Craig E. Cameron » Matthias Gotte
Kevin D.Raney Editors

Viral Genome
Replication

.‘/ ¢
S
" e

LT
I

i
| ik \

@ Springer




Viral Genome Replication



Craig E. Cameron * Matthias Gotte -
Kevin D. Raney
Editors

Viral Genome Replication

@ Springer



Editors

Craig E. Cameron Matthias Gotte
Pennsylvania State University McGill University
University Park Montreal, Quebec

PA, USA Canada

cecY9@psu.edu matthias.gotte @mcgill.ca

Kevin D. Raney

University of Arkansas for Medical Sciences
Little Rock, AR

USA

raneykevind @uams.edu

ISBN 978-0-387-89425-6 e-ISBN 978-0-387-89456-0
DOI 10.1007/b135974

Library of Congress Control Number: 2009920268

© Springer Science+Business Media, LLC 2009

All rights reserved. This work may not be translated or copied in whole or in part without the written
permission of the publisher (Springer Science+Business Media, LLC, 233 Spring Street, New York,
NY 10013, USA), except for brief excerpts in connection with reviews or scholarly analysis. Use in
connection with any form of information storage and retrieval, electronic adaptation, computer software,
or by similar or dissimilar methodology now known or hereafter developed is forbidden.

The use in this publication of trade names, trademarks, service marks, and similar terms, even if they are
not identified as such, is not to be taken as an expression of opinion as to whether or not they are subject
to proprietary rights.

While the advice and information in this book are believed to be true and accurate at the date of going
to press, neither the authors nor the editors nor the publisher can accept any legal responsibility for any
errors or omissions that may be made. The publisher makes no warranty, express or implied, with respect
to the material contained herein.

Printed on acid-free paper

springer.com



Preface

Currently, there is no single source that permits comparison of the factors, elements,
enzymes and/or mechanisms employed by different classes of viruses for genome
replication. As a result, we (and our students) often restrict our focus to our particu-
lar system, missing out on the opportunity to define unifying themes in viral genome
replication or benefit from the advances in other systems. For example, extraordi-
nary biological and experimental paradigms that have been established over the past
5 years for the DNA replication systems of bacteriophage T4 will likely be of great
value to anyone interested in studying a replisome from any virus. These studies
could easily go unnoticed by animal RNA and DNA virologists. It is our hope that
this monograph will cross-fertilize and invigorate the field, as well as encourage
students into this area of research.

The monograph has been divided into eight parts. Chapters appearing in Parts [-VI
are intended to compare and contrast the replication and/or transcription processes
and corresponding “players” of the indicated family of viruses. We are interested
in the sequence of events that lead to production of mRNA and progeny genomes
as well as the cis-acting elements and trans-acting factors and enzymes (viral and
cellular) that are required for these processes. Chapters appearing in Part VII are in-
tended to provide a more biochemical and biophysical perspective of the replication
and/or transcription process. Chapters appearing in Part VIII are intended to provide
a practical perspective on viral replication and its inhibition.
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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,

A.V. Paul (=)

Department of Molecular Genetics and Microbiology, SUNY at Stony Brook,
Nicolls Road, Stony Brook, NY 11794-5222, USA

e-mail: apaul @notes.cc.sunysb.edu

C.E. Cameron et al. (eds.), Viral Genome Replication, 3
DOI 10.1007/b135974_1, © Springer Science+Business Media, LLC 2009
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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 2CATP3¢, 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 2CATP¢) (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
3D, 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, HRV 16,
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 RNAsS 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 5NTR 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{XXXAg5AgA;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 Ag 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.




1 Model of Picornavirus RNA Replication 13

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+3DP 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 + 3CD" + UTP 4+ Mg*™*(Mn**) ---> VPgpU + 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
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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
CVBS3 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). 3Dr°! 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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Chapter 2
Coronavirus Genome Replication

Stanley G. Sawicki

Viruses belonging to the family Coronaviridae are unique among RNA viruses
because of the unusually large size of their genome, which is of messenger- or
positive- or plus-sense. It is ~30,000 bases or 2-3 times larger than the genomes of
most other RNA viruses. Coronaviruses belong to the order Nidovirales, the other
three families being the Arteriviridae, Toroviridae and Roniviridae. (For a review
of classification and evolutionary relatedness of Nidovirales see Gorbalenya et al.
2006.) This grouping is based on the arrangement and relatedness of open reading
frames within their genomes and on the presence in infected cells of multiple subge-
nomic mRNAs that form a 3’-co-terminal, nested set with the genome. Among the
Nidovirales, coronaviruses (and toroviruses) are unique in their possession of a heli-
cal nucleocapsid, which is unusual for plus-stranded but not minus-stranded RNA
viruses; plus-stranded RNA-containing plant viruses in the Closteroviridae and in
the Tobamovirus genus also possess helical capsids. Coronaviruses are very suc-
cessful and have infected many species of animals, including bats, birds (poultry)
and mammals, such as humans and livestock. Coronavirus species are classified into
three groups, which were based originally on cross-reacting antibodies and more
recently on nucleotide sequence relatedness (Gonzalez et al. 2003). There have been
several reviews of coronaviruses published recently and the reader is referred to
them for more extensive references (Enjuanes et al. 2006; Masters 2006; Pasternak
et al. 2006; Sawicki and Sawicki 2005; Sawicki et al. 2007; Ziebuhr 2005).

The genome of coronaviruses is depicted in Fig. 2.1. Its length varies from
~27.5 to ~31 kb among the various species of coronaviruses. The 5'-end is
capped although the exact structure of the capped 5'-end has not been deter-
mined. The 3’-end is polyadenylated and the genome, as well as subgenomic
mRNAs, can be isolated by oligo (dT) chromatography. At the 5'-end there is an
untranslated region (5’-UTR) of ~200-500 nucleotides (nts) before the initiation
codon for the open reading frame (ORF) that is translated from the genome (ORF1).
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Fig. 2.1 Coronavirus genome.

At the 3/-end there is an untranslated region (3’-UTR) of ~250-500 nts after the
end of the last ORF and before the poly(A). ORF1 is divided into two large open
reading frames (ORF1a and ORF1b); the end of ORF1a overlaps the beginning of
ORF1b. A ribosome frame-shifting sequence (RFS) at the end of ORFla causes
the genome to be translated into two unusually long polyproteins, ppla and pplab
(see below). After ORF1 there is a series of multiple ORFs, depending on the virus,
which are each preceded by a short repeated sequence called the transcription regu-
lating sequence (TRS) immediately upstream of the initiating AUG for that ORF. A
TRS is also found about 65 nts from the 5'-end of the genome. The sequence at the
5" end of the genome, up to this first TRS, is called the leader sequence (Fig. 2.1).
The organization of multiple genes was first observed with IBV when its genome
was sequenced, which was a feat of manual sequencing skill (Boursnell et al. 1987).
After MHV and other coronaviruses were sequenced and shown to have a similar
size and organization, equine arteritis virus (EAV, the type member of the Arteriviri-
dae) was sequenced and found to have a similar organization of genes but with half
the number of bases as coronaviruses (den Boon et al. 1991). Another distinguish-
ing feature between coronaviruses and arteriviruses is that while coronaviruses have
helical nucleocapsids, arteriviruses have the more usual, for plus-stranded RNA
viruses, icosahedral-type nucleocapsids. With group 2a coronaviruses, a packaging
signal in ORF1b (Chen et al. 2007a) permits the genome, but not the subgenomic
mRNA, to be assembled into virions. Some species of coronaviruses package vary-
ing amounts of subgenomic mRNAs into virions or membranous structures that have
the same density of virions.

The genome replication strategy of coronaviruses, which was originally pro-
posed in 1996 (Sawicki and Sawicki 1995), is depicted in Fig. 2.2. The ORF1 in the
genome is translated to form the replicase which can then copy the genome contin-
uously from one end to the other to produce a complementary copy of the genome,
i.e., the genomic minus-strand template, that serves in turn to be copied into more
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Fig. 2.2 Coronavirus genome replication.

genomes, i.e., genome replication. In addition to making genomic minus-strand
templates, the replicase appears to recognize sites at or surrounding the internal
TRS, and after copying that internal TRS it then moves discontinuously, or translo-
cates, to the 5'-end of the genome, thereby bypassing a large section of the inter-
vening sequence between any one of the TRS elements and the leader sequence
at the 5’-end of the genome. It then continues elongation by copying the leader
sequence. Because of this discontinuous event, subgenomic minus-strand templates
are produced that also contain a sequence complementary to the leader sequence,
i.e., the anti-leader, at the 3’-ends of both genomic and subgenomic minus-strand
templates. The subgenomic minus-strand templates, as well as the genomic minus-
strand template, would be recognized by the viral transcriptase and copied into
subgenomic mRNAs or genomes, respectively. I will refer to the activity of the
replication/transcription complex (RTC) that recognizes the genome and synthesizes
minus strands as the replicase and the activity of the RTC that recognizes the minus
strands (genome-sized as well as subgenome-sized) and synthesizes plus strands as
the transcriptase. As discussed below, these are two distinguishable activities of the
RTC: The replicase recognizes only the genome as a template and copies it into
both genomic and subgenomic minus strands and the transcriptase recognizes both
the genomic minus-strand templates and the subgenomic minus-strand templates
and copies them into genomes and subgenomic mRNAs, respectively. Because only
the genome acts as a template for the production of subgenomic minus-strand tem-
plates, a replication signal would be only present on the genome but missing from
the subgenomic mRNAs. In contrast, both the genomic and the subgenomic minus
strands appear to contain a transcription signal that determines their capacity to
serve as templates for plus-strand synthesis.
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Figure 2.3 depicts the key event in the discontinuous synthesis of subgenomic
minus-strand templates. The replicase is thought to pause after copying the TRS
element and then move with the nascent subgenomic minus strand, which has an
anti-TRS at its 3’-end, to the TRS at the end of the leader where it serves to prime
and resume elongation before terminating and completing the synthesis of a minus-
strand template. Thus, termination of minus-strand synthesis would be the same
for genomic as well as subgenomic minus-strand templates. This has been termed
facilitated recombination (Brian and Spaan 1997) and creates a subgenomic minus-
strand template where the body of the minus strand is joined to the anti-leader at
the TRS (actually the complement of the TRS), which results in the subgenomic
minus-strand templates all having the same 3’-end as the genomic minus-strand
templates. Because they all possess identical 3'- and 5'-ends, all of the minus-strand
templates would be equally recognized by the transcriptase. Thus, for coronaviruses
to replicate their genome, they need only two activities: One, the replicase that rec-
ognizes the genome as a template to make both genomic and subgenomic minus-
strand templates and a second, the transcriptase, that recognizes both the genomic
and the subgenomic minus-strand templates for the transcription of the viral plus
strands. Furthermore, both the genome and all the subgenomic mRNAs have the
same 5’-end, which would give each the same ribosome recognition signal. With
such a scheme, not only the relative abundance of the different plus strands, but also
the relative abundance of the different viral proteins would be determined solely
at the level of the minus-strand synthesis. Thus, the crucial determinant or key



2 Coronavirus Genome Replication 29

event in coronavirus genome replication is how the virus determines how much
of a particular minus-strand template to produce, i.e., its relative abundance. Each
minus-strand template then would be equally susceptible to being copied into a
plus-strand RNA because each has the same 5'- and 3’-ends. Furthermore, each
plus strand would be equally susceptible to interacting with ribosomes because
they all have the same 5'-end sequence and all are polyadenylated, although the
genome might be more or less efficiently translated compared to the subgenomic
mRNAs because it has a longer 5-UTR. The initiating AUG on the subgenomic
mRNA is very close to the TRS, while on the genome there are ~250 nucleotides
between the TRS and the initiating AUG for ORF1. Thus, coronaviruses appeared
to have evolved a genome replication strategy that simplifies the problem of coordi-
nating mRNA and protein abundance (gene expression) by focusing on controlling
minus-strand template abundance. Thus, the answer to the question “Why do coron-
aviruses, and also arteriviruses, but not toroviruses or roniviruses possess a leader?”
is that they regulate the expression of their genes by controlling minus-strand tem-
plate abundance. Their regulation of minus-strand template abundance must be con-
sidered as a mechanism driving their capacity to have larger RNA genomes and/or
many more genes than most other RNA viruses and as responsible for their species
diversity.

The genome replication strategy of coronaviruses presented in Fig. 2.2 is
based on

(1) Subgenomic mRNA constitutes a 3'-nested set with the genome and they all
contain a leader sequence at their 5'-ends; and the leader sequence occurs only
once in the genome, also at its 5'-end (Lai et al. 1983; Spaan et al. 1983);

(2) Splicing, i.e., fusion of the 5’- and 3’-sequences of the genome and deletion of
the intervening sequences, does not occur (Jacobs et al. 1981; Stern and Sefton
1982);

(3) Subgenomic, in addition to genomic, minus-strand templates are present in
infected cells at similar ratios as their corresponding plus strands (Sethna et al.
1989). This corrected the earlier reports that found only genomic minus-strand
templates in infected cells (Baric et al. 1983; Lai et al. 1982).

(4) Subgenomic minus-strand templates are present in replication intermediates
(RIs) that are actively engaged in plus-strand synthesis (Sawicki and Sawicki
1990),

(5) Replicative form (RF) RNA, i.e., the RNase resistant double-stranded core, with
subgenomic minus strands do not arise from replication intermediates (RIs)
whose templates were genomic minus strands (Sawicki et al. 2001; Sawicki
and Sawicki 1990);

(6) The subgenomic minus strands contained the same anti-leader sequence at their
3’-ends as did the genomic minus strands (Sawicki and Sawicki 1995; Sethna
etal. 1991);

(7) Subgenomic mRNA (Brian et al. 1994) or defective interfering (DI) RNA
containing only the leader and the TRS at their 5'-end cannot replicate in
the presence of helper virus (Makino et al. 1991) but can if they contain at
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least ~250 nts of 5’-end of the genome (Brian et al. 1994; Makino et al. 1991,
Masters et al. 1994);

(8) RIs containing subgenomic minus-strand templates exist in infected cells and
treatment with RNase generate the appropriate RF RNA (Sawicki and Sawicki
1990).

The reader is directed to (Sawicki and Sawicki 2005) for a more detailed account
of the history of coronavirus transcription and the other two models proposed for
generating subgenomic mRNA by coronaviruses. Eric Snijder and his students and
colleagues adopted the discontinuous transcription model (den Boon et al. 1996;
van Dinten et al. 1997) to explain EAV genome replication and devised elegant
experiments using the infectious clone of EAV and site specific mutations to validate
the proposal that it was during minus-strand synthesis that the discontinuous event
occurs, whereby nascent minus strands pause at the TRS, relocate and recognize the
TRS at the 5'-end of the genome and then act as a primer and complete elongation
of the subgenomic minus strands (see Pasternak et al. 2001 for details).

In order to understand how coronaviruses replicate their genome, several ques-
tions must be answered: What viral proteins are required for coronavirus genome
replication and how exactly do they function? What are the template requirements
that specifically permit the viral replicase to recognize the coronavirus genome and
copy it into minus-strand templates for genome and subgenomic mRNA? What are
the template requirements that specifically permit the transcriptase to recognize the
minus-strand templates and copy them into genome and subgenomic mRNA? And,
what does the host supply for the replication of the coronavirus genome?

Coronaviruses are typical plus-stranded RNA virus. They do not package a RNA-
dependent RNA polymerase in their virions and do not bring this enzyme into the
infecting cell. Therefore, they must synthesize such a polymerase by translating
its core components from the genome. Figure 2.4 depicts the translational prod-
ucts of ORFI1. Two things are striking about the initial polyproteins (ppla and
pplab) that are formed. First is their unusually large size (~7,100 amino acids
or ~800 KDa) and second is the large number of potential protein products, i.e.,
15-16 (called nsp for nonstructural proteins and numbered according to their order
from the N-terminus to the C-terminus of ppla and pplab), that would be formed
after proteolytic processing by either the papain-like cysteine proteases (PLPRO)
or the poliovirus 3C-like or coronavirus “main” protease (MPRO) included within
ppla and pplab. Sequence analysis of the nonstructural proteins (nsps) predicts that
they are associated with at least eight enzymatic activities (Snijder et al. 2003).
Bartlam et al. (2007) review the structural proteomics approach to determining
the structure—function relationship of the nsp of SARS-CoV, many of which have
been crystallized (Cheng et al. 2005; Egloff et al. 2004; Joseph et al. 2006, 2007,
Ricagno et al. 2006; Su et al. 2006; Sutton et al. 2004; Yang et al. 2003; Zhai et al.
2005). Some of these activities, e.g., proteinases, RNA-dependent RNA polymerase
(RdRp) and helicase (HEL), are common to RNA viruses but others appear to be
unique to coronaviruses. Recently, nsp8 was shown to be a second RdRp in addition
to nsp12 but one that is less processive and causes the synthesis of complementary
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Fig. 2.4 Synthesis and processing of the ppla and pplab polyproteins produced from ORF1 and
the location of temperature-sensitive mutants of MHV that do not make viral RNA at 40C and their
groupings into cistrons.

oligonucleotides of ~6 residues in a reaction whose fidelity is relatively low. Dis-
tant structural homology between the C-terminal domain of nsp8 and the catalytic
palm subdomain of RdRps of RNA viruses suggests a common origin of the two
coronavirus RdRps, which however may have evolved different sets of catalytic
residues (Imbert et al. 2006). Clearly, most of the enzymatic functions associated
with coronavirus nsps are concerned with viral RNA synthesis but it should also be
noted that some of these activities might have relevance to cellular processes. For
example, nsp3 in addition to containing PLP™ has been shown to express a deubiq-
uitinating activity and is capable of de-ISGylating protein conjugates (Barretto et al.
2005; Chen et al. 2007b; Ratia et al. 2006), perhaps to subvert cellular processes and
facilitate viral replication. Also, the adenosine diphosphate-ribose 1”’-phosphatase
(ADRP) activity of nsp3, which is not required for coronavirus genome replication
(Egloff et al. 2006), may act to influence the levels of cellular ADP-ribose, a key reg-
ulatory molecule. Also nspl, which is probably not essential for genome replication
(Graham and Denison 2006; Ziebuhr et al. 2007), is proposed to cause degradation
of host mRNA in SARS-CoV infected cells (Kamitani et al. 2006). Thus, it is impor-
tant to discern those activities or functions that are required to produce viral RNA
from those that influence the infected cells to allow viral RNA synthesis and/or to
prevent an anti-viral response from foiling genome replication.

If all of the coronavirus proteins were to be assembled into a replicase, it would
rival the size and complexity of eukaryotic transcription complexes. Do all of these
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proteins actually function directly in coronavirus genome replication? Based on
sequence analysis, the part of ORF1 starting with PL2PRO at the carboxyl half
of nsp3 to the end of nspl6 is highly conserved among coronaviruses, while the
sequence from nspl to the middle of nsp3 is not highly conserved. Group 3 coron-
aviruses (Fig. 2.4) exemplified by IBV do not encode an nsp1l. Also, reverse genetic
experiments showed that nspl and nsp2 are not essential for MHV and SARS-CoV
genome replication (Deming et al. 2006; Graham et al. 2005; Zust et al. 2007)
although recently an RNA stem-loop within nsp1 of group 2a coronavirus might be
required for the genome to serve as a template for minus-strand synthesis (Brown
et al. 2007). Using classical (forward) genetics or complementation analysis of tem-
perature sensitive (fs) mutants (Sawicki et al. 2005; Helen Stokes and Stuart Siddell,
personal communication) zs mutants that cannot synthesize viral RNA at 39-40°C
(the non-permissive temperature) could be grouped into at least five complemen-
tation groups or cistrons 0, I, II, IV and VI. These cistrons were mapped to nsP3,
nsp4-10, nsp12, nspl4 and nspl6, respectively. The ts mutants tested with causal
mutations in nsp4, nsp5 and nspl0 all were found to belong to the same comple-
mentation group, i.e., cistron I, suggesting that they are cis-acting. This means that
either the polyprotein nsp4/5/6/7/8/9/10 +/— 11 functions in genome replication as
the unprocessed polyprotein or nsp4, 5, 6, 7, 8, 9 and 10/11 associate with one
another before they are proteolytically processed into individual proteins and thus
are not individually diffusible (trans-active). Recently, a single nucleotide mutation
that caused an arginine to proline substitution in nsp13 (HEL) was found to be lethal
for IBV (Fang et al. 2007). Interestingly, this mutation produces the same phenotype
of blocking subgenomic mRNA synthesis but allowing genomic RNA synthesis as
was found by van Dinten et al. (1997, 2000) for a point mutation in the helicase of
EAV. Therefore, it is reasonable to predict that £s mutants will be found that have a
casual mutation in nsp13 and this may give another cistron, although it is possible
that nsp13 will function together with nsp12 or nspl4 and be assigned to cistron
IT or cistron IV, respectively. A recent report (Eckerle et al. 2006) claimed that the
putative active site residues of nsp14 could not be substituted without loss of repli-
cation in culture, supporting its essential role. However, whatever functions nsp14
serves appear to be retained by uncleaved or partially processed nsp14, since aboli-
tion of either the amino-terminal or carboxy-terminal cleavage site allowed recovery
of viable virus. No ts mutants with an RNA-negative phenotype and a causal muta-
tion in nsp15 have been found, although single amino acid substitution of its homo-
logue in EAV did result in loss of viral replication (Ivanov et al. 2004), and it would
appear that nsp15 probably functions in genome replication, although it might also
map to cistron IV or cistron VI. Thus, there might be only five cistrons that encom-
pass replication/transcription functions of ppla and pplab, a result that would argue
that certain partially cleaved nonstructural polyproteins are functional in the RTC.
At this time it is premature to propose a model for how the viral proteins that are
required for coronavirus genome assemble and function in genome replication.

In addition to the nsps that function in viral RNA synthesis, the nucleocapsid
protein (N) has been implicated in virus RNA synthesis (Almazan et al. 2004; Bost
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et al. 2000; Chang and Brian 1996; Shi and Lai 2005; van der Meer et al. 1999)
and its expression rescues recombinant coronaviruses from cells transfected with
infectious RNA (Almazan et al. 2000; Casais et al. 2001; Coley et al. 2005; Yount
et al. 2000, 2003, 2002). According to our model (Sawicki et al. 2007), the subge-
nomic mRNA expressing N would form almost immediately after the initiation of
viral RNA synthesis, in addition to it being present in the infected cell because it
would be brought in with the infecting virus. Therefore, it likely does not serve as
a replication—transcription switch. It could act as an RNA chaperone, as proposed
recently for the N protein of hantaviruses (Mir and Panganiban 2006) and facilitate
folding of the genome RNA to permit its copying for the production of a genome-
length minus strand. In the case of coronaviruses, such activity could be relevant
to, for example, the initiation of minus-strand synthesis or, perhaps, during tem-
plate switching at the TRS element during discontinuous synthesis. Second, it has
not escaped our notice that coronaviruses possess helical nucleocapsids. Thus, sim-
ilar to many minus-strand virus strategies, its role may be to produce a template
that is “configured” to balance the ratio of RTCs engaged in the synthesis of tem-
plates either for genome or for subgenomic mRNA. Supporting such a possibility
is the observation that replication and transcription from the EAV genome, a virus
that has an icosahedral nucleocapsid structure, does not appear to involve N protein
function (Molenkamp et al. 2000).

A number of host proteins have been reported to interact with viral RNA (Shi
and Lai 2005) but it is unclear what roles these would play in the replication
of coronavirus genomes especially since recently it was shown that the region to
which these proteins bind can be deleted without preventing the virus from replicat-
ing (Goebel et al. 2007). The RTC is associated with double-membrane structures
located between the endoplasmic reticulum and the Golgi compartment (Brockway
et al. 2003; Gosert et al. 2002; Prentice et al. 2004a,b; Snijder et al. 2006). Trans-
membrane domains in nsp3, nsp4 and nsp6 are believed to act to anchor the RTC to
membranes.

What are the template requirements for the formation of the RTC and for it
to make minus-strand templates and genomic and subgenomic mRNA? Using a
model analogous to that for picornavirus replication—transcription (Bedard and
Semler 2004), the 3'- and 5’-ends of the coronavirus genome may interact, either
directly (RNA to RNA) or indirectly (protein to RNA or protein to protein), to form
the promoter for minus-strand synthesis. Only genomes containing a 5'-element
downstream of the leader would be able to engage the 3’-end to serve as templates
for minus-strand synthesis. The subgenome-length mRNAs would be missing the
5’-element (although they would all contain the 3'-element) and this provides an
explanation for why they are not able to replicate (Sawicki et al. 2007). Using
defective interfering (DI) RNA, it has been proposed that stem-loop (SL) structure
within the coding region of nspl was required for the replication of the DI-RNA
(Brown et al. 2007). Four other SL structures (SLI-IV) located in the 5'-untranslated
region (5'-UTR) of the coronavirus genome are implicated in replication and tran-
scription (Brian and Baric 2005). A region of the 5-UTR, including the 3’-end
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of the leader, has been postulated to function in joining of the body to the leader
during minus-strand synthesis (Wu and Brain 2007; Wu et al. 2006).

Two regions of the 3’-untranslated region (3'-UTR) contain cis-acting regula-
tory elements that play a role in coronavirus RNA synthesis (Brian and Baric
2005). The first region of ~150 nucleotides adjoins the poly(A) stretch and is
predicted to form a number of different stem-loop structures. It also contains 55
3’-terminal nucleotides next to the poly(A) that acts as a “minimal promoter” for
MHYV minus-stand synthesis in a DI-RNA (Lin et al. 1994). The second region
contains two stem-loop structures, known as the bulged-stem-loop (BSL) and the
hairpin-type pseudoknot (PK). The PK structure involves nucleotides at the base
of the BSL structure, which means that the structures are mutually exclusive. It
has been proposed that this may represent a form of “molecular switch”, related
in some, as yet unknown way, to different modes of RNA synthesis (Goebel et al.
2004).

In order for coronavirus to replicate their genome, coronaviruses must create two
kinds of machines to synthesize RNA. One recognizes the genome as a template
and synthesizes minus strands using both continuous synthesis to make templates
for genome synthesis and discontinuous synthesis to make templates for subge-
nomic mRNA synthesis. The other macromolecular machine makes viral genomes
and subgenomic mRNA using the minus-strand templates and continuous transcrip-
tion. Besides having to recognize different templates and to use or not use dis-
continuous RNA synthesis, what other differences are there? One is that whereas
minus-strand synthesis requires newly made proteins, i.e., minus-strand synthe-
sis is inhibited almost immediately by inhibiting protein synthesis with cyclohex-
imide, plus-strand synthesis continues, in the absence of protein synthesis, for at
least 1 hour before decaying (Sawicki and Sawicki 1986). This suggests that only
newly made, i.e., nascent, viral proteins function in minus-strand synthesis (repli-
case) and they are “converted” to plus-strand activity (transcriptase) by the mature
RTC. It is possible that there are two independent pathways, one leading to for-
mation of a replicase and one leading to the formation of a transcriptase. Use of
temperature-sensitive (zs) mutants (Sawicki et al. 2005) supports this notion. Shift-
ing certain s mutants from the permissive (33°C) to the non-permissive (39°C),
after minus- and plus-strand synthesis had commenced at 33°C, caused minus-
strand synthesis to cease almost immediately while plus strand continued for 1 hour
and then declined slowly. Temperature shift caused other mutants to stop plus-strand
synthesis.

This is an exciting time both for coronavirologists (and Nidovirologists) who are
using forward and reverse genetic and biochemical approaches to unravel the novel
discontinuous mechanism of subgenomic minus-strand synthesis and for crystal-
lographers who are probing the domain arrangements and structures of the viral
nonstructural proteins, many of which are being found to possess novel folds. Not
reviewed in this article are the additional issues of current and future interest that
include the mechanism that allows such large RNA genome to avoid error catastro-
phe and the evolutionary implications of such mechanisms for viral-host interac-
tions in their natural hosts, which include birds and mammals.
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Chapter 3
Flaviviruses

Néstor G. Iglesias, Claudia V. Filomatori, Diego E. Alvarez,
and Andrea V. Gamarnik

Abstract Flavivirus genome amplification is a complex process that involves the
viral RNA, cellular and viral proteins, and a sophisticated architecture of cellular
membranes induced by viral infection. The viral RNA is not just a passive template;
it plays an active role acquiring dynamic tertiary structures during viral replication.
RNA synthesis is regulated by cis-acting elements present at the 5’- and 3’-ends of
the viral genome. These elements include complementary sequences that mediate
genome cyclization through direct RNA—-RNA interactions. Studies from many lab-
oratories have provided compelling evidence supporting the notion that a circular
conformation of the viral RNA is essential for flavivirus RNA replication. In addi-
tion, an RNA element located within the viral 5UTR has been found to bind the
viral polymerase and promote RNA synthesis. In this chapter, we describe viral pro-
teins and RNA structures involved in flavivirus genome amplification and provide
working models that explain the need of long-range RNA-RNA interactions during
viral RNA synthesis.

Introduction: The Viral Life Cycle

Flaviviruses comprise one of the three genera within the Flaviviridae family; the
other two are the Pestivirus and Hepacivirus. The Flavivirus genus includes, among
others, the medically important mosquito borne dengue virus (DENV), yellow fever
virus (YFV), West Nile virus (WNV), Japanese encephalitis virus (JEV), and the
tick-borne encephalitis virus (TBEV). Flaviviruses are enveloped viruses with a sin-
gle stranded, ~11 kb, positive-sense RNA genome with a type 1 cap (m7GpppAmp)
structure at the 5’-end (Wengler and Gross 1978; Cleaves and Dubin 1979). In con-
trast to cellular mRNAs, flavivirus genomes are not polyadenylated (Wengler and
Gross 1978). The viral RNA encodes a single long open reading frame (ORF)

A.V. Gamarnik (X))

Molecular Virology Laboratory, Fundacion Instituto Leloir, Av Patricias Argentinas 435,
Buenos Aires 1405, Argentina

e-mail: agamarnik @leloir.org.ar

C.E. Cameron et al. (eds.), Viral Genome Replication, 41
DOI 10.1007/b135974 3, © Springer Science+Business Media, LLC 2009



42 N.G. Iglesias et al.

flanked by highly structured 5’ and 3’ untranslated regions (UTRs) of ~100 and
350-700 nucleotides, respectively. As for all positive-stranded RNA viruses, the
flavivirus genomic RNA is infectious and serves as mRNA. Translation of the sin-
gle ORF at the rough ER produces a large polyprotein that is cleaved cotrans-
lationally and posttranslationally into at least 10 proteins. The N-terminal of the
polyprotein encodes the three structural proteins (C-prM-E), followed by seven non-
structural (NS) proteins (NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5) (Rice et al.
1985) (Fig. 3.1a). The amino termini of prM, E, NS1, and NS4B are generated
upon cleavage by the host signal peptidase in the ER lumen, while the processing of
most of the NS proteins and the carboxyl terminus of the C protein is carried out by
the viral NS3 serine protease in the cytoplasm of the infected cell (Fig. 3.1b). NS3
requires the cofactor NS2B for protease activity. In addition, NS3 comprises RNA
triphosphatase and helicase activities. NS5 is the RNA-dependent RNA polymerase
(RdRp), which carries a methyltransferase (MTase) domain in its NH2 terminus.
The viral replication cycle is similar for all flaviviruses (Lindenbach and Rice
2001). The virus enters a host cell via receptor-mediated endocytosis. Upon internal-
ization and acidification of the endosome, fusion of viral and vesicular membranes

a)
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Fig. 3.1 Flavivirus proteins. (a) Schematic representation of the viral polyprotein. The three
structural proteins C, capsid; prM precursor to membrane protein; E, envelope; and the seven
non-structural (NS) proteins NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5 are shown. (b) Membrane
topology of the flavivirus polyprotein. The predicted orientation of the viral proteins across the
endoplasmic reticulum (ER) membrane is shown. Trans-membrane domains are indicated by cylin-
ders and arrows indicate the cleavage site of specific enzymes. The question mark indicates cleav-
age by an unknown ER enzyme.
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allows entry of the nucleocapsid into the cytoplasm. After translation of the viral
RNA, virus-induced hypertrophy of intracellular membranes occurs, originating
membranous structures in which RNA synthesis takes place (for review see West-
away et al. 2003). Based on trans-complementation studies, genome packaging
appears to be coupled to RNA replication (Khromykh et al. 2001b). Nascent virus
particles pass through the Golgi apparatus, where prM is cleaved by furin and virion
maturation occurs. Finally, the viral progeny is exocytosed via secretory vesicles.

Flavivirus Replication Complexes

Flavivirus RNA replication occurs in close association with cellular membranes
in so-called viral replication complexes (RCs). Replication begins with the syn-
thesis of a negative-strand RNA, which serves as a template for the synthesis
of additional positive-strand genomic RNA. The enzymatic reaction is catalyzed
by the RdRp activity of the viral NS5 protein, in association with the viral pro-
tease/helicase NS3, other viral NS proteins, and presumably host factors. RNA syn-
thesis is asymmetric, leading to a 10- to 100-fold excess of positive over negative
strands (Cleaves et al. 1981; Uchil and Satchidanandam 2003b). Negative strands
continue to accumulate throughout the infection and have been isolated exclu-
sively in double-stranded forms. Three species of viral RNA can be metabolically
labeled: a ribonuclease-resistant double-stranded RNA (dsRNA) called replicative
form (RF); a form partially resistant to ribonucleases, likely composed by RNAs
with complementary nascent elongating strands, known as replicative intermedi-
ates (RI); and the genomic VRNA that is fully sensitive to ribonucleases. The three
RNA forms have also been described for in vitro RNA polymerase reactions using
infected cell extracts (Grun and Brinton 1986; Chu and Westaway 1987; You and
Padmanabhan 1999; Uchil and Satchidanandam 2003Db).

Different lines of evidence revealed that RNA replication appears to be confined
to discrete foci, mainly in the perinuclear region (Ng et al. 1983; Westaway et al.
1997; Mackenzie et al. 1999). Data on the composition of the RCs in flavivirus-
infected cells were obtained by confocal and electron microscopy together with
co-immunoprecipitations using specific antibodies to different NS proteins and to
dsRNA. The results indicated that proteins NS1, NS2A, NS3, NS4A, NS5, and for
some viruses NS4B co-localize with dsSRNA (Mackenzie et al. 1996; Westaway
et al. 1997; Mackenzie et al. 1998; Miller et al. 2006). Interestingly, the DENV
and YFV NS5 RNA polymerases were found predominantly in the nucleus, show-
ing weak staining in the perinuclear region that co-localized with the RCs (Buckley
et al. 1992; Kapoor et al. 1995; Miller 2006; Uchil et al. 2006). This observation
is in agreement with the finding that a small amount of NS5 is involved in active
RNA replication (Grun and Brinton 1987; Chu and Westaway 1992; Uchil and
Satchidanandam 2003a). Furthermore, active RCs were also found in the nucleus
of infected cells (Uchil et al. 2006).

Membranes have been suggested to play a structural and organizational role
in flavivirus replication, possibly offering a suitable microenvironment for viral



44 N.G. Iglesias et al.

RNA synthesis and viral morphogenesis. The membranous structures found in
flavivirus-infected cells seem to originate from different cellular organelles (for
review see Mackenzie 2005). Convoluted membranes (CM) and paracrystalline
structures (PC) are the putative sites of viral polyprotein processing, whereas pro-
liferating ER and vesicles of 70—100 nm in diameter, found as vesicle packets (VP)
enclosed by an outer membrane, may represent the sites of viral RNA replication.
The association of the replicative forms of the viral RNA with the VP has been
shown by electron microscopy and confirmed by biochemical analysis (Mackenzie
et al. 1996; Grief et al. 1997; Westaway et al. 1997; Uchil and Satchidanandam
2003a). Biochemical studies with flavivirus-infected cells and cell extracts active
for RNA synthesis were used to probe the architecture of the RC (Uchil and Satchi-
danandam 2003a). Treatment of the extracts with nucleases in the presence or
absence of different detergents suggested that the three viral RNA species (RF, RI,
and VRNA) reside in a membrane enclosed nuclease-resistant compartment. It was
proposed that the RF resides within the inner membrane of a double membranous
structure, whereas the nascent genomic RNA was extruded from the vesicles but
retained inside the outer bounding membrane of the VP (Uchil and Satchidanandam
2003a).

It has been shown that protein NS4A is required for induction of the mem-
branous structures CM/PC by different flaviviruses. Cleavage of a 2 K domain
at the C-terminus of NS4A by the viral serine protease leads to a large accu-
mulation of intracellular membranes in DENV-infected cells (Miller et al. 2007)
and relocalization of matured NS4A to Golgi membranes in WNV-infected cells
(Roosendaal et al. 2006). These results suggest that proteolytic processing of NS4A
could regulate the membrane rearrangements observed upon infection. A role for
NS1 during RNA replication was proposed. Mutation of the N-glycosylation sites
of NS1 led to a dramatic defect in RNA replication (Muylaert et al. 1996). In addi-
tion, deletions within YFV NSI1 resulted in viruses with defects at early stages of
RNA replication, presumably during minus-strand synthesis (Lindenbach and Rice
1997). Interestingly, this defect was suppressed by a mutation in NS4A, provid-
ing genetic evidence for NS1-NS4A interaction in RNA replication (Lindenbach
and Rice 1999). Although NS1, NS2A, and NS4B of different flaviviruses have
been implicated in RNA synthesis, their precise roles in this process remain
unclear.

Multifunctional Viral Proteins Involved in Flavivirus
RNA Replication

NS5 is the largest and the most conserved of the flavivirus proteins. It contains
an N-terminal S-adenosyl-methionine (SAM)-dependent methyl transferase domain
(MTase) and a C-terminal RdRp domain. Recently, the structure of the NS5 C-
terminal domain of WNV and DENYV revealed a classical RdRp-fold bearing palm,
thumb, and fingers motifs (Malet et al. 2007; Yap et al. 2007). The presence of
a priming loop found in these structures is consistent with a primer-independent
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(de novo) mechanism of initiation of RNA synthesis proposed for flaviviruses. The
NS5 from WNYV, DENYV, and YFV were shown to possess guanine N7 and ribose
2'-O MTase activities involved in formation of the 5" cap (Egloff et al. 2002; Ray
et al. 2006; Dong et al. 2007; Zhou et al. 2007). The crystal structures of WNV
and DENV MTase domain showed a single binding site for the methyl donor SAM
(Egloff et al. 2002; Zhou et al. 2007). In addition, a positively charged surface adja-
cent to the SAM binding site was proposed to be the recognition site for the capped-
RNA substrate. Deletions or mutations within the MTase domain were shown to be
lethal for the replication of WNV and DENV (Khromykh et al. 1998, 1999b; Ray
et al. 2006). In addition, mutagenesis of the Kunjin polymerase active site motif con-
firmed that it is essential for viral replication and that polymerase activity could be
supplied in trans from a Kunjin replicon. However, frans-complementation in cells
expressing only NS5 was found to be inefficient, suggesting that co-translational
expression of additional NS proteins may be required for the RdRp to associate
with other replicase components (Khromykh et al. 1999a).

The multifunctional NS3 protein bears a protease, helicase, nucleotide triphos-
phatase (NTPase), and 5'RNA triphosphatase (RTPase) activities. Its N-terminal 180
amino acids comprise the serine protease, and its C-terminal region has conserved
domains found in the DEXH family of NTPase/RNA helicases. RNA-stimulated
NTPase and RNA unwinding activities have been characterized in DENV, WNYV,
YFV, and JEV (Warrener et al. 1993; Li et al. 1999; Utama et al. 2000; Borowski
et al. 2001; Benarroch et al. 2004; Yon et al. 2005). Crystal structures have been
recently reported for the helicase of DENV and YFV (Wu et al. 2005; Xu et al.
2005). A study with a DENV infectious clone showed that an active helicase was
essential for virus viability (Matusan et al. 2001). Although helicases have been
implicated in the replication of flaviviruses genomes, their precise role in RNA syn-
thesis remains unknown. Possible functions include unwinding dsRNA intermedi-
ates that arise during RNA amplification, destabilizing secondary structures of the
RNA to increase polymerase processivity, or participating in RNA recruitment at
specific subcellular locations.

Two-hybrid systems and co-immunoprecipitation studies using infected cells and
recombinant proteins demonstrated that the helicase domain of NS3 of DENV binds
NS5 (Kapoor et al. 1995; Johansson et al. 2001). This interaction occurred in the
absence of other viral proteins but was dependent on the NS5 phosphorylation state
(Kapoor et al. 1995). NS5 has been detected in both the cytoplasm and the nucleus.
Only a hyperphosphorylated form of NS5, which was unable to interact with NS3,
has been detected in the nucleus of DEN V-infected cells (Kapoor et al. 1995; Brooks
et al. 2002). NS5 contains two functional nuclear localization sequences (NLSs)
and binding to importin $1 was demonstrated (Johansson et al. 2001; Brooks et al.
2002). Whether the nuclear localization of NS5 plays a role in the viral replication
cycle or is part of a mechanism used by the virus to alter a cell function is cur-
rently unknown. The N-terminal region of NS5 that was shown to be required to
bind NS3 was also found to bind importin 1, suggesting a competition between
NS3 and importin $1 that may play a role in controlling the subcellular localization
of NS5.
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According to the crystal structure of NS5, the putative binding site for NS3
would be near the entrance of the RNA template tunnel, consistent with the pro-
posed role of its activity in RNA unwinding during RNA synthesis (Malet et al.
2007). In addition, NS5 was reported to stimulate the NTPase and RTPase activities
of NS3 (Yon et al. 2005), suggesting a functional interaction between these two viral
proteins.

5'UTR Elements and Promoter Signals for RNA Synthesis

The 5'UTRs of flavivirus RNAs are relatively short and almost complete sequence
conservation was observed among different strains of the same virus. In contrast,
sequence comparisons between different flaviviruses, such as DENV, WNV, YFV,
and SLEV, showed little conservation (Brinton and Dispoto 1988). Interestingly,
the predicted secondary structure of 5’UTRs of different flaviviruses is very similar.
These structures consist of a large stem-loop with a side stem-loop (named Stem-
Loop A, SLA, Fig. 3.2). The conservation of this secondary structure in unrelated
flaviviruses was taken as evidence of its possible importance in viral replication. In
most cases, a second short stem-loop named SLB, which includes or ends at the
translation initiator codon, could be formed downstream of SLA. The structure of
SLA and the sequence upstream of the translation initiator AUG were found to be
essential cis-acting elements for viral RNA synthesis (Cahour et al. 1995; Filomatori
et al. 2006; Kofler et al. 2006). In addition, a conserved stem-loop structure present
just downstream of the initiator AUG of DENV type 2 (DENV2) RNA was reported
to act as a regulatory element important for start codon selection in translation initi-
ation (Clyde and Harris 2006).

Cahuer and co-workers reported the first evidence of functional 5UTR elements
in flavivirus replication in vivo (Cahour et al. 1995). In this study, deletions from
5 to 25 nucleotides were incorporated throughout the 5UTR by mutagenesis of an
infectious DNA copy of DENV4. The dominant effect of the deletions appeared to
be at the level of RNA synthesis and many of the mutations were found to be lethal.
More recently, a similar approach was used to study the role of SLA structure during
DENV2 replication (Filomatori et al. 2006). In this case, site-directed mutagenesis
was done to (a) open the bottom of the stem of SLA structure, (b) reconstitute the
stem with sequences that differed from the wild type, and (c) substitute nucleotides
at the top and side loops of SLA. Alteration of the stem of SLA was found to be
lethal, while reconstitution of the stem yielded an infectious RNA with a phenotype
similar to the parental virus. In addition, infectious viruses could not be recovered
after transfection of RNAs carrying substitutions at the top loop of SLA. In this
case, revertant viruses with single substitutions, partially recovering the wild type
sequence, were rescued in cell culture. In the same study, using a DENV2 repli-
con system that allows discrimination between translation and RNA synthesis, it
was shown that the SLA structure was essential for RNA amplification, whereas no
crucial role of SLA was connected with translation of the input RNA.
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Fig. 3.2 Conserved 5" and 3’'UTR RNA structures of mosquito-borne flaviviruses. (a) Schematic
representation of RNA elements found at the 5" and 3’'UTRs of DENV genome. The predicted
secondary structures of defined domains are indicated: at the 5'-end, stem-loop A (SLA), stem-
loop B (SLB, containing 5UAR), and 5'CS are indicated; at the 3’-end, domains I, II, and III are
shown. In addition, location of the 3’ stem-loop (3/SL) and the conserved sequence RCS2, CS2,
and CS1 are indicated. (b) RNA elements of 5" and 3'UTRs of dengue virus (DENV), West Nile
virus (WNYV), Japanese encephalitis virus (JEV), and yellow fever virus (YFV) are schematically
shown. At the 5’-end the 5'SLA, the translation initiator codon AUG, and the cyclization sequence
5'CS are indicated. The presence and relative location of the different conserved RNA elements
at the 3'UTRs, CS1, CS2, RCS2, CS3, RCS3, and the yellow fever tandem repeats (RYF) are
indicated by boxes in different colors.

RNA-protein interaction studies have been used to demonstrate direct binding
of DENV polymerase to RNA molecules carrying the SLA structure. Moreover,
using an in vitro assay to measure RdRp activity of DENV2 NS5, it was shown
that SLA was a critical determinant for template specificity (Filomatori et al. 2006).
The polymerase was able to initiate de novo and copy RNA templates bearing the
SLA, while it was very inefficient in copying viral or non-viral RNA templates
lacking this structure. A remarkable correlation between the requirement of DENV
SLA sequence/structure for viral replication in transfected cells and the need of this
element for in vitro polymerase activity was observed (Fig. 3.3). Based on in vivo
and in vitro results, it was proposed that the SLA functions as the promoter for
DENYV negative-strand RNA synthesis. Further studies are necessary to extrapolate
these observations to other flaviviruses.
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Fig. 3.3  Structure—function correlation of DENV stem-loop A (SLA) mutants. On the rop,
schematic representation of RNA mutants: interrupted stem (IS), reconstituted stem (RS), side loop
mutant (SD), and top loop mutant (TL). The level of DENV replication in BHK cells transfected
with full-length viral RNAs carrying the respective mutation is compared with the viral RdRp
activity observed in vitro using RNA templates of 160 nucleotides carrying the same mutations
(Filomatori et al. 2006).

Cis-Acting Elements at the 3’'UTRs

The 3’'UTR sequences exhibit great variability among different flaviviruses; how-
ever, several conserved features and conserved secondary structures have been elu-
cidated (Wallner et al. 1995; Proutski et al. 1997; Rauscher et al. 1997; Shurtleff
et al. 2001; Thurner et al. 2004; Gritsun and Gould 2007). The 3'UTRs are between
350 and 700 nucleotides long and can be divided into three domains based on
sequence/structure conservation (Fig. 3.2a). Domain I is the region immediately
following the stop codon that is hypervariable and contains deletions and insertions
in most flaviviruses. YF contains unique tandem repeats within domain I, known as
RYF (Bryant et al. 2005) (Fig. 3.2b). Domain II is a region of moderate conservation
comprising several hairpin motifs, including a characteristic dumbell (DB) structure
with a conserved sequence named CS2 motif, present in all mosquito-borne fla-
viviruses (Olsthoorn and Bol 2001; Gritsun and Gould 2006; Romero et al. 2006).
This DB structure is repeated in tandem in members of the DEN and JE subgroups,
containing a repeated conserved sequence (RCS2) motif (Fig. 3.2b). Domain III is
the most conserved region of flavivirus 3'UTRs, bearing a terminal stable stem-loop
structure (3'SL). The presence of the 3'SL has been supported by secondary struc-
ture predictions, co-variation analysis, and biochemical probing. An essential role
of the 3’SL in flavivirus replication has been extensively documented (for review see
Markoff 2003). Upstream of the 3/SL there is a highly conserved sequence named
CS1 motif (Hahn et al. 1987).

Work from many laboratories allowed to define several essential elements within
domain III of the 3'UTR: (i) a pentanucleotide sequence CAGAC mostly present in
a loop of the 3'SL (Wengler and Castle 1986; Khromykh et al. 2003; Tilgner and
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Shi 2004; Elghonemy et al. 2005); (ii) a region within CS1 that contains a com-
plementary sequence to a region present within the coding sequence of the capsid
protein (Hahn et al. 1987; Men et al. 1996; Corver et al. 2003); (iii) the 3’ termi-
nal nucleotides of the 3’'SL, including the last CUgy conserved in all mosquito and
tick-borne flaviviruses (Khromykh et al. 2003; Tilgner and Shi 2004); (iv) a region
within the stem of the 3’SL that contains a complementary sequence to a region
present upstream of the translation initiator AUG at the viral 5UTR (named UAR
in DENV and CSA in TBEV) (Alvarez et al. 2005b; Kofler et al. 2006); and (v) spe-
cific bulges within the 3'SL structure (Yu and Markoff 2005). Deletions or mutations
within any of these cis-acting RNA elements abolish viral replication. In contrast,
RNA structures within domains I and II are considered dispensable for flavivirus
replication. However, these structures are believed to serve as replication enhancers
because deletion mutants within domains I and II exhibit decreased viral RNA syn-
thesis and attenuation (Men et al. 1996; Mandl et al. 1998; Bredenbeek et al. 2003;
Lo et al. 2003; Alvarez et al. 2005a).

Inverted Complementary Sequences in Flavivirus RNAs

Flavivirus genomes possess inverted complementary sequences at the ends of the
RNA (Fig. 3.4), similar to those observed in the negative-strand RNA bunya-, arena-,
and orthomyxoviruses. These inverted complementary sequences have been sug-
gested to allow the ends of the genome to associate through base pairing, leading to
circular conformations of the RNA (panhandle-like structures).

Two pairs of inverted complementary sequences can be found at the ends of
mosquito- and tick-borne flavivirus genomes (Fig. 3.4). In all mosquito-borne fla-
viviruses (MBF), there is a region within CS1 that complements perfectly with a
sequence located in the coding region of the C protein. This pair of complementary
sequences is known as cyclization sequence 5'-3'CS (Hahn et al. 1987) (Fig. 3.4).
The second pair of inverted complementary sequences was first noticed using fold-
ing prediction algorithms on flavivirus RNAs (Hahn et al. 1987; Khromykh et al.
2001a; Thurner et al. 2004). A sequence located just upstream of the translation ini-
tiator AUG at the 5’"UTR was found to be complementary to a region present within
the stem of the 3'SL. This pair of complementary sequences is known as cycliza-
tion sequence 5'-3'UAR (the name stands for upstream AUG region) (Alvarez et al.
2005b) (Fig. 3.4). Alignment of MBF sequences indicates high conservation of 5'—
3/CS, whereas less sequence conservation was observed within 5'-3"UAR (Fig. 3.4).
Two pairs of complementary sequences, CSA and CSB, were proposed as possible
cyclization elements in the case of tick-borne flaviviruses (TBF) (Mandl et al. 1993;
Khromykh et al. 2001a). The 5'CSA is located upstream of the initiator AUG and
is complementary to the 3’CSA located within the stem of the 3'SL, which is rem-
iniscent of the location of the MBF 5'-3'UAR. The 5-3’'CSB sequences are found
in similar locations as the MBF 5'-3'CS.

Requirement of 5'-3’CS base pairing was first analyzed in RdRp reactions using
DEN V-infected cell extracts and exogenous RNA templates including the 5’- and
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Fig. 3.4 Sequence and location of flavivirus cyclization sequences. On the top, a schematic rep-
resentation shows the location of 5'-3'UAR and 5'-3'CS regions of mosquito-borne flaviviruses.
The bottom panels show the nucleotide sequences of the complementary regions 5'-3'CS and 5'-
3'UAR of dengue virus type 2 and 4 (DENV2, Genebank number U87412 and DENV4 Genebank
number M14931), West Nile virus (WNV, Genebank number M12294), Japanese encephalitis virus
(JEV, Genebank number NC001437), and yellow fever virus (YFV, Genebank number NC002031);
and the 5'-3'CSA of tick-borne encephalitis virus (TBEV, Genebank number U27495). The gray
boxes denote the inverted complementary sequences. In boldface the translation initiator AUG is
indicated.

3’-end viral sequences. In this study, it was shown that 5-3’CS complementarity
was necessary for polymerase activity (You and Padmanabhan 1999). Subsequent
studies specifically addressed the requirement of sequence complementarity in vivo
using a Kunjin virus replicon system (Khromykh et al. 2001a). In agreement with
the in vitro study, specific mutations in the 5'CS or 3'CS abolished RNA amplifica-
tion while reconstitution of potential base pairings with foreign sequences restored
replicon replication. More recent studies confirmed the requirement of CS comple-
mentarity for RNA amplification of DEN and WN viruses (Lo et al. 2003; Alvarez
et al. 2005a).

The specific role of 5'-3'UAR complementarity was addressed using infectious
DENV2 and DENYV replicons. These studies indicated that mismatches within
5'-3’UAR did not alter translation of the viral RNA but greatly decreased RNA
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synthesis, leading in some cases to undetectable levels of viral replication. Com-
pensatory mutations that restored 5'-3'UAR base pairing rescued RNA synthesis.
In addition, the mutants with the compensatory changes within UAR were shown
to replicate less efficiently than the parental virus, suggesting that 5" and 3’'UAR
sequences could play additional roles during viral replication (Alvarez et al. 2005b;
Alvarez et al. 20006).

The requirement of the putative cyclization sequences CSA and CSB in TBEV
was recently investigated using a replicon system (Kofler et al. 2006). This work
provided clear evidence that complementarity of 5'-3’CSA, which is analogous in
location to the 5'-3'UAR cyclization elements in DENV, was essential for TBEV
replication. Interestingly, no crucial function was connected with the CSB elements,
suggesting that only one pair of the two putative complementary sequences would
be required to mediate 53’ interactions in TBF genomes. In summary, there is
compelling evidence indicating that sequence complementarity between the ends of
flavivirus genomes is essential for viral RNA synthesis.

Cyclization of the Viral Genome

Direct interaction between two RNA molecules carrying the 5’ and 3’ terminal
sequences of a flavivirus genome was first observed using psoralen/UV cross-
linking, and a role of 5-3'CS complementarity for the interaction was proposed
(You et al. 2001). More recently, an electrophoretic mobility shift assay was
employed to study the formation of RNA-RNA complexes with molecules carry-
ing the terminal DENV sequences (Alvarez et al. 2005b). In this work, the specific
contribution of both cyclization elements, 5'—3'CS and 5'-3'UAR, was demonstrated
by mutagenesis analysis. Single mismatches within the complementary sequences
were shown to increase the apparent dissociation constants of specific RNA-RNA
complexes.

The first direct evidence of long-range RNA—-RNA interactions between the ends
of a flavivirus RNA was obtained by visualization of individual molecules using
atomic force microscopy (AFM) (Alvarez et al. 2005b). Because single-stranded
RNA molecules acquire compact tertiary structures that preclude visualization of
intramolecular contacts, the RNAs used in that analysis were hybridized with anti-
sense RNA molecules to generate elongated double-stranded segments (Fig. 3.5).
This strategy allowed visualization of long-range RNA—RNA contacts at single-
stranded regions. Using AFM in air, a model RNA molecule of 2 kb carrying the 5’
and 3’ terminal sequences of DENV2 as well as single molecules of the full-length
genomic RNA were visualized in linear and circular conformations, whereas control
molecules with deletions of 3’CS and 3’'UAR were only observed in linear forms.
Cyclization of DENV RNA was observed in the absence of proteins (Fig. 3.5). How-
ever, it is possible that binding of cellular or viral proteins to the ends of the RNA
enhances or disrupts genome cyclization.

Interaction of the viral protein NS5 with capped- and uncapped-RNA molecules
corresponding to 5-end ~200 nucleotides of WNV and DENV genomes was
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Fig. 3.5 Cyclization of DENV genomic RNA. On the left, a schematic representation of the
viral genome in a compact conformation and the strategy used to visualize RNA-RNA contacts
hybridizing the central part of the molecule with an antisense RNA molecule. On the right, a rep-
resentative image of a single molecule of DENV genomic RNA obtained by tapping mode atomic
force microscopy in circular conformation is shown. The 10.7 kb RNA molecule was hybridized
with an antisense RNA of 3.3 kb resulting in a linear double-stranded region with single-stranded
overhangs of 6970 and 451 nucleotides at the 5'- and 3’-ends, respectively (Alvarez et al. 2005b).

recently demonstrated (Filomatori et al. 2006; Dong et al. 2007). Deletion analysis
of 5’-end sequences of DENV RNA indicated that the SLA structure was essential
while 5'CS and 5'UAR sequences were dispensable for NS5 binding. Interestingly,
interaction of DENV NS5 with an RNA-RNA complex formed between the 5’- and
3’- ends of the viral genome was observed, suggesting that the viral polymerase
recognizes SLA even in the context of interacting 5'- and 3’-end viral sequences.
Moreover, binding of NS2A, NS3, and NS5 to the 3’'UTR of different flaviviruses
has been also reported (Chen et al. 1997; Mackenzie et al. 1998). Whether binding of
these viral proteins or other frans-acting factors modulates long-range RNA-RNA
interactions in the context of the viral genome remains to be defined.

Proteins Interacting with the Viral RNA

Several reports have shown that defined RNA elements present at the 3'UTRs of
flavivirus genomes differentially enhanced viral replication in distinct host cells.
For instance, specific nucleotides of the bottom long stem of WNV and DENV
3'SL greatly enhanced replication competence in mosquito cells but had no effect
on replication in mammalian cells (Zeng et al. 1998; Yu and Markoff 2005). In
addition, it was found that deletion of the variable region encompassing domain
I of DENV 3'UTR, reduced viral replication in mammalian cells without altering
replication in mosquito cells (Alvarez et al. 2005a). These and other observations
suggest that host cell specific factors bind the viral 3’'UTRs. Significant effort has
been made to identify host proteins that interact with the viral RNA. The eukaryotic
elongation factor 1 alpha (EF-1 «) was identified to bind the 3'SL of WNV and
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DENV (Blackwell and Brinton 1997; De Nova-Ocampo et al. 2002). Binding of
EF-1 «a to the viral RNA was mapped by footprinting analysis. This study defined
a main binding site in the middle of the 3'SL (Blackwell and Brinton 1997). In
addition, the human La autoantigen and the human PTB were found to interact with
the 3'UTR of genomic DENV4 (De Nova-Ocampo et al. 2002; Garcia-Montalvo
et al. 2004). In the case of JEV, a 36 kDa protein MOV 34 was found to bind the
3’SL (Ta and Vrati 2000).

Search for proteins that bind the negative-strand RNA of flaviviruses has also
been pursued. Four host proteins that bind specifically to the 3’ terminal sequences
of the negative strand of WNV RNA were detected using BHK cell extracts (Shi
et al. 1996). Purification of one of these proteins revealed to be TIAR, an RNA-
binding protein containing three RNA recognition motifs (Li et al. 2002). Further-
more, a related protein TIA-1 was also shown to bind the same RNA. Interestingly,
the growth of WNV was inhibited in a TIAR knockout cell line, indicating the func-
tional importance of this protein. In addition, the human La autoantigen, calreticulin,
and the protein disulfide isomerase were shown to interact in vitro with the 3’-end
of the negative strand of DENV4 (Yocupicio-Monroy et al. 2003). Although several
host proteins have been identified that bind the viral RNA and a functional role was
proposed for some of them, the participation of these proteins during flavivirus RNA
replication remains to be defined.

A Model for Minus-Strand RNA Synthesis

Filomatori and co-workers demonstrated that RNA molecules of ~160 nucleotides
carrying the DENV SLA structure were efficient templates for in vitro RNA poly-
merase activity, whereas longer RNA molecules of ~2000 nucleotides, carrying
the SLA in the same location were inefficient templates (Filomatori et al. 2006).
In contrast, when the two pairs of cyclization sequences (5-3'CS and 5'-3'UAR)
were introduced at the ends of the RNA, polymerase activity became indepen-
dent on the length of the template. Thus, it was hypothesized that the distance
between the promoter SLA and the 3’-end of the template was critical for in vitro
polymerase activity and that long-range RNA-RNA interactions would bring the
3’-end of the molecule near the SLA. This idea was consistent with the previous
work of Padmanabhan and collaborators (Ackermann and Padmanabhan 2001; You
et al. 2001).

A model for DENV minus-strand RNA synthesis was proposed (Fig. 3.6). In this
model, the viral NS5 protein binds the promoter SLA at the 5'-end of the RNA,
~11 kb away from the initiation site. Cyclization of the viral genome through
long-range RNA-RNA interactions could place the 3’-end of the RNA near the
polymerase-SLA complex, allowing initiation of RNA synthesis. Therefore, only
molecules in circular conformation would be competent templates for minus-strand
RNA synthesis. In addition, it is possible that interaction of the polymerase with
specific nucleotides within the SLA could induce conformational changes in the
protein, facilitating the recognition of the 3’-end of the template. According to the
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crystal structure of DENV RdRp the template channel has dimensions that would
only permit access to a sSRNA chain (Yap et al. 2007). Therefore, it is likely that
the 3’/SL structure unwinds before entering the template channel of the enzyme dur-
ing initiation of minus-strand RNA synthesis. This process could be aided by the
helicase activity of NS3 or by cellular trans-acting factors interacting with the viral
3’SL. Alternatively, base pairings between 5" and 3’UAR of MBF or between 5" and
3’CSA of TBF genomes, which were predicted to open the bottom half stem of the
3'SL, could release the 3’-end nucleotides, rendering the structural changes around
the 3'SL presumably necessary for the initiation process.

In summary, the model proposes a core promoter at the 5'-end of the genome
and long-range RNA-RNA interactions as essential elements for initiation of RNA
synthesis. Although the 3'SL structure has been shown to be essential for flavivirus
RNA synthesis, the molecular details by which this element participates during the
process remain unclear. While it is not surprising to find a core promoter for RNA
synthesis at the 3’-end of a viral genome, it is intriguing why certain plus-strand
RNA viruses would have promoters or enhancer elements for RNA replication at
the 5'-end of the RNA. In this case, the requirement of genome cyclization may
provide advantages for viral replication such as control mechanisms to amplify only
full-length templates or coordination of translation, RNA synthesis, and RNA pack-
aging by overlapping signals involved in these processes. Further analysis of the
RNA conformations required in each viral process will help to clarify the molecular
details by which flaviviruses replicate their genomes.
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Perspectives

Much has been learned in the last years about flavivirus RNA replication. A model
for minus-strand RNA synthesis has been proposed that explains the need of genome
cyclization, and roles of viral proteins and RNA cis-acting elements have been
uncovered. An important aspect in flavivirus RNA replication that remains unde-
fined is the mechanism of positive-strand RNA amplification. It has been proposed
that the RF form is the template for genome amplification. We can speculate that
the SLA could also serve as the promoter for positive-strand RNA synthesis. In this
case, the SLA would have to work in trans, transferring the polymerase to the 3’-end
of the negative strand, to initiate positive-strand RNA synthesis. A similar strategy
has been previously proposed for the cloverleaf structure present at the 5’-end of
poliovirus RNA (Andino et al. 1990). For DENYV, a trans-initiation activity of SLA
in vitro has been observed (Ackermann and Padmanabhan 2001; You et al. 2001;
Filomatori et al. 2006), but not experimental evidence in vivo has yet been provided.
Otherwise, the negative-strand RNA could carry its own promoter element either at
the 5'- or the 3’-end of the molecule to facilitate positive-strand RNA amplification.
In vivo experiments that allow discrimination between negative- and positive-strand
RNA synthesis will be necessary to identify cis- and trans-acting factors specifically
involved in each of these processes.

Formation of the cap at the 5'-end of the viral RNA requires the MTase activity of
NSS5. Because the cap structure precedes the SLA, it is possible that binding of NS5
to the promoter element is also involved in cap methylation. Consistent with this idea,
recent studies using a recombinant WNV MTase have reported a requirement of SLA
sequences for in vitro cap RNA methylation. The challenge will be to define how both
enzymatic activities of NS5 are coordinated during flavivirus RNA synthesis.

Another intriguing question is: How is the VRNA released from the VP to the
cytosol for translation and RNA packaging? The close association between the VP
and the CM/PC reveals a level of organization that might allow the VRNA to be
transported to the sites of protein synthesis or RNA packaging. Additional studies
are needed to understand how the viral RNA is recruited to specific places of the
infected cell for each step of the viral life cycle.

Finally, different RNA viruses use long-range RNA-RNA interactions as a strat-
egy to allow cis-acting regulatory elements such as enhancers, promoters, and
silencers to act from long distances (Pogany et al. 2003; Ray and White 2003).
In addition, the dynamics of RNA tertiary structures allow modulation of specific
functions of RNA-RNA contacts by frans-acting factors. In the future, we will have
to uncover the functional significance and the underlying connections of these com-
mon viral strategies.
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Chapter 4
Hepatitis C Virus Genome Replication

Brett D. Lindenbach and Timothy L. Tellinghuisen

Introduction

Over 170 million people are infected with hepatitis C virus (HCV), a major cause
of acute and chronic liver disease that can lead to cirrhosis and hepatocellular carci-
noma (Alter and Seeff 2000). The success of this virus is largely due to its ability to
cause persistent infections — often lasting for decades — in over 70% of infected indi-
viduals. Thus, HCV infection leads to a dynamic interplay between viral replication,
host antiviral responses, and viral countermeasures to evade those responses. Under-
standing these processes will be crucial for devising effective strategies to combat
this virus and alleviate the human suffering it exacts. In this chapter we review the
current understanding of HCV genome replication, emphasizing the role of viral and
host factors in this process. Where applicable, we will draw comparisons to other
viruses within this volume. Nevertheless, due to space limitations this review is not
meant to be comprehensive, and we apologize in advance to authors whose work
could not be cited.

Overview of the HCV Life Cycle

HCV is an enveloped, positive-strand RNA virus classified within the family
Flaviviridae. The life cycle of HCV (Fig. 4.1) therefore shares overall similarity
to the flaviviruses (Chapter 3) and other positive-strand RNA viruses. Upon infec-
tion of a host cell, HCV particles are taken up by receptor-mediated endocyto-
sis and trafficked to endosomes, where the low pH of this compartment induces
fusion of the viral envelope and bounding endosomal membrane. The nucleocap-
sid is then uncoated to release the viral genome into the cytoplasm (step 1), where
it can be directly translated to produce the viral structural and non-structural (NS)
proteins (step 2). Viral NS proteins and host factors assemble into a cytoplasmic,
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membrane-bound RNA replicase (step 3), which then recruits the HCV genome out
of translation and into replication (step 4). After RNA synthesis, new viral genomes
can be recycled back into translation and replication or packaged by viral structural
proteins into nascent viral particles (step 5).

Until recently, only limited aspects of the HCV life cycle could be studied
because efficient viral culture systems did not exist. Once the viral genome was fully
sequenced, infectious cDNA clones were constructed and shown to initiate replica-
tion upon intrahepatic inoculation into chimpanzees (Kolykhalov et al. 1997; Yanagi
et al. 1997). While these reverse genetic systems were functional in vivo, they were
obviously limited by the ethical and practical issues of primate research and did not
permit viral replication to be studied in cell culture. The first broadly useful system
for studying HCV RNA replication came when Lohmann et al. (1999) engineered
bicistronic “subgenomic” replicons to express the selectable marker gene Neo, and
selected for rare HCV replication events after transfecting this RNA replicon into
the human hepatoma line, Huh-7 (Nakabayashi et al. 1982). Further growth of
Neo-resistant cells selected for mutant replicons with increased RNA replication
(Blight et al. 2000; Lohmann et al. 2001, 2003). Thus, cell culture-adapted repli-
cons allowed the intracellular aspects of the viral life cycle to be studied and pro-
vided much-needed cell-based assays to screen for HCV-specific antivirals. More
recently, Takaji Wakita and other investigators showed that the HCV strain JFH-1
was capable of producing infectious virus in cell culture (Lindenbach et al. 2005;
Wakita et al. 2005; Zhong et al. 2005), and additional HCV cell culture systems
have recently become available (reviewed in (Tellinghuisen et al. 2007)). Thus, the
tools to study the complete life cycle of HCV are now in hand.

HCYV Genomes

The HCV genome is a monopartite, single-stranded RNA, 9.6 kb in length (Choo
et al. 1991). Unlike most cellular mRNAs, the HCV genome lacks a 5’ cap and does
not encode a 3’ polyadenosine tail (Tanaka et al. 1995; Kolykhalov et al. 1996).
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Fig. 4.2 Features of the HCV genome. This map of the HCV genome highlights important sec-
ondary structures within the HCV genomic RNA, as described in the text. The large open reading
frame is indicated as an open bar. Loop regions involved in the kissing interaction between SBSL-
3.2 and 3'X SL2 are indicated by hearts. AUG, start codon; UGA, stop codon; VR, variable region.

Instead, the HCV genome encodes several cis-acting RNA elements (CREs) that
regulate genome translation, RNA replication, and most likely, packaging. Known
CRE:s include sequences and secondary structures within the 5" and 3’ noncoding
regions (NCRs) and the large open reading frame (Fig. 4.2). Unlike the picor-
naviruses (Chapter 1), HCV does not appear to encode a viral genome-linked
protein.

As for all positive-strand RNA viruses, which encode polymerases that lack proof
reading activity, HCV exhibits a high degree of genetic variability. Given the size
of the HCV genome and an estimated mutation rate of ~10~* misincorporations/nt
(Crotty et al. 2001), one can calculate that mutants will quickly accumulate and
predominate in HCV populations of even modest size. It has been estimated that a
chronically infected person makes 10'? virions/day (Perelson et al. 2005). Thus, the
sequence diversity present even within a single person is huge. This swarm of genet-
ically related viruses, with no real “wild-type” master sequence, is often referred to
as a “quasi-species”. On the global scale, with over 10® infected people, the amount
of sequence diversity available to HCV is astronomical. Of course evolutionary fit-
ness varies greatly among these populations. As a result, HCV has evolved into
six metastable genotypes, which differ by more than 30% at the nucleotide level
(Simmonds et al. 2005).

The HCV 5’ NCR is 341 nt in length, well conserved, and highly structured
(Fig. 4.2); it has at least two major functions in the viral life cycle. First, it encodes
an internal ribosome entry site (IRES) that allows for cap-independent translation
of the viral genome, described below. Second, the 5" NCR includes one or more
overlapping CREs necessary for genome replication. While efficient RNA replica-
tion requires nearly the entire 5’ NCR, the minimal 5 replication element is encoded
within the first 120 nt, which includes stem-loops I and II (Friebe et al. 2001; Kim
et al. 2002b). Intriguingly, the liver-specific cellular micro RNA (miRNA)-122 binds
to the unstructured spacer between these stem-loops, and this interaction is required
for an early step in HCV replication (Jopling et al. 2005). Furthermore, by mak-
ing intergenotypic recombinants with reduced rates of positive- and negative-strand
synthesis, Binder and colleagues have confirmed that the 5" NCR (or more likely, its
reverse complement in the negative strand) plays an important role in positive-strand
synthesis (Binder et al. 2007b).
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The 3’ NCR consists of three subdomains: (1) a short (=40 nt) variable
region located immediately downstream of the termination codon; (2) a polyuri-
dine/polypyrimidine (U/UC) tract of variable length; and (3) a highly conserved,
98 nt region termed the 3'X domain (Fig. 4.2) (Tanaka et al. 1995; Kolykhalov
et al. 1996). The poly (U/UC) tract and 3'X domain are required for RNA repli-
cation, while the variable region seems to influence replication efficiency (Yanagi
et al. 1999; Kolykhalov et al. 2000; Friebe and Bartenschlager 2002; Yi and Lemon
2003). The minimal poly (U/UC) tract appears to be between 26 and 52 nt in length
and requires an uninterrupted homopolyuridine tract, suggesting that it is recognized
by a trans-acting factor (Friebe and Bartenschlager 2002; Yi and Lemon 2003; You
and Rice 2007). The 3'X domain consists of a highly stable 3’ terminal stem-loop, 3’
SL1, and two metastable stem-loops, 3" SL2 and 3’ SL3 (Tanaka et al. 1996; Blight
and Rice 1997). Again, by using intergenotypic chimeras Binder and colleagues
confirmed that the 3"X domain serves as an important CRE for negative-strand syn-
thesis (Binder et al. 2007b).

Given that the large open reading frame encompasses over 94% of the HCV
genome, it is no surprise that HCV coding region also encodes CREs. Sequences
with dual overlapping functions place tight constraints on codon usage, which can
be used to help identify such internal CREs (reviewed in (Branch et al. 2005)).
As an example, anomalous codon usage was originally thought to reflect a selec-
tive pressure to retain an alternative reading frame within the core gene (reviewed
in (Branch et al. 2005)). Subsequent genetic analysis determined that this alterna-
tive reading frame was dispensable for virus replication, but identified an impor-
tant CRE, stem-loop VI, embedded within the core gene (Fig. 4.2) (McMullan et al.
2007). While this region is not required for RNA replication in the context of subge-
nomic RNA replicons, full-length HCV genomes containing mutations in this struc-
ture are highly attenuated in vitro and in vivo, and selectively recover the wild-type
sequence. Interestingly, one leg of stem-loop VI can base pair with the 5’ NCR, over-
lapping the miRNA-122 binding site, and thereby down-regulate IRES-mediated
translation (Kim et al. 2003).

Embedded within the NS5B gene is another important CRE, 5BSL3.2 (Fig. 4.2)
(Lee et al. 2004; You et al. 2004). A key feature of 5SBSL3.2 is that one of the loop
regions can base pair with the loop region of SL2 in the 3'X region of the genome
(Friebe et al. 2005). Mutations in either loop region destroy HCV RNA replication,
while compensatory mutations restore it (Friebe et al. 2005; You and Rice 2007). It
is not yet known how this long-distance “kissing” interaction regulates HCV RNA
replication, but it is interesting to note that base pairing between the coding region
and both HCV NCRs is functionally important. This may reflect a general strategy
to maintain genome integrity.

In addition to several CREs, the HCV genome exhibits a number of interest-
ing features, such as a low frequency of UA and UU dinucleotides, which may
reflect a selection for viral genomes that are poor substrates for the interferon-
inducible RNase L (Han and Barton 2002). The HCV genome is also predicted
to contain an unusually high rate of internal base pairing, a feature that correlates
with a high rate of persistent infection among positive-strand RNA viruses (Sim-
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monds et al. 2004). Thus, these higher-order structures may help to circumvent
innate antiviral defenses.

Translation and Polyprotein Processing

As mentioned, the HCV 5’ NCR encodes an IRES that directs cap-independent
translation of the viral genome (recently reviewed in (Fraser and Doudna 2007)).
The minimal HCV IRES is encoded by sequences within stem-loops II through IV
(Fig. 4.2). The central part of this structure, stem-loop III, can directly bind the ribo-
somal 40S subunit, positioning the start codon within the ribosomal P site (Pestova
et al. 1998). Importantly, this interaction appears to bypass the need for canonical
eukaryotic translation initiation factors (eIFs), and functionally resembles the mech-
anism of prokaryotic initiation via the Shine-Delgarno sequence. Structural studies
indicate that stem-loops II and III induce a conformational change in the 40S sub-
unit, allowing the RNA-binding cleft to open (Spahn et al. 2001). Subsequently, the
IRES-40S complex recruits elF3 and the elF2.GTP.Met-tRNA ternary complex,
forming a 48S intermediate complex (Ji et al. 2004; Otto and Puglisi 2004). Inter-
estingly, stem-loop IIIb of the HCV IRES functionally and structurally mimics the
binding of the 5’ cap binding complex elF4F (Siridechadilok et al. 2005). Following
GTP hydrolysis, these initiation factors are released and the ribosomal 60S subunit
is recruited into an IRES-80S complex, which is then capable of initiating protein
synthesis (Ji et al. 2004; Otto and Puglisi 2004).

There has been some debate about how downstream sequences influence HCV
IRES activity, and it now appears that secondary structures are disfavored in the
proximal region of the core gene (Rijnbrand et al. 2001). Although originally con-
troversial (reviewed in (Tellinghuisen et al. 2007)), it is also now clear that the HCV
3’ NCR can enhance HCV IRES-mediated translation in hepatic cells, perhaps by
promoting ribosomal recycling analogous to the function of the polyA tail in cellu-
lar mRNAs (Ito et al. 1998; McCaffrey et al. 2002; Bradrick et al. 2006; Song et al.
2006). In addition, a number of cellular factors have been shown to influence HCV
IRES activity in trans including the La autoantigen, which may assist in recruiting
the 40S ribosomal subunit to the AUG start codon (reviewed in (Lindenbach et al.
2007b)).

Translation of the HCV genome produces a large polyprotein that is co-
translationally and post-translationally cleaved by cellular and viral proteases into
at least ten discrete products (Fig. 4.3). These include signal peptidase cleavage at
the core/El, E1/E2, E2/p7, and p7/NS2 junctions. In addition, the mature form of
core is generated via an intramembrane cleavage of the C-terminal anchor by sig-
nal peptide peptidase. The remaining polyprotein processing steps are catalyzed by
two HCV-encoded proteases. The C-terminal domain of NS2 encodes a cysteine
protease that is responsible for cleaving the NS2/3 junction (Grakoui et al. 1993;
Hijikata et al. 1993). The crystal structure of this domain revealed that it forms an
unusual homodimeric protease with twin composite active sites (Lorenz et al. 2006).
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Fig. 4.3 Features of the HCV proteins. The top illustration indicates the order of the HCV
gene products as they are translated in the polyprotein. Open bullet, signal peptide peptidase cleav-
age; closed bullet, signal peptidase cleavage; open arrowhead, NS2-3 cysteine protease cleavage;
closed arrowhead, NS3-4A serine protease cleavage. The bottom illustration indicates the topol-
ogy of HCV proteins. Where available, atomic coordinates were used to render the illustration to
approximate scale. Since NS2 and NS5A were crystallized as dimers, one monomer of each is
colored gray.

As described below, all downstream cleavages are mediated by the NS3-4A serine
protease.

The core protein and E1 and E2 glycoproteins are structural components of HCV
virions, while p7 and NS2 proteins appear to be involved in virus assembly (Jones
et al. 2007; Steinmann et al. 2007). The remaining NS proteins are responsible for
modulating the intracellular aspects of the HCV life cycle, including RNA repli-
cation. Since the core, E1, E2, p7, and NS2 are dispensable for the replication of
subgenomic replicons (Lohmann et al. 1999), we therefore turn our attention to the
NS proteins involved in RNA replication.

Replicase Components

NS3-4A

NS3 (70 kDa) is a key component of the HCV replicase, encoding an N-terminal
serine protease domain and a C-terminal RNA helicase/nucleoside triphosphatase
(NTPase) domain. The activities of both enzymes are essential for viral replication.
The serine protease domain of NS3 can cleave NS3/4A in cis and then interact with
NS4A, which contributes one B-strand to the chymotrypsin-like fold and activates
the serine protease activity (reviewed in (Penin et al. 2004b)). In turn, NS4A anchors
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the NS3-4A complex to cellular membranes via an N-terminal membrane anchor.
The NS3-4A serine protease is responsible for cleaving the viral polyprotein at the
NS4A/B, NS4B/5A, and NS5A/5B junctions. In addition, NS3-4A can cleave the
cellular proteins IPS-1 and TRIF, which normally transduce signals to activate gene
expression in response to viral infection (Li et al. 2005a, b; Meylan et al. 2005). By
cleaving these substrates, NS3-4A helps to circumvent cellular antiviral defenses,
as described below.

NS3-4A is a member of the superfamily 2 RNA helicases, which use the energy
from ATP hydrolysis to power double-stranded RNA unwinding. Recent enzymatic
studies have revealed that NS3-4A unwinds 18-bp segments via several discrete 3 bp
steps, each of which uses a spring-loaded mechanism to coordinate ATP hydrolysis
with smaller, 1 bp advances along the substrate (Serebrov and Pyle 2004; Dumont
et al. 2006; Myong et al. 2007). Although the NS3 helicase domain is functional on
its own, full helicase activity requires full-length NS3 and NS4A, which contribute
to substrate binding (Pang et al. 2002; Beran et al. 2007). Furthermore, NS3-4A
helicase appears to function as a dimer or other higher-order multimer (Serebrov
and Pyle 2004; Mackintosh et al. 2006). NS3-4A preferentially binds polyuridine,
which stimulates NTPase activity in vitro (Suzich et al. 1993; Kanai et al. 1995); itis
interesting to speculate that the poly (U/UC) may perform a similar function in vivo,
targeting NS3-4A helicase activity to the 3’ NCR. Despite these details, the precise
function of the NS3-4A helicase during viral replication remains unknown. One
important clue is that the NS3-4A helicase is genetically linked to NS5A, NS5B,
and the 5" NCR for efficient positive-strand synthesis (Binder et al. 2007b). Thus,
perhaps the HCV helicase is responsible for fraying the double-stranded product of
negative-strand synthesis, revealing a CRE that directs positive-strand synthesis.

At 54-aa, NS4A (8 kDa) is the smallest NS protein. As mentioned, NS4A serves
to anchor the NS3-4A complex to cellular membranes, contributes to the folding of
the serine protease, and stimulates RNA helicase activity. In addition, NS4A plays
an important albeit unclear role in NS5A hyperphosphorylation (described below)
(Kaneko et al. 1994; Koch and Bartenschlager 1999; Lindenbach et al. 2007a).
Mutagenesis of the C-terminal acidic region in NS4A revealed that the efficiency
of RNA replication correlates with NS4A’s ability to mediate NS5SA phosphoryla-
tion (Lindenbach et al. 2007a). Some of these NS4A-mediated replication defects
were suppressed by second-site changes in NS3, indicating additional functional
interactions between these two proteins.

NS4B

NS4B is a small (27 kDa) hydrophobic integral membrane protein that co-
translationally associates with ER membranes via an internal signal sequence and at
least four central transmembrane spanning helices (Hiigle et al. 2001; Lundin et al.
2003; Elazar et al. 2004). Despite the relative hydrophobicity of the protein, the bulk
of NS4B appears to be on the cytoplasmic face of the ER membrane, particularly
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regions at the N- and C-termini, although the topology of the N-terminus remains an
area of debate, and may involve other HCV non-structural proteins, such as NS5A
(Lundin et al. 2003; Elazar et al. 2004; Lundin et al. 2006). NS4B may also be
palmitoylated, which can apparently facilitate its oligomerization (Yu et al. 2006).
For some HCV strains, the central cytoplasmic loop of NS4B apparently encodes
a nucleotide-binding motif and an in vitro GTPase activity has been demonstrated
for this protein (Einav et al. 2004). However the relevance of these observations
remains unclear, as at least one cell culture-adaptive mutation disrupts this motif yet
leads to increased RNA replication (Bartenschlager et al. 2004).

Several studies have implicated NS4B in RNA replication. A number
of cell culture-adaptive mutations have been mapped to NS4B (reviewed in
(Bartenschlager et al. 2004)), and allelic variation within NS4B correlates with RNA
replication efficiency (Blight 2007). One specific role for NS4B may be to serve as
a scaffold for viral replicase assembly. Overexpression of NS4B induces the rear-
rangement of cellular membranes into structures that resemble the sites of RNA
replication (Egger et al. 2002; Gosert et al. 2003) and can trigger ER stress leading
to an unfolded protein response (Zheng et al. 2005). NS4B has recently been shown
to interact with Rab5, a regulator of membrane fusion, as well as other components
of the early endosomal compartment (Stone et al. 2007). NS4B also appears to reg-
ulate the activity of sterol regulatory element binding proteins (SREBPs), major
regulators of lipid metabolism, perhaps for the purpose of membrane synthesis and
reorganization (Lundin et al. 2006).

NS5A

NS5A is a large (56-58 kDa), hydrophilic, RNA-binding phosphoprotein of
unknown function. Yet recent biochemical and genetic experiments have provided
new insights into this enigmatic protein. NS5A is peripherally anchored to intra-
cellular membranes via an N-terminal amphipathic helix (Brass et al. 2002; Penin
et al. 2004a; Sapay et al. 2006; Brass et al. 2007). Deletion or alteration of this helix
leads to a diffuse cytoplasmic localization of NS5A and is lethal for RNA replica-
tion (Elazar et al. 2003; Penin et al. 2004a). Furthermore, other amphipathic viral
membrane anchors cannot substitute for the NS5A membrane anchor, suggesting
that this region likely interacts with other HCV replicase components (Lee et al.
2006; Teterina et al. 20006).

Limited proteolysis of purified NS5A suggests that the remainder of NS5A
folds into three domains separated by two flexible, low complexity sequence blocks
(Tellinghuisen et al. 2004). Domain I contains four conserved cysteines that coor-
dinate a single zinc atom (Tellinghuisen et al. 2004). These residues are essential
for RNA replication, presumably via their structural role in metal ion coordination.
The structure of domain I has been determined by X-ray crystallography, revealing
a novel protein fold for NS5A (Tellinghuisen et al. 2005). One obvious feature of
domain I is a large, basic groove formed by the interface of monomers in the dimeric
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NS5A structure. It is tempting to speculate that this groove might represent the site
of RNA binding to NS5A, although this remains to be experimentally determined
(Huang et al. 2005; Tellinghuisen et al. 2005). Domain I also contains a large, con-
served region on its surface that includes residues involved in NS5B binding and
inhibiting polymerase activity (Shirota et al. 2002). NS5A domains II and III are
poorly conserved and not well characterized. Domain II appears to contain some
alpha helical content but attempts at determining the structure of this domain indi-
cate that it may be natively unfolded (Liang et al. 2006, 2007). Domain III appears
even more plastic than domain II, as this region can tolerate large deletions and
insertions without disrupting RNA replication (Moradpour et al. 2004b; Appel et al.
2005b; Liu et al. 2006; McCormick et al. 2006).

NS5A clearly has an important role in HCV RNA replication. First, a number
of cell culture-adaptive mutations that greatly enhance RNA replication have been
mapped to NS5A (Blight et al. 2000; Lohmann et al. 2001). Conversely, RNA repli-
cation is ablated by a number of mutations in NS5A (Elazar et al. 2003; Penin et al.
2004a; Tellinghuisen et al. 2004; Appel et al. 2005b). Furthermore, NS5A colocal-
izes with other replicase components at the site of active RNA synthesis (Moradpour
et al. 2004b). NS5A is the only HCV NS protein that can be complemented in trans,
suggesting that this protein may be a dynamic component of the replicase that can
enter and exit the replicase throughout the HCV life cycle (Appel et al. 2005a; Tong
and Malcolm 2006).

One of the most striking aspects of NS5A is the correlation between NS5A phos-
phorylation and RNA replication. NS5A exists in basally phosphorylated (56 kDa)
and hyperphosphorylated (58 kDa) forms, based on their mobility in SDS-PAGE
(Kaneko et al. 1994; Tanji et al. 1995). Soon after cell culture-adaptive mutations
were discovered, it was apparent that NS5A mutations that dramatically increase
RNA replication also tend to decrease NS5A hyperphosphorylation, suggesting that
these phosphorylation events may regulate the level of replication (Blight et al.
2000). The relevant basal and hyperphosphorylation acceptor sites have not been
fully defined, but the predominant sites of phosphorylation are likely to be serine
residues (Tanji et al. 1995; Reed et al. 1997; Reed and Rice 1999; Katze et al.
2000; Appel et al. 2005b). Nonetheless, accumulating evidence suggests that basal
phosphorylation primarily targets residues in domains II and III, whereas hyper-
phosphorylation sites cluster in domain I and the low complexity linker between
domains I and II. Residues implicated in basal phosphorylation are not required
for RNA replication (Appel et al. 2005b). Hyperphosphorylation of NS5A requires
the expression of NS3, NS4A, NS4B, and NS5A in cis (Koch and Bartenschlager
1999; Neddermann et al. 1999). While the mechanisms linking NS5A hyperphos-
phorylation and RNA replication remain to be determined, one important clue is that
the NS5A phosphoforms differentially interact with hVAP-A, a SNARE-like vesi-
cle sorting protein that has been implicated in HCV replication (Evans et al. 2004;
Randall et al. 2007).

Perhaps the most compelling data in the area of NS5A phosphorylation and repli-
cation comes from the study of NS5A kinases. One large-scale compound library
screen for small molecules that decrease the hyperphosphorylation of NS5A turned
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up molecules that allow RNA replication to proceed efficiently even in the absence
of adaptive mutations (Neddermann et al. 2004). Some of these compounds likely
block casein kinase 1a (CKla), and genetic silencing of CKIa produces results sim-
ilar to treatment of cells with these inhibitors (Quintavalle et al. 2006). Phosphoryla-
tion of NS5A by CKla requires prior phosphorylation of nearby residues in NS5A,
presumably by one or more additional kinases, indicating that NS5A phosphoryla-
tion is likely to be a cascade of events (Quintavalle et al. 2007). Indeed, a number
of other potential NS5A kinases have been identified, including AKT, casein kinase
IL, p70s6K, MEK, and MKKI1 (see (Huang et al. 2007) for a recent review). Perhaps
the best-characterized potential NS5A kinase activity, after that of CKlo, is casein
kinase II (CKII). A number of biochemical experiments have implicated CKII, or a
related CMGC kinase family member, as a kinase that phosphorylates multiple sites
in NS5A domain III (Reed et al. 1997; Kim et al. 1999; Huang et al. 2004). Despite
progress in identifying NS5A kinases, more work is needed to understand the net-
work of NS5A phosphorylation events and their role in regulating HCV genome
replication.

NS5A has been reported to interact with a large constellation of host proteins
involved in innate immunity, signaling, apoptosis, and lipid trafficking (Macdonald
and Harris 2004). Many of these interactions, although interesting, have no demon-
strated effect on HCV biology. For instance, a recent siRNA screen targeting a
number of published NS5A-interaction partners confirmed only a few essential
interactions (Randall et al. 2007). Nevertheless, some NS5A-interacting host factors
do have an essential role in HCV genome replication. Three recent examples include
FBL-2, FKBP8, and TBC120. The interaction of NS5A with the geranylgeranylated
F-box protein FBL-2 is required for replication of a genotype 1b replicon, and small
molecule inhibitors of geranylgeranylation or siRNA silencing of FBL-2 inhibit(s)
this replicon (Wang et al. 2005). FBL-2, like other F-box proteins, is believed to tar-
get proteins for degradation, although its specific substrates remain to be identified.
NS5A also interacts with FKBP8, an immunophilin that shares similarity with the
cyclophilin family of peptidyl-prolyl cis—trans isomerases (PPIs), although FKBP8
appears to lack PPI activity (Okamoto et al. 2006). Interestingly, FKBPS8 binds to
NS5A as a trimeric complex with the chaperone HSP90 to modulate HCV RNA
replication. The significance of these interactions for HCV protein folding or post-
translational modification is not understood. TBC120 is an NS5A-binding host pro-
tein that is essential for HCV RNA replication (Sklan et al. 2007a, b). This protein
appears to be similar to the Rab GTPase-activating proteins, and like VAP-A, may
play a role in membrane trafficking and reorganization during the HCV life cycle.

NS5B

NS5B (68 kDa) is a central component of the HCV replicase, the RNA-dependent
RNA polymerase (RdRp) that synthesizes all viral RNAs. NS5B was initially pre-
dicted to function as an RNA polymerase based on the presence of the conserved
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GDD motif common to the active site of other polymerases (Choo et al. 1989).
Mutation of this GDD motif abolishes infectivity of HCV transcripts in chimpanzees
and blocks RNA replication in cell culture (Lohmann et al. 1999; Kolykhalov et al.
2000). NS5B is a hydrophilic protein that associates with ER-derived membranes
via a C-terminal hydrophobic tail-anchor that can post-translationally insert into
membranes (Schmidt-Mende et al. 2001; Ivashkina et al. 2002). The NS5B tail-
anchor is required for HCV RNA replication, and its removal leads to nuclear local-
ization of NS5B (Moradpour et al. 2004a), although it can be functionally replaced
by a similar tail-anchor sequence from a poliovirus protein (Lee et al. 2006). Nev-
ertheless, removal of this sequence allows the expression and purification of soluble
NS5B that retains polymerase activity, which has allowed extensive structural and
enzymatic analyses on NS5B (Lohmann et al. 1997; Ferrari et al. 1999).

A number of crystal structures of the soluble, tail-anchor deleted form of NS5B
have been generated (Ago et al. 1999; Bressanelli et al. 1999; Lesburg et al. 1999;
Bressanelli et al. 2002; O'Farrell et al. 2003). These structures have been reviewed
elsewhere in great detail (De Francesco et al. 2003). The overall fold of NS5B is
similar to that of other single chain polymerases, with a classic right-hand topol-
ogy containing distinct palm, finger, and thumb domains. Like other polymerases,
the palm domain of NS5B contains the residues responsible for catalysis, nucleotide
binding, and RNA template coordination. Unlike other polymerases, extensive inter-
actions exist between the finger and thumb domains in NS5B, resulting in a fully
enclosed, preformed active site capable of binding nucleotides without further con-
formational changes. It is thought that this closed form of NS5B may represent the
structure of the polymerase during strand initiation, and that further conformational
changes are required for elongation. More recent structural efforts have captured
an open form of the polymerase in which thumb domain movements disrupt con-
tact with the finger domain, which may represent a processive form of the poly-
merase (Biswal et al. 2005). Another unique feature of the NS5B polymerase is the
presence of a B-hairpin loop near the active site, which may position the 3’-end of
the template in the proper orientation relative to the active site (Hong et al. 2001;
O'Farrell et al. 2003; Ranjith-Kumar et al. 2003; Kim et al. 2005). Once the tem-
plate is properly positioned, the B-hairpin may be displaced from the active site to
allow the large double-stranded RNA product to exit the active site region. Another
unusual feature of NS5B is the presence of a GTP-binding allosteric regulatory site
in the thumb domain (Bressanelli et al. 2002). A structure of NS5B complexed with
non-nucleoside inhibitors suggests the importance of the region of the thumb sub-
domain near this allosteric site in conformational changes required for the transition
of NS5B from the initiation state to an elongation state (O'Farrell et al. 2003). The
residues comprising the GTP-binding site are not required for the in vitro poly-
merase activity of NS5B but are essential for RNA replication in the replicon sys-
tem (Ranjith-Kumar et al. 2003; Cai et al. 2005). Another unusual regulatory feature
observed in the structure of NS5B is a long C-terminal loop that encircles the thumb
domain and inserts in the region of the active site (Lévéque et al. 2003). This loop
decreases the RNA-binding and polymerase activities of NS5B in vitro (Lévéque
et al. 2003; Ranjith-Kumar et al. 2003). It is clear NS5B possesses many features
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that regulate its activity, what remains to be understood is how these features func-
tion dynamically in the context of replication.

The enzymatic activity of NS5B has been extensively studied (see (Lohmann
et al. 2000) for review). Although NS5B is capable of extending annealed RNA and
DNA primers or self-primed “copy back” templates (Behrens et al. 1996; Lohmann
et al. 1997; Al et al. 1998; Yamashita et al. 1998), NS5B most likely uses primer-
independent “de novo” initiation during authentic RNA replication (Luo et al. 2000;
Zhong et al. 2000). A crystal structure of NS5B with bound nucleotides strongly
supports this model, as this structure is similar to the de novo initiation complex of
the bacteriophage phi 6 polymerase (Bressanelli et al. 2002). Furthermore, the afore-
mentioned B-hairpin and C-terminal regulatory loop likely favor de novo initiation
over copy back and primer extension activities by excluding double-stranded tem-
plates (Cheney et al. 2002; Lévéque et al. 2003; Ranjith-Kumar et al. 2003). NS5B
prefers to initiate with a purine residue templated by a free 3’-end, but surprisingly,
initiation can also occur on circular RNA templates, indicating that a free 3’-end is
not absolutely required for de novo initiation (Kao et al. 2000; Ranjith-Kumar and
Kao 2006). Early work with NS5B indicated that it is also capable of adding non-
templated residues to the 3’-end of templates via a terminal transferase-like activity
(Behrens et al. 1996; Ranjith-Kumar et al. 2001; Shim et al. 2002). These find-
ings are controversial, as disparity exists in observing this activity among different
research groups, and it has been suggested that terminal transferase activity may be
a copurifying enzyme from the expression host (Lohmann et al. 1997; Yamashita
et al. 1998; Oh et al. 1999; Kashiwagi et al. 2002). Nevertheless, one group reported
that NS5B terminal transferase activity is dependent on active site residues within
NS5B (Ranjith-Kumar et al. 2001).

In addition to the complexities of regulation that became apparent from NS5B
structures, additional levels of regulation of NS5B exist. NS5B forms oligomers
and exhibits cooperativity in RNA synthesis (Wang et al. 2002), suggesting that
polymerase activity is regulated by homotypic intermolecular interactions. Similar
findings have been made for the poliovirus RARP (Chapter 1). In addition NS5B
polymerase activity is modulated by a number of HCV replicase proteins, includ-
ing NS3, a positive stimulator, and NS4A and NSS5A, both negative regulators
(Piccininni et al. 2002; Shirota et al. 2002). Clearly, the activity of NS5B in the
viral replicase might be quite different from that observed in vitro using purified
NS5B. Additionally, a number of host cell proteins have been shown to interact
with and modify the activity of NS5B. NS5B can be phosphorylated by the cellu-
lar kinase PRK?2, and this modification increases HCV RNA replication (Kim et al.
2004). In addition, NS5B, like NS5A, interacts with vesicle sorting proteins like
hVAP-A and B. The interaction of NS5B with hVAP-B appears to increase poly-
merase stability, and therefore RNA replication (Tu et al. 1999; Gao et al. 2004).
Perhaps the most exciting observation in this area in recent years is the interaction
of NS5B with cyclophilins, another class of PPIs. This interaction was uncovered
when cyclosporin A (CsA) was found to suppress HCV RNA replication in a dose-
dependent manner (Watashi et al. 2003; Nakagawa et al. 2004). It was later found
that CsA disrupts the interaction of NS5B with cyclophilin B, which is required for
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efficient recruitment and replication of HCV RNA (Watashi et al. 2005). HCV repli-
cation is reduced by knockdown of cyclophilin B, or by the non-immunosuppressive
CsA derivative, DEBI0-025 (Nakagawa et al. 2005; Paeshuyse et al. 2006). Thus,
the immunosuppressive activity of CsA is not required for inhibition of replication.
A number of HCV mutants resistant to CsA have been selected, and mapping stud-
ies suggest both NS5B and NS5A may play a role in the inhibitory activities of CsA
(Fernandes et al. 2007; Robida et al. 2007). CsA is not likely to become a widely
used HCV antiviral in the immediate future as this drug is only highly effective in
inhibiting genotype 1b replicons (Ishii et al. 2006).

Membrane Alterations

Like all positive-strand RNA viruses, HCV genome replication is membrane asso-
ciated. HCV replication occurs within a dense cluster of perinuclear vesicles often
referred to as the “membranous web” (Fig. 4.4A) (Egger et al. 2002). The source of
these membranes is likely to be the ER or a closely related compartment (reviewed
in (Bartenschlager et al. 2004)) and can be induced by expressing NS4B (Egger
et al. 2002). The membranous web has been positively identified as the site of HCV
synthesis RNA through metabolic labeling of nascent RNAs and colocalization of
viral replicase components (Gosert et al. 2003; Moradpour et al. 2004b). Biochem-
ical analysis of membrane fractions from HCV replicon-bearing cells indicate that
RdRP activity is protected from nuclease and protease digestion within a detergent-
sensitive compartment (Miyanari et al. 2003; Aizaki et al. 2004; Yang et al. 2004;
Quinkert et al. 2005). Thus, it is thought that HCV replication occurs within these
vesicles (Fig. 4.4B). This model is in agreement with studies on numerous other
positive-strand RNA viruses. Recent biophysical studies on the Flock House virus

NS3-5B cytoplasm

Fig. 4.4 Membrane interactions of HCV. A. An illustration of HCV-induced membrane rear-
rangements, as interpreted by the authors from an electron micrograph published by Gosert
et al. (2003). N, nucleus; ER, endoplasmic reticulum; MW, membranous web; M, mitochondrion.
B. A model for the HCV replicase within a spherule.
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replicase indicated that these “spherules” are invaginations lined with viral repli-
case proteins, contain a single negative-strand intermediate and only a few positive
strands, and retain communication with the cytosol via a thin neck (Kopek et al.
2007). It has been further suggested that these structures bear structural and func-
tional homology to incompletely budded retrovirus particles or icosahedral, double-
stranded RNA virus particles (Schwartz et al. 2002).

HCYV replication induces genes involved in lipid metabolism, including ATP cit-
rate lyase and acetyl-CoA synthetase (Su et al. 2002; Kapadia and Chisari 2005).
Thus, membrane proliferation is likely to be required for membranous web for-
mation and replicase assembly. Indeed, HCV replication is stimulated by saturated
and monounsaturated fatty acids and inhibited by polyunsaturated fatty acids or
inhibitors of lipid synthesis (Kapadia and Chisari 2005). The role of cholesterol in
this process remains obscured by the fact that for genotype 1b replicons, RNA repli-
cation is dependent on the mevalonate biosynthetic pathway, most likely for the
geranylgeranylation of the NS5A-interacting protein FBL2 (Ye et al. 2003; Kapadia
and Chisari 2005; Wang et al. 2005). Nevertheless, extraction of cellular choles-
terol with methyl-B-cyclodextrin — a crude method to be sure — had only a mod-
est effect on HCV genome replication (Aizaki et al. 2004; Kapadia et al. 2007).
Thus, the role of cholesterol in HCV replicase function remains unclear, and it
would be interesting to reassess this in the context of a replicon that is not reliant
on FBL2.

Mechanisms of RNA Replication

As for all positive-strand viruses, the flow of genetic information is relatively
straightforward: the positive-strand genomic RNA is used to make a negative-strand
RNA intermediate, which then serves as a template for synthesizing new positive
strands (Fig. 4.5). However this model is deceptively simple, as there are multi-
ple levels of regulation controlling this process, and the mechanisms of HCV RNA
replication are only beginning to be understood. The complexity of intracellular
events associated with HCV infection is staggering, with the viral genome serving
as an mRNA for translation of viral proteins, as a template for RNA replication,
and as carrier of genetic information within progeny virions. Clearly, the trafficking
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of viral RNA between these processes must be regulated to avoid conflicts. For
instance, it seems unlikely that the viral genome can be simultaneously used as a
substrate for translation, with ribosomes moving down the genome in the 5’ to 3’
direction, and as a template for negative-strand synthesis, with the viral replicase
copying the RNA in the 3’ to 5" direction. Thus, it is clear that all of the steps in the
viral life cycle are highly coordinated.

By simple and elegant methods of quantitation, Quinkert et al. (2005) determined
that each HCV replicon-bearing cell contains about 1,000 positive-strand RNAs,
100 negative strands, and about 1,000,000 copies of each viral protein. Thus, the
viral genome serves as a template for translation far more often than as a tem-
plate for RNA replication. An excess of viral structural proteins makes sense, as
the formation of nascent virus particles will likely require at least 180 copies of
each structural protein for each positive-strand RNA that is packaged (assuming
a T=3 particle). Given that they are derived from a single polyprotein precursor,
HCV NS proteins must be generated in a roughly equimolar amount as the viral
structural proteins. The function of excess NS proteins is not yet clear, as only a
small fraction of them are sequestered within the membrane-bound replicase at any
given time (Miyanari et al. 2003; Quinkert et al. 2005). As described below, there
is increasing evidence that some of the HCV NS proteins have gained additional,
non-replicative activities such as to manipulate the innate antiviral response and
cell-signaling pathways.

As alluded to earlier, the HCV genome must be recruited out of translation
and into a membrane-bound replicase. The signals controlling this transition are
not yet fully understood, although a number of important clues have recently
emerged. Based on what is known about the picornaviruses (Chapter 1), this
switch likely involves the 5 and 3’ NCRs, which function in both translation
and replication. As mentioned previously, HCV RNA replication requires miR-
122 binding to the 5 NCR (Jopling et al. 2005). This is particularly interesting
given that (1) miRNAs can reduce translation of cellular mRNAs by seques-
tering them within specialized cytoplasmic processing “P” bodies (reviewed in
(Parker and Sheth 2007)); and (2) P-bodies appear to recruit the genome of
brome mosaic virus, another positive-strand RNA virus (Chapter 5), out of trans-
lation and into replication (Beckham et al. 2007). Thus, it is tempting to spec-
ulate that the binding of miRNA-122 to the HCV genome may regulate the
switch from genome translation to RNA replication. In line with this model,
cellular mRNAs targeted by miRNA-122 are translationally silenced and tar-
geted to P-bodies; this silencing is derepressed by the cellular protein HuR
(Bhattacharyya et al. 2006). Interestingly, HuR binds to the positive- and negative-
stranded forms of the HCV genome, and is required for the replication cycle
of HCV (Spangberg et al. 2000; Randall et al. 2007). It will be interesting
indeed to see whether miRNA-122 and HuR are relevant to the utilization of
HCV genomes in translation vs. replication. Another seemingly important clue
is that the polypyrimidine tract binding protein (PTB) binds to both the 5 NCR
and core-coding region of the HCV RNA, where it modulates translation from
the viral IRES, and to the 3’ NCR where it may suppress RNA replication
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(Tsuchihara et al. 1997; Ito and Lai 1999; Anwar et al. 2000; Tischendorf et al.
2004). In addition, it is interesting to note that the polycytidine-binding pro-
tein 2 (PCBP-2) binds to the HCV 5 NCR (Spangberg and Schwartz 1999;
Fukushi et al. 2001); during poliovirus replication, this protein interacts with the
viral 5 NCR and RdRP to control the switch between translation and replication
(Chapter 1).

Once HCV RNA has been recruited into the replicase, RNA synthesis presum-
ably begins (Fig. 4.5). Aside from what has been learned regarding strand initiation
and elongation with purified NS5B polymerase in vitro, little is known about this
process. Membrane extracts from HCV replicon-bearing cells have been used to
study replicase-associated RARP activity, but these reactions only appear to involve
strand elongation and not initiation on new templates (Ali et al. 2002; Hardy et al.
2003; Lai et al. 2003; Aizaki et al. 2004; Yang et al. 2004; Quinkert et al. 2005).
Since all of the viral genetic material must be copied during each replication cycle,
it is thought that negative-strand synthesis must begin via a primer-independent de
novo initiation event. As mentioned earlier, the 3’-end of the HCV genome is folded
in a stable stem-loop structure. When the authentic 3’-end of the HCV genome is
used as a template for de novo initiation in an in vitro reaction, only internal ini-
tiation products (i.e., 5" truncated negative strands) are generated (Kao et al. 2000;
Oh et al. 2000; Sun et al. 2000; Kim et al. 2002a). However the addition of a few
unpaired nts to the 3’-end allows template-length negative strands to be synthesized
(Oh et al. 2000). Thus, perhaps NS3-4A RNA helicase is needed to unwind the
3’X SL1 to allow authentic initiation. Alternatively, it has been suggested that the
NS5B terminal transferase activity provides these unpaired 3’-ends (Ranjith-Kumar
et al. 2001). It remains unclear how these extensions would be subsequently
resolved.

Once the negative-strand RNA is synthesized it remains associated with the
positive-strand RNA, either in partially double-stranded replicative intermediates
(RI) or fully double-stranded replicate forms (RF) (Fig. 4.5) (Ali et al. 2002). The
negative-strand RNA then serves as a template to direct the synthesis of multiple
positive strands, leading to asymmetry in RNA synthesis, with approximately ten
positive strands generated for each minus strand (Lanford et al. 1995; Lohmann
et al. 1999; Miyanari et al. 2003; Aizaki et al. 2004; Ranjith-Kumar et al. 2004).
How this asymmetry is regulated remains unknown, but likely involves CREs,
the composition of the viral replicase, or the differential processivity of the repli-
case on different templates. Recent studies with chimeric replicons have suggested
that genotype-specific contacts required for efficient negative-strand synthesis are
made between the 3'X tail and the NS5B polymerase, whereas genotype-specific
positive-strand synthesis likely utilizes a CRE on the 3’-end of the negative-strand
RNA (i.e., the reverse complement of the 5 NCR) and requires NS3, NS5A, and
NS5B (Binder et al. 2007b). These data provide the first evidence of differen-
tial requirements of replicase proteins for replication at the 5'- and 3’-end of the
genome, and as such, may be important clues for the regulation of strand synthesis
asymmetry.
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Cellular Response to Infection

As with all viruses that are capable of establishing persistent infections, HCV must
face the innate antiviral response of the host cell. It is thought that cells recognize
and respond to the unusual features of viral genomes, such as double-stranded RNAs
or RNAs lacking a 5'-methylated cap (Hornung et al. 2006: Pichlmair, 2006 #1699).
Identifying how HCV manages to deal with this response has been an area of intense
investigation for many years.

Much of the early work in this area was focused on the NS5A protein and its
role in interferon resistance via interaction with PKR, a double-stranded RNA sen-
sor (see (Tan and Katze 2001) for review). A region in NS5A, termed the interferon
sensitivity-determining region (ISDR), was found to possess a high mutation rate in
clinical samples, which weakly correlated with sensitivity to IFN therapy (Enomoto
et al. 1995, 1996). Furthermore, the NS5A ISDR was shown to bind PKR and
inhibit the [FN-induced activity of PKR on downstream targets, most notably elF2a,
thereby counteracting the antiviral effects of PKR (Gale et al. 1997, 1998a, b). Yet
the significance of the ISDR is an area of debate, with some groups showing no
relationship between ISDR and IFN response in patients (Pawlotsky 1999). Further-
more, deletion or mutation of the ISDR does not affect the IFN sensitivity of HCV
replicons, suggesting this sequence does not play a direct role in IFN response in
cell culture (Blight et al. 2000; Liu et al. 2006). In addition, NS5SA has been shown
to induce interleukin-8, which antagonizes the antiviral effects of IFN (Polyak et al.
2001). Although none of these reported NS5A activities seem to be the major mech-
anism by which HCV escapes antiviral defenses, it is possible that they act synergis-
tically in the context of an authentic infection and modulate IFN sensitivity. Indeed,
the ability of NS5A to manipulate many host-signaling pathways and interact with
a diverse range of host-signaling molecules, few of which have a dramatic effect on
virus replication, may collectively represent clues toward the overall manipulation
of the host cell by HCV (see (Macdonald and Harris 2004) for review).

More recently the focus has shifted to the role of the NS3-4A complex in cir-
cumventing innate antiviral defenses. NS3-4A antagonizes at least two key innate
antiviral defenses by short-circuiting the transduction of the viral RNA-sensing sig-
nals of the retinoic acid inducible gene-I (RIG-I) helicase and the Toll-like receptor-
3 (TLR3) systems (see (Johnson and Gale 2006) for review). In the manipulation of
both pathways, the NS3-4A protease cleaves key adapter proteins that are required
for effective signal transduction to IRF-3 and NF-«B, important transcription fac-
tors for the innate immune response. NS3-4A manipulates the TLR3 pathway by
cleaving an adapter molecule, TRIF, required for the activation of IRF-3 and NF-«B
in response to extracellular forms of double-stranded RNA (Ferreon et al. 2005;
Li et al. 2005a). In the case of the RIG-I pathway, the NS3-4A protease cleaves a
CARD domain-containing adapter protein designated IPS-1 (also known as Cardif,
MAVS, and VISA) (Li et al. 2005b; Meylan et al. 2005). IPS-1 is an outer mito-
chondrial protein responsible for transducing signals from both RIG-I and another
viral RNA-sensing helicase, MDAS, to IRF-3 and NF-« B. Cleavage of IPS-1 blocks
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the induction of gene transcription in response to cytoplasmic RNAs, allowing the
virus to escape from this potent antiviral pathway (Breiman et al. 2005; Foy et al.
2005; Karayiannis 2005). Further evidence that RIG-I limits HCV replication is the
observation that the Huh-7.5 hepatoma cell line, a clone of Huh-7 cells that is highly
permissive for HCV RNA replication, expresses a dominant negative form of RIG-I
(Sumpter et al. 2005). Nevertheless, the relative importance of the RIG-I pathway in
mediating Huh-7.5 permissiveness has been questioned by at least one other group
(Binder et al. 2007a), so it seems likely that the picture is not yet complete.
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Chapter 5
Brome Mosaic Virus RNA Replication
and Transcription

Guanghui Yi and C. Cheng Kao

Introduction

Brome mosaic virus (BMV) was first isolated in 1942 from bromegrass (Bromus
inermis) and has since been documented to infect several monocot and dicot species
studied in the laboratory. The impact of BMV, however, is not so much as a plant
pathogen, but as a model for in-depth studies of the infection process of positive-
stranded RNA viruses. As such, BMV is responsible for several firsts. (1) BMV was
among the first to be translated using a cell-free system (Shih and Kaesberg, 1973),
allowing studies of cap-dependent translation. (2) The BMV genome was one of
the first RNA viruses for which the entire sequence was determined (Ahlquist et al.,
1981, 1984a). (3) BMV was the first plant virus to be regenerated from transcripts
derived from infectious cDNAs (Ahlquist and Janda, 1984; Ahlquist et al., 1984Db).
(4) The BMV replicase could be produced from membranes of infected plants and
accept exogenously supplied transcripts for RNA synthesis, enabling the dissec-
tion of the mechanism of viral RNA synthesis (Hardy et al., 1979). (5) Recombi-
nant BMV proteins were first demonstrated to direct replication and transcription
of BMV RNA replicons in Saccharomyces cerevisiae (Janda and Ahlquist, 1993),
allowing in-depth probing of the requirements of the host.

With regard to RNA replication, the topic of this chapter, extensive effort has
been focused on the characterization of the cis-acting sequences, the identification
of the host proteins, the assembly of the replicase, and the mechanism of RNA-
dependent RNA synthesis. After an introduction in the basics of BMV molecular
biology, this chapter will emphasize progress in these areas.
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BMYV RNAs and Replication Proteins

BMYV belongs to Bromoviridae family, member of the alphavirus-like superfam-
ily of animal- and plant-infecting viruses. The BMV genome is composed of three
mRNA-sense RNAs that are encapsidated separately, named RNA1, RNA2, and
RNA3 (Fig. 5.1). RNA1 and RNA2 are monocistronic and encode replication-
associated proteins la and 2a, respectively. RNA3 is dicistronic and encodes the
movement protein 3a and the capsid protein. The capsid protein is translated from a
subgenome-length RNA named RNA4 (Fig. 5.1B).

The 5’ untranslated regions (UTRs) of BMV RNA1 and RNA2 share the con-
served motif of the TYC loop of tRNA, named box B, which is also found in the
RNAs of other bromoviruses (Dzianott and Bujarski, 1991; Romero et al., 1991;
Ahlquist, 1992). In BMV RNA3, the box B is located in the intercistronic regulatory
region between the movement protein and the capsid coding sequence. In addition,
the intercistronic region contains an 18-21 nucleotide oligo(A) tract, a replication
enhancer and subgenomic promoter (Ahlquist et al., 1981; French and Ahlquist,
1987; Adkins et al., 1997; Fig. 5.1B). The 3’'UTRs of all three BMV RNAs lack a
poly(A) tail, but contain a highly conserved and tRNA-like structure, as determined
by enzymatic probing and computer modeling (Perret et al., 1989; Rietveld et al.,
1983; Felden et al., 1994, 1996).

The replication scheme used by BMV is fairly typical for a plus-strand RNA
virus (Fig. 5.1C). After entry into the cell and translation from the BMV RNAs, the
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Fig. 5.1 Basic information on BMV. (A) Structures of the BMV virion; each virion packages
one genomic RNA. The images are reconstructed from negative-stained BMV particles using the
EMAN software (Sun et al., 2007). (B) Schematics of the BMV genomic RNAs, the subgenomic
RNAA4, and the functions encoded by each RNA. The cloverleaf denotes a tRNA-like structure
present at the 3" terminus of all BMV positive-strand RNAs. (C) Schematic of the BMV replication
and transcription mechanism. The locations of the core promoters are in red. The BMV replicase
is shown as a green ball and its direction of movement is denoted with an arrow.
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la and 2a protiens and unidentified cellular factors form the BMV replicase. The
complex assembles in plant cellular membranes and will bind specifically to the
BMYV genomic plus-strand RNAs to first synthesize a complementary minus-strand
RNA, which then serves as the template for genomic plus-strand RNA synthesis
(Fig. 5.1C). The minus-strand RNA3 can also direct subgenomic RNA4 synthesis.
RNAA4 thus provides a simple means to allow RNA3 to be a dicistronic RNA without
breaking rules for cap-dependent translation of both the movement and capsid pro-
teins. Many of the requirements for BMV RNA replication and transcription have
been elucidated.

la and 2a are central players in BMV RNA synthesis. Cells transfected with
only RNA1 and RNA?2 can replicate in the absence of RNA3 or RNA4 transcription
(Gopinath et al., 2005; Annamalai and Rao, 2005; French and Ahlquist, 1987). Thus,
the movement and the capsid proteins encoded by BMV RNA3 are not essential
parts of the BMV replicase. However, the normal accumulation of molar excesses
of BMV plus-strand RNAs relative to the minus-strand RNAs is not observed in the
absence of RNA3 (Marsh et al., 1991; Gopinath et al., 2005).

BMYV la is a multifunctional protein. The N-terminal portion of 1a has a pre-
dicted secondary structure that is highly similar to known DNA and RNA methyl-
transferases, while the C-terminal portion contains helicase-like motifs (Ahlquist
et al., 1985; Ahola and Ahlquist, 1999; O’Reilly et al., 1998). The N-terminal 516
residues have been demonstrated to have RNA capping-associated activities, includ-
ing the ability to form a covalent complex and methylate a guanine nucleotide at the
N7 position (Ahola and Ahlquist, 1999; Kong et al., 1999). RNA helicase activity
of 1a has not been demonstrated biochemically. However, the C-terminal 424-961
amino acids of la, including the NTPase/hel domain, has ATPase activity (Wang
et al., 2005). Mutations in both parts of the 1a protein have led to defects in BMV
RNA replication.

The BMV 2a protein is an RNA-dependent RNA polymerase. 2a has a large
central domain that contains all the hallmark motifs of an RNA-dependent RNA
polymerase, flanked by less conserved N- and C-termini (O’Reilly and Kao, 1998;
Traynor et al., 1991). The N-terminal domain of 2a interacts with the la protein
while the C-terminal domain is dispensable for replication in protoplasts (Traynor
etal., 1991). Recombinant 2a protein has recently been demonstrated to direct RNA
synthesis in vitro (Wierzchoslawski and Bujarski, 2006). As with most recombinant
viral RdRps, the most robust activity of 2a is in extending from a primed template.
This does not mean that primer extension is the preferred mechanism of initiation
by 2a, however. In fact, positive-strand BMV RNAs are capped, and the substrate
for the capping reaction is a de novo initiated RNA (Kao et al., 2001).

There is abundant evidence that the BMV la and 2a proteins function by forming
a complex. A complex is observed when la and 2a are expressed in rabbit reticu-
locytes (Kao et al., 1992; Kao and Ahlquist, 1992) and in yeast in the form of the
two-hybrid assay (O’Reilly et al., 1997). 1a and 2a also co-purified with enzymat-
ically active BMV replicase (Quadt et al., 1988) and are co-localized in the endo-
plasmic reticulum of plant cells, the site of BMV RNA synthesis (Restrepo-Hartwig
and Ahlquist, 1996, 1999).
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The interaction between la and 2a is species specific, as determined by examin-
ing the replication of homologous and heterologous combinations of BMV 1la and
2a and the orthologs from the closely related bromovirus, cowpea chlorotic mottle
virus (Dinant et al., 1993; O’Reilly et al., 1995, 1997). Attempts to overexpress the
la protein from the 35S Cauliflower Mosaic virus promoter can lead to the inhi-
bition of both la and 2a expression in Nicotiana benthamiana. The inhibition acts
through box B in the 5" untranslated region of BMV RNA1 and RNA2. RNA3 is not
regulated by 1a since it lacks a box B in its 5UTR (Gopinath et al., 2005; Yi et al.,
2007). These results suggest that there are mechanisms in place for BMV to regu-
late the translation of the replication proteins and that unregulated production may
be detrimental to efficient BMV infection, perhaps through innate host responses.

Properties of the BMV Replicase

Viral nucleic acids are targets for the host innate defense systems (Meylan and
Tshopp, 2006). Hence, it is likely that the process of viral RNA replication will
include a number of mechanisms that are in place to prevent recognition by
the host. For example, double-stranded RNA viruses, minus-sense RNA viruses,
and retroviruses replicate within some form of the viral particles, the site where
replication-associated enzymes have been cached (Jayaram et al., 2004). However,
positive-stranded RNA viruses, due to the need for translation to precede replication,
must expose their RNA. To accommodate this exposure as well to protect the viral
genome, RNAs are redirected to cellular membranes once the replication proteins
are available.

Indeed, for all the positive-strand RNA viruses, RNA replication is associated
with intracellular membranes (Schaad et al., 1997). BMV RNA replication occurs
on the perinuclear region of the endoplasmic reticulum (ER), both in its natural
plant host and in the surrogate host S. cerevisiae (Restrepo-Hartwig and Ahlquist,
1996, 1999). The replication protein la is the primary viral protein determinant
for the subcellular localization of the BMV replication complex (Fig. 5.2). la can
localize to the cytoplasmic face of ER membranes in the absence of other viral fac-
tors and induces spherules serving as replication compartments sequestering viral
positive-strand RNA templates in a nuclease-resistant, detergent-susceptible state
(Restrepo-Hartwig and Ahlquist, 1999; Schwartz et al., 2002). Membrane flotation
gradient analysis with wild type la and deletion mutants showed that the sequences
in the N-terminal RNA capping domain of 1a mediate membrane association (den
boon et al., 2001). In the absence of 1a, 2a is present in the cytoplasm in diffused
distribution or in punctate spots that are not apparently associated with cytoplas-
mic organelles. Thus 1a appears to bring 2a into the membrane-associated replicase
complex. Indeed, the interaction between the N-terminus of 2a and the C-terminal
helicase-like domain of 1a leads to the formation of double-membrane layers (Chen
and Ahlquist, 2000). The expression level of 2a polymerase can also modulate 1a-
induced membrane rearrangements (Schwartz et al., 2004). Using monoclonal anti-
bodies raised against the 1a and 2a proteins, it was shown that the region between



5 Brome Mosaic Virus RNA Replication and Transcription 93

b
5 capBiI la ]QF UGA Au
D, l Translation UGCC!U
N l Complex formation? GC
5' capil la Iﬁ B |b|
0X

Membrane targeting
and invagination

RS 1] o Su——
~r la chaperones 2a
1o form replication-

competent structure

Fig. 5.2 A schematic for the assembly of the BMV replicase. The 1a protein is represented as a
sectored circle. This complex could involve l1a—1a interaction and/or binding to cellular proteins.
The 2a protein is shown as an open oval with thick lines denoting the N- and C-terminal domains.
The inset shows the sequence of the Box B, which is identical in RNA1 and RNA2. For RNA3,
there is a conserved change of the seventh residue in the loop from a C to a U.

the N-terminal methyltransferase domain and the C-terminal helicase-like domain
of la and the N-terminus region of 2a protein are exposed on the surface of the
solubilized replicase complex. (Dohi et al., 2002).

The capping domain and NTPase/helicase-like domain of 1a contribute to RNA
templates recruitment in the formation of the BMV replicase. Mutations in the cap-
ping enzyme active site cause defects in template recruitment, negative-strand RNA
synthesis (Ahola et al., 2000). Mutations in the helicase motifs in the la protein
severely inhibited RNA replication and reduced the stability of RNA3, although
they did not affect 1a accumulation, localization to perinuclear ER membranes, or
recruitment of 2a polymerase (Wang et al., 2005).

The replicase must specifically recognize the viral RNAs. This interaction has
been partially elucidated using the yeast system. The 1a replication protein has been
demonstrated to recognize the BMV genomic RNA2 and RNA3 through the box B,
then recruit the RNAs from translation to replication. RNA1 is likely recognized in
a manner similar to RNA2, as they share an identical box B RNA in their 5’UTRs.
In the absence of 2a, 1a can induce the association of RNA2 or RNA3 with cellular
membrane by the intercistronic sequence (Janda and Ahlquist, 1998; Sullivan and
Ahlquist, 1999; Schwartz et al., 2002). The RNA2 5'UTR was sufficient to confer
la-induced membrane association although sequences in the N-terminal region of
the 2a open reading frame could enhance la responsiveness (Chen et al., 2001).
In addition to recruitment of the RNA presumably through binding the box B, la
can also recruit RNA2 through its interaction with the N-terminal portion of 2a,
presumably when the 2a is being translated from RNA2 (Chen et al., 2003).

The viral RNA is an active participant in the assembly of replicase com-
plex. In yeast, coexpression of BMV RNA3 was required for functional BMV
RNA-dependent RNA polymerase activity (Quadt et al., 1995). Deletion analysis
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showed that the tRNA-like 3’'UTR and the intercistronic region are minimally
required for in vivo formation of functional RNA-dependent RNA polymerase. This
RNA may contribute by recruiting essential host factors to participate in replicase
assembly (Quadt et al., 1995). The mechanism of replicase assembly in BMV RNA1
and RNA2 may differ from that of RNA3, since they lack the intercistronic region.
Once assembled, the functional BMV replicase does not need to contain RNA, as the
RNA is not present in biochemically active preparations of the BMV replicase (Sun
etal., 1996), suggesting that once the replicase assembles, a functional complex can
be maintained through protein—protein or protein—-membrane interaction.

In yeast, the 1a protein can significantly increase the stability of BMV RNA3 by
binding to the intercistronic region of RNA3 (Janda and Ahlquist, 1998; Sullivan
and Ahlquist, 1999). This requirement is not observed in N. benthamiana or bar-
ley protoplasts (Gopinath et al., 2005), indicating either that the replicases formed
in yeast and plants have distinct properties or that the host degradation pathways
have different access to the RNA in plants and in yeast. While this may seem
counter-intuitive at first glance, an emerging theme in virus replication is that the
virus is far more adaptable than one may expect. For example, flock house virus,
a positive-stranded virus of insect cells, was found to replicate perfectly well in
two distinct membrane locations when the membrane targeting signal sequence was
altered (Miller et al., 2003).

BMYV RNA Motifs and the Modes of RNA Replication
and Transcription

Efficient viral RNA synthesis requires specific and coordinated interactions between
the template RNA and the viral replicase, a membrane-associated complex of viral
replication proteins and host-encoded factors (Kao et al., 2001; Lai, 1998). The
recognition is likely to be quite complex because an RNA virus not only will express
different classes of RNAs [i.e., genomic plus-strand RNA, genomic minus-strand
RNA, and possibly subgenomic RNA(s)], but will do so at regulated levels and
times (Buck, 1996).

Using a combination of approaches, including genetic analysis in plant
protoplasts and a template-specific BMV replicase that can be extracted from BMV-
infected plants, the sequences and motifs that can efficiently direct BMV RNA syn-
thesis have been identified (Choi et al., 2004). The replicase-binding sequences are
called ‘core promoters’ since they can bind the BMV replicase and direct the initi-
ation of RNA synthesis. As is the case with core promoters for transcription from
DNA templates, the viral core promoters direct a basal level of RNA synthesis that
can be modulated by positive- and negative-acting sequences (Lai, 1998).

Genomic Minus-Strand Promoter

The promoter for minus-strand RNA synthesis is within the tRNA-like 3’ sequence
(Dreher and Hall, 1988a,b). These secondary structures interact with each other to
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Fig. 5.3 A summary of the locations and relevant features of the three classes of BMV core pro-
moters. (A) The locations of the replicase-binding RNA sequences within positive- and negative-
strand BMV RNAs. (B) Structure of the clamped adenine motif of BMV RNA that directs the initi-
ation of BMV minus-strand RNA synthesis. The lower structure denotes the approximate structure
of the tRNA-like structure with SLC in red. The upper structure was determined by NMR and
shows the essential features that contribute to the formation of a clamped adenine motif. (C) The
core promoter for genomic plus-strand RNA synthesis. A conserved sequence complementary to
the Box B that contains a CCAA motif is highlighted. The conservation of the CCAA sequence
in related members of the Bromoviridae is listed along with the NMR-derived secondary struc-
ture of the RNA that can direct genomic plus-strand RNA synthesis. The nontemplated nucleotide
required for genomic plus-strand RNA synthesis is in a lower case “g”. (D) A summary of the
essential residues for replicase binding in the BMV subgenomic promoter The critical residues are
in outlined letters. The sequence can fold into a quasi-stable hairpin in both BMV and the related
virus, CCMV (cowpea chlorotic mottle virus).

contribute to mimicry of the tRNA-like tertiary structure needed for aminoacylation
of the 3’ termini of BMV and CMV RNAs (Fig. 5.3B; Felden et al., 1993; Giege’
1996). A notable exception to the tRNA-like tertiary structure is a complex stem-
loop named SLC. Mutations in SLC can severely reduce BMV and CMV replication
in protoplasts (Dreher and Hall, 1988a; Rao and Hall, 1993) and SLC was sufficient
to interact with the BMV replicase in vitro in the absence of the remainder of the
tRNA-like sequence. SLC fused to the 3’ terminal 8 nt of the 3’-terminus of the
tRNA-like sequence resulted in an RNA that could direct RNA synthesis in vitro
(Fig. 5.3; Chapman and Kao, 1999). Mutations to SLC+8 that decreased BMV RNA
replication in vivo have parallel effects on RNA synthesis in vitro (Chapman and
Kao, 1999).

The solution structure of the BMV SLC was determined by NMR spectroscopy
and found to be composed of two stems, separated by a flexible internal bulge
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(Fig. 5.3B). The bulged portion of the RNA was dynamic (Kim et al., 2000). Related
viruses also possess a bulged sequence, suggesting that a dynamic motif here in the
bulge may be preferred for viral RNA replication. The terminal stem contains a
tri-nucleotide loop (5’AUA3’) that is specifically required for interaction with the
replicase (Kim et al., 2000). The tri-loop was found to fold into a highly ordered
structure called a clamped adenine motif (CAM), with the 5'-most adenine of the
tri-loop projected into the solution, primarily due to the base stacking interactions
between the 3’-most adenine and the stem-closing C-G base pair (red nucleotides,
Fig. 5.3B; Kim et al., 2000). A network of electrostatic interactions also stabilizes
the solution-exposed 5’-adenine. Variations of the terminal loop nucleotides that
were unable to form a CAM failed to direct efficient RNA synthesis by the BMV
replicase (Kim and Tinoco, 2001).

A change of the 3’-most adenine of the tri-loop (5’ AUA3’) to a guanine (5" AUG
3’) resulted in wild-type levels of RNA synthesis. This change should disrupt the
normal CAM. However, when the solution structure of an RNA containing the
S'AUG3’ tri-loop (the mutated nucleotide is underlined) was solved using NMR,
it was found to form a dramatically altered structure that still retained a solution-
exposed and clamped adenine (Kim and Kao, 2001). These studies reveal the fea-
tures in the RNA core promoter required for recognition by the BMV replicase for
minus-strand RNA synthesis in vitro and in vivo.

Genomic Plus-Strand Promoter

BMYV genomic plus-strand RNA synthesis in vitro required an adjacent stem-loop
with a short single-stranded sequence with nontemplated 3’ nucleotide (Fig. 5.3C;
Sivakumaran and Kao, 1999; Sivakumaran et al., 1999). The replication of the related
CMYV satellite RNA also requires a nontemplated nucleotide (Wu and Kaper, 1994).
Nontemplated nucleotide addition is a common property of cellular and viral poly-
merases (Kumar et al., 2001; Siegel et al., 1997). Therefore, the addition to BMV
minus-strand RNA might be by the BMV replicase or a cellular enzyme. Further-
more, since the initiation of minus-strand RNA synthesis occurs from the penulti-
mate nucleotide (Miller et al., 1986; Sun et al., 1996), the requirement may reflect
a structural requirement for the BMV polymerase. In the ternary structure of the
RdRp from bacteriophage ¢6, anontemplated nucleotide was required to allow proper
contact between the active site and the initiation nucleotide (Bamford et al., 2005).
In addition to the 3’ initiation cytidylate, a highly conserved ca. 9 nt sequence
called the c¢B box exists at the 5'-end of the BMV genomic core promoter from
RNA1 and RNAZ2 (Fig. 5.3C). The ¢B box is found in RNA1 and RNA?2 of all of the
Bromoviridae except for most ilarviruses and the alfalfa mosaic virus (Sivakumaran
and Kao, 2000). The c¢B box is complementary to the Box B that is required for
replicase assembly (French and Ahlquist, 1987; Marsh and Hall, 1987; Pogue and
Hall, 1992; Chen et al., 2003). In positive-strand BMV RNAs, box B is usually posi-
tioned upstream of the protein-coding sequence and interacts with the 1a protein in
a way that increases the stability of the RNA (Sullivan and Ahlquist, 1999). The cB
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box appears to be required in a position-specific manner; moving it one nucleotide
closer to the 3’ initiation site severely reduced RNA synthesis (Sivakumaran et al.,
2000). However, moving the ¢cB box one nucleotide 5’ of its original position was
less detrimental to RNA synthesis (Sivakumaran et al., 2000), indicating that some
flexibility in the RNA can be used to correctly position box B relative to the replicase
subunits.

The synthesis of RNA3 from BMV genomic RNA3 may be different than for
other genomic RNAs. For BMV RNA3, the cB box exists in the intercistronic
region, over a kilobase from the initiation site for genomic plus-strand RNA syn-
thesis. Since RNA3 is replicated in trans by the viral replicase, it is possible that
RNAs that do not encode a subunit of the replicase have different replicase recog-
nition requirements than RNAs that can be translated to provide a subunit of the
replicase.

Subgenomic Promoter

A 20 nt 3’ of the initiation cytidylate for BMV RNA4 is sufficient for an accurate
initiation of RNA synthesis in vitro (Adkins et al., 1997). Additional sequences 3’
of the core promoter does affect RNA synthesis (Adkins et al., 1997; French and
Ahlquist, 1988; Marsh et al., 1988), but does not influence the selection of the ini-
tiation site. Single-nucleotide changes identified that positions —11, —13, —14, and
—17 relative to the +1 initiation cytidylate were required for efficient RNA synthe-
sis (Fig. 5.3D). While some other positions within this 20 nt sequence also con-
tributed to the level of RNA synthesis, changes at these four positions decreased
RNA synthesis by up to 10-fold (Siegel et al., 1997) (Fig. 5.3D). These results
suggest that the BMV subgenomic core promoter may be recognized in an RNA
sequence-dependent manner, a mechanism similar to the recognition of DNA pro-
moters by DNA-dependent RNA polymerases (Adkins et al., 1998). Consistent
with this, RNAs containing nucleotide analogues at these four positions, some of
which should retain normal base pairing potential of these nucleotides, significantly
decreased RNA synthesis (Siegel et al., 1998). Moieties in these nucleotides of the
BMYV core promoter are specifically required for RNA synthesis in vitro.

Haasnoot and colleagues proposed that a stable secondary structure exist in the
core promoter (Haasnoot et al., 2000). This structure is not required for RNA synthe-
sis by the BMV replicase in vitro, but mutations that prevented stem-loop formation
did reduce BMV subgenomic RNA synthesis in protoplasts (Sivakumaran et al.,
2004). The stem and specific nucleotide within presumably will bind the replicase
to direct the recognition of the initiation cytidylate. Whether the subgenomic core
promoter is recognized after the synthesis of the full-length minus-strand RNA or
can be recognized during minus-strand RNA3 synthesis is unknown.

The characterization of the three classes of core promoters from both BMV
and CMV revealed some similarities and differences in replicase-promoter inter-
action. In general, each core promoter contains three features that are, to different
extents, required for RNA synthesis. First, there is a specificity determinant (SLC
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for genomic minus-strand initiation, the cB box for genomic plus-strand initiation of
RNAT1 and RNA2, the nucleotides upstream of the initiation site for the subgenomic
promoter). It is not known whether viral or cellular subunits within the replicase
interact with the specificity determinants. A second required element is the initia-
tion site, which includes the initiation cytidylate and a few neighboring nucleotides.
The viral RdRp subunit within the replicase must recognize this site, since the RARp
polymerizes nucleotides. In addition to the RdRp—initiation site interaction, the base
pairing between the initiation cytidylate and the substrate GTP could contribute
to specificity for initiation. Specificity recognition of the initiation complex was
observed in the ternary crystal structure of the recombinant RdRp from bacterio-
phage ¢6 (Butcher et al., 2001) and with a functional analysis of the template used
by the recombinant RdRps from members of the Flaviviridae (Kim et al., 2000).
A third requirement is the template sequence immediately following the initiation
cytidylate, which can apparently alter the level of synthesis, perhaps by regulating
the efficiency of the replicase transition from initiation to elongation. Plus-strand
RNA viruses in the Bromoviridae generally have at least three nucleotides after the
initiation cytidylate that will weakly base pair with the nascent RNA. Templates for
minus-strand synthesis do not follow this trend (Table 5.1), perhaps reflecting a role
in regulating the level of RNA produced.

Despite the three general requirements, there is some fluidity in each of the
requirements, because several changes in each core promoter can be tolerated. Even
a change of the initiation cytidylate to a uridylate can result in RNA synthesis at
about 5% of wild type. This fluidity suggests that extensive molecular communica-
tion occurs between the RNA and the replicase to allow some adjustments by con-
formational changes (induced fit) in the interactions that lead to productive synthesis
(Williamson, 2000). An induced fit mechanism provides the best explanation for the
recognition of some variants of the BMV subgenomic promoters by the BMV repli-
case (Stawicki and Kao, 1999) and the cross-recognition of some core promoters
between the replicases of BMV, CMYV, and Cowpea chlorotic mottle virus (Adkins
and Kao, 1998; Chen et al., 2000; Sivakumaran et al., 2000).

Replication Mechanism

The recognition of the core promoters is only the first step in successful BMV RNA
replication. This process was studied in detail using the BMV replicase. Overall, the
process of BMV RNA synthesis can be divided into several biochemically defined
steps, consisting of initiation, abortive initiation, template commitment, elongative
RNA synthesis, and termination (Fig. 5.4).

Initiation by the BMV replicase is perhaps the most distinct aspect of viral RNA
replication since the nature of the linear viral templates requires that initiation take
place at or near the 3’ terminus of the template. For the BMV RNA synthesis,
a cytidylate penultimate to the 3’ nucleotide is preferred. The cytidylate is rec-
ognized in a sequence-specific manner and is paired with the initiation GTP or
GTPi. The recognition of the GTPi has additional requirements in comparison to
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the recognition of GTP late in RNA synthesis. For example, the GTPi is required at
~15-fold higher concentration for initiation than for elongation (Sun et al., 1996).
The GTPi can also be replaced with oligonucleotide primers as long as the primers
can maintain base pairing to the initiation cytidylate in the template (Kao and Sun,
1996). Similar requirements are found for several RdRps from the Flaviviridae fam-
ily (Ranjith-Kumar et al., 2003), demonstrating that this is a basic property of the
initiation process by RNA virus polymerases. The presence of the template and the
GTPi will increase the stability of the binding by the replicase, preventing inhibition
by template mimics such as heparin (Sun and Kao, 1997a,b). In fact, the stability is
increased stepwise with the number of nucleotides in the initiating RNA, suggesting
that the polymerase will undergo a series of transitions that lead to a productively
synthesizing complex.

The transition from initiation and commitment to the template by the BMV repli-
case is marked by the formation of abortive initiation products (Fig. 5.4). Abortive
initiation products are formed by the replicase and released before the replicase
transitions to productive elongative synthesis (Carpousis and Gralla, 1980). They
are typically present at molar excesses of the full-length products and, for the BMV
replicase, range from 2 to 12 nt in length. Interestingly, the abundance of the abortive
products decreases after 8 nt, suggesting that the ternary complex is committing
to elongation at or shortly after the synthesis of a nascent RNA of 8 nt. Abortive
products could have additional roles in the repair of the ends of the RNA (per-
haps giving an advantage to viruses with multi-partite genomes that share common
3’ sequences). Rapid repair of short deletions in the 3’-end of the BMV genomic
RNAs was observed (Hema et al., 2005).

Much less is known about the regulation of elongation and termination of BMV
RNA synthesis. A basic residue in the template will trap the BMV ternary complex
depending on its location. When present within the first ten nucleotides from the
3’ termini, the replicase can reinitiate. However, when present later in the template,
the replicase is unable to reinitiate (Picard et al., 2005). With regard to termination,
the sequence from —4 to —2 of the position from the very 3’ terminus of the tem-
plate could regulate the proper termination of nascent RNA synthesis; nucleotides
that allow stronger base pairing tend to promote the synthesis of a full-length RNA
while nucleotides that have weaker base pairing tend to decrease the proportion of
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full-length RNA synthesis and increase premature termination (Tayon et al., 2001).
These steps in BMV RNA synthesis are of interest relative to the mechanism of tran-
scription by DNA-dependent RNA polymerases. A comparison of the requirements
for the steps is in Adkins et al. (1998).

Host Factors That Affect BMV Replication

Successful viral replication requires proper interaction between viral and cellular
factors. Early in vitro experiments have shown that translation elongation factor EF-
1A could bind to the 3'tRNA-like structure of BMV RNA1, although its function in
RNA replication remains unclear (Bastin and Hall, 1976). The translational factor
elF3 was co-purified with BMV RNA replicase (Table 5.1; Quadt et al., 1993).

The identification of host factors that regulate BMV replication was acceler-
ated by the ability of BMV to replicate in S. cerevisiae (Janda and Ahlquist, 1993;
Noueiry and Ahlquist, 2003; Sullivan and Ahlquist, 1997). An initial screen using
the mutant yeast strains has identified a number of host factors involved in cellular
RNA degradation and fatty acid metabolism, such as Lsm1p-7p and OLEL1 that are
involved directly or indirectly in regulation of BMV replication complex assembly,
template recruitment for replication, or the process of RNA synthesis. A summary of
the host factors is presented in Table 5.1. Several are involved in the specific steps
of BMYV replication. For example, mutation of host gene Lsm1p, which encodes
a protein involved in mRNA turnover and other processes, resulted in defects in
an early template selection step of BMV RNA replication (Diez et al., 2000). In
addition to Lsm1p, all tested components of the Lsm1p-7p/Pat1p/Dhhlp decapping
activator complex, which functions in deadenylation-dependent decapping of cellu-
lar mRNAs, were required for BMV RNA recruitment (Mas et al., 2006). Additional
factors have been identified to be involved in BMV RNA replication, but their exact
contributions to BMV-specific processes remains to be determined.

Yeast proteome chips have also been used to identify the host proteins that could
bind to the specific BMV RNA (Zhu et al., 2007). Among the ones identified to bind
the BMV core promoter for minus-strand RNA synthesis are Pus4, a pseudouridy-
late synthase, and Appl, which is associated with the actin patch. Overexpression
of Pus4 and App1 resulted in the inhibition of BMV virion assembly. In all of these
cases, it is important to recognize that, while it is informative to see what possibly
could interact with BMV, the plant host factors homologous to the yeast proteins
should be characterized in order to study an evolved interaction.

Relationship Between Replication, Encapsidation,
and Translation

For BMV genomic and subgenomic RNA, viral RNAs are serving as templates for
translation and replication as well as encapsidation. Thus these processes may be
related and coordinated during virus infection. Coupling packaging and replication
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Fig. 5.5 Crosstalk between BMV RNA replication and processes required for BMV infection. The
process of BMV replication is shown in bold and the regulatory roles of la or the capsid protein
are denoted by arrows.

has been reported for some positive-strand RNA viruses, such as Poliovirus (Nugent
etal., 1999), Kunjin virus (Khromykh et al., 2001), Flock House virus (Venter et al.,
2005), and Venezuelan equine encephalitis virus (Vovkova et al., 2006). Recently,
Annamalai and Rao (2006) demonstrated that efficient packaging of subgenomic
RNA4 was functionally coupled to translation of coat protein from replication-
derived mRNA, both in vitro assembly assay and Agrobacterium-mediated transient
in vivo expression system. Packaging of RNA by the BMV CP was nonspecific in
the absence of replication, while induction of viral replication increased the speci-
ficity of RNA packaging (Annamalai and Rao, 2006). Since 1a recruiting of RNA2
to replication complex required high-efficiency translation of the N-terminal half of
the RNA template (Chen et al. 2003), replication and translation might be coupled
since recruitment of RNA template to the replication complex is a major step in
RNA replication. Recently, our lab found that efficient BMV genomic RNAT repli-
cation required the translation of encoded protein la in cis, indicating that repli-
cation and translation of genomic RNA1 is functionally coupled (in preparation).
Coupling replication and translation has been observed for poliovirus (Novak and
Kirkegaard, 1994), mouse hepatitis virus (de Groot et al., 1992), and turnip yellow
mosaic virus (Weiland and Dreher, 1993). The linkage among these processes may
favor the viral replicase to efficiently differentiate viral RNA template from cellular
RNA. A schematic for the crosstalks between different BMV processes is summa-
rized in Fig. 5.5.

It is likely that the intersection between viral RNA replication and other processes
required for infection (translation, RNA recombination, encapsidation, host innate
responses) will provide fertile grounds for future research.
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Chapter 6
Retroviruses

Roman Galetto and Matteo Negroni

Abbreviations HIV, Human immunodeficiency virus; HTLV, Human
T-lymphotropic virus; MMTYV, Mouse mammary tumor virus; MLV, Murine
leukemia viruses; MoMLYV, Moloney murine leukemia virus; ORF, Open reading
frame; SIV, Simian immunodeficiency virus

Morphology and Taxonomy

Retroviruses are a large group of enveloped RNA viruses infecting vertebrates. The
viral particles are spherical and acquire their envelope during budding from the
infected cell. The lipid bilayer therefore contains cellular proteins as well as the viral
envelope glycoproteins. These glycoproteins are constituted by a transmembrane
subunit (TM) associated to the surface protein (SU), present on the virion. Under-
neath the membrane is a spherical shell constituted by the matrix (MA) protein.
Internally is the viral capsid, whose shape varies in different viruses, constituted by
the CA protein. This core contains the retroviral enzymes (the reverse transcriptase,
RT, the integrase, IN, and the protease, PR), together with the genomic RNA, coated
by the nucleocapsid protein (NC).

Retroviruses have been historically divided into four groups on the basis of mor-
phological criteria, through visualization of the virion core by electron microscopy.
A-type viruses form characteristic intracellular structures (spheres with an electron-
lucent centre and an electron-dense shield), while B- and C-type viruses contain
a round inner core located eccentrically or in the middle of the particle, respec-
tively. D-type viruses, in contrast, contain a distinctive cylindrical core. More
recently, a new classification based on phylogenetic analysis grouped all retroviruses
in seven genera within the Retroviridae family. According to this classification,
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Table 6.1 Retroviruses genera

Simple retroviruses

Alpharetrovirus Rous sarcoma virus (RSV)
Avian leukosis virus (ALV)
Betaretrovirus Mouse mammary tumor virus (MMTV)
Mason-Pfizer monkey virus (M-PMV)
Gammaretrovirus Murine leukemia viruses (MLV)

Feline leukemia virus (FeLV)

Complex retroviruses

Deltaretrovirus Human T-lymphotropic virus 1 and 2 (HTLV-1, -2)
Bovine leukemia virus (BLV)

Epsilonretrovirus Walleye dermal sarcoma virus
Walleye epidermal hyperplasia virus 1

Lentivirus Human immunodeficiency virus 1 and 2 (HIV-1, -2)
Simian immunodeficiency virus (SIV)

Spumavirus Human foamy virus

Simian foamy virus

The seven genera of retroviruses are listed, divided into single or complex retroviruses
according to the proteins encoded by their genome (either Gag, Pol and Env, for simple
retroviruses, or these same proteins plus regulatory proteins for complex retroviruses).
Two representative members of each genus are cited as examples.

the alpha, beta and gammaretroviruses are simple retroviruses, while deltaretro-
viruses, epsilonretroviruses, lentiviruses and spumaviruses are considered complex
(Table 6.1). Simple viruses contain only three main genes (gag, pol and env, see
below), whereas complex viruses also encode other small proteins with regulatory
functions. In addition, certain genetics elements such as endogenous retroviruses
and retrotransposons are closely related to retroviruses. These elements, regarded
indeed as defective forms of retroviruses, can spread within the cellular genome by
reverse transcription in a similar way as retroviral replication but are (generally for
endogenous retroviruses, and always, for retrotransposons) not capable of an extra-
cellular phase. They are thereby normally not horizontally transmissible.

The retroviral genome is constituted by a dimer of two copies of a single-stranded
RNA molecule of positive polarity. Indeed, a unique feature of the Retroviridae fam-
ily is to comprise the only viruses that can be considered as “diploid”. The genomic
RNA is generated by the host transcriptional machinery and, therefore, is capped
in 5/, and has a poly(A) tail at the 3’-end, as any cellular RNA. The two molecules
are linked by non-covalent interactions near their 5’-end. The size of each monomer
varies from 7 to 13 kb, depending on the virus, and each molecule contains three
major coding domains: gag, for group-specific antigens; pol, for polymerase; and
env, for envelope. These genes form precursor polyproteins that are then processed
after viral assembly, yielding the structural proteins and the enzymes present in the
mature infectious particles. Accessory genes (present only in complex retroviruses)
are essentially located downstream from pol (Fig. 6.1), and their products mostly
regulate transcription of viral DNA, splicing and transport of RNA, among other
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Fig. 6.1 Organization of the genomes of a simple (panel A) and of a complex (panel B) retrovirus.
Panel A shows the arrangements in the genome of MLV. In panel B, the genetic organization of
HIV-1 is represented. ORFs are shown as white boxes. ORFs on the same reading frame are on the
same line, while those in different frames are represented in different lines. Dashed lines indicate
spliced introns. Grey boxes represent the LTRs.

specific functions. As an example, the Tax and Tat proteins, from HTLV and HIV
respectively, have a role in transcriptional activation of the viral promoter; the Rex
and Rev proteins, from the same viruses, have a role in nuclear export of full-length
and single spliced viral RNAs; the Vif protein of HIV has the capacity to increase
infectivity by blocking the action of inhibitory proteins present in certain cell types.

Overview of the Life Cycle

The replication cycle of retroviruses is constituted by a series of steps that, after
transferring genetic information from RNA to DNA molecules, leads to the estab-
lishment of a persistent infection subsequent to integration of the proviral DNA
into the host cells (Fig. 6.2). To initiate infection, retroviruses interact with specific
receptors on the surface of target cells by means of the envelope proteins present
on the outside of the viral membrane. After the initial binding, the envelope pro-
teins are subjected to conformational changes that lead to the fusion of viral and
cell membranes and the subsequent release of the viral core into the cytoplasm.
The early events following penetration are, to date, poorly understood. While in
some cases it is proposed that uncoating of the viral core occurs after internaliza-
tion, there are other indications suggesting that this capsid can remain intact, allow-
ing reverse transcription to occur in this confined environment (for a review see
Nisole and Saib 2004). Upon penetration of the viral capsid in the cytoplasm of
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Fig. 6.2 Outline of the infectious cycle of retroviruses. Panel A: First steps of the early phase
of the replication cycle. Attachment of the virus and binding to the membrane receptors present
in susceptible host cells occurs through the Env viral proteins. This interaction leads to conforma-
tional changes in the Env proteins that facilitate fusion of cellular and viral membranes, delivering
the viral capsid into the cytoplasm. Panel B: Reverse transcription takes place in the cytoplasm and
yields a double-stranded DNA molecule that integrates in the host genome, generating a provirus.
The late stages of the life cycle include the expression of viral RNA from the provirus. Some
of these RNAs are spliced and exported to the cytoplasm together with unspliced RNAs. The
unspliced RNA serves both as genomic RNA and for synthesis of the Gag and Gag-Pol polypro-
teins. Spliced forms are used to make Env and the regulatory proteins in complex retroviruses.
Panel C: Assembly of the viral proteins and encapsidation of the genomic RNAs are represented,
leading to the formation of the viral progeny.

the target cell, reverse transcription (detailed in the next section) begins and leads
to the generation of double-stranded DNA from the single-stranded RNA genome.
This characteristic step has given the name to this family of viruses. The result-
ing DNA molecule must then enter the nucleus in order to integrate in the host
genome, giving rise to a “provirus” that will be permanently established in the host
genome. The late phase of the replication cycle, which mostly relies on the cellular
machinery, takes place after this integration step. The viral RNA is expressed from
its promoter, located in the U3 region, and transcriptional regulation is controlled by
viral as well as host transcription factors. In all cases a full-length transcript is gen-
erated, corresponding to the full-length viral genomic RNA. However, during the
early phase of expression of the proviral DNA, the transcript is processed to give
rise to a series of sub-genomic forms that are used for translation. Later, the bal-
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ance between full-length RNAs and spliced forms is turned in favour of the farmer
(late phase) and leads to export from the nucleus of the genomic RNA that will be
packaged into the nascent viral particles.

Organization of Retroviral Genomic RNAs

In addition to the sequences coding for enzymatic, structural and regulatory pro-
teins, retroviral genomic RNAs contain a series of sequences that have important
functions in different steps of the life cycle. The 5" portion of the genome contains
an untranslated region (5" UTR) that includes various sequences required for viral
replication. This region contains, at its 5'-end, the R sequence (for repeated, since
another copy of this sequence is present at the 3’-end). R is essential for transloca-
tion of the nascent DNA from the 5'- to the 3’-end of the genome during synthesis of
the (—) DNA strand (see below). Following the 5’ R lies the U5 region (for unique 5’
sequence) that includes one of the trinucleotide sequences ATT, required for provi-
ral integration. Downstream is the primer-binding site (PBS), a 18 nt long sequence
where the cellular tRNA anneals to initiate reverse transcription. The region fol-
lowing the PBS is constituted by the dimer linkage structure (DLS) that contains
the sequences used for dimerization and packaging of the RNA in the viral parti-
cle. Adjacent to the DLS, on its 3’-end, are located the sequences coding for the
viral proteins. These genes are then followed by a short sequence rich in purine
residues (polypurine tract, PPT), required for the initiation of the (+) DNA strand.
The PPT is followed by the U3 (for unique 3’ sequence), which contains the other
ATT sequence required for integration, as well as the regulatory elements necessary
for transcription of the integrated provirus. Behind this sequence lies the 3’ copy of
R, followed by the poly(A) tail. In several lentiviruses an additional PPT sequence
is found in a central position of the genome (central PPT, cPPT), and it is used to
prime second strand synthesis.

Genome Replication: From Single-Stranded Genomic RNA
to Double-Stranded DNA

From tRNA to (-) DNA Strong Stop Strand Transfer

Beginning of the viral replication cycle can be fixed as the moment when, after bind-
ing to the cellular receptor and fusion of cellular and viral membranes, the retrovi-
ral core enters the cytoplasm of the target cell. DNA synthesis is set off by the
availability of nucleotides, within the cytoplasm of the host cell, to which the viral
core is permeable. This allows the reverse transcriptase to begin polymerization of
the (—) DNA strand. Nucleotide addition is primed by a tRNA molecule, partially
unwound and annealed to the 18 nt of the PBS on the genomic RNA (Fig. 6.3A).
The specific tRNA used varies in different retroviruses and is carried along by the
viral particle from the previously infected cell. Most retroviruses contain a pool of
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Fig. 6.3 Beginning of reverse transcription and minus DNA strong stop strand transfer. Black thin
lines: RNA; black thick lines: DNA; gray dotted lines: RNA degraded by the RT-encoded RNase H
activity; gray vertical lines indicate the presence of a region where the nucleic acids are annealed;
PBS: primer-binding site; DLS: dimer linkage structure, a region involved in RNA dimerization
and packaging; PPT: polypurine tract. Regions on the RNA are indicated by lowercase, on the
DNA by uppercase. Panel A: Outline of the structure of the genomic RNA with tRNA partially
unwound and annealed at the primer-binding site. The polarity of the RNA molecules is given.
Panel B: Synthesis primed using the 3'-OH of the tRNA proceeds through the U5 and R regions
and is stopped at the end of the template. The arrowhead gives the direction of synthesis and the
polarity of the nascent DNA is given in bold. In the figure is shown the situation where transfer
occurs only after achievement of a complete copy of the tRNA sequence (considered the most
frequent situation). Panel C: The R sequence at the 3’ of the genomic RNA anneals onto its newly
synthesized complementary sequence on the DNA, generating a circular intermediate. Panel D:
This circularization makes the 3'-OH of the nascent DNA available for continuing DNA synthesis
across the U3 region, first, and the rest of the genome then (dotted thick line).

tRNAs enriched in the specific tRNA used for priming reverse transcription through
an interaction between the tRNA and the Pol domain of the Gag-Pol polyprotein
(Khorchid et al. 2000; Peters and Hu 1980). Correct placement of the tRNA on the
genomic RNA and its partial unwinding are instead assisted by the NC domain of
the Gag precursor (Cen et al. 2000). Selection for the appropriate tRNA is very accu-
rate since, for most viruses, the canonical tRNA cannot be replaced by an alternative
one. This strict requirement is due not only to the presence on the genomic RNA of
a sequence complementary to that of the 18 nt at the 3’-end of the specific tRNA,
but also to the occurrence of additional interactions between the genomic RNA and
different regions of the tRNA. The regions involved in these interactions vary with
the virus considered.
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The tRNA-PBS complex is recognized by the RT and used to prime DNA syn-
thesis. The structural requirements for the specific recognition of this complex have
been well characterized for HIV. The specificity of the interactions between the
genomic RNA and the tRNA is required, in this case, to avoid steric clashes between
the RT and the nucleic acids (Isel et al. 1999). Initiation of reverse transcription
using the tRNA-PBS complex has been shown to be functionally distinct from fur-
ther DNA synthesis when the nascent DNA is used as a primer (elongation step).
Both efficient beginning of reverse transcription and transition to an elongation com-
plex require the presence of the modified nucleosides of the tRNA3*, the one used
by HIV, further underlining the specificity of the complex used for beginning reverse
transcription in vivo (Isel et al. 1996).

Once escaped from this initiation complex, the RT travels a few hundreds of
nts before reaching the 5'-end of the genomic RNA, where synthesis is abruptly
interrupted (Fig. 6.3B). To achieve copying of the remaining part of the genomic
RNA (around 95% of the full size) synthesis must be transferred at the 3’-end of the
molecule. This process, known as minus DNA strong stop strand transfer, is made
possible essentially by two factors: the presence of a repeated sequence (R) at the
ends of the genome, and the presence of an RNase H activity in the RT that degrades
the genomic RNA once this is part of the heteroduplex formed with the nascent
DNA strand. This degradation does not need to be coupled to DNA synthesis, since
successful transfer can be observed in viruses that carry an RNase H™ mutant RT,
if complemented by mutants of RT that possess a functional RNase H domain but
are deprived of a polymerase activity (Telesnitsky and Goff 1993). Degradation of
the template RNA can therefore be performed in a polymerase-independent man-
ner and leads to the progressive degradation of the residual R sequence till when
the shortened heteroduplex becomes instable and melts. This generates a single-
stranded DNA region carrying the sequence complementary to the R sequence that
can anneal to the R sequence located at the 3’-end of the genome (Fig. 6.3B). Once
annealing has occurred (Fig. 6.3C), DNA synthesis can be resumed and proceed
across the internal regions of the genomic RNA (Fig. 6.3D).

Minus DNA strong stop strand transfer has been studied in great detail both in
infected cells as well as in reconstituted in vitro systems. Central to this process is
the sequence R. This sequence provides homology between the 5'- and the 3’-end
of the genome but also contains important signals for viral replication. For instance,
in HIV, R contains two stable hairpins, the transactivation response element (TAR)
and the polyadenylation signal, involved in transcription and RNA processing. The
size of R varies with the virus considered, spanning from the 15 nt of the MMTV
to the 247 of the HTLV-2. The analysis, in cell culture, of the effects of shorten-
ing R or its replacement by a heterologous sequence, is far from being straightfor-
ward, essentially due to the multiple functions of R that make difficult to set apart
effects on template switching, from those on reverse transcription, transcription and
RNA processing. Despite these difficulties, through combining results obtained after
infection of cells in culture with those obtained from in vitro reconstituted reverse
transcription reactions using purified components, it has been possible to address
the issue of the role of R in strand transfer.
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Deletions of R have been shown to affect strand transfer to different degrees in
different viruses, and depending on the portion of R deleted. Overall, it appears
that reducing the size of R does not necessarily impair significantly the process. For
MLYV, reducing the size from the 69 nt of the full-length sequence to 12 nt retained
comparable infectious titres in single cycle infection assays (Dang and Hu2001). The
same was true when the 3’ R sequence of HIV was reduced to 30 nt (from the 96 of the
wild-type sequence) (Berkhout et al. 1995). For SIV, the reduction of infectivity was
strongly dependent on the position of the deletion (Brandt et al. 2006).

Replacing R with heterologous sequences has indicated that the role of R in
strand transfer goes beyond that of providing a mere support for transferring DNA
synthesis from one end of the genomic RNA to the other. In MLV, replacement
of R by non-viral sequences reduced viral titre approximately by a fivefold factor
(Cheslock et al. 2000). Extensive in vitro reconstituted template switching assays
have allowed identifying structural motifs that favour transfer by permitting long
distance interactions between portions of the genomic RNA, between the genomic
RNA and the tRNA or between the nascent DNA and the genomic RNA (Berkhout
et al. 2001; Brule et al. 2000). Finally, the presence of hairpins as the TAR and the
polyadenylation hairpins for HIV has been suggested to enhance strand transfer by
favouring template switching from internal positions of R (Moumen et al. 2001).
Indeed, even if the majority of template switching events seem to occur once syn-
thesis has reached the 5’-end of the genomic RNA, the occurrence of a basal level of
strand transfer from internal positions has been described for HIV, SIV and MoMLV
(Klaver and Berkhout 1994; Kulpa et al. 1997; Lobel and Goff 1985; Ramsey and
Panganiban 1993). It has been proposed that such internal transfer events could
allow the virus to bypass the problem of addition of non-templated residues that
occurs when DNA synthesis stalls at the 5’-end of the genome. These residues can,
in fact, hamper resumption of DNA synthesis after transfer of the nascent DNA
at the 3’-end of the genome, if they do not match the sequence present in that
position.

In conclusion, the whole transfer process is driven by a delicate equilibrium
between the stability of the nucleic acids reactants at different steps of the process
that regulate timing and efficiency of melting and annealing of these components.
The viral RNA chaperon protein NC, present on the viral RNA during reverse tran-
scription, has been demonstrated to modulate most of the steps that lead to success-
ful strand transfer (Levin et al. 2005).

Synthesis of (=) DNA Across the Genome

RTs are quite slow polymerases. Based on in vitro assays using purified reverse
transcriptases, the rates of nucleotide incorporation appeared to vary dramatically,
according to the conditions employed. Data from endogenous reverse transcrip-
tion reactions with various retroviruses were instead more consistent, with esti-
mates that ranged between 0.5 and 6 nt per second (Boone and Skalka 1981; Kung
et al. 1981; O’Brien et al. 1994; Rothenberg and Baltimore 1977). Results coherent
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with these estimates were also obtained using purified HIV-1 or MoMLV RTs
(2-0.5 nt/s) when the generation of long DNA molecules was monitored (Negroni
and Buc 1999) or when measuring reverse transcription rates in HIV-1 infected cells
in culture (Thomas et al. 2007).

A hallmark of synthesis of the (—) DNA strand in most retroviruses is the fre-
quent occurrence of template switching between the two copies of genomic RNA
from internal positions of the genome. The requirement for the RT to successfully
carry out the mandatory strand transfer during (-) strong stop strand transfer (pre-
vious section) has probably selected enzymes that are prone to switch template
even when copying internal positions of the RNA. This process, known as copy
choice, has been intensively investigated during the last decades. The importance of
recombination in the evolution of this group of viruses has been known for a long
time, with its involvement in important issues as the uptake of exogenous genes
to generate the oncoretroviruses, or the generation of viruses with new character-
istics through recombination with endogenous retroviruses. The detection of such
events was, however, not indicative of how frequently recombination occurs dur-
ing the retroviral infectious cycle. It was only with the development of systems that
allowed estimating the frequency of generation of template switching events during
a single infectious cycle that such an estimate could be obtained. It is now known
that reverse transcription generates a chimeric DNA at a frequency ranging between
1 and 3 x 107 per nucleotide reverse transcribed, depending on the retrovirus con-
sidered (Negroni and Buc 2001).

The involvement of template switching in the replication strategy itself was
postulated decades ago with the proposal of the process of forced copy choice
(Coffin 1979). Based on the observation that fragmented RNA was frequently
recovered from retroviral genomic RNA preparations, it was proposed that recom-
bination provides a means for achieving full-length reverse transcription through
template switching, whenever reverse transcription encounters a break (Fig. 6.4A).
In vitro evidence has subsequently shown that template switching could be obtained
with purified components in reconstituted reverse transcription reactions even in the
absence of RNA breaks (copy choice). Pausing of DNA synthesis has been pro-
posed, in conceptual analogy to the presence of breaks during reverse transcription,
to promote copy choice (Fig. 6.4B). The role of stalling of reverse transcription
would be to increase the extent of degradation of the template RNA by the RNase H
activity, thereby increasing the probability of annealing between the nascent DNA
and the “acceptor” RNA (the one onto which DNA synthesis is transferred, whereas
the one where synthesis was started is defined as the “donor” RNA) (DeStefano
et al. 1994, 1992). Another important parameter for copy choice has been shown
to be constituted by the presence of RNA hairpins (Fig. 6.4C). The importance of
these hairpins seems crucial on the acceptor RNA (Moumen et al. 2003), and the
existence of a window of optimal stability for these structures to efficiently promote
copy choice has been observed in cell culture (Galetto et al. 2004). The role of these
structures would be to favour the exchange of the template annealed at the 5’-end of
the nascent DNA, from the donor onto the acceptor template. The presence of the
stem of the hairpin on the acceptor RNA would provide a double-stranded structure
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Fig. 6.4 Recombination during synthesis of minus DNA strand (copy choice). Retroviral genomic
RNA molecules are represented as black lines, and the newly synthesized DNA molecules by grey
arrows. The arrow indicates the direction of synthesis. Panel A: Forced copy-choice model for
recombination: breaks on the genomic RNA force the reverse transcriptase to transfer synthesis
onto to the second genomic RNA molecule. Panel B: Pause-induced copy-choice model: stalling
of the reverse transcriptase at a pause site (black triangle) would induce jumping of the reverse tran-
scriptase. Panel C: RNA secondary structure-induced copy-choice model. The hairpin indicates a
secondary structure on the genomic RNA. Even if this is represented in the acceptor and the donor
RNA, its presence in the acceptor molecule appears more important to promote recombination.

that allows strand exchange with the heteroduplex constituted by the nascent DNA
and the donor RNA, following a mechanism reminiscent of branch migration in Hol-
iday junctions (Galetto et al. 2006). As for (—) DNA strong stop strand transfer, also
copy choice is modulated by the NC protein (for a review see Levin et al. 2005), as
judged by experiments in reconstituted in vitro systems.

Frequent template switching has obvious consequences for viral population
dynamics and evolution since, if the two RNAs diverge, the generation of a DNA by
copying partially each genomic RNA results in genetic recombination. Copackaging
of two different RNAs depends on the probability of coinfection of the same cell by
at least two different viruses and on the probability of dimerization of their respec-
tive genomic RNAs. The frequency at which such events are fulfilled is expected
to vary in different retroviruses. For instance, for MoMLYV, even when two different
genomic RNAs are produced in the same cell, the formation of homozygous viruses
is more likely than that of heterozygous particles (Onafuwa et al. 2003). In this case,
although template switching occurs at rates comparable to those of HIV, the lower
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abundance of heterozygous viruses leads to lower rates of genetic recombination
for MoMLYV than for HIV (Onafuwa et al. 2003). High recombination rates could
serve to combine positive mutations, to remove deleterious mutations generated dur-
ing reverse transcription or, most likely, at both aims with a relative importance of
one aspect or the other that might change with the retrovirus considered (also see
Chapter 30 on these issues). An implication of the occurrence of frequent recom-
bination on the retroviral replication strategy concerns whether only one or both
genomic RNAs are converted into DNA, an issue for which no conclusive evidence
has been provided yet. Indeed, even if both RNAs could, in principle, be fully copied
in each viral particle, the high frequency of template switching from one genomic
RNA to the other suggests that only one genomic DNA molecule is generated. This,
at least for retroviruses yielding a high recombination rate.

Synthesis of the (+) DNA Strand and Completion
of (=) DNA Strand

Conversion of the genomic RNA into double-stranded DNA is achieved by synthe-
sis of the second (or plus) DNA strand by the viral reverse transcriptase itself that,
in addition to its RNA-dependent DNA polymerase activity, also possesses a DNA-
dependent DNA polymerase activity. Plus DNA synthesis begins while first strand
synthesis is still ongoing. As mentioned above, during synthesis of the (-) DNA
strand, the genomic RNA is degraded by the RT-encoded RNase H activity, which
can act as an exonuclease as well as an endonuclease. Degradation of the genomic
RNA is most likely not complete, although the extent at which fragments of the
genomic RNA resist to cleavage and remain temporarily associated to the (—) DNA
strand has not been conclusively established. These fragments can be used to initiate
reverse transcription at multiple sites. Accordingly, several foci where second strand
synthesis is started have been identified (Klarmann et al. 1997; Miller et al. 1995;
Thomas et al. 2007), suggesting that synthesis of the second DNA strand can be a
discontinuous process. Regardless the occurrence of multiple priming, full-length
synthesis of the (+) DNA strand always results from extension of the PPT sequence,
located immediately 5’ of the U3 sequence (Fig. 6.5A), which is temporarily resis-
tant to cleavage by the RNase H. The mechanisms leading to selection of the correct
primer for (+) DNA-strand synthesis are detailed in Chapter 19. Synthesis primed at
the PPT will then proceed across the U3, R and U5 sequence (Fig. 6.5B), and will
continue, unwinding the RNA duplex on the PBS sequence, along the tRNA until it
will be stopped by the presence of a modified nucleotide in the tRNA, immediately
downstream of the region complementary to the PBS sequence (Fig. 6.5C). Mod-
ified bases are present at this position in all tRNA used as primers by retroviruses
(Marquet et al. 1995). The copied portion of the tRNA is then unwound, either intact
or after partial cleavage by the RNase H activity (Omer and Faras 1982; Schultz et al.
1995; Smith et al. 1997), becoming single stranded. At the same time, the counter-
part of the PBS sequence on the genomic RNA is now available to serve as template
for the achievement of (—) DNA-strand synthesis (Fig. 6.5D). As a result, the PBS
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sequence has been copied into DNA on the tRNA as well as on the genomic RNA,
generating complementary DNA sequences. Annealing between the two resulting
sequences is therefore possible, generating a circular DNA intermediate (Fig. 6.5E).
This process constitutes the (+) DNA strand transfer. Synthesis of (+) DNA can
then proceed through the internal parts of the genome (Fig. 6.5F). Concomitantly,
synthesis of (=) DNA proceeds, by strand displacement synthesis along the US,
R and finally the U3 region (Fig. 6.5F). After copying this sequence, synthesis is
stopped by the absence of template, since the RNA PPT sequence has eventually
been degraded by the RNase H (panel D). As for (—) DNA strong stop strand trans-
fer, also this complex series of unwinding and annealing events is assisted all the
way through by the RNA chaperone protein NC (for an exhaustive review on this
topic, see Levin et al. 2005). Finally this process results in the generation of a com-
plete double-stranded pre-proviral DNA, competent for integration into the host’s
genome (Fig. 6.5F).

In several lentiviruses, an additional second DNA synthesis begins from another
cleavage-resistant purine-rich sequence, located near the middle of the RNA
genome, the cPPT. This concomitant DNA synthesis leads to the generation of a
discontinuous (+) DNA strand that is constituted by two parts, partially overlapped.
The structure including the overlapped part is called central FLAP and it has been
suggested to be involved in transport of genomic DNA from the cytoplasm into the
nucleus (Zennou et al. 2000).

Integration

Once the double-stranded final product of reverse transcription is generated, pre-
proviral DNA must be integrated in the genome of the infected cell, a process medi-
ated by the retroviral integrase. In order for the pre-proviral DNA to gain access

A

Fig. 6.5 Plus-strand DNA strand transfer and completion of reverse transcription. Symbols and
abbreviations are as in Fig. 6.3. Panel A presents the situation given in panel D of Fig. 6.3, without
drawing the degraded RNA (dotted grey line in Fig. 6.3). Panel B: Synthesis of (-) DNA proceeds
and concomitantly synthesis of (+) DNA (grey thick line) begins using as primer the polypurine
tract (ppt), which has not been degraded by the RNase H activity of RT. For clarity, pairing of (+)
and (-) DNA strands is indicated simply by drawing the two strands running parallel. Panel C:
Synthesis of both DNA strands progress, and synthesis of plus-DNA strand (grey) proceeds along
the first 18 nt of the tRNA before being arrested by the presence of a modified nucleotide on the
tRNA (see text), and displacing the genomic RNA on the PBS sequence. Panel D: Minus-DNA
synthesis proceeds across the DLS sequence and copies the PBS region of the genomic RNA.
Copied RNA sequences are degraded (for simplicity also the PPT is indicated to be degraded at
this moment). Panel E: Complementary PBS sequences on the two DNA strands pair. For clarity,
starting from this panel the polarity of the DNA strands is simply given by the direction of the
arrows (5'-3"). Panel F: Both syntheses progress, (-) DNA synthesis (black) displacing the strand
ahead, which is the tail of the same (—) DNA strand. Panel G: (+) DNA strand synthesis is com-
pleted, generating the full-length structure of pre-proviral DNA ready for integration (the portions
constituting the LTRs are indicated).
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to the cellular chromosomes, certain retroviruses require disruption of the nuclear
membrane or cell-cycle progression of their target cells (reviewed in Yamashita and
Emerman 2006). Some simple retroviruses, as gammaretroviruses, need the infected
cell to undergo mitosis, likely because they necessitate the nuclear membrane to be
disrupted, while alpharetroviruses integrate in resting cells but require cell-cycle
progression for replication. In the case of lentiviruses, the preintegration complexes
can successfully enter the nucleus of non-dividing cells through an active transport
of the viral DNA across an intact nuclear membrane, likely mediated by cellular and
viral factors. Both ends of the DNA molecules generated after reverse transcription
are constituted by the LTRs, which contain the sequences recognized by the inte-
grase. Integration occurs in two steps: in a first instance, removal of two nucleotides
from the 3’ extremities of the pre-proviral DNA occurs, while in the second step,
the 3’OH groups attack the target DNA and, through a strand transfer process, these
are ligated to the nicked host DNA (see Chapter 21 for a comprehensive description
of the integration process). This process generates a short duplication of sequences
flanking the proviral DNA, whose size will depend on the distance at which the
attacks were done by the integrase on the host DNA. This distance varies from 4 to
6 nt depending on the retrovirus (for a review see Lewinski and Bushman 2005).

Integration in the DNA of the infected cell does not occur at specific sequences.
However, preferences for integration into actively transcribed regions have been
reported (Schroder et al. 2002; Wu et al. 2003), as well as weak, but statistically sig-
nificant preferences for symmetric target sequences (Holman and Coffin 2005; Wu
et al. 2005). Nevertheless, different viruses show preferences for different sequences
(Mitchell et al. 2004).

Replication of the Viral Genome: From Double-Stranded
DNA to RNA

Transcription and RNA Processing

Once the provirus is established, the cis-acting elements that regulate viral tran-
scription, contained in the U3 region of the provirus, lead to synthesis of full-length
genomic RNA from the 5 LTR region. Although most retroviral promoters are
efficient enough to constitutively yield high levels of RNA, this transcriptional effi-
ciency will depend on the infected cell type, the availability of the required tran-
scription factors, as well as on the site of integration in the cellular genome (Fein-
stein et al. 1982). The U3 region contains the core promoter as well as enhancer
sequences. The promoter harbours a TATA box and a CCAAT box, which bind
TFIIB and CEBP respectively, as any eukaryotic promoter. Various retroviruses also
use also enhancers containing recognition motifs for ubiquitous transcription fac-
tors, such as Spl, Nuclear Factor 1 (NF1) or the Ets family of factors; while, others
more specific, either tissue-specific or ligand-dependent activators, can modulate
transcription in certain retroviruses, as is the case of the glucocorticoid receptors
by MMTYV (Archer et al. 1992), or NF-kB in the case of HIV (Nabel and Balti-
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more 1987). On the other hand, certain cell types can produce proteins that have a
negative effect on transcription mediated by the LTR. These phenomena have been
mostly described for MoMLYV, where a protein from embryonic cells can bind to the
LTR and inhibit initiation of transcription (Tsukiyama et al. 1990), or a stem-cell
factor that binds to the tRNA recognition site (Loh et al. 1990; Petersen et al. 1991).

The genome of complex retroviruses encode viral transcriptional activators, like
the protein Tax for HTLV or Tat for HIV which are, by far, the better characterized
among retroviruses. In the case of Tax, it will frans-activate the RNA transcrip-
tion by binding specific sequences in the LTR, in conjunction with cellular pro-
teins, and creating a positive feedback loop that will boost transcription (Bex and
Gaynor 1998; Yoshida 1994). The Tat protein from HIV binds, instead, to a hairpin
structure in the 5’-end of the nascent RNA, creating a complex with host proteins
that increases the capability of the RNA polymerase to elongate across the whole
provirus (Dingwall et al. 1990; Sharp and Marciniak 1989).

After transcription reaches the 3’ LTR, it can continue on the flanking sequences
of the host genome. Nevertheless, the transcripts are cleaved and polyadenylated at
the R-U5 border of the LTR, giving rise to a stable unspliced RNA molecule that
is exported to the cytoplasm to serve as genomic RNA for the viral progeny and
to be used for translation of the Gag and Gag-Pol polyproteins. All the same, a
portion of the RNA pool is spliced before being exported from the nucleus, gen-
erating subgenomic-sized messenger RNAs. In simple retroviruses a single spliced
mRNA encodes the Env glycoprotein, while complex retroviruses yield multiple
spliced mRNAs encoding the Env glycoprotein and a variety of auxiliary proteins
(Fig. 6.1).

The number of multiple spliced mRNAs and the complexity of the splicing
patterns stand for a highly regulated process. Normally, cellular nascent RNAs
are processed before nuclear export, in a way that only mature mRNAs will be
present in the cytoplasm to lead gene expression. This contrasts the need of retro-
viruses to avoid the uncontrolled complete splicing of their RNAs. To circumvent
this problem, retroviruses use splice sites that do not match consensus splice and
donor sequences, therefore lacking efficiency in promoting splicing, and allowing
the appearance of all the subgenomic population of mRNAs, that will differ in
the number of splicing events and the choice of alternative splice sites (Katz and
Skalka 1990). As mentioned before, in the late phases of the infectious cycle, also a
completely unspliced RNA must be exported from the nucleus: the genomic RNA.
This problem has been intensively studied particularly for HIV, for which export is
obtained through the interaction of a highly structured sequence (the Rev responsive
element) with the viral protein Rev (Malim et al. 1989), which mediates the inter-
action with cellular proteins involved in the nuclear export pathway (Strebel 2003).

Translation

Once in the cytoplasm, translation takes place generating precursor proteins that
will be processed during and after viral assembly to generate the mature infectious
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particles. One characteristic of retroviruses is that multiple proteins are encoded by
the same ORF, which constitutes an advantage for viral assembly since polypro-
teins are targeted at the same moment to the site of assembly, also ensuring that the
different proteins will be present at proper ratios after processing.

The Gag and Pol proteins are translated from the full-length viral RNA. The
Gag polyprotein comprises the MA, CA and NC proteins from N to C terminus.
The N terminus of the protein is hydrophobic in order to drive this protein to the
cell membrane. In some retroviruses, the N terminus is hydrophobic enough, but in
most retroviruses a myristyl residue is attached to augment the hydrophobicity of the
protein. The PR (protease) is expressed in different ways in different retroviruses.
In some cases it is expressed alone, from a single ORF, while in others it can be
fused either to the 3’ terminus of Gag or, in most cases, to the 5" extremity of Pol,
that yields the RT and IN proteins.

Since the amount of proteins with catalytic functions required by the virus is
much less than the amount of structural proteins, retroviruses have developed a pro-
cess by which they modulate the relative abundance of the different proteins. In
fact, the full-length RNA will yield either the Gag polyprotein or an even larger
polyprotein containing Gag-Pol. The latter polyprotein results from a process of
translational read-through that takes place in almost 10% of translations, in which
the stop codon for the Gag protein (present, i.e. between Gag and Pol) is misread as
a sense codon, allowing translation to proceed and leading to the synthesis of Pol
fused to Gag (Yoshinaka et al. 1985). In other cases, when the proteins are in dif-
ferent ORFs, a process of translational frameshifting, in which the ribosomes slips
one nucleotide backwards, is used to solve this problem (Jacks and Varmus 1985).
These polyproteins are then processed to yield individual proteins (see below).

The env gene is instead expressed from a different subgenomic RNA. The pro-
tein is directed to the rough endoplasmic reticulum by a hydrophobic signal peptide,
which is then removed by a cellular protease, and the protein is heavily glycosy-
lated (Einfeld 1996). It folds and oligomerizes in the endoplasmic reticulum, prior
to being imported to the Golgi apparatus, where it is cleaved by cellular furin pro-
teases to form the SU and TM subunits that remain together through non-covalent
bonds. The proteins are then transported to the cell membrane for recruitment during
budding.

Late Phases of the Infectious Cycle

The Gag precursor protein drives assembly of the retroviral particle, since its pres-
ence is sufficient to generate virus-like particles that resemble immature ones, except
for the absence of genomic RNA and Env proteins. Most retrovirus assemble at the
plasma membrane, though for others assembly takes place in the cytoplasm and they
are then transported to the plasma membrane where they acquire the envelope dur-
ing budding. Three domains of the Gag precursor mediate assembly: The M domain
(for membrane-binding) is located in the MA region, at the N-terminus of Gag,
and it is required for those retroviruses that assemble at the cell membrane. The 1
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domain (for interaction) is present in the CA and NC portions of the precursor and is
necessary for Gag—Gag interactions. The L, or late domain, is necessary for efficient
release of viral particles from the cell, as well as for interaction with cellular partners
involved in protein sorting. Together with the Gag precursor, Gag-Pol polyproteins
will also be incorporated in viral particles, but 10-20 times less abundantly than
the Gag precursor. The genomic RNA, which dimerizes prior to encapsidation, is
incorporated into the viral particle through interaction between the NC portion of
the Gag precursor and the packaging signal contained in the genomic RNA (Paillart
et al. 2004). The host tRNA primer, needed to prime first strand DNA synthesis, is
also packaged at this stage.

During and after budding of the viral particles from the surface of the infected
cells, the Gag and Gag-Pol precursor proteins are cleaved by the viral protease to
release the individual proteins present in the infectious virus (Vogt 1996). Precursors
are not cleaved until they are assembled, since PR is a homodimer and requires
assembly for activation. This maturation process leads to morphological changes in
the viral core, which, after being released from the cells, appears as a more dense
structure, detached from the viral envelope. The mature particle is thereby generated
and can begin a new infectious cycle.
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Chapter 7
Hepadnaviral Genomic Replication

John E. Tavis and Matthew P. Badtke

The Hepadnaviruses

Hepadnaviruses are small, enveloped, hepatotropic DNA viruses. Despite having
a DNA genome in the mature virions, they are replicated by reverse transcrip-
tion of an RNA intermediate (for a comprehensive review see Seeger et al.,
2007). Hepadnaviruses infect humans [Hepatitis B virus (HBV)], some primates
(wooly monkeys and chimpanzees), rodents (squirrels and woodchucks), and birds
(ducks, geese, and storks) (Sprengel et al., 1988; Schoedel et al., 1989; Lanford
et al., 1998; Prassolov et al., 2003). The human pathogen HBV chronically infects
350—400 million people world-wide and kills approximately 1 million people each
year (Ganem and Prince, 2004). Significant differences exist among the hepad-
naviruses, but they are all highly hepatotropic, establish chronic infections, fol-
low the same replication cycle, and have nearly identical genetic organizations. The
hepadnaviral genomic replication mechanism has been investigated primarily with
HBYV and Duck Hepatitis B virus (DHBV).

Hepadnaviral Genomic Structure

Hepadnaviral virion-derived DNA is circular and partially double stranded
(Fig. 7.1). The genome is very small, ~3200 bp for the mammalian viruses and
~3000 bp for the avian viruses. The minus-polarity DNA strand is slightly longer
than the length of the viral genome, and its 5’ end is covalently attached to the
viral reverse transcriptase (P). The plus-polarity DNA strand has a short, capped
RNA oligomer at its 5" end and circularizes the viral DNA by annealing to both the
3’ and the 5’ ends of the minus-polarity DNA strand. The plus-polarity DNA is

J.E. Tavis (X)

Molecular Microbiology and Immunology, St Louis University School
of Medicine, 1100 South Grand Blvd. St Louis, MO 63104, USA
e-mail: tavisje@slu.edu

C.E. Cameron et al. (eds.), Viral Genome Replication, 129
DOI 10.1007/b135974 7, © Springer Science+Business Media, LLC 2009



130 J.E. Tavis and M.P. Badtke

Fig. 7.1 The hepadnaviral genome. DNAs are represented as black lines, and their polarities are
indicated by + or —. The dashed segment of the plus-polarity DNA indicates the variable position
of its 3’ end. P covalently bound to the 5’ end of the minus-polarity DNA is represented as an oval,
and the capped RNA oligomer at the 5" end of the plus-polarity DNA is in grey.

shorter than the full length of the genome, leaving a single-stranded region in the
DNA. In the mammalian hepadnaviruses, the plus-strand DNA extends on aver-
age about half the length of the genome, whereas in the avian viruses the plus-
polarity DNA is nearly full length (Summers et al., 1975; Lien et al., 1987). This
unusual structure is a direct result of the reverse transcription mechanism that pro-
duces the DNA.

Viral Replication Cycle

Viral replication (Fig. 7.2; reviewed in Seeger et al., 2007) starts with binding of
the virus to hepatocytes through an unknown receptor. Fusion of the viral envelope
with a cellular membrane releases the subviral core particle into the cytoplasm
(Step 1), and then the core particle is transported by a poorly understood process
to the nucleus, where it releases the viral DNA (Step 2). The DNA is repaired
to a covalently closed circular episome (cccDNA) (Step 3), which is the tem-
plate for transcription (Step 4). Three or four viral mRNAs are synthesized and
transported to the cytoplasm, where they are translated to produce five to seven
viral proteins (Step 5) (message and protein numbers depend on the viral species).
One of the largest RNAs (the pregenomic RNA, or pgRNA) is encapsidated as a
nucleoprotein complex together with P into nascent core particles whose icosa-
hedral shells are composed of the single viral capsid protein, C (Step 6). Reverse
transcription occurs in the cytoplasm within subviral core particles, with synthe-
sis of the minus-polarity DNA (Step 7) followed by production of plus-polarity
DNA (Step 8). Mature core particles are then either transported back into the
nucleus to maintain the pool of transcriptional templates (Step 9) or they bud
through post-endoplasmic reticulum/pre-Golgi membranes to acquire the envelope
(Step 10). The mature viruses are then secreted from the cell non-cytolytically
(Step 11).
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Fig. 7.2 The hepadnaviral replication cycle. The large rectangle represents a hepatocyte, the
large oval is the nucleus, and the “ER/Golgi” shape indicates the post-endoplasmic reticulum/pre-
Golgi compartment. RNAs are shown as grey lines and DNAs are shown as black lines. The small
grey oval represents P, the hexagon is the core particle, and the circle surrounding the hexagon is
the viral envelope.

Repair of the cccDNA and Transcription of the pgRNA

Once the virion-derived DNA is delivered into the nucleus it is repaired to fully
double-stranded cccDNA. The DNA polymerase activity of P is probably not needed
for cccDNA formation because ablating DHBV DNA polymerase activity with
phosphonoformic acid has no effect on cccDNA accumulation in primary duck hep-
atocytes (Mason et al., 1987), and nucleoside analog inhibitors only partially reduce
formation of HBV cccDNA following infection of permissive Tupaia primary hep-
atocytes (Kock et al., 2003). These data imply that the gap in the plus-polarity DNA
is filled by cellular DNA polymerases, but it remains possible that P may contribute
to other reactions during repair of the incoming viral DNA to cccDNA.

The cccDNA is the template for viral transcription by host RNA polymerase 11
(Rall et al., 1983). Three or four sets of 3’ co-terminal mRNAs are produced by
transcription from three or four promoters. None of the hepadnaviral RNAs con-
tain classic introns, although spliced forms have been observed in cultured cells and
infected liver (Su et al., 1989; Obert et al., 1996). The pgRNA (Fig. 7.3, line 1) is one
of the genomic-length RNAs. It plays a key role in reverse transcription because it
is the mRNA for both viral proteins required for genomic replication (C and P), and
it is also the template for reverse transcription. The pgRNA is terminally redundant
due to read-through of the single viral poly-adenylation site during the first pass of
the RNA polymerase around the circular cccDNA template, followed by recognition
of the same poly-adenylation signal the during second pass (Russnak and Ganem,
1990). The pgRNA contains several elements important for viral replication, espe-
cially the direct repeats DR1 and DR2 and a stem loop called ¢.
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Fig. 7.3 Hepadnaviral reverse transcription. The pgRNA is shown as a grey line, Cap indicates
the 5’ cap on the pgRNA, and An is the polyA tail. DNAs are shown as black lines, and arrowheads
indicate their growing 3’ ends. R represents the large terminal redundancy in the pgRNA, r is the
small terminal redundancy in the minus-polarity DNA, and boxes labeled 1 or 2 represent DR1 and
DR2. P is represented as a grey oval. The nucleic acids are shown fully extended for clarity.

Encapsidation

Hepadnaviral reverse transcription occurs exclusively within nascent cytoplasmic
core particles. Core particles are formed in a two-step process, in which P first binds
to ¢ at the 5’ end of the pgRNA, and then the icosahedral capsid polymerizes around
the P:pgRNA complex. Neither the P nor the pgRNA enters capsids if this complex
does not form (Hirsch et al., 1990; Bartenschlager et al., 1990; Junker-Niepmann
et al., 1990). Binding of P to the pgRNA appears to be co-translational because
pgRNA molecules that encode P are preferentially packaged in competition experi-
ments employing wild-type and P-deficient pgRNAs (Hirsch et al., 1990). ¢ is suffi-
cient to direct encapsidation of the mammalian pgRNAs; however, encapsidation of
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the avian pgRNAs requires a second signal located internally in the pgRNA (Hirsch
et al., 1991; Calvert and Summers, 1994).

Binding of P to ¢ is not a simple binary reaction, but rather requires the active
participation of cellular chaperones including HSP90, HSP23, and perhaps others
in an ATP-dependent reaction (Hu and Seeger, 1996; Hu et al., 1997). These results
are reminiscent of the role of chaperones in binding to steroid receptors and holding
them in a binding-competent state (Jakob and Buchner, 1994; Bohen et al., 1995;
Kimura et al., 1995). Chaperones also appear to be involved in binding of HBV P to
the pgRNA (Park and Jung, 2001; Park et al., 2002a, b).

Minus-Polarity DNA Synthesis

Hepadnaviral reverse transcription was first identified by the seminal studies of
Summers and Mason with DHBV (Summers and Mason, 1982). Reverse transcrip-
tion is primed by P itself, resulting in covalent linkage of the product DNA to P.
Priming employs a tyrosine in the terminal protein domain (Y96 in DHBV or Y63
in HBV) (Zoulim and Seeger, 1994; Weber et al., 1994; Lanford et al., 1997). The
covalent linkage of the 5" end of the DNA to P persists throughout reverse transcrip-
tion and is responsible for the solubility in phenol that is characteristic of hepad-
naviral DNAs (Gerlich and Robinson, 1980).

A bulge in the 5 copy of ¢ acts as the template for the priming reaction, but DNA
synthesis arrests after 3—4 nt (Fig. 7.3, Step 2) (Wang and Seeger, 1993; Tavis et al.,
1994; Nassal and Rieger, 1996), yielding a very short protein-linked nascent minus-
strand DNA. This nascent DNA is transferred to the 3’ copy of a 12 nt repeat ele-
ment, direct repeat 1 (DR1) (Fig. 7.3, Step 3) in the first of the three strand-transfer
reactions of reverse transcription (Wang and Seeger, 1993; Tavis et al., 1994; Nassal
and Rieger, 1996). Homology between the nascent DNA and DR1 contributes to the
transfer of the nascent minus-strand DNA to DRI, but the homology is too small to
guide transfer to a unique position, so protein contacts and/or higher-order template
structures must assist in directing the transfer (Tavis and Ganem, 1995; Loeb and
Tian, 1995). Once annealed to the 3’ copy of DR1, the nascent minus-strand DNA
is extended to its full length, terminating when P reaches the 5’ end of the pgRNA.
Concomitantly with DNA synthesis, the template pgRNA is degraded by the viral
RNAseH (Fig. 7.3, Step 4) (Summers and Mason, 1982).

Positive-Polarity DNA Synthesis

Upon completion of the full-length minus-polarity DNA, RNAseH digestion leaves
a capped RNA oligomer annealed to the short terminal duplication at the 3’ end
of the newly synthesized minus-strand DNA (“r”, Fig. 7.3, Step 5). This RNA
oligomer is then transferred to a second copy of the direct repeat (DR2) (Fig. 7.3,
Step 6) (Seeger et al., 1986; Staprans et al., 1991), where it primes synthesis of
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positive-polarity DNA. The 5" end of the plus-polarity DNA remains attached
to the RNA primer throughout reverse transcription (Seeger et al., 1986). Transfer
of the RNA oligomer fails about 10% of the time, and in this case, in situ priming of
the plus-strand DNA from the untransferred primer produces a duplex linear copy
of the genome (Staprans et al., 1991). Although these duplex linear genomes are
normally dead-end products, they can produce progeny viruses with low efficiency
through a complex recombination-mediated process termed illegitimate replication
(Wang and Summers, 1995). Following successful transfer of the RNA oligomer,
plus-polarity DNA synthesis proceeds a short distance to the 5’ end of the minus-
polarity DNA (Fig. 7.3, Step 6). Finally, the third strand transfer circularizes the
genome by transferring the growing 3’ end of the plus-strand DNA from the 5’ to
the 3’ end of the minus-strand DNA template, employing homology between the 3’
end of the plus-strand DNA and the short terminal redundancy of the minus-strand
DNA (Fig. 7.3, Step 7) (Molnar-Kimber et al., 1984). The plus-strand DNA is then
extended a variable length along the minus-polarity DNA, where it terminates pre-
maturely, leaving a single-stranded gap of variable length in the progeny viral DNA
(Summers et al., 1975; Lien et al., 1987). This partially double-stranded DNA is the
mature genome found within extracellular hepadnaviral virions.

Cis- and Trans-Acting Factors in Reverse Transcription

The three strand transfers of reverse transcription must be directed by protein activ-
ities somewhat analogous to those involved in DNA recombination because the
short nucleotide homologies between the strands are insufficient to provide ade-
quate sequence specificity to the transfers, and at least the plus-strand primer trans-
fer is energetically unfavorable because there is a net loss of base pairing following
transfer. Because P is the only viral enzyme involved in reverse transcription, it
is assumed that P promotes the transfers. However, the only data supporting this
assumption is provided by a deletion of 10 amino acids near the amino-terminus of
DHBV P, which has little effect on synthesis of the first few nucleotides of DNA, but
greatly diminishes the first strand transfer and subsequent DNA elongation (Gong
et al., 2000).

The cis-acting nucleic acid structures contributing to reverse transcription are
better understood than are the trans-acting factors. The first such structures to be
identified were the direct repeats DR1 and DR2 and the terminal redundancies in
the pgRNA and the minus-polarity DNA (Seeger et al., 1986). These structures
contribute to reverse transcription by providing the regions of homology needed
to guide the strand transfers. ¢ was initially identified as the primary element of
the pgRNA encapsidation signal, and its role as the origin of reverse transcrip-
tion was subsequently discovered. Although the nucleic acids in Fig. 7.3 are shown
fully extended to illustrate reverse transcription as simply as possible, the template
strands appear to adopt discrete secondary structures that promote the strand trans-
fers (Fig. 7.4). Base pairing in the pgRNA between a cis-acting element termed
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Fig. 7.4 Higher-order nucleic acid structures that guide the strand transfers. Reverse tran-
scription occurs on highly ordered nucleic acid structures that promote the strand transfers. The
symbols and step numbers are the same as in Fig. 7.3; thin lines between nucleic acids indicate
base pairing. (A) The juxtaposition of the 5’ copy of ¢ and the 3’ copy of DRI through base pair-
ing between ¢ and ¢ that is believed to promote the minus-polarity DNA strand transfer. (B) The
structure of the minus-strand DNA that promotes the plus-strand DNA primer transfer from DR1
to DR2. M3 and M5 are the 3" and 5 portions of the M element. (C) The structure of the DNA
immediately after the second strand transfer in plus-polarity DNA synthesis that circularizes the
DNA. Adapted from Tang and McLachlan (2002) and Liu et al. (2003).

¢ (or B) which lies between DR2 and the 3’ copy of DRI and the 5" half of ¢
(Fig. 7.4A) contributes to efficient minus-strand DNA synthesis. Base pairing
between ¢ and ¢ would align the nascent minus-polarity DNA and the 3’ copy of
DR1 (Tang and McLachlan, 2002; Shin et al., 2004) and would also destabilize ¢;
both of these events would aid the first strand transfer. The DHBV plus-polarity tem-
plate switches require at least three cis-acting sequences in the minus-polarity DNA
termed SE, M, and 3E. 5E and 3E bind to the 5’ (M5) and 3’ (M3) portions of M, and
this binding is essential to guide both plus-strand primer translocation and genome
circularization (compare Fig. 7.3, Steps 5 and 7 with Fig. 7.4B and C) (Mueller-Hill
and Loeb, 2002; Liu et al., 2003). In addition, a small DNA hairpin near the 3’ end
of the minus-polarity DNA overlapping the 5" end of DR1 contributes to efficient
plus-polarity primer translocation (Habig and Loeb, 2002). The cis-acting signals
in HBV are less well characterized, but HBV appears to contain sequences analo-
gous to SE, M, and 3E, plus additional cis-acting sequences that contribute efficient
synthesis of mature viral DNA (Liu et al., 2004; Lee et al., 2004).

Participation of the Capsid in Reverse Transcription

Reverse transcription occurs within subviral core particles, and mutations to the
carboxy-terminal region of DHBV and HBV C inhibit extension of plus-strand
DNA and can impede plus-polarity primer translocation (Schlicht et al., 1989; Yu
and Summers, 1991; Nassal, 1992). C in immature capsids is phosphorylated at its
C-terminus, whereas C in secreted capsids containing mature DNA is fully dephos-
phorylated (Schlicht et al., 1989; Perlman et al., 2005). Recent data with DHBV
indicate that sequential phosphorylation—dephosphorylation of C may regulate DNA
synthesis because minus-polarity DNA synthesis requires negative charges on the
C-terminus of C, whereas plus-polarity DNA synthesis is inhibited by negative
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charges on C (Basagoudanavar et al., 2007). In addition to modulating plus-polarity
DNA synthesis, blocking phosphorylation of HBV C can inhibit encapsidation of
the pgRNA (Gazina et al., 2000) and lead to reverse transcription of spliced RNAs
that were aberrantly encapsidated (Kock et al., 2004).

Fidelity of HBV Reverse Transcription

P lacks a proof-reading 3’ to 5’ exonuclease activity and hence hepadnaviral
genomic replication is error prone, as is the case for all reverse-transcribing ele-
ments. Technical limitations in producing purified P coupled with its inability to
accept exogenous primer templates (Radziwill et al., 1988) have prevented direct
measurements of P’s intrinsic error rate. However, mutations accumulate in the HBV
genome at a rate of approximately 4 x 107> substitutions per site per year during
natural infections (Fares and Holmes, 2002). This mutation fixation rate is about
two orders of magnitude lower than similar estimates for Human Immunodeficiency
Virus (HIV) (2.7-6.7 x 1073) (Leitner and Albert, 1999), presumably due to stricter
selection pressures stemming from the unusually dense packing of genetic informa-
tion in the HBV genome: Every nucleotide in the HBV genome encodes protein,
over half of the sequences encode two proteins simultaneously in overlapping read-
ing frames, and there are a large number of promoters and cis-acting sequences
that are essential for mRNA production and reverse transcription. Therefore, HBV
appears to have fewer degrees of freedom to tolerate mutations than do most other
viruses.

Structure of P
No three-dimensional structural data exist for P, but homology alignments and
mutational analyses have revealed that P contains four domains (Fig. 7.5; Radziwill

et al., 1990; Chang et al., 1990). The terminal protein domain (TP) contains the
tyrosine residue that primes DNA synthesis and covalently links P to the viral
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Fig. 7.5 Domain structure of P. The amino acid numbers for the domain boundaries are shown
for DHBV P; they are approximate and are based on homology alignments with the other hepad-
naviral P proteins and with retroviral reverse transcriptases. TP is the terminal protein domain, RT
represents the reverse transcriptase domain, RH indicates the RNAseH domain, Y96 is the tyro-
sine that forms the covalent linkage to the minus-polarity DNA, YMDD represents amino acids
511-514 that form a key motif of the reverse transcriptase active site, and D715 is a key residue of
the RNAseH active site.
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DNA (Y96 in DHBYV, Y63 in HBV) (Zoulim and Seeger, 1994; Weber et al., 1994;
Lanford et al., 1997). The spacer domain has no known function other than to
link the TP domain to the rest of the molecule. The reverse transcriptase (RT) and
RNAseH (RH) domains contain the two known enzymatic active sites (Radziwill
et al., 1990; Chang et al., 1990), and these domains share weak homology with
the RT and RH domains of reverse transcriptases from the retroviruses and other
retro-elements (Schodel et al., 1988; Poch et al., 1989; McClure, 1993; Li et al.,
1995). The three-dimensional structure of part of the HBV RT domain has been
modeled based on the HIV RT domain (Das et al., 2001). This model appears to
be largely accurate at an atomic level because the mechanism of mutations that
provide resistance to nucleoside analog drugs can be productively interpreted from
it (reviewed in Shaw et al., 2006). The size and multimeric state of P in viral
particles have been difficult to discern due to its low abundance in core particles and
its covalent linkage to the product DNA. We recently found that DHBV P acts as a
full-length monomer both in vitro and in vivo (Zhang and Tavis, 2006). Therefore,
a single P monomer is encapsidated into each nascent core particle, primes DNA
synthesis, synthesizes minus- and plus-polarity DNA, and participates in the three
strand transfers of DNA synthesis, with all steps after DNA priming performed
while P is covalently coupled to its product DNA.

In vitro reconstitution studies with recombinant DHBV P expressed in
Escherichia coli revealed that production of active P requires addition of the molec-
ular chaperones HSP90, HSP70, HSP40, HSP23, and HOP (Hu and Seeger, 1996;
Hu and Anselmo, 2000; Beck and Nassal, 2001; Hu et al., 2002). At least HSP90
and HSP23 remain bound to DHBV P and are encapsidated with the P:pgRNA
ribonucleoprotein complex (Hu and Seeger, 1996; Hu et al., 1997). However, the
chaperones do not appear to be actively involved in subsequent steps of reverse
transcription because inhibiting HSP90 function with geldanamycin does not block
reverse transcription when it is added to RNA-containing capsids (Hu et al., 1997).
Chaperones are also involved in producing active HBV P (Park and Jung, 2001; Park
etal., 2002a, b; Hu et al., 2004). Therefore, P functions as part of a macromolecular
complex containing cellular chaperones and viral nucleic acids.

P Is Structurally Dynamic

P must be structurally dynamic to catalyze the complex reverse transcription path-
way while covalently bound to its product DNA. Data supporting a dynamic nature
for P are provided by the observation that binding of P to & induces a conforma-
tional alteration in the RT domain of P which is essential for encapsidation of the
P:pgRNA complex and for enzymatic activation of P (Tavis and Ganem, 1996; Tavis
et al., 1998). Presumably, the chaperones bound to P promote this structural alter-
ation. Because ¢ is the principal cis-acting element of the viral encapsidation signal,
the discovery that ¢ activates P revealed an unexpected parallel in the metabolism
of the hepadnaviral and retroviral reverse transcriptases. Most retroviral reverse
transcriptases are synthesized as inactive gag-pol fusion proteins that are
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Fig. 7.6 Dynamic maturation of P during reverse transcription. P; is the inactive primary
translation product, P, is P in the priming mode that is competent for encapsidation and priming
after the structural alteration induced by binding to ¢, and P, is P in the elongation mode that is
competent for RNA- and DNA-dependent DNA synthesis following the first strand transfer. The
reverse reactions are shown with dashed arrows because they either have not yet been demonstrated
or are highly disfavored.

encapsidated through polymerization of gag, and then are activated by proteolytic
cleavage from gag. Enzymatic activation of the hepadnaviral P is also coupled to
encapsidation, but the virus has used the binding between the P and the encapsida-
tion signal, ¢, to trigger enzymatic maturation.

A second observation indicating that P is dynamic is that the DNA polymerase
active site of P must accommodate the TP domain and ¢ in the priming reaction,
and later it must accept the elongating DNAs hybridized to either RNA or DNA.
A change in the polymerase active site following the first strand transfer is evident
biochemically because DNA synthesis prior to strand transfer is resistant to phos-
phonoformic acid (PFA), whereas later DNA synthesis is sensitive to PFA (Wang
and Seeger, 1992; Stashcke and Colacino, 1994).

These data can be summarized in a maturation pathway for P (Fig. 7.6). P is
translated as an inactive enzyme (P;), and chaperone-mediated binding to & on the
pgRNA yields a P;:e complex. P then undergoes a structural alteration to the priming
mode (P,) and the Pj:e complex is encapsidated. Following initiation of DNA syn-
thesis and the first strand transfer, P undergoes its final known alteration and enters
the elongation mode (P.). P, synthesizes the large majority of the viral genome, and
it appears to be the form found in secreted virions.

DNA Synthesis Regulates Envelopment

Hepadnaviral virions exported from the cell contain only mature viral genomes,
whereas the immature cores within cells contain genomes at all stages of synthe-
sis (Mason et al., 1982; Weiser et al., 1983). This observation led to the hypothesis
that DNA synthesis induces a signal that is passed to the exterior of the core parti-
cle to trigger binding to the surface glycoproteins and encapsidation (Summers and
Mason, 1982). Envelopment of mutant DHBV and HBV viruses lacking RNAseH
activity requires extensive minus-strand DNA synthesis (Gerelsaikhan et al., 1996;
Wei et al., 1996), but envelopment of wild-type DHBYV requires both minus-strand
and plus-strand DNA syntheses (Yu and Summers, 1991; Perlman and Hu, 2003).
Therefore, accumulation of double-stranded nucleic acids in cores may trigger the
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envelopment signal. The envelopment signal itself may involve dephosphorylation
of C because intracellular capsids contain phosphorylated C, but C in extracellu-
lar virions is fully dephosphorylated (Schlicht et al., 1989; Perlman et al., 2005).
The possibility that double-stranded nucleic acids induce a dephosphorylation-
dependent change in the conformation of C needed for envelopment is consistent
with the ability of certain mutations in HBV C to permit envelopment of capsids
containing immature viral DNAs (Yuan et al., 1999).

Outstanding Questions in Hepadnaviral Reverse Transcription

Through a large number of studies conducted since Summers and Mason defined
the hepadnaviral reverse transcription pathway (Summers and Mason, 1982), we
now understand hepadnaviral genomic replication in considerable molecular detail,
especially the nucleic acid intermediates involved. This knowledge has contributed
to development of four nucleoside analog drugs that can successfully control viral
replication in many individuals. However, development of HBV strains resistant
to the nucleoside analogs is a major problem that limits the duration of effective
control of viral replication in most patients (Shaw et al., 2006). Consequently, a bet-
ter understanding of reverse transcription is needed to develop additional antiviral
compounds that could be used in combination with the existing nucleoside analogs
to forestall development of resistance. To achieve this goal, we must improve our
understanding of the enzymology of reverse transcription. Key advances that are
needed would be to understand at a molecular level the three strand-transfer reac-
tions, the role that the molecular chaperones play during reverse transcription, and
the contribution of the capsid structure to reverse transcription. Most importantly,
we need to obtain atomic-resolution structures for each of the various conformations
adopted by P during reverse transcription.
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Chapter 8
Rhabdoviruses

Sean P.J. Whelan

Introduction

Vesicular stomatitis virus (VSV) has long served as paradigm for understanding
the strategies of viral genome replication of the non-segmented negative-strand
(NNS) RNA viruses or order Mononegavirales. Although the primary focus of this
chapter will be to summarize our current knowledge based upon work performed
with VSV-Indiana or VSIV it should be emphasized that there are important dis-
tinctions between different Rhabdoviridae family members, notably some of the
plant viruses exhibit a nuclear phase to their replication cycle. In addition, while
the general principles from studying the cis-acting signals and trans-acting fac-
tors derived from study of VSIV hold true for other viruses, the nucleotide (nt)
sequence of the signals themselves are distinct and the protein—protein interactions
may be accomplished by distinct residues. The general strategy of gene expres-
sion is exploited by other families of viruses within the Mononegavirales, notably
the Paramyxoviridae, Filoviridae, and Bornaviridae. Readers are referred to other
insightful recent reviews for a more detailed discussion of the Paramyxoviridae
(Cowton et al., 2006; Kolakofsky et al., 2004). In this chapter, I will summarize
current knowledge of how VSIV gene expression is controlled following the release
of the transcription competent viral core into the host cell. Particular emphasis
is placed on the cis-acting signals and the trans-acting factors that control gene
expression. A model is presented that summarizes our current understanding of
gene expression. Viral entry and exit are fascinating topics in which much recent
progress has been made. However, these topics are beyond the scope of this present
review.
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Classification

The family Rhabdoviridae includes viruses that infect a broad range of animal and
plant hosts. Currently six genera are recognized within the family, but it should be

emphasized that the majority of rhabdoviruses have not been assigned to a specific
genus (Table 8.1).

Table 8.1 Classification of Rhabdoviridae

Genus Type species Other viruses
Vesiculovirus Vesicular stomatitis Indiana virus (VSIV) 28
Lyssavirus Rabies virus (RABV) 7
Ephemerovirus Bovine ephemeral fever virus (BEFV) 5
Novirhabdovirus Infectious hematopoietic necrosis virus (IHNV) 6
Cytorhabdovirus Lettuce necrotic yellows virus (LNYV) 8
Nucleorhabdovirus Potato yellow dwarf virus (PYDV) 6
Unassigned 117

General Overview of the Viral Replication Cycle

Infection of the cell is initiated by the delivery of a ribonucleoprotein (RNP) core
of the virus. For VSIV this comprises 11,161-nucleotides (nt) of genomic RNA
completely encapsidated by the viral nucleocapsid protein (N) and associated with
the RNA-dependent RNA polymerase (RARP). The viral components of the RdARp
are 241 kDa large subunit (L) and an accessory phosphoprotein (P). This RNP
core effectively reprograms the cell such that by 8 hours in baby hamster kidney
(BHK-21) cells, a single cell infected by a single infectious particle has yielded
10,000 infectious progeny. A simplified diagram representing the virus and the
replication cycle is shown in Fig. 8.1. Briefly, following attachment uncoating
and release of the RNP core into the cytoplasm of the cell RNA synthesis com-
mences. In the absence of viral protein synthesis primary transcription occurs in
which the polymerase makes a 47-nt leader RNA (Le+) from the 3’ end of the
genome and 5 capped and polyadenylated mRNAs encoding the N, P, M, G, and
L proteins. Viral protein synthesis is essential for synthesis of the complemen-
tary antigenomic RNA, to provide a source of soluble N protein, termed N° nec-
essary to drive the encapsidation of the nascent RNA chain (Patton et al., 1984).
The antigenomic RNA can serve as template for synthesis of the 45-nt minus
sense leader RNA (Le-) and also as template for synthesis of full-length com-
plementary genomic RNA. The newly synthesized genomic RNA can feedback
into the system to synthesize additional mRNAs in a process termed secondary
transcription.
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The Regulatory Regions of the Genome

A schematic of the VSV genome highlighting the regions that regulate polymerase
behavior is shown in Fig. 8.2. The boundaries of the viral N, P, M, G, and L
genes are defined by the conserved gene-start (GS) and gene-end (GE) sequences,
3’-UUGUCNNUAG-5" and 3'-AUACUUUUUUU-5', respectively. These conserved
elements together with the non-transcribed intergenic region (IGR) 3'-G/CA-5'
govern polymerase behavior at each of the gene junctions. The five genes linear
arranged 3’ N-P-M-G-L 5’ are flanked by the genomic termini referred to as the
3’ leader (Le) and 5’ trailer (Tr) regions. The short 50-nt Le and 59-nt Tr regions
serve as the promoters or “master regulators” of polymerase behavior. Although not
every position within the conserved elements or the termini are essential for con-
trolling polymerase activity, these regions are rich with signals that can sometimes
serve distinct functions in the template and nascent RNA strands. This remarkable
genetic economy results in these control elements amounting to 224 nucleotides
or 2% of the viral genome. These signals serve to recruit polymerase, promote
the initiation of RNA synthesis, 5’ and 3’ modification of mRNA, termination of
RNA synthesis, and the encapsidation of the genomic and antigenomic replication
products.

Gene-end
AUACUUUUUUU GAAACUAGGAUUCUGGGAGAACACCAAAAAUAAAAAAAUAGACCAAAACACCAGAAGCA

AUACUUUUUUU ©/.A UUGUCNNUAG

el N [P|mM| G | L ltr| 5

UGCUUCUGUUUGUUUGGUAAUAAUAGUAAUUUU CCGAGUCCUCUUUGAAAUUGUCAUUAG
Gene-start

= An Primary transcription

—_ 'I_An'l_An'l—A: T A, L
—_ 1—An1_An1—An 1. AL An

Fig. 8.2 Regulatory regions of the VSIV genome. The viral genome is shown 3'-5’ the leader
region, N-P-M-G-L genes and the trailer region. The sequence of the regulatory regions is shown
3'-5". The gene-start element is highlighted in green and the gene-end in red. The products of
primary transcription are also shown.
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The Viral Proteins Required for Gene Expression

The genomic RNA template does not exist as naked RNA, rather it is always
found encapsidated by N protein. This encapsidated RNA is completely resistant
to ribonuclease attack. It is in this encapsidated form that the RNA-dependent RNA
polymerase (RdRP) recognizes the RNA. Although not yet formally demonstrated
it seems likely that polymerase must either displace N or substantially remodel the
protein in order to access the bases of the RNA and copy the template. The viral
components of the RARP are the P and L proteins. Host cell proteins have been
reported to be required for polymerase function although their exact roles in gene
expression have not been defined. Viral protein synthesis is essential for genome
replication and is necessary to provide N to encapsidate the nascent RNA strand
(Patton et al., 1984). Evidence indicates that the polymerase that replicates the
genomic RNA is distinct from that responsible for mRNA synthesis and comprises
N-P-L, whereas for mRNA synthesis the polymerase comprises L-P-EF1a-Hsp60
and the host guanylyltransferase (Qanungo et al., 2004). Although the viral matrix
(M) protein plays a role in downregulating viral transcription and shutting of the
host, it is not essential for viral RNA synthesis and will not be considered here. Sim-
ilarly, the viral attachment glycoprotein (G) plays no direct role in RNA synthesis.

Nucleocapsid Protein

N protein comprises 422 amino acids and has a molecular weight of 48 kDa. N com-
pletely encapsidates the negative-sense genomic and positive-sense antigenomic
RNAs. Encapsidation is such that the RNA is resistant to cleavage by ribonucle-
ase. The three-dimensional x-ray crystal structure of an N-RNA complex has been
solved for both VSIV (Green et al., 2006) and Rabies virus (Albertini et al., 2006).
This revealed that N has a bilobed structure with 9-nt of RNA sequestered between
the lobes. Neither the genome of VSIV nor the RV is exact multiples of 9, sug-
gesting that some RNA is not encapsidated or that some N protein is not associated
with RNA. A striking feature of these structures is that each monomer of N has
long arm-like protrusions which in the N-RNA complex mediate association with
adjacent subunits holding the structure together. The overall structure indicates that
N protein must be either transiently displaced or substantially remodeled during
copying of the RNA genome by the polymerase. The mechanism by which this
occurs is not understood. For VSIV the residues of N that bind the phosphate back-
bone of the RNA are R143, R146, K155, K286, R317, and R408. Residue K155
is not conserved among Rhabdoviridae but the remaining residues are conserved
consistent with their role in RNA binding. How genomic and antigenomic RNAs
become encapsidated is not well understood. N protein binding to RNA must be
sequence independent, although the nucleation of encapsidation may be favored on
RNA of specific sequence. Encapsidation requires N to be in a soluble form, termed
N, which depends on association with the phopshoprotein P (La Ferla and Peluso,
1989). The residues of N involved in interacting with P are not well understood,
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although a two hybrid study with the N and P genes of VSNJV implicates the
C-terminal 5 amino acids of N. Further, the regions of N that may play a role
in recruiting polymerase to the N-RNA template are not well defined. However,
trypsin cleavage of the N-RNA template of Rabies virus releases a fragment from
the C terminus of N and inhibits binding of the polymerase complex.

Phosphoprotein

P plays at least two roles in infection by serving as an essential polymerase cofactor
and by maintaining N protein in a soluble form (P-N°) that is necessary for RNA
encapsidation. For VSIV, P is a highly phosphorylated acidic protein of 265 amino
acids. P comprises three distinct domains, an acidic N-terminal domain (domain I)
of 150 amino acids that contains three major phosphorylation sites at S60, T62, and
S64. Phosphorylation at these residues by host casein kinase II (Barik and Baner-
jee, 1992) promotes oligomerization of P and assembly of a transcription competent
polymerase complex (Gao and Lenard, 1995). The N terminal 123 amino acids of P
were shown to bind efficiently to L protein (Emerson and Schubert, 1987). Amino
acid changes that prevent phosphorylation at positions 60, 62, and 64 of P are detri-
mental to mRNA synthesis in reconstituted systems (Pattnaik et al., 1997; Spadafora
et al., 1996) and attempts to rescue recombinant virus in which all three sites are
altered have been unsuccessful (Das and Pattnaik, 2004). However, overexpression
of P that cannot be phosphorylated at these positions partially overcomes the defect
in mRNA synthesis (Spadafora et al., 1996). Using a two-hybrid assay, an interac-
tion between VSNJV N and P was mapped to domain I of P, which is presumed to
represent the P-N° complex (Takacs et al., 1993).

Domain I is separated from domain II by a highly variable hinge region com-
prising amino acid residues 150-210. Genetic and biochemical evidence indicates
that amino acid residues 201-220 of this hinge region play an important role in
both mRNA synthesis and genome replication (Das and Pattnaik, 2005). The entire
hinge region does not appear to be critical for virus replication as amino acids 150—
191 can be deleted and an attenuated virus recovered (Das and Pattnaik, 2005).
Deletions within this region suggested that residues 161-210 are required for
oligomerization of P (Chen et al., 2006). Consistent with this, a synthetic peptide
corresponding to residues 191-210 served as an inhibitor of transcription. The crys-
tal structure of a proteinase K-resistant fragment that spans a portion of domain I
and the hinge region (residues 107-177) of P-protein was solved (Ding et al., 2006).
This region of P comprised two beta sheets separated by an alpha helical region
and was shown to form a dimer. This was suggested to represent the oligomer-
ization domain of P which mediates tetramerization by interactions between dimers
(Ding et al., 2006). For Sendai virus, a paramyxovirus, the P protein oligomerization
domain was mapped and the crystal structure solved as an unusual tetrameric-coiled
coil. Each monomer comprises three short N terminal helical regions followed by
an extended C terminal helical region (Tarbouriech et al., 2000). This structure is
thus quite distinct from that solved for the proteinase K resistant fragment of VSV P
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(Ding et al., 2006). Given the genetic evidence described above it seems likely that
this region of P may not represent the full oligomerization domain. Domain II of P
comprises residues 210-244 and contains additional phosphorylation sites at S226,
S227, and S233. The kinase responsible is unknown, but phosphorylation at these
residues is important for RNA replication (Hwang et al., 1999). Domain III is basic
and comprises the C-terminal 21 amino acids. The C terminus of P is required to
bind the N-RNA template.

Large Polymerase Protein

The large (L) polymerase protein is a multifunctional protein comprising 2109
amino acids. This protein assembles into a complex comprising P-L and possi-
bly host factors that engage the N-RNA template. In addition to catalyzing ribonu-
cleotide polymerization, L is responsible for the cotranscriptional modification of
the 5" and 3’ termini of the viral mRNAs so that they are capped, methylated, and
polyadenylated. Thus, L functions to (i) bind template through its interaction with
the P protein, although L must gain direct access to the RNA bases during synthe-
sis; (ii) polymerize NTP’s to RNA;; (iii) generate the mRNA cap structure, a reaction
that involves conversion of the 5" pppRNA to the 5 pRNA and its transfer onto GDP
derived from GTP; (iv) guanine-N-7 methylate the mRNA cap structure; (v) 2'-O
ribose methylate the mRNA cap structure; (vi) polyadenylate the mRNA; (vii) repli-
cate the genomic and antigenomic RNA. To date, three-dimensional structures are
not available for any portion of the L protein. However, genetic and biochemical
evidence has mapped several of the functions within L.

Amino acid sequence alignments of NNS RNA virus L proteins led to the iden-
tification of six regions of sequence conservation separated by regions of no or low
sequence homology. These regions are thought to represent the functional domains
of L protein (Fig. 8.3). Conserved region I (CRI) has been implicated in playing a
role in interacting with the P protein and the P-N° complex during encapsidation of
the nascent RNA chain during replication. This is based on observations with SeV
and has not been directly examined with either VSIV or RABV (Chandrika et al.,
1995). CRII contains a conserved charged motif that was suggested to play a role
in template binding and clustered charged to alanine substitutions in this region of
the SeV L protein inhibit RNA synthesis (Smallwood et al., 1999). CRIII contains
clearly identifiable motifs found in all polymerases, and alterations to a universally
conserved aspartic acid residue (D714A) eliminate polymerase activity in recon-
structed RNA synthesis assays (Sleat and Banerjee, 1993). CRIV is poorly charac-
terized, although clusters of charged alanine substitutions differentially affect repli-
cation and transcription functions of the SeV L protein (Feller et al., 2000). Positions
G1154, T1157, H1227, and R1228 are present within CRV of L and are universally
conserved among the NNS RNA virus L proteins. Substitutions at these positions
inhibit mRNA cap formation (Li et al., 2007b) and suggest that this region of L may
function as the polyribonucleotidyltransferase (Ogino and Banerjee, 2007). CRVI
of L protein has been shown to function as the mRNA cap methylating enzyme.
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Fig. 8.3 Functions of the large polymerase protein. A diagram of the VSV L protein is shown
with the conserved regions I-VI highlighted. For VSV genetic and biochemical evidence supports
the assignment of the RARP, capping and methylase activities. Interaction with the N-RNA tem-
plate and the P-N complex is extrapolated from studies with Sendai virus.

Specifically amino acid substitutions to K1651, D1762, K1795, and E1833 (Liet al.,
2005) and a presumed SAM-binding site provided by G1670, G1672, and G1675 (Li
et al., 2006) disrupt mRNA cap methylation at both the guanine N-7 and the ribose
2/-0 positions of the cap structure. In addition a host range mutant of VSV that is
defective in mRNA cap methylation contains amino acid substitutions in CRVI of L
(Grdzelishvili et al., 2005). Furthermore, substitutions in CRII and CRVI have been
associated with viral resistance to methylase inhibitors (Li et al., 2007a) suggesting
that these residues can influence methylation. Amino acids 1638-1673 of VSIV L
protein are required for interaction with P protein based on a coimmunprecipitation
assay (Canter and Perrault, 1996). This is also consistent with studies on RABV
L protein that show the C terminal 566 amino acids of L protein interact with P
(Chenik et al., 1998).

Host Factors Associated with the Polymerase Complex

The viral components of the polymerase complex are P and L, which are required
to recognize the N-RNA template (Emerson and Wagner, 1972; Emerson and Yu,
1975). Several host factors have been identified that copurify with the polymerase
and are proposed to be functionally relevant for virus replication (Das et al., 1998;
Gupta et al., 2002). Specifically, the putative transcriptase comprises P, L, EF-1a,
Hsp70, and the host RNA guanylyltransferase, whereas the putative replicase com-
prises N, P, and L proteins (Qanungo et al., 2004). While this report provides evi-
dence for two functionally distinct populations of polymerase, the significance of the
host factors in these complexes is not well understood. Evidence is lacking regarding
their functional significance, as the sites of interaction with the polymerase proteins
have not been defined and the consequences of disruption of these interactions have
not been examined.

Initiation of RNA Synthesis

Ultraviolet mapping studies showed that the transcription of the five viral genes
was sequential. Low dose UV radiation induces the formation of covalent dimers
between adjacent pyrimidine dimers in nucleic acids. Such pyrimidine dimers act
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as blocks to polymerase during RNA synthesis and thus lead to chain termination.
Exposure of VSV to UV radiation allowed the determination of the relative sensi-
tivity of each viral gene. The only gene whose UV target size was approximately
equivalent to its physical size was that encoding the N protein. The target size of
each of the other genes was substantially greater than their physical size and corre-
sponded nicely to their physical size plus that of the genes that preceded them on
the template. This mapped the viral gene order as N-P-M-G-L and demonstrated that
transcription occurred by polymerase entering the genome at a single 3’ proximal
site (Abraham and Banerjee, 1976; Ball and White, 1976).

How then does polymerase gain access to the N gene? To address this question
the VSV transcription reaction was reconstituted in vitro from isolated N-RNA tem-
plate and polymerase purified from virus. When these components were incubated
together with ATP and CTP, a dinucleotide product pppApC was isolated that cor-
responds to polymerase initiating synthesis at position 1 of the viral genome. Under
these partial reaction conditions, initiation at the N gene-start site would be antic-
ipated to yield pppApApC. Such a product was only observed if the reconstituted
reactions had been preincubated with all NTP’s (Emerson, 1982). This finding lent
strong support to the idea that in order to initiate synthesis at the N gene-start site,
the polymerase must first initiate synthesis at the 3’ end of the genome. Presum-
ably then, polymerase would terminate at the end of the leader region to release a
free leader RNA prior to its initiation at the N gene-start. Consistent with this idea,
leader RNA is typically produced in molar excess of N mRNA during in vitro tran-
scription reactions. Combined with the observation that N protein can encapsidate
the leader RNA (Blumberg et al., 1981) these findings led to the long held model
that polymerase initiates at the 3’ end of the genome to sequentially synthesize the
leader RNA and the 5 mRNAs. In the presence of N protein, termination at the end
of the leader was suppressed leading to the polymerase reading through the leader-
N gene junction to yield a full-length antigenomic RNA. Although this model was
consistent with and offered an explanation for much available data, a number of
observations were incompatible with this model. Specifically, this model demanded
that leader RNA always be synthesized in at least equimolar quantity to N mRNA.
Remarkably, for a VSV mutant termed polR1 which has a single amino-acid change
in the template-associated N protein, N mRNA is synthesized in an approximately
twofold molar excess of leader RNA. This is incompatible with a requirement for
3’ initiation prior to N synthesis and instead supports internal initiation at the N
gene-start (Chuang and Perrault, 1997). Second, the availability of reverse genetics
permitted application of UV mapping to engineered templates and allowed measure-
ment of the effects of changing the UV target size of the leader region on short genes
inserted between the leader and the N gene. In these experiments, it was shown
that the UV target size of the leader region could be altered by changing its base
composition, such that increasing the number of adjacent uracil bases increased the
sensitivity of the gene to UV radiation and decreasing the number of adjacent uracil
bases decreased the sensitivity of the gene to UV radiation. Remarkably, changing
the sensitivity of the leader gene in this way had no affect on the UV sensitivity of
a short 60-nt gene inserted between leader and N as measured in infected cells but
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did so in vitro (Whelan and Wertz, 2002). Third, polymerase purified from infected
cells could be isolated as two functionally distinct pools. In transcription reactions
reconstituted with ATP, CTP and GTP these two polymerase fractions made dif-
ferent products. A fraction referred to as the putative replicase generated an 18-nt
product. This corresponds to polymerase pausing at the first site for UTP incorpo-
ration in the leader region of the genome and indicates 3’-end initiation. A second
pool of polymerase, the putative transcriptase, generated a 5-nt product. This would
correspond to polymerase pausing at the first site for UTP incorporation following
initiation at the N gene-start site (Qanungo et al., 2004). These three studies thus
provide independent evidence that the VSV polymerase can initiate internally at the
N gene-start site in a manner that does not depend on the prior transcription of the
leader RNA.

How polymerase loads on to the template is not understood. The crystal struc-
ture of an N-RNA oligomer although not authentic viral sequence likely reflects
the authentic template structure (Green et al., 2006). This structure indicates that
the N protein must be remodeled or displaced during copying of the RNA chain in
order for the polymerase active site to gain access to the bases. How this is achieved
is uncertain. One possibility is that the polymerase loads onto to the template at
the extreme 3’ end and sequentially remodels the N-RNA complex perhaps through
the equivalent of an interaction between disordered regions of N and P as has been
proposed for the paramyxoviruses (Kolakofsky et al., 2004). This would permit the
polymerase to gain access to the RNA bases. Although displacement or remodeling
of N sequentially from the 3’ end is an attractive idea, polymerase could also engage
the N-RNA template and introduce a localized distortion such that it gains direct
access to the N gene start. It will be of significant interest to determine the crystal
structure of the polymerase active site to see if the active site is a closed channel
through which RNA must be threaded or whether the active site is not enclosed
which would perhaps facilitate internal loading of polymerase on the N-RNA
template.

Cis-Acting Sequences Within the Leader Region

However the polymerase gains access to the template to initiate RNA synthesis, the
50-nt leader region serves as a master regulator that controls viral mRNA synthesis
and genome replication. Changes engineered into this region of the genome can
impact RNA encapsidation by N protein, recruitment of the polymerase to template,
leader synthesis, mRINA synthesis, and genome replication. Because this region of
the genome is so richly packed with control sequences, dissecting their individual
functions has been problematic. In part this has been due to the lack of tractable
systems to separately study these processes. However, significant information has
been gained from studying the role of the 3’ leader region in control of mRNA
synthesis and genome replication (Li and Pattnaik, 1997, 1999; Pattnaik et al., 1995;
Wertz et al., 1994; Whelan and Wertz, 1999).
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A clue as to functional dissection of the leader region can be obtained by com-
paring it to the complement of the genomic trailer region, which must also contain
essential cis-acting signals for RNA encapsidation, polymerase recruitment, syn-
thesis of a short triphosphorylated leader RNA, and replication of the genome. As
can be seen from the sequence (Fig. 8.2) the highest regions of sequence conser-
vation are at the 3’ terminus of both the leader and the trailer complement. This
likely reflects a shared property of both these promoters in controlling polymerase
recruitment, initiation, or encapsidation of the nascent RNA. Positions 19-28 and
34-46 show less conservation and switching these regions between the leader and
the trailer complement promoters diminishes mRINA synthesis consistent with these
elements serving as a determinant of the promoter for mRNA synthesis. However,
the elements in the complement of the trailer region have been described as a repli-
cation enhancer element, although this element can be replaced with the sequences
from the leader region. The exact details of how this region serves as the promoter
for mRNA synthesis have thus not been determined.

The Gene-Start Sequence

For VSIV the conserved GS sequence comprises 10 nucleotides: 3'-
UUGUCNNUAG-5'. The role of this sequence element in governing polymerase
behavior has been well studied. Initial work used a VSV genomic analog encoding
the M and G genes and reported the effect of changes to the conserved elements of
the GS. These studies defined a consensus sequence 3-UYGNNNNNNN-5 that
was required for initiation of mRNA synthesis and efficient G protein expression in
cells (Stillman and Whitt, 1997). The conclusion of this study was elegantly revised
through the use of an engineered two-segment virus system, in which one segment
comprised Le-N-P-M-L-Tr and the other segment comprised Le-G-GFP-CAT-Tr.
Using this system, the effects of modifying positions 1-3 of the GS that controlled
CAT expression were evaluated. VSV packages its polymerase into the viral
particles, and disruption of purified particles with detergent and incubation with
NTP’s permits RNA synthesis in vitro. This permitted a re-evaluation of how
GS1-3 mutations affected gene expression. In contrast to the earlier reported
requirement for initiation of 3'-UYG-5, products were detected for each of the
GS mutants in vitro with almost wild-type levels of initiation being detected for
UIC and the U2 substitutions. Consistent with the earlier study, transcripts from
these mutants were not detected in infected cells suggesting that they may be
unstable. Further analysis showed that transcripts synthesized by these mutants
were truncated ranging from 40 to 200 nt and were not reactive with an antibody
raised against 2,2,7 trimethylguanosine. This suggested that these short RNAs
lacked an mRNA cap structure and/or were not methylated indicating that the con-
served GS sequence was required not only for mRNA initiation but also to ensure
correct cap formation and/or polymerase processivity. This work led to a model in
which cap formation was required for the processivity of polymerase (Stillman and
Whitt, 1999).
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The importance of the GS sequence in initiation and cap formation was also
addressed in the context of a 60-nt non-essential gene inserted between the leader
and the N genes of the viral genome. Each of the eight conserved positions of the
GS sequence were individually altered to each of the other positions and the effects
on RNA synthesis examined using detergent activated virus in vitro. With the excep-
tion of mutant U8G, products were detected from the +60 gene for each virus. The
cap status was evaluated by determining the sensitivity of the RNA to exonuclease
digestion and by mapping the 5’ end of the RNA following treatment with the cap-
cleaving enzyme tobacco acid pyrophosphatase (TAP). These experiments showed
that many single nt changes to the GS inhibit mRNA cap formation, although the
most significant effect was seen when the GS deviated from the consensus UYG
(Wang et al., 2007).

The above studies provided strong support that the capping apparatus of VSV
required a specific sequence provided by the GS, but they could not discriminate
whether this was provided by the GS site itself or was present in the nascent RNA
chain. Using recombinant VSV polymerase, it was demonstrated that a 5-nt RNA
could be capped by L protein in the presence of GTP (Ogino and Banerjee, 2007). In
contrast a 5-nt RNA that corresponded to the 5" end of the VSV leader RNA could
not be capped in trans. This confirmed that specific signals were required for cap
formation and defined that these must be present in the nascent RNA. Thus, the GS
element serves as a critical signal in the template that signals polymerase initiation,
and its counterpart the 5’ end of the nascent RNA serves as a critical signal for
recognition by the capping machinery.

mRNA Cap Formation

Although rhabdoviruses generate a cap structure that is indistinguishable to that on
host mRNA’s the route by which they achieve this is distinct. Conventional mRNA
cap formation requires four reactions. First, the triphosphate end of the mRNA
is trimmed by an RNA triphosphatase to yield a diphosphate acceptor ppNpN.
An RNA guanylyltransferase then transfers GMP derived from GTP through a
5'-5" linkage to form GpppNpN. This capped RNA is then sequentially methy-
lated. A guanine-N-7 (G-N-7) MTase transfers a methyl group from S-adenosyl-L-
methionine (SAM) onto the N7 position of the cap structure to yield 7mGpppNpN.
A ribose 2/-O (2/-0O) methylase can then transfer a second methyl group using
SAM as donor to yield 7mGpppNmpN. With the exception of the RNA triphos-
phatase reaction which comes in two flavors, a metal-dependent enzyme or a cys-
teine phosphatase-dependent enzyme, the mechanism by which each step of mRNA
cap formation occurs is well conserved among eukaryotes. For NNS RNA viruses,
the 5" end of the pppApApCpApG mRNA is capped by an unusual enzymatic activ-
ity, in which the 5’ end of the mRNA is transferred onto GDP derived from GTP
through a covalent L-monophosphate RNA intermediate (Abraham et al., 1975;
Ogino and Banerjee, 2007). This polyribonucleotidyltransferase activity contrasts
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with all other known mRNA capping reactions that are catalyzed by an RNA triphos-
phatase and RNA guanylyltransferase (Furuichi and Shatkin, 2000). The resulting
GpppApApCpApG cap structure is then methylated at both G-N-7 and 2’-O posi-
tions to yield 7mGpppAmpApCpApG (Moyer et al., 1975). Failure to add the
mRNA cap structure leads to frequent intragenic termination, whereas failure to
methylate the cap does not lead to such a termination effect. Rather inhibition of
methylation can be associated with the synthesis of a giant polyadenylate (Rose
et al., 1977). Transcription of mRNA occurs at an approximate rate 3—4 nt s~!
but with significant pausing (2.5-5.7 min) in close proximity to the gene junctions
(Iverson and Rose, 1981).

The Gene-End Sequence

For VSIV the conserved GE sequence comprises 11 nucleotides: 3'-
AUACUUUUUUU-5'. Like the GS element, the role of this sequence in control
of polymerase behavior has been extensively studied. This sequence element
contains essential signals that signal reiterative synthesis on the U tract to generate
the polyadenylate tail and the process of mRNA termination. Consistent with
the start-stop mechanism of sequential viral mRNA synthesis, termination of an
upstream gene is an essential prerequisite for polymerase to initiate transcription
of the downstream gene. For VSIV, the minimal transcription termination signal
comprises the GE and the first nucleotide of the IGR (Barr et al., 1997a, b; Hwang
et al., 1998; Stillman and Whitt, 1997). This signal is highly efficient in VSIV such
that polymerase ignores this signal to generate a read-through RNA approximately
1-3% of the time (Iverson and Rose, 1981). Changes to the 3’-AUAC-5’ sequence
diminished the ability of the GE to signal termination, with the C being completely
intolerant of alteration (Barr et al., 1997a; Hwang et al., 1998). Similarly, shortening
the U-tract by a single nt or inserting a non-U residue within the tract abolished
termination (Barr et al., 1997a; Hwang et al., 1998). In contrast, increasing the U
tract to 14 residues had a modest effect on termination but diminished transcription
of the downstream gene (Barr et al., 1997a). The finding that alterations to the
U-tract-inhibited termination as well as reiterative copying of the U tract suggested
that either reiterative transcription or synthesis of polyadenylate was critical for
termination (Barr et al., 1997a). Replacement of the U7 tract with an A7 tract
was tolerated for reiterative copying, but not for termination indicating that U7 in
the template or poly A in the nascent mRNA was critical for termination. Further
analysis of the AUAC element revealed that the AU rich nature of positions 1-3
rather than its precise sequence was critical for termination (Barr and Wertz, 2001).
This suggested that weak base pairing probably between the template and the
nascent strand may control the initiation of reiterative transcription on the U7 tract.
Precedent for this is provided by Escherichia coli RNAP which has been shown
to backtrack in the presence of weak base pairing between the template and the
nascent strands (Nudler et al., 1997). Perhaps the AU element destabilizes the
hybrid between nascent RNA and template to facilitate the initiation of polymerase
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stuttering on the U7 tract. This process of reiterative transcription to generate the
poly A tail is similar to the process of cotranscriptional editing of the P genes of
the paramyxoviridae where a slippery sequence leads to the programmed insertion
of 1-6 G residues to permit access to alternate open reading frames in the mRNA
(Hausmann et al., 1999).

Although the GE of VSV seems to be optimal for signaling termination, in some
contexts the GE is completely ignored by the polymerase (Whelan et al., 2000).
Specifically, when the GE is located shortly after a GS element, polymerase fails
to respond, suggesting that termination depends on a modification either to poly-
merase or to the nascent mRNA, during an early stage of synthesis (Whelan et al.,
2000). This also explains how some Rhabdoviridae such as Sigma virus can have
overlapping genes in which the GS sequence of the downstream gene is prior to the
GE of the upstream gene. Provided that the distance between the GS and the GE is
short, the polymerase will not terminate in response to this signal.

In addition to its central role in mRNA termination, the GE also plays a role in
transcription of a downstream mRNA. For VSV the GE was duplicated such that
an upstream copy was used for termination and polyadenylation of the first mRNA
rendering the second copy of the GE amenable for analysis. Using this system, the
U7 tract was shown to be required for efficient synthesis of the downstream mRNA.
Thus, the GE sequence is multifunctional, providing signals for termination and
polyadenylation of the upstream mRNA and also signals for efficient transcription
of the downstream gene (Hinzman et al., 2002).

The Intergenic Region

The IGR is 3-GA-5', except at the P/M junction where it is 3-CA-5'. However, this
difference does not seem to be significant for viral replication (Ball et al., 1999).
The IGR was changed to each of the 15 other possible combinations which showed
that first nt affects termination, whereas the second nt primarily affects initiation at
the downstream gene (Barr et al., 1997b; Stillman and Whitt, 1997, 1998). More
drastic changes to the IGR that altered sequence length are consistent with this gen-
eral principle, suggesting that its role is primarily to separate the U7 tract from
the GS.

Viral Protein Synthesis

The viral mRNA’s are efficiently translated by the host translation machinery, while
cellular translation is inhibited. How viral mRNAs compete with cellular mRNA for
translation is not well understood given that their 5’ cap and 3’ poly A tails are essen-
tially indistinguishable. Two models were postulated for the translational advantage.
The first model suggests that a specific attribute of viral mRNA’s facilitates their
efficient translation, however, no such feature has been defined and attempts to test
the role of the termini of a viral mRNA have suggested that it is not the sequence of
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the RNA rather the act of transcription from the viral genome (Whitlow et al., 2006).
The second model postulates that the host translational machinery is sequestered in
infected cells so that the viral mRNAs gain access to these components. Viral infec-
tion results in alterations to the host translational machinery, notable among which
is the dephosphorylation of the eIF-4E binding protein 4E-BP1 (Connor and Lyles,
2002). Eukaryotic initiation factor 4E is a critical component of the host transla-
tion machinery being essential for recognition of the G-N-7 methylated mRNA cap
structure. Dephosphorylation of the 4E-BP1 leads to association with eIF-4E, effec-
tively sequestering it away from translation. This raises the question of how the viral
capped and methylated mRNAs are translated and additional work will be required
to understand this.

RNA Encapsidation and Genome Replication

Encapsidation of the genomic and antigenomic RNA’s occurs concomitant with
their synthesis. Although N protein will bind to other RNA’s including the viral
mRNAs and the leader RNAs they are not the preferred template for encapsidation in
that significant quantities of leader RNA are not encapsidated. A specific sequence
that is required for N protein encapsidation has not been defined, but sequence align-
ments led to initial speculation that an A residue located at every third position in the
leader RNA was required for this process (Blumberg et al., 1983). Ongoing encapsi-
dation is necessary to drive genome replication. How this is achieved is not certain,
but evidence suggests that the RNA replicase is distinct to the transcriptase com-
prising N-P-L (Qanungo et al., 2004). During replicative synthesis the polymerase
initiates synthesis at the 3’ end of the genome and ignores all the signals that control
mRNA synthesis.

Current Model for Viral Gene Expression

Auvailable data support the following model for viral gene expression. The viral poly-
merase, comprising P and L and possibly host proteins, is recruited to the template.
By virtue of the interaction of P and N, the N-RNA is transiently remodeled to
permit access of the L protein to the bases of the RNA. The polymerase complex
diffuses or scans along the template until it encounters the promoter element which
serves to direct initiation of RNA synthesis at the first gene-start signal. For mRNA
synthesis, this promoter is provided by sequence elements within the leader region
and the conserved elements of the N GS. The polymerase initiates synthesis of a
triphosphate RNA pppApApCpApGpNpNpApUpC corresponding to the beginning
of the N mRNA. By analogy with transcription in other systems, the initiation phase
results in the synthesis and release of many short transcripts. At some point, the
polymerase escapes the promoter entering an early elongation phase of RNA syn-
thesis. By analogy to other transcription systems, the polymerase at this stage is no
longer undergoing abortive synthesis. However, for VSV the polymerase it is not yet
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fully processive and terminates frequently during copying of the gene, possibly in
response to pause sites that may mimic aspects of the termination signal. This would
account for the reported short transcripts in the size range of >12 nt found during
transcription reactions in vitro. At some point prior to a nascent RNA chain of 100 nt
the polymerase adds the mRNA cap structure to the mRNA and transitions to a fully
processive elongation complex. Precisely where this occurs during RNA synthesis
is not clear, but the shortest transcript described in vitro that contains an mRNA cap
structure at the 5" terminus is reportedly 37 nt (Piwnica-Worms and Keene, 1983).
There is no evidence that directly links the process of 5" processing and polymerase
processivity, but genetic disruption of the cis-acting signals that are required for 5’
cap formation or of the regions of the polymerase that control cap formation results
in frequent intragenic termination. Following addition of the mRNA cap structure,
intragenic termination appears to be rare, such that the polymerase now terminates
only in response to an intact authentic gene-end sequence AUACUUUUUUU. Here
the AUAC element serves to signal to polymerase to reiteratively copy the U7 tract
and generate the polyadenylate tail. The AU rich nature of this signal was critical
for the polyadenylation, and this indicated that a hybrid between the nascent RNA
and the template may play a central role in regulating polymerase slippage. Indeed it
was suggested that the influence of this tetranucleotide was most likely at the onset
of the slippage reaction. Following termination, the polymerase can then resume its
scanning or diffusion along the template until it encounters the next start sequence.
Following the onset of viral protein synthesis, genome replication can begin. Avail-
able evidence suggests that a polymerase complex that is distinct from the tran-
scriptase initiates synthesis at the 3’ end of the genome. During replication, the
nascent RNA is encapsidated by soluble N protein that is brought to the site of RNA
synthesis as a N°~P complex. Under these conditions the polymerase ignores all
the regulatory elements that control mRNA synthesis and produces the full-length
antigenome.

Future Perspectives

Vesicular stomatitis virus will continue to serve as an important model system
for understanding gene expression in NNS RNA viruses. The future promises
to improve our understanding how polymerase gains access to the bases during
RNA synthesis, how polymerase activity is regulated between mRNA synthesis and
genome replication, and understanding how viral mRNAs are efficiently translated.
Structural information regarding the polymerase complex will likely prove invalu-
able in further understanding this large multifunctional protein and how its different
activities in mRNA synthesis including cap formation, reiterative transcription to
generate the poly A tail, and genome replication are controlled. Such information
might also lead to the rational design of inhibitors that could prove invaluable in
battling the significant pathogens in this order of viruses.
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Chapter 9
Orthomyxovirus Genome Transcription
and Replication

Paul Digard, Laurence Tiley, and Debra Elton

Viruses from the Orthomyxoviridae family infect a wide range of vertebrate hosts.
Five genera are currently recognised: Influenza A, B and C, Thogotovirus (of which
the homonymic viruses are the type species) and Isavirus (type species infectious
salmon anaemia virus). Other so far unclassified and uncharacterised members of
the family also exist (Da Silva et al., 2005). These viruses are typified by pos-
sessing a single-stranded, negative-sense RNA genome that is split into segments
(between 6 and 8 depending on the genus), by replicating their genome in the
nucleus and by an unusual mechanism for producing capped mRNAs (discussed
in detail later); shared traits that make it likely they are descended from a common
ancestor. Influenza A virus is by far the most important in terms of significance
to human health and accordingly is the best studied. The World Health Organiza-
tion estimates that between 5 and 15% of the population in temperate countries are
infected each year, resulting in up to 500,000 deaths worldwide. In addition, peri-
odic introduction of antigenically novel viruses from avian reservoirs into the human
population causes worldwide pandemics with substantially higher attack rates and
mortality levels. The current possibility that a highly pathogenic avian HSN1 strain
of influenza A will make this species jump is of great concern (Peiris et al., 2007).
Ongoing research has reinforced longstanding concepts that the viral RNA poly-
merase is an important determinant of host range and pathogenicity (Almond, 1977,
Subbarao et al., 1993; Hatta et al., 2001; Tumpey et al., 2005), further justifying
research into this area. This chapter provides an overview of orthomyxovirus RNA
synthesis, focussing in detail on areas where recent progress has changed the con-
sensus view of the molecular mechanisms involved. For in-depth treatments of other
aspects, the reader is referred to other reviews (Amorim and Digard, 2006; Elton
et al., 2006; Engelhardt and Fodor, 2006; Ortin and Parra, 2006).
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Overview of Orthomyxovirus RNA Synthesis

Each orthomyxovirus segment contains conserved sequences at the 3’ and 5" termini
that share partial sequence complementarity (Skehel and Hay, 1978; Robertson,
1979; Desselberger et al., 1980; Staunton et al., 1989) and can base-pair to form
a panhandle structure (Hsu et al., 1987; shown schematically in Fig. 9.1a). The
genome functions as ribonucleoproteins (RNPs), where each VRNA segment is sep-
arately encapsidated by the nucleoprotein (NP) and associated with one copy of
the viral RNA-dependent RNA polymerase (Fig. 9.2a). NP plays an essential role
in maintaining the structure of the RNPs. The viral polymerase complex is a het-
erotrimer composed of two basic proteins, PB1 and PB2, and the more acidic PA
(Horisberger, 1980; Detjen et al., 1987; Honda et al., 1990).

Unlike most negative-sense RNA viruses, transcription of orthomyxovirus
genomes takes place in the nucleus of infected cells (Herz et al., 1981; Siebler et al.,
1996). During the infectious cycle, two types of positive-sense RNA molecules
are transcribed from VRNA (Fig. 9.1b). Synthesis of capped and polyadenylated
messenger RNAs (mRNAs) is primed by short capped oligonucleotides of around
10-12 nucleotides, which are scavenged from host cell pre-mRNAs by the com-
bined cap-binding and endonuclease activities of the PB2 and PB1 components of
the polymerase complex, respectively (Plotch et al., 1981; Li et al., 1998). Influenza
mRNAs therefore contain non-templated host cell-derived sequences at their 5 ends
(Fig. 9.1a). Transcription terminates 15-17 nt before the 5’ end of the VRNA seg-
ment and the mRNA is polyadenylated by a process of stuttering on a poly (U)
tract (Fig. 9.1a; Hay et al., 1977a; Robertson et al., 1981; Luo et al., 1991; Poon
et al., 1998). In contrast, synthesis of the positive-sense cRNA involves unprimed

b)
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Fig. 9.1 Overview of influenza virus RNA synthesis. (a) Schematic depiction of the comple-
mentarity between m, c- and VRNA. Black lines indicate VRNA, grey lines positive-sense RNA
as labelled. (b) Schematic depiction of the synthetic relationship between influenza virus RNA
species. Boxes represent the conserved terminal promoter regions.
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Fig. 9.2 (a) Cartoon depiction of an influenza virus RNP. Small spheres represent NP, large
spheres the polymerase subunits and the black line genomic RNA. (b) Schematic depiction of the
temporal regulation of viral RNA accumulation.

initiation (Hay et al., 1982) and read-through of the poly (U) tract to produce unit
length copies of the vVRNA template (Fig. 9.1a). These cRNAs exist as low abun-
dance RNPs and are the replicative intermediates for synthesis of new copies of
vRNA (Fig. 9.1b), required for production of progeny virions. Production of these
three species of viral RNA is temporally regulated in infected cells (Fig. 9.2b).
Synthesis of mRNA occurs first, catalysed by the input vRNPs and independent
of viral protein synthesis (Hay et al., 1977b; Taylor et al., 1977; Barrett et al.,
1979). Maximum rates of mRNA synthesis occur around 2.5 h post-infection so
the peak amounts of viral mRNA occur relatively early in infection after which lev-
els decline (Hay et al., 1977b; Barrett et al., 1979; Mark et al., 1979; Smith and
Hay, 1982; Shapiro et al., 1987; Mullin et al., 2004). Normally, cRNAs can only
be detected after mRNA synthesis, consistent with their dependence upon viral pro-
tein synthesis (Hay et al., 1977b; Barrett et al., 1979), but their maximal rate of
synthesis occurs before that of viral mRNA (Barrett et al., 1979; Shapiro et al.,
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1987). Synthesis of VRNA follows cRNA and continues to increase even after syn-
thesis of the other classes of RNA declines (Hay et al., 1977b; Barrett et al., 1979;
Shapiro et al., 1987; Mullin et al., 2004). Differential expression of the viral gene
products is achieved both transcriptionally and post-transcriptionally. Expression of
the polymerase genes remains relatively low throughout infection and this corre-
lates with the low abundance of their mRNAs (Hay et al., 1977b; Smith and Hay,
1982; Enami et al., 1985). NP and NS1 expression predominates at early times post-
infection while synthesis of the major virion structural proteins M1 and HA lags
until later times. It has been proposed that this reflects the kinetics of individual
mRNA synthesis and that this is in turn regulated by differential synthesis of the
vRNA templates from which the mRNAs are transcribed (Smith and Hay, 1982;
Shapiro et al., 1987; reviewed by Elton et al., 2006). However, there is also the
possibility of post-transcriptional regulation occurring via delayed nuclear export of
the ‘late gene’ mRNAs (Hatada et al., 1989; Amorim et al., 2007). A further layer
of post-transcriptional regulation undoubtedly occurs for the NS1/NS2 and M1/M2
genes which are expressed through differential splicing of primary transcripts and
here the reader is referred to a prior review (Ortin and Parra, 2006).

Structure and Assembly of Viral RNPs

Early electron microscopy studies of virion RNPs showed helical ribbon structures
with a terminal loop (Pons et al., 1969; Jennings et al., 1983; shown in cartoon form
in Fig. 9.2a). The polymerase is present at one end of the structure, as shown by
immunogold labelling (Murti et al., 1988). The polymerase maintains the associ-
ation of the 5" and 3’ ends of the RNA (Klumpp et al., 1997) forming the closed
structure in the RNP. Artificial complexes generated in vitro with NP and RNA are
structurally and biochemically similar to natural RNPs (Yamanaka et al., 1990).
Furthermore, the helical form of the RNP is maintained when the RNA is replaced
by negatively charged polymers, suggesting that NP determines RNP organisa-
tion rather than the viral RNA (Pons et al., 1969). This is supported by electron
microscopy of purified RNA-free NP extracted from RNPs, which showed structures
morphologically indistinguishable from intact RNPs (Ruigrok and Baudin, 1995).
Deletion mutagenesis of NP suggests that two separate regions within the protein are
capable of association with the full-length protein, of which a C-terminal sequence
is more important for NP-NP oligomerisation (Elton et al., 1999a).

RNPs are flexible entities with variable length, depending on the RNA segment
they contain, and are poor subjects for detailed structural analyses. However, much
smaller recombinant RNPs have been generated by in vivo amplification in cells
expressing the viral polymerase, NP and a model vRNA (Ortega et al., 2000). These
more uniform populations of RNPs are amenable to analysis by electron microscopy
and image processing and this system has provided valuable low-resolution infor-
mation on the structure and organisation of the RNP. Initial studies revealed the
presence of circular, elliptic or coiled particles, depending on the length of the
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genomic RNA included (Ortega et al., 2000). From the length of the viral RNA
present in these recombinant RNPs and the number of NP monomers observed,
it could be calculated that around 24-25 nt are bound per NP molecule. Further
analysis of one such recombinant RNP containing nine NP monomers showed a
circular structure containing one copy of the polymerase complex (Martin-Benito
et al., 2001). Two of the NP monomers are associated with the polymerase complex
through non-identical contacts, which might reflect the NP-PB1 and NP-PB2 inter-
actions identified biochemically (Biswas et al., 1998; Medcalf et al., 1999). The
NP monomers have a banana-like structure with one main NP-NP contact. Viral
RNA is included in these recombinant mini-RNPs and its termini are presumably
bound by the polymerase complex, but the resolution of the reconstruction is so
far insufficient to permit its localisation (Martin-Benito et al., 2001). Recently, a
high-resolution crystal structure has been reported for NP (Ye et al., 2006). The
protein crystallised as a trimer in which monomer interactions were primarily medi-
ated by a flexible C-terminal loop, consistent with mutational data examining NP
oligomerisation (Elton et al., 1999a). Monomers contain head and body domains
made up of non-contiguous sequences arranged into a crescent shape reminiscent
of the low-resolution EM pictures. The groove between domains is lined with mul-
tiple basic residues and therefore seems a plausible RNA-binding site (Ye et al.,
2006). However, individual mutation of many of these residues did not affect NP—
RNA interactions (Elton et al., 1999b), perhaps suggesting a degree of redundancy
or conformational flexibility in how NP binds RNA, analogous to that proposed for
how the vesicular stomatitis virus nucleoprotein binds RNA (Green et al., 2006).

Although there is no detailed structural data available for protein—RNA interac-
tions within the RNP, there are solved structures for the terminal promoter elements
of v- and cRNA. Consistent with early sequencing studies noting partial comple-
mentarity between the conserved 5’ and 3’ ends of the viral genomic segments
(Skehel and Hay, 1978; Robertson, 1979; Desselberger et al., 1980), NMR anal-
ysis of short synthetic RNAs shows partial duplexes interrupted by bulge regions
(Bae et al., 2001; Lee et al., 2003a; Park et al., 2003). However, not all aspects of
the structure of these naked RNA ‘panhandles’ are compatible with a large body
of mutagenesis data probing the function of the promoter elements, suggesting that
perhaps an alternative conformation is adopted when the polymerase binds to the
genome termini. For an in-depth discussion of this topic the reader is referred to
other recent reviews (Elton et al., 2006; Ortin and Parra, 2006).

The enzyme responsible for RNA synthesis in the RNP is the virus polymerase
complex, a heterotrimer in which the PB1 subunit constitutes the core to which
both PB2 and PA subunits are bound (Digard et al., 1989). Several laboratories have
examined the regions of these subunits involved in complex formation (reviewed
in Elton et al., 2006). These studies suggest an N-terminal to C-terminal tandem
arrangement of the subunits in the order PA-PB1-PB2, but with a further degree
of interlinking between PB1 and PB2. However, the first three-dimensional EM
reconstruction models reported for the polymerase present in recombinant RNPs
show a compact, roughly globular structure in which the location of individual sub-
units is not apparent (Martin-Benito et al., 2001; Area et al., 2004). The position
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of specific domains of PB1, PB2 and PA proteins within the polymerase was deter-
mined by imaging of RNP-monoclonal antibody complexes or tagged RNPs (Area
et al., 2004). Both the N-terminal region of PB2 and the C-terminus of PB1 are
close to the areas of the polymerase that contact the adjacent NP monomers in the
RNP, in agreement with the reports of in vitro interactions (Biswas et al., 1998;
Medcalf et al., 1999). On the other hand, the C-terminal region of PA is opposite
to the NP-polymerase contacts. The three-dimensional model reported for the poly-
merase corresponds to the enzyme present in a mature RNP, which can be activated
for transcription in vitro and can be rescued into infectious virus in vivo. It rep-
resents the enzyme present in virion RNPs, poised for transcription but still not
activated in the absence of a capped primer or nucleotides. Much biochemical evi-
dence indicates that transcriptional activation of the polymerase involves allosteric
cross-talk between the various RNAs and subunits (reviewed by Elton et al., 2006)
and the latest EM imaging study from the Ortin laboratory provides elegant struc-
tural confirmation of this. Image processing analysis of non-RNP-associated poly-
merase complexes revealed a more open but still globular complex in which several
regions (in particular density thought to be PB2) showed conformational changes
when compared to RNP-associated polymerase (Torreira et al., 2007).

Limited amounts of other structural data are available for the influenza A
virus polymerase complex. Partial proteolysis and functional mapping experiments
suggest that the N-terminal 200 or so amino acids of PA form a discrete domain
(Sanz-Ezquerro et al., 1996; Hara et al., 2006). Circular dichroism and structural
prediction analysis suggests that the C-terminal 75 amino acids of PB1 (with PB2-
binding function) form an «-helical domain (Poole et al., submitted for publication).
In addition, the first high-resolution structural information for the polymerase has
just been reported. NMR and crystal structures of the C-terminal 80 amino acids of
PB2 show a compact «—f domain that contains a nuclear localisation signal (NLS)
(Tarendeau et al., 2007).

It has long been known that the polymerase is a heterotrimer that exists even
when not bound to an RNP (Braam et al., 1983; Detjen et al., 1987) and that
PB1 forms the backbone of the complex (Digard et al., 1989). However, much
recent work has concerned the mechanism by which the polymerase trimer is
assembled, in large part prompted by further elucidation of how the P proteins
are trafficked to the nucleus. NLSs have been identified in each of the individual
P proteins (Nath and Nayak, 1990; Mukaigawa and Nayak, 1991; Nieto et al.,
1994; Tarendeau et al., 2007). However, more recent analysis has confirmed an
earlier suggestion that PB1 and PA are not efficiently imported into the nucleus
unless in the form of a heterodimer (Nieto et al., 1992; Fodor and Smith, 2004).
Further work identified the cellular Ran binding protein 5 (RanBPS5, also known
as importin B3) as a binding partner of PB1 or PB1-PA but not the full trimer
(Deng et al., 2006a; Mayer et al., 2007). SiRNA-mediated depletion of RanBP5
reduced nuclear import of PB1 and PA, suggesting that this interaction is indeed
functionally important for nuclear trafficking of part of the polymerase complex
(Deng et al., 2006a). PB2 undergoes efficient nuclear import in the absence of
other influenza virus proteins and this is likely mediated by interactions with the
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canonical cellular import machinery. A bipartite NLS has been identified in the
C-terminus of the protein and the structure of this region co-crystallised in com-
plex with importin a5 has been solved (Tarendeau et al., 2007). PB2 has also been
shown to interact with cellular hsp90 and to relocalise it to the nucleus (Momose
et al., 2002; Naito et al., 2007). As with the PB1-PA dimer and RanBP5, the
interaction of PB2 and hsp90 is lost on formation of a full PB1-PB2-PA trimer
(Naito et al., 2007). Overall, these data suggest that the trimeric polymerase com-
plex may only form in the nucleus after separate import of individual or subcom-
plexes of the P proteins along with accessory cellular proteins that perform import
and/or chaperone functions (Deng et al., 2006a; Naito et al., 2007). Consistent with
this hypothesis, a functional polymerase complex could be assembled in vitro by
the addition of separately expressed PB2 to a PB1-PA dimer (Deng et al., 2005).
Whether the subcomplexes of P proteins have any functional significance prior
to their assembly into a trimer remains controversial (reviewed by Elton et al., 2006).

Mechanism of Viral mRNA Synthesis
Initiation

The influenza virus polymerase complex is essentially inactive for any of its enzy-
matic functions in the absence of viral RNA. A popular model for the mechanism of
mRNA synthesis involves sequential binding of the polymerase to the 5" and 3’ ter-
mini of VRNA, with each interaction causing allosteric changes to the proteins that
result in activation of the cap-binding, endonuclease and nucleotide polymerisation
functions in a regulated manner. In this model, the polymerase complex binds to the
5" end of a VRNA segment (Fodor et al., 1994; Tiley et al., 1994), primarily through
PB1-RNA interactions (Li et al., 1998; Gonzalez and Ortin, 1999a). This induces a
conformational change in the polymerase that activates the cap-binding activity of
PB2 (Cianci et al., 1995; Li et al., 1998) and allows the polymerase to bind a cellu-
lar pre-mRNA. The 3’ end of the VRNA template then enters the complex through a
combination of protein—RNA interactions (again, primarily through PB1; Li et al.,
1998; Gonzalez and Ortin, 1999b) and base-pairing between the 5’ and 3’ sequences.
This event stimulates endonuclease activity (Cianci et al., 1995; Hagen et al., 1995;
Li et al., 1998) and the cellular 5’ cap structure, together with 9-15 nucleotides,
is endonucleolytically cleaved by PB1 (Plotch et al., 1981; Li et al., 1998). The 3’
end of the truncated mRNA is then used to prime transcription initiation by PB1
(Braam et al., 1983; Biswas and Nayak, 1994; Asano et al., 1995), with addition of
a guanosine residue directed by the second residue of the VRNA template (Plotch
et al., 1981). The nascent viral mRNA chain is then elongated by sequential addition
of ribonucleotides, as directed by the VRNA template. Characterisation of the poly-
merase’s Km for ATP suggests a transition from an initiation mode to a processive
transcription mode between positions 4 and 5 (Klumpp et al., 1998). PB2 releases
the cap structure after the first 11-15 nucleotides have been added (Braam et al.,
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1983) but the mechanism that triggers this is not known. However, there is evidence
that prior to this, binding of the cap structure to PB2 increases the transcriptional
activity of PB1 (Penn and Mahy, 1984; Kawakami et al., 1985). Insofar as is known,
other orthomyxoviruses (as well as the bunya, arena and tenuiviruses) possess sim-
ilar ‘cap-snatching’ mechanisms for transcription initiation. However, thogotovirus
generates a shorter, more homogeneous cellular-derived primer containing only the
cap structure and one additional nucleotide (Albo et al., 1996; Weber et al., 1996).

The key features of the sequential addition model for transcription initiation are
that the polymerase assembles on the 5’ end of VRNA, cap-binding is activated, the
polymerase then binds to the 3" end of VRNA and this results in endonuclease acti-
vation. Although much support for the sequential model has been generated, recent
studies suggest that this sequence of events is not obligatory. Using an assay where
VRNA was added to recombinant polymerase either as a pre-annealed duplex of 5’
and 3’ vVRNA or as sequential components, it was shown that the sequence of assem-
bly had a marked effect on the stability of cap-binding but not endonuclease activity
(Lee et al., 2003b). Polymerase bound to pre-annealed vRNA template showed high-
level capped primer binding and endonuclease activity which resulted in enhanced
levels of mRNA transcription activity, compared to that from polymerase bound ini-
tially to just 5* VRNA. However, the low levels of capped-RNA substrate bound by
polymerase associated with only the 5" end of VRNA were cleaved efficiently, indi-
cating that the 3’ end was not required for activation of the endonuclease, and that
the original enhancement of endonuclease activity attributed to the presence of the
3’ end actually resulted from increased levels of cap-binding (Lee et al., 2003b).
In addition, much of the early in vitro data on influenza virus transcription was
gained using rabbit B-globin mRNA or latterly, a synthetic capped RNA made by
in vitro transcription. Although these mRNAs are good substrates for the endonu-
clease, they are primarily cleaved after a G residue (Plotch et al., 1981) and are not
used efficiently as primers for transcription initiation (Rao et al., 2003). However, in
vivo the polymerase complex shows a preference for cleavage of host mRNAs after
an A, or in around 20% of the available cloned sequences (for influenza A virus),
CA residues (reviewed in Elton et al., 2006). Furthermore, when a capped substrate
with a CA sequence upstream of the cleavage site was used as a primer the 3’ end
of vVRNA was not required for full endonuclease activity (Rao et al., 2003). Over-
all therefore, while many of the details of the sequential model of influenza virus
mRNA transcription are intact, some aspects are still not fully defined.

Polyadenylation

Processive synthesis of mRNA halts at a stretch of 57 uridine residues ~17 nt from
the 5’ end of the VRNA template (Robertson et al., 1981), adjacent to the base-paired
region of the panhandle structure (Hsu et al., 1987; Fig. 9.1a). Polymerase stuttering
at this site to reiteratively copy the U(5-7) track produces a poly A tail ranging from
60 to 350 residues for mRNA isolated from virus-infected cells (Plotch and Krug,
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1977), and up to 120-150 in vitro (Perales et al., 1996; Pritlove et al., 1998). Direct
evidence for this being a non-processive, template-directed process rather than a
poly A polymerase activity came from a study where the U track was mutated to
Ag leading to synthesis of positive-sense capped RNAs with poly (U) tails (Poon
et al., 1999). Initially it was proposed that base-pairing of the VRNA panhandle was
a physical block to polymerase processivity, resulting in stuttering on the adjacent U
track (Robertson, 1979; Luo et al., 1991). The discovery that the polymerase binds
tightly to the 5" end of VRNA suggested the hypothesis that the polymerase itself
prevented processive transcription through the poly (U) stretch by remaining bound
to the 5" end of its template (Fodor et al., 1994; Tiley et al., 1994). In this model,
the continued association of the polymerase with the 5" end of VRNA creates a loop
of untranscribed template that becomes progressively shorter until the polymerase
is arrested with its active site over the poly (U) stretch immediately adjacent to its
5’ binding site. This steric block forces the polymerase to stutter and polyadenylate
the transcript. Experimental evidence supporting this hypothesis comes from the
observation that nucleotides required for polymerase binding to the 5’ end of VRNA
(Fodor et al., 1994; Tiley et al., 1994) are also essential for polyadenylation (Poon
et al., 1998; Pritlove et al., 1998).

It is generally believed that there is a mechanism to couple the mode of initia-
tion by the polymerase complex to that of termination. Hay et al. (1982) observed
that most full-length transcripts of the VRNA templates were uncapped, while in
vivo and in vitro studies have found that most polyadenylated viral RNAs have host
sequences at their 5" ends (Shaw and Lamb, 1984; Vreede and Brownlee, 2007). In
support of a mechanism to couple initiation and termination, transcripts initiated in
vitro with a capped primer are also polyadenylated, even in the presence of free NP
(Beaton and Krug, 1986). The finding that binding of the polymerase to duplex-form
genome termini promotes high levels of cap-primed transcription initiation suggests
a mechanism for achieving this coupling, as it is reasonable to suppose that any
interaction of the RNA termini in the absence of the polymerase is more likely to
happen in cis than in trans (Lee et al., 2003b). However, this hypothesis is yet to be
tested in vivo.

Interactions Between Viral and Cellular Transcription Machinery

One facet of influenza virus transcription where there has been significant recent
progress concerns the cell biological aspects of the interaction between host and
viral transcription machinery. The point in the cellular transcription cycle at which
viral RNPs capture host cell cap structures has not been defined as in theory it could
occur at any point before the cellular mRNA is exported to the cytoplasm. The pre-
mRNA cap structure normally becomes associated with the cap-binding complex
(CBC) soon after transcription initiation (Howe, 2002). The CBC remains bound
to the cap up until nuclear export of the mature mRNA so it is plausible that the
CBC and the influenza polymerase compete for the mRNA cap. Recent work has
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shown that the influenza polymerase interacts with the host RNA Pol II (Engelhardt
et al., 2005; Mayer et al., 2007) mediated through the C-terminal repeat domain
(CTD) of RNA Pol II with a preference for the form phosphorylated on serine 5
(Engelhardt et al., 2005). Serine 5 phosphorylation occurs during initiation of the
Pol II transcriptional cycle and is thought to activate the cellular cap synthesis com-
plex (Howe, 2002). Potentially therefore, the influenza polymerase targets Pol II
at the initiation stage to compete for newly synthesised cap structures for use as
primers (Engelhardt et al., 2005).

A physical association between host and viral transcription machinery may also
serve to direct nuclear export of viral mRNAs. The maturation of a cellular mRNA
leading up to and including its export to the cytoplasm is thought to be coupled
to RNA Pol II transcription through a suite of accessory proteins that are loaded
onto the nascent transcript in a sequential fashion (Howe, 2002). Excluding the
first dozen or so nucleotides captured from host mRNAs, influenza virus mRNAs
are made by the viral polymerase but still need to access cellular machinery for
nuclear export. The pathways and mechanisms are currently poorly defined but it
has been observed that certain viral transcripts (notably those encoding HA and
M1) are retained in the nucleus by drugs that affect the phosphorylation of the RNA
Pol IT CTD (Vogel et al., 1994; Amorim et al., 2007). The latter study used a variety
of chemically and mechanistically distinct Pol II inhibitors to infer that the block
to nuclear export of the viral mRNAs was reversible and depended on Pol II tran-
scription (Amorim et al., 2007), a result consistent with recent work regarding the
nuclear export of microinjected cellular mRNAs (Tokunaga et al., 2006). Two recent
studies concluded that influenza infection somehow downregulates Pol II transcrip-
tion (Chan et al., 2006; Rodriguez et al., 2007). This occurs late in infection when
viral mRNA synthesis is diminishing and thus is consistent with a role for RNA Pol
IT in viral mRNA expression.

Mechanism of Genome Replication

Synthesis of cRNA

The process of genome replication is less well characterised in comparison to that of
mRNA synthesis. Incoming vRNPs are the templates for synthesis of cRNAs which
are then used to make more VRNA (Fig. 9.1b). cRNA constitutes only 5-10% of
the total plus-sense viral RNA present in infected cells (Hay et al., 1977a; Barrett
et al., 1979; Herz et al., 1981; Mullin et al., 2004). Viral mRNAs cannot serve as
replicative intermediates because of the host-derived sequences at their 5’ ends and
because they are truncated at their 3’ ends when polyadenylated (Fig. 9.1a). cRNAs
are uncapped, 5’ triphosphorylated (Hay et al., 1982), full-length copies that are not
polyadenylated. They cannot be generated through the endonucleolytic processing
of a cap-primed intermediate, as this would leave a monophosphate terminus (Olsen
et al., 1996). To generate a full-length copy, the polymerase must read through
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the polyadenylation signal towards the 5" end of the VRNA template. Unlike viral
mRNA, cRNA is encapsidated by NP to form RNP structures, in much the same way
as VRNA (Pons, 1971; Dalton et al., 2006). Thus, cRNA synthesis is mechanistically
distinct from viral transcription.

Early studies indicated that RNPs from purified influenza virions are able to syn-
thesise mRNA but not cRNA in vitro (Plotch and Krug, 1977; Skorko et al., 1991),
indicating a requirement for other factors besides transcriptionally active RNPs.
However, a recent study re-examining this question reached the opposite conclusion
and found that virion RNPs were fully competent with no extra factors necessary
(Vreede and Brownlee, 2007). Differing methodologies for the detection of cRNA
may underlie the discrepancy.

Unquestionably, the same RNPs introduced into a cell by infection act as tem-
plates for both mRNA and cRNA synthesis. Nuclear extracts prepared from normal
cells infected with influenza virus supported the synthesis of both types of positive-
sense RNA (Beaton and Krug, 1984; del Rio et al., 1985; Beaton and Krug, 1986;
Takeuchi et al., 1987; Shapiro and Krug, 1988). Early experiments showed that
cRNA accumulation was dependent upon synthesis of viral and/or cellular proteins
whereas mRNA synthesis was not (Hay et al., 1977b). Isolated RNP complexes
recovered from the infected nuclear extracts by centrifugation lost the ability to
make cRNA, but this could be restored by addition of the supernatant fraction unless
it was immuno-depleted of NP (Beaton and Krug, 1986; Shapiro and Krug, 1988).
This early data led to the concept of a ‘switch’ mechanism operating in infected cells
to divert a minor fraction of polymerase activity from transcription to cRNA synthe-
sis. Various hypotheses concerning how such a control mechanism might operate,
mostly centred around NP, but also concerning the viral polymerase or putative cel-
lular factors have been proposed. The reader is referred to other reviews where this
work is considered in detail (Elton et al., 2006; Ortin and Parra, 2006). Instead, this
chapter will focus on recent data suggesting alternative models for how influenza
A virus replicates its genome.

The Stabilisation Model for cRNA Synthesis

NP is the prime candidate for a regulatory factor in the active ‘switching’ hypothesis,
from the evidence described above and by analogy with non-segmented negative-
sense viruses, where the intracellular concentration of the equivalent N protein is
thought to regulate the balance between transcription and replication (Blumberg
et al., 1981; Arnheiter et al., 1985). However, experimental manipulation of NP
levels showed a slight negative rather than any positive correlation with levels of
genome replication in cells (Mullin et al., 2004). In addition, NP is not necessary
in vitro for the polymerase to initiate unprimed (replication mode) RNA synthesis
(Lee et al., 2002; Deng et al., 2006b; Vreede and Brownlee, 2007) although it may
function as a processivity factor (Beaton and Krug, 1986; Shapiro and Krug, 1988).
A recent key study has shown that cRNA synthesis can occur in the absence of
protein synthesis if a supply of pre-existing polymerase is available (Vreede et al.,
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2004). This is dependent on the promoter-binding activity but not on the catalytic
activity of the pre-expressed polymerase as a polymerisation defective mutant PB1
can fulfil this role whereas RNA-binding mutants cannot. Pre-existing NP was nei-
ther necessary nor sufficient to permit cRNA accumulation. However, its presence
substantially increased the levels of cRNA accumulation. Thus a new model for
the first step in genome replication proposes that cRNA synthesis is an intrinsic
property of negative-sense RNPs but its accumulation is dependent on stabilisation
resulting from polymerase binding (and enhanced by NP) rather than by an active
switch mechanism (Vreede et al., 2004). Because cRNA molecules are not capped
or polyadenylated they are quickly degraded by cellular nucleases unless there is a
source of viral RNP polypeptides, particularly the polymerase components, present
to encapsidate and stabilise them (Fig. 9.3). Paradoxically, a PB1-PA dimer pos-
sessing high levels of promoter-binding activity (Lee et al., 2002; Deng et al., 2005)
does not suffice for this purpose (Vreede et al., 2004). This current model suggests
that the first event in influenza A virus genome replication is not actively regulated,
but is instead a stochastic process based on the probability of the viral polymerase
initiating cap-primed or unprimed transcription. Nevertheless, evidence for regu-
lated cRNA synthesis at some level remains. For instance, maximum rates of syn-
thesis and levels of cRNA accumulation are reached early in infection and are not
substantially amplified by the subsequent rise in VRNA levels (Barrett et al., 1979;
Shapiro et al., 1987; Mullin et al., 2004; Dalton et al., 2006), despite the large pool
of non-RNP-associated polymerase that remains in the nucleus until the end of the

a) b)

mRNA b,%_ e %,% mRNA
CHX N

Fig. 9.3 Stabilisation model for influenza virus cRNA synthesis. (a) When protein synthesis is
blocked by cycloheximide (CHX), RNPs synthesise mRNA and cRNA but the unencapsidated
cRNA is quickly degraded. (b) In untreated cells, viral mRNAs are translated to produce new
polymerase and NP which co-transcriptionally encapsidates nascent cRNA strands and protects
them from degradation. After Vreede et al. (2004).
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viral lifecycle (Detjen et al., 1987; Carrasco et al., 2004). This perhaps implies that
only input (and not newly replicated) VRNA templates are used for cRNA synthesis,
but this remains to be determined.

The Mechanism of vRNA Synthesis

The synthesis of VRNA from a cRNA template can be viewed as a simpler process
than the transcription or replication of positive-sense RNA, since it is the only type
of RNA transcribed from a cRNA template. Like cRNA, initiation of vVRNA synthe-
sis is unprimed and the products have 5’ triphosphorylated ends (Young and Content,
1971; Hay et al., 1982). Nevertheless, recent work suggests a significant difference
in their modes of transcription initiation. Based on the results of experiments exam-
ining the precise origins of the first 2-3 nucleotides polymerised on WT and mutant
cRNA and vRNA templates (Deng et al., 2006c) concluded that initiation with ATP
occurs at the very 3’ end of the vVRNA template and leads to synthesis of pppApG
that is subsequently elongated to a full-length cRNA transcript (Fig. 9.4a). VRNA
synthesis also initiates with ATP to produce a pppApG dinucleotide, but surpris-
ingly, this is templated by positions 4 and 5 of the 3’ cRNA promoter. The pppApG
dinucleotide is then postulated to translocate back to the very 3’ end of the tem-
plate and there act as a primer for initiation of a nascent full-length vRNA molecule
(Fig. 9.4b). Theoretically, the internally templated ApG could also be released by
the polymerase to prime transcription in trans on other cRNA or vRNA templates
(Deng et al., 2006c). Ironically, ApG dinucleotides have been used by influenza sci-
entists as a tool to stimulate in vitro transcription by the viral polymerase for more
than 30 years (McGeoch and Kitron, 1975).

Differential activation of the polymerase complex has been observed with the
VvRNA and cRNA promoters. This may be due to their binding to different sequences
within the PB1 subunit, although there is some disagreement on the PB1 sequences
involved (Li et al., 1998; Jung and Brownlee, 2006). Binding to the 5’ end of vRNA
or cRNA stimulates cap-binding activity of the polymerase (Cianci et al., 1995),
which may increase overall levels of transcription through allosteric upregulation of
PB1 activity (Penn and Mahy, 1984; Kawakami et al., 1985). However, only bind-
ing to VRNA templates triggers cap-primed transcription activity of the polymerase.
Until recently, this was thought to be due to a failure of cRNA templates to acti-
vate the endonuclease activity of the complex (Cianci et al., 1995; Honda et al.,
2001), but as discussed earlier, this may only hold true for certain cap-donor RNAs.
Addition of a CA cleavage site-containing cap donor to a reconstituted polymerase
complex bound to 5'cRNA stimulated endonuclease activity to levels approach-
ing those achieved with 5'vVRNA. However, as these products are not subsequently
extended (Rao et al., 2003), the synthesis of non-functional capped VRNA is pre-
vented. Although the cRNA template does not contain a full polyadenylation signal
(as it lacks the poly U tract), the polymerase still binds to the 5" arm of cRNA (Tiley
et al., 1994; Cianci et al., 1995; Gonzalez and Ortin, 1999b) and evidence indicates
that the cRNA promoter can exist as a panhandle (Elton et al., 2006; Ortin and Parra,
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a) cRNA synthesis b) vRNA synthesis
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Fig. 9.4 [Initiation modes for viral genome replication. (a) cRNA synthesis initiates by synthesis
of an ApG dinucleotide templated by the 3" end of VRNA that is then processively extended. (b)
For vRNA synthesis, ApG is synthesised internally using residues 4 and 5 of the cRNA template,
then translocated back to the 3’ end (primer realignment) to prime processive elongation. After
Deng et al. (2006).

2006). This raises the question of how the steric block proposed for vRNA-directed
polyadenylation is avoided in the case of cRNA to allow synthesis of a full-length
vRNA transcript. Estimates of the dissociation constants for the interaction of PB1
with the 5" ends of VRNA and cRNA are similar (Gonzalez and Ortin, 1999a, b).
Nevertheless, the overall interaction of the polymerase with the cRNA promoter is
more labile than with the VRNA promoter and significantly more temperature sen-
sitive (Dalton et al., 2006).

The genetics of VRNA synthesis are similar to that of cRNA, with early experi-
ments on ts mutants providing evidence that both PA and NP are important (Elton
et al., 2006). However, the two polarities of genome replication are separable, since
mutants have been isolated that can synthesise positive-sense RNA but appear to be
specifically deficient for synthesis of VRNA (Thierry and Danos, 1982; Markushin
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and Ghendon, 1984) or vice versa (Mena et al., 1999). In addition, mutations in the
NSI1 gene show a partial deficiency in the accumulation of vVRNA, but not in that of
cRNA, suggesting that NS1 acts as a cofactor in the second step of viral RNA repli-
cation (Falcon et al., 2004). This may be related to the observed association of NS1
with viral RNPs (Marion et al., 1997). Analysis of in vitro transcription reactions
carried out with infected cell extracts has shown that, as with cRNA synthesis, a sup-
ply of non-RNP-associated NP is required to support VRNA synthesis (Shapiro and
Krug, 1988). However, it is notable that prior expression of the polymerase and NP
in cells before infection in the presence of a cycloheximide block does not support
vRNA synthesis even though cRNA is made (Vreede et al., 2004).

Conclusions

Orthomyxoviral RNA synthesis has been a topic of continual research for over
40 years now and yet despite this, even after significant recent advances, much
remains to be discovered. The molecular mechanisms of viral mRNA transcription
are still incomplete, especially with regard to the cell biology of the process. New
models have been formulated for how influenza virus replicates its genome but these
require further testing. The longstanding lack of structural information on the viral
RNA synthesis machinery is beginning to be rectified but there is still much work
to be done. These remain worthwhile areas of study and may eventually lead to the
design of novel antivirals targeted against an enzymatic complex that occupies the
coding capacity of well over half of the influenza virus genome.

Acknowledgments Research in the authors’ laboratories is supported by grants from the Well-
come Trust, MRC, BBSRC and the Horse Race Betting Levy Board. We thank Eva Kreysa for
helpful criticism.

References

Albo, C., Martin, J. and Portela, A. 1996. J Virol 70: 9013-9017.

Almond, J. W. 1977. Nature 270: 617-618.

Amorim, M. J. and Digard, P. 2006. Vaccine 24: 6651-6655.

Amorim, M. J., Read, E. K., Dalton, R. M., Medcalf, L. and Digard, P. 2007. Traffic 8: 1-11.

Area, E., Martin-Benito, J., Gastaminza, P., Torreira, E., Valpuesta, J. M., Carrascosa, J. L. and
Ortin, J. 2004. Proc Natl Acad Sci U S A 101: 308-313.

Arnheiter, H., Davis, N. L., Wertz, G., Schubert, M. and Lazzarini, R. A. 1985. Cell 41: 259-267.

Asano, Y., Mizumoto, K., Maruyama, T. and Ishihama, A. 1995. J Biochem (Tokyo) 117: 677-682.

Bae, S. H., Cheong, H. K., Lee, J. H., Cheong, C., Kainosho, M. and Choi, B. S. 2001. Proc Natl
Acad Sci U S A 98: 10602-10607.

Barrett, T., Wolstenholme, A. J. and Mahy, B. W. 1979. Virology 98: 211-225.

Beaton, A. R. and Krug, R. M. 1984. Proc Natl Acad Sci U S A 81: 4682-4686.

Beaton, A. R. and Krug, R. M. 1986. Proc Natl Acad Sci U S A 83: 6282-6286.

Biswas, S. K., Boutz, P. L. and Nayak, D. P. 1998. J Virol 72: 5493-5501.

Biswas, S. K. and Nayak, D. P. 1994. J Virol 68: 1819-1826.

Blumberg, B. M., Leppert, M. and Kolakofsky, D. 1981. Cell 23: 837-845.



178 P. Digard et al.

Braam, J., Ulmanen, I. and Krug, R. M. 1983. Cell 34: 609-618.

Carrasco, M., Amorim, M. J. and Digard, P. 2004. Traffic 5: 979-992.

Chan, A. Y., Vreede, F. T., Smith, M., Engelhardt, O. G. and Fodor, E. 2006. Virology 351:
210-217.

Cianci, C., Tiley, L. and Krystal, M. 1995. J Virol 69: 3995-3999.

Da Silva, E. V., Da Rosa, A. P., Nunes, M. R., Diniz, J. A., Tesh, R. B., Cruz, A. C., Vieira, C. M.
and Vasconcelos, P. F. 2005. Am J Trop Med Hyg 73: 1050-1058.

Dalton, R. M., Mullin, A. E., Amorim, M. J., Medcalf, E., Tiley, L. S. and Digard, P. 2006. Virol J
3:58.

del Rio, L., Martinez, C., Domingo, E. and Ortin, J. 1985. Embo J 4: 243-247.

Deng, T., Engelhardt, O. G., Thomas, B., Akoulitchev, A. V., Brownlee, G. G. and Fodor, E. 2006a.
J Virol 80: 11911-11919.

Deng, T., Sharps, J. L. and Brownlee, G. G. 2006b. J Gen Virol 87: 3373-3377.

Deng, T., Sharps, J., Fodor, E. and Brownlee, G. G. 2005. J Virol 79: 8669-8674.

Deng, T., Vreede, F. T. and Brownlee, G. G. 2006¢. J Virol 80: 2337-2348.

Desselberger, U., Racaniello, V. R., Zazra, J. J. and Palese, P. 1980. Gene 8: 315-328.

Detjen, B. M., St Angelo, C., Katze, M. G. and Krug, R. M. 1987. J Virol 61: 16-22.

Digard, P., Blok, V. C. and Inglis, S. C. 1989. Virology 171: 162-169.

Elton, D., Digard, P., Tiley, L. and Ortin, J. (2006). Structure and function of the influenza virus
RNP. Influenza virology; current topics. Wymondham, Caister Academic Press: 1-36.

Elton, D., Medcalf, E., Bishop, K. and Digard, P. 1999a. Virology 260: 190-200.

Elton, D., Medcalf, L., Bishop, K., Harrison, D. and Digard, P. 1999b. J Virol 73: 7357-7367.

Enami, M., Fukuda, R. and Ishihama, A. 1985. Virology 142: 68-77.

Engelhardt, O. G. and Fodor, E. 2006. Rev Med Virol 16: 329-345.

Engelhardt, O. G., Smith, M. and Fodor, E. 2005. J Virol 79: 5812-5818.

Falcon, A. M., Marion, R. M., Zurcher, T., Gomez, P., Portela, A., Nieto, A. and Ortin, J. 2004.
J Virol 78: 3880-3888.

Fodor, E., Pritlove, D. C. and Brownlee, G. G. 1994. J Virol 68: 4092-4096.

Fodor, E. and Smith, M. 2004. J Virol 78: 9144-9153.

Gonzalez, S. and Ortin, J. 1999a. J Virol 73: 631-637.

Gonzalez, S. and Ortin, J. 1999b. Embo J 18: 3767-3775.

Green, T. J., Zhang, X., Wertz, G. W. and Luo, M. 2006. Science 313: 357-360.

Hagen, M., Tiley, L., Chung, T. D. and Krystal, M. 1995. J Gen Virol 76 (Pt 3): 603-611.

Hara, K., Schmidt, F. 1., Crow, M. and Brownlee, G. G. 2006. J Virol 80: 7789-7798.

Hatada, E., Hasegawa, M., Mukaigawa, J., Shimizu, K. and Fukuda, R. 1989. J Biochem (Tokyo)
105: 537-546.

Hatta, M., Gao, P., Halfmann, P. and Kawaoka, Y. 2001. Science 293: 1840-1842.

Hay, A. J., Abraham, G., Skehel, J. J., Smith, J. C. and Fellner, P. 1977a. Nucleic Acids Res 4:
4197-42009.

Hay, A. J., Lomniczi, B., Bellamy, A. R. and Skehel, J. J. 1977b. Virology 83: 337-355.

Hay, A. J., Skehel, J. J. and McCauley, J. 1982. Virology 116: 517-522.

Herz, C., Stavnezer, E., Krug, R. and Gurney, T., Jr. 1981. Cell 26: 391-400.

Honda, A., Endo, A., Mizumoto, K. and Ishihama, A. 2001. J Biol Chem 276: 31179-31185.

Honda, A., Mukaigawa, J., Yokoiyama, A., Kato, A., Ueda, S., Nagata, K., Krystal, M.,
Nayak, D. P. and Ishihama, A. 1990. J Biochem (Tokyo) 107: 624-628.

Horisberger, M. A. 1980. Virology 107: 302-305.

Howe, K. J. 2002. Biochim Biophys Acta 1577: 308-324.

Hsu, M. T, Parvin, J. D., Gupta, S., Krystal, M. and Palese, P. 1987. Proc Natl Acad Sci U S A 84:
8140-8144.

Jennings, P. A., Finch, J. T., Winter, G. and Robertson, J. S. 1983. Cell 34: 619-627.

Jung, T. E. and Brownlee, G. G. 2006. J Gen Virol 87: 679-688.

Kawakami, K., Mizumoto, K., Ishihama, A., Shinozaki-Yamaguchi, K. and Miura, K. 1985.
J Biochem (Tokyo) 97: 655-661.



9 Orthomyxovirus Genome Transcription and Replication 179

Klumpp, K., Ford, M. J. and Ruigrok, R. W. 1998. J Gen Virol 79 (Pt 5): 1033-1045.

Klumpp, K., Ruigrok, R. W. and Baudin, F. 1997. Embo J 16: 1248-1257.

Lee, M. K., Bae, S. H., Park, C. J., Cheong, H. K., Cheong, C. and Choi, B. S. 2003a. Nucleic
Acids Res 31: 1216-1223.

Lee, M. T., Bishop, K., Medcalf, L., Elton, D., Digard, P. and Tiley, L. 2002. Nucleic Acids Res
30: 429-438.

Lee, M. T., Klumpp, K., Digard, P. and Tiley, L. 2003b. Nucleic Acids Res 31: 1624-1632.

Li, M. L., Ramirez, B. C. and Krug, R. M. 1998. Embo J 17: 5844-5852.

Luo, G. X., Luytjes, W., Enami, M. and Palese, P. 1991. J Virol 65: 2861-2867.

Marion, R. M., Zurcher, T., de la Luna, S. and Ortin, J. 1997. J Gen Virol 78 (Pt 10): 2447-2451.

Mark, G. E., Taylor, J. M., Broni, B. and Krug, R. M. 1979. J Virol 29: 744-752.

Markushin, S. G. and Ghendon, Y. Z. 1984. J Gen Virol 65 (Pt 3): 559-575.

Martin-Benito, J., Area, E., Ortega, J., Llorca, O., Valpuesta, J. M., Carrascosa, J. L. and Ortin, J.
2001. EMBO Rep 2: 313-317.

Mayer, D., Molawi, K., Martinez-Sobrido, L., Ghanem, A., Thomas, S., Baginsky, S.,
Grossmann, J., Garcia-Sastre, A. and Schwemmle, M. 2007. J Proteome Res 6: 672-682.

McGeoch, D. and Kitron, N. 1975. J Virol 15: 686—695.

Medcalf, L., Poole, E., Elton, D. and Digard, P. 1999. J Virol 73: 7349-7356.

Mena, 1., Jambrina, E., Albo, C., Perales, B., Ortin, J., Arrese, M., Vallejo, 