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ABSTRACT
The picornavirus family consists of nine genera. Many members are
important pathogens of human and other animals. Efficient vaccines for many
picornaviruses have not been developed. Poliovirus (PV) is one of the
extensively studied viruses in this family. Although PV vaccine is available, it is
clear that improvements are needed to increase efficiency and safety. In addition,
effective antiviral drugs for picornaviruses have not been developed. Therefore,
understanding the detailed mechanism of virus multiplication is critical to facilitate
rational antiviral drug design and development of more efficient vaccines.
PV replication is primed by the 22 amino acid protein, VPg. The PV RNAdependent-RNA-polymerase, 3Dpol, uridylylates VPg. Recently, the VPgcontaining precursor, 3BC, was reported as a more efficient primer in vitro than
VPg. However, it has not been determined if 3BC can be used for complete PV
RNA synthesis.
Poliovirus contains a single positive-strand RNA encoding all structural
and non-structural proteins. The entire polyprotein is translated and then
processed by virally encoded proteases. This processing is required to produce
intermediates and fully-processed viral proteins. Both intermediate and fullyprocessed proteins are required to facilitate virus reproduction. However,
studying functions of individual proteins in the context of the virus life cycle is
difficult. Mutagenesis of the cleavage site affects the kinetics of a site’s
processing, which results in altered accumulation of specific proteins.
Phenotypes induced by cleavage site mutations provide insight into functions of
viral proteins.
In this thesis, two 3B-3C cleavage site mutants were used to understand
functions of proteins in various steps in the PV life cycle. In chapter 3, it is
demonstrated that 3BC can be used as a primer for PV RNA synthesis in vivo.
This study was performed using the 3B-3C cleavage mutant (Gln-Gly to Gly-Gly:
GG) to prevent processing. GG PV replicates in cells. The presence of 3BC-
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linked full length RNA was confirmed by immunoprecipitation and Northern
blotting. This result allowed us to propose a more feasible mechanism for the
transition of RNA initiation to elongation during PV replication.
The GG mutant is lethal for virus production. Attempting infectious GG PV
production gave rise to another mutant virus, EG PV. EG PV is also a 3B-3C
cleavage site mutant, but it is viable. In chapter 4, EG PV was characterized.
Replication and virus production of EG PV are slower than WT. EG PV alters the
kinetics of 3B-3C processing, resulting in a reduced amount of 3CD accumulation.
Ectopic expression of 3CD restores the kinetics of replication without improving
the kinetics of virus production. Based on this result, a 3CD-transcomplementable step in the PV life cycle is revealed.
A virus is a parasite. Viruses have evolved to modify the cellular
environment to optimize their reproduction. PV induces vesicles for formation of
its replication complexes. Interaction networks between virus and host factors
are critical for the vesicle formation. Recently, it was shown that 3A and 3CD
can induce relocalization of Arf1 to membranes. In chapter 5, connections
between PV replication and cellular modification are revealed. 3CD participation
in PV-induced vesicle formation was demonstrated by comparing WT- and EGPV induced vesicular phenotypes. An Arf1 and 3CD connection to PV-induced
vesicle formation was confirmed. Based on these data, a model for 3CD
involvement in PV-induced vesicle formation is proposed.
Overall, this study provides evidence for a novel function for 3CD in
polyprotein processing, RNA replication and encapsidation. Previously proposed
but unidentified steps in the PV life cycle are revealed. The relationship between
virus and host factors is reinforced. Finally, data presented in this thesis will
provide insight into detailed mechanisms of RNA replication and encapsidation in
other picornaviruses as well.
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Introduction
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General Virus and Classification
Viruses (originates from the Latin word “virus” meaning "poison" or "toxin"),
are small parasites universally related to all living organisms including
microorganisms, plants, and vertebrates [1]. These sub-microscopic infectious
agents are only reproducible when they can utilize macromolecular machinery in
their host organism. Viruses are mainly composed of genetic materials (DNA or
RNA), protective coating materials, viral proteins essential for their reproduction
and host driven lipid membranes. This infectious virus particle, virion, is simple
but extremely efficient in its ability to transmit its genetic material to host
organisms. The origins of viruses are not clear and various origins have been
proposed. It is possible that different classes of viruses have evolved from
different origins. Currently, four theories are mainly considered [2]. First, some
viruses might be consequences of simple genetic elements, such as RNA-like
molecules or primitive RNAs. These genetic elements became a complex with
other cellular components to inherit their genetic materials. Second, some
viruses might have been regressively driven from microorganisms to become
parasites that have to depend on another host. Third, several viruses could have
been progressively evolved from host genetic and cellular materials to become
autonomously replicating to reproduce themselves. Fourth, viruses have been
co-evolved with pre- or cellular organisms sharing their functions to become
autonomous replicon. None of these theories has been proven by any direct
evidence from fossilized samples.
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The first virus was discovered or reported in 1892 by Dmitri Ivanowski as a
distinguished parasite from bigger microbes but virus classification was not
introduced until around 1960. Several classification systems have been
developed based on their nature of genetic materials (DNA or RNA), size,
morphology and replication machinery. Most common classifications are the
Baltimore classification and International Committee on Taxonomy of Virus
(ICTV) provided classification. The Baltimore classification was defined first in
1971 based on nucleic acids (DNA or RNA), sense (plus or minus), strandedness
(single or double-stranded), and replication method (reverse transcription).
Based on these criteria, viruses can be categorized into seven groups (Fig. 1-1).
The ICTV classification provides five orders, Caudovirales, Herpesvirales,
Mononegavirales, Nidovirales, and Picornavirales. The ICTV classification
provides four folowoing levels under each order with different suffixes, order (virales), Family (-viridae), Subfamily (-virinae), Genus (-virus) and Species.
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Fig. 1-1

Fig. 1-1: Diagrams of the vertebrate viruses
Diagrams represent relative scale and classified by replication strategy or
genome type. Adapted from Fields Virology 2007 [3]. DNA viruses divided into
two groups. (1). Double-stranded (dsDNA) and (2). Single-stranded (ssDNA).
The dsDNA viruses are divided into two groups based on replication strategy;
reverse transcription (RT) and none-reverse transcription. RNA viruses are
categorized into three groups. (1). dsRNA, (2). positive-stranded ssRNA (+) and
(3). negative-stranded ssRNA (-). ssRNA(-) are divided into two groups in the
absence or presence of RT strategy.
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Picornaviridae family and enterovirus genus
Members of picornaviridae family have relative small, 7.2 – 9.0 kb, positive
single strand RNAs that are surrounded by viral capsid proteins in the absence of
lipid envelops. Picornavirus particle has 60 protomers composed of 4 of viral
capsid proteins, VP1, VP2, VP3, and VP4. The particles have icosahedral
structure and its size is 25-30 nm. Their infectivity is not sensitive to organic
solvent due to the lack of lipid envelop. Some of picornaviruses are stable at
lower than pH 3.0 [4]. This is important because many of picornaviruses transmit
via oral-fecal route and they either infect oropharyngeal/intestinal mucosa or
even go to gastrointestinal tract where the pH condition is low. Viruses also
infect and multiply in lymphoid tissue under the intestinal mucosa prior to transmit
to other hosts via feces. Picornaviruses spread out through bloodstream and
target cells expressing receptors in order to invade the cells [5]. Most of
picornavirus receptors belong to the integrin receptor or immunoglobulin family
[6]. The surfaces of different viruses have unique pockets to bind different
receptors. Human rhinovirus (HRV) and coxsackievirus (CV) bind to intercellular
adhesion molecules (ICAMs), encephalomyocarditis virus (EMCV) binds to
vascular cell adhesion molecule 1 (VCAM1), and poliovirus binds to CD155.
Binding receptors triggers either a conformational change of capsid protein or a
signal for endocytosis to release viral genome to cytoplasm [7].
Picornaviridae family has nine genera that are listed in Table 1-1. Most of
viruses in Picornaviridae family are pathogens of animal and human. The
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aphthoviruses, cardioviruses, erboviruses, kobuviruses, and techoviruses are
animal pathogens and enteroviruses, hepatoviruses, parechoviruses,
rhinoviruses, and enteroviruses infect humans. Some of the picornaviruses
among different genera share similar symptoms. For example, foot-and-mouth
disease virus causes fever, vomiting, malaise, and red ulcerative lesions in cattle,
sheep, and pigs. Similar symptoms in human can be caused by the infection of
coxsackievirus A belonging to enterovirus genus.
Many enterovirus infections are asymptomatic or cause minor flu-like
symptoms. However, several viruses cause serious diseases, such as
coxsackievirus and poliovirus. Coxsackieviruses are divided into two groups A
and B. 24 serotypes of coxsackievirus A group and 6 serotypes of
coxsackievirus B have been identified so far [8]. Coxsackievirus A causes fever,
rash, and ulcer pain. Coxsackievirus B is related to more internal symptoms
such as pleurodynia. More severely, both of coxsackievirus A and B cause
meningitis and sever myocarditis. Polioviruses (PV) have 3 different serotypes.
Although their genomes are highly homologous, PV type 1 is most common.
Approximately 1 out of 200 PV infections cause severe damages in the central
nerve system (CNS) resulting in permanent paralytic disease, known as
poliomyelitis. 4 - 8% of PV infections result in abortive poliomyelitis showing mild
febrile illness with headache, vomiting, constipation and nausea. Most of PV
infections are asymptomatic. It is not clear why this variability of outcome occurs
but several aspects, for examples the amount of PV infections, virulence of
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infecting viruses, cell tropism, and host immune defense, potentially drive these
variable results.
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Table 1-1
Table 1-1: Picornaviruses classification and related diseases [5]
Genus
Aphthovirus

Cardiovirus

Enterovirus

Type species
Diseases
Foot-andFoot-andmouth disease
mouth disease
virus
EncephaloEncephalitis
myocarditis
and
virus
myocarditis

Poliovirus 1

Poliomyelitis

Human
hepatitis A
Hepatitis A
virus
Human
Respiratory
Parechovirus
parechovirus 1 disease
Hepatovirus

Species
Foot-and-mouth disease viruses
A, C
Theiler’s murine encephalomyelities
virus
Mengovirus
Polioviruses,
Bovine enteroviruses
Human coxsakieviruses
Human coxsakieviruses B1-B5
Human ecoviruses
Human enteroviruses
Simian enteroviruses
Simian hepatitis A virus
Human parechovirus

Rhinovirus

Human rhinoviruses
Human
Common cold
Bovine rhinoviruses
rhinovirus 1A

Erbovirus

Equine rhinitis Respiratory
B virus
disease

Kobuvirus

Aichi virus

Teschovirus

Porcine
Encephaloteschovirus 1 myelitis

Equine rhinitis B virus

Gastroenteritis Aichi virus
Porcine teschovirus
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Poliovirus as a model system for RNA viruses
Poliomyelitis is one of the oldest diseases ever recognized in human
history. As the name reflects, (Greek words polio (πολίός), meaning "grey",
myelon (µυελός), meaning "spinal cord or marrow" and English suffix, -itis,
refering inflammation), poliomyelitis was caused by PV infection and disruption of
central nerve system results in muscle weakness and paralysis [9]. Historically,
the paralysis was observed on a stela from 18th Egyptian dynasty (15501333B.C.) which made a doorkeeper famous as a ancient victim of poliovirus
infection [10]. Poliomyelitis has gained our attention gradually since 1789 and
the first scientific research description was made by Michael Underwood. After
PV was identified as a poliomyelitis causing pathogen by Karl Landsteiner and
Erwin Popper in 1908, PV has been extensively studied and developed in various
experimental systems [11]. An animal model system was first developed using
monkeys. Later, a mouse system was introduced by Charles Armstrong in 1939,
which allowed many researchers to perform more economical and convenient
research. The first successful tissue culture system was introduced by John
Enders, Thomas Weller and Frederick Robbins [12]. By using this system, the
first plaque assay was developed for viral assays [13]. PV studies was
accelerated with vaccine development in 1954, which allowed scientists not only
to prevent poliomyelitis but also to perform safe research [14, 15]. From this
point (the post-vaccine era), numerous PV studies expanded from clinical to
biochemical, molecular, genetic, and structural studies. Massive accumulation of
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PV studies provided numerous fundamental ideas and insights to various other
RNA virus research. Therefore, PV became a paradigm leading prototype virus
among RNA viruses.
The research proceeded herein mainly depends on poliovirus as a model
system. In addition to the wealth amount of accumulated studies, PV provides
more advantages than any other RNA viruses. PV genome length is one of the
shortest viral genome, 7.5 kb, which allows easier genetic research than other
viruses, and as a single life cycle of PV is short, up to 6-8 h. Developed vaccines
keep researchers away from any symptomatic infection and spreading risks.
Several animal model systems have been developed from Old World monkey to
transgenic mice [16]. Cell-free in vitro replication and translation system also
exist [17]. Well-established tissue culture system is available. Recently
developed reporter genes aided replicon assays allow us to monitor PV
replication conveniently [18]. Based on these systems, various PV experiments
can be performed within a relatively short time. PV study is becoming more
important because of the difficulty of PV eradication, thus the launch of the
Global PV Eradication Initiative in 1988 (http://www.polioeradication.org/).
However, eradication has been extended because of several reasons. The
current oral PV vaccine (OPV) is not perfect and the safer inactivated PV vaccine
(IPV) is not economical enough to be provided. Anti-PV drug treatment has not
been well established. Monitoring system to prevent PV outbreak in postimmunized era has not been developed. Extensive study of PV is the only
opportunity which provide solutions for these obstacles to achieve PV eradication.
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Poliovirus genome structure
The picornavirus genome is single-stranded positive RNA [19]. PV has
approximately 7500 nucleotides, which is relatively small but provides highly
efficient reproduction machinery. PV has a typical genome organization
representing other picornaviruses (Fig. 1-2). The genome consists of one open
reading frame (ORF) between 5’ and 3’ Non-Translational Regions (NTRs). The
end of the 5’ NTR is covalently attached to 22 amino acids, referred to VPg
(Virion Protein genome-linked), which is one of the viral proteins, also named 3B.
The 5’ NTR contains a cloverleaf (CL) structure and an Internal Ribosomal Entry
Site (IRES) and 3’ NTR has pseudoknot (PK) structure and a poly(A) tail. The
polypeptide coding region can be divided into structural (P1) and non-structural
regions (P2 and P3). The structural region encodes polypeptides cleaved into
four capsid proteins, VP4, VP2, VP3 and VP1. The non-structural region can be
divided into two regions, P2 and P3. P2 and P3 regions are essential for PV
genome replication. P2 encodes polypeptides mainly involved in host-interacting
functions, which induces an optimal cellular environment for viral multiplication.
P3 encodes polypeptides directly participating in replication complex formation,
such as VPg and RNA-dependent RNA polymerase (RdRp). The 5’ and 3’ NTR
are required for genome replication in cis (also known as cis-acting replication
element, CRE) and the third CRE, named oriI (origin of internal replication), is
located in the 2C protein encoded in the P2 region [20]. All three CREs are
involved in viral and host protein interactions for genome replication. 5’ CL forms
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a RNA-protein (RNP) complex with 3CD alone or with 3AB and host protein
poly(C) binding protein (PCBP) [21-23]. 3CD and 3AB also bind to 3’ NTR
containing poly(A) tail. Several cellular proteins including poly(A) binding protein
(PABP) and nucleolin have been shown to have interactions with the 3’ RNP
complex [24, 25]. These interactions are essential for PV genome replication [23,
26, 27]. 5’ and 3’ NTR exist in all picornaviruses although the secondary
structure and length vary. The oriI is believed to be a simple stem loop structure.
Although their positions are not conserved among the picornaviruses (from IRES
to 2C coding region), it is generally accepted that oriIs are used for the templates
for VPg priming uridylylation reaction for initiation of replication [28-33].
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Fig. 1-2

Fig. 1-2: Poliovirus genome organization
The 5’-end of the genome is covalently linked to a peptide (VPg) encoded by the
3B region of the genome. The 3’-end contains a poly(A) tail. Three cis-acting
replication elements (CREs) are known. oriL is located in 5’-non-translated
region (NTR). oriR is located in the 3’-NTR. oriI is located in 2C-coding
sequence for poliovirus; the position of this element is virus dependent. oriI is
the template for VPg uridylylation. Translation initiation employs an internal
ribosome entry site (IRES). The single open reading frame encodes a
polyprotein. P1 encodes virion structural proteins as indicated. P2 encodes
proteins thought to participate in virus-host interactions required for genome
replication. P3 encodes proteins thought to participate directly in genome
replication. Polyprotein processing is mediated by protease activity residing in
2A, 3C and/or 3CD proteins.
.
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Structural and non-structural polyproteins
The structural P1 polyprotein is cleaved into 3 capsid proteins VP0, VP1,
and VP3. The three individual proteins assemble into a pentamer, forming a
subunit of a viral empty capsid. The empty capsid becomes a provirion by
obtaining newly synthesized positive strand RNA and subsequently matures by
the cleavage of VP0 to VP2 and VP4 (Fig 1-2) [34]. Non-structural polypeptides,
P2 and P3 region encoded proteins, are cleaved into various intermediate and
mature forms of viral proteins. P2 region encoded polyproteins, 2A, 2B, 2C and
their intermediate 2BC, are mainly related to function for host viral factor
interaction. 2A protease cleaves cellular proteins such as PABP and eukaryotic
translation initiation factor 4G (eIF4G) to shut off host translation and
transcription [35-38]. 2B has a hydrophobic domain that serves in membrane
binding. This protein can be oligomerized to make a channel into the membrane
[39]. Expression of 2B blocks secretory transport from the Golgi and changes
plasma membrane permeability, which might contribute to virus release [40-42].
Similar to 2B, 2BC expression also causes membrane permeabilization and
induces clustered vesicles [41, 43]. Expression of 2C induces vesicle formation
similar to PV-induced vesicles [44]. 2C has various functions for virus replication.
2C has two NTP-binding domains that are involved in ATPase and GTPase
activity [45-47]. It is believed that NTPase activity and 3’ NTR binding
capabilities are related to RNA synthesis but detailed mechanism is not clear yet
[47-49]. Recently, it was shown that 2C forms homo-oligomeric structures that
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are required for ATPase activity in AAA+ ATPase superfamily although it is still
controversial whether ATPase activity is essential for PV replication or not [49].
2C also encodes several sites that are responsible for several antiviral drugs.
Mutations of six amino acids allow PV and echovirus to be resistant to guanidine
hydrochloride that inhibits RNA replication [50-52]. Alterations of three different
sites in 2C suppresses the hydantoin sensitivity that inhibits viral particle
maturation [53]. Temperature sensitivity can also be changed by mutations in 2C
sites [53]. 2C shows high homology with other RNA helicases but it hasn’t been
proven experimentally [45].
The proteins from the P3 region of the polyprotein are mainly integrated
into an RNA replication complex. The protein 3AB/3A has a strong hydrophobic
region in the C terminal [54]. Moreover, this protein shows non-specific RNA
binding and 3Dpol binding capability, which could be related to RNA synthesis [55].
3AB shows a stimulatory effect on the polymerase activity of 3Dpol upon 3AB3Dpol interaction in vitro [56, 57]. This aspect is potentially important for the PV
RNA replication machinery because 3AB exhibits specificity to poliovirus 5’- and
3’-terminal NTR with 3CD where PV RNA elongation is initiated [23, 26]. All
together, it is believed that a membrane bound 3AB recruits viral proteins
required for initiation of RNA replication to form the replication complex [20]. 3B,
also known as VPg, is required for RNA replication. This small polypeptide (2024 among picornaviruses) serves as a primer for initiation of RNA replication
because the 5’-end of positive and negative strand RNAs are covalently linked to
tyrosine residue, third amino acid of VPg [30, 58]. It has been reported that
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VPg may serve as a signal for RNA packaging but this is controversial [59-61].
3C is responsible for most of viral polypeptide processing [62]. 3C/3CD also
cleaves cellular proteins, such as PABP, eIF4G, microtubule-associated protein 4
and TATA-binding proteins in order to shut off host translation and transcription,
which facilitates viral translation and RNA replication [38, 63-66]. Protein 3CD is
found in abundance in poliovirus infected cells and may play a key role in the PV
translation-replication switching event [67]. This event could be related to the
proteinase activity of 3CD [68]. P1 processing, especially VP0-VP3 junction, is
more sensitive to 3CD with unknown cellular cofactors rather than 3C [69]. 3CD
expression also alters cellular environment by disrupting the endoplasmic
reticulum (ER) and Golgi complex, resulting in formation of vesicles for PV RNA
replication complex [70-72]. This activity of 3CD may be related to its capacity to
activate the ADP-ribosylation factor (Arf) family members involved in cellular
membrane rearrangements and vesicle production [73]. 3CD binds on 5’ and 3’end of NTR with PCBP2 and 3AB proteins to form ribonucleoprotein complex,
which allows viral genome to circularize for either switching from translation to
replication or transfer VPg-pUpU to the 3’ end of genome.

Poliovirus life cycle
Fig. 1-3 represents a single life cycle of PV. Once PV attaches to virus
receptor CD155/PVr on a cell surface, the RNA genome is released into the
cytoplasm. PV RNA is positive strand that can serve directly as a messenger
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RNA for translation. The PV genome has an internal ribosomal entry site (IRES),
coding for one open reading frame (ORF) that produces a 247 kDa polyprotein.
Viral proteases, 2A and 3C, cleave the polyprotein to generate “intermediate and
mature” viral proteins. The accumulated viral proteins modify the cellular
environment to become suitable for virus reproduction [74].

Host translation

and transcription are shut off by viral proteases 2A and 3C (or 3C precursors)
[36-38, 63, 66, 75-78]. Anti-viral host defense system is modulated [76, 77], golgi
is disassembled and PV-induced vesicles are formed [43, 71, 79-81]. Membrane
permeability is also modulated [39-41, 54]. The PV-induced vesicles serve sites
of replication complexes formation. Originally introduced positive-strand RNA
serves as a template for negative-strand RNA synthesis to generate more
positive-strand RNA. Newly synthesized positive-strand RNAs are divided into
two groups. One group serves a template for negative-strand RNA
synthesis/polyprotein translation and the other are packaged to become a virion.
From this point, viral RNA and polypeptides are accumulated exponentially. The
new virus particles are released upon cell lysis or death and they infect other
neighbor cells to reproduce viruses again.
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Fig. 1-3

Fig. 1-3: Poliovirus life cycle
(1). The virus attaches to a cellular receptor, CD155. (2). RNA is released. (3).
VPg is removed and ribosome binds to internal ribosomal entry site (IRES). (4).
Polyprotein synthesized. (5). The polyproteins is cleaved by cis (2Apro) and trans
(3Cpro and 3CDpro) cleavage reactions. (6). Proteins involved in replication
complex formation transport to membrane vesicles. (7). Initially introduced
positive-strand RNA transport to membrane vesicles to form replication
complexes. (8). Negative-strand RNAs are synthesized. (9). Newly synthesized
negative-strand RNAs serve a template for positive-strand RNA synthesis. (10).
Newly synthesized positive-strand RNAs are divided into two groups, replicationcompetent and encapsidation-competent RNAs. (11). Capsid proteins transport
to membrane vesicles. (12). Encapsidation-competent RNAs are packaged by
capsid proteins to form virion. (13). Virion is released from the cell. This picture
is adapted from Principles of Virology 2009 [82].
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Translation and polyprotein processing
The picornavirus genome 5’-end (Fig. 1-2) has covalently linked 22 amino
acids [83], VPg, instead of 5’ 7-methyl-guanosine cap structure that is generally
used for the cap-dependent translation signal. For cap-dependent translation
initiation mechanism, canonical mammalian translation initiation factors,
especially eIF-4F, recognize 5’ 7-methyl-guanosine cap structure to recruit the
40S ribosomal subunit. However, picornaviruses have to use different
mechanisms to initiate translation due to the absence of the 5’ 7-methylguanosine cap structure. It is clear that VPg is not a signal to initiate translation
although it is located at the end of genome [59, 84, 85]. Instead of the 5’ 7methyl-guanosine cap structure, picornaviruses use an Internal Ribosomal Entry
Site (IRES) (Fig. 1-2) [86, 87]. IRESs have three different types (type I, II and III)
and all of them consist of several secondary structure elements in the 5’ NTR
[88]. For the last two decades, several host factors that are important for
picornavirus translation have been discovered. Lupus autoantigen (La) and
polypyrimidine tract binding protein (PTB) enhance picornavirus translation [89,
90]. PTB directly binds to FMDV IRES with IRES-specific cellular trans-acting
factors (ITAFs) [91]. PCBP2 is also bound to the 5’ NTR to stimulate PV
translation [92]. This protein is also involved in PV genome replication as
previously described.
Once host ribosomes are loaded on the viral RNA through IRES, an
approximately 247 kDa polyprotein is translated using a single open reading
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frame. Processing of PV polyprotein is catalyzed by viral polypeptides containing
protease, 2A, 3C, and 3CD (Fig 1-4). This processing mechanism provides
multiple proteins essential for PV multiplication from a relatively small RNA
genome. Upon translation of the polyprotein, primary cleavages occur via an
intramolecular mechanism (cis) with 2A, and further cleavage reactions are
executed via an intermolecular mechanism (trans) with 3C and 3CD. As
previously described, the translated polyprotein can be divided into three different
regions: structural polyprotein P1, non-structural polyprotein P2, and P3. Protein
2A cleaves the P1-P2 junction, particularly the tyrosine-glycine recognition
sequence. This cleavage event is thought to be the first cleavage reaction
because 2A activity is not dependent on the release of the 2A protein from the P1
precursor [4]. In addition, polyproteins encoded in the P1 region cannot be
cleaved without releasing 2A protease [4, 93]. 3C has a catalytic triad, His-40,
Glu-71, and Cys-147 that recognize the glutamine-glycine (QG) site [94]. The 3C
containing precursors that have these active sites are also executing cleavage
events, such as 3CD. 3C and 3CD cleave most QG sites in P1, P2 and P3
polyproteins. No host factor has been reported to execute viral polyprotein
processing events.
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Fig. 1-4

Fig. 1-4: Processing of poliovirus polyproteins
Schematic diagram of processing profiles of PV polyproteins. 2Apro ( ) cleaves
tyrosine-glycine site between P1 and 2A. This cleavage reaction is in cis and
does not require translation of an entire PV polyprotein, P1-P2-P3. Protease
3Cpro and its precursors mediates glutamine (Q)-glycine (G) site cleavages in P2
and P3 polyproteins (△). Cleavages of Q-G sites in P1 polyprotein require
3CDpro (▲). VP4-VP2 junction is cleaved by conformational change of VP4-VP2
during virion maturation ( ). Molecular weights of fully processed mature
proteins are indicated above each protein.
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Replication mechanism of poliovirus
PV replication has been studied extensively. However, understanding
detailed steps of PV replication remains a challenging task. Polyproteins
encoded in the P3 region are directly involved in RNA replication. PV RNA
replication is conducted by an RNA-dependent RNA polymerase, 3Dpol, a
processed polypeptide from the P3 region of the polyprotein. VPg (also known
as 3B) serves as a primer to initiate the uridylylation that is required for both
positive and negative strand RNA synthesis. The uridylylation covalently links
the tyrosine 3 residue of VPg to uridylic acid [95]. 3Dpol initially synthesizes
negative strand RNA using released positive strand RNA and the newly
synthesized negative RNA serves as a template for the multiple copies of
positive strand RNAs. During the replication, three forms of viral RNAs have
been observed, 1. positive single strand RNA, 2. replicative form RNA (RF), and
replicative intermediate RNA (RI) forms. Negative single strand RNA alone has
not been detected so far. RF form exists as a double stranded RNA with one
positive and negative strand RNAs. RI is an actively replicating form that
consists of 6 to 8 intermediate positive strand RNAs attached to one negative
strand RNA. The positive strand RNA is copied about 50,000 times per cell and
negative strand RNA exists at 30 to 70 fold lower copy number than the number
of positive strand RNA [4, 60]. Only newly synthesized positive strand RNA is
encapsidated with capsid proteins within 5 min [96].
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The abundance of uridylylated VPg (VPg-pU or VPg-pUpU) in PV-infected
cells suggested that VPg could be employed for primer to initiate replication [74].
This hypothesis was supported by in vitro uridylylation of VPg [58, 97-100]. Even
VPg-pU or VPg-pUpU was chased to elongate longer RNA with poly(A) or a
genomic RNA as a template in vitro [58, 101]. However, it is not clear whether
processed VPg peptide is used for uridylylation or bigger precursor form is
uridylylated and processed later. To date, 3AB is generally accepted as a
precursor or source of VPg for uridylylation reaction in vivo for several reasons.
First, 3AB is accumulated in PV-infected cells [20]. 3AB binds to RNA and
stimulates poly(U) synthesis in vitro [23, 55, 56, 102]. 3A has hydrophobic
regions that allow 3AB to bind to membrane, which is required for the cell-free
replication system [101, 103].
It has been suggested that the uridylylation of positive and negative strand
RNA syntheses do not share the same mechanism. The classic model of PV
RNA replication says that this VPg-priming reaction occurs on the template 3’end poly(A) tail [4]. At least it has been proven that uridylylation and elongation
for negative strand RNA synthesis could be performed using poly(A) tail as a
template although 5’ NTR and P2 region polypeptides are required together [104].
Picornavirus oriI was first discovered in rhinovirus 14 [28, 105]. PV oriI
was also identified as a template for uridylylation of VPg [30]. OriIs for other
picornaviruses have been identified as well [31, 106-108]. Paul and her
colleagues proposed a ‘slide-back mechanism’ for the initial step of the
uridylylation reaction on oriI [109]. This mechanism is important for negative
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strand RNA synthesis. This model also implies that uridylylated VPg or precursor
has to be transferred to the 3’ end of the RNA template containing poly(A) tail to
elongate a negative strand RNA. Although a detailed mechanism has to be
solved, circularization of PV genome has been proposed as a model for
transferring diuridylylated VPg-pUpU from oriI to the 3’-end [26, 110, 111].
Including interactions among RNA, viral and cellular proteins, several other
observations also support this model. The 5’ cloverleaf, oriI, 3’ pseudoknot are
essential elements for the PV RNA replication [21, 112, 113]. 3CD can bind to all
three essential RNA structures. 3CD interacts with PCBP2 and poly(A) binding
protein 1 (PABP1) [67, 110, 111, 114]. PABP1 interacts with the 3’ polyr(A) tail
and PCBP2 binds to the 5’ cloverleaf, both of which are required for PV RNA
replication [21, 114-116]. 3C-3C homodimer and 3C-3D heterodimer are
detected [99]. Based on these observations, detailed model for initiation of
negative-strand RNA synthesis is proposed (Fig. 1-5). This model includes
uridylylation of VPg precursor instead of VPg. Once PV genome is circularized,
VPg is uridylylated in the context of 3BCD, which binds to 3’ end. Uridylylated
3BCD is either cleaved or elongated by another 3Dpol.
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Fig. 1-5

Fig. 1-5: Poliovirus replication mechanism
(A) Schematic diagram of PV genome. (B) Host factor-viral protein-RNA
interaction. VPg is removed and PCBP2 binds to oriL with 3CD and PABP binds
to oriR with 3BCD. 3CD dimmer binds to oriI and opens a loop structure wider.
(C) Model for circularization of PV genome for initiation of negative-strand RNA
synthesis. The PV genome is circularized by multiple interactions among PCBP2
on 5’-end, PABP on 3’-end and 3CDs on oriI. 3D is recruited on oriI and VPg, in
the context of 3BCD, is uridylylated.
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PV infection induced cellular rearrangement
PV infection alters the cytoplasmic membranes to form vesicles that are
required for the formation of PV replication complexs (RCs) [70-72]. This
membrane alteration is induced by viral proteins, mostly 2C, 2BC, and 3A [43, 70,
80]. There are several hypotheses to explain the vesicle formation during PV
infection. One hypothesis is that disassembled Golgi apparatus provides a
source of the PV-induced vesicle [117]. This hypothesis has been supported by
the observation of co-fractionation of trans-Golgi components and 2C from PVinfected cells [118]. 2C is also colocalized with Golgi protein p58 3 h post
infection [119]. It implies that early or later replication complexes partly originate
from Golgi because 2C colocalizes with 3D, which is mostly found in the
replication complex while PV RNA replicates [118]. In addition, PV replication is
inhibited by brefeldin A (BFA) both in vivo and in vitro [117, 120]. BFA is a fungal
metabolite that targets the vesicle trafficking of Golgi apparatus by inhibiting
guanine nucleotide-exchange protein (GEF) [121, 122]. GEF is responsible for
Arf activation [123]. The Arf family consists of small GTPases that are involved
in vesicle formation from Golgi complex. Arf1 recruits coatomer protein I (COPI)
to Golgi membranes to induce retrograde vesicles moving to the ER [124].
Recently, it was reported that Arf1 translocation was induced by 3A and 3CD
independently [73]. 3A induced translocation of Arf1 to membrane is upregulated by GBF1 [125]. 3A-GBF1 interaction is thought to be critical for PV
replication because deletion of the N-terminal region of GBF1, which is
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responsible for 3A-GBF1 interaction, diminished PV replication [126]. However,
3A of coxsackievirus B3 (CVB3) showed an opposite effect on GBF1. CVB3 is a
member of the enterovirus genus, like PV. 3A of CVB3 inhibits Arf activation by
inactivating GBF1 [127, 128]. 3CD induced translocation of Arf1 is not mediated
by GBF1. Instead, trans Golgi trafficking elements, BIG1 and BIG2 are
responsible for 3CD induced Arf1 relocalization [129]. Although it is not clear
how these distinctly localized factors are related, it is still possible that trafficking
events from Golgi to ER or Golgi to plasma membrane are targeted by viral
proteins to form PV-induced vesicles because all three GEF, GBF1, BIG1 and
BIG2 are sensitive to BFA [130, 131].
PV-induced vesicles accumulated from 2 to 8 h post-infection and Golgi
disappears as late as 2-3 h post-infection. Therefore, it is hard to explain how
Golgi provides membrane sources in later stages of RNA replication. In addition,
the amount of membrane used for PV-induced vesicles is a lot more than the
amount of membrane of intact Golgi.
Instead or in addition to Golgi, ER has been suggested to be a source of
PV-induced vesicles, which is the most abundant compartment in cell. This
second hypothesis is supported by the observation of colocalization of 2B protein
with Sec13/31 of COPII that is anterograde transport vesicles budded from ER to
Golgi, or to the ER Golgi intermediate compartment (ERGIC) [71]. 3A and 2BC
that induce PV-induced like vesicles, are known to localize to the ER exit site
[132]. However, COPII-dependent vesicular formation is not sensitive to BFA.
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Recently, an autophagy-like, double membrane structure was observed
from PV-induced vesicles [80, 118]. Autophagosomal markers, latencyassociated membrane protein 1 (LAMP1) and LC3 are colocalized with PVinduced vesicles [133]. The stimulation or inhibition of autophagosomal pathway
directly affects virus production [133]. It is believed that autophagosome
originate from the ER compartment [80]. However, it is not clear whether these
autophagy-like vesicles are related to replication complex formation or other
subsequent steps of virus life cycle, such as packaging and egress. The
autophagy pathway is not sensitive to BFA [126].
So far, it is still controversial which cell compartment is the source and
what mechanism is involved for PV-induced vesicles. It is not hard to imagine
that PV utilizes several cell organelles for membrane sources to induce vesicles.
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Table 1-2
Table 1-2: Properties and functions of poliovirus polyproteins
P2 and P3
proteins
2A
2B
2BC
2C

3A

3AB

3B (or
VPg)

3C

3CD

3D

Functions (reference)
Protease for P1-P2 junction [134]
Host factor cleavage; TATA-binding protein, eIF4G, eIf4F and nuclear pore
complex (suppress host translation) [36, 37, 75, 135-137]
mRNA and polysome stabilization [138]
RNA replication (C-terminal region of 2A) [139]
Viroporin activity [140]
Inhibition of secretory pathway [40]
Formation of membranous vesicles [43, 71, 141]
COPII association [71]
ATPase activity [49]
Membrane binding [103]
Inhibition of secretory pathway [40, 76, 77, 132, 142]
LIS1 Inactivation (preventing protein trafficking and cell division) [143]
COPI dissociation [127, 128]
GBF1 and Arf1 membrane relocalization [125, 126]
GBF1 inhibition (CVB3) [127, 128, 144]
Membrane binding [54, 103]
3(C)D interaction [23, 54, 55, 145, 146]
RNA binding (non-specific) [23, 145, 147]
Protease activation [145]
RdRp activation [57, 102, 145, 148]
Helix destabilization and nucleic chaperone [147]
Primer [59, 95, 149]
RdRp activation [56]
Encapsidation signal[59, 84, 95]
Proteases [93, 150]
RNA binding [151, 152]
RdRp interaction [153]
Host factors cleavage; RIC-I, eiF5B, p53, TATA-binding protein, poly(A)
binding protein, transcriptional activator Oct-1 and microtubule-associated
protein 4 [38, 63, 78, 152, 154, 155]
Nuclear localization (PV and Rhinovirus) [156-158]
Membrane association [129]
RNA binding [159]
RdRp interaction and activation [99, 153, 160]
Proteases [161, 162]
PV-induced vesicle formation [in this thesis]
Arf1 and BIG1/2 relocalization [73, 129]
Virus assembly [160, 163]
Host factor cleavage: Host translation (PABP) and transcription (TBP) [38, 78]
RNA-dependent RNA polymerase (RdRp) [164]
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Current status of PV eradication and remaining questions
PV has been extensively studied for several decades. Accumulated
understanding and developed clinical treatment encouraged humankind to step
forward to accept the challenge of the second eradication of a human pathogen
in our history. The Global Poliovirus Eradication Initiative was started in 1988 by
the World Health Organization (WHO). From that point, endemic poliovirus
infection has decreased from 120 to 4 countries worldwide in 2008. PV infection
has been reduced from the Global Poliovirus Eradication Initiative from
approximately 350,000 to 1200 cases in 2008. However, this dramatic
accomplishment has lagged for the last 8 years while PV cases have remained
from 400 to 2000 worldwide every year. This lag of accomplishment reminds our
society many obstacles exist to complete the Global Poliovirus Eradication, such
as difficulty of complete vaccination, virulence of attenuated oral vaccine, no
effective anti-PV drugs, and unclear eradication due to the non-symptom cases.
Non-endemic and unidentified sources of PV infection cases even alert us that a
sporadic outbreak may occur in the post-eradication era. These obstacles and
uncertainness of future PV eradication re-awaken scientists’ attentions to
address remaining questions that have to be elucidated in many aspects of PV.
First, it is still not clear how wild-type PV enters, propagates, is transmitted, and
spreads in the human body. Questions of initial infection and transmittion of PV
are also related to immunity against PV. Recently developed mouse model
systems can help us to understand the detailed mechanism of innate and
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adaptive immunity. Second, detailed mechanism of PV life cycle contains many
blank areas, from entry of PV and RNA release, initiation of replication,
polyprotein processing, to alteration of cellular environment, RNA encapsidation,
egress and spreading. X-ray crystallographic studies may elucidate the entry
mechanism. Biochemical and genetic approaches also will allow us to uncover
more clear mechanisms of PV multiplication.

Preview of the thesis
Our lab has pursued a detailed mechanism of initiation of negative strand
PV RNA synthesis by using biochemical and in vitro assays. Data obtained so
far has allowed us to introduce a novel model for initiation of negative strand
RNA synthesis [100]. Current models suggest that processed VPg is the primer
for initiation of PV replication [74]. This processed VPg was also thought to
originate from 3AB precursor. Our lab showed VPg precursors, 3BC and 3BCD,
are better substrates for the initiation reaction, uridylylation on third amino acid in
VPg, in vitro. Additional 3C(D)-3C(D) interactions are shown to be important for
robust reaction. However, all the in vitro assays were done in a minimal reaction
system that could exclude any biological complication. Therefore, a more
biologically relevant system needed to be applied to consolidate our model.
In chapter 3, origin of RNA linked VPg was evaluated in the context of full
length and replicon RNAs. In order to do that, 3B-3C processing defect mutant
(called GG mutant) replicon and genome were cloned. This processing defect
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GG mutant should not produce 3AB that has thought to be a major precursor for
VPg donor. Instead, 3ABC or 3BCD can be generated. If 3AB is essential for
genome replication, then this GG mutant would be lethal. Interestingly, the GG
mutant could replicate within 3-fold of the maximum replication level of WT.
Replicated RNA was covalently linked to 3BC or its precursor. This was the first
evidence that showed bigger than VPg could be linked to full length of PV RNA.
This data also suggested that the processed form of VPg is not required for PV
replication. In addition, 3AB may not be an origin of VPg for initiation of WT
replication. GG mutant particles were also produced. This means that
polyproteins other than VPg can be packed into the virion particle. However, the
specific infectivity of the GG mutant PV was not determined because the GG
mutant was re-mutated during the first passage. Re-mutated PV was identified
as Glu-Gly instead Gly-Gly. We referred to the Glu-Gly mutant as EG mutant. It
was the first viable 3B-3C junction mutant in PV.
In chapter 4, the EG mutant was characterized due to its viability in the
presence of junction mutation. Compared to WT, EG mutant showed delay of
replication and viral reproduction, but robust enough to characterize EG mutant
PV. The EG mutant PV showed no processing defect in P2 polyproteins.
However, delay of 3CD accumulation was shown in EG mutant PV relative to that
of WT PV. This reduced 3CD could be trans-complementable to suppress the
reduced kinetics of replication. This was the first trans-complementable 3CD
function that had not been reported. During the characterization of EG mutant
PV, we also discovered that genome replication and virus assembly are distinct
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steps, which had been believed to be coupled. Therefore, we concluded that
3CD has a role at a step prior to genome replication, probably replication
complex formation.
PV infection induces vesicle formation where replication occurs. We
referred to it as replication complex (RC). In chapter 5, I focused on the
functional role of 3CD for RC formation by using EG mutant PV. Kinetics of RC
formation of WT and EG mutant PVs were corresponding to its own kinetics of
replication. In addition, the phenotype of EG PV-induced vesicles was different
from that of WT PV-induced. Interestingly, ectopic expression of 3CD changed
the phenotypes of WT and EG PV-induced vesicles to be similar. This result
supports the functional role of 3CD for RC formation.
General discussion and potential impact of this study was described in
chapter 6. Details of all the material and methods used in this dissertation are
explained in Chapter 2.
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Chapter 2
Experimental procedures
The provider or source of materials and all the experimental protocols that
are used in this thesis are described in this chapter. In other chapters, they will
be referred by the name of the protocols and materials. Some modification of
individual experiment will be described when it is necessary.
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Materials
Restriction enzymes, Deep Vent DNA polymerase, and Moloney Murine
Leukemia Virus (M-MuLV) reverse transcriptase were from New England
BioLabs, Inc.; T4 DNA ligase was from Invitrogen Life Technologies; Shrimp
Alkaline Phosphatase was from USB; QIAEX was from QIAGEN; Difco-NZCYM
was from BD Biosciences; cell culture media and supplements were from
Invitrogen Life Technologies (Gibco); DE-81 filter paper was from Whatman;
nitrocellulose membrane, ECL Western blot detection reagent, and nucleotide
solutions were from GE Healthcare; Hygromycin B was from Cellgro; Protein
Labeling mix (NEG072, 1175 ci/mmole), [α-32P]UTP (6000 Ci/mmol) and [α32

P]dATP (1 mCi/mL, 3000 Ci/mmol) were from PerkinElmer Life Sciences, Inc.;

Sephadex G-25 was from Sigma; RNase inhibitor was from Promega;
Cacodylate and Epon were from Electron Microscopy Sciences; general
chemicals and other lab ware were from VWR, Fisher Scientific, Sigma, or as
indicated in the text.
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Experimental procedures

Construction of 3B-3C Gly-Gly and Glu-Gly mutant replicons and viral
cDNA; construction of a retrovirus plasmid containing PV 3CD
In order to mutate the Gln-Gly (WT) junction between 3B and 3C to GluGly (EG) in the PV cDNA and the PV subgenomic replicon, QuickChange
mutagenesis (Stratagene) was used following the manufacturer’s protocol using
oligos 1 and 2 (Table 2-1 lists all oligonucleotides used in this study;
oligonucleotides were from Invitrogen Life Technologies or Integrated DNA
Technologies, Inc.) and the pUC18-3A-3C-HpaI-SacII plasmid which contains a
majority of the 3A-3C region [1]. The resulting pUC18-3A-3C-HpaI-SacII clone
containing the EG mutation was digested with HpaI and SacII and this fragment
was ligated into pMoRA-HpaI-SacII and pRLuc-HpaI-SacII plasmids, both of
which were digested with unique HpaI and SacII sites [1]. The resultant clones
contained an EG mutation between 3B and 3C. A mutation of the Gln-Gly
cleavage site between 3B and 3C to Gly-Gly (GG) in subgenomic replicon was
described previously [2]. The GG mutation in the viral cDNA was achieved by
overlap-extension PCR amplification using the oligos 3, 4, 5, and 6 (Table 2-1)
and pMoRA plasmid as template. The amplified fragment was cloned into
pMoRA plasmid using SnaBI and BglII sites. In order to construct the Y3F
subgenomic replicon, QuickChange mutagenesis was also used using oligos 7
and 8 (Table 2-1) and the pUC18-3A-3C-HpaI-SacII plasmid as a template. The
resulting pUC18-3A-3C-HpaI-SacII clone containing the Y3F mutation was
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digested with HpaI and SacII and this fragment was ligated into the pMoRA-HpaISacII and pRLuc-HpaI-SacII plasmid, which was digested with unique HpaI and
SacII sites. The resultant clone encoded the Y3F mutation in 3B.
PCR was used to amplify the 3CD region using oligos 9 and 10 (Table 21) and pET26Ub-3BCD-C147G-His as template [2]. This plasmid contains a
protease inactive 3C domain (C147G mutation in the 3C gene). The PCR
product was cloned into pLP-RevTRE (BD Biosciences Clontech) using BamHI
and SphI sites to obtain pLP-RevTRE-3CD-C147G. In order to construct
enhanced green fluorescence protein (EGFP) integrated subgenomic replicon
plasmids, pREGFP-, luciferase gene in pRLuc replicons was replaced with EGFP
RNA. EGFP was amplified by PCR with oligos 11 and 12 (Table 2-1) and
pEGFP as a template. The PCR product replaced luciferase gene in pRLuc-WT
or GG using NotI and XhoI sites to obtain pREGFP-WT or GG. Sequencing at
the Penn State Nucleic Acid facility was used to confirm all clones

RNA transcription
The pMo- or pRLuc- plasmids were linearized with EcoRI or ApaI,
respectively, and purified with Qiaex II suspension (Qiagen) following
manufacture’s protocol. RNA was then transcribed from the linearized plasmid
DNAs in a 20 µL reaction containing 350 mM HEPES pH 7.5, 32 mM magnesium
acetate, 40 mM DTT, 2 mM spermidine, 28 mM (NTPs), 0.025 µg/µL linearized
DNA, and 0.025 µg/µL T7 RNA polymerase as described previously [2]. The

51
reaction mixture was incubated for 3 h at 37 ºC and magnesium pyrophosphate
was removed by centrifugation for 2 min. The supernatant was transferred to a
new tube and RQ1 DNase (Promega) was used to remove the template. The
RNA concentration was determined by measuring absorbance at 260 nm,
assuming an A260 of 1 was equivalent to 40 μg/mL and the RNA quality verified
by 0.8% agarose gel electrophoresis.

Isolation of viral RNA from plaques
HeLa cells (1.2 × 106) transfected with 5 µg of in vitro transcribed pMoGly-Gly (GG) RNA were placed onto a monolayer of HeLa cells (0.5 × 106 cells
seeded 1 day in advance) in a 6-well plate. An agarose overlay (0.5%) was
applied to the cells, and the plates were then incubated at 34 ºC for 4 days. On
day 4, another overlay consisting of 0.5% agarose and 0.01% Neutral Red in
PBS was placed on top of the original existing overlay. The plates were then
placed back at 34 ºC overnight to allow the Neutral Red to diffuse to the
monolayer of cells. The plaques were clearly visible the next morning without
having to remove the agarose overlays. Following Neutral Red staining, a
Pasteur pipette was used to remove the agarose directly over the visible plaques
area. Five plaques were picked. The agarose was placed into DMEM/F12
media (1 mL) containing no serum. After overnight incubation in the media at 4
ºC, the samples were passed through a centrifuge filter (Costar SpinX) to remove
the agarose. Viral RNA was then isolated from the pass using NucleoSpin Virus
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Midi prep kit (BD Biosciences) following the manufacturer’s instructions. Reverse
transcription was performed using oligo 5 and PCR was performed using oligos 5
and 13 (Table 2-1). Detailed procedures are described in a separated
experiment below. The PCR products were gel purified and sequenced using
oligo 5 at the Penn State Nucleic Acid Facility. Five RT-PCR products
corresponding to the five individual picked plaques were sequenced.

Reverse transcription and polymerase chain reaction
Reverse transcription and polymerase chain reaction (RT-PCR) was
performed to amplify my interesting genes from isolated virus, HeLa-3CD cell line
and PV infected HeLa cells. Total RNA was purified as described below. 1 µg of
total RNA was mixed in 20 µL reactions with 1µM of reverse primer, 2 µL of 10×
RT buffer, 1 µL of RNase inhibitor, 1 mM of each dNTPs and 1 µL of M-MuLV
reverse transcriptase in order. The mixture was incubated at 37 ºC for 2 h or
longer. PCR was performed with oligos described in each experiment. PCR
fragment was verified on 0.8% agarose and purified by using Qiaex II suspension
by following manufacture’s protocol. Sequencing at the Penn State Nucleic Acid
facility was used to confirm sequences.
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Total RNA purification
Total RNAs were purified with either Trizol reagent (Invitrogen) or
RNAqueous-4PCR Kit (Ambion) following manufacturer’s protocol. Briefly, 5 ug
of poliovirus subgenomic or full length genomic RNA was transfected to 1.2 × 106
HeLa cells per each time point. The transfected HeLa cells were pooled and
suspended in DMEM/F12 normal media (total amount of media= # of
electroporation × 5.6 ml) at indicated temperature. The transfected HeLa cells
were harvested and lysed with 1 mL of Trizol reagent at indicated time posttransfection. The lysed cells were incubated at room temperature for 5 min
followed by addition of 0.2 mL chloroform. After vigorous shaking for 15 sec, the
samples were incubated at room temperature for 3 min and then centrifuged at
12,000 × g for 15 min at 4 ºC. Aqueous phase was transferred to a new tube, 0.5
mL isopropyl alcohol was added, vortexed and incubated at room temperature for
10 min. RNA was precipitated by centrifuging the samples at 12,000 × g for 10
min at 4 ºC. The precipitated RNA was washed with 75% ethanol (1 mL) and
dissolved in 30 µL of ddH2O. RNA concentration was measured by using
NanoDrop 1000 (Thermo Fisher Scientific). RNA quality was verified by agarose
gel electrophoresis and RNA concentration was normalized to the equal amount
of 18S rRNA by scanning an ethidium bromide stained RNA using Typhoon 8600
scanner in fluorescence mode.
For immunoprecipitation, RNAqueous-4PCR Kit was used to avoid any
damage on RNA-linked proteins such as VPg, 3C, or 3D. HeLa cells were

54
transfected as described above and cells were lysed with 0.5 mL Lysis/Binding
buffer followed by addition of equal amount of 64% Ethanol and Mix buffer in the
kit. Lysate-ethanol mixture was passed through a provided filter cartridge for 30
sec at 12,000 rpm in table top centrifuge. The filter cartridge was washed with
0.7 mL of Wash solution #1 once and 0.5 mL of Wash solution #2/3 twice. Total
RNA was eluted two times with 50 µl of pre-warmed (70 ºC) Elution buffer that is
provided. The RNA quantity was determined by using NanoDrop 1000 (Thermo
Fisher Scientific) and quality was evaluated using 0.8% agarose gel. Total RNA
was normalized based on 18S band as described above.

Infectious center assay
Infectious center assays were performed as previously described [3] with
the following modifications. For each transfection, 1.2 × 106 cells were
centrifuged at 1000 rpm for 4 min and resuspended in 400 µL of phosphate
buffered saline (PBS). 5 µg of viral RNA were mixed with the 400 µL of cell
suspension. The RNA-cell mixture was transferred to an electroporation cuvette
(0.2-cm gap width; VWR) and an electric pulse was applied at 500 µF and 130 V
using a Gene pulser system (BioRad). Electroporated cells were serially diluted
as described in the figure legend. 100 µL of undiluted and diluted electroporated
HeLa cells were placed on top of a HeLa cell monolayer (0.5 × 106 cells seeded
1 day in advance) in a six-well plate. The plates were incubated for 1 h at 37 ºC
to allow the electroporated cells to adsorb to the monolayer. The cells were
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overlayed with 1% low-melting agarose (EMD). The overlay was allowed to
solidify for 20 min at room temperature and the plate was incubated for 2 days at
37 ºC. Infections centers were visualized by crystal violet staining.

Establishment of 3CD expressing stable cell line
RetroPack PT67 packaging cells were maintained in DMEM media
supplemented with 10% FBS, streptomycin/penicillin (100 U/mL), L-glutamine (4
mM), and high glucose (4.5 g/L) at 37 ºC with 5% CO2. One day before
transfection, 2 × 106 cells were seeded to 100 mm plates and pLP-RevTRE-3CDC147G was transfected to cells using Effectene (Qiagen) following
manufacturer’s protocol. Briefly, 2 µg of DNA was diluted into 192 µL of Buffer
EC, and then 8 µL of Enhancer was added and incubated for 5 min at room
temperature. Effectene (16 µL) was added and incubated for 10 min at room
temperature. During this incubation, RetroPack PT67 cells were washed with 4
mL of PBS and suspended in 9 mL of fresh DMEM media. The DNA-Effectene
mixture was diluted in 1mL of DMEM (without any supplement) and added to the
RetroPack PT67 cells. Transfected RetroPack PT67 cells were placed at 37 ºC
with 5% CO2 for 24 h to release the 3CD gene-containing retrovirus into the
media. HeLa Tet off cells (Clontech Laboratories, Inc.) were maintained in
DMEM media supplemented with 10% FBS and streptomycin/penicillin (100
U/mL). One day prior to the first infection, 1 × 105 HeLa Tet off cells were
seeded in an 100 mm plate. After the 24 h incubation of the RetroPack PT67
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cells, the retrovirus-containing media was harvested and filtered through a 0.45
µm cellulose acetate syringe top filter. The filtered media was diluted two times
with fresh media supplemented with polybrene (8 µg/mL) and Doxycycline (1
µg/mL). In order to infect the HeLa Tet off cells, old media was replaced with 10
mL of the filtered retrovirus-containing media and the cells were placed at 37 ºC
with 5% of CO2 until the next infection. Infection was repeated every 16-20 h up
to three times prior to antibiotic based selection. After three infections, infected
cells were selected in antibiotics (Hygromycin B (0.2 mg/mL), G418 (0.2 mg/mL),
and of Doxycyclin (1 µg/mL)) containing media at 37 ºC with 5% of CO2. Every
three days, media was replaced with fresh media supplemented with Hygromycin
B, G418, and Doxycycline. Uninfected HeLa Tet off cells were also treated with
the same concentrations of Hygromycin B, G418, and Doxycycline until all the
cells were dead as a control. Fourteen days from the initial treatment with
antibiotics, individual large colonies (96 colonies) were isolated and transferred to
12-well plates by using cylinder-aided trypsinization. From this point, each
isolated colony was expanded with Hygromycin B (0.1 mg/mL), G418 (0.1
mg/mL), and Doxycycline (1 µg/mL).
In order to induce 3CD expression, each isolated HeLa-3CD cell line was
washed three times with PBS and passaged to a new plate. Passaged HeLa3CD cells were incubated with fresh media in the presence of Hygromycin B and
G418 (0.1 mg/mL, each) but in the absence of Doxycycline. Next day, the cells
were washed three times with fresh media for 3 h followed by additional
incubation for 36 h at 37 ºC. 3CD expression was confirmed by Western blot
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analysis by using PV 3D anti-serum. Total RNA was purified by using Trizol
reagent following the manufacture’s protocol. Reverse transcription (RT) was
performed with oligo 14 followed by polymerase chain reaction (PCR) with two
oligos 15 and 16 (Table 2-1). DNA sequence was confirmed by sequencing
PCR fragment at the Penn State Nucleic Acid Facility.

Subgenomic Luciferase replicon assay
Subgenomic luciferase assays were performed as described previously [2]
with the following modifications. Subgenomic replicon RNA (5 µg of in vitro
transcribed RNA) was electroporated into either HeLa cells, uninduced HeLa3CD cells, or induced HeLa-3CD cells. The cells were incubated in normal
growth media (DMEM/F12 supplemented with 10% fetal bovine serum, 1%
penicillin/streptomycin, 5 mL/1 × 106 cells) and 1 × 105 cells were harvested and
lysed using 100 µL of 1× cell culture lysis reagent (CCLR, Promega) at an
indicated time post-electroporation. Where indicated, cordycepin, 3deoxyadenosine (Sigma), was added to the growth media at various
concentrations (0 – 400 µM) to inhibit RNA synthesis. Luciferase assays were
performed by mixing an equal volume of firefly luciferase assay substrate
(Promega) to the lysate. The reaction mixture was applied to a Junior LB 9509
luminometer (Berthold Technologies) and the relative light units (RLU) were
quantified for 10 s. Relative light units (RLU) were then normalized based on the
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total protein concentration determined by Biorad protein assay reagent (BioRad)
for each sample.

Plaque assay
One day prior to infection, 0.5 × 106 of HeLa cells were seeded to 6-well
plate to prepare monolayer. On the day of infection, collected virus was diluted
serially in PBS. The prepared HeLa monolayer was washed with 500 µL of PBS
and the serially diluted virus (100 µL) was applied to the monolayer containing
200 µL PBS. The cells were infected at room temperature for 30 min with
rocking in every 5 min to prevent cells drying. Meantime, DMEM/F-12
supplemented with 10% FBS, 1% P/S and 1% low-melting agarose (EMD) was
cooled and equilibrated at 37 ºC. The infected cells were washed with 500 µL of
PBS to remove unattached virus and 3 mL of pre-equilibrated media containing
1% low melting agarose was added. The agarose was solidified at room
temperature for 20 min, the plate was incubated for 2 days in an incubator
supplied by 5% CO2 at 34, 37, or 39 ºC as described in the figure legend. The
agarose layer was removed and the viable cells were stained with crystal violet to
develop the clear plaque. The plaques were counted and the number of
infectious virus particles was calculated.
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One-step growth curve assay
One day prior to infection, HeLa cells, uninduced HeLa-3CD cells, or
induced HeLa-3CD cells were propagated and seeded 5 × 105 cells per well in 6well plate. On the day of the infection, the prepared HeLa monolayers were
washed and infected at a multiplicity of infection (MOI) of 10 PFU per cell
(abbreviated as MOI 10 throughout) with WT or EG PV for 30 min at room
temperature. Infected cells were washed once with PBS to remove unattached
virus and then incubated at 37 ºC. At varying times post infection, virus was
harvested from the cells and media by three cycles of freeze-thaw with vortexing
in between. The isolated virus was tittered by plaque assay as described above.

Virus purification
HeLa cell monolayers were prepared in 100 mm tissue plates by seeding
3.5 × 106 cells one day before RNA transfection. WT or EG PV genomic RNA (5
µg of in vitro transcribed RNA) was electroporated into 1.2 × 106 cells followed by
seeding onto the HeLa monolayer and incubation at 37 ºC until cytopathic effect
(CPE) appears (48 h). The cells and media were collected and PV particles were
released from cell debris by three cycles of freeze-thaw with vortexing in between.
The supernatant was collected after centrifugation at 12,000 × g for 10 min. PV
particles were then precipitated in precipitation buffer (0.3 M NaCl, 10%
polyethylene glycol (PEG) 8000, pH 7.2-7.5) for 16 h at 4 ºC [4]. The precipitated
PV particles were harvested by centrifugation at 12,000 × g for 30 min at 15 ºC.
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The PV pellet was re-suspended in 1 mL of TN buffer (50 mM Tris-HCl, pH 8.0,
10 mM NaCl). In order to remove residual cellular debris, the re-suspended PV
was centrifuged on top of 3 virus volumes of 30% sucrose cushion (0.1 mM NaCl
in 30 mM Tris-HCl, pH 8.0) at 190,000 × g for 16 h (S55-S, Beckman). The pellet
was re-suspended in 1 mL of TND buffer (50 mM Tris-HCl, pH 8.0, 10 mM NaCl,
and 2% Deoxycholic acid). The re-suspended sample was dialyzed against TN
buffer (1 L) using Spectra/Por dialysis tubing with a MWCO of 50,000 Da cut-off
overnight at 4 ºC. The dialyzed virus was centrifuged through a 30% sucrose
cushion at 190,000g for 16 h. The final pellet was suspended in 0.1 mL of TN.
For GG virus particle purification, 350 µg of transcribed GG RNA was
electroporated to 1.2 × 107 HeLa cells (35 µg per 1.2 × 106 cells) and incubated
in 30 mL of pre-warmed DMEM/F-12 (supplemented with 10% FBS and 1% P/S).
The transfected cells were incubated for 20 h at 34 ºC; virus was harvested and
purified as described above.

Negative Staining
The purified WT, EG or GG PV was negatively stained with aqueous
uranyl acetate (UA). Briefly, 10 µL of the purified PV was placed on a 200 – 400mesh formvar copper grid and incubated for 3 min at room temperature.
Residual PV was wicked off with a wedge of filter paper without disturbing the
grid. Aqueous UA (10 µL of 0.5-2%) was overlayed on the grid to cover the
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absorbed PV; excessive UA was wicked off immediately. The grid was air dried
completely prior to transmission electron microscopy (Jeol JEM 1200 EXII).

Preparation of HeLa cytoplasmic extracts and in vitro translation reaction
with HeLa cell-free extractsCytoplasmic extracts from HeLa S3 cells were prepared as previously
described [5, 6] with slight modifications. Harvested HeLa cells (1.37 × 109) were
washed with 40 mL of ice-cold isotonic buffer (35 mM HEPES pH 7.5, 146 mM
NaCl, and 11 mM Glucose) three times and suspended in an equal volume of
hypotonic buffer (20 mM HEPES pH 7.5, 10 mM KCl, 1.5 mM Mg Acetate, and 1
mM DTT). The cells were swollen in ice for 10 min and transferred to a prechilled dounce homogenizer (Belco type). The cells were homogenized with 1050 strokes until 90% lysis observed by trypan blue staining. Freshly made 10x
buffer (0.1 volume) (200 mM HEPES pH7.5, 1200 mM K Acetate, 40 mM Mg
Acetate, 50 mM DTT) was added to the lysed cells. The extract was transferred
to a pre-chilled tube and centrifuged for 10 min at 2000 RPM. The supernatant
was collected in a pre-chilled tube and centrifuged again at 9000 RPM for 10 min.
The new supernatant was collected and combined with the first supernatant. The
supernatant was dialyzed (12-14,000 Da cut-off) in 1 L of dialysis buffer (40 mM
HEPES free acid, pH 8.0, 120 mM K Acetate, 5.5 mM Mg Acetate, 10 mM KCl,
and 6 mM DTT) for 2 h with one buffer exchange. The viscous supernatant was
frozen at –80 ºC overnight. Next day, the supernatant was thawed and 1/1000 of
1 M CaCl2 (final 1 mM) was added followed by micrococcal nuclease (final 75
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Unit/mL, Fermentas) and mixed gently. The mixture was incubated at room
temperature for 15 min and 1/100 volume of 200 mM EGTA was added (final 2
mM) followed by centrifugation at 9000 RPM for 10 min in 4 ºC. The supernatant
was aliquoted (100 µL each) and stored at -80 ºC until it was used. The
translation reaction was performed as described previously [7] with following
modifications. 10% of rabbit reticulocyte lysate (RRL, Promega) was used as an
initiation factor and radio-labeling was performed with 1 µCi of [35S] methionine
(GE Healthcare) per reaction at 30 ºC for the indicated times.

Generation and purification of polyclonal PV VPg and 3D antiserum
Generation and purification of PV VPg, 3C and HCV NS5A polyclonal
antibodies were described previously [2, 8]. Purified PV 3D was used to raise
polyclonal antiserum in rabbits (Covance Research Products, Denver, PA). Anti3D antiserum was purified by using ammonium sulfate precipitation and DEAE
Affi-gel Blue gel (BioRad) column purification as described previously [2] with the
slight modifications. Initially, 5 mL of anti-3D polyclonal antiserum (PA 473) was
precleared by centrifugation at 16,000 × g at 4 ºC for 15 min. Ammonium sulfate
was added over 30 min up to 33% saturation while the precleared antiserum was
stirred at 4 ºC. After 2 h of additional stirring, precipitated antiserum was
collected by centrifugation at 70,000 × g at 4 ºC. The antiserum pellet was
resuspended in 5 mL of loading buffer (20 mM Tris-HCl, pH 8.0 and 50 mM
NaCl) followed by dialysis against 1 L of loading buffer for 12 h with one
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exchange. Dialyzed antiserum was loaded onto a DEAE Affi-Gel Blue (BioRad)
column at 0.16 mL/min. A bed volume of 1-mL resin per 5 mg of total protein
was packaged. DEAE-Affi-Gel-Blue was washed with 5 column volumes of prewashing buffer (100 mM acetic acid, 1.4 M NaCl and 40% isopropyl alcohol) and
10 column volumes of loading buffer continuously. The pass-through samples
were collected (1 mL per fraction) and protein concentration was determined by
using BioRad protein assay reagent. Fractions containing IgGs were pooled and
concentrated using Vivaspin (30,000 Da cut-off, Sartorius). Glycerol and sodium
azide were added to concentrated antiserum (50% and 0.1%, respectively). The
antiserum was aliquoted and stored at -80 ºC.

Western-blot analysis of replicon proteins
Western blot analysis was performed as described previously [2]. Briefly,
HeLa cells were transfected with transcribed RNA as described above. The
transfected cells (1.2 × 106) were incubated at 34 ºC for indicated times in the
figure legends and harvested by centrifugation at 14,000 × g for 2 min. The cells
were lysed in 1× cell culture lysis reagent (CCLR, Promega, 100 μL) and
luciferase activity was measured as described above. The remainder of lysed
cells was mixed with an equal volume of 2× SDS-PAGE sample loading dye (225
mM Tris, pH 6.8, 5% SDS, 50% glycerol, 5% β-ME and 0.05% bromophenol
blue) and boiled for 10 min. Proteins were separated by 8, 10, or 15% SDSPAGE and transferred to nitrocellulose membrane (GE Healthcare) using the
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Genie transfer unit (Idea Scientific Company) for 1 h at 24 V in transfer buffer (25
mM Tris-Glycine, 3 mM SDS, and 20% (v/v) methanol). The membrane was
blocked in 5% (w/v) skim milk in TBS-T (137 mM NaCl, 0.1% Tween 20, and 20
mM Tris, pH 7.6) for 1 h at room temperature. Polyclonal anti-sera used in this
study were produced against synthesized (VPg) or purified recombinant
poliovirus proteins (3C-His, 3D, NS5A-His) in rabbit (Covance Research
Products, Inc). The membrane was incubated in TBS-T containing diluted
purified (anti-VPg and anti-3C) or unpurified (anti-3D) polyclonal anti-sera
(dilution, anti-VPg (1:2,500), anti-3C (1:5000) and anti-3D (1:10,000)
respectively) for 1 h at room temperature. The membrane was incubated with
secondary antibody (horseradish peroxidase conjugated goat anti-rabbit
secondary antibody from Santa Cruz Biotechnology, Inc.) in TBS-T at 1:10,000
for 1 h at room temperature. Immunocomplexes were detected by using ECL
system (GE Healthcare) and Kodak Biomax MR film.

Immunofluorescence
Induced or uninduced HeLa-3CD cells were fixed with fixation buffer (3.7%
formaldehyde) for 20 min at room temperature. After washing the cells with
buffer A (20 mM phosphate and 150 mM NaCl, pH 7.4 (PBS), 0.2% saponin)
three times, blocking was performed in buffer B (3% BSA in buffer A) for 30 min
at room temperature. 3D and actin were probed with polyclonal anti-3D antiserum (PA 473, 1:1000 dilution) and anti-β-actin (Abcam, 1:15,000 dilution) in
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buffer B for 30 min at room temperature followed by incubation with secondary
anti-bodies donkey anti-rabbit Alexa 647 (Red, Molecular Probes) and goat anti
mouse Alexa 488 (dilution, 1:1000) for another 30 min. The cells and proteins
were visualized by using Olympus Fluoview 300 in Cytometry Facility in
Pennsylvania State University.

Transmission electron microscopy
Uninduced or induced HeLa-3CD cells (3 × 106) were harvested and
washed with pre-warmed 1× PBS and fixed with 1% glutaraldehyde in 1× PBS for
15 min at room temperature. An additional fixation was performed with fresh 1%
glutaraldehyde in 1× PBS for 60 min at 4 ºC. From this point forward, all of the
procedures were done on ice unless otherwise stated. Once the cells turned into
a firm, yellow pellet, 0.1 M cacodylate (Sodium dimethyl arsenate, Electron
Microscopy Sciences) was used twice to wash the pellet for 5 min. The pellet
was incubated in 1% reduced osmium tetroxide containing 1% potassium
ferricyanide in 0.1 M cacodylate for 60 min in the dark with one exchange. The
pellet was briefly washed two times with 0.1 M cacodylate. En bloc staining was
performed with 3% uranyl acetate in 50% ethanol for 30 – 60 min in the dark.
Extra uranyl acetate was removed with three washes using with 50% ethanol for
5 min. Dehydration was carried out with different concentrations of ethanol (70
and 95% for 10 min). From this point forward, all the procedures were done at
room temperature. The pellet was washed with 100% ethanol for 10 min
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followed by three washes with 100% acetonitrile. The pellet then was treated
with 1:1 of acetonitrile and Epon (Electron Microscopy Sciences) for 1 h while
being rotated. 100% of Epon was replaced twice for every hour prior to
embedding. Embedding was performed overnight with 100% Epon at 65 ºC.
The embedded sample was sectioned with a diamond knife (DiATOME) to slice
60-90 nm thickness by using ultra microtome (Reichart-Jung). The sectioned
sample was placed on a 300-mesh copper grid (Electron Microscopy Sciences)
and dried prior to staining. Uranyl acetate/lead citrate staining was carried out as
below. On the day of staining, deionized H2O was boiled to remove CO2 and
cooled down to room temperature. 2% of uranyl acetate in 50% ethanol (UA)
was filtered (0.2 µm syringe filter) and a drop of UA was placed on a wax dant.
The grid faced down to allow a section to contact UA and it was incubated for 16
min in dark container. The grid was quickly immersed in the boiled H2O with
forceps and washed by agitating vertically for 1 min. Excess H2O was removed
with a wedge of filter paper and the grid was dried completely. In order to do
lead staining, NaOH pellets were placed around edge of a staining dish and lid
was close until staining. A drop of filtered lead staining solution (4.35 – 4.65 mg
lead citrate with 1.35 –11.85 µL of 10N NaOH (fresh) in 1.2 mL) was placed in
the staining dish and the grid was faced section-side down on the drop for 12 min.
During the lead citrate staining, the staining dish was closed securely to prevent
lead precipitation. The grid was agitated vertically for 30 sec in 40 mL of boiled
H2O (2 drops of 10N NaOH were added). The grid was quickly transferred and
agitated for 30 sec in 40 mL of boiled water (1 drop of 10N NaOH was added)
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followed by 1 min rinse in 40 mL of boiled H2O as above. Excess H2O was
removed with the wedge of filter paper and the grid was dried completely. The
image was obtained by using Jeol JEM 1200 EXII in Electron Microscopy Facility
in Pennsylvania State University.

Virus assembly and encapsidation assay in the presence of hydantoin
WT or EG PV was adsorbed to a HeLa cell monolayer at an MOI of 1 for
30 min in the presence of 50 µg/mL of 5-(3,4-dichlorophenyl)-methylhydantoin
(referred to as hydantoin). Hydantoin was a gift from Marie Chow (University of
Arkansas for Medical Sciences). The infected cells were incubated with
hydantoin (50 µg/mL) at 37 ºC for 6 or 8 h until WT or EG PV replication was
completed, respectively, and hydantoin was removed by washing cells with PBS.
Pre-warmed fresh media was added to the cells and placed at 37 ºC until the
cells were harvested. At the indicated time points, virus was isolated and tittered
as described above.

Immunoprecipitation of RNA
HeLa cells (6 × 106) were transfected with 175 µg of indicated transcribed
RNA (35 µg/1.2 × 106) as described above. Total RNA was prepared by using
RNAqueous-4PCR Kit (Ambion). The transfected cells were lysed with 0.5 mL
Lysis/Binding buffer followed by addition of an equal amount of 64% ethanol and
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Mix buffer in the kit. The lysate-ethanol mixture was passed through a provided
filter cartridge for 30 sec at 12,000 rpm in a table top centrifuge. The filter
cartridge was washed with 0.7 mL of Wash solution #1 once and 0.5 mL of Wash
solution #2/3 twice. Total RNA was eluted two times with 50 µL of pre-warmed
(70 ºC) Elution buffer that is provided. The RNA quantity was determined by
using NanoDrop 1000 (Thermo Fisher Scientific) and the quality was evaluated
by using 0.8% agarose gel. Total RNA was normalized based on the 18S band.
Immunoprecipitation was performed with total RNAs prepared from WT, EG, and
Y3F mutant transfected HeLa cells as described previously [2]. Total RNA was
aliquoted equally into four microcentrifuge tubes (20 µg each) containing 500 µL
of IP buffer (50 mM Tris, pH 7.4, 0.5 M NaCl, 1% NP-40, 0.5% Sodium
deoxycholate, and 0.1% SDS). 13 µg of purified polyclonal anti-VPg, anti-3C,
anti-3D, or anti-NS5A was added to the total RNA and the mixtures were rotated
at room temperature for 45 min. For each RNA-anti-sera mixture, 35 µL of
Protein A magnetic beads (NEB) were pre-conditioned by two washes with IP
buffer (1 mL for each wash) and resuspended in 50 µL of IP buffer. The preconditioned Protein A magnetic beads were added to the RNA-anti-sera mixtures
and rotated 1.5 h at room temperature. The beads were collected by using a
magnetic stand (Dynal, Oslo, Norway). The beads were washed four times with
IP buffer and twice with wash buffer (50 mM Tri pH 7.4 and 150 mM NaCl). The
beads were resuspended in 8 µL of water and 16 µL of formaldehyde gel-loading
mix (20 mM MOPS, 63.3% formamide, 23.3% formaldehyde, 5 mM sodium
acetate, 4.3 mM EDTA, 0.066% bromophenol blue, 0.066% xylene cyanol) were
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added to immunoprecipitated RNA for Northern blot analysis. RNAs isolated
from purified virus particles were also immunoprecipitated as described above.
Two of HeLa cell monolayers were prepared in 100 mm tissue plates by seeding
3.5 × 106 cells one day before infection. On the day of the infection, the prepared
HeLa monolayers were washed and infected at a multiplicity of infection of 10
(MOI 10) with WT or EG PV and incubated at 37 ºC until cytopathic effect (CPE)
appears (48 h). The cells and media were collected to purify PV particles and
viral RNA was purified by using RNAqueous-4PCR Kit (Ambion) as described
above.

Northern-Blot analysis
The RNA was separated on a 0.6% denaturing agarose gel (0.8 M
formaldehyde in 1× MOPS) by running at 120V for 2 h until the bromophenol blue
band migrated through three-fourths of the gel. The gel was washed in water for
30 min twice followed by soaking in 20× SSC for 30 min. RNA was transferred to
nylon membrane (Hybond XL, GE Healthcare) using capillary blotting with 20×
SSC for 16 h at room temperature. The membrane was slightly dried and RNA
was crosslinked to membrane using UV Crosslinker (Stratalinker 2400,
Stratagene). The membrane was washed twice with wash buffer (1× SSC and
0.1% SDS) at 65 ºC for 30 min each. The membrane was prehybridized in 100
mL of modified Church’s buffer (0.5 M sodium phosphate, pH 7.2, 7% SDS, and
1 mM EDTA) for 4 h at 65 ºC. The hybridization probe was denatured for 5 min
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at 95 ºC and chilled on ice for 1 min. Hybridization was performed in a modified
Church’s buffer for 16 h at 65 ºC. The membrane was washed in wash buffer (1×
SSC and 0.1% SDS) for 20 min at 65 ºC twice and once at room temperature.
RNA was visualized by exposing the membrane to a phosphor screen followed
by scanning the screen on a Typhoon 8600 scanner (Promega) in phosphor
mode.
Hybridization probe was made by PCR using oligos 14 and 17 (Table 2-1)
and pRLuc RA as a template. In the reaction, [α-32P]-dATP (1 mCi/mL, 3000
Ci/mmol, GE Healthcare) was used with cold dNTPs (300 µM for each dCTP,
dGTP, and dTTP and 10 µM for dATP) in total 100 µl reaction. The quality of
PCR product was confirmed by agarose gel electrophoresis and cpm was
determined by using scintillation counter (LKB Wallac 1217 Rackbeta liquid
scintillation counter).

Sorting subgenomic replicon expressing cells with flow cytometer
Sugenomic replicon RNAs (20 µg of in vitro transcribed pRLuc RNA and
40 µg of in vitro transcribed pREGFP RNA) were electroporated into 1.2 × 107
HeLa cells. The cells were incubated in normal growth media at 34 ºC and
luciferase activity was monitored. When specific activity of luciferase was about
10,000 RLU/µg of total protein (4.5 h post-transfection for /pRLuc-pREGFP-WT
and 14 h post-transfecion for pRLuc-/pREGFP-GG), cells were harversted,
chilled on ice for 5 min and sorted to collect transfection positive cells. For the

71
sorting, GFP positive cells were excited with a 488 Argon laser, detected with a
532/40 band pass filter and sorted by Cytopeia Influx sorter (Beckton-Dickinson,
San Jose, CA) with 100 micron tip at 15 psi. The sorted HeLa cells were
processed for transmission electron microscopy as described above.

Table 2-1
Table 2-1: Oligonucleotides used in this study
Restriction sites are shown in bold; codons containing nucleotide changes are italicized

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Name
PV-3B-3C-Glu-Gly-for
PV-3B-3C-Glu-Gly-rev
3B-3C-QGtoGG-f
3B-3C-QGtoGG-r
pRLuc-BglII-r
pMoVRA-SnaBI-f
pRLucRA-3B-Y3F-f
pRLucRA-3B-Y3F-r
pLP-Rev-TRE BamHI 3CD for
pLp-RevTRe-3CD-SphI-rev
NotI-EGFP-for
EGFP-XhoI-rev
3A-SacII-f
3D seq 1085 Rev
3C 1 seq
3D seq 138 Rev
3D seq 100

Sequence
5’-CGG ACA GCA AAG GTA GAA GGA CCA GGG TTC G-3’
5’-CGA ACC CTG GTC CTT CTA CCT TTG CTG TCC G-3’
5’-CGG ACA GCA AAG GTA GGA GGA CCA GGG TTC GAT TAC-3’
5’-GTA ATC GAA CCC TGG TCC TCC TAC CTT TGC TGT CCG-3’
5’-CGC AGA TCT CCA CTT CTT TGC CA-3’
5’-TTA TGT ACG TAC CAC CAG GAG CTC CAG TGC CCG AG-3’
5’-GGA CAC CAG GGA GCA TTC ACT GGT TTA CC-3’
5’-GGT AAA CCA GTG AAT GCT CCC TGG TGT CC-3’
5' - GCG GGA TCC GCC ACC ATG GGA CCA GGG TTC GAT TAC - 3'
5'ACG CGC ATG CTT ACT AAA ATG AGT C 3'
5’-AAT TCG GAG CGG CCG CTG TGA GCA AGG GCG AGG AGC-3’
5’-GTC AGA TCC TCG AGC TTG TAC AGC TCG TCC ATG-3’
5’-GCG GAA TTC CCG CGG TGG AGG ACC ACT CCA GTA T-3’
5' - CTC CCA TGT GAC TGT TTC AAA TG - 3'
5' - GGA CCA GGG TTC GAT TAC G - 3'
5' - GTC TGT CTT AAG CCT GGG ATC G - 3'
5’- GTT TGA AGG GGT GAA GGA A – 3’
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Summary
Poliovirus (PV) replication is primed with virus genome encoded 22 amino
acids, VPg. Fully processed VPg or VPg containing precursor 3AB is abundant
polyprotein during PV replication. It has been believed that either fully processed
VPg or its precursor 3AB is the substrate for an uridylylation as an initiation of PV
replication. However, it has not been shown that VPg and 3AB uridylylations are
robust enough to support rapid PV replication in vitro and in vivo. Recently, it
has been demonstrated that 3BC and 3BCD are capable of being uridylylated in
vitro. So far, the 3BC uridylylation reaction is more robust (10-fold compered to
VPg uridylylation) than that of any other polypeptides under biologically relevant
condition. Based on this observation, it has been suggested that 3BC(D) can be
a more favorable precursor as a substrate for the initiation of replication. In this
chapter, this hypothesis has been examined by monitoring the PV replication in
the absence of 3B-3C processing. In order to do that, 3B-3C processing was
genetically prevented and luciferase encoded PV replicon was transfected to
HeLa cells to monitor replication indirectly by measuring luciferase activity. The
3B-3C processing defect mutant replicon replicates, although it was slow and
temperature sensitive. 3BC-linked full-length replicon RNA was accumulated
and packaged to produce virion. However, impairment of 3B-3C processing was
escaped by mutating the 3B-3C site to another mutant to achieve robust virus
multiplication. Our data suggest that 3BC(D) can be a precursor for the initiation
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of PV replication. In addition, polypeptides generated by 3B-3C processing, such
as 3AB and/or 3CD, may play an important role in PV multiplication
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Introduction
The poliovirus (PV) genome is covalently linked to the PV encoded 22
amino acids, VPg (virion protein genome-linked, also known as 3B). This
polypeptide is encoded in the P3 region and processed from its precursors by
viral protease 3C(D). During PV replication, polyproteins encoded in the P3
region are required to make replication complexes, including RNA dependent
RNA polymerase (RdRp) 3D and VPg. It is clear that only newly synthesized
RNA is covalently linked to VPg [1-3]. Polyproteins encoded in P3 regions are
required to interact with three different regions of PV genomic RNA during
replication [4]. All three regions are called cis-acting replication elements (CREs)
and are located in the 5’-end (oriL), 3’-end (oriR) and 2C coding region (oriI) [412]. The oriI serves a template for uridylylation reaction, which is an initial
reaction of replication [11, 12]. The uridylylation reaction is catalyzed by RdRp
but it does not require other CREs. However, all three CREs are required for
complete PV genome replication.
It has been believed that 3AB or processed VPg primes the uridylylation
reaction. However, there are several reasons that polyproteins other than 3AB or
VPg can be used as a primer for PV replication. 3AB is not an efficient primer for
uridylylation reaction in vitro [13]. Although 3AB shows RNA binding capability, it
is non-specific [14]. VPg uridylylation reaction is more robust than 3AB
uridylylation in vitro, but VPg-RNA binding reaction is non-specific without other
viral proteins either [15]. Recently, other VPg precursor forms, 3BC and 3BCD,
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were shown to have more robust uridylylation than VPg uridylylation in vitro. In
addition, 3BC and 3BCD show stronger and more specific RNA binding activity
on oriL, oriR and oriI required for PV replication. Therefore, we hypothesize that
3BC and/or 3BCD serve(s) as a primer(s) for PV replication in vivo.
In this chapter, we tested this hypothesis by using 3B-3C cleavage site
mutant PV replicon and genome. This mutant is designed to prevent processing
between 3B-3C so that it cannot produce VPg. If fully processed VPg or 3AB is
essential for PV genome replication then this mutant should be lethal for PV
replication.
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Results

3B-3C cleavage is not essential for poliovirus genome replication
Structures of wild-type (WT) and mutant subgenomic replicons were
presented in Fig. 3-1A. 3B-3C processing site was mutated from CAG-GGA
(Gln-Gly) to GGA-GGA (Gly-Gly) to prevent processed 3B (or VPg) production.
This is called GG mutant. Another mutant replicon, called Y3F, was made by
mutating the third amino acid of 3B, tyrosine, to phenylalanine to inhibit the
uridylylation reaction as a negative control. In replicons, the P1 encoded region
in PV genome was replaced with luciferase gene to monitor replication kinetics
indirectly. In order to evaluate replication of these replicons, in vitro transcribed
replicon RNA was electroporated into HeLa cell, incubated at 34 or 37 ºC. The
cells were harvested and luciferase activity was measured at the indicated time
post-electroporation for 24 h. GG replicon was able to replicate at both
temperatures (Fig. 3-1B and C). At 37 ºC, WT shows robust replication up to 6 h
(Fig. 3-1B). At the same temperature, GG replicon replicated slower than WT.
After 10 h post-electroporation, GG replicon stayed less than 30-fold lower than
WT maximum replication. At 34 ºC, WT shows replication up to 9 h postelectroporation (Fig. 3-1C). Interestingly, GG replicon replicated over 24 h and
reached within 3-fold of maximal replication of WT. In the absence of replication,
the maximum luciferase activity of Y3F replicon was shown after 2-3 h postelectroporation.
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The replicon assay is an indirect measurement of the accumulation of
luciferase. It is possible that luciferase is translated over time by using initially
transfected and/or RNAs that were not fully transcribed over the measuring time,
meaning luciferase activity might not represent the accumulation of full-length
RNA. In order to exclude this possibility, newly synthesized full-length RNAs
were monitored by Northern blot analysis. HeLa cells were transfected with in
vitro transcribed WT or GG replicon RNA, incubated at 34 ºC and total RNAs
were isolated at the indicated times from 0 to 20 h post-electroporation. Total
RNAs were separated on formaldehyde-containing agarose gel and transferred
to nylon membrane and hybridized with a 32P-dATP incorporated DNA probe. As
the replicon assay showed, the kinetics of GG replicon RNA replication was
slower than WT RNA accumulation (Fig. 3-1D). WT RNA was detected from 4 h
post-transfection and the level of RNA was saturated from 8 h post-transfection.
Full-length GG replicon RNA was visible from 8 h post-transfection and RNA
increased until 20 h post-transfection. Interestingly, final GG RNA was 30-fold
lower than WT RNA, which was 6-fold lower than the luciferase activity at the
equivalent post-transfection time (20 h).
Therefore, based on GG replicon data, we conclude that 3B-3C cleavage
is not essential for PV replication. In addition to 3AB and 3B, 3BC or its
precursors can serve as a primer for PV replication in vivo.
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Fig. 3-1

Fig. 3-1: 3B(VPg) release from precursor is not essential for PV genome
replication
(A) Schematic of poliovirus subgenomic replicon. WT subgenomic replicon has a
luciferase gene instead of P1 capsid protein encoded region. Other regions are
intact compared to PV genome. 3B-3C processing site, QG, was mutated to GG
to prevent 3B release from its precursors. The third amino acid of 3B, tyrosine,
was mutated to phenylalanine (Y3F) to prevent the initiation reaction of
replication, uridylylation. Y3F also has 3B-3C processing site mutation (GG). (B,
C) Replication of in vitro transcribed RNAs in HeLa cells: WT (■), GG mutant (◇),
and Y3F/GG (X). HeLa cells were transfected with in vitro transcribed RNA,
incubated at 37 ºC (B) or 34 ºC (C) and monitored for 24 h post-transfection. (D)
Kinetics of subgenomic replicon RNA synthesis. HeLa cells were transfected
with in vitro transcribed RNA, incubated at 34 ºC and harvested at the indicated
times. Total RNA was isolated and separated on a 0.6% agarose gel containing
0.8 M formaldehyde. RNA was transferred to nylon membrane, hybridized with a
32
P-labled DNA probe and visualized by phosphorimaging. WT was visualized
after 6 h exposure and GG and Y3F/GG was visualized after 24 h exposure.
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3B-3C processing is not essential for other polypeptide processings
It has been reported that processing mutants are easily reverted or
mutated to another susceptible amino acid to process like wild-type polypeptides
[16-18]. GG replicon is a processing mutant and it is possible that any cryptic
processing and/or reversion occurred to mimic WT polypeptide processing
profiles to produce full-length RNA. In order to evaluate any cryptic processing in
the GG replicon, 3BC and its precursors were evaluated by Western blot. HeLa
cells were transfected with in vitro transcribed WT or GG replicon and incubated
at 34 ºC for 20 h. The cells were harvested, subjected to SDS-PAGE and
Western blot analysis was performed. GG replicon could not accumulate 3AB
(Fig. 3-2A[i]) and 3CD (Fig. 3-2A[iii]) over the detection time. Instead of
processed 3C, GG replicon accumulated 3BC and 3ABC (Fig. 3-2A[ii]).
Therefore, it is clear that GG replicon replication was not supported by any WTlike P3 polypeptide processing.
3C and 3CD are known to be major proteases that cleave all the
processing sites in P2 and P3 polypeptides [4, 19, 20]. By preventing 3B-3C
processing, 3C and 3CD are not available during the GG replication. It has not
been reported that other than 3C and 3CD can substitute protease function for
PV polypeptide processing. Therefore, the delay of GG replication could be a
consequence of any defects in other polypeptide processing due to the lack of
3C and 3CD proteases. In order to evaluate P2 and P3 polypeptide processing,
HeLa S10 extracts that contains [35S] methionine and [35S] cysteine were used
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for cell-free translation of WT, GG and Y3F replicons. Interestingly, WT and GG
mutant replicons showed similar processing profiles in P2 polypeptides (Fig. 32B). As expected from Western blot analysis (Fig. 3-2A), P3 processing profiles
showed several differences. WT showed 3CD, but GG and Y3F/GG mutants did
not accumulate 3CD (Fig. 3-2B). Instead of 3CD, GG and Y3F/GG mutants
accumulated more 3D compared to WT. GG and Y3F/GG mutant replicons
showed 3ABC (Fig. 3-2B and C) but not in WT replicon. Immunoprecipitation of
cell-free translated samples confirmed clear defect of 3B-3C in Fig. 3-2C.
Compared to WT, GG mutant replicon did not produce any detectable 3B-3C
processed forms, such as 3AB and 3CD.
Based on these data, the delay of GG mutant replication is not a
consequence of any other processing defect in P2 and P3 regions except for 3B3C junction. The GG mutant replicon processing profile implies that 3BC
containing polypeptides can substitute for the function for the polypeptideprocessing event efficiently. Based on this observation, two independent
processing pathways were proposed in Fig. 3-2D. Pathway I is responsible for
3AB and 3CD as major end products that have been detected in WT (Fig. 3-2A,
B and C). Pathway II is revealed from impairment of 3B-3C cleavage and is
responsible for 3A and 3BCD that were observed in WT and GG (Fig. 3-2B and
C). 3BC or 3BCD generated from Pathway II can serve as precursors for
replication.
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Fig. 3-2

Fig. 3-2: Analysis of polyprotein processing by GG mutant reveals the existence
of two independent pathways for P3 precursor processing
(A) Processing evaluated by Western blot analysis. HeLa cells were transfected
with in vitro transcribed WT or GG mutant RNA, placed at 34 ºC and harvested
20 h post-transfection. Whole cell extracts were prepared and separated by
SDS-PAGE. Antisera against 3Dpol, 3C and 3AB were employed. The bands
corresponding to the different precursor and processed proteins are indicated.
Mock was untransfected HeLa cell lysate. (B) Processing evaluated by cell-free
translation. HeLa cell-free translation extracts containing [35S]-methionine and
[35S]-cysteine were programmed with WT, GG mutant or Y3F/GG mutant RNA.
Radiolabeled proteins were separated by15% SDS-PAGE and detected by
phosphorimaging. The bands corresponding to the different precursor and
processed proteins expected in WT replicon are indicated on the left. “Luc”
denotes the luciferase reporter. The identities of bands unique to the mutant are
indicated on the right. (C) Assignment of bands unique to the GG mutant by
immunoprecipitation. Products from cell-free translation reactions of WT and GG
mutant replicon RNAs were immunoprecipitated using antisera raised against
3AB, VPg, 3C or 3D protein; pre-immune serum was employed as a negative
control. The precipitated proteins were separated by 15% SDS-PAGE and
detected by phosphorimaging. The various precursors and processed proteins
are indicated on the left. (D) Proposed P3 precursor processing pathways.
Processing of the P3 precursor occurs by two independent pathways. There are
major (I) and minor (II) pathways. In pathway I, processing between 3B and 3C
yields 3AB and 3CD. In pathway II, processing between 3A and 3B yields 3A
and 3BCD. 3BCD processing yields 3BC and 3D; 3BC processing yields 3B and
3C. Pathway II is proposed to function in genome replication and is not
perturbed with the 3B-3C cleavage site mutant. Adapted from Lawson et al and
Pathak et al [21, 22].

GG replicon produces 3BC-linked full-length RNA
Based on the Western blot and HeLa S10 cell-free translation assays of
WT and GG replicons (Fig. 3-2), GG mutant replicated without cleaving the 3B3C junction site. Covalently linked VPg to PV RNA is known to be required for
the replication and encapsidation of newly synthesized RNA. However, it has not
been reported that newly synthesized RNA can be covalently linked to any larger
polypeptide, such as 3BC. If 3B-3C processing is not required for PV replication,
newly synthesized RNAs have to be covalently linked to 3BC or a 3BCcontaining precursor. In order to confirm the RNA linkage to 3BC or its precursor,
total RNA was purified from HeLa cells transfected with WT or GG replicon RNA.
The purified RNA was incubated with anti-3C or anti-VPg antiserum and
precipitated with protein A beads. RNA-linked to 3B and/or 3C-containing
polypeptides that precipitated with anti-VPg or anti-3C antiserum was separated
in agarose gel and detected by Northern blot analysis. WT RNA was precipitated
with anti-VPg antiserum but not with anti-3C antiserum (Fig 3-3). However, GG
mutant RNAs were detected with both anti-3C and VPg antisera. Therefore,
RNA that replicated with GG mutant replicon was covalently linked to 3BC or
3BC-containing precursors. This result also implies that covalent linkage of
polypeptides larger than VPg is not lethal to PV replication.
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Fig. 3-3

Fig. 3-3: GG mutant subgenomic RNA is covalently linked to 3BC and/or its
precursor
HeLa cells were transfected with in vitro transcribed RNA, incubated at 34 ºC and
harvested to isolate total RNA. Immunoprecipitation was performed with antisera
against VPg, 3C and hepatitis C vius (HCV) NS5A as a negative control. RNA
covalently linked to immunoprecipitated proteins was detected by Northern
blotting. Shown is a phosphorimage after 1-day exposure for WT and after 5-day
exposure for GG and Y3F/GG mutants.
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GG mutant genomic RNA shows significantly reduced specific infectivity
The observation of 3BC or its precursor-linked RNA encouraged us to
attempt to produce GG mutant virus. In order to produce GG mutant virus,
specific infectivity of GG mutant genomic RNA was measured. HeLa cells were
transfected with either in vitro transcribed WT or GG mutant genomic RNA. WT
or GG mutant RNA transfected cells were serially diluted, placed on HeLamonolayer, overlaid with 1% agarose and held at 34 and 37 ºC. The overlay was
removed and plaques were visualized by staining the cells with crystal violet.
None of the plaques appeared from GG RNA transfected and held at 37 ºC for 5
d although WT RNA transfected cells showed plaques in 2 d. At 34 ºC, WT RNA
transfected cells showed plaques down to 1:10,000 dilution (Fig. 3-4). The
specific infectivity of WT RNA was 67,000 infectious center/㎍ RNA (Table 3-1).
Interestingly, 5 plaques appeared from undiluted cells that GG mutant genomic
RNA was transfected in 5 d post-transfection (Fig. 3-4). Specific infectivity of GG
mutant genomic RNA is 1 infectious center/㎍ RNA (Table 3-1). Therefore, GG
mutant genomic RNA showed 67,000-fold lower specific infectivity compared to
WT genomic RNA.
In order to confirm the production of GG mutant viruses, viral RNA was
isolated from all 5 plaques. Surprisingly, all 5 plaques contained pseudorevertant viral RNAs containing the same genetic mutation from GGA to GAA,
which changes the amino acid from glycine (GG) to glutamate (EG) on 3B-3C
cleavage site. Therefore, GG mutant PV genomic RNA was quasi-infectious.
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Fig. 3-4

Fig. 3-4: Changing the 3B-3C cleavage site from QG to GG produces a quasiinfectious virus
Specific infectivity of GG mutant and WT PV RNA. HeLa cells were transfected
with GG mutant or WT PV RNA, diluted, added to HeLa cell monolayers, overlaid
with agarose and placed at 34 ºC for five days at which time the agarose overlay
was removed and cells were stained with crystal violet. From each of the five
plaques obtained for the GG mutant RNA transfection, virus was plaque purified,
viral RNA extracted, reverse transcribed and sequenced. Sequencing identified
a single mutation at the 3B-3C cleavage site that converted GG to EG.
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Table 3-1
Table 3-1: Characterization of virus particles produced by WT and GG mutant
genomic RNA
Specific Infectivitya
Virus

b

Particles
(infectious centers/µg RNA)

Empty
Particlesc (%)

WT

6.7 × 104

1.4 × 106

32±3

GG

1

1.3 × 103

46±5

a Specific infectivity was measured by virus infectious center assay (see Fig. 34). The error associated with this measurement was less than 20%.
b Equal volumes of virus precipitated from genomic-RNA-transfected cells was
evaluated by TEM. The indicated values represent the average number of
particles per TEM grid, which has an area of 7.2 × 1011 nm2. For WT and EG,
the value was calculated by evaluating the number of particles in three regions of
the grid. Each region was 3.4 × 106 nm2. The number of particles observed in
each region varied by less than 20%. For GG, four regions were evaluated.
Each region was 1.8 × 109 nm2.
c Empty particles observed by TEM were scored as indicated in the legend to
Fig. 3-6C.
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P1 polypeptide can be processed by 3CD-containing precursors
Encapsidation of PV RNA requires P1 capsid polypeptides. P1
polypeptide has to be cleaved into three polypeptides, VP0, VP3, and VP1 prior
to encapsidation. It has been reported that processing in P1 polypeptides
requires 3C or 3CD proteases [19, 20, 23, 24]. However, it has not been
evaluated that viral proteases other than 3C or 3CD protease can substitute the
function for processing of P1 polypeptides. Therefore, it is possible that the
absence of 3C and 3CD prevent the processing of P1 polypeptide, resulting in
significantly reduced specific infectivity and pseudo-revertant virus production.
In order to test this possibility, full-length WT or GG mutant genomic RNA
was translated in HeLa S10 extracts containing [35S] methionine / [35S] cysteine
at 34 ºC for 4 h and proteins were separated in SDS-PAGE. Based on the
comparison of band intensities between WT and GG polyproteins, except for fulllength P1 polypeptide, all P1 cleaved products, VP0-VP3, VP0, VP1 and VP3,
produced similar levels between WT and GG mutant (Fig. 3-5). P1 polypeptide
in the GG mutant lane was more intense than WT and it is not clear why only this
precursor accumulated. It is possible that an unknown additional band due to the
3B-3C processing defect may overlap on this weight, such as P2-3ABC. P23ABC is 96.4 kDa and P1 is 97.4 kDa. As previously shown (Fig. 3-2B and C),
P2 and P3 processing of WT and GG polyproteins were similar except for 2C. It
is not clear why 2C is accumulated in GG polyproteins. For P3 polyprotein
processing, GG polypeptides produced 3ABC and a stronger 3D band relative to
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WT due to the alteration of 3AB and 3CD, resulting in pathway I. This implies
that P1 and P2 polypeptide processing events can be performed by 3C and/or
3CD-containing precursor(s) proteases as efficiently as by 3C and/or 3CD.
Therefore, production of GG mutant RNA containing virion should not be affected
by 3B-3C cleavage mutation.
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Fig. 3-5

Fig. 3-5: Cleavage defect does not change P1 and P2 processing profile
Processing evaluated by cell-free translation. HeLa cell-free translation extracts
containing [35S]methionine and [35S]cysteine were programmed with WT or GG
mutant RNA. Radiolabeled proteins were separated by 15% SDS-PAGE and
detected by phosphorimaging. The bands corresponding to the different
precursor and processed proteins expected for WT are indicated on the left. The
identities of bands unique to the GG mutant are indicated on the right.
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GG mutant genomic RNA produces reduced number of virus particles
GG mutant replication level at 20 h post-transfection was 30-fold lower
than WT (Fig. 3-1D). Capsid processing did not show any defect (Fig. 3-5). GG
mutant RNA was covalently linked to 3BC or 3BC precursors (Fig. 3-3).
However, specific infectivity of GG mutant genomic RNA was significantly
reduced and it was quasi-infectious. It has been suggested that PV-linked VPg
could be a signal for encapsidation of PV RNA [1-3]. It has not been shown that
polypeptides other than VPg, such as 3BC, can serve the function for the RNA
encapsidation signal. In addition, it may also be possible that polypeptides larger
than VPg can provide difficult conditions for RNA to be packaged. Therefore, it is
possible that GG mutant genomic RNA could be difficult to be encapsidated due
to polypeptides larger than VPg, such as 3BC and 3BCD.
It has been shown that RNA encapsidated particles and empty particles
can be distinguished by their morphology [25]. In order to examine the
encapsidation efficiency of GG mutant genomic RNA within one viral life cycle,
GG mutant virus particles were purified and morphology of particle was
examined. In vitro transcribed GG mutant genomic RNA was transfected into
HeLa cells, incubated at 34 ºC for 20 h. Virus was released by three freeze-thaw
cycles, concentrated by PEG precipitation and purified on a sucrose cushion.
GG virus particles were visualized by transmission electron microscopy (TEM)
after negative staining with uranyl acetate. Unstained white circles (▼) represent
RNA packaged particles and round white circles with dark stain in the center (

)
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represent empty particles (Fig. 3-6). Viral RNA was also isolated from the
purified virus and reverse transcription (RT) was performed. By using the RT
product, polymerase chain reaction (PCR) was carried out and the product was
sequenced. GG mutant genome containing virus was confirmed by sequence.
The average number of particles per grid of GG mutant virus was calculated. GG
virus produced at least 3 logs less virion than WT (Table 3-1) and empty particle
production increased only 8% out of total particles compared to that of WT.
These data suggest that polyproteins larger than 3B-linked RNA can be
packaged to become virion. However, 3B-3C processing is important for viral
RNA encapsidation because of significant decrease of GG mutant viral particle
relative to WT.
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Fig. 3-6

Fig. 3-6: 3B-3C cleavage is not required to produce 3BC-linked PV genomic
RNA containing particles
TEM of WT and GG virus particles. HeLa cells were transfected with GG mutant
or WT PV RNA and incubated at 34 ºC for 20 h at which time cells were
harvested and lysed with three freeze-thaw cycles. WT and GG mutant PV
particles were then purified by precipitation using 10% polyethylene glycol (PEG)
8000 followed by centrifugation through a 30% sucrose cushion. Purified virus
particles were negatively stained with 2% uranyl acetate and observed by
transmission electron microscopy, bar = 0.1 µm. Representative virus particles
that are empty ( ) or contain packaged RNA (▼) are indicated.
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Quasi-infectious EG mutant virus appears during the early GG mutant PV
multiplication
Infectious center assays allowed viral multiplication to make a favorable
pseudo-revertant, EG mutant PV, within 5 d. It is possible that only few GG
mutant RNAs survived, mutated to EG and made plaques over several virus life
cycles. Based on the sequencing analysis of 20 h post-transfection of GG
mutant genomic RNA, GG mutant PV particles contained GG mutant genomic
RNA without any other substantial mutations. However, it is not clear whether
GG mutant PV is truly infectious. In order to define infectivity of GG mutant PV, it
is important to know when the quasi-infectious pseudo-reversion occurs. If
quasi-infectious pseudo-reversion occurs before the virus makes plaques, then it
is hard to determine whether GG mutant PV is infectious or not. It cannot be
ruled out that GG mutant PV was made but it merely could not survive from
competition with pseudo-revertant EG mutant PV over several PV life cycles.
GG mutant PV specific infectivity was more than 4 logs lower than that of
WT genomic RNA (Table 3-1). GG mutant PV is temperature sensitive (Fig. 31Cand 4). If purified GG mutant PV did not contain any pseudo-revertant EG
mutant PV, it should not grow at 37 ºC. In addition, if GG mutant PV is infectious,
WT and GG mutant PV should show similar log difference of plaque formation at
34 ºC compared to the infectious center assay (Fig. 3-4).
In order to test these possibilities, titers of the same number of purified GG
and WT PV were determined at 34 and 37 ºC. According to the Table 3-1, the
purified GG mutant PV particles were 3 logs less than WT in a same volume
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(GG : WT = 1.3 × 103 : 1.4 × 106). Therefore, the purified WT was diluted 1000fold and titered to compare the same number of virus particles of WT and GG
mutant PV. Instead of more than 4 logs lower titer, the purified GG mutant PV
showed 2 logs lower titer than WT at 34 and 37 ºC in 3 and 2 d respectively
(Table 3-2). These data suggest quasi-infectious EG mutant PV occurred in 1
out of 100 of GG mutant PV within 20 h post-transfection. It is possible that
mostly PV generated during the GG mutant PV titration could be EG mutant PV.
In order to test this possibility, HeLa cells were infected with the purified GG
mutant PV, incubated at 34 ºC and cell-associated virus was harvested 6 h postinfection. Viral RNA was purified from harvested virus and RT-PCR was
performed. Sequencing confirmed that the 3B-3C junction was mutated from GG
to EG. Therefore, it is concluded that quasi-infectious EG mutant PV occurs
within 20 h post-transfection of GG mutant genomic RNA and GG mutant PV is
not infectious enough to reproduce its own progeny.
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Table 3-2
Table 3-2: Purified GG mutant PV particles containing quasi-infectious virus
Titer (PFU/mL)
Virus

34 ºC

37 ºC

WT

1.4 × 107

1.2 × 107

GG

1.7 × 105

1.5 × 105

The same number of WT or GG mutant PV particles were titered. HeLa cells
were infected with WT or GG mutant PV, incubated at 34 or 37 ºC for 3 d or 2 d
respectively and plaques were visualized by crystal violet staining.
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Discussion

Poliovirus has positive-strand RNA encoding polyproteins that are
minimally required for virus multiplication. Upon virus infection, positive-strand
RNA is used as a template for initial polyprotein translation [4]. Translated
polyprotein has to be processed by virus-encoded proteases 2A and 3C(D) [4, 14,
20, 24, 26]. 2A is responsible for P1-P2 junction processing and protease
domain in 3C(D) is responsible for rest of the cleavage events [27-29]. The P3
region encoded proteins are directly involved in replication complex formation. In
order to initiate negative strand RNA synthesis, the third amino acid in 3B (and
also known as VPg), a tyrosine residue, has to be uridylylated. Uridylylated VPgpU(pU) are found in PV infected cells. For many years, two questions remained.
First, what is the actual substrate of uridylylation in vivo? Second, does VPgpU(pU) function as a replication competent primer? Currently, free VPg-pU(pU)
are believed to serve as a primer for RNA elongation. In addition, it is believed
that VPg originates from 3AB for uridylylation. These hypotheses are based on
the abundance of 3AB and VPg-pU(pU) in PV infected cells. VPg-pUpU has not
been shown as a primer for full elongation although several nucleotide
elongations were observed [30]. 3AB has been shown to be uridylylated in vitro.
This reaction was performed in Mn2+ instead of Mg2+ that is more biologically
relevant, especially for polymerase [31, 32]. Recently, 3BC was shown to be a
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better substrate for uridylylation and 3BCD was able to be uridylylated in vitro as
well [13].
In this study, we used a 3B-3C processing mutant replicon, the GG mutant
replicon, to show that 3B-3C processing is not essential for PV replication (Fig.
3-1B). It is the first in vivo evidence implying that VPg precursors can be
substrates for uridylylation and elongation to make the full-length RNA (Fig. 3-1C
and D). The GG mutant replicon is a temperature sensitive mutant that
replicates better at 34 ºC instead of 37 ºC. It is not clear why the replication of
GG mutant replicon is promoted at 34 ºC. Virus can be temperature sensitive for
many different reasons, such as mutations, stability of protein, RNA-protein
interactions, formation of complexes, and conformational changes [33-36]. The
GG mutant replicon is a cleavage mutant and its final products are different from
those of WT. So far, it is hard to determine any specific factor for temperature
sensitivity of the GG mutant replicon.
GG mutant replicon processing profiles were evaluated by Western blot
and HeLa S10 cell-free translation. As expected, GG mutant replicon-impaired
3B-3C processing yields 3ABC, 3BC and 3BCD as major products shown from
Western blot (Fig. 3-2A). WT shows 3AB, 3C and 3CD. Cell-free translation
also shows a similar result (Fig. 3-2B and C). It is important to note that the
processing profile of P2 polyprotein in GG mutant replicon is normal relative to
that of WT. It implies that factors other than 3C and 3CD can serve as a
protease for P2 region processing. P2 region encoded proteins are known to be
essential for PV replication [34, 37, 38]. Therefore, polypeptides encoded in P2
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region can be excluded as being responsible for the slow replication phenotype
of GG mutant replicon. Based on GG mutant replicon processing profiles, our
lab proposed two P3 processing pathways (Fig. 3-2D). The model for two
alternative processing pathways of nonstructural polyproteins was also
suggested previously [22]. First, a rapid cascade is a membrane-bound
precursor involved cascade. This cascade was believed to occur at early PV
infection. Second, the slower processing cascade is responsible for soluble P1,
P2 and P3 precursor processing. Our model in Fig. 3-2D suggests more detailed
processing for replication competent precursors that is likely related to their rapid
cascade. In our model, pathway I is the major pathway responsible for abundant
3AB and 3CD production. These proteins participate in many different functions
from host factor regulation to viral replication [14, 26, 39-46]. Pathway II is the
minor pathway that provides proteins more directly related to replication complex
formation. From pathway II, 3BCD and 3BC can serve as substrates for
uridylylation. Impairment of 3B and 3C processing GG mutant replicon allows
emphasizing pathway II by preventing major pathway I. Our data are consistent
with this model because the GG mutant replicon can replicate without producing
polyproteins in pathway I.
VPg is cleaved once PV RNA is released from the viral particle in
cytoplasm [1, 2]. The mechanism of VPg cleavage has not been revealed. Only
newly synthesized RNA has VPg because of a VPg priming function [1, 3, 47].
So far, it is not clear whether VPg or VPg precursor is the substrate for
uridylylation. Fig. 3-3 shows the VPg precursor is covalently linked to full-length
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GG mutant replicon. It is the first time that factors larger than VPg can be
covalently bound to PV RNA. This observation suggests two important aspects
of PV replication. First, VPg precursors can be uridylylated in vivo. The
uridylylated VPg precursor is replication competent. Impairment of 3A and 3B
junction is lethal for replication and no uridylylation of 3AB has been observed in
vivo [13]. 3BC has been shown to be a more favorable substrate for uridylylation
in vitro and this observation is consistent with in vivo GG mutant replicon data
[13]. Second, processed VPg is not essential for elongation of RNA. So far,
none of the VPg precursors covalently linked-RNA were detected. Although it
may be a GG mutant PV specific mechanism, it also suggests to some extent
that VPg processing may occur in the post-elongation stage. In order to clear
VPg precursor to a VPg conversion mechanism, more study is needed.
GG mutant genomic RNA shows more than 4 logs lower specific infectivity
than WT (Table 3-1) and plaques contained pseudo-revertant EG mutant PV
instead of GG mutant PV. GG mutant PV cannot produce 3C and 3CD. These
proteins are known to be responsible for P1 capsid polyprotein processing [4, 19,
24, 27]. Impairment of P1 processing may reduce the capability of encapsidation
and maturation of viral particles. Our cell-free translation of GG mutant genomic
RNA shows normal processing profiles, VP0, VP1, VP3 and VP3-VP0. This
observation suggests that polyproteins other than 3C and/or 3CD can serve as
proteases for P1 polyprotein processing (Fig. 3-5). Translation of GG mutant
genomic RNA accumulates 3ABCD, 3ABC and 3BCD. These 3C-containing
polyproteins may be responsible for P1 polyprotein processing.
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GG mutant RNA is covalently linked to a VPg precursor and this
polypeptide larger than VPg may interrupt RNA encapsidation. However, 3BClinked GG mutant genomic RNA can be packaged without substantial increase of
empty particles (Table 3-1). It suggests that physical size of RNA-linked
polypeptide is not a critical factor for RNA encapsidation capability. GG mutant
replicon RNA accumulates only 30-fold lower than WT (Fig. 3-1D). However,
GG mutant PV particles are produced 1000-fold lower than WT without altering
P1 polyprotein processing. This discrepancy could imply that the function of VPg
as a signal for encapsidation may be interrupted some extent.
The GG mutant replicon replicated with 6-7 h lag at 34 ºC before higher
than background level of luciferase activity was observed (Fig. 3-1C). This lag of
replication can be a consequence of impaired 3B-3C processing which can delay
a mechanical procedure during the PV replication. Currently, circularization of
genomic RNA is the favorable model for initiation of negative-strand RNA
synthesis [48-50]. Based on this model, we propose a more detailed mechanism
(Fig. 1-4). 3(B)CD proteins bind to oriL (5’-end) and oriR (3’-end) and dimerized
3CDs bind to oriI that is located in the 2C region. These proteins interact and
circularize poliovirus genome to recruit both the 5’ and 3’ ends to oriI. VPg
uridylylation occurs on oriI in the context of 3BCD. Once VPg is uridylylated,
elongation occurs on the same RNA. It is possible that the circularized genome
is stable due to the interactions of 3(B)CDs and without breaking the interactions,
elongation cannot be accomplished. It is not clear when 3B-3C processing
occurs. Although GG mutant replicon data suggests that 3B-3C cleavage could
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be executed post-genome replication (Fig. 3-3), it may not be a favorable
mechanism for PV replication. Instead, if it is favorable for uridylylated VPg to be
free prior to elongation, the impairment of 3B-3C processing of GG mutant
polyproteins prevents uridylylated VPg dissociation from other viral proteins.
Therefore, most uridylylated VPg in the context of 3BCD has to be held to either
oriI or oriR. Only a limited number of 3BC(D)-pUpU escaped from viral protein
interactions can be utilized for RNA elongation. The polyproteins that were
absence due to the cleavage defect may be important to enhance the replication.
Although protease function for most polyprotein processing by 3C and 3CD can
be substituted with their precursors, other functions of these proteins still may
need to be provided by themselves.
Cleavage mutants are lethal in most cases among RNA viruses [16-18, 51,
52]. The GG mutant is not lethal but is temperature sensitive. It does not
efficiently replicate at 37 ºC. The lower temperature, 34 ºC, is more favorable for
GG mutant PV replication (Fig. 3-1B and C). GG mutant PV particles can be
made, but multiplication of GG mutant PV may not be feasible under the
conditions that we tested (Fig 3-6 and Table 3-1). Mutation in GG mutant PV
occurs within one virus life cycle to escape the genetic pressure. Specific
infectivity of GG mutant genomic RNA shows more than 4 logs lower than that of
WT. Purified GG mutant particles contain mostly GG mutant PV genome.
However, purified GG mutant PV particles lost temperature sensitivity (Table 3-2).
In addition, from the same number of WT and GG mutant PV particles, GG
mutant PV shows only 2 logs lower titer than WT at 34 and 37 ºC (Table 3-2).
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Based on the data, we could conclude that 1% of GG mutant genomic RNA is
mutated to pseudo-revertant EG PV within 20 h post-transfection. Therefore, it is
hard to determine infectivity of pure GG mutant PV.
In this study, we showed the first evidence that processed VPg is not
essential for PV replication. A VPg precursor can be uridylylated in vivo.
Uridylylated precursor can also be elongated. Polyproteins larger than the VPg
can be covalently linked to PV genomic RNA and packaged. Multiplication of
pseudo-revertant EG mutant that arose from GG mutant genomic RNA is more
robust than GG mutant PV. In order to understand the delay of GG mutant
replication and reduced viral particle production, detailed mechanistic studies are
required. In addition, individual polyproteins that cannot be provided by GG
mutant PV also need to be characterized to evaluate a function for GG mutant
phenotypes.
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A Trans-complementation function for poliovirus 3CD protein in poliovirus
genome replication
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Summary
Poliovirus (PV) genome translates to produce a polyprotein, which is then
post-translationally processed. This processing is important to separate
individual proteins that have their own function in the virus life cycle. We
previously introduced a mutation between 3B and 3C to test our hypothesis that
the processing at this cleavage site is not essential for PV replication. In this
chapter, our data will support that this processing is not required for the PV
replication. However, the kinetics of replication with this mutation (GlycineGlycine) is significantly slower than that of wild-type (WT) PV replication
indicating that this processing site is still important for the efficient replication
during the virus life cycle. More importantly, this mutation prevents viable PV
production. Serial passage of transfected cells with full-length PV genome
containing Glycine-Glycine (GG) mutation between 3B and 3C gave rise to five
plaques. Instead of recovering originally introduced mutation, pseudo-revertant
Glutamate-Glycine (EG) was identified in all five plaques. The newly discovered
EG mutant PV showed slower kinetics of replication and the level of 3CD
polypeptide was lower than WT during replication. The ectopic expression of
3CD restored the kinetics of EG mutant replication. It is the first introduced transcomplementation effect of 3CD on PV replication in vivo. Over all, this study
introduces novel mechanism and function for 3CD during PV replication.
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Introduction
The poliovirus (PV) life cycle consists of many different steps. So far,
most steps during PV multiplication are known to be sequential and coupled to
maximize the efficient PV production [1-5]. Due to the single open reading frame
in PV, many PV proteins are processed from one polypeptide, P1-P2-P3. This
247 kDa polyprotein is first processed to two major intermediate precursors, P1,
and P2-P3. P1 contains capsid polyproteins and P2-P3 contains the nonstructural proteins. P2-P3 is subsequently processed to P2 and P3. From these
major precursors, various intermediate and fully processed proteins are
generated. Recently, it has been discovered that various intermediate
precursors have specific functions [3, 6-12]. Precursors are even more efficient
than fully processed forms to complement lethal mutations that occur during the
PV replication [4]. It is possible that PV has evolved to minimize unnecessary
use of its polyproteins by controlling polyprotein processing at certain steps of PV
multiplication. Polyprotein processing is one of the key steps to regulate the
kinetics of virus production and genome replication. Processing junction mutants
in P2 polyproteins alter PV replication and production [13]. Mutations in P1
polyprotein junction sites are lethal [14].
Polyproteins encoded in the P3 region are known to be involved in the
polyprotein processing and viral genome replication [5, 15]. 3D is the RNA
dependent RNA polymerase (RdRp). 3C and 3CD are known to be the major
protease for viral polyprotein processing and host factor cleavage [15-17]. VPg
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is known to be a primer for genome replication [5, 15, 18-22]. 3A regulates the
cellular secretory pathway [23]. Therefore, mutations on the processing junction
in P3 region may change the amount of individual PV precursors and/or
processed proteins, which influences the specific steps of PV life cycle. By
introducing a mutation at the cleavage junction between 3B and 3C, kinetics of
processing precursors containing 3B and/or 3C can be changed and
consequently the ratio of 3B and/or 3C containing precursors to fully processed
forms can be changed. Once altered precursors and processed forms are
identified, their specific functions can be evaluated by comparing the phenotypes
of mutant and wild-type (WT) PV. A viable 3B-3C cleavage site mutant (EG
mutant) PV that was obtained from previous study is a useful tool to test this
hypothesis.
Therefore, in this chapter, EG mutant PV was characterized in molecular
and cellular aspects to understand how this mutation affects the PV life cycle.
This study introduces a novel paradigm of how cleavage site mutations are
dynamically involved in the entire PV life.
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Results

Reduced specific infectivity of EG genomic RNA
A 3B-3C cleavage site (EG) mutant was obtained from previous study [24].
This mutant is a missense mutant from another 3B-3C cleavage site mutant (GG).
EG mutant PV showed increased virus multiplication. However, the entire
sequence of EG mutant PV was not confirmed. Therefore, a second site
mutation could contribute to the increased virus multiplication of EG mutant PV.
In order to prove that the missense mutation observed in the viral population
caused the increase in virus multiplication efficiency, site-directed mutagenesis
was employed to create the EG cDNA. The nucleotide substitutions made were
designed to limit reversion to the WT codon by requiring a transversion for
reversion, a low-frequency event for PV polymerase [25, 26]. EG specific
infectivity was measured by infectious center assay as described in chapter 2.
Infectious centers produced by EG genomic RNA were smaller than observed for
infectious centers produced by WT genomic RNA (Fig. 4-1A). The specific
infectivity of EG genomic RNA was ~10,000 infectious centers/µg RNA, a value
~10,000-fold higher than observed for GG genomic RNA but still ~7-fold lower
than observed for WT genomic RNA (Fig. 4-1B and Table 3-1). Together, these
observations suggest that EG PV is at least partially defective relative to WT PV
but robust enough in cell culture relative to GG PV to be used as a tool to obtain
insight into the mechanistic basis for the phenotype observed for GG PV.
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The observation that the specific infectivity of EG genomic RNA was
reduced relative to WT genomic RNA encouraged detailed characterization of the
EG PV multiplication cycle.
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Fig. 4-1

Fig. 4-1: Changing the 3B-3C cleavage site from GG to EG restores infectivity
(A) Infectious center assay for EG mutant and WT PV RNA. HeLa cells were
transfected with in vitro transcribed EG mutant or WT PV RNA, diluted, added to
HeLa cell monolayers, overlaid with agarose and placed at 37 ºC for 2 d at which
time the agarose overlay was removed and cells stained with crystal violet. (B)
Quantitation of data shown in panel A. The specific infectivity for WT and EG
mutant RNA are 68,000 ± 10,000 and 14,000 ± 1,000 PFU/µg RNA, respectively.
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One-step growth analysis
The infectious center assay not only requires virus to be produced but also
to spread. Therefore, reduced specific infectivity could be caused by defects
after virus assembly. In order to rule out this possibility, HeLa cells were infected
with EG PV at a multiplicity of infection (MOI) of 10. At various times postinfection, the titer of virus was determined by plaque assay. Comparison of the
one-step growth curve for EG PV to that for WT PV revealed two major
differences. First, EG PV exhibited an ~1 h lag in appearance of infectious virus
relative to WT PV (Fig. 4-2). Second, the fast rate of infectious virus production
observed for WT PV between 4 and 6 h post-infection (5×107 PFU/mL/h) was
reduced by ~20-fold. Interestingly, the final yield of EG PV (3×108 PFU/mL) was
very similar to WT PV (4×108 PFU/mL). These data would suggest that the
specific infectivity as determined by using the infectious center assay reports on
changes in the kinetics of infectious virus production instead of overall virus yield.
This observation may reflect competition between degradation and
translation/replication of the transfected RNA that produces the inoculum that
spreads causing the cell death that is monitored.

120
Fig. 4-2

Fig. 4-2: EG PV exhibits a decreased rate of virus production
Kinetics of virus production by WT (●) and EG (○) PV. HeLa cells were infected
with WT or EG PV (10 MOI), placed at 37 ºC and at the indicated times postinfection, cells were harvested, lysed by multiple freeze-thaw cycles and virus
was quantified by plaque assay
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Virus entry defect assay
Although one-step growth analysis suggests that a defect exists during the
first virus life cycle, which is responsible for the specific infectivity of EG PV, we
cannot exclude that EG mutant PV has an entry defect resulting in a smaller
infectious center phenotype. In order to exclude this possibility, the efficiency of
virus attachment/entry was evaluated. 100 infectious WT or EG PV were used to
infect HeLa cells for various times, and the number of cell-entered virus was
calculated by developing plaques. WT and EG PV showed similar level of
infectivity within given times (Fig. 4-3 A). This result suggests that EG PV has
equivalent kinetics of attachment to cell receptor compared to WT PV.
Kinetics of virus production can be measured by two different sources,
RNA and virus. Virus infection shows background titer caused from residual
virus post-infection. WT and EG PV showed ~10,000 PFU/mL as a background
up to 3 or 4 h post-infection. Direct introduction of RNA to cell allows us to
exclude this background occurring early post-infection as well as any defects
arising from virus entry/RNA release steps. Therefore, RNA transfection allows
us to detect any initial virus production that can be buried in the noise from
infection.
HeLa cells were transfected with in vitro transcribed RNA, harvested at
various times and produced virus was quantified by plaque assay. Emergence of
EG PV appears ~ 1 h slower than WT PV production (Fig. 4-3B). The slower
kinetics of virus production accumulates until the point of maximal viral
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production, a 3 h difference. By comparing one-step growth analysis (Fig. 4-2)
and this result, WT and EG PV appear first at the same time post-infection and
transfection.
Based on theses results we conclude that EG PV does not have any
significant defect on the step of entry/RNA release. Instead, EG PV has
defect(s) within single cycle virus reproduction and the specific infectivity and
infectious center phenotype of EG PV are the consequence of the accumulated
defect(s) over PV multiplication not spreading.
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Fig. 4-3

Fig. 4-3: EG mutant PV does not have a defect on the step of entry/RNA release
(A) Efficiency of WT ( ) and EG mutants ( and ) PV infection was evaluated.
100 infectious either WT or EG mutant PV were incubated with HeLa cells for
indicated times. Residual viruses were removed and infected cells were
calculated by using plaque assay. (B) Kinetics of virus production by WT ( ) and
EG mutant ( ) RNA. HeLa cells were transfected with either WT or EG mutant
PV genomic RNA, incubated at 37 ºC and at indicted times post-infection, cells
were harvested, lysed by three cycles of freeze and thaw and virus was
quantified by plaque assay
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Replicon analysis
The reduced rate of infectious virus production observed by the one-step
growth analysis could be attributed to any step preceding production of infectious
virus, for example genome replication or virus particle assembly or maturation.
First, we evaluated RNA synthesis indirectly by using a subgenomic replicon that
has capsid-coding sequence replaced with a luciferase reporter, thus allowing
luciferase activity to provide an indication of RNA level [27-29]. EG replicon RNA
was compared not only to WT replicon RNA but also to a replicon RNA
containing a mutation that changes Tyr-3 of 3B (VPg) to Phe. This
mutation/mutant is referred to as Y3F. Y3F replicon RNA can only be translated,
providing the background level of luciferase activity derived from translation of
transfected RNA. In cells transfected with WT replicon RNA, the fast rate of RNA
synthesis begins at 3 h post-transfection (Fig. 4-4B), 1 h prior to the first
appearance of virus (Fig. 4-2). From 3 to 5 h post-transfection of WT replicon
RNA, luciferase activity increased at a rate of 1.5×105 RLU/µg lysate/h. During
this same time frame, luciferase activity increased at a rate of 3×103 RLU/µg
lysate/h in cells transfected with EG replicon RNA. The final yields of luciferase
activity were 8×105 RLU/µg lysate and 3×105 RLU/µg lysate for WT and EG
replicon RNAs, respectively. Luciferase produced by EG replicon RNA in the
presence of brefeldin A (BFA), an inhibitor of genome replication [30, 31], was
the same as observed for WT replicon RNA under the same conditions (Fig. 44C). We conclude that changes in translational efficiency and/or stability of EG
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replicon RNA are not responsible for the reduced rate of genome replication.
Thus, EG PV replicates RNA 50-fold slower than WT PV from 3 to 5 h posttransfection, with only a minor reduction in the final yield of replicated RNA.
These observations parallel observations made by evaluating infectious virus
production, suggesting that the reduced rate of genome replication for EG PV is
the cause of the reduced rate of infectious EG virus production.
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Fig. 4-4

Fig. 4-4: EG PV exhibits a decreased rate of RNA synthesis
(A) Schematic of the poliovirus subgenomic replicon. The 5’-end of the genome
is covalently linked to a peptide (VPg) encoded by the 3B region of the genome.
Translation initiates by using an internal ribosome entry site (IRES). The P1
structural region is replaced with the firefly luciferase gene. P2 region encodes
2A, 2B, and 2C polypeptides. P3 region encodes from 3A to 3D polypeptides.
The 3’-end contains a poly(rA) tail. The Y3F mutation (♦) is generated in 3B
coding region with a substitution of tyrosine (Y)-3 to phenylalanine (F). (B)
Kinetics of RNA synthesis by WT (●), EG mutant (○) and Y3F mutant (♦)
subgenomic replicon RNA. Tyr-3 is the nucleophile employed to form VPg-pU.
Products formed in this background would be a result of initially transfected RNA.
HeLa cells were transfected with in vitro transcribed replicon RNA, placed at 37
ºC and luciferase activity was monitored for 12 h post-transfection. (C) Kinetics
of translation by WT (●) and EG mutant (○) subgenomic replicon RNA in the
presence of brefeldin A. HeLa cells were transfected with in vitro transcribed
replicon RNA, incubated in the presence of brefeldin A (2 µg/mL), placed at 37
ºC and luciferase activity was monitored for 12 h post-transfection.
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Virus assembly and encapsidation
The direct correlation between reduced kinetics of RNA synthesis and infectious
virus production does not prove that steps after RNA synthesis, for example virus
assembly, are normal. In spite of substantial accumulation of GG RNA in cells
[29], a virus assembly defect is suggested by the 3-log reduction in particles
isolated from GG genomic RNA transfected cells relative to WT genomic RNA
(Table 3-1). It is possible to separate genome replication from virion production
by using 5-(3,4-dichlorophenyl)- methylhydantoin, which we will refer to as
hydantoin [32, 33]. Hydantoin targets the PV 2C protein and blocks production of
infectious virus without affecting genome replication [32]. The experimental
design is illustrated in Fig. 4-5A. Cells are infected with virus at an MOI of 1 in
the presence of hydantoin. After a time sufficient for completion of genome
replication (6 h for WT PV (Fig. 4-5B); 8 h for EG PV (Fig. 4-5C)), hydantoin is
removed and total, infectious virus produced quantified by plaque assay. In the
presence of hydantoin, neither WT nor EG PV produces infectious virus (Figs. 45B and C). However, by 30 min after hydantoin removal, a 4-log burst of
infectious virus can be observed for WT PV (Figs. 4-5B and C). Interestingly,
both the burst and subsequent kinetics of infectious virus production by EG PV
are reduced relative to WT PV when hydantoin is removed at 6 h post-infection
(Fig. 4-5B) because EG PV genome replication is incomplete at this time (Fig. 44B). When hydantoin is removed at 8 h post-infection, the burst and subsequent
kinetics of infectious virus production by EG PV are equivalent to WT PV (Fig. 4-
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5C). In both cases, equivalent amounts of infectious WT and EG PVs were
made (Figs. 4-5B and C). Consistent with this observation, EG PV was
indistinguishable from WT PV (Fig. 4-5D) and contained equivalent numbers of
empty particles (empty particles (%), 39±4 from EG vs 32±3 from WT in Table 31). The electron microscopy (EM) analysis should be used qualitatively because
we have not controlled for virion loss during the isolation procedure. These
studies suggest that genome replication and virus assembly may be uncoupled.
Although the rate of RNA synthesis in the exponential phase of genome
replication appears much too slow for new RNA synthesis to account for
infectious virus produced after removal of hydantoin, it was important to formally
excluded this possibility. Cordycepin (3’-deoxyadenosine) is a potent inhibitor of
RNA viruses [34-38]. It is converted to the triphosphate, is incorporated by the
viral polymerase into nascent RNA, and prematurely terminates RNA synthesis
[25, 39, 40]. Concentrations of cordycepin greater than 200 µM were sufficient to
prevent replication of subgenomic replicon RNA (Fig. 4-6A). Addition of
cordycepin at a concentration of 200 µM at 3 h post-transfection was sufficient to
shutdown RNA synthesis in 30-60 min and maintain the block for as long as 8 h
post-transfection (Fig. 4-6B). Therefore, we revised our hydantoin experiment to
include cordycepin as shown in Fig. 4-6C. HeLa cells were infected in the
presence of hydantoin, cordycepin was added at 6 h (WT PV) or 8 h (EG PV)
post-infection, hydantoin was removed 30 min later but the cordycepin block was
maintained. Virus was harvested at various times after removal of hydantoin and
titered. The yield of virus was the same in the presence and absence of
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cordycepin for both WT PV (Fig. 4-6D) and EG PV (Fig. 4-6E). We conclude
that genome replication and virus assembly are distinct steps in the virus life
cycle that need not be coupled.
Our studies clearly define a hydantoin-sensitive step that occurs after
genome replication and before virus assembly. The number of steps that exist
between the genome-replication and hydantoin-sensitive steps or the hydantoinsensitive and virus-assembly steps, if any, is not known. Defects between
genome-replication and hydantoin-sensitive steps would be masked by hydantoin
treatment but defects between the hydantoin-sensitive and virus-assembly steps
would not.
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Fig. 4-5

Fig. 4-5: EG PV exhibits a post-genome-replication, pre-virus-assembly defect
(A) Experimental design. HeLa cells were infected with WT or EG PV (MOI 1) in
the presence of hydantoin and placed at 37 ºC for 6 or 8 h, at which time the
media containing hydantoin was removed, cells washed with PBS, fresh media
added and the infected cells returned to 37 ºC . At the indicated times postinfection, cells were harvested, lysed by multiple freeze-thaw cycles and virus
was quantified by plaque assay. (B, C) Virus titer for WT (●) and EG (○) PV from
the experiment described in panel A when hydantoin was removed at 6 (B) or 8
(C) h post-infection. (D) Transmission electron microscopy (TEM) of WT and EG
virus particles. WT and EG PV particles were purified by precipitation using 10%
polyethylene glycol (PEG) 8000 followed by centrifugation through a 30%
sucrose cushion. Purified virus particles were negatively stained with 2% uranyl
acetate and observed by transmission electron microscopy. Representative virus
particles that are empty ( ) or contain packaged RNA (▼) are indicated, bar =
0.1 µm.
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Fig. 4-6

Fig. 4-6: EG PV produced in presence of hydantoin does not require new RNA
synthesis
(A) Cordycepin blocks new RNA synthesis. HeLa cells were transfected with in
vitro transcribed WT subgenomic replicon RNA, incubated with either 0 (●), 40
(∇), 100 (Δ), 200 (□), 300 (○), or 400 (◇) µM cordycepin, placed at 37 ºC and
luciferase activity was monitored for 8 h post-transfection. (B) Cordycepin blocks
ongoing RNA synthesis. HeLa cells were transfected with in vitro transcribed WT
subgenomic replicon RNA and placed at 37 ºC. At 0 (Δ) or 3 (∇) h posttransfection, 200 µM cordycepin was added and luciferase activity was
monitored. Control experiment was performed in the absence of cordycepin. (C)
The hydantoin experiment in the presence and absence of cordycepin. HeLa
cells were infected with WT or EG PV (MOI 1) in the presence of hydantoin,
placed at 37 ºC for 6 or 8 h, at which time either 0 or 300 µM cordycepin was
added. At 6.5 or 8.5 h, the media was removed, cells washed with PBS, fresh
media containing either 0 or 300 µM cordycepin added and the cells returned to
37 ºC. At the indicated times post-infection, cells were harvested, lysed by
freeze-thawing and virus titered. (D) Kinetics of WT PV production after removal
of hydantoin is not altered by the cordycepin block. Experiment was performed
as described in panel C. Data shown were obtained in the presence (□) or
absence (■) of cordycepin. (E) Kinetics of EG PV production after removal of
hydantoin is not altered by the cordycepin block. Experiment was performed as
described in panel C. Data shown were obtained in the presence (○) or absence
(●) of cordycepin
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Polyprotein processing
GG PV fails to produce 3AB and 3CD (Fig. 3-2A[i] and [ii]). The absence
of one or both of these proteins likely contributes to the phenotypes for this
mutant. Substrates for the protease activity of 3C (and its precursors) contain a
Gln-Gly cleavage site. Therefore, the phenotypes observed for EG PV may
result from the Glu-Gly cleavage site. We transfected cells with WT, GG or EG
subgenomic replicon RNAs and evaluated lysates 20 h post-transfection by
Western blotting with antiserum raised against PV VPg(3B), 3C or 3D proteins.
Cells transfected with WT replicon RNA produced 3AB (lane 1 of Fig. 4-7A) and
3CD (lane 7 of Fig. 4-7A). As expected, cells transfected with GG replicon RNA
produced neither of these proteins (lanes 2 and 8 of Fig. 4-7A) and instead
produced 3ABC and 3BC (lanes 2 and 5 of Fig. 4-7A), as well as 3D and its
3ABCD and 3BCD precursors (lane 8 of Fig. 4-7A). Cells transfected with EG
replicon RNA exhibited an intermediate phenotype: 3AB and 3CD were produced
(lanes 3, 6 and 9 of Fig. 4-7A); cleavage intermediates such as 3BC were also
still apparent 20 h post-transfection (lanes 3 and 6 of Fig. 4-7A). These data
show the EG PV restored cleavage at the 3B-3C junction but suggest that
cleavage at this site is slower than WT, leading to lower steady-state levels of
3AB and 3CD.
In order to evaluate the kinetics of 3B-3C cleavage and obtain some
qualitative information on the steady-state levels of 3AB and 3CD, we repeated
the experiment described above. However, lysates were evaluated at earlier
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times (6 and 8 h) post-transfection by Western blotting with antisera raised
against VPg and 3D (Fig. 4-7B). WT replicon replication is complete by 6 h posttransfection; EG replicon replication is complete by 8 h post-transfection (Fig. 44B). Cells expressing the WT P3 polyprotein show complete cleavage of 3ABCD
and 3BCD by 20 h post-transfection (compare lanes 2 and 4 to lane 6 of Fig. 47B). The identity of the band below 3BCD in lanes 2-7 of Fig. 4-7B is not known.
This band represents a viral protein, as it is not present in control cells (compare
lanes 2-7 to lane 1 of Fig. 4-7B). Cells expressing the EG P3 polyprotein fail to
completely process both 3ABCD and 3BCD, even by 20 h post-transfection (lane
7 of Fig. 4-7B). At 8 h post-transfection, cells expressing the P3 polyprotein also
showed evidence for delayed processing relative to WT (compare lane 5 to lane
4 of Fig. 4-7B). At no time during or after genome replication does the level of
3CD observed in EG replicon RNA transfected cells exceed that observed in WT
replicon RNA transfected cells (compare the following pairs of lanes of Fig. 4-7B:
12 to 11, 14 to 13 and 16 to 15). We conclude that the rate of cleavage of 3B-3C
site in EG PV is slower than WT PV, leading to a decrease in the steady-state
level of 3CD and, by inference, 3AB.
In order to determine whether or not the delayed cleavage of the 3B-3C
cleavage site in EG PV caused a global change in polyprotein processing,
translation of EG replicon RNA was compared to that of WT replicon RNA in cellfree translation experiments as described previously (Fig. 3-2B). In extracts
translating WT replicon RNA, 3CD was clearly visible by the 2 h time point
(compare lane 4 to lane 3 of Fig. 4-7C). In contrast, 3CD was still absent at this
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time point in extracts translating EG replicon RNA (compare lane 7 to lane 4 of
Fig. 4-7C). Importantly, none of the other detectable P2- or P3-encoded proteins
exhibited an observable difference in cleavage kinetics or abundance when EG
replicon RNA translation was compared to WT (Fig. 4-7C).
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Fig. 4-7

Fig. 4-7: EG PV exhibits delayed kinetics of P3 processing
(A) EG restores P3 processing. Processing evaluated by Western blotting. HeLa
cells were transfected with WT, GG or EG subgenomic replicon RNA, placed at
34 ºC, harvested 20 h post-transfection, extracts prepared and processed for
Western blotting as described in chapter 2. Antisera against VPg, 3C and 3D
were employed. The bands corresponding to the different precursor and
processed proteins are indicated. (B) Kinetics of P3 processing for EG is
delayed. Processing evaluated by Western blotting. HeLa cells were transfected
with WT or EG mutant subgenomic replicon RNA, placed at 34 ºC, harvested at
6, 8 and 20 h post-transfection, extracts prepared and processed for Western
blotting as described in chapter 2. Antisera against VPg and 3D were employed.
The bands corresponding to the different precursor and processed proteins are
indicated. Purified 3CD and 3D (M1) or 3ABC and 3BC (M2) were loaded in
lanes 8 (or 17) and 9 (or 18) as controls. (C) Processing was evaluated by cellfree translation. HeLa cell-free translation extracts containing [35S]methionine
and [35S]cysteine were programmed with WT or EG mutant RNA for 0.25, 1 and 2
h. Radiolabeled proteins were separated by 15% SDS-PAGE and detected by
phosphorimaging. The bands corresponding to the different precursor and
processed proteins are indicated.
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Composition of protein-linked RNA
Inactivation of the 3B-3C cleavage site (GG mutant) leads to production of
RNAs containing 3BC covalently linked to their 5’ ends (Fig. 3-3) [29]. Whether
or not 3BC linkage occurs normally or is an off-path intermediate unique to the
GG mutant remains to be proven. The EG mutant represents a unique tool to
approach this question. Robust genome replication occurs, but the kinetics of
3B-3C processing are sufficiently slow relative to WT to possibly permit detection
of intermediates involving 3BC(D) precursors that would never accumulate during
WT genome replication. HeLa cells were transfected with WT, EG or Y3F
replicon RNA. 8 h post-transfection, total RNA was isolated. The nature of the
protein(s) covalently linked to the RNA was determined by immunoprecipitation
with antiserum raised against PV VPg, 3C, 3D or hepatitis C virus non-structural
protein 5A (HCV NS5A). HCV NS5A served as a negative control.
Immunoprecipitated RNA was interrogated by Northern blot analysis using a 995bp, 32P-labeled probe directed to 3D-coding sequence to ensure that full-length
RNA was being evaluated. Only anti-VPg serum precipitated RNA from cells
transfected with WT replicon RNA (lane 1 of Fig. 4-8A), consistent with WT PV
producing VPg-linked RNA (Fig. 3-3) [29]. This serum did not precipitate RNA
from cells transfected with Y3F replicon RNA (lane 9 of Fig. 4-8A), thus
confirming that the hybridization signal observed does not arise from
contamination of the total RNA preparation with in vitro transcribed RNA used to
launch the multiplication cycle. Interestingly, RNA from cells transfected with EG
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replicon RNA was precipitated by sera against not only VPg (lane 5 of Fig. 4-8A)
but also 3C (lane 6 of Fig. 4-8A) and 3D (lane 7 of Fig. 4-8A). Replicated EG
RNA was not precipitated by anti-NS5A serum (lane 8 of Fig. 4-8A); transfected
Y3F replicon RNA was not precipitated by anti-3C or anti-3D serum (lanes 10
and 11 of Fig. 4-8A, respectively), thus confirming the specificity of the
experiment. Because replication in this system requires Tyr-3 of 3B/VPg (Fig. 44A) [41], covalent linkage of 3C must really imply 3BC, and covalent linkage of
3D must really imply 3BCD.
These data are consistent with recent models suggesting that precursors,
such as 3BCD, are used for initiation of and elongation during genome replication
with processing of 3BCD-linked RNA to VPg-linked RNA occurring during or after
production of full-length RNA [29]. However, it is possible that precursor-linked
RNA is unique to EG and GG PVs. All attempts to trap precursors on RNA
during genome replication by WT PV failed. First, we interrogated earlier time
points during the multiplication cycle of WT PV with the hope that intermediates
might be present (lanes 1-9 of Fig. 4-8B). Second, we interrogated WT PV RNA
from hydantoin-treated cells with the thought that processing might occur after
the hydantoin-sensitive step (lanes 5-8 of Fig. 4-8C). Antiserum raised against
PV 3C did not immunoprecipitate WT PV RNA under any condition (lanes 5 and
8 of Figs 4-8B and lanes 6 and 8 of Fig. 4-8C). Surprisingly, the presence of
hydantoin prevented the accumulation of anti-3C-immunoprecipitable EG PV
RNA (compare lane 10 to 12 of Fig. 4-8C). An increase in the level of VPglinked EG PV RNA was evident (compare lane 11 to 9 in Fig. 4-8C), suggesting
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that 3B-precursor-linked EG PV RNA is a direct precursor of VPg-linked EG PV
RNA. These data are consistent with a model in which 3BC-linked EG PV RNA
is processed before the hydantoin-sensitive step, RNA traversal through this step
is not inhibited by the presence of a precursor like 3BC, and processing of
precursor-linked RNA does not occur beyond the hydantoin-sensitive step.
Although this sequence of events may be unique to EG PV and its RNA, a similar
precursor-RNA to VPg-RNA relationship should not be excluded for WT PV.
Clearly, the processing efficiency of the 3B-3C cleavage site is substantially
faster for WT PV than EG PV (Fig. 4-7). The only way to trap precursors onto
WT RNA would be to reduce processing (as done here) or increase RNA
traversal through the hydantoin-sensitive step, which is not currently possible.
Our experiments with the GG mutant suggested that 3BC-linked RNA
could be packaged essentially as efficiently as WT based on the percentage of
empty particles (Table 3-1). In order to test further the specificity of packaging,
the RNA-immunoprecipitation experiment was repeated using RNA isolated from
purified virus particles (Fig. 4-8D). Only VPg-linked RNA was detected in WT
particles (lane 5 of Fig. 4-8D). However, only VPg and 3BC-linked RNA was
detected in EG particles (lanes 1 and 2 of Fig. 4-8D). The inability to detect
3BCD-linked RNA in EG particles reflects either the inability of 3BCD-linked RNA
to be packaged or an insufficient limit of detection. Additional experiments will be
necessary to distinguish between these possibilities. We conclude that
processing between 3B and 3C is not essential for packaging of 3BC-linked RNA.
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Fig. 4-8

Fig. 4-8: 3B-precursor-linked RNA is produced by EG PV and converted to VPglinked RNA prior to the hydantoin-sensitive step
Interrogation of protein linkage to WT and EG mutant RNA was analyzed by RNA
immunoprecipitation and Northern blotting. (A) RNA isolated from replicon RNA
transfected cells. HeLa cells were transfected with WT, EG or Y3F RNA and
placed at 37 ºC for 10 h. Total RNA was isolated from transfected HeLa cells and
immunoprecipitated using antibodies against VPg, 3C, 3D or HCV NS5A (as a
negative control). The immunoprecipitated RNA was separated on a 0.6%
agarose gel containing 0.8 M formaldehyde, transferred to nylon membrane and
hybridized with a [32P]-labeled DNA probe. The hybridized DNA probe was
visualized by phosphorimaging. Shown is a phosphorimage after a one-day
exposure. In vitro transcribed RNA is shown as a reference. (B) RNA isolated at
early times post-infection. HeLa cells were infected with WT PV (MOI 10) and
placed at 37 ºC for 0, 4, or 5 h. As a positive control, EG PV (MOI 10) infected
HeLa cells were incubated at 37 ºC for 10 h. Total RNA was isolated from
infected HeLa cells and immunoprecipitated using antibodies against VPg, 3C, or
HCV NS5A. The immunoprecipitated RNA was separated as described above.
In vitro transcribed RNA is shown as a reference. (C) RNA isolated from HeLa
cells infected with WT PV or EG PV (MOI 10) in the presence (+Hyd) or absence
(-Hyd) of hydantoin at 37 ºC for 6 h (WT PV) or 8 h (EG PV). Total RNA was
immunoprecipitated using antibodies against VPg and 3C. The immunoprecipitated RNA was separated as described above. WT or EG PV RNA used
for immunoprecipitation is shown in lane 1-4. (D) RNA isolated from purified virus
particles. HeLa cells were infected with WT or EG PV and placed at 37 ºC until
CPE. Cells were harvested and WT and EG PV were purified by precipitation
using 8-10% polyethylene glycol (PEG) 8000 followed by centrifugation through a
30% sucrose cushion. Viral RNA was isolated from purified viruses and immunoprecipitated using antibodies against VPg, 3C, 3D or HCV NS5A. The immunoprecipitated RNA was separated as described above. Total RNA purified from
Y3F mutant RNA transfected cells was used as a negative control.
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A trans-complementable function for PV 3CD in genome replication
Either loss of (GG PV) or delay in (EG PV) cleavage at the 3B-3C junction
causes two phenotypes: (1) a lag in the onset of genome replication and a
reduced rate of genome replication (Fig. 4-4A); (2) a reduced rate of infectious
virus production (Fig. 4-2). It should be noted that it is possible that the observed
lag in the onset of genome replication could be caused by an even slower rate of
genome replication that maintains the signal below the limit of detection. We
conclude that the rate of genome replication is sensitive to the concentration of
3AB and/or 3CD. PV 3CD protein alters the subcellular distribution of proteins
involved in vesicular trafficking, like the Arf GTPase, which may be prerequisite
to formation of replication complexes [42]. PV 3CD protein binds to all of the cisacting replication elements of the virus that are required for genome replication
[43-47]. Finally, PV 3CD protein increases the yield of infectious virus recovered
from cell-free extracts by modulating a post-genome-replication step, for example
virion maturation, although genome encapsidation cannot be ruled out [48].
Impairment of the genome-replication functions for PV 3CD protein could explain
the phenotypes observed for GG and EG PVs.
It is generally believed that all functions for P3-encoded proteins are
required in cis, thus explaining the inability to complement defective proteins in
trans, at least in a cellular context [2, 3]. However, interactions between 3CD,
itself and/or viral proteins required prior to formation of replication complexes
may be complemented in trans. In addition, defects in host-interaction functions
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of PV 3CD required for genome replication should be complemented in trans.
Finally, functions in virion maturation that occur outside of replication complexes
may also be complemented in trans. Therefore, we constructed HeLa cell lines
capable of regulated expression of PV 3CD protein. Recombinant, defective
Moloney murine leukemia virus harboring genes encoding 3CD proteins with or
without an active protease were used to infect a HeLa cell line expressing the
tetracycline repressor protein. The 3CD gene is under the control of a minimal
cytomegalovirus promoter that is repressed by binding of the tetracycline
repressor. Cells containing an integrated provirus were selected with hygromycin
in the presence of doxycycline (Dox) to limit 3CD expression. Lysates from
clones grown in the presence or absence of Dox were screened by Western
blotting for regulated expression of PV 3CD (Fig. 4-9A). Multiple clones were
obtained for both protease-active and protease-inactive forms of PV 3CD. Cell
viability was reduced dramatically by induction of the protease-active form of PV
3CD; therefore, these studies have employed a cell line expressing the proteaseinactive form of PV 3CD. Induction of PV 3CD did not cause a change in cell
morphology based on differential interference contrast microscopy (DIC)
(compare +Dox to –Dox in the DIC column of Fig. 4-9B). Subcellular localization
of PV 3CD was determined by fluorescence microscopy (FLUOR). PV 3CD
accumulated to the highest level in the nucleus rather than the cytoplasm (-Dox
in FLUOR column of Fig. 4-9B) as observed for other picornavirus 3CD proteins
[49-51]. However, we fully expect some level of 3CD to be found in the
cytoplasm. TEM showed that expression of PV 3CD did not cause any

145
alterations to cellular ultrastructure (compare –Dox to +Dox in Fig. 4-9C). We
will refer to this cell line as HeLa-3CD.
Kinetics of and endpoints for genome replication (+Dox panel in Fig. 410A) and infectious virus production (+Dox panel in Fig. 4-10B) by WT were the
same in uninduced HeLa-3CD cells as observed in our standard HeLa cells (Fig.
4-2 and 4). Importantly, the EG phenotype was observed in the HeLa-3CD cells
as well (+Dox panels in Figs. 4-10A and B). Expression of 3CD did not change
the kinetics or endpoints for WT genome replication (compare panel –Dox to
panel +Dox in Fig. 4-10A) or infectious virus production (compare panel –Dox to
panel +Dox in Fig. 4-10B). In contrast, the EG genome replication phenotype
was suppressed by expression of 3CD (compare panel –Dox to panel +Dox in
Fig. 4-10A) without changing the EG infectious virus production phenotype
(compare panel –Dox to panel +Dox in Fig. 4-10B). Semi-quantitative analysis
of the data showed that ectopic expression of 3CD increased the rate of EG RNA
synthesis 4-fold to a rate on par with WT RNA synthesis in the absence of 3CD
with no greater than a 25% increase in the rate of infectious virus production (Fig.
4-10C). To our knowledge, this is the first example of trans complementation of
a genome-replication defect in a cellular context by ectopic expression of 3CD.
The inability of ectopic expression of 3CD to complement the EG infectious virus
production phenotype suggests that a step after genome replication but prior to
virus assembly was not affected. This step either cannot be trans-complemented
by the level of 3CD produced in HeLa-3CD cells or requires 3AB. A more
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comprehensive evaluation of the ability of P3-derived proteins to complement the
EG infectious virus production phenotype may help to clarify this issue.
The delay of GG replication is more severe than EG replication. GG
replicon took more than 24 h to reach within 3-fold level of WT replicon at 34 ºC
(Fig. 3-1C). The delay of EG replication was suppressed by ectopic expression
of 3CD in trans (Fig. 4-10A). EG polypeptides show some extent of 3B-3C
cleavage products (Fig. 4-7). However, GG replication occurs in the absence of
3B-3C cleavage products such as 3AB and 3CD (Fig. 3-2A). Therefore, more
severe delay of GG replication phenotype could be a consequence of the
complete absence of 3CD.
In order to evaluate this hypothesis, in vitro transcribed GG replicon RNA
was transfected to HeLa-3CD cells in the absence (+Dox) or presence (-Dox) of
3CD, incubated at 34 ºC and lysed at the indicated times post-transfection. The
delay of GG replication was slightly suppressed by ectopic expression of 3CD
(Fig. 4-11A). Ectopic expression of 3CD increases the GG RNA synthesis 2-5fold from 6 to 14 h post-transfection although GG replication showed still more
than 15-fold reduction compared to WT replication over the same time frame.
Specific infectivity was calculated as previously described. HeLa-3CD cells were
transfected with in vitro transcribed GG mutant genomic RNA, seeded on
monolayers and incubated for 4 d at 34 ºC. WT genomic RNA showed 38,000 (Dox) and 52,000 PFU/µg RNA (+Dox). GG genomic RNA showed less than 1
PFU/µg RNA in the absence (+Dox) or presence (-Dox) of 3CD. This result is
consistent with the non-complementable effect of 3CD on delayed EG mutant PV
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production (Fig. 4-10B), and suggests that the processing of 3B-3C, higher level
of 3CD and/or 3AB is critical for robust viral production of PV.
We conclude that reducing cleavage efficiency between 3B and 3C
produces two distinct effects on steps in virus multiplication: the first step is a
pre-genome-replication step that required 3CD; the second step is a postgenome-replication/pre-virus-assembly step that either requires 3CD in cis,
higher concentrations of 3CD and/or 3AB.
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Fig. 4-9

Fig. 4-9: Establishment of a HeLa cell line capable of regulated expresssion of
PV 3CD
HeLa-3CD cell lines were incubated in the absence (-) or presence (+) of
doxycycline (Dox, 1 µg/mL) for 36 h at 37 ºC as described in chapter 2. (A)
Doxycycline removal induces 3CD expression. 3CD induction was confirmed by
Western blot of total cellular protein using anti-3D antisera. (B) Expressed 3CD
localizes to the nucleus. Immunofluorescence of HeLa-3CD cell lines using anti3D (red) and anti-actin (green) labeled antibodies. (C) 3CD expression is not
cytopathic. Hela-3CD cells were fixed and visualized by EM, bar = 2 µm. HeLa3CD cells appear normal both in the absence (-) and presence (+) of doxycycline.
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Fig. 4-10

Fig. 4-10: Ectopic expression of 3CD enhances the kinetics of RNA synthesis of
EG PV without impacting the kinetics of virus production
(A) Kinetics of RNA synthesis by WT and EG mutant subgenomic replicon RNA
in the absence (+Dox/-3CD) or presence (-Dox/+3CD) of ectopic expression of
3CD. HeLa-3CD cells incubated in the presence or absence of doxycycline were
transfected with either WT or EG in vitro transcribed replicon RNA, placed at 37
ºC and luciferase activity was monitored for 12 h post-transfection. The kinetics
of RNA synthesis for EG +3CD (○) are essentially identical to that of WT (□).
There was no difference in the kinetics of RNA synthesis for WT replicon in the
presence (□) or absence () of 3CD. (B) Kinetics of virus production by WT and
EG PV in the absence (+Dox/-3CD) or presence (-Dox/+3CD) of ectopic
expression of 3CD. HeLa-3CD cells incubated in the presence or absence of
doxycycline were infected with WT or EG PV (MOI 10), placed at 37 ºC and at
the indicated times post-infection, cells were harvested, lysed by freeze-thawing
and virus titered. There was no difference in the kinetics of EG mutant virus
production in the absence (●) or presence (○) of 3CD. (C) Average rates of RNA
synthesis (RNA) and infectious virus production (Virus) in the absence (+Dox/3CD) or presence (-Dox/+3CD) of ectopic expression of 3CD for WT and EG.
Rates shown were calculated from data obtain between 3 and 6 h, inclusive,
post-transfection or post-infection.
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Fig. 4-11

Fig. 4-11: Ectopic expression of 3CD slightly enhances the kinetics of RNA
synthesis of GG PV without impacting the kinetics of virus production
(A) Kinetics of RNA synthesis by WT and GG mutant subgenomic replicon RNA
in the absence (+Dox/-3CD) or presence (-Dox/+3CD) of ectopic expression of
3CD. HeLa-3CD cells incubated in the presence or absence of doxycycline were
transfected with either WT or GG in vitro transcribed replicon RNA, placed at 34
ºC and luciferase activity was monitored for 28 h post-transfection. The kinetics
of RNA synthesis for GG +3CD (△) are 2-5-fold times increase compared to that
of GG -3CD (▲). There was no difference in the kinetics of RNA synthesis for
WT replicon in the presence (□) or absence () of 3CD. (B) Virus production by
WT and GG PV in the absence (+Dox/-3CD) or presence (-Dox/+3CD) of ectopic
expression of 3CD. HeLa-3CD cells incubated in the presence (+Dox) or
absence (-Dox) of doxycycline were transfected with in vitro transcribed WT or
GG mutant genomic RNA, diluted, added to HeLa-3CD cell monolayers, overlaid
with agarose and placed at 34 ºC for four days at which time the agarose overlay
was removed and cells stained with crystal violet. Specific infectivities of WT
genomic RNA had 38,000 (-Dox) and 52,000 PFU/µg RNA (+Dox). Specific
infectivities of GG genomic RNA showed less than 1 PFU/µg RNA in the absence
(+Dox) or presence (-Dox) of 3CD.
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Discussion
Many positive-strand RNA viruses produce polyproteins that are co- and
post-translationally cleaved by virus-encoded proteases [52-54]. In all cases,
polyprotein cleavage is essential for production of infectious virus [13, 14, 53-55].
Therefore, viral proteases have represented an important target for antiviral drug
development [56-58]. For decades, many laboratories have investigated two
questions regarding polyprotein processing: (1) is cleavage ordered or
stochastic; (2) do cleavage intermediates expand the proteome by creating
unique functions. In most cases, a reverse-genetic approach has been used to
address these questions. Picornavirologists have used the same approach [13,
15, 59, 60]. Most often, investigators have reduced or inhibited cleavage [13, 14,
59-61]; sometimes, however, cleavage efficiency has been increased [13].
Regardless of the phenotype, infectious virus production is usually
reduced significantly or inhibited altogether [13, 14, 60, 61]. Unfortunately,
pursuit of suppressors or detailed studies of the multiplication cycle of these
mutants are, at best, rare [13, 60]. We recently reported a PV mutant (GG) that
prevented cleavage between the 3B and 3C proteins in order to determine
whether the processed VPg peptide was essential for genome replication (in
chapter 3) [29]. Inactivation of this cleavage site was not lethal for genome
replication, consistent with observations made for encephalomyocarditis virus
[60]. We have performed a detailed molecular characterization of GG PV and its
pseudo-revertant (EG PV). This study provides unique insight into the following:
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possible functions of unique precursor proteins in well-established steps of the
multiplication cycle, new functions for well-established proteins in wellestablished steps of the multiplication cycle, and the existence of a post-genomereplication/pre-virus-assembly step of the multiplication cycle.
The intracellular steps of the poliovirus (PV) multiplication cycle after
genome uncoating are shown in Fig. 4-12. VPg is removed from the genomic
RNA [62]. Genomic RNA is translated to produce a polyprotein that is co- and
post-translationally cleaved to produce proteins required for converting the host
cell into a virus production factory (P2 proteins) [63-65], genome replication (P3
proteins) [66, 67] and virus assembly (P1 proteins) [68]. Genome replication
occurs within clusters of vesicles termed replication complexes (RCs). Formation
of functional RCs requires P2 proteins, in particular 2B, 2C and/or 2BC [63-65].
The origin of the membranes employed for RCs is not clear, but may be pirated
from vesicles functioning in normal cellular processes, including anterograde
and/or retrograde trafficking between the endoplasmic reticulum and Golgi
apparatus [69-71], and autophagy [65, 72, 73]. Genome replication occurs,
producing VPg-linked, genomic RNA. Early during infection, replicated RNA is
used for translation. Replicated RNA is thought to be released from RCs for
translation to occur [74]. Later during infection, replicated RNA is encapsidated to
produce immature virions that mature via a process requiring cleavage of the
VP0 capsid precursor into VP2 and VP4, an autocatalytic process that appears to
only occur in particles containing genomic RNA. Hydantoin inhibits production of
infectious virus at the virus assembly step, either by inhibiting encapsidation or
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maturation [32, 33]. The switch from translation of replicated RNA to
encapsidation of replicated RNA occurs at a point in the life cycle when RNA
amplification enters the exponential phase, ~3 h post-infection [75]. At this stage
of the multiplication cycle, infectious virus production no longer exhibits sensitivity
to cycloheximide [75]. The general aspects of this model apply to all
picornaviruses [15].
Most picornavirus polyprotein cleavage events require the thiol protease
active site associated with the 3C domain of the P3 precursor protein [54]. The
most abundant 3C-containing protein found in cells infected with wild-type (WT)
PV is 3CD protein (Fig. 3-5) [29]; 3CD protein is produced by the major
processing pathway (Fig. 3-2D) [29]. The abundance of 3CD protein relative to
3C protein is consistent with the use of 3CD protein for proteolysis in vivo [76]. In
addition, 3CD protein cleaves the capsid precursor better than 3C protein [6, 77].
Our study forces us to consider the possibility that a 3C-containing protein other
than 3CD protein may function in vivo. First, the GG polyprotein produced 3ABC
protein instead of 3CD protein, without a significant change in the yield of
cleavage products, including capsid proteins (Figs. 3-5 and 4-7A) [29]. Second,
the kinetics of processing of the EG polyprotein appears normal in the absence
of detectable levels of 3CD (Fig. 4-7C). Finally, most 3CD protein produced in
cells traffics to the nucleus (Fig. 4-9B) [49-51]. The 3C-containing precursors
that WT, GG and EG PVs produce at similar levels are: 3ABCD and 3BCD. It is
possible that one or both of these precursors is responsible for polyprotein
processing in vivo (Fig. 4-12). The use of precursor proteins larger than 3CD
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protein might explain the very low protease activity observed for 3C and 3CD
proteins in vitro [16, 17, 78, 79], although the absence of a protein or RNA
cofactor would also explain the reduced activity in vitro [6].
All picornaviruses perform genome replication in association with
membranes [15, 80]. A hallmark of picornavirus-infected cells is clusters of
vesicles that have been termed RCs [81, 82]. Formation of these complexes
occurs either before or concomitant with genome replication and is thought to be
induced by proteins encoded by the P2 region of the genome [82, 83].
Replication of both GG and EG RNAs exhibits a lag and reduced kinetics of RNA
synthesis (Fig. 3-1B, C and 4-4B) [29]. Interestingly, both the lag and slow
kinetics of RNA synthesis observed during replication of the EG subgenomic
replicon can be complemented in trans by expression of 3CD protein (Fig. 410A). This observation required the use of a HeLa cell line capable of regulated
expression of 3CD (Fig. 4-9). This cell line has been designated HeLa-3CD. GG
subgenomic replicon RNA synthesis is also stimulated in HeLa 3CD cells, but the
substantial reduction in the kinetics of RNA synthesis is not reversed (Fig. 411A). To our knowledge, this study provides the first example of suppression of
a replication defect caused by a mutation in P3-coding sequence by ectopic
expression of a 3CD protein in a cellular context. It is well known that P3
proteins required for genome replication function in cis [1-4]. Any trans
complementation that has been observed in a cellular context in the past has
required, minimally, expression of the complete P3 protein [3, 4]. We suggest
that 3CD protein has a function prior to genome replication, perhaps in formation
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of RCs (Fig. 4-12). Ehrenfeld and colleagues have shown that PV 3CD protein
leads to maintenance of Arf GTPase in its GTP-bound form and stabilization on
membranes, providing a provocative link between PV 3CD and RC formation [42].
Activities of PV proteins that involve interaction with the host should be transcomplementable. Of course, trans-complementable interactions with viral
proteins should not be excluded.
It is well known that picornavirus 3CD proteins function directly in genome
replication by binding to at least three cis-acting elements (CRE): the cloverleaf
structure at the 5’-end (oriL); the template for VPg uridylylation (oriI) and the
complex structure located in the 3’-NTR (oriR) [43, 46, 84-86]. We have shown
that precursors like 3BCD also retain CRE-binding activity [29]; therefore, the
slow rate of 3CD production in the EG mutant (Fig. 4-7) should not preclude this
aspect of the genome-replication process. The ability of the genome-replication
defect observed for the EG mutant to be complemented by ectopic expression of
3CD also suggests that the cis function of 3CD in establishing replicationcompetent templates is normal (Fig. 4-10B).
Once replication-competent templates are produced, initiation of RNA
synthesis occurs. There is consensus that initiation requires formation of a
ribonucleoprotein complex at oriI and that this complex adds two uridylate
residues to a tyrosine of VPg or some precursor thereof [22, 43]. The prevailing
model suggests that 3AB protein serves as the source of VPg, which, as a
processed peptide, is used as primer for initiation [15]. Our data do not formally
rule out this model. However, our data do permit us to make the very
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provocative suggestion that a precursor other than 3AB may serve as the VPg
donor. The EG mutant produced RNA covalently linked not only to VPg but also
3BC and/or 3BCD (Fig. 4-8A). The ability to trap these particular precursorlinked forms of RNA in a mutant that produces near-normal quantities of 3AB and
no 3ABC (Figs. 4-7A and B) provides some support for the use of 3BCD as the
form of VPg utilized in vivo. However, 3BC(D)-linked RNA could be unique to
GG and EG PVs. This aspect of picornaviral genome replication merits
additional attention by others and us.
The observation of 3BC(D)-linked RNA intermediates suggests that
formation of VPg-linked RNA may occur by using a post-synthetic, processing
mechanism. Consistent with this possibility was the finding that 3BC(D)-linked
RNA could be converted essentially quantitatively to VPg-linked RNA by
inhibiting encapsidation and/or virus assembly with hydantoin (Fig. 4-8C). Such
a post-synthetic, processing mechanism could also be exploited by WT PV to
convert 3AB-linked RNA to VPg-linked RNA.
During the late stages of infection, replicated RNA is packaged into virus
particles. Very little is known about the encapsidation process for any
picornavirus. There has been some suggestion that VPg may constitute part of
the packaging signal [62]. The observation that 3BC-linked RNA produced by
the GG mutant (Fig. 3-3) and EG mutant (Fig. 4-8D) is packaged is inconsistent
with this possibility but may indicate flexibility in the context in which this putative
signal can be presented.
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It is clear that only replicated RNA is packaged [75, 87]. However, it is not
absolutely clear the extent to which genome replication and genome
encapsidation are linked. The rate of infectious virus production by the EG
mutant is slow relative to WT (Figs. 4-2 and 4-10B). This phenotype is not
linked to the kinetics of genome replication. When EG genome replication is
slower than WT (panel +Dox of Fig. 4-10A) and when EG genome replication is
equivalent to WT (panel –Dox of Fig. 4-10A), production of infectious EG PV
occurs at the same rate (Fig. 4-10B). These data would suggest that genome
replication and genome encapsidation are discrete steps in the multiplication
cycle. If genome encapsidation occurred immediately following genome
replication, then the kinetics of infectious EG PV production should remain slower
than observed for WT PV under conditions in which genome replication can
reach completion prior to monitoring infectious virus production. Synchronization
of infectious virus production can be achieved by using 5-(3,4-dichlorophenyl)methylhydantoin (referred to here as hydantoin) [32, 33]. When hydantoin is
removed from EG PV-infected cells prior to completion of genome replication, the
rate of infectious EG PV production is slower than observed for WT PV (Fig. 45B). In contrast, when hydantoin is removed from EG PV-infected cells after
completion of genome replication, the rate of infectious EG PV production is
equal to that observed for WT PV (Fig. 4-5C). Infectious virus produced after
hydantoin removal was not dependent on new RNA synthesis (Fig. 4-6). These
data reinforce the notion that genome replication and genome encapsidation are
discrete steps. In addition, the ability of hydantoin to suppress the observed,
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post-genome-replication defect to infectious EG PV production suggests that this
defect occurs prior to the step blocked by hydantoin. Thus, a post-genomereplication/pre-virus-assembly step in the PV multiplication cycle is revealed (Fig.
4-12). The existence of a step such as this one is not new as David Baltimore
described such a step 40 years ago [88]. It is likely that the low titer of GG PV
(Table 3-1) is related to a block at this step.
Cell-free translation and replication assay showed that excess 3CD was
trans-complementable for production of infectious PV particles [48, 89]. In this
system, 3CD can be excessively supplemented. By using HeLa-3CD cell lines,
we could not observe any trans-complementable effect of 3CD on viral
production (Fig. 4-10B and 11B). This result suggests that processing of 3B and
3C is important for maximal viral multiplication. Although cis function of 3CD for
replication complex is normal, 3CD function in cis for virus production may not be
sufficient to suppress the phenotypes of EG and GG mutant virus production. It
may be also possible that 3CD expressed in HeLa-3CD cell line was not
sufficient to suppress the delay or lack of EG or GG mutant PV production.
In conclusion, the EG mutant clearly shows that the kinetics of polyprotein
cleavage are optimized to produce the appropriate precursors in the appropriate
place at the appropriate time and has permitted assignment of a new function to
precursor and processed forms of PV proteins, as well as further elaboration of
the PV multiplication cycle. The change of 3B-3C cleavage site from Gln-Gly to
Glu-Gly is not lethal in this context. Perhaps this change can be applied at other
picornavirus cleavage sites to unmask more intermediates of the multiplication
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cycle. Glu-Gly substitutions were introduced into all of the PV P2 polyprotein
cleavage sites [13]. All of these mutants were at least quasi infectious. Lessons
that these mutants can teach us about the picornavirus multiplication cycle await
molecular characterization.
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Fig. 4-12

Fig. 4-12: Implication of this study presented in the context of the PV
multiplication cycle
Roles for P3 proteins suggested by this study appear in boxes and the additional
step as a thick arrow. Genomic RNA is first translated to produce the PV
polyprotein. Translation is inhibited by cycloheximide. The polyprotein is co- and
post-translationally processed to produce the various precursors and processed
proteins that are needed for PV multiplication. This study suggests that 3ABCD
and/or 3BCD efficiently cleave the PV polyprotein. Replication complexes (RCs)
are formed, followed by genome replication. This study implicates 3CD in a step
prior to genome replication. We have assigned this function of 3CD to RC
formation. However, additional studies will be required to confirm this possibility.
Early during infection, replicated RNA enters the pool of transfected RNA. This
study implicates 3AB or 3CD in a step after genome replication but prior to virus
assembly. We propose that this step permits transit of replicated RNA from RCs
to virus particles. Finally, virus assembly: encapsidation and maturation, occurs.
Hydantoin can inhibit production of infectious virus at the virus assembly step
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Chapter 5
A function for poliovirus 3CD protein in formation and localization of
vesicle clusters employed in genome replication
Hyung Suk Oh, George Belov, Ellie Ehrenfeld and Craig E. Cameron will
be co-authors on publications from work presented in this chapter.
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Summary
Picornavirus (PV) multiplication rearranges intracellular membrane
structures to induce viral replication-competent vesicles. Viral RNA replication
occurs on the surface of these vesicles. However, little is known about the
detailed mechanism of virus-induced vesicle formation. Replication of PV RNA
can be modulated by various viral and host factors. Alteration of viral polyprotein
processing changes concentrations of different viral proteins, which can affect
RNA replication and virus production. In a previous chapter, we described the
characterization of a viable 3B-3C junction mutant poliovirus (EG PV). The
replication kinetics of EG PV were delayed relative to wild-type (WT) PV. Slower
processing was observed at the 3B-3C junction from EG PV and consequently
resulted in slower kinetics of production of its 3CD as well as an overall decrease
in the level of 3CD formed relative to that of WT PV. Replication kinetics of EG
PV were restored by the ectopic expression of 3CD. Evaluation of EG PV
infected cells by electron microscopy revealed that the kinetics of EG PV-induced
vesicle formation were delayed and the phenotype of these vesicles was
dispersal in the cytoplasm. Ectopic expression of 3CD promoted formation of
vesicles that were much larger than normal PV-induced vesicles. Recently, 3A
and 3CD were shown to increase membrane translocation of Arfs, small
GTPases, involved in intracellular vesicular trafficking. Delay of 3B-3C
processing decreased Arf membrane translocation in vitro and the expression of
3CD enhanced membrane-bound Arf-GTP in HeLa-3CD cells. We conclude that
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interaction between 3CD and host factor(s) involved in vesicular trafficking
machinery is required for formation and localization of replication complexes.
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Introduction
Expressed PV polypeptides modify the cellular environment. The PVinduced cellular modifications include translocation of host factors, alteration of
vesicular trafficking, shutting down of host replication and translation,
reorganizing cellular compartments and virus-induced ultrastructural changes [1,
2]. These modifications gradually develop as newly synthesized viral proteins
and genomes accumulate. PV multiplication requires these modifications in
order to avoid antiviral immune responses, establish viral replication complexes
and package viral genomes [1-5]. For replication complex formations,
picornaviruses and several other RNA viruses induce similar intracellular
membrane rearrangements including Golgi disappearance and vesicle clustering
in the perinuclear region [6-10].
It has been reported that 2B(C) and 2C are involved in virus-induced
vesicle formation [11, 12]. These proteins are associated with COPII vesicles
originating from Endoplasmic Reticulum (ER) [13]. However, mechanisms and
host factors that are directly related to the formation of PV-induced vesicles have
not been revealed. Recently, it was reported that 3A and 3CD were able to alter
cellular trafficking by regulating ADP ribosylation factors (Arfs) in vitro and in vivo
[14-17]. Arf is a small GTPase consisting of six members and at least three of
which respond to 3A and 3CD (Arf1, 3 and 5) [14, 16]. Arf-GDP, which is known
to be an inactive form, is mainly in the cytoplasm [18-20]. Once a transmembrane protein complex, p24-oligomers recruit Arfs to membranes, Arf-GDP
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is stabilized and guanine nucleotide exchange factors (GEFs) replace GDP with
GTP producing the “active” Arf-GTP form [21-23].
In chapter 4, it was shown that 3CD is trans-complementable for PV
replication. If PV-induced vesicle formation is critical for replication complex
formation, then PV-induced vesicle formation can be also trans-complementable
with 3CD. Based on the above observations and rationale, several questions
can be posed. First, is the kinetics of replication correlated to the kinetics of PVinduced vesicle formation? Second, is 3CD involved in PV-induced vesicle
formation? Third, if 2B(C) and 2C expression can induce vesicles independently,
what is the specific function of 3CD for vesicle formation? In chapter 4, 3B-3C
junction mutant, EG, showed a delay in replication compared to that of WT. This
delay of replication was driven by the delay of 3CD accumulation without
changing the processing efficiency of polyproteins encoded in P2 region.
Therefore, the EG mutant PV is an appropriate resource to answer the adressed
questions. In this chapter, these questions will be answered by using
biochemical, biophysical and molecular biological methods.

177
Results

Indirect and direct measurement of RNA replication
In chapter 4, EG mutant replication was monitored by using a luciferase
protein encoded PV subgenomic replicon (Fig. 4-4B). This approach was
convenient and sufficiently sensitive to observe delay of EG mutant replicon
replication. However, it was an indirect measurement of protein expression
levels, which might not reflect accurate kinetics of replication of WT and EG
replicons. Luciferase assay data of WT and EG mutant replicon showed a burst
of signal at ～ 2 h post-transfection (Fig. 4-4B). This early burst of luciferase
activity was also observed from a replication incompetent Y3F replicon. This
result suggests that the early burst of the luciferase signal reports on protein
accumulation derived from translation of the transfected RNA, rather than from
replication of the RNA. In addition, over the time course of WT and EG mutant
replication, replication-competent RNA templates that accumulated should
generate multiple copies of polyproteins. Therefore, the luciferase assay might
not report accurate kinetics of RNA synthesis.
In order to obtain more precise kinetics of RNA synthesis of WT and EG
mutant replicons, accumulated RNA was detected by Northern blotting and
compared to the luciferase assay. HeLa cells were transfected with in vitro
transcribed WT or EG replicon RNA, divided into two sets and incubated at 37 ºC.
One set was used to isolate total RNA and the other was used for luciferase
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assays at the indicated time post-transfection. Based on the luciferase assay,
the WT replicon replicated robustly from 3 to 5 h post transfection, which was 1 h
earlier than the EG replicon. During this time frame, luciferase activity increased
at a rate of 7.0 x 105 RLU/㎍ lysate/h and 2.7 x 105 RLU/㎍ lysate/h in WT and
EG mutant replicon transfected cells, respectively (Fig. 5-1A). This result is
consistent with the previous observations (Fig. 4-4B). The final level of
luciferase activity also showed a 2.5-fold difference as previously observed in
chapter 4.
Accumulated RNA was directly detected by Northern blotting. Detectable
RNA synthesis began at 2 h and rapidly accumulated to 4 h post-transfection,
which is 1 h shorter than observed by the luciferase assays (Fig. 5-1B). From
EG replicon-RNA transfected cells, RNA synthesis was observed 4 h posttransfection, which was observed to begin 3 h post-transfection based on
luciferase assays (Fig. 5-1A) and increased to 7 h post-transfection. During this
same time period, RNA accumulated at a rate of 7.0 x 105 volume/㎍ of total
RNA/h and 4.8 x 103 volume/㎍ of total RNA/h for WT and EG replicon RNA
syntheses respectively. At maximal yields of WT and EG RNAs, there was 2.5fold difference similar to the observed with the luciferase assay. These Northern
blotting data clearly suggest that indirect measurement of the luciferase activity
has an inherent background level that can decrease the accuracy of kinetics and
quantification of PV replication.
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Polyproteins encoded in the P1 region are not believed to participate in PV
replication directly. However, we cannot completely exclude participation of
these polyproteins in various stages of the virus life cycle other than replication,
such as interactions with other viral or cellular factors, which can affect PV
replication indirectly. In addition, capsid proteins may separate encapsidationcompetent RNA from replication-competent RNA.
In order to develop a more true-to-virus replication profile of WT and EG
PV, viral genomic RNA synthesis was monitored by Northern blotting. HeLa cells
were infected with WT or EG PV at a multiplicity of infection (MOI) of 10,
incubated at 37 ºC, harvested and total RNA was isolated at various times postinfection. WT RNA accumulates 2-4 h post-infection (Fig. 5-1C) at a rate of 3.0 x
105 volume/㎍ of total RNA/h. EG RNA synthesis was detected from 3 h postinfection, which is 1 h faster than replicon RNA synthesis (Fig. 5-1B). From 2-4
h post-transfection, EG RNA increased at a rate of 3.6 x 104 volume/㎍ of total
RNA/h.
Northern blot analysis revealed a clear difference between replicon RNAtransfection and genomic RNA-infection methods for PV replication. The replicon
RNA-transfection method showed more than 100-fold reduction in EG replicon
RNA synthesis compared to WT replicon RNA 2-4 h post-transfection. During
the same period, the genomic RNA-infection method showed less than a 10-fold
decrease in EG genomic RNA synthesis relative to WT genomic RNA synthesis.
This discrepancy comes mostly from the 1 h delay of detectable EG RNA
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synthesis when replicon RNA is used as compared to when genomic RNA is
used. Replicon RNA showed a 2 h delay of detectable EG replicon RNA
synthesis relative to that of the WT replicon. However, when genomic RNA was
used, only a 1 h delay of EG RNA synthesis relative to WT RNA synthesis was
observed.
These results further support data discussed in chapter 4 that the reduced
kinetics of EG PV production was caused by the reduced kinetics of EG RNA
replication relative to those of WT.
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Fig. 5-1

Fig. 5-1: EG PV exhibits a decreased rate of RNA synthesis
(A) Kinetics of RNA synthesis by WT (■) and EG (□) subgenomic replicon RNA
monitored by luciferase assay. HeLa cells were transfected with in vitro
transcribed replicon RNA, placed at 37 ºC and at the indicated times posttransfection luciferase activity (RLU/µg) was measured. Schematic of poliovirus
subgenomic replicon. WT subgenomic replicon has a luciferase gene instead of
P1 capsid protein encoded region. Other regions are intact compared to PV
genome. 3B-3C processing site, Glutamine-Glycine (QG), was mutated to
Glutamate-Glycine (EG). (B) Kinetics of RNA synthesis by WT (●) and EG (○)
subgenomic replicon RNA monitored by Northern blotting. HeLa cells were
transfected with in vitro transcribed replicon RNA, placed at 37 ºC and at the
indicated times post-transfection total RNA was isolated. Total RNA was
separated on a 0.6% agarose gel containing 0.8 M formaldehyde, transferred to
a nylon membrane, hybridized with a 32P-labeled DNA probe and visualized by
phosphorimaging. In vitro transcribed RNA (lane 11) is shown as a reference.
Phosphorimages were quantitated and the amount of RNA was plotted as a
function of time. (C) Kinetics of RNA synthesis by WT (●) and EG (○) PV
genomic RNA monitored by Northern blotting. HeLa cells were infected with WT
or EG PV (MOI, 10), placed at 37 ºC and at the indicated times post-infection,
total RNA was isolated and Northern blotting performed as described above.
Phosphorimages were quantitated, and the amount of RNA was plotted as a
function of time. In vitro transcribed genomic RNA (lane 1) is shown as a
reference.

183
A direct correlation was observed between the kinetics of RNA synthesis
and of PV-induced cellular reorganization
PV infection causes various modifications of cellular machinery [1, 2].
Massive intracellular membrane reorganization is one of the modifications, which
yields typical vesicle formation. These vesicles are believed to be sites for PV
replication because the PV RNA-dependent RNA polymerase, 3Dpol and other
components were found on the surface of vesicles [11, 13, 24-26]. PV-induced
vesicles were observed from 2 h post-infection [27]. However, the kinetics of the
vesicle formation have not been fully evaluated during PV replication. If kinetics
of vesicle formation correlates to the kinetics of PV replication, then EG PVinduced vesicles should appear and grow 1 h later than WT-PV-induced vesicles.
Here, we used transmission electron microscopy (TEM) to understand the
kinetics and phenotype of PV-induced vesicles. This technique has been used
previously in PV studies [11, 13, 28, 29]. Briefly, HeLa cells were infected with
WT or EG PV at a MOI of 10 and incubated at 37 ºC. The cells were harvested,
fixed with 1% glutaraldehyde and with 1% reduced osmium tetroxide serially.
Samples were stained with 3% uranyl acetate, infiltrated with acetonitrile and
embedded with Epon resin. The embedded samples were sectioned, stained
and observed under TEM.
Cells infected with WT or EG PV have normal ultrastructure and
membrane structure of ER, Golgi, mitochondria and nucleus until 2 or 3 h postinfection (Fig. 5-2). PV-induced vesicles were observed 2 h post infection with
WT PV (Fig. 5-2). At the beginning of vesicle appearance, vesicles were
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localized close to the ER in the cytoplasm (2 h post-infection of WT PV in Fig 52). Prior to that time, Golgi had disappeared. The size of vesicles was 50 to 100
nm when they first appeared. From 2 to 3 h post-infection, more vesicles
appeared and they presented tightly clustered and enlarged (～200 nm). From 3
to 5 h post-infection, vesicle clusters grew larger and were perinuclearly localized
in several areas within cytoplasm. The kinetics of WT PV-induced vesicles
corresponds to the rapid increase in genomic RNA synthesis in Fig. 5-1C.
During vesicle formation, except for the disappearance of Golgi, the morphology
of other structures of cellular organelles appeared normal. The ER was visible
and the nuclear membrane was intact. No significant physical change of
mitochondria was observed.
For the cells that were infected with EG PV, it was difficult to detect any
distinct cellular reorganization up to 2 h post-infection. Beginning 3 h postinfection, vesicles appeared next to endoplasmic reticulum (Fig. 5-2), which is 1
h later than in WT PV. The size of vesicles was similar to those induced by WT
PV at the same time post-infection. From 3 to 5 h post-infection, additional
vesicles appeared. Interestingly, EG PV-induced vesicles were less clustered in
perinuclear area and more dispersed in the cytoplasm compared to 3 to 5 h for
WT PV-induced vesicles (Fig. 5-2). WT and EG PV replication was over by 6 h
post-infection (Fig. 5-1C); however, WT and EG PV-induced phenotype
remained even 7 h post-infection (Fig. 5-2).
Previously, 2BC and 2C expression showed PV induced a vesicle like
phenotype [11, 12]. However, polyproteins encoded in the P2 region of the EG
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mutant replicon showed normal processing (Fig. 4-7C). Based on luciferase
assay, polyproteins encoded in EG replicon RNA accumulated slower than in WT
(Fig. 5-1A). Alteration of polyprotein processing in the P3 region was observed
(Fig. 4-7). 3BC-containing precursors accumulated and 3CD accumulation was
slower than in WT replicon (Fig. 4-7B). Therefore, the vesicle phenotype that
was observed from EG PV-infected HeLa cells is not the consequence of P2
region-encoded polyproteins. Instead, the kinetics and/or alteration of the
polyprotein profile in the P3 region may be related to the EG PV-induced vesicle
phenotype.
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Fig. 5-2

Fig. 5-2: EG PV exhibits delayed PV-induced vesicle formation
Kinetics of PV-induced vesicle formation visualized by transmission electron
microscopy (TEM). HeLa cells were infected with either WT or EG PV (MOI, 10),
placed at 37 ºC and at the indicated times post-infection, infected cells were fixed
and visualized by TEM. Details of TEM sample procedures are described in
chapter 2. Bar = 1 µm

.
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The delay of replication is not a consequence of the EG PV-induced vesicle
phenotype
The kinetics of EG PV replication are slower than WT (Fig. 5-1).
Accumulation of PV polyproteins corresponds to PV replication level even though
accumulation of polyproteins does not perfectly represent the kinetics of
replication (Fig. 5-1A and B). Based on luciferase assay, WT and the EG
mutant are similar in level of polyprotein expression at 3 and 4 h post-transfection
respectively (Fig. 5-1) whereas, phenotypes of EG PV-induced vesicles were not
similar to that of WT (compare 3 h of WT and 4 h of EG in Fig. 5-2). Polyproteins
encoded in the P3 region of EG PV showed altered processing profiles including
less accumulation of 3CD than WT (Fig. 4-7). Therefore, it is possible that
different levels of polyproteins encoded in the P3 region could induce different
phenotypes. However, it has not been evaluated whether alteration of the
kinetics of replication can affect the PV-induced vesicle phenotype. The EG PVinduced vesicle phenotype may be a consequence of reduced kinetics of PV
replication. In order to rule out this possibility, PV replication was delayed by
using 5-nitrocytdine. 5-nitrocytidine, a ribonucleoside analogue, exhibited
antiviral activity against poliovirus and coxackievirus [30]. 5-nitrocytidine works
as a metabolic precursor of an RdRp inhibitor. During replication, this metabolic
inhibitor delays the kinetics of viral genome replication by changing the efficiency
of nucleotide incorporation. Therefore, 5-nitrocytidine can be used to decrease
the kinetics of PV replication without affecting PV polypeptide translation and
processing. By examining PV-induced vesicle formation in the absence or
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presence of 5-nitrocytidine during PV infection, the functional effect of
polyproteins in the P3 region on the PV-induced vesicle formation phenotype can
be assessed.
In order to evaluate the effect of 5-nitrocytidine on the kinetics of PV
replication, replication of the PV replicon was monitored by luciferase assay in
the absence (■) or presence (○) of 5-nitrocytidine (Fig. 5-3A). In the presence of
5-nitrocytidine, WT replication showed ～2 h delayed initiation of replication
compared to that in the absence of 5-nitrocytidine. 5-nitrocytidine caused a
larger change in kinetics of replicon replication than did the EG mutation (Fig. 51A, B and 5-3A). Therefore, this drug is an appropriate tool to evaluate the
possibility of a relationship between a simple delay of replication and PV-induced
phenotype. The PV-induced vesicle phenotype in the absence or presence of 5nitrocytidine was visualized by TEM. HeLa cells pre-incubated in normal media
supplemented with 5-nitrocytidine were infected with WT PV, incubated at 37 ºC
in the presence of 5-nitrocytidine and fixed 7 h post-infection to prepare sections
for TEM. No difference in size or localization of vesicle formation for the
replication complexes was observed in the absence (－) or presence (＋) of 5nitrocytidine (Fig. 5-3B). Delay of PV replication without changing the
processing of polyproteins encoded in the P3 region does not affect the PVinduced vesicle phenotype. These results also support that polyproteins
encoded in the P3 region, such as 3CD, are involved in PV-induced vesicle
formation.
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Fig. 5-3

Fig. 5-3: 5-nitrocytidine-induced delay in kinetics of RNA synthesis does not alter
formation or localization of PV-induced vesicles
(A) Kinetics of RNA synthesis by WT subgenomic replicon RNA in the absence
(■) or presence (○) of 5-nitrocytidine. HeLa cells were transfected with in vitro
transcribed WT replicon RNA, incubated in the absence or presence of 5nitrocytidine (2 mM) and luciferase activity (RLU/µg) was monitored for 11 h posttransfection. (B) WT PV-induced vesicle formation in the absence or presence of
5-nitrocytidine visualized by EM. HeLa cells were infected with WT PV (MOI, 20)
in the absence (-) or presence(+) of 5-nitrocytidine (2 mM), placed at 37 ºC, fixed
7 h post-infection and visualized by EM. Bar=1 µm.
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GG mutant PV replication does not induce high levels of vesicles for
replication complex
During EG mutant replication, 3CD accumulation was less than WT
whereas accumulation of 3BC and its precursors were more than WT (Fig. 4-7B
and C). So far, no function of 3BC and its precursors has been reported.
Therefore, it is possible that 3BC and its precursors could be responsible for the
EG PV-induced vesicle phenotype. In order to test this possibility, a 3B-3C
processing defect GG mutant was used. GG mutant polyprotein processing
clearly showed that no detectable amount of 3CD accumulated (Fig. 3-2A, B and
4-7A). Instead, 3BC and its precursors accumulated. Although the kinetics of
replication of the GG mutant was slower than WT, the GG mutant replicon could
replicate within 3-fold difference of WT at 34 ºC (Fig. 3-1C). By using this GG
mutant replicon, we could evaluate any functional participation of 3BC and its
precursors in PV-induced vesicle formation. If 3BC and its precursors did not
contribute to form PV-induced vesicles, then 3CD or 3AB should be responsible
for EG PV-induced vesicle phenotype.
Efficiency of transfection with in vitro transcribed RNA into HeLa cells is
not high enough to ignore the portion of untransfected cells because the
untransfected cells could give rise to high background, which could potentially
lead misinterpretation of the functional activity of GG mutant polyproteins.
Therefore, it was critical to isolate the transfection-positive cells. In order to
isolate transfection positive cells, a GFP-encoded replicon and a luciferase-
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encoded replicon were co-transfected. The luciferase-encoded replicon was
used to monitor the specific activity of the WT and GG mutant replicon.
Briefly, HeLa cells were co-transfected with in vitro transcribed WT or GG
replicon RNA and WT or GG GFP replicon RNA, incubated at 34 ºC and at the
indicated time post-transfection, luciferase activity was determined. GG mutant
replicon replicated slower than the WT replicon as previously observed (Fig. 31C and 5-4A). Luciferase activities of WT and GG replicons reached 10,000
RLU/µg of total protein at 4.5 and 14 h post-transfection, respectively (Fig. 5-4A).
This luciferase activity can be considered equivalent to the luciferase activity at
4-5 h post-transfection of WT and EG replicon RNAs in Fig. 5-1A due to the
difference of incubation temperature and amount of RNA introduced to HeLa
cells. At that time post-infection with virus, WT and EG PV-induced vesicle
phenotypes could be distinguished (Fig. 5-2). Co-transfected HeLa cells with in
vitro transcribed luciferase and GFP replicon RNAs were sorted by using flow
cytometry. Pre-sorted HeLa cells transfected with in vitro transcribed WT (at 4.5
h) or GG (at 14 h) mutant RNAs were 61% or 18% positive in replication,
respectively (Fig. 5-4B, top). Post-sorted HeLa cells transfected with WT or GG
mutant in vitro transcribed RNAs were 98% or 94% positive in replication
respectively (Fig. 5-4B, bottom). In the plots, the Y axis (FSC) is forward scatter
that is related to cell size and X axis represents intensity of GFP.
Post-sorted cells were harvested and processed for TEM as described
previously. 65% of replication-positive HeLa cells transfected with in vitro
transcribed WT replicon RNAs showed PV-induced clustered vesicles (Fig. 5-4C)
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as previously shown (Fig. 5-2, 4 and 5 h). The remaining 35% of cells showed
developing vesicle phenotypes (Fig. 5-4C) observed from HeLa cells infected
with WT PV (Fig. 5-2, 2 and 3 h). Interestingly, 70% of replication-positive GG
mutant-transfected cells showed little or no vesicle formation (Fig. 5-4D). Only
30% showed the PV-induced vesicle phenotype (Fig. 5-4D). This result
suggests that 3BC and its precursors are not involved in the PV-induced vesicle
phenotype. Instead, the level of 3AB or 3CD accumulation may be responsible
for the difference of the WT and EG PV-induced vesicle phenotypes.
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Fig. 5-4

Fig. 5-4: Vesicles for early PV replication complexes are not robust in the
absence of 3CD
(A) Kinetics of RNA synthesis by WT (●) and GG (Δ) subgenomic replicon RNA
monitored by luciferase assay. HeLa cells were co-transfected with either WT or
GG replicon RNA and WT or GG GFP replicon RNA, placed at 34 ºC and at the
indicated times post-transfection luciferase activity (RLU/µg) measured. The time
at which WT and GG reached 10,000 RLU/µg were 4.5 and 14 h posttransfection, respectively. (B) Analysis of HeLa cells transfected with WT and
GG replicon by flow cytometry. HeLa cells were co-transfected with luciferase
and GFP-containing replicon RNAs as described above, placed at 34 ºC for 4.5
or 14 h for WT or GG transfected cells, respectively, and then sorted for GFP to
isolate PV replication positive cells. WT replicon transfected cells were 61%
positive in pre-sort cells (top-left) and 98% positive in post-sort cells (bottom-left).
GG replicon transfected cells were 18% positive in pre-sort cells (top-right) and
94% positive in post-sort cells (bottom-right). (C, D) WT and GG PV-induced
vesicle formation visualized by TEM. HeLa cells were transfected with either WT
or GG replicon RNA, placed at 34 ºC for 4.5 or 14 h respectively at which time
cells were fixed and visualized by TEM. Top panels show representative high
magnification image of inset in bottom panels. The percentage of cells observed
for WT and GG transfected cells containing little or no PV-induced vesicles and
those containing PV-induced vesicles are indicated above the TEM images.
Bar=1 µm in top panels. Bar=10 µm in bottom panels.
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Ectopic expression of 3CD enlarges and clusters PV-induced vesicles
The kinetics of EG mutant replication were increased 4-fold in the
presence of 3CD (Fig. 4-10A and C). Recently, it has been shown that 3CD relocalized Arf1 to membrane [16, 17]. Once Arf1 is relocalized to membrane, it
can be converted to active Arf, thought to be a critical factor for COPI vesicle
formation [19]. Based on our data and these observations, we hypothesized that
3CD interacts with cellular factors involved in vesicular trafficking to facilitate PVinduced vesicles, which, consequently, enhances PV replication. If this is correct,
then ectopic expression of 3CD that could complement EG mutant replication
can also complement PV-induced vesicle phenotype. In order to test this
hypothesis, the vesicle phenotype of EG PV-infected HeLa-3CD cells was
examined in the absence or presence of 3CD. In HeLa-3CD cells, the 3CD
expression is controlled by minimal cytomegalovirus promoter that is suppressed
by binding of the doxycycline (Dox). Briefly, HeLa-3CD cells incubated in the
absence (-Dox/+3CD) or presence (+Dox/-3CD) of Dox (1 ㎍/mL) were infected
with WT or EG PV (MOI, 10), placed at 37 ºC, fixed 7 h post-infection and
visualized by EM. In the absence (Fig. 5-5A) or presence (Fig. 5-5D) of ectopic
expression of 3CD, uninfected HeLa-3CD cells showed normal ultrastructure
including intact Golgi apparatus. In the absence of 3CD, HeLa-3CD cells
infected with EG PV showed fewer and more dispersed vesicles compared to
that of WT PV-infected cells (Fig. 5-5B and C). Interestingly, in the presence of
3CD, PV-induced vesicles observed in both WT and EG PV-infected cells were
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similarly to each other (Fig. 5-5E and F) and both WT and EG PV-induced
vesicles were larger than those observed from WT PV-induced vesicles in the
absence of ectopic expression of 3CD (Fig. 5-5B). This is the first visualized
evidence showing trans-complementable function of 3CD for vesicle formation.
This result also suggests that 3CD may be involved in a vesicle fusion event.
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Fig. 5-5

Fig. 5-5: Ectopic expression of 3CD enlarges and clusters PV-induced vesicles
WT and EG PV-induced vesicle formation in the absence (+Dox/-3CD) or
presence (-Dox/+3CD) of ectopic expression of 3CD visualized by EM. HeLa3CD cells incubated in the presence or absence of Dox (1 ㎍/mL) were infected
with WT or EG PV (MOI, 10) placed at 37 ºC, fixed 7 h post-infection and
visualized by EM. Bar = 1 µm. Uninfected HeLa-3CD cells show normal
intracellular membrane structures in the absence (A) and presence (D) of 3CD.
In the absence of 3CD, EG PV-infected HeLa-3CD cells (C) show fewer, smaller
and more dispersed vesicles than WT PV-infected cells (B). In the presence of
3CD, vesicles induced by WT (E) and EG (F) PV infection are similar in size and
shape.
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3BCD is unable to substitute for 3CD in recruitment of Arf1 to membranes
As described previously, Arf1 relocalization could be induced by P3 and its
processed form 3A and 3CD [16]. Relocalization of Arf1 by P3 might be a
consequence of 3A and 3CD production. GG mutant processing did not change
3A accumulation (Fig. 3-2C). The EG mutant should have no difference on 3A
accumulation either and, therefore, 3A cannot be responsible for the EG PVinduced vesicle phenotype via an Arf1-involved pathway. However, 3BCD could
be accumulated during EG mutant replication (Fig. 4-7) but it has not been
evaluated for relocalization of Arf1 to membrane by 3BCD. If 3BCD can
substitute for 3CD function for Arf1 relocalization, then an Arf1-involved vesicular
trafficking pathway may not be responsible for PV-induced vesicle formation. In
order to exclude this possibility, an Arf1 relocalization assay was performed with
WT, EG and protease-inactive 3BCD forms.
Prior to the Arf1 relocalization assays, WT and EG mutant 3BCD
processing efficiency was evaluated in the cell-free translation system that would
be used for the Arf1 re-localization assay. Briefly, in vitro transcribed WT, EG or
protease-inactive (pro-) 3BCD RNA was programmed in HeLa S10 extract
containing [35S]methionine and separated on an SDS-PAGE. WT 3BCD showed
equal amounts of 3BCD and 3CD (Fig. 5-6A). However, EG 3BCD showed less
processed 3CD than WT 3BCD (Fig. 5-6A). A membrane relocalization assay
was performed as described previously [16]. Fig 5-6B shows that EG 3BCD
induced less Arf1 membrane relocalization than WT 3BCD. In the absence of
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3CD accumulation (pro-), however, no increased Arf1 membrane relocalization
was observed.
This result suggests that 3BCD cannot substitute for 3CD in membrane
relocalization of Arf1. It also suggests that 3CD utilize an Arf1-involved cellular
vesicular trafficking pathway to induce vesicle formation during the PV replication.
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Fig. 5-6

Fig. 5-6: 3BCD is unable to substitute for 3CD in recruitment of Arf1 to
membrane
(A) Processing of WT and EG 3BCD evaluated by cell-free translation. HeLa
S10 cell-free translation extracts containing [35S]methionine were programmed
with WT, EG or inactive protease encoded 3BCD (pro-) RNA for 3.5 h. Radiolabeled proteins were resolved by SDS-PAGE and detected by phosphorimaging.
(B) Membrane relocalization of Arf1 with WT, EG or inactive protease encoded
3BCD (pro-). HeLa S10 cell-free translation extracts were programmed with WT,
EG or inactive protease encoded 3BCD (pro-) RNA for 3.5 h. Arf1 was detected
by Western blotting using anti-Arf1 antibody. Arf1: Membrane bound Arf1. Clx:
Calnexin as a loading control. Mock: Reaction with H2O.
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Ectopic expression of 3CD in HeLa-3CD cells activates Arf1
In the absence of 3CD, GG mutant replicon RNA replication could not
induce robust vesicle formation (Fig. 5-4D). 3CD promoted enlargement of PVinduced vesicles (Fig. 5-5E and F). This trans-complementable effect was also
correlated with the suppression of delayed EG mutant replication (Fig. 4-10A).
Delay of 3CD accumulation showed reduced Arf1 membrane relocalization (Fig.
5-6). It is thought that membrane-bound Arf1 is GTP-bound active Arf1, Arf1GTP. If Arf1 activation is responsible for PV-induced vesicle formation, then, the
kinetics of PV replication will correspond to the amount of active Arf1. In this
case, WT and EG mutant replication may show different levels of Arf1 activation.
In order to address this question, an Arf1-GTP pull-down assay was performed
using GGA3 that exhibits specific binding activity to Arf1-GTP but not to Arf1GDP [31]. Briefly, HeLa cells were infected with WT or EG mutant PV and
placed at 37 ºC At the indicated time post-infection, cells were lysed and the
same amount of total proteins were pulled-down with E. coli expressed and prebound GST-GGA3 beads. The recovered Arf1 was detected by Western blotting
using anti-Arf1 antibody. Based on the pull-down assay, WT infection increased
Arf1-GTP within 1 h post-infection (Fig. 5-7A). EG mutant infection also
increased Arf1-GTP within 1 h post-infection similar to WT but slightly less than
that by WT infection (Fig. 5-7A). Although the difference is quite subtle, this
result implies that the kinetics of Arf1 activation is correlated with the kinetics of
PV replication and vesicle formation.
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Arf1 activation was also evaluated using the HeLa-3CD cell line in the
absence (+Dox/-3CD) or presence (-Dox/+3CD) of 3CD. If Arf1 activation is
related to the enlargement of PV-induced vesicles (Fig. 5-5E and F), then
ectopic expression of 3CD should increase active Arf1. Arf1-GTP was isolated
and detected from HeLa-3CD in the absence (+Dox/-3CD) or presence (Dox/+3CD) of 3CD. The level of Arf1-GTP increased as a result of ectopic
expression of 3CD (Fig. 5-7B). This result suggests that ectopic expression of
3CD induces Arf1 activation, promoting an enlarged vesicle phenotype in HeLa3CD cells lines with WT and EG mutant PV infection (Fig. 5-5E and F). Based
on our current data, we conclude that 3CD regulates cell vesicular trafficking
machinery by activating Arf1 to facilitate PV-induced replication complex
formation.
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Fig. 5-7

Fig. 5-7: Ectopic expression of 3CD in HeLa-3CD cells activates Arf1
(A) Arf1-GTP level during WT and EG PV infection. HeLa cells were infected
with WT or EG PV (MOI, 10), incubated at 37 ºC and at the indicated time postinfection, cells were harvested, lysed, Arf1 pulled down with GST-GGA beads
and resolved by SDS-PAGE. Arf1 was detected by Western blotting using antiArf1 antibody (top panel). The bottom panel shows Arf1 level in total cell lysates
prior to the pull-down assay. (B) Arf1-GTP level in the absence (+Dox/-3CD) or
presence (-Dox/+3CD) of ectopic expression of 3CD. HeLa-3CD cell lines
incubated in the presence (+) or absence (-) of Dox (1 ㎍/ml) were harvested,
lysed, Arf1 pulled down with GST-GGA beads and resolved by SDS-PAGE. Arf1
was detected by Western blotting using anti-Arf1 antibody (top panel). 3CD was
detected by Western blotting using anit-3CD antibody. The bottom panel shows
Arf1 levels in total cell lysates prior to the pull-down assay.
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Discussion
Reporter assay systems are widely used in many biological analyses.
These systems are desirable because they are rapid and economical methods.
However, most reporter-mediated analyses are indirect evaluations of target
factors. The PV replicon assay measures protein expression, which is thought to
represent indirect RNA synthesis. However, a comparison of the luciferase
assay and direct measurement of RNA synthesis using Northern blot analysis
indicates that the luciferase assay reduces the difference in the kinetics and
levels of WT and EG mutant RNA syntheses (Fig. 5-1A and B). This reduced
effect originates from several factors. 1. Reporter proteins are expressed in the
absence of replication for approximately 1-2 h post-transfection (Fig. 4-4B and
C). This signal is produced by the initial translation of the input in vitro
transcribed RNA and therefore, it is difficult to evaluate the kinetics of early
replication by using the replicon assay. 2. In the replicon assay, reporter
proteins also accumulate even after the replication stage. This is because, in the
absence of P1 capsid proteins, newly synthesized RNAs will continue to express
reporter proteins in a post-replication stage instead of being encapsidated, as
long as cellular resources are available, which is incorrectly interpreted as an
extended exponential phase of RNA synthesis (WT 6-10 h in Fig. 5-1A and B).
3. A delay in the switch from protein to RNA synthesis also may contribute the
delay of the actual kinetics of RNA synthesis.
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The kinetics of WT and EG mutant genome replication implies that capsid
proteins may affect PV replication. It has been suggested that newly synthesized
RNAs divide into two groups: replication-competent or encapsidation-competent
[32]. In the absence of P1 capsid polyproteins, newly synthesized RNAs do not
need to be divided. Instead, all should become replication-competent RNAs.
Therefore, due to the absence of P1 capsid polyproteins, the kinetics of replicon
RNA replication should be more robust and may last longer than that of genomic
RNA replication. Our data are consistent with this hypothesis. In the absence of
P1 polyproteins, the exponential phase of replication is more robust and longer
than that in the presence of P1 polyproteins (Fig. 5-1B and C). This result
implies that some of newly synthesized RNAs are dedicated to encapsidationcompetent RNAs by P1 capsid polyproteins, consequently limiting the amount of
replication-competent RNAs. In addition, functional interactions of P1
polyproteins with viral and/or host factors leading to reduced kinetics of
replication cannot be excluded.
PV-induced vesicles are one of the typical cellular reorganizations caused
by PV infection [1, 2]. These vesicles serve as sites for replication complex
formation (RCs) [24-26] because purified rosette-like vesicles are PV replicationcompetent [25]. Two questions regarding PV-induced vesicle formation remain.
First, what is the origin of PV-induced vesicles? Second, what is the mechanism
of vesicle induction? Although many laboratories have attempted to answer
theses questions, the origin of vesicles is still controversial. The golgi and
lysosomes were suggested as sources of PV-induced vesicles [26]. The ER was
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also suggested as an origin of PV-induced vesicles [13]. It may be possible that
several cellular compartments provide sources to induce vesicles instead of a
single compartment.
Understanding the detailed mechanism of PV-induced vesicle formation
should allow us to reveal the origin of PV-induced vesicles. A recent study
showed that coat protein complex (COP)I and COPII mediated vesicular
trafficking is involved in PV-induced vesicle formation. During PV infection,
2B(C) was found in ER exit sites (ERES), along with COPII component Sec13
[13]. Concomitantly, the Golgi disappeared. Brefeldin A (BFA), a small fungal
heterocyclic lactone, inhibits PV replication by targeting GEFs [33, 34]. BFA
binds to GEFs and the complex stabilizes inactive Arf-GDP by making BFAGEFs-Arf-GDP complexes [34-36]. Golgi BFA resistance factor 1 (GBF1) and
(Brefeldin A-inhibited guanine nucleotide-exchange proteins) BIG1/BIG2 are
BFA-sensitive GEFs [37, 38]. GBF1 regulates Arf1 in the cis-Golgi region where
COPI vesicles buds and BIG1/BIG2 are related to the trans-Golgi network [34, 38,
39]. Interestingly, 3A and 3CD induce relocalization of Arf1, which is thought to
result in its activation of Arf1 [14-17, 40]. Interaction of 3A and GBF1 is required
for Arf1 relocalization [15]. A recent study showed that GBF1 also localizes in
ER exit site (REES) [39]. Interestingly, BFA arrests GBF1 in ERES [41, 42].
Therefore, it may be possible that 3A also arrests or regulate GBF1 on
membrane on ERES. This arrest or regulation may accumulate Golgi derived
COPI vesicles in ERES. This accumulated COPI components, such as SNAREs
and tethering factors, can be used for PV-induced vesicles later.
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Our study focuses on functional effects of 3CD on PV-induced vesicle
formation and replication. The kinetics of WT and EG mutant replication
correspond to the kinetics of WT and EG mutant PV-induced vesicles (Fig. 5-1C
and 5-2). However, during EG mutant replication, PV-induced vesicles are
substantially more dispersed in the cytoplasm compared to that of WT PVinduced ones (Fig. 5-2). As mentioned previously, P2 polyproteins, 2C and 2BC
proteins are thought to be responsible for PV-induced vesicles [11, 13]. However,
our previous data suggest that initial translation-polyprotein processing of the EG
mutant replicon occurs normally in P2 polyproteins (Fig. 4-7C). In addition, this
dispersed vesicle phenotype induced by EG mutant infection remains 7 h postinfection, which is beyond the replication stage (WT 7 h in Fig. 5-2 and WT 7 h in
Fig 5-1C). Based on data from the luciferase assay corresponding to 7 h posttransfection for EG and 5h post-transfection for WT, the amount of 2C and 2BC
should be similar (Fig. 5-1A); but their phenotypes at these times post-infection
are not similar. Therefore, reduced levels of P2 proteins are not responsible for
the dispersed phenotype induced by EG mutant PV infection. Another possible
explanation for the different phenotypes between the EG and WT PV is the
reduced kinetics of replication of the EG mutant. In order to rule out this
possibility, 5-nitrocytidine, which reduces the activity of PV RdRp, was used to
slow replication. This drug treatment reduced the kinetics of replication but it did
not alter the vesicle phenotype (Fig. 5-3). Therefore, polyproteins in the P2
region and a simple delay of replication are not responsible for the EG mutant
PV-induced vesicle phenotype. Instead, a reduction in the level of 3CD protein in
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EG transfected cells relative to WT transfected cells was observed (Fig. 4-7C). It
is likely that sub-optimal concentrations of 3CD are likely responsible for the EG
mutant dispersed vesicle phenotype.
In most cases, efficient trans-complementable functions for PV
multiplication require P2 and/or P3 polyproteins [29, 43-45]. In chapter 4, it was
shown that delay of EG mutant replication was suppressed by ectopic expression
of 3CD (Fig. 4-10A). This 3CD trans-complementation function also applies to
vesicle formation (Fig. 5-5E and F). The vesicle phenotypes we observed with
EG mutant PV infection in the presence of 3CD are not similar to the normal WT
PV-induced vesicle phenotype in the absence of ectopic expression of 3CD. In
addition, ectopic expression of 3CD also altered WT PV-induced vesicle
formation (Fig. 5-5E). These data reinforce the notion that transcomplementable function of 3CD is related to viral and/or host factors.
As previously mentioned, Arf1 membrane relocalization is induced by 3CD.
This effect cannot be substituted by 3BCD (Fig. 5-6B). The differences in Arf1
activations by WT and EG mutant are not significant (Fig. 5-7A). 3A also
contributes Arf1 activation for its own function during PV replication. Therefore, it
may reduce the significance of effect of 3CD-induced Arf1 activations from WT
and EG PV infections. During WT PV replication, Arf1-GTP levels increase to 3
h post-infection and remain steady from that time on (Fig. 5-7A). If Arf1-GTP is
locked on a membrane by viral proteins, the level of Arf1-GTP should increase
continuously. This result suggests that the cycle of Arf1-GTP and Arf1-GDP may
be normal. It is important that active Arf1 is not frozen on the PV-induced
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vesicles. Constitutively active Arf1, Arf1(Q71L), can inhibit vesicular trafficking
by preventing recycling of COPI vesicles [46-48]. Therefore, this result implies
that Arf1 is actively involved in vesicle formation instead frozen to membranes
during PV replication. A pulse-chase assay to evaluate the recycling of Arf1-GTP
and Arf1-GDP can confirm this interpretation. Arf1 activation can be induced by
ectopic expression of 3CD in HeLa-3CD cells. This can explain the transcomplementation effect of 3CD on vesicle phenotype (Fig. 5-4E and F) and,
consequently, on replication as well (Fig. 4-10A).
Based on our observations, we developed a model for PV-induced
vesicles (Fig. 5-8). Our model suggests two types of PV-induced vesicles for
replication complex formation: called eRCs (early replication complexes) and
lRCs (late replication complexes). 2BC hijacks ER-derived COPII vesicles to
form eRCs. The eRCs are used for the slow, early replication observed ～2 h
post-infection (WT in Fig. 5-1 B and C). As the 3CD concentration increases,
eRCs become lRCs. The lRCs support fast, late replication during the
exponential stage of replication (WT 2-4 h in Fig. 5-1 B and C). During the
exponential stage, lRCs are clustered and localized perinuclearly (WT 3-4 h Fig.
5-2). The lRCs are induced by fusion of eRCs and 3CD-mediated COPI vesicles.
This model is also supported by the GG mutant replication. In the absence of
3CD (Fig. 3-1C, 3-2A and B), GG mutant replication does not appear to exhibit a
robust replication phase. It implies that GG mutant replication is executed by
eRCs. GG mutant replication-positive HeLa cells showed significantly reduced
vesicle formation (Fig. 5-4D). Based on the luciferase assay, the level of
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accumulated GG mutant polyproteins at 14 h post-transfection is similar to that of
WT 4.5 h post-infection (Fig. 5-4A), when most WT PV infected cells show
clustered vesicle formation (Fig. 5-2). Like the EG mutant, GG mutant
polyproteins also showed normal P2 polyprotein processing. This result also
supports our model of 3CD concentration-dependent vesicle formation. This
model may not apply to all RNA viruses because different viruses show different
sensitivities to BFA. However, the underlying concept of vesicle formation should
be similar.
Several questions remain. Why do both 3A and 3CD relocalize and/or
activate Arf1 via different mechanisms? Do 2(B)C-bound COPII vesicles and
3A/3CD-involved COPI vesicle formation have distinct functions or coordinated
functions for PV-induced vesicle formation? Does inhibitory function for secretory
events and activation of Arf1-GBF1 by 3A share a common mechanism?
3A binds to GBF1 and it is still unclear whether or not this binding is
critical for replication [15]. This may be directly related to Arf1 activation [40].
The cellular GEFs, BIG1/BIG2 respond to 3CD [17], although an interaction
between 3CD and BIG1/BIG2 has not been proven. Identifying a 3CD-interacting
host factor(s) is critical to understanding PV-induced vesicle formation. Recently,
vesicle fusion events have been intensively studied. Homotypic (COPII-COPII)
and heterotypic (COPI-COPII) fusion events can be quantified [49-51]. In
addition, these vesicles can be isolated to identify the individual components that
are associated with them. By using these types of assays, Arf1, 3A and/or 3CD
associated vesicles can be isolated to identify host factors. This will provide
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insight into the mechanism of PV-induced vesicle formation as well as the origin
of vesicles.
In conclusion, the kinetics of PV-induced vesicle formation corresponds to
the kinetics of PV replication. The PV-induced vesicle formation is precisely
coordinated with the level of replication and with the relative concentration of
polyproteins encode in the P3 region, such as 3CD. 3CD exhibited transcomplementation functions for cellular reorganization, as it was shown for
replication. This function is clearly related to host factor Arf1 and its vesicular
trafficking.
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Fig. 5-8

Fig. 5-8: Model for formation of early and late replication complexes
In a normal cell, COPII-coated vesicles originate from the ER. These vesicles
can be tethered to other COPII-coated or other types of vesicles and eventually
fuse. In a PV-infected cell, 2BC hijacks the COPII-coated vesicles and these
2BC-COPII-coated vesicles become early replication complexes (eRCs) with
3CD. As the concentration of 3CD increases, eRCs are transformed to late
replication complexes (lRCs).

214
Acknowledgements
We thank Sylvain Bourgoin in Centre de Recherche du CHUQ, pavillon
CHUL for anti-Arf1 antibody and Blake Peterson for 5-nitrocytidine. We also
thank Greg Ning and assistants in Electron Microscopy Facility in the
Pennsylvania State University for training us to do transmission electron
microscopy. This work was supported in part by a grant AI053531 (C.E.C.) from
NIAID/NIH.

215
References
1.
2.
3.
4.
5.
6.

7.

8.

9.
10.

11.
12.
13.

14.

Semler BL, Wimmer E (eds.): Molecular Biology of Picornaviruses.
Washington, D.C.: ASM Press; 2002.
Cameron CE, Götte M, Raney KD: Viral Genome Replication, 1st edn:
Springer; 2009.
Choe SS, Dodd DA, Kirkegaard K: Inhibition of cellular protein
secretion by picornaviral 3A proteins. Virology 2005, 337(1):18-29.
Dodd DA, Giddings TH, Jr., Kirkegaard K: Poliovirus 3A protein limits
interleukin-6 (IL-6), IL-8, and beta interferon secretion during viral
infection. J Virol 2001, 75(17):8158-8165.
Doedens JR, Kirkegaard K: Inhibition of cellular protein secretion by
poliovirus proteins 2B and 3A. Embo J 1995, 14(5):894-907.
Gazina EV, Mackenzie JM, Gorrell RJ, Anderson DA: Differential
requirements for COPI coats in formation of replication complexes
among three genera of Picornaviridae. J Virol 2002, 76(21):1111311122.
Welsch S, Miller S, Romero-Brey I, Merz A, Bleck CK, Walther P, Fuller
SD, Antony C, Krijnse-Locker J, Bartenschlager R: Composition and
three-dimensional architecture of the dengue virus replication and
assembly sites. Cell Host Microbe 2009, 5(4):365-375.
Hyde JL, Sosnovtsev SV, Green KY, Wobus C, Virgin HW, Mackenzie JM:
Mouse norovirus replication is associated with virus-induced vesicle
clusters originating from membranes derived from the secretory
pathway. J Virol 2009, 83(19):9709-9719.
Gosert R, Egger D, Bienz K: A cytopathic and a cell culture adapted
hepatitis A virus strain differ in cell killing but not in intracellular
membrane rearrangements. Virology 2000, 266(1):157-169.
Egger D, Wolk B, Gosert R, Bianchi L, Blum HE, Moradpour D, Bienz K:
Expression of hepatitis C virus proteins induces distinct membrane
alterations including a candidate viral replication complex. J Virol
2002, 76(12):5974-5984.
Cho MW, Teterina N, Egger D, Bienz K, Ehrenfeld E: Membrane
rearrangement and vesicle induction by recombinant poliovirus 2C
and 2BC in human cells. Virology 1994, 202(1):129-145.
Teterina NL, Gorbalenya AE, Egger D, Bienz K, Ehrenfeld E: Poliovirus
2C protein determinants of membrane binding and rearrangements
in mammalian cells. J Virol 1997, 71(12):8962-8972.
Rust RC, Landmann L, Gosert R, Tang BL, Hong W, Hauri HP, Egger D,
Bienz K: Cellular COPII proteins are involved in production of the
vesicles that form the poliovirus replication complex. J Virol 2001,
75(20):9808-9818.
Belov GA, Altan-Bonnet N, Kovtunovych G, Jackson CL, LippincottSchwartz J, Ehrenfeld E: Hijacking components of the cellular

216

15.
16.
17.
18.
19.
20.
21.

22.
23.

24.

25.

26.
27.
28.

secretory pathway for replication of poliovirus RNA. J Virol 2007,
81(2):558-567.
Belov GA, Feng Q, Nikovics K, Jackson CL, Ehrenfeld E: A critical role
of a cellular membrane traffic protein in poliovirus RNA replication.
PLoS Pathog 2008, 4(11):e1000216.
Belov GA, Fogg MH, Ehrenfeld E: Poliovirus proteins induce
membrane association of GTPase ADP-ribosylation factor. J Virol
2005, 79(11):7207-7216.
Belov GA, Habbersett C, Franco D, Ehrenfeld E: Activation of cellular
Arf GTPases by poliovirus protein 3CD correlates with virus
replication. J Virol 2007, 81(17):9259-9267.
Casanova JE: Regulation of Arf activation: the Sec7 family of guanine
nucleotide exchange factors. Traffic 2007, 8(11):1476-1485.
Nie Z, Hirsch DS, Randazzo PA: Arf and its many interactors. Curr Opin
Cell Biol 2003, 15(4):396-404.
Shin HW, Nakayama K: Guanine nucleotide-exchange factors for arf
GTPases: their diverse functions in membrane traffic. J Biochem 2004,
136(6):761-767.
Aguilera-Romero A, Kaminska J, Spang A, Riezman H, Muniz M: The
yeast p24 complex is required for the formation of COPI retrograde
transport vesicles from the Golgi apparatus. J Cell Biol 2008,
180(4):713-720.
D'Souza-Schorey C, Chavrier P: ARF proteins: roles in membrane
traffic and beyond. Nat Rev Mol Cell Biol 2006, 7(5):347-358.
Gommel DU, Memon AR, Heiss A, Lottspeich F, Pfannstiel J, Lechner J,
Reinhard C, Helms JB, Nickel W, Wieland FT: Recruitment to Golgi
membranes of ADP-ribosylation factor 1 is mediated by the
cytoplasmic domain of p23. Embo J 2001, 20(23):6751-6760.
Bienz K, Egger D, Pasamontes L: Association of polioviral proteins of
the P2 genomic region with the viral replication complex and virusinduced membrane synthesis as visualized by electron microscopic
immunocytochemistry and autoradiography. Virology 1987,
160(1):220-226.
Egger D, Pasamontes L, Bolten R, Boyko V, Bienz K: Reversible
dissociation of the poliovirus replication complex: functions and
interactions of its components in viral RNA synthesis. J Virol 1996,
70(12):8675-8683.
Schlegel A, Giddings TH, Ladinsky MS, Kirkegaard K: Cellular origin and
ultrastructure of membranes induced during poliovirus infection. J
Virol 1996, 70(10):6576-6588.
Egger D, Bienz K: Intracellular location and translocation of silent and
active poliovirus replication complexes. J Gen Virol 2005, 86(Pt
3):707-718.
Suhy DA, Giddings TH, Kirkegaard K: Remodeling the endoplasmic
reticulum by poliovirus infection and by individual viral proteins: an

217

29.
30.

31.

32.
33.
34.
35.

36.
37.

38.
39.
40.

41.

autophagy-like origin for virus-induced vesicles. J Virol 2000,
74(19):8953-8965.
Egger D, Teterina N, Ehrenfeld E, Bienz K: Formation of the poliovirus
replication complex requires coupled viral translation, vesicle
production, and viral RNA synthesis. J Virol 2000, 74(14):6570-6580.
Harki DA, Graci JD, Galarraga JE, Chain WJ, Cameron CE, Peterson BR:
Synthesis and antiviral activity of 5-substituted cytidine analogues:
identification of a potent inhibitor of viral RNA-dependent RNA
polymerases. J Med Chem 2006, 49(21):6166-6169.
Dell'Angelica EC, Puertollano R, Mullins C, Aguilar RC, Vargas JD,
Hartnell LM, Bonifacino JS: GGAs: a family of ADP ribosylation factorbinding proteins related to adaptors and associated with the Golgi
complex. J Cell Biol 2000, 149(1):81-94.
Baltimore D: The Replication of Picornaviruses. In: The Biochemistry of
Viruses. Edited by Levy HB. New York: Marcel Dekker, INC; 1969: 101176.
Maynell LA, Kirkegaard K, Klymkowsky MW: Inhibition of poliovirus
RNA synthesis by brefeldin A. J Virol 1992, 66(4):1985-1994.
Niu TK, Pfeifer AC, Lippincott-Schwartz J, Jackson CL: Dynamics of
GBF1, a Brefeldin A-sensitive Arf1 exchange factor at the Golgi. Mol
Biol Cell 2005, 16(3):1213-1222.
Mansour SJ, Skaug J, Zhao XH, Giordano J, Scherer SW, Melancon P:
p200 ARF-GEP1: a Golgi-localized guanine nucleotide exchange
protein whose Sec7 domain is targeted by the drug brefeldin A. Proc
Natl Acad Sci U S A 1999, 96(14):7968-7973.
Sata M, Moss J, Vaughan M: Structural basis for the inhibitory effect
of brefeldin A on guanine nucleotide-exchange proteins for ADPribosylation factors. Proc Natl Acad Sci U S A 1999, 96(6):2752-2757.
Ishizaki R, Shin HW, Mitsuhashi H, Nakayama K: Redundant roles of
BIG2 and BIG1, guanine-nucleotide exchange factors for ADPribosylation factors in membrane traffic between the trans-Golgi
network and endosomes. Mol Biol Cell 2008, 19(6):2650-2660.
Anders N, Jurgens G: Large ARF guanine nucleotide exchange factors
in membrane trafficking. Cell Mol Life Sci 2008, 65(21):3433-3445.
Zhao X, Claude A, Chun J, Shields DJ, Presley JF, Melancon P: GBF1, a
cis-Golgi and VTCs-localized ARF-GEF, is implicated in ER-to-Golgi
protein traffic. J Cell Sci 2006, 119(Pt 18):3743-3753.
Lanke KH, van der Schaar HM, Belov GA, Feng Q, Duijsings D, Jackson
CL, Ehrenfeld E, van Kuppeveld FJ: GBF1, a guanine nucleotide
exchange factor for Arf, is crucial for coxsackievirus B3 RNA
replication. J Virol 2009, 9:9.
Garcia-Mata R, Szul T, Alvarez C, Sztul E: ADP-ribosylation
factor/COPI-dependent events at the endoplasmic reticulum-Golgi
interface are regulated by the guanine nucleotide exchange factor
GBF1. Mol Biol Cell 2003, 14(6):2250-2261.

218
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.

Ward TH, Polishchuk RS, Caplan S, Hirschberg K, Lippincott-Schwartz J:
Maintenance of Golgi structure and function depends on the integrity
of ER export. J Cell Biol 2001, 155(4):557-570.
Giachetti C, Hwang SS, Semler BL: cis-acting lesions targeted to the
hydrophobic domain of a poliovirus membrane protein involved in
RNA replication. J Virol 1992, 66(10):6045-6057.
Jurgens C, Flanegan JB: Initiation of poliovirus negative-strand RNA
synthesis requires precursor forms of p2 proteins. J Virol 2003,
77(2):1075-1083.
Towner JS, Mazanet MM, Semler BL: Rescue of defective poliovirus
RNA replication by 3AB-containing precursor polyproteins. J Virol
1998, 72(9):7191-7200.
Kahn RA, Clark J, Rulka C, Stearns T, Zhang CJ, Randazzo PA, Terui T,
Cavenagh M: Mutational analysis of Saccharomyces cerevisiae ARF1.
J Biol Chem 1995, 270(1):143-150.
Dascher C, Balch WE: Dominant inhibitory mutants of ARF1 block
endoplasmic reticulum to Golgi transport and trigger disassembly of
the Golgi apparatus. J Biol Chem 1994, 269(2):1437-1448.
Zhang CJ, Rosenwald AG, Willingham MC, Skuntz S, Clark J, Kahn RA:
Expression of a dominant allele of human ARF1 inhibits membrane
traffic in vivo. J Cell Biol 1994, 124(3):289-300.
Xu D, Hay JC: Reconstitution of COPII vesicle fusion to generate a
pre-Golgi intermediate compartment. J Cell Biol 2004, 167(6):997-1003.
Yu S, Satoh A, Pypaert M, Mullen K, Hay JC, Ferro-Novick S: mBet3p is
required for homotypic COPII vesicle tethering in mammalian cells. J
Cell Biol 2006, 174(3):359-368.
Bentley M, Liang Y, Mullen K, Xu D, Sztul E, Hay JC: SNARE status
regulates tether recruitment and function in homotypic COPII vesicle
fusion. J Biol Chem 2006, 281(50):38825-38833.

Chapter 6
General discussion and future directions
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A model for P3 polyprotein processing profile and future studies
It has generally been believed that 3AB is the donor of the VPg for
uridylylation and that processed VPg is the only substrate in the uridylylation
reaction [1-3]. However, our GG mutant PV replication data suggest that 3BC(D)
is both donor and substrate for uridylylation rather than processed VPg. This
hypothesis does not exclude important functions of 3AB and membrane fractions
suggested previously [3]. On the contrary, recent studies with 3AB and
membrane fractions permit development of a more comprehensive model. The
crystal structure of the FMDV polymerase-VPg complex shows that the amino
terminus of VPg is located in the polymerase active site and therefore 3AB would
not be able to locate its VPg domain in the 3D polymerase active site unless the
3AB conformation is grossly modified [4]. Recently, it was shown that
membrane-associated 3AB is not uridylylated suggesting that 3A-3B processing
is required for VPg uridylylation [3]. By taking into account all of these
observations, we have proposed the following model. Once 3ABC(D) is
anchored on membranes, 3A-3B processing occurs and then uridylylation of
3BC(D) is executed by 3D polymerase.
Data from our lab suggested that P3 polyprotein processing proceeds by
two independent pathways [5], a model that was also proposed by Lawson and
Semler [6]. Their model was based on pulse-chase data and includes P2-P3
polyprotein processing. Our model was derived from the GG mutant data and it
focuses on the processing profile of P3 polyproteins for replication complex
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formation. In our model, 3AB and 3CD are produced in pathway I as a major
processing event. In the minor pathway II, 3A and 3BCD are produced followed
by processing of 3BCD to 3BC and 3D [5]. During the processing of P3
polyproteins from the GG mutant, major pathway I was blocked and 3AB/3CD
could not be made. These proteins are thought to be important for interactions
among viral and host factors. Some of the functions of 3AB and 3CD thought to
be essential for replication can be substituted by their precursors. For examples,
P1 polyprotein processing can be executed by a 3CD precursor. The 3AB
function in replication is likely also replaceable by 3ABC. However, these
substitutions do not give rise to optimal PV multiplication. GG mutant replication
could be trans-complemented with 3CD but the effect of this was minimal, and
insufficient for complete suppression of delayed replication by the GG mutant.
This suggests several possibilities. 3AB is better than its precursor for PV
replication. Processing of 3B-3C is critical for optimal replication. EG mutant
replication is consistent with these explanations. EG mutant replication is robust
enough to reach within 5-fold of maximal replication of WT by 10 h posttransfection. This substantial increase supports the existence of unknown
functions of 3B-3C processing in replication. Mechanistic aspects of replication
might provide better insight about such functions. In Fig. 1-5C, a model for
initiation of negative-strand RNA synthesis was suggested. 3CDs and a host
factor (PCBP2) bind on the 5’ end of the genome. 3BCD and another host factor
(PABP) bind on the 3’ end of the genome. A dimerized 3CDs binds to the oriI.
Once interactions among viral and host factors induce circularization of genome,
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3’ end bound 3BCD is uridylylated by 3D on oriI. Once 3BCD is uridylylated, the
template for the polymerase is switched from oriI to the poly(A) tail at the 3’ end
of the genome followed by negative-strand RNA synthesis.
In this model, it is not clear when 3B-3C processing occurs. 3BC linked to
EG mutant RNA is processed in the presence of hydantoin (Fig. 4-8C). This
result suggests that 3B-3C processing may occur after replication but before a
hydantoin-sensitive step. However, WT-like replication of EG mutant suggests
that uridylylated 3BCD may process before elongation to produce VPg-pUpU and
3CD. This processing allows VPg-pUpU to dissociate from 3CD consequently
inducing dissociation of 3CD bound to 3’ end-bound genome. This 3CD
dissociation allows elongation. Otherwise, uridylylated 3BCD can tightly bind to
the 3’ end and it may disrupt polymerase movement along a template. If 3BCD
processing occurs after replication, then in the presence of 3CD, GG mutant
replication should have been similar to that of the EG mutant (Fig. 4-11A).
However, it cannot be excluded that this processing is random and occurs at
anytime after uridylylation. It may also be possible that 3B-3C processing is
more important for positive-strand RNA synthesis than for negative-strand RNA
synthesis.
This issue can be resolved if an uridylylation-elongation assay is available.
Although elongation of VPg-pU(pU) to longer oligonucleotides was reported, it is
not sufficient to understand the detailed mechanism of uridylylation-precursor
processing [7, 8]. Development of an uridylylation-elongation assay and further
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studies are required to understand the mechanism of uridylylation-precursor
processing.

Cleavage site mutant and its application
My study focused on 3CD function for PV replication. However, ectopic
expression of 3CD could not completely suppress the phenotypes from EG PV.
Many questions remain unanswered. First, does 3AB have a specific function,
which can be tans-complementable for PV replication and/or virus production?
Second, does 3B-3C processing have any cis-complementable functions for PV
replication? Third, are there any additional functions of P2 and P3 polyproteins
for PV replication? These questions can be answered by using different
approaches. Ectopic expression of 3AB can also be executed once a 3AB
expressing cell line is available. This cell line may permit us to evaluate 3AB
trans-complementable function(s) for PV replication. A P3 expressing cell line
will also allow us to evaluate trans-complementable function(s) for PV replication
and virus production. Addition of data from 3AB and P3 expressing cell lines to
our 3CD trans-complementation data for PV replication and virus production may
permit us to reveal details of mechanism of 3AB, 3CD and P3 polyproteins.
The study of 3B-3C cleavage site mutants allowed us to understand many
different aspects of PV multiplication. As mentioned, many cleavage site
mutants decrease virus replication and production. However, similar to the EG
mutant, we can design cleavage-site mutant PVs at other processing junctions in
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the P3 region and even throughout PV genome that show characteristics
different enough to allow distinction from WT without affecting survivability. The
3AB cleavage site is essential for PV replication. It is difficult to study any 3AB
function if the defect in 3AB processing is lethal. However, mutagenesis of the
3A-3B junction from QG to EG may not be lethal. In addition, this mutant may
differ from WT sufficiently to show 3A-3B processing-related phenotypes
including polyprotein processing, kinetics of replication and inhibition of host cell
secretory pathways. By mutating the 3C-3D cleavage site from QG to EG (3CD
EG), the 3CD concentration can also be increased during replication. The 3CD
EG mutant should not affect any other functions except for 3C, 3D and 3CD.
Most of the known 3C functions can be replaced by 3CD or other precursors.
Therefore, the 3CD EG mutant PV may allow us to define more functions for 3CD.
In addition, this mutant may also give a more precise understanding of the
mechanism for replication initiation. This strategy can be applied to other
cleavage sites to define additional characteristics of the polyproteins and their
processing.

Uncoupling of replication-encapsidation and its application
It is clear that only newly-synthesized RNAs can be packaged. VPg has
been suggested as a signal for packaging [9-12]. Encapsidation of other than
VPg-linked RNA suggests that VPg may be a signal for packaging but its function
is not inhibited by the presence of other polyproteins (Fig. 3-3 and 4-8D). It has
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been believed that translation, replication and encapsidation are coupled [13, 14].
However, translated pools of capsid proteins can also be used to package newly
synthesized RNA [15]. During EG mutant PV characterization, coupling of
replication and encapsidation was investigated by using 3'-deoxyadenosine
(cordycepin) and hydantoin. Hydantoin is known to block virus production in vivo
and in vitro [16, 17]. A mutation in the 2C protein suppresses hydantoin
sensitivity of PV production [17]. Hydantoin does not inhibit positive-strand RNA
synthesis [17]. Instead, this drug increases the proportion of empty capsids and
inhibits RNA packaging. Cordycepin is a chain terminator. Therefore, this
adenosine analogue inhibits PV RNA-dependent RNA polymerase activity [18].
By use of these two drugs, replication and encapsidation can be uncoupled. Fig.
4-6 D and E clearly suggest that encapsidation can be accomplished by using
pre-accumulated RNAs instead of RNA being currently synthesized. This result
suggests that there is a post-replication and pre-encapsidation step. The
existence of this step has been discussed previously [15, 19] where, in the
absence of capsid protein translation, virus particles were produced during
replication. That experiment could not rule out the requirement for on-going
replication for encapsidation because replication was not inhibited whereas
translation was blocked. In our assays, replication was inhibited while virus was
produced. This is the first evidence showing that the on-going process of RNA
replication is not required for virus production. These data suggest that pools of
capsid polyproteins and newly-synthesized RNAs exist. They can be used to
produce virus when an optimal environment is provided.
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By using this technique, capsid polyproteins and/or viral RNA can be
accumulated maximally before assembly. Therefore, it may be possible that low
titer mutant PV or other hydantoin-sensitive RNA viruses can be concentrated
from host cells by using hydantoin instead of using other biochemical methods. If
this technique allow us to concentrate low titer mutant PV and other RNA viruses,
then characterization of these virus will be much easier. The concentrated
viruses will also permit us to administrate high enough viruses into mice to
evaluate immune response.

A model for PV-induced vesicle formation and future studies
Viruses are parasites that utilize the host system to produce progeny.
Virus multiplication has evolved to maximize survival in a specific environment.
In addition to optimizing themselves to their environment, viruses have also
evolved to modify the host system to maximize their replication. Most
picornavirus infections induce clustered vesicles referred to as replication
complexes (RCs) thought to be sites for replication [1, 2]. This re-organization of
host-cell ultrastructure is a consequence of this evolutionary process. PV
employs host cellular vesicular trafficking systems to facilitate replication. To
date, Arf1 and its mediators, GBF1 and BIGI/BIGII, have been identified as
vesicular trafficking host factors that are involved in PV-induced vesicular
formation [20-24]. 3A of PV and CVB3 interact with GBF1 [25-28]. 3CD induces
relocalization of BIGI/BIGII to the membrane fraction. However, BIGI and BIGII
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have not been demonstrated to interact with 3CD. No other host factors related
to cellular vesicular trafficking have been reported. Therefore, it will be important
to first identify 3CD-interacting host factors. Once host factors are identified,
specific functions of 3CD can be interpreted.
During vesicular trafficking, multiple steps are required [29]. They are 1.
Initiation, 2. Budding, 3. Scission, 4. Uncoating, 5. Tethering, 6. Docking and 7.
Fusion. PV-induced vesicular formation should be similar to host vesicular
trafficking. The only difference should be an acceptor for the fusion event and/or
scission. In host cells, cellular organelles, such as ER and Golgi, are the
acceptors. For PV-induced vesicle formation, neither of these may be an
acceptor. Instead, PV-induced vesicles may fuse to each other or to another
unknown vesicle as an acceptor.
PV-induced vesicles are larger (~300 nm) than normal cellular vesicles
(less than 100 nm). This implies that vesicular scission may be regulated by viral
factors. Recent research suggests that GTP hydrolysis is required for COPI and
COPII scission [30, 31]. PV 3A induces relocalization of GBF1 to membrane.
Interestingly, transient expression of CVB3 3A inhibits GBF1 [25, 26]. Therefore,
it is possible that 3A-GBF1-Arf1-GTP (or-GDP) is locked on membranes during
the budding and scission steps. By locking GBF1-Arf1 on membranes, vesicular
scission is delayed and the pre-vesicle grows larger than normal size. 3CD may
promote budding and scission by using a different mechanism, such as
BIG1/BIG2 mediated.
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PV-infection inhibits ERGIC to Golgi trafficking [32]. The Golgi to ER
pathway is not affected [32]. Therefore, without influx, the Golgi apparatus
disappears within 2 h post-infection and all Golgi-derived vesicles may be
redirected to ER or ERGIC. 2BC binds to COPII during the early post-infection
period [33]. In normal cells, COPII vesicles fuse to ERGIC [34-36]. However, it
is clear that ERGIC is not a site for PV replication because ERGIC-53, an ERGIC
marker, is not colocalized with PV polymerase (Appendix A). Therefore, ERderived 2BC-containing COPII vesicles may have to fuse either to another COPII
vesicle (homotypic fusion) or to COPI vesicles (heterotypic fusion).
During the fusion event, 3A and/or 3CD may target tethering machinery.
By regulating tethering factors, 3A and/or 3CD may sort vesicles for fusion.
Recently, it has been reported that GBF1 is regulated by Rab1, which is another
small GTPase, and this regulation is critical for Arf dynamics and COPI
association [37, 38]. Interestingly, Rab1 is involved in both COPI and COPII
vesicular trafficking [37-40]. In addition, Rab1 binds to tethering factor p115 and
GM130 that are thought to be involved in COPII vesicular trafficking [39].
Therefore, 3A and 3CD may regulate proteins related to both COPI and COPII
for budding, scission, tethering and fusion. All together, a model for PV-induced
vesicles was previously proposed and discussed in chapter 5 (Fig. 5-8).
In order to support my model, there are several questions that remain to
be answered. First, what is the specific function of 3CD for PV-induced vesicles?
Second, what is the step that 3CD is involved in during PV-induced vesicular
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formation? Third, what is a specific host factor(s) that interacts with 3CD to
induce vesicles? Forth, what is the origin(s) of PV-induced vesicles?
For many decades, PV virologists tried to identify the origin of PV-induced
vesicles. Although several have been suggested, nothing is conclusive. Without
understanding the mechanism of PV-induced vesicular formation, the origin of
PV-induced vesicles may not be identified. In order to understand the
mechanism of PV-induced vesicles, it is critical to identify more host factors that
are involved in PV-induced vesicular formation.
If PV-induced vesicles can be isolated, host factors that are involved in
PV-induced vesicular formation can be identified. This will allow us to
understand a detailed mechanism of PV-induced vesicular formation. As
suggested in the chapter 5, it may be possible that vesicles can be isolated by
immunoprecipitating with anti-2B, anti-2C, anti-3A and/or anti-3CD antibody.
Once vesicles are isolated, the type of vesicles can be identified by Western
blotting with various anti-vesicular components antibodies. Recently, homotypic
and heterotypic fusion events could be distinguished [35, 40]. This technique
allows us to isolate COPI and COPII vesicles. By using this technique, it may be
possible that PV-induced vesicles can be isolated. If vesicles isolated from PVinfected cells contains replication complex markers, such as 3D and 2B(C), then
the source of PV-induced vesicles can also be identified.
Over the past several years, increasingly sensitive vesicular budding
assays have been developed [30, 31]. These assays may allow us to determine
the function of individual proteins in the budding process. It may be possible that
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functions of 3A and/or 3CD in vesicular budding can be investigated using these
techniques.
In summary, my studies provide paradigm-shifting insight and broaden our
understanding from the poliovirus life cycle itself to host environmental impacts.
In this new area, many challenging questions were identified. Answering these
questions will provide a more detailed understanding of the mechanism of PV
multiplication. These answers will also impact many other picornavirus studies.
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Appendix A
Localization of ERGIC53 and PV 3D
Fig. A-1

Fig. A-1: ERGIC53 and PV 3D do not colocalize during PV replication complex
formation
HeLa cells were transfected with GFP-ERGIC53 (2 ㎍), incubated at 37 ºC for 48
h, infected with WT or EG PV (MOI, 20), placed at 37 ºC for 5 h, fixed and
probed with polyclonal anti-3D antiserum (PA 473, 1:1000) followed by
incubation with secondary anti-bodies donkey anti-rabbit Alexa 647. Top panel
represents GFP-ERGIC53 expression by transient transfection in the absence of
PV infection. WT and EG mutant PV infections neither change the localization of
ERGIC53 nor colocalize 3D and ERGIC53.

Appendix B
Relocalization of Arf1 during PV replication
Fig. B-1

Fig. B-1: Relocalization of Arf1 is related to kinetics of PV replication
HeLa cells were transfected with Arf1-EGFP (2 ㎍), incubated at 37 ºC for 24 h,
infected with WT or EG PV (MOI, 20), placed at 37 ºC for indicated time postinfection (p.i.), fixed and probed with polyclonal anti-3D antiserum (PA 473,
1:1000) followed by incubation with secondary anti-bodies donkey anti-rabbit
Alexa 647. Top panel represents Arf1-EGFP expression by transient transfection
in the absence of PV infection. Arf1 disperse in cytoplasm from 3 or 5 h postinfection with WT or EG PV respectively. Arf1 and 3D are colocalized during PV
replication.

Appendix C
Reversible effect of Brefeldin A on PV replication
Fig. C-1

Fig. C-1: Brefeldin A inhibits PV replication but its effect is reversible
HeLa cells were transfected with in vitro transcribed WT subgenomic replicon
RNA and incubated with 2 ㎍/mL of Brefeldin A at 37 ºC. At 3 (▲) or 4 (▼) h
post-transfection, cells were washed with pre-warmed PBS, incubated in a
normal media in the absence of Brefeldin A at 37 ºC and luciferase activity was
monitored. Control experiment was performed in the absence (■) or presence
(□) of Brefeldin A. For a translation control, luciferase activity was measured in
the presence of 3 mM guanidine hydrochloride (○).

Appendix D
Reversible effect of Brefeldin A on endoplasmic reticulum enlargement
Fig. D-1

Fig. D-1: Brefeldin A enlarges endoplasmic reticulum and its effect is reversible
BFA-induced enlargement of endoplasmic reticulum (ER) was visualized by
transmission electron microscopy (TEM). HeLa cells were incubated with
Brefeldin A (BFA, 2 ㎍/mL) at 37 ºC and splitted into three. One of them was
prepared for TEM. Two other fractions were washed with PBS at 3 h posttreatment, incubated in normal media for additional 1 (second image) or 2 (third
image) h at 37 ºC and prepared for TEM. BFA treatment enlarges ER (first
panel) and the effect of BFA on ER is reversed within 2 h post-removal of BFA
(third image). Bar= 2 µm.

Appendix E
Reversible effect of Brefeldin A on PV-induced vesicle formation
Fig. E-1

Fig. E-1: Brefeldin A inhibits PV-induced vesicle formation and its effect is
reversible
(B, C) Inhibition of PV-induced vesicle formation by Brefeldin A (BFA) was
visualized by transmission electron microscopy (TEM). HeLa cells were infected
with WT PV (MOI, 50) and incubated in the presence (B) or absence (C) of BFA
(5 ㎍/mL) for 7 h at 37 ºC. (D) Reversible effect of BFA on PV-induced vesicle
formation was visualized by TEM. HeLa cells were infected with WT PV (MOI,
50) and incubated in the presence of BFA (5 ㎍/mL) at 37 ºC. BFA was removed
at 3 h post-infection and the cells were placed at 37 ºC in normal media for
additional 7 h prior to TEM sample preparation. PV-induced vesicle formation is
completely inhibited by BFA (compared between B and C) and the inhibition of
PV-induced vesicle formation is reversible once BFA is removed (D). Bar= 2 µm.

Appendix F
EG PV exhibits pre-genome-replication defect
Fig. F-1

Fig. F-1: Delay of initiation of PV replication by Brefeldin A restores the
phenotypes of EG PV replication and virus production
Pre-genome-replication defect was suppressed by delay of replication initiation
mediated by Brefeldin A (BFA). (A) HeLa cells were transfected with in vitro
transcribed WT or EG subgenomic replicon RNA and incubated with 2 ㎍/mL of
Brefeldin A (BFA) at 37 ºC. At 3 h post-transfection, cells were washed with prewarmed PBS, incubated in a normal media in the absence of BFA at 37 ºC and
luciferase activity was monitored (▼; WT, ▽; EG). Control experiment was
performed in the absence (■; WT, □; EG) or presence (▲; WT, △; EG) of BFA.
(B) HeLa cells were infected with WT or EG PV (MOI, 10) and placed at 37 ºC in
the presence of BFA (5 ㎍/mL, 10 mL of normal media). BFA was removed at 3
h post-treatment and cells were incubated in normal media at 37 ºC. At the
indicated time post-infection, cell-associated virus was harvested and titired (●;
WT, ○; EG). (C) One-step-growth curve was made without BFA treatment as a
control. BFA mediated delay of initiation of PV replication allows PV to recover
the pre-genome-replication defect.

Appendix G
P1 capsid proteins required for RNA packaging are produced ~ 4 h postinfection
Fig. G-1

Fig. G-1: Capsid proteins translated ~4 h post-infection are enough to
multiplicate PV production.
(A) Translation and RNA encapsidation are uncoupled. HeLa cells were infected
with WT PV (MOI 5) and placed at 37 ºC. Cycloheximide was added to HeLa
cells at the indicated time post-infection and placed back to 37 ºC to 8 h postinfection, cells were harvested, lysed by multiple freeze-thaw cycles and virus
was quantified by plaque assay. (B) One-step growth curve was made as a
control. PV multiplication is not sensitive to cycloheximide after 4 h postinfection.
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