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Introduction

1 INTRODUCTION

1.1 Pestiviruses

1.1.1 Taxonomy of pestiviruses

Viruses are classified according to the convention of the International Committee on
Taxonomy of Viruses (ICTV) based on their properties like morphology, genome
organization, sequence homology, and the existence of an envelope (enveloped and
non-enveloped viruses). Pestiviruses belong to the family Flaviviridae, whose name
is derived from the Yellow fever virus (“flavus”, latin: yellow). The family Flaviviridae
consists of the established genera Flavivirus, Hepacivirus, Pestivirus, and the
tentative genus Pegivirus (Figure [Fig.] 1) (Simmonds et al. 2012). The approved
species of the genus Pestivirus are Bovine viral diarrhea virus-1 (BVDV-1), BVDV-2,
Border disease virus (BDV), and Classical swine fever virus (CSFV) (Simmonds et al.
2012). An increasing number of pestiviruses has been discovered in the last years: a
group of atypical pestivirus isolates (HoBi-like viruses) from cattle and buffalo, the
Pronghorn virus, the porcine Bungowannah virus, giraffe pestiviruses, a rat
pestivirus, and a novel group of ovine and caprine pestiviruses (Aydin-like viruses)
(Avalos-Ramirez et al. 2001, Vilcek et al. 2005b, Kirkland et al. 2007, Stahl et al.
2010, Becher et al. 2012, Firth et al. 2014, Postel et al. 2015). The genus Flavivirus
comprises viruses that are transmitted by arthropods, which are therefore also called
arboviruses. Until a few years ago, only the Hepatitis C virus (HCV) and the GB virus
B (GBV-B), both infecting primates, belonged to the genus Hepacivirus (Simmonds et
al. 2012). Recently, a mounting number of non-primate hepaciviruses (NPHV) have
been identified in dogs, horses, rodents, and bats (Kapoor et al. 2011, 2013b,
Burbelo et al. 2012, Drexler et al. 2013, Quan et al. 2013). Also the new tentative
genus Pegivirus comprises an increasing number of viruses. First, pegiviruses have
been found in humans (human pegivirus [HPgV]), but recently they have also been
identified in horses, rodents, and bats (Kapoor et al. 2013b, 2013a, Chandriani et al.
2013, Quan et al. 2013).
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Figure 1: Phylogenetic trees of the family ~ Flaviviridae (adapted from Kapoor et al. 2011) (A) and
of the genus Pestivirus (adapted from Postel et al. 2015) (B).

(A) Family Flaviviridae . The amino acid sequences of conserved regions of the NS3 protein
were used for alignment. The phylogenetic tree was constructed by neighbor joining of
pairwise amino acid distances.

(B) Genus Pestivirus . Polyprotein sequences were used for alignment. Th e phylogenetic tree
was constructed by applying the neighbor joining me thod.

1.1.2 Host range, pathogenesis, and clinical diseas e of pestiviruses

Pestiviruses are important life stock pathogens causing significant economic losses
worldwide (Becher and Thiel 2011, Simmonds et al. 2012). Infections with
pestiviruses were believed to be restricted to cloven-hoof animals of the order
Artiodactyla (even-toed ungulates), however, recently a new pestivirus was detected
in rats (Firth et al. 2014). Interestingly, the host range varies among the different
species. CSFV (previously called Hog cholera virus) has only been isolated from
swine, including wild boars and peccaries (Vargas Teran et al. 2004), whereas BVDV
and BDV have a broader host range. BVDV and BDV have been isolated from cattle,
sheep, goat, wild ruminants, and swine (Nettleton 1990, Becher et al. 1997, 1999b,
Arnal et al. 2004). Pestiviruses are mainly transmitted by oronasal exposure and can
cause transplacental infections. After infection, viral replication occurs first in the
tonsils, lymphoid tissue, and epithelium of the oropharynx. The virus spreads then to
other lymphoid tissues and organs leading to leucopenia and immunosuppression
(Bolin et al. 1985).
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1.1.2.1 Bovine viral diarrhea virus 1 and 2 (BVDV-1 and -2)

BVDV has been first described in 1946. Infection with BVDV was associated with a
high abortion rate in pregnant cows (Olafson et al. 1946). BVDV is genetically typed
into two recognized species (BVDV-1 and BVDV-2) (Vilcek et al. 2005a). Today
BVDV is one of the most important pathogens in cattle causing major economic
losses each year worldwide and is therefore controlled by eradication programs
implemented in several European countries including Germany (Hamers et al. 2001,
Houe 2003, Stahl and Alenius 2012, Tavella et al. 2012). The majority of acute
infections with BVDV in immunocompetent adult animals are subclinical or related
with mild symptoms with a short phase of viremia (Pritchard 1963, Baker 1987).
Clinical signs of infection with BVDV are fever, diarrhea, anorexia, discharge from
nose and eye, occasionally oral mucosa lesions, respiratory disease, fertility disorder,
and abortion (Potgieter et al. 1985, Baker 1987). The induction of specific immune
response results in clearance of the virus within a few days after infection and leads
to a specific immunity (Howard 1990). Infections with highly virulent BVDV-strains,
especially BVDV-2 strains, frequently cause a hemorrhagic syndrome with bloody
diarrhea, petechial and ecchymotic hemorrhages, epistaxis, and thrombocytopenia
(Rebhun et al. 1989, Corapi et al. 1990, Bolin and Ridpath 1992, Pellerin et al. 1994).
Infection of pregnant cows leads to a transplacental spread of the virus to the fetus.
Depending on the stage of pregnancy, this can lead to abortion, stillbirth or fertility
disorders. Furthermore, transplacental infections can lead to the birth of weak or
undersized calves or calves with congenital abnormalities like cerebellar hypoplasia
and blindness among others (Casaro et al. 1971, Brown et al. 1973, Scott et al. 1973,
Baker 1987). Infections with noncytopathic (ncp) BVDV occurring between day 40
and 125 of pregnancy, thus prior to the complete maturation of the immune system of
the fetus, usually result in the birth of persistently infected calves (Pl animals) with a
virus-specific immunotolerance. For the development of persistent infection, not only
the ncp biotype of the virus, but also the viral proteins NP and E™, which both block
the type | interferon (IFN) response, and the RNA replication restrictions of ncp
viruses play an important role (Lackner et al. 2004, Meyers et al. 2007). Pl animals
may appear completely healthy or may show growth retardation or a high
susceptibility for respiratory infections. In addition, they play an important role as

virus reservoir, as they excrete high amounts of virus in all body fluids. They
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discharge infectious virus throughout their life and give birth to further Pl animals.
Furthermore, Pl animals frequently develop fatal mucosal disease (MD) at an age of
about 6-24 months (Brownlie et al. 1987, Brownlie 1991, Tautz et al. 1998). The
onset of the disease is associated with the emergence of a cytopathic (cp) BVDV
strain in addition to the ncp BVDV strain in the Pl animal. Both strains are referred as
virus-pair. Sequence analyses of virus-pairs from Pl animals that developed MD
revealed a high degree of genetic and antigenic similarity. This is remarkable
considering the high variability of known BVDV isolates, leading to the hypothesis
that cp BVDV strains emerge from ncp BVDV strains by mutations in the Pl animals
(McClurkin et al. 1985, Corapi et al. 1988). The acute mucosal disease is
characterized by fever, diarrhea, erosive and ulcerative lesions at nose and mouth,
necrosis of mucosal and lymphatic tissues, and death within two weeks of onset of
the disease (Brownlie et al. 1984, Baker 1987, Moennig and Plagemann 1992).
Erosions and ulcerations are found in the complete gastrointestinal tract together with
hemorrhagic and necrotic Peyer's patches and necrosis of lymphoid tissues. PI
animals have usually developed a specific immune tolerance against the infecting
virus strain or closely related strains. When superinfection with a distantly related cp
strain occurs, Pl animals can develop a specific immunity against the cp strain, which
leads to virus clearance and the evasion of the mucosal disease. However, it can
also lead to the late onset of mucosal disease due to nonhomologous RNA
recombination between the persistent ncp and the superinfecting cp viruses
(Fritzemeier et al. 1995). The late onset of fatal mucosal disease due to
nonhomologous RNA recombination has also been observed after vaccination of
animals, that are persistently infected with ncp BVDV, with a cp BVDV vaccine strain
(Ridpath and Bolin 1995, Becher et al. 2001b).

1.1.2.2 Classical swine fever virus (CSFV)

Classical swine fever (CSF) is one of the most important diseases affecting domestic
pigs, boars, and peccaries worldwide (Vargas Teran et al. 2004). Although many
European countries, North America, New Zealand, and Australia are considered as
free of CSF, CSFV is responsible for significant economic losses to the swine
industry in Asia, Middle and South America. Wild pigs play an important role as virus
reservoir. The clinical signs of CSF depend on the age of infected animals and the

virulence of the CSFV strain, which varies from low virulent strains with a low
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morbidity and mortality to high virulent strains with high morbidity and mortality
(Moennig et al. 2003). Acute infections are characterized with high fever, depression,
anorexia, conjunctivitis, and diarrhea. Petechiae and ecchymotic hemorrhages are
found in skin, lymph nodes, bladder, kidney, larynx, and spleen (Moennig et al.
2003). Nowadays mostly the chronic form of CSF is observed, which is associated
with milder and later more non-specific symptoms (Floegel-Niesmann et al. 2003).
Primarily the chronic form induces also fertility reduction and abortions and is
therefore responsible for high economic losses (Moennig et al. 2003). Sows getting
infected between day 50 to 70 of pregnancy can give birth to persistently infected
piglets, which may appear healthy or show poor growth and wasting (Moennig et al.
2003).

1.1.2.3 Border disease virus (BDV)

BDV is found worldwide and plays a major role in countries with intensive sheep
farming like New Zealand or Australia. In immunocompetent animals, acute infections
with a short phase of viremia and the induction of neutralizing antibodies remain
mostly subclinical or are associated with mild symptoms like diarrhea and fever
(Nettleton et al. 1998). Like other pestiviruses, BDV is also responsible for fertility
disorders. Transplacental infection of the fetus results in abortion, stillbirth,
malformations, or the birth of weak lambs, which are persistently infected and lack
specific antibodies (Nettleton et al. 1998). These animals show the so-called “hairy-
shaker”-syndrome, which is characterized by tremor, ataxia, and hair follicle
enlargement resulting in fleece abnormalities (Nettleton et al. 1998, Newcomer and
Givens 2013). A mucosal disease-like syndrome has also been described in sheep
(Barlow et al. 1983, Nettleton et al. 1992). Recently, a novel BDV strain, which was
typed as BDV-4 genotype, was isolated from Pyrenean chamois after having
observed a population decrease (Arnal et al. 2004, Marco et al. 2011). Experimental
infection of chamois with the BDV-4 isolate led to abortion and death (Martin et al.
2013).

1.1.3 Virus morphology and genome organization

Pestiviruses are enveloped viruses in pleomorphic shape with 40-60 nm in diameter
(Horzinek et al. 1971, Gray and Nettleton 1987, Schmeiser et al. 2014). The
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nucleocapsid, whose structure has not been solved exactly until now, has a size of
about 30 nm and is surrounded by a double lipid envelope membrane, in which the
viral glycoproteins proteins are anchored (Fig. 2A) (Gray and Nettleton 1987, Thiel et
al. 1991). Pestiviruses are stable over a broad pH-range, but unstable at
temperatures above 40°C. They can easily be inactivated by organic solvents,
detergents, heat or ultra-violet light (Edwards 2000). Inside the double lipid envelope
membrane, the core (C) protein encases the single-stranded (ss) viral RNA of
positive polarity, which has a length of about 12.3 kilo bases (kb). The genome
consists of one single open reading frame (ORF) coding for one polyprotein of about
3900 amino acids (aa), which is co- and posttranslationally processed by viral and
cellular proteases into the four structural proteins, C protein and the envelope (E)
proteins E1, E2, and E™ (envelope protein ribonuclease secreted), and the
nonstructural (NS) proteins N-terminal cysteine protease (NP©), p7, NS2, NS3, NS4A,
NS4B, NS5A, and NS5B (Fig. 2B) (Collett et al. 1988, Meyers et al. 1989, Moormann
et al. 1990, Brock et al. 1992, Becher et al. 1998a). The ORF is flanked by 5" and 3’
nontranslated regions (NTRs), which harbor cis-active elements essential for
replication and translation (Frolov et al. 1998, Behrens et al. 1998, Yu et al. 1999,
Becher et al. 2000, Isken et al. 2004, Pankraz et al. 2005). In contrast to cellular
messenger RNAs (mMRNAS), the pestiviral RNA genome has neither a cap-structure

at the 5’ end nor a poly-adenosine tail (poly[A] tail) at the 3’ end.
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Figure 2: Schematic representation of a pestiviral virion (adapted from Becher et al. 2001a) (A)
and the genome organization (adapted from Austerman n-Busch 2012) (B).

(A) Pestivirus virion. Pestiviruses are enveloped v iruses with a diameter of 40-60 nm. The
single-stranded viral RNA of positive polarity is s urrounded by the nucleocapsid. The outer
membrane is formed by a phospholipid bilayer and th e viral glycoproteins E ™, E1, and E2.
(B) Genome organization of pestiviruses. The genome of pestiviruses comprises about 12.3 kb.
The single open reading frame (ORF) is flanked by 5 ' and 3’ nontranslated regions (NTRs). The
ORF encodes for one polyprotein, which is co- and p  osttranslationally processed into the
structural and nonstructural (NS) proteins. The aut oprotease N P is encoded at the N-terminus
of the polyprotein, followed by the core (C) protei n, the envelope (E) glycoproteins E ™
(ribonuclease secreted), E1, and E2, and the NS pro  teins p7, NS2, NS3, NS4A, NS4B, NS5A, and
NS5B. NS3 to NS5B form the viral replicase. Cleavag e between NS2 and NS3 occurs in a time-
dependent manner. Infection with a cp virus leadst 0 an unlimited expression of NS3, whereas

in cells infected with an ncp virus the processing of NS2-3 occurs only in the early phase of
infection.

1.1.4 Nontranslated regions

Nontranslated regions are the noncoding regions of mMRNAs or viral RNAs.

Depending on the localization they are referred as 5’NTR or 3'NTR.
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The 5'NTR of pestiviruses, which comprises 370 to 385 nucleotides, is highly
conserved and forms a three dimensional stem-loop structure (SL la, SL Ib, SL II,
and SL IlI) (Brown et al. 1992, Le et al. 1995, Becher et al. 1998a, Avalos-Ramirez et
al. 2001). An internal ribosomal entry site (IRES) allows a cap-independent
translation (Poole et al. 1995, Pestova et al. 1998). Regarding the members of the
family Flaviviridae, IRES initiated translation is also found in hepaciviruses and
pegiviruses, whereas in flaviviruses translation is mediated by a cap-structure. The 5’
terminus of the IRES element is located near nucleotide 70 of the 5’NTR, whereas
the 3’ terminus extends into the ORF, as approximately 60 nucleotides from the 5'-
terminal part of the ORF are essential for a fully functional IRES element (Poole et al.
1995, Pestova et al. 1998, Chon et al. 1998, Becher et al. 2000, Fletcher and
Jackson 2002). The requirement of the 5-terminal part of the ORF can be explained
by the prevention of stable RNA secondary structure downstream of the start codon
for optimal ribosome binding to the viral RNA (Myers et al. 2001). Furthermore, a
pseudoknot structure next to the start codon has been shown to be essential for
IRES function (Rijnbrand et al. 1997, Moes and Wirth 2007). Several AUG-triplets are
located upstream and downstream of the authentic translation initiation codon,
however, translation initiates exclusively at the authentic start codon (Rijnbrand et al.
1997, Yu et al. 2000). Evidence for the existence of important cis-acting elements in
SL la and Ib, that are required for efficient translation and replication, was given
(Behrens et al. 1998, Yu et al. 2000, Becher et al. 2000). The highly conserved
GUAU-motif at the 5’ end of the viral RNA is required for efficient replication in vitro
and in vivo, whereas SL la and Ib are not essential for pestivirus replication (Frolov et
al. 1998, Becher et al. 2000, Makoschey et al. 2004). Furthermore, the corresponding
complementary sequence AUAC-3’ of the minus-strand RNA might be essential for
the initiation of plus-strand RNA synthesis (Frolov et al. 1998, Becher et al. 2000).

The 3'NTR in pestiviruses has a length of 185 to 273 nucleotides (Collett et al. 1988,
Meyers et al. 1989, Becher et al. 1998a, Avalos-Ramirez et al. 2001). The secondary
structure of the 3'NTR of BVDV, which was determined by computer-generated
secondary structure predictions and biochemical analyses, is composed of three
stem-loop structures (SL I, SL Il, and SL IIl) with short single-stranded regions
between them (Deng and Brock 1993, Yu et al. 1999, Isken et al. 2003). The 70
nucleotides at the 3’ terminus are highly conserved (3'C region) among pestiviruses,

of which the last 56 to 60 nucleotides form a stable stem-loop structure, called SL I,
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whereas the remaining variable part of the 3'NTR (3'V region) forms the less rigid
stem-loop structures SL Il and SL Il (Deng and Brock 1993, Becher et al. 1998a, Yu
et al. 1999, Isken et al. 2003). By the use of a BVDV replicon system, cis-active
elements in the 3'NTR were identified, which were the highly conserved 3’-terminal
SL | and the single-stranded region between SL | and SL 1l (Yu et al. 1999, Isken et
al. 2003, 2004). The above identified essential elements of the 3'NTR were
indispensable for replication, whereas absence of SL Il or SL Il allowed replication
(Pankraz et al. 2005). Cellular proteins have been identified, which bind to the 3'V
region and presumably control the switch from translation to replication (Isken et al.
2003, 2004). Those proteins belong to the nuclear factor 90 and nuclear factor
associated with RNA (NF 90/NFAR) proteins family. They do not only bind to the
3'NTR, but also to the 5’NTR. This binding might result in a circularization of the viral
genome, which might be important for the coordination of translation and replication.
Furthermore, several conserved in-frame “pseudo-stop-codons” downstream of the
properly stop-codon at the end of the ORF have been found. For efficient termination
of translation at the stop-codon of the ORF the existence of pseudo-stop-codons
within the 3’V region is required. Furthermore, the 3’V region might modulate
between translation and replication (Isken et al. 2004).

1.1.5 Viral proteins

The first protein encoded by the ORF is the pestivirus-specific N-terminal cysteine
protease (NP™) with a molecular weight of 20 kDa. NP generates its own C-terminus
in addition to the N-terminus of the C protein by autoproteolytic cleavage
(Wiskerchen et al. 1991, Stark et al. 1993, Rumenapf et al. 1998, Gottipati et al.
2013). For CSFV it has been shown that N’ is dispensable for viral replication in
vitro (Tratschin et al. 1998). Furthermore, N”° deletion mutants of CSFV were
attenuated in pigs, but induced a protective specific immune response (Mayer et al.
2004). NP blocks the IFN induction by the ubiquitin-dependent proteasomal
degradation of the interferon regulator factor-3 (IRF-3) (La Rocca et al. 2005, Hilton
et al. 2006, Chen et al. 2007). Furthermore, binding of N to HAX-1, which is the
anti-apoptotic protein HS-1 (hematopoietic cell-specific protein 1)-associated protein
X-1, has been shown (Johns et al. 2010). NP binds also to components of
ribosomes and ribonucleoprotein particles (RNPs), and might therefore be involved in
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the viral translation (Jefferson et al. 2014a). RNPs are required for the control of
MRNA translation and can assemble into stress granules (SG) or processing bodies
(P-bodies), which are both cytoplasmic RNA granules contributing to the regulation of
gene expression (Anderson and Kedersha 2009, Reineke and Lloyd 2013).
Furthermore, NP associates with the RNA helicase A (RHA) in SG (Jefferson et al.
2014a). RHA was shown to bind to the pestiviral RNA (below) (Isken et al. 2003).
Also the distribution of NP to mitochondria and peroxisomes has been shown
(Jefferson et al. 2014b). The C protein belongs to the structural proteins and has a
molecular mass of 14 kDa. The C-terminus of C in pestiviruses is produced by an
intramembrane signal peptide peptidase (SPP) cleavage C-terminally of the amino
acid sequence ’RKKLEKALLAWA®, which is conserved among all pestiviruses
(Heimann et al. 2006). The processed C protein of BVDV consists of 90 aa and is a
highly basic and intrinsically disordered protein with RNA binding capacity, showing a
low affinity and specificity (lvanyi-Nagy et al. 2008, Murray et al. 2008b). Moreover,
RNA chaperone activity of the C protein has been proven, which is important for
condensation of the viral RNA and its package into virions (lvanyi-Nagy et al. 2008).
C protein is not essential for virus assembly, but its absence led to an attenuation in
the natural host (Riedel et al. 2012). The glycoprotein E™ is only encoded by
members of the genus Pestivirus, whereas the viral glycoproteins E1 and E2 or
analogous proteins (E, prM) are found in the viral envelope of all members of the
family Flaviviridae. E™ and E2 have also been found on the surface of infected cells
(Weiland et al. 1999). The viral glycoproteins have been identified as intermolecular
disulfide-linked complexes: E™ homodimers, E1-E2 heterodimers, and E2
homodimers (Stark et al. 1993, Konig et al. 1995). Deletion of the E™ coding
sequence in pestiviral replicons allowed RNA replication, but abolished infectious
virus production (Behrens et al. 1998, Widjojoatmodjo et al. 2000). However, E™®
seems to be dispensable for the virus entry process (Wang et al. 2004, Ronecker et
al. 2008). Furthermore, E™ has no typical transmembrane anchor, but it is anchored
in plane in the membrane by an amphipathic helix (Fetzer et al. 2005, Tews and
Meyers 2007). Cleavage between E™ and E1 occurs by a recently identified new
type of signal peptidase (Bintintan and Meyers 2010). In addition, E™ is also
secreted from infected cells (RiUmenapf et al. 1993). One unique feature is its
endoribonucleolytic activity and it is assigned to the group of T2-RNases (Schneider
et al. 1993). An antagonist function on the double-stranded (ds) RNA-induced IFN
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response has been shown (Igbal et al. 2004). It also plays an important role as
virulence factor, since mutations resulting in loss of dimerization of E™ led to virus
attenuation (Tews et al. 2009). E2 and E™ both induce neutralizing antibodies, but
the latter one to a minor extent than E2 does (Weiland et al. 1990, 1992, Boulanger
et al. 1991). The glycoprotein E1 is required for infectious virus particle formation and
forms heterodimers with the E2 protein, which is essential for virus entry (Weiland et
al. 1990, Wang et al. 2004, Ronecker et al. 2008). For BVDV it was shown that the
glycoprotein E2 binds to the cellular receptor CD46 with inclusion of yet not identified
cellular coreceptors (Maurer et al. 2004). All further downstream encoded viral
proteins are nonstructural proteins. The smallest viral protein is the p7, which is
incompletely cleaved from the E2 protein. Thus, not only E2 and p7 but also E2-p7
fusion proteins are detected in infected cells. The viral protein p7 has not been
identified in virions until now, but cleaved p7 is required for infectious particle
formation (Elbers et al. 1996, Harada et al. 2000). Furthermore, p7 possesses a pore
formation activity and mutations within the p7 gene influenced CSFV-virulence in
swine (Gladue et al. 2012, Guo et al. 2013). The N-terminus of NS2-3 is produced by
cellular signal peptidase cleavage between p7 and NS2, whereas the C-terminus is
produced by cleavage of the NS3-protease between NS3 and NS4A. The cysteine
autoprotease NS2 mediates the cleavage between NS2 and NS3 (Lackner et al.
2004). Uncleaved NS2-3 is required for infectious particle formation but pestiviruses
are able to adapt to virion morphogenesis in the absence of uncleaved NS2-3
(Agapov et al. 2004, Moulin et al. 2007, Liang et al. 2009, Lattwein et al. 2012). An
interaction with the cellular cofactor, namely the chaperone Jiv (J-domain protein
interacting with viral protein), is indispensable for NS2 protease activity and therefore
also for the release of NS3 (Lackner et al. 2004, 2005, 2006). NS2 harbors two
binding sites for the Jiv protein and a putative zinc-binding site (Lackner et al. 2004,
2006). The cellular Jiv level affects NS2 protease activity and thus also the release of
NS3, which is required for efficient viral RNA synthesis (Behrens et al. 1998, Lackner
et al. 2005). Hence, Jiv is a crucial factor for the establishment of persistent
infections (Lackner et al. 2005). Several functions of the NS3 protein have been
identified, including RNA nucleoside triphosphatase (NTPase)/helicase and serine
protease activity, and its important role for viral replication (Wiskerchen and Collett
1991, Tamura et al. 1993, Warrener and Collett 1995, Behrens et al. 1998). For full
serine protease function, NS3 requires the cofactor NS4A. The NS3-4A protease
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mediates not only the processing at the C-terminus of the NS3 protein, but also the
processing at further cleavage sites between the downstream encoded nonstructural
proteins (Wiskerchen and Collett 1991, Xu et al. 1997, Tautz et al. 2000). NS3-4A
protease activity leads to an increased activity of caspase-9 and caspase-3, and
induces therefore the intrinsic apoptosis pathway resulting in the cp biotype
pathogenesis (Gamlen et al. 2010). By the use of a BVDV replicon system it was
shown that the C-terminus of NS4A is indispensable for efficient virion packaging
(Liang et al. 2009). BVDV NS4B is an integral membrane protein, which is associated
to the Golgi apparatus, mitochondria, and virus-induced membranes. NS4B also
colocalizes with NS5A and NS5B, suggesting that NS4B is a component of the
replication complex (Weiskircher et al. 2009). The pestiviral NS4B reveals structural
and biochemical similarities to the NS4B of hepaciviruses (Welsch et al. 2007).
Presumably, also the pestiviral NS4B, like the Hepatitis C virus (HCV) NS4B, triggers
the formation of specific membrane structures, so-called membranous webs, at
which the RNA replication takes place (Egger et al. 2002). Furthermore, NS4B of
HCV binds specifically to the 3’ terminus of the negative strand of the viral genome
and suppression of the binding inhibits viral RNA replication. It appears to be likely
that also the pestivirus NS4B might function similar (Einav et al. 2004, 2008). A study
with CSFV demonstrated that E2 and NS4B synergistically influence virus replication
efficacy and pathogenicity in infected animals (Tamura et al. 2012). Furthermore, for
the pestiviral NS4B protein an NTPase motif has been identified (Gladue et al. 2011).
A BVDV-replicon system revealed that NS5A is the only factor of the replication
complex, which can be complemented in trans (Grassmann et al. 2001). The NS5A
of HCV is a zinc metalloprotein, whose zinc-binding sequence element is also
present in the NS5A of BVDV. Furthermore, the cysteine residues of the zinc-binding
motif are essential for RNA replication (Tellinghuisen et al. 2004, 2006). HCV NS5A
is also involved in the infectious virus production (Tellinghuisen et al. 2008). The
nonstructural proteins NS3, NS4A, NS4B, NS5A, and NS5B forms the viral replicase
(Tautz et al. 1994, Behrens et al. 1998, Grassmann et al. 2001), with NS5B as viral
RNA-dependent RNA polymerase (RdRp) (Zhong et al. 1998, Kao et al. 1999,
Steffens et al. 1999). Furthermore, NS5B is also involved in virion morphogenesis
(Ansari et al. 2004, Liang et al. 2009). For HCV, binding of the NS5B to the SG
component G3BP1 has been shown (Yi et al. 2006, 2011).
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1.1.6 Pestivirus life cycle

After the process of virus entry, the positive-sense viral RNA is released into the
cytoplasm and serves directly as template for translation of the viral proteins
including those required for replication. The pestiviral RNA replication does not only
require the nonstructural proteins NS3 to NS5B but also cellular factors (Tautz et al.
1994, Behrens et al. 1998, Grassmann et al. 2001, Isken et al. 2003). It has been
proposed that pestivirus replication occurs associated to intracytoplasmic
membranes, which has been shown for hepaciviruses and flaviviruses (Egger et al.
2002, Moradpour et al. 2004, Welsch et al. 2009, Romero-Brey et al. 2012). Viral
antigen and new synthesized RNA are first detected 4 to 6 h post infection (p.i.)
(Gong et al. 1996, Schmeiser et al. 2014). The release of new viruses occurs 10 h
p.i., therefore marking the end of one replication cycle (Gong et al. 1996). After
infection with a high multiplicity of infection (MOI), the amount of intracellular viral
RNA reaches a plateau at 14 h p.i. and maximum titers are reached at about 24 h p.i.
(Moormann and Hulst 1988, Gong et al. 1996, Schmeiser et al. 2014). Efficient
cleavage of NS2-3 is required for viral replication, which is regulated by the
endogenous amount of the cellular cofactor Jiv (Lackner et al. 2005). The efficient
processing of NS2-3 occurs in cells infected with cp BVDV strain, as well as in cells
infected with an ncp BVDV strain early after infection leading to sufficient release of
free NS3, which allows efficient replication. However, cells infected with ncp BVDV
have a higher synthesis rate of NS2-3 compared to the synthesis rate of Jiv.
Therefore, the endogenous amount of Jiv rapidly decreases, which leads to declined
processing of NS2-3 and restriction in viral RNA synthesis already 9 h p.i. (Lackner et
al. 2004, 2005). As mentioned above, also the cellular proteins NF 90/NFAR, which
bind to the 3'NTR and the 5NTR, play an important role in the coordination of
translation and replication (Isken et al. 2003). Furthermore, binding of the RHA to
both NTRs increased viral replication. For efficient termination of translation the
variable region of the 3'NTR has a key function (Isken et al. 2004). The endoplasmic
reticulum has been identified as initial place of pestivirus assembly, where new
virions are detected at about 12 h p.i. (Schmeiser et al. 2014). In later stages of
infection, virions are also found in the Golgi compartment and exocytotic vesicles,

supposing that viruses are released via the cellular secretory pathway, besides lysis
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of infected cells in case of infection with cp viruses (Gray and Nettleton 1987, Murray
et al. 2008a, Schmeiser et al. 2014).

1.1.7 Biotypes

According to their effects on tissue culture cells, a cp and a ncp biotype of
pestiviruses can be distinguished (Lee and Gillespie 1957, Gillespie et al. 1960).
Infections with cp viruses induce vacuolization of cytoplasm and result later in cell
death caused by apoptosis, whereas infections with ncp viruses produce no
morphological changes (Zhang et al. 1996, Hoff and Donis 1997, Grummer et al.
2002). The unlimited expression of free NS3 in cells infected with cp viruses leads to
a deregulated amplification of the viral RNA (Pocock et al. 1987, Tautz et al. 1996,
Mendez et al. 1998, Becher et al. 2001b, Tautz and Thiel 2003, Lackner et al. 2004).
The serine protease activity of free NS3 plays a significant role in the induction of
apoptosis and cytopathogenicity (Gamlen et al. 2010). Also the induction of an
endoplasmic reticulum stress response after infection with cp BVDV viruses, which is
associated with a higher number of replication complexes, might contribute to the
induction of apoptosis and cytopathogenicity (Jordan et al. 2002). Both biotypes of
BVDV can induce acute infections in the host. Nevertheless, cytopathogenicity alters
the outcome of the disease. A cp BVDV strain can arise after nonhomologous RNA
recombination in cattle persistently infected with ncp BVDV, which leads to the
presence of a ncp and cp virus pair in the infected animal and is associated with the
onset of the fatal MD (Meyers et al. 1996, Becher and Tautz 2011, Brownlie et al.
1984, Bolin et al. 1985, Moennig et al. 1990). The induction of the alpha/beta
interferon response in certain porcine and bovine cell types is restricted to cp viruses,
thus cp viruses have lost their capacity to control the hosts innate immune response
in contrast to ncp viruses (Schweizer and Peterhans 2001, Baigent et al. 2002, Gallei
et al. 2008). The loss of control is mainly due to the higher RNA replication rate of cp
viruses, which is associated with an increased amount of ds RNA, and excludes
therefore the development of persistent cp virus infections (Becher and Tautz 2011).
Furthermore, this failure represents an evolutionary disadvantage of cp viruses
compared to ncp viruses, which is underlined by the fact that cp viruses have usually
been isolated from animals with MD, whereas 1-2% of cattle worldwide are
persistently infected by ncp BVDV (Houe 2003).
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1.2 Recombination

1.2.1 Definition and biological relevance

The interplay of hosts and viruses is a dynamic process, which requires ongoing
adaptations from both partners. Selection pressure forces viruses to change or
modify their properties to allow further existence. Particularly RNA viruses reveal a
high genetic diversity, which is a result of several factors. The viral RdRp, which
lacks a proof-reading capability, and the short duration of one replication cycle are
the driving forces for the accumulation of point mutations during RNA synthesis,
leading to continuous genomic drifts in viral genomes (Holland et al. 1982, Drake
1993, Roossinck 1997). This process results in the emergence of a group of closely-
related viruses, so called quasispecies. They originated once from one parental
genome but reveal slight genomic differences (Biebricher and Eigen 2005, Domingo
et al. 2012). The biological significance of quasispecies was demonstrated in a study
with a mutated viral RdRp, which carried a high-fidelity activity, leading to a viral
population with a limited genomic diversity (Vignuzzi et al. 2006). The RdRp
replicated at wild-type levels in vitro, but was unable to adapt to environmental
changes in vivo.

In addition to the accumulation of point mutations during RNA synthesis, RNA
recombination plays a central role for the genetic diversity and the evolution of
human, animal, plant, yeast, and bacterial RNA viruses (Worobey and Holmes 1999,
Becher and Tautz 2011). RNA recombination leads to the formation of chimeric
molecules, which may reveal duplications or deletions. The process can occur within
a single RNA molecule or between different RNA molecules (Lai 1992, Worobey and
Holmes 1999, Simon-Loriere and Holmes 2011). RNA recombination allows the
repair of genetic damage, like debilitating or lethal mutations, but it can also lead to
shifts in host range (Brown 1997, Gibbs and Weiller 1999). In addition, an increase in
virulence and the evasion of host immunity have been observed as a consequence of
RNA recombination (Khatchikian et al. 1989, Malim and Emerman 2001). RNA
recombination also plays an important role in the development of antiviral resistances
(Nora et al. 2007). Furthermore, the emergence of new pathogens can thereby occur.
One example is the recently emerged Smallenberg virus (SBV) of the family
Orthobunyaviridae, which most probably evolved by recombination between the
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Sathuperi virus and the Shamonda virus (Hoffmann et al. 2012, Garigliany et al.
2012). Also the Western equine encephalitis virus (WEEV) appears to have arisen by
recombination between the Eastern equine encephalitis virus and a Sindbis-like virus
(Hahn et al. 1988). Furthermore, the human Severe acute respiratory syndrome-
associated coronavirus (SARS-CoV) genome has seven putative recombination
sites, which indicate presumed recombination events between SARS-CoV and other
coronaviruses infecting humans as well as animals (Zhang et al. 2005). The genome
of another recently emerged coronavirus, which infects turkeys, reveals the
incorporation of a foreign spike protein-gene from the Infectious bronchitis virus (IBV)
by RNA recombination (Jackwood et al. 2010).

Reassortment is a special form of recombination and is restricted to viruses that
possess segmented genomes. Furthermore, it requires infection of cells with more
than one virus. During this process, either single or multiple entire genomic segments
are exchanged between viruses (Simon-Loriere and Holmes 2011). Thus,
reassortment leads to an antigenic shift of those viruses. In case of Influenza A
viruses, reassortment is responsible for the recurrence of several pandemic

outbreaks (Lindstrom et al. 2004, Horimoto and Kawaoka 2005).

1.2.2 Homologous, aberrant homologous, and nonhomol ogous RNA
recombination

Depending on the nature of the recombining RNA molecules, homologous, aberrant
homologous, and nonhomologous recombination can be distinguished (Lai 1992).
The homologous RNA recombination involves similar or closely related RNA
molecules. Moreover, also the crossing-overs between the molecules occur at
homologous sites of the genomes. Therefore, homologous RNA recombination
displays a precise form of recombination. A special form of the homologous RNA
recombination is the aberrant homologous one. The recombination sites are not
located precisely at homologous sequences but at nearby sites, which leads to
chimeric recombinant genomes with small duplications, deletions or insertions of
nucleotides. Nonhomologous RNA recombination does not require RNA molecules
with any sequence homology. In pestiviruses, the nonhomologous RNA
recombination plays a major role for the emergence of cp viruses. Sequence analysis

of cp virus genomes revealed duplications or deletions of viral sequences as well as
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insertions of cellular mMRNAs or viral sequences into the original genome (Meyers et
al. 1992, 1998, Tautz et al. 1993, 1994, 1996, Fritzemeier et al. 1995, Ridpath and
Bolin 1995, Meyers and Thiel 1996, Becher et al. 1996, 1998b, 2001b, 2002, Mendez
et al. 1998, Baroth et al. 2000). Recombinant cp BVDV strains occasionally reverted
after cell culture passages back to the ncp biotype. This phenomena was attributed
to homologous or nonhomologous RNA recombination leading to the elimination of
insertions or duplications that were responsible for the cp biotype (Baroth et al. 2000,
Becher et al. 2001b, Gallei et al. 2005).

1.2.3 Models for RNA recombination

To explain the mechanism of RNA recombination, two main models have been
suggested: the replicative template switching or copy choice model and the
nonreplicative breakage and ligation model (Fig. 3). The template switching model
explains the emergence of recombinants by a template switch of the viral RdRp and
was for a long time considered as the only existing mechanism for RNA
recombination (Kirkegaard and Baltimore 1986, Lai 1992, Meyers and Thiel 1995,
Agol 1997, Nagy and Bujarski 1997, Becher et al. 1999a). During RNA synthesis, the
RdRp pauses and disassociates together with the newly synthesized nascent RNA
from the donor template. After re-association to the acceptor template, which can be
another RNA molecule or another genomic region of the same RNA molecule, the
RdRp continues with its RNA synthesis (Fig. 3A). Evidence for the ability of viral
RdRp to perform a template switch was given for several positive-strand RNA
viruses, like BVDV, poliovirus, carmo-, tombus-, bromo-, and cucumoviruses, and
bacteriophage Q (Biebricher and Luce 1992, Arnold and Cameron 1999, Kim and
Kao 2001, Cheng and Nagy 2003). So far, the exact mechanism remains unclear. It
was suggested that stable secondary structures at the donor strands may lead to an
interruption of RNA synthesis by the RdRp, allowing a more easy strand dissociation
(Kassavetis and Chamberlin 1981, Tolskaya et al. 1987, Makino et al. 1988, Lai
1992, White and Morris 1995). In plant viruses, specific sequence motifs at the
recombination sites might be responsible for the interruption of the RNA synthesis
(Cascone et al. 1993, Cheng and Nagy 2003). In contrast to the replicative RNA
recombination, only a few studies focused on the nonreplicative RNA recombination
(Fig. 3B). First evidence for a nonreplicative rearrangement of RNA genomes was
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given in an in vitro study (Chetverin et al. 1997). However, the experimental setup
allowed the detection of the emerged recombinant genomes merely after
amplification by the bacteriophage Q replicase. Further in vitro experiments showed
that only a very small number of the detected recombinants emerged by a
spontaneous reaction, which still required the involvement of the viral replicase
(Chetverina et al. 1999). The existence of nonreplicative RNA recombination in vivo
has been first suggested in a study with a poliovirus-based RNA recombination
system. The cotransfection of synthetic overlapping viral RNA fragments, which were
replication-deficient, led to the detection of replicating viral genomes (Gmyl et al.
1999). However, one of the RNA fragments carried the complete viral RARp-gene.
Thus, it could not be excluded that minimal levels of the viral polymerase could have
been translated, allowing replicative RNA recombination. The emergence of
recombinant viruses in cells that had been transfected with overlapping 5 and 3’
subgenomic transcripts, each lacking essential parts of the RdRp-gene, clearly
proofed the existence of a nonreplicative RNA recombination in pestiviruses and
picornaviruses (Gmyl et al. 2003, Gallei et al. 2004). The existence of a
nonreplicative RNA recombination mechanism was later shown also for HCV (Scheel
et al. 2013). Therefore, the nonreplicative RNA recombination is not restricted to
individual viruses, but represents a general mechanism of RNA recombination.
Analyses of the emerged recombinant genomes revealed that the crossing-over sites
were distributed over the complete genome (Gallei et al. 2004). Therefore, a site-
specific reaction, like the nonreplicative cellular splicing reaction, could be excluded
(Abelson et al. 1998, Reed 2000, Doudna and Cech 2002). To explain the
nonreplicative RNA recombination, it was proposed that first breakage of the
recombining RNA molecules by cryptic ribozyme activity, physical forces or
endoribonucleolytic cleavage occurs, which is followed by a ligation reaction joining
the emerged RNA fragments (Chetverin et al. 1997, Gmyl et al. 1999, Gallei et al.
2004). It has to be emphasized that both RNA recombination mechanisms might

exist next to each other.
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Figure 3: Models for RNA recombination (adapted fro ~ m Austermann-Busch 2012).

(A) Template switching model. The RNA-dependent RNA polymerase (RdRp) starts with the
RNA synthesis at the 3’ end of the donor strand. Du  ring RNA synthesis, the RdRp switches
together with the already synthesized nascent stran d from the donor strand to the acceptor

strand and continues synthesis. The synthesized rec ombinant RNA molecule contains parts of

both parental RNA strands.

(B) Breakage and ligation model. Two RNA strands ar e broken by physical forces or
endoribonucleolytic cleavage. The emerged RNA fragm  ents are subsequently ligated, resulting

in chimeric RNA molecules composed of two different RNA fragments.

1.2.4 RNA Recombination in pestiviruses

Pestiviruses are known for their broad spectrum of genomic alterations, of which
many are a result of nonhomologous RNA recombination (Meyers and Thiel 1995,
Jones and Weber 2004, Becher and Tautz 2011). RNA recombination can lead to the
emergence of a cp virus in cattle, which is linked to the fatal MD. The identified cp
viruses isolated from animals suffering from MD displayed a high degree of sequence
homology to the persisting ncp viruses (Howard et al. 1987, Meyers and Thiel 1996).
The incorporation of cellular protein-coding mRNA sequences (e.g. ubiquitin-, Jiv-,
NEDDS8-, ribosomal protein S27a-, and LC3-coding sequences), which have been
frequently found at different positions in genomes of cp pestiviruses, is remarkable
(Meyers et al. 1991, 1998, Tautz et al. 1993, Becher et al. 1998b, 2001b, 2002,
Baroth et al. 2000, Becher and Tautz 2011). It has been proposed that in theory,
every coding cellular sequence could be integrated into the viral genome by RNA
recombination (Becher and Tautz 2011). Furthermore, the genomic alterations in cp
pestivirus genomes were shown to lead to an unlimited generation of free NS3, which
was shown to be responsible for the induction of apoptosis (Gamlen et al. 2010),
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independent from the cytoplasmic Jiv level. Although RNA recombination frequently
occurs during persistent infection, only a minor portion of recombinant viruses is
detected, namely those having a cp biotype. The fact that most recombination events
remain undetected becomes evident when considering that in some animals, that
suffer from MD, several closely related cp viruses were identified (Becher et al.
1999a, 2001b, Fricke et al. 2001).

To study fundamental aspects of RNA recombination in pestiviruses a cell culture
based RNA recombination system was developed (Gallei et al. 2004). The system
allows the generation of infectious viral RNA genomes by RNA recombination
between two synthetic replication-incompetent viral RNA fragments. Furthermore, a
second RNA recombination system permits RNA recombination between a
replicating ncp BVDV strain and a synthetic replication-incompetent viral subgenomic
transcript comprising the genetic information for cytopathogenicity. Both systems
enable the easy detection of emerged recombinant viruses by their cytopathic effects
in cell culture. The existence of a replication-independent recombination mechanism
in pestiviruses was proven by performing cotransfection experiments with synthetic
replication-incompetent viral RNA fragments (Gallei et al. 2004). The emergence of
recombinant viruses in spite of a lacking functional RdRp demonstrated that RNA

recombination can occur in the overall absence of viral replication.

1.2.5 Factors influencing the RNA recombination

RNA recombination requires the presence of the recombining RNA molecules not
only in the same cell but also in the same cell compartment. Furthermore,
recombination between different virus strains requires the infection of one cell with
more than one virus. Thus, RNA recombination between strains with different cell
tropisms can be excluded. Cells acutely infected with BVDV are protected from
superinfection by homologous BVDV strains, whereas persistently infected cells are
not protected (Lee et al. 2005). Furthermore, the recombination frequency is directly
linked to the amounts of the recombining RNA molecules (Jarvis and Kirkegaard
1992, Austermann-Busch and Becher 2012). This applies to the replicative as well as
to the nonreplicative RNA recombination mechanism. Natural selection does not
influence the RNA recombination frequency, although it determines whether one
recombination event leads to a viable recombinant virus or not. During the RNA
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replication of a plus-strand RNA virus about 10-fold more positive strand RNA is
synthesized compared to negative strand RNA (Gong et al. 1996). This led to the
assumption that nonreplicative RNA recombination occurs mainly between RNA
strands of positive polarity. For the replicative RNA recombination mechanism it is
assumed that the template switch occurs preferentially during the minus strand
synthesis (Kirkegaard and Baltimore 1986, Lai 1992, Jarvis and Kirkegaard 1992,
Agol 1997). The dissociation and re-association regions of the parental RNA
molecules of several recombinant viruses demonstrated short regions of sequence
similarity, which led to the suggestion that base pairing between the nascent and
acceptor strand facilitates RNA recombination (Li and Ball 1993, White and Morris
1994, Nagy and Bujarski 1995, Pilipenko et al. 1995, Nagy and Simon 1997,
Chetverina et al. 1999, Becher et al. 1999a). Also the formation of heteroduplex
secondary structures between donor and acceptor strand might force the RdRp to
pause with RNA synthesis and favor the dissociation from the donor strand and the
re-initiation of RNA synthesis at the acceptor strand (Romanova et al. 1986, Nagy
and Bujarski 1993, Figlerowicz 2000). In the nonreplicative RNA recombination the
base pairing might maintain the recombining RNA molecules in close proximity for a
subsequent ligation reaction. In yeast cells it was shown that cellular mRNAs were
endonucleolytically cleaved in close proximity to heteroduplex structures followed by
a tRNA ligase mediated ligation reaction (Gonzalez et al. 1999). With regard to
replicative recombination, secondary structures and specific sequences, like AU-rich
elements, may lead to disruption of the RNA synthesis at the donor strand (Tolskaya
et al. 1987, Pilipenko et al. 1995, Nagy and Bujarski 1996, 1997, Shapka and Nagy
2004). It has been speculated that the incorporation of mismatched nucleotides
forces the RdRp to stop RNA synthesis and thus favors a template switch of the
RdRp (Pilipenko et al. 1995). Furthermore, promoter-like sequences at the acceptor
strand might favor re-initiation of the RNA synthesis (Nagy et al. 1999). In fact, host
proteins that affected the viral RNA recombination were identified in yeast and plant
cells (Serviene et al. 2005, Cheng et al. 2006, Jaag and Nagy 2009). Depending on
the natural function of these proteins, they serve as suppressor or enhancer of RNA
recombination. The proteins that suppress RNA recombination are mostly involved in
the cellular RNA degradation pathway. As a potent suppressor of RNA recombination
the yeast cytosolic Xrnlp 5’-3’ exoribonuclease, which takes part of the RNA turnover

and represents the yeast homolog of the mammalian exoribonuclease Xrnl, was
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identified (Hsu and Stevens 1993, Bashkirov et al. 1997, Serviene et al. 2005, Cheng
et al. 2006). In contrast, the endoribonuclease RNase MRP enhanced the RNA
recombination frequency (Gill et al. 2004, Jaag et al. 2011). This led to the
assumption that the recombining RNA molecules are provided by endoribonucleolytic
cleavage, which might occur during or after viral RNA replication, leading to 5’ and 3’
RNA fragments. Those RNA fragments are further degraded by cellular degradation
mechanisms also involving 5’-3" exoribonucleases. The degradation of viral RNA
fragments results in a diminished RNA replication and recombination. However, 3’
fragments, which are not completely degraded, can enhance replicase-driven
recombination by exposing “recombination hot spots” to the viral replicase (Cheng et
al. 2006, Jaag et al. 2011).

The involvement of cellular enzymes like ribonucleases and RNA ligases is
supported by a recent study with recombining RNA molecules derived from BVDV
that were 5’ and 3’-terminally modified (Austermann-Busch and Becher 2012). In this
study, the RNA recombination frequency significantly increased by 290-fold after
modification of the 5’ triphosphates and 3’ hydroxyl ends of the recombining RNA
molecules to 5 hydroxyl and 3' monophosphoryl ends. Similar results have been
obtained with terminally modified RNA fragments derived from poliovirus (Gmyl et al.
1999, 2003). Such RNA termini are typically produced by cellular endoribonucleases
and can potentially undergo, after conversion of the 3 monophosphoryl into a 2’,3'-
cyclic phosphate terminal group, a joining process by RNA ligases or spontaneous
ligation reactions (Filipowicz et al. 1983, Buzayan et al. 1986, Genschik et al. 1998,
Li et al. 2010). Apparently, by providing typical substrates termini the ligation reaction
occurs more frequently, which was associated with a complete integration of the
modified recombining RNA fragments (Austermann-Busch and Becher 2012).
However, cellular ribonucleases or RNA ligases involved in RNA recombination have

not yet been identified in mammalian cells.

1.3 RNA turnover and 5’-3’ exoribonucleases

1.3.1 Cytoplasmic mRNA decays

Degradation of mMRNAs in cells occurs in the cytoplasm as well as in the nucleus and

involves exo- and endoribonucleases among other cellular enzymes.
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Exoribonucleases cleave RNAs from their 5’ (5’-3’ exoribonuclease) or 3’ end (3'-5’
exoribonuclease), whereas endoribonucleolytic cleavage occurs at internal sites. In
the nucleus precursor (pre-) mRNAs or pre-ribosomal RNAs (rRNAs) are degraded
under the contribution of the 5°-3’ exoribonuclease Xrn2 (Miki and Grofhans 2013).
To protect RNAs from degradation in the cytoplasm, cellular and most viral mMRNAS
have a 5’-terminal cap structure, which is a methylated guanine nucleotide connected
by a 5’-5’ triphosphate linkage to the 5’ end of the mMRNA, and a poly(A) tail at the 3’
terminus. However, the degradation of mMRNAs is a critical cellular process for the
regulation of many cellular processes (Parker and Song 2004). The mRNA turnover
plays a major role in regulating gene expression. Furthermore, mRNA decays are
highly important as antiviral defense mechanisms. Also for mRNA quality control,
specialized mMRNA decays exist, which allow the recognition and elimination of
aberrant mMRNAs. Three major pathways of mRNA decay in eukaryotic cells have
been identified (Fig. 4): i) deadenylation-dependent, ii) deadenylation-independent,
and iii) endonucleolytic cleavage-dependent decay (Parker and Song 2004, Jones et
al. 2012, Nagarajan et al. 2013). The deadenylation-dependent pathway starts with
the shortening of the poly(A) tail at the 3’ end of the mRNA (Fig. 4 I). Afterwards, the
cap structure at the 5’ terminus is removed by the decapping enzyme, which involves
the subunits Dcpl and Dcp2, followed by a subsequent degradation of the exposed
transcripts in either 5°-3’ or 3’-5’ direction (Coller and Parker 2004, Nagarajan et al.
2013). The 5'-3' decay involves the exoribonuclease Xrnl, which completely
hydrolyzes mRNAs with a 5’-terminal monophosphate group (5'-P) (Garneau et al.
2007, Nagarajan et al. 2013). Xrn1 and other proteins involved in the 5’-3’ decay, like
Dcpl and 2, localize predominantly in cytoplasmic granules, the so called P bodies
(Sheth and Parker 2003, Decker and Parker 2012). Together with SG, P-bodies are
important cellular compartments for the regulation of gene expression and have
multiple functions in viral life cycles (Beckham and Parker 2008). Alternatively, the
MRNA can be degraded after deadenylation in 3'-5’ direction by the exosome, a
complex of various 3-5’ exoribonucleases, followed by a hydrolysis of the cap
structure (Anderson and Parker 1998, Chen et al. 2001, Wang and Kiledjian 2001,
Mukherjee et al. 2002). A recently discovered 3’-5’ exonuclease, namely DIS3L2,
belonging to the RNase Il family of enzymes, degrades mRNAs in 3’-5" direction
independently from the exosome and has a preference for uridylated substrates in
vitro (Lubas et al. 2013, Malecki et al. 2013). Therefore, this pathway may represent
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an alternative to degradation by Xrnl or the exosome. Secondly, endoribonucleolytic
cleavage can initiate the further degradation of mMRNAs by Xrnl or the exosome (Fig.

lla) (Garneau et al. 2007, Nagarajan et al. 2013). Many pathways involve
endoribonucleases including the short interfering RNA (siRNA)-mediated mRNA
decay (Valencia-Sanchez et al. 2006, Carthew and Sontheimer 2009, Izaurralde
2012). Thirdly, some mRNAs can be degraded in the 5-3' direction without
shortening of the poly(A) tail, which is recognized for the nonsense-mediated decay
(NMD) (Fig. 4 1lb) (Garneau et al. 2007, Nagarajan et al. 2013).

I) Deadenylation-dependent II) Deadenylation-independent

mRNA decay pathways mRNA decay pathways
Ca RF Poly A] tail

I1a) Endonuclease-mediated
mRNA decay
Endonucleolytic

/ \ cleavage

IIb) Nonsense-mediated AAAA
@ L decay
Decapping S / \

Exosome

Complex @ |3'-5' Decay l Complex Decapping Jﬁ &4444
' '
5'-3' Decay Complex F—o Exosome  Xpn]
> C% ) Complex
@ = }_m@ Decapping

Xrnl DIS3L2 Enzyme Xrnl

Figure 4: Eukaryotic mRNA decay pathways (adapted f  rom Nagarajan et al. 2013).

() Deadenylation-dependent mRNA decay pathways. Th e deadenylation-dependent mRNA
decay starts with the shortening of the poly(A) tai |. After deadenylation, the mRNA can either
be degraded by the 5'-3' decay or the 3’-5" decay. = The 5'-3' decay requires the hydrolysis of the
5 cap by the decapping complex prior to the degrad ation by the exoribonuclease Xrnl.
Alternatively after decapping, the mRNA can be degr aded by the exosome complex in 3'-5’
direction. DIS3L2 degrades uridylated substrates in  dependent from the exosome in 3'-5’
direction.

(I Deadenylation-independent mRNA decay pathways. Deadenylation-independent mRNA
decays comprise the endonucleolytic cleavage-mediat ed decay (lla) and the nonsense-
mediated decay (llb). Degradation of mMRNAs can be i nitiated by internal endoribonucleolytic
cleavage (scissor). This results in 5" and 3' mRNA  fragments with unprotected termini allowing
degradation by Xrnl or the exosome complex, respect  ively. mRNAs undergoing the nonsense-
mediated decay are directly decapped without shorte ning of the poly(A) tail, followed by Xrn1
degradation in 5’-3' direction.
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1.3.2 Small RNA-mediated gene silencing

In the context of gene expression regulation the small RNAs, siRNAs and micro
RNAs (miRNAs), have been identified as important factors. The pathways mediated
by the small RNAs are referred to as RNA interference (RNAIi) or RNA silencing (Fig.
5). RNAI was first described in Caenorhabditis elegans, but has also been found in
plants, fungi, animals, and humans (Bartel and Chen 2004). RNAi can be triggered
by exogenously introduced dsRNA, transposons or dsRNA replication intermediates
of RNA viruses (Bernstein et al. 2001, Rana 2007). The siRNAs are produced from
long dsRNA precursors in a manner that is dependent from the cytoplasmic RNase llI
endonuclease Dicer complex (Mello and Conte 2004, Valencia-Sanchez et al. 2006,
Carthew and Sontheimer 2009). The siRNAs are dsRNAs with a length of about 21-
26 nucleotides and carry at their 3' end overhangs of about 2 nucleotides. After
processing, assembling to the RNA induced silencing complex (RISC) occurs, which
contains also the Argonaute (Ago) protein, which is the catalytic core of RISC. Only
the guide strand of the siRNAs is loaded into the RISC, whereas the passenger
strand, which is not incorporated, is cleaved by Ago (Matranga et al. 2005, Rand et
al. 2005, Miyoshi et al. 2005). Most eukaryotes contain multiple Argonaute proteins.
In human, for whom four Argonaute proteins have been identified, only the Ago2 is
capable of endonuclease cleavage (Meister et al. 2004, Liu et al. 2004). The guide
strand directs the RISC to complementary sequences in mRNA targets, which leads
to a cleavage by Argonaute between the target nucleotides that are base paired with
position 10 and 11 of the guide strand (Elbashir et al. 2001). The cleaved mRNA is
subsequently degraded, which therefore leads to a specific inhibition of the target
protein synthesis. Once activated by siRNAs, the RISC can undergo multiple rounds
of MRNA cleavage (Carthew and Sontheimer 2009). The endonucleolytic cleavage is
suppressed by mismatches between siRNA and mRNA target. Argonaute localizes
predominantly in the cytoplasm, whereas siRNA binding triggers the localization of
the target mMRNA as well as the Argonaute protein into P-bodies, which are enriched
with proteins involved in the 5’-3’ decay like the exoribonuclease Xrnl (Liu et al.
2005).
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Figure 5: RNA interference (RNAi) pathway by small interfering RNAs (SiRNAS).

Long double stranded RNA precursors are cleaved by the Dicer enzyme complex into siRNAs,
which have a length of 20-26 nucleotides. The guide strand of the siRNA is incorporated in the
RNA induced silencing complex (RISC), which harbors also the Argonaute (Ago) protein,
whereas the passenger strand is degraded by Argonau te. Binding of the siRNA to the
complementary target sequence initiates cleavage of the mRNA by Argonaute. The cleaved
MRNA is subsequently degraded resulting in specific gene silencing.

1.3.3 Cellular Xrn 5’-3’ exoribonucleases

Members of the family of Xrn 5’-3" exoribonucleases play a major role in the cellular
MRNA turnover. Regarding the expression of exoribonucleases, yeast, plant, and
mammalian cells reveal differences. In mammalian cells two 5-3° Xrn
exoribonucleases are known: Xrnl and Xrn2. Xrnl is located in the cytoplasm,
whereas Xrn2 is mainly situated in the nucleus (Nagarajan et al. 2013). However,
very recently a cytoplasmic function of Xrn2 during viral infection in mammalian cells
has also been shown (Sedano and Sarnow 2014). Both degrade RNAs with a 5'-
terminal monophosphoryl. Also yeast cells have a cytoplasmic 5’-3" exoribonuclease

Xrnlp and a nuclear 5’-3’ exoribonuclease Xrn2p, also referred as RAT1 (Nagarajan
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et al. 2013). It was suggested, that Xrnl and Xrn2 are functionally interchangeable
(Johnson 1997), thus their function might mainly be determined by the subcellular
localization. However, Xrnl with a nuclear localization was unable to substitute all
functions of Xrn2 (Luo et al. 2006). In contrast to mammalian and yeast cells, plant
cells harbor three different Xrn 5°-3’ exoribonucleases: Xrn2, Xrn3, and Xrn4, which
are all orthologs of the mammalian 5-3' exoribonuclease Xrn2. Plant cells lack
therefore the cytoplasmic exoribonuclease Xrnl. However, in plant cells the

mammalian Xrn1 is functionally replaced by Xrn4, which is located in the cytoplasm.

1.3.4 Effect of Xrn1 and microRNAs on viral RNA and  virus yield

A few studies focused on the influence of Xrnl on viral replication for several
members of the family Flaviviridae, nevertheless the role of Xrnl on pestivirus
replication is not known yet. For West Nile virus (WNV) it was shown that Xrnl is
recruited to the sites of virus replication within 24-36 h p.i. and that depletion of other
components of P-bodies than Xrnl led to decreased amounts of viral RNA 36 h p.i.
(Chahar et al. 2013). For the closely related HCV however, Xrnl-knockdown has
variable effects on viral RNA replication and virus yield. Several studies detected an
increase of HCV RNA after knockdown of Xrnl (Jones et al. 2010, Ruggieri et al.
2012, Li et al. 2013, 2015), which was associated in one study with an increase in
viral titers (Li et al. 2013). Another report revealed no impact of Xrnl on HCV RNA
replication and infectious virus output (Scheller et al. 2009), whereas two other
studies showed that the intracellular viral RNA level slightly decreased after Xrnl
silencing (Ariumi et al. 2011, Pager et al. 2013). For HCV it was shown that the viral
RNA is mainly degraded from the 5 end by Xrnl (Li et al. 2013). Recently, it was
reported that also Xrn2-knockdown resulted in increased amounts of accumulated
HCV RNA and HCV protein abundance, whereas the rate of viral RNA replication
was not affected (Sedano and Sarnow 2014). However, these observations are
apparently restricted to cytopathic HCV strains with a robust replication rate (Li et al.
2015). A unique mechanism of protecting viral RNA from the degradation by Xrnl
was found in HCV infected cells (Shimakami et al. 2012, Li et al. 2013). The binding
of the liver-specific microRNA-122 (miR-122) to the 5’ end of HCV RNA stabilized the
viral RNA leading to slower degradation by Xrnl (Li et al. 2013). Furthermore, the
binding of miR-122 recruits Ago2 to the viral RNA leading to a stabilization of the
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HCV RNA by the Ago2-miR-122 complex, although Ago2 is known to initiate
degradation of the target RNA (Shimakami et al. 2012). However, in the absence of
Xrnl, viral mutants defective in miR-122 binding were not able to replicate (Li et al.
2013). Thus, miR-122 has a yet not identified additional, essential function beside the
protection of the HCV RNA from Xrnl-mediated degradation. So far, stabilization of
the viral RNA by miRNAs was not reported for pestiviruses. However, recently miR-
29b has been identified, which inhibits the BVDV infection-related apoptosis by
targeting two key apoptosis regulator mRNAS, cysteine aspartase-7 (caspase-7) and
nuclear apoptosis-inducing factor 1 (NAIF1) (Fu et al. 2014). It is conceivable that
other yet not identified miRNAs might play important roles in the pestiviral life cycle.
Furthermore, it has been proposed that components of P-bodies and SG might be
important for the switch between translation and replication of positive-sense RNA
viruses. They might also play a role in viral assembly, packaging, and egress
(Beckham and Parker 2008). Recently, it was shown that ncp BVDV infection
prevents the formation of SG, although the exact mechanism remains unclear
(Jefferson et al. 2014a).

1.3.5 Effect of Xrn 5’-3' exoribonucleases on viral RNA recombination

Only a few studies focused on the effect of cellular enzymes on the viral RNA
recombination mechanism. The involvement of host proteins in viral RNA
recombination was first described in a study identifying more than 30 host genes that
affected RNA recombination of Tomato bushy stunt virus (TBSV), a plant plus-strand
RNA virus, in its model host Saccharomyces cerevisia (Serviene et al. 2005). The
yeast cytosolic Xrnlp 5’-3' exoribonuclease was identified as potent suppressor of
RNA recombination (Serviene et al. 2005, Cheng et al. 2006). Xrnlp is involved in
the TBSV RNA degradation and alters therefore the RNA recombination frequency
by influencing the quantity of viral RNA substrates available in cells for RNA
recombination (Cheng et al. 2006). Furthermore, a study in plants demonstrated that
the plant cytosolic 5’-3' exoribonuclease Xrndp is a suppressor of TBSV
recombination (Jaag and Nagy 2009). Beside the effect on the RNA recombination
frequency, Xrn4p silencing resulted in an increased accumulation of tombusvirus
RNA. The overexpression of Xrn4p in plants led to the emergence of new Cucumber
necrosis tombusvirus (CNV) genomic RNA variants that revealed 5'-terminal
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deletions, demonstrating that Xrn4p is directly involved in virus evolution (Cheng et
al. 2007). So far, no report focused on the influence of mammalian Xrnl on viral RNA

recombination.
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1.4 Aim of the study

The major goal of this study is to get a better understanding of the underlying
mechanism of viral RNA recombination. Although the existence of a nonreplicative
RNA recombination mechanism has been proven (Gmyl et al. 2003, Gallei et al.
2004, Scheel et al. 2013), the exact underlying mechanisms are not known.
Furthermore, the 5’- and 3’-terminal groups of the recombining RNA molecules
significantly influenced the RNA recombination frequency (Gmyl et al. 1999, 2003,
Austermann-Busch 2012), which led to the assumption that ribonucleases might be
involved in RNA recombination. So far, such a ribonucleolytic participation in RNA
recombination has not been reported for a mammalian plus-strand RNA virus.
Therefore, the present study determined the influence of viral and cellular proteins on
RNA recombination in pestiviruses.

The first part of this study focuses on the question whether viral RNA recombination
can occur in the absence of efficient translation of viral proteins. Therefore, a
recombination system with two synthetic RNA genome fragments was established,
which do not allow an IRES-mediated translation of viral proteins, but in case RNA
recombination occurs, the IRES-mediated translation capacity can be restored to
facilitate the detection of infectious recombinant virions. In case of infectious virus
progeny was detected, sequence analysis of emerged recombinants was performed
to reveal the crossing-over sites and to gain information about the genome
organization of the recombinant viruses (Part I).

The second part of this study dissects the influence of the host 5’-3’ exoribonuclease
Xrnl on RNA recombination in a mammalian cell culture based RNA recombination
system. Therefore, a siRNA-mediated depletion of Xrnl in tissue culture cells was
established. The impact of Xrnl-knockdown was analyzed in a nonreplicative RNA
recombination system, which is based on the cotransfection of cells with synthetic
replication deficient overlapping BVDV genome fragments (Austermann-Busch and
Becher 2012), as well as in a second RNA recombination system, which allows RNA
recombination between the genome of a replicating ncp BVDV strain and a synthetic
replication-incompetent viral subgenomic transcript comprising the genetic
information for cytopathogenicity (Gallei et al. 2004). By quantification of the emerged

recombinant viruses, the impact of Xrnl on pestivirus RNA recombination was
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determined. Furthermore, it was analyzed whether Xrnl-knockdown affects BVDV
RNA production or infectious virus yield in cells infected with a cp BVDV strain as

well as with an ncp BVDV strain (Part II).
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2 MATERIALS

2.1 Cells

2.1.1 Eukaryotic cells

Madin-Darby bovine kidney (MDBK) cells were obtained from the American Tissue
Culture Collection in Rockville, Maryland, USA.

Baby hamster kidney (BHK-21) cells were obtained from the DSMZ-German
Collection of Microorganisms and Cell Cultures, Braunschweig.

2.1.2 Prokaryotic cells and plasmids

For transformation and propagation of DNA plasmids different Escherichia coli (E.
coli) strains were used (Table 1).

Table 1: Used bacteria strains.

Bacteria strain Reference

E. coli TOP 10F Life Technologies,
Darmstadt, Germany;
Cat. No.: C3030-03

E. coli Qiagen EZ Qiagen,
Hilden, Germany;
Cat. No.: 231224

E. coli JM109 Promega,
Mannheim, Germany;
Cat. No.: P9751

E. coli K12 HB 101 Own laboratory strain

2.2 Virus strains

The BVDV-1 strains NCP7 and CP7 were obtained from Dr. E. J. Dubovi (Cornell
University Ithaca, New York, USA) (Corapi et al. 1988).
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2.3 Plasmids

2.3.1 Vectors

The vectors used throughout this study are listed in Table 2.

Table 2: Used vectors.

Vector Properties Source

pDrive ® 3.9 kb, amp', kan", lacZ’ Qiagen,
gene, multiple cloning site  Hilden, Germany;
Cat. No.: 231224

pGEM®-T Easy 3.0 kb, amp', Promega,
lacZ gene, multiple cloning Mannheim, Germany;
site Cat. No.: A1360
pCITE®-2a(+) 3.8 kb, amp', His tag, Novagen,
coding sequence, multiple Madison, USA;
cloning site Cat. No.: 69290-3
Proteus 1.8 kb, amp' R. J. Kuhn,

Purdue University,
West Lafayette, USA
(Kuhn et al. 1991)

pDrive® and pGEM®-T Easy:

Both plasmids were used for cloning PCR products. They both have an ampicillin
resistance gene. The pDrive® plasmid also possesses a kanamycin resistance gene.
Furthermore, they carry a multiple cloning site, which allows a restriction enzyme
based cloning procedure. By the insertion of a DNA fragment into the vector, the
LacZ gene, which encodes the -galactosidase enzyme, is inactivated. After
transforming the plasmids into competent bacteria, the bacteria were grown on LB
(lysogenic broth) agar plates containing ampicillin (concentration 100 pug/ml), X-gal
(5-bromo-4-chloro-3-indolyl- -D-galactopyranoside; fluorogenic -galactosidase
substrate; concentration 200 pg/ml), and IPTG (isopropyl -D thiogalactoside;
inductor of the lac operon; concentration 114 pg/ml) allowing a blue/white screen.
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pCITE®-2a(+):
This plasmid was used for the expression of C-ubi-C fusion proteins. It has an

ampicillin resistance gene, a multiple cloning site, and a polyhistidine (His) tag

allowing an easy detection and purification of the expressed protein.

Proteus:
The proteus plasmid was used for cloning complete or partial BVDV cDNA

constructs. It carries an ampicillin resistance gene.

2.3.2 Recombinant plasmids

pCP7-388:
The plasmid pCP7-388 displays a cDNA copy of the complete genome of BVDV-1

strain CP7 under the control of an sp6 RNA polymerase promoter and was kindly
provided by Paul Becher, Institute of Virology, University of Veterinary Medicine
Hannover (Pankraz et al. 2005).

p+ubiSGT:
The plasmid p+ubiSGT is derived from the plasmid pCP7-388 (Gallei et al. 2004). It

has a Nhel restriction enzyme cutting site, which is followed by a T7 promoter and a
partial sequence of BVDV-1 strain CP14 (Tautz et al. 1993), that encodes for five C-
terminal amino acids (aa) of NS2, the C-terminal 14 aa of ubiquitin as well as two
complete ubiquitin monomers (76 aa each), and an N-terminal fragment of NS3.
Downstream it comprises nucleotide 5336-12293 of pCP7-388. This region encodes
for the remaining part of NS3, NS4A, NS4B, NS5A, and NS5B of the BVDV-1 strain
CP7.

p1943:
The plasmid p1943 is based on the plasmid pCP7-388 (Austermann-Busch and

Becher 2012). It contains the sequence of BVDV-1 CP7 from nucleotide 1 up to
nucleotide 12222 followed up by a Smal and Fsel site. The vector sequence

corresponds to that of pCP7-388.

p2071:
The plasmid p2071 is derived from the plasmid pCP7-388 (Austermann-Busch and
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Becher 2012). Downstream of a T7 promoter, the plasmid contains the sequence of
BVDV-1 CP7 from nucleotide 12082 up to nucleotide 12293. The vector sequence
corresponds to that of pCP7-388.

PNCP7-GAA:
The plasmid pNCP7-GAA displays a cDNA copy of the complete genome of BVDV-1

NCP7, but encodes a lethal GDD (nucleotides 11285-11293 of NCP7) to GAA
mutation in the active center of the viral RNA-dependent RNA polymerase (RdRp).
The plasmid has an sp6 RNA polymerase promoter and was kindly provided by
Paul Becher, Institute of Virology, University of Veterinary Medicine Hannover (Gallei
et al. 2004).

2.4 Oligonucleotides

The oligonucleotides used for reverse transcription, PCR, site-directed mutagenesis,
and nucleotide sequencing are displayed in Table 3. Oligonucleotides used for
quantitative real-time RT-PCR are listed in Table 4. The oligonucleotides were
obtained from MWG-Biotech GmbH and Sigma-Aldrich. All nucleotide numbers in
these tables correspond to the published sequence of BVDV-1 strain CP7-5A,
GenBank accession number AF220247 (Becher et al. 2000). The siRNAs used for

knockdown experiments are listed in Table 5.

Table 3: Oligonucleotides used for cloning and sequ encing.

Oligonucleotide Sequence Position in
BVDV genome
OI-CP7-100F 5-CTAACCATGCCCTTAGTAG-3 100-118
OI-CP7-460R S-TCGTATACTGGTTCCTCCAC-3’ 440-459
OI-CP7-864F 5'-GCCCCCTATGGGTTTCAAGCTG-3' 864-885
OI-CP7-875F 5-GTTTCAAGCTGCTCCGAC-3 875-892
OI-CP7-1000R 5-CTATCGTAGCATCTGGCGGC-3 1000-1019
OI-CP7-1280R 5-CTCTGGCCAGATCCCATG-Z 1280-1297
OI-CP7-1272F 5'-GAAGTTTACATGGGATCTGG-3 1272-1291
OI-1400R 5-ACCAGTTGCACCAACCATG-3 1427-1445
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OI-CP7-1410F
OI-CP7-2003R
OI-B10
OI-CP7-2380R
OI-CP7-2581R
OI-CP7-3050F
OI-CP7-3969F
OI-CP7-4623R
OI-CP7-4950F
OI-CP7-5856F
OI-CP7-5891R
Ol-B42R
OI-CP7-12243R
OI-CP7-12256F
OI-CP7-12294R

OIl-BsmB I-CP7-
coreF

OIl-BsmB |-S-
ubiR
Ol-Fsel-Smal-
CP7-974-997R
Ol-mut-5'p-
short-5'PF
Ol-mut-5'p-
short-5'PR
Ol-mut-pCITE-
NPF
Ol-mut-R2/3R

Ol-mut-R1F
Ol-mut-R1R

Ol-mut -
ProlPhosF
Ol-mut -
ProlPhosR
Ol-Prot-1711F

Prot-58-77R

5'-CGTGCTGCAGACTCCAACG-3
5'-CATCCTCGGCATTGGTGTC-3'
S-ATTGGTGGCCTTATGAGACA-3’
5'-CAAGAATGCAGTGGTTGTAGCAGC-3’
5'-CACCAAACTTCAACTACTGAG-3
5-TGCACTACGATATGTAGCTG-3
5'-GGAGTGGATGCAGCTATGGC-3
5'-GTACTCCCTGATATCTCTTC-3’
S-TGTGGGATGACTCTAGCGG-3
5-CTTTAGGCAGATAACCCTTGC-3

S-GTCCTATCTCCTCTATCACTGC-3’
S-TTCCCTTCCTTATTGAGAG-3’
5'-CATACAGCTAAAGTGCTG-3
5'-ACGTCCACGGTTGGACTAG-3’
5'-GGGCTGTTAAGGGTTTTCC-3’

5-ACGCGTCTCATCCGACACAAAAGATGA
AGGGGTG-3

5-ATCGGCCGGCCCGGGTCTTACTGTCTT
TCTCTGACTC-3'
5'-[PHOS]-GGGCCGGCCAATGGGCAGG-3

5'-[PHOS]-GGGCTCTATGATAGACAGGTC
CTTTATAATC-3
5'-CCTTTGAAAAACACGATGATAATACCA
TGGAGTTGATCACAAATGAAC-3
5-CAGTGGTGGTGGTGGTGGTGTIGCCCA
GGCCAATAGGGCTTTCTCTAGTTTCTTGC-
3’

5'-[Phos]TCCGACACAAAAGATGAAG-3

5'-[Phos]GCAGCTTGAAACCCATAG-3’
5-[Phos] CCCGACACAAAAGATGAAGG-3’

5-CCTGTCGGGTTTCGCCACCTC-3’
5'-CAAATAGGGGTTCCGCGCAC-3

1392-1410
1985-2003
2253-2272
2357-2380
2581-2601
3037-3056
3950-3969
4604-4623
4943-4961
5836-5856
5891-5912
8015-8033
12226-12243
12256-12274
12275-12293
887-910

887-890

974-997

656-686

383-404

1122-1156

887-905
869-886
888-906
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Prot-1770-1789F
Ol-Prot-1218F
Ol-Prot-574F
Ol-Prot-751R
Ol-Prot-18F
M13F

M13R
T7-PromotorF
T7-PromotorR

5'-GCGGAGCCTATGGAAAAACG-3’
5'-CGTAATCTGCTGCTTGCAAAC-3’
5'-CTGACAACGATCGGAGGACC-3’
S-GTTCGCCAGTTAATAGTTTGC-3’
5'-CTTGAAGACGAAAGGGCCAG-3
S-GTTTTCCCAGTCACGACGTTG-3’
S'-TTCACAGGAAACAGCTATGAC-3
5-TAATACGACTCACTATAGGG-3
S'-GCTAGTTATTGCTCAGCGG-3’

The underlined nucleotides refer to nucleotides of
nucleotides that are based on the BVDV CP7 strain,
nucleotides that are based on the BVDV CP14 strain.
restriction enzyme sites. The names of the correspo

italics. Mutated nucleotides are highlighted in bol t font.

the BVDV genome. Solid lines represent

whereas dashed lines represent
Nucleotides in italics correspond to
nding restriction enzymes are also in

Table 4: Oligonucleotides used for quantitative rea  I-time RT-PCR.
Oligonucleotide Sequence Position in BVDV
genome

Pesti.100F 5-CTAACCATGCCCTTAGTAG-3 100-118

Pesti.206R 5-CGTCGAACCACTGACGACT-3’ 188-206

BVDV.139p 5-FAM-TAGCAACAGTGGCGAGTTCGT 139-168
TGGATGGCT-BHQ1-3

GAPDH.465F 5-GGCGTGAACCACGAGAAGTATAA-3’

GAPDH.583R 5-CCCTCCACGATGCCAAAGT-Z

GAPDH.490p 5-HEX-ACACCCTCAAGATTGTCAGCAA
TGCCTCCT-BHQ1-3

324 5-ATGCCCTTAGTAGGACTAGCA-3 106-126

326 5-TCAACTCCATGTGCCATGTAC-3’ 372-392

The underlined nucleotides refer to nucleotides of
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Table 5: Used siRNAs.

SIRNA Sequence Source

siXrnl -1 5'-GGAUAUGAAUGGAAUUAUATT-3’ Silencer® Select Custom
siRNA, Ambion, Life
Technologies

siXrnl -2 5-GACCUAAAGUGGUUUGAAATT-3 see siXrnl-1

siXrnl -3 5-GCACCUUUCCUGUCUGAUATT-3 see siXrnl-1

siCtrl 5'-UAACGACGCGACGACGUAATT-3 Silencer® Select

Negative Control No. 1
SsiRNA, Ambion, Life
Technologies,

Cat. No.: 4390843

2.5 Antibodies

The antibodies used for the detection of BVDV and cellular proteins in Western blot

analyses and immunofluorescence analyses are displayed in Table 6.

39



Materials

Table 6: Used antibodies.

Name Reactivity/conjugation Species Dilution  Dilution  Source
wWB IF

BVD/C16 BVDV-NS3 Mouse - 1:25 Institute of
Virology,
University of
Veterinary
Medicine
Hannover;
(Peters et al.
1986, Greiser-
Wilke et al.
1992)

mAb 1F7 Core of BVDV Mouse 15 - Till RUmenapf,
University of
Vienna,
Austria

mAb NP of BVDV Mouse 1.5 - Till Rimenapf,

13B6 University of
Vienna,
Austria

Anti - Xrnl Rabbit 1:10000 - Bethyl,

XRN1 Cat. No.:
A300-443A

Anti - - -Actin Mouse 1:.2000 - Sigma-

Actin Aldrich, Cat.
No.: A2228

Anti - Rabbit IgG/ Donkey  1:20000 - Bethyl,

Rabbit Horse radish Cat. No.:

IgG-HRP  peroxidase A120-208P

RAMPO  Mouse IgG/ Horse Rabbit 1:1000 - DAKO, Cat.

radish peroxidase - No.: P0260
1:10000

Anti - Mouse IgG/ Cy3 Goat - 1:800 Dianova, Cat.

mouse- No.: 115-165-

Cy3 146

2.6 Other materials

The composition of used media, buffers, and solutions, as well as the appliances,

implements, and kits are listed in the supplement.
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3 METHODS

3.1 Cell culture

3.1.1 General cell culture methods

MDBK cells were cultured in 10 cm cell culture dishes at 37°C and 5% CO,. The cell
culture media (EDulb) contained supplemented Penicilin G (60 pg/ml) and
Streptomycin (50 pg/ml) as well as an addition of horse serum (HS) (5 or 10%). Cells
that were used for transfection experiments with Lipofectamine®2000 or
Lipofectamine®RNAiIMax were cultivated without antibiotics. Every three to four days
the confluent cells were passaged. The medium was removed, the cells were
washed with 5 ml trypsin and 4 ml were immediately removed. With the remaining
trypsin the cells were incubated for five minutes at 37°C. Afterwards, the culture dish
was tapped to detach the cells from the bottom of the dish and 9 ml fresh medium
was added in which the cells were resuspended. Then the cells were seeded in new
cell culture dishes with fresh medium in a ratio of 1:10 or 1:20.

Before usage, the horse serum was tested by specific PCRs to exclude a potential
contamination with BVDV or Mycoplasma. Before adding the horse serum to the
media, the horse serum was inactivated at 50°C for one hour. Every three months,
the cells were tested by RT-PCR and immunofluorescence analysis to ensure the
absence of BVDV. Additionally, a Mycoplasma-specific PCR was performed.

BHK-21 cells were maintained in EDulb medium supplemented with 5% fetal calf

serum.

3.1.2 Determination of cell number

To determine the number of living cells of a cell culture, the cells were trypsinized as
described above and resuspended in fresh media. The cells were stained with trypan
blue by diluting 10 pl of the cell suspension with 90 pl trypan blue solution (dilution
factor f = 10) and counted by using a Fuchs-Rosenthal counting chamber (16 large
squares, each subdivided into 16 small squares; surface area of each large square =
1 mm?; chamber depth = 0.2 mm, volume of each large square = 0.2 mm?® = 0.2 pl)

under the microscope. To calculate the number of living cells in the cell suspension,
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cells without a visible blue staining of four big squares were counted and the mean

value of counted cells for one big square ( ) was inserted into the following formula:

Cells per ml
Dilution factor

Mean value of counted cells for one big square

3.1.3 Cryoconservation and recultivation of cells

For long-term storage the cells were stored in stocks at -150°C. To prepare the
stocks, the cells were trypsinated and resuspended with fresh medium and the cell
number was determined. The cell suspension was centrifuged (4°C, 4 min, 805 x Q)
and the supernatant was removed. The cell pellet was resuspended with the freezing
medium (EDulb + 20% HS + 10% DMSO) at a concentration of 1 x 10° cells per ml.
The suspension was aliquoted in 1ml portions into cryo tubes, which were placed into
a cell freezer filled with isopropanol, and kept for 24 h at -80°C. Afterwards, the vials
were stored at -150°C.

For recultivation of the cells, the aliquots were thawed at room temperature and the
cells were resuspended with 1 ml fresh medium and seeded in a 3.5 cm cell culture
dish, prefilled with 1 ml of fresh medium. Four hours later, the medium was replaced
by fresh medium in order to avoid toxic effects by the DMSO or death cells. The cells
were cultivated until they were confluent. Afterwards, the cells were trypsinated and
transferred subsequently into a 10 cm cell culture dish.

3.1.4 Virus infection of cells

For virus infection of cells, the medium was removed and the cell layer was overlaid
with a virus containing suspension. After incubation for one hour at 37°C, the
supernatant was removed and replaced by fresh medium. The cells were incubated
for additional 24 to 72 h at 37°C. In the case of an infection with a cp virus, the cells
were checked by light microscopy and the supernatant was harvested after the
emergence of a strong CPE. Infectious supernatants were stored at -80°C and were

only thawed immediately before an infection experiment. For the first virus passage
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of emerged recombinant viruses, 5 x 10°> MDBK cells were infected with 500 ul of the
collected supernatants. Three to four days later, 1 ml tissue culture supernatant was
used to infect 3 x 10° MDBK cells for further virus passages. This procedure was
repeated and the virus titers were determined. Depending on the reached titers, the
second or third passage of the recombinant viruses was used for the experiments of
the present study.

3.1.5 Transfection of cells with  in vitro synthesized RNA

The day before the transfection experiment, the cells were split in a manner to have
cells with a confluence of about 90% for the transfection experiment. The medium
was removed and the cells were washed with 5 ml PBSM and trypsinated. The cells
were resuspended with 4 ml PBSM and centrifuged (4°C, 4 min, 805 x @). This
washing step was repeated. The cell pellet was finally resuspended in 400 ul PBSM
and the synthetic transcripts were added to the cell suspension. The suspension was
pipetted into a 2 mm electroporation cuvette and instantly transfected by
electroporation using an exponential protocol (180 V, 950 uF). For electroporation, a
GenePulser Xcell™ (Bio-Rad, Munich, Germany) was used. The cells were washed
out of the electroporation cuvette with the cell culture medium and diluted 1:10 with
naive cells if necessary. Subsequently, the undiluted as well as the diluted
transfected cells were resuspended in fresh medium and plated into two 24-well
plates for each reaction set-up. The cells were incubated at 37°C and checked daily
for the emergence of cytopathic effect (CPE) over a time period of 3 to 7 days after
transfection. The supernatants were collected and after treatment with trypsin the
cells of each well were transferred separately to a well of a 6-well plate and checked
additional 20 to 48 h for CPE. The emergence of a CPE in a well was rated as one
positive recombination event, as only after a recombination event between the
recombination partners used in this study, cytopathic and replicable viruses can
arise. A transfection control was performed by electroporation of cells without
synthetic transcript. Additional, the recombination partners were electroporated
separately. In control experiments, the cells were seeded onto one 6-well plate and
incubated at 37°C. The medium was changed 4 h after transfection and the cells
were checked daily for the emergence of a CPE over a time period of 3 to 5 days.
Transfection experiments described in this study were performed at least three times.
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3.1.6 siRNA transfection assay

To ensure a potent knockdown of the bovine 5-3' exoribonuclease 1 (Xrnl) for
further experiments, a siRNA transfection protocol was established. Therefore, the
manufacturer’s protocol had to be adapted to MDBK cells. First, different numbers of
cells were seeded into a 6-well plate to determine the optimal number of cells for
potent knockdown of the target protein, which was analyzed by Western blot
analysis. Further, two transfection methods were compared. The efficiency of
knockdown of the target protein of the siRNAs after transfecting siRNAs by
electroporation or using a transfection reagent showed no significant differences in
Western blot. Thus, transfection of siRNAs with a transfection reagent was favored
as more cells were viable after transfection. Finally, the optimal amount of
transfection reagent and siRNA concentration was determined. During the study, the
transfection reagent Lipofectamine®2000 was replaced by Lipofectamine®RNAIMAX,
which allowed a more efficient knockdown of the target protein of the siRNAs.

The lyophilized siRNAs (5 nmol) were resuspended with 250 pl nuclease-free water
(stock concentration: 20 uM), aliquoted, and stored at -20°C or -80°C. Before use,
they were thawed on ice. For the siRNA transfection assay antibiotic-free medium
was used to increase the transfection efficiency. The day before siRNA transfection,
the cells were split in a manner to provide cells with a confluence of about 80% for
the transfection experiment. The medium was removed and the cells were washed
with 5 ml PBSM, trypsinated, and finally resuspended with 4 ml PBSM. After
centrifugation (4°C, 4 min, 805 x g), the cell pellet was resuspended in antibiotic-free
medium at a concentration of 3.5 x 10° cells per ml. Transfection was performed on
6-well plates using an optimized protocol, which is based on the reverse transfection
protocol of the manufacturer. For each well 5 ul of the transfection reagent
Lipofectamine®2000 or Lipofectamine®RNAiMax was mixed with 245 pl pre-warmed
OptiMEM® in a tube. The siRNAs were also diluted in OptiMEM® to obtain a
concentration of 10 nM and 250 pl of the siRNA solution was pipetted into each well.
For knockdown of Xrn1, three specific SIRNAs were mixed and transfected as a pool,
whereas in the control setup only a single non-targeting siRNA was used. The overall
concentration of the siRNAs remained equal. After 5 min incubation at room
temperature, 250 pl of the Lipofectamine® solution was added into the wells and

gently mixed with the siRNA solution. After 15 min incubation at room temperature, 2
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ml of the cell suspension was added per well and the cells were incubated at 37°C.
After incubation for 24 h, the medium was replaced by fresh medium with antibiotics.
For further experiments, cells were trypsinated and cells of four or five wells of a 6-
well plate were seeded in a 10 cm cell culture dish. The efficient knockdown of Xrnl

was confirmed by Western blot analysis 48 h after transfection.

3.1.7 Transient transfection of BHK-21 cells

Transient expression studies have been performed by Denise Meyer. For transient
expression of recombinant proteins, the MVA-T7 system was applied. BHK-21 cells
(7.5 x 10°) were grown for 24 h in 6-well plates. The cells were then infected with
recombinant vaccinia virus MVA-T7 to enhance T7 RNA polymerase expression.
Two hours later, the cells were transfected with the respective plasmid (pCITE_P-1,
pCITE_P-2, pCITE_P-2P, pCITE_P-3, pCITE_P-3P) using Lipofectamine®2000 (Life
technologies) according to the manufacturer's protocol. Recombinant MVA-T7 virus
was kindly provided by Gerd Sutter (Ludwig-Maximilians-Universitat Minchen,
Munich, Germany). Twenty hours post transfection the cells were lysed using NP4

lysis buffer.

3.1.8 Endpoint titration and determination of viral titers

To perform an endpoint titration 100 pl cell culture medium was pipetted in each well
of 96-well plates. Each titration was performed in quadruplicates and virus stocks
were titrated three times. The virus suspension was pre-diluted with medium
(typically 1:10 or 1:50), and 50 pl of the solution was pipetted in the first lane of the
96-well plate. Using an 8-channel pipette and changing the pipette tip at each dilution
step, the virus solution was serially 3-fold diluted. Finally, 1.75 x 10* cells were added
to each well and the plates were incubated for 3 days at 37°C. As in this study cp
viruses as well as ncp viruses were used, the analysis of the endpoint titration was
performed by immunofluorescence analysis. The infectious viral titers were
determined as 50% tissue culture infectious doses (TCIDsp) per ml according to the

following formula:
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Pre-dilution

Mean value of highest virus-positive dilution step

3.1.9 Indirect immunofluorescence

Indirect immunofluorescence (IF) was performed to detect cells infected with
pestiviruses. The supernatant of the plates was removed and the cells were washed
once with PBS. The cells were heat-fixated at 80°C for 4 h or they were fixated with a
3.7% paraformaldehyde solution at 4°C for 30 min. After fixation, the cells were
washed with PBS. Additionally, cells that had been fixated with paraformaldehyde
needed to be permeabilized with Triton X-100 (1:200, 5 min), and were afterwards
washed with PBS containing 0.02% Tween 20 (PBS-Tween). The antibody BVD/C16
was diluted 1:25 with PBS-Tween and the cells were incubated with the antibody
solution at 37°C for two hours. For a 6-well plate 500 ul, for a 24-well plate 250 pl,
and for a 96-well plate 50 ul of the antibody solution was used. After the incubation
time, the antibody solution was removed and the cells were washed three times with
PBS-Tween. The Cy3-labeled secondary antibody was diluted 1:800 in PBS-Tween
and was pipetted onto the cells. The plates were incubated at 37°C for one hour.
After this step, the cells were washed tree times with PBS-Tween and then overlaid
with ultrapure water. The analysis of the cells was performed with an inverted
immunofluorescence microscope at a wavelength of 500-600 nm. In case of an

infection with pestiviruses, a red cytoplasmic fluorescence could be observed.

3.1.10 Viral growth kinetic analysis

To determine the viral growth kinetics, uninfected MDBK cells were seeded on 6-well
plates at a density of 1 x 10° cells per well. Three to four hours later the cells were
infected with infectious supernatants at a defined MOI (0.5 up to 0.01). The MOI was
calculated based on the number of cells that had been seeded out before. After
adsorption for 1 h at 37°C, the cells were washed six times with PBSM, overlaid with
2 ml fresh medium, and incubated at 37°C and 5% CO,_ At fixed time points (typically
Oh,6h,12h,24h, 36 h, 48 h, 72 h, and 96 h post infection [p.i.]) aliquots (230 pl) of
the supernatant were removed and replaced by fresh medium. The collected
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supernatants were stored at -80°C. Supernatants of three or four independent
experiments were used individually for titration on MDBK cells. Endpoint titration and
immunofluorescence analysis was performed as described above (chapter 3.1.8 and
3.1.9).

3.1.11 Analysis of viral RNA synthesis

For comparative quantification of viral RNA genomes uninfected MDBK cells were
seeded on 6-well plates at a density of 1 x 10° cells per well. Three to four hours
later, the cells were infected with infectious supernatants at a defined MOI (0.5 up to
0.01). The MOI was calculated based on the number of cells that had been seeded
out before. After adsorption for 1 h at 37°C, the cells were washed six times with
PBSM, overlaid with 2 ml fresh medium, and incubated at 37°C and 5% CO.. Total
cellular RNA was prepared 10 h p.i., marking the end of one replication cycle (Gong
et al. 1996), and subjected to quantitative real-time RT-PCR. At least three

independent experiments were analyzed.

3.1.12 Specific infectivity of synthetic RNA

In order to determine the specific infectivity of synthetic RNA derived from the cDNA
clone of recombinant R-6 in comparison to that of pCP7-388, 10 fmol of each of the
RNAs was electroporated into MDBK cells. The electroporated cells were at first
diluted 1:3 in a suspension of naive cells, followed by a 10-fold dilution series (10™* to
10®) in naive cells. The different dilutions were seeded onto 6-well plates and
incubated for 3 days at 37°C and 5% CO,. After fixation of cells, virus production was
determined by detection of viral antigen by IF analysis (as described above) in order
to define the highest dilution still containing infected cells. Data from four

independent experiments were analyzed.
3.2 Molecular biology

3.2.1 Cultivation of bacteria

The E.coli strains used in this study were grown in LB medium or on LB agar plates

and incubated at 37°C in an incubation shaker. The selection of recombinant bacteria
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occurred under the presence of ampicillin at a concentration of 100 pug per ml

medium or agar. Liquid cultures were grown at 200 rounds per minute.

3.2.2 Preparation of transformation-competent bacte  ria

Bacteria that are able to uptake and incorporate exogenous DNA are called
competent. To generate chemically competent E.coli bacteria, which are able to
uptake the exogenous DNA by heat-shock, one E.coli colony was picked from a LB
agar plate without ampicillin, inoculated in 10 ml LB®? medium, and incubated at
37°C and 200 rpm. The next day 1 ml of the overnight culture was transferred in 100
ml LB®" medium and further cultivated until an optical density of 0.5 at 650 nm
(ODgso) was reached. The bacteria were chilled on ice for 10 min and gently mixed
several times. Afterwards, the bacteria were pelleted by centrifugation (4°C, 10 min,
1811 x g). The pellet was resuspended in 37.5 ml TFB1 buffer and chilled on ice for
10 min. The bacteria were pelleted by a second centrifugation step (4°C, 10 min,
1811 x g), and the pellet was resuspended in 5 ml TFB2 buffer. The bacteria
suspension was aliquoted (50 pl) in ice-cold tubes and stored at -80°C.

3.2.3 Transformation of competent bacteria by heat-  shock

For transformation, an aliquot of competent E.coli bacteria was thawed on ice and
then mixed with the plasmid DNA. Depending on the E.coli strain slightly different
transformation protocols were used. After incubation on ice for 5 to 60 min
(depending on the bacteria strain), the bacteria were heat-shock treated at 42°C for
90 sec. Afterwards, the suspension was chilled 5 min on ice, before 200 pl SOC
medium was added. The bacteria were incubated at 37°C and 200 rpm for 45 to 90
min (depending on the bacteria strain). After the incubation time, the bacteria were
pelleted at 1503 x g for 3 min, resuspended in 50 ul SOC medium and plated onto
LB agar plates containing ampicillin (100 pg/ml). The plates were incubated overnight
at 37°C. The E.coli Qiagen EZ could be plated immediately after the addition of the
SOC medium. Transformations with the strains E.coli Qiagen EZ and E.coli JM109
were plated on LB agar plates containing ampicillin, IPTG, and X-gal, which allows a
blue/white screen (chapter 2.3.1).
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3.2.4 Mini preparation of plasmid DNA

The mini preparation compared to the midi preparation is faster, easier, and cheaper.
However, only low amounts of plasmid DNA are yielded and the mini preparations
have a higher salt concentration than midi preparations.

One E.coli colony was picked with a pipette tip, inoculated in 4 ml LB medium with
ampicillin, and cultivated overnight (37°C, 200 rpm). The bacteria were pelleted in 2
ml reaction tubes (30 sec, 13000 x @), the supernatant was removed, and the pellet
was resuspended in 200 ul S1 buffer. For the alkaline lysis of the bacteria, 200 ul S2
buffer was pipetted into the suspension, mixed, and 200 ul of the S3 buffer for
neutralization was added. Again the suspension was mixed and the precipitated
protein was pelleted (4°C, 5 min, 17950 x g). The supernatant was transferred into a
1.5 ml reaction tube prefilled with 400 ul isopropanol to precipitate the plasmid DNA.
After a centrifugation step (4°C, 30 min, 17950 x @), the supernatant was removed
and the pellet was overlaid with 200 pl 70% ethanol. After centrifugation (4°C, 5 min,
17950 x @), the ethanol was removed and the plasmid DNA was eluted in 50 pl

ultrapure water. The plasmid DNA was stored at -20°C.

3.2.5 Midi preparation of plasmid DNA

The preparation of plasmid DNA by a midi preparation results in a purer preparation
with a higher output of DNA. Especially for plasmid preparations out of E.coli HB101
cultures, the midi preparation was recommended to ensure the removal of bacterial
DNases in the preparation. One E.coli colony was inoculated in 200 ml LB medium
with ampicillin and incubated for 16-24 h (37°C, 200 rpm). The bacteria were pelleted
in 50 ml tubes (4°C, 30 min, 3220 x @), the supernatant was removed, and the pellet
was resuspended with 16 ml RES buffer. The bacteria were lysed with 16 ml LYS
buffer. Afterwards, 16 ml NEU buffer was added for neutralization and precipitation of
the proteins. The lysate was applied to an equilibrated NucleoBond® Xtra Column
Filter for purification and a simultaneous loading of the column with the plasmid DNA.
The column and the filter were washed by adding 5 ml EQU buffer. Afterwards, the
filter was removed and the column was washed with 8 ml WASH buffer. The plasmid
DNA was eluted with 4 ml pre-warmed ELU buffer into 15 ml tubes. The plasmid
DNA was precipitated by adding 2.8 ml isopropanol. The solution was portioned into

1.5 ml reaction tubes and then centrifuged (4°C, 30 min, 17950 x g). After removing
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the supernatant, the pellet was washed with 200 pl of 70% ethanol, which was
followed by a centrifugation step (4°C, 5 min, 17950 x g). Finally, the ethanol was

removed and the pellet was resuspended in 60-150 pl ultrapure water.
3.3 General nucleic acid methods

3.3.1 Determination of nucleic acid concentrations

The concentration of nucleic acids in a solution was determined by photometric

analysis using the spectrophotometer NanoDrop™ 2000 (Thermo scientific).

3.3.2 Agarose gel electrophoresis

The agarose gel electrophoresis was used for separation, identification,
quantification, and quality control of nucleic acids. In general, gels with an agarose
content of 1-2% according to the size of the nucleic acids were used. The gels were
run in electrophoresis chambers filled with TAE buffer. The samples were mixed with
Orange G (in general 5 pl) and up to 20 pl per lane were loaded onto the gel. To
estimate the size of the DNA or RNA fragments, a 1 kb or 100 bp DNA ladder was
used. The gels were run at 100 V for 45 min and afterwards stained with an ethidium
bromide solution (5 pg/ml TAE buffer) for 10 min. To remove unbound ethidium
bromide, the gels were incubated for 10 min in a water bath and thereafter the

nucleic acids could be detected under UV light (254 nm).

3.4 RNA techniques

All RNA techniques have been carried out by wearing gloves and using sterilized
tubes, filter tips, and RNase-free aqua bidest to prevent a degradation of the RNA by

RNases.

3.4.1 Invitro transcription

Depending on the promoter of the purified and linearized cDNA, synthesis of RNA
was carried out using the SP6- or T7- MEGAscript® kit (Life technologies). According
to the manufacturer's protocol 1 pg cDNA served as template in a 20 pl reaction
volume and the reaction mix was incubated for 2 h at 37°C. Afterwards, 1 pl Turbo-
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DNase (Life technologies) per reaction tube was added (15 min; 37°C). The quality
and quantity of the transcribed RNA was controlled by agarose gel electrophoresis
and ethidium bromide staining after transcription and DNasel digestion.

3.4.2 RNA purification

To purify the RNA after in vitro transcription or polyphosphatase treatment the
MEGAclear® kit (Invitrogen) was used. The RNA was adjusted with the elution buffer
to a volume of 100 pl, mixed with 350 ul binding buffer and 250 pl 100% ethanol, and
pipetted onto a silica spin column. All centrifugation steps were performed at
13000 x g for 1 min. After the first centrifugation step, the flow-through was discarded
and the column was washed twice with 500 pl wash solution, which was followed by
a second centrifugation step. Then the column was placed in a new collection tube.
The RNA was eluted by adding 50 pl pre-warmed (95°C) elution solution onto the
filter and centrifuging the columns. This elution step was repeated with a second
50 ul aliquot of the pre-warmed elution solution. The eluted RNA was then
precipitated with 10 pl 5 M ammonium acetate and 175 ul 100% ethanol, and was
incubated at -20°C for at least 30 min. Afterwards, the RNA was pelleted (4°C, 15
min, 17950 x g) and washed with 500 pl 70% ethanol. The supernatant was removed
and the RNA was resuspended in 20 pl RNase- and DNase-free water.
Concentrations of RNA were photometrically determined with NanoDrop (Thermo
Scientific). The integrity and quantity of the RNA was additionally controlled by
ethidium bromide staining after agarose gel electrophoresis. The RNA was stored at
-80°C.

3.4.3 Total RNA isolation from cells

For the preparation of total cellular RNA the RNeasy® Mini kit (Qiagen) was used.
The supernatants of the cells were removed. The cells were washed six times with
PBSM and then trypsinated. The cells were resuspended in 800 upl PBSM,
transferred into a reaction tube, and centrifuged (3 min, 1503 x g). The cell pellet was
lysed with 330 ul RLT lysis buffer with -Mercaptoethanol. The lysate was
homogenized with a QIAshredder® spin column. The filtrate was mixed with 330 pl
70% ethanol and transferred to an RNeasy® spin column. The RNA was extracted

according to the manufacturer’s protocol and eluted in 30 pl RNase-free water. The
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RNA concentration was determined by photometric analysis. The RNA was stored at
-80°C.

3.4.4 Reverse transcription with sequence-specific primers

In general, sequence-specific primers were used for reverse transcription of RNA into
cDNA (complementary DNA), which was followed by a subsequent PCR reaction
(RT-PCR). Negative and positive controls were included as well. Total cellular RNA
obtained after transfection of cells with synthetic RNA derived from pCP7-388
plasmid served as positive control and total cellular RNA of nontransfected naive

cells as negative control.

Master mixes of the RT-PCR per reaction:

Start mix: Reverse primer (20 uM) 1l
RNA 2.5 ul

Ultrapure water 8 ul

11.5 pl

The mixture was incubated for 2 min at 94°C to denature the RNA and afterwards

cooled down at 4°C.

RT-mix: RT buffer A 8 ul
RNaseOUT™ (40 U/pl) 0.25 pl

Reverse transcriptase 0.25 ul

8.5 ul

The RT-mix was added to each reaction tube together with a piece of paraffin.
Reverse transcription was performed at 37°C for 30 min. Afterwards, the reaction
was heated to 80°C for 2 min in order to melt the paraffin and to denaturize the
reverse transcriptase. The tubes were slowly cooled down at 20°C for 2 min and then

cooled at 4°C. The obtained cDNA was subsequently amplified in a PCR.
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PCR mix: PCR buffer B 10 ul
Coding primer (20 pM) 1l

Tag-polymerase (5 U/ul) 0.4 ul

Ultrapure water 18.6 pl

30 ul

The PCR mix was pipetted onto the paraffin layer. PCR was performed in a
thermocycler with the following temperature profile.

Thermo profile of the Tag PCR:

Initial denaturation: 94°C 2 min

Denaturation: 94°C 30 sec

Annealing: 45 - 65°C 30 sec 35 cylces
Elongation: 72°C 60 sec/kb

Final elongation: 72°C 10 min

Storage: 10°C

The annealing temperature was chosen in dependence of the melting points of the

used primer pair. The elongation time was dependent of the amplicon length (in kb).

3.4.5 Reverse transcription with random hexamers

If the RT-PCR was not successful with sequence-specific primers, reverse
transcription was performed with random hexamers and the Moloney-Murine

leukemia virus (M-MLV) reverse transcriptase.

Master mixes for cDNA synthesis per reaction:

Master mix 1: 5 x RT buffer 8 ul
dNTPs 8 ul

Ultrapure water 10 ul

RNA 6 ul

32 ul
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The mixture was incubated for 5 min at 70°C to denature the RNA and then cooled

down at 10°C afterwards.

Master mix 2: DTT (0.1 M) 3.1l
Hexamers (1:15) 2 ul

RNase inhibitor 0.5 ul

Reverse transcriptase 2 pl

8 ul

The master mix 2 was added to the reaction tubes and the cDNA synthesis was

performed in a thermocycler with the following conditions.

Thermo profile for cDNA synthesis:

22°C 5 min
37°C 15 min
42°C 30 min
99°C 5 min
10°C

The cDNA was directly used as template in a PCR or stored at -20°C.

3.4.6 Quantitative real-time RT-PCR

3.4.6.1 TagMan quantitative real-time RT-PCR

Real-time RT-PCR was performed in the gPCR system Mx3005P apparatus (Agilent
Technologies). Total cellular RNA was prepared using the RNeasy® Mini kit (Qiagen).
The RNA was diluted in a ratio of 1:50 in RNA-safe buffer (50 ng/ | poly[A] carrier
RNA, 0.05% Tween20, and 0.05% sodium azide in nuclease-free water). For
comparative quantification of the amounts of accumulated viral RNA genomes, 5 pul of
the diluted RNAs as well as five serial 10-fold dilutions (5 x 10° to 10?) of a BVDV
RNA standard and a glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
standard were subjected to a one-step duplex real-time RT-PCR (qRT-PCR) using
the QuantiTect® Probe PCR kit (Qiagen). BVDV genome load and GAPDH mRNA
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abundance were simultaneously detected in the same reaction tube in duplicates or
triplicates. For amplification of BVDV genomes, the primer pair Pesti.100F and
Pesti.206R, and the probe BVDV.139p labeled with the reporter 6-carboxyfluorescein
(FAM) at the 5' end and a black hole quencher (BHQ1) at the 3’ end, which were
adapted from a previous publication (Baxi et al. 2006), were used. The binding sites
of the primers and the probe are located in the 5’NTR of the BVDV genome. For
amplification of the GAPDH mRNA, the primers GAPDH.465F and GAPDH583R, and
the probe GAPDH.490p, which were adapted from a previous report (Leutenegger et
al. 2000), were used. The probe is labeled with the reporter hexachloro-6-
carboxyfluorescein (HEX) at the 5' end and a black hole quencher (BHQ1) at the 3'
end. For a simultaneous detection of the BVDV genome load and the GAPDH mRNA
abundance, the primer and probe concentrations had to be adjusted to reach
sufficient amplification efficiencies (95-105%) for both target molecules, which were
calculated by the software delivered with the Mx3005P apparatus (Agilent
Technologies). The reaction mix of the single real-time RT-PCR assay was improved
for having optimal amplification efficiencies for both templates in the duplex real-time
RT-PCR. The primer-probe mix BVDV contained both the specific forward and
reverse primer in a concentration of 10 uM and the BVDV probe in a concentration of
2.5 pUM. The primer-probe mix GAPDH contained the GAPDH primers in a
concentration of 5 uM and the GAPDH probe in a concentration of 1.25 uM.

gqRT-PCR master mix: QuantiTect® Probe RT-PCR master mix 12.5 ul
Primer/probe mix BDVD (10/10/2.5 uM) 2 ul

Primer/probe mix GAPDH (5/5/1.25 pM) 2 ul

RT-mix 0.25 ul

Ultrapure water 3.25 i

20 pl

The gRT-PCR master mix was pipetted into optical tubes and 5 pl sample or 2.5 pl of
each of the RNA standards were added. The reaction was performed in a

thermocycler with the following temperature profile.
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Thermo profile of the TagMan gRT-PCR:

Reverse transcription: 50°C 30 min
Initial denaturation: 95°C 15 min
Denaturation: 95°C 15 sec
Annealing: 60°C 30 sec 40 cylces
Elongation: 72°C 30 sec

The viral RNA amounts were normalized to the corresponding abundance of bovine
GAPDH mRNA. The data of at least three independent experiments were analyzed.

3.4.6.2 SYBR® green quantitative real-time RT-PCR

The SYBR® green based real-time RT-PCR (gRT-PCR), which revealed a higher
sensitivity compared to the probe based TagMan gRT-PCR, was used in
experiments with low amounts of viral RNA genome copies in the samples. In order
to compare the quantities of accumulated viral RNA after transfection, 10 fmol of
each of the synthetic RNAs derived from the cDNA clones of recombinant R-6 and
pCP7-388 were transfected separately into MDBK cells; the RNA replication-negative
derivate pPNCP7-GAA encoding a lethal GDD to GAA mutation in the active center of
the viral RdRp served as negative control. Total cellular RNA from four independent
experiments was prepared 8 h and 12 h post transfection using the RNeasy® Mini kit
(Qiagen). The RNA concentration of each sample was determined with NanoDrop
(Thermo Scientific). Fifty nanongram of each of the RNAs as well as five 10-fold
serial dilutions (10 to 107®) of a pestivirus RNA standard were subjected in triplicates
to a previously described one-step gRT-PCR using the QuantiTect® SYBR® green
RT-PCR kit (Qiagen) and the primer pair 324 and 326 (Vilcek et al. 1994).
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gRT-PCR master mix: QuantiTect SYBR® green master mix 12.5 ul
Coding primer (10 pmol) 1l

Reverse primer (10 pmol) 1l

Reverse transcriptase 0.25 ul

Ultrapure water 5.25 pl

20 pl

The gRT-PCR master mix was pipetted into optical tubes and 5 pl RNA sample or
5 ul of the RNA standard were added. The reaction was performed in a thermocycler

with the following temperature profile.

Thermo profile of the SYBR® green qRT-PCR:

Reverse transcription: 50°C 30 min
Initial denaturation: 95°C 15 min
Denaturation: 95°C 15 sec
Annealing (first measurement): 56°C 30 sec
. 40 cylces
Elongation: 72°C 30 sec
Second measurement 82°C 15 sec

SYBR® green fluorescence emission was measured at 56°C and 82°C. The second
measurement step at 82°C enables the detection of specific PCR products. At the
end of amplification, a melt curve analysis was performed by gradually increasing
temperature (from 55°C to 95°C) and measure simultaneously SYBR® green
fluorescence emission. The melt curve analysis was carried out to confirm specificity
of the amplified DNA.

For determination of the increase of viral RNA amounts between 8 h p.e. and 12 h

p.e., the amount of viral RNA at 8 h p.e. was set 100% for each individual RNA.

3.4.7 Modification of the 5’ terminus of the RNA

The RNA 5’ polyphosphatase (Epicentre Biotechnologies) was used to convert
5'-triphosphorylated RNA to  5-monophosphorylated RNA. The RNA
polyphosphatase does not act on capped RNA. In a buffered 20 pl reaction up to
5 ug RNA (synthetic RNA or total cellular RNA) was incubated with 10-20 IU of the

57



Methods

RNA polyphosphatase for 30 min at 37°C. The synthetic RNA was afterwards purified
using the MEGAclear® kit (Ambion) and in case of total cellular RNA, the RNeasy®
Mini kit (Qiagen) was used. The quality and quantity of the purified RNA was

determined by ethidium bromide staining and photometric analysis.

3.4.8 Determination of 3’ and 5’ ends of viral RNA

After electroporation of 5 pmol of synthetic RNA derived from the plasmid p2071,
total cellular RNA was prepared 2 h, 4 h, and 6 h post electroporation using the
RNeasy® Mini kit (Qiagen). Equal RNA amounts of each sample were treated with
RNA polyphosphatase. After purification, the RNA was circularized overnight at 16°C
in a 50 pul reaction containing 10 U of T4 RNA ligase (New England Biolabs). After a
second purification step, 10 pl circularized RNA was subjected to a one-step RT-PCR
reaction with sequence-specific primers. For amplification the primer pair OI-CP7-
12256F (nucleotides 12256 to 12274; sense primer) and OI-CP7-12243R (nucleotide
12226 to 12243; antisense primer) targeting the 3'NTR were used. Each PCR
reaction was completely loaded onto a 1.5% agarose gel. The PCR products were
excised from the gel, purified, and cloned using a PCR Cloning kit (Qiagen). Equal
amounts of DNA ligation reaction mix were used for transformation. Either all insert-
positive clones were sequenced or the same numbers of clones were prepared and
sequenced. Sequences were obtained from LGC and analyzed using Heidelberg
UNIX Sequence Analysis Resource (HUSAR; DKFZ, Heidelberg, Germany) including
a GCG (genetics computer group) software package (Devereux et al. 1984). For
guantitative comparison, the numbers of non-degraded viral RNAs of Xrnl-
knockdown and control cells were set in relation to the total number of sequences
obtained out of Xrn1-knockdown or control cells at each time point. Sequences of two

independent experiments were analyzed.
3.5 DNA techniques

3.5.1 Polymerase chain reaction

The polymerase chain reaction (PCR) was used to amplify DNA fragments. In this
study, different DNA polymerases were used depending on the purpose of the PCR.

The annealing temperature was adapted according to the melting points of the
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primers (typically 3-5°C below the lowest melting temperature of the primers). The
melting point of each primer was included in the data sheet of the primer provided by

the supplier. The elongation time was dependent of the amplicon length (in kb).

3.5.1.1 Phusion ® PCR

The Phusion® polymerase has a proof reading capability and allows a shorter
elongation timer compared to other DNA polymerases. Due to the high fidelity, the

Phusion® polymerase was preferably used for cloning strategies.

Reaction mix for the Phusion® PCR:

5 x Phusion® buffer 10 pl
dNTPs (10 mM) 4 ul
Sense primer (20 puM) 1.5 pl
Antisense primer (20 uM) 1.5 pl
Phusion® polymerase (2 U/ul) 0.5 pl
Template DNA 2 ul
Ultrapure water ad 50 pl

50 ul

The PCR was incubated in a thermocycler with the following thermo profile.

Thermo profile of the Phusion® PCR:

Initial denaturation: 98°C 30 sec

Denaturation: 98°C 15 sec

Annealing: 45-65°C 30 sec 35 cylces
Elongation: 72°C 30 sec/kb

Final elongation: 72°C 5 min

Storage: 10°C
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3.5.1.2 Tag PCR

The Tag polymerase has a nontemplate-dependent terminal transferase activity,
which results in the addition of adenine (A) overhangs at the 3’ end of the PCR
product. This allows the direct insertion of PCR products into a vector by the TA
(thymine/adenine) cloning method. The Taq polymerase lacks a proof reading
capability.

Reaction mix for the Tag PCR:

10 x Taq buffer 5ul
dNTPs (10 mM) 4l
Sense primer (20 uM) 1l
Antisense primer (20 uM) 1l
Taqg polymerase (5 U/ul) 0.4 ul
Template DNA 2 ul
Ultrapure water ad 50 pl

50 pl

The PCR was incubated in a thermocycler with the following thermo profile.

Thermo profile of the Tag PCR:

Initial denaturation: 94°C 2 min

Denaturation: 94°C 30 sec

Annealing: 45-65°C 30 sec 25-30 cylces
Elongation: 72°C 60 sec/kb

Final elongation: 72°C 10 min

Storage: 10°C

3.5.1.3 Colony PCR

The colony PCR was used to select positive bacteria clones encompassing the
desired plasmid. The bacteria were picked with a pipette tip, inoculated in 200 pl LB

medium with ampicillin (100 pg/ml), and incubated at 37°C for 2 h under constant
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shaking. After the incubation time, a PCR with a vector-specific and an insert-specific
primer was performed. For each reaction, the PCR master mix was mixed with 1.5 pl
of the bacteria suspension. The ligation reaction served as positive control. The
suspensions of positively tested bacteria clones were transferred into 4 ml LB
medium with ampicillin (100 pg/ml) and were then cultured overnight at 37°C under
constant shaking.

Reaction mix for the colony PCR:

10 x Taq buffer 2 ul
dNTPs (10 mM) 1.6 pl
Sense primer (20 uM) 2 ul
Antisense primer (20 uM) 2 ul
Taqg polymerase (5 U/ul) 0.16 pl
Bacteria culture 1.5 pl
Ultrapure water ad 20 ul

20 ul

The PCR was incubated in a thermocycler with the following thermo profile.

Thermo profile of the colony PCR:

Initial denaturation: 95°C 3.5 min

Denaturation: 95°C 30 sec

Annealing: 45-65°C 30 sec 35 cylces
Elongation: 72°C 60 sec/kb

Final elongation: 72°C 5 min

Storage: 10°C

3.5.1.4 Site-directed mutagenesis PCRs

Different methods are available to introduce site-directed mutations into plasmids.

For insertion of large DNA fragments the megaprimer method was used. Single
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nucleotide exchanges were introduced with synthesized primers containing the

mutation.

3.5.1.4.1 Mutagenesis PCR with the megaprimer method

This method was used to insert large PCR products in a plasmid by two PCR steps.
For both PCRs the Phusion® polymerase was used due to its proof reading
capability. The insert was first amplified with primers both having 5'-terminal
overhangs, which are complementary to the template DNA of the second PCR
allowing a hybridization to the template in the second PCR. The insert serves as
primer in the second PCR and is therefore called megaprimer. The PCR product of
the first PCR was loaded onto an agarose gel and the megaprimer was excised from
the gel, purified, and inserted into the mutagenesis PCR with the plasmid as template
in which the mutation has to be inserted. After the mutagenesis PCR, digestion with
Dpnl was performed, which destroys methylated DNA whereas the amplified DNA
remains intact. Ethidium bromide staining was performed to control the amplification

and 2-10 pl of the reaction mix was used for transformation.

Reaction mix for the megaprimer synthesis:

5 x Phusion® buffer 10 pl
dNTPs (10 mM) 4l
Sense primer (20 uM) 1.5 pl
Antisense primer (20 uM) 1.5 ul
Phusion® polymerase (2 U/ul) 0.5 pl
Template DNA (10-30 ng) X Ml
Ultrapure water ad 50 pl

50 pl

The PCR was incubated in a thermocycler with the following thermo profile.
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Thermo profile of the megaprimer synthesis:

Initial denaturation:
Denaturation:
Annealing:
Elongation:

Final elongation:
Storage:

98°C 30 sec

98°C 15 sec

45-65°C 30 sec 35 cylces
72°C 30 sec/kb

72°C 5 min

10°C

After purification of the megaprimer, the mutagenesis PCR was carried out.

Reaction mix for the mutagenesis PCR:

5 x Phusion® buffer

dNTPs (10 mM)
Megaprimer

10 pl

1l
5-10 pl

Phusion® polymerase (2 U/pl) 1 ul
Template DNA (100-150 ng) X Ml

Ultrapure water

ad 50 ul

50 ul

The PCR was incubated in a thermocycler with the following thermo profile.

Thermo profile of the mutagenesis PCR:

Initial denaturation:
Denaturation:
Annealing:
Elongation:

Final elongation:
Storage:

98°C 30 sec

98°C 15 sec

48-65°C 1 min 21 cylces
72°C 1 min/kb

72°C 5 min

10°C

The optimal annealing temperature was determined by gradient PCR, which allows

cycling by different annealing temperatures. After PCR, the template DNA was

digested with Dpnl.
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3.5.1.4.2 Insertion of point mutations by PCR

To insert a point mutation into a plasmid, a Phusion® PCR with two phosphorylated
primers was performed. Only the forward primer carried the required single
nucleotide exchange at its 5’ end. The primer binding sites were next to each other,

thus, the complete plasmid was amplified by the PCR.

Reaction mix for the mutagenesis PCR:

5 x Phusion® buffer 10 pl
dNTPs (10 mM) 4 ul
Sense primer (20 puM) 1.5 pl
Antisense primer (20 uM) 1.5 pl

Phusion® polymerase (2 U/pl) 1.5 pl
Template DNA (100-150 ng) X Ml
Ultrapure water ad 50 pl

50 ul

The PCR was incubated in a thermocycler with the following thermo profile.

Thermo profile of the mutagenesis PCR:

Initial denaturation: 98°C 30 sec

Denaturation: 98°C 15 sec

Annealing: 55-68°C 1 min 21 cylces
Elongation: 72°C 5 min

Final elongation: 72°C 5 min

Storage: 10°C

The optimal annealing temperature was determined by gradient PCR, which allows
cycling by different annealing temperatures. After PCR, the template DNA was
digested with Dpnl. The specific amplification product was purified from an agarose
gel (chapter 3.5.2), and 8 ul of the eluate was inserted together with 1 pl T4 DNA
ligase and 1 yl T4 DNA ligase buffer in a ligation reaction, which was incubated

overnight at 4°C.
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3.5.2 Dpnl digestion

After mutagenesis PCR, the methylated parental DNA, which served as template in
the PCR, was removed by Dpnl, which specifically digests methylated DNA. DNA
produced by E.coli strains is methylated, whereas in vitro synthesized DNA is
non-methylated and would therefore not be digested by Dpnl. To each PCR reaction
mix 1 pl Dpnl (NEB) was added and incubated for 3 h at 37°C.

3.5.3 Purification of DNA fragments from agarose ge Is

For preparative separation of DNA fragments, agarose gels with large sample
pockets were used. After agarose gel electrophoresis, the desired DNA fragment was
excised from the agarose gel with a scalpel and transferred into a reaction tube. The
DNA was extracted using the GeneJET® Gel Extraction kit (Thermo Scientific)
according to the manufacturer’s instructions. The DNA was eluted in 20 pl ultrapure
water and the DNA concentration was measured by photometric analysis. Ethidium
bromide staining after agarose gel electrophoresis of 1 ul of the sample served as

control for the preparation.

3.5.4 Restriction enzyme digestion

Restriction enzyme digestion was used for cloning different plasmids, identifying
positive clones or to verify plasmid preparations. The used restriction enzymes (NEB)
cut sequence-specific double-stranded DNA. The plasmid DNA was digested in a
buffered reaction mix according to the manufacturer’s instructions. The reaction mix

was incubated at the restriction enzyme-specific temperature for 30-120 min.

3.5.5 Plasmid linearization for synthetic transcrip tion

The construction plasmids used for RNA recombination experiments in this study
contain downstream of the 3’ end of the BVDV-coding sequence a singular Smal
restriction enzyme recognition site, which was used for linearization of the plasmids
prior transcription. Digestion of 5 pg plasmid DNA was performed at 25°C for two
hours. Before using the DNA as template in a transcription reaction, the DNA was
purified using the GeneJET® Gel Extraction kit (Thermo Scientific) by mixing the
restriction enzyme digestion reaction mix 1:1 with the binding buffer. The mixture was

applied to a spin column. Further procedure was followed according to the
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manufacturer’s protocol. The DNA was finally eluted in 20 pl ultrapure water and the
concentration was determined by photometric analysis. Ethidium bromide staining
after agarose gel electrophoresis of 1 ul of the sample served as control for complete

linearization of the DNA.

3.5.6 DNasel digestion

After in vitro transcription, the plasmid DNA, which had served as template in the
reaction mix, was removed by digestion with DNasel. To each transcription reaction
mix 1 pl RNase-free Turbo-DNasel (Ambion) was added and incubated for 15 min at
37°C. Finally, the RNA was purified using the MEGAclear® kit (Ambion).

3.5.7 Ligation of DNA fragments

Cloning of purified PCR products was realized according to the TA cloning method
with the PCR Cloning Kit (Qiagen) containing the pDrive® vector or with the pGEM®-T
Easy Vector System (Promega). The Taq polymerase generates an adenine (A)
overhang at the 3’ end of the PCR product, which allows an enzymatic ligation of the
PCR product with a linearized vector exhibiting a complementary thymine (T)
overhang. The ligation reaction was performed according to the manufacturer’s
protocols.

Before ligation of DNA fragments resulting from a restriction enzyme digestion, the
DNA fragments were purified after an agarose gel electrophoresis (chapter 3.5.2).
The DNA concentration was determined by photometric analysis and the insert DNA
was mixed with the plasmid DNA in a molar ratio of 5:1 together with 400 U T4 DNA
ligase and 1 pl 10 x T4-DNA ligase buffer. The reaction volume was adjusted to 10 pl
with ultrapure water and ligation was performed at 4°C overnight. The ligation
reaction occurred due to the specific overhangs (sticky ends) of the DNA fragments
produced by restriction enzyme digestion. Depending on the efficiency, 2 pl or up to
10 pl of the ligation reaction mix was transformed into E.coli bacteria.

3.5.8 Construction of plasmids

The described clones are all based on the plasmid pCP7-388, which contains a full
length copy of the BVDV-1 CP7 strain under the control of an sp6 promoter
sequence (Pankraz et al., 2005). Constructs obtained after site-directed mutagenesis
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were controlled by sequence analysis. Constructs obtained by restriction enzyme
digestion were controlled by restriction enzyme site mapping and sequence analysis
of the ligation sites. Construction of the 5’ recombination partners CP7/1-686 and

CP7/1-997 has been done by Sophia Austermann-Busch.

3.5.8.1 Construction of the 5’ recombination parthe  r CP7/1-686

For construction of the 5 recombination partner CP7/1-686 a PCR with
phosphorylated primers Ol-mut-5'p-short-5'PF and Ol-mut-5’p-short-5’PR was carried
out. pCP7-5A with Fsel-site located directly downstream of BVDV-cDNA sequence
(Gallei et al. 2004) served as template. The resulted PCR product was subsequently
self-ligated.

3.5.8.2 Construction of the 5’ recombination partne r CP7/1-997

For construction of the second 5’ recombination partner CP7/1-997 a PCR with the
template pCP7-388 and the primers OI-Prot-1711-1731F and Ol-Fsel-Smal-CP7-
974-997R was performed. The PCR product was cloned into the pDrive® vector
(Qiagen) and was subsequently cut with Fsel and Nhel. The 0.9 kb fragment was
inserted into the plasmid M6 (Pankraz et al. 2005) precut with Nhel and Fsel. The
resulting plasmid was cut with Nhel and BsrGl, and the 2.5 kb fragment was ligated
with the 0.4 kb fragment derived from pCP7/1-686 after digestion with Nhel and
BsrGl resulting in the construction plasmid of the second 5 recombination partner
CP7/1-997.

3.5.8.3 Construction of the 3’ recombination partne  r Ubi-CP7/887-12293

For construction of the 3’ recombination partner Ubi-CP7/887-12293 a PCR with the
primer pair Ol-proteus-1711-1731F and OI-BsmBI-S-ubiR and the template
p+ubiSGT (Gallei et al. 2004) was performed. The amplified fragment contained
downstream of the Nhel site a T7 promoter, nucleotide 1-513 of p+ubiSGT, coding
for five C-terminal aa of the NS2 gene of the BVDV strain CP14, a C-terminal
fragment, as well as two complete ubiquitin monomers, and a 3’ overhang with a
BsmBl site. The PCR product was cloned into the pGEM®-T Easy vector (Promega),
resulting in plasmid pGEM_T7ubiSGT. A second fragment was amplified by PCR
with the template pCP7-388 and the primer pair Ol-BsmBI-cp7-core-F and OI-CP7-
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2380R. The PCR product containing nucleotides 887-2380 of pCP7-388, encoding
for C and E™ protein as well as the N-terminal part of E1 protein and a 5’ overhang
with a BsmBl site, was cloned into the pGEM®-T Easy vector (plasmid
PGEM_CP7CoreSGT). The plasmids pGEM_T7ubiSGT and pGEM_CP7CoreSGT
were cut with BsmBI and Sacl, and the 1.5 kb fragment of pPGEM_CP7CoreSGT was
ligated with the 3.5 kb fragment of pGEM_T7ubiSGT. The resulting plasmid was cut
with Nhel and Aflll. The 2.0 kb fragment was ligated with a 3.0 kb fragment and an
8.8 kb fragment of pCP7-388 obtained by digestion with the restriction enzymes
Aflll/Agel (nucleotides 2320-5336) and Agel/Nhel (nucleotides 5336-14133) to obtain
the final clone pUbi-CP7/887-12293.

3.5.8.4 Construction of the cDNA clone of R-6

For the construction of the full-length cDNA clone of recombinant R-6 (Fig. 3),
nucleotides 223 to 1901 of pCP7-388 were replaced by the respective 5'-terminal
part of the R-6 genome comprising the genome alterations of this recombinant virus.
Therefore, the cDNA fragment derived by RT-PCR with the antisense primer OI-CP7-
2003R and the sense primer OI-CP7-100F from cells infected with infectious
supernatant of recombinant R-6 was cloned into the pGEM®-T Easy vector
(Promega). The resulted plasmid was cut with Xhol/HindlIl and the 1.4 kb fragment
was inserted into the pCP7-388 precut with Xhol/Hindlll.

3.5.8.5 Construction of the plasmids for ubiquitin processing analysis

To analyze the processing of the C-ubi-C fusion proteins of R-2 and R-3, plasmids
encoding the N-terminal part of N* to the C-terminal part of C of R-2 and R-3 were
constructed (pCITE_P-2 and pCITE_P-3) by standard cloning procedures (Fig. 3C).
The NP and C coding sequence of R-1 served as control (pCITE_P-1). Total cellular
RNA obtained after the infection of cells with infectious supernatants of recombinants
R-1, R-2, and R-3 was reverse transcribed into cDNA. Afterwards, the megaprimer
synthesis was performed with 5 ul cDNA as template and the primer pair Ol-mut-
pCITE-NP°F and OIl-mut-R2/3R. The amplified fragments were inserted into the
pCITE-2a(+) vector (Novagen) by mutagenesis PCR. The construct derived from R-3
served as template for cloning of the NP and C gene of R-1 into the pCITE-2a(+)
vector with the primers Ol-mut-R1F and OIl-mut-R1R. Plasmids pCITE_P-2 and
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pCITE_P-3 served as template for site-directed mutagenesis with the forward primer
Ol-mut-ProlPhosF and the reverse primer Ol-mut-ProlPhosR in order to exchange
the first amino acid of the full length C protein from a serine into a proline residue (aa
250 for R-2, aa 257 for R-3). The PCR products were excised from a 1% agarose-
gel, purified, and subsequently self-ligated with T4 DNA ligase (NEB) resulting in
plasmids pCITE_P-2P and pCITE_P-3P.

3.6 Protein biochemistry

3.6.1 Celllysis

Cells of a 6-well plate were washed two times with ice-cold PBSM. After complete
removal of the PBSM, 150 pl NP4 lysis buffer was added to each well. The cell layer
of each well was scraped off and transferred into a cold reaction tube which was
stored then for 30 min on ice. Afterwards, the suspension was centrifuged at 4°C and
17950 x g for 30 min. The supernatant was transferred into a fresh reaction tube and
stored at -80°C or it was directly prepared for loading onto a polyacrylamide gel.
Allowing the detection of proteins that are expressed only at low amounts in Western
blot analysis, the cells of several wells of a 6-well plate were pooled in 150 pl NP4

lysis buffer.

3.6.2 Determination of the protein concentration

To estimate the protein concentration of cell lysates the Pierce™ BCA Protein Assay
kit (Life technologies) was used according to the manufacturer’s protocol.

3.6.3 SDS-PAGE

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) is a method
to separate proteins in a sample according to their molecular weight. SDS is an
anionic detergent which linearizes proteins and imparts them a negative charge
proportional to the length of the protein. The polyacrylamide gels had a size of 8.5 x
10 cm and a thickness of 0.75 mm, and were composed of a resolving gel and a
stacking gel. Depending on the size of the desired protein, the resolving gel had an
acrylamide concentration between 7.5 and 15%, whereas the stacking gel had a
concentration of 4%. The cell lysates were mixed 1:1 with SDS sample buffer, heated
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to 94°C for 5 min, and applied to the acrylamide gel together with a marker
(PageRuler™ Plus Prestained Protein Ladder, Fermentas). The gels were run in a
vertical electrophoresis chamber (Mighty Small Il SE 260) filled with buffer for 15 min
at a current of 25 mA and afterwards 60 to 240 min at 30 mA. Depending on the size
and nature of the detected proteins, tris-tricine gels and the corresponding buffers
(Schagger and von Jagow 1987) or tris-glycine gels and the corresponding buffer

(Laemmli 1970) were used.

3.6.4 Immunoblot analysis

After SDS-PAGE, the proteins were transferred from the resolving gel onto a
polyvinylidene difluoride (PVDF) or nitrocellulose membrane. The PVDF membrane
needed to be activated with methanol before blotting. The resolving gel and the
membrane were placed between filter papers soaked with anode and cathode buffer
(semi-dry blot). The protein transfer was performed with 300 mA for 20-25 min
depending on the molecular weight of the desired protein. To prevent unspecific
binding of the antibodies, the unoccupied binding sites on the membrane were
blocked with 2% ECL Prime Blocking Reagent (GE Healthcare) in tris-buffered saline
(TBS) with 0.02% Tween20 for one hour at room temperature. The primary antibody
was diluted in TBS-Tween to the desired working concentration (Table 6), which was
then incubated with the membrane overnight at 4°C. Afterwards, the membrane was
washed three times with TBS-Tween and incubated with the horseradish peroxidase
(HRP)-conjugated secondary antibody, previously diluted in TBS-Tween, for one
hour at room temperature. Afterwards, the washing step was repeated and a suitable
peroxidase substrate was applied to the membrane. The proteins were visualized
with the ChemiDoc Imager (Bio-Rad).

3.7 Computer-based analyses

3.7.1 Statistical methods

Statistical analyses were performed using the t-test. Significance was considered
with p-values less than 0.05. Statistical tests were run using the freeware program R

(version 3.0.2).
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3.7.2 Sequence analysis

Nucleotide sequencing was carried out by commercial sequencing services (Qiagen
or LGC). The computer analysis of the sequences was performed using Heidelberg
UNIX Sequence Analysis Resources (HUSAR, DKFZ, Heidelberg, Germany), which
provides the GCG software package.

3.7.3 Quantification of protein expression

Specific bands in Western blot analyses were quantified using the software Image
Studio light (Version 4.0.21, LI-COR Biotechnology, Bad Homburg, Germany). The
expression of Xrnl was normalized to the expression of the housekeeping gene -

actin.
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4 RESULTS

4.1 Part I: Influence of viral proteins on RNAreco  mbination

4.1.1 Experimental design and structure of recombin  ation partners

In order to determine if efficient translation of viral proteins is essential for RNA
recombination, a recombination system based on the cotransfection of cells with two
synthetic replication-incompetent RNA genome fragments (5’ and 3’ recombination
partner) derived from cp BVDV strain CP7 was established (Fig. 6A and B). The two
constructed 5 recombination partners (Fig. 6B) comprise the complete 5’NTR
including the IRES element essential for pestiviral translation plus a short part of the
NP coding region (5’ recombination partner CP7/1-686) or plus the genomic region
encoding for complete NP and part of C protein (5 recombination partner CP7/1-
997). Accordingly, both 5’ recombination partners lack the major parts of the entire
polyprotein coding region and the 3'NTR and thus are replication-incompetent. The 3’
recombination partner Ubi-CP7/887-12293 represents a 5’ truncated BVDV genome,
lacking the 5’NTR with the IRES element and the NP coding region (Fig. 6B). This
partner encompasses the entire genetic information for all other viral structural and
nonstructural proteins and also includes the complete 3'NTR, which is essential for
viral replication (Pankraz et al. 2005). At the 5’ end of this construct, an additional
sequence derived from BVDV strain CP14 (Gallei et al. 2004), which encodes five C-
terminal amino acids of NS2, a C-terminal ubiquitin fragment (14 aa), as well as two
complete ubiquitin monomers (76 aa each) was included. The ubiquitin coding
sequence was introduced into the 3’ partner in order to facilitate appropriate
processing of the N-terminus of the downstream located C protein in putatively
generated recombinants. As the 3’ recombination partner lacks the IRES element,
this viral RNA fragment cannot be translated by an IRES-mediated binding of the
ribosomes. Several independently performed experiments clearly demonstrated, that
transfection of MDBK cells with the individual recombination partners did not result in

the emergence of replicating viruses (data not shown).
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Figure 6: Structure of BVDV recombination partners

(A) Genome organization of the BVDV CP7 (wt virus)  strain, which represents the genetic basis

of the recombination partners used in this study. T he RNA genome comprises one open
reading frame, encoding for the viral structural pr oteins (core [C; yellow], E ™, E1, and E2) and
nonstructural (NS) proteins (N P [green], p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B)  flanked
by the 5’ and 3’ nontranslated regions (NTRS).

(B) Schematic representation of the 5’ and 3’ recom  bination partners applied in the first part of
the study. The two depicted 5’ recombination partne rs comprise a complete 5° NTR (nt 1-382)
with the IRES element and either nt 383-686 encodin g an N-terminal part of N P° (CP7/1-686) or
nt 383-997 encoding the complete N " and a short N-terminal part of C (CP7/1-997). The 3
recombination partner Ubi-CP7/887-12293 contains a  fragment derived from BVDV strain CP14
(Gallei et al. 2004), which encodes the five C-term inal aa of NS2, the C-terminal 14 aa of
ubiquitin as well as two complete ubiquitin monomer s (76 aa each; blue), fused to a long
sequence fragment corresponding to nt 887-12293 of BVDV CP7. Accordingly, the 3’
recombination partner encodes, with the exception o f NP, all viral proteins and comprises also
the complete 3'NTR but lacks the 5’NTR with the  cis-acting elements essential for translation
and replication. Numbers in brackets refer to the p  ositions in the genome of the wt virus.

4.1.2 Emergence of recombinant viruses in the absen  ce of efficient translation
of viral proteins

After cotransfection of cells with 2 pmol of the 3’ recombination partner Ubi-CP7/887-
12293 and 10 pmol of either 5’ recombination partner CP7/1-686 or 5’ recombination
partner CP7/1-997, recombinant viruses emerged and were detectable by their
cytopathic effect on cell culture. In three cotransfection experiments with each 5’
partner a total of at least 70 independently emerged recombinant viruses were
recovered and subsequently analyzed by RT-PCR and nucleotide sequencing. For
58 recombinant genomes (29 derived from experiments with CP7/1-686 and 29 from
experiments with CP7/1-997) the sequences corresponding to nucleotides 119 and
1426 of the BVDV CP7 genome were analyzed for determination of the

recombination sites (Fig. 7A and B). The emergence of recombinant viruses after
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cotransfection of MDBK cells with two BVYDV RNA fragments either lacking almost
the complete genomic region encoding the viral proteins (5’ partner) or the IRES
element (3’ partner) strongly suggests that RNA recombination can occur in the
absence of viral proteins and thus apparently excludes an indispensable role of

pestivirus-encoded proteins for RNA recombination.

A

5' partner CP7/1-686

oy £y s NG 3 3' partner
i | oY SN
B
—Ni‘—R i NI'“’“ #‘ .. 5' partner CP7/1-997
s .S 3 3' partner
I E™ ™\ NSS5B (TR Ubi-CP7/887-12293
5’ ro '
NTR NP C | 5'partner CP7/1-997
: ms N5 3 3' partner
[ C E™ 5™\ NS5B [STR Ubi-CP7/887.12293

Figure 7: Recombination sites within the 5’ recombi nation partners and the 3’ recombination
partner.

(A and B) The cross-over sites for 29 independently emerged recombinants, derived from
cotransfection experiments with the 3’ partner and either the 5’ recombination partner CP7/1-
686 (A) or the 5’ recombination partner CP7/1-997 ( B), are schematically displayed by lines
between the bars. N P coding sequences are highlighted in green, ubiquit in coding sequences
in blue, and C protein coding sequences in yellow. For the 3’ recombination partner the
genomic region encoding proteins E ™ to NS5B is indicated by dots. Bottom: One homologo us
recombinant (R-1). The two vertical lines between t he recombination partners indicate the
genomic region in which the cross-over site is loca ted.

4.1.3 Genome structure of the recombinant viruses

Analyses of the cross-over sites of 58 recombinant viruses revealed, that with the
exception of one homologous recombinant (R-1) all other viruses emerged by
nonhomologous RNA recombination, which occurred exclusively at internal positions

of the recombining RNA molecules (Fig. 7A and B). The recombination sites in both
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5’ partners were entirely located within the coding regions, which was in line with the
requirement of a complete 5’NTR for preserving a functional IRES element. Although
the recombination sites in the 3’ recombination partner were predominantly located in
the ubiquitin coding region (47 of 58 recombinants), for eleven recombinants the 3’
recombination sites were located within the C coding region. Furthermore, 20
analyzed recombinant genomes did not encode for a complete ubiquitin monomer.
As it was previously shown that an incomplete ubiquitin monomer leads to abrogation
of processing by cellular proteases (Tautz et al. 1993), it was assumed that the
respective recombinant viruses (e.g. R-2 and R-3) express C fusion proteins of up to
178 aa instead of the authentic C protein consisting of 90 aa. These proteins would

comprise C-terminal parts of either NP

or C protein fused to an N-terminally
truncated ubiquitin followed by a complete C protein (NP°-ubi-C and C-ubi-C fusion
proteins [Fig. 9 and 10]). Accordingly, duplications of C protein coding sequences of
up to 109 nucleotides (R-3) were found in recombinant genomes. Furthermore, other

pro

recombinant virus genomes encode for N*°-C fusion proteins (e.g. R-4, R-5, and R-
6). Their size varied from 89 aa (R-4) to 195 aa (R-6), which was the largest putative
fusion protein predicted for the analyzed recombinant viruses.

Six representative recombinant viruses (R-1 to R-6) were selected (Fig. 8A and 9A)
and subjected to further analyses with regard to protein expression, growth kinetics,
and viral RNA synthesis. Virus propagation up to passage 12 and subsequent RT-
PCR analyses of RNA obtained after passage 2, 5, 9, and 12 revealed a constant
size of the amplified PCR products (5' NTR, N?®, and C coding region) for each of

the individual recombinants (R-1 to R-6) over time (Fig. 8).
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Figure 8: RT-PCR analysis of selected recombinantv  iruses.

(A) Schematic drawing of the genomic region of the recombinant viruses R-1, R-2, R-3, R-4, R-
5, and R-6 amplified with primer pair OI-CP7-100F a nd OI-1400R. N"° coding sequences are
highlighted in green, ubiquitin coding sequences in blue, C protein coding sequences in
yellow, and E "™ -coding sequences in purple.

(B and C) Amplified DNA with primer pair OI-CP7-100 F and OI-1400R. Total cellular RNA of cells
infected with infectious supernatants of R-1, R-2, R-3, R-4, R-5, and R-6 of passage 2 (B) and 12
(C) were subjected to a cDNA synthesis using random hexamers. Cells infected with infectious
supernatant of BVDV CP7 wt virus served as positive control (wt), total cellular RNA from non-
infected cells served as negative control (-). Afte  r cDNA synthesis, the genomic region, which
corresponds to nucleotides 100-1445 (partial 5’NTR and E™-encoding region and complete
encoding regions of N P and C protein) of BVDV CP7 wt virus, was amplified  in a PCR with 2 pl
cDNA as template. Five microliter of the PCR reacti on mix (50 ul) were loaded onto a 1%
agarose gel. A1 kb DNA ladder (L) served as refere  nce bands.
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4.1.4 Expression of N P and C

In order to determine if the detected genome alterations of the selected recombinants
R-1 to R-6 correlated with expression of the predicted fusion proteins, Western blot
analysis was performed. In terms of NP expression, a protein with the expected
apparent molecular weight of 20 kDa was detected for the homologous recombinant
R-1 (corresponding to BVDV CP7 wild-type [wt] virus) as well as for the
nonhomologous recombinants R-2 and R-3 (Fig. 9B). For recombinant virus R-4 a
NP-specific protein was not detectable, as it probably does not display the
respective epitope due to its shortened sequence. For recombinants R-5 and R-6
Western blot analysis revealed significantly enlarged proteins with a molecular weight
of ~25 kDa corresponding to the length of the predicted NP"°-C fusion proteins (Fig.
9B).

Regarding the expression of C protein, a specific protein with an apparent size of
approximately 14 kDa was detected by Western blot analysis for recombinant R-1
(Fig. 9C). For R-4 a protein with a slightly lower molecular weight was detected and
thus confirmed the predicted shorter fusion protein of 89 aa. The fusion proteins’
sizes of recombinants R-2, R-3, and R-5 corresponded to the predicted lengths of
about 25 kDa. Also for recombinant R-6 an enlarged fusion protein of about 25 kDa
was detected, though merely a weak band was visible. The size of this fusion protein
corresponds to that detected with the NP-specific antibody. Surprisingly, for R-2 and
R-3 an additional protein comigrating with mature C protein was detected. This
finding can be explained by a hypothetical processing event downstream of the
incomplete ubiquitin  monomer mediated by cellular ubiquitin carboxy-terminal

hydrolases (UCH), although this processing appeared to be inefficient.
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Figure 9: Schematic representation and expression o f the N-terminal part of the viral
polyprotein encoded by selected emerged recombinant S.
(A) lllustration of the N P and C protein region of recombinant viruses R-1 (¢ orresponding to wt
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virus), R-2, R-3, R-4, R-5, and R-6. R-4 and R-5 em erged after cotransfection of CP7/1-686 with
Ubi-CP7/887-12293, the four remaining recombinants  derived from experiments with CP7/1-997
and Ubi-CP7/887-12293. Numbers below boxes indicate  the number of amino acids (aa) of
complete (N P°: 168 aa, C protein: 90 aa) and partial proteins or  a cellular ubiquitin monomer
(consisting of 76 aa) encoded by the recombinant vi ruses. The asterisks mark the positions of

encoded amino acids differences of the recombinant genomes compared to the recombination
partners. For R-2 four nucleotides at the junction site are identical to both recombination
partners and therefore the recombination site could not be determined precisely. The black

arrows indicate cleavage by the autoprotease N " (R-1, R-2, and R-3). The putative cleavage
site (cleavage mediated by cellular ubiquitin C-ter  minal hydrolase) within the C-ubi-C fusion
proteins encoded by recombinants R-2 and R-3isind  icated by a white arrow.

(B and C) Detection of N " and C protein in cell lysates of infected MDBK cel Is by Western blot
analysis. Cells were infected at an MOI of 0.01 wit h the indicated recombinant viruses. Non-
infected cells (-) served as negative control. N P and NP fusion proteins as well as C and C
fusion proteins were detected 48 h post infection ( p.i.) with the N P°-specific monoclonal
antibody (MAb) 13B6 (B) and the C-specific MAb 1F7  (C), respectively. An unspecific cellular
protein with an apparent molecular weight of about 25 kDa, which was also detected in non-
infected cells, was detected by the antibody 1F7.

To confirm this hypothesis the C-ubi-C fusion proteins of R-2 and R-3 and derivates
of these fusion proteins with a serine to proline mutation directly downstream of the
N-terminally truncated ubiquitin were transiently expressed using the MVA-T7 system
(Fig. 10A). It has been described that the presence of a proline residue at this
position inhibits UCH cleavage (Butt et al. 1988). Comparative analysis of the
recombinant C-ubi-C fusion proteins of R-2 and R-3 with or without proline
substitution revealed that the fusion proteins containing the serine residue were
partially cleaved, whereas no cleavage occurred if the serine residue was replaced
by a proline residue (Fig. 10B). Processed C and C-ubi-C fusion proteins were
detected at the same molecular weights as previously observed after infection of
permissive cells with the recombinant viruses. However, the relative amount of
processed C was lower after transient expression (Fig. 10B). This might be due to
differences in protein expression after infection of bovine MDBK cells with
recombinant virus and transient expression using the MVA-T7 system in BHK-21
cells or due to the different time points of the analysis (48 h versus 20 h respectively).

pro

The detected amounts of N™™ protein confirmed similar transient expression levels for

each construct (Fig. 10C).
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Figure 10: Processing of fusion proteins of recombi nants R-1, R-2, and R-3.
(A) Schematic representation of authentic (P-1, P-2 , P-3) and mutated (P-2P, P-3P) fusion
proteins transiently expressed in the MVA-T7 system . P-1 encompasses the proteins N " and C

encoded by R-1 (which corresponds to wt virus), P-2 and P-3 comprise the N P°-C-ubi-C fusion
proteins encoded by the recombinant viruses R-2 and R-3, respectively. Black arrows indicate
autoproteolytic cleavage mediated by N "°. White arrows (P-2 and P-3) indicate partial
processing directly downstream of the ubiquitin fra gments. In P-2P and P-3P the asterisks
mark the serine to proline substitution directly do wnstream of the ubiquitin fragments.

(B and C) Western blot analysis. BHK-21 cells were infected with MVA-T7 and transfected with
pCITE-NP°-C constructs encoding P-1, P-2, P-2P, P-3, and P-3 P, respectively. Non-transfected
cells (-) served as negative control. Cells were ly  sed at 20 hours post transfection and analyzed
by Western blot using MAb 1F7 (panel B) and MAb 13B 6 (panel C) to detect C (or C-ubi-C) and
NP respectively.

4.1.5 Growth characteristics and RNA synthesis of r  ecombinant viruses

Growth characteristics and RNA synthesis of the selected recombinant viruses were
compared by infection of MDBK cells at an MOI of 0.01 (Fig. 11A and B). R-6 had a
very low replication rate, resulting in maximum titers of about 7 x 10° TCIDso/ml.
Therefore, it was not possible to obtain a sufficient amount of virus to include R-6 in
the analysis of viral growth characteristics and RNA synthesis. Virus titers were
analyzed at different time points (0 to 96 h p.i.). For recombinants R-2 and R-3, the
obtained growth curves and maximum virus yields were comparable to recombinant
R-1 (Fig. 11A). In contrast, for R-4 and R-5 a significant decrease in viral titers was
observed 36 h p.i.. Regarding the maximum titers reached by recombinants R-4 (2.8
x 10° TCIDso/ml) and R-5 (1.1 x 10° TCIDso/ml), a reduction of about 5-fold (R-4) and
about 14-fold (R-5) compared to R-1 (1.5 x 10° TCIDso/ml) was detected.

For analysis of viral RNA production, total cellular RNA was prepared at 10 h p.i to
exclude the effects of potential differences in viral spread, as this time point
correlates with the end of the first viral replication cycle (Gong et al. 1996). The
relative amounts of accumulated viral RNA were determined by quantitative real-time
RT-PCR and normalized to the abundance of GAPDH RNA (Fig. 11B). Compared
with the amount of RNA accumulated in cells infected with R-1, the RNA amounts
detected for recombinants R-2 and R-3 were slightly reduced (2-fold and 1.5-fold,
respectively). Although the mean value of R-5 was reduced by 1.7-fold, no significant

difference in terms of viral RNA level was detected for R-4 and R-5 compared to R-1.
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Figure 11: Infectious virus production and RNA synt hesis of selected recombinant viruses.
MDBK cells were infected with the recombinant virus es R-1, R-2, R-3, R-4, and R-5 at an MOI of
0.01.

(A) Growth kinetics of the recombinant viruses. Vir al titers were determined over a 4-day
period. Depicted are mean values and standard devia tions of three independent experiments.
(B) Relative amounts of accumulated viral genomic R NA. Total cellular RNA was prepared 10 h
p.i. and subjected to quantitative real-time RT-PCR . The viral RNA amounts were normalized to
the abundance of GAPDH RNA. The data were plotted r  elatively to R-1, which corresponds to
the wt virus, and the amount of viral RNA of R-1 wa s set as 100%. Data show the mean values
and standard deviations of three independent experi ments, each analyzed in triplicates. The
asterisks mark a significant reduction in viral RNA level compared to R-1.

To investigate if the low replication efficiency of R-6 resulted from a decreased RNA
production based on alterations in the RNA structure of the recombinant genome, the
specific infectivity and viral RNA replication efficiencies for R-6 and wt virus were
determined (Fig. 12A and B). No significant differences regarding specific infectivity
of the synthetic RNAs were detected (Fig. 12A). Both RNAs showed infectious virus
production up to dilution step 10™ in three of the four measurements (one
measurement for wt virus showed infectivity up to dilution step 10 and one of R-6
showed infectivity up to dilution step 10°). Furthermore, the viral RNA replication
efficiencies of R-6 and wt virus were highly similar for both transfected synthetic
RNAs (Fig. 12B). R-6 showed a 10-fold and wt virus an 8.3-fold increase of
accumulated RNA between 8 h p.e. and 12 h p.e.. Taken together, the low replication
efficiency of R-6 could not be explained by differences in the ability of efficient viral

RNA replication.
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Figure 12: Specific infectivity (A) and viral RNA r  eplication efficiency (B) of wt virus and R-6.
(A) MDBK cells were electroporated with synthetic R NA (0.01 pmol) derived from pCP7-388 or
from a derivate of this plasmid encompassing the ge nomic alterations identified in the genome
of R-6. After serial 10-fold dilution of the transf  ected cells in a suspension of naive cells and
subsequent incubation of the cells for 72 h at 37°C  , the virus-positive dilution steps were
determined by NS3-specific immunofluorescence (IF) analysis. Data show the results of four
independent experiments.

(B) MDBK cells were electroporated with 0.01 pmol o  f synthetic RNA of pCP7-388, R-6, or a

genomic transcript (GAA) encoding a lethal mutation in the viral RNA-dependent RNA
polymerase, which served as negative control. Total cellular RNA was harvested 8 h and 12 h
post electroporation (p.e.) and subjected in tripli cates to quantitative real-time RT-PCR
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analysis. The amount of viral RNA at 8 h p.e. was s et as 100% for each of the RNAs. Data show
the mean values and standard deviations of four ind ependent experiments.
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4.2 Part ll: The influence of Xrnl on RNA recombina tion

4.2.1 Increased number of emerged recombinants in X  rnl-knockdown cells

To dissect the influence of the 5’-3’ exoribonuclease Xrnl on the RNA recombination
frequency, RNA recombination was studied in Xrnl-knockdown cells. The applied
recombination system (Fig. 13A) based on cotransfection of two synthetic
nonreplicable overlapping BVDV genome fragments has been well established and
described previously (Austermann-Busch and Becher 2012). In this system, RNA
recombination was targeted to the 3'NTR. The 5 recombination partner p1943
comprised the entire 5’NTR, the entire ORF, and the 5-terminal 119 nucleotides of
the 3'NTR, but lacked the essential 3'-terminal 71 nucleotides of the 3'NTR and was
therefore replication deficient. The 3’ recombination partner p2071 encoded for a
short 3'-terminal part of the ORF (nucleotides 12082-12103 of the BVDV CP7 strain)
and comprised the complete 3'NTR. The 3’ recombination partner lacks therefore the
complete 5’NTR and the major part of the ORF, which results in the loss of
replication capacity. None of the fragments was capable of producing infectious
viruses when transfected individually into MDBK cells (data not shown). The
knockdown of Xrnl was achieved by siRNA-mediated depletion and confirmed by
Western blot analysis of MDBK cell lysates (Fig. 13B). The intensity of Xrnl
expression normalized to actin expression was determined and revealed a 70-95%
potent knockdown of Xrnl. By a single siRNA transfection the knockdown of Xrnl
was observable over a five-day period (data not shown), indicating that also after
electroporation of the recombination partners (48 h after transfection of the siRNAS)
the expression of Xrnl was still reduced. To determine the influence of Xrnl-
knockdown on the number of emerged recombinant viruses, the same amount of
Xrnl-knockdown cells (siXrnl) and control cells, which had been treated with a
control siRNA (siCtrl), were cotransfected with 0.5 pmol of the 5 recombination
partner and 5 pmol of the 3’ recombination partner. The cells were subsequently
distributed to two 24-well plates. At 3 to 5 days post electroporation, emerged
recombinant viruses were detected by their cytopathic effect in cell culture. The total
numbers of emerged recombinants evolved in Xrnl-knockdown cells and control
cells were determined in four independent experiments. The results of this analysis

revealed an on average 3-fold higher number of recombinants emerged in
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Xrnl-knockdown cells compared to control siRNA treated cells (Fig. 13C). This
demonstrates that the RNA recombination frequency is significantly restricted by the

cellular exoribonuclease Xrnl.

Figure 13: RNA recombination between two nonreplica  ble overlapping BVDV genome
fragments.

(A) Schematic representation of the 5' and 3' RNA f  ragments used as 5' and 3' recombination
partners (Austermann-Busch and Becher 2012). The 5' partner comprises nucleotides 1-12222
of BVDV CP7 but lacks a 3'-termial part of the 3'NT R essential for replication. The 3'
recombination partner comprises nucleotides 12082-1 2293 of BVDV CP7 and encompasses a
short 3'-terminal part of the open reading frame an  d the complete 3'NTR.

(B) Confirmation of Xrnl-knockdown. Xrnl was detect ed by Western blot analysis of cell
lysates prepared 48 h post transfection of cells wi th Xrnl-specific sSiRNAs or a control siRNA.

Each lane was loaded with 30 pg of the cell lysates . -actin served as loading control.
(C) Relative numbers of emerged recombinant viruses . The number of emerged recombinant
viruses in Xrnl-knockdown cells (siXrnl) were compa red to those of cells transfected with a
non-targeting control siRNA (siCtrl; amount was set 100%). The data show mean values and

standard deviations from four independent experimen ts. ** = p-value <0.01.

4.2.2 Influence of 5 monophosphates on the RNArec  ombination

The host exoribonuclease Xrnl degrades RNA molecules exhibiting a 5’-terminal
monophosphoryl (5’-P) in the 5°-3’ decay (Jones et al. 2012, Nagarajan et al. 2013).
RNA polymerases, including the BVDV RNA-dependent RNA polymerase and the
T7- and SP6-polymerases used for production of the synthetic recombination

partners, generate RNA molecules with 5’ triphosphates (5’-PPP). The 5-P terminus
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of mMRNAs, which is required for degradation by Xrnl, results either by the decapping
process or by endoribonucleolytic cleavage (Tomecki and Dziembowski 2010,
Nagarajan et al. 2013). Therefore, the recombination frequency might be affected by
providing 3’ recombination partners with a 5’-P terminus. Thus, the 5’-PPP of the 3’
recombination partner was modified into a 5-P prior electroporation by 5
polyphosphatase treatment (Fig. 14A). The total number of emerged recombinants of
each cotransfection experiment was plotted in order to allow a comparison not only
between Xrnl-knockdown and control cells but also between cotransfection
experiments in which the 3’ recombination partner was applied with a 5’-PPP or a 5'-
P, respectively (Fig. 14B). Four independent experiments revealed that the number
of emerged recombinant viruses did not significantly change when the 5’-PPP of the
3’ recombination partner was modified to a 5-P. In both experimental setups
increased amounts of independently emerged recombinants in Xrn1-knockdown cells
were detected. The increase of emerged recombinants in Xrnl-knochdown cells
versus control cells with the 5’-P of the 3’ fragment (2.6-fold) was very similar to the
increase in cells transfected with the 3’ fragment comprising a 5’-PPP (3.2-fold) (Fig.
14B). Therefore, the RNA recombination frequency in Xrnl-knockdown cells was not
further affected by providing 3 recombination partners with a 5'-terminal

monophosphoryl group.
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Figure 14: Possible influence of 5’-terminal tripho sphates (5’-PPP) and monophosphates (5'-P)
on RNA recombination.

(A) Schematic representation of the 5’ recombinatio  n partner (left) and the 3’ partner carrying
either a 5’-terminal PPP or a 5’-terminal P (right)

(B) Number of recombinant viruses emerged in Xrnl-k  nockdown cells (siXrn1; light grey bar)
and cells transfected with a non-targeting control SiRNA (siCtrl; drak grey bar). Forty-eight
hours after siRNA treatment the cells were cotransf  ected with the 5 and 3’ recombination
partners shown in panel A. The 3’ partners used for cotransfection carried either a 5’-PPP (left)
or a 5-P (right). The data show the mean values an d standard deviations from four
independent experiments.

4.2.3 Xrnl degrades the transfected viral RNA

The results of the experiments described above show that the RNA recombination
frequency of BVDV is significantly reduced by the host exoribonuclease Xrnl. It can

be speculated that the increased number of recombinants in Xrnl-knockdown cells is
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the result of a slower degradation of the transfected viral RNA fragments, which
therefore stay longer available for RNA recombination. To identify putative partially
degraded RNA molecules by Xrnl in vivo, a previously described method was
adapted (Li et al. 2013). Total cellular RNA was prepared from Xrnl-knockdown and
control cells at 2 h, 4 h, and 6 h after transfection with the synthetic 3' genome
fragment applied in the recombination experiments described above (Figure 13A and
15). Subsequently, the cellular RNAs (equal amounts in each reaction) were first
treated with 5’ polyphosphatase to remove the remaining 5-PPP and leave a 5-P,
and finally ligated using T4 RNA ligase. Interestingly, also RNAs that had not been
treated with 5’ polyphosphatase before were able to be ligated with T4 RNA ligase. 5’
and 3'-terminal sequences of the transfected RNA molecules were obtained by
RT-PCR with primers flanking the ligation site. Sequences were aligned to the

full-length sequence of the 3’ recombination partner (Fig. 16A).

Figure 15: Detection of degradation intermediates o f the 3' genomic fragment used as
recombination partner.

Schematic drawing of the experimental procedure to identify the degradation intermediates of
synthetic RNA derived from the plasmid encoding the 3’ recombination partner. Five pmol of
RNA was either transfected into Xrn1-knockdown cell s or control cells. Total cellular RNA was

prepared 2 h, 4 h, and 6 h post electroporation (p.  e.). After treatment with 5’ polyphosphatase,
the RNAs were ligated with T4 RNA ligase and amplif ied by RT-PCR with primers flanking the
ligation site. Products were separated in 1.5% agar ose gels, excised from the gel, and cloned.
Finally, nucleotide sequencing was carried out.

91



Results

In total a larger amount of PCR products (data not shown) and consequently a higher
number of cDNA clones and sequences were obtained from Xrnl-knockdown cells
(Fig. 16B). The number of non-degraded viral RNA was set in relation to the total
number of sequences obtained from either Xrn1-knockdown cells or cells treated with
a control siRNA, respectively, for each of the analyzed time points. Sequence
analysis revealed no degradation at the 3’ terminus of the viral RNA (data not
shown). With regard to the 5 terminus, a more rapid degradation of the 3
recombination partner became evident in control cells compared to Xrnl-knockwon
cells (Fig. 16B and C). Already 6 h post transfection, in cells treated with control
SiRNA only about 40% of the detected RNA molecules remained intact at their 5’
end, whereas in Xrnl-knockdown cells about 90% of the RNA molecules remained
intact (Fig. 16C). Interestingly, the majority (84%) of the 5’ termini of the partially
degraded RNAs were located in single-stranded regions of the 3'NTR, most of them
clustering in the region of SLII. In conclusion, the results of this study revealed that
Xrnl plays a significant role in RNA degradation of the viral RNA genome fragments,

which explains its function as potent suppressor of viral RNA recombination.
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Figure 16: Degradation of transfected RNA (3' recom  bination partner) in MDBK cells.

(A and B) 5'-terminal sequences of the transfected RNA obtained from control cells and Xrn1-
knockdown cells (B) 2 h, 4h, and 6 h p.e. of the 3'  recombination partner were aligned to the

full-length sequence of the 3’ recombination partne r (A). Single-stranded regions are
highlighted in red. Sequences obtained from two ind ependent experiments were analyzed.
(C) Percentage of intact viral RNA fragments from X  rnl-knockdown cells (siXrnl) and control

cells (siCtrl). Total cellular RNAs were prepared 2 h, 4 h, and 6 h p.e. and analyzed according to
the procedure shown in Fig. 15. The number of non-d  egraded viral RNA was related to the total
number of sequences obtained from either Xrn1-knock down cells (siXrn1) or cells treated with

a control siRNA (siCtrl), respectively, for each of the indicated time points.

4.2.4 Xrnl-knockdown increases the frequency of RNA recombination
between a replicating BVDV genome and a viral subge  nomic RNA

The above described results demonstrated that Xrn1-knockdown led to an enhanced
emergence of recombinant viruses when RNA recombination occurred between two
synthetic nonreplicable overlapping BVDV genome fragments. The influence of Xrnl
on RNA recombination was analyzed in a second RNA recombination system, which
allows RNA recombination between the genomic RNA of a replicating ncp BVDV
virus and a synthetic subgenomic transcript carrying the genetic information for
cytopathogenicity, named +ubiSGT (Fig. 17A) (Gallei et al. 2004). The latter encodes
five C-terminal amino acids of NS2, a C-terminal fragment as well as two complete
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ubiquitin monomers, and the viral proteins NS3 to NS5B. Furthermore, it comprises
also the 3'NTR but lacks the 5’NTR with essential elements for translation and
replication as well as the genomic region encoding for NP to NS2. Xrn1-knockdown
was achieved by siRNA transfection of cells 32 h prior infection. After an incubation
period of 16 h, the same number of infected Xrnl-knockdown cells (siXrnl) and
infected control cells (siCtrl) were transfected in parallel with 1 pmol of +ubiSGT
RNA. Furthermore, cell lysates were harvested to confirm the efficient knockdown of
Xrnl by Western blot analysis (Fig. 17B). The emerged recombinant viruses were
detected by their cytopathic effect in cell culture. Four independent experiments
revealed a significant 2.6-fold (mean value) increase of the number of recombinants
emerged in Xrnl-knockdown cells compared to control cells (Fig. 17C). Taken
together, these results show that the host exoribonuclease Xrnl also suppresses
RNA recombination when applying an RNA recombination system with a replicating
virus, which represents better RNA recombination in persistently infected animals.
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Figure 17: Influence of Xrnl on RNA recombination b  etween the genome of a replicating virus
and a synthetic RNA fragment.

(A) Schematic drawing of the recombination partners used for RNA recombination experiments
between a replicating ncp BVDV virus and a subgenom ic transcript carrying the genetic
information for cytopathogenicity, named +ubiSGT (G allei et al. 2004). It encodes five C-
terminal amino acids of NS2, a C-terminal fragment as well as two complete cellular ubiquitin
monomers, and the viral proteins NS3 to NS5B. Furth ~ ermore, it comprises also the 3'NTR but
lacks the 5’NTR, with essential elements for transl  ation and replication, and the genomic
region encoding N P to NS2.

(B) Confirmation of Xrnl-knockdown. Xrnl was detect ed by Western blot analysis of cell
lysates prepared 48 h post transfection of cells wi th Xrnl-specific sSiRNAs or a control siRNA.

Each lane was loaded with 30 pg of the cell lysates . -actin served as loading control.

(C) Relative numbers of emerged recombinant viruses . The number of emerged recombinant
viruses in Xrnl-knockdown cells (siXrnl) were compa red to those of cells transfected with a

non-targeting control siRNA (siCtrl; amount was set 100%). The data show mean values and

standard deviations from four independent experimen ts. * = p-value <0.05.

4.2.5 Impact of Xrnl on RNA replication and virusy ield

Xrnl suppressed the RNA recombination frequency and it was therefore interesting
to investigate whether viral RNA production or virus yields are affected by Xrnl-
knockdown (Fig. 18A and B). Therefore, cells were first transfected with Xrnl1-specific
SsiRNAs or a control siRNA and 48 h later infected with BVDV strain NCP7 or CP7 at
an MOI of 0.5, respectively. Total cellular RNA was prepared 10 h post infection (p.i.)
and subjected to quantitative real-time RT-PCR analysis. This time point after
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infection corresponds to the end of the first replication cycle (Gong et al. 1996) and
was chosen to minimize the effects of putative differences in viral growth and spread
between Xrnl-knockdown and control cells. The amount of accumulated viral RNA
was normalized to the abundance of cellular GAPDH mRNA. Data from three
independent experiments showed that at 10 h p.i. no significant impact of Xrnl on the
amount of accumulated viral RNA was observed (Fig. 18A). Only the mean value of
accumulated viral RNA in Xrnl-knockdown cells infected with BVDV CP7 was slightly
reduced.

Viral titers were analyzed over a three day period. The growth curves of CP7 and
NCP7 in Xrnl-knockdown cells and control cells revealed no significant differences in
infectious virus yields (Fig. 18B). Comparing the maximally reached titers for CP7 no
significant difference was seen in Xrn1-knockdown cells (2.5 x 10" TCIDso/ml) and in
control cells (2.8 x 10’ TCIDso/ml). For NCP7 only a slight reduction of the maximum
titer was seen in Xrnl-knockdown cells (3.5 x 10" TCIDs¢/ml) compared to control
cells (6.2 x 10’ TCIDso/ml). Taken together, Xrnl-knockdown did not significantly
affect the amount of accumulated viral RNA in infected cells at 10 h p.i. and had no

significant effect on the production of infectious virus.
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Figure 18: Analysis of RNA replication and virus yi eld in Xrnl-knockdown cells.

Forty-eight hours after treatment with Xrnl-specifi ¢ siRNAs or a control siRNA, MDBK cells
were infected with CP7 or NCP7 at an MOI of 0.5.

(A) Total cellular RNA was prepared 10 h post infec tion and subjected in duplicates to
quantitative real-time RT-PCR. The viral RNA was no rmalized to the abundance of a cellular
housekeeping gene (GAPDH). The amount of viral RNA  detected in cells transfected with the
control siRNA was set as 100%. Data show the mean v alues and standard deviations of three
independent experiments.

(B) Viral titers were determined over a 3-day perio  d. The data represent the mean values and
standard deviations of three independent experiment S.
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5 DISCUSSION

RNA viruses are known for their high genetic diversity. One important factor
contributing to this high variability is the viral RNA-dependent RNA polymerase,
which does not possess a proof-reading capability. The continuous accumulation of
point mutations during RNA synthesis leads to an ongoing genomic drift in viral
genomes (Holland et al. 1982, Drake 1993, Roossinck 1997). Furthermore, the high
diversity of RNA viruses can also be attributed to various kinds of RNA
recombination, which has first been described for poliovirus in 1962 (Hirst 1962).
Although RNA recombination has an enormous biological relevance (Worobey and
Holmes 1999, Becher and Tautz 2011), the exact molecular basics remain unclear. It
was assumed for a long time that RNA recombination is a replication-dependent
process, referred as template switch (Kirkegaard and Baltimore 1986, Lai 1992, Agol
1997, Nagy and Bujarski 1997, Becher et al. 1999a). In addition, the existence of a
nonreplicative RNA recombination mechanism has been proven by RNA transfection
experiments with overlapping synthetic viral RNA genome fragments, derived from
poliovirus, BVDV, and HCV (Gmyl et al. 2003, Gallei et al. 2004, Scheel et al. 2013).
Nevertheless, in these experiments one of the two recombination partners carried a
complete 5’NTR with the IRES and the major part of the open reading frame (ORF).
Therefore, translation of other viral proteins might have contributed to RNA
recombination. It has been proposed that the emergence of recombinant viruses
might be attributed to a breakage of viral RNA molecules, which is followed by a
ligation mechanism allowing the joining of the recombining RNA fragments
(Chetverin et al. 1997, Gmyl et al. 2003, Gallei et al. 2004). It can be hypothesized
that both processes might require viral and cellular proteins. Hence, the identification
of viral and cellular proteins involved in RNA recombination was the main goal of the
present study. The first part of the present study focused on the question, whether
viral RNA recombination can occur in the absence of efficient translation of viral
proteins, whereas the second part of the study addressed the influence of the host 5'-

3’ exoribonuclease Xrnl on viral RNA recombination.
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5.1 RNA recombination does not require the efficien t

translation of viral proteins

By the detection of over 70 independently emerged recombinant viruses the present
study clearly demonstrates that an IRES-mediated translation of the pestiviral
proteins is not required for efficient nonreplicative RNA recombination. This is
noteworthy since several pestiviral proteins are known to interact with the viral RNA
for various reasons: condensation of the viral RNA by C protein, RNA helicase
activity of NS3 (Warrener and Collett 1995), and the amplification of viral RNA by the
viral replicase, which includes the viral proteins NS3 to NS5B (Tautz et al. 1994,
Warrener and Collett 1995, Zhong et al. 1998, Behrens et al. 1998, Grassmann et al.
2001, Ivanyi-Nagy et al. 2008, Murray et al. 2008b). During these processes, cellular
components, which could also be involved in RNA recombination, are recruited to the
viral RNA by forming a complex with one of the viral proteins. Furthermore, the
expression of the structural protein E™ with its RNase activity is unique to
pestiviruses. The enzymatic activity of E™ antagonizes the induction of IFN mediated
by dsRNA (Igbal and McCauley 2002, Magkouras et al. 2008, Matzener et al. 2009).
E™ has been shown to cleave ss as well as ds RNA, however, the substrate of E™ is
yet not known (Matzener et al. 2009). Furthermore, cleavage by E™ produces 2’,3'-
cyclic phosphate and 5’ hydroxyl termini (Krey et al. 2012). Interestingly, modification
of the recombining RNA molecules to 5 hydroxyl and 3' monophosphoryl ends
increased the RNA recombination frequency (Gmyl et al. 1999, Austermann-Busch
and Becher 2012). Thus, E™ might cleave the pestiviral and cellular RNAs in the
cytoplasm of infected cells leading to the emergence of RNA fragments, which may
afterwards recombine. However, the present study demonstrated that efficient
translation of E™ (and the remaining viral proteins) is actually not necessary for
pestivirus RNA recombination.

One may speculate that an IRES-independent translation of viral proteins, which are
encoded by the 3’ recombination partner (Fig. 6B), may have occurred and
contributed to RNA recombination. It is known, that translation of several plus-strand
RNA plant viruses occurs independently from the existence of a 5’-cap structure or
an IRES element. However, this alternative strategy requires a cap-independent
translation enhancer (CITE) element located in the 3'NTR (Miller et al. 2007,
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Nicholson and White 2011, Simon and Miller 2013). The CITE recruits components of
the translation machinery to the 3'NTR, interacts with the 5’NTR, and mediates the
binding of the ribosome subunit to the 5NTR (Nicholson and White 2011).
Nevertheless, the 3’ recombination partner lacks not only the IRES but also the
complete 5’NTR. Thus, it is very unlikely that such a CITE element would initiate
translation in the absence of a 5’NTR. Furthermore, CITEs have not been identified
in animal RNA viruses so far (Miller et al. 2007, Nicholson and White 2011, Simon
and Miller 2013). It is therefore reasonable to assume, that the observed RNA
recombination events leading to the emergence of recombinant viruses actually
occurred prior to the translation of pestiviral proteins.

RNA recombination in the absence of translation of viral proteins was also suggested
in a study with poliovirus genomic RNA fragments, in which the 5’ fragments carried
the IRES element and a spacer sequence and each of the three 3’ fragments
encompassed the complete authentic poliovirus coding sequence and 3'NTR as well
as a modified 5’NTR with different lethal deletions and mutations in the essential
cis-acting elements, resulting in abrogation of the translational and replicable activity
(Gmyl et al. 1999). Similar to the results of the present study in the BVDV system,
cotransfection of the poliovirus fragments led to the emergence of infectious virus
progeny. In contrast to the results with BVDV and poliovirus RNA fragments,
subgenomic transcripts derived from HCV, which did not allow translation of viral
proteins prior RNA recombination, did not result in the emergence of infectious virus
progeny (Scheel et al. 2013). This difference might be attributed to the fact that the
first protein in the polyprotein of HCV, the C protein, is less tolerant for genomic
changes than pestivirus NP, which is dispensable for viral replication (Tratschin et al.
1998). Taken together, the result of the present study in the BVDV system together
with the previously reported results obtained with poliovirus RNA fragments show
that RNA recombination does not depend on efficient translation of viral proteins and
that this observation is not restricted to a single virus system but most likely
represents a common feature of nonreplicative RNA recombination.

The present data revealed that RNA recombination can occur in the absence of an
IRES-mediated translation of any of the viral proteins (except from the N-terminal
part of NP©) and supports the hypothesis that mechanisms involving cellular factors
are implicated in nonreplicative RNA recombination leading to the emergence of

recombinant viruses. It was previously proposed, that the recombining RNA
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substrates might be provided by physical forces, cryptic ribozyme activity or
endoribonucleolytic cleavage (Chetverin et al. 1997, Gmyl et al. 2003, Gallei et al.
2004). It was shown that after modification of the 5’ triphosphate and 3’ hydroxyl
ends of the recombining RNA molecules to 5’ hydroxyl and 3’ monophosphoryl ends,
the RNA recombination frequency significantly increased (Gmyl et al. 1999,
Austermann-Busch and Becher 2012). RNA fragments with such RNA termini are
typically produced by cellular endoribonucleases (Li et al. 2010). The hypothesis of a
ribonucleolytic involvement is underlined by the observed preferential occurrence of
RNA recombination in single-stranded regions of the RNA substrates and by the fact
that many endoribonucleases specifically cleave single-stranded RNA substrates (Li
et al. 2010, Austermann-Busch and Becher 2012). Indeed, cellular exo- and
endoribonucleases were shown to influence the frequency of viral RNA
recombination in plant and yeast cells (Serviene et al. 2005, Cheng et al. 2006, Jaag
and Nagy 2009, Jaag et al. 2011). Therefore, also for BVDV RNA recombination,
ribonucleases might play an important role. Although pestiviruses encode for the
unique viral endoribonuclease E™ (Schneider et al. 1993), the present study gives
strong evidence that such a potential ribonucleolytic involvement must derive from
the host cell. Cellular components that are enriched with ribonucleases, like P-bodies
and stress granules, were shown to be involved in viral life cycles of several RNA
viruses (Beckham and Parker 2008). Thus, they may also be important for the
emergence of viral recombinants during pestivirus infection. The influence of the P-
body component 5-3’ exoribonuclease Xrnl in pestiviral RNA recombination was

dissected in the second part of the present study.

5.2 Alterations of C protein of recombinant viruses

One striking phenomenon of the analyzed recombinant viruses of the first part of the
study was their remarkable flexibility regarding the structure of the pestiviral C protein
(Fig. 9A). Several emerged recombinant viruses express C-fusion proteins ranging
from 88 aa to 195 aa instead of wt C consisting of 90 aa (Fig. 9A and B). This is
remarkable since the C protein is a structural viral protein, putatively involved in
condensation of viral RNA and formation of the nucleocapsid (Ivanyi-Nagy et al.
2008, Murray et al. 2008b). It is conceivable, that the expressed fusion proteins of the

recombinant viruses also bind and condensate the viral RNA and are finally
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incorporated together with the RNA into the newly assembled virions. Evidence for
the flexibility of C protein regarding increase and decrease of size has been recently
described for the related pestivirus CSFV (Riedel et al. 2010). In agreement with the
results reported for CSFV C protein, the variety of differently sized BVDV C-fusion
proteins reported here stands in contrast to a rigid structure like an icosahedral
nucleocapsid, as the described alterations presumably result in a highly different
nucleocapsid shape.

Ubiquitin encoding sequences were introduced in one of the recombination partners
in order to ensure an appropriate processing of the N-terminus of the downstream
located C protein in the putatively generated recombinants. However, several
analyzed recombinant genomes harbor truncated ubiquitin monomers, leading to the
expression of large C-ubi-C fusion proteins with a length of up to 178 aa. According
to the literature, one complete ubiquitin monomer is a pre-requisite for the processing
of the fusion proteins at the C-terminus of the ubiquitin monomer by cellular ubiquitin
C-terminal hydrolases (UCHSs) (Agell et al. 1988, Tobias and Varshavsky 1991, Baker
et al. 1992, Tautz et al. 1993). However, it has been reported that a truncated
ubiquitin in combination with other cellular sequences (different from ubiquitin) can
serve as processing signal in context of a viral BVDV genome (Becher et al. 1998b).
Processing downstream of the truncated ubiquitin occurred if sequence stretches of
ribosomal protein S27a were located upstream of the N-terminally truncated
ubiquitin. Replacement of the S27a-sequence by a sequence encoding for the BVDV
NS4B protein abolished cleavage, demonstrating that only specific sequences serve
as processing signal for UCHs (Becher et al. 1998b). It is therefore a remarkable
result of the expression studies presented here (Fig. 10) that the lack of up to 32
N-terminal aa of ubiquitin can functionally be replaced by viral C protein derived
sequences, still allowing processing of the fusion proteins by cellular proteases,
although to an inefficient manner.

Compared to wt BVDV, the genomic alterations of R-2 and R-3 did not significantly
affect the production of infectious virus (Fig. 11A). Accordingly, the observed slight
differences in viral RNA synthesis are negligible to cause any relevant effect on
efficient production of infectious viruses (Fig. 11A and B). It can be assumed that
those recombinants incorporate the unaltered C protein, which was shown to be
cleaved from C-ubi-C fusion proteins, leading to the release of virions that are

expected to have the same shape as wt virus particles. In contrast, replacement of
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the C protein by NP-C fusion proteins (R-4 and R-5) resulted in a significant
decrease in viral titers without significantly affecting viral RNA production (Fig. 11A
and B). Also R-6, encoding an NP™-C fusion protein of more than twice the size of the
parental C protein, reached only very low titers. Determination of the specific
infectivity and RNA replication efficiency revealed no significant differences between
the synthetic RNAs of R-6 and wt virus (Fig. 12A and B). Accordingly, the growth
restriction of R-6 is not the result of restricted RNA replication. It is conceivable that
the fusion proteins of the respective recombinants might not be assembled into
virions. It was reported, that a transfected CSFV construct lacking almost the
complete C protein (only the C-terminal 9 aa were preserved) was not viable.
However, after introduction of single amino acid substitutions in NS3, viable virus
could be recovered, indicating that C protein is not essential for the structural integrity
of pestiviral virions (Riedel et al. 2012). However, regarding the recombinants of the
present study, if the fusion proteins were actually not being assembled into the
nucleocapsid, a more drastic drop of virus output would have been expected. It is
therefore tempting to speculate that the detected large-scale fusion proteins of the
emerged recombinant viruses are incorporated into the virions, resulting in an altered
structure of the virus particle. Differences in particle shape are expected to influence
assembly and entry of the virions, representing essential steps of the viral life cycle.
Furthermore, also the uncoating of the viral RNA during the entry process might be
impaired, resulting in reduced amounts of infectious virus progeny. A drastic drop of
viral titers was also observed with CSFV constructs containing massively enlarged C
proteins, which were still viable in cell culture. However they grew to considerably
lower titers compared to the parental construct bearing merely a single C protein
(Riedel et al. 2010).

Interestingly, the genome organization of R-4 revealed that only the first 34
nucleotides of the ORF were preserved (Fig. 8A). However for a fully functional IRES
element approximately 60 nucleotides from the 5-terminal part of the ORF are
required (Chon et al. 1998, Fletcher and Jackson 2002). Therefore, it can be
hypothesized that the translation capacity of R-4 might be impaired, which would also
explain the deficiencies in infectious virus production. The expression of the NP°-C
fusion protein of R-4 was lower compared to the expression of C protein by wt virus
in Western blot analysis (Fig. 9C). However, this analysis was performed with cell

lysates harvested 48 h p.i.. Therefore, also defects in other steps of the viral
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replication cycle might explain the low expression level of the NP-C fusion protein of
R-4.

5.3 Increased number of emerged recombinants in

Xrnl-knockdown cells

So far, no study focused on the influence of ribonucleases on viral RNA
recombination in mammalian cells. By the detection of a significantly higher number
of BVDV recombinants in Xrnl-knockdown cells (Fig. 13 C, 14B, and 17C), the
results of the second part of the present study give first evidence that viral RNA
recombination in a mammalian cell culture-based system is influenced by a host
enzyme. Furthermore, Xrnl-knockdown not only led to an increased RNA
recombination frequency when RNA recombination occurred between two synthetic
replication-incompetent viral RNA fragments (3-fold increase; Fig. 13C), but also
between a replicating ncp BVDV genome and a synthetic subgenomic replication-
incompetent viral RNA (2.6-fold increase; Fig. 17C). In yeast and plant cells
exoribonucleases were shown to suppress viral RNA recombination (Serviene et al.
2005, Cheng et al. 2006, Jaag and Nagy 2009). Overexpression of the yeast
cytosolic 5’-3’ exoribonuclease Xrnlp in Xrnlp-deletion mutant cells led to a 3- to
4-fold reduction of emerged TBSV recombinants in its model host Saccharomyces
cerevisiae (Serviene et al. 2005, Cheng et al. 2006). Furthermore, an up to 125-fold
increase of tombusvirus recombinants in Xrn4-silenced Nicotiana benthamiana plants
was observed (Jaag and Nagy 2009). The differences seen in the effect of
Xrnl-knockdown or Xrnl-overexpression on the RNA recombination frequency might
be attributed to variations in exoribonucleases expressed in yeast, plant, and
mammalian cells, as for example the plant cytosolic exoribonuclease Xrn4 is an
ortholog of the nuclear mammalian exoribonuclease Xrn2 (Kastenmayer and Green
2000, Nagarajan et al. 2013). However, the effect of Xrnlp in yeast cells on RNA
recombination was comparable to our observations, although Xrnlp was completely
deleted prior overexpression in yeast cells, whereas in the present study siRNA-
mediated depletion of Xrnl resulted only in reduction of Xrnl protein expression of
about 70-95%. Thus, the effect of Xrnl in mammalian cells might be more drastic
when deleting Xrnl completely. Furthermore, it was recently shown that during HCV
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infection Xrn2 also localizes in the cytoplasm and evidence for an antiviral effector
function of Xrn2 in the cytoplasm of infected cells was given (Sedano and Sarnow
2014). It is conceivable that knockdown of Xrn1l might direct Xrn2 from the nucleus to
the cytoplasm to carry over the function of Xrnl. Thus, the exact effect of Xrnl on
RNA recombination might be veiled by the compensatory function of Xrn2.
Furthermore, the overexpression of Xrnlp in yeast cells might have led to a higher
abundance of Xrnlp than normally expressed. Hence, the effect of Xrnlp on RNA
recombination in yeast might be fortified. Interestingly, it has been reported that
overexpression of Xrnl led to an inhibition of MRNA decapping (Braun et al. 2012).
Therefore, overexpression of Xrnl might also affect the abundance of other cellular
factors or pathways involved in viral RNA recombination.

Furthermore, it has been shown that the RNA recombination frequency is directly
linked to the amount of viral RNA available for RNA recombination (Austermann-
Busch and Becher 2012). In Xrn4-knockdown plant cells a higher abundance of viral
RNAs was observed (Jaag and Nagy 2009), whereas in our study a slight decrease
of accumulated viral RNA in infected cells was observed (Fig. 18B). Beside the
difference in expression of ribonucleases in plant and mammalian cells, this can also
explain the more drastic increase in recombinants in Xrn4-knockdown plant cells

compared to the present study.

5.4 Influence of Xrnl on RNA stability and viral RN A replication

Pestivirus RNAs and the transfected in vitro synthesized recombining RNA molecules
used in this study carry a 5’ triphosphate (5’-PPP) group. Furthermore, viral RNA in
the cytoplasm of infected cells is protected from degradation by the formation of
strong secondary structures (Brown et al. 1992). The results of the present showed
by direct identification of the RNA degradation products in vivo that Xrnl-knockdown
in cell culture resulted in a slower degradation of viral RNA (Fig. 15 and 16), although
Xrnl degrades specifically mRNAs with a 5’-terminal monophosphoryl group (5’-P)
(Coller and Parker 2004, Nagarajan et al. 2013). Degradation of viral uncapped
RNAs by Xrnl has also been reported for other RNA viruses. HCV RNA is mainly
degraded from the 5 end by Xrnl (Li et al. 2013, 2015). Interestingly, also
Xrn2-knockdown resulted in increased amounts of accumulated HCV RNA, although

functions of Xrn2 were believed to be restricted to the nucleus (Sedano and Sarnow
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2014, Li et al. 2015). Furthermore, binding of the liver-specific miR-122 to the HCV
RNA uniquely protects it from degradation by Xrnl (Li et al. 2013). For pestiviruses
such a stabilization of the viral RNA by miRNA binding is yet not known. Studies
focusing on tombusvirus RNA recombination showed that depletion of Xrnlp or
knockdown of Xrn4 led to an increased amount of partially cleaved viral RNAs in
yeast as well as in plant cells, respectively (Cheng et al. 2006, 2007, Jaag and Nagy
2009). These RNA fragments appear to arise by endoribonucleolytic cleavage and
are then not further degraded by Xrnlp or Xrn4 (Jaag et al. 2011).

Although Xrnl is shown to be involved in pestivirus RNA degradation, it remains
unclear in which cellular compartment the viral RNA is degraded. It was shown that
during HCV infection Xrnl redistributes to lipid droplets, which are cytoplasmic foci
required for infectious virus production (Miyanari et al. 2007, Ariumi et al. 2011,
Pager et al. 2013). Thus, it was assumed that degradation of HCV RNA by Xrnl
occurs during the movement of the viral RNA from membranous webs to the sites of
assembly on the surface of lipid droplets (Miyanari et al. 2007, Li et al. 2013). Live
cell imaging of pestivirus infected cells demonstrated that BVDV NS5A localizes to
lipid droplets (Isken et al. 2014). However, the role of P-bodies and the cytoplasmic
distribution of Xrnl during pestivirus infection have not been investigated so far. It
can be speculated that infection with pestiviruses also triggers the distribution of Xrnl
to lipid droplets and that the degradation of the viral RNA by Xrnl might occur in
close proximity to them.

For the degradation by Xrnl the viral RNA must undergo a certain cleavage process
producing a 5’-P. In general for capped cellular mRNA, the 5-P is obtained during
the decapping process in the cytoplasm (Coller and Parker 2004, Nagarajan et al.
2013). However, uncapped mRNAs were shown to inhibit the decapping enzyme in
vitro (LaGrandeur and Parker 1998). Initiation of RNA degradation by Xrnl can also
involve endoribonucleases producing a 5’-P (Coller and Parker 2004, Li et al. 2010,
Nagarajan et al. 2013). Thus, the 5’-P of the viral RNA might be provided by other yet
not identified ribonucleases. Sequence analysis revealed that the 5 termini of
partially degraded viral genome fragments were mostly located within single-stranded
regions of the 3'NTR and clustered in SLII (Fig. 16B). The observation that the
degradation sites were not distributed equally can be explained by the formation of
specific secondary structures of the partially degraded viral RNAs, which may

prevent further degradation. However, regarding members of the family Flaviviridae,

109



Discussion

the production of subgenomic RNA species, which are a result of an incomplete
degradation of the viral RNA, has only been observed during infection with
flaviviruses (Pijlman et al. 2008). Interestingly, viral RNA recombination occurred
preferentially in single-stranded regions (Austermann-Busch and Becher 2012). Also
the analysis of 5’-terminal sequences of HCV RNAs, which were partially degraded
by Xrnl, showed that the degradation sites were all located within single-stranded
regions (Li et al. 2013). The crystal structure of Xrnl revealed, that single-stranded
regions are required to reach the active site of Xrnl (Jinek et al. 2011). Therefore
endoribonucleases, which cleave single-stranded RNAs, like IRE1, G3BP1 or PP11
(Li et al. 2010), are potential candidates involved in cytoplasmic viral RNA
degradation. However, no significant impact on the RNA recombination frequency
was observed when providing a 5'-P instead of a 5-PPP at the 3’ recombination
partner (Fig. 14). This might be due to a rapid cleavage of the viral RNA leading to an
early availability of RNA fragments with 5’-P after transfection. Furthermore, the viral
RNA with 5’-PPP might be directly degraded by Xrnl without a previous processing
as a weak in vitro activity of Xrnl for substrates with 5-PPP has been reported
(Stevens and Poole 1995). Also a yet not identified cellular phosphatase or
pyrophosphohydrolase might be involved in the cellular viral RNA degradation
machinery (Li et al. 2013, Sedano and Sarnow 2014). This would also explain the
observation that transfected synthetic BVDV genome fragments with intact 5'-
terminal sequences were able to be ligated without a previous polyphosphatase
treatment (Results 4.2.3).

Analysis of the viral RNA production in infected cells revealed that the amount of
accumulated RNA only slightly decreased in Xrnl-knockdown cells (Fig. 18A). Also
the efficient production of infectious viruses was not significantly influenced by
Xrnl-knockdown (Fig. 18B). Previous studies focused on the influence of Xrnl on
viral replication for several members of the family Flaviviridae. For West Nile virus it
was shown that Xrnl is recruited to the sites of virus replication and that the
depletion of P-body components led to decreased amounts of viral RNA (Chahar et
al. 2013). For the closely related HCV increased (Jones et al. 2010, Ruggieri et al.
2012, Li et al. 2013, 2015), constant (Scheller et al. 2009), and decreased (Ariumi et
al. 2011, Pager et al. 2013) viral RNA amounts after Xrnl silencing were observed.
Furthermore, it was shown that the cytoplasmic distribution of Xrnl in response to

viral infection represents a dynamic process (Chahar et al. 2013). Accordingly,
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effects of Xrnl on the amount of viral RNA are less clear and might depend on the
stage of infection.

5.5 Summary and outlook

The aim of this study was to gain more knowledge in the viral RNA recombination
mechanism. The presented results demonstrate that viral RNA recombination can
occur in the absence of efficient translation of pestivirus proteins. It was previously
proposed, that the recombining RNA molecules might be provided by physical forces,
cryptic ribozyme activity or endoribonucleolytic cleavage (Chetverin et al. 1997, Gmyl
et al. 2003, Gallei et al. 2004). Exo- and endoribonucleases were shown to contribute
to viral RNA recombination in plant and yeast cells (Serviene et al. 2005, Cheng et al.
2006, Jaag and Nagy 2009, Jaag et al. 2011). In addition, it has been demonstrated
that RNA recombination in mammalian cell culture systems is significantly influenced
by the terminal groups of the recombining RNA molecules (Gmyl et al. 1999, 2003,
Austermann-Busch and Becher 2012). Although pestiviruses encode for a unique
viral endoribonuclease, the E™ (Schneider et al. 1993), the present study strongly
gives evidence that this viral enzyme does not play an essential role in RNA
recombination and that a potential ribonucleolytic involvement must derive from the
cellular counterpart. By the identification of the host exoribonuclease Xrnl as
suppressor of pestivirus RNA recombination first evidence that viral RNA
recombination can be influenced by cellular enzymes in a mammalian cell culture-
based system was given. Furthermore, the results demonstrate that BVDV RNA is
degraded by Xrnl, which correlates with the higher number of recombinants in
Xrnl-knockdown cells.

For several RNA viruses it has previously been shown that exo- and
endoribonucleases contribute to viral RNA degradation. HCV RNA is mainly
degraded by the exoribonuclease Xrnl in 5-3' direction (Li et al. 2013, 2015).
Furthermore, for members of the genus Flavivirus small subgenomic flavivirus (sf)
RNAs are a result of an incomplete degradation of the viral RNA by Xrnl, which is
dependent of the existence of a pseudoknot structure in the 3'NTR (Liu et al. 2010,
Funk et al. 2010, Silva et al. 2010). Those sfRNAs are important for virus
pathogenicity (Pijlman et al. 2008). In addition, endoribonucleases are involved in

viral RNA degradation. Overexpression of Ngl2, a cytoplasmic endoribonuclease
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involved in ribosomal RNA processing, led to an increased accumulation of cleaved
tombusvirus RNA in yeast cells (Faber et al. 2002, Cheng et al. 2006). Furthermore,
there is evidence that viral RNA recombination is linked to viral RNA degradation
involving cellular ribonucleases (Cheng et al. 2006, Jaag and Nagy 2009, Jaag et al.
2011). In yeast, the endoribonuclease MRP positively contributed to the emergence
of recombinants (Jaag et al. 2011). MRP predominantly localizes in the nucleus,
however, after initiation of mitosis, it localizes to the cytoplasm and mediates the
cleavage of specific mMRNAs, which are afterwards rapidly degraded by Xrnl (Gill et
al. 2004, 2006). Therefore, it can be speculated that also in mammalian cells the
recombining RNA molecules might be provided by endoribonucleases. Due to the
putative interaction of the viral RNA with P-bodies and SG, the endoribonuclease
G3BP1, a component of SG, might be a potential candidate involved in viral RNA
recombination. It was shown that G3BPL1 is involved in viral life cycles of several
members of the family Flaviviridae. G3BP1 binds to the 3'NTR of Dengue virus
(Ward et al. 2011). In HCV infected cells, G3BP1, together with Xrnl1 and others
components of P-bodies and SG, localizes in lipid droplets (Ariumi et al. 2011).
Furthermore, binding of G3BP1 to NS5A, NS5B, and the 5’NTR of HCV has been
shown, and depletion of G3BP1 significantly suppressed HCV RNA replication (Yi et
al. 2011). Thus, G3BP1 interferes with diverse steps of the viral life cycle and might
also play an important role in the pestivirus infection. It was recently shown that ncp
BVDV infection leads to the disruption of SG (Jefferson et al. 2014a). The disruption
of SG during ncp BVDV infection may not only serve to maintain translation of viral
proteins (Jefferson et al. 2014a), but can also influence viral RNA degradation and
thus also viral RNA recombination. Cleavage by G3BP1l produces 5’-terminal
hydroxyl end (Li et al. 2010), whose RNA terminus was shown to increase RNA
recombination frequency (Gmyl et al. 2003, Austermann-Busch and Becher 2012).
Therefore, G3BP1 is a potential endoribonuclease involved in viral RNA
recombination.

According to the nonreplicative breakage and ligation model, the emerged RNA
fragments have to be ligated to produce a chimeric viral genome. This joining of RNA
fragments might be mediated by a cellular ligase. Ligation reactions between RNA
molecules occur during the splicing process, which is a post-transcriptional
modification of cellular mMRNAs. During this process, introns (noncoding segments)

are removed from the RNA molecules and the remaining exons (coding segments)
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are joined, which is essential for the translation of eukaryotic mRNAs. Conventional
MRNA splicing occurs in the nucleus by the spliceosome, whereas unconventional
splicing can occur in the cytoplasm, which is known for the unconventional splicing of
the mammalian mMRNA XBP1 (Yoshida et al. 2001, Uemura et al. 2009). XBP1 is
involved in the unfolded protein response (UPR), which is a cellular stress response
and related to the accumulation of misfolded or unfolded proteins in the endoplasmic
reticulum (ER). Cleavage of the XBP1 mRNA occurs by the endoribonucleases IRE1,
which is located in the ER membrane and produces 2',3'-cyclic phosphate termini
(Calfon et al. 2002, Li et al. 2010). IRE1 cleaves not only XBP1 mRNA, but also
others cellular mRNA, including its own one, and contributes to their degradation
(Tirasophon et al. 2000, Oikawa et al. 2007, Han et al. 2009, Hollien et al. 2009).
Therefore, IRE1 might also be a potential endoribonuclease providing the
recombining viral RNA molecules. Also the putative ligase required for RNA
recombination might be involved in the XBP1 mRNA splicing process. Very recently,
it was shown that the RNA ligase activity of RTCB, together with its cofactor
archease, mediates XBP1 mRNA splicing (Popow et al. 2014, Lu et al. 2014, Jurkin
et al. 2014). RTCB is the catalytic subunit of the tRNA ligase complex, which is
required for tRNA splicing (Popow et al. 2011). The tRNA maturation includes
removing of an intron sequence from the pre-tRNAs (Popow et al. 2012). Cleavage
by tRNA endoribonucleases produces two tRNA exon halves with a 2’,3’-cyclic
phosphate at the 5’ exon and a 5’ hydroxyl at the 3’ exon and the excised intron
(Popow et al. 2012). The mammalian tRNA ligase RTCB directly joins RNA
fragments with such termini, whereas in yeast phosphorylation of the 5’ terminus is
required prior to ligation (Greer et al. 1983, Filipowicz et al. 1983, Laski et al. 1983).
The tRNA splicing is a predominantly nuclear process, however, the majority of
RTCB localizes in the cytoplasm, which was also seen for its cofactor archease
(Popow et al. 2011, Jurkin et al. 2014). RTCB also takes part of the RNA transport
complex shuttling between the nucleus and the cytoplasm (Pérez-Gonzalez et al.
2014), which emphasizes its important role in cytoplasmic RNA pathways. Due to the
various functions and the cytoplasmic localization, RTCB represents a promising
candidate mediating the ligation reaction of the recombining RNA molecules.
Furthermore, the cytoplasmic splicing process and the RNA transport by RTCB might
favor the integration of cellular mRNAs into viral RNA genomes, which have

frequently been found in pestiviruses (Meyers et al. 1991, 1998, Tautz et al. 1993,
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Becher et al. 1998b, 2001b, 2002, Baroth et al. 2000, Becher and Tautz 2011).
Interestingly, binding of the BVDV NP protein to several tRNA ligases has been
shown (Jefferson et al. 2014a). Those other tRNA ligases might also putatively be
involved in RNA recombination. Further studies are required to identify
endoribonucleases and RNA ligases participating in viral RNA recombination. Also
the identification of enzymes involved in viral RNA degradation, which is apparently
closely linked to viral RNA recombination, is of interest. In this context, miRNAs might
be found that protect the pestiviral RNA from degradation, like miR-122 does for HCV
RNA (Li et al. 2013). The recently observed cytoplasmic distribution of Xrn2 together
with its antiviral function and the fact that it takes part of the IFN network (Li et al.
2011, Sedano and Sarnow 2014), makes Xrn2 to a potential candidate also involved
in the degradation of pestivirus RNA. Thus, it might also be implicated in viral RNA
recombination. Interestingly, two unique pestivirus proteins, the N* and the E™, are
known to suppress the IFN response. Thus, Xrn2 might have further yet not known
cytoplasmic functions including an interaction with viral proteins like N*© and E™ as
part of antiviral defense mechanisms. Beside this, also other nuclear enzymes might
distribute to the cytoplasm during viral infection and contribute to viral RNA
degradation and RNA recombination.

Taken together, the data of the present study support the hypothesis that
recombinant viruses most likely evolve by a breakage and ligation mechanism
involving cellular enzymes. Further studies will address the role of cellular
ribonucleases for providing the recombining RNA substrates. Another major goal of
future studies on nonreplicative RNA recombination is the identification of the ligation

reaction responsible for joining of the RNA fragments.
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Abstract

7 ABSTRACT

Maximiliane Sophie Zangl

Influence of Viral Proteins and Cellular Exoribonuc lease Xrnl on

RNA Recombination in Pestiviruses

RNA viruses are known for their broad genetic diversity, which can mainly be
attributed to the accumulation of point mutations during RNA synthesis and diverse
kinds of RNA recombination. Genetic material can be exchanged by RNA
recombination, thus it allows the elimination of lethal or debilitating mutations, which
is required for long-term survival of a virus population. To study fundamental aspects
of viral RNA recombination, Bovine viral diarrhea virus (BVDV) is a particularly suited
model. It exhibits a noncytopathogenic (ncp) and a cytopathogenic (cp) biotype and
provides the availability of reverse genetics together with a cell culture-based RNA
recombination system.

The present study addresses the influence of efficient translation of viral proteins and
the effect of the host 5-3' exoribonuclease Xrnl on the RNA recombination in
pestiviruses. In the first part, an RNA recombination system was established, which
was based on the cotransfection of MDBK cells with two synthetic, nonreplicable viral
RNA fragments, allowing RNA recombination in the absence of an internal ribosomal
entry site (IRES)-mediated translation of viral protein. The detection of over 70
independently emerged recombinant viruses proofed that viral RNA recombination
does not require the efficient translation of viral proteins. Sequence analysis
demonstrated that the emerged recombinant viruses displayed a high flexibility with
regard to the structure of C protein. Numerous recombinants replaced the parental C
protein with large-scale fusion proteins. Furthermore, evidence was given that C
coding sequences can functionally replace lacking ubiquitin coding sequences of one
ubiquitin monomer, still serving as processing signal for cellular proteases. Some of
the genomic alterations of the recombinant viruses influenced significantly the RNA
synthesis or the virus yield.

The second part of this study revealed that the viral RNA recombination frequency of

a mammalian plus strand RNA virus is significantly increased when knocking down
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the cellular 5’-3" exoribonuclease Xrnl. Xrnl-knockdown resulted in a higher number
of emerged recombinants not only when recombination occurred between two
synthetic viral replication-incompetent RNA fragments, but also when recombination
occurred between a synthetic replication-incompetent RNA and the genome of a
replicating ncp virus. The latter system better reflects RNA recombination events in
the host during natural infection. Furthermore, in Xrnl-knockdown cells the
transfected viral RNA was more slowly degraded compared to control cells.
Interestingly, identified degradation sites were mainly located in single-stranded
regions. Quantitative analysis of viral RNA synthesis and yield of infectious virus
produced after infection revealed no significant differences between Xrnl-knockdown
cells and control cells. Therefore, the results of the present study support the
hypothesis that the emergence of viral recombinants is presumably a result of a
breakage and ligation mechanism based on cellular processes, including
ribonucleases of host cells.
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8 ZUSAMMENFASSUNG

Maximiliane Sophie Zangl

Einfluss der viralen Proteine und der zellularen Ex oribonuklease

Xrnl auf die RNA-Rekombination bei Pestiviren

RNA Viren sind bekannt fur ihre grof3e genetische Variabilitat, welche hauptsachlich
auf die Akkumulation von Punktmutationen wahrend der RNA-Synthese und
verschiedene Arten von RNA-Rekombinationen zurtickzufiihren ist. Genetisches
Material kann durch RNA-Rekombination ausgetauscht werden, wodurch letale oder
nachteilige Mutationen eliminiert werden kénnen. Dieser Prozess ist fur das
langfristige Uberleben einer Viruspopulation von essenzieller Bedeutung. Zur
Erforschung grundlegender Aspekte der viralen RNA-Rekombination ist das Bovine
Virusdiarrhoe Virus (BVDV) gut geeignet, da es Uber einen nichtzytopathogenen
(nzp) und einen zytopathogenen (zp) Biotyp verfliigt. Des Weiteren stehen ein
reverses genetisches System und ein auf Zellkultur basiertes RNA-
Rekombinationssystem zur Verfiigung.

Die vorliegende Studie beschéftigt sich mit dem Einfluss der effizienten Translation
viraler Proteine und der wirtseigenen 5-3' Exoribonuklease Xrnl auf die RNA-
Rekombination bei Pestiviren. Im ersten Teil der Arbeit wurde ein RNA-
Rekombinationssystem entwickelt, welches auf der Kotransfektion von MDBK-Zellen
mit synthetischen replikationsinkompetenten viralen RNA-Fragmenten basiert.
Dieses System ermoglichte RNA-Rekombination in der Abwesenheit von einer
internen  Ribosomen-Eintrittsstelle  (IRES)-vermittelten Translation der viralen
Proteine. Durch die Detektion von Uber 70 unabhangig entstandenen rekombinanten
Viren wurde belegt, dass virale RNA-Rekombination die effiziente Translation viraler
Proteine nicht bendtigt. Sequenzanalysen zeigten eine hohe Flexibilitat bezuglich der
Struktur des Kapsidproteins der entstandenen rekombinanten Viren auf. Zahlreiche
rekombinante Viren ersetzten das parentale Kapsidprotein mit langen
Fusionsproteinen. Des Weiteren konnte gezeigt werden, dass kapsidprotein-
kodierende Sequenzen funktional fehlende ubiquitin-codierende Sequenzen eines

Ubiquitinmonomers ersetzen kdonnen, da dieses dennoch als Prozessierungssignal
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fur zellulare Proteasen diente. Manche der genetischen Veradnderungen der
rekombinanten Viren wirkten sich signifikant auf RNA-Synthese oder Virusmenge
aus.

Der zweite Teil dieser Studie zeigt, dass die RNA-Rekombinationshaufigkeit eines
Saugetier-Plus-Strang-RNA Virus signifikant anstieg, wenn die zellulare 5-3’
Exoribonuklease Xrnl herunter reguliert wurde. Die Herunterregulierung von Xrnl
fuhrte nicht nur bei der RNA-Rekombination zwischen zwei
replikationsinkompetenten synthetischen RNA-Fragmenten zu einem Anstieg an
Rekombinationsereignissen, sondern auch wenn die RNA-Rekombination zwischen
einer synthetischen replikationsinkompetenten RNA und dem Genom eines
replizierenden nzp-Virus stattfand. Das zuletzt genannte System spiegelt RNA-
Rekombinationsereignisse im Wirtstier nach natirlicher Infektion besser wider. Des
Weiteren wurde die transfizierte virale RNA in Zellen mit reduziertem Xrnl-Gehalt
langsamer degradiert als im Kontrollansatz. Interessanterweise befanden sich die
identifizierten Degradationsstellen hauptsachlich in einzelstrdngigen Regionen der
RNA. Quantitative Analysen der Mengen an akkumulierter viraler RNA und der
viralen Titer nach Infektion ergaben keinen signifikanten Unterschied zwischen Zellen
mit reduziertem Xrnl-Gehalt und Kontrollzellen. Zusammenfassend unterstitzen die
Beobachtungen dieser Studie die Hypothese, dass die Entstehung viraler
Rekombinanten wahrscheinlich ein Ergebnis eines ,breakage and ligation”
Mechanismus ist, welcher auf zellularen Prozessen unter Einbeziehung der

wirtseigenen Ribonukleasen basiert.
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9 APPENDIX

Media and solutions for cell culture

EDulb medium, pH 7.0

EDulb powder
NaHCO;

Penicillin G
Streptomycin sulfate
Phenol red

Aqua bidest.
Storage: 4°C

Sera
Horse serum
Storage: -20°C

Freezing medium
EDulb medium
Horse serum
DMSO

PBSM, pH 7.0-7.2
NaCl

KCI

Na,HPO, x 12 H,0
KH,PO,

Aqua bidest
Storage: 4°C

PBS, pH 7.0-7.2
NaCl

KCI

Na,HPO, x 12 H,O
KH,PO,

CaCl, x 2 H,0O

13.53 g
229

0.06 g
0.05¢
0.016 g

ad 1,000 ml

20%
10%

8.0g

0.2g
2379
0.2g

ad 1,000 ml

80¢g
0.2g
2379
0.2g
0.13¢g

Gibco BRL, Eggenstein

Merck KGaA, Darmstadt
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
Merck KGaA, Darmstadt

Biochrom, Berlin

Biochrom, Berlin
Roth, Karlsruhe

AppliChem, Darmstadt
Merck KGaA, Darmstadt
AppliChem, Darmstadt
Merck KGaA, Darmstadt

AppliChem, Darmstadt
Merck KGaA, Darmstadt
AppliChem, Darmstadt
Merck KGaA, Darmstadt
Merck KGaA, Darmstadt
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MgCl, x 6 H,O 0.1g
Aqua bidest. ad 1,000 ml

Storage: 4°C

Versen Trypsin 0.125%, pH 7.0

NaCl 8.0¢g
KCI 0.2¢g
Na,HPO, x 12 H,O 2349
KH,PO, 0.2¢g
CaCl, x 2 H,0O 0.132¢g
Trypsin (3 U/mg) 1.25¢
EDTA (Versen) 1.25¢
Penicillin G 0.06¢g
Streptomycin sulfate 0.05¢
MgSO, x 7 H,0 0.1g
Aqua bidest. ad 1,000 ml

Storage: 4°C

Media and solutions for bacteria

LB-medium

LB medium powder 209
Aqua bidest. ad 1,000 ml
Storage: 4°C

LB-agar

LB agar powder 40 ¢
Aqua bidest. ad 1,000 ml
Storage: 4°C

SOC medium

Tryptone 2%
Yeast extract 0.5%
NacCl 10 mM
KCI 2.5 mM

MgCl, 10 mM

Sigma-Aldrich, Steinheim

AppliChem, Darmstadt
Merck KGaA, Darmstadt
AppliChem, Darmstadt
Merck KGaA, Darmstadt
Merck KGaA, Darmstadt
Biochrom, Heidelberg
Roth, Karlsruhe
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
AppliChem, Darmstadt

Roth, Karlsruhe

Roth, Karlsruhe

AppliChem, Darmstadt
Roth, Karlsruhe
AppliChem, Darmstadt
AppliChem, Darmstadt
Merck KGaA, Darmstadt
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MgSO, 10 mM
Glucose 20 mM
Storage: -20°C

LB(++) medium

LB medium

KCI 10 mM
MgSO, 20 mM
Antibiotics

Ampicillin

Streptomycin sulfate

Isopropyl -D thiogalactoside (IPTG) 0.5 M
IPTG 2.28¢
Aqua bidest. ad 20 ml
Storage: -20°C

Merck KGaA, Darmstadt
Merck KGaA, Darmstadt

AppliChem, Darmstadt

Merck KGaA, Darmstadt

Sigma-Adlrich, Steinheim
Sigma-Aldrich, Steinheim

Thermo Scientific, Schwerte

X-gal (5-bromo-4-chloro-3-indolyl- -D-galactopyranoside)

X-gal 05¢g
Aqua bidest. ad 10 ml
Storage: -20°C

TEB-I buffer, pH 5.8

CacCl, 10 mM
Glycerol 15%
CH3;COOK 30 mM
RbCl, 100 mM
MnCl, 50 mM

Storage: 4°C

TEB-II buffer, pH 6.5

Mops 10 mM
CacCl, 75 mM
Glycerol 15%
RbCl, 10 mM

Storage: 4°C
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Roth, Karlsruhe

Merck KGaA, Darmstadt
Merck KGaA, Darmstadt
Sigma-Aldrich, Steinheim
Merck KGaA, Darmstadt
Merck KGaA, Darmstadt

Sigma-Aldrich, Steinheim
Merck KGaA, Darmstadt
Merck KGaA, Darmstadt
Merck KGaA, Darmstadt
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Agarose gel electrophoresis

50 x TAE buffer, pH 7.8

Tris 2M AppliChem, Darmstadt
CH;COONa x 3 H,O 0.25M Merck KGaA, Darmstadt
EDTA 0.05M AppliChem, Darmstadt

Orange G (0.25%)

Glycerol 3ml Roth, Karlsruhe
Orange G (1%) 2.5 mi Roth, Karlsruhe
Aqua bidest. 4.5 ml

Storage: -20°C

1 kb DNA ladder

Tris/HCI 0.5 M, pH 7.5 100 pl AppliChem, Darmstadt
EDTA 0.1M, pH 8.0 50 pl AppliChem, Darmstadt
Orange G (1%) 125 pl Roth, Karlsruhe
Bromophenol blue 50 pl AppliChem, Darmstadt
Glycerol 400 pl Roth, Karlsruhe

DNA ladder 1kb 200 pl Life technologies, Darmstadt
Aqua bidest. 6 ml

Storage: -20°C

Ethidium bromide solution

Ethidium bromide 10 mg/ml Roth, Karlsruhe
1 x TAE buffer 250 ml
Cell lysis

NP4 lysis buffer

Natriumdesoxycholate 0.5% Merck KGaA, Darmstadt
Nonidet Py 1% Roche, Mannheim

NacCl 150 mM AppliChem Darmstadt
Tris HCI, pH 7.5 50 mM AppliChem, Darmstadt

One tablet of the protease inhibitor Complete ULTRA Tablets, Mini, EASY Pack (Roche,
Mannheim) was added to 10 ml NP4 lysis buffer.
Storage: -20°C
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SDS-PAGE

Schéagger and von Jagow system

10 xAnode buffer, pH 8.9
Tris 2M

10 x Cathode buffer, pH 8.25

Tris Y
Tricine 1M
SDS 1% (w/v)

Gel buffer, pH 8.45

Tris 3M
SDS 0.3% (w/v)
Storage: 4°C

Stacking gel (4%)

Acrylamide/Bisacrylamide 29:1 1.1 ml
Gel buffer 2ml
10% APS 64 pl
TEMED 8 pl
Aqua bidest. 4.8 ml

Resolving gel (8-12%)
Acrylamide/Bisacrylamide 29:1 6.3 — 9.7 ml

Gel buffer 8 ml
10% APS 122 pl
TEMED 12 pl
Glycerol 5.5% 1.2ml
Aqua bidest. 5.3-8.7ml
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AppliChem, Darmstadt

AppliChem, Darmstadt
Roth, Karlsruhe
Roth, Karlsruhe

AppliChem, Darmstadt
Roth, Karlsruhe

Bio-Rad, Miinchen

Sigma-Aldrich, Steinheim
Merck KGaA, Darmstadt

Bio-Rad, Miinchen

Sigma-Aldrich, Steinheim
Merck KGaA, Darmstadt
Roth, Karlsruhe
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Laemmli system

10 x SDS electrode buffer

Tris

Glycine
SDS

Stacking gel (4%)
Acrylamide/Bisacrylamide 29:1
1 M Tris HCI, pH 6.8

10% SDS

10% APS

TEMED

Aqua bidest.

Resolving gel (12.5%)
Acrylamide/Bisacrylamide 29:1
1.875 M Tris HCI, pH 8.8

10% SDS

10% APS

TEMED

Aqua bidest.

Sample buffer
2 x SDS sample buffer Laemmli

Storage: -20°C

Immunoblot

Anode buffer I, pH 9.0
1M Tris

Methanol

Aqua bidest.

Anode buffer Il, pH 7.4
1M Tris

0.25M
1.92M
1%

1.25 ml
0.94 ml
75 ul
75 ul
3.75 ul
5.22 ml

10 ml
4.8 ml
240 ul
240 ul
12 pl
9 ml

300 ml
200 ml
ad 1,000 ml

25 ml
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AppliChem, Darmstadt
Merck KGaA, Darmstadt
Roth, Karlsruhe

Bio-Rad, Miinchen
AppliChem, Darmstadt
Roth, Karlsruhe
Sigma-Aldrich, Steinheim
Merck KGaA, Darmstadt

Bio-Rad, Miinchen
AppliChem, Darmstadt
Roth, Karlsruhe
Sigma-Aldrich, Steinheim
Merck KGaA, Darmstadt

Sigma-Aldrich, Steinheim

AppliChem, Darmstadt
Roth, Karlsruhe

AppliChem, Darmstadt
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Methanol

Aqua bidest.

Cathode buffer, pH 9.0

1 M Tris
Methanol
-Aminocapron acid

Aqua bidest.

TBS-0.02% Tween20
Tris-HCI

NaCl

Tween20

Storage: 4°C

Blocking reagents

200 ml
ad 1,000 ml

25 ml

200 ml
5.25¢g

ad 1,000 ml

0.1M
0.01M
0.02%

Roth, Karlsruhe

AppliChem, Darmstadt
Roth, Karlsruhe

Sigma-Aldrich, Steinheim

AppliChem, Darmstadt
AppliChem, Darmstadt
AppliChem, Darmstadt

2% (w/v) Amersham ECL Advanced/Prime blocking reagent 2 % (GE Healthcare, Little
Chalfont, UK) was dissolved in TBS-0.02% Tween20.

Buffer for RT-PCR

RT buffer A
Tris, pH 8.3
KCI

MgCl,

DTT
dNTPs

Storage: -20°C

PCR buffer B
Tris, pH 8.3
KCI

MgCl,
dNTPs

125 mM
187.5 mM
7.5 mM
25 mM
1.25 mM

25 mM
100 mM
6.5 mM

1.25 mM
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AppliChem, Darmstadt
AppliChem, Darmstadt
Merck KGaA, Darmstadt

Life technologies, Darmstadt

Roche, Mannheim;

Life technologies, Darmstadt

AppliChem, Darmstadt
AppliChem, Darmstadt
Merck KGaA, Darmstadt

Roche, Mannheim;
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Triton X-100
BSA
Storage: -20°C

0.5%
0.1%

Buffers for plasmid preparation (Mini)

S1

Tris/HCI, pH 7.5
EDTA, pH 8.0
RNase A
Storage: 4°C

S2
NaOH
SDS

S3
CH3;COOK, pH 5.75
Storage: 4°C

Other buffers and solutions

PBS-Tween
10% Tween20
PBS

10% Tween20
Tween20

PBS

Storage: 4°C

0.5% Triton X-100
Triton X-100
Aqua bidest.

100mM
10 mM
400 pg/ml

0.2M
1%

3M

5ml
ad 1,000ml

10 ml
90 ml

50 pl
ad 10 ml

Life technologies, Darmstadt

Roth, Karlsruhe
AppliChem, Darmstadt

AppliChem, Darmstadt
AppliChem, Darmstadt
Roth, Karlsruhe

Roth, Karlsruhe

Roth, Karlsruhe

Roth, Karlsruhe

AppliChem, Darmstadt

AppliChem, Darmstadt

Roth, Karlsruhe
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Trypan blue solution

Trypan blue
NaCl

70% ethanol
Ethanol 99.8%
Aqua bidest.
Storage: 4°C

Chemicals

Agarose for gel electrophoresis

-Mercaptoethanol

Isopropanol

0.25%
0.15M

70ml
30 mi

Reagents for molecular biological techniques

DNA ladder 1 kb
DNA ladder 100 bp
dNTPs

Lipofectamine®2000
Lipofectamine®RNAiMax
M-MLV Reverse Transcriptase
Opti®™MEM

Paraffine Surgipath Paraplast

Phusion® High Fidelity polymerase

Polyphosphatase

QuantiTect™ Probe RT-PCR Mix

Restriction enzymes buffers

ReverseTranscriptase SuperScript

RNAse A

RNase- and DNase-free water
RNase-Inhibitor, “RNase Out”
Silencer® Select SiRNA

T4 DNA Ligase

™ Il
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Roth, Karlsruhe
AppliChem, Darmstadt

Roth, Karlsruhe

Biozym, Hessisch Oldendorf
Merck KGaA, Darmstadt
Roth, Karlsruhe

Life technologies, Darmstadt
NEB, Frankfurt am Main
Roche, Mannheim, Life technologies,
Darmstadt

Life technologies, Darmstadt

Life technologies, Darmstadt

Life technologies, Darmstadt

Life technologies, Darmstadt

Leica, Wetzlar

Thermo Scientific, Schwerte

Epicentre, Madison, USA

Qiagen, Hilden

NEB, Frankfurt am Main

Life technologies, Darmstadt

Roth, Karlsruhe

Roth, Karlsruhe

Life technologies, Darmstadt

Life technologies, Darmstadt

NEB, Frankfurt am Main
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T4 RNA Ligase | (ss)
Tag DNA Polymerase

Commercial available kits, antibodies, and substrat

Kits

BCA™ Protein Assay

GeneJET™ Gel Extraxtion
MEGA®script SP6

MEGA®script T7

MEGA™clear

NucleoBond Xtra plasmid Midi preparation
PCR Cloning plus

pGEM®-T Easy Vector system
QlAshredder®

QuantiTect™ Probe RT-PCR Mix
QuantiTect™ SYBR green RT-PCR Mix
RNeasy® Mini Kit

Antibodies

Anti-XRN1, Cat. No.: A300-443A

Anti- -Actin, Cat. No.: A2228

Anti-Rabbit IgG-HRP, Cat. No.: A120-208P
RAMPO Cat. No.: P0260

Anti-Mouse Cy3 Cat. No.: 115-165-146

Substrates

NEB, Frankfurt am Main

Segenetic, Borken

es

Pierce, Rockford, USA
Thermo Schientific, Schwerte
Ambion, Darmstadt
Ambion, Darmstadt
Ambion, Darmstadt
Macherey-Nagel, Diren
Qiagen, Hilden
Promega, Mannheim
Qiagen, Hilden

Qiagen, Hilden

Qiagen, Hilden

Qiagen, Hilden

Bethyl, Montgomery, USA
Sigma-Aldrich

Bethyl, Montgomery, USA
DAKO, Glostrup, Denmark

Dianova, Hamburg

ECL Advanced Western Blotting Detection Kit
ECL Prime Western Blotting Detection Kit
ECL Select Western Blotting Detection Kit

GE Healthcare, Little Chalfont (UK)
GE Healthcare, Little Chalfont (UK)
GE Healthcare, Little Chalfont (UK)

Ladder SDS-PAGE

PageRuler™Plus Prestained Protein Ladder

Fermentas, St. Leon-Rot
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Equipment and consumables

Agarose gel electrophoresis

Agarose gel electrophoresis chambers
Power supply unit P25
UV-transilluminator Macro Vue UV-20

Image processing system Gel Jet Imager
Autoclave
Autoclave DB-23

Autoclave DSL 14/7/14-2-FD

Cell culture systems

Cell culture dishes 10 cm, 3.5 cm
Cell culture plates 6-well, 24-well
Cell culture plates 96-well

Cell freezer Mr Frosty™

Cell scraper, 25 cm

Cryovials 2 ml

Falcons™ 15 ml, 50 ml

Fuchs-Rosenthal chamber

Centrifuges
Centrifuge 5424 (rotor FA-45-24-11)

Microcentrifuge IR 220 VAC

Refrigerated centrifuge 5417R (rotor F 45-30-11)

Refrigerated centrifuge 5810 (rotor A-4-62)

Cultivation of bacteria
Petri dish

Parafilm

Incubator Ecotron

Electropoartion

Electroporation cuvette
Dispenser Tips 10 ml

Gene Pulser Xcell™
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von Keutz, Reiskirchen
Biometra, Géttingen
GE Healthcare, Little Chalfont (UK)

Intas, Gottingen

Systec, Linden

Holzner, NufRloch

Becton Dickinson, Heidelberg
Becton Dickinson, Heidelberg
Corning, New York, USA
Thermo Scientific, Schwerte
Sarstedt, Newton, USA
Greiner, Frickenhausen
Becton Dickinson, Heidelberg
Brand, Wertheim

Eppendorf, Hamburg
Roth, Karlsruhe

Eppendorf, Hamburg
Eppendorf, Hamburg

Greiner, Frickenhausen
Brand, Wertheim

Infors, Einsbach

Bio-Rad, Miinchen
VWR, Darmstadt
Bio-Rad, Miinchen
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ELISA-Reader
Tecan Sunrise

Sofware Magellan

General eqguipment

Glassware

Kimtec science® Delicate Task wipes
Kimtec science® Precision wipes

Microwave

3510 pH meter

Ultrapure water system Ultra Clear™ UV UF
Warming cabinet

Water bath

Gloves
NOBAGLOVES® Latex
NOBAGLOVES® Nitril

Heat block
ThermoStat plus

Thermomixer comfort

Incubator
CO, incubator Hera cell 150i

Microscopy
Fluorescence microskope (DMI 3000B)

Fluorescence microscope (EL6000)

Inverse microskope (DMIL, DFC290 camera)

Mixer and Swiveling tables
Duomax 1030

Magnetic Stirrer IKAMAG REO/IKA RET basic

Swiveling table

Swiveling table
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Tecan, Crailsheim

Tecan, Crailsheim

Schott, Mainz
Kimberly-Clark, Dallas, USA
Kimberly-Clark, Dallas, USA
Bosch, Miinchen

Schott, Mainz

Siemens, Miinchen
Memmert, Schwabach

Memmert, Schwabach

Noba, Wetter (Ruhr)
Noba, Wetter (Ruhr)

Eppendorf, Hamburg
Eppendorf, Hamburg

Heraeus, Hanau

Leica, Wetzlar
Leica, Wetzlar

Leica, Wetzlar

Heidolph, Schwabach
IKA, Staufen
von Keutz, Reiskirchen

Edmund Buhler, Hechingen
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Pipettes
8- and 12-channel-pipette

3, 10, 20, 100, 200, and 1000 | pipette

Pipetboy accu-jet®pro

Pipette tips
Pipette tips
Filter tips

Glass pipettes
Photometer
BioPhotometer plus

NanoDrop™ 2000

Reaction tubes

Volume 0.2 mi
Volume 1.5 ml, 2.0 ml
Optical tubes 8 x strips

Optical caps 8 x strips

Refrigerator
Freezer -20°C

Freezer -80°C
Freezer -150°C
Refrigerator 4°C

Safety workbench

Herasafe KS

Scales
Scale (EW, 572)
Analytical balance 1712 MP 8

SDS-PAGE, Immunoblot

Blotting chamber

ChemiDoc™ Gel Documentation System
Mighty Small Il SE 260-gel chamber

Biohit, Rosbach vor der Hohe
Biohit, Rosbach vor der Hohe
Brand, Wertheim

Ratiolab, Dreieich
Nerbe, Winsen (Luhe)

Landgraf, Hannover

Eppendorf, Hamburg

Thermo Scientific, Schwerte

Biozym, Hessisch Oldendorf

Eppendorf, Hamburg

Agilent Technologies, Santa Clara, USA
Agilent Technologies, Santa Clara, USA

Liebherr, Biberach an der Ril3
Sanyo, Moriguchi, Japan
Sanyo, Moriguchi, Japan
Liebherr, Biberach an der Rif3

ThermoScientific, Schwerte

Kern, Balingen-Frommern

Sartorious, Gottingen

Biometra, Géttingen
Bio-Rad, Miinchen

Serva, Heidelberg
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Nitrocellulose membrane Optitran BA-S 83
Power Supply, Standard Power Pack P25
PVDF membrane Immobilon-P

Quantity One® Software

Whatman® Filter

Thermocycler
T personal Cycler

T professional basic gradient
Mx 3005™ QPCR System

Vortexer

Reax top
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GE Healthcare, Little Chalfont (UK)
Biometra, Géttingen

Roth, Karlsruhe

Bio-Rad, Miinchen

GE Healthcare, Little Chalfont (UK)

Biometra, Géttingen
Biometra, Géttingen

Agilent Technologies, Santa Clara, USA

Heidolph, Schwabach
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