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1 Abstract/Zusammenfassung 

1.1 Abstract 

Bovine viral diarrhea virus (BVDV), a member of the genus Pestivirus within the family Flaviviridae, is a 

positive strand RNA virus encoding a single polyprotein that is cleaved into twelve mature proteins. 

Five of these (NS3-5B) constitute the viral replicase, the minimal set of viral proteins required for viral 

RNA replication. To gain a better understanding of the pestiviral replicase, this thesis focused on the 

characterization of two of their key players, namely the non-structural proteins NS4B and NS5A. 

The first part of the study deals with the establishment of functional BVDV replication systems, 

expressing either fluorescent proteins or antibody epitopes fused to NS4B or NS5A. The 

characterization of the monocistronic replicon DI-388mCherry, containing an NS5A with an internal 

insertion of the fluorescent protein mCherry, marked the starting point. This replicon allowed for direct 

visualization of NS5A-mCherry, leading to its detection on the surface of lipid droplets. Correlative light 

electron microscopy (CLEM) then indicated that in areas positive for NS5A-mCherry double membrane 

vesicles (DMVs) can be found which likely represent sites of viral RNA replication. Two additional 

derivatives, NS4B CT Strep-HA 5 aa and NS5A NT Strep-Strep, could be established in the context of 

the full-length viral genome that facilitated viral RNA replication and residual infectious virus 

production, thus, representing promising tools to study and purify BVDV replication complexes in more 

detail. 

The second part of this work aimed at the characterization of the BVDV protein NS4B. To gain deeper 

insight into the nature of this protein, NS4B was analyzed for its subcellular localization, membrane 

topology and function. Localization of NS4B to the endoplasmic reticulum (ER) and to distinct 

cytoplasmic foci was shown by using an NS4B-eYFP fusion protein. The NS4B membrane topology was 

addressed by combining biocomputational predictions and experimental approaches including an in 

vivo glycosylation assay. The thereby obtained model suggests NS4B to possess a luminal  

N-terminal domain, a hydrophobic core region containing seven potential transmembrane elements 

and a cytosolic C-terminal domain. This latter domain was subjected to a reverse genetic study, in 

which a total of 33 mutants, carrying single amino acid substitutions, were generated and analyzed for 

their impact on viral RNA amplification and virion morphogenesis. The data prove this region to be 

essentially involved in genome replication, whereas no mutants were identified that specifically 

affected virus production. A trans-complementation assay, using non-replicating NS4B mutants, 

implied that low level complementation can be achieved in some cases. A pseudoreversion study 

identified the substitution NS4B V259L to slightly rescue effects of NS4B F286A, arguing for an intra- 

or intermolecular NS4B-specific interaction as prerequisite for BVDV RNA replication. 
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1.2 Zusammenfassung 

Das Virus der Bovinen Virus Diarrhoe (BVDV) gehört zum Genus Pestivirus innerhalb der Familie der 

Flaviviridae. Dieses RNA Virus mit positiver Strangorientierung kodiert für ein einzelnes Polyprotein, 

das in zwölf reife Proteine gespalten wird. Fünf dieser Proteine (NS3-5B) bilden die virale Replikase, 

also das minimale Set an viralen Proteinen das für die virale RNA Replikation benötigt wird. Um ein 

besseres Verständnis dieser pestiviralen Replikase zu erlangen, widmete sich diese Arbeit der 

Charakterisierung zweier ihrer Bestandteile, den Nichtstrukturproteinen NS4B und NS5A. 

Der erste Teil dieser Arbeit beschäftigte sich mit der Entwicklung funktioneller BVDV Replikations-

systeme, die Fluoreszenzprotein- oder Antikörperepitop-fusionierte NS4B oder NS5A Proteine 

exprimieren. Die Charakterisierung des monocistronischen Replikons DI-388mCherry, das ein NS5A mit 

interner Insertion des Fluoreszenzproteins mCherry enthält, bildete dabei den Startpunkt dieser 

Untersuchungen. Dieses Replikon erlaubte die direkte Visualisierung des NS5A-mCherry und 

ermöglichte seine Detektion auf der Oberfläche von Lipid Droplets. Korrelative Licht-Elektronen-

Mikroskopie zeigte dann die Verknüpfung NS5A-mCherry positiver Areale mit dem Auftreten von 

Doppelmembran-Vesikeln (DMVs), welche wahrscheinlich die Orte der viralen RNA Replikation 

repräsentieren. Im Verlauf der Arbeit konnten zwei weitere Proteinderivate, NS4B CT Strep-HA 5 aa 

und NS5A NT Strep-Strep, im Kontext des viralen Volllängegenoms generiert werden, die die virale RNA 

Replikation und die, wenn auch verlangsamte, Produktion infektiöser Virionen erlauben und dadurch 

vielversprechende Werkzeuge für die Untersuchung und Reinigung von BVDV Replikationskomplexen 

darstellen. 

Der zweite Teil der Untersuchung umfasste die Charakterisierung des BVDV NS4B. Um ein 

tiefergehendes Verständnis für die Eigenschaften dieses Proteins zu erlangen, wurde seine subzelluläre 

Lokalisation, Membrantopologie und Funktion analysiert. Die Lokalisation des NS4B an das 

endoplasmatische Retikulum (ER) und an distinkte zytoplasmatische Foci konnte durch die 

Verwendung eines NS4B-eYFP Fusionsproteins gezeigt werden. Ein Modell der NS4B 

Membrantopologie wurde durch die Kombination von bioinformatischen Vorhersagen und 

experimentellen Ansätzen, wie einem in vivo Glykosylierungsassay, entwickelt. Nach diesem Modell 

besitzt das NS4B eine luminale N-terminale Domäne, eine hydrophobe Kernregion mit sieben 

potentiellen Transmembranelementen und eine zytosolische C-terminale Domäne. Diese 

letztgenannte Domäne wurde einer revers-genetischen Untersuchung unterzogen, bei der 33 

Mutanten, mit Einzel-Aminosäuresubstitutionen, generiert und bezüglich ihres Einflusses auf die virale 

RNA Replikation und Virionmorphogenese analysiert wurden. Die Daten indizieren, dass dieser Region 

eine essentielle Rolle in der Genomreplikation zukommt. Es konnten allerdings keine Mutanten 

gefunden werden, die einen spezifischen Einfluss auf die Virusproduktion ausübten. Ein trans-
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Komplementationsassay mit den replikationsdefizienten NS4B Derivaten zeigte, dass sich für einige 

Mutanten ein geringes Maß an Komplementation erzielen lässt. In einer Pseudoreversionsstudie 

wurde der Austausch NS4B V259L identifiziert, der in der Lage war die Replikationseffizienz der 

Mutante NS4B F286A etwas zu verbessern, was für eine NS4B-spezifische intra- oder intermolekulare 

Interaktion als Voraussetzung für die BVDV RNA Replikation spricht. 
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2 Introduction 

2.1 Family Flaviviridae 

Viruses are classified by the International Committee on Taxonomy of Viruses (ICTV) in the hierarchical 

levels of order, family, subfamily, genus and species. Accounted characteristics are genome structure 

(DNA or RNA, single stranded (ss) or double stranded (ds), positive or negative strand, continuous or 

segmented gene arrangement), capsid symmetry, existence of a lipid envelope and virus particle size 

(Pletnev et al., 2011). 

The family Flaviviridae comprises the three genera Flavivirus, Pestivirus and Hepacivirus and the 

tentative fourth genus Pegivirus (Pletnev et al., 2011; Stapleton et al., 2011). 

The genus Flavivirus comprises human and animal pathogenic viruses, most of them arthropod-borne 

viruses (arboviruses) transmitted by mosquitoes or ticks. Members of the genus are, among others, 

Yellow fever virus (YFV), Dengue virus, Tick-borne encephalitis virus (TBEV) and West Nile Virus (WNV) 

(Pletnev et al., 2011). 

Viruses of the genus Pestivirus infect pigs and ruminants and are of economic importance worldwide. 

Approved species are the Border disease virus (BDV), Bovine viral diarrhea virus 1 (BVDV-1), Bovine 

viral diarrhea virus 2 (BVDV-2) and Classical swine fever virus (CSFV). 

The human pathogenic Hepatitis C virus (HCV) is the only virus assigned to the genus Hepacivirus. 

However, the GB virus B which has not yet been approved as species might be a second member of 

the genus (Pletnev et al., 2011).  

The viruses GBV-C, GBV-Ctro, GBV-A, and GBV-D, show distant sequence relatedness to other 

members of the family Flaviviridae and are tentatively assigned to the putative fourth genus Pegivirus 

(Stapleton et al., 2011). 

The virions of members of the family are of spherical shape with 40-60 nm in diameter and possess a 

lipid envelope containing two (Flavivirus, Hepacivirus, Pegivirus) or three (Pestivirus) virus-encoded 

membrane proteins (Meyers and Thiel, 1996). The approved genera Flavivirus, Pestivirus and 

Hepacivirus have a capsid composed of a single, small basic capsid (C) protein (Erker et al., 1996), 

whereas viruses of the potential fourth genus Pegivirus appear to lack the gene for the respective 

protein (Kim and Fry, 1997; Leary et al., 1996; Xiang et al., 1998). 

All family members have similarly organized, positive sense ssRNA genomes of 9.6-12.3 kb comprising 

a single open reading frame (ORF). The ORF is flanked by 5’- and 3’-terminal untranslated regions 

(UTRs) that constitute specific secondary structures needed for translation and genome replication. 

Translation-initiation is either cap-dependent (Flavivirus) (Brinton and Dispoto, 1988) or IRES mediated 
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(Pestivirus, Hepacivirus, Pegivirus) (Pestova et al., 1998; Simons et al., 1996). Genomes of all genera 

lack a 3’-terminal poly(A) tract. 

Viral proteins are synthesized as part of a polyprotein and released through co- and post-translational 

cleavage by viral (Dougherty and Semler, 1993) and cellular proteases. Among the non-structural 

proteins are a serine protease, an RNA helicase and an RNA dependent RNA polymerase (RdRp), 

encoded at similar locations along the genome in all genera. 

RNA is replicated in the cytosol in association with modified cellular membranes by synthesis of full-

length negative-strand intermediates (Egger et al., 2002; Gray and Nettleton, 1987; Grief et al., 1997). 

Virion assembly occurs by budding through intracellular membranes and viral particles are assumed to 

be released by exocytosis using the secretory pathway (Schmeiser et al., 2014). 

2.2. Genus Pestivirus 

2.2.1 Taxonomic structure 

The genus Pestivirus currently comprises four recognized species: BDV, BVDV-1, BVDV-2 and CSFV. 

There are further related viruses that may be members of the genus Pestivirus but have not been 

approved as species (Pletnev et al., 2011). Those include Atypical pestivirus Th/04_KhonKaen  

(Liu et al., 2009), Bungowannah virus Bungo (Kirkland et al., 2007), Giraffe-1 pestivirus Giraffe-1 

(Avalos-Ramirez et al., 2001) and Pronghorn antelope pestivirus Pronghorn (Vilcek et al., 2005). 

Moreover, a pestiviral partial genome sequence could be detected in feces of the insectivorous bat 

species Rhinolophus affinis (Wu et al., 2012) which might be the first indication of bats or insects 

carrying pestiviruses. 

Pestiviruses, due to their high overall similarity with HCV, were widely used as a surrogate model for 

studying the latter, which used to grow poorly in the available cell culture systems. Even today, 

comparative studies between the genera Hepacivirus and Pestivirus are beneficial for the 

understanding of fundamental mechanisms of the respective viral life cycles. 

2.2.2 Distinguishing features 

One distinguishing feature of pestiviruses is the occurrence of two biotypes (Baker, 1987; Gillespie et 

al., 1960; Lee and Gillespie, 1957; Lindenbach and Rice, 2001), classified as cytopathogenic (cp) and 

non-cytopathogenic (ncp) viruses by their ability to cause cytopathic effects in cell culture. Cells 

infected with cp viruses show an altered morphology; they become apoptotic (Grummer et al., 2002; 

Hoff and Donis, 1997; Schweizer and Peterhans, 1999, 2001; Zhang et al., 1996), undergo vacuolization, 

round up and disengage from the cell complex. Therefore, these changes are also referred to as the 

cytopathogenic effect (cpe) (Corapi et al., 1988; Hoff and Donis, 1997; Lambot et al., 1998). In contrast, 

infections with ncp viruses progress without any notable effect with regard to cell integrity. 
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Virus titers obtained from cell cultures infected with pestiviruses are rather low compared to other 

virus systems. Only 106-107 viruses/ml can be detected in the supernatant. Numerous virus particles 

remain associated to cells or bind to serum components and cell fragments, thereby complicating 

electron-microscopic investigations of the virions (Laude, 1977). Still, in 1971 enveloped virus particles 

of 40-60 nm in diameter could be detected analyzing concentrated virus suspensions (Horzinek et al., 

1971; Moennig and Plagemann, 1992). More recent electron-microscopic studies depict virus particles 

in association with both the plasma membrane and intracellular membranes (Schmeiser et al., 2014). 

Purified virions constitute the viral RNA-genome, the nucleocapsid protein C and a lipid envelope 

containing the integral viral glycoproteins E1, E2 and Erns (Thiel et al., 1991). Immunoelectron-

microscopy demonstrated both E2 and Erns to be located on the virion’s surface (Weiland et al., 1990, 

1992). 

2.2.3 Pestiviral infections 

Pestiviruses infect cloven-hoofed animals, including pigs, cattle, sheep, goats and wild ruminants. 

Transmission occurs by direct and indirect contact, e.g. nasal or urine secretion, feces and 

contaminated food (Meyling et al., 1990). Infections of livestock are economically important and 

several diseases caused by pestiviruses like the classical swine fever or the mucosal disease (MD) are 

allocated to the notifiable animal diseases (Baker, 1987; Verordnung über anzeigepflichtige 

Tierseuchen BGBI.I S.1404, 2011). 

The viruses of classical swine fever are exclusively found in domestic pigs and wild boars, whereas 

BVDV infects a broad variety of hosts, ranging from pigs to domestic and wild ruminants (Becher et al., 

1997; Paton et al., 1995; Vilček and Nettleton, 2006). BDV, too, affects swine besides sheep (Becher et 

al., 1997, 1999). 

Pestiviruses are capable of passing the placental barrier and thus to infect the fetus (Moennig and 

Plagemann, 1992). On the contrary, maternal antibodies of pigs and ruminants lack this ability. Hence, 

the time of the diaplacental infection determines course and progression of the infection, potentially 

leading to fetal resorption, abortion, malformation or weakness of the animals born. Healthy offspring 

result when the infection occurs at a time point at which the fetal immune system is fully developed 

and able to clear the infection. However, no immune response can be mounted when the immune 

system is not developed at the time of infection (for cattle between the 40th-125th day of the gestation). 

This often leads to an acquired immune tolerance which usually arises when the fetal immune system 

is in the so called formative stage, during which B and T lymphocytes, directed against self-antigens, 

are eliminated. The virus gets classified as self-component since it is already present in the fetus and 

the adaptive immune system response is ceased. The establishment of persistent infections is 

restricted to ncp viruses (Brownlie, 1991). The affected, persistently infected animals (PI animals) 
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constantly spread large amounts of infectious ncp viruses via body fluids and feces and represent the 

main source of new infections. In the course of persistent infections alterations of the viral genome 

might occur, e.g. through emerging mutations or RNA-recombination, which can lead to a biotype 

switch from ncp to cp (Meyers et al., 1992). The occurrence of a cp BVD virus may take a few months 

or even several years and will manifest in form of the mucosal disease in the affected animals (Bolin et 

al., 1985; Brownlie et al., 1984; Moennig et al., 1990). MD animals show ulcerations and necroses of 

mucous membranes of the intestinal tract, leading to bloody diarrhea and destruction of lymphatic 

tissue. Normally animals die within 2 weeks after the onset of first symptoms. Persistently infected 

ruminants can live for several years until the MD occurs, whereas swine die within a few months from 

the consequences of viral persistence (Meyers and Thiel, 1996). Animals affected by MD carry both 

viral strains, i.e. ncp and cp (Brownlie and Clarke, 1993), whereby the cp virus usually arises from the 

ncp virus by mutation (Meyers and Thiel, 1996). 

Infections with BVD viruses occurring after birth cause only mild clinical symptoms in most cases or 

even proceed subclinical. However, some infections with particularly virulent BVDV strains, commonly 

of the species BVDV-2, can induce the hemorrhagic syndrome. It is characterized by thrombocytopenia 

leading to bleeding of mucous membranes and inner organs (Rebhun et al., 1989). The outcome of 

postnatal CSFV infections of swine depends on the virulence of the pathogen and ranges from 

asymptomatic cases to hemorrhagic symptoms, the latter ending in death (Meyers and Thiel, 1996). 

2.2.4 Pestiviral replication 

The schematic BVDV life cycle (Figure 2.1) provides the basis for the following chapters. The enveloped 

virions bind to specific host cell receptors and are internalized by endocytosis. Fusion of viral and 

cellular membranes mediates liberation of the genome into the cell’s cytoplasm. The viral RNA serves 

as mRNA for translation of the BVDV proteins, as template for RNA replication and as genome for new 

virions. Virus particles are formed by budding into the ER and are transported to the cell surface along 

the secretory pathway. 

 

Figure 2.4: BVDV life cycle. [A] Virus entry; [B] cytoplasmic release and uncoating; [C] Polyprotein 

synthesis; [D] genome replication; [E] packaging, assembly and virion maturation; [F] virus release. 



2 Introduction 

[8] 

2.2.4.1 Cell entry 

Pestivirus replication is initiated by clathrin-mediated endocytosis (Flores et al., 1996; Grummer et al., 

2004; Krey et al., 2005; Lecot et al., 2005) involving most probably more than one cell surface molecule. 

Bovine CD46 has been shown to function as a cellular receptor for BVDV but is not by itself sufficient 

to mediate infection (Krey et al., 2006; Maurer et al., 2004). Glycosaminoglycans and the LDL-receptor 

have been discussed as potential co-receptors (Agnello et al., 1999; Flores et al., 1996; Hulst et al., 

2000). Though a contribution of the LDL-receptor to BVDV entry could not be confirmed (Krey et al., 

2006), a high affinity to glycosaminoglycans was observed for cell culture adapted viruses (Hulst et al., 

2001; Iqbal and McCauley, 2002). 

Virus proteins involved in the viral entry process are E1, E2 and Erns, though Erns is not absolutely 

mandatory for the infection in cell culture (Ronecker et al., 2008). The formation of E1-E2 dimers, on 

the other hand, is essential for virions to be infectious.  

Endocytosis is followed by pH-dependent fusion of  viral and endosomal membranes resulting in the 

release of the viral ribonucleoprotein (RNP) into the cytoplasm (Garry and Dash, 2003; Krey et al., 

2005). Viruses are acid resistant before endocytosis and undergo a poorly understood activation step 

to become fusogenic at the endosomal pH. Scission of disulfide bonds in the envelope glycoproteins is 

thought to activate the virions for fusion, as the combination of reducing agent and low pH allows 

fusion with the plasma membrane (Krey et al., 2005). The recently published structure of BVDV E2 

suggests that it is not a class II fusion protein but, other than had been expected, seems to use a 

completely novel fusion mechanism (Li et al., 2013; El Omari et al., 2013). Furthermore, these data 

support HCV studies claiming E1 to be the actual fusion protein, whereas E2 seems to be functioning 

as a stabilizing co-factor of the fusion complex (Drummer et al., 2007). The following steps leading to 

the release of the viral genome from the RNP remain to be elucidated. 

2.2.4.2 Genome 

The pestiviral genome is an approximately 12.3 kb positive sense, ssRNA (Collett et al., 1988; Deng and 

Brock, 1992; Meyers and Thiel, 1996). Some cp strains carry a small and variable segment of host cell 

or viral nucleic acid in certain regions of the viral genome (often within NS2 or directly upstream of 

NS3), sometimes accompanied by viral gene duplications or deletions. Other cp viruses contain viral 

gene duplications involving all or part of the Npro and NS3 to NS4B protein-coding regions, resulting in 

genomic RNA of up to 16.5 kb (Becher and Tautz, 2011; Meyers and Thiel, 1996; Quadros et al., 2006; 

Ridpath and Bolin, 1995; Weiland et al., 1990). On the other hand, cp viruses may also emerge by 

deletion of large portions of their genomes. The resulting defective genomes, also called defective 

interfering particles (DIs), can be rescued by co-infection with intact helper viruses (Tautz et al., 1994). 

In all cases the viral genome comprises a single ORF flanked by a 5’ and 3’ UTR. Other than most cellular 
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mRNAs, pestiviral RNAs lack both the 5’ cap structure and the 3’ poly(A)-tail (Collett et al., 1988; 

Meyers et al., 1989; Moormann et al., 1990). 

Translation initiation originates from the 370-385 nt long 5’ UTR. This region forms a complex 

secondary structure, the so called internal ribosome entry site (IRES), which facilitates binding and 

correct positioning of the ribosome at the start-codon (Chon et al., 1998; Fletcher and Jackson, 2002; 

Frolov et al., 1998; Myers et al., 2001; Pestova and Hellen, 1999; Poole et al., 1995; Yu et al., 2000). In 

case of HCV, the 5′ UTR is found to be associated with the liver-specific miRNA miR-122, leading to 

enhanced RNA stability and mediating production of infectious virions (Shimakami et al., 2012). It is 

also discussed to recruit viral or host factors and to regulate other structures within the HCV genome 

(Mortimer and Doudna, 2013). However, if the pestiviral 5’ UTR possesses such activities remains to 

be elucidated. 

The 3’ UTR with a length of 185-267 nt possesses complex secondary structures essentially involved in 

pestiviral replication (Isken et al., 2004; Pankraz et al., 2005). The 3’ UTR can be sub-divided into two 

portions, the 3’-conserved (3’C) region comprising the last 70 nt of the 3’ UTR and the 3’-variable (3’V) 

region containing the remainder (Deng and Brock, 1993). The 3′C region contains a highly conserved 

single-stranded sequence stretch (SS) and a stable stem–loop structure (SLI) directly at the 3′ terminus. 

These elements were suggested to be essential for the initiation of negative-strand RNA synthesis  

(Yu et al., 1999). On the contrary, the 3′V portion of the 3′UTR appears to be remarkably 

heterogeneous in size and nucleotide composition between different virus strains. Nonetheless, some 

structure and sequence motifs are shared by all pestiviruses, including the unstable stem-loop 

structures SLstop and SLII, single pseudo stop-codons and UGA box motifs (Isken et al., 2003). 3′V is 

thought to hold a double function, firstly as a signal that increases the efficiency of translation 

termination and secondly as an important component of the assembling replication complex, 

modulating the translation and RNA replication process (Isken et al., 2004). 

2.2.4.3 Polyprotein 

The pestiviral genome serves as mRNA which is translated into a polyprotein of about 3900 amino 

acids (aa) immediately upon cytosolic entry. Internal signal sequences of the nascent protein secure 

co-translational transport to the endoplasmatic reticulum (ER) membrane, at which cellular proteases 

facilitate several cleavages within the N-terminal portion of the polyprotein. Thus the cellular signalase 

and signal peptide peptidase process the polyprotein at the C/Erns, Erns/E1, E1/E2, E2/p7 and p7/NS2 

junctions (Bintintan and Meyers, 2010; Elbers et al., 1996; Harada et al., 2000; Heimann et al., 2006; 

Rümenapf et al., 1993; Wegelt et al., 2009). All other cleavages are executed by viral proteases. The 

non-structural protein Npro is a proteinase that auto-catalytically releases itself from the nascent 

polyprotein, thereby generating the correct N-terminus of the C-protein. The NS2 cysteine protease 
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catalyzes cleavage between NS2-3 and the NS3-NS4A serine protease complex processes the 

remaining non-structural proteins. Taken together, twelve mature virus proteins originate from the 

polyprotein (Figure 2.1).  

The encoding of a polyprotein and its subsequent processing, resulting not only in mature proteins but 

also in active precursors, is a characteristic feature of positive sense RNA viruses (Kräusslich and 

Wimmer, 1988). It constitutes an economic utilization of the genomes very limited coding capacity, as 

precursors usually adopt additional functions to mature proteins. 

Figure 2.1: Schematic representation of the pestiviral polyprotein and its processing. Structural 

proteins are depicted as gray boxes; non-structural proteins are shown as white boxes. Arrows indicate 

cleavage sites processed by the respective viral proteases. Symbols point to cleavage sites of cellular 

proteases: [�] signalase; [�] signal peptide peptidase. The NS proteins NS3-NS5B constitute the 

minimal viral replicase. 

2.2.4.4 Structural proteins 

Virions of pestiviruses are composed of four structural proteins: the basic nucleocapsid protein (C) and 

the three envelope glycoproteins Erns, E1 and E2. 

The intrinsically disordered nucleocapsid protein C (Murray et al., 2008a)  is processed by three 

enzymatic cleavages before its incorporation into virions. The core N-terminus is generated through 

co-translational processing by the viral autoprotease Npro (Stark et al., 1993). The C-terminal signal 

sequence of core then targets the nascent protein to the ER membrane. First signalase cleaves the 

protein from Erns in the ER lumen (Rümenapf et al., 1993), second signal peptide peptidase performs 

an additional processing within the core membrane anchor (Heimann et al., 2006). The mature core 

protein is able to bind the viral RNA via its numerous basic amino acids. However, more recent studies 

of CSFV indicate that in the presence of compensatory mutations within NS3, core is not prerequisite 

for particle assembly, but rather important for virulence, as deletion of C lead to virus attenuation in 

its natural host (Riedel et al., 2012). 
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The envelope proteins Erns, E1 and E2, as well as the hydrophobic non-structural protein p7 are 

exclusively liberated by the cellular signalase within the ER lumen (Bintintan and Meyers, 2010; Elbers 

et al., 1996; Harada et al., 2000; Rümenapf et al., 1993).  In contrast to characteristic signalase 

cleavage, the E2/p7 cleavage occurs inefficiently, resulting in two stable E2 protein species, E2 and E2-

p7, in infected cells (Elbers et al., 1996; Harada et al., 2000; Rümenapf et al., 1993). E2-p7 is dispensable 

for both viral RNA replication and generation of infectious virions. The mature proteins E2 and p7 are 

also not essential for RNA replication, but appear to be mandatory for virion morphogenesis (Harada 

et al., 2000).  

All three glycoproteins Erns, E1 and E2 possess a C-terminal membrane anchor and exist as 

intermolecular disulfide-linked complexes (Fetzer et al., 2005; Köhl et al., 2004; Rümenapf et al., 1993; 

van Zijl et al., 1991). Erns homodimers, E1-E2 heterodimers and E2 homodimers can be found in both 

infected cells and purified virus particles (Lazar et al., 2003; Thiel et al., 1991; Weiland et al., 1990). An 

Erns/E1 heterodimer, on the other hand, could not be detected to date. 

Erns, together with E1 and E2, is located in the lipid membrane of cellular origin, but a significant portion 

of the protein is also actively secreted into the extracellular space (Rümenapf et al., 1993). Erns may be 

involved in the receptor-mediated entry process (Hulst and Moormann, 1997), although it might not 

be essential for viruses to infect their host cells (Ronecker et al., 2008; Wang et al., 2004). Despite 

proofing that Erns binds to glycosaminoglycans and immobilized heparin the existence of a cell- or 

species-specific receptor could not be ruled out. Thus, binding of Erns was saturable to fetal bovine 

epithelial or porcine PK15 cells, indicative of receptor-mediated attachment (Hulst and Moormann, 

1997). Erns exists in several glycosylated forms (44-60 kDa) and is found in numerous cellular 

compartments (Thiel et al., 1991). Membrane anchorage of Erns is mediated by a long tilted  

C-terminal amphipathic helix (Aberle et al., 2014) that acts as an unusual membrane anchor 

embedding the protein in plane into the cell membranes (Fetzer et al., 2005; Tews and Meyers, 2007). 

Besides its anchoring function the helix also contains a retention signal which mediates retention of 

about 95 % of Erns within the infected cells (Burrack et al., 2012). Both the membrane bound and the 

secreted Erns protein possess RNase activity (Windisch et al., 1996), the latter being eponymous for the 

term “ribonuclease secreted” (rns).  The protein’s RNase active domain belongs to the T2 RNase 

superfamily (Krey et al., 2012; Rümenapf et al., 1993). Its enzymatic activity is a prerequisite for 

blocking of the IFN-α/β induction and the establishment of persistent infections (Iqbal and McCauley, 

2002; Magkouras et al., 2008; Mätzener et al., 2009; Meyers et al., 2007). However, this activity is 

limited to extracellularly added or secreted Erns that eliminates extracellular dsRNA (Luo et al., 2009; 

Magkouras et al., 2008; Mätzener et al., 2009). The triggering of the interferon response by 

intracellular dsRNA on the other hand, cannot be blocked by the expression of Erns (Magkouras et al., 

2008). In case of HCV it could be shown that the exosomal transfer of viral RNA from infected cells to 
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plasmacytoid dendritic cells triggers the innate immunity by Toll-like receptor 7 (TLR7)-dependent viral 

RNA recognition (Dreux et al., 2012). Python et al. demonstrated that Erns of CSFV is able to block this 

kind of activation of the innate immunity (Python et al., 2013). In addition, Erns serves as virulence 

factor as different mutations within the protein led to virus attenuation within the natural host (Meyer 

et al., 2002; Meyers et al., 1999; Tews et al., 2009). 

E1 is a transmembrane protein found in infectious virus particles (Thiel et al., 1991; Weiland et al., 

1990). Its exact function remains to be elucidated, but recent studies suggest a role of E1 as virulence 

factor (Fernandez-Sainz et al., 2009) and furthermore propose E1 to be the viral fusion protein 

(Drummer et al., 2007; Garry and Dash, 2003; El Omari et al., 2013). An assumption which is sustained 

by the recently published crystal structure of the HCV E1 N-terminal domain (El Omari et al., 2014).  

The pestiviral glycoprotein E2 determines cellular tropism, binds the bovine cell-surface receptor CD46 

and contains the major neutralizing antibody epitopes (Krey et al., 2006; Li et al., 2011; Liang et al., 

2003; Maurer et al., 2004). Formation of BVDV E1-E2 heterodimers is mandatory for virus entry and 

dependent on charged residues within the transmembrane region of both proteins (Ronecker et al., 

2008; Wang et al., 2004). The crystal structure of the E2-ectodomain was solved in 2013 by two groups 

independently (Li et al., 2013; El Omari et al., 2013). Both structures suggest that E2, other than 

previously assumed, does not act as a class II fusion protein. A fact that is in concert with recent findings 

for HCV E2 (Khan et al., 2014; Kong et al., 2013). This leads to the assumption that pestiviruses might 

use a novel, hitherto unknown fusion mechanism. 

2.2.4.5 Non-structural proteins 

The N-terminal autoprotease Npro is a non-structural protein exclusively found in the genus Pestivirus 

(Wiskerchen et al., 1991). It was initially suggested to be a subtilisin-like protease (Rümenapf et al., 

1998), but sequence alignments revealed that Npro does not possess homologies to known proteases 

and thus was assigned to a new subfamily of cysteine proteases, the C53 proteases (Rawlings et al., 

2014). The crystal structure of the Npro then confirmed this assignment, as it exhibited clear differences 

from other known protease structures (Gottipati et al., 2013; Zögg et al., 2013). The Npro C-terminus 

remains within the protease’s active site after its autocatalytic cleavage from the nascent polyprotein 

leaving the liberated Npro proteolytically inactive (Gottipati et al., 2013). It then starts functioning as a 

viral immediate effector, modulating the host cell’s antiviral defense (Ruggli et al., 2003). Npro 

presumably suppresses the production of antiviral interferon (IFN)-α/β. Therefore, Npro addresses 

several immunological interference points by e.g. physical interaction with and relocation of interferon 

regulatory factor (IRF)3 , IRF7 and the NF-κB inhibitor IκBα (Doceul et al., 2008; Fiebach et al., 2011; 

Hilton et al., 2006; Ruggli et al., 2005, 2009). Moreover, Npro might secure the survival of infected cells 

as it interacts with the anti-apoptotic molecule Hax-1 (Johns et al., 2010).  
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The non-structural protein p7 (7 kDa) plays an essential role in the formation of infectious virions, but 

was so far not detected in the virus particle itself (Elbers et al., 1996; Harada et al., 2000).  The small 

hydrophobic polypeptide is an ion channel forming protein assigned to the viroporins, which are small 

integral membrane proteins functional in virus assembly and egress. They facilitate permeabilization 

and destabilization of membranes by oligomerization induced ion channel formation (Carrasco, 1995; 

Harada et al., 2000).  A minimal model system for the CSFV p7 showed that the C-terminal hydrophobic 

stretch of the protein (residues 39-67) constitutes the porating domain (Largo et al., 2014). 

Pestiviral p7 is followed by the NS2-3 fusion protein, which is released from the polyprotein by two 

cleavage events. The cellular signalase processes the protein’s N-terminus and the NS3 serine-protease 

its C-terminus. Catalytic cleavage of NS2-3 to NS2 and NS3 was long believed to be a specific feature 

of the cp biotype, with the accumulation of NS3 causing the cpe (Kümmerer et al., 2000; Lindenbach 

and Rice, 2001; Meyers and Thiel, 1996). However, it was demonstrated that NS3 is required for 

pestiviral RNA replication in both the ncp and the cp biotype and cannot be functionally replaced by 

the NS2-3 precursor (Lackner et al., 2004). The precursor, on the other hand, is essential for the 

assembly of infectious virus particles (Agapov et al., 2004; Moulin et al., 2007). Thus, the ratio of free 

NS3 to NS2-3 strictly regulates the processes within the viral life cycle. More recent findings challenge 

this dogma, as they demonstrate that a chimera of BVDV-1 strains NCP7 and Osloss, carrying adaptive 

mutations, is able to produce infectious virions in the absence of uncleaved NS2-3 (Lattwein et al., 

2012).  

NS2 is a membrane bound cysteine-autoprotease that catalyzes NS2-3 cleavage upon activation by 

binding of its cellular co-factor J-domain-protein interacting with viral protein (Jiv) and thereby 

releases NS3 (Becher and Tautz, 2011; Lackner et al., 2005). Stoichiometric amounts of Jiv are needed 

for efficient autoprocessing of NS2-3 and the formation of a stable complex between NS2 and Jiv was 

detected (Lackner et al., 2005).  The NS2-3 cleavage is mandatory for the viral life cycle, as free NS3 is 

an essential component of the viral RNA replicase, functionally irreplaceable by NS2-3 (Lackner et al., 

2004). The low level of endogenous Jiv limits efficient NS2-3 processing to the first 8 h post infection, 

resulting in a strongly down-regulated RNA replication at later time points with only very inefficient 

NS2-3 cleavage ongoing. This unique regulatory mechanism is inter alia prerequisite for the 

establishment of the long persistence of ncp viruses (Lackner et al., 2005). CP biotypes, on the contrary, 

are independent of Jiv and characterized by the continuous production of free NS3. This deregulation 

of the NS3 release can have various causes, e.g. the emerging of mutations or RNA recombination 

(Meyers et al., 1992) and is thought to induce the cpe (Gamlen et al., 2010; St-Louis et al., 2005; Xu et 

al., 2008). 
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The HCV NS2 is a membrane bound cysteine protease, too. Its N-terminal domain consists of three 

putative transmembrane segments and mediates anchorage to the ER membrane (Kim et al., 1999b; 

Santolini et al., 1995). The proteins N-terminus resides within the ER lumen, whereas the C-terminal 

protease domain is located at the cytoplasmic face of the ER membrane (Pallaoro et al., 2001; Santolini 

et al., 1995). HCV NS2 is essential for RNA replication and the production of infectious virus particles, 

the latter possibly by affecting a late step of the viral life cycle (Pietschmann et al., 2006). The HCV 

NS2-NS3 autoprotease is formed by the C-terminal NS2 domain (aa 94-217) and the N-terminal serine 

protease domain of NS3 (aa 1-180) and catalyzes the NS2/NS3 cleavage (Grakoui et al., 1993; Hijikata 

et al., 1993; McLauchlan et al., 2002). The presumed catalytic triad of the NS2-NS3 protease resides 

entirely in NS2 and processing at the NS2/NS3 junction is independent of the NS3 serine protease 

activity (Grakoui et al., 1993; Hijikata et al., 1993). The highly conserved protease domain of NS2 is 

supposed to form dimers with a composite active site that resembles the catalytic triad of cysteine 

proteases (Lorenz et al., 2006c). NS2 itself possesses a low-level intrinsic protease activity. In fact, its 

activity depends on stimulation by the NS3 serine protease domain, defining this domain as supporting 

co-factor for NS2 (Schregel et al., 2009). The crystal structure of the cysteine protease domain 

represents the post-cleavage structure of NS2, which likely differs from the one of the NS2-NS3 

precursor (Lorenz et al., 2006c). Owing to the lack of this precursor structure, there is only very limited 

understanding of the NS2-NS3 cleavage mechanism and its regulation by NS3. One possible 

explanation is that the conserved surface areas of NS2 and NS3 may interact to contribute to a 

catalytically functional NS2-NS3 environment and to facilitate correct positioning of the scissile bond 

(Isken et al., 2015; Lorenz et al., 2006c). 

NS3-NS5B, together with numerous hitherto unknown cellular proteins, constitute the minimal viral 

RNA replication complex or replicase (Behrens et al., 1998). This is supported by the fact that mutations 

preventing RNA replication are described for all of these five viral proteins. Further, the subgenomic 

pestiviral RNA comprising the genes for NS3-5B and the authentic 5’ and 3’ ends is able to 

autonomously replicate itself (Behrens et al., 1998; Grassmann et al., 2001). 

The NS3 protein is the most highly conserved protein within the genus Pestivirus (Becher et al., 1994; 

Meyers and Thiel, 1996). It is a multifunctional protein comprising protease, helicase and NTPase 

activity (Bazan and Fletterick, 1989; Gorbalenya et al., 1989a, 1989b; Tamura et al., 1993; Warrener 

and Collett, 1995; Wiskerchen and Collett, 1991). NS3 possesses two main functional domains which 

are autoproteolytically separated by NS3 (Lamp et al., 2013). The N-terminal domain is a chymotrypsin-

like serine protease (NS3p) catalyzing all cleavages downstream of NS3 (Bazan and Fletterick, 1989; 

Collett et al., 1988, 1991; Gorbalenya et al., 1989b; Tautz et al., 1997, 2000; Wiskerchen and Collett, 

1991; Xu et al., 1997). The NS3/4A cleavage is solely performed in cis, whereas all other cleavages can 

be catalyzed either in cis or in trans. The C-terminal part of NS3 is a helicase (NS3h) assigned to the 
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superfamily 2 (SF2) (Singleton et al., 2007), its structure being recently published (Tortorici et al., 2015). 

All three functions of NS3 are of major importance within the viral replication process. Protease activity 

is essential for polyprotein processing, whereas helicase/NTPase activity is particularly relevant for 

RNA replication (Grassmann et al., 1999; Gu et al., 2000). It is unknown why the serine protease and 

RNA helicase activities are physically linked. Data for HCV NS3 show that the two domains can be 

separated and their enzymatic activities studied in vitro. But their interconnection in the full-length 

NS3 has been proven to strongly influence their individual properties (Frick et al., 2004; Pang et al., 

2002). For instance, the isolated helicase domain preferentially unwinds DNA substrates, but when 

combined with the protease domain in full-length NS3 exhibits an altered substrate selectivity and an 

increased RNA binding and unwinding activity (Beran et al., 2007). Additionally, the helicase domain is 

able to enhance the serine protease activity in the context of the full-length protein (Beran and Pyle, 

2008), suggesting that both enzyme activities may be coordinated during viral replication. 

NS4A is the NS3 protease co-factor for the NS3/4A-mediated cleavages of NS4B/NS5A and NS5A/NS5B 

(Tautz et al., 2000; Xu et al., 1997). Together with NS2-3 it plays an important role in the morphogenesis 

of infectious virus particles (Agapov et al., 2004; Moulin et al., 2007), indicating that NS2-3 and NS3, 

each in complex with NS4A, have distinct functions in the viral life cycle. The HCV NS4A is known to be 

comprised of three distinct domains. Its N-terminal α-helical transmembrane region associates the 

NS3-4A complex with the ER membrane (Brass et al., 2008; Gosert et al., 2005; Wölk et al., 2000).  Its 

central region facilitates interaction with the NS3 protease (Kim et al., 1996; Lin et al., 1995) and its  

C-terminal region is involved in RNA replication and virus particle assembly (Lindenbach et al., 2007; 

Phan et al., 2011). Besides its binding to NS3 it is also involved in several other protein interactions, 

especially with the viral non-structural proteins (Flajolet et al., 2000; Ishido et al., 1998; Lin et al., 1997). 

HCV NS4A serves a variety of functions including co-factor activity for the NS3 serine protease (Failla 

et al., 1994), translation inhibition (Florese et al., 2002; Kato et al., 2002; Kou et al., 2006) and, together 

with NS3, regulation of the innate immune response (Li et al., 2005; Saito and Gale, 2008). 

The pestiviral proteins NS4B and NS5A build the main focus of this work and a comprehensive overview 

of their function and structure will be given in section 2.3 and 2.4. 

NS5B is the viral RNA dependent RNA polymerase (RdRp) (Kao et al., 1999; Steffens et al., 1999; Zhong 

et al., 1998). It is able to bind its cognate 3′ UTR and initiate genome replication in synergy with other 

proteins of the viral replication complex. The highly conserved GDD sequence motif is involved in the 

metal-ion binding regulation and the catalytic activity of the enzyme (Lai et al., 1999; Wang et al., 

2007). NS5B was further shown to be involved in virion morphogenesis as an insertion within its  

C-terminal portion interferes with the assembly of infectious particles (Ansari et al., 2004). 
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2.2.4.6 Virion morphogenesis 

Both viral non-structural and structural proteins are of major importance in the assembly of infectious 

virus particles (Murray et al., 2008b). Thus, p7, NS2-3, NS4A, NS5A and NS5B are crucially involved in 

the process (Agapov et al., 2004; Ansari et al., 2004; Harada et al., 2000; Isken et al., 2014; Moulin et 

al., 2007).  

The enveloped virions with a size of 40 to 60 nm have been proposed to display icosahedral symmetry 

(Gray and Nettleton, 1987; Meyers and Thiel, 1996; Schmeiser et al., 2014; Weiland et al., 1992). The 

pestiviral capsid is of about 25 nm in diameter (Gray and Nettleton, 1987) and consists of viral RNA 

and the viral protein C, supposedly forming a histone-like protein-RNA aggregate (Riedel et al., 2010). 

Knowledge on pestivirus morphogenesis is very limited due to low virus production in infected cells. 

However, microscopic analyses and biochemical methods revealed that the essential glycoproteins Erns 

and E2 as well as NS2-3 and NS3 are almost quantitatively associated with intracellular membranes 

(Grummer et al., 2001). Morphogenesis of virions or virus release from cells has not been observed so 

far, but transmission electron microscopy (TEM) led to detection of virus particles inside ER structures 

(Gray and Nettleton, 1987) and in small cytoplasmic vesicles (Bielefeldt Ohmann et al., 1987). Assembly 

is assumed to be initiated at ER-derived membranes by budding of viral capsids into the cisternae of 

the endoplasmic reticulum at sites of accumulation of viral envelope proteins (Grummer et al., 2001; 

Schmeiser et al., 2014). More recent studies confirm that pestiviral virions exploit the host cell’s 

secretory pathway, along which they are subjected to maturation (Schmeiser et al., 2014). 

Glucosidases of the ER hold a critical function in the correct folding of the viral glycoproteins (Branza-

Nichita et al., 2001; Durantel et al., 2004; Jordan et al., 2002). Additionally, the Golgi apparatus was 

attested to be involved in modification of pestiviral glycoproteins and viral egress (Jordan et al., 2002; 

Macovei et al., 2006; Schmeiser et al., 2014). This suggests that pestiviruses are transported along the 

classical secretory pathway to the cell surface, where they are presumably released by exocytosis 

(Murray et al., 2008b; Rümenapf and Thiel, 2008; Schmeiser et al., 2014).   

2.3 NS4B of the Flaviviridae 

2.3.1 Functional overview 

The hydrophobic protein NS4B of the genus Pestivirus is an essential part of the viral replication 

complex (Collett et al., 1991; Grassmann et al., 2001). It was demonstrated that both the complete 

deletion of BVDV NS4B from the replicon as well as the insertion of additional sequences within NS4B 

cause inhibition of RNA replication and that this effect cannot be complemented in trans (Grassmann 

et al., 2001; Li and McNally, 2001). The same was observed in studies on in-frame deletions of Kunjin 

virus (Kim et al., 2004). In contrast, more recent research suggests that trans-complementation of HCV 

NS4B is possible (Jones et al., 2009; Kazakov et al., 2015). 



2 Introduction 

[17] 

NS4B is thought to be part of a multiprotein complex as there have been reports claiming HCV NS4B 

to co-immunoprecipitate with NS3 and NS4A (Lin et al., 1997) and BVDV NS4B to interact with NS3 and 

NS5A (Qu et al., 2001). For HCV, a complex of NS3, NS4A and NS4B is sufficient for NS5A 

hyperphosphorylation to occur in cis (Koch and Bartenschlager, 1999; Neddermann et al., 1999). 

Pestiviral and HCV NS4B sequences possess two conserved nucleotide binding motifs (NBMs), 

designated Walker A and B, which hold NTPase activity (Einav et al., 2004; Gladue et al., 2011; Walker 

et al., 1982). The NBM of HCV NS4B exhibits adenylate kinase activity in purified preparations 

(Thompson et al., 2009) and was found to specifically bind and hydrolyze ATP, GTP and GDP (Einav et 

al., 2004; Thompson et al., 2009). Mutations of the Walker A motif led to loss of these functions and 

were coupled to severe inhibition of HCV RNA replication, indicating that the HCV NBM is essential for 

NS4B’s activity in viral replication (Einav et al., 2004). CSFV NS4B was shown to hydrolyze both ATP and 

GTP. This hydrolysis activity could be reduced by insertion of mutations within the Walker motifs. 

However, these mutations failed to effect viral replication and virulence (Gladue et al., 2011). 

NS4B also seems to be involved in various kinds of activities in cell culture systems. Thus, HCV NS4B is 

hypothesized to cause malignant transformation of NIH3T3 cells via specific enhancement of the Ras-

mediated signaling pathway (Park et al., 2000). It is further thought to modulate immunological effects 

as it activates NF-κB signaling, which is known to induce inflammatory and immune responses (Kato et 

al., 2000). In addition, NS4B of DENV, YFV and WNV was demonstrated to inhibit the host cell IFNα/β 

response (Guo et al., 2005; Liu et al., 2005; Muñoz-Jordan et al., 2003; Muñoz-Jordán et al., 2005). 

NS4B of BVDV considerably affects viral cytopathogenicity. A single point mutation within the protein 

was shown to be sufficient to cause switching of biotypes from cp to ncp (Qu et al., 2001). HCV NS4B 

might also mediate effects on translation. It inhibits synthesis of RNaseL and the cell cycle regulator 

protein p21/Waf1 by translational interfering (Florese et al., 2002) and upregulates IRES-mediated RNA 

replication (He et al., 2003).  

In addition, HCV NS4B is also discussed to be involved in processes of virus assembly and release (Jones 

et al., 2009; Paul et al., 2011). 

Although data about NS4B proceed to accumulate, key points concerning its currently ascribed 

functions remain to be elucidated. 

2.3.2 NS4B and the formation of the membranous web 

Among all functions of the NS4B its involvement in the formation of the so called membranous web is 

probably the most prominent one.  All positive strand RNA viruses are known to replicate their viral 

RNA in close association with host intracellular membranes. They rearrange these membranes in order 

to generate compartments that protect viral RNA from detection by cytoplasmic pathogen recognition 
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receptors (PRRs) (Randall and Goodbourn, 2008). Within the family Flaviviridae two “morphotypes” of 

membrane alterations can be distinguished, firstly membrane invaginations towards the ER, as has 

been described for Dengue virus or West Nile virus (Gillespie et al., 2010; Welsch et al., 2009), and 

secondly double membrane vesicles, representing extrusions from the ER, as observed for HCV 

(Romero-Brey and Bartenschlager, 2014). 

The first publications on virus-induced membrane alterations for the family Flaviviridae date back as 

far as the 1970th (Stohlman et al., 1975). Transmission electron microscopy (TEM) and electron 

tomography (ET) studies of Dengue Virus (DENV) infected cells revealed a complex collection of 

convoluted and vesicular structures, including convoluted membranes (CMs) and vesicle packets (VPs), 

resulting from invagination of the ER membrane into the ER lumen (Grief et al., 1997; Mackenzie et al., 

1996; Welsch et al., 2009). Both CMs and VPs probably representing the site of DENV replication and 

RNA translation (Mackenzie et al., 1996). West Nile Virus (WNV)  was even shown to induce 

redistribution of the trans-Golgi network (TGN) (Mackenzie et al., 1999) and the rough ER (rER) in 

infected cells (Gillespie et al., 2010).  

Compared to flaviviruses, HCV provokes a different rearrangement of intracellular membranes which 

has been termed the membranous web. It describes compact vesicle accumulations embedded into a 

membranous matrix (Egger et al., 2002), mainly consisting of double membrane vesicles (DMVs) 

originating from ER membranes (Ferraris et al., 2010; Romero-Brey et al., 2012). Additionally, vesicles 

in clusters (ViCs) and contiguous vesicles (CVs) can be detected in HCV infected cells (Ferraris et al., 

2013). All three membrane structures are tightly interconnected and closely associated with lipid 

droplet clusters. The DMVs contain most of the dsRNA signal and are thought to be the sites of genome 

replication, whereas CVs are discussed to be involved in the early stages of viral replication or to 

constitute the membranous platform for virus assembly. 

Much less is known about the membranous replication factories of pestiviruses. TEM analyses revealed 

ultrastructural modifications of the rER into tubules upon pestiviral infection (Birk et al., 2008; Gray 

and Nettleton, 1987; Kubovicová et al., 2008) and other studies describe membrane structures 

consisting of heterogeneous vesicles enclosed in larger vesicles, resembling multivesicular 

bodies (MVBs) reminiscent of Flavivirus VPs (Weiskircher et al., 2009). These MVBs were demonstrated 

to contain dsRNA and the viral core protein which makes them a potential replication compartment. 

However, significant membrane rearrangements have barely been observed yet and the fact that 

replication kinetics of pestiviral genomes do not correlate with distinct membrane alterations argues 

for a major difference between pestiviruses and other members of the family  Flaviviridae (Schmeiser 

et al., 2014). 
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The targeting of viral replication complexes to the respective membrane compartments is mainly 

facilitated by viral non-structural proteins (Salonen et al., 2005) which recognize certain organelle 

subpopulations and often contain multiple hydrophobic domains involved in membrane 

rearrangement. In the case of HCV a concerted action of NS3/4A, NS4B and NS5A is mandatory for 

membranous web formation (Romero-Brey et al., 2012), with NS5A and NS4B being the key players 

(Egger et al., 2002). HCV and DENV NS4B are hydrophobic, integral membrane proteins which initiate 

host membrane rearrangement (Egger et al., 2002; Miller et al., 2006). A recent study suggested that 

oligomerization of HCV NS4B plays a pivotal role in this process (Gouttenoire et al., 2010a). This 

assumption was supported by the finding that mutations interfering NS4B self-interaction resulted in 

the formation of aberrant DMVs (Paul et al., 2011). Hence, NS4B is an essential element in the 

establishment of the replication and assembly platform represented by the membranous web. 

2.3.3 Subcellular localization and membrane topology 

All NS4B proteins of the family Flaviviridae resemble each other in terms of their position within the 

viral genome and in their overall hydrophobicity profiles (Choo et al., 1991), supporting the 

presumption that they ought to be comparable regarding their membrane topology and intracellular 

localization. 

HCV NS4B is an integral membrane protein localized to the ER and to foci-like cytosolic structures 

designated membrane-associated foci (MAFs) (Gretton et al., 2005; Hugle et al., 2001; Lundin et al., 

2003). It is predicted to contain two amphipathic α-helices AH1 (Elazar et al., 2004) and AH2 

(Gouttenoire et al., 2010a) within its N-terminal part, followed by four transmembrane domains 

(TMDs) (Lundin et al., 2003) and two C-terminal α-helices H1 and H2 (Gouttenoire et al., 2010b)  

(Figure 2.2). The respective N- and C-termini of NS4B are assumed to be initially located within the 

cytosol since they are processed by the cytoplasmic NS3 protease (Hijikata et al., 1993; Wölk et al., 

2000). Early experiments showed that NS4B is co-translationally targeted to the ER membrane and 

that the major part of the protein is oriented towards the cytosolic face of the ER. However, they failed 

to prove the presence of transmembrane or luminal fragments (Hugle et al., 2001). Another approach, 

where canonical glycosylation sites were introduced into several positions within NS4B could 

experimentally prove the existence of two distinct TMDs after all (Lundin et al., 2003). Yet another 

study determined an N-terminally located amphipathic α-helix to be involved in NS4B membrane 

association (Elazar et al., 2004). This helix supposedly functions in the mediation of topological changes 

within NS4B, namely the translocation of its N-terminal region from the cytosolic to the luminal face 

of the ER membrane (Elazar et al., 2004; Lundin et al., 2003). This translocation model is strongly 

supported by the fact that the N-termini of DENV and YFV NS4B proteins are also located within the 

ER lumen (Cahour et al., 1992; Lin et al., 1993) arguing for a potential shared topology and common 
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function of Flaviviridae NS4B. Nevertheless, an exact model for the NS4B membrane topology is not 

available to date and a variety of topologies has been proposed.  

 

Figure 2.2: Schematic representation of the predicted HCV NS4B membrane topology according to 

Paul et al. (Paul et al., 2011). Barrels indicate secondary structure elements: AH, amphipathic  

α-helix; H, α-helix; TM, transmembrane region; lines represent loop or linker regions; the arrow 

displays the posttranslational flip of the N-terminus into the ER lumen; NBM, nucleotide binding motif; 

numbering according to aa of JFH1 NS4B. 

2.4 NS5A of the Flaviviridae 

2.4.1 Functional overview 

NS5A is a phosphorylated zinc metalloprotein with a crucial but not fully understood function in RNA 

replication (Reed et al., 1998; Tellinghuisen et al., 2006). It was one of the first replicase proteins of 

pestiviruses and HCV whose function could be complemented in trans (Appel et al., 2005; Grassmann 

et al., 2001). Phosphorylation of NS5A is a conserved feature among the genera of Pestivirus and 

Hepacivirus and is also found in Flavivirus NS5 proteins, arguing for an essential role within the 

Flaviviridae life cycle (Reed et al., 1998). NS5A phosphorylation occurs on multiple serine residues and 

is mediated by cellular kinases (Coito et al., 2004; Ide et al., 1997; Katze et al., 2000; Kim et al., 1999a; 

Reed and Rice, 1999; Reed et al., 1997, 1998; Tellinghuisen et al., 2006). In case of HCV, NS5A can be 

separated into the hypophosphorylated (56 kDa) and hyperphosphorylated (58 kDa) form in SDS-PAGE 

analysis (Kaneko et al., 1994; Reed et al., 1998; Tanji et al., 1995). The phosphorylation state being of 

major importance in the HCV life cycle, as it modulates the viral RNA replication efficiency  

(Appel et al., 2005; Evans et al., 2004; Neddermann et al., 2004). In fact, recent studies suggest that 

the ratio of hyper- to hypophosphorylated NS5A determines the replicational outcome (Isken et al., 

2015). 

The hydrophilic NS5A interacts with numerous viral and cellular proteins (Schmitz and Tan, 2008) and 

is involved in diverse cellular processes, such as apoptosis (Chung et al., 2003) and interferon resistance 

(Blight, 2000; Gale et al., 1997). 
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HCV NS5A is one of the key players in the formation of the membranous web. Among all replicase 

components, capable of inducing membrane vesiculations, NS5A holds the highest potential to trigger 

membrane curvature and to induce DMVs (Romero-Brey et al., 2012). Its amphipathic α-helix is 

believed to play a particularly important role in this process (Sapay et al., 2006).  

NS5A of the family Flaviviridae is supposed to hold a conserved function in the formation of functional 

replication complexes by targeting other non-structural proteins to ER or ER-derived membranes 

(Brass et al., 2007; Sapay et al., 2006). Fractions of HCV NS5A also localize at the LD surface, where the 

protein interacts with several other viral components, like core, initiating infectious virus particle 

formation (Masaki et al., 2008; Miyanari et al., 2007; Shi et al., 2002). 

The N-terminal domain of HCV NS5A mediates membrane association and is thought to form 

dimers which  accommodate either single- or double-stranded RNA (Huang et al., 2005; Tellinghuisen 

et al., 2004, 2005). In fact all three domains of the protein were proven to possess RNA binding 

capability (Foster et al., 2010; Huang et al., 2005). The NS5A of CSFV has also been shown to interact 

with RNA, as it regulates viral RNA replication by interacting with the NS5B RdRp and binding to the 3′ 

UTR of the viral RNA genome (Chen et al., 2012; Xiao et al., 2009). Thus, NS5A may regulate the viral 

life cycle by binding and coordinating the different fates of viral RNA during translation, replication, 

and packaging. 

2.4.2 NS5A structure and domain organization 

The N-termini of BVDV and HCV NS5A have been shown to form an in-plane amphipathic α-helix which 

anchors the protein to host intracellular membranes (Brass et al., 2002; Miyanari et al., 2007; Sapay et 

al., 2006; Shi et al., 2002), whereas the C-terminal part of NS5A appears to lack major elements of 

secondary structure and possesses great structural flexibility. Both HCV and BVDV NS5A are  

organized into three distinct domains  interspaced by two low-complexity sequences, LCS I and II  

(Isken et al., 2014; Tellinghuisen et al., 2004) (Figure 2.3).  

Crystallization of HCV NS5A domain I, which comprises the N-terminal α-helix, revealed that it forms a 

“claw-like” dimer with a novel fold and coordinates Zn2+ through a unique motif (Tellinghuisen et al., 

2004, 2005). In contrast, domains II and III are thought to be intrinsically unstructured and to undergo 

induced folding upon ligand binding (Dyson and Wright, 2005; Hanoulle et al., 2010). Furthermore, 

large parts of domains II and III of HCV NS5A can be omitted without impeding RNA replication and 

almost all of domain III can be replaced by GFP without significant impact, provided that polyprotein 

processing between NS5A and NS5B can still take place (Appel et al., 2005; Liu et al., 2006; Moradpour 

et al., 2004; Tellinghuisen et al., 2008a). 
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Figure 2.3: Scheme of the domain organization of HCV and BVDV NS5A according to Tellinghuisen et 

al. (Tellinghuisen et al., 2004) and Isken et al. (Isken et al., 2014), respectively. The NS5A protein 

consists of three distinct domains (dark gray boxes) interspaced by two low complexity sequences 

(light gray boxes). The N-terminal amphipathic α-helix is marked by the dark section (H). Amino (N) 

and carboxyl (C) termini of NS5A are indicated. The zinc-binding site with the four conserved cysteine 

residues (black bars; C34/C39, C57, C59 and C80/C84) is indicated in domain I. Numbers refer to amino 

acid numbering of [A] HCV Con1 NS5A and [B] BVDV-1 CP7 NS5A. 

2.4.3 NS5A in live cell imaging and proteomics 

To examine the function of NS5A within the viral life cycle replicons allowing direct visualization of 

functional replication complexes represent a promising tool. In case of HCV, two sites tolerating 

insertions of heterologous sequences in the NS5A C-terminal region have been identified by 

transposon-mediated mutagenesis (Moradpour et al., 2004). Replicons encoding GFP at these 

positions permitted efficient HCV RNA replication and did not impair polyprotein processing, revealing 

a surprising flexibility of HCV NS5A within the RNA replication machinery. Confocal imaging 

demonstrated that NS5A-GFP colocalized with other HCV nonstructural proteins and viral RNA, 

suggesting that the fusion protein is incorporated into functional replication complexes. Thus, NS5A-

GFP could be used to analyze formation and turnover of HCV replication complexes in living cells 

(Moradpour et al., 2004). A deletion study addressing the C-terminal half of BVDV NS5A demonstrated 

that this protein exhibits far less flexibility when compared to HCV NS5A. Nevertheless, it was possible 

to generate a functional BVDV replicon coding for an NS5A variant with an insertion of the fluorescent 

protein mCherry in the LCS I (Isken et al., 2014). 

Other groups obtained similar results concerning the tolerance of HCV NS5A towards GFP insertions 

(McCormick et al., 2006). They additionally focused on introducing novel tags into the C-terminal end 

of HCV NS5A to facilitate efficient and rapid purification of NS5A and associated proteins. Therefore 

the Propionibacterium shermanii transcarboxylase domain (PSTCD) was inserted into the protein 

which yielded functional subgenomic replicons (McCormick et al., 2006).  
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2.5 Objective 

This present study was aimed at gaining a better understanding of the pestiviral replicase proteins 

NS4B and NS5A. Therefore, the first part of the thesis is concentrating on the establishment of BVDV 

replication systems, expressing fluorescently labeled or antibody epitope tagged variants of both 

proteins. Derivatives were analyzed for their functionality in terms of RNA replication, virion 

morphogenesis and tag- or fluorescence-detectability, respectively. Viable derivatives were used for 

comprehensive protein studies and replication complex analysis by e.g. different microscopic imaging 

techniques. The second objective of the study is linked to own preliminary work (Langerwisch, 2011) 

and focuses on a detailed experimental characterization of the BVDV NS4B on a functional and 

topological level. The subcellular localization of the protein was addressed by using confocal 

microscopy and a recombinant BVDV NS4B fused to eYFP. Following, an NS4B membrane topology 

model was established by a combination of biocomputational predictions and molecular biological 

methods. Finally, the potential role of NS4B in RNA replication and other stages of the viral life cycle 

was investigated by performing a reverse genetic study. For this, NS4B mutants, carrying single amino 

acid substitutions, were analyzed for their RNA replication capacity and virion morphogenesis 

capability in order to identify functionally important amino acids within NS4B. 
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3 Materials and methods 

3.1 Materials 

3.1.1 Chemicals 

name manufacturer 

acetic acid Roth, Karlsruhe, Germany 

AccuGENE PBS Lonza, Hessisch Oldendorf, Germany 

acrylamide (4K solution 40 %) Applichem, Darmstadt, Germany 

adenosine triphosphate (ATP) Sigma-Aldrich, Taufkirchen, Germany 

Agarose ultraPURE™ Invitrogen, Darmstadt, Germany 

ampicillin Roth, Karlsruhe, Germany 

ammonium persulfate (APS) Roth, Karlsruhe, Germany 

bovine serum albumin (BSA) NEB, Frankfurt/Main, Germany 

bromophenol blue Fluka, Sigma-Aldrich Taufkirchen, Germany 

calcium chloride (CaCl2) Merck, Darmstadt, Germany 

4,6-Diamidin-2-phenylindol (DAPI) Roche, Mannheim, Germany 

4,4-difluoro-1,3,5,7,8-pentamethyl-4-

bora-3a,4a-diaza-s-indacene (Bodipy 

493/503) 

Molecular Probes, Invitrogen, Darmstadt, Germany 

digitonin Sigma-Aldrich Taufkirchen, Germany 

dimethylformamide Roth, Karlsruhe, Germany 

dimethyl sulfoxide (DMSO) Roth, Karlsruhe, Germany 

disodium phosphate (Na2HPO4) Merck, Darmstadt, Germany 

dithiothreitol (DTT) Invitrogen, Darmstadt, Germany 

Dulbecco’s modified essential medium 

(DMEM) 

PAA, Cölbe, Germany 

deoxynucleoside triphosphate (dNTPs) Life Technologies, Invitrogen, Darmstadt, Germany 

double distilled water (ddH2O) Roth, Karlsruhe, Germany 

ethylene diamine tetraacetic acid 

(EDTA) 

Roth, Karlsruhe, Germany 

ethylene glycol tetraacetic acid (EGTA) Sigma-Aldrich Taufkirchen, Germany 

ethanol Roth, Karlsruhe, Germany 

ethidium bromide Roth, Karlsruhe, Germany 

fetal calf serum (FCS) PAA, Cölbe, Germany  

Sigma-Aldrich, Taufkirchen, Germany 

Generuler 1 kb Plus DNA Ladder Thermo Scientific, Schwerte, Germany 

geneticin (G418) Gibco®, Thermo Fisher Scientific, Darmstadt, Germany 

glutathione disulfide (GSSG) Sigma-Aldrich, Taufkirchen, Germany 

glycine Biomol, Hamburg, Germany 

glycerin Roth, Karlsruhe, Germany 

4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) 

Roth, Karlsruhe, Germany 

horse serum PAA, Cölbe, Germany  

hydrochloric acid (HCl) Roth, Karlsruhe, Germany 
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isopropanol Roth, Karlsruhe, Germany 

isopropyl β-D-1-thiogalactopyranoside 

(IPTG) 

Roth, Karlsruhe, Germany 

kanamycin Roth, Karlsruhe, Germany 

lysogeny broth agar (LB-agar) Roth, Karlsruhe, Germany 

lysogeny broth medium (LB-medium) Roth, Karlsruhe, Germany 

dried skim milk Roth, Karlsruhe, Germany 

magnesium chloride (MgCl2) Roth, Karlsruhe, Germany 

magnesium sulfate (MgSO4) Merck, Darmstadt, Germany 

manganese(II) chloride (MnCl2) Roth, Karlsruhe, Germany 

β-Mercaptoethanol Roth, Karlsruhe, Germany 

methanol Roth, Karlsruhe, Germany 

Midori Green NIPPON Genetics, Düren, Germany 

3-(N-morpholino)propansulfonic acid 

(MOPS) 

Roth, Karlsruhe, Germany 

N-octylglucopyranoside Sigma-Aldrich Taufkirchen, Germany 

nonyl-phenoxypolyethoxylethanol  

(NP-40) 

Fluka, Sigma-Aldrich Taufkirchen, Germany 

paraformaldehyde Affymetrix, USB, Cleveland, OH, USA 

PefablocSC Roth, Karlsruhe, Germany 

penicillin/streptomycin Gibco®, Thermo Fisher Scientific, Darmstadt, Germany 

Ponceau Serva, Heidelberg, Germany 

potassium acetate (KAc) Roth, Karlsruhe, Germany 

potassium dihydrogen orthophosphate 

(KH2PO4) 

Merck, Darmstadt, Germany 

potassium chloride (KCl) Roth, Karlsruhe, Germany 

potassium hydroxide (KOH) Roth, Karlsruhe, Germany 

Protein-G-Sepharose Sigma-Aldrich Taufkirchen, Germany 

rubidium chloride (RbCl) Merck, Darmstadt, Germany 

sodium dodecyl sulfate (SDS) Roth, Karlsruhe, Germany 

sodium chloride (NaCl) Roth, Karlsruhe, Germany 

sodium-desoxycholate Roth, Karlsruhe, Germany 

sodium hydroxide (NaOH) Roth, Karlsruhe, Germany 

SuperFect® Transfection Reagent QIAGEN, Hilden, Germany 

Tetramethylethylenediamine (TEMED) Roth, Karlsruhe, Germany 

N-(Tri(hydroxymethyl)methyl)glycine 

(Tricine) 

Roth, Karlsruhe, Germany 

tris(hydroxymethyl)aminomethane 

(Tris) 

Roth, Karlsruhe, Germany 

trypsin/EDTA Sigma-Aldrich, Taufkirchen, Germany 

Tween 20 Invitrogen, Darmstadt, Germany 

5-bromo-4-chloro-3-indolyl-β-D-

galactopyranoside (X-Gal) 

ICN, Eschwege, Germany 

xylene cyanol ff Schwab Reagenzien, Villmar-Aumenau, Germany 
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3.1.2 Buffers and solutions 

name chemical composition 

acrylamide separating gel (8/12 %)  2/3 ml acrylamide (4K solution 40 %) , 3.3 ml Jagow buffer, 

500 µl glycerin, 50 µl APS, 5 µl TEMED, ad 10 ml ddH2O 

acrylamide stacking gel (4 %) 1 ml acrylamide, 2.5 ml Jagow gel buffer, 6.4 ml ddH2O,  

80 µl APS, 10 µl TEMED 

annealing buffer 10mM Tris, 50 mM NaCl, 1mM EDTA, pH 7.5-8.0 

anode buffer  2 M Tris, pH 8.9 (adjusted with HCl) 

APS solution (10 %) 1 g APS ad 10 ml ddH2O 

blocking solution 5 % (w/v) dried skim milk in PBS-Tween 

cathode buffer 1 M Tris, 1 M Tricin, 1 % SDS, pH 8.25 (adjusted with HCl) 

DAPI-solution 2 mg/ml DAPI in ddH2O 

DNA sample buffer (6x) 10 mM Tris (pH 7.6), 60 mM EDTA, 0.03 % (w/v) xylene 

cyanol ff, 60 % (v/v) glycerin, 0.03 % (w/v) bromophenol 

blue 

dNTP-mix ATP, CTP, GTP, TTP, 10 mM each in ddH2O 

electroporation buffer 120 mM KCl, 10 mM KH2PO4, 2 mM EGTA, 5 mM MgCl2,  

25 mM HEPES, 0.5 mM CaCl2, pH 7.5 – 7.6 

subsequently adding  5 mM GSSG and 2 mM ATP 

Jagow gel buffer 3 M Tris, 0.3 % SDS, pH 8.45 (adjusted with HCl) 

KHM buffer 110 mM KAc, 20 mM HEPES, 2 mMMgCl2, pH 7.3 

LB++-medium 20 mM MgSO4, 10 mM KCl in LB-medium 

P1 50 mM Tris (pH 8.0), 10 mM EDTA, 100 mg/l RNase A 

P2 200 mM NaOH, 1 % (w/v) SDS 

P3 2.3 M KAc, pH 5.1 

PBS 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2HPO4,  

1.47 mM KH 2PO4, pH 7.4 (adjusted with HCl) 

PBS buffer for α-Strep Classic 4 mM KH2PO4, 16 mM Na2HPO4, 115 mM NaCl, pH 7.4 

PBS-blocking buffer for α-Strep Classic 3 % BSA, 0.5 % (v/v) Tween 20 in PBS buffer 

PBS-Tween buffer for α-Strep Classic 0.1 % (v/v) Tween 20 in PBS buffer 

PBS-Tween 0,05 % (v/v) Tween 20  in PBS 

protein sample buffer 10.65 ml ddH2O, 3.75 ml 0.5 M Tris (pH 6.8), 7.5 ml 

glycerin, 6 ml 10 % SDS, 0.6 ml 0.5 % bromophenol blue 

(50 µl β-Mercaptoethanol ad 1 ml protein sample buffer) 

RIPA(G) 150 mM NaCl, 1 % NP-40, 0.5 % sodium-desoxycholate, 

0.1 % SDS, 50 mM Tris (pH 8.0), 1 mM PefablocSC 

TAE buffer 2 % (v/v) TAE buffer (50x Modified Tris-Acetate EDTA 

buffer; Merck Millipore, Darmstadt, Germany), 0.001 % 

(v/v) Midori Green 

TfBI 30 mM KAc, 100 mM RbCl, 10 mM CaCl2, 50 mM MnCl2, 

15 % (v/v) glycerin, pH 5.8 (adjusted with acetic acid) 

TfBII 10 mM MOPS, 75 mM CaCl2, 10 mM RbCl 15 % (v/v) 

glycerin, pH 6.5 (adjusted with KOH) 

transfer buffer 48 mM Tris, 39 mM glycin, 20  % (v/v) methanol 

X-Gal 40 mg/ml X-Gal in dimethylformamide 
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3.1.3 Enzymes 

enzyme name manufacturer 

Antarctic Phosphatase NEB, Frankfurt/Main, Germany 

Klenow Fragment NEB, Frankfurt/Main, Germany 

Pfu DNA polymerase Thermo Scientific, Schwerte, Germany 

PNGase F NEB, Frankfurt/Main, Germany 

restriction endonucleases NEB, Frankfurt/Main, Germany 

ribonuclease A (RNase A) Roth, Karlsruhe, Germany 

RNase OUT™ Invitrogen, Darmstadt, Germany 

SP6 RNA polymerase Ambion, Austin, TX, USA 

SuperScript® II Reverse Transcriptase Invitrogen, Darmstadt, Germany 

T4 DNA Ligase NEB, Frankfurt/Main, Germany 

Promega, Madison, WI, USA 

Taq DNA polymerase NatuTec, Frankfurt/Main, Germany 

trypsin Sigma-Aldrich, Taufkirchen, Germany 

T7 RNA polymerase Ambion, Austin, TX, USA 

 

3.1.4 Kits 

item name manufacturer 

AnaTag™ HiLyte Fluor™ 555 Protein 

Labeling Kit 

AnaSpec, Fremont, CA, USA 

Expand Long Template PCR Kit Roche, Mannheim, Germany 

MAXIscriptTM SP6/T7 Kit Ambion, Austin, TX, USA 

Millipore MontageTM Gel Extraction Kit Merck Millipore, Darmstadt, Germany 

Nucleobond® AX 100 Macherey-Nagel, Düren, Germany 

pGEM®-T vector Kit Promega, Madison, WI, USA 

QIAquick® Gel Extraction Kit QIAGEN, Hilden, Germany 

Renilla Glow-Juice Kit PJK, Kleinblittersdorf, Germany 

RNeasy Mini Kit QIAGEN, Hilden, Germany 

Western Lightning chemiluminescence 

reagent plus 

PerkinElmer, Boston, MA, USA 

 

3.1.5 Consumables 

item name manufacturer 

cell culture dishes (Ø 10 cm) BD FalconTM, Franklin Lakes, NJ, USA 

culture flasks (75 cm2) Corning, Amsterdam, Netherlands 

cell culture plates (6-well plates) BD FalconTM, Franklin Lakes, NJ, USA 

TPP, Trasadingen, Switzerland 

cell scrapers TPP, Trasadingen, Schwitzerland 

cellulose filters (0.2 µm) (Minisart®) Sartorius, Göttingen, Germany 

cryotubes Roth, Karlsruhe, Germany 

TPP, Trasadingen, Schwitzerland 

electroporation cuvette (2 mm gap) Sigma-Aldrich, Taufkirchen, Germany 

filter paper Whatman, Solingen, Germany 
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glass bottom dishes (Ø 35 mm) MatTek Corporation, Ashland, MA, USA 

glass coverslips (Ø 25 mm) Menzel Gläser, Braunschweig, Germany 

microtiter plates (96-well plates) TPP, Trasadingen, Schwitzerland 

nitrocellulose membranes Pall Life Sciences, Port Washington, NY, USA 

PCR tubes Biozym, Hessisch Oldendorf, Germany 

petri dishes Greiner bio-one, Frickenhausen, Germany 

pipette tips Sarstedt, Nümbrecht, Germany 

reaction tubes (1.5 and 2 ml) Sarstedt, Nümbrecht, Germany 

reaction tubes (15 and 50 ml) Sarstedt, Nümbrecht, Germany 

TPP, Trasadingen, Switzerland 

syringes BD FalconTM, Franklin Lakes, NJ, USA 

 

3.1.6 Devices 

item name manufacturer 

balance Sartorius, Göttingen, Germany 

Beckmann centrifuge (Avanti J-25) Beckmann (Avanti), Krefeld, Germany 

chambers for agarose gel 

electrophoresis  

workshop MZI, JLU Gießen, Germany 

charge-coupled device camera 

AxioCam 

Zeiss, Jena, Germany 

charge-coupled device camera iXon EM+ Andor Technology, Belfast, UK 

charge-coupled device camera FOculus New Electronic Technology, Finning, Germany 

clean benches 

(MSC advance, BSC-EN-2-6 120) 

Thermo Fisher Scientific, Schwerte, Germany 

Zapf, Ferrara, Italien 

confocal microscope Nikon Ti Eclipse Nikon Instruments, Melville, NY, USA 

confocal spinning disk CSU-X1 Yokogawa Electric Corp., Tokio, Japan 

Cryo 1 °C Freezing containers 

(Nalgene®) 

Thermo Scientific, Schwerte, Germany 

electroporation devices  

(Gene Pulser® Xcell, Gene Pulser® II) 

Biorad, Munich, Germany 

fluorescence microscope  

(Axio Observer.Z1) 

Zeiss, Jena, Germany 

glassware Schott, Mainz, Germany 

heating block Liebisch Labortechnik, Bielefeld,Germany 

Image Analyzer (LAS-4000mini) Fujifilm, Düsseldorf, Germany 

incubator for bacterial cultures Bachofer, Reutlingen, Germany 

incubator shaker for bacterial cultures 

(HT Multitron) 

Infors HT, Basel, Schwitzerland 

incubators with CO2 supply 

Labotect Incubator (C200, C42) 

Labotect, Göttingen, Germany 

laser system Andor Technology, Belfast, UK 

light microscope (Axiovert 25) Zeiss, Jena, Germany 

Luminometer Junior LB9509  Berthold Technologies, Bad Wildbad, Germany 

magnetic stirrer (Magnetomix®) IKA, Staufen, Germany 
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minishaker (Vibrax VXR) IKA, Staufen, Germany 

multi-channel pipettor (PreCision®) Biozym, Hessisch Oldendorf, Germany 

NanoDrop 2000 c Spectrophotometer Thermo Fisher Scientific, Schwerte, Germany 

pH meter Mettler Toledo, Gießen, Germany 

pipettes (Pipetman neo) Gilson, Middleton, WI, USA 

pipettor (PipetBoy Acu) IBS Integra Biosciences, Fernwald, Germany 

platform shaker (Polymax 1040) Heidolph Instruments, Schwalbach, Germany 

power supply (P25) Biometra, Göttingen, Germany 

power supply 

(PowerPac Basic, PowerPac HC) 

Biorad, Munich, Germany 

 

SDS-Page equipment (Mini-PROTEAN®) Biorad, Munich, Germany 

spinning wheel NeoLab, Heidelberg, Germany 

suction device KNFLab Laboport, Freiburg, Germany 

tabletop centrifuge (5415D) Eppendorf, Hamburg, Germany 

tabletop centrifuge, coolable (5415R) Eppendorf, Hamburg,Germany 

tabletop centrifuge, coolable (5804R) Eppendorf, Hamburg,Germany 

tank blot device  

(Mini-PROTEAN® Tetra Cell) 

BioRad, Munich, Germany 

thermocycler (pico) Finnzymes, Schwerte, Germany 

thermomixer comfort Eppendorf, Hamburg,Germany 

ultrasonic unit (Sonorex) BANDELIN electronic, Berlin 

UV transilluminator 254 nm (Fluo_Link) Bioblock Scientific, Illkirch,Germany 

UV transilluminator 312 nm UVP, Upland, CA, USA 

vortexer IKA Labortechnik, Staufen, Germany 

water bath Memmert, Schwabach, Germany 

 

3.1.7 Antibodies 

antibody name description and origin 

α-BVDV NS3 8.12.7 mouse monoclonal antibody directed against an epitope 

of NS3 of all species analyzed within the genus pestivirus; 

provided by E. J. Dubovi (New York State College of 

Veterinary Medicine, Cornell University, Ithaka, New York, 

USA) (Corapi et al., 1990) 

α-BVDV NS3 8.12.7 HiLyte FluorTM 555 mouse monoclonal antibody directed against an epitope 

of NS3 of all species analyzed within the genus pestivirus, 

conjugated with HiLyte FluorTM 555 

α-BVDV NS4A GH4A1 [4B7] mouse monoclonal antibody directed against an epitope 

of CSFV NS4A, cross reactive with BVDV NS4A; provided by 

B. Lamp (University of Veterinary Medicine, Vienna, 

Austria) (Lamp et al., 2011) 

α-BVDV NS4B GL4B1 mouse monoclonal antibody directed against an epitope 

of CSFV NS4B, cross reactive with BVDV NS4B; provided by 

B. Lamp (University of Veterinary Medicine, Vienna, 

Austria) (Lamp et al., 2011) 
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α-BVDV NS5A GLBVD5A1 (11C) mouse monoclonal antibody directed against an epitope 

of CSFV NS5A, cross reactive with BVDV NS5A; provided by 

B. Lamp (University of Veterinary Medicine, Vienna, 

Austria) (Isken et al., 2014)  

α-BVDV NS5B GLBVD5B1 [9A] mouse monoclonal antibody directed against an epitope 

of CSFV NS5B, cross reactive with BVDV NS5B; provided by 

B. Lamp (University of Veterinary Medicine, Vienna, 

Austria) (Isken et al., 2014) 

α-FLAG® mouse monoclonal antibody directed against the Flag®-

epitope;  Sigma-Aldrich, Taufkirchen, Germany 

α-mouse AlexaFluor®430 goat monoclonal antibody directed against IgG from mice, 

conjugated with Alexa Fluor® 430 dye; Molecular Probes, 

Darmstadt, Germany 

α-mouse AlexaFluor®488 goat monoclonal antibody directed against IgG from mice, 

conjugated with Alexa Fluor® 488 dye; Molecular Probes, 

Darmstadt, Germany 

α-mouse  AlexaFluor®647 goat monoclonal antibody directed against IgG from mice, 

conjugated with Alexa Fluor® 647 dye; Molecular Probes, 

Darmstadt, Germany 

α-mouse Cy3® conjugated goat monoclonal antibody directed against IgG from mice, 

conjugated with Cy3®; Dianova, Hamburg, Germany 

α-mouse PO goat monoclonal antibody directed against IgG from mice, 

conjugated with horseradish peroxidase (HRP); Dianova, 

Hamburg, Germany 

α-rabbit AlexaFluor®488 goat monoclonal antibody directed against IgG from 

rabbits, conjugated with Alexa Fluor® 430 dye; Molecular 

Probes, Darmstadt, Germany 

α-rabbit PO goat monoclonal antibody directed against IgG from 

rabbits, conjugated with horseradish peroxidase (HRP); 

Dianova, Hamburg, Germany 

α-HA.11 Clone 16B12 mouse monoclonal antibody directed against the HA-

epitope; Covance, Münster, Germany 

α-HA-Tag C29F4 rabbit monoclonal antibody directed against the HA-

epitope; Cell Signaling Technology®, NEB, Frankfurt/Main, 

Germany 

α-HCV NS4B rabbit polyclonal antibody directed against Con1 NS4B, 

cross reactive with JFH1 NS4B; provided by R. 

Bartenschlager (University of Heidelberg, Heidelberg, 

Germany)  (Paul et al., 2011) 

α-Strep Classic mouse monoclonal antibody directed against the Strep- 

tag II®; IBA, Göttingen, Germany 
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3.1.8 E. coli strains 

strain name description and application 

DH5α F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG 

Φ80dlacZΔM15 Δ (lacZYA-argF) U169, hsdR17(rK
- mK

+), λ–;  

for pBluescript II SK(-) and pGEM®-T-vector cloning, 

blue/white screening 

Gm33 F- dam-3 rspL136 xyl-5 mtl-1 thi-1 sup-85 (Am); 

for generation of Dam- and Dcm methylation negative 

plasmid DNA 

HB101 F- mcrB mrr hsdS20 (rB
- mB

-) recA13 leuB6 ara-14 proA2 

lacY1 galK2 xyl-5 mtl-1 rpsL20(SmR) glnV44 λ-; 

for routine cloning 

 

3.1.9 Eukaryotic cells 

cell line origin 

Huh7-T7 human hepatoma cell line expressing T7 RNA polymerase 

(Schultz et al., 1996) obtained from Stan Lemon, UNC, 

Chapel Hill, NC 

MDBK Madin-Darby bovine kidney cell line, obtained from the 

American Type Culture Collection (ATCC), Rockville, MD 

Vero African green monkey kidney epithelial cell line, obtained 

from the American Type Culture Collection (ATCC), 

Rockville, MD 

 

3.1.10 Viruses 

virus origin 

CP7 cytopathogenic BVDV-1 strain CP7 (Baroth et al., 2000; 

Pankraz et al., 2005), provided by E. J. Dubovi (New York 

State College of Veterinary Medicine, Cornell University, 

Ithaka, New York, USA) 

NCP7 non-cytopathogenic BVDV-1 strain NCP7 (Baroth et al., 

2000; Pankraz et al., 2005), provided by E. J. Dubovi (New 

York State College of Veterinary Medicine, Cornell 

University, Ithaka, New York, USA) 

MVA-T7pol recombinant Vaccinia virus modified virus Ankara (MVA)-

T7pol (Sutter et al., 1995), provided by G. Sutter (LMU, 

Munich, Germany) 
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3.1.11 Plasmids 

Table 3.1.11.1 Commercially obtained plasmids 

plasmid name application and origin 
pBluescript II SK(-) vector used for subcloning; Agilent Technologies, La Jolla, 

CA, USA 
pCite-2A vector used for subcloning and expression vector for 

MVA-T7pol  mediated gene expression in Huh7-T7 cells; 
Novagen, Merck, Darmstadt, Germany 

pEYFP-C1 codes for the enhanced yellow-green variant of Aequorea 

victoria green fluorescent protein (GFP), allows fusion of 
peptides and proteins to the C-terminus of the 
fluorescent protein; Clontech, Mountain View, CA USA 

pEYFP-N1 codes for the enhanced yellow-green variant of Aequorea 

victoria green fluorescent protein (GFP), allows fusion of 
peptides and proteins to the N-terminus of the 
fluorescent protein; Clontech, Mountain View, CA USA 

pGEM®-T linearized vector with a single 3’-terminal thymidine at 
both ends for ligation of PCR products generated by Taq 
DNA polymerase; Promega, Madison, WI, USA 

pLitmus28i, -38i vectors used for subcloning; New England Biolabs, 
Ipswich, MA, USA 

pMK–11AAC2DP BVD_NS4B_Helices contains the synthetic gene BVD_NS4B_Helices which 
comprises 9 putative α-helices of BVDV NS4B, each 
flanked by an N-terminal KpnI and a C-terminal BamHI 
site; the single helices are separated by singular 
restriction sites; the gene was inserted to pMK (kanR) via 
SacI and HindIII; GeneArt AG, Life technologies, 
Invitrogen, Darmstadt, Germany 

 

Table 3.1.11.2 Plasmids containing viral full-length or subgenomic cDNAs 

plasmid name description and application 

BVDV pBici-388 NS4B-EI-NS2-3’ bicistronic replicon based on BVDV pBici-388 RLuc NS2-3’, 

the first ORF comprises the genes for Npro and BVDV-NS4B, 

the second ORF encodes NS2-5B (replicase), ORFs are 

separated by an EMCV-IRES; used for trans-

complementation studies 

BVDV pBici-388 RLuc NS2-3’ bicistronic reporter gene replicon, the first ORF comprises 

the genes for Npro and Renilla luciferase (RLuc), the second 

ORF encodes NS2-5B (replicase), ORFs are separated by an 

EMCV-IRES (Isken et al., 2014); allows quantification of 

RNA replication 

BVDV pBici-388 RLuc NS2-3’ GAA replication deficient reporter gene replicon based on 

BVDV pBici-388 RLuc NS2-3’, contains the active site 

mutation GDD� GAA within the viral RNA polymerase 

NS5B; serves as negative control 
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BVDV pBici-388 RLuc NS3-3’ bicistronic reporter gene replicon, the first ORF comprises 

the genes for Npro and Renilla luciferase (RLuc), the second 

ORF encodes NS3-5B (minimal replicase), ORFs are 

separated by an EMCV-IRES (Isken et al., 2014) ; allows 

quantification of RNA replication 

BVDV pBici-388 RLuc NS3-3’ GAA replication deficient reporter gene replicon based on 

BVDV pBici-388 RLuc NS3-3’, contains the active site 

mutation GDD� GAA within the viral RNA polymerase 

NS5B; serves as negative control 

BVDV pCP7-388 authentic full-length infectious BVDV cDNA clone from the 

cytopathogenic BVDV-1 strain CP7 (Baroth et al., 2000; 

Pankraz et al., 2005); allows analysis of viral replication 

BVDV pCP7-388 GAA replication deficient full-length cDNA clone based on 

BVDV pCP7-388, contains the active site mutation GDD� 

GAA within the viral RNA polymerase NS5B; serves as 

negative control 

BVDV pNCP7-388 authentic full-length infectious BVDV cDNA clone from the 

non-cytopathogenic BVDV-1 strain NCP7  (Baroth et al., 

2000; Pankraz et al., 2005); allows analysis of viral 

replication 

BVDV pNCP7-388 GAA replication deficient full-length cDNA clone based on 

BVDV pNCP7-388, contains the active site mutation 

GDD� GAA within the viral RNA polymerase NS5B; serves 

as negative control 

BVDV pSP6DI-388 BVDV replicon based on DI9 (Tautz et al., 1999); the 

plasmid encodes Npro followed by NS3-NS5B (minimal 

replicase) of BVDV-1 CP7, the subgenome is flanked by the 

authentic 5’ and 3’ UTR; carries an SP6-promoter 

upstream the 5’ UTR (Isken et al., 2014); used to analyze 

RNA replication 

BVDV pSP6DI-388 GAA replication deficient replicon based on BVDV pSP6DI-388, 

contains the active site mutation GDD� GAA within the 

viral RNA polymerase NS5B; serves as negative control 

BVDV pT7DI-388 BVDV replicon based on DI9 (Tautz et al., 1999); the 

plasmid encodes Npro followed by NS3-NS5B (minimal 

replicase) of BVDV-1 CP7, the subgenome is flanked by the 

authentic 5’ and 3’ UTR; carries an T7-promoter upstream 

the 5’ UTR (Isken et al., 2014); used to analyze RNA 

replication and for T7-mediated gene expression in Huh7-

T7 cells 

BVDV pT7DI-388 GAA replication deficient replicon based on BVDV pT7DI-388, 

contains the active site mutation GDD� GAA within the 

viral RNA polymerase NS5B; serves as negative control 

pCite HCV NS3-3’ JFH JFH1-derived expression construct based on pCite-2A 

(Novagen), the subgenome is flanked by the authentic 5’ 

and 3’ UTR; served as template for PCR (Isken et al., 2015) 
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Table 3.1.11.3 Most commonly used subclones 

plasmid name description and application 
pBluescript II SK(-) BVDV SacI-SalI based on pBluescript II SK(-) (Agilent Technologies), 

contains the NS3 SacI-NS4B SalI region of BVDV pNCP7-
388; used as template for QuikChange™ mutagenesis and 
insertion of the EC4-Loop, the TEV-site or protein-tags 
into the N-terminal region of NS4B 

pBluescript II SK(-) BVDV SalI-ClaI based on pBluescript II SK(-) (Agilent Technologies), 
contains the NS4B SalI-NS5B ClaI region of BVDV pNCP7-
388; used as template for QuikChange™ mutagenesis and 
insertion of protein-tags into the C-terminal region of 
NS4B or the N- and C-terminal region of NS5A 

pBluescript II SK(-) BVDV SalI-PstI based on pBluescript II SK(-) (Agilent Technologies), 
contains the NS4B SalI-NS5A PstI region of BVDV pNCP7-
388; used as template for site-directed mutagenesis 

pBluescript II SK(-) BVDV SalI-ClaI 

NS4B CT Strep-HA 5 aa 
based on pBluescript II SK(-) (Agilent Technologies), 
contains the NS4B SalI-NS5B ClaI region of BVDV pNCP7-
388, NS4B carries an insertion of the Strep and HA 
epitope at its C-terminus, followed by the repetition of 
the last 5 aa of NS4B; used as template for QuikChange™ 
mutagenesis and insertion of the EC4-Loopor the TEV-
site into the C-terminal region of NS4B 

pLit28-38 JFH NsiI-BsrGI pLITMUS28i-38i derivative containing NS3 NsiI-NS5B 
BsrGI of HCV JFH1; used as template for PCR and 
QuikChange™ mutagenesis and for insertion of the EC4-
Loop into NS4B 

 

 

Table 3.1.11.4 Plasmids used for the functional characterization of BVDV NS5A (Isken et al., 2014),  

plasmid name description 

BVDV pBici-388 NS5A ∆258-337 based on BVDV pBici-388 NS3-3’, contains the NS5A 

protein lacking aa 258-337 

BVDV pSP6DI-388 NS5AmCherry based on BVDV pSP6DI-388, contains an NS5A (1-288)-

mCherry-NS5A (297-496) fusion protein 

BVDV pT7DI-388 NS5AmCherry based on BVDV pT7DI-388, contains an NS5A (1-288)-

mCherry-NS5A (297-496) fusion protein 

pNS5AmCherry ∆AH based on pEYFP-N1 (Clontech), contains the NS5A (1-288)-

mCherry-NS5A (297-496) fusion protein lacking the N-

terminal amphipathic α-helix (AH;1-28) 

pNS5AmCherry stop based on pEYFP-N1 (Clontech), contains the NS5A (1-288)-

mCherry-NS5A (297-496) fusion protein 
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Table 3.1.11.5 Plasmids containing BVDV-NS4B or -NS5A fused with antibody epitopes or fluorescent 

proteins; clones are based on BVDV-1 pNCP7-388 and pCP7-388, cloning was performed via NS3 BlpI, 

NS4B SalI, and NS5B ClaI; [�] plasmid generated, [-] plasmid not produced 

protein tag pSP6DI-

388 

pT7DI-

388 

pBici-388 

RLuc NS2-3’ 

pBici-388 

RLuc NS3-3’ 

pNCP7-

388 

pCP7-

388 

N
S4

B
 C

T 
5

 a
a 

Flag-Flag - � - - - - 

Flag-HA - � - - - - 

G4mCherry � - - - - - 

HA-HA - � - - - - 

mCherry � - - - - - 

miniSOG � - - - - - 

Strep-HA � � - - � � 

Strep-Strep - � - - - � 

tdT � - - - - - 

N
S4

B
  N

T 
5

 a
a 

G4mCherry - � - - - - 

mcherry - � - - - - 

Flag-Flag - � - - - - 

Flag-HA - � - - - - 

HA-HA - � - - - - 

Strep-Strep - � - - - - 

tdT - � - - - - 

YFP - � - - - - 

N
S5

A
 C

T 
5

 a
a 

Flag-Flag � - - - - - 

Flag-HA - � � � � � 

G4mCherry � - - - - - 

HA-HA - � � � � � 

mCherry � - - - - - 

miniSOG � - - - - - 

Strep-HA - � � � � � 

Strep-Strep � - - - - - 

tdT � � � � � � 

YFP � � � � � � 

N
S5

A
  C

T 

2
0

aa
  

Flag-Flag � - - - - - 

G4mCherry � - - - - - 

Strep-Strep � - - - - - 

tdT � � - - - - 

N
S5

A
 N

T 

Flag-Flag � � � � � � 

Flag-HA - � � � � � 

G4mCherry � - - - - - 

mCherry � - - - - - 

HA-HA - � � � � � 

miniSOG � - - - - - 

Strep-HA - � � � � � 

Strep-Strep � � � � � � 

tdT � - - - - - 
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Table 3.1.11.6 Plasmids containing the EC4-Loop 

plasmid name 

pCite HCV NS3-3’ JFH NS4B amino acid 161 EC4-Loop 

pCite HCV NS3-3’ JFH NS4B amino acid 210 EC4-Loop 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B amino acid 20  EC4-Loop 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B amino acid 30  EC4-Loop 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B amino acid 40  EC4-Loop 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B amino acid 60  EC4-Loop 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B amino acid 75  EC4-Loop 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B amino acid 85  EC4-Loop 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B amino acid 105  EC4-Loop 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B amino acid 115  EC4-Loop 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B amino acid 120  EC4-Loop 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B amino acid 125  EC4-Loop 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B amino acid 135  EC4-Loop 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B amino acid 160  EC4-Loop 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B amino acid 195  EC4-Loop 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B amino acid 215  EC4-Loop 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B amino acid 225  EC4-Loop 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B amino acid 235  EC4-Loop 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B amino acid 250  EC4-Loop 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B amino acid 267  EC4-Loop 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B amino acid 285  EC4-Loop 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B amino acid 302  EC4-Loop 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B amino acid 320  EC4-Loop 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B amino acid 336  EC4-Loop 

 

Table 3.1.11.7 Plasmids used for the BVDV-NS4B alanine mutagenesis and the pseudo-reversion 

studies; plasmids contain the indicated amino acid substitution within NS4B and the additional amino 

acid substitutions K30A/S31R in NS5B resulting in a BssHII site; cloning was performed via NS3 AgeI, 

NS4B SalI, NS5A PstI and NS5B ClaI; [�] plasmid generated, [-] plasmid not produced 

substitution pNCP7-388 pBici-388 RLuc 

NS2-3’ 

pBici-388 NS4B 

NS2-3’ 

pT7DI-388 

NS4B E250A � � � � 

NS4B K252A � � � � 

NS4B R253A � � � � 

NS4B K258A � � � � 

NS4B V259L � � - - 

NS4B F260A � � - - 

NS4B K262A � � � � 

NS4B F264A � � - � 
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substitution pNCP7-388 pBici-388 RLuc 

NS2-3’ 

pBici-388 NS4B 

NS2-3’ 

pT7DI-388 

NS4B D271A � � � � 

NS4B E272A � � � � 

NS4B K275A � � - - 

NS4B E276A � � - - 

NS4B E279A � � - - 

NS4B K280A � � - - 

NS4B F286A � � - � 

NS4B F286A/V259L � � - - 

NS4B E287A � � - � 

NS4B E287A/V259L � � - - 

NS4B R297A � � � � 

NS4B Y300A � � - � 

NS4B H301A � � - - 

NS4B Y303A � � � � 

NS4B Y306A � � - - 

NS4B Y307A � � - - 

NS4B K308A � � - - 

NS4B W310A � � - - 

NS4B E314A � � - - 

NS4B R318A � � - - 

NS4B R322A � � - - 

NS4B F325A � � - - 

NS4B F330A � � - � 

NS4B E331A � � � � 

NS4B E334A � � - - 

NS4B D339A � � - - 

NS4B K343A � � - - 

NS4B R345A � � - - 

 

Table 3.1.11.8 Expression plasmids with NS4B truncations or potential α-helices of NS proteins, 

truncations were either obtained from pMK–11AAC2DP BVD_NS4B_Helices or generated by PCR 

amplification using BVDV pNCP7-388 or pCite HCV NS3-3’ JFH1 as template DNAs, cloning was 

performed via KpnI, BamHI and XmnI; [�] plasmid generated, [-] plasmid not produced 

truncation pEYFP-C1 pEYFP-N1 

JFH-NS4B (1-261) - � 

JFH-NS4B (1-161) - � 

BVDV-NS4B (1-347) � � 

BVDV-NS4B (1-337) - � 

BVDV-NS4B (1-327) - � 

BVDV-NS4B (1-317) - � 

BVDV-NS4B (1-307) - � 

BVDV-NS4B (1-297) - � 
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truncation pEYFP-C1 pEYFP-N1 

BVDV-NS4B (1-287) - � 

BVDV-NS4B (1-277) - � 

BVDV-NS4B (1-267) - � 

BVDV-NS4B (1-257) - � 

BVDV-NS4B (1-247) - � 

BVDV-NS4B (1-227) - � 

BVDV-NS4B (1-217) - � 

BVDV-NS4B (1-207) - � 

BVDV-NS4B (1-197) - � 

BVDV-NS4B (1-187) - � 

BVDV-NS4B (1-173) � � 

BVDV-NS4B (5-30) � � 

BVDV-NS4B (34-64) � � 

BVDV-NS4B (64-83) � � 

BVDV-NS4B (83-96) � � 

BVDV-NS4B (104-125) � � 

BVDV-NS4B (137-154) � � 

BVDV-NS4B (164-182) � � 

BVDV-NS4B (174-347) � � 

BVDV-NS4B (186-202) � � 

BVDV-NS4B (208-225) � � 

BVDV-NS4B (227-246) � � 

BVDV-NS4B (280-299) � � 

BVDV-NS4B (295-307) � � 

BVDV-NS4B (324-336) � � 

BVDV-NS5A-AH (1-28) � � 

BVDV-NS5B-TMH (699-719) � � 

 

Table 3.1.11.9 Plasmids containing YFP fused to NS4B truncations, plasmids are based on pCite HCV 

NS3-3’ JFH and BVDV pT7DI-388, cloning was performed via NsiI, SalI and HpaI for JFH1 and via SalI 

and ClaI for BVDV-1 

plasmid name 

pCite JFH NS3-NS4B (1-210) –YFP stop 

pCite JFH NS3-NS4B (1-161) –YFP stop 

pT7 BVDV Npro-NS3-NS4B (1-327) –YFP stop 

pT7 BVDV Npro-NS3-NS4B (1-317) –YFP stop 

pT7 BVDV Npro-NS3-NS4B (1-307) –YFP stop 

pT7 BVDV Npro-NS3-NS4B (1-297) –YFP stop 

pT7 BVDV Npro-NS3-NS4B (1-287) –YFP stop 

pT7 BVDV Npro-NS3-NS4B (1-277) –YFP stop 

pT7 BVDV Npro-NS3-NS4B (1-267) –YFP stop 

pT7 BVDV Npro-NS3-NS4B (1-257) –YFP stop 
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pT7 BVDV Npro-NS3-NS4B (1-247) –YFP stop 

pT7 BVDV Npro-NS3-NS4B (1-227) –YFP stop 

pT7 BVDV Npro-NS3-NS4B (1-217) –YFP stop 

pT7 BVDV Npro-NS3-NS4B (1-207) –YFP stop 

pT7 BVDV Npro-NS3-NS4B (1-187) –YFP stop 

 

Table 3.1.11.10 Expression plasmids for studies of BVDV-NS4B and different NS protein precursors; [�] 

plasmid generated, [-] plasmid not produced 

name pSP6DI-388 pT7DI-388 

Npro-3SIU-NS3 � - 

Npro-3SIUM-NS3 � � 

NS3-3SIU-NS4A � - 

NS3-3SIUM-NS4A � � 

NS4A-3SIU-NS4B � - 

NS4A-3SIUM-NS4B � � 

NS4B-3SIU-NS5A � - 

NS4B-3SIUM-NS5A � � 

NS5A-3SIU-NS5B � - 

NS5A-3SIUM-NS5B � � 

NS4AB cleavage site mutation - � 

NS4B-NLS�NLC - � 

NS4B stop - � 

 

Table 3.1.11.11 Plasmids coding for fluorescently labelled marker proteins 

plasmid name description 

pADRP-GFP Lipid droplet marker; plasmide codes for adipocyte differentiation-related 

protein (ADRP) fused to the C-terminus of GFP 

phLC3B-YFP autophagy-marker; plasmid encodes the human microtubule-associated 

protein 1B-light chain 3 (hLC3B) fused to the C-terminus of YFP 

pmCherry-KDEL ER-marker; contains a signal peptide coupled mCherry, followed by the 

amino acids KDEL to locate/retain the mCherry to the ER lumen 

pYFP-KDEL ER-marker; contains a signal peptide coupled YFP, followed by the amino 

acids KDEL to locate/retain the mCherry to the ER lumen 

plgp-120-CFP Lysosome-marker; plasmid encodes lysosomal membrane glycoprotein (lgp) 

120 fused to CFP 

pPeri-GFP Lipid droplet marker; plasmid encodes perilipin (Peri) fused to the N-

terminus of GFP 

pPeri-mCherry Lipid droplet marker; plasmid encodes perilipin (Peri) fused to the N-

terminus of mCherry 

pPeri-miniSOG Lipid droplet marker; plasmid codes for perilipin (Peri) fused to the N-

terminus of miniSOG 

pTIP47-GFP Lipid droplet marker; plasmid codes for tail-interacting protein 47 (TIP47) 

fused to the C-terminus of GFP 
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3.1.12 Primer 

Primers listed below were used for polymerase chain reactions (PCRs), site directed mutagenesis and 

sequencing. Bold nucleotides differ from template DNA; underlined nucleotides mark additional 

restriction-sites. 

Table 3.1.12.1 Sequencing primers 

primer name sequence 

B3 AAATCTCTGCTGTACATGGCACATG 

B35 GGACTATGCATCAGAGGGATTTAATTTCG 

B38 CAGTCCAGACAATTGGC 

B43 ACATCAACTTATACAAGG 

B50 CTAGTAGAGATCTACGGC 

B52R GGTATGGTGCCCAGGTGA 

B54 CTAGCAAAACTGGCCATT 

BVDV 1 se GTATACGAGGTTAGGCAAGTTC 

BVDV 500 ase CTCCTCTTTCTCCAAACAAAGG 

BVDV 1000 se CCGCCAGATGCTACGATAGTGG 

BVDV 1500 ase AAGGTTGGCCTGAGTTTTATTC 

BVDV 2000 se ATGGTAAAATACTGCATGAGATG 

BVDV 2500 ase CTATGGCGTATGAAAAGCCGG 

BVDV 3000 se TGCCTTAGGAGGGAATTGGAC 

BVDV 3500 ase CACCAACAGGGACTCAGCGAAG 

BVDV 4000 se TATGTGACAGACTACTTCAGG 

BVDV 4500 ase GGCAAGAGTATGCTGATATTC 

BVDV 5000 se AAGGTAACTTTGAAGGACCCTTC 

BVDV 5500 ase CCGTCTTGACACCATATTCTG 

BVDV 5900 se CAAGTATCTCCTTTAACCTGAG 

BVDV 6500 ase CCACTCTCAAGTTAGCTGGGTC 

BVDV 7000 se CCAAGTCCCTGTGCTGTTCCC 

BVDV 7500 ase GGACCTTACGAAATTCAATCC 

BVDV 8000 se TACAAAACTTACCTCTCAATAAG 

BVDV 8500 ase GGCTGTAGATCAAATCCAGGAC 

BVDV 9000 se TGCAACTATAACAAAAAATACAG 

BVDV 9500 ase GCCCAGGACTAGAACAAAGGGC 

BVDV 10000 se AGGAGCTATTGCTACGTTGCC 

BVDV 10500 ase CTGGGCTCTGCTGATTTTCATTC 

BVDV 11000 se AAGTAACTAGTAGAGATCTACG 

BVDV 11500 ase GCCGGCCATGTAACTGCTGGTG 

BVDV 12000 se AGTCACGGGAGTAGGGACGGAG 

BVDV 12201 ase CGTCGGGTGTACCCTCATACAGCTAAAGTGC 

Cite100 se CAAAGGAATGCAAGGTCTGTTG 

Cite440 se GGGGACGTGGTTTTCCTTTG 

CMV se CGCAAATGGGCGGTAGGCGTG 

EMCV-IRES ase CTAGGAATGCTCGTCAAG 
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JFH 3200 ase CACCGGCTGTGCCCCAGACC 

JFH 3900 ase CTCCGTGATCGACTGCAATG 

M13 se GTAAAACGACGGCCAT 

M13 ase GGAAACAGCTATGACCAT 

T3 ase AATTAACCCTCACTAAG 

T7 se TAATACGACTCACTATAGGGG 

 

Table 3.1.12.2 Primers for the functional characterization of BVDV NS5A (Isken et al., 2014) 

primer name sequence 

BVDV-NS5A se GGTACCATGTCTGGGAATTATGTCCTGGATTTG 

BVDV-NS5A ase GGATCCCCCAGCTTCATGGTATAGGTTCTTGC 

BVDV-NS5A stop ase GGATCCTTACAGCTTCATGGTATAGGTTCTTGC 

mCherry BVDV-NS5A se ACCGGTATGGTGAGCAAGGGCGAGGAGGATAAC 

mCherry BVDV-NS5A ase GAGCTCCCTTGTACAGCTCGTCCATGCCGCCGG 

BVDV-NS5A AH-mCherry se ACCGGTCATGGTGAGCAAGGGCGAGGAGGATAAC 

BVDV-NS5A AH-mCherry ase GCGGCCGCTTACTTGTACAGCTCGTCCATGCCGCCGG 

BVDV-NS5A ∆AH se GGTACCATGCCCGCACCATTTAGTTGCGACTGG 

BVDV-NS5A ∆AH ase ACGCGTCATTAAGGCTGCCCTACC 

BVDV-NS4B SalI-NS5A 258 se GTCGACCTGGTTGTTTATTATGTGATCAATAAGCCCTCC 

BVDV-NS4B SalI-NS5A 258 ase GCTAGCAGATCCGGTGACCACTCTCTCTCCTAGTACTGGTTTTATAGT

CCC 

BVDV-NS5A 337-NS5B ClaI se GCTAGCGGT 

TCAAGGCCCTTTGTTCTAGTCCTGGGCTCAAAAAATTCTATG 

BVDV-NS5A 337-NS5B ClaI ase TATCGATGAATTTGTGCCACTCTTTCCTGTAGTAATATTTTTG 

 

Table 3.1.12.3 Primers for the generation of tag-insertion sites and 5 aa repeats at the N- and C-

terminus of BVDV NS4B and NS5A 

primer name sequence 

BVDV-NS4B NT restriction 

sites se 

GCAGTGGGTGACTTGACGCGTTATGGGCGCGCCAGACAAAATCATG

GGTTCC 

BVDV-NS4B NT restriction 

sites ase 

GGAACCCATGATTTTGTCTGGCGCGCCCATAACGCGTCAAGTCACCC

ACTGC 

BVDV-NS4B NT 5 aa repeat se GTTATGGGCGCGCCAGCTGTAGGAGATCTAGACAAAATCATGGGTT

CC 

BVDV-NS4B NT 5 aa repeat ase GGAACCCATGATTTTGTCTAGATCTCCTACAGCTGGCGCGCCCATAAC 

BVDV-NS4B CT restriction sites 

se 

GAAGATAAGGAACCTGACGCGTTATGGGCGCGCCATCTGGGAATTA

TGTCCTG 

BVDV-NS4B CT restriction sites 

ase 

CAGGACATAATTCCCAGATGGCGCGCCCATAACGCGTCAGGTTCCTT

ATCTTC 

BVDV-NS4B CT 5 aa repeat se GTTATGGGCGCGCCAAAAATTCGTAATTTATCTGGGAATTATGTCCT

G 
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BVDV-NS4B CT 5 aa repeat ase CAGGACATAATTCCCAGATAAATTACGAATTTTTGGCGCGCCCATAA

C 

BVDV-NS5A CT 5 aa repeat se GACGGCGGCGCGCCATACACTATGAAATTATCTAGTTGGTTTC 

BVDV-NS5A CT 5 aa repeat ase GAAACCAACTAGATAATTTCATAGTGTATGGCGCGCCGCCGTC 

 

Table 3.1.12.4 Primers for amplification of antibody epitopes and fluorescent proteins 

primer name sequence 

MluI YFP/tandem Tomato se ACGCGTATGGTGAGCAAGGGCGAGGAG 

MluI YFP/tandem Tomato ase GGCGCGCCCTTGTACAGCTCGTCCATGCC 

Strep-HA se CCCCAGTTTGAGAAGGGGTCCGGATACCCGTACGATGTTCCGGATTA

TGCTTCCTATGGCGCGCCATACACTATG 

Strep-HA ase CATAGTGTATGGCGCGCCATAGGAAGCATAATCCGGAACATCGTAC

GGGTATCCGGACCCCTTCTCAAACTGGGG 

HA-HA se GATAAGGAACCTGACGCGTAGTGGTTATCCCTATGACGTGCCAGACT

ACGCTGGGTCCGGATACCCGTACGATGTTCC 

HA-HA ase GGAACATCGTACGGGTATCCGGACCCAGCGTAGTCTGGCACGTCATA

GGGATAACCACTACGCGTCAGGTTCCTTATC 

Flag-HA se GATGACGATGACAAAGGGTCCGGATACCCGTACGATGTTCCGGATT

ATGCTTCCGGCGCGCCAGCTGTAGGAGATC 

Flag-HA ase GATCTCCTACAGCTGGCGCGCCGGAAGCATAATCCGGAACATCGTAC

GGGTATCCGGACCCTTTGTCATCGTCATC 

 

Table 3.1.12.5 QuikChange™ primers for the alanine mutagenesis of the NS4B C-terminal region 

primer name sequence 

E2867A se CAATGCCATTGAGTCTAGTGCCCAAAAAAGGACCCTGTTG 

E2867A ase CAACAGGGTCCTTTTTTGGGCACTAGACTCAATGGCATTG 

K2869A se CATTGAGTCTAGTGAACAAGCAAGGACCCTGTTGATGAAAG 

K2869A ase CTTTCATCAACAGGGTCCTTGCTTGTTCACTAGACTCAATG 

R2870A se GAGTCTAGTGAACAAAAAGCGACCCTGTTGATGAAAGTG 

R2870A ase CACTTTCATCAACAGGGTCGCTTTTTGTTCACTAGACTC 

K2875A se CAAAAAAGGACCCTGTTGATGGCAGTGTTTGTAAAAAACTTC 

K2875A ase GAAGTTTTTTACAAACACTGCCATCAACAGGGTCCTTTTTTG 

F2877A se GACCCTGTTGATGAAAGTGGCTGTAAAAAACTTCCTGGAC 

F2877A ase GTCCAGGAAGTTTTTTACAGCCACTTTCATCAACAGGGTC 

K2879A se GTTGATGAAAGTGTTTGTAGCAAACTTCCTGGACCAGGCG 

K2879A ase CGCCTGGTCCAGGAAGTTTGCTACAAACACTTTCATCAAC 

F2881A se GTGTTTGTAAAAAACGCCCTGGACCAGGCGGCAAC 

F2881A ase GTTGCCGCCTGGTCCAGGGCGTTTTTTACAAACAC 

D2888A se GACCAGGCGGCAACAGCAGAGCTGGTAAAGGAAAAC 

D2888A ase GTTTTCCTTTACCAGCTCTGCTGTTGCCGCCTGGTC 

E2889A se CAGGCGGCAACAGATGCACTGGTAAAGGAAAAC 

E2889A ase GTTTTCCTTTACCAGTGCATCTGTTGCCGCCTG 
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K2892A se GCAACAGATGAGCTGGTAGCAGAAAACCCAGAGAAAATA 

K2892A ase TATTTTCTCTGGGTTTTCTGCTACCAGCTCATCTGTTGC 

E2893A se CAACAGATGAGCTGGTAAAGGCCAACCCAGAGAAAATAATAATG 

E2893A ase CATTATTATTTTCTCTGGGTTGGCCTTTACCAGCTCATCTGTTG 

E2896A se GAGCTGGTAAAGGAAAACCCAGCAAAAATAATAATGGCCC 

E2896A ase GGGCCATTATTATTTTTGCTGGGTTTTCCTTTACCAGCTC 

K2897A se CTGGTAAAGGAAAACCCAGAGGCAATAATAATGGCCCTATTTG 

K2897A ase CAAATAGGGCCATTATTATTGCCTCTGGGTTTTCCTTTACCAG 

F2903A se GAGAAAATAATAATGGCCCTAGCTGAAGCAGTCCAGACAATTGGC 

F2903A ase GCCAATTGTCTGGACTGCTTCAGCTAGGGCCATTATTATTTTCTC 

E2904A se ATAATGGCCCTATTTGCCGCAGTCCAGACAATTGGC 

E2904A ase GCCAATTGTCTGGACTGCGGCAAATAGGGCCATTAT 

R2914A se CAATTGGCAACCCCTTGGCGCTCATATATCACCTG 

R2914A ase CAGGTGATATATGAGCGCCAAGGGGTTGCCAATTG 

Y2917A se CCCTTGAGGCTCATAGCTCACCTGTATGGGGTTTAC 

Y2917A ase GTAAACCCCATACAGGTGAGCTATGAGCCTCAAGGG 

H2918A se CCCTTGAGGCTCATATATGCCCTGTATGGGGTTTAC 

H2918A ase GTAAACCCCATACAGGGCATATATGAGCCTCAAGGG 

Y2920A se GAGGCTCATATATCACCTGGCTGGGGTTTACTACAAAGGC 

Y2920A ase GCCTTTGTAGTAAACCCCAGCCAGGTGATATATGAGCCTC 

Y2923A se CACCTGTATGGGGTTGCCTACAAAGGCTGGGAAG 

Y2923A ase CTTCCCAGCCTTTGTAGGCAACCCCATACAGGTG 

Y2924A se CACCTGTATGGGGTTTACGCCAAAGGCTGGGAAGC 

Y2924A ase GCTTCCCAGCCTTTGGCGTAAACCCCATACAGGTG 

K2925A se CTGTATGGGGTTTACTACGCAGGCTGGGAAGCAAAAG 

K2925A ase CTTTTGCTTCCCAGCCTGCGTAGTAAACCCCATACAG 

W2927A se GGGGTTTACTACAAAGGCGCGGAAGCAAAAGAACTATC 

W2927A ase GATAGTTCTTTTGCTTCCGCGCCTTTGTAGTAAACCCC 

E2931A se GGCTGGGAAGCAAAAGCCCTATCAGAGAGAACAG 

E2931A ase CTGTTCTCTCTGATAGGGCTTTTGCTTCCCAGCC 

R2935A se CAAAAGAACTATCAGAGGCAACAGCAGGCAGGAACCTG 

R2935A ase CAGGTTCCTGCCTGCTGTTGCCTCTGATAGTTCTTTTG 

R2939A se GAGAGAACAGCAGGCGCGAACCTGTTCACCTTG 

R2939A ase CAAGGTGAACAGGTTCGCGCCTGCTGTTCTCTC 

F2942A se GCAGGCAGGAACCTGGCCACCTTGATAATGTTC 

F2942A ase GAACATTATCAAGGTGGCCAGGTTCCTGCCTGC 

F2947A se CTGTTCACCTTGATAATGGCCGAAGCCTTCGAACTAC 

F2947A ase GTAGTTCGAAGGCTTCGGCCATTATCAAGGTGAACAG 

E2948A se CACCTTGATAATGTTCGCCGCCTTCGAACTACTAGGG 

E2948A ase CCCTAGTAGTTCGAAGGCGGCGAACATTATCAAGGTG 

E2951A se GTTCGAAGCCTTCGCCCTACTAGGGATGGAC 

E2951A ase GTCCATCCCTAGTAGGGCGAAGGCTTCGAAC 

D2956A se GAACTACTAGGGATGGCATCTGAAGGGAAGATAAGG 

D2956A ase CCTTATCTTCCCTTCAGATGCCATCCCTAGTAGTTC 

K2960A se GATGGACTCTGAAGGGGCGATAAGGAACCTGTCTGGG 
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K2960A ase CCCAGACAGGTTCCTTATCGCCCCTTCAGAGTCCATC 

R2962A se GACTCTGAAGGGAAGATAGCGAACCTGTCTGGG 

R2962A ase CCCAGACAGGTTCGCTATCTTCCCTTCAGAGTC 

NS5B BssHII se CGTTGCCCCCCTAAAATAGCGCGCAATAAAGGGCACATGG 

NS5B BssHII se CCATGTGCCCTTTATTGCGCGCTATTTTAGGGGGGCAACG 

 

Table 3.1.12.6 Oligonucleotides for the generation of potential α-helices of BVDV NS proteins 

primer name sequence 

BVDV-NS4B 64-83 se AAGGTACCATGGGCCTGTGGGGAACACACACGGCACTCTACAAGAGT

ATTGCCGCGAGATTGGGTCATGGGGATCCAAA 

BVDV-NS4B 64-83 ase TTTGGATCCCCATGACCCAATCTCGCGGCAATACTCTTGTAGAGTGCCG

TGTGTGTTCCCCACAGGCCCATGGTACCTT 

BVDV-NS4B 104-125 se AAGGTACCATGCACGTGAGACAAGCAGCTGTCGACCTGGTTGTTTATT

ATGTGATCAATAAGCCCTCCTTCCCAGGGGATCCAAA 

BVDV-NS4B 104-125 se TTTGGATCCCCTGGGAAGGAGGGCTTATTGATCACATAATAAACAACC

AGGTCGACAGCTGCTTGTCTCACGTGCATGGTACCTT 

BVDV-NS4B 164-182 se AAGGTACCATGCCAGCCTTAGCATACCTCCCCTATGCTACCAATGCACT

AAAAATGTTTACCCCGGGGGATCCAAA 

BVDV-NS4B 164-182 se TTTGGATCCCCCGGGGTAAACATTTTTAGTGCATTGGTAGCATAGGGG

AGGTATGCTAAGGCTGGCATGGTACCTT 

BVDV-NS4B 208-225 se AAGGTACCATGGGACTGTTGGGTACAGGGATCAGTGCAGCAATGGAG

ATTCTATCACAGAACCCAGGGGATCCAAA 

BVDV-NS4B 208-225 ase TTTGGATCCCCTGGGTTCTGTGATAGAATCTCCATTGCTGCACTGATCC

CTGTACCCAACAGTCCCATGGTACCTT 

BVDV-NS5A AH se GGTACCATGTCTGGGAATTATGTCCTGGATTTG 

BVDV-NS5A AH ase GGATCCCCAGCCCACCCCAAGAC 

BVDV-NS5B TMH se GGTACCATGATAGTAAACCTGCTGCTGAGG 

BVDV-NS5B TMH ase GGATCCCCACTGCTGGCACCGACAGC 

 

Table 3.1.12.7 Primer for NS4B truncations 

primer name sequence 

BVDV-NS4B 1 se GGTACCATGGCAGTGGGTGACTTGGACAAAATCATGGG 

BVDV-NS4B 173 se GGTACCATGACCAATGCACTAAAAATGTTTACCCCGACC 

BVDV-NS4B 347 ase GGATCCCCCAGGTTCCTTATCTTCCCTTCAGAGTCCATCC 

BVDV-NS4B 337 ase GGATCCCCTCCTAGTAGTTCGAAGGCTTCGAAC 

BVDV-NS4B 327 ase GGATCCCCCAAGGTGAACAGGTTCCTGCCTGC 

BVDV-NS4B 317 ase GGATCCCCCTCTGATAGTTCTTTTGCTTCCCAG 

BVDV-NS4B 307 ase GGATCCCCGTAGTAAACCCCATACAGGTGATATATG 

BVDV-NS4B 297 ase GGATCCCCCCTCAAGGGGTTGCCAATTGTCTG 

BVDV-NS4B 287 ase GGATCCCCTTCAAATAGGGCCATTATTATTTTCTC 

BVDV-NS4B 277 ase GGATCCCCGTTTTCCTTTACCAGCTCATCTGTTG 

BVDV-NS4B 267 ase GGATCCCCCTGGTCCAGGAAGTTTTTTACAAAC 
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BVDV-NS4B 257 ase GGATCCCCCATCAACAGGGTCCTTTTTTGTTC 

BVDV-NS4B 247 ase GGATCCCCCTCAATGGCATTGTGCGCGGC 

BVDV-NS4B 237 ase GGATCCCCCACCCCCAGCATGACAGATATACC 

BVDV-NS4B 227 ase GGATCCCCCACTGGGTTCTGTGATAGAATCTC 

BVDV-NS4B 217 ase GGATCCCCTGCACTGATCCCTGTACCCAACAG 

BVDV-NS4B 207 ase GGATCCCCACTCTTTCCCTTCCTTATTGAGAG 

BVDV-NS4B 197 ase GGATCCCCTTTGTATATTGTGGTACTAAGTATAACTAC 

BVDV-NS4B 187 ase GGATCCCCGCTCTCCAGTCTGGTCGGGG 

BVDV-NS4B 173 ase GGATCCCCAGCATAGGGGAGGTATGCTAAGGCTGGTTCTAC 

JFH-NS4B se GGTACCATGGCCTCTAGGGCGGCTCTCATC 

JFH-NS4B ase CCCGGGCGCATGGGATGGGGCAGTCCTC 

JFH-NS4B 161 ase GGATCCCCCTCGCCAGACATGATCTTGAATG 

 

Table 3.1.12.8 QuikChange™ primer for the generation of insertion sites for the EC4-Loop or the TEV-

site within NS4B 

primer name sequence 

BVDV-NS4B 20 se CGGACTATGCATCAGAGGGATTGACCGGTAAATTTCCATGGAATTTCG

TAAGGTCCCAAGCAG 

BVDV-NS4B 20 ase CTGCTTGGGACCTTACGAAATTCCATGGAAATTTACCGGTCAATCCCTC

TGATGCATAGTCCG 

BVDV-NS4B 30 se GTAAGGTCCCAAGCAGAAAAGATGACCGGTAAATTTCCATGGAGATC

TGCCCCCGCTTTCAAAGAAAAC 

BVDV-NS4B 30 ase GTTTTCTTTGAAAGCGGGGGCAGATCTCCATGGAAATTTACCGGTCAT

CTTTTCTGCTTGGGACCTTAC 

BVDV-NS4B 40 se GCCCCCGCTTTCAAAGAAAACGTGACCGGTAAATTTCCATGGGAAGCT

GCTAAAGGGTACGTCC 

BVDV-NS4B 40 ase GGACGTACCCTTTAGCAGCTTCCCATGGAAATTTACCGGTCACGTTTTC

TTTGAAAGCGGGGGC 

BVDV-NS4B 60 se CTCTCATAGAAAATAAAGAAACCACCGGTAAATTTCCATGGATAATCA

GATATGGCCTGTGGGG 

BVDV-NS4B 60 ase CCCCACAGGCCATATCTGATTATCCATGGAAATTTACCGGTGGTTTCTT

TATTTTCTATGAGAG 

BVDV-NS4B 75 se GGAACACACACGGCACTCTACAAGACCGGTAAATTTCCATGGAGTATT

GCCGCGAGATTGGGTCATG 

BVDV-NS4B 75 ase CATGACCCAATCTCGCGGCAATACTCCATGGAAATTTACCGGTCTTGTA

GAGTGCCGTGTGTGTTCC 

BVDV-NS4B 85 se GCCGCGAGATTGGGTCATGAAACTACCGGTAAATTTCCATGGGCATTC

GCTACACTAGTGATAAAG 

BVDV-NS4B 85 ase CTTTATCACTAGTGTAGCGAATGCCCATGGAAATTTACCGGTAGTTTCA

TGACCCAATCTCGCGGC 

BVDV-NS4B 105 se GGGGGTGAGTCGGTGTCAGACCACACCGGTAAATTTCCATGGGTGAG

ACAAGCAGCTGTCGACCTG 

BVDV-NS4B 105 ase CAGGTCGACAGCTGCTTGTCTCACCCATGGAAATTTACCGGTGTGGTC

TGACACCGACTCACCCCC 
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BVDV-NS4B 115 se CCCCTCGAGGTCGACCTGGTTGTTACCGGTAAATTTCCATGGTATTATG

TGATCAATAAGCCCTCC 

BVDV-NS4B 115 ase GGAGGGCTTATTGATCACATAATACCATGGAAATTTACCGGTAACAAC

CAGGTCGACCTCGAGGGG 

BVDV-NS4B 120 se CTGGTTGTTTATTATGTGATCAATACCGGTAAATTTCCATGGAAGCCCT

CCTTCCCAGGGGATTCTG 

BVDV-NS4B 120 ase CAGAATCCCCTGGGAAGGAGGGCTTCCATGGAAATTTACCGGTATTG

ATCACATAATAAACAACCAG 

BVDV-NS4B 125 se GTGATCAATAAGCCCTCCTTCCCAACCGGTAAATTTCCATGGGGGGAT

TCTGAAACCCAACAGG 

BVDV-NS4B 125 ase CCTGTTGGGTTTCAGAATCCCCCCATGGAAATTTACCGGTTGGGAAGG

AGGGCTTATTGATCAC 

BVDV-NS4B 135 se GATTCTGAAACCCAACAGGAAGGAAGGACCGGTAAATTTCCATGGCG

ATTCGTCGCCAGCCTGTTCATC 

BVDV-NS4B 135 ase GATGAACAGGCTGGCGACGAATCGCCATGGAAATTTACCGGTCCTTCC

TTCCTGTTGGGTTTCAGAATC 

BVDV-NS4B 160 se CTTGGAATTACAACAACCTCTCCACCGGTAAATTTCCATGGAAGGTAG

TAGAACCAGCCTTAGCATAC 

BVDV-NS4B 160 ase GTATGCTAAGGCTGGTTCTACTACCTTCCATGGAAATTTACCGGTGGA

GAGGTTGTTGTAATTCCAAG 

BVDV-NS4B 195 se GTAGTTATACTTAGTACCACAATAACCGGTAAATTTCCATGGTACAAA

ACTTACCTCTCAATAAGG 

BVDV-NS4B 195 ase CCTTATTGAGAGGTAAGTTTTGTACCATGGAAATTTACCGGTTATTGTG

GTACTAAGTATAACTAC 

BVDV-NS4B 215 se GATGGACTGTTGGGTACAGGGATCACCGGTAAATTTCCATGGAGTGC

AGCAATGGAGATTCTATC 

BVDV-NS4B 215 ase GATAGAATCTCCATTGCTGCACTCCATGGAAATTTACCGGTGATCCCT

GTACCCAACAGTCCATC 

BVDV-NS4B 225 se GCAATGGAGATTCTATCACAGAACACCGGTAAATTTCCATGGCCAGTG

TCGGTAGGTATATCTGTC 

BVDV-NS4B 225 ase GACAGATATACCTACCGACACTGGCCATGGAAATTTACCGGTGTTCTG

TGATAGAATCTCCATTGC 

BVDV-NS4B 235 se CGGTAGGTATATCTGTCATGCTGACCGGTAAATTTCCATGGGGGGTG

GGGGCGATTGCCGCGC 

BVDV-NS4B 235 ase GCGCGGCAATCGCCCCCACCCCCCATGGAAATTTACCGGTCAGCATGA

CAGATATACCTACCG 

BVDV-NS4B 250 se CACAATGCCATTGAGTCTAGTGAAACCGGTAAATTTCCATGGCAAAAA

AGGACCCTGTTGATGAAAG 

BVDV-NS4B 250 ase CTTTCATCAACAGGGTCCTTTTTTGCCATGGAAATTTACCGGTTTCACT

AGACTCAATGGCATTGTG 

BVDV-NS4B 267 se GTTTGTAAAAAACTTCCTGGACCAGACCGGTAAATTTCCATGGGCGGC

AACAGATGAGCTGGTAAAG 

BVDV-NS4B 267 ase CTTTACCAGCTCATCTGTTGCCGCCCATGGAAATTTACCGGTCTGGTCC

AGGAAGTTTTTTACAAAC 
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BVDV-NS4B 285 se CCAGAGAAAATAATAATGGCCCTAACCGGTAAATTTCCATGGTTTGAA

GCAGTCCAGACAATTGGC 

BVDV-NS4B 285 ase GCCAATTGTCTGGACTGCTTCAAACCATGGAAATTTACCGGTTAGGGC

CATTATTATTTTCTCTGG 

BVDV-NS4B 302 se CCCTTGAGGCTCATATATCACCTGACCGGTAAATTTCCATGGTATGGG

GTTTACTACAAAGGCTGG 

BVDV-NS4B 302 ase CCAGCCTTTGTAGTAAACCCCATACCATGGAAATTTACCGGTCAGGTG

ATATATGAGCCTCAAGGG 

BVDV-NS4B 320 se GCAAAAGAACTATCAGAGAGAACAGCAACCGGTAAATTTCCATGGGG

CAGGAACCTGTTCACCTTGATAATG 

BVDV-NS4B 320 ase CATTATCAAGGTGAACAGGTTCCTGCCCCATGGAAATTTACCGGTTGC

TGTTCTCTCTGATAGTTCTTTTGC 

BVDV-NS4B 336 se GTTCGAAGCCTTCGAACTACTAACCGGTAAATTTCCATGGGGAATGGA

CTCTGAAGGGAAGATAAG 

BVDV-NS4B 336 ase CTTATCTTCCCTTCAGAGTCCATTCCCCATGGAAATTTACCGGTTAGTA

GTTCGAAGGCTTCGAAC 

JFH-NS4B 161 se GCATTCAAGATCATGTCTGGCGAGACCGGTAAATTTCCATGGAAGCCC

TCTATGGAAGATGTCATC 

JFH-NS4B 161 ase GATGACATCTTCCATAGAGGGCTTCCATGGAAATTTACCGGTCTCGCC

AGACATGATCTTGAATGC 

JFH-NS4B 210 se CAATGGATGAACAGGCTTATTGCCACCGGTAAATTTCCATGGTTTGCT

TCCAGAGGAAACCACGTC 

JFH-NS4B 210 ase GACGTGGTTTCCTCTGGAAGCAAACCATGGAAATTTACCGGTGGCAAT

AAGCCTGTTCATCCATTG 

 

Table 3.1.12.9 Oligonucleotides for generation of the EC4-Loop, the TEV-site and the signal peptide 

primer name sequence 

Ec4-loop se AAACCGGTCAGAAGCTGTCCGTGCCCGACGGCTTCAAGGTGTCCAACT

CCTCCGCGCGGGGCTGGGTGATCCACCCCCTAGGCCTGCGGTCCCCAT

GGAAA 

Ec4-loop ase TTTCCATGGGGACCGCAGGCCTAGGGGGTGGATCACCCAGCCCCGCG

CGGAGGAGTTGGACACCTTGAAGCCGTCGGGCACGGACAGCTTCTGA

CCGGTTT 

Tev-site se AAACCGGTGGGGGAGGCGAGAACCTTTACTTCCAGGGAGGTGGATCC

GGGCCATGGAAA 

Tev-site ase TTTCCATGGCCCGGATCCACCTCCCTGGAAGTAAAGGTTCTCGCCTCCC

CCACCGGTTT 

signal peptide se AAGCGCGCATATGAAGCTCTCCCTGGTGGCCGCGATGCTGCTGCTGCT

CAGCGCGGCGCGGGCCGGAGAAAGCTTAAA 

signal peptide ase TTTAAGCTTTCTCCGGCCCGCGCCGCGCTGAGCAGCAGCAGCATCGCG

GCCACCAGGGAGAGCTTCATATGCGCGCTT 
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Table 3.1.12.10 Other primers for studies of BVDV NS4B 

primer name sequence 

BVDV BssHII-NS4B se GCGCGCATGCAGTGGGTGACTTGGACAAAATCATGGG 

BVDV-NS4B stop-FseI ase GGCCGGCCATTACAGGTTCCTTATCTTCCCTTCAGAGTCC 

BssHII-TEV protease se GCGCGCATGGAGAAAGCTTGTTTAAGGGGCCGCGTG 

 

TEV protease stop FseI ase GGCCGGCCATTAGCGACGGCGACGACGATTCATGAGTTG 

BVDV-NS4B stop XbaI se GGGAAGATAAGGAACCTGTTCTAGAGTCTGGGAATTATGTCCTG 

BVDV-NS4B stop XbaI ase CAGGACATAATTCCCAGACTCTAGAACAGGTTCCTTATCTTCCC 

BVDV-NS4B V259L se GGACCCTGTTGATGAAATTGTTTGTAAAAAACTTCCTGGAC 

BVDV-NS4B V259L ase GTCCAGGAAGTTTTTTACAAACAATTTCATCAACAGGGTCC 

BVDV-NS4B-NLS�NLC se CTTGGAATTACAACAACCTCTGTAAGGTAGTAGAACCAGCCTTAGC 

BVDV-NS4B-NLS�NLC ase GCTAAGGCTGGTTCTACTACCTTACAGAGGTTGTTGTAATTCCAAG 

BVDV-NS4AB cleavage site 

mutation se 

GAGACTGAACTAAAGGAACCAGCAGTGGGTGACTTGGACAAAATC 

BVDV-NS4AB cleavage site 

mutation ase 

GATTTTGTCCAAGTCACCCACTGCTGGTTCCTTTAGTTCAGTCTC 

 

Table 3.1.12.11 Primers applied for the analysis of BVDV-NS protein precursors 

primer name sequence 

∆ SalI–Ubi se GATTACAACATCCAGAAAGAGAGTACCCTGCACCTGGTCCTC 

∆ SalI–Ubi ase GAGGACCAGGTGCAGGGTACTCTCTTTCTGGATGTTGTAATC 

Npro XhoI se CCTCGAGATGCCACGTGGACGAGGG 

Npro SbfI ase GCCTGCAGGTTAGCAGCTTGAAACCCATAGGGGGCAGTTTAG 

NS3 SacII se CCGCGGTGGTGGACCTGCCGTGTGCAAGAAAATAACTGAGC 

NS3 AgeI ase AACCGGTTTCCAATCCCCTCCTTACCTTTAG 

NS3–3SIU–NS4A se CTGAAGCAAGTGGTAGGACTGTAACCTGCAGGCTACTCCGTCTCCGCG

GTGGTTCCTCTGCCGAAAATGCCTTG 

NS3–3SIU–NS4A ase CAAGGCATTTTCGGCAGAGGAACCACCGCGGAGACGGAGTAGCCTGC

AGGTTACAGTCCTACCACTTGCTTCAG 

NS4B–3SIU–NS5A se GAAGGGAAGATAAGGAACCTGTAACCTGCAGGCTACTCCGTCTCCGC

GGTGGTTCTGGGAATTATGTCCTGGATTTG 

NS4B–3SIU–NS5A ase CAAATCCAGGACATAATTCCCAGAACCACCGCGGAGACGGAGTAGCC

TGCAGGTTACAGGTTCCTTATCTTCCCTTC 
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3.2 Methods 

3.2.1 Working with Nucleic Acids 

3.2.1.1 Mini preparation of plasmid DNA 

Preparation of DNA from small bacterial cultures (1.5 ml - 2 ml) was conducted by alkaline lysis. 

Therefore an overnight culture of a single bacterial colony was transferred into a reaction tube and 

centrifuged for 30 s at 15700 g. The supernatant was discarded and the pellet was resuspended in 200 

µl of cold P1 buffer. Subsequently 200 µl of P2 buffer were added to the suspension and all was left to 

incubate shaking for 5 min at room temperature. Then 200 µl of cold P3 buffer were added and the 

suspension was mixed by repeated inversion of the reaction tube. After 10 min at 15700 g and 4 °C 

500 µl of the clear lysate were transferred into a new reaction tube containing 500 µl of isopropanol. 

The DNA was precipitated by centrifugation for 20 min at 15700 g and 4 °C. The supernatant was 

discarded. The remaining DNA pellet was mixed with 200 µl of 70 % ethanol (v/v) (Roth, Karlsruhe, 

Germany) and centrifuged again at 15700 g and 4 °C for 5 min. The supernatant was removed and the 

DNA pellet was left to dry at 42 °C. Finally the DNA was resuspended in 30-50 µl ddH2O (Roth, Karlsruhe, 

Germany). 

3.2.1.2 Midi preparation of plasmid DNA 

DNA preparation from large bacterial cultures (100-200 ml) was performed using the anion exchange 

columns Nucleobond® AX 100 and the appending buffers (Macherey-Nagel, Düren, Germany). An 

overnight bacterial culture was centrifuged at 5000 g and 4 °C for 10 min. The supernatant was 

discarded and the pellet was resuspended in 5 ml of cold S1 buffer. Then 5 ml of S2 buffer were added 

and the suspension was mixed by repeated inversion of the reaction tube. After an incubation of 2-3 

min at room temperature 5 ml of cold S3 buffer were added and the suspension was mixed again by 

repeated inversion. The preparations were incubated at 4 °C for another 5 min. The filtered lysate was 

loaded onto an AX 100 column which had been equilibrated beforehand using 3 ml of N2 buffer. 

Afterwards the column was washed with 10 ml of N3 buffer and the plasmid DNA was eluted by 

application of 3 ml of N5 buffer. The eluate was mixed with 3 ml isopropanol (Roth, Karlsruhe, 

Germany) and centrifuged for 40 min at 15700 g and 4 °C. The supernatant was discarded and 200 µl 

of 70 % ethanol (v/v) were added to the DNA pellet and centrifugation was performed for 5 min at 

15700 g and 4 °C. The ethanol was removed and the DNA pellet was left to dry at 42 °C. The DNA was 

resuspended in 90-150 µl ddH2O (Roth, Karlsruhe, Germany). The DNA concentration was determined 

by measuring of the optical density at 260 nm (OD260) with the NanoDrop Spectrophotometer (Thermo 

Fisher Scientific, Schwerte, Germany).  
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3.2.1.3 DNA restriction 

All restriction enzymes were purchased from New England BioLabs® Inc. (NEB, Frankfurt/Main, 

Germany). DNA Restriction was performed using 0.5-10 µg DNA, 10 % (v/v) NEB buffer (10x) and 0.2- 

2 µl restriction endonucleases (depending on the enzyme’s activity and DNA amount used). If 

necessary, 10 % (v/v) of BSA (1 mg/ml) were added to the reaction. The incubation time varied from 

45 min for DNA restriction analysis to 2 h for e.g. DNA linearization for run off in vitro transcriptions. 

All DNA restrictions were evaluated by agarose gel electrophoresis.  

3.2.1.4 Annealing of oligonucleotides 

Oligonucleotides obtained from Sigma-Aldrich (Taufkirchen, Germany) were resuspended at the same 

molar concentration in ddH2O. Then 10 µl of each of the complementary oligonucleotides and 20 µl 

annealing buffer (2x) were mixed in a 1.5 ml reaction tube and incubated for 5 min at 95 °C. Afterwards 

samples were left to cool down slowly to RT within the heating block. Annealed oligonucleotides were 

purified by agarose gel electrophoresis and further processed by enzymatic DNA restriction. 

3.2.1.5 In vitro transcription 

In vitro transcription was performed using the MAXIscriptTM SP6- or T7-kits (Ambion, Austin, TX, USA). 

Firstly, 2 µg of plasmid DNA were linearized by conducting a SmaI restriction. The linearization was 

controlled by agarose gel electrophoresis. Then 10 % (v/v) 3 M sodium acetate (pH 5.2) and 2 volumes 

of cold ethanol were added and the reaction was left to incubate for 1 h at -80 °C. The sample was 

centrifuged for 20-40 min at 15700 g and 4 °C. The supernatant was discarded and 200 µl of 70 % 

ethanol were added to the DNA pellet. The sample was centrifuged again for 5 min at  

15700 g and 4 °C. The supernatant was removed and the DNA pellet was left to dry at 42 °C. Following, 

the linearized DNA was resuspended in 12 µl RNase free ddH2O (Ambion, Austin, TX, USA) and used as 

template for the run off transcription. Hence 2 µl transcription buffer (10x), 4 µl rNTP-Mix (ATP, CTP, 

GTP and UTP, 10 mM each) and 2 µl of the appropriate RNA polymerase were given to the DNA. After 

1 h at 37 °C 1 µl of DNase was added to the reaction and everything was incubated for 15 min at 37 °C. 

RNA quality was analyzed by agarose gel electrophoresis. RNA concentration was estimated by 

comparison with the quantitative Generuler 1 kb Plus DNA Ladder (Thermo Scientific, Schwerte, 

Germany).  

3.2.1.6 PCR 

The polymerase chain reaction (PCR) was used to amplify specific DNA regions and to modify PCR 

products by e.g. placing defined restriction sites at the product’s ends via elongated primers. All PCRs 

were conducted in a final volume of 50 µl and contained 1 µl template DNA (60-100 ng), 20 pmol of 

each primer, 1 µl dNTP-Mix (dATP, dCTP, dGTP, dTTP, 10 mM each; Invitrogen, Darmstadt, Germany), 

5 µl reaction buffer (10x), 1 µl Taq DNA polymerase (5 U/µl, NatuTec, Frankfurt/Main, Germany) and 
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40 µl ddH2O (Roth, Karlsruhe, Germany). After an initial denaturation step of 2 min at 94 °C 20-30 PCR 

cycles were run as follows: 45 s denaturation at 94 °C, 45 s annealing at 55 °C and 1 min/kb elongation 

at 72 °C. The PCR was followed by a final elongation step for 2 min at 72 °C, then PCR products were 

kept at 4 °C until they were analyzed by agarose gel electrophoresis and gel-purified. 

3.2.1.7 Site-directed mutagenesis 

The site-directed mutagenesis or QuikChangeTM mutagenesis (Stratagene, Heidelberg, Germany) was 

used to insert point mutations, restriction sites or sequences of antibody epitopes into the gene of 

interest. All PCRs were conducted in a final volume of 50 µl and contained 1 µl of the template DNA 

(60-100 ng), 20 pmol of each primer, 1 µl dNTP-Mix (dATP, dCTP, dGTP, dTTP, 10 mM each; Invitrogen, 

Darmstadt, Germany), 5 µl reaction buffer (10x), 1 µl Pfu DNA polymerase (2.5 U/µl; Thermo Scientific, 

Schwerte, Germany) and 40 µl ddH2O (Roth, Karlsruhe, Germany). After an initial denaturation step of 

2 min at 94 °C 20-30 PCR cycles were run as follows: 45 s denaturation at 94 °C, 45 s annealing at 55 °C 

and 2 min/kb elongation at 68 °C. The PCR was followed by a final elongation step for 10 min at 68 °C, 

then PCR products were kept at 4 °C. A volume of 5 µl was removed from the PCR sample and stored 

at 4 °C; the remainder was restricted by 1 µl DpnI (NEB, Frankfurt/Main, Germany) for 30-60 min at  

37 °C in order to remove the template DNA.  Then 5 µl of both samples, before and after DpnI 

restriction, were analyzed by agarose gel electrophoresis. As the newly synthesized plasmids contain 

two nicks at the respective 5’ends of the integrated primers a transformation of bacteria with the PCR 

products is needed for completion of the plasmids. 

3.2.1.8 Generation of cDNA and long template PCR 

Reverse transcription (RT)-PCRs were applied to generate complementary DNA (cDNA) of viral genome 

sequences from total RNA of MDBK cells electroporated with full-length BVDV RNAs. Hence, 5 µl 

purified total RNA (see 3.2.3.9) were mixed with 1 µl of the respective primer (10 mM) and 4.5 µl RNase 

free ddH2O (QIAGEN, Hilden, Germany) and incubated for 10 min at 65 °C. Following, the sample was 

cooled to 4 °C and 0.5 µl RNase OUT™ (40 U/µl; Invitrogen, Darmstadt, Germany), 4 µl of 5x first-strand 

buffer [250 mM Tris-HCl (pH 8.3), 375 mM KCl, 15 mM MgCl2], 2 µl DTT (100 mM), 1 µl SuperScript® II 

Reverse Transcriptase (200 U/µl; Invitrogen, Darmstadt, Germany) and 2 µl dNTP-Mix (dATP, dCTP, 

dGTP, dTTP, 10 mM each; Invitrogen, Darmstadt, Germany) were added. All was incubated for 1 h at 

42 °C. 

The Expand Long Template PCR Kit (Roche, Mannheim, Germany) was used to amplify the resulting 

cDNAs. PCRs were conducted in a final volume of 50 µl and contained 2.5 µl cDNA, 5 µl Expand Long 

Template Buffer 1 (10x), 0.75 µl Expand Long Template Enzyme Mix (5 U/µl), 20 pmol of each primer, 

1.75 µl dNTP-Mix (dATP, dCTP, dGTP, dTTP, 10 mM each; Invitrogen, Darmstadt, Germany) and 35 µl 

ddH2O (Roth, Karlsruhe, Germany). After an initial denaturation step of 2 min at 95 °C 10 PCR cycles 
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were run as follows: 10 s denaturation at 92 °C, 30 s annealing at 55 °C and 4 min elongation at 68 °C 

(for PCR fragments ≤6 kb). Then 20 cycles with 4 min 30 s elongation time followed. The PCR was 

completed by a final elongation step for 20 min at 68 °C. PCR products were kept at 4 °C until they 

were both analyzed by agarose gel electrophoresis and purified. 

3.2.1.9 Agarose gel electrophoresis and DNA extraction 

Usually, 0.8 % Agarose (Invitrogen, Darmstadt, Germany) (w/v) was dissolved in 1x Tris-Acetate-EDTA 

(TAE) buffer (Merck Millipore, Darmstadt, Germany). Depending on gel volume 0.5-1.5 µl Midori Green 

(NIPPON Genetics, Düren, Germany) were added during preparation. Gel electrophoresis was 

conducted in 1x TAE buffer (containing 0.001 % Midori Green) at 120 V for 15-30 min. DNA and RNA 

samples were mixed with sample buffer (6x) before they were loaded onto the agarose gels. The 

Generuler 1 kb Plus DNA Ladder (Thermo Scientific, Schwerte, Germany) served as Marker for both 

DNA and RNA samples. DNA and RNA were visualized by UV exposure (254 nm or 312 nm). DNA 

fragments destined for cloning were extracted from agarose gels and purified either by using the 

QIAquick® Gel Extraction Kit (QIAGEN, Hilden, Germany) or the Millipore MontageTM Gel Extraction Kit 

(Merck Millipore, Darmstadt, Germany) following the user manuals. 

3.2.1.10 DNA Ligation 

Generally, the insert to vector ratio used for DNA ligations accounted to 7.5:1. Ligation reactions 

contained 1:10 ligation buffer (10x) and 1 µl T4 DNA Ligase (400 U/µl, NEB, Frankfurt/Main, Germany) 

and were incubated for either 30 min at 16 °C or overnight at 4 °C. E. coli were transformed with the 

ligation products and incubated overnight at 37 °C. 

3.2.1.11 pGEM®-T-vector cloning 

The pGEM®-T vectors (Promega, Madison, WI, USA) are linearized vectors with a single 3’-terminal 

thymidine at both ends allowing for efficient ligation of PCR products generated by Taq DNA 

polymerase. Ligation reactions contained 3 µl of purified PCR product, 1 µl pGEM®-T vector (50 ng/µl), 

5 µl Rapid Ligation Buffer (2x) and 1 µl T4 DNA Ligase and were incubated overnight at 4 °C. E. coli 

DH5α were transformed with the ligation products and subjected to blue/white screening (3.2.2.2). 

3.2.1.12 Sequencing 

DNA sequencing was executed by LGC Genomics Sequencing Services (Berlin, Germany). Therefore 

samples were prepared following the manufacturer’s instructions for the Ready2/Flexi Run procedure. 

Sequences were evaluated using the Vector NTI software (Invitrogen, Darmstadt, Germany). 
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3.2.2 Working with Bacteria 

3.2.2.1 Generation of competent bacteria 

Bacteria used were the E. coli K12 strains HB101, DH5α and GM33. They were made chemically 

competent as described by Hanahan (Hanahan, 1983). Therefore a single bacterial colony was 

transferred into 10 ml LB-medium (Roth, Karlsruhe, Germany) and incubated overnight at 37 °C and 

120 rpm. Then 1 ml of the suspension was transferred into 100 ml LB++-medium and incubated at  

37 °C and 120 rpm until optical density at 600 nm (OD600) reached 0.4-0.55. The bacterial suspension 

was cooled on ice for 10 min and centrifuged for 10 min at 3000 g and 4 °C, afterwards. The pellet was 

resuspended in 30 ml of cold TfBI buffer and kept on ice for 10 min. The bacterial suspension was 

centrifuged again as described and the resulting pellet was resuspended in 4 ml of cold TfBII buffer. 

Bacteria were frozen in aliquots and stored at -80 °C.  

3.2.2.2 Transformation of E. coli and blue/white screening 

Normally, 50 µl competent E. coli were left to thaw on ice. Then 1-20 µl of DNA were added and all 

was incubated on ice for 20 min. A heat shock was performed for 2 min at 42 °C and followed by 

incubation on ice for 2 min. 100 µl LB-medium (Roth, Karlsruhe, Germany) were given to the bacteria 

and they were incubated for 30 min at 37 °C and 750 rpm. Subsequently the bacteria were plated on 

LB-agar plates containing antibiotics for selection and incubated overnight at 37 °C.  

Where required, blue/white screening was performed. Thus, 20 µl of 4 % X-Gal (w/v) and 5 µl IPTG 

were given to the bacteria before plating them on LB-agar. 

3.2.3 Working with cells 

3.2.3.1 General cell culture 

Cell lines used were cultivated in Ø 10 cm cell culture dishes (BD FalconTM, Franklin Lakes, NJ, USA) or 

75 cm2 culture flasks (Corning, Amsterdam, Netherlands) and kept at 37 °C and 5 % CO2. 

Huh7-T7, a Huh7 cell line expressing T7 RNA polymerase (Schultz et al., 1996)(Stan Lemon; UNC, Chapel 

Hill, NC) were cultured in Dulbecco’s modified essential medium (DMEM; PAA, Cölbe, Germany) 

containing 10 % (v/v) fetal calf serum (FCS gold; PAA, Cölbe, Germany), 100 U/ml penicillin, 100 µg/ml 

streptomycin and  1 mg/ml G418 (Gibco®, Thermo Fisher Scientific, Darmstadt, Germany). 

Madin-Darby bovine kidney (MDBK), obtained from the American Type Culture Collection (ATCC; 

Rockville, MD) were cultured in DMEM containing 10 % horse serum (PAA, Cölbe, Germany), 100 U/ml 

penicillin and 100 µg/ml streptomycin (Gibco®, Thermo Fisher Scientific, Darmstadt, Germany). 

Vero cells, obtained from the American Type Culture Collection (ATCC; Rockville, MD), were cultured 

in DMEM (Sigma-Aldrich, Taufkirchen, Germany) supplemented with 10 % (v/v) fetal calf serum (Sigma-
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Aldrich, Taufkirchen, Germany) and 1 % L-Glutamin-Penicillin-Streptomycin solution (Sigma-Aldrich, 

Taufkirchen, Germany). 

3.2.3.2 Cryopreservation of cells 

Cell lines were cryopreserved for long time storage in liquid nitrogen. Confluent cells from an Ø 10 cm 

dish were washed with 10 ml 1x phosphate buffered saline (PBS) and trypsinized with 1 ml 

trypsin/EDTA (Sigma-Aldrich, Taufkirchen, Germany). Then 10 ml culture medium were added and the 

suspension was transferred into a 50 ml reaction tube (TPP, Trasadingen, Switzerland) and centrifuged 

for 2 min at RT and 716 g.  The supernatant was removed and the cell pellet was resuspended in  

1.8 ml of the respective serum. The cell suspension was distributed equally into two cryotubes 

containing 100 µl DMSO (Roth, Karlsruhe, Germany) and the solutions were mixed carefully. Cells were 

slowly frozen using Nalgene® Cryo 1 °C Freezing containers (Thermo Scientific, Schwerte, Germany). 

3.2.3.3 Electroporation of MDBK cells 

Confluent MDBK cells from an Ø 10 cm dish served 3 electroporations. Cells were washed with 10 ml 

1x PBS and trypsinized with 1 ml trypsin/EDTA (Sigma-Aldrich, Taufkirchen, Germany). Then 5 ml 

culture medium were added and the suspension was transferred into a 50 ml reaction tube (TPP, 

Trasadingen, Switzerland) and centrifuged for 2 min at RT and 716 g.  The supernatant was discarded 

and the pellet was washed with 25 ml PBS followed by a centrifugation step of 2 min at RT and 716 g. 

The washing was repeated as described. Then the cell pellet was resuspended in 0.4 ml 1x PBS 

(AccuGENE, Lonza, Hessisch Oldendorf, Germany) per electroporation. For all electroporations MDBK 

cells were mixed with 1-5 µg of either plasmid DNA, in vitro transcribed RNA or both and directly pulsed 

at 950 µF and 180 V with a Gene Pulser® Xcell (Biorad, Munich, Germany) using a 2 mm gap cuvette 

(Sigma-Aldrich, Taufkirchen, Germany). Electroporated cells were taken up in 0.6 ml culture medium 

and seeded immediately post electroporation (pe). Cells were processed for different assays or 

supernatants were used for determination of viral yields at the indicated time points. 

3.2.3.4 Electroporation of Vero cells 

Confluent Vero cells from a 75 cm2 culture flask served 4 electroporations. The cells were washed with 

10 ml 1x PBS and trypsinized with 3-4 ml 0.5 % trypsin/EDTA (Sigma-Aldrich, Taufkirchen, Germany). 

Cells were transferred to 50 ml reaction tubes (TPP, Trasadingen, Switzerland) containing 15 ml 1x PBS 

and centrifuged for 3 min at 700 g. The supernatant was removed and the pellet resuspended in 6 ml 

1x PBS. 1.5 ml of the suspension were transferred into a 15 ml reaction tube TPP, Trasadingen, 

Switzerland), 5.5 ml 1x PBS were added and all centrifuged for 3 min at 700 g. The supernatant was 

discarded and the cell pellet was resuspended in 200 µl electroporation buffer. Vero cells were mixed 

with 20 µg plasmid DNA and directly pulsed (2 mm gap cuvette, 50 µF, 700 V) with a Gene Pulser® II 

(Biorad, Munich, Germany). Cells were left to settle for 20 min at 37 °C, then 80 % of the supernatant 
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were removed and the remaining 20 % of the cell suspension were mixed with 200 µl medium. Cells 

were seeded into 6-well plates containing Ø 25 mm glass coverslips (Menzel Gläser, Braunschweig, 

Germany) and analyzed by confocal microscopy. 

3.2.3.5 Vaccinia virus infection and DNA transfection of Huh7-T7 cells 

The Vaccinia virus modified virus Ankara (MVA)-T7pol (Sutter et al., 1995) was provided by G. Sutter 

(LMU, Munich, Germany). 2x106 Huh7-T7 cells per Ø 3.5 cm tissue culture dish were washed with 1x 

PBS and afterwards infected with MVA-T7pol  at a multiplicity of infection (MOI) of 2 in 1 ml DMEM 

without serum or antibiotics for 1 h at 37 °C. The DMEM was replaced by culture medium (see 3.2.3.1) 

and cells were transfected with 4-8 µg T7-promoter containing plasmid DNA. Therefore SuperFect® 

Transfection Reagent (QIAGEN, Hilden, Germany) was applied according to manufacturer’s 

instructions. Cells were incubated at 37 °C and processed at the indicated time points. 

3.2.3.6 BVDV infection 

The cytopathogenic BVDV-1 strain CP7 and its isogenic ncp derivative NCP7 were generated from the 

authentic full-length infectious BVDV cDNA clones pCP7-388 and pNCP-5A, which have been described 

previously (Baroth et al., 2000; Pankraz et al., 2005). 

Supernatants of MDBK cells electroporated with in vitro transcribed BVDV full-length RNA were filtered 

with 0.2 µm cellulose filters (Sartorius, Göttingen, Germany).  

To analyze the general occurrence of infectious virus particles within these supernatants they were 

given to naive MDBK cells. Therefore 1:50 of an MDBK cell suspension from a confluent Ø 10 cm dish 

was transferred into a Ø 3.5 cm tissue culture dish, 2ml of culture medium were added, cells were left 

to settle and then incubated with 500 µl of the filtered supernatants.  

For infections with defined multiplicity of infection (MOI) MDBK cells from a confluent Ø 10 cm dish 

were washed with 1x PBS, trypsinized with 1 ml trypsin/EDTA (Sigma-Aldrich, Taufkirchen, Germany) 

and transferred to  50 ml reaction tubes (TPP, Trasadingen, Switzerland)  containing 10 ml culture 

medium. The cell count was determined using a Neubauer counting chamber (LO-Laboroptik, Lancing, 

UK) and 4x105 cells were seeded into an Ø 3.5 cm tissue culture dish. 2 ml culture medium were added 

and all incubated for 4 h at 37 °C. Cells were infected with an MOI of 0.1; hence, 4x104 virus particles 

were given to the cells. After an incubation of 1 h at 37 °C the supernatant medium was removed, cells 

were washed with 1x PBS and 2 ml culture medium were added.  

Infectivity was detected 72 h pi by indirect immunofluorescence analysis (IF) using the α-BVDV NS3 

8.12.7 (Corapi et al., 1990) and a secondary cyanine-3-labeled anti-mouse antibody (Lattwein et al., 

2012) or the α-BVDV NS3 8.12.7 conjugated with HiLyte FluorTM 555. 
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3.2.3.7 Virus titration 

Virus yields were determined in quadruplicates by endpoint titration on MDBK cells. Hence, 100 µl 

culture medium were given into the wells of a 96-well plate and 50 µl of a virus suspension were added 

to the respectively first well of a row (ever 4 repeats). Subsequently, the virus suspension was diluted 

by a factor of three from well to well within a row. Afterwards, 2x104 MDBK cells were added to each 

well and all was incubated for 72 h at 37 °C. Evaluation was done by indirect immuno-fluorescence 

analysis (IF) by using the α-BVDV NS3 8.12.7 conjugated with HiLyte FluorTM 555. Titers were 

determined by the estimation procedure described by Kärber (Kärber, 1931): 

� = �� ∗ �2 − �	
� 

m negative common logarithm of the titer in correspondence to the volume applied, i.e. the titer 

of the applied volume results from 10-m. This titer has to be multiplied by 20 to calculate the 

number of infectious particles per ml as the volume applied was 50 µl. 

xi logarithm of the highest dilution at which infection could be detected for all four replicates 

d logarithm of the dilution factor 

∑ Ri Sum of the reaction rate. 1 plus all positive incidences after exi divided by the number of 

replicates (e.g. ∑ Ri = 1 + ¾ = 1.75) 

3.2.3.8 Pseudoreversion studies 

In order to find second site mutations MDBK cells were electroporated (see 3.2.3.3) with in vitro 

transcribed RNA of full-length BVDV derivatives and seeded into Ø 3.5 cm tissue culture dishes. Cells 

were passaged every 3-4 days. Thereto, supernatants were removed and filtered with 0.2 µm cellulose 

filters (Sartorius, Göttingen, Germany) and stored at -80 °C, cells were washed with 1 ml of 1x PBS and 

trypsinized with 120 µl trypsin/EDTA (Sigma-Aldrich, Taufkirchen, Germany). The cell suspension was 

transferred into a 1.5 ml reaction tube containing 1 ml culture medium and centrifuged for 1 min at 

15871 g and RT. Supernatants were discarded and cell pellets were frozen at -80 °C. For identification 

of pseudoreversions RNA was isolated from cell pellets (see 3.2.3.9) and subjected to RT-PCR  

(see 3.2.1.8). The cDNA was sequenced (see 3.2.1.12) and evaluated using the Vector NTI software 

(Invitrogen, Darmstadt, Germany). 

3.2.3.9 Isolation of total RNA from eukaryotic cells 

Total RNA from MDBK cells was purified using the RNeasy Mini Kit (QIAGEN, Hilden, Germany).  

Cell pellets were thawed and lysed by addition of 350 µl Buffer RLT supplemented with 1 %  

β-Mercaptoethanol. To ensure homogenization the lysate was mixed thoroughly by vortexing for  

1 min. One volume of 70 % ethanol was added to the homogenate and all mixed by pipetting. The 
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whole suspension was transferred to an RNeasy spin column and centrifuged for 15 s at 8000 g. Firstly, 

the column was washed with 700 µl Buffer RW1 and secondly, with 500 µl Buffer RPE, each washing 

step followed by centrifugation for 15 s at 8000 g. Again 500 µl of Buffer RPE were added and the 

column centrifuged for 2 min at 8000 g. The column was dried by centrifugation for 1 min at 16100 g. 

The RNA was eluted by adding 40 µl of RNase free ddH2O (QIAGEN, Hilden, Germany) and centrifuging 

for 1 min at 16100 g. RNA concentration was determined by measuring of the OD260 at the NanoDrop 

Spectrophotometer (Thermo Fisher Scientific, Schwerte, Germany). 

3.2.3.10 Indirect immunofluorescence analysis 

Initially cells were washed with 1x PBS and then fixed using 4 % paraformaldehyde (Affymetrix ,USB, 

Cleveland, OH, USA) for 20 min at 4 °C. Following, they were permeabilized by 0.5 % (w/v)  

N-octylglucopyranoside (Sigma-Aldrich Taufkirchen, Germany) in PBS for 7 min at 4 °C. The cells were 

incubated with the primary mouse antibody α-BVDV NS3 8.12.7 (1:40 in PBS) (Corapi et al., 1990),  

α-BVDV NS5A GLBVD5A1 (11C) (Isken et al., 2014) (1:3 in PBS) or α-HA.11 Clone 16B12 (Covance, 

Münster, Germany) (1:500 in PBS) for 1 h at 37 °C. Cells were washed 3 times with 1x PBS and then 

incubated with the secondary antibody goat anti-mouse IgG conjugated with Cy3® (1:1000 in PBS) 

(Dianova, Hamburg, Germany), AlexaFluor®430 (1:1000 in PBS), AlexaFluor®488 (1:1000 in PBS) or 

AlexaFluor®647 (1:1000 in PBS) (Molecular Probes, Darmstadt, Germany) and Dapi (1:5000 in PBS) for 

1 h at 37 °C. Where required, the α-BVDV NS3 8.12.7 conjugated with HiLyte FluorTM 555 (1:250 in PBS) 

was used. Lipid droplets were stained with Bodipy 493/503 (4,4-difluoro-1,3,5,7,8-pentamethyl-4-

bora-3a,4a-diaza-s-indacene; Invitrogen Molecular Probes, Darmstadt, Germany). Images were 

obtained with a Zeiss Axio Observer.Z1 fluorescence microscope (Zeiss, Göttingen, Germany) after 

thorough washing of the cells with 1x PBS. 

3.2.3.11 Fluorescence protease protection assay 

MDBK and Vero cells were co-electroporated with 2 µg of pEYFP-N1-BVDV-NS4B or 2 µg of  

pEYFP-N1-HCV-NS4B (or with plasmids encoding truncated forms of the respective NS4Bs) and 2 µg 

pmCherry-KDEL (see 3.2.3.3) and seeded into 6-well plates containing Ø 25 mm glass coverslips 

(Menzel Gläser, Braunschweig, Germany). Cells were cultured for 24 h before the fluorescence 

protease protection (FPP) assay, previously described by Lorenz et al. (Lorenz et al., 2006a), was 

performed. The culture medium was removed and cells were washed 3x with warm KHM buffer. 

Following, the glass coverslip was mounted in a special clamping device to a Nikon Ti Eclipse-based 

spinning disk confocal microscope (Nikon Instruments, Melville, NY, USA). Cells were kept in KHM 

buffer for all following steps. MDBK cells were permeabilized by addition of 10 µM digitonin for 60-

180 s. Then 4 mM trypsin (Sigma-Aldrich, Taufkirchen, Germany) were added to the cells. A series of 

images was recorded every 20 s during the assay, comprising the pre-permeabilization, the 
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permeabilization and the tryptic digestion step using the Andor iQ software (Andor Technology, 

Belfast, UK). 

3.2.3.12 Trans-complementation assay 

In order to accomplish a trans-complementation assay for the BVDV NS4B the bicistronic derivative 

pBici-388 NS4B-EI-NS2-3’ expressing the NS4B gene downstream of the Npro coding sequence in the 

first open reading frame was generated. The NS4B gene in pBici-388 NS4B-EI-NS2-3’ was derived from 

the non-cytopathogenic BVDV-1 strain NCP7 by PCR amplification with primers BssHII-NS4B  

sense (5’-GCGCGCATGCAGTGGGTGACTTGGACAAAATCATGGG-3‘) and NS4B-Stopp-FseI antisense  

(5’-GGCCGGCCATTACAGGTTCCTTATCTTCCCTTCAGAGTCC-3‘) subsequently fused in frame via BssHII 

and FseI to the 3’ end of the Npro coding sequence. 

MDBK cells were electroporated (see 3.2.3.3) with in vitro transcribed RNA and cultivated for 24, 48 

and 72 h pe. Trans-complementation was detected by indirect immunofluorescence analysis (IF) using 

the α-BVDV NS3 8.12.7 (Corapi et al., 1990) and a secondary cyanine-3-labeled antibody (Lattwein et 

al., 2012). 

3.2.3.13 Confocal microscopy 

Cells destined for confocal imaging had to be seeded onto Ø 25 mm glass coverslips (Menzel Gläser, 

Braunschweig, Germany) which could be mounted in a special clamping device allowing coverage of 

cells with medium or buffer. Both, imaging of fixed samples and live cell imaging was performed using 

a Nikon Ti Eclipse-based spinning disk confocal microscope (Nikon Instruments, Melville, NY, USA) as 

described in detail by Willett et al. (Willett et al., 2013) and the Andor iQ software (Andor Technology, 

Belfast, UK). Images were edited using the Image J software (Abràmoff et al., 2004; Rasband, 2008; 

Schneider et al., 2012), line plots were generated using the RGB profiler plug-in of Image J (Schneider 

et al., 2012). 

3.2.4 Working with proteins 

3.2.4.1 Antibody labeling 

The purified α-BVDV NS3 8.12.7 (Corapi et al., 1990) was conjugated with HiLyte FluorTM 555 using the 

AnaTag™ HiLyte Fluor™ 555 Protein Labeling Kit (AnaSpec, Fremont, CA, USA) following the user’s 

manual. 

3.2.4.2 Luciferase reporter assay 

Bicistronic derivatives, pBici-388 RLuc NS3-3’ and pBici-388 RLuc NS2-3’ (Isken et al., 2014), coding for 

viral genes mandatory for RNA replication alongside with the gene for Renilla-luciferase, facilitated 

quantification of RNA replication efficiency. 
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MDBK cells were electroporated (see 3.2.3.3) with in vitro transcribed RNA and cultivated for different 

periods of time. Afterwards the culture medium was removed and cells were washed with 1 ml PBS. 

Again, 1 ml of PBS was added and cells were scraped off the culture dish and transferred into 1.5 ml 

reaction tubes. The cell suspensions were centrifuged for 1 min at 15871 g and 25 °C, the supernatants 

were discarded and the cell pellets frozen at -80 °C. The luciferase assay was performed using the 

Renilla Glow-Juice Kit (PJK, Kleinblittersdorf, Germany). Cell pellets were thawed, 40 µl of 1x Lysis-Juice 

were added and the suspensions were incubated for 10-15 min at RT and 1500 rpm. Then 20 µl of the 

lysate was transferred into 5 ml luminometer tubes (Sarstedt, Nümbrecht, Germany) and 100 µl Renilla 

Glow-Juice (with Coelenterazine) was added to each tube. Luminescence was measured using the 

Luminometer Junior LB9509 (Berthold Technologies, Bad Wildbad, Germany). 

3.2.4.3 Protein deglycosylation by PNGase F  

2x106 Huh-7/T7 cells were infected with MVA-T7pol vaccinia virus (Sutter et al., 1995) and transfected 

with 4 µg of plasmid DNA using SuperFect® Transfection Reagent (QIAGEN, Hilden, Germany)  

(see 3.2.3.5). After an overnight incubation at 37 °C medium was removed, 1 ml 1x PBS added and cells 

were scraped off the cell culture dish. The resulting cell suspension was divided equally into two  

1.5 ml reaction tubes and centrifuged for 1 min at 15871 g and RT. Supernatants were removed and 

one of each of the samples denatured in 60 µl sample buffer containing 5 % β-Mercaptoethanol at  

95 °C for 10 min and stored at 4 °C.  The other set of samples was accounted to deglycosylation by 

Peptide: N-Glycosidase F (PNGase F; NEB, Frankfurt/Main, Germany). Hence the cell pellet was 

resuspended in 9 µl ddH2O, 1 µl of 10x Glycoprotein Denaturing Buffer [5 % SDS, 0.4 M DTT) was added 

and the suspension incubated at 99 °C for 10 min. After denaturation the lysates were mixed with 2 µl 

10x G7 Reaction Buffer [0.5 M Sodium Phosphate (pH 7.5)], 2 µl 10 % NP-40, 1 µl PNGase F and 5 µl 

ddH2O and incubated for 2 h at 37 °C. The samples were mixed with 40 µl sample buffer containing  

5 % β-Mercaptoethanol and incubated at 95 °C for 10 min. Proteins were separated in polyacrylamide-

tricine gels (8 % polyacrylamide) and detected by Western blotting using the rabbit monoclonal 

antibody α-HCV NS4B (1:1000) (Paul et al., 2011) or the mouse monoclonal antibody α-HA.11 Clone 

16B12 (1:1000) directed against the HA-tag in BVDV NS4B CT Strep-HA 5 aa (Covance, Münster, 

Germany) (see 3.2.4.5). 

3.2.4.4 SDS-PAGE 

Proteins were separated in polyacrylamide-tricine gels (8, 10, or 12 % polyacrylamide) (Schägger and 

von Jagow, 1987) using the Mini-PROTEAN® Tetra Cell device (BioRad, Munich, Germany) for small gels 

(7 x 8 cm) or the Hoefer device (Hoefer, Holliston, MA, USA) for large gels (14 x 16 cm). 

If not stated differently, cell samples from Ø 3.5 cm tissue culture dishes were lysed and denatured in 

120 µl sample buffer containing 5 % β-Mercaptoethanol and incubated at 95 °C for 10 min. 
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Subsequently, SDS-gels were loaded with 20 µl of the lysate. PageRuler Prestained Protein Ladder 

(Thermo Scientific, Schwerte, Germany) served as marker. 

3.2.4.5 Western blot 

Proteins were transferred via tank blotting procedure (Mini-PROTEAN® Tetra Cell, BioRad, Munich, 

Germany) onto nitrocellulose membranes (Pall, Pensacola, FL) after SDS-PAGE. Thereafter membranes 

were blocked in blocking solution (5 % (w/v) dried skim milk in phosphate-buffered saline containing 

0.05% (v/v) Tween 20 (Invitrogen, Darmstadt, Germany)) for 30-60 min. If not stated differently, 

membranes were incubated with a primary antibody diluted in blocking solution for 1 h at RT or 

overnight at 4 °C. For immunological detection of BVDV proteins the following mouse monoclonal 

antibodies (mabs) were used: α-BVDV NS3 8.12.7 (1:10) (Corapi et al., 1990), α-BVDV NS4A GH4A1 

[4B7] (1:5), α-BVDV NS4B GL4B1 (1:5) (Lamp et al., 2011), α-BVDV NS5A GLBVD5A1 (11C) (1:5), α-BVDV 

NS5B GLBVD5B1 [9A] (1:5) (Isken et al., 2014). For analysis of the HCV NS4B the rabbit monoclonal 

antibody α-HCV NS4B (1:1000) (Paul et al., 2011) was used. Commercial monoclonal antibodies 

directed against specific antibody epitopes were α-HA.11 Clone 16B12 (1:1000) (Covance, Münster, 

Germany), α-Strep Classic (50 µg/ml in PBS-Tween buffer) (IBA, Göttingen, Germany) and α-FLAG® 

(1:1000) (Sigma-Aldrich, Taufkirchen, Germany). After incubation, membranes were washed 3x with 

1x PBS containing 0.05 % Tween 20 (Invitrogen, Darmstadt, Germany). Goat anti-mouse IgG antibody 

or goat anti-rabbit IgG coupled to horseradish peroxidase (HRP) (1:5000 in blocking solution) (Dianova, 

Hamburg, Germany) served as secondary antibodies and were incubated with the membrane for 1 h 

at RT. After thorough washing of the membrane in 1x PBS supplemented with 0.05 % Tween 20 

(Invitrogen, Darmstadt, Germany) Western Lightning chemiluminescence reagent plus (PerkinElmer, 

Boston, MA, USA) was applied prior to imaging using an Image Analyzer (LAS-4000mini, Fujifilm, 

Düsseldorf, Germany).  

3.2.4.6 Immunoprecipitation 

Transfected Huh7-T7 cells transiently expressing viral proteins from plasmid DNA were lysed 9 h post 

transfection (pt) with 250 µl RIPA(G) containing 1 mM PefablocSC (Roth, Karlsruhe, Germany). The 

following steps were performed at 4 °C, mixing was ensured by placing samples on a spinning wheel. 

Lysates were incubated for 30 min and then centrifuged for 30 min at 16.000 g at 4 °C. The 

supernatants were incubated with anti-rabbit α-HA-Tag mab C29F4 (Cell Signaling Technology®, NEB, 

Frankfurt/Main, Germany) (1:50 in RIPA(G)) for 1 h, subsequently 50 µl of a 20 % (v/v) Protein-G-

Sepharose suspension were added and all incubated for another hour. The Protein-G-Sepharose was 

pelleted at 16.000 g and washed 3x with RIPA(G). Proteins were denatured in sample buffer containing 

5 % β-Mercaptoethanol at 95 °C for 10 min and then separated in polyacrylamide-tricine gels  

(8 % polyacrylamide). Proteins were detected by Western blotting (see 3.2.4.5). 
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3.2.5 Bioinformatics 

3.2.5.1 Prediction of transmembrane regions 

Transmembrane domain predictions were executed using the following programs: HMMTOP (Tusnády 

and Simon, 1998, 2001), TMHMM (Krogh et al., 2001), SACS MEMSAT (Jones et al., 1994), OCTOPUS 

(Viklund and Elofsson, 2008), TopPred II (Claros and von Heijne, 1994; von Heijne, 1992) and Phobius 

(Käll et al., 2004). 

3.2.5.2 Secondary structure prediction and α-helix analysis 

Secondary structures of proteins were predicted using the PSIPRED Secondary Structure program 

(Jones, 1999). Properties of the suggested α-helices were analyzed further by application of the 

HELIQUEST tool (Gautier et al., 2008). 
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4 Results 

4.1 Characterization of a BVDV replicon expressing a fluorescent NS5A-mCherry 

One objective was to establish functional BVDV replicons expressing fluorescently labeled viral non-

structural proteins as a tool for direct visualization of pestiviral replication complexes in living cells and 

for further functional characterization of the respective viral proteins.  

Owing to prior studies which identified the closely related HCV NS5A as a surprisingly flexible protein 

that tolerates large heterologous insertions (McCormick et al., 2006; Moradpour et al., 2004), the 

initial focus was put on the BVDV NS5A. Olaf Isken introduced a panel of 10 aa deletions into the NS5A 

C-terminal half of the protein and analyzed their effect on replication and virion production using 

different replication systems in order to identify potential insertion sites for fluorescent proteins (Isken 

et al., 2014). The N-terminal domain I of NS5A was intentionally omitted from the study, as it harbors 

two functional determinants: the N-terminal amphipathic helix mediating membrane association and 

the Zn2+-binding site that was shown to be essential for RNA replication (Reed et al., 1998; Sapay et al., 

2006; Tellinghuisen et al., 2006). The reverse genetic approach determined deletions within the BVDV 

NS5A LCS I and the N-terminal part of domain II to have the least impact on the proteins functionality, 

hence, making this region an interesting target for the insertion of a fluorescent protein. 

Based on these results a functional monocistronic replicon encoding mCherry fluorescent protein 

within the center of the NS5As LCS I, termed DI-388mCherry, was generated by Olaf Isken  

(Figure 4.1) and applied in this thesis for the visualization of BVDV RNA replication complexes by live 

cell imaging (Isken et al., 2014).  

 

Figure 4.1: Schematic representation of the functional BVDV replicon DI-388mCherry according to 

Isken et al. (Isken et al., 2014). Genes for BVDV non-structural proteins are depicted in white, the 

mCherry gene is shown in gray. The mCherry coding sequence was introduced between aa 288 and 

299 of NS5A (numbering refers to BVDV-1 CP7 NS5A).  

4.1.1 BVDV NS5A localizes at lipid droplets 

In cells electroporated with DI-388mCherry RNA, NS5A-mCherry showed an ER-like cytosolic pattern, 

but fractions of the protein also appeared at ring-like structures that resembled lipid droplets (LDs). 

The latter observation matched recent studies which demonstrated a recruitment of HCV NS5A to LDs 

during the viral life cycle (Miyanari et al., 2007). Ectopic expression of GFP-Tip47, GFP-ADRP and 

Perilipin-GFP which are proteins known to reside at LD surfaces (Greenberg et al., 1991; Jiang et al., 

1992; Wolins et al., 2001) was used in order to define these structures. For this purpose, MDBK cells 
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were electroporated with DI-388mCherry replicon RNA and the respective plasmid DNAs. It turned out 

that only co-expression of pGFP-N1-Perilipin, a plasmid encoding Perilipin fused to the  

N-terminus of GFP, and DI-388mCherry allowed for simultaneous analysis of the fluorescent proteins, 

as signals for NS5A-mCherry were, due to the low replication capacity of this replicon RNA, detectable 

not before 36 h pe, a time point at which signals for GFP-TIP47 and GFP-ADRP had already declined. 

Subsequent confocal live cell imaging confirmed colocalization of Perilipin-GFP with a fraction of NS5A-

mCherry (Figure 4.2 [A]). This finding was affirmed by a second approach in which MDBK cells were 

first electroporated with DI-388mCherry replicon RNA and then counterstained with the LD-specific 

dye Bodipy 493/503 prior to live cell imaging 48 h pe (Figure 4.3 [A]). 

 

Figure 4.2: A fraction of NS5A-mCherry localizes to the surface of lipid droplets. [A] NS5A-mCherry 

colocalizes with Perilipin-GFP at lipid droplets. MDBK cells were co-electroporated with BVDV  

DI-388mCherry RNA and pGFP-N1-Perilipin. Fluorescent proteins were visualized 48 h pe by confocal 

live cell imaging. LD surfaces were visualized with the recognized LD marker Perilipin-GFP (green). The 

line plot (right) shows intensity values for both NS5A-mCherry (red graph) and Perilipin-GFP (green 

graph) along the line drawn across the merged image. [B] Confocal images of MDBK cells 

electroporated with BVDV DI-388mCherry replicon RNA 48 h pe. NS5A-mCherry was directly visualized 

by fluorescence microscopy (red). LD localization is indicated by Bodipy 493/503 (green). NS3 was 

visualized using an NS3-specific antibody and a secondary Alexa Fluor 647-labeled antibody (blue). The 

line plot (right) shows intensity values for NS5A-mCherry (red graph), LDs (green graph), and NS3 (blue 

graph) along the line drawn across the merged image. Scale bars, 10 μm. 

As NS5A is an essential component of the viral replicase, the question arose of whether other viral NS 

proteins are also located at LDs. To address this issue, the DI-388mCherry replicating MDBK cells were 

co-stained with Bodipy 493/503 and the NS3-specific antibody α-BVDV NS3 8.12.7. This approach 

revealed that although a major fraction of NS3 and NS5A-mCherry colocalizes in cytoplasmic foci, 

possibly representing viral replication complexes, lipid droplet association was preferentially detected 

for NS5A-mCherry (Figure 4.2 [B]). 
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Figure 4.3: NS5A-mCherry and authentic BVDV NS5A show consistent cellular localization.  

[A] Confocal microscopy aided detection of NS5A-mCherry and NS5A at LDs within MDBK cells. NS5A 

was visualized via the auto-fluorescence of NS5A-mCherry by live cell imaging (i and ii) or by indirect 

immunofluorescence with an NS5A-specific monoclonal antibody and a Cy3-labeled secondary 

antibody (iii and iv). LDs were stained with Bodipy 493/503 (green). The white box in each merged 

image indicates the enlarged section shown below. (i and ii) Live cell images of cells electroporated 

with the replicon DI-388mCherry RNA 48 h pe and of cells expressing NS5A-mCherry 24 h pe. (iii and 

iv) Immunofluorescence images of cells containing DI-388, cells fixed 18 h pe, or CP7-388, cells fixed 

48 h pi. [B] Confocal microscopy live cell image of MDBK cells, endoplasmic reticulum visualized with 

mCherry-KDEL (red), and lipid droplets stained with Bodipy 493/503 (green) served as controls, i.e., for 

non-colocalization to LDs (Scale bars, 10 µm). 

To determine if NS5A-mCherry alone localizes to the LD surface, a pcDNA-NS5A-mCherry plasmid was 

electroporated into MDBK cells and NS5A-mCherry was monitored by live cell microscopy. The 

observation of fluorescent ring-like structures upon NS5A-mCherry expression suggested that NS5A-

mCherry requires no additional viral proteins for its LD association (Figure 4.3 [A]). 

To exclude the possibility of NS5A-mCherry exhibiting an artificial intracellular localization triggered by 

the mCherry insertion, the cellular distribution of authentic NS5A was analyzed. Therefore, cells were 

either electroporated with DI-388 replicon RNA or infected with BVDV strain CP7. Authentic NS5A was 

detected by an immunofluorescence assay (IF) using the NS5A-specific antibody α-BVDV NS5A 

GLBVD5A1 (11C). LDs were counterstained with Bodipy 493/503. Again, NS5A showed an ER-like 
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cytosolic pattern and a fraction of the protein was found at the surface of LDs, proving that the 

distribution observed for NS5A-mCherry does not deviate from the authentic one (Figure 4.3[A]).  

4.1.2 DI-388mCherry and the detection of double membrane vesicles using CLEM 

Confocal imaging of the functional DI-388mCherry replicon helped to approximate BVDV NS5A’s 

cellular localization. However, a major limitation of fluorescence microscopy is the difficulty to assign 

viral and cellular proteins to specific subcellular structures.  One possibility to overcome this limitation 

is the conduction of correlative light electron microscopy (CLEM). In fact, the very same method helped 

to identify HCV induced double membrane vesicles (DMVs), by using a functional subgenomic HCV 

replicon containing a GFP-tagged NS5A (Romero-Brey et al., 2012). So far, no such membrane 

alterations could be conclusively confirmed in BVDV infected cells. Thus, the analysis of the newly 

generated DI-388mCherry replicon by means of CLEM could possibly yield new insights into the 

architecture of Pestivirus induced membrane structures. 

 

Figure 4.4: Correlative light electron microscopy (CLEM) of MDBK cells replicating DI-388mCherry.  

[A] Cells were imaged 48 h pe in order to allocate NS5AmCherry-positive cells (red). [B] Z-stacks of the 

fluorescent cells were recorded in order to obtain a more accurate correlation with the EM pictures. 

[C] Cells were chemically fixed and embedded in a resin. Ultrathin sections of the area containing the 

positive cells (cell 1 and cell 2) were prepared for getting high-resolution details of these cells and an 

EM micrograph of one of the cell sections was merged with one of the fluorescent images taken from 

the z-stack. [D] Higher magnification micrographs of an area of cell 1, showing the presence of double 

membrane vesicles (indicated by V). [C and D] Images were provided by Inés Romero-Brey. 
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Hence, MDBK cells were electroporated with BVDV DI-388mCherry replicon RNA and temporarily 

seeded into 6-well plates. To get a reliable cell count, cells were trypsinized and seeded into patterned 

glass bottom dishes at 2x105 cells/dish the following day. At 48 h pe the cells were fixed and  

DI-388mCherry positive cells were imaged by fluorescence microscopy. The cells were then embedded 

in a resin block by Inés Romero-Brey (Department of Infectious Diseases, Molecular Virology, 

University of Heidelberg, Heidelberg, Germany). After polymerization of the resin, the glass was 

removed and the positive-cells were allocated back with help of the coordinate pattern of the glass 

that remained as imprint on the surface of the resin block. These positive cells were further analyzed 

by transmission electron microscopy by Inés Romero-Brey. 

Preliminary data indicate that in areas positive for the fluorescent NS5A-mCherry DMVs can be found 

(Figure 4.4). Since these membrane structures did not appear in mock treated cells they may represent 

BVDV-specific sites of RNA replication. Thus it seems that the BVDV DI-388mCherry replicon is a useful 

tool towards the characterization of pestiviral-induced membrane rearrangements by CLEM. However, 

it remains to be elucidated whether the highly fluorescent structures are merely aggregates of viral 

proteins or complex BVDV-induced membranous compartments.  

4.2 Generation of further BVDV replication systems expressing labeled NS proteins 

The usage of NS5AmCherry, where mCherry was introduced at NS5A aa position 288, in different BVDV 

replication systems yielded promising results, but had one major drawback: it only allowed for analysis 

of RNA replication. Unfortunately, full-length BVDV genomes carrying the NS5AmCherry sequence 

failed to produce infectious virus particles and hence did not facilitate analysis of BVDV virion 

morphogenesis. Thus a second attempt was made to generate functional BVDV replication systems 

containing tag-labeled non-structural proteins.  

In this approach, the study was extended; besides the BVDV protein NS5A, NS4B was also included. 

Accordingly, fluorescent proteins or antibody epitopes were fused to the respective target protein’s 

termini (Figure 4.5). Part of the cloning and analyses included here were performed in the course of 

the bachelor theses of Christin Krause and Hella Schwanke (Krause, 2013; Schwanke, 2014). The 

following fluorescent proteins were inserted: monomeric Cherry fluorescent protein (mCherry), 

mCherry N- and C-terminally flanked by four glycines (G4mCherry), mini singlet oxygen generator 

(miniSOG), tandem dimer Tomato (tdT) and yellow-green fluorescent protein (YFP). In the case of 

antibody epitopes Flag, human influenza hemagglutinin (HA) and Strep were used. These epitopes 

were always applied in combination of two, resulting in Flag-Flag, Flag-HA, HA-HA, Strep-HA and  

Strep-Strep. The tag sequences were inserted at a distance of 5 aa to the proteins N- or C-terminal 

ends via restriction sites for MluI and AscI, which were generated by site-directed mutagenesis. The 

spacing was maintained to secure preservation of the NS3 serine protease cleavage sites at the non-
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structural protein junctions and to ensure correct polyprotein processing. Further, the first or the last 

5 aa of the proteins, with exception to the NS5A N-terminus, were introduced after or before the 

generated insertion sites, in order to leave the protein sequence as intact as possible. The cDNA 

sequence of these repeats was altered, intending to avoid potential RNA recombination. Additionally, 

one already existing NS5A fusion derivative which contained a 20 aa repeat at its C-terminal end was 

also included in the study. In contrast to the repeats aforementioned, this one comprised an unaltered 

cDNA sequence.  

 

Figure 4.5: Schematic representation of the pestiviral fusion proteins NS4B and NS5A generated for 

screening of their functionality in different BVDV replication systems. Sequence areas of BVDV non-

structural proteins 4B and 5A are depicted in white, the insertion sites for fluorescent proteins and 

antibody epitopes are shown in gray (amino acid numbering refers to BVDV-1 CP7 NS4B and NS5A 

respectively). 

To examine the effect of the insertions on RNA replication, the cDNA sequences of the individual fusion 

proteins were introduced into the BVDV replicon DI-388, encoding Npro followed by NS3 to NS5B (Isken 

et al., 2014). This replicon is based on the natural BVDV isolate DI9 and replicates highly efficient 

(Behrens et al., 1998; Tautz et al., 1996). After in vitro transcription of DI-388 template DNAs, the 

different DI-388 RNAs were electroporated into MDBK cells and detection of NS3 by IF analysis was 

used to monitor viral RNA replication at 20, 48 and 70 h post electroporation (pe) (Supplementary 

Figure 1; representative images at 48 h pe). Cells electroporated with RNA of DI-388 derivatives 

encoding fluorescently labeled proteins were also imaged regarding their expected fluorescence 

signals. The wild-type (WT) DI-388 and derivatives with an inactivating mutation in the RdRp domain 

of NS5B (DI-388 GAA) served as positive and negative controls. The DI-388 NS5A derivatives were 

analyzed by Christin Krause and Hella Schwanke. 

The WT DI-388 replicated efficiently which was accompanied by the induction of a severe cytopathic 

effect (cpe) starting at 16 h pe, whereas no RNA replication was detectable in cells electroporated with 
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the DI-388 GAA RNA (data not shown).  In the context of this system, RNA replication was considerably 

less affected in replicons containing NS5A fusion proteins than in replicons with alterations in NS4B 

(Table 4.1). In fact, only the C-terminus of NS4B tolerated insertions to a certain extent and only two 

replicons, namely DI-388 NS4B CT Strep-HA 5 aa and -NS4B CT Strep-Strep 5 aa, proved to be suitable 

for further investigations (Table 4.1). NS5A, on the other hand, demonstrated a greater flexibility 

towards insertions at both its termini. The protein’s N-terminus appeared to exclusively permit 

insertions of antibody epitopes, thus short sequences. Nonetheless, two of these replicons,  

DI-388 NS5A NT Strep-HA 5 aa and -NS5A NT Strep-Strep 5 aa, allowed for such efficient RNA 

replication that a delayed cpe could be observed in cells electroporated with the respective RNAs 

(Table 4.1). The NS5A C-terminus exhibited the highest tolerance towards insertions in the replicon 

context. Both antibody epitopes and fluorescent proteins could be fused to this site without impeding 

RNA replication. Moreover, this was the only context, besides the internal insertion site within NS5A 

described in 4.1, in which functional fluorescent fusion proteins could be detected (Table 4.1). 

Table 4.1 Functionality of BVDV DI-388 replicon derivatives containing NS4B or NS5A fusion proteins. 

RNA replication was monitored by NS3 detection via IF. Replication efficiency was estimated by the 

period of time until NS3 was traceable and by the signal intensities: [-] unverifiable; [+] very weak; [++] 

moderate; [+++] efficient, but no induction of a cpe; [++++] very efficient, inducing cpe; [n.a.] not 

analyzed. Derivatives allowing for detection of fluorescent fusion proteins are highlighted in gray. 

 NS4B NS5A 

NT 5 aa CT 5 aa NT 5 aa CT 5 aa CT 20 aa 

G4mCherry - + - + + 

mCherry - + - + n.a. 

miniSOG n.a. - - + n.a. 

tdT - - - +++ +++ 

YFP - n.a. n.a. +++ n.a. 

Flag-Flag - - ++ + ++ 

Flag-HA - - +++ ++ n.a. 

HA-HA - - +++ ++ n.a. 

Strep-HA - ++ ++++ ++ n.a. 

Strep-Strep - ++ ++++ + ++ 

 

Long-time investigations of the functional BVDV replicons revealed that DI-388 NS5A CT 20 aa 

derivatives were genetically instable. Hence, these derivatives were excluded from further 

investigations. 
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4.2.1 The NS5A N-terminus tolerates insertions of antibody epitopes in the BVDV bicistronic 

replicon Bici-388 RLuc NS3-3’ 

BVDV DI-388 replicon derivatives showing leastwise moderate replication efficiency and (where 

possible) exhibited fluorescence of the fusion proteins (see Table 4.1), qualified for additional analysis. 

In order to estimate their relative RNA replication capacities quantitatively, the pre-selected NS5A 

fusion proteins were introduced into the bicistronic replicon Bici-388 RLuc NS3-3′ (Schwanke, 2014) 

which expresses the gene for Renilla luciferase (RLuc) downstream of Npro (Isken et al., 2014). In this 

replicon, Npro and RLuc translation is mediated by the BVDV IRES, while translation of the viral replicase 

proteins NS3 to NS5B is initiated from an EMCV IRES located downstream of the RLuc gene. The 

individual Bici-388 RLuc NS3-3′ replicon RNAs were electroporated into MDBK cells. Cells were 

analyzed for NS3 synthesis by IF at 24, 48 and 72 h pe (Schwanke, 2014) (see Figure 4.6[A] and [C]; 

images taken at 72 h pe are representative) and RLuc activity of cell extracts was determined at 2, 24, 

48 and 72 h pe (Figure 4.6 [B]). The 2 h value served the determination of RNA electroporation 

efficiency and input translation of the replicon RNAs. The RLuc activity measured in mock cells was 

about a factor 300 less than the one of cells electroporated with bicistronic RNA at 2 h pe. At this time 

point RLuc activity of cells electroporated with the WT replicon was comparable to RLuc activity of cells 

harboring the non-replicating Bici-388 RLuc NS3-3′ GAA RNA (Figure 4.6 [B]). This observation 

confirmed that within the first 2 h after electroporation RLuc activity is solely produced by translation 

of the electroporated bicistronic replicon RNAs and that comparable electroporation efficiencies were 

achieved for all Bici-388 RLuc NS3-3′ derivatives. 

At 24 h pe, the RLuc activity derived from cells electroporated with Bici-388 RLuc NS3-3′ WT RNA was 

about 1000-fold higher than the RLuc activity observed in cell extracts containing the replication-

deficient replicon Bici-388 RLuc NS3-3′ GAA RNA, indicating active RNA replication. Elevated RLuc 

activity, in comparison to the Bici-388 RLuc NS3-3′ GAA RNA control, was detected in the majority of 

lysates of cells electroporated with replicon RNAs harboring NS5A NT derivatives. Though they 

exhibited an initial reduction of RLuc activity at 24 h pe compared to 2 h, they showed an evident 

increase of RLuc activity between 24 and 48 h pe, confirming their replication competence. However, 

their RNA replication was about a factor 200 less efficient than the WT one, regarding the 24 h values. 

A decrease in the RLuc activity in cells electroporated with the Bici-388 RLuc NS3-3′ WT RNA at 48 h 

towards 24 h could be detected, correlating with the induction of a cpe (Figure 4.6 [A][B]). 

Interestingly, some NS5A derivatives, namely all NS5A CT 5 aa derivatives and NS5A NT Flag-Flag, while 

being tolerated in the efficient monocistronic DI-388 replicon context, did not allow for RNA replication 

in the context of the less efficient bicistronic Bici-388 RLuc NS3-3′ replicon.  
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Figure 4.6: Detection and Quantification of RNA replication of bicistronic BVDV replicon NS5A 

derivatives in MDBK cells electroporated with the respective RNAs. [A] and [C] Cells were fixed at the 

indicated time points and probed with an NS3-specific antibody to assess RNA replication by indirect 

immunofluorescence using a Cy3-labeled secondary antibody (top rows, NS3). The nuclei were 

visualized by DAPI staining (bottom rows, DAPI). [A] The RNAs of Bici-388 RLuc NS3-3’ wild-type (WT), 

GAA and [C] the individual NS5A derivatives were analyzed. The replication-deficient Bici-388 RLuc 

NS3-3’ GAA RNA harbors a lethal mutation in the NS5B RNA-dependent RNA polymerase and served 

as a negative control. [B] Cells were harvested into lysis buffer at 2, 24, 48 and 72 h pe and replication 

kinetics of the bicistronic RNAs were determined by Renilla luciferase activity in cell lysates at the 

indicated time points. Values for each time point were determined in duplicates, corresponding 

standard deviations are shown. Relative light units (RLUs). The NS5A derivatives are specified by the x-

axis designations. The polymerase-defective RNA Bici-388 RLuc NS3-3′ GAA served as a negative 

control, mock indicates the electroporation control (without RNA). 

Results obtained by IF analyses were in accordance with the luciferase data (Figure 4.6 [B][C]). Thus, 

all bicistronic replicons with NS5A CT 5 aa insertions and NS5A NT Flag-Flag failed to produce  

IF-detectable NS3 amounts at the time points examined (Figure 4.6 [C]), supporting the observation 

that these bicistronic replicon RNAs are not capable of RNA amplification. On the other hand, a robust 

NS3 signal was detected in cells electroporated with Bici-388 RLuc NS3-3′ derivatives containing the 

remaining NS5A NT insertions (Figure 4.6 [C]). This demonstrated that the RLuc- and IF-based assay 

deliver congruent results for the bicistronic NS5A derivatives. 
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4.2.2 The NS5A N-terminus tolerates the Strep-HA and the Strep-Strep epitope in the BVDV 

bicistronic replicon Bici-388 RLuc NS2-3’ 

With the aim to estimate the behavior of the generated NS5A fusion proteins in the context of the  

full-length genome, the NS5A NT derivatives of the four functional Bici-388 RLuc NS3-3’ (see 4.2.1) 

were introduced into the BVDV Bici-388 RLuc NS2-3′ replicon. This bicistronic NS2-3′ replicon mimics 

the viral RNA replication phenotype of full-length CP7-388 genomes, owing to the temporal regulation 

of the NS2-3 cleavage, but it impedes viral spread due to the absence of the structural proteins (Isken 

et al., 2014). In a first attempt, the bicistronic NS2-3’ replicon RNAs were electroporated into MDBK 

cells and the cells were analyzed for NS3 synthesis by IF at 24, 48 and 72 h pe. For the Bici-388 RLuc 

NS2-3′ replicons containing NS5A NT Flag-HA or HA-HA no NS3 signal could be observed, tentatively 

classifying them as replication deficient. Whereas both Bici-388 RLuc NS2-3′ NS5A NT Strep-HA and 

Strep-Strep produced IF-detectable NS3 amounts at 72 h pe and thus allowed for RNA replication 

(Supplementary Figure 2). 

4.2.3 BVDV CP7-388 NS5A NT Strep-Strep allows for replication and virion morphogenesis 

The results obtained indicated that derivatives containing the Strep-HA or Strep-Strep epitope 

insertion at the N-terminus of NS5A support viral RNA replication in both the Bici-388 RLuc NS3-3′ and 

the Bici-388 RLuc NS2-3′ replicon context. The next step was to examine whether these NS5A fusion 

proteins permitted genome replication and production of infectious virions in the full-length infectious 

CP7-388 context. First, the NS5A NT Strep-Strep derivative was introduced into the full-length 

infectious pCP7-388 cDNA (Schwanke, 2014). The RNAs of CP7-388 WT and the non-replicating 

derivative CP7-388 GAA served as controls. The RNA transcripts were electroporated into MDBK cells 

and analyzed for viral RNA replication by NS3-specific IF at 48 and 72 h pe (Schwanke, 2014). A decrease 

in the cell count of cells electroporated with the CP7-388 WT RNA, in comparison to cells carrying the 

replication-deficient CP7-388 GAA RNA, could be detected, correlating with the induction of a cpe 

(Figure 4.7 [A]). NS3 was detectable in cells electroporated with CP7-388 NS5A NT Strep-Strep at the 

indicated time points (Figure 4.7 [A] and data not shown), revealing that this NS5A fusion protein 

allows for viral genome replication. However, cells electroporated with RNA of the CP7-388 NS5A 

derivative showed a substantially lower replication level than the WT which is apparent from the 

fainter NS3 signals and the absence of a cpe (Figure 4.7 [A]). In sum, the replication phenotype of the 

CP7-388 NS5A NT Strep-Strep was in agreement with the replication capabilities determined in the 

Bici-388 RLuc NS3-3’ context. 

Cell culture supernatants of the electroporated cells were harvested at 72 h pe and used to inoculate 

naive MDBK cells in order to investigate the production of infectious virions which was determined  

via an NS3-specific IF assay 72 h post infection (pi) (Schwanke, 2014). Supernatants from cells 
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electroporated with CP7-388 NS5A NT Strep-Strep contained infectious BVDV particles, as indicated by 

the appearance of NS3-positive foci of infected cells (Figure 4.7 [B]). However, these foci were both 

rather small and rare, suggesting rather inefficient virion formation. Thus, quantification of the 

infectious particle formation capacity of CP7-388 NS5A NT Strep-Strep was not performed at the 

moment, as the overall data obtained suggested that the derivative would show drastically reduced 

titers compared to the CP7-388 WT and that titer determination would be experimentally challenging. 

Nonetheless, we wanted to address the questions whether the insertion of the double Strep epitope 

at the NS5A N-terminus remains genetically stable. Therefore, cells containing the CP7-388 NS5A NT 

Strep-Strep RNA were passaged for three weeks. Cells were regularly monitored for viral RNA 

replication by NS3-specific IF and supernatants were tested for their infectious virus particle content 

as described above (Schwanke, 2014). After four passages (three weeks) all MDBK cells were NS3 

positive, but there was no evidence of an occurring cpe. The supernatants yielded considerably more 

virus particles than at 72 h pe when comparing the IF assays (data not shown). Cells were harvested 

and total RNA was isolated and used for RT-PCR (as described in 3.2.3.9 and 3.2.1.8). Sequencing of 

the PCR products revealed that the NS5A NT Strep-Strep was maintained unaltered. The possibility of 

emerging second site mutations will have to be addressed in future investigations. 

 

Figure 4.7: BVDV CP7-388 NS5A NT Strep-Strep allows for viral genome replication and production 

of infectious virus particles. [A] BVDV CP7-388 RNAs were electroporated into MDBK cells. Cells were 

fixed at 72 h pe and probed with an NS3-specific antibody to assess RNA replication by indirect 

immunofluorescence using a Cy3-labeled secondary antibody (top row, NS3). Nuclei were 

counterstained with DAPI (bottom row, DAPI). [B] Supernatants from electroporated cells were 

harvested 72 h pe and used for inoculation of naive MDBK cells. The presence of infectious virus 

particles in the supernatant was determined 72 h post infection (pi) by NS3-specific IF (top row, NS3). 

Nuclei of cells were stained with DAPI (bottom row, DAPI).  

In conclusion, the data gained prove that CP7-388 NS5A NT Strep-Strep is capable of both viral genome 

replication and formation of infectious virus particles, though at a very low level. The study also gives 

initial indications that the low virus progeny might originate from the inefficient viral RNA replication 

rather than from a specific interference with the virus assembly or release processes, but proving this 
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assumption will need further experimentation. Nevertheless, with the NS5A NT Strep-Strep a fusion 

protein could be generated which allows for the investigation of the complete pestiviral life cycle, 

making it a promising tool for future studies of e.g. BVDV packaging complexes. Prospectively, it will 

be interesting to also analyze a CP7-388 NS5A NT Strep-HA derivative with regard to its viral genome 

replication capacity and virion production ability. 

4.2.4 BVDV CP7-388 NS4B CT Strep-HA 5 aa allows for replication and residual virus 

production 

When comparing the data obtained for the different DI-388 fusion proteins (see 4.2 Table 4.1) it 

became evident that both the NS4B C-terminus and the NS5A N-terminus tolerated the same insertions 

best, namely the double Strep and the Strep-HA epitope, indicating a possible structural and/or 

compositional similarity between these two protein regions. In fact, in case of HCV both the NS4B  

C-terminal domain and the NS5A N-terminal domain comprise a membrane-associated amphipathic 

α-helix (Brass et al., 2002; Gouttenoire et al., 2010b; Sapay et al., 2006) and are shown to be involved 

in homodimer formation (Paul et al., 2011; Tellinghuisen et al., 2004, 2005). For this reason it was 

decided to introduce one of these epitopes into the NS4B of CP7-388, albeit their moderate replication 

capacity in the DI-388 replicon context, and to examine whether this NS4B fusion protein permits 

genome replication and production of infectious virions.  

The CP7-388 NS4B CT Strep-HA 5 aa derivative was chosen, as the HA epitope allows for specific 

detection in both IF and Western blot. The RNA transcripts of the replication-deficient derivative CP7-

388 GAA and the CP7-388 WT served as controls. The RNAs were electroporated into MDBK cells and 

analyzed for viral RNA replication by NS3-specific IF at 72 h pe. NS3 was detectable in cells 

electroporated with CP7-388 NS4B CT Strep-HA 5 aa, revealing that this NS4B fusion protein allows for 

viral genome replication. However, RNA of the CP7-388 NS4B derivative showed a substantially lower 

replication level than the CP7-388 WT RNA (compare CP7-388 Figure 4.7 [A]). 

Cell culture supernatants of the electroporated cells were harvested at 72 h pe and used to inoculate 

naive MDBK cells in order to investigate the production of infectious virions. Infectious virus 

production was determined via HA- and NS3-specific IF analyses at 72 h pi. Supernatants from cells 

electroporated with the CP7-388 WT RNA contained infectious progeny, as foci of infected cells were 

detected. Cells electroporated with CP7-388 NS4B CT Strep-HA 5 aa, on the other hand, did not 

produce infectious virus particles at this time point, as neither NS3- nor HA-positive cells were to be 

detected. 
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Figure 4.8: BVDV CP7-388 NS4B CT Strep-HA 5 aa allows for viral genome replication and limited 

production of infectious virus particles. [A] Workflow for the passaging procedure.  MDBK cells were 

electroporated with CP7-388 NS4B CT Strep-HA RNA. Cells were passaged twice a week and thereby 

seeded into two wells of a 6-well plate. One well was used for further passaging, while the other was 

fixed to assess viral RNA replication. Supernatants from electroporated cells were harvested at each 

passaging step and used for inoculation of naive MDBK cells. [B] Detection of viral RNA replication by 

NS3-specific immunofluorescence IF (left side, NS3) post electroporation (pe). Nuclei were 

counterstained with DAPI (right side, DAPI). [C] The virion formation was determined 72 h post 

infection (pi) by NS3- and HA-specific IF. NS3 and NS4B CT Strep-HA images were merged (colored 

images). Nuclei of cells were stained with DAPI (right side, DAPI). Passage 1-5 (P1-P5; 6 d - 20 d). 

Thus, cells containing the CP7-388 NS4B CT Strep-HA 5 aa RNA were passaged in order to determine if 

infectious virus particle production occurs at a later time point. Cells were regularly monitored for viral 

RNA replication by HA- and NS3-specific IF and the according supernatants were tested for their 

infectious virus particle content as described above. It turned out that CP7-388 NS4B CT Strep-HA  

5 aa exhibited a delayed virion morphogenesis ability. Naive MDBK cells which were inoculated with 

the supernatant from passage 1 (P1), of cells electroporated with CP7-388 NS4B CT Strep-HA 5 aa RNA, 

showed foci positive for both NS4B CT Strep-HA and NS3 (Figure 4.8 [C]). But the NS4B fusion protein 

appeared to be genetically instable, as from P3 (13 d pe) an increasing number of MDBK cells was 
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found to be exclusively NS3-positive (Figure 4.8 [C]), clearly indicating the occurrence of mutations in 

the HA sequence. This assumption was also supported by the appearance of a cpe at P5 (20 d pe) which 

correlates with highly efficient RNA replication, untypical for this mutant. 

In summary, the results reveal that CP7-388 NS4B CT Strep-HA 5 aa is capable of genome replication 

and infectious virus particle production, though in a strongly delayed manner compared to the  

CP7-388 WT. It can be assumed that, in accordance with the results obtained for the CP7-388 NS5A NT 

Strep-Strep, the derivative’s delayed virus production might also be caused by inefficient viral RNA 

replication. Gaining quantitative data will help to substantiate this assumption. Although alterations 

within the HA epitope did occur during passaging, the NS4B fusion protein remains genetically stable 

for at least 10 d (data not shown), making it the second functional BVDV fusion protein allowing for 

the investigation of the pestiviral life cycle.  

4.3 Characterization of the BVDV non-structural protein NS4B 

This study was aimed at the detailed characterization of the BVDV NS4B, as the current state of 

knowledge regarding this protein is rather incomplete. Here the focus was put on examining its cellular 

localization, establishing a membrane topology model and defining its function within the pestiviral 

life cycle. 

4.3.1 BVDV NS4B localizes to the ER 

The first approach towards characterizing BVDV NS4B was to determine its intracellular localization. 

To this end, NS4B was cloned into the CMV promoter containing plasmid pEYFP-N1. The resulting 

pNS4B-eYFP, encoding a recombinant NS4B fused to eYFP via a short linker sequence (GDPPVAT), and 

pEYFP-N1 were electroporated into both MDBK and Vero cells and imaged at 24 h pe. There were no 

detectable distinctions in the distribution pattern of NS4B-eYFP or eYFP among the different cell lines 

used (data not shown). Cells electroporated with pEYFP-N1 exhibited a typical YFP distribution, 

spreading throughout the entire cell (data not shown). NS4B-eYFP, on the other hand, showed a 

defined reticular pattern and additional prominent foci within the cytosol (see Figure 4.9) similar to 

the one described for HCV NS4B before (Gretton et al., 2005; Lundin et al., 2003).  

In order to determine whether BVDV NS4B, like HCV NS4B, localizes to the ER (Gretton et al., 2005; 

Lundin et al., 2003), cells were co-electroporated with pNS4B-eYFP and a plasmid encoding the ER 

marker mCherry-KDEL. Confocal images were obtained at 24 h pe and revealed that NS4B-eYFP 

colocalized well with the ER pattern (Figure 4.9). 
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Figure 4.9: NS4B-eYFP colocalizes with the ER. Vero cells were co-electroporated with pNS4B-eYFP 

and pmCherry-KDEL. The fluorescent proteins were visualized 24 h pe by confocal live cell imaging 

(scale bar, 10 µm). The ER was visualized with mCherry-KDEL (red). The line plot (right) shows intensity 

values for both NS4B-eYFP (green graph) and mCherry-KDEL (red graph) along the line drawn across 

the merged image. 

4.3.2 Establishment of an NS4B membrane topology model 

The second step towards the understanding of BVDV NS4B was the generation of a membrane 

topology model by using biocomputational programs on the one hand and suited experimental 

approaches on the other. 

4.3.2.1 Biocomputational prediction of the NS4B topology in the ER membrane 

Firstly, a theoretical topology model of the NS4B protein was established. The model was created on 

the basis of the sequence of NS4B of the BVDV-1 strain CP7 by usage of the biocomputational 

prediction programs HMMTOP (Tusnády and Simon, 1998, 2001), TMHMM (Krogh et al., 2001), SACS 

MEMSAT (Jones et al., 1994), OCTOPUS (Viklund and Elofsson, 2008), TopPred II (Claros and von Heijne, 

1994; von Heijne, 1992) and Phobius (Käll et al., 2004). The proteins C-terminus was hypothesized to 

reside at the cytosolic face of the ER membrane, as the NS3 serine protease which releases the BVDV 

NS4B, possesses cytoplasmic localization (Wiskerchen and Collett, 1991; Zhang et al., 2003). The 

localization of the proteins N-terminus remained preliminarily uncertain. The processing of the NS4B 

N-terminus by NS3 needs to proceed at the cytosolic side of the ER, thus proposing a cytoplasmic 

orientation, but the topology model conceived for HCV NS4B suggested the N-terminal region to reside 

within the ER lumen (Lundin et al., 2003). 

The results obtained by the different programs were very heterogeneous, varying from 0-3 predicted 

transmembrane domains (TMDs). HMMTOP and TMHMM characterized the BVDV NS4B as soluble. 

Both SACS MEMSAT and Phobius predicted one TMD from aa 227-243 or aa 225-250 of BVDV NS4B 

directed from the lumen towards the cytosol. OCTOPUS proposed a TMD from NS4B aa 80-100 and an 

additional, so called, reentrant or dip region at aa 140-150. TopPred II predicted three TMDs residing 

at aa 83-103, aa 136-156 and aa 225-245 of the NS4B protein (Figure 4.10). The positions of these three 

transmembrane helices were more or less consistent with the putative positions for TMDs obtained 

by the aforementioned programs.  
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Figure 4.10: TopPred II analysis of NS4B BVDV-1 CP7. [A] Graphical output of the TopPred II analysis 

of the BVDV NS4B. The y-axis denotes the hydrophobicity scale according to “Goldman Engelman Seitz” 

(GES-scale); the 347 amino acid (aa) residues of NS4B are indicated on the x-axis. The gray graph 

describes the hydrophobicity value of the according aa residues. The dotted line marks the lower or 

putative cutoff at a hydrophobicity value of 0.6; the black line denotes the upper or certain cutoff at a 

hydrophobicity value of 1.0. Gray bars indicate areas predicted as potential transmembrane domains. 

[B] Amino acid sequences of NS4B BVDV-1 CP7. The aa contributing to the transmembrane regions 

proposed by TopPred II are depicted in white letters upon gray background. 

In sum, the biocomputational analyses provided a preliminary model of the BVDV NS4B membrane 

topology, suggesting the protein to contain three transmembrane regions. Taking into account the 

assumption made beforehand and considering that the last of the predicted transmembrane helices 

was predicted to span the ER membrane from its luminal to its cytosolic side, the NS4B C-terminus 

most probably faces the cytosolic face of the ER membrane.  Whereas the protein’s N-terminus has to 

face the luminal side, provided that the predicted topology corresponds to the actual situation. Having 

obtained this tentative model, the next step was to experimentally verify and/or to refine it. 

4.3.2.2 The BVDV NS4B membrane topology obtained by an in vivo glycosylation assay 

In order to evaluate the biocomputed NS4B topology model, the method described by Lundin et al. 

(Lundin et al., 2003) was adopted. They introduced a glycosylation site at different positions within the 

HCV NS4B. The plasmids encoding the generated NS4B mutants were in vitro transcribed and the 

resulting transcripts were subsequently in vitro translated with or without the addition of microsomal 

membranes. In this experimental setup mutants with glycosylation sites residing within the ER lumen 

were glycosylated when translated in the presence of microsomes, leading to a ∼2 kDa shift in SDS-

PAGE analysis. Thus, this technique allowed to localize the respective NS4B regions with respect to 

their membrane orientation and hence, to generate a topology model. 

The procedure described above was modified to investigate the NS4B protein in a less artificial context, 

as more recent studies indicated that the presence of other non-structural proteins, like NS5A, might 

influence the NS4B topology (Lundin et al., 2006). Owing to this, the focus of this work was put on 



4 Results 

[78] 

NS4B in the context of functional NS3-3’ replicons, as they provide all viral non-structural proteins 

involved in the formation of replication complexes and guarantee correct embedding of the viral 

proteins into the host’s intracellular membranes.  

To ensure that the aspirated in vivo glycosylation assay, using NS4B EC4 replicon derivatives, yields 

reliable results, the HCV strain JFH1 NS4B derivatives NS4B aa 161 EC4 and NS4B aa 210 EC4, described 

by Lundin et al. (Lundin et al., 2003), were recreated. Therefore, a 36 residues long insertion 

(TGQKLSVPDGFKVSNSSARGWVIHPLGLRSPW) that was based on the luminal EC4 loop of Band 3,  the 

anion exchanger of human erythrocytes (Popov et al., 1997), was cloned into the respective sites. The 

inserted loop contained the amino acids NSS, a common glycosylation motif, in its middle and was 

used to secure accessibility of the acceptor Asn. The resulting NS4B derivatives were then analyzed in 

the context of the T7-RNA polymerase promoter controlled pCite HCV NS3-3’ JFH, encoding the NS3-

5B polyprotein fragment (Figure 4.11 [B]). This system facilitates production of the viral polyprotein 

independently of its ability to support RNA replication, which is important, as the insertion of the EC4 

loop very likely hampers both NS4B functionality and thus replicase activity. The T7-RNA polymerase 

expression in Huh7-T7 cells was boosted by the MVA-T7pol vaccinia virus system and the cells were 

subsequently transfected with the individual pCite HCV NS3-3’ JFH plasmids (Figure 4.11 [A]). The cells 

were incubated for 18 h at 37 °C to express the viral polyprotein in a replication-independent manner. 

Cell lysates were analyzed by Western blotting, applying a monoclonal antibody specific for JFH1 NS4B 

(Paul et al., 2011). The lysates of mock transfected cells and cells transfected with pCite HCV NS3-3’ 

JFH WT served as controls. 

Lundin et al. (Lundin et al., 2003) had shown that the NS4B aa 161 EC4 derivative was glycosylated in 

the presence of microsomes, hence demonstrating that the amino acid residue 161 resides within the 

ER lumen, whereas the residue 210 of JFH1 NS4B was proven to face the cytosol. The same results 

were obtained by the investigation of these NS4B EC4 derivatives in the pCite HCV NS3-3’ JFH context 

(Figure 4.11 [C]). To ensure that the 2 kDa shift observed for JFH1 NS4B aa 161 EC4 was due to 

glycosylation, the cell lysates of transfected cells were subjected to PNGase F treatment (described in 

3.2.4.3), as this enzyme removes N-linked oligosaccharides. Indeed, the upper JFH1 NS4B aa 161 EC4 

band disappeared upon the deglycosylation procedure (Figure 4.11 [D]), confirming the in vivo 

glycosylation assay to be functional.  



4 Results 

[79] 

 

Figure 4.11: Proof of concept for the in vivo glycosylation assay using the HCV NS3-3’ JFH replicon. 

[A] Work flow for the in vivo glycosylation assay. [B] Schematic representation of the expression 

construct pCite HCV NS3-3’ JFH and the predicted HCV NS4B membrane topology according to Paul et 

al. (Paul et al., 2011). Gray triangles mark the EC4 insertion sites. [C] Glycosylation pattern of JFH NS4B 

EC4 derivatives. pCite HCV NS3-3’ JFH plasmids with the indicated NS4B mutants were expressed in 

Huh7-T7 cells and glycosylation of the NS4B EC4 derivatives was detected by Western blotting using 

an HCV NS4B specific antibody. [D] Protein deglycosylation by PNGase F. Lysates of cells transfected 

with pCite HCV NS3-3’ JFH wild type (WT) and NS4B aa 161 EC4 before (-) and after (+) PNGase F 

treatment were analyzed by Western blotting. [C and D]Mock designates the transfection control 

(without DNA). The positions of NS4B, NS4B-EC4 and the glycosylated NS4B-EC4 (NS4B-EC4g) are 

indicated by arrows.  

Since proof of concept for the in vivo glycosylation assay was achieved, the next step was to apply the 

assay in the BVDV system. Having generated the functional BVDV DI-388 NS4B CT Strep-HA 5 aa 

replicon (see 4.2) which allows for the visualization of NS4B-Strep-HA by using a HA-specific antibody, 

the aforementioned EC4 glycosylation site was introduced at different positions within this derivative. 
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A total of 19 different mutants, carrying the EC4 loop insertion, were created. On the basis of the 

biocomputational prediction (see 4.3.1), six insertion sites for the EC4 loop were selected. They were 

located ahead and behind of each putative TMD (NS4B aa 75/105/135/160/ 225/250; numbers denote 

the count of amino acid residues preceding the EC4 insertion site in the NS4B BVDV-1 CP7 sequence). 

Two EC4 loop insertions were placed in the NS4B terminal regions (NS4B aa 20/336), whereas the 

remaining insertion sites were distributed over the NS4B protein to refine the arising model (NS4B aa 

30/40/60/85/115/120/195/267/285/302/320). The complete pT7DI-388 NS4B CT Strep-HA 5 aa EC4 

series of cDNA constructs was cloned under the control of a T7-RNA polymerase promoter. Huh7-T7 

cells infected with the MVA-T7pol vaccinia virus were transfected with the individual pT7DI-388 NS4B 

EC4 CT Strep-HA 5 aa plasmids. The cells were incubated for 18 h at 37 °C. Cell lysates were analyzed 

for NS4B EC4-glycosylation by Western blotting (Figure 4.12 [A]). In order to ascertain co-expression 

of the other replicase proteins encoded on the BVDV replicon pT7DI-388 NS4B CT Strep-HA 5 aa, cell 

lysates were also analyzed for NS3, NS4A and NS5A synthesis using specific mAbs (Figure 4.12 [A]). 

Lysates of cells transfected with pT7DI-388 NS4B CT Strep-HA 5 aa (designated as WT) and of mock 

transfected cells served as controls (work flow as depicted in Figure 4.11 [A]).   

Expression and correct processing was demonstrated for the BVDV non-structural proteins NS3, NS4A 

and NS5A with all pT7DI-388 NS4B CT Strep-HA 5 aa EC4 derivatives (Figure 4.12 [A]). The pT7DI-388 

NS4B CT Strep-HA 5 aa EC4 derivatives exhibited relatively similar expression levels compared to the 

WT (see Western blots for α-NS3 and α-NS5A Figure 4.12 [A]). However, protein levels for the different 

NS4B-EC4 fusion proteins varied evidently in the HA-Western blot analysis, suggesting that some 

insertions might affect protein stability. Further, the detectable amount of NS4AB-EC4 precursor was 

considerably heterogeneous among the different pT7DI-388 NS4B CT Strep-HA 5 aa EC4 derivatives, 

arguing for a reduced stability and rapid degradation of some precursors. 

The analysis of the pT7DI-388 NS4B CT Strep-HA 5 aa EC4 derivatives revealed that NS4B aa 20/30/ 

60/75/85/115/160/225 EC4 exhibited a 2 kDa shift of NS4B-EC4 (Figure 4.12 [A]). Thereupon, the 

respective cell lysates were subjected to PNGase F treatment to affirm that the observed increase of 

molecular mass was caused by protein glycosylation (Figure 4.12 [B]). None of the pT7DI-388 NS4B CT 

Strep-HA 5 aa derivatives carrying the EC4 loop at different positions within the last 100 aa residues of 

the protein did show a 2 kDa shift. This indicates that the BVDV NS4B C-terminal region resides within 

the cytosol (Figure 4.12 [A]). On the contrary, with the exception of NS4B aa 40 EC4, all NS4B mutants, 

possessing the EC4 loop within the first 85 aa residues of the proteins N-terminal region, were 

glycosylated and consequently face the luminal site of the ER membrane (Figure 4.12 [A]). Three 

additional glycosylated NS4B mutants were detected, namely NS4B aa 115-, 160- and 225 EC4, which 

were preceded and followed by non-glycosylated NS4B derivatives. 
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Figure 4.12: In vivo glycosylation study of BVDV NS4B. The Npro/NS3-5B polyprotein of BVDV was 

expressed from pT7DI-388 NS4B CT Strep-HA 5 aa WT or EC4 derivatives in Huh7-T7 cells using an 

MVA-T7pol expression system. Huh7-T7 cells were infected with MVA-T7pol vaccinia virus for 1 h and 

subsequently transfected with the plasmid DNAs indicated. The cells were incubated for 18 h at 37 °C 

and then directly processed for Western blot analysis [A] or subjected to PNGase F treatment [B].  

[A] Cell lysates were separated by SDS-PAGE and analyzed by Western blotting using specific antibodies 

directed against HA, NS3, NS4A and NS5A, respectively. The separated section within the α-HA 

Western blot was exposed longer, as signals for NS4B-EC4 were comparatively weaker. 

[B] Deglycosylation of NS4B mutants exhibiting a 2 kDa shift. Lysates of cells transfected with  

pT7DI-388 NS4B CT Strep-HA 5 aa EC4 replicon derivatives before (-) and after (+) PNGase F treatment 

were separated by SDS-PAGE and analyzed by Western blotting. [A and B] Mock, transfection control 

(without DNA); NS4B WT, pT7DI-388 NS4B CT Strep-HA 5 aa; NS4B aa 20 EC4 to NS4B aa 336 EC4, 

pT7DI-388 NS4B CT Strep-HA 5 aa NS4B mutants; NS4AB�, precursor containing the NS4B WT. 

Positions of the NS proteins are indicated by arrows, the molecular mass standard is given on the left. 

Both the evaluation of the computational prediction and the in vivo assay led to the same results 

regarding the localization of the NS4B termini. The experimental data suggest that the BVDV NS4B  

C-terminus is located within the cytosol, whereas the N-terminus should face the ER lumen. As both 
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NS4B termini are processed by the cytoplasmic NS3 protease, these observations suggest a 

posttranslational flip of the N-terminus into the ER lumen, as has previously been proposed for HCV 

NS4B as well (Lundin et al., 2003). The number of TMDs varied between the two models. The TopPred 

II analysis proposed the existence of three transmembrane helices, located at NS4B aa 83-103,  

136-156 and 225-245 (Figure 4.10). Whereas the obtained glycosylation pattern indicated the 

existence of seven to eight transmembrane helices, approximately located between NS4B aa 30-60, 

85-105, 115-135, 135-160, 160-195, 195-225 and 225-250 (Figure 4.13 [B]). The discrepancy between 

both models might be explained by the fact that biocomputational methods often fail to accurately 

predict short loops, especially loops shorter than 7 aa residues, as parameters for the expected length 

interval exceed the actual spatial requirements (Chen and Rost, 2002). As a result a lesser count of 

TMDs might be predicted. Nonetheless, the three TopPred II predicted TMDs (aa 83-103, 136-156 and 

225-245) are in overall accordance with three of the transmembrane regions identified by the in vivo 

glycosylation analysis (indicated as TMD1, TMD4 and TMD7 in Figure 4.13) and therefore supporting 

the data.  

The model was additionally refined by using the PSIPRED Secondary Structure program (Jones, 1999). 

The program predicted the protein to contain a total of 15 α-helices (supplementary Figure 3). These 

putative helices where then further analyzed with the HELIQUEST tool (Gautier et al., 2008) which 

determines specific helix properties and allows for a hypothetical classification into amphipathic or 

transmembrane helices (a selection of wheel plots obtained is given in Figure 4.13 [A]). To determine 

whether the identified helices possess the intrinsic propensity to associate to the ER, they were cloned 

into the plasmid pEYFP-N1 (see Table 3.1.11.8). Part of the cloning and analyses included here were 

performed in the course of the master thesis of Ulrike Langerwisch (Langerwisch, 2011). Some of the 

predicted helices were adapted owing to their length and the HELIQUEST analysis, for instance, the 

predicted helices NS4B aa 160-167 and 173-177 were too short and thus analyzed as one helical region. 

The resulting plasmids (comprising the NS4B truncations aa 5-30, 34-64, 64-83, 83-96, 104-125,  

137-154, 164-182, 186-202, 208-225, 227-246, 280-299, 295-307 or 324-336) and pmCherry-KDEL 

were co-electroporated into both MDBK and Vero cells and imaged at 24 h pe. There were no 

localization differences of the fusion-derivatives in the different cell lines used. Two out of the 13 

fusion-derivatives examined, namely NS4B137-154-eYFP and NS4B324-336-eYFP, were clearly localized at 

the ER (see supplementary Figure 4). NS4B137-154-eYFP corresponded to TMD4 (Figure 4.13 [B]), 

whereas NS4B324-336-eYFP indicated the existence of an amphipathic α-helix (AH4) positioned in the  

C-terminal region of NS4B (Figure 4.13 [B]). 
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Figure 4.13: HELIQUEST analysis helps to refine the BVDV NS4B membrane topology model.  

[A] Graphical output of the HELIQUEST analysis of selected areas within the BVDV NS4B. Positions of 

the regions examined are indicated above, the aa constituting the hydrophobic face and the 

hydrophobicity value of the respective helix are given below each helix wheel. Nonpolar residues are 

depicted in yellow; positively and negatively charged residues are given in blue or red, respectively; 

uncharged residues are colored in pink and purple. [B] Schematic representation of the hypothetical 

BVDV NS4B membrane topology model. Barrels indicate secondary structure elements: AH, 

amphipathic α-helix; H, α-helix; TMD, transmembrane domain; lines represent loop or linker regions. 

Elements depicted in light gray are modeled according to biocomputational predictions. They are only 

hypothetical and have not been experimentally verified. The NS4B amino terminus (N) initially faces 

the cytosol, but might be reoriented towards the ER lumen by a posttranslational flip. The carboxy 

terminus (C) resides within the cytosol. Numbering according to aa of BVDV-1 CP7 NS4B. 

The final membrane topology model of NS4B (Figure 4.13 [B]) was established on the basis of the data 

obtained by the different computational and experimental approaches. However, the exact number 

and position of helices, especially within the terminal parts of BVDV NS4B, remains uncertain at this 

point and has to be experimentally validated in future investigations. Nonetheless, the acquired data 

thus far facilitated the development of a comprehensive model and showed that  BVDV NS4B, like HCV 

NS4B, might possess a dual membrane topology (Lundin et al., 2003, 2006).  

4.3.2.3 Addressing the membrane topology by the fluorescence protease protection (FPP) assay 

Another method for the determination of a protein’s membrane topology is the fluorescence protease 

protection (FPP) assay described by Lorenz et al. (Lorenz et al., 2006a, 2006b). This approach provides 

basic information about the localization of a fluorescent tag relative to an intracellular membrane. The 

protein of interest is fused to a fluorescent protein and the resulting chimera is expressed in any 

suitable cell line. The cells are subjected to digitonin treatment which causes selective 

permeabilization of the cell plasma membrane, but hardly affects intracellular ones, thus retaining 
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cellular organelles. Next, trypsin is added to the cells. If the protein of interest spans the membrane of 

an intracellular organelle such that some domains reside within its lumen whereas others are exposed 

to the cytosol, the placement of the fluorescent tag will dictate whether or not its fluorescence is 

resistant to protease addition (Figure 4.14 [A]). 

To establish the method, both MDBK and Vero cells were co-electroporated with peYFP-N1 and the ER 

marker pmCherry-KDEL and subjected to the FPP assay as described in 3.2.3.11. The disappearance of 

eYFP from the cells upon digitonin treatment indicated that the protein was freely diffusing in the 

cytoplasm and neither membrane-associated nor resident within the lumen of an intracellular 

organelle (Figure 4.14 [B]). On the contrary, the mCherry-KDEL signal was retained within the ER 

lumen, proving that permeabilization by digitonin specifically occurred at the plasma membrane. The 

optimal digitonin concentration was determined to be 10 µM for both cell lines. The mCherry-KDEL 

signal was unaffected by the subsequent incubation with 4 mM trypsin, showing that trypsin treatment 

specifically degrades cytoplasmic proteins (Figure 4.14 [B]).  

The next step was to investigate if the approach allows the identification of the NS4B membrane 

topology. To this end, HCV JFH1 NS4B1-261 and NS4B1-161 were cloned into peYFP-N1. The first plasmid 

encodes the full-length JFH1 NS4B, the second a truncated version of NS4B followed by eYFP. Earlier 

studies had shown that the C-terminus of HCV NS4B resides within the cytosol, whereas aa residue 161 

of the protein is located within the ER lumen (Lundin et al., 2003). Thus, in cells expressing JFH1  

NS4B1-261-eYFP, the eYFP should be exposed to the cytosol and hence susceptible for trypsin digestion, 

whereas in cells containing JFH1 NS4B1-161-eYFP, the fluorescent protein should be protected. However, 

analysis of fluorescence signals in the FPP assay showed that NS4B1-261-eYFP was protected from 

trypsin digestion, while NS4B1-161-eYFP was susceptible. Based on these observations it became evident 

that the results obtained were not congruent with initial expectations (Figure 4.14 [C]), making it 

difficult to interpret the results of this assay. Therefore, the FPP assay did not represent a suited 

method to elucidate the NS4B membrane topology. 
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Figure 4.14: Fluorescence protease protection (FPP) assay. [A] Cartoon of the FPP assay according to 

Lorenz et al. (Lorenz et al., 2006a). The blue symbol represents a fluorescent protein in the cytoplasm. 

The red and green symbols represent transmembrane proteins with the fluorescent tag facing either 

the cytoplasm (green) or the lumen of the organelle (red). (1-3) The situation before (1) and after (2) 

permeabilization and the resulting phenotype after trypsin treatment (3) are shown. [B] MDBK cells 

expressing eYFP (green) and the ER marker mCherry-KDEL (red). [C] Vero cells expressing NS4B1-261-

eYFP or NS4B1-161-eYFP (green) and mCherry-KDEL (red) [B and C] Cells were subjected to the FPP assay 

24 h post electroporation. Images were obtained before and after treatment with digitonin and trypsin 

as indicated by arrows above the images.  
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4.3.3 Functional characterization of BVDV NS4B 

The third step towards characterizing BVDV NS4B was its functional analysis. Structural predictions and 

experimental data indicated the proteins C-terminal region (aa 248-347) to contain a minimum of two-

three α-helices oriented towards the cytosolic site of the ER (Figure 4.13 [B]). Those structural 

elements are often involved in protein-protein interactions and very likely to hold crucial functions 

within the viral life cycle, making them attractive targets to study. This and the fact that the complete 

sequence of the C-terminal NS4B region is highly conserved among members of the genus Pestivirus 

led to the selection of this particular part of NS4B for further functional investigations.  

4.3.3.1 Conserved amino acid residues in the NS4B C-terminal region are essentially involved in 

BVDV RNA replication 

The NS4B C-terminal region was subjected to a reverse genetics study in order to examine the 

functional relevance of this domain in viral RNA replication. The analysis targeted all charged or 

aromatic amino acids within the last 100 amino acids of the protein which were classified as conserved. 

They were replaced by alanine in the context of the bicistronic BVDV luciferase replicon Bici-388 RLuc 

NS2-3′  (Isken et al., 2014), resulting in a total of 33 mutants (Figure 4.15 [A]). Single amino acid 

substitutions were created mainly by introducing two nucleotide exchanges within the same codon to 

avoid rapid reversion to wild type. The cloning had been performed previously in the course of the 

master thesis of Ulrike Langerwisch (Langerwisch, 2011).  

To estimate the relative RNA replication capacities of the NS4B mutants quantitatively, the individual 

Bici-388 RLuc NS2-3′ replicon RNAs were electroporated into MDBK cells. Cell extracts were analyzed 

for RLuc activity at 2 and 24 h pe (Figure 4.15 [B-C]) and synthesis of NS3 was examined by IF at 36 h 

pe (data not shown). The 2 h value indicated both the RNA electroporation efficiency and the input 

translation of the bicistronic replicon RNAs. The RLuc activity in cells electroporated with replicon RNAs 

was about a factor of 100 above that of the mock control at 2 h pe (Figure 4.15 [B]). Cells 

electroporated with Bici-388 RLuc NS2-3′ WT RNA or the replication-deficient derivative Bici-388 RLuc 

NS2-3′ GAA RNA showed comparable RLuc activity at 2 h (Figure 4.15 [B]), confirming that RLuc activity 

is exclusively produced by translation of the electroporated bicistronic replicon RNAs at that time 

point. The RLuc activities obtained at 2 h pe showed that similar electroporation efficiencies were 

achieved for all Bici-388 RLuc NS2-3′ derivatives. At 24 h pe, the RLuc activity of lysates from cells 

containing Bici-388 RLuc NS2-3′ WT RNA was about 1000-fold higher than the RLuc activity of  

lysates derived from cells containing the non-replicating Bici-388 RLuc NS2-3′ GAA RNA  

(Figure 4.15 [C]), indicating active RNA replication. 
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Figure 4.15: Residues in the C-terminal domain of NS4B are important for BVDV RNA replication.  

[A] BVDV-1 protein sequence of the NS4B C-terminal region. NS4B amino acid (aa) positions are given. 

Residues substituted to alanine are underlined and highlighted with bold letters. [B-C] MDBK cells were 

electroporated with bicistronic BVDV Bici-388 RLuc NS2-3′ RNAs and harvested into lysis buffer at 2 

and 24 h post electroporation (pe). Replication kinetics of the bicistronic RNAs were determined 

by Renilla luciferase activity in cell lysates at the time points indicated. Data corresponds to three 

independent transcription/electroporation experiments. Values for each time point, determined in 

triplicates, with corresponding standard deviations are shown in separate diagrams. Error bars indicate 

standard deviations. The dotted line marks the threshold value for active RNA replication. WT, BVDV 

Bici-388 RLuc NS2-3′ WT; GAA, BVDV Bici-388 RLuc NS2-3′ GAA; RLUs, relative light units. The individual 

mutations in the BVDV Bici-388 RLuc NS2-3′ RNAs are specified by the x-axis designations. Polymerase-

defective RNA Bici-388 RLuc NS2-3′ GAA served as a negative control. 
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As shown in Figure 4.15 [C], BVDV Bici-388 RLuc NS2-3′ replicons containing substitutions E276A, 

E279A, K280A, H301A, Y306A, E314A, R318A, K343A or R345A had only a minor or no effect on RNA 

replication. Bici-388 RLuc NS2-3′ derivatives F260A, K275A, Y307A, K308A, W310A, R322A, F325A, 

E334A and D339A exhibited a moderately lower replication capacity than the WT at 24 h, whereas a 

drastically reduced replication kinetic could be observed for the bicistronic replicon derivatives F264A, 

F286A, E287A, Y300A and F330A. Substitutions E250A, K252A, R253A, K258A, K262A, D271A, E272A, 

R297A, Y303A and E331A completely abrogated BVDV RNA replication, as inferred from the 

comparison with the replication-deficient Bici-388 RLuc NS2-3′ GAA replicon. The NS3 IF analysis at  

36 h pe was in agreement with the RLuc data obtained. 

4.3.3.2 NS4B mutants interfering with RNA replication do not disrupt polyprotein processing 

Some of the NS4B derivatives tested (see 4.3.3.1) were impairing viral RNA replication. To clarify 

whether they do so by affecting the NS4B function in the viral RNA replication complex or by disrupting 

the polyprotein processing, these mutants were further analyzed. To this end, all NS4B mutants 

exhibiting drastically reduced or no RNA replication capacity were cloned into pT7DI-388 which 

allowed the expression of the viral polyproteins independently of their ability to support viral RNA 

replication. Huh7-T7 cells infected with the MVA-T7pol vaccinia virus prior to transfection with the 

individual pT7-DI-388 plasmids were incubated for 18 h at 37 °C and cell lysates were examined by 

Western blotting by applying mabs specific for NS3, NS4A, NS5A, and NS5B. Lysates of cells transfected 

with pT7-DI-388 WT and of mock transfected cells served as controls.  

Polyprotein processing of all examined NS4B mutants was unaltered from that of the WT with regard 

to their mature non-structural protein products (Figure 4.16). This observation showed that the defects 

in RNA replication of these NS4B derivatives in the context of the bicistronic replicon did not correlate 

with an obvious defect in polyprotein processing. 
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Figure 4.16: Effects of NS4B mutants on protein synthesis and proteolytic polyprotein processing. 

The BVDV replicase was expressed from pT7-DI-388 WT or derivatives in Huh7-T7 cells using the MVA-

T7pol expression system. Huh7-T7 cells were infected with MVA-T7pol vaccinia virus for 1 h and 

subsequently transfected with the DNAs indicated. The cells were incubated for 18 h at 37°C and then 

harvested into lysate buffer. Cell lysates were separated by SDS-PAGE and analyzed by Western 

blotting using specific antibodies directed against NS3, NS4A, NS5A, and NS5B, respectively. Mock, 

transfection control (without DNA); WT, BVDV pT7DI-388 WT; GAA, BVDV pT7DI-388 GAA; NS3 S163A, 

BVDV pT7DI-388 NS3 mutant carrying an inactivating amino acid substitution within the serine 

protease’s active site; NS4B E250A through NS4B E331A, BVDV pT7DI-388 NS4B mutants. Mock refers 

to cell lysates infected with MVA-T7pol and transfected with empty pCite2A vector control. Positions 

of the non-structural proteins are indicated on the right. The molecular mass standard is given on the 

left. 

 

4.3.3.3 None of the mutations in the BVDV NS4B C-terminal domain specifically interfere with virion 

morphogenesis 

The results obtained thus far demonstrated that approximately ¾ of the NS4B substitution mutants 

analyzed still supported viral RNA replication in the context of the bicistronic Bici-388 RLuc NS2-3′ 

replicon, albeit to very different extents. These NS4B mutants were introduced into the full-length 

infectious cDNA clone pNCP7-388 and investigated with respect to genome replication and infectious 

virus particle production ability. The individual derivatives were in vitro-transcribed and the resulting 

RNAs were electroporated into MDBK cells. Cells were assayed for viral RNA replication by NS3-specific 

IF at 48 h pe. The transcripts of pNCP7-388 WT and the non-replicative derivative pNCP7-388 GAA 

served as positive and negative controls, respectively. In all MDBK cells electroporated with genome-
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length transcripts coding for the different NS4B mutants NS3 was detectable, demonstrating these 

NS4B substitution mutants to allow for viral genome replication. However, cells electroporated with 

NCP7-388 NS4B F264A, F286A, E287A, Y300A and F330A RNA showed comparably lower replication 

levels, indicated by weaker NS3 signals (Figure 4.17). Thus, it can be noted that the replication 

phenotypes of the individual BVDV NCP7-388 NS4B derivatives were generally in good correlation with 

the replication capabilities of these mutants determined in the Bici-388 RLuc NS2-3′ context (compare 

Figure 4.15). 

 

Figure 4.17: Effect of different NS4B mutations on BVDV genome replication. Transcripts of BVDV 

NCP7-388 NS4B derivatives were electroporated into MDBK cells and analyzed for viral RNA replication 

at 48 h post electroporation (pe) by antibody-specific detection of NS3 (top rows, NS3). Cell nuclei 

were stained with DAPI (bottom rows, DAPI).  



4 Results 

[91] 

 

Figure 4.18: Impact of different NS4B mutations on BVDV infectious virus particle production.  

[A] Supernatants from cells electroporated with RNA of NCP7-388 NS4B derivatives were harvested 48 

h post electroporation (pe) and used to inoculate naive MDBK cells. The presence of infectious virus 

particles in the supernatant was determined at 72 h post infection (pi) by NS3-specific immuno- 

fluorescence (top rows, NS3). Nuclei of cells were counterstained with DAPI (bottom rows, DAPI).  

[B] In parallel, infectivity of the supernatants of electroporated cells 48 h pe was determined as the 50 

% tissue culture infectious dose (TCID50) at 72 h pi. Values of viral titers shown represent the means 

from two independent experiments, each measured in quadruplicates. 
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Cell culture supernatants of electroporated cells were harvested at 48 h pe and used to inoculate naive 

MDBK cells in order to determine the capability of the individual NCP7-388 NS4B mutants to produce 

infectious virus progeny. The production of infectious virus particles was validated via NS3-specific IF 

at 72 h post infection (pi). All supernatants from cells electroporated with NCP7-388 NS4B derivatives 

contained infectious virus particles, as indicated by the appearance of NS3-positive foci of infected 

cells (Figure 4.18 [A]). The infectious particle content of these supernatants was then quantified by 

endpoint titration (described in 3.2.3.7).  Evaluation of the determined titers revealed a broad 

correlation between infectious particle count and observed replication phenotype (compare Figures 

4.15 and 4.18 [B]), as NS4B mutants F264A, F286A, E287A, Y300A and F330A which already showed an 

evidently reduced replication kinetic in the Bici-388 RLuc NS2-3′ replicon also exhibited a severe 

reduction in infectious virus production in the NCP7-388 context compared to the NCP7-388 WT. For 

all NS4B mutants exhibiting a TCID50 higher than 4x104, titers were also determined after an infection 

with a defined multiplicity of infection (MOI) of 0.1 (as described in 3.2.3.6). The titers obtained 72 h 

pi were about a factor of 10 lower than titers achieved at 48 h pe, but generally corroborated the 

earlier results (supplementary Figure 5). 

In conclusion, the analysis did not identify amino acid residues which specifically inhibit virion 

morphogenesis, as the decrease observed in viral titers from NS4B mutants correlate with inefficient 

viral RNA replication and are therefore unlikely to be caused by a specific interference of virus assembly 

and/or virus release. 

4.3.3.4 Identification of pseudoreversions rescuing replication effects induced by NS4B mutations 

The identification of second site mutations, or so called pseudoreversions, which restore a certain 

function impeded by another mutation, can help to identify genetic links between viral protein 

interaction partners. In order to determine potential interaction partners of the BVDV NS4B, the two 

mutants F264A and F286A were selected for this approach as both showed a drastically decreased 

replication kinetic in the Bici-388 RLuc NS2-3′ replicon (Figure 4.15 [C]). Hence, MDBK cells were 

electroporated with NCP7-388 NS4B F264A or F286A RNA and passaged with the aim of identifying 

rescuing mutations. Cells were regularly monitored for viral RNA replication by NS3-specific IF and the 

resulting supernatants were tested for their infectious virus particle content (data not shown). After 

seven passages, total RNA was extracted from cells and used for RT-PCR (see 3.2.1.8) to amplify four 

DNA fragments spanning the entire coding region. The cDNA fragments of three independent 

experiments were subjected to direct DNA sequencing. Only mutations arising in all three cDNAs were 

considered for subsequent analyses. In NCP7-388 NS4B F286A, the original NS4B mutation had been 

retained and one additional conserved mutation appeared within the C-terminal domain of the BVDV 

NS4B (see Table 4.2). In contrast, passaging of NCP7-388 NS4B F264A did not result in the emergence 

of second site mutations, but led to reversion to wild type NS4B. 
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Table 4.2 Pseudoreversions selected for the replication impaired NS4B F286A mutant. Numbers refer 

to the position of the given amino acid residues in the respective viral protein of BVDV-1 NCP7-388. 

#1-3 indicates the abundance of the substitutions within three different cDNA fragments. The gray 

background highlights the mutation found in all cDNAs analyzed. 

primary mutation pseudoreversion silent mutation nucleotide exchange 

NS4B F286A  N
pro

 V20
#1

 GTG > GTT 

  E2 T302
#1

 ACA > ACT 

  NS3 V16
#2

 GTC > GTT 

 NS4B V259L
#3

  TTG > GTG 

 NS5A R174C
#1

  CGC > TGC 

  NS5A K195
#1

 AAA > AAG 

The conducted pseudoreversion study revealed the single conserved nucleotide exchange V259L 

located within NS4B itself.  This nucleotide exchange was introduced into the original Bici-388 RLuc 

NS2-3′ replicon NS4B F286A mutant, in order to ascertain whether it can reduce the negative effect of 

NS4B F286A on RNA replication. The identified mutation NS4B V259L was also inserted into the  

Bici-388 RLuc NS2-3’ WT replicon to determine its general effect on RNA replication. 

 

Figure 4.19: The second site mutation NS4B V259L slightly improves the replication capability of 

BVDV Bici-388 RLuc NS2-3’ carrying NS4B F286A. MDBK cells were electroporated with RNA of 

bicistronic luciferase reporter replicon derivatives. Cells were lysed at 2 and 24 h post electroporation 

(pe) and luciferase activity in cell lysates was determined. The 2 h value represents both the 

electroporation efficiency and input translation. Values for each time point were determined in 

triplicates; error bars indicate the standard deviations. WT, BVDV Bici-388 RLuc NS2-3′ WT; GAA, BVDV 

Bici-388 RLuc NS2-3′ GAA; RLUs, relative light units. The individual mutations in the BVDV Bici-388 RLuc 

NS2-3′ RNAs are specified by the x-axis designations. Polymerase-defective RNA Bici-388 RLuc NS2-3′ 

GAA served as a negative control. 
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To quantify the RNA replication capacities of the NS4B mutants, the Bici-388 RLuc NS2-3′ replicon RNAs 

were electroporated into MDBK cells. Cells were lysed at 2 and 24 h pe (Figure 4.19) and the extracts 

were analyzed for RLuc activity. The 2 h value indicated both the RNA electroporation efficiency and 

the translation of the electroporated bicistronic replicon RNAs (see 4.3.3.1 for description). As shown 

in Figure 4.19, the NS4B V259L, introduced into the BVDV Bici-388 RLuc NS2-3′ replicon, exhibits a 

slight reduction in RNA replication when compared to the WT, but does not have a major impact. The 

bicistronic replicon containing NS4B F286A showed the decreased replication kinetic observed 

beforehand (compare figure 4.15). When combining both mutations, an increase of RNA replication 

could be detected compared to the replicon containing only NS4B F286A. These data demonstrated 

that the second site mutation NS4B V259L indeed reduces the negative impact of NS4B F286A on RNA 

replication, arguing for an intra- or intermolecular NS4B-specific interaction as prerequisite for BVDV 

RNA replication. However, the increase in luciferase activity corresponded merely to a factor of three 

and hence this second substitution within NS4B was not alone able to restore RNA replication to the 

WT level. 

The detected NS5A R174C exchange (Table 4.2), though solely observed in one of the three cDNAs 

analyzed, could be an interesting target for further investigations, as interactions between NS4B and 

NS5A have already been identified as being important for HCV RNA replication (Paul et al., 2011). 

Besides, a second attempt towards selecting pseudoreversions could help to identify further 

interaction partners. 

4.3.3.5 Trans-complementation of non-replicating NS4B mutants 

In the course of this study a total of ten mutants within the C-terminal domain of BVDV NS4B had been 

identified which completely abrogated RNA replication (see 4.3.3.1). In order to determine whether 

their replication ability can be rescued, these mutants were subjected to a trans-complementation 

assay. Therefore, NS4B mutants E250A, K252A, R253A, K258A, K262A, D271A, E272A, R297A, Y303A 

and E331A were introduced into the bicistronic pBici-388 NS4B-EI-NS2-3’ replicon, expressing the NS4B 

gene downstream of the Npro coding sequence (Figure 4.20 [A]). In this replicon, Npro and NS4B 

translation is mediated by the BVDV IRES, while translation of the viral replicase proteins NS2 to NS5B 

is initiated from an EMCV IRES located downstream of the stop codon of the NS4B gene. The individual 

Bici-388 NS4B-EI-NS2-3’ replicon RNAs were electroporated into MDBK cells and cells were analyzed 

for successful trans-complementation by antibody-specific detection of NS3 synthesis at 24, 48 and 72 

h pe (Figure 4.20 [B] and data not shown). The respective Bici-388 RLuc NS2-3′ replicon derivatives 

were also analyzed and served as controls. 
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Figure 4.20: Trans-complementation of RNA replication-inhibiting NS4B mutants by WT NS4B.  

[A] Schematic representation of the bicistronic BVDV Bici-388 NS4B-EI-NS2-3’ replicon. Genes for the 

non-structural proteins are shown as white boxes. The gene containing the replication-impeding NS4B 

mutations (NS4B*) is highlighted in gray. The NS proteins NS3-NS5B constitute the minimal viral 

replicase. [B] Transcripts of BVDV Bici-388 NS4B-EI-NS2-3’ derivatives (designation above the according 

images) were electroporated into MDBK cells and analyzed for viral RNA replication at 48 h post 

electroporation (pe) by antibody-specific detection of NS3 (top rows, NS3). Cells nuclei were 

counterstained with DAPI (bottom rows, DAPI). 

Both the Bici-388 NS4B-EI-NS2-3’- and the Bici-388 RLuc NS2-3′ WT replicon replicated efficiently. NS3 

positive cells could be detected at all time points, albeit the induction of a cpe which became visible at 

48 h pe (Figure 4.20 [B] and data not shown).  No NS3 and therewith no RNA replication was observed 

in cells electroporated with the Bici-388 RLuc NS2-3′ derivatives containing NS4B mutants, confirming 

earlier results (data not shown).  The Bici-388 NS4B-EI-NS2-3’ replicons comprising NS4B mutants 

R253A, K258A, R297A and Y303A remained negative for NS3 as well. On the contrary, single cells, 

positive for NS3, could be detected at 48 h pe in wells containing cells electroporated with RNA of  

Bici-388 NS4B-EI-NS2-3’ NS4B E250A, K252A, K262A, D271A, E272A or E331A (Figure 4.20 [B]). Thus, 

indicating that a low level of complementation can be achieved for some mutations within BVDV NS4B. 

Prospectively, it would be advisable to investigate whether the cleavage by the Npro autoprotease 

efficiently releases mature NS4B or if a delay in this process hinders a better complementation. In sum, 

the results obtained can be taken as a first step towards proving that the function of BVDV NS4B in 

viral RNA replication can be complemented in trans. 
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5 Discussion 

5.1 The BVDV replicon DI-388mCherry allows for direct visualization of pestiviral 

replication complexes and yields new insights into the architecture of Pestivirus 

induced membrane structures 

5.1.1 BVDV NS5A localizes at lipid droplets 

The finding that BVDV NS5A exhibits structural and functional flexibility within the LCS I region (Isken 

et al., 2014) initiated the development of the DI-388mCherry replicon which encodes a fluorescent 

NS5A-mCherry in the context of a functional replicase. This replicon represents a novel tool that allows 

for direct visualization of NS5A-mCherry and pestiviral replication complexes. The monitoring of viral 

proteins in living cells is particularly beneficial as membrane structures which are often affected by 

common antibody staining procedures, remain unaltered. 

Experiments performed during this thesis, using this novel tool in live cell imaging revealed that a 

considerable fraction of NS5A-mCherry was localized to cytosolic ring-like membranous structures 

which were ascertained as lipid droplets (LDs) by colocalization analysis with the recognized LD 

markers Perilipin-GFP and Bodipy 493/503 (Figures 4.2 and 4.3). The observed localization of  

NS5A-mCherry reflected the authentic cellular distribution of NS5A as verified by NS5A-specific 

antibody staining in cells either electroporated with RNA of the DI-388 WT replicon or infected with 

BVDV CP7-388 WT (Figure 4.3). The detected BVDV NS5A localization pattern generally resembled the 

one described for HCV NS5A (Miyanari et al., 2007). Nonetheless, there seem to be some subtle 

differences concerning for instance the mode of their LD association. In case of HCV, NS5A’s 

localization at the LD surface is thought to be mediated by interaction with the core protein (Miyanari 

et al., 2007). It is suggested that the core protein directly associates to LD membranes, whereas NS5A 

and other non-structural proteins, as well as replication complexes, are supposed to be targeted there 

through core-specific interaction (Miyanari et al., 2007). In fact the NS5A-core interaction at the LD 

surface seems to be an essential part of the HCV life cycle, as it is assumed to initiate early steps in the 

HCV virion assembly process (Appel et al., 2008; Miyanari et al., 2007; Targett-Adams et al., 2008; Vogt 

et al., 2013). On the contrary, the present investigation showed that BVDV NS5A does not depend on 

such protein interaction to facilitate LD association, as NS5A-mCherry when expressed in the DI-388 

context or alone was able to localize to the surface of LDs (Figure 4.3). Furthermore, studies on CSFV 

revealed that a mutation within the C-terminal part of NS3 can rescue the effect of an almost complete 

deletion of core on the generation of infectious virus particles (Riedel et al., 2010, 2012). This indicates 

that the core protein plays, if at all, only a minor role in the recruitment of viral proteins involved in 

the pestiviral virion morphogenesis. However, without quantitative data, it cannot be ruled out that 
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the presence of other pestiviral proteins would mediate an even more efficient targeting of NS5A to 

LDs. Localization analysis of BVDV NS3 and NS5A, at least, did not show an obvious colocalization of 

both proteins at the LD surface; though they colocalized well in cytoplasmic foci, LD association was 

primarily detected for NS5A (Figure 4.2 [B]). This suggests that different NS5A complexes, fulfilling 

specific functions within the pestiviral life cycle, might coexist within infected cells. With the availability 

of epitope tagged NS5A variants in replication competent viral genomes this issue can be addressed in 

the near future. 

5.1.2 BVDV DI-388mCherry induces the formation of double membrane vesicles 

An important common property of all positive-strand RNA viruses is the induction of membrane-

derived replication compartments. They have been proposed to serve as physical scaffolds for the 

assembly of viral replication complexes and to prevent activation of host cell defense mechanisms 

triggered by dsRNA intermediates of viral RNA replication (Miller and Krijnse-Locker, 2008). The origin 

and biogenesis of these compartments is thereby as versatile as the different viruses among 

themselves, ranging from invaginations at the ER membrane (Welsch et al., 2009), over remodeling of 

mitochondrial membranes (Kopek et al., 2007), to exvaginations at the cell’s plasma membrane  

(Spuul et al., 2010). However, there are viruses like BVDV for which no such membrane alterations 

have been described thus far. 

In case of HCV, these membrane alterations have been designated the membranous web (MW)  

(Egger et al., 2002; Gosert et al., 2003). The MW is composed of very heterogeneous membranous 

vesicles cumulated within the cell’s cytosol. The predominant vesicle species within the MW are double 

membrane vesicles (DMVs) and multimembrane vesicles (MMVs) (Ferraris et al., 2010). More recent 

studies concentrated on the investigation of these vesicles in terms of their overall composition, 3D 

architecture and biogenesis using a combination of confocal microscopy, electron microscopy (EM) 

and electron tomography (ET) (Romero-Brey et al., 2012). They showed that the DMVs are protrusions 

from the ER membrane oriented towards the cytosol, often connected to the ER membrane via a neck-

like structure. These HCV-induced membrane alterations possess remarkable similarity to remodeled 

intracellular membranes of the unrelated arteri-, corona- and picornaviruses, possibly reflecting a 

congruity in cellular pathways exploited by these viruses to establish their membranous replication 

factories  (Romero-Brey et al., 2012). 

In this thesis, the use of the newly generated DI-388mCherry replicon allowed to gain first insights into 

the architecture of Pestivirus induced membrane structures using the very same combination of 

confocal microscopy and EM described above (Figure 4.4). Interestingly, cells electroporated with RNA 

of DI-388mCherry showed rearrangements of membranes into both DMVs and MMVs, a phenotype 

clearly resembling that of the closely related Hepatitis C virus (Romero-Brey et al., 2012). However, 
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these data are only preliminary at this point and the described membrane alterations were only 

observed in chemically fixed MDBK cells containing the stably replicating BVDV DI-388mCherry 

replicon, so far. Hence, it cannot be ruled out that the structures detected may refer to cell clone-

specific effects or fixation artifacts. Thus, further investigations will have to reveal whether examining 

the BVDV DI-388mCherry replicon with correlative light electron microscopy (CLEM) is a promising 

approach towards disclosing the pestiviral-induced membrane rearrangements. 

5.2 Antibody epitope insertions within BVDV NS4B and NS5A are tolerated towards 

viral genome replication and virion morphogenesis 

The aim of the present study was the generation of further functional BVDV replicative systems that 

contain labeled viral proteins for live cell imaging and proteomics.  Central to this effort was the 

identification of novel permissive insertion sites in essential replicase components which do not affect 

the proteins functionality. Therefore, fluorescent proteins or antibody epitopes were fused to the 

termini of the BVDV non-structural proteins NS4B or NS5A, respectively and analyzed for their effects 

on viral RNA replication and virion morphogenesis. These proteins were chosen as promising targets, 

as earlier studies already confirmed HCV NS4B and both HCV and BVDV NS5A to possess a certain 

capacity to accommodate insertions without a complete loss of their functionality (Isken et al., 2014; 

McCormick et al., 2006; Moradpour et al., 2004; Paul et al., 2013).  

5.2.1 BVDV CP7-388 NS5A NT Strep-Strep allows for replication and virion morphogenesis 

In the context of the replication-efficient BVDV DI-388, a total of 19 of the 23 NS5A fusion proteins 

analyzed allowed for at least low-level RNA replication (see Table 4.1 and Supplementary Figure 1). It 

became clear that the NS5A N-terminus exclusively permitted insertions of antibody epitopes, whereas 

the C-terminus exhibited a greater flexibility and tolerated both antibody epitopes and fluorescent 

proteins (see Table 4.1 and Supplementary Figure 1). The most promising candidates where then 

introduced into the Bici-388 RLuc NS3-3′ replicon, resulting in ten bicistronic NS5A derivatives; five 

Bici-388 RLuc NS3-3’ NS5A NT derivatives carrying the insertions Flag-Flag, Flag-HA, HA-HA, Strep-Strep 

or Strep-HA and five Bici-388 RLuc NS3-3’ NS5A CT 5 aa derivatives containing the insertions Flag-HA, 

HA-HA, Strep-HA, tdT or YFP. Interestingly, all NS5A CT 5 aa derivatives, while being tolerated in the 

efficient DI-388 replicon context, did not allow for RNA replication in the context of the less efficient 

Bici-388 RLuc NS3-3′ replicon (Figure 4.6). On the contrary, all N-terminal insertions, but Flag-Flag, gave 

rise to either intermediate or good levels of viral RNA replication, quantified in this context, compared 

to the WT (Figure 4.6). Hence, the remaining four NS5A fusion proteins were introduced into the BVDV 

Bici-388 RLuc NS2-3’. The investigations showed that two derivatives, Bici-388 RLuc NS2-3’ NS5A NT 

Strep-Strep and -Strep-HA, were tolerated in this context (Supplementary Figure 2). The NS5A NT 

Strep-Strep was then selected to be further analyzed in the context of full-length BVDV CP7-388 to 
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study the effect of the insertion on virion morphogenesis. Indeed, CP7-388 NS5A NT Strep-Strep 

allowed for RNA replication and virus production. However, it should be stressed that the ability of this 

derivative to replicate or to produce infectious virus was strongly reduced compared to the WT  

(Figure 4.7). It will therefore be interesting to also analyze NS5A NT Strep-HA in the CP7-388 context, 

with the hope to obtain a more efficient full-length virus containing an antibody epitope tagged NS5A. 

The HCV NS5A C-terminal region has been described as relatively flexible towards heterologous 

insertions. Moradpour et al. identified two sites within domain III of NS5A (see Figure 2.3 [A]), namely 

aa position 384 and 418, at which GFP insertions were tolerated without having a major impact on HCV 

RNA replication, with the more C-terminal site being more tolerant of the GFP insert (Moradpour et 

al., 2004). In addition, McCormick et al. found a third insertion site within this region, at aa 392 of HCV 

NS5A, tolerating the insertion of GFP and the PSTCD tag, further corroborating the flexible nature of 

NS5A domain III (McCormick et al., 2006). It was therefore not unexpected that the NS5A C-terminus 

exhibited tolerance towards insertions of both fluorescent proteins and antibody epitopes in the  

DI-388 context. Though, replicons encoding NS5A fluorescent fusion proteins, thus large insertions, 

replicated more efficiently than replicons comprising antibody epitope tagged NS5A (Table 4.1). One 

possible explanation could be that the termini of both YFP and tdT are in close proximity to each other 

in the three-dimensional structure of the proteins (Rekas et al., 2002; Shaner et al., 2007) and thus, 

are less likely to displace the surrounding domains of NS5A. Interestingly, in the context of the less 

efficient Bici-388 RLuc NS3-3’ the NS5A CT fusion proteins abrogated viral RNA (Figure 4.6 [B] and [C]). 

This observation was in accordance with results obtained by Isken et al., who showed that 10 aa 

deletions within domain III of BVDV NS5A (Figure 2.3 [B]), while being tolerated in the context of the 

highly efficient DI-388 replicon, did not allow for viral RNA replication in the context of the less effective 

bicistronic Bici-388 RLuc NS3-3′ (Isken et al., 2014). It was proposed that domain III might not serve 

crucial functions within the NS5A protein itself, but instead might contribute to the establishment of 

an efficient RNA replicase (Isken et al., 2014). This is in clear contrast to the situation with HCV NS5A, 

where this region is being considered dispensable for RNA replication (Appel et al., 2005, 2008; Liu et 

al., 2006; Tellinghuisen et al., 2008a, 2008b). However, as with all RNA viruses, it cannot be ruled out 

that the effect of the insertions is due to an alteration of a genome region contributing to a secondary 

RNA structure element (Isken et al., 2014). Nonetheless, the two replicons DI-388 NS5A CT 5 aa YFP 

and -tdT, like the previously described DI-388mCherry, represent attractive systems for live cell 

imaging studies. 

The N-terminal 27-33 amino acid residues of the NS5A proteins of hepaciviruses, GB viruses, and 

pestiviruses form an in-plane amphipathic α-helix (AH) which posttranslationally anchors the protein 

to intracellular membranes (Brass et al., 2002; Miyanari et al., 2007; Sapay et al., 2006; Shi et al., 2002). 
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Despite the poor amino acid sequence similarities between these NS5A N-terminal sequences a 

common amphipathic alpha-helical pattern is predicted, which suggests similar functions for this 

structural determinant in all these viruses (Brass et al., 2007). Therefore, Brass et al. constructed a 

panel of chimeric replicons to investigate whether the N-terminal amphipathic alpha helix of GBV-B, 

GBV-C, or BVDV NS5A could functionally replace the corresponding segment of HCV NS5A. 

Interestingly, only the most conservative chimera, carrying GBV-C aa 8-13, replicated efficiently. This 

limited tolerance towards exchanges within the NS5A N-terminal helix points to virus-specific 

interactions of these segments (Brass et al., 2007). The amphipathic α-helix of HCV NS5A is believed to 

play a key role in triggering membrane curvature and DMV formation (Romero-Brey et al., 2012; Sapay 

et al., 2006). Its disruption causes a diffuse cytoplasmic localization of NS5A and proves to be lethal for 

viral RNA replication (Elazar et al., 2003), pointing to a crucial role of the amphipathic α-helix in 

replication complex formation. Additionally, investigations using high-resolution functional profiling of 

different HCV domains showed that 82.9 % of insertions at NS5A domain I were lethal (Arumugaswami 

et al., 2008). 

The more surprising it was that NS5A N-terminal antibody epitope insertions allowed for such efficient 

RNA replication in the DI-388 replicon context and that derivatives containing NS5A NT Strep-Strep or 

-Strep-HA were even capable of inducing a cpe (see Table 4.1 and Supplementary Figure 1). However, 

it was noticeable that only small insertions were tolerated at the NS5A N-terminus, indicating that 

these, other than large fluorescent proteins, might not hamper the membrane association of the AH 

nor disrupt NS5A dimer formation. Moreover, antibody epitope insertions exhibiting a positive 

hydrophobicity value like the amphipathic helix of NS5A were tolerated best, this became even more 

evident when NS5A NT derivatives were analyzed in the less efficient BVDV Bici-388 NS3-3’ context 

(compare Table 5.1 and Figure 4.6 [B] and [C]). While the Bici-388 NS3-3’ NS5A NT Flag-Flag derivative 

was no longer replication competent, all other antibody epitope insertions still facilitated RNA 

amplification, though at about a factor 200 less than the WT (Figure 4.6 [B] and [C]). The analysis of 

the CP7-388 NS5A NT Strep-Strep then revealed that this fusion protein, when expressed in the context 

of the full-length viral genome, also allowed for a small but detectable amount of virion production 

and exhibited genetic stability for a minimum of four passages (three weeks). The correlation between 

genome replication efficiency and virus production capacity suggests an essential role of the NS5A  

N-terminus in RNA replication, rather than a specific function in virion morphogenesis, but without 

further data this assumption remains speculative. In conclusion, the BVDV NS5A N-terminal region 

showed a surprisingly good tolerance towards small antibody epitope insertions, allowing for both viral 

genome replication and virion morphogenesis. 



5 Discussion 

[101] 

Table 5.1 Hydrophobicity values of the inserted antibody epitopes and the terminal regions of BVDV 

NS4B and NS5A. According amino acid (aa) sequences are given, underlined aa residues mark the 

individual antibody epitopes within the inserted sequences. 

epitope amino acid sequence hydrophobicity 

Flag-Flag TRSGDYKDDDDKGSGDYKDDDDKGSGAP -0,342 

Flag-HA TRSGDYKDDDDKGSGYPYDVPDYASGAP -0,014 

Ha-HA TRSGYPYDVPDYAGSGYPYDVPDYASYGAP +0,325 

Strep-HA TRSGWSHPQFEKGSGYPYDVPDYASYGAP +0,291 

Strep- Strep TRSGWSHPQFEKGSGWSHPQFEKGSGAP +0,220 

BVDV NS4B1-30 AVGDLDKIMGSISDYASEGLNFVRSQAEKM +0,267 

BVDV NS4B319-347 AGRNLFTLIMFEAFELLGMDSEGKIRNL +0,495 

BVDV NS5A1-28 SGNYVLDLIYSLHKQINRGLKKIVLGWA +0,525 

BVDV NS5A468-496 KDQAKELGATDQTRIVKEVGARTYTMKL +0,091 

 

5.2.2 BVDV CP7-388 NS4B CT Strep-HA 5 aa allows for replication and virus production 

An extensive structural and functional characterization of NS4B and its role in the viral life cycle is still 

missing. In the HCV system, this protein shows a high sensitivity towards sequence alterations which 

often have dramatic effects on viral RNA replication (Blight, 2011; Gouttenoire et al., 2010a; Jones et 

al., 2009; Paul et al., 2011). Nonetheless, previous studies had shown that HCV NS4B tolerates the 

insertion of short heterologous sequences at various positions throughout the protein (Arumugaswami 

et al., 2008). Based on this finding Paul et al. were able to generate a functional subgenomic JFH1 

replicon, containing the HA epitope after NS4B aa 38 and the compensatory mutation NS4BHAQ31R 

within the N-terminal NS4B region (Paul et al., 2013). It was therefore considered very interesting to 

examine whether insertions of antibody epitopes or fluorescent proteins into the BVDV NS4B termini 

are tolerated with respect to RNA replication.  

The analyzed NS4B NT 5 aa derivatives completely abrogated viral RNA replication even in the efficient 

monocistronic DI-388 replicon context (see Table 4.1). For CSFV and HCV NS4B an amphipathic helix 

(AH) present at the N-terminus had been identified (Elazar et al., 2004; Tamura et al., 2015). For HCV 

this helix could be shown to be essentially involved in NS4B membrane association and viral RNA 

replication (Elazar et al., 2004). In consistence with these observations, insertions at this AH region 

were described to be lethal for virus replication (Arumugaswami et al., 2008). Further, secondary 

structure predictions also suggested BVDV NS4B to contain such an N-terminal AH (Supplementary 

Figure 3). It therefore seems probable that the close proximity of the individual epitopes and 

fluorescent proteins, in the DI-388 NS4B NT 5 aa derivatives, to the AH caused a displacement of this 

secondary structure element and thereby impeded the proteins functionality. Prospectively, it would 

be interesting to see whether the aforementioned HCV NS4B insertion site at the amino acid position 

38 would allow for RNA replication-permitting insertions within the BVDV NS4B N-terminal region, too. 
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The NS4B C-terminus, on the other hand, appeared to be slightly more tolerant towards different 

insertions, even though replication efficiencies were only very weak to moderate (see Table 4.1 and 

Supplementary Figure 1). The HCV NS4B C-terminal and the NS5A N-terminal region possess a high 

degree of structural and/or compositional similarity. Both comprise an amphipathic α-helix that 

associates to host intracellular membranes (Brass et al., 2002; Gouttenoire et al., 2010b; Sapay et al., 

2006) and were shown to be involved in dimer formation (Paul et al., 2011; Tellinghuisen et al., 2004, 

2005). When comparing the BVDV NS4B C-terminal and the NS5A N-terminal areas (Table 5.1) it 

became clear that they as well might exhibit this kind of similarity. Not only does the pestiviral NS5A 

form an in-plane amphipathic α-helix anchoring the protein to host intracellular membranes (Brass et 

al., 2007), but BVDV NS4B also contains a predicted C-terminally located amphipathic α-helix that 

possesses the intrinsic property to facilitate ER membrane association (see Figure 4.13 and 

Supplementary Figure 4). Additionally, insertions at the cleavage sites of HCV NS4B/5A had been 

described to be tolerated (Arumugaswami et al., 2008). Owing to this and the fact that the NS5A  

N-terminus and the NS4B C-terminus tolerated the same insertions best, it was decided to introduce 

the Strep-HA epitope into the C-terminal part of NS4B and analyze the impact of this epitope-tag in 

the CP7-388 context. Indeed, CP7-388 NS4B CT Strep-HA 5 aa allowed for low-level viral genome 

replication and infectious virus production. The NS4B CT Strep-HA 5 aa derivative was further 

characterized by Western blotting and immunofluorescence analysis; NS4B CT Strep-HA 5 aa was 

readily detectable via the HA epitope in MDBK cells infected with the CP7-388 NS4B CT Strep-HA 5 aa 

virus (see Figure 4.8 [C]) and in lysates of Huh7-T7 cells transfected with DI-388 NS4B CT  

Strep-HA 5 aa (Figure 4.12 [A and B]).  

In summary, BVDV NS4B proved to be far less tolerant towards insertions than the NS5A protein. We 

were not able to detect any functional NS4B fluorescent fusion proteins, but the insertions of short 

antibody epitopes into the protein’s C-terminus turned out to be tolerated. In fact, the derivative NS4B 

CT Strep-HA 5 aa supported all NS4B-associated functions within the BVDV replication cycle to a certain 

degree, at least those required in cell culture. 

Thus far, there is no reliable BVDV NS4B antibody available. So the newly generated NS4B-Strep-HA 

derivative represents an important tool in the investigation of this viral replicase component in the 

pestiviral life cycle. In fact, the in vivo glycosylation assay in the context of the polyprotein would not 

have been possible without the DI-388 NS4B CT Strep-HA 5 aa. 
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5.3 Characterization of the BVDV non-structural protein NS4B 

5.3.1 BVDV NS4B localizes to the ER 

Earlier studies showed that both HCV and BVDV NS4B localize to the ER and Golgi membrane of 

eukaryotic cells, respectively (Hugle et al., 2001; Kim et al., 1999b; Lundin et al., 2003; Selby et al., 

1993; Weiskircher et al., 2009). These localization patterns were generally identical in cells expressing 

NS4B alone or together with other non-structural proteins. Beyond that, when using recombinant HCV 

NS4B fused to eGFP, additional membrane structures were induced which manifested themselves as 

intense membrane-associated foci (MAFs) (Gretton et al., 2005; Kim et al., 1999b; Lundin et al., 2003). 

Results obtained in this investigation were in good agreement with the observations made for HCV 

NS4B. Thus, for BVDV NS4B-eYFP the typical ER-like distribution pattern, as well as the intense 

cytoplasmic foci could be observed using confocal imaging (Figure 4.9). Furthermore, long time 

exposure revealed that these foci moved along with the ER, suggesting both structures to be 

interconnected. On the other hand, the data obtained clearly contradict the observations made by 

Weiskircher et al. (Weiskircher et al., 2009), who stated the majority of BVDV NS4B to be localized at 

the Golgi apparatus. One possible explanation might be that Weiskircher et al. subjected cells to 

immunofluorescence analysis, whereas in this present work, NS4B localization was addressed using 

live cell imaging. The advantage of monitoring proteins in living cells is that membranous structures, 

unlike in common antibody staining procedures, remain unaffected and thus allow protein detection 

in a more natural context. Considering this and the good correlation of the detected BVDV and HCV 

NS4B distribution pattern, we favored the idea of BVDV NS4B being an ER-associated protein. This 

assumption then provided the basis for the establishment of the NS4B membrane topology model 

using an adapted version of the glycosylation assay described by Lundin et al. (Lundin et al., 2003, 

2006). The achieved results obtained with this assay further demonstrated the ER localization of NS4B 

(see 4.3.2 and 5.3.2). 

Rearrangement of intracellular membranes had long been described as an intrinsic property of NS4B, 

giving rise to the assumption that the foci observed for HCV NS4B could be sites of replication or 

centers of virus assembly (Lundin et al., 2003). In fact, when first data became available it was observed 

that HCV NS4B alone was able to induce the formation of vesicles in a membranous matrix and 

therefore to constitute the so called “membranous web” (MW) (Egger et al., 2002). But more recent 

research came to define the MW as an accumulation of double membrane vesicles, formed by a 

concerted action of NS3/4A, NS4B and NS5A, with all viral proteins able to induce membrane 

vesiculations (Ferraris et al., 2010, 2013; Romero-Brey et al., 2012). Undoubtedly, NS4B plays an 

important role in triggering rearrangements of intracellular membranes. However, NS4B alone is not 

sufficient to induce DMVs which are thought to be the sites harboring viral replication complexes, as 

they correlate with the kinetic of RNA replication (Romero-Brey et al., 2012). Thus, it remains uncertain 
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whether the membrane-associated foci observed for BVDV and HCV NS4B refer to a specific membrane 

compartment or if they are mere artefacts of cells overexpressing the fusion protein. 

5.3.2 Establishment of a membrane topology model for BVDV NS4B 

Biocomputational analyses of BVDV-1 strain CP7 NS4B using the TopPred II program predicted the 

protein to possess three transmembrane domains (TMDs) (Figure 4.10).  Based on earlier data for the 

HCV NS4B topology (Lundin et al., 2003, 2006) and the fact that the last of the three predicted 

membrane spanning regions was proposed to be oriented outside-in, the NS4B N-terminus was 

assumed to be located within the ER lumen, whereas the C-terminus consequently had to face the 

cytosol. The experimental data obtained were in agreement with the prediction model with respect to 

the localization of the respective protein termini. The Western blot analysis clearly demonstrated that 

the two most N-terminal glycosylation sites at NS4B aa 20 and 30 were glycosylated, therewith 

indicating a luminal orientation, whereas the most C-terminal NS4B EC4 derivatives (aa 250/267/ 

285/302/320/336) lacked glycosylation, suggesting a cytoplasmic localization of the C-terminal 

domain. On the other hand, the number of TMDs determined by both approaches varied considerably. 

Observations from the glycosylation study suggested the presence of seven TMDs between NS4B aa 

85-250 (Figure 4.12). The absence of glycosylation from NS4B EC4 aa 40 might even give reason to 

assume the existence of yet another membrane spanning region. However, an even number of TMDs 

contradicts the observation that the NS4B termini are located at opposite sides of the ER membrane. 

Admittedly, it cannot be excluded that the insertion of the 36 aa comprising EC4 loop into NS4B might 

affect structural features of the protein, leading to an altered membrane topology and therefore 

artificial results, especially when the glycosylation site disrupts a transmembrane segment. But notably 

all three TopPred II predicted TMDs at aa 83-103, aa 136-156 and aa 225-245 of NS4B were in 

accordance with three of the seven TMDs identified by the in vivo glycosylation analysis, showing both 

approaches to be mutually supportive.  

Though both termini of the BVDV NS4B are processed by the cytoplasmic NS3 protease (Wiskerchen 

and Collett, 1991; Zhang et al., 2003), the observed glycosylation of the N-terminal region of NS4B and 

thus, its luminal orientation was not unexpected. In fact, the very same, at first surprising, results were 

obtained in studies addressing the HCV NS4B membrane topology (Lundin et al., 2003, 2006). HCV 

NS4B was thereupon hypothesized to possess a dual membrane topology: initially, the protein’s 

termini both reside within the cytoplasm, but after cleavage at the NS4A/B junction the NS4B  

N-terminus gets translocated across the ER membrane by a posttranslational mechanism. It therefore 

seems very probable that both HCV and BVDV NS4B share this translocation mechanism as a common 

feature. Actually, such posttranslational reorientations of viral membrane proteins are not unusual. 

For instance, the hepatitis B virus L envelope protein adopts a dual ER transmembrane topology via 
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co-translational membrane integration of the S region and partial post-translational translocation of 

the preS subdomain (Bruss et al., 1994; Lambert and Prange, 2001; Ostapchuk et al., 1994; Prange and 

Streeck, 1995). Further examples for viral proteins exhibiting dual membrane topologies are the fusion 

protein of Newcastle disease virus (McGinnes et al., 2003), the M protein from transmissible 

gastroenteritis corona virus (Escors et al., 2001; Risco et al., 1995) and even the p7 protein of HCV 

(Isherwood and Patel, 2005), to name but a few. This kind of topological heterogeneity may enable 

viral proteins to obtain multi-functionality, as both isoforms can principally hold important, but 

different, functions within the viral life cycle (Hegde and Lingappa, 1999; Levy, 1996). It is just one of 

the many strategies that viruses have evolved to compensate for their generally small genome size. 

Interestingly, the NS4B proteins of YFV and DENV also have their N-termini residing within the ER 

lumen, although in these viruses, translocation of the N-terminal region is due to a cleavable signal 

peptide, absent from HCV and pestiviral NS4B (Cahour et al., 1992; Lin et al., 1993). Such a  

mutual topology supports the idea of a common function for NS4B in the family of Flaviviridae  

(Lundin et al., 2003). 

The final membrane topology model of NS4B (Figure 4.13 [B]) was established on the basis of the data 

obtained by the different computational and experimental approaches. In the current model BVDV 

NS4B is assumed to contain two N-terminal amphipathic α-helices AH1 and AH2, a hydrophobic core 

region that contains seven putative transmembrane domains (TMD1-TMD7), and a highly conserved 

C-terminal domain that is thought to harbor three α-helices H1, AH3 and AH4. The recently published 

study of Tamura et al. supports the assumption that BVDV NS4B comprises two N-terminal AH, as they 

predicted two amphipathic α-helices in the NS4B N-terminal region of the closely related CSFV, too 

(Tamura et al., 2015). In general, the model exhibits striking similarity to the model of HCV NS4B (see 

Figure 2.2), but also shows remarkable differences. Both proteins possess the same general structure. 

The N-terminal regions of both proteins contain two amphipathic helices which basically agree in terms 

of their location and length (Elazar et al., 2004; Gouttenoire et al., 2009a). Moreover, the latter of 

these helices is supposed to facilitate translocation across the ER membrane in both cases (Lundin et 

al., 2003, 2006). This domain is followed by a hydrophobic core domain, comprising several 

transmembrane domains. In case of HCV NS4B this core region is described to encompass four TMDs 

(Lundin et al., 2003), whereas data obtained for BVDV NS4B point to the existence of seven such 

membrane spanning elements. The C-terminal domains of BVDV and HCV NS4B are both highly 

conserved areas. HCV NS4B harbors two α-helices within this region (Gouttenoire et al., 2009b, 2010b). 

BVDV NS4B, in the other hand, might even comprise three α-helices in this domain (Figure 4.13 [B]). 

The differences among the NS4B proteins concerning the number of transmembrane and α-helical 

elements might be explained by the fact that BVDV NS4B comprises 347 aa and thus is about 90 aa 
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longer than HCV NS4B.  However, the exact number and position of helices, especially within the BVDV 

NS4B termini, remains uncertain at this point and has to be addressed further in future investigations. 

This was the first investigation that focused on the elucidation of the BVDV NS4B membrane topology. 

In order to see if other approaches might also facilitate clarification of the NS4B topology and thus, 

support the established model, the so called fluorescence protease protection (FPP) assay was 

employed. However, this method did not allow for appropriate interpretation of the results obtained 

as data for the controls were not congruent with initial expectations (see 4.3.2.3). Hence, this method 

was considered unsuited for this scientific issue.  

5.3.3 Functional characterization of the NS4B C-terminal domain  

5.3.3.1 Conserved aa residues in the NS4B C-terminal region are essential for BVDV RNA replication 

In this study a systematic reverse genetic analysis of the C-terminal third of the BVDV NS4B protein 

was performed in order to assign its functional relevance within the pestiviral life cycle. A total of 33 

conserved charged or aromatic amino acids were replaced by alanine in the context of the bicistronic 

BVDV luciferase replicon Bici-388 RLuc NS2-3′ and the resulting NS4B mutants were analyzed for their 

relative RNA replication capacities. BVDV Bici-388 RLuc NS2-3′ replicons containing substitutions NS4B 

E276A, E279A, K280A, H301A, Y306A, E314A, R318A, K343A or R345A had only minor or no effects on 

RNA replication (Figure 4.15 [C]). Bici-388 RLuc NS2-3′ derivatives NS4B F260A, K275A, Y307A, K308A, 

W310A, R322A, F325A, E334A and D339A exhibited a moderately lower replication capacity than the 

WT, whereas a severely decreased replication kinetic could be observed for the bicistronic replicon 

derivatives NS4B F264A, F286A, E287A, Y300A and F330A (Figure 4.15 [C]). The substitutions NS4B 

E250A, K252A, R253A, K258A, K262A, D271A, E272A, R297A, Y303A and E331A completely impeded 

viral RNA replication (Figure 4.15 [C]), with the majority of these mutations being located within the 

highly conserved protein region NS4B aa 250-275 (H1), directly following TMD7 (Figure 5.1). Other 

seemingly important regions were the hypothetical AH3 at NS4B aa 280-297 and the identified 

amphipathic α-helix at NS4B aa 324-336 (Figure 5.1) as all mutants located within this areas (NS4B 

F286A, E287A, R297A, F325A, F330A, E331A and E334A) impaired RNA replication to a certain extent. 

NS4B aa 304-322 was the most tolerant C-terminal part of NS4B, as all seven aa substitutions 

introduced into this region still allowed for efficient RNA replication. 
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Figure 5.1: Amino acid residues in the C-terminal region of BVDV NS4B are essential for RNA 

replication. [A] Schematic representation of the hypothetical BVDV NS4B membrane topology model. 

Barrels indicate secondary structure elements: AH, amphipathic α-helix; H, α-helix; TMD, 

transmembrane domain; lines represent loop or linker regions. Elements depicted in light gray are 

modeled according to biocomputational predictions. They are only hypothetical and have not been 

experimentally verified. The NS4B amino terminus (N) initially faces the cytosol, but might be 

reoriented towards the ER lumen after a posttranslational flip. The carboxy terminus (C) resides within 

the cytosol. Numbering according to aa of BVDV-1 CP7 NS4B. [B] Alignment of multiple pestiviral 

protein sequences of the NS4B C-terminal region. NS4B amino acid (aa) positions are given. [C] 

Summary of results obtained in the alanine mutagenesis study. [D] Graphical output of the HELIQUEST 

analysis of selected areas within the BVDV NS4B C-terminal region. Positions of the regions examined 

are indicated above. [C] and [D] Residues targeted are depicted in colors: substitutions with minor or 

no effects on RNA replication are depicted in dark green; exchanges causing a moderately lower 

replication capability are given in light green; mutants with a drastically reduced replication kinetic are 

colored in orange; aa replacements leading to complete abrogation of RNA replication are highlighted 

in red.  

The RNA replication interfering NS4B derivatives were further analyzed to clarify by which mechanism 

they do so, hence, whether they affect NS4B functionality in the viral RNA replication complex or if 

they already disrupt the polyprotein processing. The observation that the tested NS4B mutants neither 

caused any obvious disruption of polyprotein translation nor processing (Figure 4.16) indicated that 
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the inhibitory NS4B mutations interfered with specific functions of NS4B within the pestiviral replicase. 

However, with the data available we cannot exclude that more subtle changes in processing kinetics, 

which are not distinguishable in the translation/processing system used, inhibit viral RNA replication. 

Moreover, in the absence of a reliable BVDV NS4B antibody, NS4B could only be visualized indirectly 

via detection of the NS4AB precursor by applying an NS4A-specific antibody. This antibody recognized 

full-length NS4A with an apparent molecular weight of 10 kDa, as well as the precursors NS4AB at 43 

kDa and NS4AB-5ANT at 45 kDa which comprises approximately 20 amino acid residues of the NS5A  

N-terminus (personal communication Benjamin Lamp, Institute of Virology, University of Veterinary 

Medicine, Vienna, Austria). 

The viable NS4B derivatives were introduced into the full-length genome NCP7-388 in order to assess 

their RNA replication and virion morphogenesis ability. In fact, all NS4B mutants, able to replicate in 

the BVDV Bici-388 RLuc NS2-3’, also replicated in the BVDV NCP7-388 system and moreover allowed 

for infectious virus particle production. The replication phenotypes determined for the individual Bici-

388 RLuc NS2-3′ NS4B derivatives were thereby reflected in the replication abilities of these mutants 

observed in the NCP7-388 context (compare Figure 4.15 and 4.17). Furthermore, evaluation of the 

titers revealed a broad correlation between infectious particle count and observed replication 

phenotype (compare Figures 4.15 and 4.18 [B]), as NS4B mutants F264A, F286A, E287A, Y300A and 

F330A which already showed an evidently reduced replication kinetic in the Bici-388 RLuc NS2-3′ 

replicon system also exhibited a severe reduction in infectious virus production. 

In summary, the data presented here provide a comprehensive map of the C-terminal third of BVDV 

NS4B regarding its function in viral RNA replication and virion morphogenesis. The results suggest an 

essential role of the NS4B C-terminal region in RNA replication, but do not point to amino acids which 

specifically enhance or inhibit virion morphogenesis. 

Similar studies executed for the HCV NS4B C-terminal region showed that this protein region is crucially 

involved in viral RNA replication (Jones et al., 2009; Paul et al., 2011). They found that especially 

mutations affecting the extremely conserved C-terminal α-helix 1 or H1 (see Figure 2.2) completely 

impeded RNA replication (Paul et al., 2011). This region might correspond to the highly conserved 

BVDV NS4B aa 250-272 which likewise did not tolerate for alanine amino acid substitutions. Though 

there is no experimental data as to the nature of this BVDV NS4B area thus far, the secondary structure 

prediction indicated that it could form an α-helix (Supplementary Figure 3). Paul et al. were further 

able to show that mutations interfering with RNA replication also disrupted heterotypic NS4B 

interaction, a property which until that time had been mainly attributed to the NS4B N-terminal 

amphipathic α-helix AH 2 (Figure 2.2) (Gouttenoire et al., 2010a). Moreover, they proved that the NS4B 

self-interaction is a prerequisite for the formation of functional membranous vesicles and therewith 
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for HCV RNA replication (Paul et al., 2011). It would be interesting to see whether the same coherence 

could be observed for BVDV NS4B. A difference between HCV and BVDV NS4B might be the 

involvement of the C-terminal region in virion morphogenesis, as this region in HCV NS4B has been 

described to contribute to infectious virus particle assembly (Jones et al., 2009; Paul et al., 2011), but 

no such specific characteristic could be observed for the analyzed mutants of BVDV NS4B  

(Figure 4.17 and 4.18). 

The NS4B proteins of CSFV and HCV have been described to contain the Walker A and Walker B 

nucleotide-binding motifs (NBM) (Walker et al., 1982) which facilitate both ATP and GTP hydrolysis 

(Einav et al., 2004; Gladue et al., 2011; Thompson et al., 2009). Substitutions of critical residues within 

these motifs considerably impaired the NTPase activity and the viral replication capabilities (Einav et 

al., 2004; Gladue et al., 2011), and in case of CSFV also inhibited infectious virus particle production, 

indicating an essential role of these motifs within the respective viral life cycles (Gladue et al., 2011). 

However no clear correlation between the effect of the mutations on NTPase activity and viral RNA 

replication or virulence could be established. Hence, the function and relevance of these conserved 

sequence motifs remain to be clarified. BVDV NS4B was also suggested to comprise these motifs 

(Gladue et al., 2011); the Walker A motif at NS4B aa 209-216 and the Walker B motif in the NS4B  

C-terminal region at aa 335-342. Thus, the Walker B motif was also included in the reverse genetic 

analysis performed here as it is part of the highly conserved C-terminal domain of NS4B. Its canonical 

sequence hhhhD, whereby h denotes any hydrophobic aa, was altered to hhhhA by the substitution of 

NS4B D339A. In contrast to observations made for CSFV NS4B (Gladue et al., 2011), disruption of the 

BVDV NS4B Walker B motif did not substantially affect virus replication; although the replication 

capacity of BVDV Bici-388 RLuc NS2-3’ NS4B D339A was moderately reduced when compared to the 

WT (Figure 4.15 [C]), the mutation allowed for effective viral genome replication and virion 

morphogenesis in the NCP7-388 context (Figure 4.17 and 4.18). 

5.3.3.2 Identification of pseudoreversions rescuing the replication defect caused by mutations in the 

C-terminal NS4B region 

For a better understanding of viral proteins it can be advantageous to identify possible second site 

mutations, or so called pseudoreversions, that rescue RNA replication and/or virion morphogenesis. It 

is an approach which helps to identify viral protein interaction partners. Thus, in order to determine 

potential interaction partners of the BVDV NS4B, the two most promising mutants, NS4B F264A and 

F286A, were selected for this attempt, as both were viable, but exhibited a severely decreased 

replication kinetic (Figure 4.15 [C]). Passaging of the full-length virus NCP7-388 NS4B F264A led to wild 

type reversion of NS4B. But in case of NCP7-388 NS4B F286A, the original NS4B mutation was retained 

and the additional conserved mutation NS4B V259L appeared within the C-terminal domain of the 

BVDV NS4B (see Table 4.2). When combining NS4B mutations F286A and V259L, an increase of RNA 
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replication could be detected compared to Bici-388 RLuc NS2-3’ NS4B F286A, demonstrating that the 

identified second site mutation indeed reduced the negative impact of NS4B F286A on RNA replication. 

This observation argued for an intra- or intermolecular NS4B-specific interaction as prerequisite for 

BVDV RNA replication. However, this pseudoreversion within NS4B was not sufficient to restore RNA 

replication to WT level on its own. It therefore seems tempting to analyze the detected NS5A R174C 

exchange, located within BVDV NS5A domain I, in future investigations. 

In fact Paul et al. obtained very similar results in their pseudoreversion study of the HCV NS4B. Amino 

acid substitutions residing within the NS4B C-terminal region mainly resulted in additional conserved 

mutations within the very same protein area and they also identified an intergenic compensatory 

mutation located within domain I of HCV NS5A (K139E) which always occurred in combination with a 

second site mutation in the NS4B C-terminal section (Paul et al., 2011). Thus, their data equally pointed 

to intra- and intermolecular NS4B-specific interactions and also interactions between NS4B and NS5A 

as requirement for efficient HCV RNA replication. 

5.3.3.3 Trans-complementation of replication-deficient NS4B mutants 

Replicase proteins that can function in trans are expressed from a viral genome or alone and are able 

to complement and assist in the replication of another defective mutant virus within the same cell. 

Viral proteins that work in cis cannot rescue such defective mutants (Kazakov et al., 2015). It was long 

believed that among the proteins of the HCV replicase, only NS4B and NS5A can be complemented in 

trans (Appel et al., 2005; Grassmann et al., 2001; Herod et al., 2014; Jones et al., 2009; Tong and 

Malcolm, 2006). But more recent studies demonstrated that loss-of-function mutations can in fact be 

rescued in all five replicase constituents (NS3-5B), albeit to different extends (Kazakov et al., 2015). 

Jones et al. showed that defective HCV NS4B can be rescued in a trans-complementation replication 

assay using wild-type protein produced by a functional replicon. Moreover, active RNA replication 

could be reconstituted by combining replicons defective in NS4B and NS5A (Jones et al., 2009). Kazakov 

et al. confirmed these results as they were able to rescue defects in NS4B and NS5A by expression of 

the wild-type gene from either an active replicon or from a synthetic mRNA encoding NS3-5B (Kazakov 

et al., 2015). Since ten amino acids in the C-terminal region of BVDV NS4B, essentially involved in RNA 

replication, had been identified in this work, it was decided to examine whether replicons carrying 

these mutations can be complemented by expression of wild-type NS4B. The investigation of these 

NS4B mutants suggested that a low-level complementation of the protein might be possible with NS4B 

mutants E250A, K252A, K262A, D271A, E272A and E331A, whereas no rescue was possible for BVDV 

NS4B mutants R253A, K258A, R297A and Y303A. The complementation efficiencies achieved for HCV 

NS4B obtained by Jones et al. were also very low, ranging from 0.05-1 % for different NS4B  

mutants. They suggested that structurally ordered segments of NS4B may not be accessible for 
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complementation, whereas amino acids that lie outside of such regions could be less constrained 

(Jones et al., 2009). However, for BVDV NS4B mutants no such correlation was detected, as rescuable 

and non-complementable mutants were equally located within the predicted α-helical protein 

elements (Figure 5.1). Kazakov et al. on the other hand argue that NS3-4A and NS4B preferentially 

interact with each other from the same polyprotein (Kazakov et al., 2015), thus in cis, which might 

influence the complementation efficiency to an even greater extent. The current setting of this assay 

merely offers the complementation of the isolated NS4B. Hence, this kind of cis-interaction platform 

cannot be provided. It will therefore be interesting to examine whether a better complementation of 

BVDV NS4B mutants could be achieved by offering an active NS3-5B replicon. 

5.4 Outlook 

The establishment of functional BVDV replication systems expressing fluorescently labeled or antibody 

epitope tagged viral replicase components is a major step towards the characterization of  

pestiviral proteins and replication complexes. In fact, the newly generated BVDV replicon  

DI-388 NS4B CT Strep-HA 5 aa already contributed to studies investigating the NS4B membrane 

topology and the DI-388mCherry allowed for direct visualization of NS5A-mCherry, making it possible 

to identify its localization to lipid droplets (Isken et al., 2014). With the conduction of correlative light 

electron microscopy (CLEM) it will now become possible to gain new insights into the architecture of 

Pestivirus induced membrane structures. First attempts using the DI-388mCherry replicon in CLEM 

yielded promising results. It will be very interesting to study the formation and turnover of BVDV 

replication complexes in future experiments and to address the question which of the replicase 

components are actively involved in the rearrangement of host intracellular membranes. Thus, to 

analyze these proteins individually and in combination will help to understand their function in this 

process. Additionally, the BVDV derivatives NS4B CT Strep-HA 5 aa and NS5A NT Strep-HA represent 

very promising tools towards purifying BVDV replication complexes, as the highly specific and efficient 

HA purification overcomes the limitation of antibodies directly targeting viral proteins and enables the 

elution of immunocaptured samples with the HA peptide under native conditions (Paul et al., 2013). It 

will therefore be attractive to further analyze and improve these derivatives in terms of their RNA 

replication and virion morphogenesis abilities, for instance by the identification of second site 

mutations.  

The generation of the BVDV NS4B membrane topology model is an important step towards 

characterizing this ill-defined pestiviral protein. It constitutes a good starting point for prospective 

investigations, like the elucidation of the exact number and function of the structural elements within 

the NS4B terminal domains. It will be helpful to apply other methods like the cysteine accessibility 

assay (Bogdanov et al., 2005; Lu and Deutsch, 2001) to confirm and strengthen the current model. The 
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advantage of this assay is that the proteins overall structure shouldn’t be affected much, as only one 

additional cysteine residue needs to be inserted. This cysteine residue is then assessed for its chemical 

accessibility to a PEGylated sulfhydryl modifying agent, providing information about the proteins 

topology. Besides this analysis, it will be an exciting task to examine the oligomerization behavior of 

the BVDV NS4B and to identify the impact of the established NS4B mutants on such processes as 

replication complex formation. 
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6 Abbreviations 

α  anti/alpha 

aa   amino acid 

ADRP  Adipose differentiation-related protein 

AH  amphipathic helix 

ALT  alanine aminotransferase 

ATCC  American Type Culture Collection 

ATP  adenosine triphosphate 

Apo  apolipoprotein 

APS  ammonium persulfate 

arbo  arthropod-borne 

ase  anti-sense 

β  beta 

BDV  border disease virus 

Bici  bicistron 

bp  base pairs 

BSA  bovine serum albumin 

BVDV  bovine viral diarrhea virus 

3’C  3’-conserved 

C  capsid/nucleocapsid protein 

CaCl2  calcium chloride 

Cardif  CARD adaptor inducing IFN-β 

cDNA  complementary DNA 

CFP  cyan fluorescent protein 

CLEM  correlative light electron microscopy 

CM  convoluted membrane 

CMV  cytomegalovirus 

CO2  carbon dioxide 

cp  cytopathogenic 

cpe  cytopathogenic effect 

CSFV  classical swine fever virus 

CT  carboxy terminus 

C-terminal carboxy terminal 

C-terminus carboxy terminus 

CTP  cytidine triphosphate 

CV  contiguous vesicle 

Cy3  cyanine 3 

∆  delta/deletion 

DAPI  4, 6-Diamidin-2-phenylindol 

dATP  desoxyadenosine triphosphate 

dCTP  desoxycytidine triphosphate 

ddH2O  double distilled water 

DENV  Dengue Virus 

dGTP  desoxyguanosine triphosphate 

DI  defective interfering particle 
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DMEM  Dulbecco’s modified essential medium 

DMSO  dimethyl sulfoxide 

DMV  double membrane vesicles 

DNA  deoxyribonucleic acid 

DNase  deoxyribonuclease 

dNTP  deoxynucleoside triphosphate 

ds  double strand 

dsRNA  double stranded RNA 

DTT  dithiothreitol 

dTTP  desoxythymidine triphosphate 

E  envelope protein 

EC  extra cellular 

E. coli  Escherichia Coli 

EDTA  ethylene diamine tetraacetic acid 

e.g.  exempli gratia 

EGTA  ethylene glycol tetraacetic acid 

EI  EMCV-IRES 

EMCV  encephalomyocarditis virus 

ER  endoplasmatic reticulum 

ET  electron tomography 

FCS  fetal calf serum 

FPP  fluorescence protease protection 

G418  geneticin 

GDP  guanosine diphosphate 

GFP  green fluorescent protein 

GSSG  glutathione disulfide  

GTP  guanosine triphosphate 

HA  human influenza hemagglutinin 

HAX-1  HS-1 associated protein X-1  

HCl  hydrochloric acid 

HCV  Hepatitis C virus 

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HRP  horseradish peroxidase 

Huh  human hepatoma 

ICTV  International Committee on Taxonomy of Viruses 

i.e.  id est 

IF  indirect immunofluorescence 

IFN  interferon 

IgG  immunoglobulin G 

IP  immunoprecipitation 

IPTG  isopropyl β-D-1-thiogalactopyranoside 

IRES  internal ribosome entry site 

IRF  interferon regulatory factor 

JFH  Japanese fulminant hepatitis 

Jiv  J-domain-protein interacting with viral protein 

KAc  potassium acetate 
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kb  kilobase 

KCl  potassium chloride 

kDA  kilodalton 

KH2PO4  potassium dihydrogen orthophosphate 

KOH  potassium hydroxide 

L  large 

LB  lysogeny broth 

LCS  low-complexity sequence 

LD  lipid droplet 

LDL  low density lipoprotein 

mab  monoclonal antibody 

MAF  membrane-associated foci 

mCherry monomeric Cherry fluorescent protein 

MD  mucosal disease 

MDBK  Madin-Darby bovine kidney 

MgCl2  magnesium chloride 

MgSO4  magnesium sulfate 

miRNA  micro RNA 

miniSOG mini singlet oxygen generator 

MnCl2  manganese(II) chloride 

MOI  multiplicity of infection 

MOPS  3-(N-morpholino)propansulfonic acid 

mRNA  messenger RNA 

MVA  modified virus Ankara 

MVB  multivesicular body 

n.a.  not analyzed 

NaCl  sodium chloride 

Na2HPO4 disodium phosphate 

NaOH  sodium hydroxide 

NBM  nucleotide binding motif 

ncp  non-cytopathogenic 

NF-κB  nuclear factor “kappa-light-chain-enhancer” of activated B-cells 

NP-40  nonyl-phenoxypolyethoxylethanol  

Npro  N-terminal protease 

NS  non-structural 

nt  nucleotide 

NT  amino terminus 

N-terminal amino terminal 

N-terminus amino terminus 

NTPase  nucleoside triphosphatase 

OD  optical density 

ORF  open reading frame 

p  plasmid 

PAGE  polyacrylamide gel electrophoresis 

PBS  phosphate buffered saline 

PCR  polymerase chain reaction 
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pe  post electroporation 

PEG  polyethylene glycol 

Pfu  Pyrococcus furiosus 

pi  post infection 

PI  persistently infected 

PNGase F Peptide: N-Glycosidase F 

PO  peroxidase 

PRR  pathogen recognition receptors 

PSTCD  Propionibacterium shermanii transcarboxylase domain 

R  reverse 

Ras  rat sarcoma 

RbCl  rubidium chloride 

RdRp  RNA dependent RNA polymerase 

rER  rough endoplasmatic reticulum 

RLuc  Renilla luciferase 

RNA  ribonucleic acid 

RNase  ribonuclease 

RNP  ribonucleoprotein 

rns  ribonuclease secreted 

rNTP  ribonucleoside triphosphate 

RT  room temperature/reverse transcription 

S  small 

SDS  sodium dodecyl sulfate 

se  sense 

SF  superfamily 

SIU  stop IRES ubiquitin 

SIUM  stop IRES ubiquitin (mutated SalI site) 

SL  stem-loop 

ss  single strand 

ssRNA  single stranded RNA 

TAE  Tris-Acetate EDTA 

Taq  Thermus aquaticus 

tdT  tandem dimer Tomato 

TEBV  Tick-borne encephalitis virus 

TEM  transmission electron microscopy 

TEMED  Tetramethylethylenediamine 

TEV  tobacco etch virus 

TGN  trans-Golgi network 

TIP47  tail-interacting protein of 47 kD 

TLR  Toll-like receptor 

TMD  transmembrane domain 

TMH  trans-membrane helix 

Tricine  N-(Tri(hydroxymethyl)methyl)glycine 

Tris  tris(hydroxymethyl)aminomethane 

TTP  thymidine triphosphate 

Ubi  ubiquitin 
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UTP  uridine triphosphate 

UTR  untranslated region 

UV  ultraviolet 

3’V  3’-variable 

ViCs  vesicles in clusters 

VR  variable region 

v/v  volume percent 

WNV  West Nile Virus 

w/v  percent by weight 

X-Gal  5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside 

YFP  yellow-green fluorescent protein 

YFV  Yellow fever virus 

Zn  zinc 
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Supplementary Figure 1: Microscopic images of functional monocistronic BVDV DI-388 replicon 

derivatives in MDBK cells modified after Krause and Schwanke (Krause, 2013; Schwanke, 2014).  

[A and B] Cells were electroporated with the respective RNA derivatives, fixed at 48 h pe and probed 

with an NS3-specific antibody to assess viral RNA replication by indirect immunofluorescence using 

either a Cy3- or Alexa Fluor® 488 labeled secondary antibody. Nuclei were visualized by DAPI staining.  

[B] NS5A was visualized by detecting fluorescence of respective fusion proteins. Merged images of NS3 

and NS5A are shown. 
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Supplementary Figure 2: Detection of RNA replication of BVDV Bici-388 NS2-3’ NS5A NT derivatives 

in MDBK cells electroporated with the respective RNAs. Cells were fixed at the indicated time point 

and probed with an NS3-specific antibody to assess RNA replication by indirect immunofluorescence 

using a Cy3-labeled secondary antibody (top rows, NS3). The nuclei were visualized by DAPI staining 

(bottom rows, DAPI). The RNAs of Bici-388 RLuc NS2-3’ wild-type (WT), GAA and the individual NS5A 

derivatives were analyzed. The replication-deficient Bici-388 RLuc NS2-3’ GAA RNA harbors a lethal 

mutation in the NS5B RNA-dependent RNA polymerase and served as a negative control. 

 

 

Supplementary Figure 3: PSIPRED Secondary Structure analysis of the NS4B protein of BVDV-1 CP7.  
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Supplementary Figure 4: Selected confocal images of Vero cells expressing different putative  

α-helices of NS4B fused to eYFP. Vero cells were co-electroporated with peYFP-N1-NS4B truncations 

and pmCherry-KDEL. Fluorescent proteins were visualized 24 h pe by confocal live cell imaging. The ER 

was visualized with the recognized ER marker mCherry-KDEL (red). The localization pattern of  

NS4B5-30-eYFP is representative for the majority of the NS4B truncations analyzed. Only three fusion 

proteins showed a different distribution; NS4B280-299-eYFP localized to mitochondria (verified by  

co-staining of Vero cells expressing NS4B280-299 with MitoTracker® Deep Red FM, data not shown) and 

both NS4B137-154-eYFP and NS4B324-336-eYFP were located to the ER. 

 
Supplementary Figure 5: Impact of different NS4B mutations on BVDV infectious virus particle 

production. Naive MDBK cells were infected with the designated virus derivatives at a defined 

multiplicity of infection (MOI) of 0.1. Infectivity was determined as the 50 % tissue culture infectious 

dose (TCID50) at 72 h pi by antibody-specific detection of NS3. Values of viral titers shown represent 

the means from two independent experiments, each measured in quadruplicates. 
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Supplementary Figure 6: Selection of an amino acid sequence alignment of pestiviral polyproteins. 
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Supplementary Figure 7: Vector maps of BVDV DI-388 replicon derivatives containing NS4B or NS5A 

fusion proteins. The plasmids are representative of the replicons used in the attempt to generate 

functional BVDV replication systems containing labeled non-structural proteins. The proteins NS4B and 

NS5A possess terminal insertions of either antibody epitopes or fluorescent proteins (inserted via  

Mlu I and Asc I). The first or the last 5 aa of the respective protein, except in case of DI-388 NS5A NT, 

were introduced after or before the generated insertion site. DI-388 encodes the Npro/NS3-5B 

polyprotein of BVDV-1. 
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Supplementary Figure 8: Vector map of pT7DI-388 NS4B CT Strep-HA 5 aa with NS4B aa 215 EC4.  

The plasmid is representative of the replicons used in the in vivo glycosylation assay for the 

establishment of the BVDV NS4B membrane topology model. DI-388 encodes the Npro/NS3-5B 

polyprotein of BVDV-1. The NS4B protein contains the EC4 loop of Band 3 which comprises the 

common glycosylation motif NSS (inserted via Age I and Nco I) at the indicated position. NS4B further 

possesses a C-terminal insertion of the antibody epitopes Strep and HA (cloned via Mlu I and Asc I), 

followed by an amino acid (aa) repeat of the five C-terminal NS4B residues. 

 

 

Supplementary Figure 9: Vector map of pBici-388 NS4B-EI-NS2-3’. This plasmid is representative of 

the bicistronic replicons used to trans-complement NS4B mutants E250A, K252A, R253A, K258A, 

K262A, D271A, E272A, R297A, Y303A and E331A (NS4B�) which inhibit viral RNA replication. The 

plasmid encodes the WT NS4B gene (cloned via BssH II and Fse I) downstream of the Npro coding 

sequence. Translation of the first open reading frame (ORF) is mediated by the BVDV IRES, while 

translation of the viral replicase proteins NS2 to NS5B is initiated from an EMCV IRES located 

downstream of the stop codon of the NS4B gene. 
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