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1 Abstract  

Recombinant adeno -associated viruses (rAAV) represent the basis of modern gene 

therapy. They can be modified extensively at the genomic and capsid level enabling 

personalized therapies . The high potential of this tec hnology and the great successes that 

have been achieved in this field require methods that allow  for  the development of modified 

rAAV variants, large production scales of viral vectors  and  finally  the generation  of high 

purity products for medical therapy.  This thesis dealt with the expansion  of a plasmid 

system for  recombinant adeno -associated virus  serotype 2 ( rAAV2 )  production, the 

generation of rAAV produc er  cell lines and  the development of a novel rAAV2 purification 

method  based on affinity chromatogr aphy.  

For a deeper understanding of the existing plasmid -based expression system,  a stability 

assay was developed which aims at the biologically relevant release of rAAV DNA under 

increasing temperature exposure.  Using this technique, it was discovered tha t, the thermal 

stability of capsid -modified rAAV2 particles bearing glycine -serine amino acid linker 

insertions at position 587, decreases with increasing linker length. In addition, a rAAV2 

variant was  generated which presents 60 active ǃ- lactamase enzyme s on its capsid. This 

variant had a similar thermal stability as the wild type variant and proved the enormous 

modifiability of the rAAV2 capsid.  

Within the scope of cell line generation experiments an attempt was made to insert 

fluorescent reporter genes into suitable genomic target sites for the later insertion of the 

adenoviral E1a/b genes into  the  CHO K1  (c hinese hamster ovary K1 )  genome  using a 

CRISPR/Cas9 mediated rational approach.  These experiments did not lead to the desired 

success, but it could b e demonstrated that it is possible to produce rAAV2 particles using  

CHO K1 cells and that the production can be  improved by the addition of  the  E1a/b genes.  

Later, monoclonal HEK293 cell lines could be generated, providing the helper genes 

required for rAAV production through random genomic integration, thus reducing the cost 

and effort of rAAV production.  

In order to improve rAAV2 production, an attempt was made to generate a novel affinity 

chromatography based on a single -chain  Fv (scFv) antibody desig ned using the  murine  

A20 antibody  structure . The construct  was  expressed  in the periplasm of  E. coli .  Silica 

material was used as base material for the chromatography  and the protein was 

immobilized via a fus ed silica tag. The principal functionality of th e construct was verified. 

However, it turned out that silica is not suitable for rAAV purification due to its non -specific 

binding properties. A second construct , in which the scFv was fused to a human IgG -Fc 

part  was produced  in  HEK293 suspension cells an d has since been used for AAV capsid 

ELISAs.  I n the search for another suitable affinity ligand that can be expressed bacterially, 

the natural AAV receptor (AAVR) came into focus.  A fusion protein was designed , which 
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consists of  the PKD2 domain  (polycystic  kidney disease 2 )  from the  AAVR in combination 

with a cellulose binding  domain . The suitability of this construct in the context of rAAV2 

affinity chromatography was  proven and the production could be significantly improved by 

the genetic fusion with a maltose binding protein. In further studies, a fast, cost -effective 

and very efficient purification process for rAAV2 particles based on PKD2 was developed . 

Ultimately,  this thesis led to an improvement of rAAV production and modification, resulting 

in a contribution to rAAV -based gene therapy.  
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2 Zusammenfassung  

Rekombinante adeno -assoziierte Viren (rAAV) bilden die Grundlage der modernen 

Gentherapie. Sie können auf genomi scher und Kapsidebene umfassend modifiziert werden, 

was personalisierte Therapien ermöglicht. Das hohe Potenzial dieser Technologie und die 

großen Erfolge, die auf diesem Gebiet erzielt wurden, verlangen nach Methoden, die die 

Entwicklung modifizierter rAA V-Varianten, große Produktionsmaßstäbe viraler Vektoren 

und schließlich die Herstellung von hochreinen Produkten für die medizinische Therapie 

ermöglichen. Diese Arbeit beschäftigte sich mit der Erweiterung eines Plasmid -Systems für 

die rAAV2 -Produktion, d er Erzeugung von rAAV -Produktionszelllinien und der Entwicklung 

einer neuartigen Aufarbeitungsmethode für rAAV2 auf Affinitätschromatographie -basis.  

Für ein tieferes Verständnis des bestehenden plasmidbasierten Expressions -systems wurde 

ein Stabilitätsassa y entwickelt, der auf der biologisch relevanten Freisetzung von rAAV -

DNA unter zunehmender Temperaturexposition aufbaut. Mit dieser Technik wurde 

herausgefunden, dass die thermische Stabilität von kapsid -modifizierten rAAV2 -Partikeln, 

die Glycin -Serin -Amin osäure -Linker - Insertionen an Position 587 tragen, mit zunehmender 

Linkerlänge abnimmt. Zusätzlich wurde eine rAAV2 -Variante generiert, die 60 aktive ǃ-

Lactamase Enzyme auf ihrem Kapsid präsentiert. Diese Variante wies eine vergleichbare 

thermische Stabilit ät auf wie die Wildtypvariante und bewies damit die enorme 

Modifizierbarkeit des rAAV2 -Kapsids.  

Im Rahmen der Experimente zur Zellliniengenerierung wurde versucht, Fluoresz enz -

Reportergene an geeigneten genomischen Sequenzen  für die spätere Insertion der 

adenoviralen E1a/b -Gene im CHO K1 -Genom  (Chinese hamster ovary K1)  mit einem 

CRISPR/Cas9 vermittelten rationalen Ansatz einzubringen.  Diese Experimente führten 

nicht zum gewünschten Erfolg, aber es konnte gezeigt werden, dass es möglich ist, rAAV2 -

Partikel mit Hilfe von CHO K1 -Zellen zu produzieren und dass die Produktion durch den 

Zusatz der E1a/b -Gene verbessert werden kann. Später konnten monoklonale HEK293 -

Zelllinien durch genomische Zufallsintegration erzeugt werden, die Helferfunktionen aus 

dem so gena nnten pHelper -Plasmid tragen, was die Kosten und den Aufwand der rAAV -

Produktion reduziert.  

Um die rAAV2 -Produktion zu verbessern, wurde versucht, eine neuartige Affinitäts -

Chromatographie basierend auf einem single -chain Fv (scFv) Antikörper zu erzeugen, der 

auf der murinen A20 Antikörperstruktur basiert. Das Konstrukt wurde im Periplasma von 

E. coli  exprimiert. Silica -Material wurde als Basismaterial für die Chromatographie 

verwendet und das Protein konnte über einen fusionierten Silica Tag immobilisiert werden. 

Die prinzipielle Funktionalität des Konstrukts konnte bestätigt werden. Es stellte s ich 

jedoch heraus, dass Silica aufgrund seiner unspezifischen Bindungseigenschaften nicht für 

die rAAV -Reinigung geeignet ist. Ein zweites Konstrukt, bei dem der scFv mit einem 
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menschlichen IgG -Fc-Teil fusioniert wurde, wurde in HEK293 -Suspensionszellen ex primiert 

und wird seitdem für AAV -Kapsid -ELISAs verwendet.  Auf der Suche nach einem weiteren 

geeigneten Affinitätsliganden, der sich bakteriell exprimieren lässt, rückte der natürliche 

AAV Rezeptor (AAVR) in den Fokus.  Ein weiteres Fusionsprotein  wurde  ent wickelt, das aus 

der PKD2 -Domäne  (polycystic kidney disease 2)  des AAVR in Kombination mit einer 

Cellulosebind edomäne besteht. Die Eignung dieses Konstrukts im Rahmen der rAAV2 -

Affinitätschromatographie wurde nachgewiesen und die Produktion konnte durch di e 

genetische Fusion mit einem Maltosebindeprotein signifikant verbessert werden. In 

weiteren Studien wurde ein schneller, kostengünstiger und sehr effizienter 

Reinigungsprozess für rAAV2 -Partikel auf Basis von PKD2 entwickelt.  

Letztendlich führte diese Arb eit zu einer Verbesserung der rAAV -Produktion und 

Modifikation, was einen Beitrag zur rAAV -basierten Gentherapie lieferte.  
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3 Introduction  

3.1  The biology of AAV  

The adeno -associated virus  (AAV) , was  first discovered in 1965  as contamination of simian 

adenovirus preparations  [1] . It is a non -enveloped vir us, which belongs to the genus of 

Dependoparvovirus , which in turn belongs to the family of Parvoviridae  (see Figure 1A) . It 

has  a single -stranded DNA genome  with a  size of  about  4.7 kb . The genome is mainly  

composed of two open reading frames (ORF) for the rep and cap genes , which are  flanked 

by inverted term inal repeats (ITRs) [2] . The rep gene s encodes  for four  non -structural 

proteins  (Rep78, Rep68, Rep52 and Rep40 ) that have been  reported to be involved in viral 

replication, packaging, a nd genomic integration  [2, 3] . The ir  expression is driven, in mutual 

regulatory interdependence, by the two viral promoters p5 and p19 [4, 5] .  The cap gene 

codes for the three structural proteins (VP1, VP2  and VP3) , which assemble to the viral 

capsid. The capsid consists  of 60 proteins, whereby t he VP1, VP2 and VP3 proteins occur 

in a 1:1:10 ratio. The capsid proteins have the identical C - terminus but different N - termini, 

which is caused by alternative splicing and leaky scanning  [6] . The expression of the VP 

protein is driven by the p40 promoter  [2] . The structure of the AAV serotype 2  capsid  has 

been determined to  a 3 Å resolution [7] . The assembled capsid  with its 20 nm diameter,  

serves as the delive ry vehicle, harboring the viral DNA.  In addition, an alternative ORF 

encoding the assembly activating protein (AAP) is located within the ORF of the cap genes. 

As its name suggests, this protein is involved in the assembly of capsid proteins  [8, 9] . In 

2018  the dependence of some AAV serotypes on AAP was  demonstrated and by this  led to 

a better understanding of viral evolution  [10] . In addition, the same ORF contains the 

sequence of the so -called x gene, which probably plays a role in viral DNA replication [11] . 

Further protein coding sequences have been found whose functions are currently unknown 

(see Figure 1B)  [12] .  

Recently Gao et al.  obtained more than 120 novel primate AAVs [13] . However, AAV 

serotype 2 is the currently best characterized and studied serotype  and therefore  all 

investigations of this thesis are based on it. It shows a natural tropism towards skeletal 

muscles, neurons, vascular smooth muscle cells and hepatocytes [14 Ɉ17] . Although 

serotype 2 is able to transduce n euronal cells efficiently, in vivo  experiments showed that 

it is unable to cross the blood -brain barrier [18] . Numerous studies have discovered the 

heparan sulfate proteoglycane (HSPG) receptor as the primary receptor for the interaction  

of virus and target cell. The interaction can be applied to the residues R484, R487, K532, 

R585 and R588, whereby already two mutations (R585A and R588A) in cell culture 

experiments led to a significant reduction of infection ability [19 Ɉ22] .  Other coreceptors 

include the fibroblast growth factor 1, the hepatocyte growth factor, the integrins ǂ5ǃ1 

and ǂVǃ5, and the 37/67 kDa laminin receptor [23 Ɉ27] . Pillay et al . identified  another 
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receptor by the generation of a library of mutagenized haploid HAP1 cells using retroviral 

gene - trap vectors. This library consisted of almost all non -essential genes of the human 

genome. Through the infection of this library with rAAV2, the subsequent selection of all 

uninfected cells  and their genomic characterization, 46 essential genes for rAAV2 infection 

were identified. A very prominent hit was the gene KIAA0319L, which codes for a type I 

transmembrane protein [28] . At this time, this gene was only known to be linked to 

dyslexia and that it is  involved in neural migration and axon guidance [29, 30] . Since then, 

this receptor is known  under the name AAV receptor. In the context of this work, the 

binding of rAAV2 to the AAVR could be narrowed down to the second polycystic kidney 

disease domain (PKD2) of this receptor and it was discovered that it is involved in the 

binding of many other  serotypes [28] .  

Once the AAV has bound to the target cell, the viral vector is transported into the cell via 

receptor -mediated endocytosis, which ranges from the formation of clathrin -coated pits to 

vesicles [31] .  Following internalization  and trafficking to the nucleus , the virus triggers a 

slightly acidic environment which is sufficient to allow penetration into the cytosol. After 

this so - called endosomal escape, the AAVs accumul ate perinuclearly and slowly pass 

through the nuclear pore complex  into the nucleus.  After uncoating and thus the release 

of the genomic ssDNA of the AAV particles, the synthesis of the second DNA strand takes 

place.  The virus can then enter its replicatio n cycle, also known as the lytic cycle, in the 

presence of an helper virus  [15] .  

Suitable helper virus are the Adenovirus, Herpes si mplex virus , Vaccinia virus or  human 

papillomaviruses  [1, 32 Ɉ36] . In case of coinfection with the adenovirus, the following gene 

information supports the formation of AAV2 particles: The adenoviral E1A and E2A gene 

products are involved in transcriptional activation [37 Ɉ43] . The gene products of the genes 

E2A as well as the product of the sixth ORF of E4 (E4(orf6 )), the 55 kDa product of the 

E1B gene and the VAI RNA are related to the AAV2 RNA transport, viral stability and 

translation [43 Ɉ49] . In addition, E2A and E4(orf6) are involved in DNA replication [44, 50 Ɉ

54] . At this time, the exact mechanisms involved in nuclear translocation and RNA splicing 

are not fully understood and cannot be assigned to any helper gene [55, 56] . 

If the host cell is not infected with a helper virus , the AAV genomes can  persist as episomes  

or integrate into host  cell  chromosomal DNA , this process is also called the lysogenic cycle  

[57, 58] . The genomic integration takes place at a defined position in the so -called AAV 

safe -harbor lo cus (AAVS1) in human chromosome 19 [57, 59 Ɉ61] .  
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Figure 1: Surface and genomic structure of AAV2. A: Surface structure of AAV2 based on 

PDB ID: 1LP3. B: Genomic structure of AAV2. Genes of the rep ORF are indicated in blue 

and genes of the cap OFR are indicated in pink.  Further gens like the AAP and X genes are 

shown in yellow. Promoters and poly -adenylation site are marked by green arrows o r a 

gray box. ITR regions are indicated by green boxes.  

3.2  r AAV in context of gene therapy  

According to the ɐBundesministerium für Gesundheit ɑ, cancer is the second most frequent 

cause of death in Germany after cardiovascular diseases. The most current data from the 

year 2013 for all types of cancer except non -melanotic skin cancer show that a total of 

482ɍ470 people (229 ɍ920 women and 252 ɍ550 men) were newly diagnosed with cancer 

that year. The total number of cancer - related deaths in th e same year was 223 ɍ093 

(101 ɍ779 women and 121 ɍ314 men) [62] . Existing therapeutic approaches such as surgery, 

thermotherapy, chemotherapy and radiotherapy often lead to serious side effects such as 

cytotoxicity to normal cells and strong immune responses. However, some types of can cer 

hardly  respond to these therapies [63] . In addition to the frequent cancer types, there is 

also a long list of hereditary diseases, for which no meaningful therapeutic options exist 

due to their rare occurrence and genetic causes. Gene therapy might be a novel approach 

to cure all these diseases.  Gene therapy  means  the therapeutic delivery of nu cleic acid into 

a patient ɍs cells as a drug to treat disease [64] . 
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Essentially, gen e therapy can be divided into three steps. The first is the construction of a 

suitable gene carrying vector. The second step describes the transfer of the gene into the 

target c ells using this vector. And under the last step the expression of the corresponding 

gene product with the aim to cure the disease is meant.  The first step is therefore of central 

importance. The gene carrying vectors can generally be divided into two categ ories: the 

non -viral and the viral vectors.  

Non -viral vectors are naked plasmids, microbubbles, nanoparticles, liposomes, and various 

polymers. They are often introduced into the target cells by chemical or biophysical 

methods  [65 Ɉ71] . The advantages of high safety, low costs with low immunogenicity and 

the possibility of enabl ing large gene insertions have some disadvantages. These include 

the undirected and usually inefficient transfection and the resulting low expression of the 

target genes  [72] .  

The most fre quently used viral vectors include adenoviruses, adeno -associated viruses, 

retroviruses and lentiviruses. They enable a very effective and, in many cases,  highly 

specific transduction as well as a strong , long - term expression of the target genes  [73] .  

These advantages come from the fact that in the course of their evolution, viruses have 

been geared towards efficiently introducing their gen etic material into certain target cells 

and proliferating it there. Viruses are therefore ideally suited as gene therapy vectors. 

However, they do have some disadvantages as well including high immune rejection, 

possible tumorigenicity, uncertain insertion al mutagenesis, and limited sizes for gene 

insertion s [74] .  

In addition to the type of vectors, gene th erapy also distinguishes between two general 

forms of application: ex vivo  gene therapy and in vivo  gene therapy  (see also Figure 2) .  

In ex vivo  gene therapy, donor cells are first taken (usually from the patient himself) and 

then treated outside the body in cell culture using gene therapeutic methods. Following 

cell proliferation, these modified cells are reintroduced to the patient. This form of  

application is particularly suitable for the treatment of local diseases  [64] .  

In in vivo  gene therapy, the required gene vectors are usually injected directly to the 

patient ɍs vascular system or, in the case of local tumors, the vector can also be injected 

directly into the tumor. This form of application offers not only the advantage of less effort 

but also that in case of a viral cancer therapy also metastasizing tumors can be cured 

simultaneously  [64] .  
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Figure 2: In vivo and ex vivo gene therapy approaches (from [64] ).  

The undesirable properties of some viral vectors, e.g. leading to immune reactions or 

cancer, have made clinical use much more difficult and led to a limitation to certain 

applications, such as vaccines and oncolytic strat egies [75] . AAV based gene delivery 

systems have significant advantages due to their high safety profile . They are safer due to 

their lack of pathogenic ity, the variety of different serotypes allows a wide range of target 

cells, genomic integration can lead to long - term expression of the introduced genes and 

they are able to transduce both dividing and non -dividing cells  [15] .  In addition, several 

studies have been published in recent years that deal with the modification of the capsid 

shell. This indicates the strong modifiability of the AAV and will open up new target 

possibilities and new applications in the future [76 Ɉ81] . 

Nevertheless, an important point in the design of rAAV vectors for gene therapy is the 

packaging size of the expression cassette  which is very restricted . In general, the size of 

this construct, including the viral ITR sequences, should not exceed approx. 5 kb [82] . 

Attempts have already been made to package larger expression cassettes in rA AV, 

resulting in a significant reduction of particle yield or truncation of the expression cassette  

[83] . The coding sequence of a full - length dystrophin e. g. exceeds this size, in this context 

strategies are meaningful in which overlapping sequences are tra nsduced with the help of 

two vectors  [84] . Another important point in this context is that the DNA transduced by 

the rAAV particles is initially single -stranded and must first be converted into its double -

stranded form in the nucleus, which is a limiting step in the process of tra nsgene 

expression. To avoid this, self - complementary DNA strands can also be packaged in rAAV, 

which however reduces the packaging capacity to about 3.3 kb  [85, 86] . 
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In addition to the gene to be expressed itself,  regulatory sequences could also be 

introduced.  The choice of a suitable promoter can, for example, influence the tissue/cell 

specificity as well as  the choice of AAV serotype. Thus, the expression in certain tis sues 

can be upregulated, or the expression in unwanted locations can be suppressed, e.g. by 

choosing the creatin kinas e promoter high expression levels in skeletal muscle cells was  

reached, whereas the ǂ-myosin heavy chain promoter is strongly suppressed i n cardiac 

muscle cells  [87, 88] . In addition, other promoters such as the survivin, the 

cycloox ygenase 2 and also the CXCR4 promoter, are known to have a high expression level 

in many tumor c ell s, which makes them interesting for possible tumor therapies  [89 Ɉ93] .  

Next to promoter - regulated  expression, the selection of a suitable terminator sequence, 

the inclusion of post - transcriptional regulatory elements as well as messenger RNA (mRNA) 

stability elements and the additional use of microRNA (miRNA) target sequences  can 

increase the specific ity of gene expression  [94] . The introduction of  miRNA target 

sequences into the three prime unt ranslated region  (3ɍUTR)  of an AAV-delivered  gene, 

made it  available for miRNA -122 -driven suppression in the liver  [95] . The use of a let -7 

miRNA target sequence could also generate tumor specificity, as reports have shown that 

this miRNA is dow nregulated in certain tumor cells while it is more present in healthy cells 

[96] . 

The tissue/cell specificity can be further increased by the selection of suitable serotypes. 

Recently, many new serotypes from human and primate tissue have been identified, that 

will be used for cloning to generate novel seroty pes  [97] . These recombinant techniques 

include capsid shuffling , directed evolution, and random peptide library insertions, which 

are used to generate AAVs with new properties from existing variants  [77, 78, 98] . This 

way, it was already possible to generate novel AAVs that are able to transduce specific 

retinal cells or cells of the central nervous system  [79, 98, 99] . Not only the specificity of 

transduction can thus be increased, mutations have also been discovered resulting  in  rAAVs  

which were  less sensitive to neutralizing antibodies,  and  protect ed against proteolytic 

degradation and  by this  increase d their transduction efficiency  [100 Ɉ106] . 

The mentioned methods pursue modification variants, which are mostly based on random 

events, but other approaches exist, where ratio nal designs led to a change of the target 

cell by the insertion of larger binding molecules into the capsid. For example, DARPins 

(designed ankyrin repeat proteins) or fragment  of protein A were presented on the capsid 

surface through N - terminal addition o r intramolecular loop integration [76, 80, 81, 107] .  

Due to these excellent properties, rAAV plays an important role in gene therapy cli nical 

studies worldwide. From currently 2930  studies , a total of 238 (8.1 % )  relate exclusively 

to adeno -associated viruses (update December 2018) [108] . In 1984, the first AAV -based 

vector for an in vivo  gene therapy for the treatment of cystric fibrosis was developed [109] . 
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In 2012, the world ɍs first gene therapy was ap proved by the ɐEuropäische 

Arzneimittelagentur ɑ (EMA). The drug named Glybera, which is based on AAV serotype 1, 

is used for the treatment of lipoprotein lipase deficiency. Between 27 and 60 injections , 

depending on patients ɍ weight,  with 1.5 Ā10 12  vg each (in 500 µl) are injected  in thigh 

muscle . Glybera was removed from the market again in October 2017 due to its high costs  

[110] . Luxturna  is an AAV2 vector -based gene therapy indicated for the treatment of 

patients with confirmed biallelic RPE65 mutation -associated r etinal dystrophy. The 

treatment is performed by a single subretinal injection of a total of 1.5 Ā10 11  vg in 300 µl 

suspension  [111] . In 2019, the drug Zolgensma was approved by the FDA (( U.S.) Food 

and Drug Administration )  for the treatment of pediatric patients ( less than 2 years )  with 

spinal muscular atrophy with bi -allelic mutat ions in the survival motor neuron 1 (SMN1) 

gene . The drug is based on AAV serotype 9, which contains a double - stranded expression 

cassette for the SMN1 gene  [112] . Zol gensma is currently the most expensive drug of all 

time, with costs of over 2 million dollars per single dose.  

3.3  Production of rAAV  

All currently available production methods for rAAVs are still expensive and often complex. 

The most widely used method for rAAV production is based on the simultaneous 

transfection of HEK293 cells with two to four (usually three) plasmids  (see Figure 3) [76, 

113,  114] . The necessary genes are divided on the plasmids as follows. On the so -called 

GOI - ITR plasmid the information for the expression of the gene of interest (GOI) is coded. 

This sequence is flanked by the ITR sequences so that it can later be packaged  in the viral 

capsid. The Rep and Cap genes are located on a second plasmid, which later define the 

serotype or codes for a modified capsid variant. The Rep and Cap genes does not 

necessarily originate from the same serotype, it is common to combine the Re p genes of 

serotype 2 with the Cap genes of other serotypes  [113] . The separation of the Rep/Cap 

gene from the DNA to be packed in the capsid on two plasmids, in this type of production, 

is intended to prevent the production of ɐwil d type ɑ AAV variants  [115] . A third plasmid 

contains the adenoviral helper sequences, which are not already integrated in the genome 

of the HEK293 cells (E1a and E1b). Also, helper sequences of the herpes simplex virus 

could be used for production  [116] . In some dual plasmid systems, the helper functions 

are located on one of the other two plasmids  [113] . A system based on four plasmids is 

used for the production of mosaic rAAV variants, in which the capsids of the pr oduced 

rAAVs are composed of differently modified VP proteins. In this case, the additional capsid 

gene variant is coded on the fourth plasmid  [76, 114] .  In the following some of the most 

common rAAV production platforms are outlined, an overview can be found in Table 1. 

In many laboratories, HEK293 cells are transfected with these plasmids in  adherent 

growing cultures. Due to the high space requirements of this form of cultivation, 
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applications have been developed based on HEK293 cells adapted to suspension culture. 

This allows a higher cell density to be achieved, which ultimately leads to a higher yield . 

However, transient transfection of suspension cells is somewhat more difficult due to the 

media composition. In suspension culture, an average of 10 5 gc/cell can be achieved, 

resulting in a final titer of 10 14  gc/l  [117] . These production quantities are usually sufficient 

to guarantee early  clinical test phases, but the scalability of this method is not given due 

to the high demand for plasmid DNA and the related high costs  [118 Ɉ122] . More recent 

approaches include the integration of some required sequences into the genome of the 

production cell line to save costs, e.g. the helper functions were genomically integr ated 

into HEK293 cells, reducing the cost of providing plasmid DNA by approximately 50% by 

using the resulting HEK293 KARE cell line  [123] . A disadvantage of the transient delivery 

of the Rep/Cap gene is the heterogeneity of the resulting particles, of which a considerable 

percentage does not carry the transgene  [118, 119] . 

 

Figure 3: Triple Transfection of HEK293 cells for rAAV production.  

The cost reduction through the genomic integration of the genes required for production 

was also  considered in the following approach.  The genes Rep and Cap as well as the 

transgene sequences flanked by the ITRs were genomically integrated into HeLa S3 cells, 

which offer the possibility to be cultivated in suspension.  Since HeLa cells do not carry an y 

viral helper functions, the Rep proteins, which are toxic for mammalian and insect cells, 

cannot be expressed  [124, 125] . The rAAV production is induced by the infection of the 

cells with wild type adenov iruses. This production platform offers the possibility to produce 

rAAVs in large batches, even though the yield per cell is comparatively low. However, the 

stable integration of all rAAV -specific sequences means that a new production cell line must 

be gen erated for each new project. In addition, the helper viruses must be removed as 

part of the downstream process [118, 119, 126] . 

The system that currently offers the highest  rAAV  yields (up to 5 Ā10 5 gc/cell)  is based on 

the insect cell line Sf9. This cell line can be cultivated in large -scale and high -density 

suspension culture. The required sequences for rAAV production are introduced by 

infection s of the cells with baculovirus expression vectors (BEV).  The rAAV production 

system exists in different variants. The oldest variant contains the Rep and Cap gene as 

well as the ITR - flanked GOI on three different BEVs. In another variant, the ITR - flanked 
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gene of interest sequence is integrated into the Sf9 genome an d production is induced by 

the infection with only two BEVs [117, 118] . In the latest version of this production system, 

the Rep and Cap genes are genomically integrated and controlled by a promoter whic h is 

induced by the s ubsequent baculovirus infection with only one BEV containing the ITR -

flanked GOI  [127, 128] . In addition to the excellent scalability, this produc tion platform 

offers a high degree of biological safety, since neither the insect cells nor the baculoviruses 

show human pathogenic potential  [117 Ɉ119, 127, 128] .  

Another system , that operates without the generation of a stable cell line , is based on the 

hamster cell line BHK (baby hamster kidney ). This cell line can also be cultivated in 

suspension and is infected with two replication -defective rHSVs (recombina nt herpes 

simplex viruses), which carry separately the rep and cap genes as well as the ITR - flanked 

GOI sequence, to induce rAAV production. The helper functions are provided by the HSV  

(herpes simplex virus ) . This system also has good scalability and high  production yields. 

HSV contaminations have to be removed in the downstr eam process  [129, 130] .  

 

 

Table 1: Different rAAV production platforms (from [131] )  

 Triple 
transfection 
(ad.) 

Triple 
transfection 
(susp.) 

Baculovirus- 
infected 
producer 

cell line 

Herpes virus 
coinfection 

Adenovirus-
infected 
producer 

cell line 

Cell line HEK293 
(adherent) 

HEK293 
(suspension) 

Sf9 
(suspension) 

BHK 
(suspension) 

HeLa S3 
(suspension) 

Rep/Cap Plasmid Plasmid Genomically 
integrated 

(first) rHSV Genomically 
integrated 

ITR-
transgene 

Plasmid Plasmid BEV (second) 
rHSV 

Genomically 
integrated 

Helper 
genes 

Plasmid Plasmid BEV (same as 
above) 

rHSV (both) Wild type 
adenovirus 

Production 
system 

Cell factory, 

Roller bottle 

Wave reactor 200 l stirred 
tank reactor 

10 l wave 
reactor 

250 l stirred 
tank reactor 

Efficiency 
of DNA 
delivery 

good not so good very good very good very good 

Scalability poor good very good very good very good 

Yield 
(vg/cell) 

up to 3.5Ā105 up to 2.1Ā105 up to 5Ā105 up to 1Ā105 up to 5Ā104 

Safety 
concerns 

None None None HSV 
contamination 

Adenovirus 
contamination 

Advantages Quick 
production in 
small-scale 

Helper virus 
free 

Quick 
production in 
small-scale 

Helper virus 
free 

Efficient 
large-scale 
production 

Safety from 
insect cells 

and virus 

Efficient 
large-scale 
production 

No stable cell 
line required 

Efficient 
large-scale 
production 

Same helper 
virus for all 

productions 



Introduction  

14  

 Triple 

transfection 

(ad.) 

Triple 

transfection 

(susp.) 

Baculovirus- 

infected 

producer 
cell line 

Herpes virus 

coinfection 

Adenovirus-

infected 

producer 
cell line 

Challenges Low scalability Low scalability Low BEV 
stability 

Two HSV 
helper needed 

HSV sensitive 
to production 

conditions 

Stable 
producer cell 
line for every 
project 

References [120, 121] [120, 122] [127, 128] [129, 130] [126] 

ad.: adherent, susp.: suspension  

3.4  Purification of rAAV  

Following the rAAV production the purification takes place, which is necessary to generate 

a clean product of the produced rAAV particles for the intended application. The purpose 

of purification is not  only  to remove contaminating cel l components from the rAAVs, such 

as proteins, lipids or nucleic acids, but also to separate two different rAAV variants from 

each other. The functional rAAVs and the rAAVs, which consist only of the capsid shell and 

do not contain any packaged transgene h ave to be separated from each other.  Although 

the influence of these ɐempty ɑ capsids on the effect of a potential therapy has not yet been 

clarified, their proportion should at least be kept very low or  be accurately controlled  [119] .  

The first step of purification consists of the separation of the cells carrying the largest 

proportion of rAAV from the remaining culture medium. Usually centrifugation or filtration 

processes are used.  Tangential flow filtration could also be used to clarify the whole c ell 

lysate and to reduce the working volume [132] . Depending on the production system, the 

proportion of rAAV released into the culture medium varies greatly. In case of a high 

proportion of rAAV in the medium, usually precipitations are carried ou t using e.g. PEG or 

ammonium sulphate with the aim of volume reduction for the subsequent processing steps. 

The following step is cell disruption, whereby processes based on the physical disruption 

of the cells, such as cell disruption by microfluidization  or by several freezing and thawing 

cycles, are generally used. M icrofluidization is an efficient process that involves  passage of 

the cells  through a small -diameter  fluid path under high  pressure , leading to cell disruption . 

Contrary to what is often assu med, cell disruption by microfluidization does not lead to an 

increased loss of rAAV particles compared to the apparently gentler freezing and thawing 

process [133] .  During the following step, DNase or benzonase is added to digest the DNA  

and finally generate a cl ear lysate .  

Thereafter , the main part of the purification takes place. Chromatography and 

ultracentrifugation methods dominate this process. The number of processing steps and 

their sequence is strongly dependent on the intended application of the final p roduct  [134] .  

Ultracentrifugation is one of th e most commonly used purification processes, especially on 

a laboratory scale. Due to the usually very small sample quantities and relatively long 
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processing times, this method is not well applicable for larger commercial scales. However, 

it is still a goo d and comparatively inexpensive way to separate rAAV particles with and 

without packaged DNA due to their difference in density. Here discontinuous step gradients 

are used, which are composed of iodixanol or cesium chloride solutions with different 

concent rations  [135] . Ultracentrifugation is used as  the first step in purification during 

processing or as a subsequent step after affinity chromatography  [119, 136] . 

Many other rAAV puri fi cation methods are based on different chromatography methods. 

Affinity chromatography methods are widely used, which utilize the fact that many AAV 

serotypes have a high affinity for different carbohydrates, which serve as re ceptors for 

their transduction. Thus, heparin columns are often used for the purification of AAV  [134, 

137] . Since these columns do no t have a high specificity, increasing numbers of affinity 

chromatography columns based on AAV -specific binding proteins were marketed in recent 

years . In 1998  Grimm  et al .  were the first who coupled the AAV2 specific antibody A20 to  

a sepharose column mate rial and thus developed the first AAV2 specific affinity 

chromatography  [138] . In recent years, the AAV chromatography market has been 

dominated by materials based on specially selected nanobody constructs of cameloid 

origins.  Examples are the ɐAVB Sepharose ɑ from GE Healthcare and the ɐPOROS 

CaptureSelect AAV Resins ɑ from ThermoScientific. These materials are capable of binding 

up to 10 14  rAAVs per milliliter of resin and are also stable over a wide pH, ionic strength 

and pressure range [139, 140] . Depending on the serotype, further affinity partners 

suitable for purification were identified [141] .   

Within product polishing , various ion exchange materials are  often  used . These materials 

separate charged molecules based on their electrostatic interaction between the AAV 

capsids and the ionized groups incorporated into the column matrix. The rAAVs are eluted 

by increasing the ionic strength through an increase of the salt concentration [142 Ɉ145] . 

According to some reports it is possible that rAAVs can be purified by only using ion 

exchange chromatography. For example sulfopropyl resin  could be  used in t his case [146] .  

Ion exchange chromatography can also be used to separate rAAV particles that contain a 

transgene from particles that do not carry a transgene [147] .  

The last step of the actual purification is to buffer the samples in a suitable storage buffer 

and sterile filtering of the rAAV containing suspension.  

Especially for use in clinical trials or therapies, particular qua lity controls at the end of 

purification are necessary in order to guarantee  a clean, safe , stable  and high -quality 

product  [119] .  
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4 Aims  

Recombinant variants of adeno associated viruses play an increasingly important role in 

medicine in the context of gene therapy. The main challenges in the widespread use of 

AAVs are  the large quantities of vectors required for therapy and the time -consuming and 

expensive product ion and purification. The long - term goal of this thesis is to improve the 

production of rAAV2. This is going to be achieved by simplifying the production methods 

and reducing the purification effort by more efficient methods. In order to achieve this, 

seve ral projects were  started within the scope of this thesis.  

As the topic of rAAV was completely new at the University of Bielefeld at the beginning of 

this work, the establishment of an rAAV production process was the priority . My PhD 

supervisor Prof. Dr. K ristian M. Müller was involved in the realization of a modular plasmid 

system for rAAV2 production at his previous research institutions at the Universities of 

Freiburg and Potsdam. This system was developed within the iGEM project at the University 

of Fre iburg in 2010 and later extended at the University of Potsdam  and served as a starting 

point . At a later stage,  attempts on expansion of this  plasmid system  were conducted, as 

well as  investigat ions on  the limits of the modifiability of the rAAV capsid . 

In  order to optimize the rAAV production, which relies on standard triple transfection of 

adherent growing HEK293 cells, production in the most frequently used hamster cell line 

CHO K1 was attempted as extensive knowledge was available at the University of B ielefeld . 

For  enabl ing  the process, an attempt was  made to genomically integrate the adenoviral 

helper functions already integrated in HEK293 into CHO K1 cells . Another approach aimed 

at simplification of the standard manufacturing process by integrating t he helper gene 

sequences of the pHelper plasmid  in HEK293 cells.  

For the purification of rAAV, combinations of many, usually poorly scalable and expensive, 

methods such as ultracentrifugation and various chromatography methods are generally 

used. In additi on, the development of a novel downstream process based on affinity 

chromatography with two different approaches was aimed . The rAAV2 affinity ligands 

selected were a single -chain variant of the known AAV2 -binding antibody A20 and  PKD 2  

domain of the natur al AAV receptor. The main focus  here was on the simple and 

inexpensive provision of the affinity ligand, as well as the use of a cheap carrier material 

together with a straightforward rAAV2 purification protocol .  
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5 Material  

In the following subchapters all m aterial used in this thesis are listed with their respective 

specifications and the corresponding manufacturers. This should enable the best 

reproducibility of all experiments presented.  If required by the experimental procedure, 

sterile materials and reag ents were  always used. The degree of purity of the chemicals can 

be found in the respective designations or information provided by the manufacturers 

under the corresponding catalogue numbers.  

5.1  Laboratory equipment  

Table 2: Laboratory equipment  

Device 
Device designation 

(Specification) 
Manufacturer 

Agarose electrophoresis 

chamber 

PerfectBlue Gelsystem Mini S 

(different combs with 1.5 mm 

thickness) 

Peqlab 

Agarose electrophoresis 

chamber 

PerfectBlue Gelsystem Mini M 

(different combs with 1.5 mm 

thickness) 

Peqlab 

Agarose electrophoresis 

chamber 

PerfectBlue Gelsystem Mini L 

(different combs with 1.5 mm 

thickness) 

Peqlab 

Analytical camera system Fusion Fx7 Vilber 

Atomic force microscope 
Multimode 8 AFM with Tap300Al-G 

cantilevers 
Bruker 

Autoclave GE6612 Getinge 

Autoclave FVS 2 Integra Bioscience 

Automated cell counter LUNA Logos Biosystems 

Blue light table Serva blue light table 

Serva 

Electrophoresis 

GmbH 

Camera EOS 600D (EFS 18-55 mm) Canon 

Centrifuge  
Megafuge 1.0 (swing out rotor: 

2704) 

Heraeus 

Instruments 

Centrifuge Pico17 (rotor: 75003424) Thermo Scientific 

Chromatography empty 

columns 
C 10/10 series (2 ml)  

GE Healthcare Life 

Science 

Clean bench LaminAir Model 1.2 Holten 

Clean bench LaminAir HB 2448 
Heraeus 

Instruments 

CO2 Incubator CB E6 Binder GmbH 

Column chromatography 

system 
¿kta start (with fraction collector) 

GE Healthcare Life 

Science 

Cultivation tubes (glass, 15 ml, with aluminum cap) - 
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Device 
Device designation 

(Specification) 
Manufacturer 

Flow cytometer BD FACSCalibur Becton Dickinson 

Fluorescence microscope 

DMI 6000 SD 

Objectives:  

HC FL PLAN 10Ò/0.25 Dry 

HC PL FLUOTAR 20Ò/0.40 Dry 

HC PL FLUOTAR 40Ò/0.46 Dry 

HC PL APO 40Ò/0.85 Dry 

HCX APO 63Ò/1.40 Oil 

Filters: 

405: EX 375-435, DC 455, EM 445-

495; 

YFP: EX 490-510, DC 515, EM 520-

550; 

TX2: EX 540-580, DC 595, EM 607-

683 

Leica Microsystems 

Freezer (-150 ®C) MDF2156VAN Panasonic 

Freezer (-20 ®C) (NoFrost) Liebherr 

Freezer (-80 ®C) KM-DU 73Y1 Panasonic 

French press SLM AMINCO SLM Instruments 

French Pressure Cell 
FA-032 (max 40ɍ000 PSI, 35 ml 

max) 
Thermo Scientific 

Fridge (4 ®C) - Bosch 

Glass pipettes (1 ml, 5 ml, 10 ml, 25 ml) Brand 

Glass shake flask 
(250 ml, 500 ml, 1 l and 2 l with 

baffles and aluminum cap) 
- 

Heating block TB1 Thermoblock Biometra 

Heating block 
Mixing Block MB-102 (with orbital 

shaking function) 
BIOER 

Ice machine  UBE 50-35 
Ziegra 

Eismaschienen 

Incubator B 6120 Heraeus 

Light microscope Axiovert 25 ZEISS 

Magnetic stirrer RCT Ikamag 

Microplate 

Spectrophotometer 
PowerWave HT BioTek 

Microwave HF 22043 Siemens 

Milli-Q water system Milli-Q Water Purification System Millipore 

Orbital shaker ES-X K÷hner 

PCR Workstation Ultraviolet Sterilizing peqlab 

pH electrode InLab Expert Pt1000 Mettler Toledo 

pH meter Seven compact S220 Mettler Toledo 

Pipette (automated) Multipette stream Eppendorf 

Pipette (variable) Research plus 0.1 Ɉ 2.5 ±l Eppendorf 

Pipette (variable) Research plus 0.5 Ɉ 10 ±l Eppendorf 
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Device 
Device designation 

(Specification) 
Manufacturer 

Pipette (variable) Research plus 10 Ɉ 100 ±l Eppendorf 

Pipette (variable) Research plus 100 Ɉ 1000 ±l Eppendorf 

Pipette (variable) Research plus 500 Ɉ 5000 ±l Eppendorf 

Pipetting device Pipetboy Comfort Integra 

Power supply EV231 Consort 

Precision scale CP 224 S Sartorius 

Precision scale XA205 DualRange Mettler Toledo 

Pump WP6122050 Merck Millipore 

Quartz cuvette Blacked for NanoDrop Hellma Analytic 

Real time PCR system Lightcycler 480 II Roche 

Refrigerated centrifuge  

Multifuge X1R 

(fixed angle rotor: F15-8 50cy, 

swing out rotor: TX-400 4Ò400) 

Thermo Scientific 

Heraeus 

Refrigerated centrifuge 
Centrifuge 5424R (FA-45-24-11 

rotor) 
Eppendorf 

Refrigerated centrifuge RC5C (SS-34 and GS-3 rotors) Sorvall Instruments 

Rocking shaker Duo Max 1030 Heidolph 

Roller tumbler mixer Tube Roller N2400-7010 Star Lab 

Scale BP 2100 S Sartorius 

SDS PAGE electrophoresis 

chamber 

Small Format Vertical 

Electrophoresis System SE260 
Hoefer 

SDS PAGE gel caster Multiple Gel Caster Hoefer 

Semi-dry blotting 

apparatus 
Semi-Dry-Blotter (20 x 20 cm) VWR 

Shaking incubator SI-600 R (deflection: 40 mm) Lab. Companion 

Shaking platform Sky Line ELMI 

Spectrophotometer NanoDrop 2000c UV/Vis Thermo Scientific 

Thermocycler Peqstar 96x Universal gradient Peqlab 

Ultra-centrifuge Ultra Pro 80 (T-880 rotor) Sorvall 

Vacuum Manifold QIAvac 24 Plus Qiagen 

Vortex Vortex Genie 2 
Scientific 

Instruments 

Water bath - GFL 

White light table LED, (LP-400N) 

Universal 

Electronics 

Industries 
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5.2  Consumable material  

Table 3: Consumable materials  

Name Specification Manufacturer 

Adhesive film for real-time PCR-

Plates 
Ultra clear (A26979) GeneOn 

Amicon Ultra - 4 centrifugal 

filters 

4 ml with 10 kDa or 100 

kDa NMWL 
Merck 

Bijou sample containers 
7 ml, with screw cap, 

sterile, PS 
Sci Labware Limited 

Canula needle 21G, 0.6x80 mm B. Braun 

Cell scraper 25 cm Sarstedt 

Cryogenic plastic vessel 2.0 ml Star Lab 

Cryogenic plastic vessel (cell 

culture) 

1.8 ml, Internal thread, 

silicone seal in lid 
Star Lab 

Lightcycler Plate 96-well, white Sarstedt 

LUNA Cell Counting Slide Two chamber slide Logos Biosystems 

MaxiSorp plate 96-well, flat-bottom plate Nunc 

Mica for AFM (50x76 mm, 0.2 mm thick) PLANO 

Multipette Combitips 5 ml Eppendorf 

Multi-well plates 

6-, 12-, 96-well, standard 

TC for adherent cells, flat 

base, sterile 

Sarstedt 

Nitrocellulose membrane 0.45 micron Thermo Scientific 

Petri dishes 
92x16 mm, with 

ventilation cams 
Sarstedt 

Petri dishes (cell culture) Diameter 100 mm Sarstedt 

pH test strips 
MColorpHast, pH 5.0 Ɉ 

10.0 
Merk 

Pipette tips 
10 ±l, 100 ±l, 1000 ±l, 

5000 ±l 
Star Lab 

Pipette tips (cell culture) 

TipOne Filter Tips (10/20 

±l, 200 ±l, 1000±l, sterile, 

graduated) 

Star Lab 

Reaction tube 15 ml, PP Sarstedt 

Reaction tube 50 ml, PP Sarstedt 

Reaction tube 
50 ml, plug style caps, 

25kÒg 
VWR 

Reaction vessels 0.5 ml, 1.5 ml, 2.0 ml Sarstedt 

Reaction vessels (for PCR) 0.2 ml, flat cap, thin wall Star Lab 

Scalpel blades S123 Hartenstein 

Shaker flask 250 ml, 500 ml,  Sarsted 

Sterile filter 0.2 ±m, 0.45 ±m, PTFE Sarstedt/Sartorius 

Syringe 1.0 ml, 5 ml, 10 ml, 50 ml B. Braun 

T-flask 25 cm2, 75 cm2, 150 cm2,  Sarstedt 



Material  

21  

Name Specification Manufacturer 

Ultracentrifuge tubes Open-top, PA, 16x76 mm Science Service 

Blotting paper 2 mm, 100 % cotton fiber Bio-Rad 

 

5.3  Chemicals  

Table 4: Chemicals  

Name Manufacturer Catalogue number 

02TCHO Xell AG - (now CHO TF) 

ABTS AppliChem A1088,0001 

Acetic acide 
Chemical storage 

University Bielefeld 
5000022 

Acrylamid-Bisacrylamid 30 % 

solution (29:1) 
AppliChem A4983,0500 

Agar-Agar Sigma Aldrich 9002-18-0 

Agarose AppliChem A8963 

Ammonium sulphate Sigma Aldrich A4418-1KG 

Ampicillin sodium salt Carl Roth 69-52-3 

APS AppliChem 7727-54-0 

ATP NEB P0756S 

Avicel PH-101 (particle size ~50 

±m) 
Sigma Aldrich 11365-1KG 

BH2NaO4 Merck 10486-00-7 

Blasticidin S hydrochloride Carl Roth CP14.2 

Brilliant Blue R-250 Sigma Aldrich 27816-25G 

Bromphenol blue AppliChem A2331,0025 

BSA Sigma Aldrich 9048-46-8 

CaCl2 Merck 10035-04-8 

CelLytic B Cell Lysis Reagent Sigma Aldrich C8740-10ML 

CHAPS Carl Roth 75621-03-3 

Chloramphenicol Carl Roth 56-75-7 

Citric acid Carl Roth X863.1 

Divinyl sulfone Sigma Aldrich V3700 

DMEM  Sigma Aldrich D5796 

DMEM F12 Ham Sigma Aldrich D6434 

DMSO Carl Roth A994.2 

DTT Thermo Scientific 3483-12-3 

EDTA Carl Roth 8043.2 

Ethanol (absolute) VWR 64-17-5 

Ethanol (denatured) 
Chemical storage 

University Bielefeld 
5003033 

FCS (LOT number: BCBT0730) Sigma Aldrich P4333 
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Name Manufacturer Catalogue number 

Glucose VWR 24369.290 

Glutamine solution (cell culture) Sigma Aldrich G7513-100ML 

Glycerol Carl Roth 7530.1 

Glycine Carl Roth 3187.2 

HBSS buffer Sigma Aldrich H8264-500ML 

HCl VWR 20252.290 

HEK-TF Xell AG 861-0001 

HEPES Carl Roth 6763.2 

HiTrap Protein A HP GE Healthcare 10146184 

Imidazole Sigma Aldrich I2399 

IPTG Carl Roth 2316.4 

Kanamycin Carl Roth 8063-07-8 

KCl VWR 26764.298 

KH2PO4 Fluka 60220 

LB medium (Lennox) Carl Roth X964.3 

Liquid nitrogen 
Chemical storage 

University Bielefeld 
- 

MgCl2 Carl Roth A537.1 

MgSO4 Fluka 63140 

Milli-Q-water - - 

Na2CO3 Carl Roth A135.1 

NaCl VWR 7647-14-5 

NaH2PO4 VWR 444425M 

NaOH VWR 28244.295 

Nitrocefin Sigma Aldrich 484400-5MG 

Non-fat milk powder AppliChem A0830,0500 

OptiPrep Progen 1114542 

Ortho-phosphoric acid 
Chemical storage 

University Bielefeld 
5000314 

PEImax Polysciences, Inc 24765 

Penicillin/Streptomycin solution 

(cell culture) 
Sigma Aldrich P4333-100ML 

Phenolred Sigma Aldrich P3532-5G 

PMSF Sigma Aldrich 329-98-6 

POROS CaptureSelect AAVX 

Affinity Resin 
Thermo Fisher Scientific A36739 

Protino Ni-NTA Agarose Macherey-Nagel 745400.25 

Puromycin dihydrochloride Sigma Aldrich P8833-10MG 

Roti-GelStain Carl Roth 3865.1 

RPMI-1640 Sigma Aldrich D8758 

SDS Carl Roth 4360.2 

Silica 60 (0.04 Ɉ 0.063 mm) Merck Millipore 7631-86-9 
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Name Manufacturer Catalogue number 

Sodium citrate Carl Roth HN13.2 

Sucrose Sigma Aldrich S0389-500G 

TC42 Xell AG 510-0001 

TEMED Sigma Aldrich T9281-50ML 

Triethanolamine Carl Roth 6300.1 

Tris Carl Roth 77-86-1 

Tris-HCl Carl Roth 1185-53-1 

Trypan blue solution Sigma Aldrich T8154 

Trypsin/EDTA solution Sigma Aldrich T4049-100ML 

Tryptone/Peptone Carl Roth 8952.2 

Tween 20 Carl Roth 9005-64-5 

Xylen cyanol FF Sigma Aldrich X4126-10G 

Yeast extract Carl Roth 2363.1 

Zeocin Thermo Fisher Scientific R25001 

 

5.4  Buffer and solutions  

The compositions of the buffers and solutions presented in the following subchapter are 

mainly taken from the method collection of the working group and some of them were 

adapted to the respective requirements. Some of the compositions have also been 

devel oped from scratch.  

Table 5: Buffer and solutions  

Name Composition 

AAV lysis buffer 

50 mM Tris, 

150 mM NaCl, 

2 mM MgCl2, 

pH 7.5 Ɉ 8.0 

ABTS buffer with ABTS 

3.25 mM BH2NaO4, 

40 mM citric acid, 

60 mM Na2HPO4, 

pH 4.5, 

1 g³l-1 ABTS (added directly before use) 

Agarose gel solution with Roti-GelStain 

1 % (w/v) Agarose, 

0.005 % (v/v) Roti-GelStain, 

in TAE buffer 

Ampicillin stock solution (1000Ò) 100 mgĀml-1 Ampicillin sodium salt 

APS solution (1.5 %) 1.5 % (w/v) APS 

Blocking buffer (rAAV2 capsid ELISA) 
0.8 % (w/v) BSA, 

in PBS 

CaCl2 solution (100 mM) 100 mM CaCl2 

CaCl2 solution (85 mM) with glycerol 85 mM CaCl2, 
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Name Composition 

15 % (v/v) Glycerol 

CaCl2 solution (for HEK293 transfection) 0.3 M CaCl2 

CHAPS stock solution 
10 % (w/v) CHAPS (make directly before 

use) 

Chloramphenicol stock solution (1000Ò) 
20 mgĀml-1 Chloramphenicol, 

in Ethanol (absolute) 

Coomassie staining solution 

0.1 % (w/v) Brilliant Blue R-250, 

40 % (v/v) Ethanol, 

10 % (v/v) Acetic acid 

Destaining solution (for Coomassie) 10 % (v/v) Acetic acid 

DNA loading buffer (10Ò) 

10 mM Tris-HCl, 

50 % (v/v) Glycerol, 

0.2 % (w/v) Bromphenol blue, 

0.2 % (w/v) Xylen cyanol FF, 

pH 7.5 

DNaseI buffer (10Ò) 

100 mM Tris-HCl, 

25 mM MgCl2, 

5 mM CaCl2, 

pH 7.6 

DVS buffer 

10 % (v/v) Divinyl sulfone, 

0.1 M Na2CO3, 

pH 11.0 

Elution buffer (for POROS) 
100 mM Sodium citrate 

pH 2.5 

HBS buffer (2Ò) 

50 mM HEPES, 

1.5 mM NaH2PO4, 

280 mM NaCl, 

pH 7.05 

HBSS buffer see Table 4 

Hypertonic buffer 

30 mM Tris, 

20 % (w/v) Sucrose, 

1 mM EDTA 

Hypotonic buffer 5 mM MgSO4 

IMAC elution buffer 

50 mM NaH2PO4, 

300 mM NaCl, 

250 mM Imidazole, 

pH 8.0 

IMAC equilibration buffer 

50 mM NaH2PO4, 

300 mM NaCl, 

10 mM Imidazole, 

pH 8.0 

IMAC wash buffer 

50 mM NaH2PO4, 

300 mM NaCl, 

20 mM Imidazole, 

pH 8.0 

IPTG stock solution 1 M IPTG 
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Name Composition 

Kanamycin stock solution (1000Ò) 50 mgĀml-1 Kanamycin 

Lßmmli buffer (5Ò) 

0.05 % (w/v) Bromophenol blue, 

20 % (v/v) Glycerol, 

10 % (w/v) SDS, 

0.2 M Tris-HCl, 

250 mM DTT 

(DTT is added fresh prior to use) 

MgCl2 solution (100 mM) 100 mM MgCl2 

Neutralization buffer (for POROS) 
1 M Tris, 

pH 9.0 

Nitrocefin buffer 

2 mM Nitrocefin, 

500 mM KH2PO4, 

5 % (v/v) DMSO, 

pH 7.0 

PBS buffer (1Ò) 

500 mM NaCl, 

100 mM KCl, 

10 mM Na2HPO4, 

10 mM KH2PO4, 

pH 7.5 

PBS buffer (10Ò) 

5 M NaCl, 

1 M KCl, 

100 mM Na2HPO4, 

100 mM KH2PO4, 

pH 7.5 

PBS with FCS 
10 % (v/v) FCS, 

in PBS buffer 

PBS-MK (10Ò) 

10 mM MgCl2, 

25 mM KCl, 

in 10ÒPBS 

PBS-MK + 2 M NaCl (1Ò) 
2 M NaCl, 

in PBS-MK 

PBST 
0.05 % (v/v) Tween-20, 

in PBS 

PEImax stock solution 1 gĀl-1 PEImax 

PKD2 elution buffer 
100 mM Sodium citrate 

pH 2.5 

PMSF stock solution (100Ò) 
100 mM PMSF, 

in Ethanol (absolute) 

Protein A elution buffer 
100 mM Citric acid, 

pH 3.0 

Protein A equilibration buffer 
20 mM NaH2PO4, 

pH 7.0 

Protein A neutralization buffer 
1 M Tris-HCl, 

pH 9.0 

SDS solution (10 %) 10 % (w/v) SDS 
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Name Composition 

SDS-running buffer (1Ò) 

200 mM Glycerol, 

25 mM Tris, 

0.1 % (w/v) SDS 

Semi-dry transfer buffer 

25 mM Tris-HCl, 

192 mM Glycine, 

20 % (v/v) Ethanol, 

pH 8.2 

Separating gel buffer 
1.5 M Tris, 

pH 8.8 

Silica elution buffer(s) 

100 mM Glycine HCl pH 3.0 or 

100 mM Citric acide pH 3.0 or 

100 mM Triethanolamine pH 11.5 or 

50 mM Tris-HCl with 2.0 M, 2.5 M or 3.0 

M MgCl2 pH 7.0 

Silica wash buffer(s)  

25 mM Tris-HCl, 

0.15 M, 0.3 M, 0.6 M or 1.0 M NaCl, 

0.05 % or 0 % (v/v) Tween-20, 

pH 8.0 

SLiCE buffer (10Ò) 

500 mM Tris-HCl,  

100 mM MgCl2,  

10 mM ATP,  

10 mM DTT, 

pH 7.5 

Stacking gel buffer 
500 mM Tris, 

pH 6.8 

TAE buffer (1Ò) 

40 mM Tris, 

1 mM EDTA, 

20 mM Acetic acid, 

pH 8.0 

TBS blocking buffer 
10 % (w/v) Non-fat milk powder, 

in TBS buffer 

TBS buffer 

50 mM Tris-HCl, 

150 mM NaCl 

pH 7.6 

TBST buffer 
0.05 % (v/v) Tween 20, 

in TBS buffer 

Trypan blue solution see Table 4 

Trypsin/EDTA solution see Table 4 

Wash buffer (rAAV2 capsid ELISA) 
0.8 % (w/v) BSA 

in PBST 
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5.5  Media  

The following table lists all cultur e media used in this thesis and their compositions. Media 

for bacterial cultivation as well as for animal/human cell culture are listed together.  The 

compositions of media presented in the following subchapter are mainly taken from the 

method collection of the working group and some of them were adapted to the respective 

requirements.  

Table 6: Media  

Name Composition 

02TCHO transfection medium 

8 mM Glutamine, 

optional: 1 % (v/v) 

Penicillin/Streptomycin solution, 

in 02TCHO 

2ÒYT media 

16.0 g³l-1 Tryptone/Peptone, 

10.0 g³l-1 Yeast extract, 

5.0 g³l-1 NaCl 

Cryo conservation Media (cell culture) 
10 % (v/v) DMSO, 

in respective cultivation media 

DMEM F12 Ham medium 

8 mM Glutamine, 

10 % (v/v) FCS, 

in DMEM F12 Ham 

DMEM medium 

8 mM Glutamine, 

10 % (v/v) FCS, 

in DMEM 

HEK-TF medium 

8 mM Glutamine, 

optional: 1 % (v/v) 

Penicillin/Streptomycin solution, 

in HEK-TF 

LB agar medium with ampicillin 

2 % (w/v) LB medium (Lennox), 

1.5 % (w/v) Agar-Agar, 

0.1 % (v/v) Ampicillin stock solution 

(1000Ò) 

LB agar medium with chloramphenicol 

2 % (w/v) LB medium (Lennox), 

1.5 % (w/v) Agar-Agar, 

0.1 % (v/v) Chloramphenicol stock 

solution (1000Ò) 

LB agar medium with kanamycin 

2 % (w/v) LB medium (Lennox), 

1.5 % (w/v) Agar-Agar, 

0.1 % (v/v) Kanamycin stock solution 

(1000Ò) 

LB liquid medium 2 % (w/v) LB medium (Lennox) 

LB liquid medium with ampicillin 

2 % (w/v) LB medium (Lennox), 

0.1 % (v/v) Ampicillin stock solution 

(1000Ò) 

LB liquid medium with chloramphenicol 2 % (w/v) LB medium (Lennox), 
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Name Composition 

0.1 % (v/v) Chloramphenicol stock 

solution (1000Ò) 

LB liquid medium with kanamycin 

2 % (w/v) LB medium (Lennox), 

0.1 % (v/v) Kanamycin stock solution 

(1000Ò) 

RPMI-1640 medium 

8 mM Glutamine, 

10 % (v/v) FCS, 

in RPMI-1640 

SOC media 

2 % (w/v) Tryptone/Peptone, 

0.5 % (w/v) Yeast extract, 

10 mM NaCl, 

2.5 mM KCl, 

10 mM MgSO4, 

10 mM MgCl2, 

20 mM Glucose 

TC42 medium 

8 mM Glutamine, 

optional: 1 % (v/v) 

Penicillin/Streptomycin solution, 

in TC42 

 

 

5.6  Enzymes  

5.6.1  Restriction enzymes  

Table 7: Restriction enzymes and their specifications  

Name Restriction site Buffer Tdigest in ®C Cat. Number 

AatII 
5ô- GACGT|C-3ô 

3ô- C|TGCAG-5ô 
CutSmart 37 R0117S 

AgeI-HF 
5ô- A|CCGGT-3ô 

3ô- TGGCC|A-5ô 
CutSmart 37 R3552S 

ApaI 
5ô- GGGCC|C-3ô 

3ô- C|CCGGG-5ô 
CutSmart 25 R0114S 

AscI 
5ô- GG|CGCGCC-3ô 

3ô- CCGCGC|GG-5ô 
CutSmart 37 R0558S 

BamHI-HF 
5ô- G|GATCC-3ô 

3ô- CCTAG|G-5ô 
CutSmart 37 R3136S 

BbsI 
5ô- GAAGAC(N)2| -3ô 

3ô- CTTCTG(N)6| -5ô 
NEB 2.1 37 R0539S 

BsaHI 
5ô- GGTCTC(N)1| -3ô 

3ô- CCAGAG(N)5| -5ô 
CutSmart 37 R0535S 
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Name Restriction site Buffer Tdigest in ®C Cat. Number 

EcoRI-HF 
5ô- G|AATTC-3ô 

3ô- CTTAA|G-5ô 
CutSmart 37 R3101S 

KpnI-HF 
5ô- GGTAC|C-3ô 

3ô- C|CATGG-5ô 
CutSmart 37 R3142S 

MlyI 
5ô- GAGTC(N)5| -3ô 

3ô- CTCAG(N)5| -5ô 
CutSmart 37 R0610S 

NdeI 
5ô- CA|TATG-3ô 

3ô- GTAT|AC-5ô 
CutSmart 37 R0111S 

NgoMIV 
5ô- G|CCGGC-3ô 

3ô- CGGCC|G-5ô 
CutSmart 37 R0564S 

NheI-HF 
5ô- G|CTAGC-3ô 

3ô- CGATC|G-5ô 
CutSmart 37 R3131S 

NotI-HF 
5ô- GC|GGCCGC-3ô 

3ô- CGCCGG|CG-5ô 
CutSmart 37 R3189S 

PvuII-HF 
5ô- CAG|CTG-3ô 

3ô- GTC|GAC-5ô 
CutSmart 37 R3151S 

SalI 
5ô- G|TCGAC-3ô 

3ô- CAGCT|G-5ô 
CutSmart 37 R3138S 

SpeI-HF 
5ô- A|CTAGT-3ô 

3ô- TGATC|A-5ô 
CutSmart 37 R3133S 

XbaI 
5ô- T|CTAGA-3ô 

3ô- AGATC|T-5ô 
CutSmart 37 R0145S 

XhoI 
5ô- C|TCGAG-3ô 

3ô- GAGCT|C-5ô 
CutSmart 37 R0146S 

 

5.6.2  Other enzymes  

Table 8: Enzymes  

Name Manufacturer Catalogue Number 

Antarctic Phosphatase NEB M0289S 

Benzonase Sigma Aldrich E1014-25KU 

DNaseI NEB M0303S 

DNaseI AppliChem A3778 

Phusion High-Fidelity DNA 

Polymerase 
NEB M0530S 

T4 DNA Ligase Thermo Fisher Scientific EL0011 

T4 Polynucleotide Kinase NEB M0201S 
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5.7  Antibodies  

The listed antibody dilutions refer to the reconstitution solutions recommended by the 

manufacturer.  

Table 9: Antibodies  

Name Dilution Manufacturer 

Tetra-His Antibody, BSA-free, 

mouse anti-(H)4 
1:2000 Qiagen (Cat.No.: 34670) 

anti-AAV VP1/VP2/VP3 mouse 

monoclonal, B1 
1:100 Progen (Cat.No.: 65171) 

anti-AAV2 (intact particle) mouse 

monoclonal, A20 
1:250 (ELISA) Progen (Cat.No.: 61055) 

Goat anti-Mouse IgG (H+L) 

Secondary Antibody, HRP 

conjugate 

1:2500 
Thermo Scientific (Cat.No.: 

31430) 

Anti Human IgG1 (gamma 1 chain 

specific), mouse antibody, HRP 
1:2500 

Arcris (Cat.No.: 

AM08151HR-N) 

 

5.8  Oligonucleotides  

All oligonucleotide s used in this thesis were purchased from Sigma Aldrich and delivered 

in dry, desalt purity. All data concerning the melting temperature (T m) and the annealing 

temperature (T A) have been calculated with the ɐTm calculator ɑ of NEB.  In the cas e of 

oligonucleotides with overhangs, the calculated data refer only to the initial binding part.  

Table 10 : Oligonucleotides  

Name Sequence (5ɍŸ 3ɍ) 
Len. 

/nt 

GC 

/% 

Tm 

/®C 

TA 

/®C 

A20_GenSynth_CHO_f

or 
AAAAAGCTAGCGCCACCATG 20 50 61 64 

A20_GenSynth_CHO_r

ev 
ATTTTGGGCCCTTATTGGTACC 22 45 61 64 

A20_GenSynth_EColi_f

or 

AAAAACATATGAAATATCTGCTGC

C 
25 32 58 61 

A20_GenSynth_EColi_

rev 
TTTTTCTCGAGTTAACGACCAC 22 41 58 61 

A20-scFv-Linker-Ecoli-

SliCE-for 

GCACCAATCTGGAAATTAAAGGTG

GTGGTAGCGGTGGTGGCTCTGGTG

GTGGTTCAGGTGGCGGTAGTGATG

TTCAGCTGCAAGA 

85 54 - - 

A20-scFv-Linker-Ecoli-

SliCE-rev 

TCTTGCAGCTGAACATCACTACCG

CCACCTGAACCACCACCAGAGCCA

CCACCGCTACCACCACCTTTAATT

TCCAGATTGGTGC 

85 54 - - 
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Name Sequence (5ɍŸ 3ɍ) 
Len. 

/nt 

GC 

/% 

Tm 

/®C 

TA 

/®C 

AgeI-His-S-XhoI-for 
CCGGTCATCATCACCATCATCATT

AAC 
27 44 - - 

AgeI-His-S-XhoI-rev 
TCGAGTTAATGATGATGGTGATGA

TGA 
27 37 - - 

A-HRL-for 
AAAAAGACGTCGGTAGAACTGTAT

AGTGGGAAATG 
35 40 58 61 

A-HRL-rev 
AAAAAGGATCCTTCTTGAATTCTC

TGTCTGGTG 
33 39 58 61 

A-HRR-for 

AAAAAACCGGTATAACTTCGTATA

GCATACATTATACGAAGTTATCAG

GGGGGAGTGAGTGTAC 

64 39 61 62 

A-HRR-rev 
AAAAAACTAGTCCTGTCTGTCTGT

TGTATTAATCTG 
36 33 59 62 

BamHI_wt_bla-for 

AAAGGATCCGTATCTACCAACCTC

CAGAGAGGCAACCACCCAGAAACG

CTGGCGAAAG 

58 53 - - 

BamHI-MBP-for 

AAAAAGGATCCGGTGGTGGCTCTG

GTGGTGGTTCAGGCGGTAAAATCG

AAGAAGGTAAACTGG 

63 51 56 60 

BamHI-mCherry-for 

AAAAAGGATCCGGTGGTGGCTCTG

GTGGTGGTTCAGGCGGTGTGTCCA

AGGGCGAAGAGG 

60 60 62 64 

B-HRL-for 
AAAAAGACGTCCTCTCTATTGCTG

TCATAAAACACCACAAAC 
42 38 64 67 

B-HRL-rev 
AAAAAGGATCCTGGTCAAAGAGCC

GCCCA 
29 52 64 67 

B-HRR-for 

AAAAAACCGGTATAACTTCGTATA

GCATACATTATACGAAGTTATCGG

TGGCACTGTTTTCTTCAG 

66 36 62 65 

B-HRR-rev 
AAAAAACTAGTCTAGGACTGGGAG

GTCAGGA 
31 45 62 65 

CBD-His-S-XhoI-rev 

TTTTTCTCGAGTTAATGATGATGG

TGATGATGACCACCGCTACCAACG

GTACACGGGGTG 

60 48 67 67 

C-HRL-for 
AAAAAGACGTCTACTCCTTTAGTC

CCAACATTTG 
34 38 58 61 

C-HRL-rev 
AAAAAGGATCCGCCTCACCTTTAA

GAACATTG 
32 41 57 61 

C-HRR-for 

AAAAAACCGGTATAACTTCGTATA

GCATACATTATACGAAGTTATTAA

CGGCTGGATAAGCGCTT 

65 35 62 64 

C-HRR-rev 
AAAAAACTAGTTCAACTGTTTAAA

CTCCAGTTCCAG 
36 33 62 64 
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Name Sequence (5ɍŸ 3ɍ) 
Len. 

/nt 

GC 

/% 

Tm 

/®C 

TA 

/®C 

CMV-eGFPd2-pA-AscI-

rev 

AAAAAGGCGCGCCCCATAGAGCCC

ACCGCATC 
32 63 62 58 

CMV-eGFPd2-pA-

BamHI-for 

AAAAAGGATCCACATTGATTATTG

ACTAGTTATTAATAG 
39 26 54 58 

D-HRL-for 
AAAAAGACGTCATGCCTTACCTGG

AAGCAGC 
31 48 62 65 

D-HRL-rev 
AAAAAGGATCCACTCGTGGTACAC

AGACAAACATG 
35 43 63 65 

D-HRR-for 

AAAAAACCGGTATAACTTCGTATA

GCATACATTATACGAAGTTATGCT

TGGTGCCTCAGAGGGTC 

65 40 65 68 

D-HRR-rev 
AAAAAACTAGTCCTGATTGTCCTG

GAACTCTCTGTAGAC 
39 41 66 68 

Fc-AgeI-His6-Stop-

ApaI-rev 

TTTTTGGGCCCTCAGTGATGGTGG

TGGTGATGACCGGTCTTGCCGGGG

CTCAG 

53 60 59 62 

His-AAVR_PKD2-PT-

CBD-for 
AAAAACATATGCATCATCACCATC 24 33 58 61 

His-AAVR_PKD2-PT-

CBD-rev 
TTTTTCTCGAGTTAACCAACGGTA 24 38 60 61 

KpnI-Fc-for 
AAAAAGGTACCGAACCTAAGTCTT

GCGACAAGACC 
35 46 63 62 

KpnI-His6-S-XhoI-for CCATCATCACCATCATCATTAAC 23 39 - - 

KpnI-His6-S-XhoI-rev 
TCGAGTTAATGATGATGGTGATGA

TGGGTAC 
31 42 - - 

KpnI-MBP-rev 

TTTTTGGTACCACCGCTACCGCCA

CCTGAACCACCACCGCTACCAGTC

TGCGCGTCTTTCAG 

62 58 60 60 

KpnI-PT-CBD-for 
AAAAAGGTACCACACCAACACCTA

CGCCGAC 
31 52 65 67 

mCherry-KpnI-rev 

TTTTTGGTACCACCGCTACCGCCA

CCTGAACCACCACCGCTACCCTTG

TACAGCTCATCCATGCC 

65 57 61 64 

NdeI-PKD2-for 
AAAAACATATGAATCGTCCGCCTA

TTG 
27 37 52 58 

pJET1.2-for CGACTCACTATAGGGAGAGCGGC 23 61 - - 

pJET1.2-rev AAGAACATCGATTTTCCATGGCAG 24 42 - - 

PKD2-BamHI-Linker-

KpnI-rev 

TTTTTGGTACCACCGCTACCGCCA

CCTGAACCACCACCGGATCCCGGA

TAATCAACTGCTTTATTAACGG 

70 51 55 58 

PvuII_wt_bla-rev 
AAACAGCTGTAGCTGCTTGTCTCC

AATGCTTAATCAGTGAGGCACC 
46 48 - - 

qPCR-hGH-for CTCCCCAGTGCCTCTCCT 18 67 - - 
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Name Sequence (5ɍŸ 3ɍ) 
Len. 

/nt 

GC 

/% 

Tm 

/®C 

TA 

/®C 

qPCR-hGH-rev ACTTGCCCCTTGCTCCATAC 20 55 - - 

SEQ-A20-scFv-CHO-for CTACGAGTGGTTTACCTATTGG 22 45 - - 

SEQ-Fc-rev GTAGGTGGAGTTGTACTGTTC 21 48 - - 

SEQ-lITR-3 ATGAACTAATGACCCCGTAATTG 23 39 - - 

SEQ-lITR-5 
GAAATGTTGAATACTCATACTCTT

CC 
26 35 - - 

SEQ-MBP-for GCTACGCTCAATCTGGCCTG 20 60 67 - 

SEQ-mCherry-for CCTGTCCCCTCAGTTTATG 19 53 60 - 

SEQ-pcDNA5FRT-for CGCAAATGGGCGGTAGGCGTG 21 67 - - 

SEQ-pcDNA5FRT-rev TAGAAGGCACAGTCGAGG 18 56 - - 

SEQ-pcDNA5-hinter-

pA-rev 
CTTAATGCGCCGCTACAGGG 20 60 - - 

SEQ-pcDNA5-vor-

CMV-for 
TTAAGCTACAACAAGGCAAG 20 40 - - 

SEQ-pET24-for TAATACGACTCACTATAGG 19 37 - - 

SEQ-pET24-rev GCTAGTTATTGCTCAGCGG 19 53 - - 

SEQ-pSB1C3-for AATACGCCCGGTAGTGATCT 20 50 - - 

SEQ-pSB1C3-rev GTATTACCGCCTTTGAGTGA 20 45 - - 

SEQ-rITR-3 AACGCCTGGTATCTTTATAGTCC 23 43 - - 

SEQ-rITR-5 CCTAATCTCAGGTGATCTACC 21 48 - - 

Target-A-Down-rev CCCAGAGTTTGGATCAGGTGCC 22 59 65 68 

Target-A-for CACCGACAGAGAATTCAAGAACAG 24 46 - - 

Target-A-rev AAACCTGTTCTTGAATTCTCTGTC 24 38 - - 

Target-A-Up-for GAGTGCTGTCAGGAGCAGTTGTGC 24 58 68 68 

Target-B-Down-rev CCGCAAGGAGAACCGGCAG 19 68 65 67 

Target-B-for CACCGGGCGGCTCTTTGACCACGG 24 71 - - 

Target-B-rev AAACCCGTGGTCAAAGAGCCGCCC 24 63 - - 

Target-B-Up-for GTTCGGATGGCTTTGACATGTGTC 24 50 64 67 

Target-C-Down-rev 
GTCAGTCTGAGTTCTCATTCTTAA

ACCG 
28 43 63 66 

Target-C-for CACCGTTCTTAAAGGTGAGGCTAA 24 46 - - 

Target-C-rev AAACTTAGCCTCACCTTTAAGAAC 24 38 - - 

Target-C-Up-for CAAGGGAAATGGCAAGACACCTG 23 52 64 66 

Target-D-Down-rev CCGAGACAGGGTTTCTCTGTGG 22 59 64 66 

Target-D-for CACCGTCTGTGTACCACGAGTGCT 24 58 - - 

Target-D-rev AAACAGCACTCGTGGTACACAGAC 24 50 - - 

Target-D-Up-for 
GTGGTAGTACATTTGGGTAATTCT

CGTAC 
29 41 63 66 
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Name Sequence (5ɍŸ 3ɍ) 
Len. 

/nt 

GC 

/% 

Tm 

/®C 

TA 

/®C 

Zeo-for 

AAAAAGGCGCGCCATAACTTCGTA

TAGCATACATTATACGAAGTTATC

TGTGGAATGTGTGTCAGTTAG 

69 39 58 61 

Zeo-rev 
AAAAAACCGGTCAGGCTTTACACT

TTATGCTTC 
33 39 57 61 

Len.: Length  

5.9  Plasmids  

5.9.1  Cloning vectors  

5.9.1.1  pSB1C3  

pSB1C3 is a  2070 bp long,  high copy number plasmid and the designated registry shipping 

plasmid backbone for the iGEM competition. It was originally generated by Austin Che in 

2008 and has  the official registry number BBa_J04450. It  has a  pUC19 -derived ori (origin 

of  replication) and it carr ies  a chloramphenicol resistance. pS B1C3 has a MCS which was 

design ed to allow the idempotent cloning strategy RFC 10 (see Chapter 6.1.18 ). Its MCS 

is bracketed by terminator sites which should prevent transcription from the inside of the 

MCS into the vector ɍs backbone. It is shipped in a 3139 bp variant with an insert coding 

for mRFP1 under the control of the bacterial, constitutive promoter LacI  [148] . In the ZMB 

lab a variant of this plasmid called pSB1C3_001_LacIprom_RFP_Term (pZMB0084)  is used . 

This 3140 bp  long  variant differs from the original by the following seven mutations  (based 

on the original  numbering) : 34+A, G35C, C414T, T819C, A1293G ( avoid SspI  digest ), 

C1479T and C1 704G ( avoid PvuII  digest ).  

 

Figure 4: Vector map of pSB1C3_001_LacI_promoter -RFP-Terminator (pZMB0084 , with 

pSB1C3_001 backbone)  
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5.9.1.2  pJET1.2/blunt  

This 2947 bp long vector from Thermo Scientific is ideal for subcloning PCR products or  

linearized gene syntheses. It is available as a linearized blunt vector. The blunt site within  

the MCS is located in the ORF of the eco47IR gene, which encodes a lethal restriction 

endonuclease. An insertion of a DNA fragment interrupts the reading frame of the gene, 

which result s in  bacterial  colon y fo rmatio n after transformation. The pJET1.2/blunt vector 

carries an ampicillin resistance. The following images show the vector map and the MC S 

[149] . 

 

Figure 5: Vector map (A) and MC S (B) of pJET1.2/blunt  vector  [149] .  

5.9.1.3  pUC19  

pUC19 is a 2686 bp long high copy number plasmid from Thermo Scientific. The high copy 

number of all pUC plasmids is a result of the lack of the rop gene and a single point 

mutation in the replicon rep of pMB1 , which originally came from pBR322 . pUC19 carries 

the bla gene encoding for ǃ- lactamase, which leads to ampicillin resistance in the host 

organism, it differs from the bla gene of pBR322 by two point mutations. The  plasmid 

carries the  E. coli  lac operon , which  contain s a CAP (catabolite activator protein )  binding 
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site,  the  Plac  promoter , the lac repressor binding site and the 5 ɍ- terminal part of the lacZ 

gene encoding  for  the N - terminal fragment of ǃ-galactosidase. This fragment, whose 

synthesis can be induced by IPTG, is capable of intra -allelic complementation with a 

defective form of ǃ-galactosidase encoded by the host (mutation Ʀ(lacZ)M15). In the 

presence of IPTG, bacteria synthesize both fragmen ts of the enzyme and form blue colonies 

on media with X -Gal.  This can be used for a color selection, because  DNA insertions  into 

the MCS located within the lacZ gene (codons 6 -7 of lacZ are replaced by MCS)  interrupts  

the N - terminal fragment of ǃ-galactosi dase and inhibit  the  ǂ-complementation. This leads 

to b acteria  which form white colonies if they are  carrying recombinant plasmids . The MCS 

of pUC19 is 54 bp long and contains the unique sites of 13 different restriction 

endonucleases. Its MCS is inverted compared to th ose of pUC18, which is the only 

difference between these plasmids. The following image show the vector map of pUC19  

[150] . 

 

Figure 6: Vector map of pUC19 [150]  

5.9.2  Expression vectors  

5.9.2.1  pcDNA5/FRT  

The vector pcDNA5/FRT of Life Technologies has a length of 5070 bp. The CMV 

(Cytomegalovirus )  promoter makes it suitable for strong expression of the target gene in 

animal cells. Furthermore, it can be stabl y be  integrated  into the genome  and selected by 

the flipase recombinase recognition site (FRT) and a hygromycin resistance gene, if 

appropriate cell lines are used . It can be selected and amplified in E. coli  cells by its 

ampicillin resistance gene and the pUC ori . The following figures show a vector map  and 

the MC S [151] .  
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Figure 7: Vector map (A) and MC S (B) of pcDNA5/FRT vector [151] .  

5.9.2.2  pET21a  

pET21a is a  5443 bp long, low copy,  bacterial expression  vector which uses the T7 

expression system. Bacterial expression is possible in strains such as E. coli  BL21(DE3). 

The DE3 appendix means that this strain  contains the ǌDE3 lysogen that carries the gene 

for T7 RN A polymerase under control of the lacUV5 promoter.  By induction with IPTG, the 

expression of the T7 RNA polymerase can be induced. The T7 RNA polymerase is necessary 

for the expression of the gene of interest as it is under the control of the T7 promoter o n 

the pET21a vector. The pET21a vector also carries the natural promoter and coding 

sequence of the lac repressor (lacI). T he lac repressor acts  at the lacUV5 promoter in the 

host chromosome to repress transcription of the T7 RNA polymerase gene by the hos t 

polymerase , because of the lac operator sequence of the promoter. Furthermore, for the 

same reason, the transcription of the gene of interest is repressed, thus reducing the early 

production of the target protein. The pET21a Vector carries an ampicillin resistance gene 

and the MCS is terminated at the 5 ɍ-end by a T7 - tag sequence and at the 3 ɍ-end by a His 6-

tag sequence.  The following figures show the vector map and the MCS [152] . 
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Figure 8: Vector map (A) and MC S (B) of pET21a [152] .  

5.9.2.3  pET24b  

pET24b is a 5 309  bp long, low copy, bacterial expression vector which uses the T7 

expression system.  The vector system works the same as the pET21a vector, which is why 

it is not discussed in detail here (see Chapter 5.9.2.2 ). The most important differe nce of 

both vectors is that the pET24b vector carries a kanamycin resistance gene instead of an 

ampicillin resistance gene. The MCS differs only by a deletion of the base C directly in front 

of the BamHI restriction site (position 198), so that the His 6- ta g at the 3 ɍ-end of the MCS 

is in frame with the ATG (start codon) of the NdeI restriction site (see  Figure 8B)  [153] .  

5.9.3  Plasmids for rAAV production  

One of the central aspects of this thesis is the production of recombinant AAV2 variants. 

This is achieved by using a special plasmid system. This plasmid system is based on 

Agilent ɍs helper - free rAAV production system and was modified in 2010 as part of an iG EM 

competition project at the University of Freiburg. The students succeeded in expanding the 

system in such a way that capsid modifications and the modular assembly of the GOI 

sequence w ere  possible by simple cloning steps [154] . Later, at the University of Potsdam, 

the system was extended by the possibility of mosaic virus production [76] . Ultimately, it 

was improved and expanded in this and other theses at the  University  of Bielefeld . It would 












































































































































































































































































































































































































































































































































