Chapter 1
Model of Picornavirus RNA Replication

Aniko V. Paul, George A. Belov, Ellie Ehrenfeld, and Eckard Wimmer

Introduction

The virus family Picornaviridae represents a large number of human and animal
pathogens, which can cause a variety of diseases ranging from the benign (com-
mon cold) to the serious (poliomyelitis). These small non-enveloped plus-stranded
RNA viruses have been grouped into nine genera of which five are well known:
Enterovirus, Rhinovirus, Hepatovirus, Cardiovirus, and Aphthovirus. The life cycle
of picornaviruses begins with attachment to a susceptible host cell, entry, and the
delivery of the RNA genome into the cytoplasm (Semler and Wimmer 2002). The
RNA is translated into a large polyprotein, which is processed into functional pre-
cursor and mature proteins. The nonstructural proteins of the virus and cellular pro-
teins assemble with the parental RNA to form replication complexes on the surface
of membranous vesicles where RNA replication takes place. The progeny RNA are
encapsidated prior to being released from the host cell.

The RNA genome of picornaviruses (~7500 nucleotides) contains a long 5" non-
translated region (5'NTR), a single open reading frame, and a short 3’ NTR followed
by a poly(A) tail (Fig. 1.1). At the 5’-end the RNA is covalently linked to a tyrosine
residue in a small peptide called VPg. Picornaviruses use the same basic steps to
replicate their genomes as other plus-strand RNA viruses. First the parental RNA
is copied into a complementary minus strand yielding a double-stranded replicative
intermediate. The minus strand then serves as the template for the production of
progeny plus strands. There is also an important difference, however, between the
RNA replication strategy of picornaviruses and of other plus-strand RNA viruses.
While most other plus-strand RNA viruses start the synthesis of their RNA strands
by de novo initiation, picornaviruses use a uridylylated form of the VPg peptide
as primer for the production of both plus- and minus-strand RNAs. The enzyme
primarily responsible for RNA synthesis is the RNA-dependent RNA polymerase,
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Fig. 1.1 Genomic structure of PV and processing of the P3 domain of the polyprotein. The
single-stranded RNA genome of PV is shown with the terminal protein VPg at the 5'-end of the
5'NTR and the 3’NTR with the poly(A) tail. The 5’NTR contains a cloverleaf-like structure and
a large IRES element. The attachment site of the 5'-terminal UMP of the RNA to the tyrosine of
VPg is shown enlarged. The oril element is located in the coding region of 2CATP4¢, The polypro-
tein contains structural (P1) and nonstructural (P2 and P3) domains. The vertical lines within
the polyprotein box represent proteinase cleavage sites. Processing of the P3 domain is shown
enlarged.

which requires not only viral but also cellular proteins and cis-acting RNA elements
to achieve complete replication of the viral RNA genomes.

In this review an attempt will be made to summarize what is known predomi-
nantly about the genome replication of poliovirus, the prototype of Picornaviridae.
Because of the limited scope of this article we will neither be able to discuss in detail
the current literature available on all picornavirus RNA replication nor to acknowl-
edge the contribution of every investigator. Principally, progress in five areas have
greatly advanced our understanding of poliovirus genome replication during the
last 15 years: (i) the development of a de novo cell-free poliovirus replication sys-
tem, (ii) the elucidation of the mechanism of VPg uridylylation, (iii) the discovery
of cis-acting genomic RNA structures, (iv) the identification of cellular proteins
essential for RNA synthesis, and (v) the characterization of cellular membranous
structures involved in genome replication. We suggest that the reader consults pre-
vious review articles listed for some early references that could not be accommo-
dated in this article. Finally, we should emphasize that the proposed models of RNA
replication are highly speculative and are expected to change as more information
accumulates.
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Viral and Cellular Factors Involved in Replication

Viral Proteins

The single open reading frame of picornavirus RNAs is translated into a large
polyprotein, which is processed by viral proteinases into a variety of precursor
and mature proteins (Fig. 1.1). The polyprotein consists of three domains. The P1
domain contains the structural proteins that make up the capsid of the virus while
the nonstructural proteins (P2 and P3) are involved in RNA replication and in pro-
moting changes in cellular metabolism. It has been known for a long time that all
of the nonstructural proteins of poliovirus have functions in RNA replication. Since
picornavirus genomes have a limited coding capacity the virus has adapted to use
the genetic information encoded in the RNA multiple times in the form of different
precursor and mature proteins. For example, evidence has been presented suggest-
ing that minus-strand RNA synthesis requires large precursors of P2 proteins (P2/P3
or 2BC/P3) (Jurgens and Flanegan 2003).

1. Proteins of the P2 domain. The P2 domain of the polyprotein is processed
into a precursor (2BC) and mature proteins (2AP™, 2B, and 2CATP3%¢) (Leong et al.
2002; Paul 2002; Skern et al. 2002). Protein 2AP™ is a proteinase in entero- and
rhinoviruses whose primary function is to separate the structural and nonstruc-
tural domains of the polyprotein but it also has functions in the inhibition of cel-
lular translation and transcription and in RNA replication. The roles of proteins
2B and of its precursor 2BC in RNA replication are not well understood but it is
known that they are related to the biochemical and structural changes that occur
in the infected cell (Egger et al. 2002; Paul 2002; see below). Expression of 2B
in mammalian cells leads to a block of secretory transport, disassembly of the
Golgi complex, permeabilization of the plasma membrane, and induction of mem-
brane proliferation and rearrangements. Expression of 2BC results in membrane
rearrangements leading to the formation of vesicles. The most conserved protein
among picornaviruses is a membrane-bound polypeptide 2CATP*¢ (Leong et al.
2002; Paul 2002). Biochemical and genetic studies have implicated this protein
in a variety of functions during the viral life cycle such as uncoating, host cell
membrane rearrangements, RNA replication, and encapsidation. The protein con-
tains N- and C-terminal amphipathic helices and RNA-binding domains. There is
an N-terminal membrane-binding domain and a cysteine-rich Zn**-binding domain
near the C-terminus. In vitro purified 2CATP*¢ exhibits ATPase activity, which
is blocked by guanidine hydrochloride, a potent inhibitor of RNA replication in
vivo (Pfister et al. 2000 and refs. therein). Although the protein contains con-
served motifs typical of helicases so far no helicase activity of the protein has been
detected.

2. Proteins of the P3 domain. The proteins derived from the P3 domain are
directly involved in RNA replication (Cameron et al. 2002; Leong et al. 2002;
Paul 2002). Initial cleavage of the P3 domain yields two relatively stable and very
important precursors, 3AB and 3CDP™. In vitro biochemical studies have shown
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that the small 3AB protein has multiple functions in RNA replication: (a) 3AB
stimulates the polymerization activity of RNA polymerase 3DP'; (b) 3AB is a non-
specific RNA-binding protein, which, however, forms a specific complex with pro-
teinase 3CDP™ at either the 5'-cloverleaf structure or at the 3'NTR of the viral RNA,;
(c) 3AB stimulates the autoprocessing of 3CDP™; (d) the membrane-bound form
of 3AB is required for processing by 3CDP™; (e) 3AB has nucleic acid chaperone
and helix destabilizing activities (DeStefano and Titilope 2006). Yeast two-hybrid
and biochemical analyses have indicated that 3AB strongly interacts with 3DP°' and
the sequences primarily responsible for this interaction reside in the 3B domain
(Y3, K9K10, R17) of the protein (Paul 2002; Paul et al. 2003a). Three amino
acids (F377, R379, V391) on the surface of 3DP in a hydrophobic patch were
recently identified as binding partners of 3AB (Lyle et al. 2002). Protein 3AB has the
propensity to dimerize and form oligomers in solution with both the N-terminal and
hydrophobic domain of 3A involved in these interactions (Paul 2002; Strauss et al.
2003). Our recent studies with synthetic membranes suggest that the hydrophobic
anchor sequence of 3A forms a mixture of transmembrane and non-transmembrane
topographies but adopts only a non-transmembrane configuration in the context of
the 3AB protein (Fujita et al. 2007).

Proteolytic processing of 3AB by 3CDP™ yields 3A and VPg (Leong et al. 2002;
Paul 2002). The 3A protein is 87 amino acids long and consists of a soluble cytoso-
lic domain (58 residues), which forms a symmetric dimer (Strauss et al. 2003),
a 22-residue long hydrophobic and membrane-binding domain followed by seven
additional residues at the C-terminus. The 3A protein inhibits ER to Golgi mem-
brane and secretory protein traffic and induces specific translocation of some ADP
Ribosylation Factors (ARF) proteins to membranes (Belov et al. 2005). Studies by
the yeast and mammalian two-hybrid systems showed that 3A multimerizes and
interacts with 2CATF2¢ and 2B (Teterina et al. 2006; Yin et al. 2007). Mutants resis-
tant to Enviroxime, an antiviral drug that blocks PV RNA replication, map to the 3A
sequences supporting a critical role for 3A (or 3AB) in RNA replication.

The VPgs of all picornaviruses are small peptides 21-24 amino acids in length
with an absolutely conserved Tyr at position 3. Tyr3 links VPg via a phosphodi-
ester bond to the 5’-terminal UMP of the genome (Fig. 1.1; Wimmer et al. 1993;
Paul 2002; Paul et al. 2003a). Entero- and rhinovirus VPgs contain several fully or
highly conserved amino acids (Y3, G5, P7, K9, K10, P14, R17), which are required
for function in vivo. Interestingly, when two VPgs are introduced in tandem into
the PV genome the resulting virus, which has a quasi-infectious growth phenotype,
retains only the N-terminal VPg. The replacement of PV VPg with that of HRV 14
or HRV16, but not with that of HRV2, results in viable poliovirus (Cheney et al.
2003; Paul et al. 2003a). In contrast to other picornaviruses, foot-and-mouth disease
virus (FMDV) encodes in tandem, and uses at random, three distinct VPg peptides
(3B1-3B3), which are 23 or 24 amino acids long (Nayak et al. 2005). Each of the
VPgs can be uridylylated in vitro although 3B3 is the best substrate for FMDV
3DP!, Recently two different kinds of structures were proposed for PV VPg. The
first structure was predicted by computational modeling and was found to have two
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antiparallel B strands with the N- and C-termini of the peptide located in close prox-
imity (Tellez et al. 2006) The second structure, determined by NMR, consisted of a
large loop (residues 1-14) from which the reactive tyrosine (Y3) projects outward,
and of an a-helix (residues 18-21) at the C-terminus (Schein et al. 2006). The amino
acids conserved in the VPgs of picornaviruses were located on the same face of the
structure as Y3.

The second important precursor of the P3 domain is 3CDP™, which together with
3CP™ processes most of the entero- and rhinovirus polyprotein into precursor and
mature proteins (Leong et al. 2002; Paul 2002). 3CDP™ possesses no polymerase
activity but it has essential functions in RNA replication as a RNA-binding protein.
The RNA-binding domain of the protein is located in 3CP™ but the 3DP°! domain
of the protein modulates this activity. The crystal structure of PV 3CDP™ revealed
a poorly ordered polypeptide linker between the structurally conserved 3CP™ and
3DP! domains (Marcotte et al. 2007). 3CDP™ forms several important RNA/protein
complexes that are required in RNA replication and these will be discussed later.
Studies with the in vitro translation/RNA replication system of Molla et al. (1991)
indicated a role for PV 3CDP™ also in virus maturation, which required both the
RNA-binding activity of the 3CP™ domain and the integrity of interface I in the
3DP°! domain (Franco et al. 2005).

Processing of the 3CDP™ precursor yields proteinase 3CP™ and RNA polymerase
3DPL Crystal structures of several picornavirus 3CP® proteins (HAV, PV1, HRV 14,
HRV?2) were published and shown to contain a protein fold similar to serine pro-
teinases such as chymotrypsin (Skern et al. 2002). The structure of the PV 3CP™
protein indicated the formation of dimers and this was confirmed by biochemical
experiments (Pathak et al. 2007).

The RNA polymerase 3DP?' of picornaviruses possesses two major types of
synthetic activities in vitro (Cameron et al. 2002; Paul 2002). It elongates RNA
or DNA primers on homopolymeric or heteropolymeric RNA templates or cat-
alyzes the covalent attachment of UMP to the hydroxyl group of tyrosine in
VPg (Paul et al. 1998). The second reaction requires an RNA template, which
can be either poly(A) or an adenylate residue in the cis-replicating RNA ele-
ment oril. The products of the reactions are VPgpU and VPgpUpU, the primers
for the synthesis of plus and minus-RNA strands. Crystal structures have been
determined for a number of picornavirus RNA polymerases (PV, HRV14, HRV16,
HRVI1B, and FMDV) and these are discussed by N. Verdaguer and colleagues
in another chapter of this book. These structures display a common architec-
ture characteristic of all RNA polymerases, which is that of a right hand with
finger, thumb, and palm domains. The purified PV RNA polymerase has been
found to exhibit a high level of cooperativity with respect to RNA binding and
template usage, suggesting that polymerase/polymerase interactions are impor-
tant for function. The dimerization/oligomerization of PV 3DP°' was confirmed by
both the yeast and mammalian two-hybrid analysis (Teterina et al. 2006 and refs.
therein) and such interactions were also observed in the crystal structure of the
protein.
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Cellular Proteins

Since plus-strand RNA viruses possess small RNA genomes that encode only a lim-
ited number of proteins they seek to supplement their existing synthetic capabilities
with cellular proteins (Paul 2002). Several lines of evidence, involving both genetic
and biochemical approaches, suggest that this is the case. First, it is known that the
replication of RNA viruses is cell-type specific suggesting their dependence on cell-
specific factors. Second, a number of host proteins have been identified that interact
with viral genomic RNAs or replication proteins and some of these are essential to
viral RNA replication.

1. PCBP. Poly(rC)-binding protein 2 (PCBP2), also known as hnRNP E2, or
aCP-2, has functions both in the translation and in the replication of PV RNA and
possibly also in RNA stability (Paul 2002; Walter et al. 2002). PCBP2 is an RNA-
binding protein with a strong preference for poly(rC) sequences. It contains three
hnRNP K-homology domains, the first and third of which mediate poly(rC) binding.
The protein has been shown to form homodimers and to interact with other hnRNP
proteins. For picornavirus RNA containing type I IRES elements, PCBP2 binds to
domain IV of the IRES that is essential for translation initiation. In addition, PCBP2
binds to stem-loop B of the 5’-cloverleaf and an adjacent C-rich region in the spacer
between the cloverleaf and the IRES (Toyoda et al. 2007). Together with 3CDP™,
this interaction is required for viral RNA synthesis.

2. Sam68. Previous studies using yeast two-hybrid analyses have identified cellu-
lar protein Sam68 that interacts with PV 3DP°! and is relocalized from the nucleus to
the cytoplasm upon PV infection (Paul 2002). No function has as yet been assigned
to Sam68 in poliovirus replication.

3. Nucleolin. This nuclear protein was found to interact with the 3'NTR of wt PV
RNA but not with the RNA of replication-defective mutants (Paul 2002). As with
Sam68, no function has as yet been assigned to nucleolin in poliovirus replication.

4. Poly(A)-binding protein (PABP). Herold and Andino (2001) have observed that
human PABP interacts in vitro with PV 3CDP™, PCBP2, and the 3’NTR-poly(A).
These observations led to the proposal that the PV genome circularizes via an inter-
action of PABP, 3CDP™, and the 5’ cloverleaf on one hand and of PABP and the
3'NTR-poly(A) of the genome on the other.

5. Heterogeneous nuclear ribonucleoprotein C (hnRNP C). This cellular protein
that is abundant in the nucleus belongs to a family of RNP motif RNA-binding
proteins (Brunner et al. 2005). Using GST-pull down assays it was demonstrated
that hnRNPC1 binds to PV 3CDP™, as well as to the P2 and P3 precursors of the
nonstructural proteins. In addition, hnRNPC can be co-immunoprecipitated with PV
plus and minus-strand RNA in HeLa extracts suggesting a possible role for hnRNP
C in plus-strand RNA synthesis.

6. Reticulon 3. Using yeast two-hybrid analyses, a cellular ER-associated pro-
tein, reticulon 3, was recently identified as an interacting partner of enterovirus
71 2CATPae (Tang et al. 2006). The N-terminal domain of 2CATP4¢ which has
both RNA- and membrane-binding activity, was found to interact with reticulon
3. Reduced production of reticulon 3 by RNA interference reduced the synthesis of
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viral proteins, replicative double-stranded RNA, and plaque formation. Reticulon 3
could also interact with the 2CATP¢ proteins of PV and CAV 16, suggesting that it
may be a common factor for the replication of enteroviruses. The function of retic-
ulon 3 was proposed to be to anchor the 2CATP*¢ protein to the membranes but its
role needs to be further studied.

7. Other host proteins. The replication of PV in the in vitro translation/replication
system and in Xenopus oocytes was found to be dependent on one or more unknown
cellular factors. There are numerous other host cell proteins that have been identified
through their ability to interact with cis-acting RNA elements in the picornavirus
genomes (Paul 2002). However, it is not clear that these RNA/protein interactions
are biologically important for picornavirus RNA replication.

Cis-Acting RNA Elements

The genomes of plus-strand RNA viruses harbor a large amount of genetic infor-
mation of which much resides in highly structured RNA elements. Most studies in
the past concentrated on the role of the 5’NTR and 3'NTR in RNA replication and
only recently has the importance of internal cis-replicating elements been recog-
nized (Paul 2002).

1. The 5’ cloverleaf (oriL). The 5’'-terminal sequences of entero- and rhinovirus
RNAs contain a cloverleaf structure (stem-loops A-D) in which the terminal UMP
is covalently linked to the hydroxyl group of a tyrosine in the genome-linked protein
VPg (Figs. 1.1 and 1.2A). The cloverleaf forms two essential RNP complexes with
3CDP™ in the presence of either PCBP2 or protein 3AB (Paul 2002). Stem-loop B
binds either PCBP or 3AB while a tetra loop in stem-loop D interacts with 3CDP™
(Rieder et al. 2003). Mutations that disrupt complex formation abolish RNA replica-
tion but do not affect translation. Interestingly, not only the C residues in stem-loop
B of the cloverleaf are required for PCBP binding and RNA replication but also an
adjacent C-rich sequence in the spacer between the cloverleaf and the IRES (Toyoda
et al. 2007). Thus, this short segment of spacer sequence is an essential part of the
5’-terminal cis-acting element (oriL) of the poliovirus genome. The solution struc-
ture of a consensus entero- and rhinovirus cloverleaf stem-loop D was determined
by NMR and was shown to have an elongated helical stem capped by a UACG tetra
loop with a wobble UG closing base pair (Du et al. 2004).

2. The 3'NTR-poly(A) (oriR). The heteropolymeric regions of the 3’NTR in dif-
ferent picornaviruses are very diverse and their functions are unknown although
genetic evidence supports their role in RNA replication (Fig. 1.2C; Agol et al. 1999;
Paul 2002). A “kissing interaction” between stem-loops X and Y of the PV 3'NTR
was found to be important for RNA replication.

The poly(A) tail of picornaviruses is genetically encoded (Wimmer et al. 1993)
unlike the poly(A) tails of cellular mRNAs, which are added post-transcriptionally.
Efficient RNA replication and infectivity of the viral RNA requires the presence
of a poly(A) tail with at least 20 nt (Silvestri et al. 2006). A detailed analysis of
the poly(A) tail of CVB3 revealed that while the poly(A) tail is about 80 nt long
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the complementary poly(U) tract contains only about 20 nts (van Oij et al. 2006a).
The 3'NTR controls the length of the poly(A) tail and ensures efficient minus-strand
RNA synthesis but apparently it has no effect on poly(U) length.

3. The internal origin of replication (oril or cre). Analyses of picornaviruses
genomes revealed an important cis-acting RNA element mapping either to the cod-
ing sequences or to the SNTR (Fig. 1.2B; Paul 2002). First discovered in the cod-
ing sequence of capsid protein VP1 of human rhinovirus 14 (HRV14) (McKnight
and Lemon 1998), oril elements have subsequently been identified in 2CATP*® of
poliovirus and coxsackie virus B3, in 2AP™ of HRV2, and in the capsid protein
VP2 of cardioviruses (for refs. see van Oij et al. 2006b). An exception is the
oril of FMDYV, which was found to be located in the 5NTR (Mason et al. 2002).
These orils all consist of a small RNA stem-loop structure made of quite diverse
nucleotide sequences. Entero- and rhinovirus orils, however, contain a conserved
motif (Fig. 1.2B; G XXXA5AcA7XXXXXXA4), which is critically important for
function (Yang et al. 2002; Yin et al. 2003). Within this motif, the As residue tem-
plates the linkage of both UMPs to VPg by a “slide back” mechanism in a reaction
catalyzed by 3DP®' and stimulated by 3CDP™ (Fig. 1.3; Paul 2002; Paul et al. 2003b).
The products are VPgpU and VPgpUpU, the primers for RNA synthesis. The solu-
tion structure of a 33-nt segment the HRV 14 oril was recently determined by NMR
spectroscopy (Thiviyanathan et al. 2004). It contains a large open loop with 14
nucleotides that derives stability from base-stacking interaction. The two conserved
adenylates are oriented to the inside of the loop. Interestingly, the poliovirus oril
structure can be moved to different positions within the genome without affecting
function (Yin et al. 2003). Recent studies by Crowder and Kirkegaard (2005) have
shown that mutants of the PV oril can inhibit PV replication in a frans-dominant
manner in vivo.

4. The Internal Ribosomal Entry Site (IRES). The poliovirus IRES is located in
the 5’NTR between nucleotides 124 and about 630 whose primary function is to
promote cap-independent translation (Wimmer et al. 1993; Paul 2002). Numerous

Template 57 GXXXAAGAXXXXXXA |4

Protein priming 5° G{XXXA5AgA;XXXXXXA |4

U-VPg
Slide back 5" G XXXA5A 5 A7XXXXXXA 4
U-VPg
Elongation 5’ G XXXA5A (A7XXXXXXA |4
U-U-VPg

Fig. 1.3 The “slide back” mechanism of VPg uridylylation. The first UMP is linked to VPg on the
As template nucleotide of the PV1 oril. VPgpU slides back to hybridize with Ag and the second
UMP is templated again by As yielding VPgpUpU. Nucleotides As and A involved in the reaction
are shown in bold.
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genetic studies suggest that the IRES also contains signals for RNA replication in
stem-loops II, IV, and V. However, other results are difficult to reconcile with a direct
role of the IRES in RNA replication. For example, the IRES of PV1 can be replaced
with totally different IRESes from EMCV or HCV but the resulting chimeras have
growth properties similar to that of wt poliovirus (Gromeier et al. 1996 and refs.
therein). Furthermore, using the in vitro translation/RNA replication system Murray
et al. (2004) showed that poliovirus RNA replication was not absolutely dependent
on the IRES although the replication of genome length viral RNAs was stimulated
by the presence of the IRES in the template RNAs.

5. The cloverleaf at the 3'-end of minus strands. Using 3'-terminal fragments of
PV minus-strand RNA, the binding of both cellular and viral (2CATPase 9B() pro-
teins derived from virus-infected cell extracts has been demonstrated (Paul 2002).
The biological significance of some of these RNA/protein interactions is not yet
known. Sharma et al. (2005) recently demonstrated with in vitro translation/RNA
replication reactions that the 5’-terminal sequence of stem A in the plus strand, and
consequently the 3’-terminal sequence of the minus strand, was required for the
efficient plus-strand RNA synthesis.

Membrane Structures

1. Morphological organization of replication complexes. The complexity of the
numerous factors that participate in viral RNA synthesis requires that some mech-
anism exist to topologically coordinate and concentrate the multiple components
to function in concert. All positive-strand RNA viruses, including picornaviruses,
induce the reorganization of membranes from various sub-cellular organelles (endo-
plasmic reticulum (ER), Golgi, endosomes, etc.) to form functional scaffolds on
which genome replication occurs. In most cases new virus-induced structures are
formed that appear by electron microscopy as clusters of heterogeneous sized vesi-
cles concentrated near the nucleus and eventually occupying nearly all the cyto-
plasm (Fig. 1.4).

Fig. 1.4 Electron
microscopic picture of
PV-infected Hep-2 cells.
Numerous vesicles can be
seen 9 hours post-infection.
The bar represents 2 wm. The
picture is a gift of K. Bienz
and D. Egger. It should be
noted that Jackson et al. 2005
have observed some double
membrane vesicles in
PV-infected cells, which are
not apparent on the picture
shown here.
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The most detailed account of the development of this membrane remodeling has
been obtained for poliovirus (Egger et al. 2002; Egger and Bienz 2005). Characteris-
tic vesicles were detected by electron microscopy at 2 h p. i., initially associated with
the ER and then clustered in the perinuclear region. Replicating RNAs were located
in electron-dense patches in close vicinity to budding vesicles on modified ER and
later associated with vesicles. When lysates from infected cells were analyzed by
density gradient centrifugation, polymerase activity co-purified with smooth mem-
branes. These replication complexes looked like loosely associated rosettes of mem-
branous vesicles surrounding more dense structures, where actual replication sites
were located. When provided with nucleotides and optimal reaction conditions, they
could support RNA replication in vitro. It is not yet known how the replication com-
plexes are attached to the membranes but the hydrophobic domains of 3AB, 3A and
2BC, 2B and 2CATPa¢_ the latter possibly in conjunction with reticulon 3, are likely
to mediate membrane binding.

2. Viral proteins involved in membrane remodeling. Expression of all poliovirus
nonstructural proteins from non-replicating RNA constructs resulted in membrane
rearrangements typical of those found in infected cells (Egger et al. 2002; Egger
and Bienz 2005), indicating that viral proteins alone are sufficient to induce char-
acteristic vesicles. Among individual virus proteins that might perform this func-
tion, attention was drawn to proteins with intrinsic membrane-targeting properties.
Domains in proteins 2B, 2CATP%¢ and 3A and their precursors confer the ability to
bind to membranes. Expression of these individual proteins in cells caused intra-
cellular membrane modifications, and when 2BC was co-expressed with 3A, the
ultra structure and biochemical properties of the induced vesicles appeared very
similar to vesicles found during normal infection. Nevertheless, when cells express-
ing individual proteins were infected with poliovirus, the pre-formed vesicles were
not used in virus replication. This result could mean either that replication vesi-
cles must be formed in cis, close to the place of RNA translation, or that vesicles
induced by expression of a single viral protein are not the same as those formed
when all poliovirus proteins are present. It has been suggested that expression of
poliovirus proteins may modify early steps of the secretory pathway (Belov and
Ehrenfeld 2007; Egger and Bienz 2005) and/or autophagy (Jackson et al. 2005) but
the precise cellular pathways that are utilized in virus-induced membrane remod-
eling have not yet been elucidated and are currently under investigation in several
laboratories.

VPg Uridylylation and RNA Synthesis In Vitro

With Purified Proteins

Purified poliovirus RNA polymerase catalyzes the uridylylation of VPg on a poly(A)
template yielding VPgpU and VPgpUpU. These precursors are elongated into VPg-
linked poly(U), the 5'-end of minus strands (Paul et al. 1998).
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VPg+3D" 4 poly(A)+UTP+Mn** (Mg ") ---> VPgpU+VPgpUpU ---> VPg — poly(U)

The enzyme can also use an oril containing PV RNA as template for VPg uridy-
lylation but this reaction requires the stimulatory activity of 3CDP™ or 3CP" (Paul
2002; Pathak et al. 2002).

VPg + 3D + oril RNA + 3CDP™ 4 UTP 4+ Mg""(Mn™) ---> VPgpU 4 VPgpUpU

The elongation of the uridylylated VPg precursors in vitro into minus-strand
RNA on a PV plus-strand RNA template is very inefficient suggesting that other
factors are also required for this process (Paul 2002). In contrast, when PV RNA
or another poly(A)-tailed RNA template is incubated with purified 3DP' and an
oligo(U) primer full-length minus strands can be synthesized.

With Crude Replication Complexes

When crude replication complexes (CRCs) isolated from poliovirus-infected cells
are supplied with UTP in vitro they synthesize VPgpU and VPgpUpU in a reac-
tion that is sensitive to the presence of detergents (NP40) (Paul 2002). The uridy-
lylated VPg precursors can be chased into both double- and single-stranded viral
RNAs.

With In Vitro Translation/RNA Replication Complexes

As discussed above, dissection and reconstitution of individual steps (partial reac-
tions) that are part of the overall RNA replication mechanism can be performed in
vitro with purified components, or analyzed after isolation of replication complexes
from infected cells. An additional method for studying viral RNA replication in vitro
was developed by Molla et al. (1991) and modified by Barton et al. (2002).

Uridylylation of VPg to form VPgpU and VPgpUpU occurs in the extract in
excess of their utilization as primer for RNA chain elongation. Both positive- and
negative RNA strands synthesized in vitro are linked to VPg; however, there is some
controversy regarding the requirement for oril to serve as template for VPg uridy-
lylation to prime synthesis of negative strands in vitro (see below).

Although uridylylation of VPg can be catalyzed by 3DP! in a defined reaction
devoid of any membranes (Paul 2002; Nayak et al. 2005), VPg uridylylation formed
after translation of poliovirus RNA in HeLa cell extracts was completely eliminated
by treatment with non-ionic detergents, suggesting that in vivo this reaction is tightly
coupled to the replication complex associated with membranes (Egger et al. 2002;
Fogg et al. 2003; Paul 2002). These data, in conjunction with the demonstration that
addition of detergent prevented initiation of synthesis of new molecules by repli-
cation complexes isolated from infected cells, suggest that the initiation reaction
is the membrane-requiring step of viral RNA synthesis. Indeed, addition of even
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mild detergent abolishes synthesis of poliovirus in the HeLa cell-free extract (Molla
et al. 1993). Although membranes are essential for picornavirus RNA replication,
their organization into the morphological structures found in infected cells seems
to be unnecessary for replication in vitro. Rosettes or vesicle structures typical of
poliovirus replication complexes isolated from infected cells were not seen in cell
extracts that actively synthesized viral RNA (Fogg et al. 2003).

Proposed Model of Picornavirus RNA Replication

Since virus-infected cells contain both VPgpUpU- and VPg-linked plus- and minus-
strand RNAs (Paul 2002), there is little doubt that protein-priming is involved in the
initiation of both RNA strands. This hypothesis is supported by the observation that
the PV RNA polymerase is strictly primer dependent.

Model of Minus-Strand RNA Synthesis

Prior to minus-strand RNA synthesis translation must be terminated because the
ribosomes and the RNA polymerase would have to proceed on the same template
but in opposite directions (Paul 2002). It was proposed that the switch from transla-
tion to replication occurs when the concentration of 3CDP™ reaches a critical level.
At that time 3CDP™ interacts with the cloverleaf and sequesters PCBP2 from the
IRES thereby shutting off translation and promoting minus-strand RNA synthesis.
One problem with this model is that for the most part protein synthesis and RNA
replication co-exist in the infected cell (Agol et al. 1999).

Plus-strand RNA viruses initiate negative strand RNA synthesis at the 3’-end
of the genome, which is the poly(A) tail in picornavirus RNAs (Agol et al. 1999;
Paul 2002). However, the poly(A) tail cannot be the sole determinant of the initia-
tion of negative strand RNA synthesis since the RNA polymerase must discriminate
between cellular mRNAs and the viral RNA. For many years it was assumed that the
3’NTR was the only site of recognition in picornavirus RNAs by 3DP°!, This hypoth-
esis was difficult to accept after it was found that the PV 3'NTR can be replaced by
the 3’'NTR of HRV 14 or even deleted and still yield viable virus (Brown et al. 2005).
An alternate model was proposed by Herold and Andino (2001) in which the speci-
ficity of selection was provided by the viral cloverleaf, which interacted with PCBP2
and 3CDP™ on the one hand and PABP bound to the poly(A) on the other, thus link-
ing the ends of the viral RNA and effectively circularizing it. This model was based
on the observation that all of these cis-acting elements and proteins interact in vitro
and are required for efficient minus-strand RNA synthesis. In addition, the involve-
ment of a circularized genome in RNA replication is supported by the observation
that the 5’ cloverleaf is required in cis for minus-strand RNA synthesis (Barton et al.
2001).

Currently two models are being considered to explain the mechanism of VPg-
primed negative strand RNA synthesis. According to the first model VPg is



16 A.V. Paul et al.

A AAAAAAAAAAAAA
PABP
3CDpro
PCBP
[
3AB 3CDPr

/ / \SCP"’
3Dpol
VPg .UUUUU)
AAAAARAAAAAA

PABP

B AAAAAAAAAAA
PABP
7 3AB 3A
PCBP 3CDpro
VPg
CL
} 3Dpul
VPgUU
3CDpre
| 3’NTR
VPg
CL Cre(20) X
AA

Ch

Fig. 1.5 Model of PV minus-strand RNA synthesis. (A) VPg is uridylylated on the poly(A) tail
and VPgpU is elongated into minus-strand RNA. (B) VPg is uridylylated on the oril and VPgpUpU
is transferred to the 3’-end of poly(A) before elongation into minus strands. See the text for details
of the model.
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uridylylated on the poly(A) tail of PV RNA and the resulting VPgpU is immedi-
ately elongated into minus strands (Murray and Barton 2003; Morasco et al. 2003).
This model is supported by several lines of evidence. First, purified 3DP' catalyzes
the uridylylation of VPg in vitro on a poly(A) template yielding VPgpUpU, which
is elongated into VPg-linked poly(U) (Paul et al. 1998). Second, the length of the
poly(A) tail on PV RNA is an important determinant of minus-strand RNA synthe-
sis both in the in vivo and in the in vitro translation/RNA replication system (van
Ojj et al. 2006a). Third, mutations in the oril of PV RNA that destroy its structure
inhibit viral growth in vivo and VPg uridylylation in vitro translation/RNA replica-
tion reactions but have no effect on minus-strand RNA synthesis in the same system
(Murray and Barton 2003; Morasco et al. 2003).

In the second model VPgpUpU is made on the PV oril and is subsequently
translocated to the 3’-end of the poly(A) tail where it is used as primer for minus-
strand RNA synthesis. This model is supported by studies of minus-strand RNA
synthesis in the in vitro translation/RNA replication system by point mutants of
CVB3 oril. van Oij et al. (2006b) have observed that point mutations in the oril
RNA, which do not affect its structure, inhibit both plus and minus-strand RNA
synthesis. These investigators proposed that in the in vitro system poly(A) is only
used as an alternate template to oril for the uridylylation of VPg when the structure
of the oril is disrupted. Under these conditions no RNP complex can form, which
would sequester the replication proteins.

Figure 1.5 illustrates both models of minus-strand RNA synthesis in which either
the poly(A) tail (A) or the oril (B) is the template for uridylylation of VPg. In each
case the first step is the circularization of the genome followed by processing of
3CDP™ to yield 3CP™ and 3DP°'. The RNA polymerase forms a complex with VPg,
derived from membrane-bound 3AB, and uridylylates it on the poly(A) tail (A).
VPgpUpU is elongated into VPg-linked poly(U) and minus-strand RNA (A). In
model B the VPgpUpU made on the oril is translocated to the poly(A) tail where
it is elongated into VPg-linked poly(U) and minus-strand RNA. The final product
according to both models is a double-stranded replicative form.

Model of Plus-Strand RNA Synthesis

It has been generally accepted that the double-stranded RF structure formed after
minus-strand RNA synthesis is a true intermediate in replication (Paul 2002). There-
fore, before plus-strand synthesis can begin the end of the RF has to be unwound.
It has been proposed that 2CATPa¢ i responsible for the unwinding of the ends of
the duplex molecule because the protein has a conserved helicase motif as well
as ATPase activity. However, no helicase activity has been found to be associated
with this protein. It is more likely that the unwinding of the end of the RF and
the formation of the plus- and minus-strand cloverleaves is facilitated by the bind-
ing of a complex of viral and cellular proteins. Since the double-stranded form of
picornavirus RNA is infectious it has also been suggested that a cellular helicase is
responsible for unwinding the end of the RF.
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The in vitro reaction in which VPgpUpU is made on the PV oril with purified
protein 3DP°!, 3CDP™, and synthetic VPg has been thoroughly characterized (Paul
2002). Subsequently, studies with the in vitro translation/RNA replication system
have significantly enhanced our understanding of the relationship between VPg
uridylylation and RNA replication. First, these studies have provided convincing
evidence that the VPgpUpU precursors used for PV plus-strand synthesis are pro-
duced on the oril [cre(2C)] RNA (Murray and Barton 2003; Morasco et al. 2003).
Second, they showed that the synthesis of VPgpUpU requires membranes (Fogg
et al. 2003). Murray and Barton (2003) have proposed that during minus-strand
RNA synthesis the circularized genome is disassembled and 3CDP™ translocates to
and enhances the formation of the oril structure where VPg is then uridylylated by
3DP!, The priming of plus-strand RNA synthesis by VPgpUpU is quite inefficient
(Murray and Barton 2003). It is estimated about 500 molecules of VPgpUpU and
about 20 plus strands are made for each minus-strand RNA. While the elegant stud-
ies using the in vitro translation/replication system have yielded important clues of
poliovirus genome replication, their validity in vivo has not been confirmed in all
cases.

Figure 1.6 illustrates the proposed model of plus-strand RNA synthesis. Before
the synthesis of minus-strand RNA starts or reaches the 2CATP%¢ coding sequences
a dimer of 3CDP™ binds to the upper stem of the oril and destabilizes it (Pathak
et al. 2007; Yang et al. 2004; Yin et al. 2003). 3DP°! is then recruited to the oril by
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Fig. 1.6 Model of PV plus-strand RNA synthesis. The end of double-stranded RF is unwound
by the binding of cellular and viral proteins. VPg is uridylylated on the oril and VPgpUpU is
transferred to the 3’-end of minus strands. VPgpUpU primes plus-strand RNA synthesis. See the
text for details of the model.
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an interaction between the 3CP™ domain of 3CDP™ and 3DP°! (Pathak et al. 2007).
VPg, which is derived from the cleavage of 3AB (Liu et al. 2007), interacts with
3DP! and is uridylylated. After minus-strand RNA synthesis is completed the end
of the RF is unwound and the formation of the minus-strand cloverleaf is enhanced
by the binding of hnRNP C and of 2CATP%¢ possibly in a complex with reticu-
lon 3, to the 3’-terminus of minus-strand RNA. In parallel, the formation of the
plus-strand cloverleaf is promoted by the interaction of the 5'-terminal plus-strand
RNA sequences with PCBP2/3CDP™ or 3AB/3CDP™ complexes or both. In this con-
text it is interesting to note that 3AB was recently shown to have helix destabilizing
activity (DeStefano and Titilope 2006). Once the end of RF is unwound, VPgpUpU
is translocated from the oril to the 3’-end of the minus strand. The two 3’-terminal
As of minus strand RNA hybridize with the two Us of VPgpUpU, which then leads
to the priming of plus-strand RNA synthesis. This model is consistent with the find-
ing that the sequence in stem A of the cloverleaf, and consequently the 3’-terminal
sequence in negative strands, is required for efficient initiation of plus-strand RNA
synthesis (Sharma et al. 2005).

Some Unanswered Questions About Picornavirus Replication

Despite many years of work on picornavirus RNA replication numerous unanswered
questions remain (Agol et al. 1999; Paul 2002). The most important of these ques-
tions concerns the viral and cellular factors that are required for the elongation of the
uridylylated VPg primers into full-length minus and plus strands. Similarly, nothing
is known about the process by which uridylylated VPg is transferred from the oril
to the 3’-end of minus strands prior to plus-strand RNA synthesis. Another impor-
tant question deals with the nature of the true substrate for uridylylation in vivo. In
in vitro reactions VPg and 3BC and to a lesser extent 3BCD function as substrates
for uridylylation but 3AB does not (Marcotte et al. 2007; Fujita et al. 2007). On
the other hand our recent genetic and biochemical studies suggest that in vivo VPg,
derived from 3AB, is the substrate of 3D in the uridylylation reaction (Liu et al.
2007). In this context it should be noted that initially both 3A and VPg have to be
delivered to the replication complex in the form of large P3 precursors (Liu et al.
2007; Paul 2002).

Concluding Remarks

During the past 20 years a great deal of information has accumulated on the structure
and properties of the viral nonstructural proteins and cis-replicating elements. This
information was derived from genetic experiments and biochemical studies with
purified protein and RNA factors, with the in vitro translation/RNA replication sys-
tem and with cell-imaging techniques. It is becoming increasingly clear that recon-
stitution of an in vitro replication complex from purified components will be very
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difficult, if not impossible. It is more likely that from now on most of the information
will come from in vivo experiments or from the in vitro translation/RNA replication
system. Hopefully a combination of the different experimental approaches will lead
to a better understanding of picornavirus RNA replication in the future.
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