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“Science is not about building a body of known ‘facts!
It is a method for asking awkward questions and subjecting them to a reality-check,
thus avoiding the human tendency to believe whatever makes us feel good.”

Terry Pratchett
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INFECTIOUS AGENTS WITH RNA GENOMES

Ribonucleic acid (RNA) is a conformationally flexible biopolymer composed of nucleotide
subunits. Each nucleotide consists of a phosphate group and a pentose sugar (ribose),
together forming the backbone of every RNA chain, and one of four nitrogenous bases
(adenine, guanine, cytosine or uracil). RNA molecules are characterized by a high degree
of functional plasticity and are critically involved in fundamental cellular processes,
including the priming of DNA replication, the transfer of genetic information to the
translation apparatus, and the posttranscriptional regulation of gene expression. RNA
can also have catalytic properties. Chemical transformations that can be catalyzed by
RNA molecules include RNA-processing events, nucleotide synthesis, RNA polymeriza-
tion and peptide bond formation313475462103198 The remarkable ability of RNA to serve as
both a carrier of genetic information and a catalyst for the template-based duplication of
this information lends credence to the hypothesis that the first self-replicating systems
that emerged on Earth may have been based on RNA only®*¢. The conformational vari-
ability and chemical functionality of RNA is restricted by the fact that RNA polymers are
composed of just four building blocks with limited chemically reactive groups. These
properties of RNA, combined with the necessity to respond to arising environmental chal-
lenges, may have led to the invention of protein synthesis templated by RNA sequences.
The transfer of catalytic “responsibilities” to this novel and more versatile biomolecule
marked the transition to protein-based metabolism. Subsequently, DNA replaced RNA in
its role of genetic material due to its greater chemical stability, permitting much larger
genomes. Today, the only known entities that rely on RNA for the storage of their genetic
information are RNA viruses, viroids and virus-associated RNAs, suggesting they may be
“evolutionary relics of the RNA world".

Phytopathogenic viroids are circular, non-coding RNAs with lengths between 250 and
400 nucleotides (nt) that are not encased in a protein shell, and their entire replicative
cycle depends on host factors. Viroid RNAs are capable of utilizing cellular DNA-depen-
dent RNA polymerases (DdRp) for their replication, and spread trough infected plants via
plasmodesmata (reviewed in reference’®). A subviral human pathogen, hepatitis delta
virus (HDV), shares the ability of viroids to use host cell DdRp for amplifying its circular,
single-stranded RNA genome of 1.6 kb. In contrast to viroids, HDV encodes a protein
required for replication of its RNA — the HD antigen (HDAg) is expressed from the antig-
enomic transcript and encapsidates HDV genomes. The envelope proteins on the outer
surface of HDV are entirely provided by hepatitis B virus (HBV), making HDV dependent
on host cells for RNA replication and on another virus for particle assembly'®.

Viruses that replicate only via RNA intermediates encode a viral RNA-dependent RNA
polymerase (RdRp) to amplify their genomes. Plus-strand RNA (+RNA) viruses carry linear,
single-stranded genomes of mRNA polarity that can initiate viral gene expression im-
mediately after genome uncoating in infected cells. The genomes of minus-strand RNA
(-RNA) viruses, by contrast, are complementary to mRNA and need to be transcribed
into mRNAs before viral genes can be expressed. To this end, -RNA virus particles also



deliver a viral “transcriptase” into their host cells. The single-stranded RNA genomes of
retroviruses, although of positive polarity, also do not function as mRNAs at the onset
of infection, but are transcribed into DNA intermediates by a virion-associated RNA-
dependent DNA polymerase.

Although the length of RNA genomes is presumably constrained by the low fidelity of
their RNA synthesis®*3, +RNA viruses constitute the largest virus group today and com-
prise ubiquitous pathogens of plants and animals. In their most economic form, +RNA
genomes resemble cellular mRNAs, encoding a single open reading frame (ORF), flanked
by 5’and 3’untranslated sequences. The latter carry signals which ensure the recognition
and efficient translation of the genomic RNA by the cellular translation apparatus, as well
as its replication by the viral RNA-synthesizing complex. Polypeptides expressed from
the viral ORF invariably include an RNA-dependent RNA polymerase (RdRp), the enzyme
responsible for RNA-templated RNA synthesis, a process which takes place exclusively in
the cytoplasm of the infected cell. In order to express multiple viral gene products from a
single ORF, many +RNA viruses rely on proteolytic processing of polypeptide precursors
into mature protein subunits. In addition, eukaryotic +RNA viruses with polycistronic
genomes have evolved different ways to encode and express multiple ORFs. Many plant
and insect +RNA viruses employ bi-segmented and occasionally tri-segmented ge-
nomes. Several translation regulation strategies, such as “leaky scanning” by ribosomes
and ribosomal frameshifting, can ensure the translation of adjacent or overlapping viral
ORFs from the same mRNA molecule. Expression of ORFs positioned internally on the
genomic RNA can involve the use of internal ribosome entry sites (IRES) for ribosome
recruitment or the synthesis of subgenomic (sg) mRNAs in which these ORFs occupy a
5’-proximal position. These strategies are not mutually exclusive, and +RNA viruses may
utilize several of these mechanisms for the expression of their genetic information.

In addition to the viral RdRp, +RNA viruses generally encode multiple protein factors
that support RdRp activity and/or are involved in the spatial and temporal regulation of
viral RNA synthesis. The presence of one such RdRp co-factor - an RNA helicase, among
the replicative proteins of +RNA viruses was postulated to have permitted genomic RNA
expansion to sizes above ~6 kb. This hypothesis is based on the selective absence of this
domain in +RNA viruses with genome sizes below ~6 kb, and the presumed role of viral
helicases in unwinding large double-stranded (ds) RNA regions of replicative intermedi-
ates, as well as structured regions present in template RNAs that may hamper RdRp pro-
cessivity***. The greater coding capacity, in turn, may have permitted the evolution of
viral gene products solely dedicated to modulating and evading antiviral host responses,
allowing for greater plasticity of these viral genomes and increased ability of the virus to
adapt to different host environments.



NIDOVIRUSES

Three distantly related families of enveloped +RNA viruses — Coronaviridae, Arteriviridae
and Roniviridae, have been united in the order of Nidovirales based on similarities in their
gene organization, expression strategies, and the presumed common ancestry of their
key replicative enzymes'’*3°, The Coronaviridae family has recently been reorganized
and now comprises the two subfamilies of Coronavirinae (subdivided into the Alpha-,
Beta-, and Gammacoronavirus genera) and Torovirinae (genera Bafinivirus and Torovirus)
(http://www.ictvonline.org/virusTaxonomy.asp?version=2009).

Nidoviruses infect a wide variety of host, ranging from invertebrates to mammals.
The ronivirus yellow head virus (YHV) causes significant mortality of farmed prawns,
resulting in severe economic damage through heavy production losses?’. The Arteri-
viridae family also includes economically important animal pathogens, such as the
porcine reproductive and respiratory syndrome virus (PRRSV), which is associated with
significant economic losses in the swine industry”'. Members of Coronaviridae comprise
numerous enteric and/or respiratory pathogens of farm and companion animals, and the
Coronaviridae family is currently the only major nidovirus branch that includes known
human pathogens. After rhinoviruses, human coronaviruses are the second most com-
mon cause of common cold-like disease in humans. In 2003, however, also a potentially
fatal, emerging human disease, severe acute respiratory syndrome (SARS), was shown to
be caused by a coronavirus?#® (recently reviewed in reference’). Most nidoviruses have
very restricted host specificity and infect only one or a narrow range of closely related
species. One of the notable exceptions is SARS-CoV, which has been shown to infect a
range of mammals®, a property that has been advantageous for the development of
animal models for research on SARS-CoV pathogenesis®'*°.

The different nidovirus groups encode widely different sets of structural proteins and,
accordingly, have distinct virion architectures. Ronivirus and bafinivirus particles are rod-
shaped and contain tubular helical nucleocapsids®®S. A helical nucleocapsid structure is
also characteristic of the spherical coronavirus and, presumably, torovirus particle*7%1%,
while arterivirus nucleocapsids are likely icosahedral (Fig. 1). The lipoprotein envelopes of
nidovirus particles also differ significantly in morphology, largely due to the dissimilar ar-
rays of viral envelope proteins they contain. The virions of Coronaviridae and Roniviridae
representatives are characterized by large protrusions from the envelope surface formed
by membrane-spanning viral proteins, while arterivirus particles carry relatively small en-
velope projections. The viral envelope proteins mediate attachment of nidovirus particles
to receptors on the surface of host cells and fusion of the viral envelope with cellular
membranes, an event that can take place either at the plasma or endosomal membranes.
Following release of the viral nucleocapsid into the host cell cytoplasm, the nidovirus
genome is uncoated and translated by host cell ribosomes. In the late stages of nidovirus
infection, newly made genomic RNA molecules associate with nucleocapsid proteins.
Interactions of the resulting nucleocapsid structures with intracellular membranes con-
taining the viral envelope proteins trigger budding of progeny virions into the lumen of
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Figure 1. Virion architecture in the order Nidovirales. Characteristic electron micrographs of negatively
stained particles (left panels) and schematic diagrams (right panels) from representatives of the five main
nidovirus genera: arterivirus, coronavirus, torovirus, bafinivirus and ronivirus. Scale bars represent 50 nm

in the arterivirus image and 100 nm in all other images. Note the differences in nucleocapsid symmetry
and envelope protein composition. Abbreviations: N, nucleocapsid protein; M, membrane protein; S, spike
protein; E, envelope protein; GP or gp, glycoprotein, HE, hemagglutinin-esterase. GP, and M are the major
glycoproteins in arterivirus particles, while GP,, GP, and GP, are minor envelope components. Toroviruses,
bafiniviruses, and roniviruses lack an equivalent of the E protein that is present in corona- and arteriviruses.
Adapted from Enjuanes et al32 and Snijder et al.*?

the smooth endoplasmic reticulum and/or the Golgi complex, followed by the release of
progeny particles into extracellular space by exocytosis. The mechanisms of virus entry
and assembly of infectious progeny employed by representatives of the major nidovirus
groups are evidently different, which stands in contrast to similarities observed in other
key viral properties. These include the order in which viral genes are encoded in the poly-
cistronic +RNA genomes of nidoviruses, the mechanisms used to express those genes,
and the composition of the nidovirus replicative machinery. Collectively, these observa-
tions argue for a common evolutionary ancestry of viruses united in the Nidovirales order.
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Figure 2. The polycistronic nature of nidovirus genomes. The genomic RNA of selected representatives

of the Arteriviridae, Coronaviridae and Roniviridae families are drawn to the same scale. The 5’-proximal
replicase open reading frames (ORFs), as well as the downstream ORFs encoding the viral structural
proteins are depicted. The ORF1a/1b ribosomal frameshift site (RFS) and the 3" poly(A) tail (A ) are also
indicated. ORFs encoding the viral replicase and viral structural proteins are designated (for abbreviations,
see Fig. 1). Note the large size difference between the genomes of arteriviruses and other nidovirus families
and subfamilies. EAV, equine arteritis virus; SARS-CoV, severe acute respiratory syndrome coronavirus; BToV,
bovine torovirus; GAV, gill-associated virus.

The single-stranded RNA genomes of nidoviruses are 3’ polyadenylated and carry a 5
cap structure. The genome size of Arteriviridae, ranging between 12.7 and 15.7 kb, differs
considerably from those of Coronaviridae and Roniviridae - the virus groups with the largest
and genetically most complex RNA genomes described to date (25-32 kb)*. The nonstruc-
tural proteins (nsps) of nidoviruses are encoded in a large “replicase” gene that occupies the
5'-proximal two-thirds to three-quarters of the genomic RNA and consists of two ORFs - ORF1a
and ORF1b. A set of small ORFs, coding for the viral structural proteins and, in some nidovirus
representatives, “accessory” proteins, are found in the 3'-proximal part of nidovirus genomes.

The nidovirus replicative cycle starts with translation of the genomic RNA, initiated at
the ORF1a start codon following ribosomal scanning and resulting in the production of a
large polyprotein, pp1a. A -1 ribosomal frameshift just upstream of the ORF1a termination
codon results in the C-terminal extension of a fraction of pp1a with the ORF1b-encoded
polypeptide, giving rise to pp1ab'.The two large replicase polyproteins are co- and post-
translationally processed by virus-encoded (auto)proteinases into 13-16 individual nsps,
which assemble into a cytoplasmic RNA-synthesizing complex that is anchored to modi-
fied cellular membranes. The structural protein ORFs, which are inaccessible to host cell
ribosomes due to their 3'-proximal positions in the genomic RNA (Fig. 2), are expressed
from a set of sg mRNAs. These molecules are 3’-coterminal with the viral genome, result-
ing in a so-called “nested” set of viral RNA species, a property reflected in the name of the



virus order (“nidus” is the Latin word for nest). The sg mRNAs of corona- and arteriviruses
also contain a short sequence identical to the genomic 5’ end>?264%,

THE NIDOVIRUS REPLICASE: AN ENZYME TREASURE CHEST

Despite the large size difference between the replicase pplab polyproteins, ranging
from 3175 amino acids (aa) for the arterivirus equine arteritis virus (EAV) to ~7200 aa for
the coronavirus murine hepatitis virus (MHV), the conserved array of replicative domains
and their sequential arrangement in the large nidovirus replicase gene formed the basis
for nidovirus unification (Fig. 3). The ORF1a-encoded replicase subunits include the
“main” viral proteinase, an enzyme with a chymotrypsin-like fold and narrow substrate
specificity. This enzyme mediates limited proteolysis of the C-terminal half of pp1a and
the ORF1b-encoded portion of ppTab at a number of sites'6244266%4 Up to three ORF1a-
encoded “accessory” proteinases are responsible for the (auto)catalytic processing of
the N-terminal part of the nidovirus replicase polyproteins (reviewed in reference'").
The replicase gene portion upstream of the ribosomal frameshift site also specifies a
number of hydrophobic domains flanking the main proteinase. Transmembrane domain-
containing nidovirus nsps have presumed or established roles in the rearrangement of
host cell membranes into virus-induced compartments and the anchoring of nidovirus
RNA-synthesizing complexes to these modified membranes in infected cells>203660.72:747893

RdRp and helicase

ORF1b is the most conserved part of nidovirus genomes. The central viral enzymatic ac-
tivities for RNA-templated RNA synthesis - the RdRp and helicase, are encoded in ORF1b,
and phylogenetic analyses provided strong evidence for a common ancestry of these key
enzymes in the different nidovirus groups?'2441424891 The RdRp domain is found in the
C-terminal portion of a larger replicase subunit whose size differs considerably among
nidoviruses (Fig. 3). Recombinant forms of the RdRp-containing nsps from EAV (nsp9) and
SARS-CoV (nsp12) have been recently produced, and their initial biochemical characteriza-
tion revealed important functional differences. For example, EAV nsp9 is able to initiate
RNA synthesis de novo but SARS-CoV nsp12 is a primer-dependent RdRp?®'®. Although
both proteins could catalyze RNA polymerization in vitro in the absence of other viral or
cellular proteins, the recombinant EAV RdRp could not utilize sequences derived from the
3’end of the viral genome as a template, suggesting additional requirements for its activity
in vivo. It is interesting to note that coronavirus nsp8 has been proposed to act as an “RNA
primase”, based on its ability to synthesize short oligoribonucleotides in vitro*. No func-
tional counterpart of this protein in the arterivirus replicase has been identified to date.
The availability of recombinant nidovirus RdRps provides a solid basis both for the de-
tailed functional characterization of their enzymatic activities that should yield valuable
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Figure 3. Organization and composition of nidovirus replicases. Currently mapped functional domains

in the pp1ab replicase polyprotein of the Arteriviridae, Coronaviridae and Roniviridae representatives

listed in Fig. 2 are shown schematically to scale. The border between amino acids encoded in ORF1a and
ORF1b is indicated as RFS (ribosomal frameshift). Arrowheads represent cleavage sites processed by
virus-encoded proteinases. Sites cleaved by papain-like (PL) accessory proteinases are shown in grey, while
those processed by the 3C-like main proteinase (3CLpro) are depicted in black. The resulting nonstructural
proteins (nsp) are numbered where cleavage site maps of pp1ab proteins are available. In addition to the
proteinase domains, the location of putative transmembrane domains (TM) and the major viral enzymatic
domains are shown: RNA-dependent RNA polymerase (RdRp), helicase (Hel), exoribonuclease (ExoN,)
endoribonuclease (Ne, NendoU in the main text), N7-methyltransferase (N7), 2' O-methyltransferase (2'0),
ADP-ribose-1"-phosphatase (X) and cyclic phosphodiesterase (CPD).

mechanistic insights into nidovirus RNA synthesis. Of particular interest would be the
significance of the nidovirus helicase for viral RNA synthesis. RNA helicases are a diverse
class of enzymes that unwind RNA duplexes using the energy of ATP hydrolysis. In ni-
doviruses, the helicase domain, much like the RdARp domain, is part of a larger replicase
subunit (Fig. 3), which also contains an N-terminal predicted zinc-binding domain with
13 conserved Cys and His residues**'*. Recombinant forms of the arteri- and coronavirus
nsps comprising the helicase domain (nsp10 and nsp13, respectively) have ATPase ac-
tivities and can unwind RNA and DNA duplexes in a 5’-to-3" direction in vitro®'>%#% The
helicase activity of coronavirus nsp13 is remarkably processive, permitting strand sepa-
ration of long stretches of double-stranded nucleic acids, and the protein also exhibits
RNA 5'-triphosphatase activity in vitro®'*2. The zinc-binding domains of arterivirus nsp10
and coronavirus nsp13 are also critical for the in vitro ATPase and helicase activities of the
proteins®. Although residues from this domain are unlikely to be involved in catalysis,
zinc coordination might assist the proper folding of the entire replicase subunit and/or
mediate interactions of the protein with substrate RNA molecules. Notably, the 5'-to-3’



polarity of nidovirus helicases has not been reconciled so far with their presumed role in
unwinding local double-stranded RNA structures that might hinder the progress of the
RdRp during viral RNA synthesis, which proceeds in the opposite direction.

The nidovirus endoribonuclease (NendoU)

In addition to the core viral enzymes, the replicative machinery of nidoviruses includes
several subunits with rather unusual RNA-processing activities that have few or no known
counterparts in the RNA virus world. The majority of these enzymes are encoded only
by nidoviruses with large genomes, but one of them - the nidovirus endoribonuclease
(NendoU) domain, is conserved throughout the nidovirus order**#°. To date, no NendoU
counterparts have been identified in other RNA viruses, and this domain is thus considered
a genetic marker of Nidovirales. The NendoU domain is encoded in ORF1b, downstream of
the RdRp and helicase, and is N-terminally fused to another domain in a larger replicase
subunit - nsp11 in arteriviruses and nsp15 in coronaviruses (Fig. 3). Its endoribonuclease
function was originally predicted based on distant sequence homology between the
NendoU domain and a small family of prokaryotic and eukaryotic proteins prototyped by
XendoU, an endoribonuclease from Xenopus laevis®. Several coronavirus nsp15 orthologs
were shown to cleave RNA 3’ of uridylates in vitro, and the enzyme’s critical role in the coro-
navirus replicative cycle was established using recombinant coronaviruses that expressed
mutant forms of nsp15°°%°. Biochemical and structural studies have provided some insights
into the catalytic activity of coronavirus NendoU domains and the determinants of the
enzyme’s substrate specificity'®'24650558 The cognate substrate of NendoU in infected cells
has not been identified, however, and the molecular details of the role of NendoU in the
nidovirus replicative cycle, as well as the mechanism(s) to protect viral (and possibly cel-
lular) RNA molecules in infected cells from rapid degradation, remain unexplored thus far.

Exoribonuclease, 2’ O-methyltransferase and N7- methyltransferase

Apart from NendoU, members of the Coronaviridae and Roniviridae encode two ad-
ditional conserved enzymatic domains in the 3’-proximal region of ORF1b - a 3'-to-5’
exoribonuclease (ExoN) and a (nucleoside-2’ O)-methyltransferase (2'O-MTase), mapping
to coronavirus nsp14 and nsp16, respectively?*32#_A role of ExoN in improving the low
fidelity of RdRp-mediated RNA synthesis, and thus contributing to the maintenance of
the large genomes in these two nidovirus families, was postulated*®, ExoN inactivation
by substitution of active-site residues correlates with severe defects in coronavirus RNA
synthesis?, MHV ExoN mutants were shown to accumulate 15-fold more mutations than
the wild-type virus?, but rigorous experimental proof of an ExoN role in proofreading is
currently lacking. Interestingly, a (Quanine-N7)-methyltransferase (N7-MTase) activity of
nsp14 was recently identified in a yeast genetic screen for cap-forming enzymes of coro-
naviruses. The ExoN and N7-MTase activities of nsp14 seem to be functionally separated



in the protein’s primary structure’®. Nidoviruses with large genomes thus possess at least
two enzymes that could participate in the formation of 5-terminal cap 1 structures.
Recently, mRNA cap methylation was reconstituted in vitro using recombinant nsp14
and nsp16 from SARS-CoV. This study also reported a surprising role of nsp10 as a critical
factor for the 2'0O-MTase activity of nsp16 in vitro'. The coronavirus helicase was also
suggested to play a role in viral mMRNA capping due to its RNA 5'-triphosphatase activity,
since removal of the 5’ y-phosphate is the first step in cap formation®2. By contrast, no
RNA capping functions have been identified in the arterivirus replicase to date.

ADP-ribose-1"-phosphatase and cyclic phosphodiesterase

The repertoire of known and/or predicted nidovirus RNA-processing enzymes is com-
pleted by two domains - a cyclic phosphodiesterase (CPD) and an ADP-ribose-1"-phos-
phatase (ADRP), which are encoded by a smaller subset of nidovirus groups in genomic
regions other than ORF1b®°. Both domains are not unique to nidovirus representatives
—an ADRP domain is found in the replicase polyproteins of all mammalian viruses of the
alphavirus-like supergroup®, while a distantly related CPD domain can be found in the
genomes of some dsRNA viruses®. The CPD domain-coding sequence is found in the
3’ end of ORF1a just upstream of the ribosomal frameshift in Torovirus representatives,
while in a subset of Betacoronavirus members it is not encoded in the replicase gene, but
expressed from a sg mRNA and called the ns2 protein® (see Fig. 3). None of the other cur-
rently known nidoviruses encodes a CPD homolog. Cyclic phosphodiesterase activity of
this domain has not been demonstrated so far, and deletion of the ns2-coding sequence
from the MHV genome does not affect virus replication in cell culture®. However, a
number of amino acid substitutions in ns2, including replacements of predicted catalytic
CPD residues, were found to attenuate virus growth in mice, particularly in the livers of
infected animals®>¥7,

A similar phenotype has been reported for an MHV mutant with a substitution in
the ADRP active site, which replicated efficiently both in cultured cells and in the liv-
ers of infected mice, but did not induce liver disease®. The ADRP domain was originally
identified as X domain® and, subsequently, macro domain, as it is evolutionarily related
to a conserved domain found in the C-terminal region of the histone macroH2A”. All
representatives of the Coronaviridae family harbor a macro domain in the N-terminal
region of ppla/pplab, and in coronaviruses this domain is part of the largest replicase
subunit - nsp3. The biochemical characterization of coronavirus macro domains was
initially focused on its ability to convert ADP-ribose-1"-phosphate, a by-product of
cellular pre-tRNA splicing, to ADP-ribose’. Recombinant coronavirus macro domains
exhibited specific, but poor ADRP activity in vitro, and recent reports have suggested
these domains bind efficiently to poly(ADP-ribose) - a unique post-translational protein
modification involved in multiple cell signaling pathways, among which those related to
cell survival®. It is unclear, however, whether ADP-ribose binding is a conserved property
of coronavirus macro domains, since a recombinant form of this domain from the group



3 coronavirus infectious bronchitis virus (IBV) failed to bind ADP-ribose in vitro”. Curi-
ously, this was a property only of the macro domain derived from IBV strain Beaudette,
while the IBV strain M41 macro domain has been successfully crystallized in complex
with ADP-ribose’”. Taken together, the properties of the CPD and ADRP domains are
most consistent with roles of these enzymatic activities in the modulation of host cellular
responses to viral infection30337982,

ORF1a-encoded replicase subunits

In contrast to the clear evolutionary relationship among ORF1b-encoded domains,
the N-proximal parts of ppla/pplab are very poorly conserved among nidovirus fami-
lies2124%0110 Aside from the identical sequential arrangement of membrane-associated
nsps and the main viral proteinase, another discernible common feature is the presence
of one to three “accessory” proteinases that direct the autocatalytic processing of the
N-proximal replicase polyprotein regions in which they reside (reviewed in '""). The
papain-like cysteine proteinase domains residing in nsp2 of arteriviruses and nsp3 of
coronaviruses reportedly can hydrolyze ubiquitin and interferon-stimulated gene prod-
uct 15 (ISG15) from covalently modified proteins. These activities are due to the narrow
substrate specificities of these proteinases, which match closely those of known cellular
deubiquitinases. Consequently, papain-like proteinases of arteri- and coronaviruses have
been proposed to play a role in counteracting ubiquitin- and 1SG15-dependent cellular
antiviral responses’*%>, Elegant biochemical studies on SARS-CoV nsp1, a protein with
no known enzymatic activities, have suggested this replicase subunit could also be
involved in suppressing antiviral signaling pathways by inhibiting host translation and
promoting host mRNA degradation®’°8%, This function of nsp1, however, is dispensable
for SARS-CoV replication in cultured cells® and might only be important for pathogenic-
ity in the natural host, as demonstrated for its ortholog in MHV™'2,

In contrast to the apparent expendability of coronavirus nsp1 and nsp2 for viral RNA
replication in cell culture'®?>44, the similarly positioned region of the arterivirus replicase
polyprotein contains a protein factor — nsp1, which is critical for viral RNA synthesis. EAV
nsp1 is not essential for genome replication, but absolutely required for the synthesis
of sg mRNAs, and a similar function has been proposed for nspla from PRRSV®'1°1,
Interestingly, PRRSV nspl1a and nsp1f have recently been reported to function as in-
terferon antagonists®'®. Multiple ORF1a-encoded nsps from different nidoviruses thus
may contribute to the evasion of innate immunity surveillance mechanisms, a function
they might be exceptionally well suited for, considering they are the first viral proteins
produced upon infection.

The ORF1a gene products thus seem to play diverse roles in viral RNA synthesis, provid-
ing subunits that modify the intracellular environment for this process to take place and
ensure the regulated proteolysis of replicase polyproteins. It is clear that ORF1a replicase
gene products can also have key regulatory functions in viral RNA synthesis, as demon-



strated for arterivirus nsp1¢1°' and proposed for the nsp7 to nsp10 replicase subunits of
coronaviruses?62967.98109.113,

SCOPE AND OUTLINE OF THIS THESIS

The functional analysis of nidovirus replicase subunits, both in vitro and in the context
of viral infection, is imperative for addressing fundamental questions about the com-
position of nidovirus RNA-synthesizing complexes and the regulation of their different
activities. This information is also of significance for the design of selective inhibitors of
nidovirus replication. The availability of full-length cDNA clones greatly facilitates the in-
tegration of results derived from biochemical studies on nidovirus replicase subunits and
their functional analyses in the context of viral replication. The development of a reverse
genetics system for EAV, which has the smallest nidovirus genome and also replicates
robustly in a variety of cell lines without the need for extreme safety measures, has made
this virus exceptionally suited for functional dissection of the nidovirus replicase. Part of
the work described in this thesis involved the characterization of the conserved NendoU
domain, mapping to arterivirus nsp11, and its significance for the EAV replicative cycle.
Another part of this thesis focused on nsp1, previously identified as a candidate “molecu-
lar switch” between genome replication and sg mRNA synthesis in EAV, and was aimed
at gaining more insight into the regulatory role of the protein in the poorly-understood
process of discontinuous minus-strand synthesis.

Chapter 2 explores the inherent multifunctionality of +RNA virus genomes. Well-doc-
umented control mechanisms that determine the use of these molecules as templates
for translation, minus-strand synthesis or encapsidation, as well as the high degree of
integration between these processes in different +RNA virus families are discussed. The
current knowledge on such regulatory events in the replicative cycle of nidoviruses is
summarized.

Chapter 3 establishes the biological importance of the conserved NendoU domain by
a site-directed mutagenesis approach. Deletion of the NendoU domain from EAV nsp11
and certain amino acid replacements rendered viral RNA accumulation undetectable
when engineered in the full-length EAV cDNA clone. Substitutions of proposed catalytic
residues, however, resulted in viable mutants with greatly reduced infectious progeny
titers and small-plaque phenotypes. A more detailed analysis of the latter mutants
revealed defects in viral RNA accumulation and identified a potential link between the
NendoU domain and viral sg mRNA synthesis.

Chapter 4 describes the biochemical characterization of nsp11 from two distantly
related arteriviruses, EAV and PRRSV. Bacterially expressed nsp11 proteins were found to
efficiently hydrolyze RNA 3’ of pyrimidines in vitro, with a modest preference for cleavage
at uridylates. Comparative analysis of arterivirus nsp11 and coronavirus nsp15 purified
under identical conditions revealed common and distinct features of the endoribonu-
cleic activities of these nidovirus replicase subunits that carry distantly related NendoU



domains. The biological significance of this remarkable RNA-processing activity, likely
common to all nidoviruses, is discussed.

Chapter 5 addresses the significance of nsp1’s autoproteolytic release from the
replicase polyproteins and the importance of the protein’s ZF domain in the context
of the complete replicative cycle of EAV. Cleavage of the nsp1/2 site was found to be
a prerequisite for EAV RNA synthesis. By contrast, several substitutions of predicted
zinc-coordinating residues selectively blocked sg mRNA accumulation, while genome
replication was either not affected or even increased. Other mutations of predicted zinc-
binding residues, however, did not affect viral RNA synthesis considerably but severely
reduced the production of infectious progeny particles. Apart from playing key roles in
replicase maturation and sg mRNA synthesis, nsp1 was thus also found to have a critical
function in virion biogenesis.

Chapter 6 presents a study in which both reverse and forward genetics were employed
to gain more insight into the multiple regulatory roles of EAV nsp1. Alanine replacement
of non-conserved clusters of polar residues found throughout the nsp1 sequence was
used as an approach aimed at expanding the repertoire of viable EAV nsp1 mutants with
discernible defects in one or more of the protein’s functions. The analysis of mutant and
pseudorevertant phenotypes revealed that the relative abundance of EAV mRNAs is
tightly controlled by an intricate network of interactions involving all nsp1 subdomains.
Moreover, nsp1 was implicated in modulating the accumulation of full-length and
subgenome-length minus-strand templates for viral mMRNA synthesis. The quantitative
balance among viral mRNA species was also found to be critical for efficient production
of new virus particles. These data establish nsp1 as a major coordinator of the EAV repli-
cative cycle.

Chapter 7 describes a protocol for the expression and purification of recombinant EAV
nsp1 from E. coli. The initial difficulties encountered in attempting to obtain recombinant
nsp1 were found to be largely related to the protein’s poor solubility, and a range of
fusion tags and expression conditions were explored in order to overcome this problem.
Expression of the protein from a construct that allowed its autoproteolytic release from a
precursor polypeptide in E. coli was found to be critical for the successful purification of
soluble, stable recombinant nsp1.

Chapter 8 discusses the main results described in this thesis and their implications.
Potential approaches for future research are also outlined.
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Chapter 2

Regulation of the plus-strand RNA virus
replicative cycle: putting it together by
taking it apart






INTRINSIC MULTIFUNCTIONALITY OF PLUS-STRAND RNA VIRUS GENOMES

Plus-strand RNA (+RNA) viruses with linear nonsegmented genomes and no DNA stage
in their replicative cycle store their genetic information in a single molecule of mRNA
polarity. This genome RNA is readily translated upon its release into the cytoplasm of the
infected cell to produce a set of viral proteins which always includes an RNA-dependent
RNA polymerase. Consequently, during virion assembly there is no need to package a viral
“transcriptase” along with the genome, a fundamental difference between +RNA viruses
and those that have minus- or double-stranded RNA genomes. The ability to express
viral genes directly from the genomic RNA determines the flow of the major steps in the
+RNA virus replicative cycle. Amplification of the messenger-sense genomic RNA typi-
cally follows its translation and requires the synthesis of a genome-length minus-strand
RNA intermediate. Some groups of plant and animal +RNA viruses with polycistronic
genomes also use the genomic RNA as a template for the generation of subgenome-
length minus strands, from which subgenomic (sg) mRNAs are transcribed (reviewed in
reference '*). Moreover, viral genomes need to be incorporated into progeny particles
in order to ensure viral propagation. This inherent multifunctionality of +RNA virus
genomes might provoke “competition” for genomic RNA molecules among translation,
minus-strand RNA synthesis, and encapsidation. Accordingly, +RNA viruses have evolved
various control mechanisms to coordinate these processes and prevent such potential
conflicts. Elucidating the molecular details of these regulatory mechanisms is technically
challenging, as it entails the use of experimental approaches that separate the intercon-
nected processes outlined above. In this manner, the viral and cellular players important
for each step can be defined and characterized.

The entire replicative cycle of +RNA viruses takes place in the cytoplasm of infected
cells. Specific template recognition and use in an environment where cellular mRNAs
are abundant is thus required, and could be accomplished in several ways. Temporal
separation of +RNA genome translation, amplification, and packaging into progeny
particles would make switching between these steps well defined in time and, possibly,
easier to achieve. However, the widespread use of this strategy is certainly not obvious,
since all these processes occur simultaneously in cells infected with most +RNA viruses.
Plus-strand RNA viruses induce profound membrane rearrangements in the cytoplasm
of infected cells, which, among other functions, may allow sequestration of viral RNA
and the compartmentalization of the different steps of the +RNA virus replicative cycle
(reviewed in references''>'?>1%%), Recruitment of viral and/or cellular proteins to regula-
tory RNA motifs in the viral genome may also determine its commitment to translation,
minus-strand RNA synthesis, or encapsidation. Increase in local concentration of viral
gene products could favor one of these processes in a subcellular site. The regulated
in cis usage of genomic RNA templates could also serve as a mechanism to maximize
the incorporation of translation- and replication-competent genomes in progeny virus
particles by coupling those two processes with encapsidation.



This review focuses on the interplay between replication and three other genome-
based processes: translation, sg mRNA synthesis, and encapsidation, in the replicative
cycle of +RNA viruses. The current knowledge on the molecular mechanisms that inter-
connect these different steps is very fragmentary and derives mostly from studies of a
few very dissimilar +RNA viruses with both mono- and polycistronic genomes, though
only the latter employ the full spectrum of these processes. As an illustration of the pos-
sible strategies that +RNA viruses can employ to regulate differential use of the genomic
RNA template, three relatively well-studied model systems from different +RNA virus
clades are discussed below. Special emphasis has been placed on the regulatory roles of
viral nonstructural proteins.

The switch between genome translation and replication has been studied extensively
for the monocistronic picornavirus poliovirus (PV). Integration of data from in vitro and
in vivo systems has led to a detailed model, in which the fate of the PV genome as a
template for translation or minus-strand RNA synthesis is determined by the differential
association of viral and host cellular proteins with regulatory RNA signals in the genomic
RNA.

During replication of Tombusviridae, and several other groups of +RNA viruses with
polycistronic genomes, subgenomic (sg) mRNAs are produced from complementary sub-
genome-length minus-strand templates'??*°, The determinants of viral RdRp attenuation
during minus-strand synthesis therefore govern the use of genomic RNAs as templates
for genome ampilification or sg mRNA production, an additional aspect of +RNA genome
multifunctionality. The RNA signals in particular, as well as the viral proteins involved
in the “premature termination” of minus-strand RNA synthesis, have been extensively
characterized for members of the Tombusviridae.

Recent studies on the spatial and functional coupling of genome replication and encap-
sidation in the monocistronic Flaviviridae family have revealed significant involvement of
viral nonstructural proteins in coordinating these two processes and “channeling” newly
synthesized viral RNA from replication to packaging. These data have effectively chal-
lenged the canonical dividing line often drawn between virion components and replica-
tive proteins, demonstrating that apart from their “conventional” functions in ensuring
viral RNA amplification, nonstructural proteins of Flaviviridae members are extensively
involved in the late phases of the viral replicative cycle important for the generation of
infectious progeny virions.

Lastly, considering the focus of this thesis on the regulatory roles of nonstructural
proteins in the replication of a prototypic nidovirus, our current and mostly rudimen-
tary knowledge on regulation of the replicative cycle in Nidovirales is summarized. The
implications of recent progress made in research on other +RNA viruses for advancing
our understanding of the molecular mechanisms governing nidovirus replication are
discussed.



CONCERTED ACTIONS OF VIRAL AND HOST CELL PROTEINS MEDIATE THE
SWITCH BETWEEN TRANSLATION AND REPLICATION OF PICORNAVIRUS
GENOMES

Picornaviridae: an introduction

The Picornaviridae family of nonenveloped +RNA viruses belongs to the recently estab-
lished order of Picornavirales and consists of 12 genera: Enterovirus, Hepatovirus, Pare-
chovirus, Kobusvirus, Erbovirus, Cardiovirus, Aphtovirus, Teschovirus, Sapelovirus, Seneca-
virus, Tremovirus, and Avihepatovirus. The picornavirus group includes several important
pathogens of humans and farm animals, such as PV and foot-and-mouth disease virus
(FMDV), which are also the best-studied representatives of the Enterovirus and Aphtovirus
genera, respectively.

Picornavirus genomes are single-stranded RNA molecules that vary between 6.7 and
8.8 kb in length and contain a single, long open reading frame (ORF), flanked by 5’- and
3’- untranslated regions (UTRs). The picornavirus genomic RNA lacks a 5’ cap structure
and contains a poly(A) tail at its 3"end'3?*. In addition, a viral protein, VPg, is covalently
linked to the 5’ terminus of the genome due to its role as protein primer for genome
replication>*'°", The picornavirus capsid proteins are encoded in the 5’ one-third of the
genomic ORF, with the 3’ two-thirds coding for the viral nonstructural proteins (shown
for PV in Fig. TA). Picornavirus genome translation is initiated by an internal ribosomal
entry site (IRES), which is located in the 5’ UTR. Translation of the genomic RNA yields a
polyprotein that is co- and post-translationally cleaved by virus-encoded proteinases to
generate the mature viral protein subunits and a number of processing intermediates
with essential functions in viral replication. The viral proteolytic activities reside in 3C™
and, in some viruses, also in the 3CD"°, the 2A"° and/or L proteins®% The picornavirus
RdRp domain maps to 3D, but only the fully processed protein, and not its long-lived 3CD
precursor, has this catalytic activity??'. Picornavirus replication takes place exclusively
in the host cell cytoplasm, where it induces extensive rearrangements of intracellular
membranes into characteristic vesicular structures. Viral RNA synthesis likely occurs in
association with these virus-induced vesicles' and, following encapsidation of newly
synthesized genomes, the nonenveloped progeny virus particles are released upon lysis
of the infected cell.

Many studies on picornavirus replication have been performed using PV as a model
system. Research on the regulation of PV replication has greatly benefitted from the de-
velopment of systems that reconstitutes the complete PV replicative cycle in vitro'*'%'3!,
Addition of PV RNA to cell-free extracts from uninfected Hela cells results in efficient
translation of the viral polyprotein, its correct proteolytic autoprocessing, as well as de
novo PV RNA synthesis and particle assembly''. This in vitro assay effectively bypasses the
need for multiple rounds of replication of the incoming genomic RNA that are required in
infected cells'. A similar uncoupling of translation from the initial rounds of replication
was achieved in an assay for PV replication in Xenopus oocytes. These cells do not support



PV RNA translation, but, when a Hela cell extract is co-injected, microinjection of PV
RNA initiates a complete replication cycle, allowing the investigation of host cell factors
important for viral RNA translation in the context of intact cells®. The availability of in
vitro systems uncoupling PV translation from replication, and in particular the system
based on Hela cell extracts, has greatly facilitated mechanistic studies on these two key
steps of the PV replicative cycle. Combined with complementary reverse and forward
genetic approaches, in vitro analyses have yielded important insights into the regulation
of these two interconnected processes.
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Figure 1. A model for genome circularization and initiation of minus-strand RNA synthesis during
poliovirus replication. (A) Schematic representation of the poliovirus (PV) genome. A viral peptide (VPg)
encoded in the 3B region of the genome is covalently attached to the 5’ end of the genomic RNA. The
5'cloverleaf (5'CL) and internal ribosomal entry site (IRES) structures in the 5" untranslated region (UTR)
of the PV RNA, and the 3'poly(A) tail (A ) are shown. The single open reading frame (ORF) in the PV
genome encodes a polyprotein, which is cleaved by proteinase activities residing in 2A, 3C and/or 3CD.
The structural genes, depicted in white, are found in the 5’-proximal region of the genomic ORF and
the nonstructural genes, shown in gray, are found in its 3’-proximal region. (B) Binding sites for poly(rC)-
binding protein (PCBP) and 3CD" in the 5’ UTR of the PV genome (see text for details). (C) Model for
circularization of the PV genome. A protein-protein bridge consisting of PCPB, 3CD"° and the poly(A)-
binding protein (PABP) has been proposed to bring the viral polymerase (3D in close proximity of the 3
poly(A) tail and allow for initiation of minus-strand RNA synthesis’*(see text for details).



Poliovirus genome translation as a prerequisite for its amplification: the clash
between ribosomes and the RdRp

Potential coupling between genome translation and replication during PV infection was
initially suggested based on results obtained using an elegant genetic approach that re-
lied on the insertion of amber termination codons in the PV ORF. The replication capacity
of PV genomes with amber mutations in the 2AP° and 3D™-coding regions was assessed
in amber-suppressing cell lines, and rescue of mutation-specific defects by providing a
wild-type (wt) helper PV genome in trans was also examined'#. Surprisingly, 3D provid-
ed in trans functioned almost as efficiently as in cis, while no trans-complementation of
amber nonsense mutations in 2A° was observed'#. Consequently, this study identified a
region in the 2A-coding portion of the PV genome whose translation in cis is required for
PV replication, and the authors suggested a number of scenarios that would necessitate
coupling translation to replication. An interaction of a newly synthesized viral protein
with the PV RNA, for example, could be required for its establishment as a template for
minus-strand synthesis, or this protein might be unable to diffuse to another template
RNA due to its restricted localization, e.g. in the membrane-associated replication com-
plex (RC).

In accordance with the latter hypothesis, formation of PV RCs has been shown to
require coupled viral translation, virus-induced membrane modification, and viral RNA
synthesis*. Modification of ER membranes in Hela cells prior to PV infection, by expres-
sion of cellular or viral membrane-binding proteins, resulted in a markedly decreased
capacity of these cells to support PV replication. Furthermore, previously altered
membranes were not used for RC formation irrespective of their morphology*. Even
the presence of membrane structures induced by translation of all PV proteins from
replication-incompetent RNAs decreased the fraction of PV-susceptible cells, indicating
that RNA synthesis is necessary for the formation of PV RCs and that once formed, these
membrane-associated complexes do not readily exchange components.

The tight coupling between PV translation and replication implies the existence of
regulatory mechanisms that prevent both processes from occurring on the same RNA
template, and thus avoid potential collisions between translating ribosomes proceed-
ing in a 5'to 3'direction, and minus-strand RNA-synthesizing complexes copying the PV
genome in the opposite direction. Inhibition of PV minus-strand synthesis by translating
ribosomes was indeed observed in HeLa S10 in vitro translation-RNA replication reac-
tions'. Clearing PV RNA of ribosomes by addition of puromycin specifically stimulated
minus-strand RNA synthesis, while addition of cycloheximide, which “freezes” ribosomes
on MRNAs, had a negative effect on minus-strand production. A mechanism must
therefore have evolved to coordinate initiation of minus-strand PV RNA synthesis with
clearance of translating ribosomes from the viral genome during PV infection', and
differential interactions of viral and host cell proteins with RNA signals in the 5 and 3’
UTRs of the PV genome have been suggested to ensure the sequential translation and
replication of PV RNA.



Formation of a ribonucleoprotein complex at the 5’ UTR of poliovirus: a
molecular switch?

Cis-acting RNA signals required both for PV genome translation and replication have
been mapped to the UTRs of the PV genome. A cis-replication element (CRE), which
overlaps with the 2C-coding region of the PV ORF, templates the uridylylation of VPg in
a process catalyzed by 3D™ and required for PV RNA synthesis 6566134138 The 5’ UTR of PV
is 743 nt long, and nt 134 to at least 556 forms the PV IRES that is required for allowing
ribosomes to efficiently translate the PV genome without scanning it from the 5’ end®
(Fig.1A). While the PV IRES is crucial for viral RNA translation, it is dispensable for both
minus-strand and plus-strand PV RNA synthesis'*. By contrast, the 5’-proximal 90 nt of
the 5" UTR fold into an RNA cloverleaf structure (5’ CL) that exists only in the plus strand
and is critically involved in both translation and replication of the PV genome®7% (Fig.1A).
A 4-nucleotide insertion in stem-loop D of the 5’ CL severely impaired viral RNA synthesis,
and this defect could be rescued by suppressor mutations in a highly conserved amino
acid stretch in the PV main protease 3C™°, suggesting that a genetic interaction between
the 5’-UTR and a 3CP°-containing viral protein is important for PV RNA synthesis’. In vitro
studies indeed demonstrated the formation of two 5’ CL-containing ribonucleoprotein
complexes in PV-infected cells - one of which composed exclusively of cellular factors
and another including the viral protein 3CD™¢. Accordingly, the 4-nucleotide insertion
in stem-loop D of the CL structure inhibited formation of the 3CD"°-5’ CL complex, but
did not interfere with interaction of cellular proteins with the 5’ CL sequence. Also, only
uncleaved 3CD"°, but not 3CP°, 3D, or a combination of these two subunits in a cleaved
form, bound to the 5’ CL sequence in vitro. These data suggested that autoproteolytic
processing of 3CDP° reduces the affinity of the resulting proteins for RNA and could thus
induce disassembly of the 5'CL ribonucleoprotein complex®.

The amino acid determinants of RNA binding and proteolytic activity in the 3C™
protein region were mapped to opposite faces of the protein surface. Mutations in 3C"°
affecting RNA binding caused specific defects in replication, without disturbing transla-
tion or stability of a PV replicon, or the proteolytic activity of 3C™ >'3¢, The interaction
between 3CD™ and the PV 5’ UTR was not direct, however, since formation of the 3CD-
Pro_5" CL complex in extracts from PV-infected cells required the presence of a cellular
protein®. Two widely expressed isoforms of the poly(rC)-binding protein (PCBP) ,PCBP1 and
PCBP2, were shown to selectively bind the top of stem-loop B of the PV 5’ CL structure®.
PCBPs are abundant cellular proteins that contain a triple repeat of the K homology
(KH) motif, present in multiple RNA-binding proteins, and can bind to 3’ UTRs of cellular
RNAs, thereby influencing their stability (**'¢° and references therein). PCBP1 and PCBP2
interacted with the 5’ CL and stimulated 3CD"°-CL complex formation in vitro. Notably,
both proteins bind specifically also to stem-loop IV of the PV IRES and are required for PV
translation??2% (Fig.1B), suggesting trans-acting cellular factors may be bifunctional and
serve to coordinate PV translation and replication.



More detailed biochemical analyses of the interactions of PCBP2 and 3CDP* with the
5'UTR of PV have proposed that PCBP2 can form RNA complexes with different affinities
depending on the presence of 3CD™ ¢!, The 5’ CL on its own was a poor competitor of
PCBP2 binding to stem-loop IV of the IRES. Simultaneous addition of 3CD™® and 5’ CL,
however, effectively reduced the binding of PCBP2 to the PV IRES in vitro. By contrast,
in the presence of PCBP, 3CD™™ associated very efficiently with the PV 5’ UTR sequence
in vitro, but not with the IRES region only®'. The presence of 3CD"° was hence proposed
to promote dissociation of PCBP2 from stem-loop IV of the PV IRES and to stabilize its
interaction with the 5’ CL structure, providing a possible mechanism for modulating the
switch between translation and replication of the PV genome.

A set of elegant experiments using the cell-free PV translation/replication assay dem-
onstrated that active translation of a PV replicon inhibits 3D™' elongation activity, while
addition of S100 extracts from PV-infected cells negatively affects PV RNA translation.
Fractionation of the inhibitory activity identified 3CD"° as a repressor of PV RNA transla-
tion, and binding of 3CD"* to the 5’ CL was shown to be required for PV minus-strand
synthesis, providing additional support for a role of the interplay between 5’ CL, PCBP2
and 3CD™' in mediating the switch between PV translation and replication®.

Circularization of the poliovirus genome driven by cellular proteins: a critical
determinant of viral RNA synthesis?

Poliovirus minus-strand RNA synthesis initiates within the poly(A) tail at the 3’ end of
the genome'®, For that reason, its requirement for a 3CD"° - 5" UTR interaction was
considered unusual, until a protein-protein bridge was proposed to circularize the PV
genome and thus bring the 5 and 3’ RNA termini in each other’s immediate proximity’2
The cellular poly(A)-binding protein 1 (PABP1), an important factor controlling the stabil-
ity and translation of cellular mRNAs'”?, interacts with the PV poly(A) tail in vitro with an
affinity increasing as a function of the poly(A) tail length. This interaction is mediated by
the N-terminal region of PABP1, while the C-terminal domain of the protein mediates as-
sociation of PABP1 with PCBP2 and 3CD" in vitro, also when the two proteins are bound
to the 5’ CL sequence. Synergistic actions of protein-RNA and protein-protein complexes
could thus mediate PV genome circularization (Fig. 1C). A mutant PABP1 with a deletion
of its C-terminal domain was able to bind the PV poly(A) tail efficiently, but acted as a
dominant-negative mutant when added to the cell-free PV translation/replication sys-
tem. It abrogated viral RNA replication without affecting translation, providing evidence
for the functional significance of the proposed genome circularization’2.

Collectively, these data suggest an intricate regulatory mechanism for coordinating
translation and replication of PV genomes, which relies on established intracellular
protein-protein and protein-RNA interactions. Translation of input PV RNA was postu-
lated to occur in association with cellular factors (e.g. PCBP2) until a critical concentration
of viral proteins in the host cell has been reached, which is followed by shutdown of viral
translation by 3CD™™. The formation of a ribonucleoprotein complex around the 5’ CL



containing PCBP2 and 3CD"™®, and subsequent interaction of this complex with PABP1
bound to the 3’ poly(A), may then serve to deliver the viral RdRp precursor 3CD"° to the
initiation site for minus-strand RNA synthesis. Self-processing of 3CD° would then result
in release of catalytically active 3D™ and disassembly of the 5’-3’ protein-RNA bridge>%°72,
According to this model, the specificity of PV minus-strand synthesis would be conferred,
somewhat paradoxically, by interaction of 3CDP° with the 5’ CL structure in the genomic
plus strand, since PABP1 likely associates with the poly(A) tails of cellular mRNAs as well?*,
As synthesis of PV proteins in infected cells continues for several hours after the onset of
viral RNA synthesis?*S, genome translation and replication do not seem to be temporally
distinct steps in the PV replicative cycle. The local concentration of 3CDP* in a particular
cellular compartment might therefore be crucial for determining the fate of PV RNAs®,

Interestingly, both PCBP2 and PABP1 are cleaved by 3C"/3CDP*° in PV-infected
cells?®1%0, suggesting a mechanism for modulating the roles of these host proteins in the
PV replicative cycle. PCBP proteins have three RNA-binding KH domains. KH1 was shown
to bind both the 5’ CL, as well as stem-loop IV of the PV IRES'®*, while KH2 mediates the
PCBP multimerization that is important for RNA binding and translation initiation at the
PV IRES'®. The KH3 domain, on the other hand, interacts with SRp20, a cellular protein
involved in mRNA splicing and nucleocytoplasmic trafficking. The association of PCBP2
with SRp20, which co-fractionates with ribosomal subunits, was proposed to mediate ri-
bosome recruitment to the PV IRES™. Partial and specific cleavage of endogenous PCBP2
in the linker region between the KH2 and KH3 domains was observed in PV-infected cells
from 3 hours post-infection on. In vitro analyses showed this reaction can be mediated
by both 3C™ and 3CD™, and that cleaved PCBP2 lacking the KH3 domain supported PV
replication, but did not function in PV translation. These results suggest that, instead
of relocating PCBP2 from the PV IRES to the 5’ CL, as initially proposed®', 3CD"* could
cleave IRES-bound PCBP, thereby releasing the KH3 domain and, consequently, SRp20
from the protein complex around stem-loop IV of the IRES. Due to a subsequent lack of
new initiation events, the PV genome is eventually cleared from ribosomes and becomes
available for minus-strand synthesis after genome circularization.

Other results also argue against recruitment of PCBP from the PV IRES to the 5' CL by
accumulating 3CD™°, Both PCBP1 and PCBP2 co-fractionate with PV polysomes isolated
from cell-free translation-replication reactions, and a mutation in 5’ CL that inhibits PCBP
binding also interfered with the formation and stability of nascent PV polysomes?. The
association of PCBP with the PV 5’ CL is therefore likely required at a very early step dur-
ing PV infection, before viral proteins such as 3CD"° could alter its properties or affinity
for viral RNA structures. The partial cleavage of PABP1 observed during PV infection is
also mediated by 3C" and occurs in the linker region between its N-terminal RNA bind-
ing portion and the C-terminal domain interacting with PCBP2%. Besides contributing to
the shut-off of cap-dependent (i.e. host mRNA) translation observed during PV infection,
PABP1 cleavage could also alter the ability of the cleaved protein to mediate PV genome
circularization. Since not all PCBP or PABP1 molecules are cleaved during infection, the
shift in the balance of PV replication and translation could occur within localized environ-



ments surrounding specific templates in which large amounts of 3CD"° are present'.
It is worthy of note that a recent report has questioned the requirement of PABP for PV
RNA synthesis in cell-free extracts by observing efficient PV replication and virus produc-
tion in HelLa S10 fractions depleted from a large portion of PABP>®. The remaining PABP
molecules, however, could still be sufficient to support efficient PV replication, given that
the stoichiometry and dynamics of the protein complex proposed to circularize the PV
genome’? has not been examined in detail.

In conclusion, mechanistic studies of the PV replicative cycle have uncovered the exis-
tence of a complex regulatory circuit which involves the differential recruitment of viral
and cellular proteins to RNA signals in the PV genome. The nature of the RNP formed may
thus ultimately determine whether the messenger-sense RNA molecule will serve as a
template for translation or minus-strand synthesis, and may also ensure the specificity of
PV RNA amplification. Remarkably, functional coupling seems to exist not only between
PV translation and replication, but also between PV replication and packaging of viral RNA
into progeny particles. A requirement for active replication of PV RNAs for their subse-
quent encapsidation was elegantly demonstrated using a genetic approach that utilized
specific inhibitors of PV RNA synthesis and virion morphogenesis'*®. Efficient replication
of PV RNA might therefore be a prerequisite for its productive association with capsid
precursors, a mechanism that would not only confer specificity to PV packaging, but also
ensure that only translation- and replication-competent genomes are incorporated into
progeny virus particles. A recent study has demonstrated that PV genome replication
and encapsidation are discrete steps in the viral replicative cycle', raising intriguing
questions about the molecular mechanisms of coupling between these two processes.

LONG-DISTANCE RNA-RNA INTERACTIONS ARE MAJOR DETERMINANTS OF
SUBGENOMIC RNA SYNTHESIS IN THE TOMBUSVIRIDAE FAMILY

Tombusviridae: an introduction

The Tombusviridae,alarge family of plant viruses with monopartite +RNA genomes, includes
members of the genera Aureusvirus, Avenavirus, Carmovirus, Dianthovirus, Machlomovirus,
Necrovirus, Panicovirus and the prototype genus Tombusvirus. The majority of studies on
tombusvirus replication and gene expression have been carried out with the prototype vi-
rus tomato bushy stunt virus (TBSV). The 4.8-kb messenger-sense TBSV genome is neither
5'-capped nor 3’-polyadenylated, and contains five ORFs. The two 5'-proximal overlapping
ORFs are translated directly from the viral genome into the proteins p33 and p92, both of
which are indispensable for TBSV RNA synthesis'”" (Fig.2A). The production of p92 requires
translational read-through of the p33 amber termination codon. Consequently, p92 is
N-coterminal with p33 and accumulates at a ~20-fold lower level compared to p33 during
TBSV infection. Both p92 and p33 are membrane-associated'? and viral RdRp signature
motifs are found in the C-terminal domain of p92, which is therefore likely the catalytic



subunit for viral RNA synthesis. No known functional motifs have been identified in the
sequence of the critical accessory replicative protein p33, but the N-terminal half of p33
has been shown to contain transmembrane segments and peroxisomal targeting signals
that likely aid the anchoring of tombusvirus replicases to peroxisomal membranes'?2

Expression of the three ORFs encoded 3’-proximally in the TBSV genome is mediated
by the production of two sg mRNAs. Subgenomic mRNA1 encodes the TBSV capsid
protein (CP), and sg mRNA2 serves as a template for the translation of the overlapping
ORFs encoding the p22 and p19 proteins, which are involved in cell-to-cell movement
and suppression of virus-induced gene silencing in infected plants. Leaky scanning, a
process in which scanning ribosomes bypass the upstream start codon of the p22 ORF
and initiate translation at the second start codon and in an alternative reading frame,
mediates expression of p19. Although p22 is encoded 5'-proximally in sg mRNA2, transla-
tion of p19 is more efficient both in vitro and in vivo "8, Tombusvirus sg mRNAs are
presumably transcribed from 3’-truncated subgenomic minus strands that are produced
by premature termination of minus-strand RNA synthesis on the genomic RNA template
by the tombusvirus RdARp complex?®.

Regulatory RNA elements in the tombusvirus replicative cycle

Higher-order RNA structures and long-distance RNA-RNA interactions have been impli-
cated in the orchestration of virtually all major steps in the tombusvirus replicative cycle,
including replicase assembly, genome replication and translation, and subgenomic
mMRNA production. The cap- and poly(A)-independent translation of the TBSV genome
is facilitated by a 5’-3' RNA-RNA base-pairing interaction that does not require protein
factors and effectively circularizes the molecule®®*', Disruption of the 5’-3'interaction by
the RdRp complex during initiation of minus-strand synthesis at the genomic 3’ end is
thus an attractive candidate switch between genome translation and RNA replication,
since it would inhibit translation and clear the RdRp path of oncoming ribosomes>°.

The core promoters for TBSV plus-strand and minus-strand synthesis are found at
5"and 3’ termini of viral RNA molecules, but other important elements are located in
protein-coding regions and can function by modulating promoter activity or influencing
replicase assembly, template recruitment, or primer synthesis. One such internal RNA el-
ement, RII(+), is found in the p92-coding sequence and is required for TBSV replication?
(Fig.2A). The core Rl region folds into an extended hairpin structure (RII(+)-SL) that was
proposed to direct the recruitment of the TBSV genome from translation to replication.
Accordingly, selective binding of TBSV p33 protein to the RIl sequence was demonstrated
in vitro. Interestingly, p92 could not efficiently recognize the Rll element in vitro, implying
that template selectivity is not a function of the TBSV RdRp'®. The proposed mechanism
of recruitment of a RIl(+)-SL -p33 complex to membranes via the hydrophobic N-terminal
domain of p33 would allow the specific retention and/or amplification of the TBSV ge-
nome in RCs, since TBSV sg mRNAs lack the RII(+)-SL sequence. The RII(+)-SL element has
also been suggested to assist viral replicase assembly'3243,
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An intricate network of RNA signals guides the production of tombusvirus
subgenome-length RNAs

A number of well-characterized long-range intragenomic RNA-RNA interactions are
critical for the generation of the subgenome-length minus-strand templates for sg
mRNA production. These associations presumably induce premature termination of
minus-strand synthesis by the tombusvirus RARp complex 2829194240 TBSV sg mRNAT1 ac-
cumulation is mediated by base-pairing between a 7-nt long “receptor sequence” (RS1),
found just 3 nt upstream of the sg mRNAT1 initiation site, and a complementary “activator
sequence” (AS1) located ~1000 nt upstream, in the loop of a hairpin® (Fig. 2, A and B).
This interaction is formed in the genomic plus strand only, and disturbing it decreases
both plus- and minus-strand sgRNAT levels. Likewise, activation of sg mRNA2 production
requires two sets of interactions between noncontiguous RNA elements?'%4252, A portion



of a distal element (DE) located ~1100 nt upstream of the sg mRNA2 start site must base-
pair with part of a core element (CE) located immediately 5’ to the start site for efficient
sg mRNA2 synthesis to occur®? The DE-CE interaction, similar to AS1-RS1 base-pairing,
also occurs in the plus-strand genomic RNA, where it likely serves to reposition the sub-
elements mediating a second long-range interaction between RNA elements spanning
~2100 nt? (Fig. 2, A and C). A region in the p92-coding sequence just upstream of AS1,
termed AS2 and, like AS1, found in the loop of a hairpin structure, is complementary to
and must base-pair with a subsection of CE termed RS2 for efficient sg mRNA2 synthesis
to take place™.

Interestingly, despite the positional coupling of AS1 and AS2 in the TBSV genome,
these elements do not seem to operate as a functional unit, given that sg mRNA1 ac-
cumulation is not affected by mutations decreasing sg mRNA2 levels'®. The 5'-proximal
location of AS1 and AS2, however, allows the genomic RNA to maintain strict control over
the launching of primary sg mRNA transcripts. Since both AS1 and AS2 elements reside in
the ORF of p92, their function would be negatively affected by translation, which might
have to be downregulated in order for efficient sg mRNA synthesis to occur. Interestingly,
the AS2-RS2 interaction could be functionally replaced by a local hairpin structure in the
genomic plus strand, but this delayed accumulation of all viral RNAs and reduced the
relative levels of sg mRNA2. A hairpin RNA element engineered into a TBSV defective
interfering (DI) RNA could also mediate the production of a DI RNA-derived subgenomic
mMRNA in a sequence-independent manner. However, a minimum stability of the hairpin
stem was required for RdRp attenuation, and at least one cryptic transcriptional element
was found to be present in the TBSV genome. Its activity appeared to be downregulated
by destabilization of the hairpin stem, likely to avoid production of superfluous and pos-
sibly deleterious viral RNAs™*.

Recognition of RNA-based signals by protein factors in the tombusvirus RARp complex
is, without a doubt, a key determinant of their regulatory activities. Furthermore, compo-
nents of the viral RNA-synthesizing complex might also modulate formation or disruption
of these RNA-RNA interactions to ensure the temporal and quantitative regulation of the
different steps they mediate. Accordingly, C-terminal modifications of p92 specifically
disrupted TBSV sg mRNA production without affecting genome amplification, suggest-
ing these two processes can be effectively uncoupled via the viral RdARp?*. Due to the
overlap of RNA signals that mediate sg mRNA1 production with the region coding for
the C-terminal part of p92, a TBSV clone with translationally silent mutations in RS1 was
engineered first. As a result, sg mRNA1 synthesis was inactivated, and therefore only the
effects of RdARp sequence modifications on sg mRNA2 accumulation could be studied. Re-
verse genetics analyses of the C-terminal domain of p92 revealed a progressive decrease
in sg mRNA accumulation levels upon removal of up to 4 residues, while genomic RNA
levels were not affected. Deletion of six or more C-terminal residues, however, resulted in
nonviable phenotypes®*. The TBSV RdRp was found to function primarily at an early step
during premature termination of TBSV minus-strand synthesis, which is important for
the accurate and efficient production of subgenome-length minus-strand templates. The



ability of C-terminally truncated p92 to recognize different RNA attenuation signals, and
their base-paired components in particular, seemed compromised in the mutant RdRps.
These results identified the tombusvirus RdRp-containing replicase subunit as the key
protein factor mediating recognition of attenuating RNA signals that control subgenome-
length minus-strand production, arguing against differences in protein composition of
RNA-synthesizing complexes producing genome-length and subgenome-length minus
strands, in contrast to what has been proposed for arteriviruses?'2

Regulation of the relative abundance of tombusvirus mRNA species

Tombusvirus sg mRNAs serve as templates for translation of the viral structural proteins.
Subgenomic mRNA accumulation levels in tombusvirus-infected protoplasts are roughly
proportional to the amounts of their translation products, suggesting transcriptional
control as a mechanism to regulate viral protein expression levels?3, Since the sg mRNA
promoters and the genome plus-strand promoter are similar linear sequence elements'*,
tombusvirus mRNA abun