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1. Introduction 

1.1 Bacteriophage M13 

1.1.1 Taxonomy of bacteriophage M13 

In the beginning of the 20th century bacteria were found to be infected by certain 

viruses designated bacteriophages (D’HERELLE 1917). Members of this subclass of 

viruses are abundantly present in natural habitats, e.g. one litre of seawater can 

contain about 1010 phages (BERGH et al. 1989). The taxonomy of phages is based 

on host range, virus structure and genome composition; recently a solely genome-

based phage tree has been suggested (ROHWER and EDWARDS 2002). The 

bacteriophage used in this study, the filamentous coliphage M13, is classified as a 

member of the family Inoviridae (Fig. 1). These viruses are characterised by a 

circular single-stranded DNA genome in positive orientation ranging from 4.4 – 8.5 

kb. This virus family is subdivided into the genus Inovirus and the genus Plectrovirus. 

The former comprises several species, which can be distinguished based on particle 

length, capsid symmetry, antigenic and genomic properties and especially on host 

range. Phages belonging to the species Ff infect male E.coli and are designated 

M13, f1 and fd. The genome of these three phages differs by less than 1.5 % of the 

nucleotides. (ICTVdB 2006).  

Inoviridae

Plectovirus Inovirus

phages of 

Spirillaceae

phages of 

Enterobacteriaceae

phages of 

Pseudomonadaceae

phages of 

Xanthomonadaceae

E.coli phage Ff

E.coli phage fd E.coli phage M13 E.coli phage f1

Inoviridae

Plectovirus Inovirus

phages of 

Spirillaceae

phages of 

Enterobacteriaceae

phages of 

Pseudomonadaceae

phages of 

Xanthomonadaceae

E.coli phage Ff

E.coli phage fd E.coli phage M13 E.coli phage f1

 
Fig. 1.1: Taxonomy of the Inoviridae family. The colours indicate taxonomic categories:  

 family (blue), genus (red), group (yellow), species (green) and subspecies (petrol).  
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1.1.2 Virus structure of bacteriophage M13 

Being 1-2 µm long and 6-7 nm wide, M13 is a filamentous rod-like phage. Its circular, 

single-stranded DNA in positive orientation consists of 6407 nucleotides (VAN 

WEZENBEEK et al.1980) and encodes eleven proteins (RAPOZA & WEBSTER 

1995). Six of them play a fundamental role during virus replication; the other five are 

structural proteins (WILSON & FINLAY 1998).  

The most abundant structural protein is p8, consisting of 50 amino acids and being 

encoded by gene 8 (Fig. 2). Approximately 2700 copies of this protein form a 

filamentous capsid about 1 µm in length which encapsulates the viral genome. By 

increasing or decreasing the number of p8 proteins, the phage is able to adjust to 

changes in genome size (SPECTHRIE et al. 1992). Positively charged lysine 

residues in the C-terminal region of p8 interact with the negatively charged DNA, 

thereby forming a symmetrically designed nucleoprotein shell (MARVIN et al. 

1994).The products of gene 7 and gene 9, the minor coat proteins p7 and p9, are 

located on the blunt end of the particle with 4-5 copies per virion. The proteins 

contain 32 and 33 amino acids, respectively, and they are involved in the initiation of 

virus assembly and maintainance of a stable structure. The opposite side is 

designated the sharp end which is capped by 3-5 copies of p3 together with 4-5 

copies of p6. The latter terminates the virus assembly process, while p3 mediates 

infectivity by attaching to the F-pilus of E.coli and together they form the adsorption 

complex (GAILUS & RASCHED 1994)  

Three areas can be discriminated on p3, namely the two N-terminal domains p3-N1 

and p3-N2 and the C-terminal domain p3-C. Those areas are separated by glycine-

rich spacer regions (VAN WEZENBEEK et al. 1980). Furthermore, p3-C has been 

subdivided into p3-C1 and p3-C2 based on the involvement of the respective amino 

acids in the viral assembly process (WEISS et al. 2003). 
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1.1.3 Replication cycle of bacteriophage M13 

The replication cycle of M13 is initiated by binding of p3-N1 to the F-pilus of E.coli. 

The resulting retraction of the F-pilus brings the phage particle into close proximity to 

the bacterial surface (JACOBSON 1972). At this point, p3-N2 is able to interact with 

the host proteins TolQ, TolR and TolA and the capsid proteins integrate into the 

bacterial cytoplasmic membrane with their N-termini facing the periplasm 

(SMILOWITZ et al. 1972).  

The genome is delivered into the cytoplasm and converted into a double stranded 

replicative form (RF) by host enzymes. From the replicative form the phage proteins 

are expressed.  

In a next step, the gene 2 product p2 nicks the double stranded DNA, thereby 

creating single-stranded DNA in positive orientation. In a process referred to as 

“rolling cycle”, the plus-strand is converted into double-stranded DNA by resident 

enzymes leading to a steadily increasing amount of RF.  

By attaching to the plus-stranded DNA strand, the gene 5 product p5 prevents 

generation of further RF and retains the genome for packaging into phage particles. 

Interaction of p7 and p9 with the cytoplasmic membrane marks the start of the 

assembly process. The p5-DNA complex is captured by p7 and p9 at a packaging 

sequence on the DNA. The protein coat is generated by exchanging p5 for p8 that 

has already been integrated into the cytoplasmic membrane due to its N-terminal 

leader sequence. Free p5 again binds to single stranded DNA in order to prevent RF 

formation (PRATT et al. 1974).  

Fig. 1.2: Bacteriophage M13 
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Prerequisite for phage secretion is formation of a channel through the inner and outer 

bacterial membranes. This is generated by a homo-multimer of p4 inserted into the 

outer membrane and p1 and p11 embedded into the inner membrane 

(KAZMIERCZAK et al. 1994, PRATT et al. 1966, RUSSEL 1993). It is suggested that 

the C-terminal domains of p1 and p11 can interact with the N-terminal part of p4 and 

thereby form the channel through which the phages are released. As soon as p5 has 

been completely substituted by p8 both p3 and p6 are incorporated into the virus 

particle and virus assembly is complete.  

Being secreted through the bacterial membranes M13 has a non-lytic life cycle 

(KOIVUNEN et al. 1999). Once the viral DNA is inside the host cell the replication 

cycle takes ten minutes until progeny phages are released from the bacteria. During 

the first hour up to 1000 phages are generated per cell, in later stages of infection 

this amount decreases about one log scale. Bacteria stay vital but their growth rate is 

diminished (AZZAZY and HIGHSMITH, JR. 2002). 

1.1.4 Phage display 

The phage display technique was described when a filamentous coliphage was 

shown to be capable of expressing a foreign peptide as part of a modified p3 protein 

on its surface, after insertion of the DNA encoding the peptide into phage gene 3 

(SMITH 1985). The possibility of linking genotype to phenotype and the ability of the 

phages to display the foreign peptide or protein on their surface allows the generation 

of large phage libraries that can be used to screen for peptides of interest (ADDA et 

al. 2002, AZZAZY and HIGHSMITH, JR. 2002). While libraries based on 

bacteriophage M13 are the most frequently used ones due to the easy handling of 

this phage (SIDHU 2001) libraries made from lytic phages have the advantage of 

allowing the display of large molecules that would interfere with the secretion process 

of M13. Examples of lytic phages that have been used to generate libraries are 

phage ! (STERNBERG and HOESS 1995), bacteriophage T4 (HOUSHMAND et al. 

1999) and bacteriophage P4 (LINDQVIST and NADERI 1995). 

While all surface proteins of M13 have been successfully used to display peptides 

(SIDHU 2001), the most commonly employed candidates are p3 and p8 (ADDA et al. 

2002, RODI and MAKOWSKI 1999). To select for single phages expressing peptides 
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with desired binding affinities the libraries are screened in a process referred to as 

biopanning (PARMLEY and SMITH 1988). In brief, phages from the original library 

are presented with the chosen target of interest. As 109 different sequences are 

contained in a library (KAY et al. 1993) it is likely that there is at least one phage with 

a peptide specific for the target molecule. Unbound phages are removed by thorough 

washing and phages attached to the target are eluted and amplified (KOIVUNEN et 

al. 1999). By repeating this selection cycle those phages displaying peptides that 

recognise the target accumulate successively (DEVLIN et al. 1990).  

Phage display has been applied in a variety of different fields, such as epitope 

mapping (DYBWAD et al. 1995, HEALY et al. 1995, JELLIS et al. 1993) and drug 

design (BENHAR 2001, EEROLA et al.1994, HART et al. 1994, SMITH and 

PETRENKO 1997). In vivo screening yielded peptides binding exclusively to certain 

organs, thereby enabling a very specific drug delivery (ARAP et al. 1998, CHEN et al. 

2006, PASQUALINI & RUOSLAHTI 1996, RAJOTTE et al 1998, RAJOTTE and 

RUOSLATHI 1999). Furthermore phage display identified ligands for receptors 

(CWIRLA et al. 1997), even when biopanning was performed with intact cells 

(DOORBAR and WINTER 1994, GOODSON et al. 1994) or peptides mimicking or 

binding to saccharides (DEVLIN et al. 1990, MATSUBARA et al. 1999).  

 

1.2 Respiratory syncytial virus  

1.2.1 Taxonomy of RSV 

The respiratory syncytial virus (RSV) belongs to the genus Pneumovirus in the sub-

family Pneumovirinae (Fig. 3). Both Pneumovirinae and the second sub-family 

Paramyxovirinae are a part of the Paramyxoviridae family which is grouped into the 

order Mononegavirales. Members are characterised by a single stranded non-

segmented genomic RNA in negative orientation. There is a human (HRSV) and a 

bovine (BRSV) variant of this virus. Based on antigenic characterisation of the 

glycoprotein G, two HRSV serotypes can be distinguished, namely serotype A and B 

(ANDERSON et al. 1991, COLLINS et al. 1990) 
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Paramyxoviridae are enveloped viruses and their genome size ranges from about 15 

kb to 19 kb (RIMA et al. 1995). They can be the causative agents for a number of 

important diseases, such as mumps, measles, encephalitis and severe respiratory 

illness in humans. In animals members of this virus family may induce Newcastle 

disease in birds, canine or phocine distemper in dogs or seal, respectively, rinderpest 

in cattle or severe lower respiratory tract infections in young calves.  
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Rubulavirus

Avulavirus

Respirovirus

Henipavirus

Morbillivirus

Pneumovirus

Metapneumovirus
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Mumps virus

Newcastle

disease virus
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paramyxoviruses

Hendravirus Nipahvirus

Measles virus
Canine distemper

virus

Respiratory

syncytial virus

Murine

pneumovirus
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pneumovirus

Human 

metapneumovirus
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Fig. 1.3: Taxonomy of the Paramyxoviridae family. The colours indicate taxonomic categories: 

family (blue), subfamily (red), genus (yellow) and species (petrol) 
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1.2.2 Virus structure of RSV 

HRSV virions differ in their appearance, as they can be spherical, filamentous or 

pleomorphic. Spherical particles are 150 - 300 nm in diameter and contain a helical 

nucleocapsid. The genome consists of non-segmented single stranded RNA with 

negative polarity and comprises 15.222 bases. Ten genes encode for eleven open 

reading frames from which the seven structural and four non-structural proteins are 

synthesised. At the 3’ end, there are two genes coding for non-structural protein 1 

(NS1) and non-structural protein 2 (NS2). Both of these proteins modulate the host’s 

immune response (ELLIOTT et al. 2007, SCHLENDER et al. 2000). The subsequent 

genes encode for the nucleocapsid protein (N) and the phosphoprotein (P), which are 

part of helical nucleocapsid. They also contribute to the polymerase complex (Fig. 4). 

The gene for the P protein is followed by genetic information for the matrix protein 

(M), the small hydrophobic protein (SH), the glycoprotein (G) and the fusion protein 

(F). The M protein forms an inner layer beneath the viral envelope, which is derived 

from the plasma membrane of infected cells (Fig. 4). HRSV carries three surface 

glycoproteins in its envelope which protrude like spikes (COLLINS et al. 1999). While 

the G protein mediates attachment to the cell surface by binding to 

glycosaminoglycans and heparin-like structures (TENG and COLLINS 2002, 

BOURGEOIS et al. 1998), the SH protein has only recently been discovered to inhibit 

TNF! production (FUENTES et al. 2007). The F protein forms a homo-trimer and 

mediates infection by binding to an up to now unknown cellular receptor. The 5’ end 

of the genome harbours the genes encoding for M2-1 protein, M2-2 protein and the 

large protein (L). The latter functions as RNA dependent RNA polymerase, both M2-1 

and M2-2 protein play a role during virus replication. 
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Fig. 1.4: Schematic drawing of RSV particle 

 

1.2.3 Replication cycle of RSV 

Fusion of the viral envelope with the cell membrane delivers the HRSV genome into 

the cytoplasm. This process is mediated by the F protein in a pH independent 

fashion. The whole replication cycle takes place in the cytoplasm. In a first step, the 

polymerase complex, already binding tightly to the RNA, attaches to the only 

promoter in a 44 nt extragenic leader region at the very 3’ end of the genome 

(DICKENS et al. 1984). From this promoter, transcription is started and the 

polymerase moves towards the 5’ end. Every gene is framed by a conserved 3’ 

gene-start and 5’ gene-end sequence; when the polymerase reaches a gene-end 

sequence it polyadenylates the subgenomic mRNA and sets it free (FEARNS and 

COLLINS 1999a, KUO et al. 1997). At the following gene-start sequence the 

polymerase transcribes the next gene and caps and methylates the 5’ end of the 

mRNA, thereby producing monocistronic capped, methylated and polyadenylated 

mRNAs for translation by the resident enzymes. A gradient of expression is 

generated due to a quality of the polymerase, which tends to detach from the RNA at 

intergenic regions. Owing to the fact that transcription can only be initiated at the very 
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3’ promoter genes located next to this end are transcribed more often than those at 

the 5’ end (CHENG et al. 2005, HARDY and WERTZ 1998, KREMPL et al. 2002).  

By a hitherto unidentified trigger the polymerase switches from transcription to 

replication. During the synthesis of a full-length positive-stranded antigenome the 

polymerase ignores the gene-start and gene-end sequences and does not dissociate 

from the template. A 155 nt trailer sequence is located at the 5’ end of the viral 

genome. In the antigenome the complement of the trailer contains a promoter from 

which the negative-stranded genomic RNA is generated. In contrast to the viral 

mRNA, the genomic and antigenomic RNAs form a complex with N proteins. 

After translation of the viral mRNAs by the host machinery, the structural proteins 

and the nucleocapsids are transported to the plasma membrane where virus 

assembly takes place.  

1.2.4 Distribution and epidemiology of RSV 

Being distributed all over the world human respiratory syncytial virus (HRSV) is the 

leading causative agent for respiratory disease in infants (COLLINS et al.1990). It 

was discovered when a laboratory chimpanzee displaying symptoms of a common 

cold was probed (BLOUNT et al. 1956). One year later, HRSV was recognised as a 

human pathogen when it was isolated from symptomatic children (CHANOCK et al. 

1957) and serological surveys revealed its wide prevalence by finding neutralising 

antibodies in 93 % of the samples from people over fifteen years of age (HAMBLING 

1964).  

Despite its importance as a pathogen in the elderly and immunocomprimised 

(FALSEY et al. 1992, FALSEY and WALSH 2000, WENDT and HERTZ 1995, 

WHIMBEY et al. 1996) HRSV is still considered the most relevant virus for serious 

respiratory illness in infants (HOLBERG et al. 1991, SHAY et al. 1999).  

HRSV is highly contagious and spreads via nosocomial infection. In temperate zones 

RSV epidemics occur annually during the winter months (KIM et al. 1973, MUFSON 

et al. 1973) and the climax is reached mostly in Febuary and March.  
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1.2.5 Clinical picture, prophylaxis and therapy of RSV infection 

HRSV infection is acquired via aerosolised droplets. After an incubation period of 

three to five days, patients develop signs of upper respiratory tract infection such as 

sneezing, coughing and pharyngitis. In older infants or children the symptoms may 

not progress further, but, most commonly in children younger than nine months, a 

more severe course of disease is set when the lower respiratory tract gets involved. 

Especially in the elder or immunocompromised patients or prematurely born infants, 

bronchiolitis and pneumonia may require hospitalisation and fatal cases have been 

reported (DOWELL et al. 1996, FALSEY et al. 1995a, FALSEY et al. 1995b, 

HARRINGTON et al. 1992, WHIMBEY et al. 1996).  

There is growing evidence that some children having suffered from HRSV infection 

may have a tendency to develop chronic and/or allergic respiratory disease 

(SCHAUER et al. 2002, SIGURS et al. 2000, SIGURS et al. 2005).  

 Extensive research efforts did not yield an effective vaccine against HRSV so far. A 

vaccine based on formalin inactivated virus led to an exacerbated course of illness in 

immunised children and was withdrawn from the market (KAPIKIAN et al. 1969). The 

increased severity of disease was probably due to a Th2 immune response 

(HANCOCK et al. 1996). Neither subunit vaccines based on HRSV surface 

glycoproteins nor attenuated or recombinant live vaccines resulted in satisfactory 

protective immunity (MARTINEZ-SOBRIDO et al. 2006, TAKIMOTO et al. 2005).  

Members of high risk groups, such as prematurely born babies, infants suffering from 

chronic lung disease or congenital heart failure or immunocomprimised people can 

be treated prophylactically with doses of a monoclonal antibody called Palivizumab 

(Synagis®). Palivizumab is a humanised IgG antibody directed against the fusion 

protein of HRSV and is applied once a month via intramuscular injection (JOHNSON 

et al. 1997) 

Dyspnoic patients receive humidified oxygen treatment to balance their breathing 

impairment and prevent cyanosis. For the most severe cases of illness respiratory 

assistance may be required. This is only supportive care as specific therapy is not 

available. Both corticosteroids and bronchodilators have been used but have not 

been proven effective. In patients with an asthmatic medical history or if wheezing is 
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a pre-eminent symptom this treatment may be beneficial. The nucleoside analogue 

Ribavirin has failed to show a statistically significant improvement of the clinical 

course of infection (RANDOLPH and WANG 1996), although antiviral activity was 

observed in the cotton rat (PRINCE et al. 1985).  

1.2.6 Diagnostics of RSV 

Due to its high prevalence in the population pure serological evidence of HRSV 

specific antibodies is not significant for an acute infection whereas a rise in titres of 

complement-fixing (CF) or neutralising antibodies may be considered meaningful. 

ELISAs have been established for this purpose and the test’s sensitivity has been 

increased by immobilising synthetic peptides; this ELISA allows differentiation of 

subtype specific antibodies (LANGEDIJK et al. 1997).  

To confirm an infection with HRSV detection of viral antigen is a more accurate 

approach. For the direct immunofluorescent assay (DFA) a swab is taken from the 

patient and cells present in the specimen are incubated with an HRSV specific 

antibody which is linked to a fluorescent dye. The sample is then investigated via 

immunofluorescence microscopy. Another test is the enzyme immunoassay (EIA), in 

which the HRSV specific antibodies are immobilised and capture the virus antigen 

out of the sample. A second enzyme-linked antibody recognising HRSV is applied for 

detection. The most sensitive assays employ RT-PCR for the detection of viral RNA 

in specimens (TANG et al. 1999).  

1.2.7 RSV fusion protein as a biopanning target  

The F protein was chosen as target of interest for the biopanning procedure. Both the 

G and the F protein mediate attachment to the host cell and induce neutralising 

antibodies, but the F protein is crucial for infection and highly conserved as opposed 

to the G protein (GALIANO et al. 2005, JONES et al. 2002). Therefore, it appears 

possible to identify peptides which interact with all HRSV strains. 

The F protein is a homo-trimeric type I surface glycoprotein and carries six potential 

sites for N-glycosilation (CALDER et al. 2000, ZIMMER et al. 2001a). During 

passage through the trans-golgi-network, the protease furin cleaves the precursor F0 

at two multi-basic cleavage sites, thereby releasing a peptide of 27 amino acids 
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termed pep27 (SUGRUE et al. 2001, ZIMMER et al. 2001b). As shown in Fig. 5, the 

cleavage results in the generation of an F1 (438 aa) and an F2 (109 aa) subunit that 

remain connected via a disulfide bond (ELANGO et al. 1985). A hydrophobic amino 

acid sequence that is inactive in the precursor F0, is located at the N-terminus of the 

F1 subunit where it plays a crucial role in the fusion activity of the F protein. 

   

Fig. 1.5: Schematic drawing of the F protein. Both the uncleaved precursor F0 (top) and the 

cleavage products generated by furin-mediated proteolytic activation of F are shown. 

 

To present the F protein for interaction with phages during the biopanning step, 

recombinant Sendai viruses (SeV) were used. Being a member of the 

Paramyxoviridae family SeV is grouped into the sub-family of Paramyxovirinae, 

genus Respirovirus. It is a murine pathogen causing respiratory disease (PARKER et 

al. 1978, CARTHEW & SPARROW 1980). Its single strand of non-segmented RNA in 

negative orientation encodes for six structural proteins from 3’ to 5’ end: The 

nucleocapsid protein (N), the phosphoprotein (P), the matrix protein (M), the fusion 

protein (F), the hemagglutinin-neuraminidase (HN) and the large protein (L). 

Recombinant Sendai viruses (SeV) were employed for the following reasons: The 

SeV grows to high titres and thus allows virus purification via a sucrose gradient. SeV 

has only two surface glycoprotein, namely the hemagglutinin-neuraminidase (HN) 

and the fusion protein (F); in the genome of the recombinant SeV-hF used in this 

study the gene encoding for the HN protein is replaced by the gene for the green 

fluorescent protein (GFP) which leaves only the F protein on the viral surface. This F 

protein is a chimeric protein, because the cytoplasmic tail and the membrane anchor 
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are derived from the SeV F protein wheras the ectodomain originates from HRSV F 

protein. Thus the recombinant SeV-hF serving as target in the biopanning procedure, 

displays HRSV F protein as the only viral glycoprotein on the surface. In order to 

select phages binding to HRSV F protein a subtraction step was conducted during 

biopanning. The virus chosen for this purpose is termed SeV-dsRed. This virus 

codes for a different fluorescent protein and contains the genuine SeV F protein on 

the viral surface. By incubating the phages with this virus those M13 particles with 

binding affinities for other targets than the HRSV-F protein would bind and be 

removed from the pool. 

 

1.3 SARS coronavirus (CoV) 

1.3.1 Taxonomy of SARS-CoV 

Severe acute respiratory syndrome associated coronavirus (SARS-CoV) is a 

member of the genus Coronavirus in the Coronaviridae family which is classified into 

the order of Nidovirales (Fig. 6). Coronaviruses are enveloped and feature a single-

stranded non-segmented RNA genome with positive polarity consisting of 27.100 - 

31.600 nucleotides (MASTERS 2006).  

Based on phylogenetic analyses, three groups can be distinguished among 

coronaviruses. Viruses belonging to group 1 and group 2 infect mammals while the 

group 3 coronaviruses have only been found in birds. Severe and even fatal diseases 

associated with coronavirus infection have been reported to occur in animals. Being 

responsible for about 30 % of common colds, for a long time they have been thought 

to cause only mild symptoms in humans (MCINTOSH et al. 1970). Coronaviruses are 

highly host-specific and most frequently cause respiratory and enteric disease, 

occasionally hepatitis and encephalitis. When SARS-CoV appeared in 2002, it had 

crossed the species-barrier and caused severe illness in humans. After some dispute 

about the taxonomic classification of SARS-CoV it was finally considered as an early 

split-off from group 2 viruses, resulting in a subdivision of this group (SNIJDER et al. 

2003). Group 2a contains the viruses formerly classified as group 2 while SARS-CoV 

and several bat coronaviruses form group 2b.  
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Coronaviridae

Torovirus Coronavirus

Group 1 Group 2a + 2b Group 3

Feline infectious

peritonitis virus

Transmissible gastro-
enteritis virus

HCoV -229E

Feline CoV

Canine CoV

Infectious bronchitis

virus

Turkey CoV

Bovine CoV SARS-CoV

Mouse hepatitis virus Bat-SARS-CoV

HCoV -OC43

Coronaviridae

Torovirus Coronavirus

Group 1 Group 2a + 2b Group 3

Feline infectious

peritonitis virus

Transmissible gastro-
enteritis virus

HCoV -229E

Feline CoV

Canine CoV

Infectious bronchitis

virus

Turkey CoV

Bovine CoV SARS-CoV

Mouse hepatitis virus Bat-SARS-CoV

HCoV -OC43

 

Fig. 1.6: Taxonomy of the Coronaviridae family. The colours indicate taxonomic 

categories: family (blue), genus (red), group (yellow) and species (petrol). 

 

1.3.2 Structure of SARS-CoV 

SARS-CoV virions are pleomorphic or spherical with about 80 - 120 nm in diameter. 

The genome consists of a single non-segmented strand of RNA in positive 

orientation which contains a 5’ cap and a 3’ polyadenylated tail. Two-thirds of its 

approximately 29.700 nucleotides encode for the RNA-dependent RNA polymerase 

(RdRp) and the non-structural proteins (nsps); the corresponding open reading 

frames 1a and 1b (ORF 1a and ORF 1b) are located at the 5’ terminus. The ensuing 

ORFs from the 5’ to the 3’ end code for the spike protein (S), accessory proteins 3a 

and 3b, the envelope protein (E), the membrane protein (M), accessory protein 6, 

accessory proteins 7a and 7b, accessory proteins 8a and 8b, the nucleocapsid 

protein (N) which is translated from ORF 9a and the accessory protein 9b. While the 
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structural proteins S, E, M and N are encoded by all coronaviruses the accessory 

proteins may vary from coronavirus to coronavirus. They are not required for virus 

replication in vitro and in mice (YOUNT et al. 2005).  

Details on products of ORF 1a and 1b will be given in 1.3.3. The S protein is the 

mediator of attachment to and fusion with the host cell. It is embedded into the viral 

envelope and responsible for the corona-like shape of the virions in electron 

microscopy (SIDDELL et al. 1983). The 3a protein, too, is integrated into the 

envelope (Fig. 7). Furthermore, it modulates signalling pathways within the host cell 

(KANZAWA et al. 2006).  The 3b protein has also been found to interact with the host 

immune response (YUAN et al. 2007). The E protein is expressed on the viral 

surface and may be deleted, but this causes attenuation of the virus in vitro and in 

vivo (DEDIEGO et al. 2007). Both E and M protein are required for virus assembly 

and budding and they are sufficient for virus-like particle (VLP) formation (BOS et al. 

1996). During virus replication the M protein is retained in the ER and Golgi 

compartments (VOSS et al. 2006). Accessory protein 6 is a virulence factor and 

interacts with nsp 8 (TANGUDU et al. 2007, KUMAR et al. 2007). Both the 7a and 

the 7b proteins can be deleted without affecting virus replication in vitro or in the 

mouse (YOUNT et al. 2005). The 7a protein is incorporated into VLPs (HUANG et al. 

2006). Animal SARS-CoV isolates differ from middle and late phase human isolates 

by an additional 29 nucleotides in ORF 8 which result in the expression of a single 

8ab protein (LAU et al. 2005). The absence of these 29 nucleotides does not alter 

virus replication or infectivity (YOUNT et al. 2005). By binding to the viral RNA, the N 

protein forms a helical nucleocapsid. Furthermore it builds the inner core via an 

interaction with the M protein (FANG et al. 2005). The 9b protein has lipid binding 

activities (MEIER et al. 2006). 
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Fig. 1.7: Schematic drawing of a SARS-CoV particle 

 

 

1.3.3 Replication cycle of SARS-CoV 

The initial step of SARS-CoV infection is the binding of the S protein to its cellular 

receptor angiotensin-converting enzyme 2 (ACE 2) which is followed by uptake of the 

virus via receptor-mediated endocytosis (WANG et al. 2008). Cathepsin L proteases 

cleave the S protein and expose the fusion peptide in the S 2 domain (SIMMONS et 

al. 2005). The resulting fusion of the viral envelope and the endosome delivers the 

viral genome into the cytoplasm where polyprotein 1a and polyprotein 1ab are 

translated from ORF 1a and 1b. ORF 1a encodes for the proteinases 3CLpro and 

PLpro which process the polyproteins into 16 nsps (SNIJDER et al. 2003). Double-

membrane vesicles derived from the ER harbour the viral RNA during replication 

(SNIJDER et al. 2006). The replication-transcription complex formed by nsps 

transcribes eight subgenomic mRNAs each of which is assumed to have a negative 

stranded intermediate. These intermediates are probably generated during minus-

strand synthesis of the genomic RNA by discontinuous elongation. This step is 

guided by base pairing of complementary transcription-regulating sequences (TRS) 
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present both in the leader region of the template and the 3’ terminus of the minus-

strand being generated (PASTERNAK et al. 2001). After translation of the nested set 

of subgenomic mRNAs, the structural proteins assemble at the endoplasmic 

reticulum-Golgi intermediate compartment (ERGIC) where they interact with the 

helical nucleocapsid. Transport vesicles of the Golgi apparatus deliver the progeny 

viruses to the cell surface (MASTERS 2006). 

1.3.4 Distribution and epidemiology of SARS-CoV 

In November 2002 SARS-CoV appeared for the first time in the Guangdong province, 

China. People having had direct contact to wild animals in markets were diagnosed 

with an atypical pneumonia (ZHONG et al. 2003). SARS was introduced to the world 

by a medical doctor who had acquired the disease while treating SARS patients in 

Guangzhou, China. He spent one night at a hotel in Hong Kong thereby transmitting 

the virus to several other guests from different countries (TSANG et al. 2003a). When 

these people flew back home they carried the virus with them and started a new 

chain of transmission. During the following months it reached 29 countries, infecting 

8.098 people and causing 774 fatalities (CHEN & SUBBARAO 2007, GU & 

KORTEWEG 2007). In July 2003 no new cases were observed and the pandemic 

was declared over by the WHO. Throughout the winter half year 2003/2004 sporadic 

cases of illness appeared in China, Singapore and Taiwan without further 

transmission of the virus (CHENG et al. 2007, NORMILE 2004). 

SARS-CoV is distributed by direct human-to-human transmission, most frequently via 

droplets. In contrast to influenza, however, it is only moderately transmissible (RILEY 

et al. 2003).  

Due to the observed connection of early cases to live animal markets, samples were 

taken from species traded at these markets and tested for the presence of SARS-

CoV or SARS-CoV related viruses. The latter were detected in masked palm civets, 

raccoon dogs and Chinese ferret badgers (GUAN et al. 2003). Low prevalence in the 

wild population and the onset of SARS-like symptoms upon infection of civets (KAN 

et al. 2005) suggested that the true virus reservoir had yet to be found. In 2005, 

SARS-like coronaviruses were identified in Chinese horseshoe bats (LAU et al. 2005, 
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LI et al. 2005). As SARS-CoV has been found to be widely distributed among these 

animals, the horseshoe bat is most probably the natural reservoir for SARS-CoV. 

1.3.5 Clinical picture, prophylaxis and therapy of SARS-CoV 

SARS has been acquired most frequently via aerolised droplets at direct or indirect 

contact (CDC 2003). After a maximal incubation period of 10 days (WHO UPDATE 

49 2003) the most prominent symptoms are fever accompanied by myalgia, 

headache, malaise and chills. Signs for respiratory disease may include a cough and 

dyspnoea (DONNELLY et al. 2003, LEE et al. 2003) and most patients present with 

abnormal chest radiographs due to atypical pneumonia (BOOTH et al. 2003). Gastro-

intestinal involvement is less common. Among other haematological, electrolyte and 

biochemical changes lymphopenia and elevated levels of lactate dehydrogenase 

were present in most patients (LEE et al. 2003, TSANG et al. 2003). This finding 

could alert physicians to consider SARS as a possible diagnosis in atypical patients 

that, for example, lack fever due to co-morbidities (FISHER et al. 2003a).  

The course of illness is acute; peracute cases have been reported. In general, older 

age and co-morbidities appear to be linked to a poor outcome (BOOTH et al. 2003, 

LEE et al. 2003, PEIRIS et al. 2003a, 2003b). 

 A vaccine against SARS-CoV has not been licensed yet. However a vaccine based 

on inactivated SARS-CoV has been demonstrated to elicit high titres of neutralising 

antibodies that prevented infection in vitro (HE et al. 2004). By the time an outbreak 

has occurred, rapid identification and isolation of cases and contacts is important to 

break the chain of transmission (WHO.WER 20 2003). 

Lacking specific therapy against SARS empirical approaches included Ribavirin and 

corticosteroids. Both substances failed to cause an improvement of the clinical 

outcome (PEIRIS et al. 2003a, 2003b). Compared to interferon ! and ", interferon # 

is much more effective in inhibiting virus infection in vitro (CINATL et al. 2003b) and 

might be considered for clinical treatment.  
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1.3.7 Diagnostics of SARS-CoV 

To control the spread of SARS-CoV early identification of cases is crucial. While in 

other virus infections the viral load usually peaks around the onset of symptoms 

SARS-CoV reaches its climax around day ten after initial presentation (PEIRIS et al. 

2003). Due to this observation the assays used for detection have to be very 

sensitive to avoid false negative results. None of the tests so far identifies reliably 

SARS patients of all stages and diagnosis of SARS-CoV infection is still based on 

clinical assessment and epidemiology (http://www.who.int/csr/sars/casedefinition/en/, 

WHO UPDATE 71 2003). 

As there is no prevalence of SARS-CoV in the population, seroconversion indicates 

infection. For detection of both IgM and IgG an ELISA has been developed but 

reliable results are obtained not until 21 days after the onset of symptoms. 

Identification of SARS-CoV specific antibodies via immunofluorescence assay (IFA) 

is possible from about day ten onwards and a test kit is commercially available. To 

provide evidence for the presence of a live virus cell cultures are inoculated with 

patients’ specimen under BSL 3 conditions. After re-isolation, identification of the 

virus as SARS-CoV remains to be done. For detection of virus in the early phase of 

disease RT-PCR appears to be the method of choice so far, as it is rapidly carried 

out, highly sensitive and specific (DROSTEN et al. 2003, POON et al. 2003). 

Nevertheless, RT-PCR is expensive and requires special equipment and trained staff 

that might not be present in some countries. The perfect assay would combine 

simplicity and cost effectiveness with sensitivity, specificity and rapidity; Antigen 

detection tests might come closest to meeting all these conditions (MCINTOSH 

2003).   

1.3.7 SARS-CoV spike protein as a biopanning target 

The S protein was chosen as a target for the biopanning procedure, because this 

glycoprotein plays a crucial role for infection and is the major inducer of neutralising 

antibodies. 

It is a homo-trimeric type I membrane glycoprotein of about 180 kDa. The main 

cellular receptor for SARS-CoV is ACE 2, but liver/lymph node specific ICAM-3 
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grabbing non-integrin (L-SIGN) on dendritic cells can be employed, too (JEFFERS et 

al. 2004). Upon binding and endocytosis, the S protein is cleaved into an N-terminal 

S 1 and a C-terminal S 2 subunit by endosomal Cathepsin L proteases. The S1 

subunit contains the receptor binding domain (RBD) while the fusion peptide and two 

heptad repeat regions reside in the S 2 subunit (BONAVIA et al. 2003). After 

insertion of the fusion peptide into the endosomal membrane several conformational 

changes inside the protein result in the formation of a six-helix bundle. By this 

mechanism both viral envelope and host membrane are brought into close proximity 

and fusion can occur. 

To evaluate other ways of target presentation than on a viral envelope during 

biopanning and thereby enable working under BSL 1-2 conditions with proteins 

derived from pathogens classified as BSL 3 or 4 agents, three different approaches 

were investigated.  

Firstly the S protein was transfected into baby hamster kidney (BHK) cells and 

expressed on the cell surface among resident surface proteins.  

In a second approach the presentation of the S protein on vesicular stomatitis virus 

(VSV) pseudotypes was evaluated. Classified as genus Vesiculovirus, VSV is a 

member of the Rhabdoviridae family within the order Mononegavirales. Thus it 

contains a non-segmented RNA genome in negative orientation that encodes from 5’ 

to 3’ end the large protein L, the glycoprotein G, the matrix protein M, the 

phosphoprotein P and the nucleoprotein N. The G protein mediates attachment to 

and fusion with the host cell membrane. For generation of VSV pseudotypes the 

gene encoding the G protein is deleted and a foreign viral surface glycoprotein is 

supplied in trans via transfection of cells and subsequently expressed on the cell 

surface. These cells become infected with the replication incompetent VSV and as 

assembly and budding occur at the plasma membrane the foreign viral protein is 

incorporated into the virions. 

In a third biopanning approach, purified SARS-CoV S protein was used as a target. 

For this purpose cells were transfected with a soluble construct of the S protein. 

Upon expression, the S protein was secreted into the cell culture supernatant. After 

further processing it was presented to the phages. 
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2. Aims of the study 

 

During the last decades mankind has been confronted with a rising number of viral 

pathogens, such as the highly lethal Ebola and Marburg virus, Lassa virus, the Nipah 

and Hendra virus, human deficiency virus (HIV), SARS-CoV and an H5 variant of 

influenza virus that might be capable to set off the next influenza pandemic.  Other 

viruses have so far been endemic in certain regions and are now distributed world-

wide due to mounting travel and trade activities; Chikungunya virus (CHIKV) for 

example has been reported previously only from restricted regions of Africa 

(ROBINSON 1956). Today it causes epidemics with increasing severity; cases of 

CHIKV infection have been reported from Italy and another 34 countries in Africa, 

India, South East Asia and the Western Pacific (www.cdc.gov/ncidod/dvbid/ 

Chikungunya/CH_GlobalMap.html).  

Contemporary demographic trends combined with increasing air travel around the 

world have opened the floodgates to virus spread. SARS-CoV, being moderately 

transmissible (RILEY 2003), reached 29 countries worldwide.  This demonstrates the 

importance of adequate measures of containment. Virus detection plays a crucial role 

in the rapid identification of new cases of infection and the subsequent action taken. 

The SARS epidemic documents plainly how a single infected person not recognised 

as such can contribute immensely to virus spread. 

The perfect assay for virus identification would be rapid, cost-effective and 

straightforward while possessing a sensitivity and specificity as high as possible. 

Detection of viral antigen is commonly used for diagnostic purposes and comes 

probably closest to meeting all these requirements (MCINTOSH 2003). Usually 

monoclonal or polyclonal antibodies are employed to provide evidence of viral 

antigen in ELISAs and immunofluorescence assays.  

This study evaluated the usefulness of synthetic peptides as viral antigen detectors. 

So far synthetic peptides have most frequently been applied in diagnostics for 

antibody detection in serum, thereby replacing the expensive recombinant proteins or 

viral lysates as the antigens (PAU et al. 2007). To identify specific peptides the 
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phage display technique was chosen due to the high variability of the phage library; 

furthermore, this selection technique is well established and characterised and has 

yielded high-affinity peptides for a range of applications, such as epitope mapping, 

transdermal delivery of drugs, targeting to certain organs or identification of receptor 

ligands (see 1.1.4). 

In a first part, general assay conditions were established and peptides binding to 

HRSV F protein were isolated by biopanning on recombinant SeV-hF. The peptides’ 

ability to recognise the F protein was subsequently characterised in ELISA, 

immunofluorescene assay, Western blot analysis and Surface Plasmon Resonance 

analysis. 

In a second part different ways of target presentation during the biopanning step 

were evaluated. For this purpose the S protein of SARS-CoV was selected. 

Biopanning on surface glycoproteins presented on whole viruses can not easily been 

done with pathogens classified as BSL 3 and 4 agents. Therefore, the protein of 

interest was taken out of the viral context and in a first approach it was presented on 

BHK cells via transfection during biopanning. A second method mimicked the SeV-hF 

biopanning target by making VSV!G express the SARS-CoV S protein on its surface. 

In a third approach biopanning on concentrated cell culture supernatant containing 

soluble S protein was examined.   
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3. Materials 

3.1 Cell lines 

BHK-21 Baby hamster kidney cells; fibroblastoid cells; Deutsche 
Sammlung von Mikroorganismen und Zellkulturen GmbH, 
Braunschweig 
 

BHK G43 BHK cells expressing the glycoprotein of vesicular 
stomatitis virus in an inducible fashion; kindly provided by 
Dr. Christel Schwegmann-Weßels, TiHo Hannover 
 

BHK synS BHK cells expressing the spike protein of SARS-CoV in an 
inducible fashion; kindly provided by Dr. Jörg Glende, TiHo 
Hannover 
 

MDCK II Madin-Darby canine kidney cells; kidney epithelial cells 
from dog; kindly provided by Dr. Kai Simons, Max-Planck-
Institut Dresden 
 

MDCK-F MDCK II cells expressing the fusion protein of human 
respiratory virus in an inducible fashion; kindly provided by 
PD Dr. Gert Zimmer, TiHo Hannover 
 

Vero Permanent kidney epithelial cells from African Green 
Monkey; 
American Type Culture Collection (ATCC) 
 

3.2 Cell culture 

EMEM (Eagle´s Minimum Essential Medium) Gibco BRL, Karlsruhe 

EDULB (Dulbecco´s modified Eagle Medium) 
 

Gibco BRL, Karlsruhe 

PBSM/ PBS 
 

Gibco BRL, Karlsruhe 

Fetal Calf Serum (FCS) Biochrom, Hamburg 
 

Versen-Trypsin 0,125% Gibco BRL, Karlsruhe 
 

Penicillin-Streptomycin (in solution) Gibco BRL, Karlsruhe 
 

RU486 (Mifepriston)  Sigma, Deisenhofen 
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Non-essential amino acids 
 

Gibco BRL, Karlsruhe 

Zeocin Invitrogen, San Diego 
 

Hygromycin 

 
Roche, Mannheim 
 

Geniticin G418 Sulfat 
 

Calbiochem, 
Heidelberg 
 

Glycerol 
 

Roth, Karlsruhe 

3.3 Viruses 

Human respiratory syncytial virus (HRSV),  
strain Long 

kindly provided by Prof. Dr. Hans-
Jürgen Streckert, Ruhr-University 
Bochum 
 

Sendai virus hF (SeV-hF),  
strain Fushimi 

kindly provided by Dr. Sascha Bossow 
and Prof. Dr. Wolfgang Neubert, MPI 
Martinsried 
 

Sendai virus dsRed (SeV-dsRed),  
strain Fushimi 

kindly provided by Dr. Sascha Bossow 
and Prof. Dr. Wolfgang Neubert, MPI 
Martinsried 
 

Vesicular stomatitis virus (VSV) ! G-G 
 

kindly provided by PD Dr. Gert 
Zimmer, TiHo Hannover 
 

Bacteriophage M13 New England Biolabs, Ipswich 
 

3.4 Bacteria 

E. coli XL1 blue 

 
Stratagene, La Jolla 

 

3.5 Plasmids 

pCG1 
 

kindly provided by the institute of virology, TiHo Hannover 
First published in 1995 (CATHOMEN et al. 1995), the vector allows 
expression of foreign proteins under the promoter of the cytomegalie 
virus (CMV). Interjacent in promoter and multiple cloning site is the 
intron of the "-globin gene derived from rabbit. This intron permits 
expression of viral proteins via the cell’s nucleus.  
The vector features an ampicillin-resistance for selection purposes. 
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3.6 Synthetic genes 

HRSV F protein 
 

codon optimised; kindly provided by Prof. Dr. Klaus Überla,  
Ruhr University, Bochum 
 

sol hF protein 
 

soluble HRSV F protein without membrane anchor and 
cytoplasmic tail; kindly provided by Andre Paul, 
Tierärztliche Hochschule Hannover, Hannover 
 

BRSV F protein 
 

codon optimised; kindly provided by Dr. Günther Keil,  
Friedrich-Loeffler-Institute, Island of Riems 
 

sol bF protein 
 

soluble BRSV F protein without membrane anchor and 
cytoplasmic tail; kindly provided by Andre Paul, 
Tierärztliche Hochschule Hannover, Hannover 
 

SARS S protein 
 

codon optimised; kindly provided by Dr. Hongkui Deng, 
Peking University, Peking, China 
 

SARS S!18 protein S protein carrying a deletion of 18 amino acids in the 
cytoplasmic tail; kindly provided by Dr. Jörg Glende, 
Tierärztliche Hochschule Hannover, Hannover 
 

solS protein 
 

soluble SARS S protein without membrane anchor and 
cytoplasmic tail; kindly provided by Dr. Jörg Glende, 
Tierärztliche Hochschule Hannover, Hannover 
 

3.7 Transfection reagent 

Lipofectamin 2000 reagent  Invitrogen, San Diego 
 

3.8 Enzymes 

Taq-DNA-Polymerase (5 U/ml) 
 

MBI Fermentas, St. 
Leon-Rot 
 

Streptavidin biotinylated horseradish  
Peroxidase complex 

 

Amersham Bioscience, 
Freiburg 
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3.9 Kits 

Qiaquick PCR Purification Kit Qiagen, Hilden 
 

Macheray-Nagel Maxiprep Kit Macheray-Nagel, Düren 
 

Ph.D.™-7 Phage Display Peptide Library Kit New England Biolabs, 
Ipswich 
 

Ph.D.™-12 Phage Display Peptide Library Kit New England Biolabs, 
Ipswich 
 

BCA protein assay 
 

Pierce, Bonn 

Silver Stain Kit BIO-RAD, München 
 

Seize X Protein A Immunoprecipitation Kit Pierce, Bonn 
 

3.10 Primer 

Primers were commissioned at MWG Biotech AG, Ebersberg and used at a 
concentration of 10 pmol/µl for PCR. 
 
M13 + 130_S 
 

5’->3’: TGC GTG GGC GAT GGT TGT TGT CAT TGT CGG 

M13 – 96_AS 
 

5’->3’: GCC CTC ATA GTT AGC GTA ACG 

3.11 Peroxidase substrate 

Super Signal® West Dura Extended Duration Substrate 

 
PIERCE, Rockford, USA 

 
ABTS solution Roche, Mannheim 

 

3.12 Antibodies 

anti-mouse IgG (sheep) cy™3 SIGMA, Deisenhofen 
 

anti-mouse IgG (goat) rhodamin RedX Molecular Probes, Karlsruhe 
 

anti-mouse IgG (rabbit) HRP Dako, Hamburg 
 

anti-rabbit IgG (donkey) FITC Amersham/Pharmacia 
 

anti-rabbit IgG (swine) HRP Dako, Hamburg 
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anti-parainfluenza type 1 (goat) DPC Biermann, Bad Nauheim 
 

anti-RSV fusion protein (mouse) Serotec, Düsseldorf 
 

anti-RSV fusion protein (mouse) HyTest, Turku, Finland 
 

anti-M13 (mouse) Progen, Heidelberg 
 

anti SARS-CoV (rabbit) 
 

kindly provided by Dr. Markus 
Eickmann, Phillips University, 
Marburg 
 

3.13 Marker SDS Page and agarose gel electrophoresis 

PageRuler Prestained Protein Ladder 
 

MBI-Fermentas, St. Leon-Rot 
 

Gene Ruler 100 bp Ladder Plus 

 
MBI-Fermentas, St. Leon-Rot 
 

3.14 Chemicals 

Acetic acid Roth, Karlsruhe 
 

Acrylamid (solution) 30% „rotiphorese® Gel 30“ 
 

Roth, Karlsruhe 

 
Agar-Agar 
 

Roth, Karlsruhe 

 
APS 

 
Bio-Rad, München 

 
Bacto-Trypton 

 
Roth, Karlsruhe 

 
Blocking Reagent 
 

Roche, Mannheim 

 
Bovine serum albumin 

 
Roth, Karlsruhe 

 
Bromphenol blue 

 
Merck, Darmstadt 
 

Calcium chloride 
 

Roth, Karlsruhe 

 
Complete, mixture of proteinase inhibitors 

 
Roche, Mannheim 

 
Coomassie brilliant blue 
 

Merck, Darmstadt 

DAPI (4-6-diamidino-2-phenylindol-di-hydrochloride) 
 

Sigma, Deisenhofen 
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DEPC-treated water 
 

MBI-Fermentas, St. 
Leon-Rot 
 

Dimethyl formamide 
 

Roth, Karlsruhe 
 

Di-sodium hydrogen phosphate 

 
Merck, Darmstadt 
 

dNTP Set ( 4 times 0,25 ml of 100 mM solution) 
 

MBI-Fermentas, St. 
Leon-Rot 
 

DTT 

 
Roth, Karlsruhe 

 
EDTA 

 
Roth, Karlsruhe 
 

Ethanol 
 

Merck, Darmstadt 
 

Ethidium bromide 

 
MoBiTec, Göttingen 

 
Glucose 

 
Roth, Karlsruhe 

 
Glycerin 

 
Roth, Karlsruhe 

 
Glycine 

 
Roth, Karlsruhe 

 
Hydrogen peroxide 
 

Merck, Darmstadt 

IPTG (Isopropyl "-D-thiogalactoside) 
 

Roth, Karlsruhe 

 
6 x loading dye solution 
 

MBI-Fermentas 

Magnesium chloride 

 
Roth, Karlsruhe 

 
Mangan chloride 
 

Roth, Karlsruhe 

 
Methanol 
 

Roth, Karlsruhe 

 
Methylcellulose 

 
Sigma, Deisenhofen 

 
N,N,N’,N’-Tetramethylethylendiamin (TEMED) 
 

Roth, Karlsruhe 

 
Nonidet® P40 Roth, Karlsruhe 

 
Polyethylene glycol-8000 
 

Roth, Karlsruhe 

 
2-Propanol (Isopropanol) 
 

Roth, Karlsruhe 
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Paraformaldehyde 

 
Sigma, Deisenhofen 

 
Potassium acetate 
 

Roth, Karlsruhe 

 
Potassium chloride 

 
Merck, Darmstadt 
 

Rubidium chloride 
 

Merck, Darmstadt 

Sodium acetate 

 
Merck, Darmstadt 
 

Sodium chloride Roth, Karlsruhe 

 
Sodium dodecyl sulfate (SDS) 
 

Roth, Karlsruhe 

 
Sodium hydrogen phosphate 

 
Merck, Darmstadt 
 

Sodium iodide 
 

Roth, Karlsruhe 
 

Tris-hydroxymethylaminmethan (TRIS) Roth, Karlsruhe 

 
Tween 20 Roth, Karlsruhe 

 
X-gal (5-Bromo-4-chloro-3-indolyl-"-D-galactosidase) 
 

Roth, Karlsruhe 

 

3.15 Media, buffers and solutions 

Media for bacteria 
 
LB medium Peptone 

 
10 g 

 NaCl 
 

10 g 

 yeast extract 
 

5 g 

 H2O 
 

ad 1 l 

 Autoclave, store at room temperature 
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TFB I buffer Calcium chloride (CaCl2) 

 
10 mM 

 Glycerin 

 
15 % 

 Potassium actetate (KCOOH) 
 

30 mM 

 Rubidium chloride (RbCl2) 
 

100 mM 

 Mangan chloride 

 
50 mM 

 H2O ad 1 l 
 

 
TFB II buffer MOPS 10 mM 

 
 Rubidium chloride 10 mM 

 
 Calcium chloride 75 mM 

 
 Glycerin 15 % 

 
 H20 ad 1 l 

 
 
Polyacrylamide gel electrophoresis 
 
SDS running buffer (10 x) SDS 

 
10 g 

 TRIS  
 

30 g 

 Glycin 
 

144 g 

 H2O 
 

ad 1 l 

 
Stacking gel (2ml) 
 

H2O 1,4 ml 

 TRIS / HCl (1 M) pH 6,8 
 

0,25 ml 

 Acrylamide in solution (30%) 
 

0,33 ml 

 SDS 10% (in H2O) 
 

20 µl 

 APS 10% (in H2O) 
 

20 µl 
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 TEMED 
 

2 µl 

 
Resolving gel (5ml) H2O 

 
2,0 ml 

 TRIS / HCl (1,5 M) pH 8,8 
 

1,3 ml 

 Acrylamide in solution (30%) 
 

1,7 ml 

 SDS 10% (in H2O) 
 

50 µl 

 APS 10% (in H2O) 
 

50 µl 

 TEMED 
 

4 µl 

 
SDS sample buffer (2 x) TRIS / HCl (0,5 M) pH 6,8 

 
10 ml 

 SDS 10% 
 

20 ml 

 Glycerol 
 

10 ml 

 H2O 
 

9 ml 

 
 
Western blot 
 
Anode buffer I (pH 9,0) TRIS (1 M) 

 
300 ml 

 H2O 
                            

500 ml 

 Ethanol 
 

200 ml 

 Use HCl to adjust pH 
 

 

 
Anode buffer II (pH 7,4) TRIS (1 M) 

 
25 ml 

 H2O 
 

770 ml 

 Ethanol 
 

200 ml 

 Use HCl to adjust pH 
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Cathode buffer (pH 9,0) 
 

TRIS (1 M) 25 ml 

 Aminocapronsäure 
 

5,25 ml 

 H2O 
 

770 ml 

 Ethanol 
 

200 ml 

 Use HCl to adjust pH 
 

 

 
Coomassie staining 
 
Staining solution Coomassie brilliant blue 0,5 g 

 
 Ethanol 200 ml 

 
 Acetic acid, conc. 50 ml 

 
 H2O 250 ml 

 
 
Decolouring solution Ethanol 400 ml 

 
 Acetic acid, conc. 100 ml 

 
 H2O 500 ml 

 
 
General buffers 
 
Phosphate buffered saline,  
pH 7,2 (PBS) 

NaCl 8 g 

 
 KCl 

 
0,2 g 

 
 Na2HPO4 

 
1,15 g 

 
 KH2PO4 

 
0,2 g 

 
 MgCl2 x 6H2O 

 
0,1 g 

 
 CaCl2 x 2H2O 

 
1,3 g 

 
 H2O 

 
ad 1 l 
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PBS without Ca and Mg, pH 7,2 
(PBSM) 

NaCl 
 

8 g 

 
 KCl 

 
0,2 g 

 
 Na2HPO4 

 
1,15 g 

 
 H2O 

 
ad 1 l 
 

 
Agarose gel electrophoresis 

 
TBE buffer (10 x) 
 

TRIS 108 g 

 
 Boric acid 

 
55 g 

 
 EDTA (0,5 M), pH 8,0 

 
40 ml 
 

 H2O 

 
ad 1 l 
 

 
Agarose gel 1% TBE gel 1 g 

Agarose/ 
100ml TBE 

 
 
DNA sample buffer (6 x) 
 

Bromphenol blue 

 
0,25 % 

 
 Sucrose (in H2O) 

 
40 % (w/v) 
 

 Store at 4°C 
 

 

 
Ethidiumbromide stock solution Ethidiumbromide 

 
1 g 

 H2O 

 
ad 100 ml 

 Usage: 0,5 #g/ ml (in H2O) 
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Cell lysates 
 
NP40 lysis buffer, pH 7,5 
plus complete 

Sodiumdesoxycholate 
 

0,5 % 
 

 TBS pH 7,5 
 

50 ml 
 

 Nonidet P40 (pre-warmed to 37°C) 
 

1 % 
 

 Complete (protease inhibitors) 
 

1 tablet 
 

 
Immunofluorescence 
 
DAPI staining 
 

DAPI 
 

1 mg/ml 
in H2O 
 

 

Mowiol  
 

Mowiol 
 

2,5 g 
 

 glycerol 
 

6 g 
 

 H2O 
 

6 ml 
 

 TRIS (0,2 M), pH8,5 
 

12 ml 
 

 DABCO 
 

final 
conc. 
2,5% 
 

 Make aliquots and store at -20°C 
 

 

 
Immuno-plaque test 
 

Methylcellulose 
 

Methylcellulose (sterile) 
(4.000 Centipoisens) 

 

2 g 

 

 DMEM with 2 % FCS and antibiotics 

 
250 ml 
 

 Stir at 4°C until solubilised (2 days) 
 

 

 

AEC stock solution 3-amino-9ethylcarbazol 
 

2 mg 

 Dimethyl formamide 300 ml 
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AEC working solution Sodium acetate buffer (pH 5,0),  
50 mM 
 

5 ml  

 AEC stock solution 300 µl 
 

 3 % H2O2 50 µl 
 

 

3.16 Surface Plasmon Resonance 
 
HC 80m sensordisc (linear polycarboxylate hyrogel) 
 

 Xantec, Münster 

SAHC 80m sensordisc (Streptavidin, immobilised in a 
linear polycarboxylate hydrogel) 
 

 Xantec, Münster 

Sulfo-NHS amine coupling kit 
 

 Xantec, Münster 

Formiate buffer 
 

 Xantec, Münster 

Phosphate buffered saline (PBS)  Pierce, 
Rockford, USA 
 

3.17 Synthetic peptides 

Single anti-HRSV F 
peptide, biotin-linked 
 

NH2-12mer-GGK-biotin-amide Biosynthan, Berlin 

Comb-shaped anti-HRSV 
F peptide, fix backbone 
 

(12mer-GGCys-amide)4-ME4-
MAP4-amide 

Biosynthan, Berlin 

Comb-shaped anti-HRSV 
F peptide, fix backbone, 
biotin-linked 
 

(12mer-GGCys-amide)4 -
MAP4-Lys(Biotin)-amide 

Biosynthan, Berlin 

Comb-shaped anti-HRSV 
F peptide, flexible 
 

(12mer-GGCys-amide)5 - Ac- 
Arg-(Lys(X)-Gly)5-Arg-Gly-
Lys(Biotin)-amide 
X = junction 

Biosynthan, Berlin 
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3.18 Equipment 

Optical microscope 
 

Leitz, Wetzlar 

Fluorescence microscope Axiophot 
 

Zeiss, Jena 

 
Chemi-Imager 
 

Konika, Hohenbrunn 

Esprit Autolabs 
 

Eco Chemie, Utrecht, NL 

ELISA Reader, Spectra II 
 

Tecan, Crailsheim 

Photometer Ultraspec 2000 

 
Amersham, Freiburg 

 
Ultra centrifuge Beckmann, München 

 
Megafuge 1,0R Haereus, Hamburg 

 
Centrifuge 5417R 
 

Beckmann, München 

Centrifuge 5417C Beckmann, München 
 

3.19 Consumables 

Cell culture flask 25 cm2 

 
Nunc, Wiesbaden 

 
Cell culture flask 75 cm2 
 

Nunc, Wiesbaden 

 
24-well plate 
 

Greiner, Nürtingen 

 
6-well plate 
 

Greiner, Nürtingen 

 
Cell culture dish Greiner, Nürtingen 

 
Ultra-clear centrifuge tubes (Ultra centrifugation) Beckmann, München 

 
Polyallomer Beckmann, München 

 
Syringes Braun, Melsungen 

 
Needles Braun, Melsungen 

 
Centrifuge tubes (15 ml, 50 ml) Greiner, Frickenhausen 

 
Microtitre plate 
 

Greiner, Frickenhausen 
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MaxiSorb microtitre plate Nunc, Wiesbaden 
 

Petri dish 
 

Greiner, Frickenhausen 

Filter paper 
 

Schleicher & Schuell, 
Dassel 
 

Nitrocellulose transfer membrane 
 

Schleicher & Schuell, 
Dassel 
 

Cover slips 
 

Superior Marienfeld, 
Lauda-Königshofen 
 

Microscope slide 
 

Roth, Karlsruhe 

Parafilm® Roth, Karlsruhe 
 

Flat-cap PCR tubes (200 µl) 
 

ABgene, Hamburg 
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4. Methods 

4.1 Cytological methods 

4.1.1 Culturing eukaryotic cells 

Cells were kept in sterile 75 cm2 flasks with 20 ml medium plus 5 % FCS and 1% 

non-essential amino acids and stored in an incubator at 37°C and 5% CO2. They 

were passaged every 3-4 days by removing the supernatant and rinsing the cell layer 

with 10 ml PBSM. Then 1 ml of 0.125 % trypsin / EDTA was added. After the cells 

had detached, 1 ml of FCS was supplied to stop trypsin activity. The suspension was 

mixed with 9 ml of medium and the majority of the cells were discarded. A small 

number was passaged on and given new medium. A list of the different cell lines in 

use and their respective medium and antibiotics is given below. 

 

Cell line Medium Antibiotics 

BHK 21 EMEM penicillin, streptomycin (pen/strep) 

BHK G 43 EMEM pen/strep + hygromycin (500 µg/ml) 

BHK syn S EMEM pen/strep + hygromycin (500 µg/ml) + Zeocin (1 mg/ml) 

MDCK II EMEM pen/strep 

MDCK-F EMEM pen/strep + hygromycin (500 µg/ml) + Zeocin (1 mg/ml) 

Vero EDulb pen/strep 

Tab. 4.1: Cell lines in use 

4.1.2 Transient transfection of eukaryotic cells 

For transfection experiments, BHK 21 cells were seeded in 24-well or 6-well plates at 

a density of 1.5 x 105 cells per ml. When the cells had reached a confluence of 60-80 

% the next day, they were rinsed twice with medium and supplied with medium and 3 

% FCS (500 µl per 24-well, 1.5 ml per 6-well). DNA (1 µg per 24-well, 3 µg per 6-

well) and Lipofectamine (2 µl per 24-well, 8 µl per 6-well) were diluted in medium 

(each 50 µl per 24-well, 250 µl per 6-well) and incubated at room temperature for five 

minutes. Then the DNA containing sample was mixed with the Lipofectamine. After 
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another 20 minutes at room temperature, the mixture was added to the cells for 24 

hours at 37°C. 

4.1.3 Concentration of cell culture supernatant 

Plasmids encoding the soluble RSV F protein, soluble SARS-CoV S protein or the 

empty vector were used for transfection of BHK 21 cells as described in 4.1.2. The 

proteins were released from the cells and were harvested from the cell culture 

supernatant. To diminish the volume of the supernatant, filter devices were used that 

retained molecules with a size of 30 kDa or larger and 100 kDa or larger, 

respectively. The supernatant was loaded on top of the filter membrane. By 

centrifugation for 15-20 minutes at 4.000 rpm and 4°C, components with a molecular 

weight below the cut-off value passed through the filter while those with a molecular 

weight above 30 kDa or 100 kDa were retained. This way 45 ml of supernatant were 

reduced to 0.6 – 1 ml. 

 

4.2 Virological methods 

4.2.1 Virus amplification 

SeV-hF and SeV-dsRed were grown in Vero cells that had been cultured in 75 cm2 

flasks until they reached confluence. The cell culture supernatant was discarded and 

the cells were washed three times with medium and incubated with either of two 

viruses (MOI 0.1) for two hours at 37°C. After the adsorption time, the virus 

suspension was removed. The cells were rinsed three times and supplied with 

medium without serum. In the case of SeV-dsRed infected cells, acetylated trypsin (1 

µg per ml) was added for proteolytic activation of the fusion protein. The cells were 

incubated at 37°C and 5 % CO2 for two days before the virus was harvested by 

centrifugation for 20 minutes at 4.000 rpm and 4°C. The supernatant was portioned 

into aliquots of 1 ml each, quick-frozen in liquid nitrogen and stored at -80°C until 

use.  

BHK-G43 cells (1.5 x 105 per ml) were seeded onto 6-well plates to amplify VSV!G-

G. After 24 hours VSV G protein expression was induced by addition of mifepristone 
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(1:1.000). After incubation for another 24 hours, the cells were rinsed three times with 

medium and incubated with VSV!G-G (MOI 0.1) for one hour at 37°C. The virus 

suspension was discarded and the wells were washed three times with medium 

before they were replenished with medium plus 3 % FCS. The next day, the progeny 

virus was harvested by centrifugation of the cell culture supernatant for 20 minutes at 

4.000 rpm and 4°C. Aliquots of 1 ml were prepared, quick-frozen in liquid nitrogen 

and stored at -80°C until use. 

4.2.2 Virus titration 

The number of infectious SeV-hF and SeV-dsRed particles was quantified by a 

plaque test. For this purpose, Vero cells (2.5 x 105 per ml) were seeded onto a 

microtitre plate (Costar). When the cells had reached confluence the next day they 

were washed with medium three times. The viruses were diluted in medium without 

serum.  Acetylated trypsin (1 µg per ml) was added to the SeV-dsRed in order to 

proteolytically activate its fusion protein. Two ten-fold dilution series of each virus 

were prepared (10-1 to 10-6) and, after removal of the medium from the cells, 100 µl of 

each dilution were dispersed equally onto two wells (50 µl per well). After incubation 

of the microtitre plate with shaking for one hour at 37°C, 200 µl methylcellulose in 

Edulb plus 2 % FCS was added per well to prevent virus spread via the medium. The 

plate was stored at 37°C for 24 hours. The next day the methylcellulose was 

discarded; the cells were rinsed three times with PBS and fixed with 100 µl of 3% 

PFA for 20 minutes. The wells were washed once with 0.1 M glycin-PBS and then 

incubated with the same solution for 15 minutes. Cells were rinsed with water and 

plaques were counted under the fluorescence microscope. In contrast to the GFP 

expression by SeV-hF, the red fluorescent dye encoded by the SeV-dsRed genes 

was weak; therefore plaques were immuno-stained prior to counting. For this 

purpose, cells were permeabilised by addition of 0.2 % PBS-Triton-X-100 for five 

minutes. Virus antigen was detected via 50 µl of a cross-reacting anti-parainfluenza-

virus antibody that was added to the cells for one hour. The cells were washed three 

times with PBS and incubated for one hour with 50 µl of a peroxidase-linked anti-goat 

antibody. After washing the wells three times with PBS, 100 µl of AEC substrate were 
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added for ten minutes; the cells were rinsed with water once and the reddish plaques 

were counted under the light microscope. 

To estimate the number of infectious, but replication deficient VSV!G-G particles, 

BHK 21 cells were seeded onto a microtitre well (Costar) and grown to confluence. 

Two ten-fold dilution series of the virus (10-1 to 10-6) were prepared in medium. The 

cells were washed three times with medium and 100 µl of each dilution were 

distributed equally onto two wells. After an incubation for one hour at 37°C, 100 µl of 

medium with 3% FCS were added to each well and the plate was stored overnight at 

37°C. The next day cells were washed three times with PBS and fixed with 100 µl 3 

% PFA per well for 20 minutes. Wells were washed once and incubated with 0.1 M 

glycin-PBS for 15 minutes. Because of a GFP cassette in the viral genome, infected 

cells could be counted after a final rinse with water under the fluorescent microscope 

without a staining procedure. 

4.2.3 Generation of VSV-pseudotypes  

To pseudotype replication incompetent VSV!G-G with SARS-CoV S protein BHK 21 

cells constitutively expressing the S protein (BHK syn S) were seeded onto 6-well 

plates (1.5 x 105 per ml). To increase the amount of S protein on the cells’ surface 

they were transfected additionally with a plasmid encoding for the S protein after 24 

hours (as described in 4.1.2). The next day, the wells were rinsed three times with 

medium and infected with VSV!G-G (MOI = 1) for one hour at 37°C. After washing 

the cells three times with medium they were incubated with anti-VSV antibody for one 

hour at 37°C to inactivate remaining VSV particles. The wells were rinsed three times 

with medium and supplied with medium plus 3 % FCS. After 24 hours, virus was 

harvested by centrifugation for 20 minutes at 4000 rpm and 4°C and purified 

described in 4.2.4. 
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4.2.4 Virus purification (via sucrose gradient or sucrose cushion) 

To obtain purified recombinant Sendai viruses, Vero cells (1 x 105 per ml) were 

seeded on ten petri dishes (ø 145 mm). The next day, the confluent cell monolayers 

were washed three times with medium. Then the virus was added (MOI 0.1) for two 

hours at 37°C. After discarding the virus, the cells were washed three times and 

received 25 ml of medium without serum. The cells to be infected by SeV-dsRed 

were given acetylated trypsin (1 µg per ml) in order to render the SeV F protein 

fusion-active. After incubation for two days at 37°C, the cell supernatant was 

centrifuged twice for 20 minutes at 4.000 rpm and 4°C to remove cell debris. Virus 

was pelleted from the clarified medium by ultra-centrifugation for one hour at 28.000 

rpm and 4°C. The pellet was re-suspended in 500 µl PBS and loaded on top of a 4 ml 

sucrose gradient (20-60%). The sample was ultra-centrifuged for two hours at 36.000 

rpm and 4°C. The milky virus band was harvested by means of a 18-gauge needle 

on a 1 ml syringe, transferred to another ultracentrifuge tube and diluted in 3.5 ml 

PBS. After centrifugation for one hour at 36.000 rpm and 4 °C, the supernatant was 

discarded and the virus pellet was suspended in 100 µl PBS. 

VSV pseudotypes did not grow to a titre sufficient for formation of clearly visible 

bands in a continuous sucrose gradient. To purify viral pseudotypes, cell culture 

supernatant was loaded on top of a 2 ml sucrose cushion (25 %). After ultra-

centrifugation for one hour at 28.000 rpm and 4°C, the pellet was suspended in 100 

µl PBS. 

 

4.3 Phage display technique 

4.3.1 Target immobilisation 

To prepare a target for the biopanning procedure, four different approaches were 

used. For isolation of phages bearing HRSV F protein specific peptides, SeV-hF 

virions were immobilised. The only surface protein of this recombinant virus is a 

chimeric F protein consisting of the cytoplasmic tail and membrane anchor of SeV F 

protein and the ectodomain of HRSV F protein. To remove phages with binding 

affinities other than HRSV F protein from the pool, SeV-dsRed was used. This virus 
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contains the SeV HN and F proteins rather than the HRSV F protein. Incubation of 

phages with SeV-dsRed allows phages to bind to SeV proteins, whereas phages 

recognising HRSV F protein are expected to remain in the supernatant. The 

supernatant was used for the next biopanning round. Prior to immobilisation, the 

protein amount of a sample containing purified viruses was determined by BCA 

assay and 25 µg per well were coated onto MaxiSorb plates. 

To identify peptides directed against SARS-CoV S protein, phages were biopanned 

against BHK 21 cells constitutively expressing the S protein (BHK synS). BHK synS 

cells were seeded on 24-well plates (1.5 x 105 cells per ml). After 24 hours, S protein 

expression was induced by addition of mifepristone. The next day the wells were 

washed three times with PBS and the cells were fixed with 3 % PFA for 20 minutes. 

The cells were rinsed two times with 0.1 M glycin-PBS and incubated for 5 minutes 

with the same solution. After a wash with PBS, cells were ready for biopanning. The 

amount of S protein on the cell surface was evaluated by immunofluorescence 

analysis as described in 4.5.3. BHK-G43 cells were used as a subtraction target. 

To increase the percentage of S protein among the different potential target 

molecules, VSV!G-S particles were used in a second approach. They were prerared 

and purified as described in 4.2.3 and 4.2.4. Incorporation of S protein into VSV!G 

was assessed by silver staining after SDS gel electrophoresis as described in 4.5.6 

and 4.5.7. For target immobilisation the whole sample was utilised and coated onto 

MaxiSorb plates. VSV!G-G served as subtraction target.  

In order to further reduce the number of potential targets, concentrated supernatant 

from cells transiently transfected with a plasmid encoding for soluble S protein was 

used. For this purpose, BHK 21 cells were seeded onto 6-well plates and transfected 

as described in 4.1.2. The supernatant was processed as described in 4.1.3. 

Supernatant from cells transfected with only the pCG1 vector was taken to subtract 

phages with undesired binding affinities. The protein content was investigated via 

BCA assay and 100 µg were immobilised on MaxiSorb plates. 

The plates were wrapped up in damp paper towels and put onto a shaker platform 

overnight at 4°C. 
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4.3.2 Biopanning 

The coating solution was removed the next day. The transiently transfected BHK 

cells were fixed with 3 % PFA as described in 4.3.1. Afterwards each well was 

completely filled with blocking buffer and the plate was incubated at 4°C for two 

hours. Then the blocking solution was poured off and the wells were washed six 

times with PBST (PBS containing 0.1 % [v/v] Tween-20). The biopanning procedure 

was carried out on ice and all solutions used were cooled down to 4°C. 2 x 1011 

phages of the original library were diluted to a final volume of 1 ml for 24-well plate 

wells and to 100 µl for microtitre wells, respectively. The 12-mer library was 

employed for both HRSV F protein and SARS-CoV S protein; for the latter protein, 

the 7-mer library was applied additionally. The phages were allowed to bind to the 

immobilised target for either 30 or 60 minutes. 4°C was chosen as temperature 

during incubation in order to diminish unspecific binding. After removal of unbound 

phages, the wells were washed ten times vigorously with PBST. The concentration of 

Tween was increased with every round from 0.1 % to 0.5%. To elute bound phages, 

the wells were incubated for 10 minutes with 1 ml (24-well plate) or 100 µl (microtitre 

plate) 0.2 M glycine-HCl (pH2.2), 1mg/ml BSA. The eluate was transferred to a 

microcentrifuge tube and neutralised immediately by adding 150 µl (24-well plate) or 

15 µl (microtitre plate) of 1 M Tris-HCl (pH 9.1).     

4.3.3 Amplification 

For each pool of phages a seperate aliquot containing 100 µl of early-log E.coli XL-1 

blue was thawed and grown in 20 ml LB medium for two hours at 37°C.  By this time, 

the culture had reached early-log phase and the eluted phages were added. The 

culture was incubated at 37°C to allow phage reproduction. After six hours, the 

amplified phages were harvested by centrifugation of the culture at 4.000 rpm and 

4°C for 20 minutes. The upper 16 ml (80 %) of the supernatant containing the 

secreted phages was transferred to a fresh centrifuge tube.  
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4.3.4 Precipitation 

To diminish the volume of the sample, phages were precipitated with PEG 

8.000/NaCl.  A volume of 2.7 ml (1/6 volume) PEG 8.000/NaCl was added to the 

supernatant. To allow precipitation, the sample was incubated overnight at 4°C. Then 

the sample was centrifuged for 20 minutes at 15.000 rpm and 4°C and the pellet was 

resuspended in 1 ml of cold PBS. After a short centrifugation step of five minutes at 

6.000 rpm and 4°C to remove remaining cell debris, the supernatant was re-

precipitated with 1/6 volume of PEG 8.000/NaCl for one hour at 4°C. The sample was 

centrifuged for ten minutes at 13.000 rpm and 4°C and the pellet was suspended in 

200 µl of cold PBS. 

4.3.5 Titration 

An aliquot of early-log E.coli XL-1 blue was thawed and the bacteria were grown in 5 

ml LB medium until mid-log phase. Then the bacteria were mixed with 20 ml LB 

medium and the mixture was dispensed into glass tubes (450 µl per tube). After a 10-

fold serial dilution had been performed with each phage clone, the samples were 

incubated for five minutes at room temperature to allow infection of the bacteria by 

the phages. The Top Agarose was melted in a microwave and 1.5 ml per tube were 

added. The mixture was poured immediately onto a pre-warmed LB-plate containing 

Xgal and IPTG. Once the Top Agarose had cooled the plates were inverted and kept 

in an incubator overnight at 37°C.  To asses the titre of the phages blue plaques 

were counted on plates having 50-100 plaques. 

4.3.6 Preparation of stocks  

An overnight culture of E.coli XL-1 blue was diluted 1:100 in LB medium. One tube 

with 5 ml of E.coli containing LB medium was prepared for each phage clone. 1 x 

1011 phages were added and the culture was grown at 37°C under vigorous shaking. 

After 4.5 hours, the sample was centrifuged at 4.000 rpm and 4°C for 20 minutes to 

remove the bacteria. As working stock, the amplified phages were titrated as 

described in 4.3.5 and stored at 4°C. For long-term storage, they were diluted with 

glycerol at a ratio of 1:1 and kept at -20°C. 
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4.4 Molecular biology 

4.4.1 DNA extraction from phages 

To obtain DNA from a phage clone, 500 µl of the working stock were added to 200 µl 

PEG 8.000/NaCl, mixed and incubated at room temperature for ten minutes. The 

sample was then centrifuged at 13.000 rpm and the supernatant was removed. After 

the pellet had been re-suspended in 100 µl Iodide buffer, 250 µl of ethanol (100%) 

were added and the mixture was incubated for ten minutes at room temperature. 

Then the sample was centrifuged at 13.000 rpm for ten minutes, the supernatant was 

discarded and the precipitate was washed with ethanol (70%) and dried briefly. The 

pellet was taken up in 30 µl 10mM Tris-HCl (pH 8.0), 1 mM EDTA. The DNA content 

of the sample was assessed by photometric analysis. For this purpose the sample 

was diluted with water at a ratio of 1:10 and the optical density (OD) was measured 

at a wavelength of 260 nm. DNA concentration was calculated based on the following 

formula: 

OD260nm x (dilution x factor/1000) = ssDNA concentration 

For dsDNA the result was multiplied by 50. 

4.4.2 Polymerase chain reaction (PCR) 

To specifically increase the amount of DNA encoding for the random peptide at the 

N-terminus of p3, a PCR was performed according to the following protocol: 

 

DEPC water 33,5 µl 

10 x Taq polymerase buffer 5 µl 

MgCl2 4 µl 

Primer-S (10 pmol / µl) 1.5 µl 

Primer-AS (10 pmol / µl) 1.5 µl 

dNTPs (10 mM) 2 µl 

Template (25 – 50 ng) 1 µl 

Taq polymerase (10 U / µl) 1.5 µl 

Total volume 50 µl 

        Tab. 4.2: PCR protocol for the amplification of the N-terminus of p3 
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The PCR conditions were as follows:       
   

94°C 3 min 

94°C 30 sec 

52°C 30 sec 

72°C 40sec 

72°C 10 min 

4°C " 

  Tab. 4.3: PCR conditions for the amplification of the N-terminus of p3 

 

4.4.3 Agarose gel electrophoresis 

To detect the PCR products, 5 µl of the sample were mixed with 3 µl sample buffer. 

In addition to the samples, a 100 bp marker was loaded on a TBE gel (1,5%) and the 

DNA fragments were separated by electrophoresis at 130 V. The gel was then 

placed for ten minutes in ethidiumbromide/H2O to allow binding of ethidiumbromide to 

the DNA. After incubation of the gel for 10 minutes in distilled water, the DNA bands 

were visualised by UV light (254 nm).  

4.4.4 DNA sequencing 

The amplified DNA was purified by using the Qiaquick PCR Purification Kit according 

to the manufacturer’s guidelines. It was eluted with 30 µl water. A volume of 5 µl of 

purified PCR product was mixed with 2 µl of primer-AS in a flat cab thermotube and 

sequenced (Hot Shot, SeqLab, Göttingen). 

4.4.5 Heat shock transformation 

To enable E.coli XL-1 blue to take up plasmids, they have to be rendered into 

chemically competent cells. One colony of E.coli XL-1 blue in 20 ml LB medium with 

Tetracycline was incubated overnight at 37°C. A volume of 5 ml of this culture was 

diluted with 250 ml LB medium and grown to an OD600 of 0.5. After pelleting the cells 

by centrifugation at 4.500 rpm, they were suspended in 75 ml TBF I buffer and kept 

on ice for 15 minutes. Again the bacteria were centrifuged and taken up in 10 ml TBF 

32 cycles 
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II buffer. From this suspension, 100 µl aliquots were prepared, frozen in liquid 

nitrogen and stored at -80°C. To transform the competent bacteria, 0.5 µl of the 

plasmid of choice were added to one aliquot and incubated on ice for 30 minutes. 

Then the sample was heat-shocked by putting the cup into a water-bath at 42°C for 

30 seconds and incubated on ice for two more minutes. 250 µl LB medium were 

added and the bacteria were grown for 1 hour at 37°C. Afterwards, they were plated 

on pre-warmed LB plates containing the antibiotic corresponding to the resistance 

gene of the plasmid. 

4.4.6 Plasmid DNA preparation 

One colony of the transformed E.coli XL-1 blue was picked and incubated overnight 

at 37 °C in 100 ml LB medium containing antibiotics. The DNA was extracted from 

the bacteria by using the QIAfilter Plasmid Maxi Kit according to the manufacturer’s 

manual.  

 

4.5 Biochemical methods 

4.5.1 BCA assay 

To assess the amount of soluble protein in the supernatant of transiently transfected 

BHK cells, a BCA assay (Pierce) was performed according to the manufacturer’s 

instructions. The albumin provided in the kit was diluted to a final concentration of 

200 µg/ml, 400 µg/ml, 600 µg/ml, 800 µg/ml, 1.000 µg/ml and 1.200 µg/ml, 

respectively. Of each dilution, a volume of 10 µl was filled into two microtitre wells. 

The concentrated supernatant derived from cells transiently transfected with a 

plasmid encoding for either soluble HRSV F protein or SARS-CoV S protein or the 

empty vector as a control was diluted with water (ratios 1:2 to 1:32). Of each dilution, 

a volume of 10 µl was put into two microtitre wells to produce a double approach. 

Two wells received 10 µl of pure water and served as negative control. Then 

substrate solutions one and two, both provided in the kit, were mixed in a ratio of 

1:50 as instructed by the manufacturer. A volume of 200 µl of this mixture was added 

to each well. The plate was incubated at 37°C for 30 minutes to allow complex 
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formation of the proteins with Cu+ (Biuret reaction) and with bicinchonic acid (BCA). 

Protein amounts in the range of 0.0005 to 2 mg/ml can be discriminated by this 

assay. Absorption was measured with the TECAN reader at a wavelength of 570 nm 

and the protein concentration was determined on the basis of the albumin standard. 

The amount of soluble viral glycoproteins was estimated by subtracting the mean 

value from cells transfected with the empty vector from the mean value from cells 

transfected with plasmids encoding for the soluble proteins.  

4.5.2 ELISA and Sandwich-ELISA 

To examine the binding ability of the isolated phages an ELISA was used. For this 

purpose, both the target and the subtraction target of the biopanning procedure were 

immobilised on a microtitre well as described in 4.3.1. The next day, the coating 

solution was discarded and replaced by 200 µl blocking reagent per well. An 

additional empty well was treated the same way to serve as a control and reveal 

plastic binding activity of the respective phage. After incubation for two hours at 4°C, 

the blocking reagent was removed and the wells were rinsed six times with PBSM + 

0.05 % Tween. Each phage clone was incubated with the target, the subtraction 

target and the plastic surface (1 x 1011 pfu / well) for one hour at 4°C. Then the wells 

were washed ten times stringently with PBSM + 0.5 % Tween. Anti-M13 antibody 

was added (100 µl per well) and the plate was kept at 4°C for one hour. After 

washing the wells three times with PBSM + 0.05 % Tween, they were incubated with 

anti-mouse-HRP (100 µl per well) for one hour at 4°C and then washed again three 

times with PBSM + 0.05 % Tween and once with water to remove all salts. ABTS (50 

µl per well) was added as a peroxidase substrate and incubated at room temperature 

for a maximum of 30 minutes. When the green colour had turned sufficiently dark, 1 

% SDS (50 µl per well) was added to stop the peroxidase activity and the read-out 

was done via TECAN reader at a wavelength of 405 nm. 

For the Sandwich-ELISA, anti-M13 antibody was immobilised on microtitre wells (150 

µl per well) overnight at 4°C. The next day, the solution was discarded and 1 x 1011 

phages were added in a total volume of 150 µl per well. Each phage clone was 

dispersed into two wells. The plate was incubated at room temperature for one hour. 

After been rinsed once with PBSM, the wells were blocked (200 µl per well) for two 
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hours at room temperature. Then the wells were washed six times with PBSM + 0.05 

% Tween. One well was incubated with the biopanning target and the other well with 

the subtraction control for one hour at room temperature. The wells were washed 

three times with PBSM + 0.05 % Tween and the first antibody was added (150 µl per 

well) for one hour at 4 °C. After three washing steps with PBSM + 0.05 % Tween, a 

peroxidase-linked second antibody was added for one hour at 4 °C.  The wells were 

rinsed three times with PBSM + 0.05 % Tween, then once with water to remove the 

salts and ABTS was used for peroxidase detection as described above. 

4.5.3 Immunofluorescence analysis 

BHK 21 cells, MDCK-F or MDCKII cells (1.5 x 105 / ml) were seeded on cover slips 

that had been placed in 24-well plate cavities. The next day, BHK 21 cells were 

transfected transiently as described in 4.1.2, whereas the expression of the HRSV F 

protein by the MDCK-F cells was triggered by addition of mifepristone (1:1.000).  

After 24 hours, the cells were rinsed three times with PBS and fixed with 

paraformaldehyde (3 %) for 20 minutes at room temperature. The cover slips were 

washed three times with 0.1 M glycine, which was kept on top of the cells for five 

minutes after the final washing step. After three washes with PBSM, 1 x 1011 phages 

were added in a total volume of 200 µl with or without 1 % BSA and incubated with 

the target for one hour at 4°C. This was followed by washing the cells ten times 

vigorously with PBSM + Tween (0 % to 1%). Then anti-M13 antibody was added for 

one hour at room temperature. The transiently transfected protein expressed by BHK 

21 cells was detected by applying a first antibody directed against it. After the 

incubation period, the cells were washed three times with PBSM and a second 

antibody linked to a fluorescent dye was administered for one hour at room 

temperature in the dark. Phages were stained by rhodamin RedX or cy3 (red), the 

viral glycoprotein by FITC (green), respectively. The cover slips were rinsed three 

times with PBSM and once with water to remove the remaining salts. Cells were fixed 

with mowiol on the object plate. 
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4.5.4 Cell lysis 

BHK 21 cells or MDCK-F and MDCK II cells were seeded in 6-well plates (1.5 x 105 / 

ml). After 24 hours, BHK cells were transfected transiently (see 4.1.2.) and HRSV F 

protein expression was activated by application of mifiprestone (1:1.000). The next 

day, the cells were put on ice and washed three times with cold PBS. After the final 

washing step, 1 ml PBS was poured onto each well and the cells were scratched off 

the plastic surface by a cell scraper. Three wells were pooled to one sample. They 

were centrifuged at 6000 rpm and 4°C for five minutes and the supernatant was 

discarded. The cell pellet was resuspended in 100 µl of NP-40 lysis buffer mixed with 

protease inhibitors and incubated on ice for 30 minutes. Then the samples were 

centrifuged at 13.000 rpm and 4°C for 30 minutes and the supernatant was 

transferred into a fresh tube. When not used the same day for experiments, the tube 

was stored at –20 °C.  

4.5.5 Co-immunoprecipitation 

To immunoprecipitate proteins for electrophoretic analysis, protein A-sepharose 

beads (50 µl) were mixed with a protein specific antibody (2 µl). The protein of 

interest was added via cell lysate (100 µl, see 4.5.3) and the sample was incubated 

at 4°C overnight. The beads were rinsed three times with cold NP 40 lysis buffer and 

heated up to 96°C for five minutes to break the bonds between the single 

components. After another centrifugation step at 13.000 rpm and room temperature, 

the supernatant was transferred to a fresh tube and if not used the same day for 

experiments, it was stored at -20°C. 

For co-immunoprecipitation experiments where phages would fish for and bind to 

their target protein, a phage clone (1 x 1012) was incubated with 1 ml of concentrated 

supernatant of transiently transfected BHK 21 cells (see 4.1.2 and 4.1.3) overnight at 

4°C. The next day the phages were pelleted by centrifugation through a sucrose 

cushion (25%) for two hours at 4°C and 28.000 rpm; the pellet was taken up in 50 µl 

of 2 x SDS sample buffer and submitted to SDS polyacrylamide gel electrophoresis 

(see 4.5.6). 
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4.5.6 Western blot and phage-overlay assay 

Proteins were separated by discontinuous sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (Laemmli 1970).  A voltage of 80 V was used for the stacking gel and 

130 V for the resolving gel, respectively. To estimate the size of the proteins, a 

marker consisting of pre-dyed proteins (14.3 – 220 kDa) was loaded on the gel. After 

gel electrophoresis the stacking gel was removed. The proteins were transferred 

from the resolving gel onto a nitrocellulose membrane by using the semi-dry-blot 

procedure (Kyhse-Andersen, 1984) with 0.8 mA per cm2 for 60 minutes. Then the 

nitrocellulose membrane was incubated with blocking reagent overnight at 4°C. The 

next day, the membrane was washed three times (ten minutes each) with PBSM + 

0.1 % Tween. Phages (1 x 1011) in 10 ml blocking solution were added for one hour 

at 4°C under gentle agitation. The membranes were rinsed three times with PBSM + 

0.1% Tween and the bound phages were stained with anti-M13 antibody. To 

evaluate to which protein the phages might bind, a control membrane was incubated 

with first antibodies specific for the HRSV F protein or SARS-CoV S protein, 

respectively, to reveal their position on the membrane. After an incubation of one 

hour at 4°C, the membranes were washed three times with PBSM + 0.1 % Tween 

and a peroxidase-linked second antibody was applied for one hour at 4°C. After 

rinsing the blots three times with PBSM + 0.1% and once with PBSM, Super Signal 

was added for five minutes as a chemiluminescent peroxidase substrate. Evaluation 

was done via Chemi-Imager (BIO-RAD). 

4.5.7 Detection of proteins via silver staining  

To judge whether the SARS-CoV S protein had been incorporated into the VSV 

pseudotypes, a volume of 20 µl of each virus preparation was mixed with SDS 

sample buffer and loaded on a SDS gel. After gel electrophoresis as described in 

4.5.6 the Silver Stain Kit (BIO-RAD) was used to stain glycoproteins in the resolving 

gel. By this method, protein levels below 1 µg per band can be detected (DZANDU et 

al., 1984; MERRIL et al., 1979, 1981). The staining was done according to the 

manufacturer’s guidelines. 
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4.5.8 Protein and phage purification via antibody columns  

Samples for Plasmon Surface Resonance measurements were prepared using the 

Seize® X Protein A Immunoprecipitation Kit (Pierce) according to the manufacturer’s 

guidelines. In brief, antibodies directed against phages or the corresponding proteins 

were coupled covalently to protein A-sepharose beads. The targets were incubated 

with the beads overnight at 4°C under vigorous shaking. After five washing steps the 

targets were eluted by 0.1 M glycine-HCl (pH 2.8) and immediately neutralised with 1 

M Tris-HCl (pH 9.1). The samples were used directly or stored at 4°C for a maximum 

of 24 hours.  

4.5.9 Surface Plasmon Resonance 

Surface Plasmon resonance studies were performed using the Autolab Esprit 

instrument. Proteins and phages were purified as descibed in 4.5.8.  

Immobilisation of the HRSV F protein was carried out according to the 

manufacturer’s recommendations. In brief, the HC 80m sensordisc was activated by 

50 mM N-hydroxysulfosuccinimide (SNHS) and 5 mM N-ethyl-N-

dimethylaminopropyl-carbodiimide (EDC) at a ratio of 1:1. To induce a net positive 

charge on the surface of HRSV F protein, its buffer was exchanged by dialysis to 

sodium formate (10 mM, pH 4.0). After binding of HRSV F protein to the chip 

remaining free sites were blocked by injection of ethanolamine hydrochloride (1 M, 

pH 8.5). Both channels on the chip were loaded with HRSV F protein. Channel 1 was 

intended for measuring phage-protein interactions, channel 2 received PBS as 

negative control. The running buffer through out the experiments was PBS. 

To couple a synthetic biotin-linked peptide, a sensordisc coated with Streptavidin 

(SAHC 80m) was used. The synthetic peptide consisted of the identified twelve 

amino acids (I A L D N P P L H S V T) and three additional amino acids (G G K) as 

C-terminal spacers between the 12-mer and the biotin. The immobilisation was 

performed according to the manufacturer’s guidelines. In brief, the synthetic peptide 

(200 µg) was injected; the coupling reaction was allowed to proceed for a sufficient 

time to saturate the chip surface with peptides. To block remaining free Streptavidin 

on the chip, biotin (1 mg/ml) was injected for three minutes. The peptide was coupled 
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in both channels. Channel 1 was used for measuring protein-peptide interactions, 

whereas channel 2 served as negative control. The running buffer during the 

experiments was PBS. 

Data were obtained and analysed by means of the Autolab softwares “Data 

Acquisition” and “Kinetic Evaluation”. 
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5. Results 

 

5.1 Identification and characterisation of HRSV F protein specific 

peptides 

  

The first part of the study evaluated whether HRSV F protein presented on a virus 

particle was a suitable substrate in a biopanning procedure to yield peptides specific 

for the protein of interest. The identified peptides were subsequently tested in 

different assays. 

   

5.1.1 Determination of the appropriate target protein amount for biopanning 

Eight rounds of biopanning were performed with a commercial 12-mer random 

peptide library. The recombinant SeV-hF which contains the ectodomain of the 

HRSV F protein on its surface served as a substrate for selection of F-specific 

phages. The subtraction target for round three and seven was SeV-dsRed. It differs 

from SeV-hF only by expressing the two genuine SeV surface proteins HN and F 

rather than the HRSV-F protein; phages with binding affinities for viral components 

other than the HRSV-F protein would bind and thus be subtracted from the pool.  

 

To estimate the required amount of virus for efficient target presentation during 

biopanning SeV-hF and SeV-dsRed were grown in Vero cells, purified by sucrose 

gradient centrifugation and the protein content was measured by a commercial assay 

(data not shown).  

Both undiluted and diluted (1:10 and 1:100) samples were coated onto a MaxiSorb 

plate. Immobilised HRSV F or SeV F proteins were detected by staining with 

corresponding antibodies in an enzyme-linked immunoassay.  

The undiluted sample and the 1:10 dilution of SeV-hF contained an amount of F 

protein sufficient to yield a positive binding signal. With SeV-dsRed, antibody binding 
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was detected in all three virus dilutions. As shown in Fig. 5.1, the protein content 

present in the positive SeV-hF sample equalled 25 µg; therefore it was concluded 

that the amount of F protein in 25 µg of virus preparation was adequate for 

recognition by the antibody. Assuming that this protein amount also would provide 

sufficient F protein for binding of phages, 25 µg of each virus preparation per well 

were used for the biopanning procedure.  
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After the eighth round, phages were titrated and 15 colonies of infected E.coli were 

picked, each of them containing a single type of phage. The N-terminus of p3 was 

sequenced and two different nucleotide sequences were obtained, encoding for the 

same amino acid sequence:  

 

I A L D N P P L H S V T  

 

 

 

 

 

Fig. 5.1: ELISA to estimate the amount of virus required for the biopanning; SeV-hF 

and SeV-dsRed were coated and incubated with an F protein specific antibody.   
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5.1.2 Characterisation of the isolated phage in ELISA 

Bearing in mind the high variability of the phage display library and the fact that the 

phages are presented with several potential binding partners during the biopanning, 

the isolated phages might not or not solely bind to HRSV F protein. To evaluate 

whether the two subtraction rounds had been successful and to assess if the 

identified clones specifically bound to the HRSV F protein an ELISA was performed. 

SeV-hF and SeV-dsRed were coated onto microtitre wells and phages were added. 

Additionally, the phages were incubated with an empty well to reveal any plastic 

binding capacity. After one hour the wells were washed and labeled with enzyme-

linked antibodies directed against phage coat protein p8. Binding of the phages was 

detected in the wells containing SeV-hF, but not in the control wells (Fig. 5.2). As the 

phages did not recognise plastic or SeV proteins presented by SeV-dsRed, it was 

concluded that the binding to SeV-hF was mediated by the HRSV-F ectodomain on 

the surface of this virus.   
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Fig. 5.2: Isolated phage binds to SeV-hF but not to control SeV-dsRed and plastic; 

viruses were coated and incubated with the phage which was stained with anti-M13 

antibody and anti-mouse HRP.   
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5.1.2 Characterisation of the isolated phage by immunofluorescence analysis 

To investigate whether the phages would bind to HRSV F protein removed from the 

viral context an immunofluorescence analysis was performed.  

MDCK cells expressing the HRSV F protein in an inducible fashion (MDCK-F cells) 

were seeded on cover slips. As a control non-transfected MDCK cells were used. 

After 24 hours, protein expression was induced by addition of mifepristone. The next 

day, cells were fixed and incubated with phages. The cover slips were rinsed 

thoroughly and bound phages were stained. HRSV F protein expression could be 

judged from green fluorescence owing to GFP fused to the C terminus of HRSV F. 

The binding pattern of the phages was investigated under the fluorescence 

microscope. 

As shown in Fig. 5.3, the isolated phage clones assembled in dot-like accumulations 

at the surface of the HRSV F protein expressing MDCK cells and hardly bound to the 

surface of control MDCK cells.  

 

 

 

 

Fig. 5.3: Binding of the isolated phage to HRSV F protein presented on the surface of MDCK 

cells. MDCK and MDCK-F cells were analysed for GFP expression (green, two right  panels) 

indicative of the presence of the chimeric protein F-GFP and for bound phages visualised by 

staining with anti-M13 antibody and anti-mouse rhodamin RedX (red, two left panels).  
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5.1.3 Characterisation of the isolated phages in a phage overlay assay 

Specific binding of selected phages to HRSV F protein was also analysed in a phage 

overlay assay. During SDS-polyacrylamide gel electrophoresis protein secondary 

structures are altered and phages thus might not be capable of attaching to HRSV F 

protein anymore.  

To investigate if the phages bound to the F protein in a Western blot MDCK-F cells 

and MDCK cells were seeded onto 6-well plates. The next day protein expression 

was induced by adding mifepristone. After 24 hours the cells were lysed and either 

the whole cell lysate or the immunoprecipitated F protein were subjected to SDS-

polyacrylamide gel electrophoresis. Prior to loading the gel, the samples were boiled. 

After transfer to nitrocellulose the immobilised proteins were incubated with the 

selected phages and bound phages were stained. To allow a conclusion regarding 

the proteins the phages might bind to a second membrane was prepared as 

described. This blot was incubated with anti-F antibody in order to reveal the position 

of HRSV F protein. The evaluation was done via Chemi-Imager.  

As shown in Fig. 5.4, the phages detected a protein of about 90 kDa that was also 

recognised by anti-F antibody. The band at about 110 kDa present in the first lane of 

both membranes appears to represent a minor modification of the F protein, because 

it is detected by both the F specific antibody and the phages.  This modification of the 

F protein may not be detected in the immunoprecipitate, because the major F protein 

in the IP sample is also present in lower amounts when compared to the cell lysate. 

When the nitrocellulose membrane is only incubated with the second antibody no 

band is observed (data not shown). The bands of about 72 kDa present in lane three 

and four represent the light chain of the antibody used for immunoprecipitation of the 

F protein.   
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Fig. 5.4: Binding of the isolated phage to HRSV F protein in a phage-overlay assay; F 

protein was detected via anti-F antibody and anti-mouse HRP; phages were stained with 

anti-M13 antibody and anti-mouse HRP. 

 

5.1.4 Co-immunoprecipitation of the isolated phages and HRSV F protein 

A well established approach to demonstrate binding of two interaction partners to 

each other is co-immunoprecipitation, in which one partner captures the other in a 

first step. One partner is then pulled down from the sample and the pellet is analysed 

for the presence of the interaction partner. 

To test whether the phages are capable of capturing the F protein, they were 

incubated with cell culture supernatant containing concentrated F protein and a 

control supernatant, respectively. By ultra-centrifugation the phages were pelleted 

through a sucrose cushion at the bottom of the tube assuming that they would take 

the HRSV F protein with them. As a control, supernatants were treated exactly the 

same way but no phages were added. After centrifugation the supernatant and the 

re-suspended pellet were submitted to SDS-polyacrylamide gel electrophoresis and 

after blotting, the nitrocellulose membrane was stained with an HRSV F protein 

specific antibody to detect the presence of the F protein; the read-out was done via 

Chemi-Imager. 

The Western blot of the pellet fractions shows that the F protein is present in the 

pellet when the phages are added to the cell supernatant (Fig. 5.5). When only F 

containing supernatant is centrifuged no F protein is found in the pellet. In the 
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supernatant fraction no F protein could be detected, which is probably due to the 

dilution of the sample prior to ultra-centrifugation (data not shown). 

 

 

 

 

 

 

 

5.1.5 Binding of the isolated phages to BRSV F protein in ELISA and phage-

overlay assay 

Bovine respiratory syncytial virus is a close relative of HRSV. The F proteins of the 

two viruses share a sequence homology of 80 %.  

To investigate whether the phages would also bind to BRSV F protein, an ELISA was 

performed. HRSV, SeV-hF and BRSV were coated on MaxiSorb cavities and 

incubated with the phages. After rinsing the wells thoroughly, bound phages were 

stained.  

As shown in Fig. 5.6, a similar signal was obtained for HRSV and BRSV that was 

significantly above the background of the control sample. SeV that contained the 

HRSV-F protein as the only surface protein was found to bind more virus than did 

HRSV and BRSV that contain two surface proteins (F and G protein). 

 

Fig. 5.5: Co-immunoprecipitation of the isolated phage and HRSV F protein; after pre-

incubation with the F protein, the phages were ultra-centrifuged through a sucrose 

cushion and the pellet fraction was investigated for the presence of HRSV F protein; 

nitrocellulose membranes were stained with anti-F antibody and anti-mouse HRP. 
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Binding to BRSV was also examined in a phage overlay assay. For this purpose, 

DNA encoding the soluble protein was transfected into BHK 21 cells. The cells 

produced and secreted the BRSV F protein and the supernatant was harvested and 

concentrated as described above. After submitting the proteins to SDS- 

polyacrylamide gel electrophoresis they were blotted onto nitrocellulose. Two 

membranes were prepared in exactly the same way. One membrane was incubated 

with the phages and another one with anti-F antibody. The read-out was done by 

Chemi Imager.  

As shown in Fig. 5.7, the phages were found to bind to a protein of comparable 

molecular weight as the protein stained by anti-F antibody.  Thus, both ELISA and 

phage overlay assay suggest that the phages obtained by biopanning against HRSV 

F protein also recognise the F protein of its close relative BRSV.  

 

Fig. 5.6: Binding of the isolated phage to HRSV, SeV-hF and BRSV in ELISA; 

viruses were coated, phages were stained with anti-M13 antibody and anti-mouse 

HRP.  
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5.1.6 Characterisation of the isolated phages with Surface Plasmon Resonance 

technique 

By means of Surface Plasmon Resonance (SPR) analysis the interaction of an 

immobilised ligand and an analyte can be studied in real-time. The binding of both 

partners is illustrated in a sensogram.  

For immobilisation of HRSV F protein, BHK21 cells were transfected with DNA 

encoding for a soluble F protein construct. The protein was expressed and 

subsequently secreted into the cell culture supernatant, from which it was harvested 

by immunoprecipitation with an F protein specific antibody covalently linked to protein 

A sepharose beads. After elution of the bound proteins they were dialysed into 

sodium formiate buffer and immobilised in both channels on the chip surface.  

In the sensogramm shown in Fig. 5.8 the binding of HRSV-F protein can be observed 

as a continuous rise of both lines representing the increasing amount of molecules 

binding to the sensorchip surface. 

 

Fig. 5.7: Binding of the isolated phage to BRSV F protein in a phage-overlay assay; 

BRSV F protein was detected with anti-F antibody and anti-mouse HRP; phages were 

stained with anti-M13 antibody and anti-mouse HRP.  
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Fig. 5.8: Sensogram showing the immobilisation of HRSV F protein in both channels. 

 

 

The phages were amplified in E.coli and purified by immunoprecipitation with anti-

M13 antibody covalently linked to protein A sepharose beads. They were dialysed in 

PBS prior to submitting them to analysis. Phages were added in channel 1, channel 2 

served as PBS control. 

The sensogram shown in Fig. 5.9 demonstrates an increase of molecules binding to 

the chip surface in channel 1 (red line), whereas the amount in channel 2 remains the 

same. The increase in channel 1 is mediated by the phages attaching to their target. 
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Fig. 5.9: Sensogram of phages binding to HRSV F protein in channel 1 (red) versus a PBS 

control in channel 2 (green). 

 

5.1.7 Characterisation of the   binding activity of a synthetic peptide in ELISA 

To examine whether the peptide of the selected phage would be capable of binding 

to HRSV F protein without being presented by a phage, a synthetic peptide was 

generated consisting of the identified twelve amino acids (I A L D N P P L H S V T). 

Three additional amino acids (G G K) served as C-terminal spacers between the 12-

mer and biotin which was added to enable detection of the synthetic peptide.  

To investigate the binding ability of the peptide, two approaches were applied. In a 

first set of experiments, MaxiSorb wells were coated with the peptide followed by an 

overlay of lysates from F protein expressing MDCK cells. In a parallel approach, 

lysates of F-expressing MDCK cells were coated and overlaid by biotinylated peptide. 

Bound peptides and bound F protein were detected by an enzymatic reaction.  

As shown in Fig. 5.10 (left bars), the immobilised peptides were able to bind the F 

protein present in the cell lysate. By contrast, binding of peptide to F protein in 

immobilised cell lysate was not detected (right bars). 
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5.1.8 Characterisation of a comb-shaped synthetic peptide in ELISA 

The phages of the M13 phage library present the various peptides as chimeric p3 

proteins on the virus’ surface. To evaluate whether multi-valent binding is required for 

effective recognition of HRSV F protein, a comb-like peptide was designed. It 

consisted of a rigid backbone to which four copies of the 15-mer described in 5.1.7 

were adjusted. An un-tagged and a tagged version were ordered, the tag was C-

terminal biotin.  

As described above for the monomeric peptide, microtitre plates were coated with 

either the comb-like peptide or with the lysate of F-expressing cells. After an overlay 

with an MDCK lysate or comb-like peptide, respectively, binding was evaluated by 

enzyme-linked assays.  

As shown in Fig. 5.11 (left bars) the coated peptide was able to recognize F in the 

MDCK lysate, whereas no binding of peptide to coated cell lysate was oberved  

(Fig. 5.11, right bars).  

Fig. 5.10: Binding of a synthetic peptide to F protein in MDCK lysates. Bars on the left 

represent an experimental setting with peptide coated to microtitre wells and F protein 

applied in an overlay of MDCK cell lysates. Bars on the right show the result obtained by 

coating the cell lysate and overlaying the peptide. Binding of interaction partners was 

determined by enzymatic-linked immune reaction or by streptavidin-HRP. 
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Fig. 5.11: Binding of a comb-shaped synthetic peptide to HRSV-F protein determined by 

ELISA; the F protein was detected with anti-F antibody and anti-mouse HRP; the biotinylated 

peptide was detected via streptavidin-HRP. 

 

5.1.9 Comparison of the binding pattern of the synthetic single peptide, the 

comb-shaped peptide and the isolated phages in immunofluorescence analysis 

In a further approach, binding of the comb-like peptide was examined in 

immunofluorescence analysis.  

For this purpose HRSV F expressing MDCK cells were seeded on cover slips. Non 

transfected MDCK cells were employed as a control. After having induced F protein 

synthesis by addition of mifepristone, the cells were fixed and incubated either with 

single peptides, the comb-shaped version or phages displaying the peptide fused to 

p3. The cover slips were rinsed and stained for detection of attached phages or 

peptides.  

As shown in Fig. 5.12, bound phages were detected solely on F expressing cells but 

not on control cells. The single peptide completely failed to bind either MDCK-F or 

control cells. On the other hand binding of the comb-shaped variant was found on 
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both F expressing and control cells. This result shows that F-specific binding was 

detected only with phages but not with any of the two peptides. 

 

 

 

Fig. 5.12: Differences in binding patterns of the isolated phage, the comb-shaped peptide 

and the single peptide in immunofluorescence analysis; phages were stained with anti-M13 

antibody and anti-mouse HRP; peptides are linked to biotin and were detected with 

streptavidin-HRP.  
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5.1.10 Characterisation of a flexible comb-shaped peptide based on the 

identified twelve amino acids in ELISA 

To exclude the possibility that the inelastic backbone prevents the binding of the 

comb-shaped peptide to HRSV F protein, another multi-valent peptide was 

generated. In this version the backbone was flexible and would allow any 

conformation. Attached to the backbone there were five 15-mer peptides as 

described in 5.1.7 and a C-terminal biotin as a tag.  

Binding of the flexible peptide was investigated by ELISA as described above. The 

read-out was done via an enzymatic reaction. As shown in Fig. 5.13, F-specific 

binding was detected only when coated peptides were analysed (left bars). When the 

peptide was applied to immobilised MDCK cell lysate, binding to both F-expressing 

cells and control cells was observed (right bars).  
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Fig. 5.13: Binding of flexible comb-shaped peptide in ELISA; F protein was stained 

with anti-F antibody and anti-mouse HRP; peptide is linked to biotin and was 

detected with streptavidin-HRP. 
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5.1.11 Characterisation of the synthetic peptide by surface plasmon resonance 

analysis 

The binding of the single synthetic peptide was also investigated by surface plasmon 

resonance (SPR) analysis.  

For this purpose a sensor chip coated with streptavidin was employed to capture the 

biotinylated peptide. The coupling reaction was allowed to proceed for a sufficient 

time to saturate the chip surface with peptides.  

The sensogram shown in Fig. 5.14 illustrates the binding of the biotinylated peptide 

to the streptavidin coated chip. 

 

Fig. 5.14: Sensogram showing the immobilisation of the single synthetic peptide in both 

channels. 

 

 

To test whether the peptide would capture specifically the HRSV F protein cell culture 

supernatant was harvested from BHK cells transfected either with DNA encoding for 

a soluble F protein or the empty pCG1 vector. After concentration of the supernatant, 

dilutions ranging from 1:32 to 1:1 were prepared. Channel 1 was incubated with the F 

protein containing supernatant, channel 2 received the control supernatant. 

The overlay of sensorgams measured in channel 1 shows a concentration dependent 

rise of molecules binding to the sensorchip surface for the dilutions 1:4, 1:2 and 1:1 

(Fig. 5.15).  
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Fig. 5.15: Overlay of sensograms of channel 1, showing the binding of HRSV-F to 

immobilised peptide; Dilutions: Red 1:32, blue 1:16, green 1:8, yellow 1:4, black 1:2, purple 

1:1. 

 

The overlay of sensograms from channel 2 (Fig. 5.16) does not picture specific 

binding of any dilution of the control supernatant. Merely with the 1:1 dilution low 

unspecific binding can be observed during the first 100 seconds of the association 

phase. 

 

 

Fig. 5.16: Overlay of sensograms of channel 2, showing the unspecific binding of control 

supernatant to immobilised peptide; Dilutions: Red 1:32, blue 1:16, green 1:8, yellow 1:4, 

black 1:2, purple 1:1. 
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Differential curves are generated by subtracting the values of channel 2 from those of 

channel 1. The overlay of the differential curves shown in Fig. 5.17 shows a 

concentration dependent increase of molecules binding to the sensorchip surface. 

This rise is mediated by the HRSV F protein captured out of the cell culture 

supernatant by the peptide. 

Fig. 5.17: Overlay of differential curves (channel 1 – channel 2); Dilutions: Red 1:32, blue 

1:16, green 1:8, yellow 1:4, black 1:2, purple 1:1. 

 

5.2 SARS-CoV S protein 

In order to establish a system that allows biopanning against glycoproteins of highly 

pathogenic viruses under S2 conditions, SARS-CoV was chosen as model and the 

surface protein S protein was selected as target. As SARS-CoV is classified as a 

BSL 3 pathogen arrangements other than presentation on an infectious virus particle 

were evaluated. To identify phages bearing peptides which recognise the S protein 

three different versions of biopanning targets were investigated.   

 

5.2.1 Biopanning on transiently transfected BHK cells 

The most convenient way of S protein presentation would be its expression by 

transfected cells.  
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As there was a BHK 21 cell line available that produced SARS-CoV S protein in an 

inducible fashion, these cells were seeded onto 24-well plates. BHK G43 cells served 

as a subtraction substrate. After 24 hours, protein expression was turned on by 

addition of mifepristone. The next day, cells were fixed with PFA and incubated with 

the phages for either 30 or 60 minutes. Eight rounds of biopanning were performed 

with the 12-mer peptide library. In the first round phages were presented only with 

the S protein expressing cells, from round two on they were pre-incubated each time 

with the subtraction target for one hour.  

Ten phage clones of each group were sequenced from biopanning round three to 

eight. No clear consensus sequence was obtained. Although a few sequences 

dominated over the others after several rounds, it was always the same clone that 

seemingly had a growth advantage. Specific binding of any isolated phage clone to 

SARS-CoV S protein was not detected in ELISA (data not shown). Amino acid 

sequences of the phages are given in the appendix.  

 

5.2.2 Biopanning on VSV!G-S pseudotypes 

Based on the assumption that biopanning would be more efficient with a less 

complex substrate, VSV!G-S pseudotypes were generated. Compared to 

transfected cells the amount of S protein would be enriched and therefore the 

number of false-positive interaction partners would be reduced. Every other round 

VSV!G-G was used as subtraction substrate, starting from round two.  

VSV pseudotypes were produced and purified by centrifugation through a sucrose 

cushion. Protein content was measured by BCA assay and S protein incorporation 

into the virus particle was assessed via silver staining of VSV particles that had been 

submitted to SDS-polyacrylamide gel electrophoresis (data not shown).  

VSV pseudotypes were immobilised and incubated with phages from the 7-mer and 

the 12-mer library. Phages were added either for 30 or 60 minutes. Eight rounds of 

biopanning were performed and the N-terminus of p3 was sequenced of ten phage 

clones of every group from round three to round eight. Compared to the biopanning 

on transfected BHK 21 cells, fewer phage clones were isolated. Although no real 

consensus sequence was observed, some phages shared two to four amino acids. 
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But investigation of the phages’ binding capacity revealed no specific binding to 

SARS-CoV S protein in ELISA, immunofluorescence analysis and phage overlay 

assay (data not shown). Amino acid sequences of the isolated phages are given in 

the appendix. 

 

5.2.3 Biopanning on soluble SARS-CoV S protein 

In a third approach a soluble SARS-CoV S protein was used. The enrichment of S 

protein was expected to favour S protein-specific recognition by the phages.  

BHK 21 cells were seeded on 6-well plate cavities. After 24 hours they were 

transfected with DNA for soluble S protein and the empty pCG1 vector as a control. 

After two days, supernatants were harvested and concentrated. The protein content 

was assessed via BCA assay. A portion with 100 µg was immobilised onto MaxiSorb 

plates and phages from the 7-mer and 12-mer library were incubated with the target 

for 30 minutes. Three rounds of biopanning were performed, prior to the second and 

third round the phage pool was presented with the subtraction target for 60 minutes. 

After the titration of round three phages, ten phages containing colonies of E.coli 

were picked from each library and DNA of the p3 N-terminus was prepared and 

sequenced.  

The biopanning of the 7-mer library yielded five differing amino acid sequences, from 

the 12-mer library four different sequences were obtained (Tab. 5.1).   
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Tab. 5.1: Amino acid sequences of the phages isolated by biopanning on soluble SARS-CoV 

S protein. 
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5.2.4 ELISA and Sandwich-ELISA 

To evaluate whether the biopanning procedure had successfully identified phages 

that presented peptides recognising SARS-CoV S protein, an ELISA was performed. 

BHK 21 cells were seeded onto 6-well plates and transfected with plasmids encoding 

the soluble S protein. The two following days, the supernatants were collected and 

concentrated. After measuring the protein content a portion comprising 100 µg was 

immobilised on MaxiSorb wells. Each clone was incubated with S protein and control 

samples including an empty well to detect plastic binders. The wells were rinsed 

thoroughly and stained for attached phages.  

Binding was detected neither in the wells treated with S protein nor in either of the 

control wells (data not shown). For a positive signal in an ELISA the binding affinity of 

the phage has to be in the micromolar range or better (http://www.neb.com/ 

nebecomm/products/faqproduct E8111.asp#617). To enhance the assay’s sensitivity 

a Sandwich-ELISA was performed for which the phages were immobilised onto 

MaxiSorb wells. Then each clone was presented with soluble S protein. After rinsing 

the wells they were stained for the presence of S protein.  

As shown in Fig. 5.18, S protein was found to be bound by every phage isolated from 

biopanning on soluble S protein. This suggests that the phages’ affinity for the S 

protein is rather low.  
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Fig. 5.18: Binding of the isolated phages to SARS-CoV S protein in Sandwich-ELISA;           

S protein is stained with anti-SARS-CoV antibody and anti-rabbit HRP. 
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5.2.5 Immunofluorescence analysis 

To evaluate the specificity of the isolated phage clones they were tested in 

immunofluorescence analysis.  

BHK syn S and BHK G43 cells were seeded on cover slips. After 24 hours the BHK 

syn S cells were additionally transfected with a plasmid encoding for SARS-CoV S 

protein to increase its surface expression, while VSV G protein production was 

induced by addition of mifepristone. The next day, cells were fixed and each phage 

was incubated with cells expressing the S protein or with control cells. The wells 

were rinsed carefully and stained for attaching phages.  

As demonstrated in Fig. 5.19, number 1, 2 and 7 of the 7-mer library and number 1 of 

the 12-mer library were found to bind to S protein expressing BHK cells. Binding was 

very low in general.  

 

 

 

 

Fig. 5.19: Four of the isolated phages bind to SARS-CoV S protein in immunofluorescence 

analysis. The phages were stained with anti-M13 antibody and anti-mouse rhodamin RedX. 
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 5.2.6 Phage overlay assay 

The phage overlay assay was performed to investigate which of the phages would 

recognise the S protein in an alternative assay. For this purpose BHK 21 cells were 

seeded on 6-well plates and transfected transiently after 24 hours with plasmids 

encoding the soluble S protein or with the empty pCG1 vector. After two days, the 

supernatants were collected and concentrated by centrifugation through 100 kDa 

filter devices. The proteins were separated by SDS-PAGE and blotted onto 

nitrocellulose. After having blocked the membranes, the phages were added. Then 

the bound phages were stained and on a control membrane the position of the S 

protein was visualised by means of a SARS-CoV specific antiserum.  

As shown in Fig. 5.20, five phages were found to attach to a protein with about the 

same molecular weight as the protein stained by the antiserum: Number 1, 2 and 7 of 

the 7-mer library and number 1 and 2 of the 12-mer library formed rather undefined 

bands. 

 

 

 

Fig. 5.20: Five of the isolated phages bind to SARS-CoV S protein in a phage overlay assay; 

S protein was detected with anti-SARS-CoV antibody and anti-rabbit HRP; phages were 

stained with anti-M13 antibody and anti-mouse HRP. 

   



Discussion 

 

78 

6. Discussion 

 

6.1 Identification and characterisation of a 12-mer peptide binding to 

HRSV F protein 

 

Since its first description (SMITH 1985) phage display has been used in various 

applications and is a well-established tool for screening large peptide libraries in 

order to identify specific peptides.  Applied areas include in vivo screening and 

thereby enabling an organ-specific drug delivery by the identified peptides (ARAP et 

al. 1998, CHEN et al. 2006, PASQUALINI & RUOSLAHTI 1996, RAJOTTE et al 

1998, RAJOTTE and RUOSLATHI 1999), epitope mapping (DYBWAD et al. 1995, 

HEALY et al. 1995, JELLIS et al. 1993) and drug design (BENHAR 2001, EEROLA et 

al.1994, HART et al. 1994, SMITH and PETRENKO 1997). Moreover phage display 

identified ligands for receptors (CWIRLA et al. 1997, DOORBAR and WINTER 1994, 

GOODSON et al. 1994) or peptides mimicking or binding to saccharides (DEVLIN et 

al. 1990, MATSUBARA et al. 1999).  

 

The first part of this study evaluated the usefulness of target presentation on a virus 

particle by biopanning on SeV-hF and investigated the identified peptide’s binding 

capacity. 

 

6.1.1 The biopanning on SeV-hF resulted in the isolation of an HRSV F protein 

specific phage 

By eight rounds of biopanning on SeV-hF two phages were pulled out of the pool. 

The DNA of both phages encoded for the same twelve amino acids. This fact 

indicates that this sequence of amino acids features characteristics important for 

binding to HRSV F protein. During the biopanning procedure the target molecule was 

immobilised on microtitre wells. Despite using an adequate concentration of target 

protein and blocking the remaining free sites of the cavity phages recognising the 
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plastic surface might be drawn out of the library. In addition, the phages have contact 

to many different molecules, for example in the viral envelope. Therefore, the 

isolation of phages with undesired binding properties is likely. To remove all phages 

which attach to molecules other than HRSV F protein the two subtraction rounds 

were performed.  

The specificity of the isolated phages was evaluated in an ELISA (see Fig. 5.2). This 

assay revealed no plastic binding affinity or binding to SeV proteins of the phages. In 

immunofluorescence analysis the attachment of the phages was observed as dot-

shaped accumulations on the surface of HRSV F protein expressing MDCK cells 

(see Fig. 5.3). Phages sticked to control MDCK cells to a lesser extent and they did 

not gather in dots. To observe a clear-cut difference between the binding to HRSV F 

protein expressing cells and the binding to control cells, the cover slips were washed 

very thoroughly with PBS plus 1 % Tween. This is the double amount of Tween as 

compared to the amount used for the last round of biopanning; the binding to HRSV 

F protein was not altered by the high concentration of Tween. Immunofluorescence 

analysis suggests that the phages might bind not exclusively but very tightly to  

HRSV F.  

In the phage-overlay assay the phages detected specifically HRSV F protein in cell 

lysates and after immunoprecipitation with an antibody directed against the F protein 

and protein A sepharose (see Fig. 5.4). Comparing the intensity of the F specific 

bands of the cell lysate and the immunoprecipitation, the band in the cell lysate was 

much stronger. This is probably due to degradation of the F protein during the long 

incubation period of the immunoprecipitation. The band at about 110 kDa present in 

the first lane containing cell lysate of F protein expressing cells is recognised by the 

phages and an HRSV F protein specific antibody. It is not detected when the 

nitrocellulose membrane is incubated with only the second antibody. Therefore the 

band appears to contain some form of HRSV F protein. Most likely the band at about 

90 kDa represents the F1 subunit with a molecular weight of about 48 kDa which is 

fused to a GFP of about 30 kDa. As the gel was run under non-reducing conditions 

the band of 110 kDa might therefore consist of the GFP-linked F1 subunit that is 

connected to the F2 subunit via disulfide-bonds. The loss of the 110 kDa band after 
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immunoprecipitation overnight might be due to an amount of F protein too low to be 

detected. The cell lysates contained significantly less of the F1-F2 form and during 

the incubation step for immunoprecipitation degradation of the F protein takes place 

which may result in a drop below the detection level.  

In the co-immunoprecipitation experiment the phages were pelleted through a 

sucrose cushion and pulled down bound HRSV F protein (see Fig. 5.5). The F 

protein was not detected in the pellet when HRSV F protein was ultra-centrifuged 

without phages.  

In the SPR analysis, the binding of the phages to HRSV F protein resulted in an 

increase of about 50° of the refractive angle (see Fig. 5.9); a change of 0.1° in the 

refractive angle equals 1.000 refractive units which correspond to a change of 1 ng 

per mm2  in the concentration of molecules close to the chip surface. The observed 

change of the refractive angle of about 50° would therefore indicate an additional 

mass of 500 mg per mm2 of the chip. The delay of 250 seconds until binding can be 

measured may be shortened by a higher concentration of phages. In the channel 

featuring the PBS control, a steep climb and fall of the curve is observed during the 

first 25 seconds of the association phase; this might be due to air having been 

sucked in by the needle. The curve does not drop to the previous level but remains at 

a refractive angle of 338°. The reason for this behaviour is unclear, as the channel 

had been inconspicuous up to this measurement. After this measurement no further 

tests could be carried out because the chip surface had probably been hit by the 

needles which destroyed the surface. As channel 2 measured the PBS control and 

as the curve stayed on a constant level once it had stabilised it cannot be excluded 

that the documented changes of the curve are an artefact. 

ELISA, immunofluorescence analysis, phage-overlay assay, co-immunoprecipitation 

and SPR analysis demonstrated that the isolated phage displays a peptide that 

recognises HRSV F protein. ELISA and phage-overlay assay indicated that the 

binding was specific while in immunofluorescence analysis some phages were found 

to bind to molecules on the surface of control cells. This unspecific binding was 

diminished by stringent washing conditions which did not affect the binding of the 

phages to the HRSV F protein. 
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6.1.2 The identified phage recognises the F protein of BRSV 

BRSV is a close relative of HRSV and the F proteins of both viruses share a 

sequence homology of 83%; the differences are located in the F2 subunit 

(WALRAVENS et al. 1990). 

HRSV, SeV-hF and BRSV were immobilised for an ELISA and the phages’ ability to 

recognise the F proteins was investigated (see Fig. 5.6). In this assay the binding 

signal was strongest for SeV-hF and equally strong for both HRSV and BRSV which 

indicates that the phages probably find the same amino acids for interaction on both 

proteins.   

In the overlay assay, the phages recognised specifically the BRSV F protein         

(see Fig. 5.7); nevertheless, the band produced by the phages was clearly weaker 

than the band produced by the antibody directed against the F protein. This might be 

a hint that the phages can not attach to BRSV F protein as well as to the F protein of 

HRSV. The reasons for this observation may be that the structural domain that is 

recognised by the phage comprises some of the amino acids that differ between the 

protein sequences of the HRSV and BRSV F protein.  

The co-immunoprecipitation experiment shows a significant difference between 

HRSV-F and BRSV-F in the amount of precipitated protein (see Fig. 5.5). This 

discrepancy might be due to amino acid changes in the F2 subunit of BRSV as 

mentioned above.  

6.1.3 Differences between synthetic and phage-displayed peptides with regard 

to binding to the HRSV F protein 

The 12-mer peptide was synthesised and linked to biotin for easy detection. Peptides 

displayed by phages have been shown to act almost exactly like peptides being in 

solution (KATZ 1997); therefore, the experiments performed with the isolated phages 

were conducted also with the synthetic peptide to demonstrate the ability of the 

peptide to recognise HRSV F protein independent of the phage context. 

In ELISA, the results obtained with the phages differed from those observed with the 

synthetic peptide: When the synthetic peptide was immobilised on the microtitre well 

it bound to HRSV F protein present in the lysate of MDCK cells (see Fig. 5.10). When 
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the cell lysate was coated and incubated with the synthetic peptide for detection no 

binding was observed. This might be due to changes in the conformation of the F 

protein that is fixed on the ground of the well. Nevertheless, displayed on a phage the 

peptide recognised the immobilised HRSV F protein. The fact that the coated peptide 

did bind to HRSV F protein while the peptide in solution failed to do so led to the 

assumption that multi-valent binding might be necessary for F protein recognition. 

However, the comb-shaped variant consisting of four 12-mer peptides and their 

spacer of three amino acids linked to a fix backbone behaved like the single peptide 

in ELISA (see Fig. 5.11).  

In immunofluorescence analysis the single peptide was not detected on either HRSV 

F expressing MDCK cells or on control cells, whereas the comb-shaped peptide 

attached to both kinds of cells in the same amount (see Fig. 5.12). While the phages 

gathered in dot-shaped accumulations at the HRSV F expressing cells, those dots 

were not seen with the comb-shaped peptide; this peptide was distributed rather 

evenly on the cell surface. ELISA and immunofluorescence analysis of the single 

synthetic peptide and the comb-shaped version suggest that several 12-mer peptides 

are required but not sufficient for binding to HRSV F protein. When the peptides are 

coated they are capable of attaching to their target; probably several peptides located 

in the correct distance from each other bind to the F protein.  

To enable the comb-shaped peptide to adopt different conformations, a version was 

synthesised which consisted of five 12-mer peptides and their spacer of three amino 

acids linked to a flexible backbone. In ELISA, the flexible peptide captured the HRSV 

F protein when it was immobilised on the microtitre well (see Fig. 5.13). When cell 

lysates of either F expressing cells or control cells were coated the flexible peptide 

bound unspecifically to both kinds of lysates. Enabling many different conformations 

appears to abolish the peptide’s specificity while being in solution. Whether the 

binding to HRSV F protein is specific when the peptide is immobilised remains 

unclear. Molecules other than HRSV F protein that are captured by the coated 

peptide can not be detected with this assay.  
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6.1.4 The identified peptide binds specifically to HRSV F protein 

Binding of the synthetic peptides to HRSV F protein was only observed if the 

peptides were coated in ELISA; when the peptides were applied in solution for the 

detection of the F protein in ELISA, immunofluorescence analysis or in a Western 

blot assay, either no or unspecific binding was found. Probably the peptides have to 

be arranged in a certain formation to be capable of binding to the F protein. Another 

possibility would be that the immobilised peptides do not bind exclusively to HRSV F 

protein but rather randomly to many molecules around. The ELISA will not reveal any 

additional molecules that might be unspecifically captured by the coated peptides.  

To investigate the nature of the binding, SPR analysis was applied; by this technique 

anything attaching to the immobilised peptide would be detected.  

Dilutions 1:4, 1:2 and 1:1 of a 2-fold dilution series of F protein in cell culture 

supernatant contained enough target protein to yield a binding signal (see Fig. 5.15). 

Molecules present in the dilutions of the control supernatant were not captured by the 

peptide (see Fig. 5.16). Only with the undiluted supernatant binding was observed 

during the first 100 seconds of the attachment phase. In contrast to the supernatant 

containing the F protein, the control curve did not rise but dropped steadily. The 

change of the refractive angle from seconds 1775 to 1935 measured with the 1:2 

dilution is most likely due to air that has been sucked in by the needle. Comparison of 

channel 1 and channel 2 demonstrated an F protein concentration-dependent shift of 

the mass close to the chip surface for dilutions 1:4, 1:2 and 1:1 (see Fig. 5.17).  

SPR analysis showed that the immobilised peptide captured specifically HRSV F 

protein. Therefore it is likely that a certain arrangement of several peptides is 

required. On the phage, every copy of p3 contains the random peptide, but the 

number of p3 on the phage surface varies from three to five copies. Whether three 

peptides are sufficient to capture the F protein or five 12-mers are needed remains 

unclear. 
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6.2 Identification and characterisation of peptides binding to SARS-CoV 

S protein 

The second part of the study aimed to establish a system that allows biopanning 

against glycoproteins of highly pathogenic viruses under S2 conditions. The S protein 

of SARS-CoV was chosen as target of interest and arrangements other than 

presentation on a virus particle were evaluated.  

 

6.2.1 The biopanning with S-expressing BHK cells and with VSV!G-S 

pseudotypes did not yield SARS-CoV S protein specific phages 

Biopanning on intact cells has yielded high-affinity peptides binding to cellular 

receptors (DOORBAR and WINTER 1994, GOODSON et al. 1994).  

In a first approach, the 12-mer random peptide library was biopanned on SARS-CoV 

S protein expressing BHK cells. Being aware of the variety of molecules on the cell 

surface a subtraction round was performed prior to every presentation with the target. 

This way, it was sought to balance the amount of phages with undesired binding 

affinities that would most likely be pulled out of the pool. Nevertheless, no consensus 

sequence appeared from round three to round eight with different incubation times 

during the biopanning. With every round new sequences were obtained that did not 

share similarities with the previously identified peptides. This lack of S protein 

specific phages might be due to an insufficient amount of SARS-CoV S protein on 

the permanently transfected cells; nevertheless phages recognising the target should 

get enriched over eight rounds. A few sequences were found predominantly after 

several rounds but DNA analysis revealed the same clone that obviously had a 

growth advantage. The reason for the inability to isolate SARS-CoV-specific phages 

is most likely the huge number of different phages that were obtained by biopanning 

on the intact cells; the subtraction rounds failed to rid the pool from all phages 

displaying peptides with undesired binding affinities. Immunofluorescence analysis 

performed with the phages obtained by biopanning on HRSV F protein suggests that 

a layer of intact cells can unspecifically capture phages quite tightly. On top of this 

observation it is difficult to wash all areas of the cavities with the same intensity which 
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may result in the elution of additional phage clones. Another explanation for the 

inability to identify SARS-CoV S protein specific phages might be that the ELISA 

failed to recognise them. Unfortunately, it was not possible to establish an ELISA with 

intact cells grown on microtitre wells due to the high backround in this assay; 

therefore, the S protein was presented to the phages via lysates of SARS-CoV S 

protein expressing cells. Although the phages obtained by biopanning on HRSV F 

protein recognised their target protein under these conditions it cannot be concluded 

that the same has to be true for the phages biopanned on the S protein.  

In a second approach, the 7-mer and the 12-mer peptide libraries were biopanned on 

VSV!G-S pseudotypes in order to mimic the target presentation from the biopanning 

on SeV-hF. Compared to transfected cells, the S protein would be present at a higher 

percentage on the surface of VSV!G-S pseudotypes; the subtraction step might be 

effective if fewer phage clones are pulled out of the pool. From round two onwards 

VSV!G-G was used as subtraction target every other round. Although some phages 

shared two to four amino acids no consensus sequence appeared; fewer clones 

were isolated which might indicate that the subtraction rounds were indeed better set 

up to remove phages with undesired binding affinities. Nevertheless, ELISA, 

immunofluorescence analysis and phage overlay assay revealed no specific binding 

to SARS-CoV S protein. As VSV!G-S pseudotypes were coated for the ELISA and 

for the biopanning, an S protein-specific phage should find its target and yield a 

specific binding signal. The fact that a phage was not detected might be due to its 

low affinity for the SARS-CoV S protein; a clear binding signal is detected in an 

ELISA if the affinity of the phage is in the micromolar range or better 

(http://www.neb.com/ nebecomm/products/faqproduct E8111.asp#617). Another 

possibility would be that only phages with undesired binding properties were isolated.  

To evaluate the binding of those phages SPR analysis would be most suitable as this 

technique detects low-affinity analytes and unspecific attachment can be 

discriminated from proper binding.  
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6.2.2 The biopanning on soluble SARS-CoV S protein resulted in the isolation 

of nine phages recognising SARS-CoV S protein with low affinity 

Concentrated supernatants from cells transiently transfected with a plasmid encoding 

for a soluble SARS-CoV S protein were used in a third approach. By reducing the 

number of different molecules presented for biopanning and increasing the amount of 

the target protein it was sought to favour S protein recognition by the phages. Three 

rounds of biopanning were conducted and prior to round two and three the phages 

were incubated with the subtraction target. DNA sequencing revealed five clones 

from the 7-mer library and four clones from the 12-mer library (see Tab. 5.1). When 

these phages were tested in ELISA whether they recognised SARS-CoV S protein 

none of them gave a positive binding signal. To detect a clear binding in an ELISA 

the affinity of the phage has to be in the micromolar range or better 

(http://www.neb.com/ nebecomm/products/faqproduct E8111.asp#617). To enhance 

the assay’s sensitivity the phages were coated onto MaxiSorb wells and a Sandwich-

ELISA was conducted in which the immobilised phages are presented with an excess 

of target molecules. In this test every isolated phage was capable of binding to 

SARS-CoV S protein (see Fig. 5.18). The strongest signal was obtained with 

numbers 1, 2 and 7 from the 7-mer peptide library, the weakest signal gave number 3 

from the 7-mer peptide library and number 2 from the 12-mer peptide library. The 

question whether molecules other than SARS-CoV S protein are captured by the 

phages can not be answered by this assay.  

In immunofluorescence analysis four out of nine phages attached to the S protein 

expressed on BHK 21 cells, namely the numbers 1, 2 and 7 from the 7-mer peptide 

library and number 1 from the 12-mer peptide library (see Fig. 5.19); the other five 

phages either did not bind at all or binding was abolished after thorough washing 

which was conducted in order to diminish the attachment to control cells. In contrast 

to the phage obtained by biopanning on HRSV F protein, the phages with the 

numbers 1, 2 and 7 from the 7-mer peptide library and number 1 from the 12-mer 

peptide library did hardly bind to control cells and stringent washing was not 

necessary to observe a clear-cut difference between cells featuring the target protein 

and control cells. The five phages that were not found to attach to the S protein 
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expressing cells might have such a low binding affinity that washing the cover slips 

with PBS might already remove them; their signals in Sandwich-ELISA were on the 

lower end of the obtained range. On the other hand all phages from round three were 

rinsed with PBS + 0,5 % Tween during biopanning prior to elution, so milder washing 

conditions are unlikely to render the phages’ binding; therefore it is more likely that 

they did not attach to the SARS-CoV S protein in the first place. This might be due to 

an altered structure of the S protein when it is expressed on cells in contrast to when 

it is coated on to the plastic cavity for the biopanning procedure. Another possibility 

would be that the positive binding in the Sandwich-ELISA is just unspecific 

attachment of the phages to the abundant SARS-CoV S protein. 

In the phage-overlay assay five phages out of nine detected the SARS-CoV S 

protein, namely numbers 1, 2 and 7 from the 7-mer peptide library and numbers 1 

and 2 from the 12-mer peptide library (see Fig. 5.20). But in contrast to the phage-

overlay assay with the phage specific for HRSV F protein none of the five phages 

formed sharp bands; they gathered rather blotchily or, in the case of the number 1 

from both the 7-mer and the 12-mer peptide library, cloudily in the area where the S 

protein would be. The other four phages could not be detected on the membrane at 

all; this might be due to SDS gel electrophoresis conditions which affect the 

conformation of the S protein in a way that the peptides displayed on the phages lose 

their interacting amino acids. Number 2 from the 12-mer peptide library had the 

weakest signal in Sandwich-ELISA and was not found on S protein expressing BHK 

cells in immunufluorescence analysis, but in the phage-overlay assay this phage 

formed a blotchy band at the expected height of the S protein. One explanation for 

this discrepancy is that the band does not consist of phages attaching to their target 

but it might only be an artefact. Another possibility is that the fixation of the cell layer 

with paraformaldehyde for immunofluorescence analysis preserves the SARS-CoV S 

protein in a state that does not favour recognition by this particular peptide.  

No binding signal in ELISA in addition to either weak or no attachment in 

immunofluorescence analysis and in phage-overlay assay suggests that the 

identified nine phages have a low affinity for SARS-CoV S protein, probably below 

the micromolar range (http://www.neb.com/ nebecomm/products/faqproduct 
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E8111.asp#617). As numbers 1, 2 and 7 of the 7-mer library and number 1 of the 12-

mer peptide library bound to the S protein in the immunofluorescence analysis and in 

the phage-overlay assay and these phages gave the highest signals in the 

Sandwich-ELISA it may be concluded that they in fact recognise SARS-CoV S 

protein. Whether this is true for the other five clones remains unclear; the question 

whether those phages bound unspecifically to the S protein in Sandwich-ELISA or 

whether the other assays simply failed to detect binding due to a required higher 

affinity cannot be answered. The appropriate approach to further investigate the 

phages’ binding to the S protein would be SPR analysis; by means of this technique 

specific and unspecific binding can be discriminated and analytes with very low 

binding affinities can be detected.  

6.2.3 Evaluating the three alternative ways of target presentation in comparison 

to biopanning on recombinant viruses 

With regard to yielding phages which display peptides recognising specifically SARS-

CoV S protein only the biopanning on immobilised soluble S protein was successful. 

Although phages specifically binding to cellular receptors have been isolated by 

biopanning on intact cells (DOORBAR and WINTER 1994, GOODSON et al. 1994) 

the biopanning on transfected BHK cells did not yield phages displaying S protein 

specific peptides. Most likely the high amount of molecules present in addition to the 

target and the difficulty of washing every area of the cell layer with the same intensity 

play an important role in the isolation of the unspecific phages. 

The biopanning on VSV!G-S pseudotypes resulted in the identification of a limited 

set of phages which indicates that the washing steps and the subtraction rounds at 

least managed to diminish the number of different phages; like the phages obtained 

by biopanning on intact cells these clones neither featured a consensus sequence 

nor did they bind specifically to SARS-CoV S protein. Although this approach also 

uses whole viruses for target presentation, the amount of S protein in the VSV!G-S 

envelope is most likely much lower than the amount of HRSV F protein on the 

surface of the recombinant SeV-hF. This is due to the fact that for the generation of 

VSV!G-S the SARS-CoV S protein is provided transiently whereas the HRSV F 
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protein is encoded by the recombinant genome of SeV-hF which leads to a high level 

of protein expression driven by the viral replication machinery.  

Using a soluble glycoprotein that is secreted into the cell culture supernatant by the 

transfected cells and coated for biopanning yielded only nine different clones after 

three rounds; no consensus sequence was observed and a positive binding signal 

was not obtained with ELISA. Four phages bound to SARS-CoV in Sandwich-ELISA, 

immunofluorescence analysis and phage overlay assay and might be considered as 

S protein specific despite their rather low affinity for the target.  

 

Judging from the results of the conducted experiments in this thesis, the most 

suitable approach to target presentation of surface glycoproteins derived from highly 

pathogenic viruses would be the construction of a soluble viral protein. By 

transfection into BHK cells high amounts of the protein can be achieved and the 

supernatants can be concentrated even further. Moreover, biopanning can be carried 

out under S1 conditions. The biopanning on the recombinant SeV-hF resulted in the 

isolation of two clones that display the same twelve amino acids and bind tightly and 

specifically to their target protein. In order to evaluate whether immobilising whole 

viruses, either recombinant or authentic, is the best way of target presentation or 

whether the SARS-CoV S protein itself is for some reasons a difficult target molecule, 

the phage display libraries should be biopanned vice versa: In one experiment the 

phages are incubated with whole SARS-CoV and in a second approach the libraries 

are biopanned on soluble HRSV F protein. This experimental set-up might clarify 

whether protein presentation on a virus indeed is the best way to isolate high-affinity 

peptides from a phage display library. 
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7. Summary 

 

Carolin Hüttinger (2009) 

Isolation and characterisation of high-affinity peptides directed against surface 

glycoproteins of pathogenic viruses 

 

For most viral diseases only symptomatic treatment is available. Highly pathogenic 

agents demand a search for compounds that can either be administered 

therapeutically or be employed in diagnostic assays in order to detect and confirm 

virus infection. Usually specific antibodies are used to provide evidence of viral 

antigen in ELISAs or immunofluorescence assays.  

This study evaluated the convenience of synthetic peptides as viral antigen 

detectors. To identify specific peptides for the targets of choice, the phage display 

technique was chosen due to the high variability of the phage library.  

 

In the first part of this work, general assay conditions were established by biopanning 

on the fusion protein of human respiratory syncytial virus presented on the surface of 

a recombinant Sendai virus. The peptides of the two isolated phages comprised the 

same twelve amino acids encoded by two different nucleotide sequences. The 

phage-displayed peptides recognised specifically the HRSV F protein in ELISA, 

immunofluorescence analysis, phage-overlay assay, co-immunoprecipitation and 

surface plasmon resonance analysis.  

The bovine respiratory syncytial virus is a close relative of HRSV. In ELISA, the 

binding of the phages to both viruses was equally strong. The phage-overlay assay 

and the co-immunoprecipitation experiments demonstrated a significantly weaker 

binding of the phages to bF than to hF. This might indicate that the structural domain 

that is recognised by the phages includes amino acids located in the F2 subunit 

which is different in both proteins.  

Based on the identified twelve amino acids, peptides were synthesised. These 

peptides recognised the HRSV F protein when they were coated in ELISA, but not 

when they were in solution while being incubated with the target. SPR analysis 



                                                                                                                                    Summary 

 

  91 

revealed that the immobilised peptides captured specifically the HRSV F protein; this 

suggests that a certain arrangement of several peptides is required for proper binding 

to the F protein.  

In the second part of this work, the spike protein of severe acute respiratory 

syndrome associated corona virus was selected to evaluate different ways of target 

presentation during the biopanning step. Neither S protein expression on BHK cells 

nor on the surface of VSV!G yielded phages which displayed S protein specific 

peptides. In a third approach biopanning on concentrated cell culture supernatant 

containing soluble S protein was successful in isolating nine phages that recognised 

the target of interest. Although a consensus sequence failed to emerge, four phages 

bound to SARS-CoV in Sandwich-ELISA, immunofluorescence analysis and phage 

overlay assay. These clones might be considered specific for the S protein, although 

having a low affinity for their target; the five clones that lacked a positive binding 

signal in all assays other than the Sandwich-ELISA are most likely unspecific 

binders. 
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8. Zusammenfassung 
 

Carolin Hüttinger (2009) 

Isolierung und Charakterisierung von hoch-affinen Peptiden gegen 

Oberflächenglykoproteine pathogener Viren 

 

Für die meisten viral bedingten Erkrankungen existiert nur eine symptomatische 

Behandlung. Hoch pathogene Erreger erfordern eine Suche nach Stoffen, die 

entweder in der Therapie eingesetzt oder in diagnostischen Tests zum 

Virusnachweis verwendet werden können. Gewöhnlich wird in einem ELISA oder 

einem Immunfluoreszenztest virales Antigen mit Hilfe von spezifischen Antikörpern 

nachgewiesen.  

In dieser Arbeit wurde die Zweckmäßigkeit von synthetischen Peptiden als Antigen-

Detektoren untersucht. Aufgrund der hohen Variabilität einer Phagen Bank wurde die 

Phage-Display Technik verwendet, um spezifische Peptide für die gewählten 

Zielmoleküle zu isolieren. 

 

Im ersten Teil der Arbeit wurden allgemeine Bedingungen für die Durchführung der 

Experimente etabliert. Als Zielmolekül im Biopanning wurde das Fusionsprotein des 

humanen respiratorischen Syncytialvirus verwendet; das F-Protein wurde auf der 

Oberfläche von einem rekombinanten Sendai Virus präsentiert. Die zwei isolierten 

Phagen trugen Peptide, die aus den gleichen zwölf Aminosäuren bestanden und von 

zwei verschiedenen Nukleotidsequenzen kodiert wurden. Im ELISA, dem 

Immunfluoreszenztest, dem Phage-Overlay Test, der Co-Immunpräzipitation und der 

Surface Plasmon Resonance Analyse wurde die spezifische Bindung der Phagen an 

das F-Protein bestätigt.  

Das bovine respiratorische Syncytialvirus ist ein enger Verwandter des HRSV. Die 

Phagen banden im ELISA zu gleichen Maßen an beide Viren. Der Phage-Overlay 

Test und die Co-Immunpräzipitation zeigten eine signifikant schwächere  Bindung 

der Phagen an das bF-Protein als an das hF-Protein. Das könnte ein Hinweis sein, 

dass die von den Phagen erkannte strukturelle Domäne Aminosäuren der  

F2-Untereinheit enthält, die bei beiden Proteinen unterschiedlich ist. 
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Anhand der zwölf identifizierten Aminosäuren wurden Peptide synthetisiert. Diese 

waren nur in der Lage das F-Protein zu binden, wenn sie im ELISA immobilisiert 

waren; waren die Peptide während der Inkubation in Lösung erkannten sie ihr 

Zielmolekül nicht. Die SPR Analyse zeigte eine spezifische Bindung der fixierten 

Peptide an das F-Protein, was darauf hindeutet, dass eine gewisse Anordnung 

mehrerer Peptide für das Erkennen nötig ist.   

Der zweite Teil der Arbeit untersuchte verschiedene Arten der Präsentation des 

Zielmoleküls während des Biopannings; als Zielmolekül wurde das Spike-Protein des 

mit dem schweren akuten respiratorischen Syndroms assoziierten Coronavirus 

ausgewählt.  Weder die Expression auf der Oberfläche von BHK Zellen noch die in 

der Hülle von VSV!G Pseudotypen lieferte Phagen, die spezifisch an das S-Protein 

banden. In einem dritten Ansatz wurde für das Biopanning ankonzentrierter 

Zellkulturüberstand von BHK Zellen verwendet, die mit einem Plasmid für ein 

lösliches S-Protein transfiziert worden waren. Auf diese Weise wurden neun Phagen 

isoliert, die das Zielmolekül erkannten. Obwohl die neun Peptide untereinander keine 

Ähnlichkeiten aufwiesen, banden vier Phagen sowohl im Sandwich-ELISA, als auch 

im Immunfluoreszenztest und dem Phage-Overlay Test an das S-Protein. Diese vier 

Phagen könnten als spezifisch für das S-Protein gelten, wenn auch ihre Affinität für 

das Zielmolekül als gering einzuschätzen ist. Die übrigen fünf Phagen, die in keinem 

anderen Test als dem Sandwich-ELISA eine Bindung aufwiesen, binden höchst 

wahrscheinlich unspezifisch an das S-Protein. 
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10. Appendix 
 
 
Amino acid sequences of the phages biopanned on S protein expressing BHK cells: 
 
 

12-mer peptide library: ASLRTLTSLLPA 

 FPVLHRVSVLKA 

 GPSIIPGYLSIT 

 HITSDLPFTARA 

 HWDPFSLSAYFP 

 LESRTLLRLNWP 

 LTPTMFNMHGVL 

 NFMESLPRLGMH 

 NHVHRMHATPAY 

 NIFSLPIMNHSH 

 QAHLEKTAVPRM 

 QIKIANWLPYTT 

 SNIRLSNSPMWT 

 SNLQLYYGLGLP 

 SPMPQLSTLLTR 

 SVGPLLNRLINP 

 SWPLYSRDSGLG 

 TMTFGITLPLTP 

 VPASFHSVLNSV 

 WPLQFGPLYLTP 
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 WPTYLNLPLLPL 

 WYKPWPFQAAYL 

 
 
 
Amino acid sequences of the phages biopanned on VSV!G-S pseudotypes: 
 
 

12-mer peptide library: AETVESCLAKSH 

 DLFSWHSVRNPV 

 HHQNPPLFLGTS 

 LHP-LGRFGRNC 

 LTTKLRTPSPPL 

 LVAKPHMRTPNL 

 MRTELPTATHYP 

 SHNMWISRLLHP 

 WYKPWPFQAAYL 

  

  

7-mer peptide library: APFIHSP 

 ARTLTPA 

 FSYAPLM 

 GSHPTHY 

 HQNPGTS 

 HWDPYFP 

 KHSMPIN 

 SLTPFLA 
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 SVGFQLS 

 WPLYLTP 

 WPNLSLA 

 WYKPAYL 
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