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1 Abstract 

Classical swine fever is an economically important, highly contagious disease of 

domestic pigs and wild boar. It is caused by Classical swine fever virus (CSFV), a 

Pestivirus belonging to the family Flaviviridae. 

E2, one of the envelope glycoproteins (gp) of CSFV is an important target for 

immune response during virus infection. The current antigenic domain model of 

CSFV E2 comprises four distinct antigenic domains (A, B, C and D). Recent epitope 

mapping approaches with small peptides have revealed the existence of three linear 

epitopes within the domains. However, the results were limited to the discovery of 

linear epitopes and information about discontinuous epitopes remained elusive. To 

supplement the existing knowledge about the epitopes on CSFV E2, an improved 

technique for the mapping of Pestivirus proteins was required. 

To preserve the correct glycosylation and three dimensional protein structures 

chimeras were established in which the major domains A and BC were replaced by 

corresponding fragments of the E2 of another Pestivirus, namely Bovine viral 

diarrhea virus (BVDV). The two viruses are closely related and in natural infection 

cross-reactive antibodies occur. These chimeras were then used for the 

characterization of a set of monoclonal antibodies (mabs). 

In the next step the mabs were tested for their binding abilities on protein mutants in 

which particular amino acids were changed to destroy putative epitopes. The mab 

specific reactivity patterns were compared to those on virus infected cells and on 

cells recombinantly expressing the whole CSFV E2 protein. Additionally Western 

Blots were performed to gain information about the linear or conformational nature of 

epitopes involved in interaction with the mabs. 

In this study it was possible to demonstrate the existence of an epitope DLQLN (aa 

725 to 729), which is presumably part of an overlapping linear and a discontinuous 

epitope and is accessible in the native protein. Also other regions on CSFV E2 

comprise overlapping linear or discontinuous epitopes. Mabs have been identified 

that react with the CSFV specific linear epitope TAVSPTTLR (aa 829 to 837). In 

addition others mabs have been identified that bind to TAVSPTTLR as part of a 

discontinuous epitope. 

Furthermore it can be predicted from the results that CSFV E2 contains at least 14 

epitopes with linear or discontinuous structures. 
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The results suggest that the traditional model comprising four domains, namely A, B, 

C, and D has to be revised. Dividing CSFV E2 in three domains would bring the 

modified model in agreement with the domain models of the other Flaviviridae which 

consist mainly of three antigenic regions. 

The improved domain and epitope map established in this study yields advanced 

knowledge of the major immunogenic domains and epitopes on CSFV E2. On this 

basis the development of advanced vaccines, e.g. life chimeric marker vaccines and 

their corresponding serological tests is possible. 

The combined results lead therefore away from a rough domain map of CSFV E2 to 

a map that comprises distinct locations of epitopes. 



Introduction and objectives 

3 

2 Introduction and objectives 

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

boar caused by Classical swine fever virus (CSFV). CSFV, together with Bovine viral 

diarrhea virus (BVDV) and Border disease virus (BDV), constitutes the genus 

Pestivirus within the Flaviviridae family. Other members of the Flaviviridae family 

include the genus Flavivirus, such as Yellow fever virus or West Nile virus and 

Hepatitis C virus, a Hepacivirus. 

The envelope gp E of all Flaviviridae is an important target for immune response 

during virus infection. The protein domain model for most members of this virus 

family comprises three domains: I, II and III. 

In CSFV, the corresponding protein to the Flaviviridae E protein is the E2 envelope 

gp. E2 is the major immunogenic protein. Competition and antigen capture assays 

have been applied to establish the current domain model for CSFV E2. In contrast to 

other Flaviviridae the model comprises four distinct antigenic domains: A, B, C and 

D. Subsequent studies have identified the distinct amino acid locations of the 

domains and recent investigations have revealed the existence of three linear 

epitopes within the domains. 

Limited results from techniques involving short peptides from Pestivirus proteins 

suggest that most epitopes on E2 are not linear, but in fact discontinuous. Since 

most epitope mapping techniques make use of truncated proteins or peptides which 

often will destroy discontinuous epitopes, more sophisticated techniques have to be 

applied for the epitope mapping of Pestivirus proteins. These approaches should use 

the entire protein in which the natural three-dimensional structure is maintained. 

It has been shown with Pestivirus vaccines that it is possible to successfully design 

and apply chimeric vaccines in which whole viral proteins are replaced with the 

corresponding protein of other pestiviruses. Here the fact has been used that due to 

the close relationship of CSFV and BVDV frequently cross-reactive antibodies occur. 

For an epitope mapping this has to be scaled down, replacing only single domains of 

the protein instead of the whole structure. 

This new approach can be used to improve the CSFV E2 domain model in order to 

compare it with the existing domain model of Flaviviridae. 

In addition an improved and detailed domain model can be used for marker vaccine 

development and for development of corresponding serological tests that 
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discriminate between vaccinated and infected animals. For this purpose it is vital to 

know which epitopes of E2 are involved in the interaction with the host.  

 

This study aimed to establish and apply a technique which allows the mapping of 

domains and discontinuous epitopes of CSFV and other pestiviruses. The 

application may supplement the existing knowledge about the antigenic properties of 

CSFV E2 and lead to a more detailed epitope map than the existing one. 
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3 Literature 

3.1 Classical swine fever virus 

3.1.1 Taxonomy 

CSFV is the causative agent of Classical Swine Fever, a highly contagious disease 

of domestic pigs and wild boar. CSFV forms, together with Bovine viral diarrhea virus 

1, Bovine viral diarrhea virus 2 and Border disease virus the genus Pestivirus within 

the Flaviviridae family (Wengler et al., 1995). In addition to the pestiviruses, also the 

genera Flavivirus and Hepacivirus belong to the Flaviviridae family (Pringle, 1999). 

Genus Flavivirus comprises over 70 viruses many of which, such as Yellow fever 

virus, Tick-borne encephalitis virus, Dengue virus, and West Nile virus are important 

human pathogens (Kuno et al., 1998). Animal pathogens from the genus Flavivirus 

are Louping ill virus, Wesselsbron virus of sheep or Usutu virus of birds. Genus 

Hepacivirus consists of Hepatitis C virus (Bradley, 1992). Many flaviviruses are 

transmitted by arthropods, such as ticks or mosquitoes. Together with arthropod 

born (“arbo”) viruses from other families or orders these viruses are called 

Arboviruses. 

There is no serological relationship of pestiviruses to the members of the other 

Flaviviridae genera. 

In cell culture, most CSFV strains and isolates are non-cytopathic. Cytopathogenic 

effects, commonly seen from other members of the pestiviruses, such as certain 

BVDV strains, are rare and have been attributed to the existence of an increased 

amount of the viral protein NS3 (Mittelholzer et al., 1997).  

Comparison of nucleotide sequences of viral genomes are used to determine the 

relatedness of different virus isolates. Four regions of the genome can be used for 

phylogenetic analysis: Parts of the 5’ non-translated region (5’NTR) (Greiser-Wilke et 

al., 1998), Npro (Becher et al., 1997), E2 (Lowings et al., 1996) or NS4B (Bjorklund et 

al., 1999). 

Accordingly, CSF viruses are divided into three genetic groups with three to four 

subgroups: 1.1, 1.2, 1.3; 2.1, 2.2, 2.3; 3.1, 3.2, 3.3, 3.4 (Paton et al., 2000). 

Traditionally, viruses from genotype 1 used to be endemic in Europe. Analysis of the 

past outbreaks show that nowadays most viruses in Europe belong to genotype 2 

(Anonymous, 1999). 
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3.1.2 Morphology 

The spherical CSF virus particles have an electron-dense inner core structure of 

about 30 nm. The virions are coated by an envelope, with diameters ranging 

between 40 and 50 nm (Horzinek et al., 1967; Wengler et al., 1995) (Figure 1). The 

genome consists of a single positive-stranded RNA of approximately 12.3 kb. It 

contains one single open reading frame (ORF), framed by 5’ and 3’ noncoding 

regions (Collett et al., 1991; Moormann et al., 1996). The ORF is translated into an 

unsegmented polyprotein that is co- und posttranslationally cleaved into mature 

structural and non-structural proteins by host-cell and virus encoded proteases 

(Rumenapf et al., 1993). 

       Figure 1: CSFV Virus particle 

 

3.1.3 Viral proteins 

The genome of CSFV is coding from the 5’ to 3’ end for 11 proteins. These are Npro, 

C, Erns, E1, E2, p7, NS2-3, NS4A, NS4B, NS5A, NS5B. The structural protein C 

forms the nucleocapsid, while Erns, E1 and E2 together form the virus envelope. The 

other virus proteins, Npro, p7, NS2-3, NS4A, NS4B, NS5A and NS5B are non-

structural proteins (Figure 1 and Figure 2) (Thiel et al., 1991). 

 

3.1.3.1  Non-structural proteins 

Npro: This 20 kDa non-structural protein is a Pestivirus specific protein with 

autocatalytic properties. It is responsible for the first cleavage event in Pestivirus 

biogenesis by cleaving itself from the polyprotein (Wiskerchen et al., 1991; Stark et 

al., 1993). 

lipid membrane

E2

Erns

E1
RNA

C
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Figure 2: Segmented virus genome of CSFV E2 with genes coding for structural and non-

structural proteins (modified from Meyers and Thiel, 1996) 

 

p7: This small non-structural protein is named after its size of 7 kDa. Cleavage 

between E2 and p7 is not always complete, resulting in a E2-p7 form (Elbers et al., 

1996; Harada et al., 2000). 

E2-p7 is dispensable for both viral RNA replication and generation of infectious 

virions, while the existence of p7 itself is required for viral replication and production 

of progeny virus. Although the function of p7 is not yet fully understood, there are 

speculations about a role of p7 in the release of infectious progeny virus (Harada et 

al., 2000). 

 

NS2-3: This 125 kDa protein is in most pestiviruses partially processed in NS2 and 

NS3 (Collett et al., 1991; Meyers et al., 1991). However, after infection with non-

cytopathic CSFV or non-cytopathic BVDV strains only small amounts of NS3 can be 

detected. In cells infected with cytopathic BVDV the level of NS3 is generally at least 

as high as the level of NS2-3 (Thiel et al., 1991; Becher et al., 1994). NS3 is also a 

protease and is responsible for the cleavage of the viral polyprotein downstream of 

NS3 and requires NS4A as a cofactor (Tautz et al., 1997). Monoclonal antibodies 

(mabs) directed against NS3 generally recognize conserved epitopes and their 

reactivity pattern is considered pan-Pestivirus specific (Peters et al., 1986). 

 

NS4A: The non-structural protein NS4A is 10 kDa in size and functions as a cofactor 

for NS3 (Failla et al., 1994; Tautz et al., 1997; Xu et al., 1997). 

 

Npro C Erns E1 E2 p7 NS2-3 NS4A NS4B NS5 A-B

NS2 NS3 NS5A NS5B

5‘ 3‘

structural proteins

non-structural proteins
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NS4B: NS4B has a molecular weight of 32 kDa and might play a role as a cofactor in 

cytopathogenicity in some pestiviruses (Qu et al., 2001). 

 

NS5A: NS5A has been shown to be a serine phosphoprotein that is associated with 

cellular kinases (Reed et al., 1998). Recent findings suggest that NS5A is a zinc-

binding protein with function in RNA replication (Tellinghuisen et al., 2006). 

 

NS5B: NS5B has a molecular weight of 75 kDa and RNA dependent RNA 

polymerase activity (Meyers et al., 1989; Zhong et al., 1998). A part of NS5B 

comprising 409 nucleotides (nt 11158 to 11566) can be used for phylogenetic 

analysis (Bjorklund et al., 1999; Paton et al., 2000). 

 

3.1.3.2  Structural proteins 

C: The core protein (C) is located between the N-terminal protease Npro and the gp 

Erns and has a size of 14 kDa. Apart from forming the nucleocapsid, it plays a role in 

packaging of viral RNA (Thiel et al., 1991). 

 

Erns: The gp Erns is a structural protein that is usually present in its homodimeric form 

(Weiland et al., 1990). It lacks a typical membrane anchor and is therefore secreted 

from the infected cell (Weiland et al., 1992; Rumenapf et al., 1993). Virus infection 

induces low titers of anti Erns antibodies that are weakly neutralizing (Schneider et 

al., 1993; Konig et al., 1995). Apart from being a structural protein, Erns is in addition 

a virion-associated and -secreted RNase that is involved in virulence (Schneider et 

al., 1993; Meyers et al., 1999) and has no counterparts in other Flaviviridae. 

 

E1: E1 is a 25 kDa gp which forms heterodimers with E2 (Rumenapf et al., 1993). No 

detectable antibodies are being induced by E1 during infection. Compared to the 

other pestiviral surface gp, the function of E1 is less well understood. However, 

mutations in the C-terminal domain of E1 affect virulence in swine (Risatti et al., 

2005). 

 

E2: The E2 protein is a major component of the virion and forms together with Erns 

and E1 the virus envelope. E2 is located between aa 690 and 1060 of the 

polyprotein (Meyers et al., 1989). E2 has a molecular weight of 51 to 55 kDa 
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(Rumenapf et al., 1993) and has one hydrophobic membrane anchor (van Zijl et al., 

1991; Rumenapf et al., 1993). 

E2 is present as a disulfide-linked complex, either as E2 homodimer (Rumenapf et 

al., 1991) or as E1-E2 heterodimer (Weiland et al., 1990; Thiel et al., 1991). 

Cysteines in the C-terminal half of E2 lead to intermolecular disulfide bonds, 

whereas cysteines in the N-terminal half form intramolecular disulfide bonds (van 

Rijn et al., 1994). 

Along with other Pestivirus proteins, the E2 gp is considered essential for replication 

as virus mutants containing partial or complete deletions of the E2 gene are non 

viable (van Gennip et al., 2002). 

Together with Erns and E1, E2 plays a role in viral adsorption to host cells (Hulst and 

Moormann, 1997; Wang et al., 2004). 

During virus infection, E2 is the one of the main targets for the host’s immune 

response. Lower titers of antibodies are produced against Erns and NS3. However, 

antibodies directed against E2 alone are sufficient for protective immunity (Weiland 

et al., 1992; van Rijn et al., 1996; de Smit et al., 2001; van Gennip et al., 2002). 

Therefore, E2 is a prime candidate for recombinant vaccine development.  

 

For the antigenic properties of CSFV E2 see 3.2.4. 

 

3.1.4 Infection and clinical signs 

The main route of field infection is oronasal by direct or indirect contact with infected 

pigs or by feeding of virus contaminated feed (e.g. swill). In areas with a high density 

of pigs, spread of virus easily occurs between neighboring pig holdings (Fritzemeier 

et al., 2000). Disease transmission via semen of infected boars may also occur 

(Floegel et al., 2000). 

The incubation period in individual animals is about one week to ten days. The 

severity and kind of clinical signs are variable and depend amongst other factors on 

animal age. Young animals are more severely affected than old ones. Under field 

conditions clinical symptoms may become evident in a holding only two to four 

weeks after virus introduction or even later if only adult breeding pigs are concerned 

(Laevens et al., 1999). 

In addition to the age of the affected animal, the virulence of the CSF virus isolate 

determines the outcome of the disease. However, the virulence of a CSFV isolate is 
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difficult to determine, as the same isolate can cause different forms of the disease 

(Mittelholzer et al., 2000). 

Over the recent years, the virulence of CSFV in the field has changed and led to a 

different form of the disease’s appearance. CSF used to be a peracute to acute 

disease with a short incubation period and high mortality rates (Dunne, 1973). This 

has changed as the peracute form has disappeared and the acute kind no longer 

reaches high mortality rates (Meyers and Thiel, 1996). 

Three clinical forms of classical swine fever can be distinguished: The acute, the 

chronic and the prenatal form (Wensvoort and Terpstra, 1985). 

 

Acute form 

The acute form of CSFV is mostly seen in weaners and fattening pigs. Initial signs 

are anorexia, lethargy, fever, conjunctivitis, swollen lymph nodes, respiratory signs 

and constipation followed by diarrhea. In addition, neurological signs like staggering 

gait, uncoordinated movement and convulsions occur frequently. In the second or 

third week after infection the CSF typical haemorrhages of the skin can appear, 

usually on the ear, tail, abdomen and the inner side of the limbs. Virus is shed in 

saliva, urine and faeces from the onset of clinical signs until death (Moennig et al., 

2003). Due to severe leucopenia and immunosupression, secondary enteric or 

respiratory infections can occur which can then be misleading for the farmer or 

veterinarian (Depner et al., 1999). 

 

Chronic form 

The chronic course of infection occurs when pigs are nor able to develop an effective 

immune response against the virus. Animals developing the chronic infection shed 

virus constantly from the onset of clinical signs and survive 2 to 3 month until they 

die. The mortality is 100 %. 

The initial signs of infection are similar to the acute form, followed by unspecific 

symptoms. In contrast to the acute form no haemorrhages are seen. During chronic 

infection, antibodies to CSFV may be temporarily detected in serum samples. 

 

Prenatal form 

Due to the anatomical structure of the mammalian placenta, all pestiviruses including 

CSFV are able to cross the placenta of pregnant sows and to infect the fetus 
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(Moennig and Plagemann, 1992). Antibodies can not be transferred from the 

pregnant sow to the fetus (Meyers and Thiel, 1996). Whereas the signs in sows are 

often subclinical, the outcome of transplacental infection depends on the time of 

gestation and virus virulence. Infection during early pregnancy may result in 

abortions and stillbirths, mummification and malformations. 

Infection between 50 and 90 days of pregnancy can lead to birth of persistently 

infected pigs. Those animals might not show any clinical signs in the beginning and 

may survive several months, but they shed large amounts of virus and therefore may 

play a role as virus reservoirs and in spreading of the disease. 

 

3.1.5 Epidemiology 

The distribution of CSFV is worldwide, but some countries, e.g. Australia, New 

Zealand and the USA were able to effectively eradicate the virus (Edwards et al., 

2000). 

However, it was not possible to eradicate CSF in Europe. The disease is still a major 

cause of economic loss for pig farmers throughout the EU. In early 1997, a major 

outbreak centered in The Netherlands resulted in the slaughter of more than 11 

million pigs, with costs estimated at about two billion Euros (Terpstra and de Smit, 

2000). The recurrence and spread of CSF outbreaks in domestic pigs in Europe are 

facilitated by more than one factor. The recurrence of the disease is often due to 

illegal feeding methods, e.g. swill feeding. Once the virus is introduced again, the 

changes in the agriculture system over the recent years, like greater geographical 

concentration of pig farms, a single open market within the EU and the resulting 

increase of movements of pigs trigger the spread of the virus. 

The growing population of wild boar plays also a crucial part in CSFV reintroduction 

in domestic pig. After their infection with CSFV through e.g. the uptake of CSFV 

contaminated food, the wild boar present a reservoir of the virus and are able to 

reintroduce CSF to domestic pig populations. 80 % of the primary outbreaks of CSF 

in domestic pigs occurred in regions where CSF was endemic in wild boar. Early 

recognition of new outbreaks in wild boar are difficult, because the clinical picture of 

sub acute or even sub clinical forms of the disease is even more pronounced. Thus, 

controlling CSF in wild boar is an indispensable prerequisite for keeping domestic 

pigs free of CSF (Fritzemeier et al., 2000; Moennig et al., 2003). 



Literature 

12 

3.1.6 Eradication 

Currently a non-vaccination policy is implemented in the EU. Instead of vaccination 

strict control measures apply, e.g. killing of infected suspect and contact animals and 

movement restrictions. However, the current EU Council Directive 2001/89/EC 

(Anonymous, 2001) allows emergency vaccination under certain circumstances, e.g. 

if it is a reasonable measure to prevent the virus from spreading in areas with high 

pig density. 

 

3.1.7 Vaccination 

There are different kinds of CSFV vaccines available: 

Live attenuated vaccines make use of attenuated virus strains established during the 

last 60 years. The most effective strains are C, GPE-, Thiverval and PAV-250. They 

are safe tools for prophylaxis and usually provide livelong immunity (de Smit et al., 

2001). However, the differentiation of infected and vaccinated animals is not possible 

with these vaccines. As a consequence, such animals and their products would be 

banned from international trade for about 18 month (Greiser-Wilke and Moennig, 

2003; Moennig et al., 2003). 

Due to ongoing problems with CSFV infection originating from wild boar, some field 

trials were conducted using C-strain as live vaccine for wild boar (Kaden et al., 

2000). Since intramuscular vaccination is not possible, oral vaccination has to be 

performed. This requires a live vaccine applied by baits. One of the disadvantages of 

this vaccine is that baits are mainly taken up by adult animals, which develop a good 

immunity, but young animals are not easily reached. Another drawback of this 

vaccine is that also no differentiation between vaccinated and infected animals can 

be made. Due to these circumstances the development of a vaccination is necessary 

which allows the differentiation of those animals. 

Several possibilities arise for the development of marker or so called DIVA 

(Differentiation of Infected and Vaccinated Animals) vaccines. One could use only 

small parts of the virus, e.g. single expressed proteins (Hulst et al., 1993; Moormann 

et al., 2000), proteins with deletions (van Rijn et al., 1996; van Rijn et al., 1999; van 

Gennip et al., 2002) or only parts of proteins, like single peptides (Dong and Chen, 

2005; Dong and Chen, 2006). Another approach are DNA vaccines (Hammond et 

al., 2001; Yu et al., 2001), using viral DNA incorporated in a plasmid vector. It is also 
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possible to induce protection with deletion mutants of the whole virus (van Gennip et 

al., 2002) or with chimeric viruses (van Gennip et al., 2000; de Smit et al., 2001). 

Chimeric viruses, which are a promising approach for life marker vaccines, are 

based on infectious clones of the CSFV C-strain vaccine in which one of the major 

antigenic proteins, Erns or E2, or only parts of them, are replaced with the 

corresponding parts of BVDV (de Smit et al., 2001) or vice versa (Reimann et al., 

2004). 

 

3.2 Epitopes and epitope mapping 

3.2.1 The different types of epitopes 

The word epitope derives from the Greek epi, meaning "upon", and topos, "place". 

An epitope, or antigenic determinant, is defined as the site on an antigen at which an 

antibody binds. Knowledge of the difference between the epitopes is of significance 

in immunological applications and in vaccine design. The surface of a protein is 

made up largely through the folding of the amino acids comprising the protein. The 

area of the antigen which interacts with the active part of an antibody could thus 

either consist of amino acids which are close together in the primary sequence of the 

protein, or of amino acids which are separated in the primary sequence, but are 

brought together as a result of folding of the protein to its native three dimensional 

structure. 

 

Continuous (= linear or sequential) epitopes: 

A linear epitope consists of about 6 to 10 adjacent amino acids on the primary 

sequence of a protein (Figure 3). 

 

Figure 3: Linear epitope 

 

In a denatured protein only linear epitopes are recognized. Therefore in denaturing 

SDS gel electrophoresis and Western Blots, resulting in a linearized protein, 

Yantibody

proteinlinear epitope



Literature 

14 

antibodies that recognize linear epitopes are being used. However, an antibody that 

recognizes a linear epitope on the surface of a protein in its natural structure will 

work well in both non-denaturing and denaturing protocols. 

Sometimes a linear epitope is not accessible in the native form of the protein (Yu et 

al., 1996) due to its location on the inside of a fold or grove of a protein, or due to its 

proximity to e.g. a membrane anchor. The epitope is then inaccessible to the 

antibody in a non-denaturing assay, such as immunoprecipitation. 

 

Discontinuous (= assembled or conformational) epitopes: 

Discontinuous epitopes consist of amino acids that are not arranged sequentially. 

These epitopes are discontinuous and are formed as a result of the higher 

organization (secondary, tertiary) of the protein. The antibody recognizes a three-

dimensional structure that is created through folding or modification by e.g. 

glycosylation or dimerisation (Figure 4). 

After denaturation or digestion into small fragments, the peptides corresponding to 

the amino acid sequences of the discontinuous epitopes can usually no longer be 

recognized by an antibody that is directed against a discontinuous epitope. Only if 

the amino acids forming the antibody’s binding site are situated very closely together 

and therefore can still form the epitope within a small fragment of the protein, the 

recognition by the antibody is possible. 

Discontinuous or assembled epitopes are often termed "conformational". As all 

antigen-antibody binding involves a particular conformation of the antigen, the use of 

this term is therefore not specific enough. 

 

Figure 4: Discontinuous epitope 

 

Different linear and discontinuous epitopes can be part of an antigenic domain of a 

protein. A domain is considered a region or unit of a protein which can have 

individual properties, such as hydrophilic, hydrophobic or immunogenic. 

Y

antibody
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3.2.2 Techniques for epitope mapping 

In contrast to the amino acid sequence (primary structure) the detailed 3-dimensional 

structure of many proteins is not known. The 3-D structure of proteins is only 

revealed by crystallographic methods, such as X-ray crystallography. Also NMR 

(Nuclear Magnetic Resonance) methods are becoming increasingly popular and may 

provide an alternative source of structural information. 

Mapping epitopes by resolving the structure of antigen-antibody complexes using 

crystallography is impractical in the majority of cases. The antigen crystal on its own, 

which is available for some proteins, does not contribute to the knowledge about the 

protein’s epitopes, because the 3-D structure does not depict the explicit antibody 

binding site and its conformation. It only gives information about the 3-D structure of 

the whole protein. For gaining knowledge about the antibody binding sites, antigen-

antibody crystals of the particular protein have to be made. This procedure is very 

difficult and time-consuming. Therefore, a number of other methods are usually used 

to uncover the nature of epitopes. 

 

Competition assays 

Mabs with defined molecular specificity are tested for their competition concerning 

the binding to one protein or one epitope. One unmodified mab is incubated with the 

protein and then a labeled mab is added. If the second antibody is still capable of 

binding the target protein, it can be assumed that both mabs are directed against 

different epitopes. If both mabs are directed against the same or a close-by epitope, 

the second antibody cannot bind the protein because its binding site is already 

occupied. Inhibition of mabs is often bidirectional, but can be as well unidirectional 

(Wensvoort, 1989; Greiser-Wilke et al., 1991). 

Depending on the number of mabs tested, competition assays give information about 

a number of epitopes, but not about their precise location. It has also to be 

considered that antibodies may induce conformational changes which result in the 

loss of antibody binding, and also the bulkiness of the antibody molecule may 

sterically prevent binding of other antibodies to non-overlapping sites. Labeling with 

peroxidase may even increase the antibodies’ bulkiness (Heinz, 1986). The 

competition assay is a good method for first approximate estimations about the 

antigenic structure of a protein, but can not give detailed information. 
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Truncated proteins 

Specific mabs are tested for their ability to react with fragments of an 

immunoreactive protein (Slater-Handshy et al., 2004). Fragments are usually 

designed to be overlapping, so that the possibility of destroying epitopes being 

located on the terminal part of the protein is diminished. Epitope mapping involving 

truncated proteins is a convenient technique for detection of linear epitopes or 

discontinuous epitopes deriving from sequences that are relatively adjacent, but it 

can not be used for discontinuous epitopes that are formed by folding from distant 

protein regions. 

 

Deletion or exchange mutants 

The establishment of deletion mutants (van Rijn et al., 1993; Widjojoatmodjo et al., 

2000; Renukaradhya et al., 2002) or exchange mutants (van Rijn et al., 1994) is 

often the next step in epitope mapping after the examination of antibody binding to 

truncated proteins. Such mutants can be used to narrow down the binding region to 

an actual antibody binding site. The aim is to destroy the epitope through deletion or 

exchange of one or more crucial amino acids. A negative result in the antibody 

binding screening of the mutant would indicate that the epitope was indeed 

destroyed or modified so that the interaction with an antibody is hindered. Also whole 

parts of proteins can be deleted, but this leads to usually undesired modifications of 

the protein’s secondary and tertiary structure. The technique gives therefore only 

approximate results and it is not commonly used for epitope mapping. 

Potential sites within the protein for deletion or exchange of amino acids can be 

predicted with computer assisted analysis, such as hydropathy plots, alignments or 

folding prediction models. The deletion or exchange can then be accomplished by 

PCR generated site-directed mutagenesis. 

 

Neutralization escape mutants 

Neutralization escape mutants are subpopulations that arise under selection 

pressure. They are not longer neutralized by an antibody that could trigger there 

neutralization before. These mutant viruses are sequenced and compared to their 

not mutated ancestors. The sequence in which the mutant virus differs from the other 

viruses is then predicted as crucial for forming the binding site of the neutralizing 

antibody (Wensvoort, 1989; Paton et al., 1992; Deregt et al., 1998; Modis et al., 
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2005). Being precise in predicting the exact location of neutralizing epitopes, this 

technique can not be applied to non-neutralizing epitopes. 

 

Peptide scan 

One of the methods widely used is the creation of synthetic fragments (peptides) of 

the protein antigen, which can be similar enough to the homologous parts of the 

whole antigen to permit binding by the antibody. The peptide scan procedure 

(Geysen et al., 1984) involves the synthesis of hundreds of peptides on solid 

supports to react in an enzyme-linked immunosorbent assay (ELISA). Interaction of 

synthesized peptides with antibodies can be detected without removing them from 

the support. Although being generally a convenient technique, the use of peptides to 

define epitopes through antigen-antibody interaction is limited to linear epitopes 

(Dong et al., 2005; Dong and Chen, 2006; Tarr et al., 2006). 

 

Phage display 

Epitope mapping by phage display is achieved using phage-displayed peptide 

libraries (Smith, 1985). These are established by mixtures of random 

oligonucleotides, so called mimotopes, peptide mimics of epitopes that are cloned 

into phage display vectors. Each peptide is expressed on the surface and allows the 

binding of the appropriate mab. Antigen–antibody complexes are then identified by 

the “biopanning” procedure, in which the complex is selected, rescued and the 

antigen sequence amplified. After that the antigen is sequenced to reveal the amino 

acid sequence of the epitope. The phage clone can then be used for amplification in 

E. coli, so that the DNA sequence can be determined. The technique has been 

applied in HIV type 1 (Keller et al., 1993), Hantavirus (Heiskanen et al., 1999), 

Hepatitis B virus (Folgori et al., 1994), Hepatitis C virus (Prezzi et al., 1996) Measles  

virus (Deroo et al., 1998) and Japanese encephalitis virus (Lin and Wu, 2004). A 

successful approach for mapping of discontinuous epitopes in pestiviruses is still 

missing. 

 

Escherichia coli cell surface display 

A related technique to peptide scan and phage display, but not as common, is E. coli 

cell surface display. A random library of gene fragments is generated by DNase I 

cleavage and cloned into a specially designed bacterial surface display vector. A 
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carboxyterminal truncated intimin, an adhesin from enteropathogenic E. coli, serves 

as a carrier protein to present foreign peptides on the surface of E. coli cells. 

Epitope-presenting cells are then isolated by immunofluorescence staining of the 

bacterial cell population with monoclonal antibodies directed against the protein that 

is screened. These cells are then selected by fluorescence-activated cell sorting 

(FACS). FACS-positive clones are sequenced, which allows the identification of the 

respective sequence of the linear epitope (Christmann et al., 2001). 

 

Proteolytic cleavage 

One rarely used method involves proteolytic cleavage of the protein. An antibody 

bound to a protein antigen is thought to decrease the rate of proteolytic cleavage of 

the antigen. Thus, an epitope could be identified by the ability of the antibody to 

protect one region of the antigen more than others from proteolysis (Jemmerson and 

Paterson, 1986). 

 

3.2.3 Epitope mapping on the envelope gp of some Flaviviridae 

The envelope gp (gp E) of the Flaviviridae is the major surface antigen involved in 

viral attachment, fusion, penetration, cell tropism, and virulence. Conservation of 

cysteine residues and similar hydrophobicity profiles suggest a folded structure of gp 

E common for all Flaviviridae and Hepatitis C virus. The gp E ectodomain is divided 

into 3 domains: a central domain (domain I), a dimerization domain (domain II) and 

an IgG-like domain (domain III) (Burke and Monath, 2001). Epitope mapping 

approaches for some of the most important Flaviviridae are described in the next 

paragraphs. 

Recently, three epitopes that induce Flavivirus cross-reactive mabs were identified 

by computer-predicted homology model and site directed mutagenesis. Two of these 

epitopes, which are recognized by monoclonal antibodies, contain overlapping 

continuous residues. The third epitope consists of discontinuous residues that are 

structurally related to a conserved tryptophan from dengue-2 gp E (Crill and Chang, 

2004). 
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Yellow fever virus  

In an early study monoclonal antibodies were used in a competition binding assay to 

locate the relative positions of the epitopes on gp E of Yellow fever virus (YFV) 

(strains 17D vaccine and Asibi). Five topographically distinct antigenic domains were 

defined on gp E of the vaccine strain. Three of these (A, B, and C) were represented 

by one mab each, a fourth (D) was represented by two mabs, and a fifth domain (E) 

comprised a major cluster of at least five overlapping epitopes. The Asibi strain also 

possessed domain E, which was proposed to be a conserved antigenic region within 

the envelope gp of all flaviviruses. Domains A and C were not found on the Asibi 

strain (Cammack and Gould, 1986). 

Antigenic regions C, A, and B have later been shown to correlate well with Flavivirus 

domains DI, DII, and DIII, respectively. DI and DIII (C and B) contain predominately 

subcomplex- and type specific epitopes, whereas DII (A) contains the major 

Flavivirus group and subgroup cross-reactive epitopes which are sensitive to 

reduction and denaturation and are formed from discontinuous amino acid 

sequences (Mandl et al., 1989; Crill and Chang, 2004). 

 

Tick-borne encephalitis virus 

The three antigenic domains of Tick-borne encephalitis virus (TBEV) gp E are 

composed of 16 distinct epitopes. This was examined by sequencing of truncated 

fragments of gp E that were immunoreactive and showed interaction with 

neutralizing mabs. Results were confirmed through alignments of protein fragments 

derived from seven TBEV antigenic variants (Mandl et al., 1989). A crystal model for 

TBEV gp E is available and presents the most common basis for homology based 

structure modeling of other flaviviruses (Rey et al., 1995). 

 

Japanese encephalitis virus 

Like in other members of the genus Flavivirus, Japanese encephalitis virus (JEV) gp 

E consists of the three antigenic domains (Burke and Monath, 2001). Experiments 

with phage display technique uncovered the existence of a conformational epitope in 

domain III of the Japanese JEV gp E with the conserved motif X1(D/E)(Y/T/S)X2 (Lin 

and Wu, 2004). 
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Saint Louis encephalitis virus 

Competitive binding assays with 21 mabs revealed the existence of eight epitopes 

(E-1a, b, c, d, E-2, E-3, and E-4 a, b) on Saint Louis encephalitis virus (SLEV) gp E. 

The antibodies could detect strain differences between SLE viruses isolated from 

various geographic areas. The results indicated that the protein is a continuum of six 

overlapping domains (Roehrig et al., 1983). 

 

Dengue virus 

The antigenic domains of Dengue virus (DENV) were examined by expressing 

overlapping fragments of the DENV-2 virus gp E in E. coli. The proteins were then 

used to map epitopes or domains defined by a panel of 20 monoclonal antibodies by 

immunoblotting. Three distinct antigenic domains were detected within gp E. Domain 

III is the major antigenic site comprising neutralizing epitopes. Domain I comprises 

type-specific, but non-neutralizing epitopes, Domain II consist of both neutralizing 

and non-neutralizing epitopes. The neutralizing epitopes were all found to be 

associated with disulfide bridges (Megret et al., 1992). This finding is consistent with 

those for DENV-3, achieved with a crystal model (Modis et al., 2005). 

 

West Nile virus 

Comparative computer modeling proposes the existence of five epitope regions or 

sites on the envelope gp of West Nile virus (WNV) E2. However, experimental proof 

is missing so far (Vijayasri and Agrawal, 2005). 

 

Hepatitis C virus 

A 3-D model for the E2 protein of Hepatitis C virus (HCV) was established by 

computer assisted modeling, involving fold recognition models and hydropathy plots, 

but the antigenic structure concerning domains or epitopes could not be uncovered 

(Yagnik et al., 2000). Three unrelated epitopes and a fourth, major epitope, resulting 

from a clustering of minor epitopes were identified with a peptide library and 

competition assays by making use of non-neutralizing antibodies (Bugli et al., 2001). 

Later on, antibody competition tests and deletion mutants revealed the existence of 

three immunogenic domains on HCV E2, called A, B and C. Domain A contains 

conserved, conformational, non-neutralizing epitopes, and domains B and C 

comprise conformational, neutralizing epitopes with unknown distinct location (Keck 
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et al., 2004; Keck et al., 2005). Phage display technique has revealed the existence 

of a 12 amino acid comprising highly conserved linear neutralizing epitope (Tarr et 

al., 2006). 

 

3.2.4 Epitope mapping of CSFV gp E2 

The first domain model of CSFV E2 (strain Brescia) was established from 

competition and antigen capture assays. It proposed 13 epitopes situated in four 

distinct antigenic domains for CSFV E2: A, B, C and D. Domain A, being the most 

immunogenic region, was subdivided into three subdomains, A1, A2 and A3. 

Subdomain A1 and A2 are conserved and A1 is along with domains B and C 

involved in neutralization (Figure 5) (Wensvoort, 1989). All domains are located at 

the N-terminal end of the protein with domain A being located at C-terminal end from 

domains B and C. 

 

Figure 5: Domain model for CSFV E2 comprising four domains; A with sub domains 1 -3, B, 

C and D. The numbers indicate the antibodies that were used for this study (modified from 

Wensvoort, 1989). 
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A later study by van Rijn et al. revealed the locations of the four domains (Figure 6). 

The analysis of escape mutants revealed that cysteines at position 693 and 737 

were essential for mab binding of domains B and C, whereas the cysteines at 

position 792, 818, 828 and 856 were assumed essential for the binding of most 

mabs of domain A and D. The first six cysteines were believed to be critical for the 

correct folding of the whole E2 protein. Taking together the findings so far, an 

antigenic model was presented (Figure 7) (van Rijn et al., 1994). 

 

Figure 6: Locations of the four domains: domain B and one epitope of domain C are located 

between residues 690 and 773. All other epitopes of domain C are within aa 690 and aa 

800. The conserved epitopes of domain A are mapped between aa 766 and 866, the non-

conserved epitope of domain A is located between aa 766 and 813. Domain D, which is only 

represented by one mab, is located in the same region as the non-conserved epitope of 

domain A, between aa 766 and 800. It was suggested that two distinct antigenic regions are 

present on E2, one consisting of domains B and C and the other consisting of domain A (van 

Rijn et al., 1993). 

However, in a later studies the locations of the BC domain were predicted to be located 

between aa 693 and 746 and the location of domain A were indicated with the aa positions 

800 to 864 (van Rijn et al., 1996; van Gennip et al., 2002). 
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Figure 7: Antigenic model for CSFV E2 (strain Brescia) (van Rijn et al. 1994). Amino acids 

were grouped as hydrophobic (A, G, M, I, L, V, F, W, P), uncharged polar (N, Q, S, T, Y), 

charged (D, E, K, R, H) and cysteines (C). 

 

Because of limited results from techniques involving short peptides from Pestivirus 

proteins, most epitopes are believed to be conformational. Only three linear epitopes 

are known so far for CSFV E2. Within domain A a CSFV specific and strongly 

conserved linear epitope with the sequence “TAVSPTTLR” (aa 829 to 837) was 

identified (Lin et al., 2000). 

Protein fragments of CSFV E2 (strain Alfort 187) were expressed in E. coli and 

tested for binding of an antibody with reactivity with for various CSFV strains. 

Deletions within the protein then revealed the distinct location of the epitope (Lin et 

al., 2000). The results could be confirmed with phage display technique (Zhang et 

al., 2006). 

Recently another potential neutralizing linear epitope comprising the amino acids 

“CKEDYRY” (aa 693 to 699) was found in the BC domain by antibody-binding 

screening of overlapping peptides from this region (Dong and Chen, 2006). 

Another epitope with the amino acid motif “YYEP” (aa 994 to 997) was proposed 

within the C-terminal region by phage display and the use of overlapping synthetic 

peptides. It is not accessible in the native virus due to its close proximity to the trans-

membrane region of the protein (Yu et al., 1996). 
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4 Material and methods 

4.1 Material 

4.1.1 Monoclonal antibodies 

Mabs were prepared in the lab of Dr. M. Lin and Dr. A. Clavijo, National Centre for 

Foreign Animal Disease, Canadian Food Inspection Agency, Winnipeg, Manitoba, 

Canada and Institute of Virology, University of Veterinary Medicine, Hannover, 

Germany (TiHo). All mabs were from mouse and came as hybridoma supernatants. 

The mabs are listed in Table 1. 

 

Table 1: Monoclonal antibodies used in this study 

 
mab Virus raised against IgG  Source published 

CA1 BVDV NADL 1 TiHo (Bolin et al., 1988) 
CA3 BVDV NADL 1 / 2b TiHo (Bolin et al., 1988) 
     
CA34 BVDV 7443 2a TiHo (Bolin et al., 1988) 
CA39 BVDV 7443 1 TiHo (Bolin et al., 1988) 
     
CA72 BVDV Singer 1 TiHo (Bolin et al., 1988) 
CA73 BVDV Singer 1 / 2b TiHo (Bolin et al., 1988) 
CA80 BVDV Singer 1 TiHo (Bolin et al., 1988) 
CA82 BVDV Singer 1 TiHo (Bolin et al., 1988) 
     
CT2 BVDV 1138 FRG 2a TiHo unpublished 
CT3 BVDV 1138 FRG 2a TiHo unpublished 
CT6 BVDV 1138 FRG 2a TiHo unpublished 
     
PX1 BVDV 0712/80 1 / 2b TiHo unpublished 
     
PX7 BVDV NADL 2a TiHo unpublished 
PX8 BVDV NADL 2a / 2b TiHo unpublished 
PX14 BVDV NADL 2b TiHo unpublished 
PX18 BVDV NADL 2a TiHo unpublished 
     
HC34 CSFV Alfort 187 1 TiHo (Greiser-Wilke et al., 1990) 
HC36 CSFV Alfort 187 1 TiHo (Greiser-Wilke et al., 1990) 
HC37 CSFV Alfort 187 1 TiHo (Greiser-Wilke et al., 1990) 
HC43 CSFV Alfort 187 1 TiHo (Greiser-Wilke et al., 1990) 
     
HCTC3 CSFV Alfort 187 2b TiHo (Greiser-Wilke et al., 1990) 
HCTC16 CSFV Alfort 187 ? TiHo (Greiser-Wilke et al., 1990) 
HCTC18 CSFV Alfort 187 2b TiHo (Greiser-Wilke et al., 1990) 
HCTC30 CSFV Alfort 187 ? TiHo unpublished 
HCTC50 CSFV Alfort 187 2b TiHo unpublished 
HCTC54 CSFV Alfort 187 1 TiHo unpublished 
HCTC59 CSFV Alfort 187 2a TiHo unpublished 
HCTC62 CSFV Alfort 187 n.t. TiHo unpublished 
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HCTC63 CSFV Alfort 187 1 TiHo unpublished 
HCTC64 CSFV Alfort 187 2b TiHo unpublished 
HCTC65 CSFV Alfort 187 3 TiHo unpublished 
HCTC68 CSFV Alfort 187 1 TiHo unpublished 
     
1664 CSFV Alfort 187* 1 Lin unpublished 
1665 CSFV Alfort 187* 1 Lin unpublished 
1669 CSFV Alfort 187* 1 Lin unpublished 
1671 CSFV Alfort 187* 1 Lin unpublished 
1672 CSFV Alfort 187* 1 Lin unpublished 
1673 CSFV Alfort 187* 1 Lin unpublished 
1674 CSFV Alfort 187* 1 Lin unpublished 
1678 CSFV Alfort 187* 1 Lin unpublished 
1681 CSFV Alfort 187* 1 Lin unpublished 
1682 CSFV Alfort 187* 1 Lin unpublished 
 

*recombinant E2 protein; n.t.: not tested; ?: unclear 

 

4.1.2 Cells 

BSR-T7 

BSR-T7 cells are a clone of the BHK-21 (Baby Hamster Kidney) permanent cell line 

(kindly provided by Dr. G. Zimmer). They stably express T7 polymerase under the 

control of a cytomegalovirus promoter. The cells were maintained in Eagle’s minimal 

essential medium (EMEM) supplemented with 5 % FCS, 1% non-essential amino 

acids and 0.5 mg geneticin ml-1. 

 

PK15 

PK15 cells are a permanent porcine cell line derived from kidney cells. They were 

maintained in EMEM with 5 % FCS. 

 

SFTR 

SFTR are a permanent cell line that originated from sheep thymus. They were 

maintained in Dulbecco’s modified Eagle medium (EDulb) supplemented with 10 % 

FCS.  

 

FBK 

Fetal bovine kidney cells (FBK) were maintained in EDulb supplemented with 5 % 

bovine serum. 

 

All cell lines were from collections of the Institute of Virology, Veterinary University, 

Hannover. 
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4.1.3 Viruses 

All CSFV strains, BVDV NADL and BDV Gifhorn were from collections of the Institute 

of Virology, Veterinary University, Hannover (Table 2). 

 

Table 2: Viruses used in this study 

 

No. Original name 
Geno- 
type 

Year of 
isolation 

Country 
Genebank 
accession 

no. 

CSF0573 Parma98 2.2 1998 Italy - 

CSF0634 VI3837/38 2.3 1999 Germany - 

CSF0650 Guatemala HC/#4409 1.3 ? Guatemala - 

CSF0849  2.1 2005 
South 

Africa 
- 

CSF0902 Alfort 187 1.1 1968 France X87939 

CSF0905 Brescia 1.2 ? Italy M31768 

CSF0913 Riems 1.1 ? Germany AY259122 

 BVDV NADL    AJ133738 

 BDV Gifhorn    AY163660 
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4.1.4 Oligonucleotides 

All oligonucleotides were ordered and synthesized at MWG, Ebersberg, Germany. 

The concentration of oligonucleotides used for the PCR was 10 pmol/µl. The 

oligonucleotides used for this study are listed in Table 3. 

 

Table 3: Oligonucleotides used in this study 
 
CSFV sequences are printed in italics, BVDV NADL sequences bold and VSV G signal 

sequences are printed in bold italics. All CSFV oligonucleotides refer to CSFV Alfort 187, 

with exception of oligonucleotides 43 and 44, which refer to CSFV Riems. 

The underlined sequences in oligonucleotides 1, 4, 5 and 8 indicate restriction enzyme 

cutting sites, underlined triplets in oligonucleotide 25 – 38 indicate the place of amino acid 

exchange for the protein mutants. 

In oligonucleotide 39 and 40 the R stands for A or G, N stands for A, G, C or T and Y stands 

for C or T. 

 

# Primer Sequence 

1 VSV CSFV E2 5’ TTTT GAA TTC ATG AAG TGC CTT TTG TAC TTA GCC 3’ 

2 CSFV E2 2 5’ CTT GCA GGC TAG CTG TGG AAA AAC TAT GGT GAA CTT GC 3’ 

3 CSFV E2 3 5’ ACC ATA GTT TTT CCA CAG CTC GCC TGC AAG GAA GAT TAC 3’ 

4 CSFV E2 4 5’ TTTT CTC GAG TTA ACC AGC GGC GAG TTG TTC TGT TAA 3’ 

5 VSV BVDV E2 5’ TTTT ACT AGT ATG AAG TGC CTT TTG TAC TTA GCC 3’ 

6 BVDV E2 2 5’ TTT GCA ATC CAA GTG TGG AAA AAC TAT GGT GAA CTT GC 3’ 

7 BVDV E2 3 
5’ ACC ATA GTT TTT CCA CAC TTG GAT TGC AAA CCT GAA TTC 

TCG 3’ 

8 BVDV E2 4 5’ TTTT CTC GAG TTA CCC TAA GGC CTT CTG 3’ 

9 CSFV E2 BC 2 
5’ AGG TTT GCA ATC CAA GTG TGG AAA AAC TAT GGT GAA CTT 

GC 3’ 

10 CSFV E2 BC 3 5’ ACC ATA GTT TTT CCA CAC TTG GAT TGC AAA CCT 3’ 

11 CSFV E2 BC 4 5’ ACT GAC CAC ATT AAG TTG GAG GTA CAT TAA 3’ 

12 CSFV E2 BC 5 5’ TTA ATG TAC CTC CAA CTT AAT GTG GTC AGT 3’ 

13 CSFV E2 E 3 5’ AAA GTC ACA GCA AGA TGC ACG AGA 3’ 

14 CSFV E2 E 4 5’ TCT CGT GCA TCT TGC TGT GAC TTT 3’ 

15 CSFV E2 E 5 5’ GCC AAA CCC ATA GTC AAG GGA AAG 3’ 

16 CSFV E2 E 6 5’ CTT TCC CTT GAC TAT GGG TTT GGC 3’ 

17 CSFV E2 A 4 5’ CTT CCC TCT TAC AAC AGG ACT CGT 3’ 

18 CSFV E2 A 5 5’ ACG AGT CCT GTT GTA AGA GGG AAG 3’ 

19 CSFV E2 A 6 5’ GAA TAA ATC TTC CCC CAG ATT CTT 3’ 

20 CSFV E2 A 7 5’ AAG AAT CTG GGG GAA GAT TTA TTC 3’ 
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21 BVDV E2 A 4 5’ CTT TCC CTT GAC TAT GGG TTT GGC 3’ 

22 BVDV E2 A 5 5’ GCC AAA CCC ATA GTC AAG GGA AAG 3’ 

23 BVDV E2 A 6 5’ ATG GAG ATC CTC ATT TTC CAC TGT 3’ 

24 BVDV E2 A 7 5’ ACA GTG GAA AAT GAG GAT CTC CAT 3’ 

25 CSFV E2 BC E s  5’ CTC GGG GCC GAA GGT CTC ACC ACC 3’ 

26 CSFV E2 BC E as 5’ GGT GGT GAG ACC TTC GGC CCC GAG 3’ 

27 CSFV E2 BC GD s 5’ AAC CAC GGT TTG CAA CTG GAC GAC GGG 3’ 

28 CSFV E2 BC GD as 5’ CCC GTC GTC CAG TTG CAA ACC GTG GTT 3’ 

29 CSFV E2 BC G s 5’ AAC CAC GGT TTG CAA CTG AAT GAC GGG 3’ 

30 CSFV E2 BC G as 5’ CCC GTC ATT CAG TTG CAA ACC GTG GTT 3’ 

31 CSFV E2 BC D s 5’ AAC CAC GAT TTG CAA CTG GAC GAC GGG 3’ 

32 CSFV E2 BC D as 5’ CCC GTC GTC CAG TTG CAA ATC CTG GTT 3’ 

33 CSFV E2 BC PE s 5’ GCC TGC AAG CCT GAA TAC AGG TAC 3’ 

34 CSFV E2 BC PE as 5’ GTA CCT GTA TTC AGG CTT GCA GGC 3’ 

35 CSFV E2 BC SA s 5’ GAT TAC TCG TAC GCA ATA GCA TCA ACC 3’ 

36 CSFV E2 BC SA as 5’ GGT TGA TGC TAT TGC GTA CGA GTA ATC 3’ 

37 CSFV E2 BC I s 5’ AAT GAC GGG ACC ATA AAG GCC ATT 3’ 

38 CSFV E2 BC I as 5’ AAT GGC CTT TAT GGT CCC GTC ATT 3’ 

39 CSFV s 5’ AGR CCA GAC TGG TGG CCN TAY GA 3’ 

40 CSFV as 5’ CAC AGY CCR AAY CCR AAG TCA TC 3’ 

41 pTM1 s 5’ CCT CGG TGC ACA TGC TTT AC 3’ 

42 pTM1 as 5’ CTA GTT ATT GCT CAG CGG TGG CAG CA 5’ 

43 CSFV E2 TAV 2 5’ CTT GCA GGC TAG CCG TGG AAA AAC TAT GGT GAA CTT GC 3’ 

44 CSFV E2 TAV 3 5’ ACC ATA GTT TTT CCA CGG CTA GCC TGC AAG GAA GAT TAC 3’ 

 

 

4.1.5 E. coli 

Supercompetent E.coli XL1 blue were purchased from Stratagene (La Jolla, USA). 
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4.2 Methods 

4.2.1 Infection of cells with pestiviruses 

To examine the reaction of mabs with pestiviruses, assays in infected cells were 

performed. 

 

CSFV 

To gain information about reactivity patterns concerning CSFV strain specificity, 

binding abilities of mabs were examined on the reference strain for this study, CSFV 

Alfort 187 and additionally on strains Parma98, VI3837/38, Guatemala, CSF0849, 

Brescia and Riems. 

The strains were selected from the collections of the European Reference 

Laboratory, so that there was one virus from every major genotype. A specimen of 

genotype 3 was not available (Table 2). 

 

PK15 cells were incubated in 96-well plates (1.5 x 104 cells per well) for 24 h until a 

density of more than 90 % was reached and then infected with CSFV (moi = 1). After 

72 h the cells were fixed by high temperature treatment (3 h, 80°C). 

 

BVDV 

FBK cells were incubated in 96-well plates (104 to 1.5 x 104 cells per well) for 24 h 

until a cell density of more than 90 % was reached and then infected with BVDV 

NADL (moi = 1). After 24h the cells were fixed by high temperature treatment (3 h, 

80°C). 

 

BDV 

SFTR cells were incubated in 96-well plates (104 to 1.5 x 104 cells per well) and 

simultaneously infected with BDV Gifhorn (moi = 1). After 72 h the cells were fixed by 

high temperature treatment (3 h, 80°C). 

 

4.2.2 Peroxidase linked antibody assay 

For detection of reactivity of the mabs used in this study, a peroxidase linked 

antibody assay (PLA) was performed. 
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For this, the cells were grown in 96-well dishes and then infected or transfected. After 

the appropriate incubation time the cells were fixed by high temperature treatment (3 

h, 80°C). 

After fixation, the cells were incubated with hybridoma supernatants (dilution 1:2 in 

PBS or undiluted if experiments were repeated due to unclear or weak results, 

incubation for 2 h, room temperature (RT)). Subsequently, the second antibody, a 

biotinylated anti-mouse antibody from sheep, was added to the cells (Amersham, 

dilution 1:200 in PBS, incubation for 1 h, RT). This was followed by incubation with 

streptavidin-biotinylated peroxidase complex (Amersham, dilution 1:200 in PBS, 1 h, 

RT). Then AEC (3-amino-9-ethylcarbazole) was added as a substrate. 

After each working step the cells were washed three times with PBS diluted 1:3 in 

H2O. 

 

The samples were analyzed under a light microscope. Binding of mabs to the cell 

surface exposed protein was detected by a red staining. 

 

4.2.3 Construction of plasmids containing single full length genes by 

PCR 

Single full length genes of E2 from CSFV or BVDV E2, respectively, were cloned into 

a plasmid vector (pTM1) (Moss et al., 1990). pTM1 is a plasmid vector with a multiple 

cloning site between a strong T7 promoter and a T7 terminator, of which both are 

flanked by a thymidine kinase sequence from Vaccinia virus. Because the translation 

is cap-independent, pTM1 contains an IRES from Encephalomyocarditis virus. 

The plasmid vector pTM1 was kindly provided by Dr. G. Zimmer, TiHo, Hannover, 

Germany. To ensure the correct passage of the protein through the endoplasmatic 

reticulum, a signal peptide was required (Yu et al., 2001). The signal sequence of E2 

is located within the sequence of E1. To ensure that all results were E2 and not E1 

related, a heterologous signal sequence of the Vesicular stomatitis virus glycoprotein 

(VSV G strain Indiana, accession no. NC_001560, nt 3078-3146) was used (Kohl et 

al., 2004) (Figure 8). 

The target genes CSFV Alfort 187 E2, nt 2441 - 3559, or BVDV E2, nt 2462 - 3583, 

respectively, were amplified by PCR from a plasmid containing the complete genome 

of CSFV Alfort 187 or BVDV NADL (CSFV Alfort 187: obtained from Institute of 
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Virology and Immunoprophylaxis, Mittelhäusern, Switzerland; BVDV NADL: Institute 

of Virology, Veterinary University, Hannover). 

Figure 8: Constructs for expression of single viral proteins CSFV E2 and BVDV E2. The 

coding sequence for the signal peptide was taken from VSV G. Numbers indicate the primers 

used for PCR. 

 

Restriction enzyme cutting sites at the 5’ and the 3’ terminal end were added using 

specific primers. For the CSFV construct an EcoRI and for BVDV based construct a 

SpeI restriction enzyme cutting site was introduced at the 5’ end. All constructs had a 

XhoI restriction enzyme cutting site at the 3’ end. Additionally, a stop codon at the 3’ 

end was inserted.  

 

The BVDV E2 construct was kindly provided by Dr. Wiebke Köhl, TiHo, Hannover, 

Germany. 

3‘5‘
5 7

6 8

BVDV E2 full length construct

3‘5‘
1 3

2 4

CSFV E2 full length construct

signal

sequence

BVDV NADL E2

CSFV Alfort E2

signal

sequence
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4.2.3.1 PCR 

PCR is used to amplify specific regions of a DNA strand. It allows a small amount of 

DNA to be amplified exponentially (Mullis and Faloona, 1987). 

 

Thermo profile for PCR 

75°C ∞  

95°C 2 min  

95°C 30 sec 

52°C – 0,2°C 30 sec 

72°C 3 min 

9 cycles 

95°C 30 sec 

56°C 30 sec 

72°C 3 min + 10 sec 

                      

14 cycles 

72°C 5 min  

4°C ∞  

PCR was performed in a thermocycler (“T personal”, Biometra, Göttingen, Germany). 

 

 

Reagents for PCR: 

Pfu-Buffer 5 µl  

dNTP 1 µl  

matrice DNA x µl 50 – 100 ng 

Primer sense 2.5 µl 50 pmol 

Primer antisense 2.5 µl 50 pmol 

Pfu polymerase 1 µl  

H2O ad 50 µl  

Primers used in this reaction can be found in Table 3, Figure 8 and Figure 11. 

 

4.2.3.2 Agarose gel electrophoresis 

Agarose gel electrophoresis is used to separate DNA fragments according to their 

size. The DNA in the gel is visualized by ethidium bromide, which fluoresces under 

UV light when intercalated in the DNA. 
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Agarose gel electrophoresis can be used for analytic purposes (with TBE buffer) or 

for purification of amplicons after PCR (with TAE buffer). 

 

After each PCR the size of the fragments was checked by agarose gel 

electrophoresis (TBE buffer). If the fragment was used for further applications, e.g. 

hybridization, an additional gel electrophoresis with a TAE agarose gel and TAE 

buffer was performed to separate the PCR fragment from the template. TAE agarose 

gels for purification of fragments were not stained with ethidium bromide and not 

exposed to UV light. The DNA fragment was identified, excised from the gel and 

purified using QIAquick Gel Extraction Kit (QIAgen, Hilden, Germany). 

 

The agarose gel concentration for TBE and TAE gels was between 0.8 % and 1.2 % 

according to the size of the fragment. 

 

4.2.3.3 Hybridization 

After purification, the PCR products of CSFV E2 or BVDV E2, respectively, were 

hybridized each with the DNA fragment coding for the signal peptide of the VSV G 

protein and then amplified by PCR. 

The fragments were added to the reaction in a ratio of 1:1. If necessary the amount of 

small fragments like the VSV G was doubled. 

 

Thermo profile for hybridization: 

95°C 1 min  

95°C 30 sec 

58°C 30 sec 

72°C 3 min 

                       

2 cycles 

72°C 3 min  

72°C 5 min  

4°C ∞  

The hybridization was performed in a thermocycler (“T personal”, Biometra, 

Göttingen, Germany). 

To amplify the hybridized fragments, sense and antisense primers, dNTP and PfU 

polymerase were added and a PCR (3.2.3.1) performed. 



Material and methods 

35 

After the PCR, the size of the hybridized fragments were checked by agarose gel 

electrophoresis and purified with QIAquick PCR Purification Kit (QIAgen, Hilden, 

Germany). 

 

4.2.3.4 Digestion with restriction enzymes 

After purification the amplicons and the plasmid vector pTM1 were digested with 

restriction enzymes. 

 Restriction enzyme: Buffer: 

CSFV based constructs 

pTM1 for CSFV based constructs 
EcoRI and XhoI 0+ 

  

BVDV based constructs 

pTM1 for BVDV based constructs 
SpeI and XhoI NEB2 

 

The procedure followed the protocol of the manufacturer. 20 U of restriction enzyme 

was used per digestion of maximum 10 µg of DNA (vector or amplicon). 

The incubation time was 1 h for the vector and 2 h for amplicons at 37°C. 

 

After digestion the DNA fragments and pTM1 were purified with QIAquick PCR 

Purification Kit (QIAgen, Hilden, Germany). 

 

Dephosphorylation of pTM1 

The removal of the 5'-terminal phosphates from the double stranded DNA ends 

prevents vector self-ligation and improves ligation results. 

 

pTM1 50 µl (eluate from PCR purification) 

CIAP buffer 6 µl 

CIAP 
(calf intestinal alkaline phosphatase) 

2 µl 

H2O 2 µl 

 60 µl 

The mixture is incubated 30 min at 37°C. 
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4.2.3.5 Ligation 

To ligate the constructs into the plasmid vector a temperature-cycle ligation was 

performed. This is a ligation procedure in which enzyme activity and annealing, which 

usually have different temperature optima, are balanced by constant temperature 

cycling between 10°C and 30°C (Lund et al., 1996). 

The fragments were added to the reaction in a vector : insert ratio of 1:3 to 1:7. 

 

Reagents for ligation: 

vector DNA x µl 

insert DNA x µl 

T4 ligase buffer (10x) 2 µl 

T4 ligase (5 U/µl) 1.5 µl 

H2O ad 20 µl 

As a negative control served a sample without insert DNA. 

 

For the ligation a “T personal” thermocycler (Biometra, Goettingen, Germany) was 

used. 

 

4.2.4 Construction of plasmids containing chimeric E2 genes 

For cloning of chimeric constructs the combination of DNA fragments from different 

matrices was necessary (e.g. BVDV and CSFV). 

First, the single DNA fragments were synthesized. The full length clones (4.2.3.) 

served as templates. The resulting fragments contained 5’ overlapping ends that 

were complementary to the 5’ ends of the other fragment later on adjacent in the 

chimera. This 12 – 18 overlap was created using specific primers that contained the 

complementary sequence of the adjacent DNA fragment (Figure 9). Then the 2 or 3 

DNA fragments necessary for building the chimera were hybridized and this construct 

amplified by a second PCR. 
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Figure 9: Construction of chimeric constructs. The DNA fragments for combination are 

depicted as grey or black bars. The primers are drawn as grey or black arrows 
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Restriction enzyme cutting sites were added to the 5’ and 3’ ends using specific 

primers. For CSFV based chimeras an EcoRI and for BVDV based chimeras a SpeI 

restriction enzyme cutting site was introduced at the 5’ end. In addition four bases 

(TTTT) were added to the restriction enzyme cutting site to improve restriction 

enzyme binding. All chimeras had a XhoI restriction enzyme cutting site at the 3’ end. 

Additionally, a stop codon at the 3’ end was inserted. 

 

Like in the full length gene constructs the signal peptide of the VSV G was used. To 

ligate the constructs into the plasmid vector again cycle ligation was performed. 

 

For information about primers used for the construction of chimeras see Table 3 and 

Figure 11. 

 

4.2.5 Construction of CSFV E2 mutants 

4.2.5.1 Linear epitope in the “A” domain 

To examine which of the “A” domain mabs are directed against the linear epitope 

TAVSPTTLR (aa 829 to 837) the bases coding for the amino acid sequence of this 

epitope were replaced with the corresponding part of BDV Gifhorn (CSFV E2 “TAV” 

chimera). In the CSFV E2 “5’ TAV” chimera additionally the adjacent 5’ part up to the 

beginning of the “A” domain was replaced. As a basis for this constructs served 

CSFV strain Riems (CSF0913). 

 

CSFV E2 “TAV” and CSFV E2 “5’ TAV” were both established and kindly provided by 

Franziska Wehrle, Institute of Virology and Immunoprophylaxis (IVI), Mittelhäusern, 

Switzerland. 

 

To enable the correct expression of the chimeric E2 protein in BSR-T7 cells, the 

signal sequence of VSV G and restriction enzyme cutting sites at the 5’ (EcoRI) and 

3’ terminal (XhoI) were added via PCR. For this, primer 1, 43, 44 and 4 were used 

(Table 3). 

After hybridization of E2 “TAV” or “5’TAV” with the signal sequence, the constructs 

were digested with restriction enzymes EcoRI and XhoI and ligated into pTM1 by 

cycle ligation. 
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4.2.5.2 Epitopes in the “BC” domain: Sequencing of the E2 BC region of three CSFV 

strains 

The sequences of CSFV Parma (CSF0573), VI3837/38 (CSF0634) and Guatemala 

(CSF0650) were not published and had to be determined prior to the alignment 

procedure. 

 

RNA isolation 

RNA from isolates Parma, VI3837/38 and Guatemala was isolated from supernatants 

of infected cell culture with QIAamp viral RNA Mini Kit (QIAgen, Hilden, Germany) 

following the manufacturer’s protocol. 

 

RT PCR 

Mastermix I (per sample) 

5X RT buffer 8 µl 

dNTP 8 µl 

DEPC H2O 2.5 µl 

 26 µl 

Mastermix I is added to 6 µl RNA. 

 

The mixture is incubated for 5 min at 70°C and then stored on ice. 

 

Mastermix II (per sample) 

0,1M DTT 3.5 µl 

Hexamers 1:15 2 µl 

RNase inhibitors 0.5 µl 

Reverse transcriptase 2 µl 

 8 µl 

Mastermix II is added to the Mastermix I / RNA mixture. 
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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 ∞ 

 

For the cDNA synthesis a T3 Thermocycler (Biometra, Goettingen, Germany) was 

used. 

 

PCR 

The 5’ part of the E2 region was then amplified by PCR with pan-Pestivirus primers 

(Oligonucleotide no. 39 and 40). The PCR was carried out as described under 

4.2.3.1. 

2 µl of cDNA were added as template. 

 

After checking the size of the resulting amplicons by agarose gel electrophoresis, the 

fragments were sequenced (MWG, Martiensried, Germany). 

 

4.2.5.3 Epitopes in the “BC” domain: Alignments 

For the Alfort / Riems epitope all seven CSFV strains were aligned and compared in 

which regions Alfort and Riems were similar, but differed from the other 5 strains. 

For the CSFV specific epitope it was compared where all CSFV strains had similar 

sequences but varied from BVDV NADL and BDV Gifhorn. 

 

For all alignments the program Align Plus 4 (Sci Ed Central) was used. 

 

4.2.5.4  Epitopes in the “BC” domain: Kyte-Doolitte hydropathy plots 

For additional information about the “BC” region, hydropathy plots were performed. 

Kyte-Doolittle hydropathy plots give information about the hydrophobicity or 

hydrophilicity of a protein. A hydropathy plot can indicate potential transmembrane or 

surface regions in proteins (Kyte and Doolittle, 1982). First, each amino acid is given 

a hydrophobicity score between -4.5 and 4.5. A score of 4.5 is the most hydrophobic 
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and a score of -4.5 is the most hydrophilic. Then a window size is set. A window size 

is the number of amino acids whose hydrophobicity scores will be averaged and 

assigned to the middle amino acid in the window. The computer program starts with 

the first window of amino acids and calculates the average of all the hydrophobicity 

scores in that window. Then the computer program moves down one amino acid and 

calculates the average of all the hydrophobicity scores in the second window. This 

pattern continues to the end of the protein, computing the average score for each 

window and assigning it to the middle amino acid in the window. The averages are 

then plotted on a graph. The y axis represents the hydrophobicity scores and the x 

axis represents the position in the protein sequence. 

An entry form for hydropathy plots is available at the internet 

(http://occawlonline.pearsoned.com/bookbind/pubbooks/bc_mcampbell_genomics_1/

medialib/activities/kd/kyte-doolittle.htm). 

 

4.2.5.5 Epitopes in the “BC” domain: Insertion of amino acid changes by site- 

directed mutagenesis 

Site-directed mutagenesis is a technique to create a mutation at a defined site in the 

DNA (Kunkel et al., 1987). 

The point mutations can be inserted by PCR with modified sense and antisense 

primers. The desired modification is usually found in the middle of the primer 

sequence (Figure 10). 

 

According to the results from the alignments and the hydropathy plots four different 

mutations of one or two amino acids were inserted for identification of the Alfort / 

Riems epitope (CSFV E2 “E”, CSFV E2 “GD”, CSFV E2 “G” and CSFV E2 “D”). 

Three mutations were created for identification of the CSFV specific epitope (CSFV 

E2 “PE”, CSFV E2 “SA” and CSFV E2 “I”). 

Sense and antisense primers were established that contained the desired mutation in 

their sequence. Sequences of the primers can be found in Table 3. 

 

The cloning procedure was similar to that described under 4.2.3 and 4.2.4. 
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Amplification of DNA fragments, introduction of 

mutation o x  with a modified primer 

Hybridization
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Figure 10: Site-directed mutagenesis. The site of mutation is indicated with an asterisk. The 

primers are drawn as grey arrows. 
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4.2.6 Transformation of E. coli 

Competent E. coli XL1 blue were established according to the protocol in “The 

QIAexpressionist” (QIAgen, 2003) with use of rubidium chloride containing buffers 

(TFB I and II). 

E. coli XL1 blue were transformed with plasmids by heat shock transformation, plated 

and selected by ampicillin resistance. 

Colonies were picked and the existence of inserts verified by PCR. In “colony PCR” 

complete bacteria colonies are used as template. The initial high temperature step 

disintegrates the bacteria and leads to the release of the DNA. 

 

Thermo profile for “Colony PCR” 

94°C ∞  

94°C 1 min  

94°C 15 sec 

63°C 15 sec 

72°C 1 min 

                      

30 cycles 

72°C 5 min  

4°C ∞  

For the “Colony PCR” a “TRIO Thermoblock” or “T Personal” (both Biometra, 

Goettingen, Germany) was used. 

 

Reagents for PCR (for 10 samples) 

dNTP 8 µl  

20X Tth-buffer 5 µl  

MgCl2 5 µl 25 mM 

Tth polymerase 0.5 µl  

Primer sense 2.5 µl 25 pmol 

Primer antisense 2.5 µl 25 pmol 

DEPC H2O ad 100 µl  

 

The pipette tip used for picking the E. coli colony was first tipped into a tube 

containing the PCR mastermix and then in a tube containing LB-medium with 

ampicillin. 
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Positive colonies were cultured in overnight liquid cultures (10 ml LB-medium with 

ampicillin, 50 mg/ml). The plasmids were harvested by plasmid preparation (QIAprep 

Spin Miniprep Kit, QIAgen, Hilden, Germany). 

If the plasmid was used for further applications, larger overnight liquid cultures (25 - 

50 ml) were produced and harvested by plasmid preparation (QIAfilter Plasmid Midi 

Kit or QIAfilter Plasmid Maxi Kit, QIAgen, Hilden, Germany). 

 

4.2.7 Sequencing 

All plasmid inserts and amplicons were sequenced by MWG (Martinsried, Germany). 

For sequencing of constructs which were cloned in pTM1, primers 41 and 42 (Table 

3) were used at a concentration of 10 pmol/µl. 

 

4.2.8 Transfection of cells 

BSR-T7 cells were grown in 96-well plates (104 cells per well) for 24 h and then 

transfected with the plasmids. Transfection of cells with Lipofectamine (Invitrogen, 

Carlsbad, USA) was carried out as described in the manufacturer’s protocol. 

After overnight incubation the cells were washed three times with PBS diluted 1:3 in 

H2O and then fixed by high temperature treatment (3 h, 80°C). 

 

4.2.9 SDS gel electrophoresis and Western Blot analysis 

SDS polyacrylamide gel electrophoresis (SDS PAGE) 

SDS PAGE is used to separate proteins according to their size in means of molecular 

mass or length of polypeptide chain (Laemmli, 1970). 

SDS (sodium dodecyl sulfate) is an anionic detergent which applies a negative 

charge to the proteins in proportion to its mass. Additional heating denatures 

secondary and non-disulfide-linked tertiary structures. 

 

Denaturing but non reducing conditions were chosen for the SDS PAGE in the first 

step. 

In a second step also reducing conditions were introduced. DTT (dithiothreitol) is a 

reducing agent which further denatures the proteins by reducing disulfide linkages, 
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and therefore overcoming some forms of tertiary protein folding and breaking up 

quaternary protein structure. 

 

Cell lysates 

To gather samples of transfected cells, BSRT-7 cells (1.5 x 104 cells/ml) were grown 

in 6-well plates and transfected with pTM1 containing CSFV E2 (see 4.2.8). 

To gather samples of infected cells, PK15 cells were grown in 6-well dishes and 

infected with CSFV Alfort 187 (see 4.2.1). 

After the appropriate incubation time (see 4.2.1 or 4.2.8) the cells were washed three 

times with PBS, diluted 1:3 with H2O. One ml of diluted PBS was added to the cells. 

Subsequently the cells were scraped off and the resulting PBS-cell mixture was 

centrifuged (3820 g, 5 min, 4°C). The resulting pellet was resuspended in NP40 lysis 

buffer, incubated for 15 min on ice and the centrifuged again (20800 g, 30 min, 4°C). 

The supernatant was stored at -20°C or immediately used for SDS page. 

 

For all SDS PAGE assays lysates of cells transfected with plasmids harboring CSFV 

E2 or cells infected with CSFV Alfort 187 were used. As negative controls lysates of 

uninfected PK15 or untransfected BSRT-7 cells were used. If the results were not 

clear, the protein concentration was increased by application of greater amounts of 

cell lysate. 

 

Samples with DTT were additionally heated, either 10 min at 70°C or 5 min at 100°C 

to enhance the denaturation of proteins. 

 

The used “mighty small” (50 x 80 x 0.75 mm) polyacrylamide gels had an acrylamide 

concentration of 10 %. SDS PAGE was performed in vertical electrophoresis units 

(SE250 from Hoefer, San Francisco, USA or Amersham, Little Chalfont, USA). 

As a marker Precision Plus Protein Standard (BioRad, Hercules, USA) was used. 

 

Western Blots 

After SDS PAGE, Western Blots were performed. The proteins are transferred from 

the gel to a membrane and can then be detected with specific antibodies (Burnette, 

1981). 
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In this study, the proteins were transferred from the acrylamide gels to PVDF 

(polyvinylidine difluoride) membranes by the semi-dry-blot technique (Kyhse-

Andersen, 1984). 

 

After blotting, the membranes were incubated for 1 h in 0.1 % blocking reagent to 

prevent non-specific protein interactions (Roche, Mannheim, Germany). 

After blocking, the membranes were incubated over night with the mabs (4°C). The 

mabs were diluted 1:100 in 0.1 % blocking reagent. 

If the experiment was repeated because of weak or unclear results, a dilution of 1:50 

was used in addition to increased sample amount.  

As positive control the blots were incubated with mabs that were known to bind a 

linear epitope and therefore to react positive (HC34 or HCTC65). 

After washing three times with PBSM + 0.1 % Tween, the second antibody, a HRP 

labeled polyclonal rabbit anti-mouse antibody (1:2000 in 0.1 % blocking reagent, 

Dako, Glostrup, Denmark) was added (1 h, RT). After three washing steps, Lumigen 

(GE Healthcare, Little Chalfont, UK) was used to visualize the antibody-protein 

complexes. 

 

The blots were viewed and analyzed using a chemiluminescence detection system 

(“Chemi-doc” gel documentation system with “Quantity one” software, BioRad, 

Hercules, USA). 

 

For the first round of assays mabs were pooled according to their domain (Figure 17). 

After that, single mabs were tested for their reactivity to linearized protein in Western 

Blots. 

 

4.2.10 Deglycosylation of CSFV E2 

After heating the DTT containing samples double bands occurred at approx. 50 kDa. 

To verify if this was due to different glycosylation forms of the protein, lysates of cells 

transiently expressing CSFV E2 were treated with N-Glycosidase F. 

 

10 µl lysate of BSR-T7 cells transfected with CSFV E2 plasmid were mixed with SDS 

sample buffer with DTT and incubated for 5 min at 37°C. Then 10 µl of Glycosidase 

Incubation buffer (see 8.2) and 10 µl (= 10 U) N-Glycosidase F were added. After 
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incubation for 1 h at 37°C the protein mixture was washed two times with acetone 

and centrifuged (5 min, 10000 g, 4°C). The pellet was dried and resolved in SDS 

sample buffer with DTT. 

As a negative control CSFV E2 lysate without N-Glycosidase F was used. 

The samples were used for SDS PAGE as described under 4.2.9. 
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5 Results 

5.1 Virus specificity tests 

The virus specificity of the mabs used in this study was examined on cells infected 

with different pestiviruses. 

 

CSFV Alfort 

The reactivity of mabs was tested using PK 15 cells that were infected with CSFV 

Alfort 187. 

 

All anti-CSFV mabs showed strong reactivity with CSFV Alfort. 

The anti-BVDV mab CT2 was positive on CSFV Alfort 187, but all other BVDV mabs 

were negative (Table 4). 

 

Other CSFV strains 

In addition to their binding abilities with CSFV Alfort, the mabs were tested on six 

other CSFV strains, namely Brescia (genotype 1.2), Riems (genotype 1.1), CSF0849 

(genotype 2.1), Guatemala (genotype 1.3), VI3837/38 (genotype 2.3) and Parma 

(genotype 2.2). 

 

According to reaction with all CSFV strains, 24 mabs could be subdivided into two 

major groups. One group of 15 mabs reacted with all the tested CSFV strains (HC34, 

HC37, HC43, HCTC3, HCTC16, HCTC18, HCTC50, HCTC59, HCTC62, 1664, 1665, 

1669, 1671, 1681, 1682) and one panel of nine mabs (HC36, HCTC30, HCTC63, 

HCTC64, HCTC65, 1672, 1673, 1674, 1678) were only positive on Riems and Alfort 

187. 

HCTC54, HCTC68 and 1659 did not fit in any of the groups. HCTC54 was positive on 

Alfort 187, Riems and Brescia, but none of the other tested CSFV strains. HCTC68 

was positive on all CSFV strains except CSF0849 and Parma and mab 1659 was 

positive on all CSFV strains except Brescia and Parma. 

The BVDV mab CT2 was positive on Alfort187, CSF0849, Parma, Riems and 

Brescia. Another BVDV mab, CA72, was positive on CSF0849, Parma, Riems, 

Guatemala and VI3837/38. 

All other BVDV mabs were negative on the tested CSFV strains (Table 4). 
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BVDV 

All mabs were tested for their reactivity with BVDV strain NADL. 

 

Only the mabs that were originally raised against BVDV reacted with BVDV NADL, all 

others were negative. CT2 however, which was originally raised against BVDV strain 

1138 FRG did not bind to BVDV NADL (Table 4). 

 

BDV 

To determine the binding abilities on a third Pestivirus, all mabs were tested on BDV 

strain Gifhorn. 

 

Four of the BVDV mabs, namely CA34, CA72, CT3 and CT6 and only one CSFV 

mab, HCTC3, showed reactivity with BDV Gifhorn (Table 4). 

 

5.2 Protein specificity 

From the virus specificity tests it could be concluded that all mabs reacted with either 

CSFV Alfort 187 or BVDV NADL. There was no cross-reactivity. In the next step the 

protein specificity of all mabs was determined. 

Therefore the genes coding for the CSFV E2 or BVDV E2 proteins, respectively, 

were cloned together with a VSV G signal sequence into a plasmid vector (pTM1). 

 

CSFV E2 

Protein specificity of mabs was tested on BSR-T7 cells transfected with the pTM1 

plasmid harboring E2 of CSFV strain Alfort 187. 

 

All anti-CSFV mabs that reacted with CSFV infected cells before also bound to the 

transiently expressed protein. Again, one of the anti-BVDV mabs, CT2, showed 

reactivity with the E2 protein of CSFV strain Alfort 187. 

 



Results 

51 

Table 4: Reactivity of mabs with pestiviruses 

 

+: positive, (+): weakly positive, ((+)): very weakly positive, -: negative,        

dark grey: reacted with all tested CSFV strains; light grey: reacted with Alfort 187 and Riems 

 

  Virus 

  BVDV BDV CSFV 

  
NADL Gifhorn Alfort Riems Brescia 849 

Guate-
mala 

VI3837
/38 

Parma 
98 

CA1 + - - - - - - - - 
CA3 + - - - - - - - - 
CA34 + + - - - - - - - 
CA39 + - - - - - - - - 
CA72 + + - + - (+) (+) + ((+)) 
CA73 + - - - - - - - - 
CA80 + - - - - - - - - 
CA82 + - - - - - - - - 
CT2 - - (+) + (+) (+) - - (+) 
CT3 + + - - - - - - - 
CT6 + + - - - - - - - 
PX1 + - - - - - - - - 
PX7 (+) - - - - - - - - 
PX8 + - - - - - - - - 
PX14 + - - - - - - - - 

a
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–
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V
D

V
 m
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PX18 + - - - - - - - - 
HC34 - - + + + + + + + 
HC36 - - + (+) - - - - - 
HC37 - - + (+) + + + + + 
HC43 - - + + + + (+) + + 
HCTC3 - + + + + + + + + 
HCTC16 - - + (+) + (+) (+) + (+) 
HCTC18 - - + + + + + + + 
HCTC30 - - + + - - - - - 
HCTC50 - - + + + + + + + 
HCTC54 - - + + + - - - - 
HCTC59 - - + + + + (+) + (+) 
HCTC62 - - + + + + (+) + + 
HCTC63 - - + + - - - - - 
HCTC64 - - + + - - - - - 
HCTC65 - - + + - - - - - 
HCTC68 - - + + (+) - (+) + - 
1659 - - + + - (+) (+) (+) - 
1664 - - + + + + + + + 
1665 - - + + + + + (+) (+) 
1669 - - + + + (+) + (+) (+) 
1671 - - + + + (+) + (+) (+) 
1672 - - + + - - - - - 
1673 - - + + - - - - - 
1674 - - + + - - - - - 
1678 - - + + - - - - - 
1681 - - + + + (+) + (+) (+) 

a
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1682 - - + + + (+) + + (+) 
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BVDV E2 

To detect protein reactivity of mabs with BVDV, BSR-T7 cells were transfected with 

pTM1 harboring E2 of BVDV strain NADL. 

 

All mabs that reacted with cells infected with BVDV NADL also reacted with 

transiently expressed protein. PX7 showed a very weak staining. As expected, none 

of the CSFV mabs showed reactivity to the transiently expressed BVDV protein. 

 

5.3 Domain specificity 

From the virus and protein specificity assays it could be seen that the mabs were 

specific to either CSFV Alfort 187 or BVDV NADL and were able to recognize 

transiently expressed E2 protein. Now distinct domains of the protein that are 

involved in antibody interaction were examined. 

The reactivity of the mabs used in this study was analyzed on cells transfected with 

chimeric proteins, in which certain parts of the CSFV protein were replaced by the 

corresponding part of BVDV. Four chimeras in which different regions had been 

replaced by the corresponding sequences of BVDV were constructed. The 

replacements referred to the antigenic domains A, B and C of the CSFV gp E2 

(Figure 11). 

 

Anti-CSFV mabs 

Every anti-CSFV mab showed positive reactivity to at least one of the chimeras. The 

results obtained from PLA on transfected BSR-T7 cells are summarized in Figure 12 

and Table 5. 

 

Anti-BVDV mabs 

With exception of PX7, every anti-BVDV mab showed positive reactivity to at least 

one of the chimeras. PX7 had already shown a weaker reactivity in former tests. 

Not a single anti-BVDV mab reacted with chimera CSFV “A” in which the CSFV A 

domain had been replaced with the corresponding sequence of BVDV. 
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Figure 11: Chimeric constructs for testing domain specificity of mabs.          

Chimeras CSFV “BC”, “E” and “A” are CSFV based (shown as black bar), BVDV “A” is BVDV 

based (grey bar). As a signal sequence VSV G was used (white bar). TMR: trans membrane 

region (dark grey bar). The numbers stand for the primers that were used for the PCR (Table 

3). 
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Figure 12: Reactivity of mabs with chimeric proteins        

black bar: CSFV, grey bar: BVDV, white bar: signal peptide of VSV G, TMR: transmembrane 

region (dark grey bar). Brackets indicate the binding domains of the according antibody set. 
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CT3, CT6

CT2, HC34, HC36, HC37, HC43, HCTC3, HCTC16, HCTC18, HCTC30, 

HCTC50, HCTC59, HCTC62, HCTC64, HCTC65, HCTC68, 1659, 1664, 

1665, 1669, 1671, 1672, 1673, 1674, 1678, 1681, 1682

CT2, HC36, HCTC30, HCTC54, HCTC63, HCTC64, HCTC65, 1659, 1664, 

1665, 1669, 1671, 1672, 1673, 1674, 1678, 1681, 1682

CA1, CA3, CA34, CA39, CA72, CA73, CA80, CA82, CT3, CT6, 

PX1, PX8, PX14, PX18

HC34, HC37, HC43, HCTC3, HCTC16, HCTC18, HCTC50, 

HCTC62, HCTC68
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Table 5: Reactivity of mabs with chimeric proteins 

 

+: positive, (+): weakly positive, -: negative, ?: unclear result after third repetition of 

experiment 

  chimeras 

  CSFV “BC” CSFV “E” CSFV “A” BVDV “A” 

CA1 - - - + 
CA3 - - - + 
CA34 - + - + 
CA39 - - - + 
CA72 - + - + 
CA73 - - - + 
CA80 - - - + 
CA82 - - - + 
CT2 + + + - 
CT3 - + - + 
CT6 - + - + 
PX1 + - - + 
PX7 - - - - 
PX8 + - - + 
PX14 - - - + 
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PX18 - - - + 
HC34 + + - + 
HC36 - + + - 
HC37 + + - (+) 
HC43 + + - (+) 
HCTC3 + + (+)? + 
HCTC16 + + - + 
HCTC18 + + - + 
HCTC30 - + + - 
HCTC50 + + - + 
HCTC54 - - + - 
HCTC59 + + - (+)? 
HCTC62 + + - (+) 
HCTC63 - - + - 
HCTC64 - + + - 
HCTC65 - + + - 
HCTC68 + + - (+) 
1659 - + + - 
1664 - + + - 
1665 + + + - 
1669 - + + - 
1671 - + + - 
1672 - + + - 
1673 - + + - 
1674 - + + - 
1678 - + + - 
1681 - + + - 

a
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S
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1682 - + + - 
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5.4 Identification of epitopes 

To analyze the precise location of epitopes, CSFV mutants were established in which 

smaller parts of the sequence or just single amino acids were replaced. 

 

5.4.1 Epitopes in the A domain 

To examine which of the “A” domain specific mabs (HC34, HC37, HC43, HCTC3, 

HCTC16, HCTC18, HCTC50, HCTC62, HCTC68) were directed against the 

TAVSPTTLR epitope, BSR-T7 cells were transfected with either the “TAV” or the 

“5’TAV” plasmid. In “TAV” the epitope had been replaced with the corresponding 

sequence of BDV, in “5’TAV” additionally the whole N-terminal part of the A domain 

had been exchanged. 

 

HC34, HC37, HC43, HCTC18, HCTC50 and HCTC62 did not react with any 

constructs. 

The other three A domain specific mabs HCTC3, HCTC16 and HCTC68 were 

positive on these two constructs, as well as all other CSFV E2 mabs, except the BC 

adjacent region binding mab HCTC63 (Figure 13, Table 7). 

 

 

Figure 13: Reactivity of mabs to TAVSPTTLR epitope. Black bar: CSFV Riems, aa 829 to 

837 replaced with corresponding aa of BDV Gifhorn (white bar). 

 

N C

aa 829 to 837: TAVSPTTLR

replaced with BDV Gifhorn:

negative in PLA:

HC34, HC37, HC43, HCTC18, 

HCTC50, HCTC62, (HCTC63)

864829

A

CSFV Riems E2

aa 837to 864:

positive in PLA:

HCTC3, HCTC16, HCTC68
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5.4.2 Epitopes in the BC domain  

According to the reactivity patterns of the mabs with the different CSFV and other 

Pestivirus strains the mabs could be divided into two major groups: one group 

reacting with all CSFV strains and the other reacting only with Alfort 187 and Riems. 

Following this finding the existence of at least two epitopes in the BC region was 

assumed, one CSFV Alfort and Riems (= genotype 1.1) specific and one specific for 

all seven tested CSFV strains (= pan CSFV). 

 

Alignments were performed to gain more information about the two epitopes that 

were expected to be located in the BC domain. 

Six CSFV strains were aligned and compared to identify regions in which Alfort and 

Riems were similar to each other, but differed from the other four strains. 

For the identification of the pan-CSFV specific epitopes it was compared where all 

CSFV strains had identities in the alignment, but varied from BVDV NADL and BDV 

Gifhorn (Figure 14). 

 

Figure 14: Alignment results the BC domain (aa 690 to 746) of different CSFV strains, BVDV 

NADL and BDV Gifhorn. Same amino acids as in the reference are depicted as dots; 

different amino acids are shown by their one letter code. The rectangles indicate the sites for 

putative epitopes. E (aa 713), G (aa 725), D (aa 729), PE (aa 695, aa 696), SA (aa 698, aa 

702) and I (aa 733) refer to the mutants that were constructed (see also Figure 16 and Table 

6). 
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From the hydropathy plot it was assumed that the region around aa 699 and the area 

between aa 714 and aa 734 would most likely resemble a surface exposed region 

(Figure 15). 

Figure 15: Kyte-Doolittle hydropathy plot for domain BC of CSFV E2 Alfort 187. The y axis 

represents the hydrophobicity scores. A score of 4.5 is the most hydrophobic and a score of -

4.5 is the most hydrophilic. The x axis represents the position in the protein sequence. It was 

assumed that the region around aa 699 and the area between aa 714 and aa 734 would 

most likely resemble a surface exposed region. 

 

5.4.2.1 Alfort / Riems Epitope 

According to the alignments and the hydropathy plots four different mutations of one 

or two exchanged amino acids were inserted by site-directed mutagenesis for 

identification of the Alfort / Riems epitope. These were the mutants CSFV E2 “E”, 

CSFV E2 “GD”, CSFV E2 “G” and CSFV E2 “D” (Table 6, Figure 16). All “BC” mabs 

reacted with the CSFV E2 “E” mutant, suggesting that this mutation does not destroy 

a binding site for any of the mabs. 

After transfecting cells with CSFV E2 “GD”, HC36, HCTC30, HCTC54 and HCTC65 

did not react in the PLA and HCTC64, 1659, 1672, 1673, 1674, 1678 showed a 

significantly reduced reactivity resulting in a weak or very weak staining (Table 7). 

 

Asking if aa 725 (D  G), aa 729 (N  D) or both were responsible for these results, 

constructs were established each harboring either one of the mutations. 

All tested “BC” specific mabs reacted with CSFV E2 “G”. 
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HC36 and HCTC54 did not react with CSFV E2 “D” and HCTC30, HCTC65, 1659, 

1673, 1674 and 1678 reacted weaker on CSFV E2 “D” transfected cells than on cells 

transfected with CSFV E2 “G” or unmodified CSFV E2 (Table 7). 

Figure 16: Mutants established by site-directed mutagenesis for examination of epitopes in 

the BC domain 

 

Table 6: Mutants established for detection of epitopes 

 
mutant position 

aa 
replacement 

source 

CSFV E2 “E” 
 

aa 713 
 

G  E 
 

 
Brescia, Parma, VI3837/38, 

Guatemala 
 

CSFV E2 “GD” 
 

aa 725 
aa 729 

 

D  G 
N  D 

 

Brescia, Parma, VI3837/38 
Guatemala 

 

CSFV E2 “G” 
 

aa 725 
 

D  G 
 

Parma 
 A

lf
o
rt

 /
 R

ie
m

s
 

CSFV E2 “D” 
 

aa 729 
 

N  D 
 

Brescia, Parma, VI3837/38 
Guatemala 

 

 
CSFV E2 “PE” 
 

 
aa 695 + 696 

 

 
ED  PE 

 

 
BVDV NADL 

 

CSFV E2 “SA” 
 

aa 698 
aa 702 

 

R  S 
S  A 

 

BVDV NADL 
 P

a
n
 C

S
F

V
 

CSFV E2 “I” aa 733 V  I BDV Gifhorn 
 

5.4.2.2 Pan CSFV epitope 

Three mutations were created for identification of the CSFV specific epitope: CSFV 

E2 “PE”, CSFV E2 “SA” and CSFV E2 “I” (Figure 16, Table 6). 

„BC“

N C

690 746

690 744

„E“ „I“„G“ „D“

„GD“
„SA“„PE“

Alfort / Riems epitope: „E“, „GD“, „G“, „D“

Pan CSFV epitope: „PE“, „SA“, „I“
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CSFV E2 “PE” and CSFV E2 “SA” refer to a recently found potentially neutralizing 

linear epitope comprising the amino acids “CKEDYRY” (aa 693 to 699) (Dong and 

Chen, 2006). 

 

The “BC” specific mabs were tested on cells transfected with CSFV E2 “PE”, CSFV 

E2 “SA” or CSFV E2 “I” and no change in their reactivity could be detected (Table 7). 

 

 

Table 7: Reactivity of mabs with mutants  

 

  mutants 

  CSFV E2 “TAV” 
/ CSFV E2 
”5’TAV” 

CSFV E2 “GD” 
CSFV E2 “G” 
CSFV E2 “E” 

CSFV E2 “D” 
CSFV E2 “PE”, 
CSFV E2 “SA”, 

CSFV E2 “I” 

CT2 + + + nt nt 
HC34 - + + + + 
HC36 + - + - + 
HC37 - + + nt nt 
HC43 - + + nt nt 
HCTC3 + + + nt nt 
HCTC16 + + + nt nt 
HCTC18 - + + nt nt 
HCTC30 + - + (+) + 
HCTC50 - + + nt nt 
HCTC54 + - + - + 
HCTC59 + + + nt nt 
HCTC62 - + + nt nt 
HCTC63 - + + + + 
HCTC64 + ((+)) + + + 
HCTC65 + - + (+) + 
HCTC68 + + + nt nt 
1659 + (+) + (+) + 
1664 + + + + + 
1665 + + + nt nt 
1669 + + + + + 
1671 + + + + + 
1672 + ((+)) + + + 
1673 + ((+)) + (+) + 
1674 + (+) + (+) + 
1678 + (+) + (+) + 
1681 + + + + + 

m
a
b

s
 

1682 + + + + + 
 

+: positive, (+): weakly positive, ((+)): very weakly positive, -: negative, nt: not tested 

 

Mabs were not tested in this assay if due to former results it was obvious that they would not 

show altered reactivity. 
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5.5 Western Blots 

5.5.1 Denaturing, non-reducing conditions 

The formerly described tests gave information about the number and localization of 

epitopes, but not on their linear or discontinuous nature. Western Blots using CSFV 

mabs were performed to gain information about the conformation of the E2 protein. 

Mabs were pooled according to their domain (Figure 17). 

 

Figure 17: Mab pools for Western Blots under denaturing, non-reducing conditions 

 

All mab pools detected the monomeric (~50 kDa) and dimeric (~100 kDa) form of the 

E2 protein (Figure 18). 

Figure 18 a and b: Western Blots of lysates from transfected cells; 1, 3, 5, lysates, 2, 4, 6: 

cell control; positive control HC34; for pool composition see Figure 17 
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5.5.2 Denaturing, reducing conditions 

In experiments performed under denaturing, non reducing conditions all mab pools 

were able to detect monomeric and dimeric forms of the E2 protein. To identify which 

of the mabs reacted positively on the linearized protein, the single mabs were used 

instead of pools. Lysates of cells transfected with pTM1 harboring CSFV E2 or cells 

infected with CSFV Alfort 187 were used in SDS-PAGE under reducing conditions. 

The ability of the mabs to detect linearized E2 was analyzed in Western Blots. 

 

Of all mabs directed against “TAVSPTTLR”, HC34 and HCTC50 were still positive 

under reducing conditions, with HCTC50 showing weaker bands than HC34. HC37, 

HC43, HCTC18 and HCTC62 did not react in the Western Blot, although they are 

also directed to “TAVSPTTLR”. 

HCTC3, HCTC16 and HCTC68, the mabs that had been found to bind in the C-

terminal region of “TAVSPTTR” between aa 838 and 864, and the mabs binding to 

the “A” adjacent region, CT2 and HCTC59, did not react with the denatured and 

reduced protein. 

 

HCTC64 and HCTC30, which are directed against “BC”, gave a positive signal in the 

Western Blot, but HCTC 30 did so only on lysates of CSFV Alfort 187 infected cells. 

Mabs HC36 and HCTC65, also directed against “BC” were negative. 

Mabs HCTC63 and HCTC54 directed against the “BC” adjacent region reacted in the 

Western Blot, with HCTC54 reacting weaker and, like HCTC30, only in lysates of 

infected cells (Figure 19). 

 

1665, 1672, 1673, 1674, 1678 and 1682 reacted with the linearized protein in 

Western Blots. Mabs 1673 and 1678 did not give a signal on lysates of transfected 

cells. With exception of mab 1665, the reactivity of the mabs to lysates of transfected 

cells was in general decreased, although a sufficient amount of protein was 

detectable with a control mab (1660) (Figure 20). 

Mabs 1664, 1669, 1671 and 1681 were negative in Western Blots. 
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Figure 19: Western Blots; 1: E2 transfected BSR-T7, 2: cell control (BSR-T7), 3: infected 

PK15, 4: cell control (PK15) 
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Figure 20: Western Blots; 1: E2 transfected BSR-T7, 2: cell control (BSR-T7), 3: infected 

PK15, 4: cell control (PK15) 
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5.5.3 Deglycosylation 

Preheating the lysates of infected and transfected cells at high temperatures lead to 

the detection of double bands in the Western Blots (Figure 19, Figure 20). This did 

not occur when the samples were not heated prior to SDS gel electrophoresis. To 

test whether the double bands present different glycosylation forms of E2, lysates of 

transfected cells were treated with N-glycosidase before SDS gel electrophoresis. 

 

Results show one diffuse band at 50 kb when the protein is not treated with heat or 

N-glycosidase (Figure 21, line 1). When the sample is heated diffuse double bands 

occur (Figure 21, line 3 and 4). The N-glycosidase treated sample shows only one 

diffuse single band, ranging lower than 50 kb (Figure 21, line 7). 

 

 

Figure 21: Deglycosylation of CSFV E2 stained with HCTC64, samples were taken from 

CSFV E2 transfected cells 1: CSFV E2 RT, 2: cell control RT, 3: CSFV E2 70°C, 4: cell 

control 70°C, 5: CSFV E2 100°C, 6: cell control 100°C, 7: CSFV E2 N-glycosidase treated, 8: 

control CSFV E2 buffer treated, 9: control N-glycosidase treated 
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6 Discussion 

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

boar caused by Classical swine fever virus (CSFV). 

During virus infection with CSFV the gp E2 of is the most important target for the 

protective immune defense of the host. Other antibodies are directed against Erns and 

NS3. Antibodies directed against E2 alone are sufficient for protective immunity 

(Weiland et al., 1992; van Rijn et al., 1996; de Smit et al., 2001; van Gennip et al., 

2002).  

For the development of advanced vaccines, e.g. marker vaccines, and their 

corresponding tests it is important to know which of the epitopes on E2 are involved 

in interaction with the host (Heinz, 1986; Zhang et al., 2006). 

The commonly used epitope mapping techniques are usually based on truncated 

proteins or peptides and therefore not sufficient for the mapping of discontinuous 

epitopes. As most epitopes on CSFV E2 are discontinuous (Langedijk et al., 2001) a 

more suitable method was required. Chimeric CSFV E2 proteins were established in 

which defined domains were replaced with the corresponding sequence of a closely 

related Pestivirus, namely BVDV or BDV. The chimeric structure was chosen to 

ensure the correct folding and glycosylation. The reactivity of specific mabs was then 

examined on these chimeric proteins. 

 

6.1 Reactivity of antibodies 

Epitope maps are established by examination of reactivity of mabs to protein 

fragments, peptides or modified proteins. Therefore mabs are basic tools for epitope 

mapping. They have to be specific for the tested protein. For the purpose of this 

study it was also vital that mabs did not react with other pestiviruses that were used 

for design of protein chimeras, so that the mab reactivity could be clearly assigned to 

a certain virus. 

To ensure that all mabs used were specific for one Pestivirus or one Pestivirus strain, 

reactivity of all mabs was tested on cells that were infected with different pestiviruses. 

Cross-reactivity of mabs did not occur between CSFV Alfort 187 and BVDV NADL as 

it was required for the experiments. In a few cases mabs against BVDV reacted with 

other CSFV strains. 
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This is consistent with previous findings about reactivity of mabs to Pestivirus 

proteins. Most antibodies directed against the structural proteins discriminate 

between CSFV and BVDV strains, although in natural infection cross-reacting 

antibodies appear due to the close structural and antigenic relationship of 

pestiviruses (Edwards et al., 1991; Paton et al., 1992; Weiland et al., 1992). 

In this study it was observed that only very limited cross-reactivity occurred between 

BDV Gifhorn and CSVF or BVDV mabs. Slightly more BVDV mabs than CSFV mabs 

showed cross-reactivity. 

This finding was unexpected, because traditionally the results from phylogenetic 

analysis suggest that BDV and CSFV are closer related to each other than BDV to 

BVDV (Becher et al., 1994; Becher et al., 1997). 

The results from this work reflect moreover the findings from recent phylogenetic 

analysis, in which a closer relationship of BVDV to BDV than CSFV to BDV is shown 

(Sabrina Dreier, TiHo Hannover, personal communication). 

However, to gain more knowledge on the cross-reactivity of the mabs used in this 

study, cross-reactivity assays with other BDV strains will be necessary. 

 

Although cross-reactivity of mabs with different pestiviruses was regarded as a 

disadvantage in this work, the testing of reactivity of mabs with different viruses can 

also be used to gather information about the number of epitopes on one protein. 

In order to assess whether mabs were directed against species or strain specific 

epitopes on E2, the mabs were tested for their reactivity with six other CSFV strains 

of different genetic groups. 

The majority of tested mabs showed reactivity to CSFV Alfort 187 and Riems. This 

subgroup of mabs could recognize epitopes that are virus genotype 1.1 specific. 

Another subgroup (pan-CSFV) of mabs can be defined by their reactivity to all CSFV 

strains, but having no reactivity to the other tested Pestivirus strains. Some other 

mabs (HCTC54, HCTC68, 1659) showed no significant reaction patterns. This 

indicates that mab reactivity does not necessarily reflect the genotype of the virus. 

 

The reactivity of mabs varied between different CSFV strains. HCTC36 e.g., which 

shows strong reaction on CSFV Alfort 187, but a weaker reaction on CSFV Riems 

infected cells, may find an epitope on Riems which is very similar to that on Alfort 

187, but not exactly the same. 
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The reduced efficiency of building antigen-antibody complexes with a slightly 

modified epitope can lead to a lower intensity of staining in PLA. The modification can 

be as little as one amino acid exchange. The amino acid differences may lead to 

modification in the tertiary structure of the protein and therefore to a lower 

accessibility of the epitope. 

 

6.2 Use of a mammalian recombinant expression system 

A mammalian expression system was chosen for the expression of single viral 

proteins. The genes coding for the E2 protein of CSFV Alfort or BVDV NADL, 

respectively, were cloned into the Vaccinia virus derived plasmid vector pTM1 (Moss 

et al., 1990) together with a signal sequence. The vector, containing a T7 promoter, 

was transfected into mammalian BHK-21 cells, stably expressing T7 polymerase and 

the cells then transiently expressed the single protein. 

All mabs were screened for their reactivity on transiently expressed protein. The 

results were compared with those obtained from virus infected cells. 

It was shown that the reactivity of mabs was not influenced by using either infected or 

transfected cells. Mabs that showed weaker staining on virus infected cells showed 

also a weak staining on transfected cells (data not shown). A weak staining can be 

explained with a lower affinity of a mab to the epitope. 

 

For a correct sorting of the E2 protein a signal peptide is required (Yu et al., 2001). 

Originally, the signal sequence of E2 lies within the sequence of the adjacent E1. To 

ensure that all results were E2 and not E1 related, the signal peptide of the Vesicular 

stomatitis virus (VSV) glycoprotein G was used. 

It has been reported that the quaternary structure, antigenicity and aggregation 

behavior of a protein can be altered by an unrelated signal sequence (Schlicht and 

Wasenauer, 1991). However, all mabs showed the same reactivity compared to virus 

infected cells. In addition, the transiently expressed E2 protein was detectable in its 

monomeric and dimeric form and had the same size and hence the same grade of 

glycosylation as the natural protein. Apparently the expression of the CSFV E2 

protein was not altered due to the use of a signal peptide from VSV G. This is 

consistent with earlier reports on expression of BVDV E2 in this system (Kohl et al., 

2004). 
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Double bands with a size of ca. 50 kDa that occurred after heating, were examined 

more closely in deglycosylation assays. They revealed that these bands represent 

different glycosylation forms of the protein. 

Hence, the use of this mammalian recombinant expression system ensures a high 

rate of expression, correct folding and glycosylation of proteins. 

 

The specificity of antibodies can be determined by immunoblotting or 

immunoprecipitation (Bolin et al., 1991; Celis et al., 1994). Immunoblotting can only 

be used for polyclonal and monoclonal antibodies that recognize the linear form of an 

antigen, since the procedure involves SDS gel electrophoresis and most gel 

electrophoresis procedures result in denaturation of the antigen. 

Most Pestivirus antibodies are directed against discontinuous epitopes (Langedijk et 

al., 2001) and so immunoprecipitation of Erns, E2 and NS3 in lysates of radioactively 

labeled virus infected cells is the only method that can be used for specificity 

determination of these mabs. Being time consuming and often imprecise, this 

technique is in addition hampered by the use of radioactive material. 

Characterization of new anti-Pestivirus mabs can easily be determined, now that the 

plasmids containing CSFV and BVDV E2 are available. Specificity determination of 

mabs by transiently expressing the single protein as used in this study is a precise 

and time saving alternative to other techniques determining the specificity of mabs. 

The same set up could not only be used for mab specificity determination to E2, but 

also for already available plasmids encoding for the CSFV or BVDV Erns protein. 

 

6.3 Protein chimeras 

Traditionally deletion mutants (van Rijn et al., 1993; van Rijn et al., 1996; Lin et al., 

2000; Lin et al., 2004) or phage display (Zhang et al., 2006) are used for epitope 

mapping, but as it is known for most epitopes on E2 being conformational (Langedijk 

et al., 2001), these methods are having the disadvantage of detecting mainly linear 

epitopes. 

For examination of discontinuous epitopes it is vital that the three dimensional 

structure of a protein is maintained through correct folding and glycosylation. 

The idea of establishing CSFV protein chimeras in which different regions were 

replaced by the corresponding sequences of another Pestivirus was rooted in the 
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close relationship of the pestiviruses. The high grade of the antigenic relationship of 

CSFV and BVDV is seen in the occurrence of cross-reacting antibodies in natural 

infection (Edwards et al., 1991; Paton et al., 1992; Weiland et al., 1992). 

Referring to the published antigenic domains of the CSFV E2 four chimeras were 

constructed (Wensvoort, 1989; van Rijn et al., 1994; van Rijn et al., 1996). Those 

chimeras were supposed to enable the correct glycosylation and folding of the three 

dimensional protein structures. 

BSR-T7 cells were transfected with the chimeric constructs and the reactivity patterns 

of mabs were compared between virus infected cells and cells recombinantly 

expressing the entire CSFV or BVDV E2 protein, respectively. 

All anti-CSFV and anti-BVDV mabs except one reacted at least with one of the 

protein chimeras. The negative BVDV mab (PX7) had already shown a weaker 

affinity to viral and transiently expressed BVDV E2 protein in former tests. The slight 

changes of the conformation of the protein could have led to the total loss of the 

already weak affinity of this mab. 

 

The results from mab reactivity screening on chimeric proteins indicate that the three 

dimensional structure of the protein necessary for building the epitopes is still 

accessible. This is true, even if protein regions of more than 60 aa are replaced with 

analogous sequences of BVDV or BDV. 

 

6.4 An advanced domain model 

6.4.1 The Wensvoort model 

According to the current domain model, CSFV E2 is described to consist of four 

distinct antigenic domains: A, B, C and D (Wensvoort, 1989). The model was later 

refined by identifying the distinct locations of the domains (van Rijn et al., 1994; van 

Rijn et al., 1996). 

The chimeras for this study were constructed on the basis of a publication of van Rijn 

in which A, the major antigenic domain, is located between aa 800 and 864. B and C 

are indistinguishable regarding their location at aa 693 and 746. The exact location of 

domain D was not determined (van Rijn et al., 1996; van Gennip et al., 2000) (Figure 

22 a). 
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According to their reactivity with the protein chimeras some of the mabs could be 

grouped in the domain model of Wensvoort. Thirteen mabs had their binding epitope 

in domain BC (aa 693 to 746) and nine mabs in domain A (aa 800 to 864). However, 

five mabs could not be assigned to domains BC or A. Their epitopes are located 

around the C-terminal borders of the A or the BC domain, respectively (Figure 22 b). 

 

Figure 22: a) Wensvoort domain model of CSFV E2 comprising four domains (1989) with 

van Rijn’s location descriptions in different publications (1993, 1996). 

b) Binding sites of mabs on CSFV E2 in the Wensvoort model. The locations of domains A 

and BC refer to van Rijn’s description of 1996. The grey areas picture these domains in 

connection with results from this study. The C-terminal area of both domains are not distinct 

(illustrated by wavy line) and are located roughly around aa 746 for BC and aa 864 for A. 

 

The results seem close to the Wensvoort model, but with the difference of two 

additional groups. To be in accordance with this model the domain borders would 

have to be widened. 

However, these findings are closer to an earlier publication from the same group, in 

which the B domain is described between aa 691 and 773, the C domain between aa 
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691 and 800 and the A domain between aa 766 and 866 (van Rijn et al., 1993). The 

D domain is predicted to be located between aa 766 and 800. 

With the mabs used in this study it was not possible to detect any domain or epitope 

to be located between the BC and A domain, furthermore it can be predicted that 

another domain or epitope is located C-terminal of A, between aa 864 and the 

transmembrane region (Figure 22 a and b). 

 

6.4.2 The modified model 

To progress from the Wensvoort domain model to an advanced model that would 

comprise the previously described results, further chimeras and mutants were 

constructed. 

 

Two chimeras were established in which an already known epitope in the A domain 

(TAVSPTTLR) (Lin et al., 2000; Liu et al., 2006) was replaced by the corresponding 

parts of BDV Gifhorn (CSFV E2 “TAV” and CSFV E2 “5’ TAV”). 

Three of nine mabs still reacted with this chimera and so their epitope is likely to be 

located C-terminally from the replacement, between aa 838 and 864. In addition they 

did not show any reactivity in the Western Blot, indicating that their epitopes were 

discontinuous. From the reactivity tests with different viruses it was concluded that all 

three mabs were directed to different epitopes. 

Six of the nine “A” domain mabs did not show affinity to the “TAV” chimera. Negative 

results in the PLA of formerly reactive mabs were supposed to be due to the fact that 

the epitope of the mab was destroyed through the replacement. Those six mabs were 

therefore supposed to be directed against this particular epitope. 

Surprisingly only two (HC34 and HCTC50) and not all six mabs reacted in the 

Western Blot, as expected considering the linear structure of the TAVSPTTLR 

epitope. This indicates the existence of a second epitope on this site, which is 

discontinuous. Hence, a linear epitope could also be a part of an overlapping 

conformational epitope. This finding was already observed for other proteins 

(Chazenbalk et al., 1993) and the existence of overlapping epitopes was also 

discussed for other Flaviviridae (Roehrig et al., 1983; Cammack and Gould, 1986; 

Bugli et al., 2001). 

All “A” domain mabs reacted with a chimera in which only the CSFV A domain was 

present (BVDV E2 “A”). This, together with the previously discussed results indicates 
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that one part of the discontinuous TAVSPTTLR epitope lies within aa 829 and 837 

and the second either N-terminal between aa 800 and 828 or C-terminal between aa 

838 to 864. The discontinuous epitope is then created of both parts through folding. 

In Western Blots, the folded structure is destroyed when the protein is denatured and 

the disulfide bonds are reduced. Only the mabs directed against the linear part of the 

protein, HC34 and HCTC50, had the ability to bind denatured, linear protein and are 

hence the only mabs examined in this study which can detect a pan-CSFV linear 

epitope. 

The reactivity patterns of HCTC59 indicate an A domain adjacent epitope around aa 

864, which is C-terminal of the other A domain epitopes. The negative Western Blot 

indicates that it is a conformational epitope. 

 

In contrast to the A domain, information about the BC domain is scarce. 

According to their reaction patterns with different CSFV and other Pestivirus strains 

the mabs could be divided into two subgroups: one group reacting with all CSFV 

strains and the other reacting only with Alfort 187 and Riems. Following this finding, 

the existence of at least two epitopes in the BC region was postulated, one specific 

for CSFV Alfort and Riems (= genotype 1.1) and another specific for all seven tested 

CSFV strains (= pan CSFV). 

Alignments and hydropathy plots were used to identify putative epitopes. Accordingly 

four amino acid mutants for the Alfort / Riems epitope and three for the pan CSFV 

epitope were established. In these mutants particular amino acids were changed to 

destroy putative epitopes on this site. 

 

No change of mab reactivity to any of the “pan CSFV epitope” mutants could be 

detected, although two of theses mutants (CSFV E2 “SA” and CSFV E2 “PE”) had a 

mutation on the site of a published linear epitope (CKEDYRY, aa 693 to 699) (Dong 

and Chen, 2006). This could indicate that none of the tested mabs are directed 

against “CKEDYRY”. Another possibility would be that the exchange of amino acids 

in this case did not alter the conformation of E2 enough, so that the epitope was still 

accessible. This might be as well true for the other “pan CSFV” mutations that did not 

have an effect on the reactivity of the tested mabs. 

The exact location of the pan CSFV epitope therefore still remains inconclusive. 
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Three subgroups of Alfort / Riems positive mabs could be identified after mutating aa 

725 and aa 729 of the amino acid motif “DLQLN” (aa 725 to aa 729). 

One group of mabs lost their affinity to the protein, the mabs of a second group 

showed a significantly weaker reaction and one group had the same reactivity as to 

the unaltered protein.  

The three subgroups can also be identified when only aa 729 is mutated, but not as 

many mabs as in the double mutation lose or show decreased reactivity. 

No change of mab reactivity is detected when only aa 725 is mutated. 

The findings indicate that amino acids which form an epitope have different 

importance in forming the three dimensional structure. Change of aa 725 on its own 

does not alter the epitope. Aa 729 is more important in this context, but only mutation 

of both amino acids together trigger the change of reactivity of a large group of mabs. 

The mabs which lost their reactivity to the mutated protein are with one exception 

those that are directed to one or more discontinuous epitopes. Therefore, mutations 

seem to affect discontinuous more than linear epitopes. Minor changes in the 

conformation still enable mabs to interact with their linear binding site, although with 

decreased affinity. The same changes might prevent the protein from folding in a 

correct manner and mabs directed against discontinuous epitopes are kept from 

binding. 

The different reactivities to linearized protein in the Western Blot of all mabs 

discussed in this section indicate that the amino acid motif “DLQLN” is, like 

“TAVSPTTLR”, presumably a part of overlapping linear and discontinuous epitopes. 

 

Another epitope region is located C-terminal of the BC region, around aa 746. Two of 

the tested mabs (HCTC54, HCTC63) are directed to epitopes on this site. Both mabs 

show different reactivity patterns on the CSFV strains and on the CSFV E2 “G/D” 

mutant. One is strongly positive in Western Blot (HCTC63), the other one shows low 

reactivity (HCTC54). In addition this antibody was also able to bind linearized viral 

protein in Western Blots but not transiently expressed protein. However, this could be 

due to a lower protein concentration of the transiently expressed protein and a low 

affinity of the mab to the linear protein. It might therefore be directed against a 

discontinuous epitope. 

These findings could indicate that the mabs bind not to one, but to two different 

epitopes in close proximity to another. 
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Two mabs (CT2, 1665) were found that have their epitope C-terminal of the A 

domain, between aa 864 and the transmembrane region. From different affinity 

patterns on the CSFV strains and Western Blots it can be concluded that both mabs 

are directed against different epitopes, one linear and one discontinuous. 

 

Up to now the domain model for CSFV E2 predicted 4 distinct domains, A, B, C and 

D (Wensvoort, 1989). The results of this study indicated that there are only three 

domains. In reference to the nomenclature from other Flaviviridae these could be 

named I, II and III. 

Domain I lies in the N-terminal part and resembles the former BC domain with 

extended boarders in C-terminal direction towards the former domain A. It comprises 

at least six epitopes, some being neutralizing and conserved. The epitopes are 

mainly located in the N-terminal region of domain I. 

Domain II would be the former A domain with its C-terminal boarder expanded. It 

consists of at least six epitopes, of which two enclose the conserved TAVSPTTLR 

epitope. In domain II, more neutralizing epitopes can be found than in domain I. 

The third domain, domain III, is located adjacent in C-terminal direction from domain 

II and is defined by at least two epitopes. The resulting epitope map for CSFV E2 is 

depicted in Figure 23 a) and b). 

Dividing CSFV E2 in three domains would bring the modified model in agreement 

with the domain models of the other Flaviviridae (see 2.2.3) which consist mainly of 

three antigenic regions (Megret et al., 1992; Burke and Monath, 2001; Modis et al., 

2005). 
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Figure 23: a) Epitope model for CSFV E2, underlined mabs are directed to linear epitopes, 

           min.: minimum, TMR: transmembrane region 

       b) Domain model comprising three domains 

 



 

78 

 

 



Outlook 

79 

7 Outlook 

7.1.1 Further studies on CSFV E2 

From the results of this study it can be predicted that CSFV E2 consists of at least 14 

epitopes with linear or discontinuous structures that are recognized by mabs 

produced in mice. Still, for some mabs so far only the regions in which these epitopes 

are located could be identified, the specified location remains unknown. 

For a detailed epitope map the knowledge about the exact location would be 

desirable. Further experiments with additional antibodies and amino acid mutants will 

have to be performed to complete the map. 

 

7.1.2 First observations on BVDV E2 

Not much is known about the antigenic properties of BVDV E2. There have been first 

approaches for epitope mapping using results from competitive binding assays and of 

the characterization and sequence analyses of neutralization escape mutants. Those 

attempts have lead to the identification of an antigenic domain and an epitope in the 

N-terminal part of the protein (Paton et al., 1992). However, extensive research on 

this subject is still missing. 

The use of chimeric CSFV constructs in which particular parts are replaced with 

BVDV made it possible to get initial information on the antigenic structure of BVDV 

E2. None of the used mabs reacted with the BVDV “A” chimera, suggesting that in 

contrast to CSFV E2 this is not the major antigenic region. Instead the most antigenic 

region seems to be the N-terminal part of the protein. At least six mabs have their 

binding site in this area and from the reactivity patterns it can be concluded that they 

are directed against four different epitopes. However from these preliminary results it 

is not possible to predict the precise binding site for eight other mabs directed against 

at least three different epitopes (Figure 24). The construction of chimeras with BVDV 

backbone would present a promising approach to identify the antigenic properties of 

this virus and to compare them to the antigenic properties of CSFV. 
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Figure 24: Binding sites of mabs on BVDV E2 

 

7.1.3 Use in vaccine design 

Marker or DIVA (Differentiation of Infected and Vaccinated Animals) vaccines are 

vaccines that enable serological differentiation between infected and vaccinated 

animals (Dong and Chen, 2006). They are regarded as important tools for the 

eradication of CSF (Anonymous, 2001). 

Most approaches for the development of marker vaccines include “negative markers”; 

vaccines in which one protein, domain or epitope is absent compared to the wild-type 

virus (Dong and Chen, 2006). To decide which part of the virus can be used for 

replacement, it is vital to know which domains or epitopes are involved in interaction 

with the host. 

On the basis of epitope maps the development of life chimeric marker vaccines, in 

which only smallest parts of the virus are modified can be achieved. Such tailor made 

vaccines are close to the natural structure of the virus and are therefore a promising 

solution for vaccine development and maintenance of animal health. 

From this study it can be seen that it is possible to replace certain parts of a CSFV 

with the corresponding parts of BVDV or BDV and to maintain the folding and 

glycosylation of the protein. In addition the location and minimum number of epitopes 

are revealed. Virus specificity tests and alignments performed during epitope 

mapping give information about the genetic properties of an epitope, in terms of 

being either a pan-CSFV or a virus strain specific epitope. 
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Domain A / II and domain BC / I are the major immunogenic areas of the protein. For 

a marker vaccine it would be possible to replace either one of the domains, or even 

epitopes within domains, with the corresponding part of BVDV or BDV. Field infected 

animals will have antibodies against this domain or epitope, whereas vaccinated 

animals will not produce these antibodies. 

First promising approaches for a vaccine in which the TAVSPTTLR epitope is 

replaced with BDV Gifhorn are ongoing (EU project CSFVaccine and wild boar, 

Project No.: SSP1- 501599). 
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9 Appendix 

9.1 Sequences 

9.1.1 CSFV 

 
CSFV strain Alfort 187 (accession no. X87939) E2: Nucleotide sequence (nt 2441 - 

3559): 

cagctagcctgcaaggaagattacaggtacgcaatatcatcaaccaatgagatagggctactcggggccggaggtc

tcaccaccacctggaaagaatacaaccacgatttgcaactgaatgacgggaccgttaaggccatttgcgtggcaggt

tcctttaaagtcacagcacttaatgtggtcagtaggaggtatttggcatcattgcataaggaggctttacccacttccgtga

cattcgagctcctgttcgacgggaccaacccatcaactgaggaaatgggagatgacttcgggttcgggctgtgcccgtt

tgatacgagtcctgttgtcaagggaaagtacaatacaaccttgttgaacggtagtgctttctatcttgtctgtccaataggg

tggacgggtgttatagagtgcacagcagtgagcccaacaactctgagaacagaagtggtaaagaccttcaggagg

gacaagccctttccgcacagaatggattgtgtgaccacaacagtggaaaatgaagatttattctactgtaagttggggg

gcaactggacatgtgtgaaaggtgaaccagtggtctacacgggggggctagtaaaacaatgcagatggtgtggcttt

gacttcaatgagcctgacggactcccacactaccccataggtaagtgcattttggcaaatgagacaggttacagaata

gtggattcaacagactgtaacagagacggtgttgtaatcagcacagaggggagtcatgagtgcttgatcggtaacac

aactgtcaaggtgcatgcatcagatgaaagactgggccccatgccatgcagacctaaagagatcgtctctagtgcag

gacctgtaaggaaaacttcctgtacattcaactacgcaaaaactttgaagaacaagtactatgagcccagggacagc

tacttccagcaatatatgcttaagggcgagtatcagtactggtttgacctggacgtgactgaccgccactcagattacttc

gcagaatttgttgtcttggtggtggtagcactgttaggaggaagatatatcctgtggctaatagtgacctacatagttttaac

agaacaactcgccgctggt 

 

CSFV Alfort 187 E2: Amino acid sequence (aa 690 - 1062): 

QLACKEDYRYAISSTNEIGLLGAGGLTTTWKEYNHDLQLNDGTVKAICVAGSFKVTA

LNVVSRRYLASLHKEALPTSVTFELLFDGTNPSTEEMGDDFGFGLCPFDTSPVVKG

KYNTTLLNGSAFYLVCPIGWTGVIECTAVSPTTLRTEVVKTFRRDKPFPHRMDCVTT

TVENEDLFYCKLGGNWTCVKGEPVVYTGGLVKQCRWCGFDFNEPDGLPHYPIGKC

ILANETGYRIVDSTDCNRDGVVISTEGSHECLIGNTTVKVHASDERLGPMPCRPKEIV

SSAGPVRKTSCTFNYAKTLKNKYYEPRDSYFQQYMLKGEYQYWFDLDVTDRHSDY

FAEFVVLVVVALLGGRYILWLIVTYIVLTEQLAAG 
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CSFV strain Riems (accession no. AY259122) E2 “BC” region: Nucleotide sequence 

(nt 2441 - 2611): 

cggctagcctgcaaggaagattacaggtacgcaatatcgtcaaccgatgagatagggctacttggggccggaggtct

caccaccacctggaaggaatacaaccacgatttgcaactgaatgacgggaccgttaaggccagttgcgtggcaggt

tcctttaaagtcacagca 

 

CSFV Riems E2 “BC” region: Amino acid sequence (aa 690 - 744): 

RLACKEDYRYAISSTDEIGLLGAGGLTTTWKEYNHDLQLNDGTVKASCVAGSFKV 
 

 

CSFV strain Brescia (accession no. M31768) E2 “BC” region: Nucleotide sequence 

(nt 2428 - 2595): 

cggctagcctgcaaggaagatcacaggtacgctatatcaacaaccaatgagatagggctacatggggccgaaggt

ctcactaccacctggaaagaatacaaccacaatttgcaactggatgatgggaccgtcaaggccatctgcatggcagg

ttcctttaaagtcaca 

 

CSFV Brescia E2 “BC” region: Amino acid sequence (aa 690 - 744): 

RLACKEDHRYAISTTNEIGLHGAEGLTTTWKEYNHNLQLDDGTVKAICMAGSFKV 

 

 

CSFV strain Parma (sequenced) E2 “BC” region: Nucleotide sequence: 

cggttgtcctgtaaggaagactacaggtatgcgatatcatcaaccaatgagatagggccgctaggggctgagggtctc

actaccacctggaaagaatacaaccatggtttgcaactggacgacgggactgtcagggctatttgcactgcaggatc

ctttaaagtcacagcactt 

 

CSFV Parma E2 “BC” region: Amino acid sequence: 

RLSCKEDYRYAISSTNEIGPLGAEGLTTTWKEYNHGLQLDDGTVRAICTAGSFKV 
 

 

CSFV strain VI3837/38 (sequenced) E2 “BC” region: Nucleotide sequence: 

cggctagcctgtaaggaagactacaggtatgcgatctcgtcaaccaacgagatagggccgttgggcgtcgaaggtct

caccactacctggaaagaatacagccacagtctgcagctggacgacggaaccgttaaggccgtctgcactgcagg

gtccttttaagtcacagcactt 
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CSFV VI3837/38 E2 “BC” region: Amino acid sequence: 

RLACKEDYRYAISSTNEIGPLGAEGLTTTWKEYSHSLQLDDGTVKAVCTAGSFKV 
 

 

CSFV strain Guatemala (sequenced) E2 “BC” region: Nucleotide sequence: 

cggttggcctgcaaggaggactacaggtacgcaatatcatcaaccaatgagatagggctactcggggctgaaggtct

caccaccacttggaaagagtacagccatgatttgcaactagacgacgggaccgtcaaggccacttgcgtagcaggtt

ccttcaaagtcacagctctc 

 

CSFV Guatemala E2 “BC” region: Amino acid sequence: 

RLACKEDYRYAISSTNEIGLLGAEGLTTTWKEYSHDLQLDDGTVKATCVAGSFKV 
 

9.1.2 BVDV 

 
BVDV strain NADL (accession no: AJ133738) E2: Nucleotide sequence (nt 2462 - 

3583): 

cacttggattgcaaacctgaattctcgtatgccatagcaaaggacgaaagaattggtcaactgggggctgaaggcctt

accaccacttggaaggaatactcacctggaatgaagctggaagacacaatggtcattgcttggtgcgaagatggga

agttaatgtacctccaaagatgcacgagagaaaccagatatctcgcaatcttgcatacaagagccttgccgaccagt

gtggtattcaaaaaactctttgatgggcgaaagcaagaggatgtagtcgaaatgaacgacaactttgaatttggactct

gcccatgtgatgccaaacccatagtaagagggaagttcaatacaacgctgctgaacggaccggccttccagatggt

atgccccataggatggacagggactgtaagctgtacgtcattcaatatggacaccttagccacaactgtggtacggac

atatagaaggtctaaaccattccctcataggcaaggctgtatcacccaaaagaatctgggggaggatctccataactg

catccttggaggaaattggacttgtgtgcctggagaccaactactatacaaagggggctctattgaatcttgcaagtggt

gtggctatcaatttaaagagagtgagggactaccacactaccccattggcaagtgtaaattggagaacgagactggtt

acaggctagtagacagtacctcttgcaatagagaaggtgtggccatagtaccacaagggacattaaagtgcaagat

aggaaaaacaactgtacaggtcatagctatggataccaaactcggacctatgccttgcagaccatatgaaatcatatc

aagtgaggggcctgtagaaaagacagcgtgtactttcaactacactaagacattaaaaaataagtattttgagcccag

agacagctactttcagcaatacatgctaaaaggagagtatcaatactggtttgacctggaggtgactgaccatcaccg

ggattacttcgctgagtccatattagtggtggtagtagccctcttgggtggcagatatgtactttggttactggttacatacat

ggtcttatcagaacagaaggccttaggg 



Appendix 

98 

BVDV NADL E2: Amino acid sequence (aa 693 -1066) 

HLDCKPEFSYAIAKDERIGQLGAEGLTTTWKEYSPGMKLEDTMVIAWCEDGKLMYL

QRCTRETRYLAILHTRALPTSVVFKKLFDGRKQEDVVEMNDNFEFGLCPCDAKPIVR

GKFNTTLLNGPAFQMVCPIGWTGTVSCTSFNMDTLATTVVRTYRRSKPFPHRQGCI

TQKNLGEDLHNCILGGNWTCVPGDQLLYKGGSIESCKWCGYQFKESEGLPHYPIG

KCKLENETGYRLVDSTSCNREGVAIVPQGTLKCKIGKTTVQVIAMDTKLGPMPCRPY

EIISSEGPVEKTACTFNYTKTLKNKYFEPRDSYFQQYMLKGEYQYWFDLEVTDHHR

DYFAESILVVVVALLGGRYVLWLLVTYMVLSEQKALG 

 

9.1.3 BDV 

 
BDV strain Gifhorn (accession no. AY163660) E2: Nucleotide sequence 

caatttgcctgcatcgagaattacaagtatgccttatcaaagacaagtaatgtaggacccttgggagcagaggacctg

acaacaacatggcatgactacaaaccaaatttgcaactagacgatgggaccataagggcagtgtgccagcgtggttt

ttttaggataagaccacactgtctcgtggggtccaggtatttggcaagtctacataatagagctttacccacttcagtcac

cttcaaaatgataccaggcgggtctccgatggccatagtggaaatgggtgatgactttgagtacggtctatgtccttgtg

attccaagcccgtggtcaaggggaagttcaacacaactcttctcaatggaaatgccttccagctagtctgccctttggga

tggacaggacaagtggagtgcaccactgttagcactagcaccctggccacagaggttgtgaagacgtacaggagg

agccgtccattcccacgcaggcccggctgtgatcacaccactgtctctggaggggacttatatcactgcaaattggga

ggtaactggacctgcatcaaaggtgatcaagtgaagtacacggggggtgccgtgaagcagtgtaagtggtgtgacta

cgtgttcaaggagaaggatggcctcacgcactacccgatcggcaaatgtatgatggaaaatgaaacaggttacagg

tatgttgatgatacaccatgtaatagaggtggggtagtgatcgatagaactggaagtctagagtgtatcgtgggaaaaa

ctgtggtaaaagtctatagtgtagacgaaaagttggggcccatgccttgcaagccaaaggaggtgatttctagtgaag

gacccattagcaagaccgcctgtaccttcaactactcaaaaacccttaaaaacaaatattacgaacccagagacag

ctacttccagcaatacatgctcaaaggggagtaccagtattggtttgatcttgacgtaacggaccatcatacagactattt

cgcagagttcatcgtactagcagtggtggctctgctaggaggcaggtacgtcctgtggttgatggttgtttacgtggtact

gacagagcaaatggcatcagca 
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BDV Gifhorn E2: Amino acid sequence 

QFACIENYKYALSKTSNVGPLGAEDLTTTWHDYKPNLQLDDGTIRAVCQRGFFRIRP

HCLVGSRYLASLHNRALPTSVTFKMIPGGSPMAIVEMGDDFEYGLCPCDSKPVVKG

KFNTTLLNGNAFQLVCPLGWTGQVECTTVSTSTLATEVVKTYRRSRPFPRRPGCDH

TTVSGGDLYHCKLGGNWTCIKGDQVKYTGGAVKQCKWCDYVFKEKDGLTHYPIGK

CMMENETGYRYVDDTPCNRGGVVIDRTGSLECIVGKTVVKVYSVDEKLGPMPCKP

KEVISSEGPISKTACTFNYSKTLKNKYYEPRDSYFQQYMLKGEYQYWFDLDVTDHH

TDYFAEFIVLAVVALLGGRYVLWLMVVYVVLTEQMASA 

 

9.1.4 VSV 

 

VSV G signal sequence (accession no. NC_001560): Nucleotide sequence (nt 3078 

to 3146): 

atgaagtgccttttgtacttagcctttttattcattggggtgaattgcaagttcaccatagtttttcca 

 

VSV G signal peptide: Amino acid sequence 

MKCLLYLAFLFIGVNCKFTIVFP 
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9.1.5 Chimeras 

The signal sequence of VSV G is printed in bold italics, CSFV sequences are printed 

in italics and BVDV NADL sequences are printed bold. 

 

CSFV E2 “BC”: Nucleotide sequence 

atgaagtgccttttgtacttagcctttttattcattggggtgaattgcaagttcaccatagtttttccacacttggatt

gcaaacctgaattctcgtatgccatagcaaaggacgaaagaattggtcaactgggggctgaaggccttacc

accacttggaaggaatactcacctggaatgaagctggaagacacaatggtcattgcttggtgcgaagatgg

gaagttaatgtacctccaacttaatgtggtcagtaggaggtatttggcatcattgcataaggaggctttacccacttccg

tgacattcgagctcctgttcgacgggaccaacccatcaactgaggaaatgggagatgacttcgggttcgggctgtgcc

cgtttgatacgagtcctgttgtcaagggaaagtacaatacaaccttgttgaacggtagtgctttctatcttgtctgtccaata

gggtggacgggtgttatagagtgcacagcagtgagcccaacaactctgagaacagaagtggtaaagaccttcagg

agggacaagccctttccgcacagaatggattgtgtgaccacaacagtggaaaatgaagatttattctactgtaagttgg

ggggcaactggacatgtgtgaaaggtgaaccagtggtctacacgggggggctagtaaaacaatgcagatggtgtgg

ctttgacttcaatgagcctgacggactcccacactaccccataggtaagtgcattttggcaaatgagacaggttacaga

atagtggattcaacagactgtaacagagacggtgttgtaatcagcacagaggggagtcatgagtgcttgatcggtaac

acaactgtcaaggtgcatgcatcagatgaaagactgggccccatgccatgcagacctaaagagatcgtctctagtgc

aggacctgtaaggaaaacttcctgtacattcaactacgcaaaaactttgaagaacaagtactatgagcccagggaca

gctacttccagcaatatatgcttaagggcgagtatcagtactggtttgacctggacgtgactgaccgccactcagattac

ttcgcagaatttgttgtcttggtggtggtagcactgttaggaggaagatatatcctgtggctaatagtgacctacatagtttta

acagaacaactcgccgctggt 

 

CSFV E2 “E”: Nucleotide sequence 

atgaagtgccttttgtacttagcctttttattcattggggtgaattgcaagttcaccatagtttttccacagctagcct

gcaaggaagattacaggtacgcaatatcatcaaccaatgagatagggctactcggggccggaggtctcaccacca

cctggaaagaatacaaccacgatttgcaactgaatgacgggaccgttaaggccatttgcgtggcaggttcctttaaagt

cacagcaagatgcacgagagaaaccagatatctcgcaatcttgcatacaagagccttgccgaccagtgtgg

tattcaaaaaactctttgatgggcgaaagcaagaggatgtagtcgaaatgaacgacaactttgaatttggact

ctgcccatgtgatgccaaacccatagtcaagggaaagtacaatacaaccttgttgaacggtagtgctttctatcttgtc

tgtccaatagggtggacgggtgttatagagtgcacagcagtgagcccaacaactctgagaacagaagtggtaaaga

ccttcaggagggacaagccctttccgcacagaatggattgtgtgaccacaacagtggaaaatgaagatttattctactg

taagttggggggcaactggacatgtgtgaaaggtgaaccagtggtctacacgggggggctagtaaaacaatgcaga

tggtgtggctttgacttcaatgagcctgacggactcccacactaccccataggtaagtgcattttggcaaatgagacag

gttacagaatagtggattcaacagactgtaacagagacggtgttgtaatcagcacagaggggagtcatgagtgcttga
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tcggtaacacaactgtcaaggtgcatgcatcagatgaaagactgggccccatgccatgcagacctaaagagatcgt

ctctagtgcaggacctgtaaggaaaacttcctgtacattcaactacgcaaaaactttgaagaacaagtactatgagcc

cagggacagctacttccagcaatatatgcttaagggcgagtatcagtactggtttgacctggacgtgactgaccgcca

ctcagattacttcgcagaatttgttgtcttggtggtggtagcactgttaggaggaagatatatcctgtggctaatagtgacct

acatagttttaacagaacaactcgccgctggt 

 

 

CSFV E2 “A”: Nucleotide sequence 

atgaagtgccttttgtacttagcctttttattcattggggtgaattgcaagttcaccatagtttttccacagctagcct

gcaaggaagattacaggtacgcaatatcatcaaccaatgagatagggctactcggggccggaggtctcaccacca

cctggaaagaatacaaccacgatttgcaactgaatgacgggaccgttaaggccatttgcgtggcaggttcctttaaagt

cacagcacttaatgtggtcagtaggaggtatttggcatcattgcataaggaggctttacccacttccgtgacattcgagct

cctgttcgacgggaccaacccatcaactgaggaaatgggagatgacttcgggttcgggctgtgcccgtttgatacgag

tcctgttgtaagagggaagttcaatacaacgctgctgaacggaccggccttccagatggtatgccccatagga

tggacagggactgtaagctgtacgtcattcaatatggacaccttagccacaactgtggtacggacatatagaa

ggtctaaaccattccctcataggcaaggctgtatcacccaaaagaatctgggggaagatttattctactgtaagtt

ggggggcaactggacatgtgtgaaaggtgaaccagtggtctacacgggggggctagtaaaacaatgcagatggtgt

ggctttgacttcaatgagcctgacggactcccacactaccccataggtaagtgcattttggcaaatgagacaggttaca

gaatagtggattcaacagactgtaacagagacggtgttgtaatcagcacagaggggagtcatgagtgcttgatcggta

acacaactgtcaaggtgcatgcatcagatgaaagactgggccccatgccatgcagacctaaagagatcgtctctagt

gcaggacctgtaaggaaaacttcctgtacattcaactacgcaaaaactttgaagaacaagtactatgagcccaggga

cagctacttccagcaatatatgcttaagggcgagtatcagtactggtttgacctggacgtgactgaccgccactcagatt

acttcgcagaatttgttgtcttggtggtggtagcactgttaggaggaagatatatcctgtggctaatagtgacctacatagtt

ttaacagaacaactcgccgctggt 

 

 

BVDV E2 “A”: Nucleotide sequence 

atgaagtgccttttgtacttagcctttttattcattggggtgaattgcaagttcaccatagtttttccacacttggatt

gcaaacctgaattctcgtatgccatagcaaaggacgaaagaattggtcaactgggggctgaaggccttacc

accacttggaaggaatactcacctggaatgaagctggaagacacaatggtcattgcttggtgcgaagatgg

gaagttaatgtacctccaaagatgcacgagagaaaccagatatctcgcaatcttgcatacaagagccttgcc

gaccagtgtggtattcaaaaaactctttgatgtcaagggaaagtacaatacaaccttgttgaacggtagtgctttctat

cttgtctgtccaatagggtggacgggtgttatagagtgcacagcagtgagcccaacaactctgagaacagaagtggt

aaagaccttcaggagggacaagccctttccgcacagaatggattgtgtgaccacaacagtggaaaatgaggatct
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ccataactgcatccttggaggaaattggacttgtgtgcctggagaccaactactatacaaagggggctctatt

gaatcttgcaagtggtgtggctatcaatttaaagagagtgagggactaccacactaccccattggcaagtgta

aattggagaacgagactggttacaggctagtagacagtacctcttgcaatagagaaggtgtggccatagtac

cacaagggacattaaagtgcaagataggaaaaacaactgtacaggtcatagctatggataccaaactcgga

cctatgccttgcagaccatatgaaatcatatcaagtgaggggcctgtagaaaagacagcgtgtactttcaact

acactaagacattaaaaaataagtattttgagcccagagacagctactttcagcaatacatgctaaaaggaga

gtatcaatactggtttgacctggaggtgactgaccatcaccgggattacttcgctgagtccatattagtggtggt

agtagccctcttgggtggcagatatgtactttggttactggttacatacatggtcttatcagaacagaaggcctt

aggg 
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9.2 Media, buffers and solutions 

Cell culture media 

Edulb (Dulbecco’s Minimal Essential Medium), pH 6.9 

Edulb powder 13.53 g 

NaHCO3 2.2 g 

Aqua bidest. (sterile) ad 1 l 

  

EMEM (Eagle’s Minimal Essential Medium), pH 7 

EMEM powder 9.6 g 

NaHCO3 2.2 g 

Aqua bidest. (sterile) ad 1 l 

 

The powder for Edulb and EMEM was purchased from GIBCO Life Technologies. 

0.06 g penicillin and 0.05 g streptomycin sulfate (Sigma, St. Louis, USA) were added 

per liter of medium. 

 

Bacterial growth media 

LB-Medium (Luria Bertani) and LB-Agar medium were purchased as capsules from 

Qbiogene (Irvine, USA). 25 LB-Medium or 40 LB-Agar medium capsules were added 

to 1 l Aqua dest. and autoclaved. Ampicillin was added in a concentration of 50 mg/l 

when necessary prior to use. 
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Buffers and Solutions 

Versen Trypsin 0.125 %  

NaCl 8.0 g 

KCl 0.2 g 

Na2HPO4 x 12 H2O 2.31 g 

KH2PO4 x 2 H2O 0.2g 

CaCl2 0.13 g 

MgSO4 x 7 H2O 0.1 g 

Trypsin 1.25 g 

Streptomycin 0.05 g 

Penicillin 0.06 g 

Aqua bidest. Sterile ad 1 l 

  

10 x TBE buffer  

TRIS 108 g 

Boric acid 53.4 g 

EDTA 7.4 g 

Aqua dest. ad 1 l 

  

10 x TAE buffer pH 8  

TRIS 98.88 g 

Sodium acetatet 54.43 g 

Aqua dest. ad 1 l 

  

PBS pH 7.5  

NaCl 8 g 

KCl 0.2 g 

Na2HPO4 1.15 g 

KH2PO4 0.12 g 

MgCl2 x 6 H2O 0.1 g 

CaCl2 x 2 H2O 0.132 g 

Aqua dest. ad 1 l 
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PBSM pH 7.5  

NaCl 8 g 

KCl 0.2 g 

Na2HPO4 1.15 g 

KH2PO4 0.12 g 

Aqua dest. ad 1 l 

  

PBSM 0.1 % Tween  

PBSM 1 l 

Tween 1 ml 

  

10 x SDS buffer  

0.1 % SDS 10 g 

0.025 M Tris 30 g 

0.192 M Glycine 144 g 

Aqua dest. ad 1 l 

  

Stacking gel for 4 polyacrylamide gels (0.75 mm) 

Acrylamide  1.25 ml 

1 M Tris pH 6.8 0.94 ml 

Aqua bidest. 5.22 ml 

10 % APS 75 µl 

10 % SDS 75 µl 

TEMED 3.75 µl 

  

Resolving gel 10 % for 4 polyacrylamide gels (0.75 mm) 

Acrylamide  8 ml 

1.875 M Tris pH 6.8 4.8 ml 

Aqua bidest. 11 ml 

10 % APS 240 µl 

10 % SDS 240 µl 

TEMED 12 µl 
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2x SDS sample buffer (with DTT) (10 ml) 

2 % SDS 2 ml 10 % SDS 

62.5 mM Tris 625 µl 1M pH 6.8 

10 % Glycerol 1 ml 

0.01 % Bromphenol blue 10 µl 1 % 

0.01 % Phenol red 10 µl 1 % 

100 mM DTT  

  

Anode buffer I pH 9  

1 M Tris 300ml 

Ethanol 200ml 

Aqua bidest. Ad 1l 

  

Anode buffer II pH 7.4  

1 M Tris 25 ml 

Ethanol 200 ml 

Aqua bidest. Ad 1 l 

  

Cathode buffer pH 9  

ε-Aminocapron acid 5.25 g 

1 M Tris 25 ml 

Ethanol 200 ml 

Aqua bidest. Ad 1 l 

  

NP40 lysis buffer pH 7.5  

Natriumdesoxycholate 0.5 % 

Nonidet P40 1 % 

Tris HCl, pH 7.5 50 mM 

NaCl  150 mM 

  

Sodiumacetate buffer pH 5  

0.05 M CH3COONa 2.78 g 

Acetic acid 96 % 1 ml  

Aqua bidest. Ad 1 l 
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AEC solution  

3-amino-9-ethylcarbazole hydrochloride 0.33 g 

Dimethylformamide (C3H7NO) 50 ml 

  

TFB I pH 5.8 (for competent E. coli) (100 ml) 

100mM RbCl2 1.2 g 

50mM MnCl2 989.5 g 

30 mM Kac 294 mg 

10 mM CaCl2 147 mg 

Glycerol 15 % 15 ml 

Aqua bidest. Ad 100 ml 

  

TFB II pH 6.8 (for competent E. coli) (20 ml) 

10 mM MOPS 41.8mg 

10 mM RbCl2 24 mg 

75 mM CaCl2 220.5 mg 

Glycerol 15 % 3 ml 

Aqua bidest. Ad 20 ml 

  

Incubation buffer for N-Glycosidase F pH 7.6 (10 ml) 

100 mM Na3PO4 x 12 H2O 380 mg 

30 mM EDTA 0.11 g 

0.5 % Nonidet P40 50 µl 

0.2 % SDS 200 µl 10 % SDS  
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9.3 Kits and reagents 

Kits: All kits were purchased from QIAgen (Hilden, Germany). 

QIAprep Spin Miniprep Kit  

QIAfilter Plasmid Midi Kit  

QIAfilter Plasmid Maxi Kit  

QIAquick PCR Purification Kit  

QIAquick Gel Extraction Kit  

QIAamp viral RNA Mini Kit  

 

Reagents: 

Antibiotics:  

Ampicillin Sigma (St. Louis, USA) 

Geneticin Invitrogen (Carlsbad, USA) 

Penicillin Sigma (St. Louis, USA) 

Streptomycin Sigma (St. Louis, USA) 

Tetracycline AppliChem (Darmstadt, Germany) 

  

Cell culture and Transfection:  

Fetal calf serum Biochrom. (Berlin, Germany) 

Lipofectamine Invitrogen (Carlsbad, USA) 

Non-essential amino acids Biochrom. (Berlin, Germany) 

  

Secondary antibodies:  

Anti-mouse Ig, biotinylated species 

specific whole antibody from sheep  

Amersham (Little Chalfont, UK) 

Polyclonal rabbit anti-mouse 

immunoglobulins / HRP 

Dako (Glostrup, Denmark) 

  

PCR and Cloning:  

PfU polymerase MBI Fermentas (St. Leon-Rot, Germany) 

Tth polymerase Epicentre (Madison, USA) 

T4 DNA ligase MBI Fermentas (St. Leon-Rot, Germany) 
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Restriction enzymes: 

EcoRI MBI Fermentas (St. Leon-Rot, Germany) 

SpeI MBI Fermentas 

XhoI MBI Fermentas 

  

SDS PAGE and Western Blot:  

Acrylamide BioRad (Hercules, USA) 

Blocking reagent Roche (Mannheim, Germany) 

Lumigen TMA-6 GE Healthcare (Little Chalfont, UK) 

POD (BM Chemiluminescence Blotting 

Substrate) 

Roche (Mannheim, Germany) 

Precision Plus Protein Standard, All Blue BioRad (Hercules, USA) 

TEMED Merck (Darmstadt, Germany) 

Tween 20 AppliChem (Darmstadt, Germany) 

  

Others:  

E. coli XL1 blue Stratagene (La Jolla, USA) 

N-Glycosidase F Roche (Mannheim, Germany) 

streptavidin-biotinylated HRP complex Amersham (Little Chalfont, UK) 

  

 

All other reagents were purchased from AppliChem (Darmstadt, Germany), Merck 

(Darmstadt, Germany), Roth (Karlsruhe, Germany) or Sigma (St. Louis, USA). 
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