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A Mutation in VP4 Defines a New Step in the Late
Stages of Cell Entry by Poliovirus
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During the entry of poliovirus into cells, a conformational transition occurs within the virion that is
dependent upon its binding to the cell surface receptor. This conformational rearrangement generates an

altered particle of 135S, results in the extrusion of capsid protein VP4 and the amino terminus ofVP1 from the
virion interior, and leads to the acquisition of membrane-binding properties by the 135S particle. Although the
subsequent fate ofVP4 is unknown, its apparent absence from purified 135S particles has long suggested that
VP4 is not directly involved during virus entry. We report here the construction by site-specific mutagenesis of
a nonviable VP4 mutant that upon transfection of the cDNA appears to form mature virus particles. These
particles, upon interaction with the cellular receptor, undergo the 135S conformational transition but are

defective at a subsequent stage in virus entry. The results demonstrate that the participation ofVP4 is required
during cell entry of poliovirus. In addition, these data indicate the existence of additional stages in the cell entry
process beyond receptor binding and the transition to 135S particles. These post-135S stages must include the
pooriy understood processes by which nonenveloped viruses cross the cell membrane, uncoat, and deliver their
genomes into the cytoplasm.

Poliovirus is a nonenveloped virus composed of 60 copies
of each of four proteins (VP1 to VP4) which form an
icosahedrally symmetrical spherical shell (approximately 30
nm in diameter) and a single copy of a plus-strand RNA
genome of approximately 7,400 nucleotides, polyadenylated
at the 3' end and covalently linked at the 5' end to a small
protein, VPg (14). VP4 is a myristate-modified (C14:0) 7-kDa
capsid protein which is found on the inner surface of the
poliovirus virion (1). Within the high-resolution atomic
structure of poliovirus, a hydrogen bond is observed be-
tween Thr-28 of VP4 (4028T) and the myristate carbonyl
moiety. This interaction is between two fivefold symmetry-
related copies of VP4, and it is one of several myristoyl-
mediated interactions that appear to stabilize the virus
particle (1, 12).
So that the role of this intersubunit interaction during viral

replication could be studied, residue 4028T within an infec-
tious poliovirus cDNA clone (pPVM) was site-specifically
replaced with several different amino acids, including Gly.
Upon transfection of the mutant cDNAs or RNA transcripts
into HeLa cells, it was observed that the glycine substitution
was a lethal mutation for the virus (12). To identify the lethal
stage in virus replication, a high-efficiency transfection sys-
tem which involves cDNA transfection of vTF7-3-infected
cells was used (6). Poliovirus infection is initiated upon in
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vivo synthesis of RNA transcripts of the mutant poliovirus
genome by the T7 RNA polymerase, which is also expressed
in these cells (15). Lysates were isolated from vTF7-3-
infected cells which were transfected with either wild-type
or glycine mutant (4028T.G) cDNAs and continuously la-
beled with [35SJmethionine after the addition of dactinomy-
cin (13, 15). All viral proteins were synthesized with appro-
priate stoichiometries (Fig. 1, lanes 1 and 6). In particular,
the presence of VP2 was observed in 4028T.G-transfected
lysates. Capsid proteins VP2 and VP4 are generated by
cleavage of VPO during virus assembly. This cleavage occurs
after RNA encapsidation to form the provirion during the
final stages of virion maturation. Thus, the presence of VP2
in the 4028T.G-transfected cell lysate indicates that mature
viral particles are formed.
A previous characterization of viable 4028T mutants had

indicated that this residue participated in interactions neces-
sary for maintaining assembly intermediates in their assem-

bly-competent conformations (12). Thus, it was possible that
the lethal defect was due to gross structural anomalies
resulting from defective assembly of the 4028T.G particle or
to incomplete maturation of the provirion to the infectious
150S particle. The fully assembled 150S mutant virus particle
was purified on 15 to 30% sucrose gradients, and its protein
composition was indistinguishable from that of wild-type
virus (Fig. 1, lanes 5 and 10). Moreover, like wild-type
poliovirus, the 4028T.G particle is stable to high-salt or

sodium dodecyl sulfate (SDS)-EDTA treatment, is resistant
to proteolysis by trypsin or Staphylococcus aureus V8
protease, and is precipitated by monoclonal antibodies rec-

ognizing each of the three major neutralizing antigenic sites
on the virion surface (data not shown). Thus, by several
different biochemical criteria, the structure of the 4028T.G
virus appears identical to that of the wild-type virus and
suggests that the capsid assembly pathway generates, over-
all, a particle of normal structure. Indeed, sucrose gradient
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FIG. 1. Poliovirus capsid protein expression in wild-type- or

4028T.G-transfected cells. vTF7-3-infected cells were transfected

with wild-type or 4028T.G mutant cDNA (15), labeled with [35S]me-

thionine at 3 h posttransfection in the presence of dactinomycin (5,ug/ml), harvested at 7 h posttransfection, and lysed in TNM buffer

(10 mM Tris-HCl [pH 7.5], 150 mM NaCl, 10mM MgCl2)

sodium deoxycholate-1% Brij 58. Virus assembly intermediates

were fractionated on sucrose gradients and analyzed on SDS-

polyacrylamide gels (13). The autoradiograph displays wild-type

(lanes 1 to 5) and 4028T.G mutant (lanes 6 to 10) fractions. Cell

lysates from transfected cells (lanes 1 and 6), 5 protomer (i.e.,

monomer) fractions (lanes 2 and 7), 14S pentamer assembly inter-

mediates (lanes 3 and 8), 75S empty capsid intermediates (lanes 4

and 9), and 150S mature virions (lanes 5 and 10) are shown. The

migration of prestained protein molecular weight markers (in thou-

sands) and the positions of the poliovirus capsid proteins are as

indicated.

profiles of assembly intermediates (55 monomer, 14S pen-

tamer, and 75S empty capsid structures) present in lysates

from 4028T.G-transfected cells (Fig. 2) and the protein

composition of the mutant assembly intermediates appeared

like those of the wild type (Fig. 1, lanes 7 to 9).

Although there appear to be no qualitative differences in

the assembly pathways of the 4028T.G mutant and wild-type

virus, there are quantitative differences. Despite similar

concentrations of 14S pentamer and 75S empty capsid inter-

mediates in lysates from wild-type and mutant transfected

cells, yields of fully assembled mutant viral particles are
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FIG. 2. Analysis of 4028T.G capsid assembly intermediates. The

assembly intermediates in[35S]methionine-labeled cell lysates from

wild-type (*) and 4028T.G(O) cDNA-transfected cells were

rated on 6 to 20% (monomer [5S] and pentamer [14S] intermediates)

and 15 to 30% (empty capsids [73S] and mature virions [150S])

sucrose gradients (13). Gradients were fractionated from the

and the radioactivity in each fraction was determined.

consistently approximately 70 to 80% of that observed for
the wild type (Fig. 2B). The difference in yields can be
accounted for in part by the presence of mutant capsid
protein aggregates that are found as an insoluble pellet at the
bottom of the sucrose gradient or are typically removed
during the low-speed spin that removes nuclei and cellular
debris. In addition, a greater fraction of the 4028T.G 75S
intermediates than the wild-type assembly intermediates fail
to maintain an assembly-competent structural conformation.
This is detected in vitro by the incomplete dissociation of
mutant 75S empty capsids into 14S pentamers at pH 8.3
(data not shown). Although not identical, the quantitative
differences observed for the nonviable 4028T.G mutant are
similar to the assembly phenotypes observed for the viable
4028T.V and 4028T.S mutants (12). (These viable mutants
also appear to assemble virus particles that appear structur-
ally indistinguishable from the wild-type virus but are less
efficient at assembling the viral particles because a larger
fraction of the assembly intermediates are also not in an
assembly-competent conformation.) Thus, the threonine res-
idue (4028T) provides interactions (not present in the valine-,
serine-, or glycine-substituted mutants) that enable efficient
assembly of the virion. However, because the assembly
phenotype of 4028T.G is similar to those of the viable
4028T.S and 4028T.V mutants, it suggests that the nonvia-
bility of the 4028T.G mutant is not likely to be due to faulty
capsid assembly.
The apparently normal structure of the particle suggested

that the lethal defect in the 4028T.G mutant occurred at early
stages of the infection process, during virus entry into cells.
Cell entry is initiated upon virus binding to the poliovirus
receptor on the cell surface. This receptor is a member of the
immunoglobulin G superfamily and is the principal host-
range determinant for poliovirus infections (8, 11). For the
wild-type virus, receptor interaction initiates a conforma-
tional transition that generates an RNA-containing, altered
particle sedimenting at 135S (2, 4, 7). This 135S particle is
thought to be a necessary intermediate in the cell entry
process (3, 9). To establish whether the 4028T.G mutant
particle was capable of receptor binding and undergoing the
150-to-135S transition, [35S]methionine-labeled virus parti-
cles were incubated in vitro with a detergent-solubilized
form of the poliovirus receptor and analyzed on sucrose
gradients. In the presence of the receptor, both mutant and
wild-type virions were converted to the 135S particle form
upon a 1-h incubation at37°C (Fig. 3). Continued incubation
for up to 2 h at 37°C of either wild-type or mutant 135S
particles with the receptor did not alter the observed sedi-
mentation profiles (data not shown), indicating that these
135S particles are stable under these conditions. The protein
profile of these mutant 135S particles is indistinguishable
from that of the wild type (Fig. 4). Most notable is the
disappearance of VP4 from these purified 135S particles and
the slightly smaller size of the VP1 capsid protein in the 135S
particles. Conversion to the 135S particle results in exter-
nalization from the particle interior of not only VP4 but also
the amino-terminal sequences of VP1 (5). These exposed
VP1 sequences can be cleaved with proteases, and in these
in vitro experiments, VP1 is slightly smaller, likely because
of cleavage of these amino-terminal sequences by endoge-
nous protease activities present in the extract (5). (The
apparent lower intensity of VP1 present in the 135S particles
is due to the loss of two of the five methionines present in the
protein upon removal of these VP1 amino-terminal sequenc-
es.) The similar protein compositions and the slightly smaller
VP1 protein of both wild-type and mutant 135S particles
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FIG. 3. Receptor-mediated in vitro conversion of 150S virions to 135S particles. Sucrose-purified wild-type (A) or 4028T.G (B) 150S virus

particles were incubated with a detergent-solubilized cell extract containing the poliovirus receptor for 1 h at 4°C (closed symbols) or 37°C
(open symbols). Samples were analyzed on 15 to 30% sucrose density gradients in TNM (see the legend to Fig. 1)-0.05% Nonidet P-40. The
sedimentation direction is from left to right.

indicate that the mutant particle functionally binds to the
poliovirus receptor and that the conformational transition,
triggered by interaction with the poliovirus receptor, is
similar for both wild-type and mutant particles. The 150-to-
135S particle transition was also examined in vivo. Upon the
binding of labeled mutant or wild-type virus to HeLa cells
and its incubation at 37°C for 20 or 40 min, the appearance of
135S particles is induced (Fig. 5). No production of infective
particles was detected in 4028T.G-infected cells upon con-
tinued incubation of these cells at 37°C (as determined by
plaque assays), confirming the nonviability of this mutant. In
contrast, incubation of these wild-type-infected cells re-
sulted in total cell lysis and the production of infective virus
(data not shown). Thus, both in vitro and in vivo data
indicate that this mutant can initiate the cell entry process
upon binding to the cell receptor but that it is defective at
later stages in the virus life cycle. Because virus particles are
synthesized upon transfection of either the mutant cDNA or
RNA transcripts (Fig. 1), the lethal defect of the 4028T.G
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mutant occurs at a previously undefined stage(s) of cell entry
which leads to uncoating and delivery of the viral genome
into the cell cytoplasm. In addition, this mutant demon-
strates the involvement of VP4 sequences during these later
stages (following receptor binding and the 135S capsid
transition).
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FIG. 4. Protein composition of mutant 135S particles. Mutant
and wild-type 135S particles, generated upon incubation of [35S]me-
thionine-labeled 150S particles with poliovirus receptor-containing
cell extracts, were isolated on 15 to 30% sucrose gradients and
analyzed on 13% polyacrylamide gels. Lanes: 1, wild-type 135S
particles; 2, 4028T.G mutant 135S particles; 3, 4028T.G 150S
particles. The migration of unlabeled capsid proteins from 150S
wild-type virions and that of prestained molecular weight markers
(in thousands) are indicated.
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FIG. 5. In vivo receptor-mediated conversion of 150S virions to

135S particles. [35S]methionine-labeled 150S sucrose-purified wild-
type (closed symbols) or mutant 4028T.G (open symbols) virions
were bound to HeLa cells (multiplicity of infection of approximately
100 virions per cell) at 4°C for 30 min. Cells were washed in
phosphate-buffered saline (PBS) to remove unbound virions, resus-
pended in medium (minimal essential medium-5% fetal calf serum),
and incubated at 37°C to initiate cell entry. Aliquots of the cell
suspension were taken at the indicated times, washed twice with
PBS to remove any eluted virions, and lysed in TNM buffer (see the
legend to Fig. 1) plus 0.5% Nonidet P-40. Lysates were analyzed on
sucrose density gradients. Samples were taken after 20 (A) or 40 (B)
min at 37°C. The sedimentation direction is from left to right.
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Cell entry remains a poorly characterized stage of viral
infection. For enveloped viruses, such as influenza virus,
receptor binding followed by fusion of the viral membrane
with the plasma or endosomal membrane delivers the viral
genome and proteins into the cytoplasm (10). For the non-
enveloped viruses, such as poliovirus, the topological prob-
lems of traversing the cellular membrane and of delivering
the genome to the cytoplasm remain even after binding to the
cell surface receptor. The phenotype of the 4028T.G mutant
enables the stages of receptor binding and virus uptake to be
differentiated from the subsequent events leading to cyto-
plasmic entry of the viral genome. Thus, receptor interaction
leads to exposure of VP4 sequences from the interior of the
poliovirus particle and the participation of these externalized
sequences at later stages of the cell entry process. Because
purified 135S particles appear not to contain VP4, it has been
assumed that the role of protein did not extend beyond the
135S transition. The 4028T.G mutant demonstrates that this
myristoyl-modified protein is involved in the membrane-
mediated uncoating of poliovirus particles, perhaps in tar-
geting and/or transport of the viral genome across the
membrane.

We thank V. Racaniello for solubilized poliovirus receptor and F.
Brown for critical comments and suggestions.
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