing and empty viral and subviral particles, was di-
minished in VP1-102 infections of both CV1 and HeLa cells.

FIG. 7. Diagram of the peptide backbone of the capsid proteins
on the inside of the virion, closest to the viral RNA. The most
amino-terminal residues of VP1 that were resolved in the three-
dimensional structure of poliovirus determined at 2.9 A resolution
are denoted with the arrow. The entire chain of VP4 is marked with
adjacent dots. (From J. Hogle et al. [17]; used with permission.)

The VP1-102 mutation also caused the phenotype of the
VP1-102 mutant virus: very small plaques on both CV1 and
HeLa cells, a 50-fold decrease in virus titer in single-cycle
infections of either cell line, a reduction in the relative
numbers of plaques on CV1 cells, and a higher particle/PFU
ratio than wild-type virus prepared under the same condi-
tions. Some aspect of the mutant phenotype was caused by
the defective VP1-102 protein alone, because VP1-102 virus
displayed partial dominance during coinfection with wild-
type virus (Table 4). The VP1-102 mutations is thus respon-
sible both for biochemical defects in RNA release from the
virion and RNA packaging and for the phenotypic defects
discussed above.
These two different alleles of VP1 demonstrate, therefore,

that RNA packaging into viral particles and RNA release
from viral particles are related but separable genetic func-
tions. Somehow, the amino terminus of VP1 is intimately
involved in both these functions. Recent refinement of the
three-dimensional structure of Mahoney serotype 1 poliovi-
rus has revealed the locations of a few of the most amino-
terminal residues of VP1 (14). Figure 7 presents a view from
the inside of the viral particle of the network formed by VP4
and the amino-terminal extensions of VP1, VP2, and VP3
(17). An arrow denotes residue 20 of VP1; the more amino-
terminal residues are not shown in this diagram, but density
corresponding to several of them comprises a third beta-
strand, hydrogen bonded to VP4 near the fivefold symmetry
axis (14).

During the cell-mediated structural alteration of poliovi-
rions that results in loss of elutable, infectious virus, VP4 is
lost from the viral capsid (10), and the resulting particles
become more lipophilic (21). The amino terminus of VP4 has
been shown to be myristylated in intact virions (8); the
presence of this hydrophobic moiety may facilitate the
structural transition. Subsequent to structural alteration, the
slightly hydrophobic amino termini of VP1 become more
sensitive to proteolysis, a change thought to correspond to
an extrusion of these portions of VP1 (14). I have shown here
that the cell-mediated structural changes leading to loss of
viral infectivity are unaffected by small deletions in the
amino terminus of VP1. Less is known about the subsequent
change in the virion leading to RNA release; this process is
critically affected, however, by the small deletions in the
VP1-101 and VP1-102 mutants.
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If RNA encapsidation were the microscopic reverse of
RNA release, it would be expected that mutants demonstrat-
ing slower release of RNA might display more rapid RNA
packaging. While this may be the case for VP1-101, it
certainly is not for VP1-102, which shows delayed kinetics
for both processes (Fig. 5 and 6). That the two processes
show some genetic and perhaps mechanistic features, how-
ever, was suggested by their simultaneous impairment in the
VP1-102 mutant.

Several picornavirus mutants defective in various stages
of entry into cells have been sequenced, and some have been
characterized by reconstruction to substantiate that the
detected lesion is responsible for the mutant phenotype.
Targeted mutations were constructed in the proposed recep-
tor-binding site of human rhinovirus type 14 (9); several of
the resulting mutants were specifically defective in binding
to susceptible cells, supporting the idea that the deep inden-
tation or canyon encircling the five-fold symmetry axis of
rhinovirus is the receptor-binding site (9, 33). Replacement
of six amino acids in VP1 of Mahoney serotype 1 polioviri-
ons with amino acids from a similar position in Lansing
serotype 2 poliovirions resulted in the simultaneous transfer
of the Lansing phenotype of neurovirulence in mice (27).
This effect may have resulted from the acquisition by the
hybrid virus of the ability to bind to mouse receptors (27).
The changed residues are located in a loop near the fivefold
symmetry axis of the particles, neighboring but not consti-
tuting the proposed receptor-binding site (33). The three-
dimensional structure of a human rhinovirus 14 variant that
is resistant to inhibition by certain antiviral compounds has
been determined, and a mutation has been found within the
drug-binding site (2). In the present work, two defined
Mahoney serotype 1 poliovirus mutants have been described
that carry mutations that specifically affect a later stage of
virus entry into cells, the physical release of the viral RNA
from the capsid. An unexpected connection between RNA
release and RNA encapsidation was shown by the concom-
itant defects in both these processes in one of the mutants.
The location of the responsible mutations in the amino
terminus of VP1 suggests a direct role for these sequences in
viral RNA manipulation during cell entry and virion mor-
phogenesis of wild-type poliovirions.
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