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Introduction and objectives 1

 1 Introduction and objectives

Classical swine fever (CSF) is a highly contagious disease of domestic pigs and wild 

boar with an important economical impact. The disease is caused by the  Classical  

swine fever virus (CSFV) which belongs to the genus  Pestivirus within the family 

Flaviviridae.

In spite of intensive prevention measures, CSF outbreaks still occur in domestic pig 

populations  in  many  countries.  Vaccination  against  CSF  with  live  vaccines  is 

prohibited  or  restricted  to  emergency  cases  in  countries  where  CSFV  is  under 

control, e.g. in the member states of the European Union. In contrast, these vaccines 

are widely used in South America, the Caribbean, and Asia. Although these vaccines 

are very effective in prevention of infection and clinical symptoms, up to now there is 

no possibility to distinguish between infected and vaccinated animals. So called DIVA 

vaccines  (differentiation  of  infected  and  vaccinated  animals)  could  overcome this 

problem.

In infected animals the neutralizing antibodies are predominantly directed against the 

E2 protein but there are also antibodies detectable against the non-structural (NS) 

protein NS3 and the structural protein Erns. Antibodies against the NS3 protein are 

pestivirus-specific whereas antibodies directed against the Erns protein can generally 

be used for the discrimination between different pestivirus infections. 

In  combination  with  DIVA  vaccines,  Erns-specific  immunoassays  could  play  an 

important role. For this, knowledge about the antigenic structure of the Erns protein is 

indispensable. Up to now the Erns protein is not well characterized in respect to its 

antigenic  structure.  Short  peptides  and  truncated  proteins  were  used  so  far  for 

epitope mapping of the Erns  protein. These techniques often destroy discontinuous 

epitopes.  However,  most  of  the  Erns epitopes  seem  to  be  discontinuous.  So  an 

improved  technique  which  preserves  the  three-dimensional  protein  structure  is 

necessary.



2 Introduction and objectives

The aim of this study was to characterize the epitopes of eight monoclonal antibodies 

(mAbs) directed against the Erns protein of the CSFV strain Alfort/187.  Due to the 

close antigenic relationship between CSFV and Bovine viral diarrhea virus (BVDV), 

chimeric Erns constructs were used to analyze the antigenic domains of the CSFV-Erns. 

For this purpose, single parts of the CSFV Erns gene (strain Alfort/187) were replaced 

by the corresponding parts of BVDV Erns (strain NADL).

Variations within the amino acid sequence of pestiviral Erns proteins occur naturally. 

On the basis of these variations and the antibody reactivity with different pestiviral 

Erns proteins, site-directed mutagenesis was a suitable technique to determine the 

amino acids  which  have a  crucial  influence on the  formation  of  antigen-antibody 

complexes. 

Knowledge about the epitopes will not only provide new insights into the Erns  protein 

structure and its antigenic sites, but will also help to develop new CSF DIVA test.
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 2 Literature

 2.1 Classical swine fever virus

 2.1.1 Taxonomy and biotypes 

Classical swine fever virus (CSFV) belongs to the genus Pestivirus within the family 

Flaviviridae (WENGLER et  al.  1991).  This  genus also  includes the  virus  species 

Bovine viral diarrhea virus (BVDV) 1 and 2,  Border disease virus (BDV) and some 

atypical  pestiviruses  like  Giraffe-1  virus,  Reindeer-1  virus, HoBi  virus, and 

Bungowannah  virus  (BECHER  et  al.  1999;  AVALOS-RAMIREZ  et  al.  2001; 

SCHIRRMEIER et  al.  2004;  KIRKLAND et  al.  2007). In  cell  culture  two different 

biotypes, the cytopathogenic (cp) and the non-cytopathogenic (ncp) biotype, can be 

distinguished.  Cp isolates  are  frequently  isolated  from BVDV infected  cattle  with 

mucosal  disease,  where  they  play  an  important  role  in  the  pathogenesis  of  the 

disease  (CORAPI et al.  1988; BROWNLIE and CLARKE 1993).  In contrast,  most 

CSFV and BDV isolates are ncp (KÜMMERER et al. 2000).

The family  Flaviviridae also comprises the genera  Flavivirus and  Hepacivirus, the 

latter with the single prototype Hepatitis C virus (BRADLEY 1992; PRINGLE 1999). 

The genus Flavivirus contains more than 70 virus species. Many of them are human 

pathogens like Yellow fever virus and Dengue virus (KUNO et al. 1998).

 2.1.2 Virus morphology and genome organization

Pestiviruses are enveloped viruses with a diameter between 40 and 50 nm. The viral 

particles  are  spherical  with  an  electron-dense  inner  core  structure.  The  lipid 

membrane  is  approximately  6 - 8 nm  thick  and  contains  the  three  envelope  (E) 

proteins E1, E2, and Erns (HORZINEK et al. 1967; ENZMANN and WEILAND 1978) 

(Fig. 2.1.1 A). The virus genome consists of a single stranded ribonucleic acid (RNA) 
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molecule in positive orientation with a length of approximately 12.3 kb. The genome 

contains one open reading frame (ORF) which encodes one viral polyprotein. The 

ORF is flanked by a 3' and a 5' non translated region (NTR) (COLETT et al. 1988). 

The  internal  ribosomal  entry  site  within  the  5'  NTR  allows  a  cap-independent 

translation  of  the  viral  polyprotein  (RIJBRAND  et  al.  1997)  (Fig. 2.1.1 B).  This 

polyprotein  is  co-  and  post-translationally  cleaved  in  four  envelope  proteins  and 

several non-structural (NS) proteins (RÜMENAPF et al. 1993) (Fig. 2.1.1 B).

Fig.  2.1.1: Schematic diagram of a pestiviral particle (A) and the genome organization (B). 

Genes encoding the structural  proteins are shown in gray.  The NS2-3 protein is partially 

processed into NS2 and NS3.  The free NS3 protein can be detected in cells infected with 

cytopathogenic  (cp)  strains,  whereas  it  is  not  detectable  in  cells  infected  with  non-

cytopathogenic (ncp) strains.
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 2.1.3 Viral proteins

The ORF codes for one polyprotein of about 4,000 amino acids, which is processed 

by cellular and viral proteases resulting in structural and NS proteins (RÜMENAPF et 

al. 1993).

Non-structural proteins

The NS protein Npro is located at the N-terminus and is unique to pestiviruses. It is an 

autoproteinase responsible for the first cleavage process during viral biogenesis by 

cleaving itself from the polyprotein (WISKERCHEN et al. 1991; STARK et al. 1993). 

Furthermore, Npro has an antagonistic effect on the interferon-α/-β pathway (RUGGLI 

et al. 2005; BAUHOFER et al. 2007; CHEN et al. 2007).

The smallest NS protein is p7 with a molecular mass of about 7 kDa. The cleavage 

between E2 and p7 is inefficient. Thus, the proteins E2, p7, and E2-p7 are detectable 

in pestivirus infected cells  (ELBERS et al.  1996). For the generation  of infectious 

virions  p7 and E2 are required but the E2-p7 fusion protein is dispensable for this 

(HARADA et al. 2000).

The  NS2-3  protein  is  partially  processed  into  NS2  and  NS3.  Several  molecular 

events can lead to the production of NS3 including insertion of cellular sequences, 

large  in-frame  deletions,  duplication,  and  rearrangement  of  pestivirus sequences 

(MEYERS et al. 1991; QI et al. 1992; KÜMMERER et al. 2000). The free NS3 protein 

can be detected in cells infected with cp pestiviruses, whereas this protein seems to 

be absent in cells infected with ncp pestiviruses (GREISER-WILKE et al. 1992). NS3 

is a multi-functional protein containing serine protease, NTPase, and helicase activity. 

The  NS  proteins  are  processed  by  the  serine  protease  activity  of  NS3 

(WISKERCHEN  and  COLLETT  1991;  TAMURA  et  al.  1993;  WARRENER  and 

COLLETT 1995). Furthermore, during viral infection antibodies are produced against 

the NS3 protein. The antibodies are pestivirus-specific and not neutralizing (DONIS 

and DUBOVI 1987; BOLIN and RIDPATH 1989; PATON et al. 1991; EDWARDS et al. 

1991).
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Autoprotease activity could be shown for the NS2 protein of BVDV (LACKNER et al. 

2004). Studies showed that the cellular chaperon termed Jiv (J-domain interacting 

with viral  proteins) functions as a cofactor of the NS2 protease  (LACKNER et al. 

2005).

The NS4A protein acts as a cofactor for NS3 (TAUTZ et al. 2000) and NS4B might be 

important for viral cytopathogenicity (QU et al. 2001).

The proteins NS5A and NS5B are important for viral replication. The NS5A protein 

has a zinc-binding domain with function in RNA replication (TELLINGHUISEN et al. 

2006) and  the  NS5B  protein  shows  RNA  dependent  RNA polymerase  activity 

(WARRILOW et al. 2000; XIAO et al. 2003).

Structural proteins

The  core  (C)  protein  is  located  between  the  Npro and  the  Erns protein  within  the 

polyprotein. It is a small protein with a molecular mass of 14 kDa and is rich in basic 

amino acids. It forms the nucleocapsid and might play a role in packaging of viral 

RNA (MURRAY et al. 2008). A signal sequence at the C-terminus of the C protein 

targets the polyprotein to the endoplasmic reticulum. In the lumen of the endoplasmic 

reticulum a cellular signal peptidase cleaves the C protein from the Erns (HEIMANN et 

al. 2006). 

The internal processing of the enveloped precursor protein Erns-E1-E2 starts with the 

release of E2 by a cellular signal peptidase. The E2 protein has a molecular mass of 

51 to 56 kDa and contains one hydrophobic membrane anchor  (RÜMENAPF et al. 

1993). It is a highly glycosylated protein present as disulfide-linked homodimers or as 

E1-E2 heterodimers in the viral membrane (WEILAND et al. 1990; THIEL et al. 1991). 

It was shown that the formation of E1-E2 heterodimers is essential for virus entry 

whereas the structural protein Erns is dispensable (WANG et al. 2004; RONECKER et 

al.  2008).  During viral  infection the E2 protein is one of the main targets for  the 

immune response. The antibodies directed against the E2 protein are predominantly 

neutralizing and sufficient for protective immunity  (DONIS et al. 1988; WEILAND et 
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al. 1990; VAN RIJN et al. 1996; DE SMIT et al. 2001).

It is believed that the cleavage of the precursor Erns-E1 takes place at a later time 

point  by  a  new type  of  signal  peptidase  (WEGELT et  al.  2009;  BINTINTAN and 

MEYERS 2010). The glycosylated E1 protein has a molecular mass of 25 kDa. Two 

hydrophobic  regions  at  the  C-terminus  are  used  as  a  membrane  anchor 

(RÜMENAPF et al. 1993). Mutations at the C-terminus and alterations of the N-linked 

glycosylation of the E1 protein affect the  virulence in swine  (RISATTI et al.  2005; 

FERNANDEZ-SAINZ et al. 2009). 

Envelope protein E  rns  

The Erns protein is unique to pestiviruses. It represents an essential component of the 

infectious virus. Pestiviral replicons with a deletion of the Erns-coding sequence are 

capable  of  autonomous  RNA replication  but  unable  to  produce  infectious  virus 

(WIDJOJOATMODJO et al. 2000; REIMANN et al. 2007).

Erns forms  disulfide-bond  homodimers  with  a  molecular  mass  of  approximately 

100 kDa (THIEL et al. 1991; KÖNIG et al. 1995). The cysteine at position 171 of the 

Erns protein  is  involved in the formation of  homodimers  (LANGEDIJK et al.  2002) 

(Fig. 2.1.2). Only few strains of pestiviruses, for example the BVDV-1 strain NADL, 

lack this cysteine (LANGEDIJK et al. 2002; TEWS et al. 2009). The corresponding 

monomeric form consists of 227 amino acids and has a molecular mass of 44 to 

48 kDa. Erns is a highly glycosylated protein and more than half of the molecular mass 

is contributed by carbohydrates  (RÜMENAPF et al. 1993). Comparative sequence 

analysis of the Erns glycoproteins showed that this protein consists of between seven 

and nine  putative  N-linked glycosylation  sites  depending  on  the  pestivirus  strain. 

Seven of these glycosylation sites are highly conserved among CSFV strains and 

five are pestivirus-specific (Fig. 2.1.2). The removal of the first N-linked glycosylation 

site by substitution leads to virus attenuation (SAINZ et al. 2008).

The protein structure of Erns is stabilized by four intramolecular disulfide bridges which 

are conserved among all pestiviruses (LANGEDIJK et al. 2002) (Fig. 2.1.2). 
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Erns  lacks  a  typical  transmembrane  anchor  and  is  attached  in  plane  via  an 

amphipathic  helix  located  at  the  C-terminus  (FETZER  et  al.  2005;  TEWS  and 

MEYERS 2007) (Fig. 2.1.2). It can also be found in virus-free cell culture supernatant 

of infected cells (RÜMENAPF et al. 1993). 

One unique feature of the Erns protein is its intrinsic RNase activity. The two catalytic 

active sites (CAS) of the Erns show homology to the RNase Rh (Rhizopus niveus), a 

member of the T2/S RNase superfamily (SCHNEIDER et al. 1993; WINDISCH et al. 

1996; HAUSMANN et al. 2004). It is suggested that Erns plays an important role as a 

virulence factor in the host because mutations within the CAS of the Erns lead to virus 

attenuation (MEYERS et al. 1999). Furthermore, it was shown that Erns interferes with 

the type 1 interferon response of cells treated with double stranded RNA (IQBAL et 

al.  2004;  MAGKOURAS  et  al.  2008).  Like  the  E2  protein,  Erns  also  induces 

neutralizing antibodies during viral infection but to a lesser extent  (BOULANGER et 

al. 1991; WEILAND et al. 1992)

Fig. 2.1.2: Schematic diagram of the Erns protein (CSFV strain Alfort/187; GenBank accession 

no: X87939). Glycosylation sites are shown by a Y. The numbers above the Y indicate the 

amino  acid  position.  Y  marked  in  red  display  the  pestivirus-specific  glycosylation  sites. 

Intramolecular disulfide bridges are depicted by the involved cysteines followed by the amino 

acid position (C38 - C82, C68 - C69, C110 - C155, C114 - C138). Catalytic active sites (CAS) 

are shown by gray bars and the amphipathic helix is marked in black.
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 2.1.4 Infection with Classical swine fever virus

Classical swine fever (CSF) is a highly contagious disease of domestic pigs and wild 

boar with an almost worldwide distribution. Pigs are usually infected oronasally by 

direct  or indirect contact with infected pigs or by feeding virus contaminated feed 

(e.g. swill) (FRITZEMEIER et al. 2000; MOENNIG et al. 2003). After initial infection, 

the virus replicates in the epithelial crypts of the tonsils  (TRAUTWEIN et al. 1988) 

and subsequently spreads to the local lymph nodes and into the blood leading to a 

systemic infection. The incubation period is one week to ten days (LAEVENS et al. 

1999). Clinical signs depend on the age of the animals, the virulence of the strain and 

probably the breed of the pig  (DEPNER et al.  1997;  MOENNIG et  al.  2003). An 

acute, chronic, and prenatal form of CSF can be distinguished. 

The acute form is  characterized by high fever  and possible  hemorrhagic  lesions. 

Anorexia, lethargy, fever, conjunctivitis, swollen lymph nodes, respiratory signs, and 

constipation followed by diarrhea are initial signs. Immunosuppression often leads to 

secondary infections and causes high mortality in piglets and young animals. During 

the second and third week after infection hemorrhagic lesions may be observed on 

the skin of the ear, tail, abdominal region, and the inner side of the limbs (LAEVENS 

et al. 1999; MOENNIG et al. 2003). 

The chronic form of CSF can be observed after  an ineffective immune response 

during infection. Clinical signs are similar to the acute form of CSF at early stage of 

infection  followed  by  predominantly  non-specific  signs  (intermittent  fever,  chronic 

enteritis, and wasting).  The animals shed virus constantly from the onset of clinical 

signs for  two to  three months and die  later  on.  In contrast to  the acute form no 

hemorrhagic lesions can be observed (MOENNIG et al. 2003).

Like other  pestiviruses, CSFV is able to cross the placenta in pregnant sows. The 

outcome of transplacental infection depends on the time of gestation and virulence of 

the strain. Piglets may be aborted or stillborn in the case of infection during early 

pregnancy. Infection of sows 50 - 70 days  post conceptionem  leads to persistently 

infected piglets or to healthy and non-viraemic animals (MOENNIG et al. 2003).
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 2.1.5 Control strategies against Classical swine fever

CSF is  a  notifiable  disease  to  the  European  Union  (EU)  because  of  the  socio-

economic consequences of a CSF outbreak.

Currently a non-vaccination policy is implemented in the EU. Strict control measures 

are applied, e.g. killing of infected, suspected and contact animals and movement 

restrictions  (ANONYMOUS,  2001).  Live  attenuated  vaccines  against  CSF  are 

available which are mainly derivatives of the so called Chinese strain (C-strain). They 

are potent and highly effective but serological differentiation between vaccinated and 

infected animals (DIVA) is not possible.  Thus, pigs that  are vaccinated during an 

emergency are excluded from the international trade and restrictions last at least for 

several  months  (GREISER-WILKE and  MOENNIG 2004). Therefore,  in  countries 

which have eradicated CSF in domestic pigs vaccination is only allowed in severe 

emergencies and is otherwise forbidden (ANONYMOUS, 2001).

CSF  in  wild  boar  remains  a  problem  in  several  countries  within  the  EU  and 

eradication  using  the  attenuated C-strain  live  vaccine  is a  matter  of  choice.  The 

vaccine is  delivered as baits.  This oral  bait  vaccination effectively reduces CSFV 

prevalence  by  increasing  herd  immunity  (KADEN  et  al.  2003).  However, 

differentiation between vaccinated and infected animals is not possible.

In order to optimize the vaccination strategies the development of  DIVA vaccines 

becomes more and more important.  The first  generation of  commercialized DIVA 

vaccines  was  a  subunit  marker  vaccine  based  on  the  glycoprotein  E2  of  CSFV 

(HULST  et  al.  1993).  The  discriminating  enzyme  linked  immunosorbent  assay 

(ELISA) was designed to detect antibodies directed against the CSFV Erns protein 

(MOORMANN  et  al.  2000;  FLOEGEL-NIESMANN  2001).  However,  the  immune 

response after vaccination with the subunit vaccine is delayed and protection is not 

comparable to that after vaccination with the C-strain (BOUMA et al. 1999; DEPNER 

et  al.  2001;  UTTENTHAL et  al.  2001; GREISER-WILKE  and  MOENNIG  2004). 

Furthermore,  different  approaches  to  achieve  a  DIVA  effect  were  followed. 

Immunogenic peptides based on different parts of the antigenic domains of the E2 
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protein  (DONG et  al.  2006;  LIU  et  al.  2006),  DNA vaccines  based  on  plasmids 

expressing  E2  (GANGES  et  al.  2005;  WIENHOLD  et  al.  2005) and  viral  vector 

vaccines (VAN ZIJL et al. 1991; KÖNIG et al. 1995; HOOFT VAN IDDEKINGE et al. 

1996) were  tested  as  potential  DIVA  vaccines,  but  none  of  them  were 

commercialized.

Another  generation  of  DIVA vaccines  is  based  on  chimeric  pestiviruses.  These 

chimeric  viruses  consists  of  CSFV  or  BDV  E2  sequences  inserted  in  a  BVDV 

backbone  (REIMANN  et  al.  2004;  RASMUSSEN  et  al.  2007)  or  BVDV  or  BDV 

sequences inserted in a CSFV backbone (VAN GENNIP et al. 2000; WEHRLE et al. 

2007). 

When using DIVA vaccines the discriminatory ELISA should be specific for antibodies 

against CSFV after natural infection. Since the E2 protein is the major immunogene 

and part of most CSFV marker vaccines, the DIVA ELISAs can be based on the Erns 

protein. However, available CSFV Erns ELISAs show deficiencies in sensitivity and 

specificity  (FLOEGEL-NIESMANN  2001,  2003).  At  present,  the  limitations  of  a 

discriminatory test are probably major factors that make the use of the DIVA vaccines 

in the EU not feasible (FLOEGEL-NIESMANN 2001).

 2.1.6 Monoclonal antibodies

The variability of pestiviruses can be studied by two approaches (KOSMIDOU et al. 

1995). On the one  hand, nucleotide sequences of different regions of the genome 

(5' NTR or E2) can be used for discrimination of species or strains (LOWINGS et al. 

1996; GREISER-WILKE et al.  1998; PATON et al.  2000).  On the other hand, the 

antigenic  variation  of  pestiviruses is  analyzed  by  monoclonal  antibodies  (mAbs) 

which can differentiate between pestivirus species (CAY et al. 1989; EDWARDS et al. 

1991; WEILAND et al. 1992; KOSMIDOU et al., 1995).

Major problems arising from the limited specificity and reproducibility of serological 

tests using conventional antisera were solved by the production of mAbs (KÖHLER 

and MILSTEIN 1975). This was crucial for the differentiated diagnosis of pestivirus 
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infection mainly in pigs. They can be infected by BVDV and BDV as well as by CSFV 

(WRATHALL et  al.  1978;  TERPSTRA and  WENSVOORT 1988;  LOEFFEN et  al. 

2009)  and  sera  from  infected  animals  show  cross  reactivity  between  pestivirus 

species (FLOEGEL-NIESMANN 2001).

Since the hybridoma technology was developed, numerous mAbs directed against 

pestiviruses  were  produced.  Most  of  the  mAbs  were  generated  against  BVDV 

(PETERS et al. 1986; BOLIN et al. 1988; EDWARDS et al. 1988; DONIS et al. 1988; 

MAGAR  et  al.  1988;  CAY et  al.  1989;  GREISER-WILKE  et  al.  1991) and  only 

relatively few were directed against CSFV (WENSVOORT et al. 1986; HESS et al. 

1988; GREISER-WILKE et al. 1990; WEILAND et al. 1990; LIN et al. 2005, 2010). 

According to their reactivity the mAbs can be divided into four groups (EDWARDS et 

al. 1991):

Group 1: MAbs are pestivirus-specific. They detect most if not all 

pestivirus strains. They are directed against the NS3 protein.

Group 2: MAbs detect CSFV strains only.

Group 3: MAbs are highly specific to the C-strain of CSFV.

Group 4: MAbs detect predominately BVDV and BDV strains. Some of them

can also detect CSFV strains.

It was found that most  of the mAbs directed against the structural proteins E2 and 

Erns  can discriminate between CSFV and other pestiviruses, whereas mAbs directed 

against  the NS3 protein are pestivirus-specific. This led to the development of an 

international  reference  panel  of  mAbs  for  the  differentiation  of  CSFV from other 

pestiviruses (EDWARDS et al. 1991).
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 2.2 Epitope mapping

 2.2.1 Different types of epitopes

An epitope (synonym = antigenic  determinant)  is  a  specific  region  of  an  antigen 

which is recognized by the immune system, mainly by antibodies or T-cell receptors. 

Epitopes are present on the surface of the antigen and are generally hydrophilic in 

nature. Continuous or discontinuous epitopes can be distinguished (LENSTRA et al. 

1990; VAN REGENMORTEL 1996) 

Continuous epitopes

Continuous epitopes, also known as linear or sequential epitopes, are often a few 

amino acids in length (Fig. 2.2.1 A)  (BARLOW et al.  1986; VAN REGENMORTEL 

1996; WESTWOOD and HAY 2001). The epitopes can be localized on the surface of 

the antigen. In some cases a continuous epitope is not accessible in the native form 

of the antigen. It  is localized inside the antigen  (YU et al. 1996) and can only be 

recognized under reducing and denaturing conditions. In most cases, these are T-cell 

epitopes.

Discontinuous epitopes

Discontinuous  epitopes,  also  known  as  assembled  or  conformational  epitopes, 

consist of amino acids that are not continuous in their sequence but are brought into 

spatial  proximity by folding of the peptide chain (secondary and tertiary structure) 

(Fig. 2.2.1 B) (BARLOW et al. 1986; VAN REGENMORTEL 1996; MORRIS 1996 a; 

WESTWOOD and HAY 2001). Usually, they contain several continuous stretches of a 

few  contiguous  amino  acids.  About  90%  of  the  antibodies  raised  against  intact 

proteins  do  not  bind  to  peptide  fragments  derived  from the  parent  protein.  This 

indicates  that  these  antibodies  are  directed  against  discontinuous  epitopes  (VAN 

REGENMORTEL 1996).  After complete denaturation of the antigen, discontinuous 
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epitopes  can  no  longer  be  recognized  by  the  corresponding  antibody  (MORRIS 

1996 a).

Different continuous and discontinuous epitopes can be present on the same antigen. 

The  relative  proportion  of  antibodies  detecting  continuous  epitopes  is  10%.  In 

contrast, 90% of the epitopes are discontinuous (BARLOW et al. 1986). 

 2.2.2 Methods for epitope mapping

Epitope  mapping  is  defined  as  the  identification  and  localization  of  epitopes  or 

antigenic regions recognized by the immune system (GÜNTHER and BECK-SICKER 

1992).  Various approaches are used for  epitope mapping including proteolysis  of 

antigen-antibody  complexes,  competition  assays,  prediction  of  epitopes  by  one 

dimensional  sequence  analysis,  truncated  proteins,  mutagenesis,  neutralization 

escape mutants, peptide scan, and phage display. 

Knowledge  concerning  antigen-antibody  complexes  has  been  improved  by  X-ray 

crystallographic studies of proteins and peptides complexed with mAbs. This method 

provides information of the topological description of intermolecular contacts between 

Fig. 2.2.1: Schematic diagram of a continuous (A) and a discontinuous epitope (B). Modified 

in accordance to LERCH 2006.
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amino acid residues within antigen-antibody complexes (SAUL and ALZARI 1996). 

An area of 700 - 900 Å2 of the antigen surface is in contact with the antibody. This 

area comprises 15 to 22 amino acid residues. The area of the fragment binding site 

(Fab) of an antibody recognizing the epitope is called a paratope. About half of the 

amino acids residues of the paratope are aromatic (VAN REGENMORTEL 1996). 

Proteolysis of antigen-antibody complexes

Proteolysis of antigen-antibody complexes is a direct approach to identify an epitope. 

Proteolytic cleavage of an antigen is decreased by binding of  an antibody to the 

protein. Thus, the region involved in antibody binding is protected against cleavage 

and can be identified after its elution from the mAb (JEMMERSON and PATERSON 

1986). Linear epitopes can be identified directly. To localize discontinuous epitopes 

the rate of peptide release from the antigen and from the antigen-antibody complex 

has to be compared (JEMMERSON 1996).

Competition assay

The competition assay is used to determine whether mAbs are directed against the 

same or close-by epitopes. The assay is useful for the first analysis of the antigenic 

structure of a protein. 

In  a  first  step  an  unlabeled  mAb  is  incubated  with  the  protein.  Afterwards,  a 

peroxidase labeled mAb is added. By adding the corresponding substrate, binding of 

the labeled mAb can be visualized. If the labeled mAb is able to bind the protein, it 

can be assumed that both mAbs are directed against different epitopes. If the labeled 

mAb does not bind to the target protein, both mAbs are directed against the same 

antigenic region. In this case the binding site is already blocked by the unlabeled 

mAb. The competition assay is often done bidirectional  (WENSVOORT et al. 1986; 

GREISER-WILKE et al.  1990; GREISER-WILKE et al. 1991). Antibodies detecting 

continuous or  discontinuous  epitopes  can  be used.  The exact  localization  of  the 

epitopes on the antigen can not be determined. Depending on the number of mAbs 
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being tested,  the assay might  provide information about  the number of  epitopes. 

Binding of the first mAb can result in conformational changes of the antigen which 

may effect binding of the labeled mAb. Furthermore, binding of the first mAb can 

sterically prevent binding of other mAbs to close-by epitopes (HEINZ 1986; KUROKI 

1996). 

Prediction of epitopes by one dimensional sequence analysis

For the prediction of epitopes by one dimensional sequence analysis algorithms for 

secondary  structure  (CHOU  and  FASMAN  1978),  hydrophilicity  (KYTE  and 

DOOLITTLE  1982),  surface  probability  (EMINI  et  al.  1985),  and  antigenic  index 

(JAMESON and WOLF 1988) can be used. However, the antigenicity prediction is 

often  limited  to  the  identification  of  continuous  epitopes  (VAN  REGENMORTEL 

1996).

Truncated proteins

Truncated  proteins  are  often  used  to  define  the  antigenic  protein  architecture 

responsible for eliciting an antibody response. The fragments are usually overlapping 

to reduce the risk of destroying epitopes being located at the terminal part of the 

protein. Truncated proteins can be used for mapping continuous and discontinuous 

epitopes  consisting  of  sequences  that  are  relatively  adjacent  (LIN  et  al.  2004; 

CHANG et al. 2010). Discontinuous epitopes formed by the folding of distant protein 

sequences can not be analyzed with this technique.

Mutagenesis

Site-directed mutagenesis is a powerful tool to analyze the individual effect of single 

amino acids within the immune complex formation. Mutagenesis of specific residues 

in  proteins  can  produce  a  variation  in  electrostatic  charge,  side  chain,  and  can 

change  the  protein  conformation  (e.g.  substitution  by  proline)  (WESTWOOD and 

HAY 2001). 
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The introduced mutations can be based on variants of an antigen that occur naturally. 

Usually, these  variants can be observed for antigens of different species. The fact 

that these antigens retain their function (e.g. enzyme activity) the mutations do not 

have an influence on the antibody binding by causing major changes in the protein 

conformation (MORRIS 1996 b). 

Alanine-scanning mutagenesis is a method for systematic alanine substitution within 

a  protein  to  identify  epitopes.  This  substitution  has  the  advantage  of  effectively 

removing  the  energetic  contributions  of  all  side  chain  atoms  past  the  β-carbon 

(MORRISON and WEISS 2001). 

Neutralization escape mutants

Neutralization  escape  mutants  of  viruses  arise  under  selection  pressure  of 

neutralizing mAbs. To generate these mutants, cells are incubated with virus in the 

presence  of  neutralizing  mAbs.  The  viral  subpopulation  that  replicates  escaped 

neutralization.  After  isolation  of  this  subpopulation  amino  acid  changes  can  be 

identified by DNA sequencing. Sequence differences are predicted to be important for 

the epitope of the neutralizing mAbs and can be analyzed in detail by site-directed 

mutagenesis  (PING  and  LEMON  1992;  PATON  et  al.  1992;  MORRIS  1996 b; 

DEREGT et al. 1998). Epitopes of non-neutralizing mAbs can not be analyzed by this 

technique.

Peptide scan

A widely used method for epitope mapping is peptide scan. This approach involves 

the synthesis of multiple peptides on polystyrene pins which are attached to a plastic 

support.  For the generation of the peptide library the amino acid sequence of the 

antigen is required. Generally, the peptides are overlapping and are 12 to 15 amino 

acids in length. The binding of the respective antibody to the synthetic peptides can 

be tested in a modified ELISA  (GEYSEN et  al.  1984, 1987;  SUMAR 2001). This 

technology is often limited to continuous epitopes (LIN et al. 2010).
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Phage display

Phage  display  is  a  technique  which  involves  peptides  as  fusion  proteins  on  the 

surface of bacteriophages. Generally, this technique is used for the identification of 

peptides that bind to receptors, for the determination of substrates or inhibitors of 

enzymes,  and for  epitope mapping  (FACK et  al.  1997).  The bound peptides  are 

selected by an affinity selection technique called biopanning. This procedure involves 

repetitive rounds of phage binding to the target. Non-specifically bound phages are 

removed by several  washing steps.  The recovery of  specifically bound  phages is 

mediated by acid elution. At the end, the insert region of the phage genome can be 

sequenced (SMITH 1985; ADDA et al. 2002). 

Random peptide libraries (FACK et al. 1997; ZHANG et al. 2006; LIN et al. 2010) or 

gene-fragment libraries  (FACK et al.  1997) can be used for phage display. Gene-

fragment libraries are constructed by  DNase I digestion of plasmid DNA containing 

the target gene. The fragments are cloned at the 5'  terminus of  the phage gene 

coding for the surface protein. Consequently, the displayed peptides correspond to 

fragments of the target protein  (FACK et al. 1997). In comparison to this, random 

peptides  functionally  mimic  epitopes  (=  mimotopes)  without  containing  the  same 

amino  acid  sequences of  the  antigen  (MORRIS 1996  a; WESTWOOD and  HAY 

2001)

A related technique to phage display is  the  Escherichia coli (E. coli) cell  surface 

display. A gene-fragment library is displayed on E. coli cells as a fusion protein with 

intimin. Intimin is an adhesin of enteropathogenic E. coli. Epitope presenting cells are 

isolated by immunofluorescence staining. Afterwards, positive bacteria are selected 

by  fluorescence-activated  cell  sorting  (FACS).  The identification  of  the  respective 

epitope sequence can be done by sequencing (CHRISTMANN et al. 2001).
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 2.2.3 Epitope mapping of the structural protein Erns

Epitope  mapping  of  the  structural  protein  Erns of  CSFV  is  indispensable  for  the 

development of a DIVA test.

Immunodominant  epitope(s) are expected to be located at the C-terminus (amino 

acids 191 to 227) of the Erns protein (LANGEDIJK et al. 2001) (Fig. 2.2.2). Protein 

modelling studies revealed that this region is located on the outer rim of the Erns 

protein model structure. It is assumed that the region folds independently from the 

rest  of  the  protein  and  that  it  is  not  masked  by  any  potential  carbohydrates 

(LANGEDIJK et al. 2001, 2002). 

Peptides based on the C-terminal domain of the Erns protein with a length of 37 amino 

acids  showed  antigenicity  and  were  used  for  the  development  of  a  solid-phase 

ELISA. It  was shown that the ELISA could distinguish between sera from animals 

infected with different pestiviruses (LANGEDIJK et al. 2001).

Furthermore,  two T-cell  epitopes of  the Erns protein  could be identified using 573 

synthetic  overlapping  peptides.  The  peptides  were  based  on  the  genome  of  the 

CSFV strain Glentorf. The epitopes are located between amino acids 114 - 128 and 

139 - 153 of the Erns protein (ARMENGOL et al. 2002) (Fig. 2.2.2).

Additionally, various truncated forms of the Erns protein were expressed in E. coli. The 

reactivity of antibodies elicited during CSFV infection was tested in immunoblot. The 

results  allowed to  define an immunodominant  region containing three overlapping 

antigenic regions: AR1 (amino acids 65 to 145), AR2 (amino acids 84 to 160), and 

AR3 (amino  acids  109  to  220).  These  antigenic  regions  contained  a  consensus 

sequence of 37 residues (amino acids 109 to 145) (Fig.  2.2.2).  However,  an Erns 

fragment  consisting  of  this  consensus  sequence  showed  no  reactivity  with  the 

antisera. This result was explained by the existence of discontinuous epitopes (LIN et 

al. 2004). One of the previously described T-cell epitopes (amino acids 114 to 128) 

was located in the consensus sequence, whereas the other T-cell  epitope (amino 

acids 139 to 153) was partially present (ARMENGOL et al. 2002) (Fig. 2.2.2). 

Later on, these antigenic fragments were expressed in  E. coli,  purified by affinity 
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chromatography, and used in an ELISA. The reactivity of 20 antisera collected from 

infected  pigs  was  analyzed.  Interestingly,  fragments  containing  the  consensus 

sequence  were  detected  in  ELISA  (LIN  et  al.  2005).  These  results  were  not 

consistent with the results obtained in previous studies using immunoblot (LIN et al. 

2004).  The  fragments  used  in  ELISA must  have  been  refolded  leading  to  the 

detection of the discontinuous epitopes (LIN et al. 2005).

A continuous epitope between amino acids 116 to 124 was detected using an Erns 

derived gene-fragment library displayed on the surface of E. coli  (CHRISTMANN et 

al. 2001). Since then, this continuous epitope comprising of the motif  119DKN121 was 

confirmed by phage display using a 12-mer random peptide library  (ZHANG et al. 

2006).  Furthermore,  five  groups  of  discrete  linear  epitopes  (31GIWPEKIC38, 

65NYTCCKLQ72,  127QARNRPTT134,  145SFAGTVIE152,  161VEDILY166)  were identified on 

the Erns protein by using an array of overlapping 12-mer peptides. Antibodies used in 

this  study  were  generated  against  the  E. coli expressed  Erns of  the  CSFV strain 

Alfort/187 (LIN et al. 2010).
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Fig. 2.2.2: Schematic diagram of the antigenic structure of the Erns protein. Numbers indicate 

the amino acid position. Gray bars show two T-cell epitopes, the shaded bars mark further 

linear  epitopes,  and the  black  bar  shows the  potential  immunodominant  epitopes  at  the 

C-terminus. The consensus region of the antigenic regions AR1, AR2, and AR3 is depicted in 

red. 
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 3 Material and methods

 3.1 Material

 3.1.1 Cells

BSR-T7 cells

BSR-T7 cells,  a  clone of  the  permanent  baby hamster  kidney (BHK-21)  cell  line 

stably  expressing  the  T7  polymerase  under  the  control  of  a  cytomegalovirus 

promoter,  were  used  for  transfection  (BUCHHOLZ  et  al.  1999).  The  cells  were 

maintained in Eagle’s minimal essential medium (EMEM) supplemented with 5% fetal 

calf serum (FCS), 1% non-essential amino acids, and 0.5 mg geneticin / ml. 

PK-15 cells

PK-15 cells are a permanent porcine kidney (PK) cell line. The cells were grown in 

EMEM with 5% FCS free of pestiviruses and antibodies against pestiviruses. They 

were used for infection assays with CSFV.

SFT-R cells

Sheep fetal thymoid cells (SFT-R/CCLV Rie043) were used for infection with BDV. 

SFT-R cells are a permanent cell line that originated from sheep thymus and was 

obtained from the cell collection (CCLV) of the Friedrich-Loeffler-Institute, Island of 

Riems,  Germany. The cells  were maintained in Dulbecco’s modification of  EMEM 

(EDulb) supplemented with 10% FCS.
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FBK cells

Primary fetal bovine kidney cells (FBK) were prepared as described before (ORBAN 

et al. 1983) and maintained in EDulb medium supplemented with 5% bovine serum 

free  of  pestiviruses and  antibodies  against  pestiviruses.  They  were  used  for  the 

infection with BVDV. 

 3.1.2 Monoclonal antibodies

The mAbs listed in table 3.1.1 were used for the determination of cross reactivity. 

Epitope mapping was performed using the Erns-specific mAbs. 

Table 3.1.1: Origin of hybridomas and properties of the mAbs used in this study.

mAb Virus raised against IgG Specificity

BVD/C16*1 BVDV/NADL 1 NS3

BVD/C12 BVDV/NADL 1 Erns

HC/TC126 Alfort/187 1 Erns

HC/TC56 Alfort/187 2b Erns

HC/TC57 Alfort/187 2a Erns

HC/TC58 Alfort/187 2a Erns

HC/TC61 Alfort/187 1 Erns

HC/TC66 Alfort/187 2a Erns

HC/TC69 Alfort/187 n.d.*2 Erns

HC/TC169 Alfort/187 n.d. Erns

*1 = (PETERS et al. 1986); *2 n.d. = not determine
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 3.1.3 Viruses

The  BDV  strains  BD31  and  Gifhorn,  as  well  as  the  pestivirus  strains  Giraffe-1, 

Reindeer-1 V60 Krefeld, and the BVDV strain Cp7 were kindly provided by P. Becher 

(Institute  of  Virology,  University  of  Veterinary  Medicine  Hannover).  The remaining 

CSFV, BVDV, and BDV strains were from stocks kept in the Institute of Virology, 

University of Veterinary Medicine Hannover (Table 3.1.2).

Table 3.1.2: Pestivirus strains / isolates used for the determination of cross reactivity.

Database No. Virus Genotype References

CSF0902* Alfort/187 CSFV-1.1 RUGGLI et al. 1996; 
PATON et al. 2000

CSF0905* Brescia CSFV-1.2 PATON et al. 2000

CSF0650* Guatemala CSFV-1.3 PEREDA et al. 2005

CSF0849* South Africa CSFV-2.1 SANDVIK et al. 2005

CSF0410* Congenital Tremor CSFV-3.1 PATON et al. 2000

CSF0309* Kanagawa CSFV-3.4 PATON et al. 2000

- NADL BVDV-1a RIDPATH et al. 1994

- Singer BVDV-1a RIDPATH et al. 1994

- Cp7 BVDV-1b CORAPI et al. 1988

- 951 BVDV-2 unpublished

- BD31 BDV-1 RIDPATH et al. 1997

- Reindeer-1 V60 
Krefeld

BDV-2 BECHER et al. 2003

- Gifhorn BDV-3 BECHER et al. 2003

- Rocco BDV-4b VALDAZO-GONZALEZ et al. 
2006

- Giraffe-1 Giraffe AVALOS-RAMIREZ et al. 
2001

* = CSFV database (GREISER-WILKE et al. 2000 a)
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 3.1.4 Bacteria

Supercompetent E. coli XL1blue were purchased from Stratagene.

 3.1.5 Plasmids

pTM1 NADL-E  rns  , pTM1 Alfort/187-E  rns  , pTM1 AR4, and pTM1 AR5  

The plasmids pTM1 NADL-Erns and pTM1 Alfort/187-Erns encode for the signal peptide 

(sp) sequence of the Vesicular stomatitis virus (VSV) glycoprotein G and the Erns of 

BVDV-1 strain NADL and of the CSFV strain Alfort/187, respectively (Fig. 3.1.1). The 

plasmids pTM1 AR4 and pTM1 AR5 encode for the signal peptide sequence of the 

VSV  G  protein  and  the  chimeric  Erns constructs  AR4  and  AR5  (Fig. 3.1.1).  All 

plasmids were provided by the Institute of Virology, University of Veterinary Medicine 

Hannover. 

Fig.  3.1.1: Schematic diagram of Erns constructs cloned into the pTM1 plasmid.  Numbers 

above the construct indicate the genome position. Sequences of the CSFV strain Alfort/187 

are shown by open boxes, genome fragments of the BVDV-1 strain NADL by gray boxes and 

the signal peptide sequence is depicted by the black box.
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pCITE-2a(+) 

The plasmid pCITE-2a(+) was purchased from NOVAGEN® and was used for the 

expression of the native and chimeric Erns constructs.

pGEX-4T-1

The plasmid pGEX-4T-1 was used for the bacterial expression of the Erns protein. By 

inserting the gene coding for  the Erns protein  into  the multiple  cloning site  of  the 

plasmid  pGEX-4T-1  a  gluthatione  S-transferase  (GST)  fusion  protein  was 

constructed.  The  expression  is  under  the  control  of  the  tac promotor,  which  is 

induced by the lactose analog isoproyl β-D thiogalactoside (IPTG). The plasmid was 

purchased from GE Healthcare.

 3.1.6 Oligonucleotides

All  oligonucleotides  were  synthesized  by  Eurofins  MWG  Operon  (Ebersberg, 

Germany). They are listed in table 3.1.3, table 3.1.4, and table 3.1.5.

Table 3.1.3: Oligonucleotides used for quantitative RT-PCR.

Oligonucleotide Sequence Reference

CSF 100-F 5'-ATGCCCAYAGTAGGACTAG 

CA-3'

HOFFMANN et al. 2005

CSF Probe 1 FAM-TGGCGAGCTCCCTGGGTG 

GTCTAAGT-TAMRA

HOFFMANN et al. 2005

CSF 192-R 5'-CTACTGACGACTGTCCTGT 

AC-3'

HOFFMANN et al. 2005
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Table  3.1.4: Oligonucleotides used for amplification of the Erns gene of different CSFV and 

BVDV strains and defined fragments of the genomes encoding VSV G (GenBank accession 

no. NC_001560), CSFV Erns (GenBank accession no. X87939), and BVDV-1 Erns (GenBank 

accession no. AJ133738) for the generation of the chimeric and truncated constructs.

Oligonucleotide Sequence Location in the genome

BVDV2-Ernsf 5'-GCACTGCTGGC(AT)TGGGC

C-3'

nt 1,142 - 1,159

BVDV2-Ernsr 5'-GTGCAGTT(CT)TTTGTATACCA

(GT)ACG-3'

nt 1,915 - 1,938

CSFV-Ernsf 5'-CATGGGCGGTAATAGCAA-3' nt 1,131 - 1,148

CSFV-Ernsr 5'-GTGTACCATATGTACCCTA-3' nt 1,887 - 1,905

VSV E2 1f 5'-TTTTGAATTCATGAAGTGCCTT 

TTGTACTTAGCC'-3

nt 3,078 - 3,101 (VSV G)

AR4-hybrid-f 5'-GCCAAGGAGTGCGCAGTCA

CTTGTAGGTATGAT-3'

nt 1,493 - 1,504 (CSFV Erns)

nt 1,526 - 1,546 (BVDV Erns)

AR4-hybrid-r 5'-ACAAGTGACTGCGCACTCCT

TGGCCGGAGG-3'

nt 1,526 - 1,537 (BVDV Erns)

nt 1,487 - 1,504 (CSFV Erns)

AR6-hybrid-f 5'-ATCTTGTATGGGGAACATGAA

CGC-3'

nt 1,664 - 1,675 (CSFV Erns)

nt 1,697 - 1,708 (BVDV Erns)

AR6-hybrid-r 5'-GCGTTCATGTTCCCCATACAA

GAT-3'

nt 1,697 - 1,708 (BVDV Erns)

nt 1,664 - 1,675 (CSFV Erns)

AR7-hybrid-f 5'-CTAAAAACAATTCAGGGAATG

ATGGATGCC-3'

nt 1,346 - 1,357 (BVDV Erns)

nt 1,337 - 1,354 (CSFV Erns)

AR7-hybrid-r 5'-GGCATGCATCATTCCCTGAAT

TGTTTTTAG-3'

nt 1,354 - 1,354 (CSFV Erns)

nt 1,346 - 1,357 (BVDV Erns)

NADL-Ernsr 5'-TTTTCTCGAGTTAAGCGTATG

CTCCAAACCACGTCTT-3' 

nt 1,853 - 1,876 (BVDV Erns)



28 Material and methods

CSFV-Ernsr 5'-TTTTCTCGAGTTAGGCATAGG

CACCAAACCAGGTTTT-3'

nt 1,832 - 1,855 (CSFV Erns)

CSFV-Erns167r 5'-TTTCTCGAGTTACCCATACAA

GATATCCTC-3'

nt 1,658 - 1,675 (CSFV Erns)

CSFV-ARf 5'-TTCACCATAGTTTTTCCACAG

GGAATGATGGATGCC-3'

nt 3,129 - 3,146 (VSV G)

nt 1,337 - ,354 (CSFV Erns)

CSFV-ARr 5'-TTTCTCGAGTTAGCACTCCTT

GGCCGGAGG-3'

nt 1,487 - 1,504 (CSFV Erns)

CSFV-AR-1r 5'-GGCATCCATCATTCCCTGTGG

AAAAACTATGGTGAACTTGCA-3'

nt 1,337 - 1,354 (CSFV Erns)

nt 3,123 - 3,146 (VSV G)

NADL_GSTf 5'-TTTTGAATTCGAAAACATAACA

CAGTGGAACCTACAAGAT-3'

nt 1,196 - 1,224 (BVDV Erns)

CSF849_GSTf 5'-TTTTGAATTCGAAAATATAACT

CAATGGAACCTGAGT-3'

nt 1,175 - 1,201 (CSFV Erns)

f = forward primer; r = reverse primer; nt = nucleotide
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Table 3.1.5: Forward oligonucleotides used for site-directed mutagenesis. The sequence of 

the  reverse  oligonucleotides  was  complementary  to  the  sequence  of  the  forward 

oligonucleotides.  CSFV  Alfort/187-Erns (GenBank  accession  no.  X87939)  and  BVDV 

NADL-Erns (GenBank accession no. AJ133738).

Oligonucleotide Sequence Location in the genome

Alf_Erns107f 5'-CAGAAGGCCCTCCGGATAAGG

AGTGCGCTGTG-3'

nt  1,479 - 1510  (Alfort/187- 

Erns)

Alf_Erns102f 5'-CCAAGCAAACTTGACAGAAGG

CCCTCCGG-3'

nt 1,465 - 1,493 (Alfort/187- 

Erns)

Alf_Erns55f 5'-CTGAAAGAAATACGCGGAATGA

TGGA-3'

nt 1,325 - 1,350 (Alfort/187-

Erns)

849_Erns107f 5'-ACAGAAGGCCCTCCTGCCAAA

GAGTGTGCCGTG-3'

nt  344 - 336  South  Africa- 

Erns, see appendix)

849_Erns102f 5'-CAAGCAAATTTGGCAGAAGGC

CCTCCT-3'

nt  292 - 318 (South  Africa- 

Erns, see appendix)

NADL_Erns107f 5'-GAGGGACAACCAGCCAGGGA

GTGCGCA-3'

nt  1,502 - 1,528  (NADL-

Erns)

NADL_Erns105f 5'-CACTGAGGGACCTCCACCAA

GGGAG-3'

nt  1,498 - 1,522  (NADL-

Erns)

NADL_Erns102f 5'-CAAGCCAATCTCGCAGAGGGA

CAACCA-3'

nt  1,487 - 1,513  (NADL- 

Erns)
f = forward primer; nt = nucleotide
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 3.2 Methods

 3.2.1 RNA extraction

The extraction of total RNA from supernatant of infected PK-15 and FBK cells was 

done with the QIAamp® Viral RNA Mini Kit following the manufacturer's instructions.

 3.2.2 Reverse transcriptase polymerase chain reaction (RT-PCR)

Synthesis of  complementary  desoxyribonucleic acid (cDNA) was carried out using 

extracted  RNA  (3.2.1),  random  hexamers  and  Moloney-Murine  leukemia  virus 

(M-MLV) Reverse Transcriptase. 

Reagents for cDNA synthesis

Mix 1 (per sample): 5 x RT buffer 8 µl

dNTP 8 µl

diethylpyrocarbonat (DEPC) water 2.5 µl

Afterwards, 6 µl extracted RNA was added to mix 1. The mixture was incubated for 

5 min at 70°C and then stored on ice.

Mix 2 (per sample): 0.1 M dithiothreitol (DTT) 3.5 µl

hexamers (1:15) 2 µl

RNase inhibitor 0.5 µl

M-MLV Reverse Transcriptase 2 µl

Mix 2 was added to the mixture of extracted RNA and mix 1. The synthesis of cDNA 

was performed in a thermocyler using the following thermo profile.
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Thermo profile for cDNA synthesis

22°C 5 min

37°C 15 min

42°C 30 min

99°C 5 min

4°C ∞

 3.2.3 ThermoStart PCR 

To amplify the Erns gene of different pestiviruses the ThermoStart® PCR Master Mix  

and the oligonucleotides BVDV2-Ernsf, BVDV2-Ernsr, CSFV-Ernsf and CSFV-Ernsr were 

used  (Table  3.1.4). The  same  oligonucleotides  were  used  for  cycle-sequencing 

(3.2.18).

Reagents for the   ThermoStart   PCR  

ThermoStart® PCR Master Mix 45 µl

oligonucleotide (forward) 1 µl (50 pmol)

oligonucleotide (reverse) 1 µl (50 pmol)

A volume of 3 µl cDNA was added to the PCR mix. The PCR was performed in a 

thermocyler using the following thermo profile.
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Thermo profile of the   ThermoStart   PCR  

95°C 15 min

95°C 1 min

x°C* 1 min     34 cyles

72°C 1 min

72°C 5 min

4°C ∞

*The annealing temperatures of the following oligonucleotide pairs were:

BVDV2-Ernsf / BVDV2-Ernsr = 59°C

CSFV-Ernsf / CSFV-Ernsr = 50°C

 3.2.4 Pfu PCR

For the generation of the chimeric Erns constructs, the Pfu polymerase (isolated from 

Pyrococcus furiosus) was used. This polymerase has a 3´ - 5´ exonuclease activity. 

Nucleotide misinsertions that may occur during polymerization are rapidly excised by 

the proofreading activity.

Reagents for   Pfu   PCR  

Pfu buffer 5 µl

dNTP 1 µl

matrices DNA 50 - 100 ng

oligonucleotide (forward; 10 pmol) 2.5 µl 25 pmol

oligonucleotide (reverse; 10 pmol) 2.5 µl 25 pmol

Pfu polymerase 1 µl 2.5 U / µl

DEPC water ad 50 µl

The PCR was performed in a thermocylcer using the following thermo profile.
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Thermo profile of the   Pfu   PCR  

75°C ∞

95°C 2 min

95°C 30 sec   10 cycles

x°C 30 sec

72°C 2 min

95°C 30 sec

x°C - 2°C 30 sec   15 cycles

72°C 2 min 10 sec

72°C 5 min

4°C ∞

The  annealing  temperature  was  determined  by  the  melting  temperature  of  the 

oligonucleotides (Tabel 3.1.4) used for the PCR.

 3.2.5 Generation of chimeric Erns constructs

Chimeric Erns constructs (AR6, AR7, and AR8) were generated by replacing different 

parts of the Erns gene of the CSFV strain Alfort/187 by the corresponding parts of the 

Erns gene of the BVDV-1 strain NADL. To ensure the correct passage of the protein 

through  the  endoplasmic  reticulum  the  signal  peptide  sequence  of  the  VSV 

glycoprotein G was used. To generate the chimeric constructs an overlapping PCR 

technique was performed  (KÖHL et al.  2004; RONECKER et al. 2008). The gene 

fragments  of  the  BVDV  Erns and  CSFV  Erns were  amplified  using  the  plasmids 

pTM1 NADL-Erns and pTM1 Alfort/187-Erns  (Fig.  3.1.1).  The oligonucleotides,  which 

were added to each  PCR set-up are shown in figure 4.1.1 and are listed in table 

3.1.4. Subsequently, the PCR products were purified (3.2.7). 

Hybridization  was  mediated  by  overlapping  complementary  nucleotides that  were 

introduced into the PCR fragments by 5' overhangs of the oligonucleotides. For the 

hybridization the PCR fragments were mixed in a molecular ratio of 1:1. 
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Reagents for the hybridization

10 x Pfu buffer 5 µl

dNTP 1 µl

matrices DNA 50 - 100 ng

DEPC water ad 45 µl

The hybridization was performed in a thermocylcer using the following thermo profile.

Thermo profile of the hybridization

95°C 1 min

95°C 30 sec

58°C 30 sec    2 cycles

72°C 3 min

72°C 5 min

4°C ∞

Afterwards, a Pfu PCR (3.2.4) was performed to obtain a complete double-stranded 

DNA hybrid.  For  this  purpose,  1 µl  Pfu polymerase  as  well  as  25 pmol  of  each 

oligonucleotide (forward / reverse) were added to the set-up. Restriction sites of the 

enzymes EcoRI and XhoI were introduced with the oligonucleotides used in the PCR. 

After amplification, the size of the chimeric construct DNA was verified by agarose gel 

electrophoresis (3.2.8) and the PCR products were purified (3.2.7).

 3.2.6 Site-directed mutagenesis

Potential epitopes were confirmed by site-directed mutagenesis of the Erns protein. 

The Quick Change® Site-directed Mutagenesis Kit  was used to switch amino acids 

according to the instructions of the manufacturer. The oligonucleotides containing the 

intended mutation are listed in table 3.1.5.
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 3.2.7 Purification of PCR products

PCR  products  were  purified  using  QIAquick® PCR  Purification  Kit, QIAquick® 

Nucleotide  Removal  Kit  or  QIAquick Gel® extraction  Kit  according  to  the 

manufacturer's instructions.

DNA fragments  larger  than  100 bp  were  purified  by  using  the  QIAquick® PCR 

Purification Kit,  whereas the  QIAquick® Nucleotide Removal Kit was used for the 

clean-up of DNA fragments smaller than 100 bp.

 3.2.8 Agarose gel electrophoresis

The  PCR  products  were  separated  according  to  their  size  by  agarose  gel 

electrophoresis. This technique can be used for analytic purposes [with tris-borate 

EDTA (TBE)  agarose  gel]  as  well  as  for  purification  of  PCR products  [with  tris-

acetate-EDTA  (TAE)  agarose  gel].  The  gels  were  prepared  with  an  agarose 

concentration  of  0.8% up  to  2% according  to  the  size  of  the  DNA fragment.  To 

estimate the size of the DNA fragments a 100 bp DNA marker was used. 

 3.2.9 Determination of the DNA concentration

The DNA concentration  was determined at  260 nm using a photometer  and was 

calculated with the formula:

DNA [µg / µl] = Optical density at 260 nm (OD260) x 50 x dilution factor / 1,000

 3.2.10 Digestion with restriction enzymes

The  restriction  sites  within  the  DNA  fragments  were  introduced  with  the 

oligonucleotides used for PCR. The plasmid DNA and construct DNA was digested 

with  the  two  fast  digest  restriction  enzymes  EcoRI and  XhoI  to  ensure  correct 

cloning.  The protocol followed the instructions of the manufacturer. The incubation 

time was 15 min at  37°C according to the star activity of  the fast  digest enzyme 
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EcoRI.  After digestion, the construct and plasmid DNA were purified as described 

before (3.2.7).

 3.2.11 Dephosphorylation

The removal of the 5'-terminal phosphates of the digested plasmid DNA prevents 

re-ligation. Therefore, the purified plasmid DNA (eluate after purification = 35 µl) was 

incubated with 2 µl (1 U / µl) of calf intestine alkaline phosphatase (CIAP) and 4 µl 

10 x CIAP buffer  for  30 min  at  37°C.  Afterwards,  the  plasmid  DNA was  purified 

(3.2.7).

 3.2.12 Ligation

Ligation  of  the  construct  DNA into  the  plasmid  was  done  by  temperature  cycle 

ligation between 10°C and 30°C (LUND et al. 1996). The molecular ratio of construct 

and plasmid  DNA was 5:1.  As  a  control  for  plasmid  re-ligation,  a  set-up  without 

construct DNA was used. The ligation was performed in a thermocylcer.

Reagents for ligation

plasmid DNA x µl (50 - 100 ng)

construct DNA x µl

10 x ligase buffer 2 µl

T4-DNA-Ligase 1.5 µl (1.5 U/µl)

DEPC water ad 20 µl

 3.2.13 Cloning of the pTM1 constructs into the pCITE-2a(+) plasmid

The  constructs  Alfort/187-Erns,  NADL-Erns,  chimera  AR4,  and  chimera  AR5  were 

cloned into the plasmid pCITE-2a(+). For this, the pTM1 plasmid DNA was digested 

with the restriction enzymes  EcoRI  and  XhoI (3.2.10). Subsequently,  the digested 

insert DNA was purified (3.2.7) and ligated (3.2.12) into the pCITE-2a(+).



Material and methods 37

 3.2.14 Generation of chemical competent XL1-blue E. coli

For the generation of chemical competent  E. coli  XL1blue, 5 ml Luria Bertani (LB) 

medium  were  inoculated  with  5 µl  XL1blue  E. coli suspension  and  incubated 

overnight  at  37°C under  constant  shaking.  The following day,  500 ml  LB-medium 

were  inoculated  with  1 ml  of  the  overnight  culture.  At  an  OD600 of  0.4  -  0.5,  the 

bacteria were placed on ice for 15 min. After a centrifugation step at 3,000 x g and 

4°C  for  15 min  the  bacteria  pellet  was  resuspended  in  150 ml  TFB-I  buffer  and 

incubated on ice for 15 min. The centrifugation step was repeated and the pellet was 

resuspended in 20 ml TFB-II buffer. The bacteria suspension was stored at -80°C as 

150 µl aliquots.

 3.2.15 Transformation

E. coli XL1blue  were  transformed  by  heat  shock  transformation.  The  competent 

bacteria were thawed on ice and 5 µl of the ligation set-up was added. Subsequently, 

the bacteria were mixed gently and incubated on ice for 1 h. The heat shock was 

performed at  42°C for  45 sec.  After  an incubation on ice for  3 min,  300 µl  SOC-

medium  was  added  and  the  bacteria  were  incubated  at  37°C  for  45 min  under 

constant  shaking.  Finally,  the  bacteria  suspension  was plated  on  LB agar  plates 

containing ampicillin (50 µg / ml) for selection. 

 3.2.16 Selection of positive bacteria clones by PCR

For the selection of positive bacteria clones a specific PCR was performed. One of 

the oligonucleotides was complementary to the vector sequence and the other one to 

the  insert  sequence.  The  annealing  temperature  was  determined  by  the  melting 

temperature of the oligonucleotides. 
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Reagents for the PCR (for 10 samples)

dNTP 8 µl

20 x Tth buffer 5 µl

MgCl2 (25 mM) 5 µl

Tth (Thermus thermophilus)-Polymerase 0.5 µl

oligonucleotide (forward; 10 pmol) 2.5 µl (25 pmol)

oligonucleotide (reverse; 10 pmol 2.5 µl (25 pmol)

DEPC water 76.5 µl

The PCR was performed in a thermocylcer using the following thermo profile.

Thermo profile of the PCR

94°C ∞

94°C 1 min

94°C 15 sec

x°C 35 sec    20 cycles

72°C 1 min

72°C 5 min

4°C ∞

For each colony 9.5 µl of the master mix were added to a 0.5 ml reaction tube and 

300 µl LB-medium containing ampicillin (50 µg / ml) to an additional 1.5 ml reaction 

tube. One colony was picked with a pipette tip which was subsequently immersed in 

the  PCR  master  mix  and  than  in  LB-medium.  The  inoculated  LB-medium  was 

incubated at 37°C for 3 h under constant shaking.

This technique allows the analysis as well as the propagation of bacteria clones. As a 

positive control 2 µl of the ligation set-up were added to the PCR master mix. 

Positive tested bacteria clones were propagated overnight at 37°C under constant 

shaking. Afterwards, the plasmid DNA was isolated (3.2.17).



Material and methods 39

 3.2.17 Preparation of vector DNA

If the bacteria clones were tested positive, an overnight culture was prepared. The 

plasmid  DNA was  isolated  by  using  QIAprep® Spin  Miniprep  Kit  or   QIAfilterTM 

Plasmid MIDI Kit following the protocol of the manufacturer. 

 3.2.18 Sequencing

The insert DNA of the plasmids and the DNA constructs were sequenced by Eurofins 

MWG Operon (Ebersberg, Germany). For sequencing of the pCITE-2a(+) constructs 

the oligonuceotides T7 (T7 promotor) and T3 (T3 promotor) obtained from Eurofins 

MWG Operon were used. The insert DNA of the pGEX-4-T1 plasmid was sequenced 

by QIAGEN (Hilden, Germary) using the oligonucleotides pGEX5' and pGEX3'.

 3.2.19 Bacterial protein expression

The Erns genes of the CSFV strain South Africa (CSF849) and of the BVDV-1 strain 

NADL,  as  well  as  the  Erns mutants  NADL-Erns T102A and  848-Erns Q107A were 

amplified  by  PCR  (3.2.4). After  amplification  the  genes  were  digested  using  the 

restriction enzymes  EcoRI and  XhoI  (3.2.10). The fragments were ligated into the 

pGEX-4-T1 plasmid in frame with the GST gene. The plasmids were transformed into 

E. coli XL1blue  cells  (3.2.15).  To  analyze  the  bacterial  expression,  an  overnight 

culture containing 3 ml LB-medium and ampicillin (100 µg / ml) was inoculated with 

an E. coli XL1blue colony and incubated at 37°C and constant shaking. The following 

day,  a growth culture of  30 ml  LB-medium containing ampicillin  (100 µg / ml)  was 

inoculated  with  this  overnight  culture.  Protein  expression  was induced by  adding 

IPTG (final concentration = 1 mM) at an OD600 of 0.6. The bacteria were incubated at 

37°C for 4 h under constant shaking. Samples of 1 ml were taken every two hours. 

Cells were pelleted at 1,100 x g for 5 min. The pellet was suspended 1:1 in sodium 

dodecyl sulfate (SDS) buffer and boiled for 5 min. The bacterial lysate was analyzed 

by immunoblot analysis (3.2.31) using the mAbs HC/TC61 and HC/TC66 under non-
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reducing conditions. 

 3.2.20 Antibody purification

The hybridomas were grown in EDulb medium supplemented with 5% horse serum. 

For purification of the mAbs, the cells were adapted to serum free medium. About 

500 ml of supernatant from each of the hybridomas were collected. The supernatant 

was centrifuged at 50,000 x g for 1.5 h, filtered through a 0.45 µm membrane filter, 

and degassed for  1 h  using a vacuum pump. Antibodies were purified using fast 

protein liquid chromatography (FPLC) and Protein G Sepharose™ 4 Fast Flow. After 

loading  the  column  at  1 ml / min  mounted  on  an  FPLC device, the  column  was 

washed with sodium phosphate buffer. Elution was performed using glycine buffer. 

After elution, the pH was immediately raised to pH 7 using sodium carbonate buffer. 

The  protein  concentration  was  determined  using  the  BCATM Protein  Assay  Kit 

(3.2.29). 

 3.2.21 Culture of eukaryotic cells

Cells were kept in 75 cm2
 flasks with 15 ml medium in an incubator at 37°C and 5% 

CO2.  They  were  passaged  two  times  weekly  by  removing  the  supernatant  and 

washing  the  cell  layer  with  10 ml  0.125%  trypsin / EDTA.  Then  1 ml  0.125% 

trypsin / EDTA was  added  and  incubated  at  37°C  for  10 min  or  until  the  cells 

detached. The cell  suspension was mixed with  medium to a volume of 10 ml and 

splitted in an adequate ratio. FBK cells were only used up to the fifth cell passage, as 

they are primary cells.

 3.2.22 Virus propagation

For the propagation of  the pestivirus strains,  cells were seeded in  25 cm2 flasks. 

PK-15 cells were used for the CSFV strains, SFT-R cells for the BDV strains and the 

second or third passage of FBK cells for the BVDV strains. At a cell confluence of 
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70% - 80% the cell layer was washed with phosphate buffered saline (PBS), followed 

by incubation with 0.5 ml virus suspension at 37°C and 5% CO2 for 1 h. Then the viral 

suspension was removed and cell culture medium was added. Cells infected with ncp 

strains were incubated at 37°C and 5% CO2 for 72 h, whereas an incubation time of 

48 h was used for the infection with cp strains.

To  harvest  the  virus,  the  cell  culture  flasks  were  placed  at  -80°C  for  15 min. 

Afterwards, the cell suspension was thawed and centrifuged at 1,500 x g for 10 min 

and 4°C. The supernatant was stored in 1 ml aliquots at -80°C.

 3.2.23 Virus titration

The concentration of infectious virus in the cell culture supernatant was determined 

by virus titration. For this, a defined number of cells were simultaneously or non-

simultaneously infected with increasing dilutions of the virus suspension.

PK-15 cells  (1.6  x  106 cells / 96-well  plate) were  used for  CSFV strains  and the 

second or third passage of FBK cells (1.5 x 106  / 96-well plate) for BVDV strains. In 

each cavity 50 µl cell suspension was added. The virus suspension was diluted in 

10-fold steps, starting with a  10-1 dilution up to a 10-8 dilution. To infect the cells 

simultaneously, 50 µl of each virus dilution was added directly to the cell suspension. 

For  each  dilution,  four  cavities  were  used.  Cells  infected  with  ncp  strains  were 

incubated at 37°C and 5% CO2  for 72 h, whereas an incubation time of 48 h was 

used for the infection with cp strains. Then the cells were fixed by heat treatment 

(3.2.26) and a peroxidase linked antibody assay (PLA; 3.2.27) using a NS3-specific 

antibody (BVD/C16) was performed. The tissue culture infectious dose 50 (TCID50), 

which represents the dilution in which viral replication can be observed in 50% of the 

cavities, was calculated with the formula of Kaerber (KAERBER 1931):
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log TCID50 = log1.0 – logint (S – 0.5)

log TCID50 = logarithm of the tissue infectious dose 50

log1.0 = logarithm of the highest viral dilution with the reaction rate R = 1.0

logint = logarithm of the dilution interval

S = sum of the reaction rates R

0.5 = absolute term

SFT-R cells (1.3 x 106  /  96-well  plate) were seeded one day before infection with 

BDV. Virus titration and calculation of the TCID50 was performed as described before.

 3.2.24 Infection of eukaryotic cells

For determination of the cross reactivity, the antibody reactivity was tested on cells 

infected with different pestiviruses of the major genotypes (Table 3.1.2).

For this purpose, PK-15 cells (1.6 x 106 cells / 96-well plate), SFT-R cells (1.3 x 106 / 

96-well plate) or FBK cells (1.5 x 106  / 96-well plate) were seeded in 96-well plates. 

The  cells  were  infected  with  200 TCID50  /  0.1 ml  of  the  corresponding  pestivirus 

simultaneously.

The infected SFT-R and FBK cells were fixed after 48 h by heat treatment (3.2.26). 

The fixation of the infected PK-15 cells was performed after 72 h.

 3.2.25 Transient transfection of eukaryotic cells

BSR-T7 cells were grown in 48-well plates using 1.5 x 104 cells per cavity or 7.5 x 105 

cells  per  cavity  of  a  6-well  plate.  The following day,  the  cells  were  infected  with 

modified Vaccinia virus Ankara (MVA)-T7 to increase the T7 expression (WYATT et 

al. 1995). The cell culture supernatant was removed and the cells were incubated 

with 60 µl (48-well plate) or 400 µl (6-well plate) virus suspension per cavity at 37°C 

and 5% CO2 for 1 h. After the virus suspension was removed, the cells were washed 

with PBS and cell culture medium without antibiotics was added. For viral replication, 

the cells were incubated at 37°C and 5% CO2 for 2 h. Then the cells were transfected 
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with  the  respective  plasmids  using  LipofectamineTM 2000 according  to  the 

manufacturer's  protocol.  Based on the limited  information on  transfection  of  cells 

grown in 48-well  plates, the amounts of  Lipofectamine™ 2000, nucleic acid, cells, 

and medium were calculated in proportion to the relative surface area (Table 3.2.1).

Table 3.2.1: Amounts of Lipofectamine™ 2000, nucleic acid, cells, and medium used for the 

transfection of cells grown in 48-well plates.

Culture 

vessel

Shared reagents DNA transfection

Volume of 

plating medium

Volume of 

dilution medium

DNA LipofectamineTM

2000

48-well 250 µl 2 x 25 µl 0.5 µg 1 µl

 3.2.26 Cell fixation

The supernatant of the transfected or infected cells was removed and the cell layer 

was washed three times with 1/3 PBSM (PBS without MgCl2  and CaCl2). The cell 

culture  plates  were  incubated  at  80°C between  3 - 5 h.  SFT-R cells  required  an 

incubation at 80°C for 5 h.

 3.2.27 Peroxidase linked antibody assay 

For determination of the mAb reactivity with the native and chimeric Erns constructs 

the transfected and heat fixed cells were washed once with PBSM-0.02%-Tween20 

and  incubated  with  200 µl  of  the  hybridoma  supernatant  (dilution  1:2  in  PBSM-

0.02%-Tween20)  per  48-well.  Incubation  was  performed  over  night  at  4°C. The 

second antibody, a biotinylated anti-mouse antibody from sheep (dilution 1:200 in 

PBSM-0.02%-Tween20; incubation for 1 h), was added to the cells. In the next step 

incubation  with  the  streptavidin-biotinylated  peroxidase  complex  (dilution  1:200 in 
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PBSM-0.02%-Tween20; incubation for 1 h) followed. After each step the cells were 

washed three times with PBSM-0.02%-Tween20. Then the substrate consisting of 

0.03% H2O2 and 0.05% 3-amino-9-ethylcarbazole (AEC) in 0.05 M acetate buffer was 

added. The samples were analyzed under a light microscope. A red staining of the 

cytoplasm of the cells represented a positive result.

For determination of cross reactivity, the infected and heat fixed cells were washed 

once with PBSM-0.02%-Tween20. Then the hybridoma supernatant was added in 

twofold serial dilutions, starting with a 1:2 dilution up to a 1:4,092 dilution. 

The starting dilution for the titration of the purified mAbs was 1:10. Further steps were 

performed as described above. The total volume for a cavity of a 96-well plate was 

50 µl. For the purified mAbs an activity factor (AF) which correlates the titer of a mAb 

and the amount of protein was calculated as follows (SIGGE 1991): 

AF = mAb titer / mAb concentration [mg / ml]

AF = activity factor

mAb titer = highest dilution of the mAb showing a positive reaction in the PLA

mAb concentration = mAb concentration after purification [mg / ml]

 3.2.28 Cell lysis

BSR-T7  cells  were  seeded  in  6-well  plates  and  transfected  with  the  respective 

plasmid DNA (3.2.25). The cells were washed three times with cold PBS 20 h post 

transfection.  The PBS was removed completely  and 200 µl  NP40  lysis  buffer  was 

added to each cavity. After an incubation on ice for 15 min, the cell layer was scraped 

off.  The  suspension  was  centrifuged  at  4°C  and  20,800 x g  for  30 min.  The 

supernatant was transferred to a new reaction tube and stored at -80°C until use.
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 3.2.29 Determination of the protein amount

To estimate the amount of protein in the cell lysates (3.2.28) or the amount of mAb 

after  purification (3.2.20) the  BCATM Protein Assay Kit was used according to the 

manufacturer's instructions.

 3.2.30 SDS polyacrylamide gel electrophoresis

SDS polyacrylamide  gel  electrophoresis  (SDS-PAGE)  is  a  technique  to  separate 

proteins according to their molecular mass or length of polypeptide chain (LAEMMLI 

1970). SDS is an anionic detergent which applies a negative charge to the protein in 

proportion to its molecular mass.

The polyacrylamide gels  were 0.75 mm thick,  had a size of  8.5 cm x 10 cm and 

consisted of a stacking (pH 6.8) and resolving gel (pH 8.8). For the separation, 25 V 

were used for the stacking gel and 30 V for the resolving gel,  respectively.  SDS- 

PAGE was performed in vertical electrophoresis units (Might Small  II  SE 250).  To 

estimate the size of the proteins the marker  PageRulerTM Plus Prestained Protein 

Ladder was used. Non-reducing conditions were chosen for SDS-PAGE. Cell lysates 

were mixed 1:1 with SDS buffer before they were used for SDS-PAGE. 

 3.2.31 Immunoblot

After protein separation using SDS-PAGE (3.2.30), the proteins were transferred from 

the resolving gel onto a polyvinylidine difluoride (PVDF) membrane by using a semi-

dry-blot  procedure  (KYHSE-ANDERSEN 1984). For this, the resolving gel and the 

PVDF membrane were placed between filters soaked with anode or cathode buffer, 

respectively.  Before  using  the  PVDF  membrane,  it  was  activated  for  5 sec  in 

methanol  and washed for  5 min in H2O. The protein transfer  was performed with 

0.8 mA per cm2 of the PVDF membrane for 60 min. Afterwards, the PVDF membrane 

was incubated with  2%  ECL AdvancedTMblocking agent-tris  buffered saline (TBS)-

0.02%-Tween20  at  room  temperature  for  1 h to  prevent  non-specific  protein 
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interactions. For the detection of the native, chimeric or mutated Erns proteins, the 

membranes were incubated with CSFV Erns-specific hybridoma supernatants (diluted 

1:2 in 2%  ECL AdvancedTMblocking agent-TBS-0.02%-Tween20) at  4°C overnight. 

After washing the membranes three times with TBS-0.02%-Tween20, the horseradish 

peroxidase-conjugated  anti-mouse  antibody  was  added.  This  secondary  antibody 

was diluted 1:2,000 in 2% ECL AdvancedTMblocking agent-TBS-0.02%-Tween20. The 

washing  step  was  repeated  and  the  proteins  were  visualized  using  the  BM 

Chemiluminescence  Western  Blotting  Substrate or  the  ECL  Advance  Western 

Blotting Detection Kit.

As  a  control  for  the  NADL-Erns constructs,  the  BVDV  Erns-specific  hybridoma 

supernatant BVD/C12 was used. 

The  mAb  anti-GAPDH  detects  the  cellular  protein  glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH)  and was used as  a  loading  control.  The antibody was 

diluted 1:1,000 in 2% ECL AdvancedTMblocking agent-TBS-0.02%-Tween20. 

The GST-tag of the bacterial expressed Erns proteins was detected by an  anti-GST 

antibody. This antibody was diluted 1:50,000 in 1% bovine serum albumin and was 

incubated at room temperature for 1 h. 

 3.2.32 Determination of RNase activity

For  analysis  of  RNase  activity  of  the  chimeric  Erns proteins,  BSR-T7  cells  were 

transfected (3.2.25) and lyzed (3.2.28) 20 h post transfection using 600 µl NP40 lysis 

buffer  per  6-well.  The  lysates  were  sonified  and  cleared  by  centrifugation  at 

20,800 x g  and  4°C  for  30 min.  To  each  600 µl  supernatant  50 µl of Protein  G 

Sepharose™ 4  Fast  Flow and  21 µg  of  a  cross  reactive  Erns-specific  mAb  were 

added. Before using the  Protein G Sepharose™ 4 Fast Flow,  the sepharose was 

washed once with PBS and twice with NP40 lysis buffer. Between each washing step 

a centrifugation at 20,800 x g and 4°C for 3 min was performed.

After  agitation  at  4°C  overnight,  the  immunprecipitates  were  collected  by 

centrifugation (17,900 x g, 3 min, room temperature) and were washed three times 
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with NP40 lysis buffer.  To analyze the RNase activity,  4 µl  of  tenfold  concentrated 

RNase buffer, 1 µg RNA (CSFV strain Alfort/187) and RNase free water were added 

to a total volume of 40 µl. As a positive control, 2.5 µg RNase A were used instead of 

cell  lysate.  After  agitation  at  37°C  for  3 h,  the  supernatant  was  collected  by 

centrifugation (17,900 x g, 3 min, room temperature).

The immunoprecipitates were eluted by boiling the beads in twofold concentrated 

SDS  sample  buffer.  Afterwards,  the  samples  were  analyzed  in  the  immunoblot 

(3.2.31). To analyze the degradation of Alfort/187 RNA in the supernatant, a one step 

quantitative RT-PCR (qRT-PCR) was carried out (3.2.33).

As controls, lysates of cells transfected with the native Alfort/187-Erns construct and 

with plasmid DNA [pCITE 2a (+)] were used as well.

 3.2.33 Quantitative RT-PCR

The degradation of RNA, which is expected by the RNase activity of the chimeric Erns 

proteins, was analyzed using a CSFV-specific qRT-PCR (HOFFMANN et al. 2005). 

In general, during the qRT-PCR a cycle threshold (Ct) for each sample is determined. 

This Ct value represents the PCR cycle number at which the fluorescence generated 

within the PCR reaction crosses the fluorescence threshold. In relation to the RNase 

assay this means that the Ct value is inversely proportional to the amount of RNA 

present in the sample.

All  reagents,  except  the  TaqMan  probe  mix  CSF  (CSF 100-F,  CSF Probe 1; 

CSF 192-R; Table 3.1.3), were components of the Quanti TectTM Probe RT-PCR Kit.

Reagents for qRT-PCR (per sample)

QuantiTectTM Probe RT-PCR Mix 12.5 µl

TaqMan probe mix CSF 2 µl

Reverse Transcriptase 0.25 µl

water 5.25 µl
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Finally, 5 µl of the supernatant of the RNase assay were added and the qRT-PCR 

was carried out in a Mx 3005TM QPCR System using the following thermo profile.

Thermo profile of the qRT-PCR

50°C 30 min

95°C 15 min

95°C 30 sec

56°C 30 sec    40 cycles

72°C 30 sec
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 4 Results

 4.1 Epitope mapping of the structural protein Erns

 4.1.1 Antibody reactivity with the chimeric proteins

The  chimeric  proteins  AR6,  AR7,  and  AR8  were  generated  to  identify  the 

immunodominant domains of the CSFV Erns protein. Different parts of the Erns protein 

of CSFV strain Alfort/187 were replaced by corresponding parts of the Erns protein of 

the BVDV-1 strain NADL (Fig. 4.1.1). The chimeric constructs AR4 and AR5 were 

also included in this study (Fig. 3.1.1).

Fig.  4.1.1: Schematic drawing of the chimeric Erns constructs. CSFV Alfort/187 (dark gray 

boxes),  BVDV-1  NADL (open  boxes),  signal  peptide  sequence  (black  boxes).  Numbers 

indicate  the  genome  position.  The  arrows  show  the  oligonucleotides  used  for  the 

amplification of the gene fragments and represent the primer binding sites.
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The antibody reactivity was analyzed 20 h post transient transfection using PLA. The 

mAb BVD/C12 was specific for the NADL-Erns protein and was included as a control 

in these studies. 

All chimeric and native Erns proteins were expressed in BSR-T7 cells and could be 

detected by using the PLA (Fig. 4.1.2).

The  native  Alfort/187-Erns protein  was  detected  by  all  CSFV-specific  mAbs 

(Table 4.1.1).  A very weak antibody reactivity  with  the Erns protein  of  the BVDV-1 

strain NADL could be observed for most  of the  mAbs (Table 4.1.1).  The chimeric 

proteins AR4, AR6, and AR7 were detected by all CSFV-specific mAbs. A very weak 

reactivity with the AR5 chimera was observed for the mAbs HC/TC126, HC/TC56, 

HC/TC57, HC/TC58, HC/TC61, and HC/TC69. The mAbs BVD/C12 and HC/TC169 

were  able  to  detect  the  AR5  chimera  as  efficient  as  the  native  Erns proteins 

(Table 4.1.1). 

The AR8 chimera bases on the BVDV-1 Erns (strain NADL) and contains the amino 

acids 55 to 110 of the CSFV Erns  protein (strain Alfort/187). All CSFV-specific mAbs 

detected the AR8 chimera with  reactivity comparable to the binding to the native 

Alfort/187 Erns protein (Table 4.1.1).

All results indicate that the Alfort/187-Erns protein sequence of residues 55 to 110 

represents a potential immunodominant region of the Erns protein of the CSFV strain 

Alfort/187.
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Fig 4.1.2: Expression of the chimeric and native Erns proteins of the CSFV strain Alfort/187 

and  the  BVDV-1  strain  NADL in  BSR-T7  cells.  The  proteins  AR4,  AR6,  AR7,  AR8,  and 

Alfort/187-Erns were detected using the CSFV-specific Erns mAb HC/TC56. For the detection 

of the proteins AR5 and NADL-Erns the BVDV-specific Erns mAb BVD/C12 was used.
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Table 4.1.1: Reactivity of the mAbs with the chimeric Erns proteins in the PLA.

Native / chimeric 

Erns constructs

mAb HC/TC BVD/ 

C12126 56 57 58 61 66 69 169

Alfort/187-Erns ++ ++ ++ ++ ++ ++ ++ ++ -

NADL-Erns (+) (+) (+) (+) (+) - (+) ++ ++

chimera AR4 ++ ++ ++ ++ ++ ++ ++ ++ ++

chimera AR5 (+) (+) (+) (+) (+) - (+) + ++

chimera AR6 ++ ++ ++ ++ ++ ++ ++ ++ -

chimera AR7 ++ ++ ++ ++ ++ ++ ++ ++ -

chimera AR8 ++ ++ ++ ++ ++ ++ ++ ++ ++

cell control - - - - - - - - -
++ = strong reactivity; + = good reactivity; (+) = weak reactivity; - = no reactivity

 4.1.2 Determination of RNase activity by quantitative RT-PCR

One well known characteristic of the Erns  protein is its RNase activity. To analyze the 

effect of amino acid substitution on the physiological protein function of the chimeric 

Erns  proteins, the RNase activity was determined. For this purpose, an  assay was 

developed which based on the detection of CSFV RNA by a CSFV-specific qRT-PCR 

(HOFFMANN et al. 2005). 

To  get  a  first  impression  if  qRT-PCR  can  be  used  for  the  detection  of  RNA 

degradation,  RNA  of  the  CSFV  strain  Alfort/187  was  treated  with  commercial 

RNase A from bovine pancreas. After incubation at 37°C a CSFV-specific qRT-PCR 

was performed. As controls, the RNA was also incubated with RNase reaction buffer, 

with DEPC water and without any other solutions (Table 4.1.2). 

No Ct value was detectable for the sample treated with RNase A. For set-up 5 (CSFV 

RNA) as well as for set-up 2 (CSFV RNA + RNase reaction buffer) and set-up 3 

(CSFV RNA + DEPC water) Ct values around 20 were observed. The set-up without 

CSFV RNA showed no Ct value (Table 4.1.2). 
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Table 4.1.2: Detection of pestiviral RNA after RNase A treatment by qRT-PCR.

Set-up Reaction batch Ct values

1 CSFV RNA + RNase A No Ct

2 CSFV RNA + RNase reaction buffer 22.73

3 CSFV RNA + DEPC water 22.56

4 no CSFV RNA No Ct

5 CSFV RNA 18.98

Furthermore,  the  samples  of  the  qRT-PCR  were  analyzed  by  agarose  gel 

electrophoresis.  If  the sample containes CSFV RNA, the RNA is  transcribed into 

cDNA and a fragment of the 5'-NTR is amplified. 

This fragment (~100 bp) was detectable in set-up 2 (CSFV RNA + RNase reaction 

buffer), set-up 3 (CSFV RNA + DEPC water) and set-up 5 (CSFV RNA) (Fig. 4.1.3). 

No fragment was amplified in set-up 1 (CSFV RNA + RNase A) and set-up 4 (no 

CSFV RNA). Bands with a size lower than 100 bp were the result of primer-dimer 

formation (Fig. 4.1.3).

Fig.  4.1.3: Agarose gel  after  qRT-PCR used for  the  detection  of  RNase activity.  set-up 

1 = pestiviral  RNA + RNase A; set-up 2 = pestiviral  RNA + RNase reaction buffer;  set-up 

3 = pestiviral RNA + DEPC water; set-up 4 = no pestiviral RNA ; set-up 5 = pestiviral RNA
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All  these  results demonstrate that  degradation  of  CSFV RNA caused  by  RNase 

activity  can  be  detected  by  qRT-PCR.  Furthermore,  it  could  be  shown  that 

commercial  RNase  A  from  bovine  pancreas  is  suitable  as  a  control  for  RNA 

degradation in this assay.

 4.1.3 RNase activity of the chimeric Erns proteins

Degradation of pestiviral RNA by the chimeric Erns proteins was analyzed by an assay 

based on qRT-PCR. Commercial  RNase A from bovine pancreas was used as a 

positive  control  and  cell  extract  of  BSR-T7  cells  transfected  with  plasmid  DNA 

[pCITE-2a(+)] served as a negative control.

After  transient expression of  the chimeric  and native Erns constructs,  cell  extracts 

were immunoprecipitated with a cross reactive anti-Erns mAb. 

Immunoprecipitation  was  analyzed  in  the  immunoblot.  All  chimeric  proteins  were 

immunoprecipitated  with  the  cross  reactive  Erns-specific mAb  (Fig.  4.1.4).  The 

monomeric form with a molecular mass of 40 kDa could be detected for the native 

Alfort/187-Erns protein  as  well  as  for  all  chimeric  proteins.  Additionally,  the 

homodimeric form with a molecular mass of approximately 95 kDa could be observed 

for the AR7 chimera and the native Alfort/187-Erns protein (Fig. 4.1.4).
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To analyze the RNase activity of all chimeric proteins, CSFV RNA was added to the 

immunoprecipetation  set-ups.  After  an  incubation  at  37°C  the  supernatant  was 

collected by centrifugation and used for CSFV-specific qRT-PCR (HOFFMANN et al. 

2005). 

Compared to the vector control, the Ct values of all chimeric proteins and of the native 

Alfort/187-Erns protein showed a shift of approximately ten Ct values. No Ct value was 

detectable for the control batch treated with RNase A (Fig. 4.1.5; Table 4.1.3).

Fig.  4.1.4: Detection  of  the  chimeric  constructs  in  the  immunoblot.  BSR-T7  cells  were 

transfected with the chimeric constructs.  Cells  were lyzed 20 h post  transfection and the 

native  as  well  as  the  chimeric  proteins  were  immunoprecipitated  using  a  cross  reactive 

Erns-specific  mAb.  The  immunoprecipitates  were  analyzed  under  non-reducing  conditions 

using a 10% acrylamide resolving gel. For the detection of the chimeric Erns proteins, the 

mAbs HC/TC61 and BVD/C12 were used.
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Fig.  4.1.5:  Amplification  plot  of  the  qRT-PCR after  incubation  of  pestiviral  RNA with  the 

chimeric Erns proteins. For this purpose, BSR-T7 cells were transfected with the chimeric and 

native  Erns constructs  or  with  vector  DNA  and  lyzed  20 h  post  transfection.  After 

immunoprecipitation each set-up was incubated with 1 µg CSFV RNA. Later on, degradation 

of RNA was analyzed using a CSFV-specific qRT-PCR (HOFFMANN et al. 2005). RNase A 

was used as a positive control for RNA degradation, whereas lysates of cells transfected with 

vector DNA served as a negative control. A shift between the Ct values of the vector control 

and all chimeric or native Erns proteins was observed.
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Table  4.1.3:  Detection of pestiviral RNA after incubation with RNase A or with the native / 

chimeric Erns proteins.

Reaction 
batch

Ct values Mean of the 
Ct values1st experiment 2nd experiment 3rd experiment

RNase A No Ct No Ct No Ct No Ct

vector control 21.77 25.78 23.58 23.71

Alfort/187-Erns 35.50 34.25 32.96 34.24

chimera AR4 31.07 33.68 35.75 33.50

chimera AR5 35.93 33.80 36.79 35.51

chimera AR6 34.11 34.09 35.41 34.54

chimera AR7 31.87 33.01 33.51 32.80

chimera AR8 34.20 34.08 33.44 33.91

 4.1.4 Protein alignment of different Erns proteins

A protein alignment was done to gain more information about the conserved and non-

conserved regions of  the  Erns protein.  The Erns genes  of  CSFV,  BVDV,  and BDV 

strains of different genotypes, and the Giraffe-1 virus were used.

For  this,  the  Erns genes  of  the  strains  CSFV-Guatemala,  CSFV-South Africa 

(CSF849),  CSFV-Congenital Tremor,  CSFV-Kanagawa,  and  BVDV-951  were 

amplified by PCR (Fig. 4.1.6) and sequenced. 
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Erns protein sequences of already published data (CSFV-Alfort/187 = X87939; CSFV-

Brescia = AF091661; BVDV-NADL = AJ133738; BVDV-Cp7 = U63479; BDV-BD31 = 

U70263;  BDV-Gifhorn  =  GQ902940;  BDV-Reindeer-1  V60  Krefeld  =  AF144618; 

Giraffe-1 virus = AF144617) were also included in this study (Fig. 4.1.7). 

The  sequence  alignment  of  the  pestiviral  Erns proteins  showed  clearly  that  the 

C-terminus of the Erns  protein is the most heterogeneous part (Fig. 4.1.7). This has 

also been shown in previous studies (LANGEDIJK et al. 2002; LIN et al. 2004). 

Fig.  4.1.6: Agarose gel after  ThermoStart  PCR. The PCR was used for the amplification of 

the  Erns gene  of  different  pestiviral  strains.  1 = CSFV strain  Kanagawa;  2 = CSFV strain 

Guatemala;  3 = CSFV strain Congenital  Tremor;  4 = CSFV strain  South  Africa (CSF849); 

5 = BVDV-2 strain 951; - = negative control; M = DNA marker. An Erns-specific amplificate was 

observed with a size of approximately 800 bp.
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Fig.  4.1.7: Sequence alignment of different pestiviral Erns proteins. Conserved amino acids 

are represented as dots. Differences in the amino acid sequence are given in orange. Amino 

acids 55 to 110 are important for the mAb binding. Potential glycosylation sites are depicted 

in green. Accession numbers of already published sequences: CSFV-Alfort/187 = X87939; 

CSFV-Brescia = AF091661;  BVDV-NADL =  AJ133738;  BVDV-Cp7 = U63479;  BDV-

BD31 = U70263;  BDV-Reindeer-1 V60  Krefeld  (Reindeer-1  virus) =  AF144618;  Giraffe-1 

virus = AF144617
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The protein identity of the CSFV Erns proteins ranged between 91% and 97% (Table 

4.1.4).  The  Erns protein  of  the  BVDV-1 strain  NADL revealed  an  identity  of  73% 

compared to the one of the CSFV strain Alfort/187. 

The protein identity between amino acids 55 to 110 ranged between 75% and 98% 

within all pestiviruses (Table 4.1.4). 

Table 4.1.4: Protein identity of the whole Erns protein and of the Erns sequence between amino 

acids 55 to 110 of different pestiviruses compared to the CSFV strain Alfort/187.

Pestiviral strain

Protein identity of the 

whole Erns protein

Protein identity of the Erns 

sequence between amino 

acids 55 to 110

CSFV-Alfort/187 100% 100%

CSFV-Brescia 97% 98%

CSFV-Guatemala 93% 94%

CSFV-South Africa (CSF849) 91% 91%

CSFV-Congenital Tremor 91% 89%

CSFV-Kanagawa 93% 89%

BVDV-NADL 73% 82%

BVDV-Cp7 75% 82%

BVDV-951 73% 75%

BDV-BD31 81% 85%

BDV-Reindeer-1 V60 Krefeld 82% 85%

Giraffe-1 virus 77% 85%
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 4.1.5 Antibody reactivity with the truncated Erns proteins

The influence of the heterogeneous C-terminus on the mAb binding was analyzed 

with the truncated protein Alfort/187-Erns aa1 - 167 lacking the C-terminus (Fig. 4.1.8). 

A second truncated construct was used which encodes the amino acids 55 to 110. 

Both  constructs  contain  a  signal  peptide  for  the  recruitment  to  the  endoplasmic 

reticulum (Fig. 4.1.8). 

After transient transfection of BSR-T7 cells the truncated protein  Alfort/187-Erns  aa 

1 - 167  was detectable  by  all  mAbs  in  the  PLA,  but  the  reactivity  was  reduced 

compared to the native Alfort/187 Erns protein (Table 4.1.5; Fig. 4.1.9). This protein 

was also recognized with a molecular mass of approximately 32 kDa by all mAbs in 

the immunoblot under non-reducing conditions (Fig. 4.1.10). 

In comparison to this, no mAb reactivity could be observed for the truncated protein 

Alfort/187-Erns aa 55 - 110 in the PLA (Table 4.1.5; Fig. 4.1.9).

Fig. 4.1.8: Schematic diagram of the truncated Erns proteins. Numbers above the constructs 

indicate  the  genome  position.  The  arrows  show  the  oligonucleotides  used  for  the 

amplification of the gene fragments and represent the primer binding sites.
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Table 4.1.5: Reactivity of the mAbs with the truncated Erns proteins in the PLA.

Native / truncated Erns

constructs

mAb HC/TC

126 56 57 58 61 66 69 169

Alfort/187-Erns ++ ++ ++ ++ ++ ++ ++ ++

Alfort/187-Erns aa 55 - 110 - - - - - - - -

Alfort/187-Erns aa 1 - 167 + + + + + + + +

cell control - - - - - - - -
++ = strong reactivity; + = reduced reactivity; - = no reactivity

Fig.  4.1.9: Detection  of the  truncated  Erns proteins  Alfort/187-Erns aa  1 - 167  and 

Alfort/187-Erns  aa 55 - 110 in the PLA.  The proteins were detected using the CSFV-specific 

Erns mAb HC/TC69. ++ = strong reactivity; + = reduced reactivity; - = no reactivity
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 4.1.6 Identification of amino acids important for the mAb binding

Determination  of  the  precise  location  of  the  epitopes  was  done  by  site-directed 

mutagenesis. The mutants based on natural variations within the protein sequence 

between amino acids 55 to 110 (Fig. 4.1.7). Amino acids at position 55, 102, 105, and 

107 were used for the generation of exchange mutants. For this, the amino acids of 

the Erns protein of  the CSFV strain Alfort/187 were replaced by the corresponding 

amino acids of  the Erns protein  of  the CSFV strain  South Africa (CSF849)  or  the 

BVDV-1 strain NADL and vice versa (Fig. 4.1.11).

Fig. 4.1.10: Detection of the truncated protein Alfort/187 Erns aa 1 - 167 in the immunoblot. 

Cell  lysates (20 µg per slot)  were analyzed under non-reducing conditions using a 10% 

acrylamide resolving gel. For the detection of the Erns protein all CSFV Erns-specific mAbs 

were used. As a loading control, the immunoblot was stained with an anti-GAPDH antibody. 

Lane 1 = lysate of cells transfected with the Alfort/187-Erns aa 1 - 167 construct; lane 2 = 

lysate of non transfected cells
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The reactivity  of  all  mAbs with  the Erns mutants was analyzed in  the immunoblot 

under non-reducing conditions. All native and mutated Erns proteins could be detected 

by mAb HC/TC169 as the monomeric form (~ 40 kDa) and in some cases as the 

dimeric form (~ 95 kDa) (Table 4.1.6; Fig. 4.1.12; 4.1.13; 4.1.14). Therefore, this mAb 

was used as a control for the protein expression of all Erns mutants. As an additional 

control for the expression of the NADL-Erns constructs the mAb BVD/C12 was added. 

According to the reactivity patterns with the mutants, two antibody groups could be 

distinguished. The mAbs HC/TC126, HC/TC66, and HC/TC69 were classified in one 

group. They showed no difference in the detection of the native Alfort/187-Erns protein 

and the mutant Alfort/187-ErnsQ55P. Mutations at position 102 (Alfort/187-ErnsA102T) 

Fig. 4.1.11: Protein sequences between amino acids 55 to 110 of the native and mutated Erns 

proteins  of  the  CSFV strains  Alfort/187,  South  Africa  (CSF849),  and  the  BVDV-1  strain 

NADL. Substituted amino acids are shown in red.
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and 107 (Alfort/187-ErnsA107D) caused a reduction of the mAb reactivity. No reactivity 

could be observed for the double mutant Alfort/187-ErnsA102T/A107D (Table 4.1.6; 

Fig. 4.1.12). Contrary results were obtained for the mutants based on the Erns protein 

of the CSFV strain South Africa (CSF849). None of the mAbs reacted with the native 

CSF849-Erns protein. However, mutations at position 102 (CSF849-ErnsT102A) or 107 

(CSF849-ErnsD107A), respectively, led to the detection of the Erns protein (Table 4.1.6; 

Fig. 4.1.13).  The  mAbs  HC/TC66  and  HC/TC69  detected  the  mutant  NADL-

ErnsT102A/D107A (Table 4.1.6; Fig. 4.1.14). In contrast to this, the mAb HC/TC126 

was able to bind the double mutant NADL-ErnsT102A/D107A and the mutant NADL-

ErnsT102A (Table 4.1.6).

The remaining mAbs HC/TC56, HC/TC57, HC/TC58, and HC/TC61 were classified in 

group two. In contrast to the mAbs of group one, they could not detect the mutants 

Alfort/187-ErnsA107D  and  CSF849-ErnsT102A  (Table  4.1.6;  Fig.  4.1.12,  4.1.13). 

However,  they showed a positive  reaction  with  the  mutants  NADL-ErnsT102A and 

NADL-ErnsT102A/D107A (Table 4.1.6; Fig. 4.1.14).
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Table 4.1.6: Reactivity of the mAbs with the mutated Erns proteins in the immunoblot. 

Native / mutated Erns

constructs

mAb HC/TC

56 57 58 61 126 66 69 169

Alfort/187-Erns ++ ++ ++ ++ ++ ++ ++ ++

Alfort/187-ErnsQ55R ++ ++ ++ ++ ++ ++ ++ ++

Alfort/187-ErnsA102T + + + + + + + ++

Alfort/187-ErnsA107D - - - - + + + ++

Alfort/187-ErnsA102T/A107D - - - - - - - ++

CSF849-Erns - - - - - - - ++

CSF849-ErnsT102A - - - - + + + ++

CSF849-ErnsD107A + + + + + + + ++

CSF849-ErnsT102A/D107A ++ ++ ++ ++ ++ ++ ++ ++

NADL-Erns - - - - - - - ++

NADL-ErnsT102A ++ ++ ++ ++ ++ - - ++

NADL-ErnsQ105P - - - - - - - ++

NADL-ErnsD107A - - - - - - - ++

NADL-ErnsT102A/D107A ++ ++ ++ ++ ++ ++ ++ ++

cell control - - - - - - - -
++ = strong reactivity; + = reduced reactivity; - = no reactivity 
gray = mAbs of group one; yellow = mAbs of group two
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Fig.  4.1.12:  Detection  of  the  mutated  Alfort/187-Erns proteins  in  the  immunoblot.  Cell 

lysates (7.5 µg protein per slot) were analyzed under non-reducing conditions using a 10% 

acrylamide resolving gel.  For the detection of  the Erns protein,  the mAbs HC/TC61 and 

HC/TC66  were  used.  To  control  the  expression  of  the  Alfort/187-Erns  constructs,  the 

immunoblot was stained with the mAb HC/TC169. As a loading control an anti-GAPDH 

antibody was used.
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Fig. 4.1.13: Detection of the mutated CSFV strain South Africa (CSF849)-Erns proteins in the 

immunoblot. BSR-T7 cells were transfected with the mutants based on the Erns protein of the 

CSFV strain South Africa (CSF849). Cell  lysates (7.5 µg protein per slot) were analyzed 

under non-reducing conditions using a 10% acrylamide resolving gel. For the detection of 

the Erns protein, the mAbs HC/TC61 and HC/TC66 were used. To control the expression of 

the CSF849-Erns  constructs,  the immunoblot  was stained with the mAb HC/TC169. As a 

loading control an anti-GAPDH antibody was used.
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Fig.  4.1.14: Detection of  the mutated NADL-Erns proteins in  the immunoblot.  Cell  lysates 

(7.5 µg  protein  per  slot)  were  analyzed  under  non-reducing  conditions  using  a  10% 

acrylamide  resolving  gel.  For  the  detection  of  the  Erns protein,  the  mAbs  HC/TC61  and 

HC/TC66 were used. To control the expression of the NADL-Erns constructs, the immunoblot 

was stained with the mAb HC/TC169 as well as with the BVDV Erns-specific mAb BVD/C12. 

As a loading control an anti-GAPDH antibody was used. 
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 4.1.7 Influence of the N-linked glycosylation of the Erns protein on the

antibody binding capacity

According  to  a  prediction  program  of  N-linked  glycosylation  sites 

(http://www.cbs.dtu.dk/services/),  the  Erns protein  of  the  CSFV  strain  Alfort/187 

contains  seven  putative  N-linked  glycosylation  sites  (Fig.  4.1.7).  An  additional 

glycosylation site was predicted for the Erns protein of the BVDV-1 strain NADL and 

two more for the CSFV strain South Africa (CSF849) (Fig. 4.1.7). One of these sites 

is  located  within  the  mutation  site  of  the  mutants  Alfort/187-ErnsA102T, 

CSF849-ErnsT102A,  and  NADL-ErnsT102A.  A  potential  glycosylation  site  was 

introduced in the mutant Alfort/187-ErnsA102T. In contrast, this potential glycosylation 

site  was  destroyed  in  the  mutants  CSF849-ErnsT102A  and  NADL-ErnsT102A 

(Fig. 4.1.11). To determine whether this N-linked glycosylation site has an influence 

on the mAb binding, the native Erns protein of the CSFV strain South Africa (CSF849) 

and the BVDV-1 strain NADL, as well as the mutants CSF849-ErnsD107A and NADL-

ErnsT102A were expressed in bacteria. Bacteria have no endoplasmic reticulum and 

therefore bacterial proteins are not N-linked glycosylated.

The  reactivity  of  one  mAb  of  each  mAb  group  (HC/TC61  and  HC/TC66)  was 

analyzed in the immunoblot under non-reducing conditions. For the detection of the 

Erns expression an antibody against the N-terminal GST-tag was used. The bacterial 

expressed  Erns protein  of  the  CSFV  strain  South  Africa  (CSF849)  could  not  be 

detected by the mAbs HC/TC61 and HC/TC66 in the immunoblot. The mutation at 

position 107 in the Erns protein of the CSFV strain South Africa (CSF849) induced the 

mAb binding of both mAbs (Fig. 4.1.15). In comparison to this, the Erns protein of the 

BVDV-1 strain NADL was detectable by the mAb HC/TC61, but the reactivity was 

reduced in comparison to mutant NADL-ErnsT102A. The mAb HC/TC66 did not bind 

to the bacterial expressed NADL-Erns constructs. The expression level of the different 

constructs in the bacteria was identical (Fig. 4.1.15).

http://www.cbs.dtu.dk/services/
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Fig.  4.1.15: Detection of bacterial expressed Erns proteins of the CSFV strain South Africa 

(CSF849; A) and the BVDV-1 strain NADL (B). Protein expression was induced by adding 

isopropyl β-D thiogalactoside (IPTG). The bacteria were incubated for 4 h and samples were 

taken before  induction  (0 h),  as  well  as  two (2 h*)  and four  hours (4 h*)  after  induction. 

Bacterial cell extract was analyzed by immunoblot analysis using the mAbs HC/TC61 and 

HC/TC66 under non-reducing conditions. The control immunoblot was stained with an anti-

GST antibody. * = time points after IPTG induction
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 4.2 Determination of the cross reactivity

 4.2.1 Reactivity of the hybridoma supernatants with different 
pestiviruses

Cross  reactivity  of  the  mAbs  was  determined  by  titration  of  the  hybridoma 

supernatant  on  cells  infected  with  different  pestiviruses  (Table  3.1.2).  Each 

supernatant was titrated in twofold serial dilutions, starting with a 1:2 dilution up to a 

1:4,096 dilution. The NS3-specific mAb BVD/C16 detected all pestiviruses and was 

used as a control for viral infection.

All mAbs had the highest reactivity against the homologous CSFV strain Alfort/187. 

Except  the  mAbs  HC/TC66  and  HC/TC69,  all  others  detected  the  CSFV  strain 

Brescia.  However, for the detection of the CSFV strain Brescia the dilution factor of 

the mAbs was lower than the one used for the detection of the homologous virus 

(Table 4.2.1).  The mAb HC/TC169 was cross reactive to different extents with all 

CSFV strains, with the BVDV type 1 strains and with all BDV strains (Table 4.2.1).
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Table 4.2.1: Cross reactivity of the mAbs present in the hybridoma supernatants.

                                                

Cells / viral strain

Highest dilution of the mAbs HC/TC with 

a positive reaction

BVD/ 

C16

126 56 57 58 61 66 69 169

non-infected PK-15 cells - - - - - - - - -

non-infected FBK cells - - - - - - - - -

non-infected SFT-R cells - - - - - - - - -

CSFV-Alfort/187 256 512 384 512 768 64 512 192 +

CSFV-Brescia 24 96 128 128 32 - - 96 +

CSFV-Guatemala - - - - - - - 128 +

CSFV-South Africa (CSF849) - - - - - - - 64 +

CSFV-Congenital Tremor - - - - - - - 32 +

CSFV-Kanagawa - - - - - - - 32 +

BVDV-NADL-USA - - - - - - - 64 +

BVDV-Singer - - - - - - - 64 +

BVDV-Cp7 - - - - - - - 128 +

BVDV-951 - - - - - - - - +

BDV-BD31 - - - - - - - 8 +

BDV-Reindeer-1 V60 Krefeld - - - - - - - 32 +

BDV-Gifhorn - - - - - - - 16 +

BDV-Rocco - - - - - - - 16 +

Giraffe-1 virus - - - - - - - - +
+ = cells are infected with the corresponding pestiviral strain; - = no cross reactivity
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 4.2.2 Cross reactivity of purified antibodies

Standardization  of  the  mAb concentration  can be achieved  by  purification  of  the 

hybridoma supernatant using affinity chromatography.

For preliminary tests, two of the mAbs (HC/TC56 and HC/TC61) were purified. The 

concentration of the purified mAbs was:

HC/TC56 = 2 mg / ml

HC/TC61 = 1.02 mg / ml

Afterwards, the cross reactivity of these mAbs was determined by titration on infected 

cells. Each purified mAb was titrated in twofold serial dilutions, starting with a 1:10 

dilution up to a 20,480 dilution. An AF was calculated, which correlates the titer of the 

mAb and the amount of protein (SIGGE 1991). The NS3-specific mAb BVD/C16 was 

used as a control for viral infection.

After purification, all  mAbs retained activity with high AFs against the homologous 

virus Alfort/187. It could also be shown that high mAb concentrations within the first 

two dilution steps (1:10 or 1:20) led to an unspecific background reaction on non-

infected cells (Table 4.2.2; Fig. 4.2.1). Both mAbs were cross reactive with the CSFV 

strain Brescia. No cross reactivity could be observed for the BVDV and BDV strains 

and the Giraffe-1 virus. The mAb HC/TC56 showed a very weak reactivity with all 

CSFV strains (Table 4.2.2). Since no unspecific reactivity was observed when the 

mAb was tested on non-infected PK-15 cells (diluted 1:80), the week reactivity seems 

to be specific (Fig. 4.2.1).
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Table 4.2.2: Cross reactivity of two purified mAbs.

Cells / viral strain HC/TC56*1 HC/TC61*2 BVD/ 

C16mAb titer log [AF*3] mAb titer log [AF]

non-infected PK-15 cells 20 1.0 20 1.3 -

non-infected FBK cells 20 1.0 15 1.2 -

non-infected SFT-R cells 20 1.0 10 1.0 -

CSFV-Alfort/187 10,240 3.7 7,680 3.9 +

CSFV-Brescia 6,400 3.5 960 3.0 +

CSFV-Guatemala 80 1.6 10 1.0 +

CSFV-South Africa (CSF849) 80 1.6 10 1.0 +

CSFV-Congenital Tremor 120 1.8 10 1.0 +

CSFV-Kanagawa 120 1.8 10 1.0 +

BVDV-NADL-USA 10 0.7 15 1.2 +

BVDV-Singer 20 1.0 10 1.0 +

BVDV-Cp7 20 1.0 15 1.2 +

BVDV-951 15 0.9 15 1.2 +

BDV-BD31 20 1.0 30 1.5 +

BDV-Reindeer-1 V60 Krefeld 20 1.0 20 1.3 +

BDV-Gifhorn 20 1.0 20 1.3 +

BDV-Rocco 20 1.0 10 1.0 +

Giraffe-1 virus 20 1.0 30 1.5 +
+ = cells are infected with the corresponding pestiviral strain; - = no cross reactivity
*1 = concentration of the purified mAb HC/TC56 = 2 mg / ml
*2 = concentration of the purified mAb HC/TC61 = 1.02 mg / ml
*3 AF = titer of the mAb / mAb concentration [mg / ml]
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Fig.  4.2.1:  Reactivity of the purified mAb HC/TC56 with the Erns protein of different CSFV 

strains. The cross reactivity was determined by titration on infected PK-15 cells. The antibody 

dilutions 1:10 and 1:80 are shown.
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 5 Discussion

Classical swine fever (CSF) is caused by Classical swine fever virus (CSFV). It is a 

highly  contagious  disease  of  domestic  pigs  and  wild  boar  with  an  important 

economical impact. In response to viral infection antibodies are produced against the 

two envelope proteins E2 and Erns, as well as against the non-structural protein NS3 

BOLIN et al. 1988; DONIS et al. 1988; WEILAND et al. 1990; BOULANGER et al. 

1991; PATON et al. 1991; WEILAND et al. 1992). Antibodies directed against the E2 

and Erns protein can be used for serological differentiation of infections caused by 

pestiviruses  (CAY  et  al.  1989;  EDWARDS  et  al.  1991;  WEILAND  et  al.  1992; 

KOSMIDOU et al., 1995). Neutralization activity was predominantly demonstrated for 

the  E2-specific  antibodies  and  to  a  lesser  extent  for  the  Erns-specific  antibodies 

(BOLIN et al. 1988; DONIS et al. 1988; BOULANGER et al. 1991; WEILAND et al. 

1992). Antibodies  detecting  the  NS3  protein  are  pestivirus-specific  without 

neutralizing activity (DONIS  and DUBOVI 1987; BOLIN and RIDPATH 1989; PATON 

et al. 1991; EDWARDS et al. 1991). It  was shown that E2-specific antibodies are 

sufficient for protective immunity  (DONIS et al.  1988; WEILAND et al.  1990; VAN 

RIJN et al. 1996; DE SMIT et al. 2001). Therefore, most of the vaccines used for the 

differentiation of  infected and vaccinated  animals  (DIVA)  based on the  CSFV E2 

protein,  whereas  the  DIVA assays  are  designed  for  the  detection  of  Erns-specific 

antibodies (FLOEGEL-NIESMANN 2001, 2003).

To optimize or to develop new DIVA tests,  characterization of the Erns epitopes is 

indispensable.  Usually,  epitope  mapping  of  the  Erns protein  was  done  by  using 

truncated  proteins  (LIN  et  al.  2004)  or  peptides  (CHRISTMANN  et  al.  2001; 

ARMENGOL et  al.  2002;  ZHANG et  al.  2006;  LIN  et  al.  2010).  However,  these 

techniques are not sufficient for mapping of discontinuous epitopes. A more suitable 

technique was necessary because most of the epitopes of the Erns protein seem to be 

discontinuous (LIN et al. 2004).

In previous studies chimeric pestivirus vaccines were designed and tested. Within 
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these  vaccines  whole  viral  proteins  or  protein  regions  can  be  replaced  by  the 

corresponding  protein  sequence of  other  pestiviruses  (VAN GENNIP et  al.  2000; 

REIMANN et al. 2004; RASMUSSEN et al. 2007; WEHRLE et al. 2007).  Chimeric 

proteins  have  also  been  successfully  used  for  the  characterization  of  antigenic 

domains on the CSFV E2 protein in previous studies (LERCH 2006). On the basis of 

this information and due to the fact that CSFV and Bovine viral diarrhea virus (BVDV) 

are closely related, chimeric Erns proteins (AR4, AR5, AR6, AR7, and AR8) were used 

for epitope mapping. Different parts of the CSFV Erns (strain Alfort/187) were replaced 

by  corresponding  fragments  of  the  BVDV-1 Erns (strain  NADL).  This  technique 

ensures  a  high  possibility  for  the  correct  protein  folding.  The  reactivity  of eight 

monoclonal  antibodies  (mAbs)  was  examined  using  these  chimeric  Erns proteins. 

Furthermore, the role of individual amino acids within the formation of the antibody-

antigen complex was evaluated by site-directed mutagenesis.

 5.1 Reactivity of the mAbs

In the present study, the reactivity of eight mAbs directed against the Erns protein of 

the  CSFV  strain  Alfort/187  was  examined  using  chimeric  Erns proteins.  For  this 

purpose, it was important that the mAbs were not cross reactive with pestiviruses 

which were used for the design of the chimeric constructs and additionally for the 

generation of Erns mutants. Otherwise the reactivity could not be assigned to a certain 

virus (LERCH 2006). 

In order to assess whether the mAbs were specific for one pestivirus species or one 

pestivirus strain, the mAb reactivity was analyzed on cells which were infected with 

pestiviruses of different genotypes. The mAb reactivity was determined by titration of 

the hybridoma supernatants in the peroxidase linked antibody assay (PLA).

Except the mAb HC/TC169, no cross reactivity occurred between the CSFV strain 

Alfort/187 and BVDV-1 strain NADL which was important for the generation of the 

chimeric Erns constructs. Only mAb HC/TC169 showed broad cross reactivity with all 

CSFV, BVDV and Border disease virus (BDV) strains tested. All the other mAbs were 
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not cross reactive with BVDV and BDV. These results were consistent with previous 

findings  where  several  antibodies  directed  against  the  structural  proteins  could 

discriminate between CSFV and BVDV strains (CAY et al. 1989; EDWARDS et al. 

1991; WEILAND et al. 1992; KOSMIDOU et al., 1995). The majority of mAbs showed 

reactivity  with  the  CSFV  strains  Alfort/187  and  Brescia  and  thus  were  CSFV 

genotype 1 specific. Due to the fact that the mAbs HC/TC66 and HC/TC69 detected 

the CSFV strain Alfort/187 only, it can be concluded that they are strain-specific.

All these variations in the antibody reactivity may reflect differences in the amino acid 

sequence. These differences may lead to modifications in the tertiary structure of the 

Erns protein and therefore result in lower accessibility of the epitope.

 5.2 Characterization of an antigenic domain on the Erns protein of
CSFV 

Previous  studies  showed  that  the  available  mAbs  might  be  directed  against 

discontinuous epitopes. Their reactivity was analyzed in the immunoblot under non-

reducing,  reducing  and  reducing / denaturing  conditions.  Sodium  dodecyl  sulfate 

(SDS)  has  no  effect  on  the  antibody  reactivity.  Since  the  reduction  of  the 

intramolecular disulfide bridges by dithiothreitol (DTT) leads to the destruction of the 

tertiary  protein  structure,  the  antibodies  could  not  detect  the  Erns protein.  This 

indicates  that  the  mAbs  might  be  directed  against  discontinuous  epitopes 

(HENRYCH 2006).

Intramolecular  disulfide  bridges and the  glycosylation of  the  protein  can have an 

influence on discontinuous epitopes  (WESTWOOD and HAY 2001). All of the four 

intramolecular disulfide bridges of the Erns protein are conserved among pestiviruses 

(LANGEDIJK et al. 2002) and thus present in the chimeric proteins. The cysteine at 

position  171  is  involved  in  Erns dimerization.  Interestingly,  this  amino  acid  is  not 

conserved within the pestiviral Erns  proteins. Several BVDV-1 strains, like the NADL, 

have no cysteine at this position and therefore the Erns monomers cannot dimerize 

(LANGEDIJK et al. 2002; TEWS et al. 2009). Consequently, only the monomeric form 
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of  the  NADL-Erns protein  and  of  the  AR5  chimera  was  detected  by  immunoblot 

analysis in the present study.

Protein sequence analysis showed that seven of the putative N-linked glycosylation 

sites are conserved among CSFV strains. Five of them are also highly conserved 

among pestiviruses (SAINZ et al. 2008). To ensure the glycosylation and the correct 

protein  folding,  all  chimeric  constructs  contained  a  signal  peptide  which  was 

important  for  the  recruitment  to  the  endoplasmic  reticulum  (KÖHL  et  al.  2004; 

RONECKER et al.  2008).  Expression was  performed  in a mammalian expression 

system.

The chimeric proteins were detectable by at least one of the mAbs which confirmed 

the protein expression after  transient transfection of  BSR-T7 cells.  Except for the 

mAb HC/TC169 the remaining mAbs showed no cross reactivity with the Erns protein 

of the BVDV-1 strain NADL after infection of fetal bovine kidney (FBK) cells. After 

transient transfection of plasmid DNA comprising the NADL-Erns sequence, a very 

weak  mAb  reactivity  could  be  observed  for  these  mAbs.  This  reactivity  is  likely 

caused by an overexpression of the Erns after transfection.

The CSFV-specific mAbs were able to bind the AR4, AR6, AR7, and AR8 chimera. 

These chimeric  proteins are identical  in  the CSFV Erns sequence between amino 

acids 55 to 110 which consequently represents an antigenic domain (Fig. 5.3.1 A). 

This region was not present in the AR5 chimera which resulted in a significant loss of 

antibody reactivity. The mAbs BVD/C12 and HC/TC169 could detect the AR5 chimera 

confirming the protein expression. By the fact that the mAb HC/TC169 showed cross 

reactivity with the BVDV-1 strain NADL an antigenic domain could not be assigned.

One unique feature of the Erns  protein is its intrinsic RNase activity (SCHNEIDER et 

al. 1993; WINDISCH et al. 1996). The two catalytic active sites are conserved among 

pestiviruses. They are brought in close proximity after the Erns protein is folded. To 

analyze the functional protein structure of the chimeric proteins, a simple qualitative 

RNase assay was developed. The ability  of RNA degradation was determined by 

quantitative  RT-PCR  (qRT-PCR).  Previous  studies  showed  that  CSFV  RNA  is 
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accessible for its own RNase (WINDISCH et al. 1996). Thus, RNA of the CSFV strain 

Alfort/187  was  used  as  substrate.  For  the  detection  of  the  CSFV  RNA,  a 

CSFV-specific qRT-PCR was used (HOFFMANN et al. 2005). Samples treated with 

commercial RNase A were used as a positive control because this RNase was also 

included as a control in previous studies  (MEYERS et al. 1999). RNase A led to a 

complete degradation of the pestiviral RNA resulting in the absence of a qRT-PCR 

signal. A shift of approximately ten cycle threshold (Ct) values was obtained for the 

native and chimeric Erns proteins in comparison to the vector control.  This can be 

explained  by  the  RNase  activity  of  the  chimeric  and native  Erns proteins.  RNase 

activity  can only  be  observed when the  catalytic  active  sites  (CAS)  are  in  close 

proximity. All chimeric proteins showed RNase activity and thus seemed to be very 

similar to the native Erns protein concerning the functional protein structure.

The result of the RNase assay as well as the results of the reactivity screening on the 

chimeric proteins demonstrated that the chimeric proteins retain their function and 

that  the  amino  acid  substitutions  have  no  influence  on  the  antibody  binding  by 

causing major changes in the protein conformation. The chimeric proteins are similar 

to the native Erns proteins and thus can be used to characterize antigenic domains.

The immunodominant region between amino acids 55 to 110 was found to be in 

accordance with the antigenic region AR1 (amino acids 65 - 145) and partially with 

the antigenic region AR2 (amino acids 84 - 160) which were detected in previous 

studies using anti-CSFV sera and truncated Erns proteins  (LIN et al.  2004). These 

regions as well as the antigenic domain between amino acids 55 to 110 are located in 

the central part of the Erns protein sequence completely separated from the previously 

detected  C-terminal  antigenic  region  (amino  acids  191 - 227)  (LANGEDIJK  et  al. 

2001). In previous studies a hydrophilic area was predicted for the central region of 

the  Erns protein  by  using  the  methods  of  Kyte-Doolittle.  Antigenic  sites  are 

characterized by hydrophilicity (LIN et al. 2004). Thus, the antigenic domain between 

amino acids 55 to 110 seems to be consistent with the hydropathy profile of the Erns 

protein.  The  potential  Erns protein  model  (LANGEDIJK  et  al.  2002) showed  the 
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location of the antigenic domain between amino acids 55 to 110. This region seems 

to be accessible for the mAbs (Fig. 5.3.1 B). 

The C-terminus is the most heterogeneous part of the Erns protein (LANGEDIJK et al. 

2002; LIN et al. 2004). The role of the C-terminus for the mAb reactivity was analyzed 

by the truncated protein Alfort/187-Ernsaa1 - 167. All mAbs detected this protein in the 

PLA and in the immunoblot. However, the reactivity was reduced in comparison to 

the  native  Alfort/187-Erns protein.  Previous  studies  showed  that  the  C-terminus 

represents an amphiphatic helix which interacts with membranes. The truncation of 

the C-terminus leads to  abrogation of  the membrane association  (FETZER et  al. 

2005).  Presumably,  the  deletion  of  the  C-terminus  within  the  truncated  protein 

Alfort/187-Ernsaa1 - 167 caused a higher secretion and consequently a lower amount 

of  the  protein  was detectable  intracellularly.  To  confirm this  hypothesis,  it  will  be 

necessary to analyze the mAb reactivity with the secreted protein. 

None of the mAbs were able to detect the truncated protein containing the sequence 

of the antigenic domain (amino acids 55 to 110) only. This confirms the hypothesis 

that the epitopes might be discontinuous. Similar results were obtained in previous 

studies (LIN et al. 2004). After expression of the consensus sequence (amino acids 

109 to 145) defined by the three overlapping antigenic regions AR1 (amino acids 65 

to 145), AR2 (amino acids 84 to 160) and AR3 (amino acids 109 to 220) no reactivity 

was observed for the CSFV serum in the immunoblot. This has provide evidence that 

the epitopes within this consensus sequence are discontinuous (LIN et al. 2004).

Two  options  can  be  responsible  for  the  loss  of  antibody  reactivity  which  was 

observed for the truncated protein containing the sequence of the antigenic domain. 

Either the amino acids beside the antigenic domain are important  for  the correct 

protein  folding  of  the  antigenic  region  or  these amino acids  are  also  part  of  the 

epitope. If amino acids besides the antigenic domain are part of the epitope, they 

might  be  conserved  between  the  CSFV  strain  Alfort/187  and  the  BVDV-1  strain 

NADL. They cannot be characterized by the chimeric proteins. 

However, amino acid differences within the antigenic domain between the Erns protein 
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of both pestiviral  strains may play a key role in the formation of antigen-antibody 

complexes.

 5.3 Identification of amino acids essential for antibody binding

Natural  variations  within  the  amino acid  sequence  of  the  Erns protein  occur.  The 

protein identity of the antigenic domain (amino acids 55 to 110) of different pestiviral 

strains related to the CSFV strain Alfort/187 ranged between 73% and 98%. These 

differences may result in variations within the protein confirmation, and thus in the 

nature of the epitopes.

To  analyze  the  antigenic  domain  between  amino  acids  55  to  110  in  detail, 

site-directed  mutagenesis  was  performed.  For  this,  two  types  of  mutants  were 

generated which were based on amino acid variations that occur naturally. According 

to the cross reactivity of the mAbs, mutants are based on the Erns protein of the CSFV 

strain  Alfort/187,  South Africa (CSF849),  and the BVDV-1 strain  NADL. All  mAbs 

showed a strong reactivity with the homologous viral strain CSFV Alfort/187. No cross 

reactivity was observed for most mAbs with the BVDV-1 strain NADL and the CSFV 

strain South Africa (CSF849) using hybridoma supernatant.

For the first type of mutant no antibody reactivity was detected. One or more amino 

acids  of  the  Erns protein  (CSFV  strain  Alfort/187)  were  substituted  by  the 

corresponding amino acids of another pestiviral Erns protein [CSFV strain South Africa 

(CSF849) or BVDV-1 strain NADL] which could not be detected by the mAbs. The 

other type of mutant was generated vice versa resulting in antibody binding.

The  mAb  HC/TC169  was  used  to  confirm  the  protein  expression  after  transient 

transfection  by  the  detection  of  all  mutants  in  the  immunoblot.  The  reactivity  of 

HC/TC169 with all mutants can be traced back to the cross reactivity with the CSFV 

strain South Africa (CSF849) and the BVDV-1 strain NADL.

The mAb reactivity with the different Erns mutants showed that the amino acids 102 

and 107 of  the Erns protein  have a crucial  influence on the formation of  antigen-

antibody complexes. They are located at the end of the antigenic domain between 
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amino acids 55 to 110 (Fig. 5.3.1 A and B). Three different ways of influence on the 

antibody binding can be possible:

1) the amino acids are components of the epitope,

2) the amino acids have an influence on the protein structure or

3) the amino acids are involved in N-linked glycosylation.

For the Erns proteins of the CSFV strain Alfort/187 and South Africa (CSF849) the 

amino acid at position 107 has the most important influence on the mAb binding. In 

comparison to this,  amino acid at position 102 of the NADL-Erns is crucial  for  the 

antibody binding  of  most mAbs.  Except  for  the  CSFV strain  Brescia,  amino acid 

variations occur at position 102 and 107 in all CSFV, BVDV, and BDV strains which 

were used for the characterization of the cross reactivity. It can be assumed that the 

loss  of  mAb  reactivity  with  these  pestiviral  strains  is  caused  by  the  amino  acid 

differences at position 102 and 107 of the Erns protein.

In  previous  studies  a  linear  epitope  containing  the  motif  117DKN119 was  detected 

(CHRISTMANN et al. 2001; ZHANG et al.  2006). This epitope is located in close 

proximity to the amino acids which are important for the mAb reactivity in the present 

study.  It  can  not  be  excluded that  the  amino acids  at  position  102 and 107 are 

important for structural changes which influence the accessibility for the epitope or for 

close-by epitopes. 

An amino acid variation occurs also at  position 55 in all  CSFV, BVDV, and BDV 

strains within the antigenic domain, except the CSFV strain Brescia. It turned out that 

this variation has no influence on the mAb binding. The same was observed for the 

amino acid difference at position 105 in all BVDV strains. With these mutants it could 

be shown that the formation of antigen-antibody complexes does not depend on each 

amino acid variation within the antigenic domain.
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Fig. 5.3.1: Schematic drawing of the Alfort/187-Erns antigenic domain (amino acids 55 to 110) 

(A) and its location within the 3D structural model of the Erns protein (LANGEDIJK et al. 2002) 

(B). The model was kindly provided by J. P. Langedijk. The antigenic domain is shown in 

green. Amino acids at position 102 and 107 are important for the mAb binding. They are 

depicted in red. No antigenic domain could be assigned to the mAb HC/TC169. This mAb 

detected all chimeric and mutated Erns proteins used in this study.
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 5.4 Influence of the N-linked glycosylation on the antibody 
reactivity

The Erns protein is highly glycosylated. Half of the molecular mass is contributed by 

carbohydrates. Six to nine potential N-linked glycosylation sites are predicted for the 

Erns protein depending on the pestiviral strain (RÜMENAPF et al. 1993; SAINZ et al. 

2008).

In comparison to the Alfort/187-Erns, a potential N-linked glycosylation site including 

the amino acid at position 102 was predicted for the Erns protein of the CSFV strain 

South Africa (CSF849) and the BVDV-1 strain NADL. This site was destroyed in the 

mutants  CSF849-ErnsT102A  and  NADL-ErnsT102A.  To  analyze  the  effect  of  the 

glycosylation on the mAb binding, the CSF849-Erns,  the NADL-Erns,  as well  as the 

mutants 849-ErnsD107A and NADL-ErnsT102A were expressed in E. coli which has no 

glycosylation capability. Deglycosylation of the Erns protein was not possible because 

the mAbs did not detect the reduced Erns protein. Reducing conditions are important 

for linearization of the protein which is necessary for a complete deglycosylation.

The potential N-linked glycosylation site including amino acid 102 of the CSFV strain 

South  Africa  (CSF849)  has  no  influence  on  the  antibody  binding  because  the 

bacterial expressed protein CSF849-Erns  was not detectable by the mAbs HC/TC61 

and HC/TC66. In comparison to this, both mAbs detect the mutant 849-ErnsD107A. 

This confirms the assumption that the antibody binding is highly influenced by the 

amino acid at position 107.

Interestingly,  the bacterial  expressed protein NADL-Erns was detectable in its non-

glycosylated  form  using  the  mAb  HC/TC61.  But  the  detection  was  significantly 

decreased compared to the detection of the mutant NADL-ErnsT102A. The bacterial 

expression level of both NADL constructs was the same. From this result it can be 

concluded that the difference of the mAb reactivity with the NADL constructs can be 

traced back to the mutation at position 102. But it could not be excluded that the 

glycosylation has an influence on the mAb binding because the  non-glycosylated 

NADL-Erns protein was detectable. In comparison to this, the mAb HC/TC66 could not 



Discussion 87

detect  the  bacterial  expressed  proteins  NADL-Erns  and  NADL-ErnsT102A.  This 

confirms the results of the immunoblot using lysates of mammalian cells. 

To analyze the influence of the N-linked glycosylation in detail, more experiments are 

necessary.  Analysis  of  the  expression  of  all  mutants  in  bacteria,  as  well  as  the 

reactivity  of  all  Erns-specific  mAbs with  the bacterial  expressed Erns constructs  will 

provide more information.

 5.5 Application of the mAbs in diagnostic tests

Up to now, many efforts have already been made to develop a DIVA vaccine against 

CSFV. The discriminatory ELISA should be specific for antibodies against CSFV after 

natural infection. Since the E2 protein is the major immunogene and part of most 

CSFV marker vaccines, the DIVA ELISAs can be based on the Erns protein. However, 

the currently two available discriminatory CSFV-ELISAs proved not to be efficient 

enough (FLOEGEL-NIESMANN 2001; ANONYMOUS 2003). 

Both assays detect antibodies directed against the glycoprotein Erns of CSFV. One of 

them can not discriminate between infections with CSFV and ruminant pestiviruses at 

all.  Therefore,  it  can  not  be  used  in  combination  with  DIVA vaccines  based  on 

chimeric pestiviruses. However, this test has an appropriate sensitivity and specificity 

with serum samples free of pestivirus antibodies. Consequently, it was concluded that 

it could only be used as discriminatory test for animals vaccinated with an E2 subunit 

vaccine on a herd basis (ANONYMOUS 2003). 

The other ELISA is able to discriminate between infections with CSFV and BVDV-1 

and can therefore be used as a discriminatory test for chimeric CSF vaccines which 

base on a BVDV-1 backbone. However, it was shown by Schroeder et al. that the 

sensitivity and the specificity with samples containing antibodies against BVDV-2 or 

BDV was low (Schroeder 2009). 

In  general,  higher  sensitivity  of  an  ELISA  results  often  in  a  lower  specificity 

(GREISER-WILKE et  al.  2007).  However,  to  reduce  the  risk  of  missing  a  CSFV 

infection the DIVA ELISA should be highly  sensitive.  Nevertheless,  it  should also 
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discriminate between CSF and the pestivirus that was used for the generation of a 

chimeric DIVA vaccine. For the improvement of the ELISAs a pair of antigen and 

matching antibody has to be found with an adequate affinity influencing sensitivity 

and specificity of the future test. 

The available discriminatory CSF ELISAs are competitive assays. Thus, the binding 

between the Erns antigen and the conjugate can be blocked by antibodies of serum 

samples. Both ELISAs utilized two different anti-Erns mAbs which are directed against 

different epitopes. One of them is coated on a microtiter plate and is used for antigen 

binding. The other one is used as conjugate. 

The CSFV ELISA with  low sensitivity might  be improved by replacing one of  the 

assay antibodies with an antibody of the present study. Prerequisite for this is that the 

new mAb would detect the antigen of the assay and that the mAb is directed against 

another epitope than the second antibody of the test. 

Antibodies used either as capture or detection antibody should be purified to avoid 

unspecific reactions. For preliminary studies, two mAbs (HC/TC61 and HC/TC56) of 

the  present  study  were  purified  by  affinity  chromatography.  The  purification  was 

monitored by determination of the activity factor (AF) which correlates the titer of a 

mAb and the amount of protein. This allows comparison of mAb reactivity between 

batches (SIGGE 1991). A high AF of more than 103 against the homologous antigen 

was observed for the purified mAbs indicating that the ratio of reactive antibody was 

high. Both mAbs retained their reactivity after purification. Interestingly, a low cross 

reactivity was observed for the purified mAb HC/TC56 with all CSFV strains, whereas 

no cross reactivity was detected using the corresponding hybridoma supernatant. It 

could be shown that this reactivity was specific because no signal was detected in 

the uninfected cell control. Usually, the mAb concentration is higher after purification 

compared to the one within the hybridoma supernatant. This fact can be responsible 

for the very low cross reactivity of the purified mAbs with all CSFV strains.

However,  the  application  of  the  present  mAbs  in  combination  with  the  available 

discriminatory ELISA which has a low sensitivity seems to be promising and has to 
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be tested. If this approach does not improve the sensitivity of the available test, a 

new ELISA set-up with another Erns antigen should be designed.

On the basis of epitope maps the optimization of specific antigens can be achieved. 

The results of this work confirmed that most of the epitopes of the Erns protein are 

discontinuous. Therefore, the whole protein or a truncated protein which lacks only a 

small number of amino acids seems to be more suitable to use as an antigen in an 

ELISA than peptides. Additionally, the detection of bacterially expressed Erns proteins 

revealed that a bacterial expression system might be suitable for the production of 

new antigen.

Genotype 2 of CSFV is most common in Germany and other European countries 

(BARTAK  and  GREISER-WILKE,  2000;  FRITZEMEYER  et  al.,  2000;  GREISER-

WILKE et al. 2000 b). Therefore, the sensitivity of new discriminatory ELISAs might 

also be improved by using an antigen of genotype 2. The mAbs of the present study 

showed no or only a very weak reactivity with a CSFV isolate belonging to genotype 

2 (CSFV strain South Africa). Thus, the use of these mAbs in combination with an 

antigen  of  CSFV  genotype  2  is  questionable.  However,  it  was  also  shown  that 

variations of the amino acids at position 102 and 107 have a crucial influence on the 

mAb binding. If these amino acids within an Erns protein of genotype 2 are mutated, 

the protein might be detected by the mAbs and thus can be used as an antigen to 

design a new ELISA.
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 6 Summary

Denise Meyer

Epitope mapping of the structural protein Erns of Classical swine fever virus

Classical  swine fever  virus (CSFV) belongs to  the genus  Pestivirus of  the family 

Flaviviridae.  It  is the causative agent of  a highly contagious,  notifiable disease of 

domestic pigs and wild boar with serious economic consequences worldwide.  The 

enveloped glycoprotein  Erns is  one of  the  targets  of  the  host's  immune response 

during viral infection. In respect to the antigenic structure not much is known about 

the  Erns protein.  Recent  epitope  mapping  approaches  using  small  peptides  have 

revealed the existence of linear epitopes. Furthermore, deletion analysis of the Erns 

protein led to the identification of three overlapping antigenic regions (AR1 = Erns
aa 

65 - 145,  AR2  =  Erns
aa  84 - 160;  AR3  =  Erns

aa  109 - 220)  which  might  include  discontinuous 

epitopes. However, it was shown that most of the epitopes of the Erns protein seem to 

be  discontinuous.  To  supplement  the  existing  knowledge  about  the  epitopes,  an 

improved  technique  was  required  which  preserved  the  three-dimensional  protein 

structure.

In this study, chimeric Erns constructs were generated in which different parts of the 

CSFV Erns (strain Alfort/187) were replaced by the corresponding regions of another 

pestivirus, namely Bovine viral diarrhea virus (BVDV-1 strain NADL). According to the 

reactivity  of  the  monoclonal  antibodies  (mAbs)  with  the  chimeric  proteins  one 

antigenic  domain  on  the  Erns protein  of  the  CSFV strain  Alfort/187 was identified 

which is  located between amino acids 55 to  110.  After  cellular  expression of  the 

truncated protein (Erns aa 55 - 110) the mAbs showed no reactivity indicating that the 

epitopes  are  discontinuous.  The  C-terminus  of  the  Erns protein  is  the  most 

heterogeneous part of the protein, but has no significant influence on the antibody 

binding.  Based  on  protein  sequence  analysis  of  the  pestiviral  Erns and  the  cross 

reactivity  of  the  mAbs  with  different  pestiviral  strains,  substitution  mutants  were 
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generated. It was possible to show that the natural variations within the amino acid 

sequence at position 102 and 107 have a crucial influence on the antibody binding. 

The amino acid at position 102 is part of a potential N-linked glycosylation site in 

some pestiviral strains. It can not be excluded, that this glycosylation site may have 

an influence on the antibody binding to the BVDV Erns (strain NADL).

This study has provided new insights into the antigenic structure of the Erns protein. 

On this basis, the development of advanced diagnostic immunoassays is possible. In 

combination  with  marker  vaccines  Erns-specific  immunoassays  might  have  an 

important application to ensure the differentiation between vaccinated and infected 

animals.
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 7 Zusammenfassung

Denise Meyer

Epitopkartierung  des  Strukturproteins  Erns des  Virus  der  Klassischen 

Schweinepest

Das  Virus  der  Klassischen  Schweinepest  (KSPV)  wird  dem  Genus  Pestivirus 

innerhalb der Familie  Flaviviridae  zugeordnet. Es verursacht eine der wirtschaftlich 

bedeutendsten Infektionserkrankungen des Haus- und Wildschweins weltweit, die in 

der Europäischen Union anzeigepflichtig ist. 

Im Verlauf einer Infektion mit KSPV werden Antikörper gegen das Strukturprotein Erns 

gebildet. Bisher ist hinsichtlich der antigenen Struktur des Proteins wenig bekannt. 

Einzelne  lineare  Epitope  konnten  mit  Hilfe  von  Peptidbibliotheken  näher 

charakterisiert werden. 

Versuche mit trunkierten Erns Proteinen ließen auf drei sich überlappende antigene 

Domänen  (AR1  =  Erns
aa  65 - 145,  AR2  =  Erns

aa  84 - 160;  AR3  =  Erns
aa  109 - 220)  schließen. 

Zusätzlich wird angenommen, dass die meisten Epitope diskontinuierlich vorliegen.

Um  die  bereits  bestehenden  Erkenntnisse  über  die  antigene  Struktur  des  Erns 

Proteins zu erweitern,  ist  es von großer  Bedeutung eine Methode zu entwickeln, 

welche die Proteinstruktur nur in einem sehr geringen Maße beeinflusst. 

In  der  vorliegenden  Arbeit  wurden  chimäre  Erns Konstrukte  hergestellt,  wobei 

definierte  Bereiche des KSPV Erns (Stamm Alfort/187)  gegen die  entsprechenden 

Regionen des Bovinen Virusdiarrhoe Virus (BVDV) ausgetauscht wurden. 

Entsprechend des Reaktivitätsmusters der monoklonalen Antikörper (mAk) mit den 

chimären Proteinen konnte eine antigene Domäne zwischen Aminosäure 55 und 110 

für  das  Erns Protein  des  KSPV  Stammes  Alfort/187  identifiziert  werden.  Jedoch 

reagierten die mAk nicht mit einem trunkierten Erns Protein, welches ausschließlich 

auf  der  antigenen Domäne basierte.  Dies  wiederum bestätigte  die  Annahme von 

diskontinuierlichen Epitopen. Zusätzlich konnte gezeigt werden, dass der heterogene 
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C-Terminus des Erns Proteins keinen Einfluss auf die Antikörperbindung hat. 

Auf  der  Basis  von Proteinsequenzanalysen und der  Kreuzreaktivität  der  mAk mit 

unterschiedlichen  Pestiviren,  wurden  Erns  Mutanten  hergestellt.  Mit  Hilfe  dieser 

Mutanten konnte gezeigt  werden, dass Variationen in der Proteinsequenz an den 

Positionen 102 und 107 innerhalb der pestiviralen Erns Proteine einen großen Einfluss 

auf die Antikörperbindung haben. Interessanterweise ist die Aminosäure an Position 

102  bei  einigen  Pestiviren  Bestandteil  einer  potentiellen  N-linked 

Glykosylierungsstelle. Es ist nicht auszuschließen, dass diese Glykosylierungsstelle 

die Antikörperbindung an das Erns Protein des BVDV Stammes NADL beeinflusst.

In dieser Studie konnten neue Erkenntnisse bezüglich der antigenen Struktur des Erns 

Proteins gewonnen werden. Auf der Grundlage dieser Erkenntnisse können zukünftig 

verbesserte  diagnostische  Tests  entwickelt  werden,  die  in  Kombination  mit 

Markerimpfstoffen  eine  Differenzierung  von  geimpften  und  infizierten  Tieren 

gewährleisten.
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Appendix

Media and solutions for cell culture

EMEM medium, pH 7.0

EMEM powder 9.6 g Gibco BRL, Eggenstein

NaHCO3 2.2 g Merck KGaA, Darmstadt

Penicillin G 0.06 g Sigma-Aldrich, Steinheim

Streptomycin sulfate 0.05 g Sigma-Aldrich, Steinheim

Aqua bidest. ad 1,000 ml

EDulb medium, pH 7.0

EDulb powder 13.53 g Gibco BRL, Eggenstein

NaHCO3 2.2 g Merck KGaA, Darmstadt

Penicillin G 0.06 g Sigma-Aldrich, Steinheim

Streptomycin sulfate 0.05 g Sigma-Aldrich, Steinheim

Aqua bidest. ad 1,000 ml

Sera

Fetal calf serum (FCS) Biochrom, Heidelberg

Bovine serum Institute for Virology, University 

of Veterinary Medicine 

Hannover

PBSM (pH 7.0 - 7.2)

NaCl 8.0 g AppliChem, Darmstadt

KCl 0.2 g Merck KGaA, Darmstadt

Na2HPO4 x 12 H2O 2.37 g AppliChem, Darmstadt

KH2PO4 0.2 g Merck KGaA, Darmstadt

Aqua bidest. ad 1,000 ml
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PBS (pH 7.0 - 7.2)

NaCl 8.0 g AppliChem, Darmstadt

KCl 0.2 g Merck KGaA, Darmstadt

Na2HPO4 x 12 H2O 2.37 g AppliChem, Darmstadt

KH2PO4 0.2 g Merck KGaA, Darmstadt

CaCl2 x 2 H2O 0.13 g Merck KGaA, Darmstadt

MgCl2 x 6 H2O 0.1 g Sigma-Aldrich, Steinheim

Aqua bidest. ad 1,000 ml

Versen Trypsin 0.125% (pH 7.0)

NaCl 8.0 g AppliChem, Darmstadt

KCl 0.2 g Merck KGaA, Darmstadt

Na2HPO4 x 12 H2O 2.3 g AppliChem, Darmstadt

KH2PO4 0.2 g Merck KGaA, Darmstadt

CaCl2 x 2 H2O 0.132 g Merck KGaA, Darmstadt

Trypsin (3 U/mg) 1.25 g Biochrom, Heidelberg

EDTA (Versen) 1.25 g Roth, Karlsruhe

Penicillin G 0.06 g Sigma-Aldrich, Steinheim

Streptomycin sulfate 0.05 g Sigma-Aldrich, Steinheim

MgSO4 x 7 H2O 0.1 g AppliChem, Darmstadt

Aqua bidest. ad 1,000 ml

Other solutions

G-418 Sulfate PAA Laboratories GmbH, 

Pasching (Austria)

Amino acids non essential (100 x) PAA Laboratories GmbH, 

Pasching (Austria)
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Media and solutions for bacteria

LB-medium, pH 7.0

Tryptone 10 g AppliChem, Darmstadt

NaCl 10 g AppliChem, Darmstadt

Yeast extract 5 g Roth, Karlsruhe

Aqua bidest. ad 1,000 ml

SOC-medium Invitogen, Karlsruhe

LB-agar

LB agar capsules MP Biomedical LLC, Solon

(Ohio)

Antibiotics

Ampicillin Sigma-Adlrich, Steinheim

Other buffers and solutions

FPLC

Sodium phosphate buffer, pH 7.0 

Na2HPO4 x 12 H2O 1 M AppliChem, Darmstadt

Na2HPO4 x H2O 1 M Merck KGaA, Darmstadt

Both stock solutions were mixed until the sodium phosphate buffer reached a pH of 

7.0.

Glycine buffer, pH 2.7

Glycine 100 mM Merck KGaA, Darmstadt

Sodium carbonate buffer, pH 8.7 

Na2CO3 18 mM Merck KGaA, Darmstadt

NaHCO3 180 mM Roth, Karlsruhe

NaCl 500 mM AppliChem, Darmstadt



128 Appendix

Agarose gel electrophoresis

10 x TBE buffer

Tris 10.8% AppliChem, Darmstadt

Boric acid 5.5% AppliChem, Darmstadt

EDTA 0.02 g Roth, Karlsruhe

10 x TAE buffer, pH 8.0

Tris 4.844% AppliChem, Darmstadt

CH3COONa x 3 H2O 2.722% Merck KGaA, Darmstadt

EDTA 0.744% AppliChem, Darmstadt

5 x Loading buffer 

Glycerol 25% Roth, Karlsruhe

EDTA 0.5 mM Roth, Karlsruhe

Bromophenol blue 0.2% Serva, Heidelberg

Ethidium bromide   solution  

Ethidium bromide 0.05 g Sigma-Aldrich, Darmstadt

1 x TAE buffer 250 ml

Peroxidase linked antibody assay

PBSM-0.02% Tween20

PBS 1,000 ml

Tween20 0.02% AppliChem, Darmstadt

AEC stock solution 

AEC 0.66% Sigma-Aldrich, Steinheim

The AEC stock solution was prepared using Dimethylformamide.

Sodium acetate buffer, pH 5.0

CH3COONa x 3 H2O 0.05 M Merck KGaA, Darmstadt
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H2O2 stock solution

H2O2 3% AppliChem, Darmstadt

AEC substrate solution

AEC stock solution 300 µl

0.05 M Sodium acetate buffer 4.7 ml

H2O2 stock solution 25 µl

Cell lysis

NP40 lysis buffer

Natriumdesoxycholate 0.5% Merck KGaA, Darmstadt

Nonidet P40 1% Roche, Mannheim

NaCl 150 mM AppliChem Darmstadt

Tris HCl, pH 7.5 50 mM AppliChem, Darmstadt

One tablet of the protease inhibitor CompleteTM (ROCHE, Mannheim) was added to 

50 ml NP40 lysis buffer.

RNase Assay

10 x RNase buffer

Tris HCl, pH 7.5 100 mM AppliChem, Darmstadt

MgCl2 100 mM Merck KGaA, Karlsruhe

The 10 x RNase buffer was prepared with RNase free water.

SDS-PAGE

10 x SDS electrode buffer

Tris 0.25 M AppliChem, Darmstadt

Glycine 1.92 M Merck KGaA, Darmstadt

SDS 1% Roth, Karlsruhe
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Stacking gel

Acrylamide/Bisacrylamide 29:1 5% (w/v) Bio-Rad, München

1 M Tris HCl, pH 6.8 0.125% (w/v) AppliChem, Darmstadt

10% SDS 0.1% (w/v) Roth, Karlsruhe

10% APS 0.1% (w/v) Sigma-Aldrich, Steinheim

TEMED 0.02% (w/v) Merck KGaA, Darmstadt

Resolving gel

Acrylamide/Bisacrylamide 29:1 7.5 - 15% (w/v) Bio-Rad, München

1.875 M Tris HCl, pH 8.8 0.375% (w/v) AppliChem, Darmstadt

10% SDS 0.1% (w/v) Roth, Karlsruhe

10% APS 0.1% (w/v) Sigma-Aldrich, Steinheim

TEMED 0.04% (w/v) Merck KGaA, Darmstadt

2 x SDS sample buffer

Tris HCl, pH 6.8 62.5 mM AppliChem, Darmstadt

SDS 2% Roth, Karlsruhe

Glycerol 10% Roth, Karlsruhe

Phenol red 0.01% Merck KGaA, Darmstadt

Bromophenol blue 0.01% Serva, Heidelberg

Immunoblot

Anode buffer I, pH 9.0

1 M Tris 300 ml AppliChem, Darmstadt

Methanol 200 ml Roth, Karlsruhe

Aqua bidest. ad 1,000 ml
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Anode buffer II, pH 7.4

1 M Tris 25 ml AppliChem, Darmstadt

Methanol 200 ml Roth, Karlsruhe

Aqua bidest. ad 1,000 ml

Cathode buffer, pH 9.0

1 M Tris 25 ml AppliChem, Darmstadt

Methanol 200 ml Roth, Karlsruhe

ɛ-Aminocapron acid 5.25 g Sigma-Aldrich, Steinheim

Aqua bidest. ad 1,000 ml

TBS-0.02% Tween20

Tris-HCl, 0.1 M AppliChem, Darmstadt

NaCl 0.01 M AppliChem, Darmstadt

Tween20 0.02% AppliChem, Darmstadt

Blocking reagents

2%  ECL  AdvancedTMblocking  agent (GE  Healthcare,  Little  Chalfont,  UK) was 

dissolved in TBS-0.02% Tween20.

1% BSA (Serva, Heidelberg) was dissolved in TBS-0.02%-Tween20. 

Generation of chemical competent bacteria

TFB-I buffer, pH 5.8

CaCl2 10 mM Merck KGaA, Darmstadt

Glycerol 15% Merck KGaA, Darmstadt

CH3CO2K 30 mM Sigma-Aldrich, Steinheim

RbCl2 100 mM Merck KGaA, Darmstadt

MgCl2 50 mM Merck KGaA, Darmstadt
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TFB-II buffer, pH 7.0

MOPS 10 mM Sigma-Aldrich, Steinheim

RbCl2 10 mM Merck KGaA, Darmstadt

CaCl2 75 mM Merck KGaA, Darmstadt

Glycerol 15% Merck KGaA, Darmstadt

Reagents for molecular biological techniques

DEPC water Qbiogene, Heidelberg

RNase and DNase free water Fermentas, St. Leon-Rot

dNTPs Roche, Penzberg

MgCl2 Sigma-Aldrich, Steinheim

QuantiTectTM Probe RT-PCR Mix QIAGEN, Hilden

M-MLV Reverse Transcriptase Invitrogen, Karlsruhe

Ribonuclease Inhibitor Invitrogen, Karlsruhe

Hexamers Invitrogen, Karlsruhe

Pfu-DNA-Polymerase recombinant (2.5 U) Fermentas, St. Leon-Rot

Tth-Polymerase Epicentre, Madison (USA)

Thermo-Start® PCR Master Mix (1.5 mM MgCl2) Abgene, Hamburg

FastDigest®EcoRI Fermentas, St. Leon-Rot

FastDigest®XhoI Fermentas, St. Leon-Rot

RNase A Fermentas, St. Leon-Rot

CIAP (1 U / µl) Fermentas, St. Leon-Rot

T4-DNA-Ligase (1 U / µl) Fermentas, St. Leon-Rot

LipofectamineTM2000 Invitrogen, Karlsruhe

Protein G SepharoseTM 4 Fast Flow GE Healthcare, Uppsala

(Sweden)
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Commercial available kits, antibodies and substrates

Kits

QIAamp® Viral RNA Mini Kit Qiagen, Hilden

QIAquick® PCR Purification Kit Qiagen, Hilden

QIAquick® Gel Extraction Kit Qiagen, Hilden

QIAquick® Nucleotide Removal Kit Qiagen, Hilden

QIAfilterTM Plasmid MIDI Kit Qiagen, Hilden

QIAprep® Spin Miniprep Kit Qiagen, Hilden

BCATM Protein Assay Kit Pierce, Rockford (USA)

Antibodies and complexes

Monoclonal Anti-Glutathione-S-Transferase Sigma-Aldrich, Steinheim

(GST) Clone GST-2

mAb anti-GAPDH (mouse supernatant) Novus Biologicals, Littleton

(USA)

Polyclonal Rabbit DAKO, Glostrup (Denmark)

Anti-Mouse Immunoglobulins/HRP

Anti-Mouse IgG (whole molecule)-Biotin Sigma-Aldrich, Steinheim

Streptavidin-biotinylated horseradish GE Healthcare, Little Chalfont

peroxidase complex (UK)

Substrates

ECL AdvancedTM Western Blotting GE Healthcare, Little Chalfont (UK)

Detection Kit

BM Chemiluminescence Blotting Substrate Roche, Manheim



134 Appendix

Marker

peqGOLD 100 bp DNA-Leiter Plus PEQLAB Biotechnologie GmbH,

Erlangen

PageRulerTMPlus Prestained Protein Ladder Fermentas, St. Leon-Rot

Equipment and consumables

Agarose gel electrophoresis

Mini Sub Cell Bio-Rad, München

Wide Mini Sub Cell Bio-Rad, München

Power supply unit Bio-Rad, München

microwave Privileg

UV-transilluminator UVP, USA

image processing system MWG, Ebersberg

Autoclave

autoclave 17 Melag, Berlin

Type A5 Webeco, Bad Schwartau

Cell culture systems

Cell culture flasks 25 cm2, 75 cm2 Greiner Bio-one, Frickenhausen

Cell culture plates 6-well, 48-well Greiner Bio-one, Frickenhausen 

Cell culture plates 96-well Corning incorporated, New York, USA

Cell scraper, 25 cm Sarstedt, Newton, USA

Thoma chamber Landgraf, Hannover

Centrifuges

Labofuge 400 R Heraeus, Hanau

Biofiuge pico Heraeus, Hanau

Refrigerated centrifuge 5417 R Eppendorf, Hamburg

Model J2-21 Centrifuge (rotor JS-13.1) Beckmann, München
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Centrifuge tube (glass) Landgraf, Hannover

Centrifuge tube (25 x 89 mm) Beckmann Instruments, Palo Alto 

(California)

Cuvettes

Quartz cuvette GE Healthcare

Plastic cuvette Landgraf, Hannover

ELISA-Reader

Tecan Sunrise Tecan, Crailsheim

Sofware Magellan Tecan, Crailsheim

Microwell Plates Nunc, Roskilde (Denmark)

FPLC GE Healthcare, Uppsala (Sweden)

Heat block

Dri-Block DB 2D Techne, Staffordshire, UK

Dri-Block DB 3 Techne, Staffordshire, UK

Incubator

CO2 incubator Hera cell 150 Heraeus, Hanau

CO2 incubator Binder, Tuttlingen

Incubator for shaking bacteria cultures

Type 3003 GFL, Burgwedel

Microscopy

Inverse mikroskope Leitz, Wetzlar

Mixer

Intelli-Mixer Landgraf, Hannover

REAX 2000 Heidolph, Schwabach

K-550-GE Bender & Hobein, Zürich (CH)
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Pipettes 

12-channel-pipette Brand, Wertheim

10, 20, 100, 200, and 1000 µl pipette Eppendorf, Hamburg

Pipette tips

Volume 1000 µl MBT, Gießen

Volume 200 µl Ratiolab, Dreieich

Volume 10 µl Ratiolab, Dreieich

Filter tips Biozym, Hessischen Oldendorf

Glass pipettes Landgraf, Hannover

pH meter Landgraf, Hannover

Photometer

Ultrospec 2000 GE Healthcare, München

Reaction tubes 

Volume 0.5 ml, 1.5 ml, 2.0 ml Landgraf, Hannover

Safety workbench

NUAIRETM Klasse II Typ A/B3 NUAIRE, Plymouth (USA)

MSC-II-48 Holten, Allerod (DK)

Scales

1213 MP Sartorious, Göttingen

Analytical balance 1712 MP 8 Sartorious, Göttingen

SDS-PAGE, Immunoblot

Mighty Small II SE 250-gel chamber Serva, Heidelberg

PVDF membrane Millipore, Bedford, USA

Power Supply, Standard Power Pack P25 Biometra, Göttingen

ChemiDocTM Gel Documentation System Bio-Rad, München
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Quantity One® Software Bio-Rad, München

Swiveling tables

WT 16 Biometra, Göttingen

Swiveling table Keutz, Reiskirchen

Thermocycler

T personal Cycler Biometra, Göttingen

T3 Thermocycler Biometra, Göttingen

Mx 3005TM QPCR System Agilent Technologies

Ultrasonic bath

Transonic Digital, T790/H Elma, Singen

Water bath

Type 1003 GFL, Burgwedel
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Sequences

CSFV-South Africa (CSF0849)

Erns gene sequence:

GAAAATATAACTCAATGGAACCTGAGTGACAATGGCACAAGCGGCATCCAGCAA

GCCATGTATCTTAGAGGGGTCAATAGGAGCTTACATGGGATCTGGCCTGAAAAAA

TATGCAAGGGGGTCCCTACCCATCTGGCCACTGATACGGAACTGACGGAGATAC

GCGGGATGATGGATGCCAGCGAGAGAACAAACTACACGTGTTGTAGATTGCAGA

GACATGAATGGAATAAGCATGGATGGTGTAACTGGTACAACATAGACCCTTGGAT

TCAGTTAATGAACAGGACCCAAGCAAATTTGACAGAAGGCCCTCCTGATAAAGAG

TGTGCCGTGACCTGCAGGTACGACAAAAATGCCGACGTTAACGTGGTCACCCAG

GCCAGGAATAGACCAACCACTCTGACTGGCTGCAAGAAAGGGAAAAATTTTTCAT

TTGCAGGTACGGTTATAGAGGGCCCATGCAACTTCAATGTATCCGTGGAGGACAT

CTTATATGGAGACCATGAGTGTGGCAGTCTGTTCCAGGACACGGCTCTGTACCTA

TTAGATGGGATGACCAACACTATAGAGAAAGCCAGGCAAGGTGCGGCAAGAGTC

ACATCTTGGCTTGGGAGGCAACTCAGAACCACAGGGAAGAAGTTGGAGAGAGG

AAGCAAAACCTGGTTCGGTGCCTATGCC 

Erns protein sequence:

ENITQWNLSDNGTSGIQQAMYLRGVNRSLHGIWPEKICKGVPTHLATDTELTEIRGM

MDASERTNYTCCRLQRHEWNKHGWCNWYNIDPWIQLMNRTQANLTEGPPDKECA

VTCRYDKNADVNVVTQARNRPTTLTGCKKGKNFSFAGTVIEGPCNFNVSVEDILYG

DHECGSLFQDTALYLLDGMTNTIEKARQGAARVTSWLGRQLRTTGKKLERGSKTW

FGAYA
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CSFV-Guatemala (CSF0650)

Erns gene sequence:

GAAAATATAACTCAATGGAACCTAAGTGACAATGGCACCAATGGTATCCAGCACG

CTATGTACCTTAGAGGGGTTAACAGAAGCTTGCATGGGATCTGGCCGGAAAAAAT

ATGTAAGGGAGTTCCCACCCACCTGGCTACGGACACGGAACTGAGAGAAATAAG

GGGGATGATGGATGCCAGTGAGGGGACAAACTATACGTGCTGCAAGTTGCAGAG

ACACGAATGGAATAAACATGGATGGTGTAACTGGTACAACATAGACCCCTGGATC

CAGTTGATGAATAGAACTCAAGCAAACTTAACGGAAGGCCCCCCGGAAAAGGAG

TGCGCCGTGGCTTGCAGGTACGACAAAAATGCCGACATTAATGTGGTCACCCAA

GCTAGAAACAGGCCAACCACCCTAACTGGCTGCAAGAAAGGAAAAAATTTTTCAT

TCGCAGGCACAGTTATAGAGGGCCCATGTAATTTCAATGTTTCCGTGGAGGATAT

CTTGTATGGGGACCATGAATGTAGCAGTCTGCTCCAGGACACGGCTCTGTATCTA

ATGGATGGAATGACCAACACTATAGAGAACGCCAGGCAGGGAGCGGCGAGGAT

GACATCTTGGCTTGGGAGGCAACTCCGCACTGCCGGGAAGAGGTTGGAGCAGA

GAAGCAAAACCTGGTTTGGTGCCTATGCT 

Erns protein sequence:

ENITQWNLSDNGTNGIQHAMYLRGVNRSLHGIWPEKICKGVPTHLATDTELREIRGM

MDASEGTNYTCCKLQRHEWNKHGWCNWYNIDPWIQLMNRTQANLTEGPPEKECA

VACRYDKNADINVVTQARNRPTTLTGCKKGKNFSFAGTVIEGPCNFNVSVEDILYGD

HECSSLLQDTALYLMDGMTNTIENARQGAARMTSWLGRQLRTAGKRLEQRSKTWF

GAYA
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CSFV-Kanagawa (CSF0309)

Erns gene sequence:

GAAAACATAACCCAATGGAATCTGAGTGACAACGGCACTAATGGTATCCAGCATG

CTATGTATCTTAGAGGGATCAACAGAAGCTTGCATGGGATTTGGCCGGAAAAAAT

ATGCAAGGGGGTTCCCACCCACCTGGCTACAGACACGGAACTGAAAGAGATAC

GGGGGATGATGGATGCCAGCGAGAAGACGAATTTCACATGCTGCAGGTTACAGA

GACATGAGTGGAACAAACATGGATGGTGTAACTGGTACAATATAGACCCCTGGAT

TCAGTTGATGAATAGAACCCAAGCAAACTTGACAGAAGGCCCCCCCGACAAGGA

GTGCGCCGTGACCTGCAGGTATGACAAAGATGCTGACATCAACGTAGTCACCCA

GGCCAGAAACAGGCCAACCACCCTAACTGGCTGCAAGAAAGGGAAAAACTTTTC

ATTTGCTGGTACAATTATAGAGAGCCCATGCAATTTTAACGTTACCGTGGAGGACA

TTTTATACGGGGACCATGAGTGCGGCAGTCTGCTCCAGGACACAGCTCTGTACC

TAGTAGATGGAATGACTAATACCATAGAGAATGCCAGGCAAGGCGCGGCAAGGG

TGACTTCCTGGCTCGGGAGGCAGCTCAGCACCGCAGGGAAAAGGTTAGAGAGG

AGGAGCAAAACCTGGTTCGGTGCCTATGCC 

Erns protein sequence:

ENITQWNLSDNGTNGIQHAMYLRGINRSLHGIWPEKICKGVPTHLATDTELKEIRGM

MDASEKTNFTCCRLQRHEWNKHGWCNWYNIDPWIQLMNRTQANLTEGPPDKECA

VTCRYDKDADINVVTQARNRPTTLTGCKKGKNFSFAGTIIESPCNFNVTVEDILYGDH

ECGSLLQDTALYLVDGMTNTIENARQGAARVTSWLGRQLSTAGKRLERRSKTWFGA

YA
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CSFV-Congenital Tremor (CSF0410)

Erns gene sequence:

GAAAATATAACTCAATGGAACCTGAGTGACAACGGCACTAATGGTATCCAGCGCG

CTATGTACCTCAGAGGGGTTAACAGAAGCCTGCATGGGATCTGGCCAGAAAAAAT

ATGCAAGGGGGTCCCCACCCACCTGGCTACAGACACGGAACTGAAAGAAATAC

GAGGGATGATGGATGCCAGTGAGAGTACAAATTATACATGCTGTAGGTTACAGAG

ACATGAGTGGAACAAGCATGGGTGGTGTAACTGGTACAATATAAACCCCTGGATC

CAGTTGATGAACAGAACCCAAGCAAATTTGACAGAAGGCCCCCCAGATAAGGAG

TGCGCCGTAACCTGCAGGTACGACAAAAATGCCGACGTCAACGTGGTCACCCAA

GCTAGAAATAGGCCAACCACCTTAACTGGCTGCAAGAAAGGGAAAAATTTTTCAT

TCGCAGGTACAGTTATGGAGGGCCCGTGTAATTTCAACGTCTCCGTGGAGGACA

TCTTATATGGGGACCATGAGTGCAGCAGTCTGTTCCAGGACACGGCTCTATACCT

AGTGGACGGAATGACCAACACCATAGAGGCTGCCAGGCAAGGTGCGGCAAGGG

CGACATCGTGGCTCGGGAGGCAACTCAGCACTGCTGGGAAGAGGTTAGAGAGG

AGGAGCAAAACCTGGTTCGGCGCCTACGCC 

Erns protein sequence:

ENITQWNLSDNGTNGIQRAMYLRGVNRSLHGIWPEKICKGVPTHLATDTELKEIRGM

MDASESTNYTCCRLQRHEWNKHGWCNWYNINPWIQLMNRTQANLTEGPPDKECA

VTCRYDKNADVNVVTQARNRPTTLTGCKKGKNFSFAGTVMEGPCNFNVSVEDILYG

DHECSSLFQDTALYLVDGMTNTIEAARQGAARATSWLGRQLSTAGKRLERRSKTWF

GAYA
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BVDV-951

Erns gene sequence:

GAGAACATCACCCAGTGGAACTTAATGGACAATGGCACCGAAGGCATACAGAGG

GCGATGTTCCTAAGAGGGGTGAACAGGAGTCTACACGGAATTTGGCCAGAGAAG

ATTTGCACCGGGGTACCAACTCACTTAGCAACAGACTATGAGCTCAAGGAGATAG

TGGGGATGATGGATGCGAGTGAGAAGACCAATTACACGTGTTGCAGATCGCAAA

GGCATGAGTGGAACAAACATGGTTGGTGTAACTGGTTACATATAGAGCCGTGGAT

ATGGCTGATGAACAAAACCCAAAGCAACCTAACTGAAGGACAGCCGCCTAGGGA

GTGCGCTGTGACTTGTAGGTATGACAGGGAAACAGAATTGAACATCGTAACACA

GGCTAGGGACAGACCCACAACTCTGACAGGCTGCAAGAAAGGCAAGAACTTTT

CCTTCGCAGGTATTGTACTAAATGGGCCCTGCAACTTTAAAGTATCAGTTGAAGAA

GTGCTATTTAAGGAGCATGATTGCGGCAACATGTTGCAAGAGACAGCAATACAGC

TACTTGATGGGGCAACCAACACCATCGAGGGAGCAAGGGTGGGGACAGCCAAG

CTGACAACCTGGTTAGGGAAGCAATTAGGAATCCTTGGTAAGAAATTGGAGAATA

AAAGTAAAGCATGGTTTGGAGCACATGCA 

Erns protein sequence:

ENITQWNLMDNGTEGIQRAMFLRGVNRSLHGIWPEKICTGVPTHLATDYELKEIVGM

MDASEKTNYTCCRSQRHEWNKHGWCNWLHIEPWIWLMNKTQSNLTEGQPPRECA

VTCRYDRETELNIVTQARDRPTTLTGCKKGKNFSFAGIVLNGPCNFKVSVEEVLFKE

HDCGNMLQETAIQLLDGATNTIEGARVGTAKLTTWLGKQLGILGKKLENKSKAWFGA

HA
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Abbreviations of amino acids

A Ala Alanine

C Cys Cysteine

D Asp Aspartic acid

E Glu Glutamic acid

F Phe Phenylalanine

G Gly Glycine

H His Histidine

I Ile Isoleucine

K Lys Lysine

L Leu Leucine

M Met Methionine

N Asn Asparagine

P Pro Proline

Q Gln Glutamine

R Arg Arginine

S Ser Serine

T Thr Threonine

V Val Valine

W Trp Tryptophan

Y Tyr Tyrosine
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