
JOURNAL OF VIROLOGY, June 2005, p. 7207–7216 Vol. 79, No. 11
0022-538X/05/$08.00�0 doi:10.1128/JVI.79.11.7207–7216.2005

Poliovirus Proteins Induce Membrane Association of GTPase
ADP-Ribosylation Factor

George A. Belov, Mark H. Fogg,† and Ellie Ehrenfeld*
National Institutes of Health, Bethesda, Maryland 20892

Received 29 September 2004/Accepted 20 January 2005

Poliovirus infection results in the disintegration of intracellular membrane structures and formation of
specific vesicles that serve as sites for replication of viral RNA. The mechanism of membrane rearrangement
has not been clearly defined. Replication of poliovirus is sensitive to brefeldin A (BFA), a fungal metabolite
known to prevent normal function of the ADP-ribosylation factor (ARF) family of small GTPases. During
normal membrane trafficking in uninfected cells, ARFs are involved in vesicle formation from different
intracellular sites through interaction with numerous regulatory and coat proteins as well as in regulation of
phospholipase D activity and cytoskeleton modifications. We demonstrate here that ARFs 3 and 5, but not
ARF6, are translocated to membranes in HeLa cell extracts that are engaged in translation of poliovirus RNA.
The accumulation of ARFs on membranes correlates with active replication of poliovirus RNA in vitro, whereas
ARF translocation to membranes does not occur in the presence of BFA. ARF translocation can be induced
independently by synthesis of poliovirus 3A or 3CD proteins, and we describe mutations that abolished this
activity. In infected HeLa cells, an ARF1-enhanced green fluorescent protein fusion redistributes from Golgi
stacks to the perinuclear region, where poliovirus RNA replication occurs. Taken together, the data suggest an
involvement of ARF in poliovirus RNA replication.

Poliovirus, the best-characterized member of the family Pi-
cornaviridae, is a small nonenveloped virus containing a single-
stranded RNA genome of positive polarity. The virion RNA of
about 7,500 nucleotides includes 5� and 3� nontranslated re-
gions as well as a single long open reading frame and a poly(A)
tail. The translated polyprotein is cleaved in cis and in trans by
viral proteases to produce about 10 final products as well as a
number of cleavage intermediates, many of which have been
shown to possess unique activities necessary for virus propa-
gation distinct from those of their cleavage products. Poliovi-
rus proteins initiate a major remodeling of intracellular mem-
branes, so that the cytoplasm of the infected cell becomes filled
with tightly associated vesicles serving as sites for viral RNA
replication (8–10). The reactions leading to this process are
poorly understood, although COPII-mediated vesicle budding
from the endoplasmic reticulum (ER) has been suggested to
occur during formation of the replication vesicles at the begin-
ning of infection (60), and data implicating the cellular auto-
phagic pathway have been presented as well (64, 69).

It is well documented that poliovirus infection is sensitive to
the fungal metabolite brefeldin A (BFA) (24, 34, 40). BFA is
known to inhibit the activation and function of the small
GTPases that comprise the ADP-ribosylation factor (ARF)
family but has no reported effect on COPII-dependent vesicle
budding (44, 55, 62, 63) or autophagy (56). The ARF family
consists of six members, which are divided into three classes
based on their primary structures. The proteins participate in
formation of coated membranous vesicles originating from dif-

ferent organelles and plasma membrane as well as in cytoskel-
eton remodeling and regulation of phospholipase D activity.
ARFs cycle between GTP- and GDP-bound states, with ARF-
GTP required to interact with different membrane proteins
and initiate membrane remodeling (46, 48). ARF that is asso-
ciated with membranes is often referred to as activated. BFA
prevents regeneration of ARF-GTP from ARF-GDP by inter-
acting with guanine exchange factors, the proteins that accel-
erate replacement of bound GDP by GTP (44, 55, 62, 63). Data
suggesting involvement of ARF in poliovirus replication have
been presented previously by Cuconati and coworkers (20).
They studied replication of poliovirus RNA in an in vitro
translation-replication system (6, 42) that has greatly facili-
tated investigation of different aspects of the poliovirus life
cycle. The system allows not only translation and proper pro-
cessing of poliovirus proteins but also RNA replication and
assembly of infectious virions. Addition of peptides corre-
sponding to the N terminus of ARF1 to in vitro translation-
replication reactions had deleterious effects on poliovirus
RNA replication. The interpretation of these data may be
uncertain, however, as those peptides may nonspecifically in-
hibit ARF-dependent as well as ARF-independent pathways,
presumably due to their potential membrane-disrupting prop-
erties (29). A requirement for intact membranes to support
viral RNA synthesis in the in vitro system was demonstrated by
Fogg et al. (30). They showed that compounds such as nonionic
detergents and cerulenin (a membrane-altering inhibitor of
fatty acid synthesis), as well as BFA, prevented efficient VPg
uridylylation and poliovirus RNA replication, although the
morphology of the membranes supporting viral RNA synthesis
in vitro had little in common with the highly organized vesic-
ular structures found in infected cells.

In order to identify the BFA-sensitive step(s) in poliovirus
RNA replication and to clarify the proposed involvement of
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ARF proteins, we initiated an investigation of ARF in the
cell-free, translation-replication system. In this study we
present direct evidence for specific translocation of different
members of the ARF family to membranes in response to
synthesis of poliovirus proteins and show that two individual
virus proteins, 3A and 3CD, can induce such translocation
independently.

MATERIALS AND METHODS

Plasmids and RNA synthesis. Plasmid pARF1-EGFP has been described
elsewhere (78). All constructs used for expression of poliovirus proteins are
based on the ribozyme-containing plasmid pXpA (33). To facilitate cloning, two
unique sites were introduced by PCR-based mutagenesis before and immediately
after the poliovirus coding sequence: SalI in position 724 to 729 and HpaI in
position 7372 to 7377. All other constructs were made by inserting PCR frag-
ments obtained from the pXpA template with 5� primers containing a SalI site
and ATG initiator codon before the codon for the first amino acid of the
corresponding protein sequence and 3� primers containing an HpaI site following
a TAG stop codon into the modified pXpA vector. All constructs were verified
by sequencing. PCR fragments containing a mutated 3CD sequence with substi-
tution of active site His for Ala (amino acid 40 in the 3C sequence) and active site
Cys for Ala (amino acid 147 in the 3C sequence) were obtained from plasmid
pPV�P1 3C*, kindly provided by N. Teterina (National Institute of Allergy and
Infectious Diseases, National Institutes of Health [NIH]). A plasmid encoding
the 3A-2 mutant (7) was created by mutagenesis of our plasmid for 3A expres-
sion with direct and reverse oligonucleotides coding for insertion of an additional
serine codon (AGT) after the 15th codon of the 3A sequence with Stratagene’s
QuikChange XL mutagenesis kit. RNAs were synthesized using the T7 Mega-
Script kit from Ambion (Austin, TX) with plasmids linearized at the EcoRI site.
For use in translation-replication reactions, RNAs were subjected to two phenol-
chloroform extractions followed by one extraction with chloroform, ethanol
precipitation, and further purification on BD Biosciences’ Chroma-Spin 100
DEPC H2O columns.

In vitro translation-replication. HeLa S10 extracts for translation-replication
reactions were prepared and used essentially as described elsewhere (30). Trans-
lation reaction mixtures of 50 �l included 2.5 �g of viral RNA transcripts or 1.25
�g of purified viral RNA in the presence of 2 mM guanidine-HCl. BFA (Sigma-
Aldrich) dissolved in ethanol was added to a final concentration of 80 �g/ml
where indicated; control reaction mixtures contained ethanol only. An aliquot of
9 �l from each reaction mixture was mixed with 1 �l of Redivue [35S]methionine
(Amersham) and incubated for 3.5 h at 34°C, after which one-fourth of the
material was resolved by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) mini-gel for visualization of translation products. The
remaining 40 �l was also incubated for 3.5 h at 34°C and then centrifuged for 20
min at 16,000 � g at 4°C. Total pellets were used in replication reactions
performed essentially as described previously (30) or assayed in Western blot
assays with the ECL Advance system (Amersham) according to the manufactur-
er’s recommendations. Membrane stripping and reprobing were performed with
Chemichon’s Re-blot Plus mild solution according to their suggested procedure.

Antibodies. Anti-ARF antibody that recognizes all known ARFs except for
ARF4 was purchased from Affinity Bioreagents (Golden, CO). Antibodies
against ARF3, -5, and -6 were generous gifts from Martha Vaughan and Joel
Moss (National Heart, Lung and Blood Institute, NIH). Poliovirus 2C antiserum
was described previously (18). Antibodies against GRP1 and PAP� were kindly
provided by Paul Randazzo (National Cancer Institute, NIH).

Microscopy. HeLa R19 cells grown on coverslips placed in 12-well culture
plates were transfected with pARF1-EGFP plasmid with FuGene 6 reagent
(Roche Applied Science) according to the manufacturer’s recommendations.
The next day they were infected with Mahoney strain, type I poliovirus at a
multiplicity of 50 PFU/cell. At the indicated times postinfection cells were fixed
with 2% paraformaldehyde in phosphate-buffered saline (PBS) for 10 min,
washed three times with PBS, and permeabilized for 5 min with 0.1% Triton
X-100 in PBS. Primary and secondary antibodies were diluted in 5% fetal bovine
serum in PBS. Following three washes in PBS, cells were treated with mouse
monoclonal anti-2C antibody solution supplemented with Hoechst 33342 dye
(Sigma-Aldrich; 10 ng/ml) for 1 h. After three washes with 5% fetal bovine serum
in PBS, secondary goat anti-mouse Cy5-conjugated antibodies were applied for
1 h at room temperature. Cells were washed three times with PBS and mounted
on microscope slides using ProLong antifade reagent (Molecular Probes). Mi-
crographs were taken with a Leica DMIRE 2 fluorescent microscope.

RNA transfection. HeLa cell monolayers were transfected with serial dilutions
of RNA transcripts in DEAE-dextran solution in PBS (500 �g/ml) and overlaid
with agarose as described elsewhere (73).

Polymerase assay. RNA coding for the wild-type or mutated 3D polymerase
was translated overnight in vitro as described above. Polymerase reaction mix-
tures (30 �l) contained 50 mM HEPES (pH 7.2); 0.5 mM ATP, GTP, and CTP;
0.1 mM UTP; 2 �Ci of [�-32P]UTP (specific activity, 3,000 Ci/mmol); 4 mM
dithiothreitol; 3 mM Mg(OAc)2; 60 �M ZnCl2; 0.1% NP-40; 0.1 �g/�l poly(A);
0.13 �g/�l oligo(U); and 2 �l of translation reaction mixtures as a source of 3D
protein. Samples were incubated on ice for 10 min and then transferred to 30°C
for 30 min. Reactions were stopped by 33 mM EDTA. Ten microliters of the
reaction mix was spotted onto Whatman DE81 paper, dried, washed three times
with 5% Na2HPO4 followed by one wash with ethanol, dried, and counted by
scintillation spectroscopy.

RESULTS

Redistribution of ARF1 during poliovirus infection. ARF1 is
one of the best-studied members of the ARF family. Its activity
is important for retrograde membrane transport from Golgi to
ER and intra-Golgi. It is also involved in membrane transport
from the trans-Golgi network, endosomal trafficking, and exo-
cytosis of synaptic vesicles and nascent secretory vesicles (48,
58). The role of ARF1 in formation of membranous vesicles
and its sensitivity to BFA prompted us to consider whether it
might be involved in the assembly of poliovirus replication
complexes, structures that appear as clustered vesicles in elec-
tron micrographs (9, 10) and whose formation is prevented by
BFA. We expressed an ARF1-enhanced green fluorescent pro-
tein (EGFP) fusion in HeLa cells and followed its localization
during poliovirus infection (Fig. 1). Fusions of ARFs with
fluorescent proteins are widely used in cellular biology studies
and have been shown to retain the distribution properties and
biological activities of native proteins (e.g., references 43 and
78). In noninfected or mock-infected cells, fluorescence is con-
centrated in distinct areas corresponding to the location of the
Golgi apparatus (Fig. 1D). Upon progression of infection, flu-
orescence is markedly redistributed to perinuclear structures
closely resembling those of poliovirus replication complexes
(Fig. 1A), as shown by staining with antibodies against polio-
virus replication protein 2C (Fig. 1B). This distribution was
clearly different from localization of EGFP alone, which was
evenly spread throughout the cell with somewhat enhanced
accumulation in the nuclear area in both infected and mock-
infected cells (not shown). ARF1-EGFP present in virus-in-
fected cells migrated as a single band on SDS-polyacrylamide
gels with the same electrophoretic mobility as that from unin-
fected cells, indicating that it was not degraded and therefore
the observed redistribution was not due to alteration of the
protein (not shown).

ARF is translocated to membranes upon translation of po-
liovirus RNA. To investigate the possible involvement of ARF
in the replication of poliovirus RNA, we used the two-step in
vitro translation-replication system (6, 42). During the first
step, poliovirus RNA is translated in HeLa cell S10 extracts in
the presence of 2 mM guanidine-HCl, which inhibits poliovirus
RNA replication but has no effect on polyprotein synthesis and
processing. During this step, poliovirus proteins associate with
membranes and form structures ready to initiate RNA synthe-
sis once the guanidine-HCl is removed. After translation,
membranes are collected by centrifugation and resuspended in
buffer in the absence of guanidine-HCl to initiate RNA repli-
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cation. We fractionated translation reaction mixtures by cen-
trifugation and analyzed the pellets, containing membranes
with associated proteins, and 1/10 of the supernatants by im-
munoblotting with an anti-ARF monoclonal antibody that rec-
ognizes ARF1, -3, -5, and -6 and reacts weakly with ARF4.
Translation of poliovirus RNA resulted in the appearance of a
strong ARF signal in the samples containing the membranous
pellet (Fig. 2, compare lanes 1 and 3). ARF translocation did
not occur when translation of poliovirus RNA was inhibited
with puromycin (Fig. 2, lane 2). Samples treated with puromy-
cin contained even less ARF in the pellets than samples con-
taining no poliovirus RNA (Fig. 2, compare lanes 2 and 3). We
did not pursue this result; however, the background level of
membrane-associated ARF may have resulted from some cel-
lular proteins whose synthesis also was inhibited by puromycin.
Despite the strong ARF signal in the pellet sample from po-
liovirus RNA translation, there was no obvious change in the
ARF content of the supernatants (Fig. 2, lanes 4 to 6) diluted
10-fold for the PAGE analysis. This indicates that the majority
of ARF proteins were not membrane bound in the HeLa cell
extract and that only a small portion of the ARF protein
present in the extract was activated by poliovirus proteins. In
numerous experiments and with different extracts, however,
membrane-associated ARF increased at least 5- to 10-fold
following synthesis of viral proteins, as judged by analysis of
the density of corresponding bands with ImageQuant software
(data not shown). The recruitment of ARF proteins to the
membranes was not merely a poliovirus translation-dependent,

nonspecific aggregation of membrane material, since only
some members of the ARF family (ARF3 and -5, but not
ARF6) increased their membrane association (see Fig. 6, be-
low) and other cellular membrane-associated proteins, such as

FIG. 1. Intracellular relocation of ARF-1-EGFP protein following infection of HeLa cells with poliovirus. Cells were transfected with
pARF1-EGFP 24 h prior to infection with poliovirus (A, B, and C) or mock infection (D, E, and F). Six hours postinfection, cells were examined
for EGFP fluorescence (A and D) or stained with anti-polio 2C antibodies (B and E) and Hoechst 33342 for nuclear DNA (C and F).

FIG. 2. Translocation of ARF to membranes induced by transla-
tion of poliovirus proteins in vitro. Poliovirus RNA was translated in
HeLa S10 extracts for 3.5 h. Reactions were fractionated by centrifu-
gation, and total pellets (lanes 1 to 3) and one-tenth of the total
volume of supernatants (lanes 4 to 6) were analyzed by immunoblot-
ting with anti-ARF antibody. Lanes: 1 and 4, fractions from reactions
translating viral RNA; 2 and 5, fractions from reactions in which viral
RNA translation was inhibited by 1 mg/ml of puromycin; 3 and 6,
fractions from reactions incubated with no RNA.
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GRP1 or PAP�, showed no increase as a result of poliovirus
RNA translation.

BFA prevents translocation of ARF to membranes. Inhibi-
tion of poliovirus RNA replication by BFA is well documented
in vivo (24, 34, 40) and in vitro (20), although the mechanism
of this inhibition is not clear. It has been established, however,
that BFA is likely to act on some host factor(s) necessary for
replication, but not on the virus replication proteins them-
selves. We investigated the effect of the drug on ARF associ-
ation with membranes induced by translation of poliovirus
RNA. Translation reaction mixtures were divided into two
samples, one of which was treated with BFA, and membranes
collected by centrifugation were tested for the presence of
ARF and for their ability to support poliovirus RNA synthesis.
BFA significantly prevented poliovirus-induced recruitment of
ARF to membranes (Fig. 3A), whereas the drug had no effect
on translational efficiency or virus polyprotein processing (Fig.
3C), consistent with previously reported data (20, 40). Repli-
cation complexes formed during translation of poliovirus RNA
in the presence of BFA, lacking associated ARF, were very
inefficient in subsequent RNA synthesis (Fig. 3B). Thus, the
presence of increased ARF on membranes correlated with
efficient RNA replication. To distinguish between BFA inhibi-
tion of replication complex formation and possible BFA inhi-
bition of subsequent RNA chain elongation, viral RNA was
translated in the absence of the inhibitor and replication com-
plexes were collected by centrifugation and resuspended in

replication buffer with BFA (Fig. 3D, lane 5). RNA replication
was much less affected in this case than in the sample where
BFA was added during translation (Fig. 3D, lane 4), although
it was usually slightly lower than in the control sample (Fig. 3D,
lane 3), possibly indicating that some ARF activation continues
during the RNA replication step of the reaction. Together,
these data show that the inhibitory activity of BFA is exerted
during translation of viral RNA and membrane association of
viral proteins, while ARF is being recruited and replication
complexes are being formed. Once the complexes are formed,
BFA does not inhibit viral RNA synthesis per se.

3A and 3CD induce activation of ARF independently. To
determine which viral proteins are responsible for ARF acti-
vation, we performed in vitro translation of RNAs coding for
individual poliovirus proteins as well as intermediate cleavage
precursors. To ensure equal translation potential of these
RNAs, we introduced two unique restriction sites in the ri-
bozyme-containing plasmid pXpA (33) that facilitated cloning
of any segments of the poliovirus genome in the vector so that
the RNAs generated by T7 RNA polymerase would have the
same 5� and 3� noncoding regions. Introduction of these two
additional restriction sites into the poliovirus cDNA had no
effect on virus growth in cultured HeLa cells (not shown). First,
we tested segments of the polyprotein spanning P2-P3, P2, or
P3 regions, as well as individual proteins from the P2 region
that have been shown previously to induce membrane alter-
ations when expressed individually (11, 18, 72). After transla-
tion, samples were taken for analysis of protein synthesis (Fig.
4B), and membranes with associated proteins were collected
by centrifugation and analyzed for ARF by Western blotting

FIG. 3. Inhibition of ARF translocation and viral RNA replication
by BFA. Viral RNA was translated in HeLa S10 extracts for 3.5 h. (A
to C) Duplicate reactions were fractionated by centrifugation, and the
pellets were analyzed by immunoblotting with anti-ARF antibody
(A) and assayed for viral RNA replication (B) as described in Mate-
rials and Methods. Translation was monitored by SDS-PAGE of
[35S]methionine-labeled proteins synthesized during the translation
step (C). Lane 1, no BFA was present during either translation or
replication steps; lane 2, BFA (80 �g/ml) was present only during the
translation step. (D) RNA replication after BFA addition during trans-
lation or replication steps. Lane 3, no BFA was present during either
translation or replication steps; lane 4, BFA (80 �g/ml) was present
only during the translation step; lane 5, BFA (80 �g/ml) was present
only during the replication step.

FIG. 4. Determinants specifying ARF translocation map to the P3
region of the poliovirus genome. RNA transcripts were translated in
HeLa S10 extracts for 3.5 h. (A) Reactions were fractionated by cen-
trifugation, and the pellets were analyzed by immunoblotting with
anti-ARF antibody. (B) Translation of each transcript was monitored
by SDS-PAGE of [35S]methionine-labeled proteins. The coding region
of the RNA transcripts used to program the translation reaction is
indicated above each lane.
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(Fig. 4A). Translation of P2-P3 or just the P3 segment of the
polyprotein resulted in a positive signal of ARF translocation,
similar to that observed upon translation of the full-length
RNA (Fig. 4, lanes 1, 2, and 7). Proteins from the P2 region
were not active in ARF translocation (Fig. 4, lanes 3 to 6); thus,
their ability to induce membrane modification when expressed
in cells does not require ARF activation, or is not required in
vitro.

These results show that ARF-activating determinants are
located in the P3 genomic region. When individual proteins of
this region were tested for their ability to induce ARF trans-
location, unexpectedly we found that two proteins, 3A and
3CD (Fig. 5, lanes 3 and 6), but not 3C or 3D (Fig. 5, lanes 4
and 5), could induce ARF association with membranes. Quan-
titation of band intensities with ImageQuant software showed
a three- to sixfold increase in ARF activation by 3A and four-
to sevenfold ARF activation by 3CD in different experiments,
compared to levels in controls containing no RNA.

Not all ARFs are activated by poliovirus proteins. The ARF
family of small GTPases currently includes six members, which
are assigned to three classes based on their primary structures
(48, 58). ARF1, -2, and -3 constitute class 1, ARF4 and -5
comprise class 2, and ARF6 is in class 3. Using antibodies
specific for individual ARF proteins, we tested their translo-
cation to membranes induced by poliovirus proteins (Fig. 6).
Translation of the full-length genomic RNA and RNA coding
for 3A and 3CD similarly induced activation of ARF3 and
ARF5 (Fig. 6, lanes 3 and 6), which belong to two different
classes, while ARF6 was not affected by translation of poliovi-
rus-specific proteins. (Antibodies specific for ARF1, -2, and -4

are not currently available.) This result was not surprising, as
ARF3 and ARF5, as well as ARF1, are known to participate in
intracellular membrane trafficking (2, 15, 21, 38, 49, 71, 77)
while ARF6 is believed to serve mainly in vesicular and cy-
toskeletal processes and regulation near the plasma membrane
(15, 54, 57). The uniform intensity of the ARF6 band in all
samples indicated that the amount of material loaded on the
gel was the same in all samples and that the difference ob-
served for other ARFs reflects specific translocation of these
proteins induced by the poliovirus proteins.

3A-induced ARF translocation is not essential for virus
growth in cell culture. Since two poliovirus proteins induced
ARF translocation in vitro, we looked for mutations in those
proteins that might affect this property and tested the effect of
such mutations on virus growth. A mutation in 3A, called 3A-2,
was described by Bernstein and Baltimore (7) and shown by
Doedens et al. (25) to prevent the intracellular membrane
traffic alterations that are induced by wild-type 3A. The 3A-2
mutant contains an insertion of a serine after position 14 of the
3A sequence, which apparently alters the protein’s interaction
with membranes; thus, this mutation seemed to be a good
candidate to test for ARF translocation. Figure 7 shows that
the mutated 3A indeed lost its ability to activate ARF (com-
pare lanes 2 and 3). Interaction of ARF with membrane pro-
teins has been shown to be a central event in remodeling
intracellular membranes (3, 16, 28, 50, 51, 65, 68, 70, 75), and
the fact that the 3A-2 mutant is unable to induce ARF trans-
location may at least in part be responsible for its failure to
interfere with intracellular membrane traffic. Virus bearing this
mutation is, however, viable with growth characteristics close
to those of the wild-type virus (7), in spite of the lack of
membrane traffic inhibition. We conclude, therefore, that the
ability of 3A to induce ARF translocation to membranes is not
essential for virus replication in cell culture. Translation of a
full-length transcript containing the 3A-2 mutation produced
significant ARF translocation, albeit slightly less than wild-type
RNA. This was expected, since wild-type 3CD was present to
activate ARF. When a mutation that inactivated the 3CD
property of ARF activation (see following section) was com-

FIG. 5. Poliovirus proteins 3A and 3CD can induce ARF translo-
cation independently. RNA transcripts were translated in HeLa S10
extracts for 3.5 h. (A) Reactions were fractionated by centrifugation,
and the pellets were analyzed by immunoblotting with anti-ARF anti-
body. (B) Translation was monitored by SDS-PAGE of [35S]methi-
onine-labeled proteins. The coding region of each RNA transcript
used to program the translation reaction is indicated above each lane.

FIG. 6. Activation of individual ARFs induced by translation of
poliovirus-specific transcripts. RNA transcripts were translated in
HeLa S10 extracts for 3.5 h. Reactions were fractionated by centrifu-
gation, and the pellets were analyzed by immunoblotting. The mem-
brane shown in Fig. 5 was stripped and probed sequentially with
specific antibodies against ARF3, ARF5, or ARF6.
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bined with the 3A-2 mutation, the transcript completely lost its
ability to activate ARF (not shown).

3CD mutations and ARF translocation. 3CD is an interme-
diate cleavage product of the poliovirus polyprotein, composed
of protease 3C and RNA-dependent RNA polymerase 3D
sequences. The uncleaved 3CD protein possesses protease ac-
tivity with substrate specificity distinct from that of the 3C
protease. To test the possibility that 3CD induced ARF trans-
location by cleaving some cellular factor(s) that triggered the
ultimate association of ARF with membranes, we examined a
3CD mutant that had substitutions of two protease active site
amino acids, rendering it proteolytically inactive. These muta-
tions had no effect on the ability of the protein to induce ARF
association with membranes, nor did a mutation preventing
cleavage between 3C and 3D portions of the protein (not
shown). During PCR-based cloning of the construct for indi-
vidual expression of 3CD, we serendipitously isolated a mutant
with four changes in amino acid sequence that had lost its
ability to activate ARF (not shown). When these mutations
were individually reintroduced into the wild-type sequence,
one of them, substitution of Phe to Ser in position 441 of 3CD,
was found to be solely responsible for the ARF translocation-
negative phenotype (Fig. 8A). There were no detectable effects
on translational efficiency (Fig. 8B). When this mutation was
introduced into the full-length construct, the resulting RNA
was very inefficiently replicated in vitro (Fig. 8C) and also
showed greatly reduced RNA infectivity after transfection of
HeLa cells (Fig. 8E). A few plaques appeared only in wells

transfected with the highest dose of RNA, while transfection
with the wild-type RNA under the same conditions resulted in
complete degeneration of the monolayer. The few plaques
formed were about the same size as the wild type; thus, they
likely were formed by revertants, which could readily be gen-
erated by a single nucleotide substitution to restore the wild-
type sequence.

Although these results initially suggested that 3CD’s ARF
activation function was required for viral RNA replication and
growth, we also observed slight differences in the processing
patterns of polyproteins translated from wild-type and mutant
RNAs. The processing defect appears most evident for the P1
region structural proteins, which are preferentially processed

FIG. 7. Mutant 3A-2 does not activate ARF. RNA transcripts were
translated in HeLa S10 extracts for 3.5 h. (A) Reactions were frac-
tionated by centrifugation, and the pellets were analyzed by immuno-
blotting with anti-ARF antibodies. (B) Translation was monitored by
SDS-PAGE of [35S]methionine-labeled proteins. The coding region of
each RNA transcript used to program the translation reaction is indi-
cated above each lane.

FIG. 8. Mutation 3CD F441S prevents ARF translocation and in-
hibits viral RNA replication in vitro and virus growth in vivo. Wild-type
(lane 1), mutant (lane 2), or no (lane 3) 3CD RNA transcripts were
translated in HeLa S10 extracts for 3.5 h. (A) Reactions were frac-
tionated by centrifugation, and the pellets were analyzed by immuno-
blotting with anti-ARF antibody. (B) [35S]methionine-labeled transla-
tion products. (C) Wild-type (lane 4) or mutant (lane 5) full-length
genomic transcripts were translated in HeLa S10 extracts for 3.5 h.
Reactions were fractionated by centrifugation, and the pellets were
assayed for viral RNA replication. (D) [35S]methionine-labeled trans-
lation products. (E) HeLa cell monolayers were transfected with serial
dilutions of wild-type or mutant full-length genomic transcripts. Cells
were covered after transfection with agarose-solidified medium and
stained 48 h later with crystal violet.

7212 BELOV ET AL. J. VIROL.



by 3CD: a slight decrease in the VP3 band and a corresponding
slight increase in the intensity of P1 can be seen in Fig. 8D
(compare lanes 4 and 5). Since both proteins 3CD and 3D are
known to have multiple functions required for viral RNA rep-
lication, any mutation that affects one activity, such as ARF
activation, might also affect other activities, such as proteolytic
cleavage, 5�-terminal RNA cloverleaf binding, stimulation of
cre-dependent VPg uridylylation, or RNA-dependent RNA
polymerase activity. To determine whether the F441S mutation
had a direct effect on the polymerase function of 3D, we
assayed poly(U) polymerase activity, using a poly(A) template
and oligo(U) primer. Wild-type and mutant 3D proteins were
produced by in vitro translation of mRNAs encoding each
protein in HeLa cell extracts, and an aliquot of the translation
reaction mixture was used as the source of 3Dpol for the assay.
Translation efficiencies were monitored by labeling an aliquot
of the reaction with [35S]methionine as described in Materials
and Methods and proved to be the same for wild-type and
mutated proteins (data not shown). The results showed that
the F441S mutation abrogated the polymerase activity of 3D
(Table 1). Nevertheless, the appearance of a few plaques after
RNA transfection indicates retention of a low level of 3D
activity. Unfortunately, the marked defect in RNA polymerase
activity of 3D carrying the 3CD F441S mutation, as well as the
decreased efficiency of structural protein processing catalyzed
by the F441S mutant 3CD, preclude any conclusions about the
requirement for ARF activation activity of 3CD for virus
growth. Further studies will be required to understand the
consequences of 3CD failure to activate ARF on viral RNA
replication.

DISCUSSION

It is generally accepted that poliovirus replication requires
the participation of cellular factors, yet very few host cell pro-
teins have been identified that contribute to specific virus prop-
agation reactions in the virus growth cycle. Most of them have
been shown to stimulate internal ribosome entry site (IRES)-
dependent translation initiation, and a very few have been
postulated to participate in RNA replication itself. Morrow
and coworkers reported stimulation of poliovirus replicase ac-
tivity in vitro by a cellular protein kinase (45), although this
finding was neither confirmed nor pursued. Nuclear protein
Sam68 was identified in a yeast two-hybrid screen as a protein
that interacts with poliovirus polymerase 3D, and the interac-
tion was confirmed by coimmunoprecipitation of Sam68 with
3D from lysates of infected cells (41), although the biological
significance of this interaction remains hypothetical. Another

nuclear protein, nucleolin, was shown to interact with the 3�
nontranslated region of poliovirus RNA and therefore was
speculated to participate in the initiation of synthesis of the
complementary negative strand of viral RNA. Cell lysates de-
pleted of nucleolin produced a reduced amount of infectious
virus (80). Subsequent investigations showed that nucleolin
also interacts with the 5� nontranslated region and stimulates
IRES-dependent translation (35). Another cellular protein,
poly(rC) binding protein, was shown to bind specifically to the
5�-terminal cloverleaf structure in plus-strand poliovirus RNA
and to stem-loop IV in the poliovirus IRES, and it was dem-
onstrated to be important for both translation and replication
of the RNA (12, 52).

In this study we report poliovirus-specific activation of an-
other class of cellular proteins that is likely to be important for
viral RNA replication. We found that cell-free translation of
poliovirus genomic RNA or RNAs encoding either of two
individual poliovirus proteins from the P3 genomic region—3A
and 3CD—results in specific translocation of cellular proteins
from the ARF family of small GTPases to membranes. We
observed strong ARF signals in Western blot assays of mem-
branous pellets collected after translation of poliovirus RNA
with a monoclonal antibody that cross-reacts with several
ARFs. Antibodies that recognize individual members of the
ARF family revealed that synthesis of poliovirus proteins ac-
tivates at least two ARFs from different classes—ARF3 and
ARF5—while ARF6, which constitutes its own class, showed
no response to translation of poliovirus-specific proteins. The
behavior of ARFs 1, 2, and 4 could not be determined, due to
the absence of specific antibody reagents. The majority of ARF
protein in the HeLa cell extract is in the supernatant, and only
a small proportion of ARF is activated upon poliovirus trans-
lation in vitro. The observation of ARF activation in vitro is
consistent with data presented in this study showing that the
membrane-associated ARF1-EGFP fusion protein redistrib-
utes upon poliovirus infection from the Golgi apparatus to the
perinuclear region of infected cells, known to be the site of
poliovirus RNA replication (76). ARF1-EGFP fluorescence in
intact cells appeared predominantly localized on membranes
(Fig. 1), whereas the cell extracts showed a predominantly
cytoplasmic distribution of ARF after fractionation (Fig. 2).
This dissimilarity may reflect a real difference between ARF
distribution in vivo and in vitro, possibly due to poor preser-
vation of membrane structures, leading to ARF dissociation
during extract preparation, and/or disorganization of biochem-
ical processes that maintain ARF association with membranes,
since ARF normally cycles between the bound and unbound
state. Alternatively, multiple ARF species were measured by
the antibodies used to test extract fractions, whereas the EGFP
fluorescence marks only ARF1. In addition, differences in flu-
orescence intensity between membrane-bound and cytoplas-
mic ARF-EGFP in cells cannot be ruled out.

Since ARF function is known to be affected by BFA (55, 62,
63) and the sensitivity of poliovirus infection to BFA also is
well documented both in vivo and in vitro (20, 24, 34, 40), we
examined the effect of the inhibitor on poliovirus-induced
ARF translocation. The first suggestion that suppression of
viral RNA replication by BFA may be mediated through its
ability to inhibit ARFs was presented by Cuconati et al. (20).
We directly showed in this study that BFA, added to a cell-free

TABLE 1. Effects of 3CD F441S mutation on poly(A)-dependent
poly(U) polymerase activity of 3Dpola

mRNA translated
[�-32P]UTP

incorporation
(cpm)

Wild-type 3D .......................................................................19,407 � 167
F441S 3D ............................................................................. 837 � 38
None ..................................................................................... 1,011 � 111

a Wild-type and mutant proteins were translated from the corresponding
mRNAs in HeLa cell extracts, and samples were assayed as described in Mate-
rials and Methods.
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translation extract, severely inhibited translocation of ARF to
membranes. When tested for viral RNA replication, these
ARF-deficient membranes failed to support efficient synthesis
of viral RNA. On the other hand, if the replication complexes
were allowed to form without BFA, they demonstrated high
replication activity even when the inhibitor was added later to
the replication reaction mixture, in accordance with previous
data that BFA inhibits a host factor(s) but not the viral poly-
merase itself (24). It is tempting to speculate that this lack of
membrane-associated ARF mediates the inhibitory effect of
BFA on poliovirus replication.

To identify the poliovirus protein(s) responsible for ARF
translocation, we tested individual proteins as well as various
intermediates of polyprotein processing in an ARF transloca-
tion assay in vitro. Surprisingly, we found that synthesis of 3A
and 3CD could independently induce association of ARF with
membranes. No other poliovirus proteins tested, including 2B,
2C, and 2BC, which have well-known membrane binding and
remodeling properties (1, 4, 5, 18, 61, 69, 72), or 3C or 3D
showed any effect on ARF distribution. Despite this specificity
and the phenomenological similarity, activation of ARF by 3A
and 3CD may occur by different mechanisms and play different
roles in the virus life cycle. Poliovirus protein 3A is known to
inhibit the cell’s secretory pathway, and such inhibition is spec-
ulated to provide an advantage for the virus to escape the host
immune surveillance system (22, 23, 25, 26, 47). Peptides des-
tined for presentation on the plasma membrane or to be se-
creted into the extracellular medium undergo maturation dur-
ing their translocation from the ER through the Golgi to the
cellular membrane. This intracellular traffic occurs in membra-
nous vesicles and is dependent on ARF activity (13, 27, 39, 46,
58, 66). One can assume that interference with ARF metabo-
lism may at least in part account for inhibition of protein
secretion by viral protein 3A. In support of this assumption, the
previously described 3A-2 mutant (7) that was shown to be a
much less potent inhibitor of intracellular membrane traffic
(25) also failed to induce ARF translocation in our assay. Since
this 3A mutation exerts no major effects on virus viability
except for a diminished replication at 32°C (7), it seems that
3A-dependent ARF activation is dispensable for virus growth,
at least in cultured cells.

On the other hand, the ARF-activating property of 3CD
appears to correlate with virus replication. 3CD is a multifunc-
tional intermediate cleavage product of the poliovirus polypro-
tein composed of virus protease 3C and RNA-dependent RNA
polymerase 3D sequences that have no reported membrane-
binding properties. 3CD manifests protease activity with a sub-
strate specificity distinct from that of 3C and is mainly respon-
sible for processing the structural part of the polyprotein (36,
83). 3CD was also shown to be essential for VPg uridylylation
(53) and for binding to the 5�-terminal RNA cloverleaf struc-
ture required for RNA replication (31, 79, 82). Since all those
activities were documented in biochemically defined systems,
they are not dependent on ARF and, therefore, ARF activa-
tion is yet another distinct activity of 3CD. The protease func-
tion of 3CD is not essential for ARF activation, as substitutions
of protease active site amino acids did not diminish its ability
to activate ARF. We identified one mutation in the 3D region
of 3CD, a substitution of F to S in position 441 of 3CD, which
completely abolished activation of ARF and proved to be le-

thal in vivo and in vitro when introduced into the full-length
genome. Since the 3CD structure is not resolved, it is not
possible to unambiguously identify the structural feature of the
protein that is perturbed by this mutation. However it is gen-
erally predicted that the 3CD structure retains relatively unal-
tered structural domains of the individual 3C and 3D proteins.
This assumption is supported by the fact that 3CD manifests
the proteolytic activity of 3C, albeit with a slightly modified
substrate specificity. If the 3D portion of 3CD forms the struc-
tural organization of native 3D, then the F441S mutation,
which corresponds to residue 258 in the 3D sequence, is lo-
cated in the linker region between two �-spirals on the outer
side of the fingers domain (74). To our knowledge, no specific
functions of the protein have been assigned to this region, but
one can speculate that location of this amino acid on the outer
surface of the protein makes it possible that this site is involved
in interaction with other proteins, such as cellular factors that
may attract ARF to membranes. Infectivity of full-length RNA
containing the ARF activation-defective mutation was several
orders of magnitude lower than that of wild-type RNA. Since
this mutation also impaired the elongation activity of 3D and
the protease activity of 3CD and may as well have inhibited
other known or unknown activities of 3D precursors, it is not
possible to assign the ARF-activating defect alone as the cause
of the lethal phenotype. Verlinden et al. (79) reported stimu-
lation of RNA synthesis in vitro when full-length viral RNA
was cotranslated with RNA coding for 3CD. Recruitment of
additional ARF to membranes induced by this additional 3CD
could be one of the mechanisms underlying this phenomenon.

In spite of the requirement for membranes for replication,
which appears to be common to all known positive-strand
RNA viruses, the specific mechanisms underlying conversion
of cellular membranes into different viral replication sites seem
to vary greatly. Picornaviruses, for example, show various sen-
sitivities to BFA from complete inhibition of replication, as
with poliovirus (24, 34, 40) and echovirus 11 (32), through
partial sensitivity, as with parechovirus 1 (32), to complete
resistance to the drug, as shown by encephalomyocarditis virus
(34, 40). This indicates that even within one family, viruses may
exploit different pathways of remodeling cellular membranes.
Although data presented here suggest that BFA-sensitive ARF
activation is essential for poliovirus replication, Crotty et al.
recently reported isolation of poliovirus mutants resistant to
BFA (19). Mutations conferring partial resistance to the drug
were found in proteins 2C and 3A; when combined, these
mutations made virus completely resistant to the inhibitor.
One can assume that such mutations enable virus to escape
ARF dependence by switching to an alternative mode of mod-
ification of host membranes.

What function can ARF perform in the formation of func-
tional poliovirus replication complexes? The available evi-
dence suggests that ARFs are key components promoting for-
mation of coated membranous transport vesicles from different
intracellular compartments through their interactions with
coat and adaptor proteins (3, 16, 28, 50, 51, 65, 68, 70, 75) as
well as through stimulation of activity of phospholipase D (14,
17, 37, 58, 59, 67, 81). Transport vesicles may show some
morphological similarity to those induced during poliovirus
infection; therefore, one of the roles of ARF recruitment by
poliovirus proteins may be to stimulate formation of membra-
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nous structures necessary for virus replication. In support of
this hypothesis, we found that synthesis of poliovirus proteins
activates ARF3 and -5, which participate in formation of trans-
port vesicles from intracellular organelles (2, 15, 21, 38, 49, 71,
77) but not ARF6, which is believed to be primarily involved in
plasma membrane metabolism (15, 54, 57). The origin and
formation of poliovirus-induced replication vesicles are poorly
understood, but available data indicate that there are probably
different pathways of converting cellular membranes into po-
liovirus replication vesicles. Some data suggest that ER mem-
branes may participate in formation of poliovirus-induced vesi-
cles. Rust et al. (60), based on colocalization studies, postulated
that cellular components of the COPII membrane traffic pathway
known to be responsible for transfer of material from the ER to
Golgi contribute to formation of poliovirus replication complexes,
at least at the early stages of infection. It was also shown that
expression of poliovirus proteins from the P2 region or in con-
junction with 3A may induce ER membrane alterations some-
times very similar morphologically to native poliovirus vesicles
(11, 18, 72). Other investigations concluded that an autophagy-
like process was involved in generation of poliovirus replication
vesicles (64, 69) because of their morphology and biochemical
markers. Neither ER modification nor autophagy is sensitive to
BFA. Therefore, if the only involvement of ARF in poliovirus
replication were to generate a structural scaffold, it would be
difficult to explain the severe inhibition of replication by BFA
because of the likely existence of alternative pathways for remod-
eling membranes. The other possibility, not necessarily excluding
the requirement of ARF for generation of vesicles, is that ARF
may participate in the replication process itself, by attracting
other cellular proteins to the replication sites. ARFs are known to
interact directly with many regulatory and structural proteins and
to affect through such interactions the behavior of other proteins
(48, 58). It has been recently shown, for example, that ARF
activation is necessary for retention of a number of proteins on
Golgi membranes, including those not directly involved in mem-
brane traffic (2). To discriminate between these possibilities, fur-
ther investigations are necessary.
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