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The poliovirus RNA replication complex comprises multiple viral and possibly cellular proteins assembled
on the cytoplasmic surface of rearranged intracellular membranes. Viral proteins 3A and 3AB perform several
functions during the poliovirus replicative cycle, including significant roles in rearranging membranes, an-
choring the viral polymerase to these membranes, inhibiting host protein secretion, and possibly providing the
3B protein primer for RNA synthesis. During poliovirus infection, the immunofluorescence signal of an
amino-terminal epitope of 3A-containing proteins is markedly shielded compared to 3A protein expressed in
the absence of other poliovirus proteins. This is not due to luminal orientation of all or a subset of the
3A-containing polypeptides, as shown by immunofluorescence following differential permeabilization and
proteolysis experiments. Shielding of the 3A epitope is more pronounced in cells infected with wild-type
poliovirus than in cells with temperature-sensitive mutant virus that contains a mutation in the 3D polymerase
coding region adjacent to the 3AB binding site. Therefore, it is likely that direct binding of the poliovirus
RNA-dependent RNA polymerase occludes the amino terminus of 3A-containing polypeptides in the RNA
replication complex.

Poliovirus RNA replication occurs on the cytoplasmic sur-
face of membranous vesicles that are derived from the endo-
plasmic reticulum (ER) and proliferate during viral infection
(7, 8, 11, 31, 39, 41, 42, 44, 45). Although all viral proteins are
synthesized by cytosolic ribosomes, the viral proteins and nom-
inal precursors that are required for RNA replication (2A, 2B,
2BC, 3A, 3AB, 3CD, and 3D) can be physically localized to
these vesicles. Several of these proteins, specifically, 2B, 2C,
3A, and any larger proteins that contain them, target intracel-
lular membranes even when expressed in isolation and are
therefore thought to be responsible for the membrane local-
ization of the entire RNA replication complex (10, 12, 16, 44,
45, 47–50). Poliovirus 3A protein, for example, localizes to ER
membranes when expressed in isolation (12, 15), and its pre-
cursor, 3AB, behaves as an integral membrane protein when
translated in vitro in the presence of microsomal membranes,
displaying resistance to extraction with high-salt, high-pH, and
chaotropic agents (50).

Within infected cells, 3A-containing polypeptides are likely
to play numerous roles. Some mutations in the 3A coding
region give rise to viruses defective in RNA synthesis (6, 17, 18,
48, 49, 52, 53); certain substitutions for either Thr67 or Met79
give rise to viruses that are specifically defective in positive-
strand synthesis (18, 48). Another mutation, 3A-2 (Fig. 1A),
inserts an additional serine residue between amino acids 14
and 15 in the 3A coding sequence and gives rise to virus that
does not inhibit cellular protein secretion as effectively as wild-
type virus (6, 13–15). The I46T mutation in 3A has been re-
ported to cause a host-specific defect in cell lysis (27). Such
genetic analyses, however, cannot reveal whether the affected

protein is the 3A product itself or a larger precursor, such as
3AB.

Biochemically, the 87-amino-acid poliovirus protein 3A has
been shown to inhibit ER-to-Golgi traffic (16, 32); this ability is
very sensitive to mutations, such as the 3A-2 mutation, in the
amino-terminal sequences of the protein (15). Protein 3A ex-
pression was also shown to increase membrane permeability in
both yeast and Escherichia coli cells (1, 25). Viral protein 3AB,
on the other hand, has been shown to display several different
biochemical properties, including direct binding to the viral-
RNA-dependent RNA polymerase 3D (22, 30, 52–54), stimu-
lation of 3D polymerase activity (26, 33, 36, 37), and stimula-
tion of the protease activity of 3CD (26, 54). Given these
disparate functions within infected cells, it was of interest to us
to determine the precise membrane topology of the 3A coding
sequences, especially the amino-terminal sequences required
for the inhibition of host protein secretion, and to determine
whether this topology was shared by the various 3A-containing
polypeptides.

The possibility that portions of the membrane-associated
proteins in the poliovirus RNA replication complex reside
within the lumens of intracellular membranes on which RNA
synthesis occurs was suggested by several observations. First,
the amino terminus of 3A protein contains a putative glycosyl-
ation site that was shown to be glycosylated during in vitro
translations in the presence of canine microsomes (12). In
addition, the formation of double-membraned vesicles during
poliovirus infection, which can be mimicked by the expression
of viral proteins 2BC and 3A in isolation (44, 45), is likely to
require some mechanism to juxtapose the luminal faces of the
double membranes formed. Finally, for yellow fever virus, an-
other positive-strand RNA virus, it has been shown that one of
the nonstructural proteins, NS1, is required for RNA synthesis
and is located exclusively within the lumens of the membranes
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on which the yellow fever virus RNA replication complex is
assembled (28).

Previous experiments by Takegami et al. (46) showed that
the amino terminus of poliovirus protein 3AB was accessible to
digestion with trypsin. However, one could not conclude from
these data that the amino-terminal sequences of the 3A pro-
tein were cytosolic, because an anti-3B antibody was used to
probe the integrity of the proteins. Furthermore, no tests were
performed to ensure that membrane topology was preserved
during the extract preparation (46). Curiously, during expres-
sion studies of poliovirus protein 3A in the context of poliovi-
rus infection and in isolation, we noticed a distinct lack of
immunofluorescence using antibodies directed against 3A in
virus-infected cells. This finding could indicate that the amino
terminus of 3A itself was luminal and therefore inaccessible to
antibody during the cell permeabilization protocols used. This
hypothesis was tested here by both immunofluorescence and
proteolytic digestion. Another possibility, that formation of the
poliovirus RNA replication complex causes shielding of 3A
epitopes, was investigated by comparing the immunofluores-
cence of 3A-containing proteins during wild-type-poliovirus
infection and infection with a mutant poliovirus, M394T, that
encodes a temperature-sensitive mutant RNA-dependent
RNA polymerase with a defect near its 3AB-binding site (4).
The results presented here support the hypothesis that the
interaction between 3A-containing proteins and 3D polymer-
ase during the formation of the replication complex is involved
in shielding of 3A epitopes.

MATERIALS AND METHODS

Cells and viruses. COS-1 cells were cultured as monolayers in Dulbecco’s
modified Eagle medium supplemented with 10% (vol/vol) calf serum, 100 U of
penicillin per ml, and 100 U of streptomycin per ml at 37°C and 5% CO2.
Wild-type and M394T mutant poliovirus type 1 Mahoney stocks were prepared
in HeLa cells as described elsewhere (4, 23). Viral titers were determined by
plaque assays on COS-1 cells as described elsewhere (16). All infections were
performed in 6- or 10-cm tissue culture dishes containing 3.5 " 105 or 1 " 106

COS-1 cells, respectively, at a multiplicity of infection (MOI) of 20 PFU/cell for
4.5 h at 37°C, unless otherwise indicated.

Plasmids and transfections. The GFP–HO-2 plasmid construct was a gener-
ous gift from Tom A. Rapoport (Harvard University) (38). Briefly, it consists of
the coding region of the green fluorescent protein (GFP) gene fused to the 5# end
of the coding region of the heme oxygenase 2 (HO-2) gene, under the transcrip-
tional control of the cytomegalovirus promoter. The p5NC-$6-based DNA plas-
mid constructs used to express wild-type 3A and 3A-2 mutant protein under the
transcriptional control of the simian virus 40 late promoter have been described
(15). COS-1 cells were transfected in 10-cm tissue culture dishes by using Lipo-
fectamine Plus reagents as described by the manufacturer, with 20 %l of Plus
reagent and 30 %l of Lipofectamine reagent (Invitrogen Life Technologies,
Carlsbad, Calif.). Either GFP–HO-2 plasmids (4 %g per transfection) or p5NC-
$6-based plasmids (8 %g per transfection) were used for transfections. Cells were
processed for either proteolysis or immunofluorescence 24 h following transfec-
tion.

Antibodies and reagents. Anti-Grp94 monoclonal rat antibody was purchased
from Stressgen Biotechnologies Corp. (Victoria, British Columbia, Canada) and
used at a dilution of 1:50 for immunofluorescence and 1:200 for immunoblot
analysis. Anti-GFP monoclonal mouse antibody was purchased from Clontech
(Palo Alto, Calif.) and used at a dilution of 1:1,000 for immunoblot analysis.
Anti-3A monoclonal mouse antibody was a hybridoma supernatant (15) used at
a dilution of 1:30 for immunofluorescence and 1:50 for immunoblot analysis.
Anti-mouse alkaline phosphatase (AP)-conjugated secondary antibody was pur-
chased from Jackson ImmunoResearch Laboratories, Inc. (West Grove, Pa.),

FIG. 1. Expression of 3A protein in transfected and infected COS cells. COS cells were plated onto coverslips and either transfected with a
plasmid encoding 3A or infected with poliovirus at an MOI of 20 PFU/cell for the indicated amounts of time. The transfections and infections were
performed in duplicate, and cells were processed for either indirect immunofluorescence or Western blot analysis. (A) PV 3AB amino acid
sequence, with vertical bars denoting the N and C termini of 3A and 3B. (B) Western blot of cells expressing 3A from transfection or infection.
Protein bands were developed on a PhosphorImager and quantified with ImageQuant software. (C) COS cells were fixed with 4% paraformal-
dehyde, permeabilized in 0.5 %g of digitonin per ml, and visualized with 3A monoclonal antibody followed by FITC-conjugated secondary antibody.
Images obtained at 1" and 10" exposure times are shown. Fluorescence images have been overlaid with phase images in all panels.
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and used at a dilution of 1:10,000 for immunoblot analysis. Anti-rat AP-conju-
gated secondary antibody was purchased from Stressgen Biotechnologies Corp.
and used at a dilution of 1:20,000 for immunoblot analysis. Fluorescein isothio-
cyanate (FITC)- and Texas Red-conjugated anti-mouse secondary antibodies
were purchased from Vector Laboratories, Inc. (Burlingame, Calif.) and used at
a dilution of 1:1,000 for immunofluorescence analysis. Prestained molecular
weight markers and ECF reagent for the quantitative detection of AP-conjugated
secondary antibodies were purchased from Amersham (Sunnyvale, Calif.). Dig-
itonin and Triton X-100 were purchased from Sigma (St. Louis, Mo.). All re-
agents and antibodies were used and stored according to the manufacturer’s
suggestions.

Indirect immunofluorescence microscopy. COS-1 cells were plated onto cov-
erslips in 6- or 10-cm tissue culture dishes 24 h before transfection. Twenty-four
hours posttransfection, cells were washed three times with phosphate-buffered
saline (PBS), fixed with 4% formaldehyde in PBS for 10 min at room tempera-
ture, washed three more times with PBS, and permeabilized with either 0.5%
Triton X-100 (Sigma) in PBS for 10 min at room temperature or 0.5 %g of
digitonin per ml in buffer D (0.3 M sucrose, 2.5 mM MgCl2, 0.1 M KCl, 1 mM
EDTA, and 10 mM PIPES; pH 6.8) for 5 min on ice. Following permeabilization,
cells were incubated in PBS containing 1% bovine serum albumin (BSA) for 30
min at room temperature, incubated in the appropriate primary antibody in
PBS–1% BSA for 1 h at room temperature, washed three times for 15 min in
PBS–1% BSA, incubated with the appropriate secondary antibody in PBS–1%
BSA for 1 h at room temperature, and washed again in PBS three times for 15
min each time. The coverslips were mounted on slides by using 5 to 10 %l of
Vectashield (Vector Laboratories, Inc.) as an antifading agent. The slides were
viewed on an upright fluorescent microscope equipped with a 40" objective and
photographed by using a digital camera and ImagePro software (Media Cyber-
netics, Silver Spring, Md.). Quantitation of fluorescence intensities was per-
formed using Metamorph software (Universal Imaging Corporation, Downing-
town, Pa.).

Protease assay. For each proteolysis experiment, four 10-cm tissue culture
dishes of COS-1 cells were transfected with GFP–HO-2 plasmid and then in-
fected with poliovirus 24 h later for various times. Cells were harvested by the
semipermeabilized-cell method of Pind et al. (35). Briefly, cells were washed
three times with ice-cold 50/90 H/KOAc buffer (50 mM HEPES adjusted to pH
7.2 with KOH and 90 mM potassium acetate) and hypotonically swollen in 10/18
H/KOAc buffer (10 mM HEPES adjusted to pH 7.2 with KOH and 18 mM
potassium acetate) for 10 min on ice. The hypotonic buffer was then aspirated,
and the cells were scraped into 1 ml of ice-cold 50/90 H/KOAc buffer. Then 4 ml
of scraped cells was added to 8 ml of ice-cold 50/90 H/KOAc buffer and collected
by centrifugation at 800 " g for 4 min at 4°C to remove soluble cytosolic proteins.
The cells were then resuspended in 2 ml of ice-cold PBS, split into two micro-
centrifuge tubes, and collected by centrifugation at 4°C for 4 min at 800 " g. The
cell pellet in one tube was resuspended in ice-cold PBS and the other tube was
resuspended in ice-cold PBS containing 0.5% Triton X-100 (Sigma). Both tubes
were placed on a rotator at 4°C for 10 min; 100-%l aliquots were incubated with
various concentrations of proteinase K (Sigma) for 15 min at 37°C. Proteolysis
was stopped by the addition of 20 %l of a solution containing 1 mM phenylmeth-
ylsulfonyl fluoride (Sigma) and sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) sample buffer. Samples were incubated at 100°C for 5
min, and 35 %l of each sample was loaded onto each of three SDS-PAGE gels.

SDS-PAGE gels and Western blotting. To analyze samples for 3AB and 3A,
lysates were electrophoresed on a 16.5% Tricine–SDS gel (40). To analyze
samples for Grp94 or GFP–HO-2, lysates were electrophoresed on an 8% gly-
cine–SDS-PAGE gel (24). Following SDS-PAGE, samples were transferred to
polyvinylidene difluoride membranes (Millipore, Billerica, Mass.) for 1 h at 800
mA, using a Hoefer tank transfer system (Hoefer Pharmacia Biotech, San Fran-
cisco, Calif.). The efficiency of transfer was verified by using prestained molecular
weight markers (Amersham). After transfer was complete, membranes were
blocked by rocking in PBS-T (PBS that contained 0.1% [vol/vol] Tween-20
[Sigma]) and 5% (wt/vol) Carnation nonfat dry milk for 1 h at room temperature.
Membranes were rocked for 1 h at room temperature with the appropriate
primary antibody diluted in PBS-T. Membranes were then washed four times in
PBS-T for 10 min each time, rocked for 1 h at room temperature with the
appropriate AP-conjugated secondary antibody, diluted in PBS-T, washed four
times in PBS-T for 10 min each time, developed in ECF reagent (Amersham) for
5 min, viewed on a PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.),
and analyzed with ImageQuant software.

Molecular modeling. Modeling was performed with the Swiss PDB Viewer
(http://www.expasy.ch/spdbv) (20), and rendered with POV-RAY (http://www
.povray.org). Coordinates for the unit cell of the three-dimensional structure of
poliovirus RNA-dependent RNA polymerase (21) were provided by J. Hansen

(Yale University) and S. Schultz (Diné College) and can be obtained from the
National Center for Biotechnology Information library under PDB identification
number 1RDR.

RESULTS

Immunofluorescence of 3A protein in transfected and in-
fected cells. During studies of the effects of poliovirus infection
and the expression of poliovirus 3A protein in isolation, we
compared the amounts of accumulated protein and the immu-
nofluorescence signals observed from 3A-containing polypep-
tides using a monoclonal antibody that recognizes an epitope
between amino acids 23 and 59 (Fig. 1A) (15). As shown by the
immunoblot in Fig. 1B, less 3A protein accumulated in COS-1
cells transfected with the 3A-expressing plasmid than in cells
that underwent 4.5 h of poliovirus infection. To determine the
average amount of 3A in each cell, the difference between the
transfection efficiency (30%) and the infection efficiency
(100%) was taken into account. Nonetheless, it was striking to
observe that the immunofluorescence signal obtained from
transfected cells was much stronger than that from the infected
cells, even at 4.5 h postinfection, when approximately 10-fold
more 3A-containing proteins were present per cell in the in-
fected population (Fig. 1C). Furthermore, no increase in flu-
orescent signal was observed between 3.5 and 4.5 h of polio-
virus infection, although the amount of 3A and 3AB proteins
increased 20-fold.

Two distinct hypotheses could account for the reduced im-
munofluorescence signal from poliovirus-infected cells com-
pared to that from cells that expressed 3A protein in isolation.
First, since permeabilization was performed with digitonin,
which is known to permeabilize plasma but not intracellular
membranes, it was possible that the amino-terminal epitope of
3A protein and its precursors was found within the lumen of an
intracellular compartment in infected, but not transfected,
cells. A second possibility was that the N terminus of 3A is
cytosolic in both transfected and infected cells, but in infected
cells the epitope is blocked from interacting with the mono-
clonal antibody. To distinguish between these possibilities, we
tested the membrane topology of poliovirus 3A protein by
protease digestion and immunofluorescence analysis under
conditions in which the integrity of intracellular membranes
was demonstrated.

Immunofluorescence analysis of 3A- and 3A-2-transfected
COS cells. To test whether the N-terminal sequences of 3A
protein were cytosolic in cells that expressed 3A in isolation,
COS cells were transfected with a plasmid that encoded either
wild-type 3A protein or 3A-2 protein, a mutant version of 3A
that displays a reduced ability to disrupt ER-to-Golgi traffic
(15). After 24 h, the cells were fixed and treated with either
Triton X-100, to permeabilize both plasma and intracellular
membranes, or with digitonin, to leave the intracellular mem-
branes intact. As a control for the integrity of intracellular
membrane topology, the immunofluorescence signal obtained
from Grp94, known to reside within the lumen of the ER, was
also tested. As shown in Fig. 2, Grp94 staining was readily
detected in the Triton X-100-permeabilized, but not the digi-
tonin-permeabilized, samples, arguing that the topology of the
membranes was undisturbed during sample preparation. The
immunofluorescence signal obtained using the anti-3A anti-
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body, on the other hand, was visible despite the method of
permeabilization, supporting the hypothesis that at least part
of the population of 3A proteins was exposed to the cytosol.

When expressed in isolation, poliovirus 3A protein inhibits
host protein traffic from the ER to the Golgi apparatus at a
step that has not yet been identified (13–15). The 3A-2 muta-
tion reduces the ability of 3A protein in isolation, or of viruses
that contain the mutation, to inhibit ER-to-Golgi traffic, but
does not substantially interfere with viral growth (6, 14, 15). As
shown in Fig. 2, 3A protein that contains the 3A-2 mutation

also displayed cytosolic localization of its amino-terminal res-
idues.

Immunofluorescence analysis of poliovirus-infected cells.
During poliovirus infection, 3A protein sequences are found
both in precursors such as 3AB and in the processed 3A prod-
uct. To test whether the amino-terminal domains of 3A and
larger 3A-containing proteins are localized on the cytosolic
surface of membranes during poliovirus infection, and to test
whether the N terminus of 3A is cytosolic during infection as it
is following transfection, we performed immunofluorescence

FIG. 2. Immunofluorescence of 3A- and 3A-2-transfected COS cells. COS cells were plated onto coverslips and transfected with the indicated
construct. Cells were incubated at 37°C for 24 h and fixed in 4% paraformaldehyde. Selective permeabilization of the plasma membrane was
performed in 0.5 %g of digitonin per ml. Permeabilization of all cellular membranes was performed in 0.5% Triton X-100 (TX-100). Immuno-
fluorescence signal from 3A-containing proteins was visualized as described for Fig. 1. Fluorescence images have been overlaid with phase images
in all panels.

FIG. 3. Immunofluorescence of poliovirus-infected COS cells. COS cells were plated onto coverslips and infected with poliovirus at an MOI
of 20 PFU/cell. Cells were then incubated at 37°C for 4.5 h and fixed in 4% paraformaldehyde. Selective permeabilization of the plasma membrane
was performed in 0.5 %g of digitonin per ml. Permeabilization of all cellular membranes was performed in 0.5% Triton X-100 (TX-100).
Fluorescence images have been overlaid with phase images in all panels.
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analysis on poliovirus-infected cells. Grp94 staining of poliovi-
rus-infected cells could be observed following Triton X-100 but
not digitonin permeabilization, arguing that intracellular mem-
branes were intact. However, the immunofluorescence signal
obtained with anti-3A antibody did not depend on the perme-
abilization detergent used, arguing that 3A epitopes were ex-
posed to the cytosol, as shown in Fig. 3.

Proteolytic digestion of 3A protein. Although the immuno-
fluorescence analysis showed that some proportion of the 3A-
containing proteins display cytosolic localization of their amino-
terminal sequences, such analysis could not reveal the poten-
tial presence of a luminal subpopulation if there were hetero-
geneity in the topology of the protein or its precursors. To test
the potential existence of a luminal subpopulation of 3A-con-
taining proteins, we performed limited proteolysis on semiper-
meabilized cells. The plasma membranes of transfected and
infected cells were mechanically permeabilized by hypotonic
swelling, followed by scraping of the cells from the tissue cul-
ture dish. This technique lyses the cells while leaving the ER
membranes intact, in the proper orientation, and functional to
support anterograde transport (2, 5, 35). Semipermeabilized
cells were washed to remove cytosolic contents and subjected

to digestion with various concentrations of proteinase K in the
absence or presence of Triton X-100. The degree of proteolysis
of control and experimental proteins was determined by im-
munoblot analysis.

To determine the efficiency of plasma membrane lysis and
the integrity of the ER, the luminal protein Grp94 and the
fusion protein GFP–HO-2 (38) were monitored. As shown in
Fig. 4A and D, the luminal ER protein Grp94 was susceptible
to proteinase K in the presence, but not in the absence, of
detergent, arguing that the ER remained intact during the
permeabilization procedure. The cytosolic GFP–HO-2 protein,
on the other hand, was 80% digested in the absence of deter-
gent and 100% digested in the presence of detergent. The
simplest explanation of this result is that the gentle technique
used to render the cells semipermeable resulted in the lysis of
only 80% of the cells.

During poliovirus infection, the patterns of proteolytic di-
gestion of 3A and 3AB were identical to each other and to that
of the cytosolic marker GFP–HO-2 (Fig. 4B to F). Specifically,
in the absence of detergent, approximately 80% of 3A and
3AB were digested, consistent with the hypothesis that there is
no protected subpopulation of either 3A or 3AB in produc-

FIG. 4. Proteinase K digests of poliovirus-infected COS cells. COS cells were infected with poliovirus at an MOI of 20 PFU/cell and incubated
for 4.5 h at 37°C. Cells were harvested for proteolysis by hypotonically swelling and scraping the cells from the tissue culture dish to selectively
permeabilize the plasma membrane. Cells were washed to remove endogenous cytosolic components and resuspended in PBS in the absence (top
portions of panels A to C) or presence (bottom portions of panels A to C) of 0.5% Triton X-100. Cells were incubated with increasing amounts
of proteinase K (A to C: lane 1, 0 ng; lane 2, 10 ng; lane 3, 25 ng; lane 4, 50 ng; lane 5, 100 ng; lane 6, 250 ng; lane 7, 500 ng; lane 8, 1,000 ng)
for 15 min at 37°C. Proteolysis was stopped by adding phenylmethylsulfonyl fluoride and sample buffer containing dithiothreitol and &-mercap-
toethanol, followed by boiling for 5 min. Samples were run on SDS-PAGE gels, transferred to polyvinylidene difluoride membranes, probed with
the indicated antibodies, and developed on a PhosphorImager to determine protease susceptibility. Proteinase K digests of Grp94 (A), a luminal
ER marker, GFP–HO-2 (B), a cytosolic ER marker, and 3AB and 3A (C) are shown. Quantitation and graphing (D to F) were performed with
ImageQuant and GraphPad Prism software.
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tively infected cells (Fig. 4F). In the presence of detergent, as
expected, 100% of the 3A and 3AB populations are susceptible
to digestion with proteinase K. The results from these analyses
are consistent with the results from the immunofluorescence
analyses (Fig. 2), supporting the hypothesis that the amino
termini of both 3AB and 3A are cytosolic. They also support
the hypothesis that it is not the topology of 3AB or 3A but
rather another factor that decreases the intensity of the 3AB or
3A immunofluorescence signal in infected cells.

Epitope shielding of 3A protein in wild-type poliovirus-
infected but not vaccinia virus-infected cells. To test whether
3A-containing sequences are relatively inaccessible to antibody
probes when present in a poliovirus RNA replication complex,
we expressed poliovirus 3A in the context of vaccinia virus
infection as well as during poliovirus infection (13). A vaccinia
virus vector was chosen because, as with poliovirus infection,
almost all of the cells on a tissue-culture plate could be in-
fected in a uniform way, making it more straightforward to use
immunoblot analysis to compare the amounts of 3A-containing

proteins made in each cell under the two different conditions.
As shown in Fig. 5, although no 3A-containing proteins were
detectable by immunoblotting at 3 h after infection with po-
liovirus or 4 h after infection with rVV-3A,GFP virus, equiv-
alent immunofluorescence signals were seen with the anti-3A
antibody at both time points. However, by 4 h after infection
with poliovirus, both 3AB and 3A were detectable by immu-
noblotting, giving an amount of 3A-containing proteins greater
than that seen by 8 h after infection with rVV-3A,GFP. None-
theless, the immunofluorescence signal seen in the poliovirus-
infected cells was much reduced relative to that in the VV-3A-
infected cells. At later time points, such as 5 h after infection
with poliovirus, the shielding of the 3A immunofluorescence
signal was not so pronounced (Fig. 5A). Therefore, 3A-con-
taining polypeptides, definitely 3AB and probably 3A as well,
are shielded from probing with antibodies by an intracellular
process, concurrent with the formation of the poliovirus RNA
replication complex, which forms between 3 and 4 h postinfec-
tion.

FIG. 5. Analysis of 3A protein during poliovirus and rVV-3A,GFP infection. COS cells were plated onto coverslips and mock infected or
infected with either poliovirus or recombinant vaccinia virus, expressing 3A protein (rVV-3A,GFP), at an MOI of 20 PFU/cell and incubated at
37°C for the indicated amounts of time. All infections were performed in duplicate, and cells were processed for either indirect immunofluores-
cence or Western blot analysis. (A and B) COS cells were fixed with 4% paraformaldehyde, permeabilized in 0.5 %g of digitonin per ml, and stained
with 3A monoclonal antibody followed by Texas Red-conjugated secondary antibody. Coverslips were mounted on slides with Vectashield and
viewed on a fluorescent microscope with ImagePro software. Fluorescence images have been overlaid with phase images in all panels. (C) Western
blot of 3AB and 3A expression during poliovirus or recombinant vaccinia virus infection over time. Protein bands were developed on a
PhosphorImager and quantitated with ImageQuant software. The numbers below the lanes indicate relative intensities of the bands in each lane.
Numbers for poliovirus infections are the sums of the 3AB and 3A bands.
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Immunofluorescence of 3A protein during wild-type and
M394T mutant poliovirus infections. Poliovirus protein 3AB is
known to bind directly to the viral RNA-dependent RNA poly-
merase, 3D (7, 8, 11, 31, 39, 41, 42, 44, 45), making 3D poly-
merase a likely candidate for the protein that directly shields
the 3A epitope. A well-characterized mutant virus, 3D-M394T,
contains a single mutation in the polymerase coding region,
displays a temperature-sensitive RNA replication defect in in-
fected cells, and shows a specific defect in the initiation of
RNA replication in cell-free assays (4). Met394 in 3D poly-
merase is adjacent to the defined 3AB-binding site, and the
purified M394T polymerase is defective in the addition of
uridylyl residues to 3B (VPg), the protein primer for RNA
synthesis (34). To test whether the 3A and 3AB epitope shield-
ing observed during wild-type poliovirus infection would be
less pronounced in the presence of a 3D polymerase poten-
tially defective in these interactions, the immunofluorescence
signals of 3A-containing proteins in wild-type and M394T in-
fections were compared. Further incubation was continued at
39.5°C in the presence of 2 mM guanidine to inhibit RNA

replication of the wild-type as well as the temperature-sensitive
virus.

As shown in Fig. 6, the immunofluorescence signals at 0 and
75 min after the temperature shift were comparable between
the wild-type and mutant viruses. However, the immunofluo-
rescence signal of 3A during wild-type poliovirus infection at
45 min after the temperature shift was significantly less than
during M394T mutant poliovirus infection. The difference in
the signals was not due to a greater amount of 3A and 3AB
proteins during wild-type poliovirus infection than during
M394T mutant poliovirus infection, because immunoblot anal-
ysis demonstrated that 3A-containing proteins were more
abundant during the wild-type infection than during the
M394T infection (data not shown).

To quantify the fluorescence signal from 3A-containing pro-
teins during wild-type and M394T mutant virus infection, the
fluorescence intensities of 35 to 70 randomly chosen cells from
each condition were measured. As can be seen in Fig. 6B, the
temperature-sensitive virus showed substantially increased flu-
orescence, and therefore reduced epitope shielding, at the

FIG. 6. Immunofluorescence of 3A protein during wild-type and 3D-M394T mutant poliovirus infection. COS cells were plated onto coverslips
and infected at an MOI of 20 PFU/ml with either wild-type poliovirus or 3D-M394T, a temperature-sensitive mutant poliovirus (4). Infections were
carried out at 32.5°C for 4 h, followed by the addition of 2 mM guanidine to inhibit RNA replication and further incubation at 39.5°C, the
nonpermissive temperature for the M394T mutant virus, as indicated. All infections were performed in duplicate, and cells were processed for
indirect immunofluorescence or immunoblot analysis. (A) COS cells were fixed, permeabilized in digitonin, and stained with 3A monoclonal
antibody followed by FITC-conjugated secondary antibody. Fluorescence images have been overlaid with phase images in all panels. (B) Quan-
titation of the average fluorescence intensity per cell during either wild-type or M394T mutant poliovirus infection at the indicated times after the
temperature shift. Fluorescence intensities of 35 to 70 cells per experiment were measured with Metamorph software (Universal Imaging
Corporation). Data for each cell were plotted and overlaid onto a box plot of the first and third quartiles and the median, with error bars. Quartiles
and box plots were made with R Lab 1 statistical analysis software (http://cran.r-project.org).
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nonpermissive temperature. Therefore, the increased signal
from the M394T infection at the nonpermissive temperature
was due to increased availability of 3A-containing proteins to
antibody. Parenthetically, this was probably also the case at the
“permissive” temperature for the M394T mutant virus. As can
be seen in Fig. 6 at the 0-min point, the M394T mutant-
infected cells yielded a fluorescent signal similar to that of the
cells infected with wild-type virus, in which 3A-containing pro-
teins were more abundant. The reduction in shielding caused
by the M394T mutation in the viral polymerase was more
dramatic, however, after the temperature shift.

DISCUSSION

Both 3A and 3AB proteins accumulate in poliovirus-infected
cells and are known or suspected to play several roles during
viral infection. Furthermore, there are likely to be additional,
and currently unknown, functions carried out by larger, 3A
precursor proteins. Therefore, it is important to investigate the
conformation and topology of both the final digestion products
and precursor proteins that accumulate during infection.

Viral protein 3AB is known to target to ER membranes
within cells and to bind directly to the viral RNA-dependent
RNA polymerase 3D (12, 16, 22, 25, 36, 50, 52). The 22-amino-
acid 3B sequences serve as the primer for RNA synthesis (34),
although it is not yet known whether they carry out this priming
function in infected cells before or after cleavage from 3AB or
some larger precursor (51).

Viral 3A sequences are likely to participate directly in the
formation of the membranous vesicles on which RNA replica-
tion occurs. In infections with some other positive-strand RNA
viruses, expression of a large precursor protein that comprises
sequences homologous to 2B, 2C, and 3A is required to induce
vesicle formation (9). Although poliovirus protein 2BC can, in
isolation, cause the formation of membranous vesicles (3, 10),
these vesicles change morphology when viral protein 3A is
coexpressed to resemble more closely the vesicles induced dur-
ing poliovirus infection (44, 45). The conversion of the single-
membraned vesicles induced by 2BC protein into double-mem-
braned vesicles during coexpression of 2BC and 3A makes it
likely that 3A or a larger 3A-containing precursor causes or
promotes contact between two ER-derived membranes, which
might suggest a luminal function. It had been previously sug-
gested that the amino-terminal sequences of at least a subset of
3A molecules might be luminal, due to the utilization in vitro
of a putative N-terminal glycosylation site in 3A (12). None-
theless, both the immunofluorescence and proteolytic process-
ing data presented here argue that the amino-terminal domain
of 3A is cytosolic both in infected cells and in cells that express
3A in isolation. Therefore, it is likely that all functions of 3A,
including the inhibition of ER-to-Golgi traffic both during in-
fection and in expression in isolation (15, 16, 32), are accom-
plished by using this topology.

Despite the similar intracellular topology, the intensity of
the immunofluorescence signal observed with anti-3A antibod-
ies was greater when 3A was expressed via transfection or a

FIG. 7. Model of the oligomeric polymerase lattice bound to membrane-associated 3AB in a poliovirus-infected cell. A model for the
mechanism of 3A epitope shielding, via the interaction between 3AB and a higher-order polymerase structure, is shown. 3AB is represented as
a globular, integral membrane protein (green). 3D polymerase molecules, forming contacts along an interface observed in the three-dimensional
structure interface I (21) are shown in dark blue and light blue. This view does not indicate a second interface, which may form between these fibers
of polymerase molecules to give rise to two-dimensional lattices (29). The surface of 3D polymerase known to interact with 3AB through the 3AB
binding site (22, 30) is shown in orange. Every second polymerase molecule could directly contact membrane-associated 3AB. Coordinates for the
unit cell of the three-dimensional poliovirus RNA-dependent RNA polymerase (21) were provided by J. Hansen (Yale University) and S. Schultz
(Diné College) and can be obtained from the National Center for Biotechnology Information library under PDB identification number 1RDR. This
figure was kindly provided by Joanna Boerner (Stanford University).
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vaccinia virus vector, compared to bona fide poliovirus infec-
tion. Immunoblot analysis revealed that the reduction in 3A
immunofluorescence observed at 4 h postinfection was ob-
served even when larger quantities of 3A-containing sequences
were detected by immunoblot analysis (Fig. 1 and 5). This
shielding was not observed at later time points (Fig. 5). On the
other hand, during infection with 3D-M394T virus, a temper-
ature-sensitive poliovirus that contains a mutation near the
3AB binding site on the polymerase, greater 3A fluorescence
was observed after the temperature shift (Fig. 6). The de-
creased epitope shielding seen with temperature-sensitive mu-
tant polymerase suggests that it is the interaction of 3A-con-
taining proteins with 3CD or 3D that leads to the masking of
the 3A epitope.

Shielding of specific epitopes has been found previously to
correlate with protein conformational changes or higher-order
interactions within cells. Examples include the inhibition of
c-Myc function and epitope masking by the Tax protein of
human T-cell leukemia virus type 1 (43) and the shielding of a
specific actin epitope in myofibrils and stress fibers but not in
nuclear actin-containing structures (19). During poliovirus in-
fection, the 3A epitope found in the amino-terminal domain
becomes shielded at approximately 4 h postinfection, the time
at which RNA replication complexes are maximally active (Fig.
5). The shielded epitope in 3A lies within a paired $-helical
region likely to be involved in 3A dimerization (44, 45). We do
not yet know the physical basis for this epitope masking, al-
though it is likely to be a conformational change in the 3A
sequences or physical occlusion by the formation of a new
complex associated with RNA replication.

One of the functions of poliovirus protein 3AB is to tether
the soluble RNA-dependent RNA polymerase to the mem-
branes on which RNA replication occurs (22, 26, 50, 52). The
contact surface on the 3AB molecule has not been identified
structurally, but two-hybrid analysis has suggested that many of
these contacts are within 3B sequences (52). The contact sur-
face on poliovirus 3D polymerase has been identified by ala-
nine scanning (30) and lies in a hydrophobic patch near con-
served motif E (21). A possible mechanism for the blocking of
3A epitopes by the binding of polymerase 3D, larger 3D-
containing proteins such as 3CD, or both is provided by the
observed oligomerization of 3D into two-dimensional lattices
(29), modeled in Fig. 7. When the lattices are modeled by using
contacts identified by the known crystal structure of 3D poly-
merase (21), half of the polymerase molecules in the lattice
could directly contact membrane-associated 3AB (Fig. 7), sug-
gesting a physical basis for the observed epitope masking that
can be tested experimentally. The shielding of 3A epitopes
concomitant with the formation of the poliovirus RNA repli-
cation complex may provide an additional tool to investigate
the assembly of the complex within cells and its disruption by
mutations and antiviral compounds.
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