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Allgemeine Zusammenfassung 

Die rekombinante Proteinherstellung ist ein Schlüsselprinzip in der pharmazeutischen Industrie 
zur Herstellung von Therapeutika und basiert auf speziell modifizierten prokaryotischen und 
eukaryotischen Zellen. Häufig wird eine immortalisierte Zelllinie aus Ovarien des Chinesischen 
Zwerghamsters, kurz CHO Zellen genannt, für die Produktion von komplexen 
Säugetierproteinen verwendet. Limitierungen von zellbasierten Produktionssystemen treten 
auf, wenn das rekombinante Protein zytotoxisch auf die Zelle wirkt oder durch hydrophobe 
Wechselwirkung dazu tendiert, in der Zelle zu aggregieren. Diese sogenannten „schwer 
exprimierbaren Proteine“ beinhalten beispielsweise die pharmazeutisch relevante Klasse der 
Membranproteine, welche in die Entwicklung zahlreicher Erkrankungen involviert sind. Um 
die Produktion dieser Proteintypen zu ermöglichen, wurden neuartige zellfreie 
Proteinsynthesesysteme entwickelt, die auf Zelllysaten anstelle von kompletten Zellen beruhen. 
Besondere zellfreie Systeme, basierend auf eukaryotischen Zelllysaten,   beinhalten endogene 
Mikrosomen, die während des Zellaufschlusses aus dem Endoplasmatischen Retikulum (ER) 
erhalten werden. Diese Mikrosomen ermöglichen eine Translokation von Proteinen in das 
Lumen des ERs, posttranslationale Modifikationen und eine direkte Integration von 
Membranproteinen in eine natürliche Umgebung. In dieser Arbeit wurde die Entwicklung 
neuartiger zellfreier Systeme adressiert, die die CHO Produktionszelllinie mit einem zellfreien 
Proteinsynthesesystem kombiniert. Generell wurden vier Hauptthematiken betrachtet, die zur 
Optimierung und Evaluierung des Systems führten, wobei Punkt 1-3 eine CRPV IGR IRES 
DNA Matrizen für Cap unabhängige Translationsinitiation als Grundlage für die 
Proteinproduktion verwendeten. Der erste Bereich umfasste die nähere Betrachtung der 
Herstellung von translationsaktiven CHO Lysaten, wobei ein Fokus auf die Hochskalierung der 
Lysatproduktion sowie auf Kultivierungs- und Aufarbeitungsparameter gelegt wurde, um große 
Mengen an Lysat für potentielle industrielle Applikationen zu produzieren. Um dies zu 
realisieren, wurde der Zellkultivierungsmodus von der generellen Batchfermentation auf eine 
Perfusionsfermentation übertragen und Aufschluss- und Aufarbeitungsbedingungen adaptiert. 
Neben der Herstellung der Lysate wurde das Batch basierte zellfreie Proteinsynthesesystem auf 
die vielseitige Einsetzbarkeit überprüft, um eine Grundlage für industrielle Applikationen zu 
bietet. Nicht nur die Synthese von verschiedenen schwer exprimierbaren Proteine, wie 
beispielsweise hBMP2, wurde gezeigt, sondern auch die Verwendbarkeit von unterschiedlichen 
Expressionsplasmiden und linearen PCR Produkten. Das bestehende Batch basierte zellfreie 
Proteinproduktionssystem wurde im dritten Teil der Arbeit zu einer hochproduktiven Plattform 
weiterentwickelt, die auf einer Kombination aus einem kontinuierlichen Austauschreaktor und 
den translationsaktiven CHO Lysaten beruht. In diesem sogenannten CHO CECF System 
wurden nach Optimierungen der Reaktionsparameter Proteinerträge von bis zu circa 1 g/l des 
Membranproteins EGFR erhalten, bei welchem Aktivität und Glykomodifikationen 
nachgewiesen werden konnten. Des Weiteren führte die Produktion von einem 
Antikörperfragment und dem Ionenkanal KvAP zu hohen Proteinerträgen, wobei Funktionalität 
nachgewiesen werden konnte. Als letzten wurde die Cap abhängige Translationsinitiation im 
zellfreien CHO System analysiert, da dieses zu sehr limitierten Proteinerträgen führt. Eine 
nähere Betrachtung der Aktivität von Translationsfaktoren und –regulatoren zeigte, dass 
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Initiationsfaktor eIF2α in seiner inaktiven, phosphorylierten Variante vorhanden ist. Eine 
weitere Analyse von spezifischen Inhibitoren, führte zur erfolgreichen Aktivierung der Cap-
abhängigen Translationsinitiationen, was die vielfältige Anwendbarkeit weiter expandiert. 
Zusammenfassend demonstrieren die aufgezeigten Ergebnisse die vielseitige Anwendbarkeit 
der entwickelten CHO zellfreien Systeme und das hohe Potential für zukünftige industrielle 
Anwendungen mit besonderem Fokus auf die Produktion schwer exprimierbarer Proteine. Die 
zellfreie Plattform basierend auf CHO Zellen bietet die Möglichkeit der Entwicklung von 
schnellen und effizienten Screeningtechnologien, um die Entwicklung von Therapeutika 
zukünftig zu verbessern.  
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Abstract 

Nowadays, recombinant protein production plays a pivotal role for the manufacturing of 
biopharmaceuticals. A variety of in vivo production systems are available originating from 
eukaryotic and prokaryotic hosts, whereby Chinese Hamster Ovary cells (CHO cells) are one 
of the main production cell line for complex, mammalian proteins. Limitations of cell based 
protein production systems are often observed in conjunction with the synthesis of special 
protein classes also termed as “difficult-to-express” proteins including the pharmaceutical 
relevant class of membrane proteins. To circumvent the issues of in vivo production platforms 
cell-free protein synthesis systems are continuously developed based on cell lysates harboring 
no cellular maintenance metabolism while containing the complete translational machinery. 
Special eukaryotic cell-free systems are developed harboring endogenous microsomes derived 
from the endoplasmic reticulum enabling protein translocation, posttranslational modification 
of proteins and the direct embedding of membrane proteins in a nature like milieu. This work 
addresses the combination of the main mammalian production host CHO cells with a cell-free 
system to obtain a versatile mammalian cell-free system related to the industrial protein 
production of biopharmaceuticals. This study is divided into four main parts, while part 1, 2 
and 3 are based on DNA templates containing an internal ribosomal entry site of the intergenic 
region of cricket paralysis virus (CRPV IGR IRES) for cap-independent translation initiation. 
In the first section, a deeper look was taken into the preparation of CHO cell lysate addressing 
the production of increased amounts of translationally active CHO cell lysate in particular. 
Adaptation of cell cultivation conditions, evaluation of cell disruption procedures and 
adjustment of lysate reconditioning led to the possibility to scale-up cell lysate preparation and 
thereby decrease process costs. Secondly, the versatility of batch-formatted cell-free reactions 
was evaluated concerning the DNA template applicability and the production of diverse types 
of “difficult-to-express” proteins including the secreted protein hBMP2. Various plasmid 
backbones and linear DNA templates can be applied to the CHO cell-free system leading to the 
possibility of fast and efficient DNA template production. Apart from the batch-formatted cell-
free reaction, a novel high productive cell-free system was developed based on the combination 
of a continuous exchange reaction device and the translationally active CHO cell lysate. 
Optimization of reaction conditions led to protein yields up to around 1 g/l of membrane protein 
EGFR, whereby protein activity and glyco modifications were detected. Additionally, the 
production of a single chain variable fragment and the ion channel KvAP in the optimized CHO 
CECF system resulted in high protein yields, whereby functionality of cell-free synthesized 
proteins was proved. Finally, the applied CHO cell-free system was refined to enable cap-
dependent translation initiation. The bottleneck in cap-dependent translation initiation was 
verified by the analysis of translation factors and regulators, whereby the phosphorylation of 
eIF2α showed the main inhibitory effect. The application of specific small molecule inhibitors 
led to the activation of cap-dependent translation initiation. In summary, the obtained results 
demonstrate the versatility of the CHO cell-free system and the high potential for future 
industrial applications, in the context of the production of “difficult-to-express” proteins. The 
CHO cell-free platform shows a high potential for the development of fast and efficient novel 
screening technologies to improve drug development. 
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1. Introduction 

1.1 Recombinant protein production 

Proteins constitute a natural building block in all living organisms and show a high versatility 
in their physiological function (Sanchez, Demain 2012). Some proteins are involved in cell 
signaling processes represented by membrane proteins, enzymatic catalyst, receptors and 
macromolecule carriers, others are included in the immune response as cellular defense reagents 
or play a significant role in cell adhesion and cell cycle control (Jozala et al. 2016). The 
comprehensive knowledge gained in the investigation of human body and disease development 
over the last decades demonstrated the need of protein production and research.  

A major part of biotechnological research and development is focused on the heterologous 
production of recombinant proteins. For the past 40 years, proteins were produced for the 
application to structural biophysical studies, functional assays, biomarkers, mechanistic studies 
and therapeutical biopharmaceuticals (Assenberg et al. 2013). Biotechnological processes 
based on specific natural or genetically engineered host organisms obtained the required 
proteins. Starting in the 1980, the manufacturing of recombinant proteins was focused on 
hormones and growth factors for the treatment of severe diseases (Jozala et al. 2016). Ever 
since, the market of recombinant pharmaceutical proteins is expanding (Palomares et al. 2004). 
So far, over 200 biopharmaceuticals have received a market approval (Fliedl et al. 2015; Walsh 
2014). The initial drug development process includes the determination of potential drug target 
proteins and requires small protein amounts. A further development of drug production 
processes shifts the amount of need protein to larger quantities that are produced under current 
good manufacturing practice (cGMP) conditions (Overton 2014).  

The protein quality, functionality, process productivity and the obtained yield are key factors 
to the industrial production of a protein. To explore a suitable production system and parameters 
for the desired recombinant protein is the main goal in process development. This chapter deals 
with the in vivo protein production of recombinant proteins, whereby different host organisms 
are characterized, especially focused on a prominent Chinese Hamster Ovary cells (CHO), and 
upstream production processes are described. 

1.1.1 Host organisms for recombinant protein production  

The major issue in protein production process is depicted by the quality and functionality of a 
desired protein. Therefore, the initial drug development involves a structural evaluation of the 
recombinant protein in order to investigate biochemical properties (Gordon et al. 2008). The 
characteristics of a protein are represented by their primary sequence, the folding and 3D 
structure and posttranslational modifications required for proper protein folding, functionality 
and stability (Walsh 2010). The obtained data provide a basis for selecting a host organism to 
allow the production of suitable amounts of functional protein (Adrio, Demain 2010; Demain, 
Vaishnav 2009). In general, in vivo production systems are divided into prokaryotic and 
eukaryotic host cells. Both systems harbor special pros and cons and are selected for the 
synthesis of special protein classes. 
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E. coli cells constitute the most prominent and well-known prokaryotic host for the 
heterogeneous protein expression and have a market share of approximately 30% of all 
produced biopharmaceuticals (Overton 2014; Ferrer-Miralles et al. 2009). The main advantage 
of an E. coli system is its high effectiveness (Bilgimol C Joseph, Manjunath 2015). Apart from 
the low process costs, E. coli cells are characterized by a fast growth rate (doubling time             
20 min), low media requirements, the capability of continuous fermentation and the easy 
introduction of a target gene sequence for the synthesis of the desired protein (Makrides 1996; 
Yin et al. 2007). Recombinant Somatostatin, a growth hormone inhibiting hormone, constituted 
the first human protein produced by Genentech in 1977 in an E. coli fermentation (Itakura et al. 
1977). This process was followed by the production of recombinant insulin in 1982 (Johnson 
1983).  

The preparation of an expression host starts with the cloning of an appropriate expression 
vector, containing the gene sequence of target protein. The expression vector includes a 
selection marker, an origin of replication, tightly regulated promotor sequences to allow the 
chemical introduction of high-rate mRNA expression by a chemical component and a 
terminator. In order to improve the production of recombinant proteins in E. coli cells, different 
expression hosts have been developed over the last years (Bilgimol C Joseph, Manjunath 2015). 
A strategy of modification comprises the deletion of specific protease activities to increase 
stability of the produced recombinant protein (Gottesman 1996).  

Beyond the advantages of the E. coli host for the expression of simple and small human 
proteins, several limitations for complex proteins are observed (Sahdev et al. 2008). Bacteria 
lack cell organelles such as the endoplasmatic reticulum und the golgi apparatus, where 
posttranslational modifications of proteins take place in eukaryotic cells (Walsh 2010), 
resulting in limitations of posttranslational modifications. It has been reported, that special 
genetically modified E. coli cells are able to form disulfide bridges in the reducing environment 
of the cytoplasma (Derman et al. 1993; Collet, Bardwell 2002). The overexpression of the 
recombinant protein can lead to the formation of inclusion bodies, a bulk of aggregated proteins 
(Panda et al. 1999). Expensive, often inefficient and time-consuming refolding processes are 
required to obtain the functional protein (Singh, Panda 2005). 

To circumvent the limitations of prokaryotic expression systems various eukaryotic cell types 
are available for the production of complex human proteins. Nowadays, eukaryotic system 
based on yeast cells, plant cells, insect cells and mammalian cells are used for the heterologous 
protein production. Yeast and mammalian cells are the main eukaryotic expression hosts, but 
only a few yeast host are established. The two most widely applied yeast hosts are depicted by 
Saccharomyces cerevisiae (S. cerevisiae) and Pichia pastoris (P. pastoris) (Darby et al. 2012). 
These single cell microbes grow in complex or defined media and harbor a doubling time 
around 2.5 h (Routledge et al. 2016). The combination of a unicellular organism and the ability 
to perform posttranslational modifications indicates the main advantage of a yeast based 
expression system. Additionally, this expression system belongs to the so called GRAS 
organisms, classified as generally recognized as safe cells (Nevoigt 2008). For more than three 
decades, S. cerevisiae has been the most commonly used yeast organism in the protein 
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expression. Apart from this, P. pastoris can grow to high cell-densities and is mostly selected 
for the production of high amounts of recombinant protein. 

A protein production process in yeast cells requires several steps. Initially, an appropriate host 
and suitable expression vectors have to be selected (Çelik, Çalık 2012). In generally, episomal 
vectors are integrated in S. cerevisiae, while P. pastoris harbors a genomic cassette for the direct 
integration of the target gene sequence in the genome. The next steps contain the adaption of 
target gene sequence by codon optimization and the fusion of epitope tags for purification and 
detection. Finally, fermentation parameters have to be adjusted. The heterologous protein 
production performed in yeast cells harbors some essential disadvantages i.e. yeast cells show 
different complex glycosylations, especially hyperglycosylation, as compared to mammalian 
cells (Buckholz, Gleeson 1991; Gellissen et al. 2005). This may lead to allergic effects when 
applying hyperglycosylated drugs to humans. Furthermore, secretion rates of produced proteins 
are reduced, resulting in laborious purification procedures. To avoid these issues, mammalian 
cells are employed for the production of complex proteins. These cell lines offer a suitable 
environment for the expression of human proteins, enable human compatible glycosylation 
patterns (Berger et al. 2012) and are safety approved for the production of therapeutics. 
Prominent biopharmaceuticals including monoclonal antibodies, hormones, growth factors and 
fusion proteins are synthesized using modified mammalian expression hosts harboring a high 
quality and functionality (Fliedl et al. 2015). Various mammalian cell lines of different cellular 
origin are adapted to large-scale production processes. Chinese hamster ovary (CHO) cells, 
baby hamster kidney cells (BHK), mouse myeloma cells (NSO) and human kidney cells 
(HEK293) are the most frequently used expression hosts for industrial protein production    
(Chu et al. 2005). Apart from this, novel human cell lines, including AGE1HN cells, CAP cells, 
HT-1080 cells and PER C6 cells, were developed allowing human like posttranslational 
modifications (Ghaderi et al. 2012; Fliedl et al. 2015).  

A mammalian protein production process requires the adaptation of the suitable cell line to a 
suspension culture and serum-free media in order to allow an easy handling of fermentation 
process and consistent product quality (Garnier et al. 1995). The introduction of the desired 
target protein is accomplished by transient transfection or stable clone generation. The delivery 
of plasmid DNA encoding the target gene into the mammalian cells without integration into 
their genome is implemented by transient transfection. Transfected cells produce the desired 
recombinant protein for a limited period of several days, after which mammalian cells lose the 
characteristic by cell division (Liu et al. 2008). This enables a fast protein production process 
without expensive and time consuming clone selection, but limitations are indicated concerning 
the long-term protein expression (Wurm, Bernard 1999).  

Stable clone generation implies the integration of the gene encoding DNA sequence into the 
host cell genome and circumvents the limited production time but are mostly laborious due to 
clone selection steps (Lai et al. 2013). The applied method is selected depending on the desired 
protein type and project requirements. Nowadays, mammalian cell lines are modified to 
enhance the productivity, increase the protein functionality and reduce the process costs       
(Fliedl et al. 2015). Different technologies target and improve bottlenecks of mammalian cells 
dealing with mRNA production, protein translation and protein secretion (Hacker, 
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Balasubramanian 2016). Overexpression of transcription factors and translation related factors 
including mTOR (Dreesen, Fussenegger 2011) or anti apoptosis factor BCL-XL (Ohsfeldt et al. 
2012) exemplarily lead to the generation of more effective mammalian protein expression hosts. 

1.1.2 Chinese hamster ovary cells 

In 1957, Dr. Theodore Puck (University of Colorado) isolated cells from a female Chinese 
hamster ovary (Puck, Kao 1967), which has become one of the most popular industrial 
production hosts for recombinant proteins. Characterized by their robustness and a relatively 
short generation time, this so-called CHO cells offer the basic requirements for heterologous 
protein expression. Nowadays, 70% of all biopharmaceutical proteins are produced in CHO 
cells (Jayapal et al. 2007; Wurm 2004; Kim et al. 2012). In general, protein production in 
mammalian cells reveals cellular limitations due to limited cell growth, low productivity and 
stress resistance (Schmidt 2004). CHO cells are suitable in order to address the production of 
proper folded proteins with human compatible and bioactive posttranslational modifications 
(Jayapal et al. 2007). In the last decades, the CHO cell developments led to a 100-fold increase 
in protein yield and thereby a reduction of process costs (Hacker et al. 2009). CHO cells can 
grow to high cell densities in suspension culture and are adapted to serum-free and protein-free 
growth media (Rodrigues et al. 2012; Fischer et al. 2012), a prerequisite for the scale-up of cell 
fermentation. Industrial production in a scale-up to 10.000 l for the expression of recombinant 
antibodies are currently reported (Andersen, Krummen 2002; Gaillet et al. 2010; O'Callaghan, 
James 2008). A wide range of commercially available serum-free media forms a common basis 
for the establishment of recombinant protein productions, while the selection depends on the 
applied cell type and the desired protein (Gaillet et al. 2010).  

The development of a recombinant protein production process based on CHO cells requires 
several steps (Figure 1) (Kim et al. 2012). First, plasmid encoding the target protein sequence 
is transiently transfected into a previously selected cell line in order to test the efficacy and 
manufacturability of protein expression. The gene of interest is mostly codon optimized and 
promotes a high-level expression of the desired recombinant protein by the application of a 
strong viral or cellular promotor and enhancer (Makrides 1999; Fischer et al. 2012; 
Gopalkrishnan et al. 1999). A common selection marker is added to the expression vector to 
subject the cell pool to a selection pressure for proper and stable integration of the target DNA 
(Wurm 2004). As a selection marker, a gene coding for antibiotic resistance is mostly used. For 
the generation of stable expression cells various transfection methods are applied including 
calcium precipitation, retroviral transfection, electroporation and lipofection (Jayapal et al. 
2007). Common methods result in a random integration of target DNA into the host genome 
with phenotypic variations of different derived cell clones. In order to obtain the best clone for 
the expression of desired recombinant protein cell clones are selected in a multi-step procedure. 

CHO-K1, CHO-DXB11, CHO-DG44 cell lines differ in several genomic sections and are 
generally used for biopharmaceutical manufacturing (Yamano et al. 2016). CHO-K1 cells are 
proline deficient, while CHO-DXB11 and CHO-DG44 are characterized by mutations in the 
dihydrofolate reductase (DHFR) leading to a mono-allelic or complete DHFR knock out, 
respectively (Urlaub, Chasin 1980; Urlaub et al. 1983; Wurm, Hacker 2011). The DHFR 
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catalyzes the hydration of dihydrofolic acid to tetrahydrofolic acid, an essential metabolite 
involved in the nucleotide synthesis. DHFR deletion mutants are triple auxotroph and require 
the supplementation of glycine, hypoxanthine and thymine for a proper cell growth (Yamano 
et al. 2016). These characteristics are used during the clonal selection of stable expressing CHO 
cells. To allow the selection of a suitable clone, the DHFR gene sequence is added to the target 
gene sequence, which is coexpressed in parallel to the desired recombinant protein. Transfected 
CHO cells are applied to cell culture media devoid of previously named factors for the selection 
process. The DHFR selection system shows in addition a high degree of gene amplification and 
thereby increases the productivity of CHO cells. Selected cells are cultured in high levels of 
Methotrexate (MTX), a folic acid derivate, which blocks the activity of DHFR (Kaufman 2000; 
Wurm et al.). To survive the inhibition, cells need to manage the reduced activity. Clones 
containing a low copy number of DHFR die in the selection process, while gene amplification 
leads to an increased survival rate correlating with a raise in recombinant protein productivity 
(Jayapal et al. 2007). For industrial manufacturing of the biopharmaceutical, the selected cell 
clone is applied to a bioreactor to allow a scaled up expression of the protein. 

Figure 1 Flow chart development of an industrial protein production process based on CHO cells. (Adapted 
from Kim et al. 2012) 

Recent advances in genome sequencing lead to the estimation of the full genetic sequence of 
CHO-K1 cells in 2011 (Wurm, Hacker 2011; Xu et al. 2011). A direct integration of target gene 
sequence into a well-known and highly addressed gene locus circumvents extensive screening 
and selection steps for possible high-yield clones (Kim et al. 2012). The site-specific 
introduction of a gene sequence can be obtained by various genetic engineering tools. A 
frequently used technology is the recombinase-mediated cassette exchange strategy (Kawabe 
et al. 2017). Recombinases Cre and Flp recognize loxP and FRT sequences and mediate the 
cassette exchange for the integration of the target gene (Kito et al. 2002). Alternatively, various 
endonucleases are available e.g. chemical nucleases, zinc finger nucleases, mega nucleases and 
transcription activators like effectors TALE-nucleases (Epinat et al. 2013; Miller et al. 2011; 
Santiago et al. 2008). The nucleases introduce a double strand break into a gene sequence 
followed by integration of target gene sequence by non-homologous end joining (NHEJ). The 
site directed modification of gene sequences is not only beneficial for the integration of target 
gene sequence, but can also be used to enhance the lifespan and productivity of the host cell.  

An exposure of CHO cells to a variety of stress factors results in diminished cell growth and 
productivity (Arden, Betenbaugh 2004; Kim et al. 2012). A cell stress response may occur due 
to nutrient depletion, accumulation of toxic byproducts, osmolarity and shear stress, thereby 
inducing cell death signals (Kim et al. 2012). Cell death signals are divided into three groups 
of resulting death response: the necrosis, the apoptosis and autophagy. In bioreactors, the 
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apoptosis response is often detected and therefore offers a main point for improvement of cell 
viability, growth and productivity (Mohan et al. 2008; Singh et al. 1994). The apoptosis is 
regulated by Box-like proteins, pro-apoptotic BH3-only proteins and Bcl2 like proteins 
mediating the activation of caspase cascades (Adams, Cory 2001). It has been reported that 
anti-apoptosis cell engineering facilitates an extended longevity and an increase in specific 
productivity of CHO cells (Goswami et al. 1999). An overexpression of B cell CLL/lymphoma 
2 (bcl-2) gene in CHO cells results exemplarily in protection against sodium butyrate (NaBu) 
and osmolarity induced apoptosis leading to a 2-fold increase in productivity (Kim et al. 2012).  

Cell line optimizations are also achieved by metabolic engineering (Park et al. 2000; Kim, Lee 
2007), overexpression of molecular chaperones (Chung et al. 2004; Hwang et al. 2003) 
including binding immunoglobulin protein (BIP) (Pybus et al. 2014), proliferation factor 
engineering (Baek et al. 2015; Jaluria et al. 2007) and cell cycle engineering (Bi et al. 2004). In 
addition, protein translocation and posttranslational modification processes are addressed to 
optimize protein secretion and correct folding and modification of the target protein. Le Fourn 
et al. show the improvement of folding and processing of immunoglobulins by overexpression 
of single recognition particles (SRPs) (Le Fourn et al. 2014). First studies revealed a genome 
editing of CHO cells using a recently introduced Clustered Regularly Interspaced Short 
Palindromic Repeats (CRISPR/Cas9) system enabling a high efficient integration of knock out 
and knock in of gene sequences. A study by Ronda and colleagues demonstrates the 
modification of COSMC and FUT8 gene encoding proteins involved in O- and N-glycosylation 
to optimize CHO cell glycosylation pattern (Ronda et al. 2014).  

1.1.3 Mammalian cell fermentation for the production of biopharmaceuticals 

Cell fermentation processes are used for the production of a broad range of substances including 
industrial chemicals, bulk enzymes, food products and biopharmaceuticals (Mears et al. 2017). 
Three main steps prove to be necessary for the development of a fermentation process: the 
selection of a suitable production host, the process development and the scale-up. The 
fermentation process suitable for the cultivation of mammalian cells can be classified into three 
groups: cells grown in suspension culture, cells grown in aggregates and cells grown anchored 
on a substrate (Obom et al. 2014). Each culture type requires an appropriate bioreactor type to 
enable an optimal cell growth and high cell productivity. Common reactor types are 
successfully applied for the fermentation of mammalian cells containing stirred tank reactors, 
roller flasks, hollow fiber based reactors, fixed bed reactors, fluidized bed reactors and bag 
bioreactors on a rocket platform (Simaria et al. 2014). The selection of the bioreactor type 
depends on the cell type and the area of application. For small-scale cultivations disposable 
flasks, membrane and bag reactors are mostly used. Small suspension reactors or stirred tank 
reactors, fixed bed reactors and fluidized bed reactors are utilized for research and process 
development. For scale-up limited reactor types are available in terms of suspension reactors, 
fixed bed reactors and fluidized bed reactors (Popović, Pörtner 2012).  

Mammalians cells are not protected by a cell wall and harbor only an outer membrane, which 
makes them sensitive to environmental changes and forces (Vorlop, Lehmann 1988). The 
sensitivity to shear force and small bubble aeration led to a special design of mammalian 
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fermentation. Pluronic F68 is widley applied during cell fermentation to prevent damages of 
the mammalian cells due to sparging or agitation (Zhu 2012). A well-controlled milieu 
maintains a defined environment for cell growth and protein productivity. Commonly 
physiochemical process parameters are monitored with special probes and measurement 
devices, regulated with conventional PID controllers. The most frequently online analyzed 
parameters are temperature, pH, dissolved oxygen tension (DO), stirrer speed and gas flow rates 
(Stanbury et al. 2017). One of the main influence parameter is constituted by the specific growth 
rate µ, which lacks of robust measurement methods. The regulation of the bioprocess oxygen 
control allows an indirect approach related to the specific growth rate µ (Aehle et al. 2011). 
Oxygen consumption rate (OCR) directly relates to the total viable cell concentration in a 
bioreactor according to the following equation (Jorjani, Ozturk 1999): 

 =  ∗ 

 =    
 =   

The stronger the cell growth, the larger is the oxygen uptake rate resulting in an increased CO2

productivity. Therefore, oxygen uptake as well as CO2 production rate can be used to control 
the bioprocess (Aehle et al. 2011). A fermentation process can be performed in different modes. 
Currently, three methods are frequently used: The batch fermentation, the fed batch 
fermentation and a continuous fermentation. The selection of the method depends on the applied 
expression host, the desired protein stability, the required amount of protein and administrative 
issues like GMP requirements (Popović, Pörtner 2012). The batch fermentation represents the 
most simple to operate technology, while all media components are added in the beginning of 
the process. It is easy to operate but requires a long down time for each batch (Mears et al. 
2017). Fed batch and continuous fermentation methods bypass this bottleneck by 
supplementation of a feed and thereby prolonging cultivation and protein production time. In a 
continuous fermentation the consumed media and the product stream are additionally removed 
from the bioreactor with a constant rate whereas cells remain in the cultivation vessel using a 
retention device (Mears et al. 2017; Castilho et al. 2002). This promotes the accumulation of 
high cell densities and a constant removement of product, which is essential in the case of 
unstable biopharmaceuticals (Villadsen J. et al. 2011).  

1.2 Eukaryotic protein biosynthesis  

The previous chapter dealed with the design of the process for recombinant protein production, 
especially the description of different production systems focused on the expression host CHO 
and the performance of mammalian fermentation. The recombinant protein production is based 
on a molecular process, which is called protein biosynthesis. This process is a complex 
interaction of several molecules starting from an mRNA encoding for a desired protein. This 
thesis is focused on the protein expression in eukaryotic systems. Therefore, the following 
chapter deals with the mechanism of eukaryotic protein biosynthesis.  
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1.2.1 The mechanism of eukaryotic protein translation 

The protein biosynthesis is located at the ribosomes, supramolecular RNA-protein assemblies, 
which form the main macromolecule in the translational machinery. The ribosomal core, an 
early reported and conserved structure in pro- and eukaryotes decodes the mRNA, catalyzes the 
peptide formation and enables the translocation of tRNA and mRNA by one codon (Rodnina, 
Wintermeyer 2009). Prokaryotic and eukaryotic ribosomes differ especially concerning their 
size, while the eukaryotic ribosome is 30% larger (Klinge et al. 2012) and contains additional 
ribosomal RNA elements and ribosomal proteins (Ben-Shem et al. 2010). Eukaryotic 
ribosomes, or 80S ribosomes, consist of a 40S small subunit and a 60S large subunit, whereas 
the 40S is separated into a 18S rRNA chain and 33 proteins and the larger 60S unit contains the 
three RNA molecules 25S, 5.8S and 5S and 46 proteins (Wilson, Doudna Cate 2012). Novel 
studies indicate a diversity of ribosomes between eukaryotic organism and the presence of 
specialized ribosomes during cell development and between differentiated tissues (Preiss 2016). 
Due to differences in the availability, splicing and modification of core ribosomal proteins, the 
expression and recognition of tissue specialized mRNAs is obtained, which influences the 
profile of a specific cell (Slavov et al. 2015). The ribosomal structure contains three conserved 
and essential sites, which play a pivotal role in the protein biosynthesis. The so called acceptor-
site or A-site, peptidyl-site or P-site and the exit-site or E-site provide the basis for the 
translation of a mRNA into a protein (Scheper et al. 2007), further descripted in the following 
sections.

Table 1 List of eukaryotic translation factors. (Adapted from Rodnina et al. 2009)  

Translational step Eukaryotic translation factors 

Initiation eIF1A, eIF1 

eIF2  (eIF2α, eIF2β, eIF2γ) 

eIF2B  (eIF2Bα, eIF2Bβ, eIF2Bγ, eIF2Bδ, eIF2Bɛ) 

eIF3  (13 subunits) 

eIF4  (eIF4A, eIF4B, eIF4E, eIF4G, eIF4H)  

eIF5 

eIF6 

PABP 

Elongation eEF1A 

eEF1B 

eEFSec 

SBP2 

eEF2 

Termination  eRF1 

eRF3 

Recycling eIF1, eIF1A 

eIF3, eIF3j 
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The general translational process is divided into four main steps, the initiation, elongation, 
termination and ribosome recycling. During protein translation, a high demand of amino acids 
and energy in terms of ATP and GTP are needed. Each step requires specialized factors included 
in the molecular mechanism of nascent polypeptide chain growing. In the tightly regulated 
eukaryotic translational process numerous factors are involved (Table 1) descripted in the 
following sections.  

The translation initiation forms the essential process to establish the correct open reading frame 
for a desired mRNA by scanning the sequence for an appropriate start codon. This leads to the 
anchorage of the mRNA at the small subunit of the ribosome, a prerequisite for the translation 
of mRNA sequence into a polypeptide (Korostelev 2014). Moreover, the initiation procedure 
allows for the assembly of ribosomal subunits together with tRNAs and cofactors to receive a 
functional protein translation machinery. In general, the eukaryotic translation initiation can be 
performed in a 5´ cap-dependent or cap-independent manner (Merrick 2004; Jackson et al. 
2010). The cap-dependent translation initiation covers two major processes to enable the 
beginning of protein translation. The first step contains the formation of the 43S preinitiation 
complex consisting of the ternary complex formed by eIF2, GTP and Met-tRNAi assembling 
on the 40S small ribosomal subunit together with eIF1, eIF1A, eIF3 and eIF5 (Schmidt et al. 
2016). The desired mRNA is delivered to the 43S preinitiation complex by binding of eIF4E 
and poly(A) tail-binding protein (PABP) followed by the scanning for an AUG start codon and 
the joining of the 60S large ribosomal subunit (Aitken, Lorsch 2012). Cap-independent 
translation initiation mechanisms enable a partially or fully factor independent translation 
initiation by interaction of 5´ UTR secondary structures or internal ribosomal entry sites (IRES) 
with ribosomes to facilitate the beginning of protein translation (Lee et al.). A more detailed 
description of the initiation process and regulation is given in chapter 1.2.2 and 1.2.3. 

The genetic sequence is translated from a mRNA template into a protein in the elongation cycle 
(Voorhees, Ramakrishnan 2013), while decoding one codon per cycle. In general, three steps 
are included in the elongation constituted by the delivery of aminoacyl-tRNA, the peptide-bond 
formation, and the tRNA translocation (Budkevich et al. 2014). The elongation starts with a 
base pairing of the start codon and an initiator tRNA (Met-tRNAi) at the P-site of the ribosome. 
The second codon of the protein thereby stays at the A-site of the ribosome waiting for the 
cognate aminoacyl-tRNA. The elongation factor eEF1A, a member of the GTPase superfamily 
that binds and hydrolyzes GTP, forms the key factor for the first step of elongation cycle. A 
ternary complex of eEF1A, GTP and aminoacyl-tRNA directs the required aminoacyl-tRNA to 
the codon (Dever, Green 2012). Recognition of the codon by a suitable aminoacyl-tRNA is 
followed by GTP hydrolysis and release of the eEF1A-GDP complex from the ribosome. This 
leads to the accommodation of aminoacyl-tRNA into the A-site where the formation of the 
peptide bond with the present P-site peptidyl-tRNA take place. The functionality of eEF1A is 
recovered by dissociation of GDP using the guanine nucleotide exchange factor eEF1B 
(Rodnina, Wintermeyer 2009). The peptide bond formation is located in the peptidyl transferase 
center, a highly conserved ribosomal RNA region on the large ribosomal subunit (Beringer, 
Rodnina 2007). Following peptide formation, a spontaneous conformational change in the 
ribosomal structure takes place. A ratcheting of ribosomal subunits, the so-called pre-
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translocation process, results in hybrid P/E and A/P states, where the acceptor ends of the 
tRNAs is located in the E- and P-sites while anticodon loop stays in the P- and A-sites. Further 
translocation is catalyzed by the GTPase eEF2, which binds to GTP, by stabilizing the hybrid 
state. The hydrolysis of GTP leads to a conformational change of eEF2 and an unlock of 
ribosomes enabling the mRNA and tRNA to move their position. This results in the 
posttranslocation state of the present ribosome containing a deacylated tRNA at the E-site, a 
peptidyl tRNA at the P-site and a vacant A-site for further binding of the following aminoacyl-
tRNA. The activity of eEF2 is regulated by eEF2-kinase (Middelbeek et al. 2010). eEF2-kinase 
is activated by Ca2+-ions conferred by calmodulin (CaM) (Kenney et al. 2014) leading to a 
phosphorylation of threonine 56 of eEF2 (Price et al. 1991). The phosphorylation negatively 
impacts the elongation rate by reducing eEF2 binding affinity to the ribosome and subsequently 
slowing down the translocation rate (Carlberg et al. 1990). 

Termination of protein translation is introduced at the stop codon (UAA, UGA, UAG). In 
eukaryotic cells, a tRNA for the recognition of a stop codon is not available. Special release 
factors recognize the stop codon and enable the hydrolysis and release of the mature peptide. 
Two classes of release factors are present in eukaryotic cells (Alkalaeva et al. 2006). The first 
class, represented by the eukaryotic release factor 1 (eRF1) shows a high affinity and fidelity 
for stop codon recognition and therefore binds to the stop codon when reaching the A-site of 
the ribosome (Dever, Green 2012; Rodnina, Wintermeyer 2009). The eRF1 contains three 
functional domains (Song et al.), whereby the first part is described by an amino domain 
harboring a distal loop with a NIKS motif, which decodes for the stop codon due to anticodon 
like interactions (Dever, Green 2012). The second or middle domain extends to the peptidyl 
transferase center containing a Gly-Gly-Gln motif essential for the peptide hydrolysis 
(Weixlbaumer et al. 2008). The carboxy terminus of eRF1 interacts with a high affinity to the 
second eukaryotic release factor eRF3 (Pisareva et al. 2006). Eukaryotic release factor 3 (eRF3), 
a GTPase, belongs to the second class of termination factors that accelerate the peptide release 
and increase termination efficiency at the stop codon depending on the hydrolysis of GTP (Fan-
Minogue et al. 2008). eRF3 strongly increases polypeptide release in the presence of GTP but 
not while binding GDP (Alkalaeva et al. 2006). eRF1 act as a GTP dissociation inhibitor and 
thereby facilitating the effectivity of the termination (Pisareva et al. 2006). In the beginning of 
termination process the ternary complex of eRF1, eRF3 and GTP is entering the ribosome and 
occupies the present stop codon (Frolova et al. 1996). Following hydrolysis of GTP (Salas-
Marco, Bedwell 2004), eRF3 dissociates, the Gly-Gly-Gln region of eRF1 is accommodated to 
the peptidyl transferase center and peptidyl-hydrolysis is triggered followed by the release of 
polypeptide at the E-site of the ribosome. After polypeptide chain release from the ribosome, 
the recycling takes place. This implies the splitting of 80S ribosomes into their subunits and the 
release of mRNA, deacylated tRNA and eRF1 that are still bound to the ribosome (Dever, Green 
2012).  

The major regulation of translation in eukaryotic cells is performed in the initiation process due 
to various factors regulated and involved in the first part of the translation process. Therefore, 
the next chapters describe the two mechanisms of cap-dependent and cap-independent or non-
canonical translation initiation. 
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1.2.2 Cap-dependent translation initiation    

The initiation of eukaryotic translation is the process of assembly of 80S ribosomes and the 
base pairing of initiation codon and the initiator Met-tRNAi

Met at the P-site of the ribosome 
(Pestova et al. 2007). The cap-dependent translation initiation requires the presence of a 5´ cap 
structure at the gene encoding mRNA to enable a translation factor dependent translation 
initiation. This standard mechanism is used for the mostly present mRNAs in eukaryotic cells. 
In general, cap-dependent translation is divided into four main steps: the formation of the 43S 
preinitiation complex by binding of eIF2 to the Met-tRNAi

Met  and the delivery to the P-site of 
the 40S small ribosomal subunit, the recruitment of the 43S preinitiation complex to the mRNA 
by binding of eIF4 factors, the scanning of the  5´ UTR and recognition of the start codon and 
a final assembly of the 80S ribosome (Poulin, Sonenberg 2000-2013). 

The first step involves the G-protein eIF2, which carries the Met-tRNAi
Met to the ribosome. An 

overview of eIF2 associated translation initiation parts is illustrated in Figure 2. Initially, Met-
tRNAi

Met is delivered in a ternary complex consisting of eIF2, GTP and the tRNA (Hinnebusch, 
Lorsch 2012). A difference between initiator tRNA and elongator tRNA by a unique A1:U72 
base pair (bp) in the acceptor stem of tRNAi enables the binding of Met-tRNAi

Met exclusively 
to the initiation factor eIF2 (Pawel-Rammingen et al. 1992; Sprinzl et al. 1998). eIF2, a 
tetrameric complex containing an eIF2α, eIF2β and eIF2γ domain, shows sequence homologies 
to the elongation factor eEF1 by identical structures of the binding pocket of the eIF2γ subunit 
(Schmitt et al. 2002). eIF2γ binds directly to the GTP and the Met-tRNAi

Met , thereby forming 
the core unit of this initiation factor (Naveau et al. 2010). eIF2β harbors three sequential parts 
involved in different initial and regulatory mechanisms during translation initiation. In the C-
terminal domain a Cys-Cys-zinc finger motif contains intrinsic GTPase properties, which 
promote the activity of eIF2B, a highly relevant factor for the regulation of eIF2 activity (Feng, 
Donahue 1993). Additionally, the zinc finger motif is involved in mRNA binding and anticodon 
interaction (Laurino et al. 1999). The central domain of eIF2β is responsible for eIF2γ 
interaction, while the N-terminus interacts with eIF2B and eIF5 (Thompson et al. 2000). The 
last subunit is constituted by eIF2α that becomes a regulator of eIF2 by phosphorylation of 
Ser51 (Krishnamoorthy et al. 2001). The recognition and binding of the ternary complex 
consisting of eIF2, Met-tRNAi

Met and GTP, is followed by the hydrolysis of GTP. The GTPase 
activating molecule eIF5 catalyze the reaction leading to the release of eIF2-GDP complex from 
the ribosomal machinery (Poulin, Sonenberg 2000-2013). To regain a proper activity of eIF2, 
the recycling of GTP is necessary and will be performed by the guanosine exchange factor 
eIF2B (Hinnebusch, Lorsch 2012). The heteropentameric eIF2B consists of a catalytic complex 
(eIF2Bγ and eIF2Bε) and a regulatory complex (eIF2Bα, eIF2Bβ and eIF2Bδ) (Pavitt et al. 
1998, 1998). Phosphorylation of eIF2α at serine 51 converts eIF2-GDP from a substrate to 
inhibitor of an eIF2B, thereby no recycling of eIF2 is obtained and cap-dependent translation 
initiation is blocked. There are different regulatory pathways available that introduce the 
phosphorylation of eIF2α. Four mammalian kinases are present including heme-regulated 
kinase (HRI), PKR, PERK and GCN2 (Muaddi et al. 2010). While heme-regulated inhibitor or 
kinase plays a pivotal role in eIF2 regulation in erythroid cells due to iron or heme deficiency, 
PKR is activated by double-stranded RNAs, a response to viral infections (Poulin, Sonenberg 
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2000-2013; Muaddi et al. 2010). A significant role is conducted by PERK, a transmembrane 
enzyme located in the endoplasmic reticulum. The active domain of PERK is located in the     
C-terminal part directed to the cytosol (Hamanaka et al. 2005). PERK is activated by ER stress, 
especially accumulation of unfolded proteins in the lumen of ER. This so called unfolded 
protein response (UPR) leads to the activation of PERK to prevent a further protein expression 
and accumulation (Harding et al. 2000; Su et al. 2008). The general control non-derepressible-
2 (GCN2) constitutes a response to nutrient depletion (Su et al. 2008). An accumulation of 
uncharged tRNAs due to amino acid starvation results in GCN2 activation and thereby the 
downregulation of protein translation. 

Figure 2 eIF2 related formation of ternary complex for eukaryotic translation initiation. The trimeric 
complex of eIF2 consists of α, β and γ subunits binding GDP in its inactive form. By association of guanine 
exchange factor eIF2B GDP is exchanged through GTP and thereby activates eIF2 for initiation of protein 
translation. Further binding of initiator Met-tRNA leads to the formation of the ternary complex, which forms an 
essential part of the translation initiation complex. GTP binding is regulated by the phosphorylation of serine 51 
at the α subunit of eIF2 leading to an inhibition of factor recycling. Serine 51 is phosphorylated due to various 
stress responses accomplished by four types of kinases (HRI, PERK, GCN2, PKR). 

For the binding of ternary complex to the 40S ribosomal subunit, several additional translation 
factors are required, which form a multi factor complex (Sokabe et al. 2012). A network of 
eIF1, eIF1A, eIF3 and eIF5 promotes the binding of assembled ternary complex to the 40S 
ribosomal subunit (Asano et al. 2000) (Figure 3). eIF1 and eIF1A promote the binding of the 
ternary complex by establishing an open conformation of the 40S ribosome and promote the 
assembly of 48S complex at the initiation codon (Pestova et al. 1998). The second factor eIF3 
is a large complex of 13 non-identical subunits, 8 core and 5 peripheral parts (Sonenberg, 
Hinnebusch 2009). eIF3 binds to the solvent side of the 40S ribosomal subunit, of which two 
appendages are located at the Met-tRNAi

Met binding and initiation codon decoding site (Poulin, 
Sonenberg 2000-2013; Hinnebusch, Lorsch 2012). This factor is involved in the binding of the 
ternary complex to the 40S ribosomal subunit and impacts the mRNA recruitment to the 43S 
preinitiation complex and the scanning of the initiation codon (Saletta et al. 2010). When the 
43S preinitiation complex is correctly assembled at the initiation codon, the initiation factors 
need to be removed to enable the binding of large 60S ribosomal subunit. The requirement for 
assembly is constituted by the hydrolysis of GTP bound at eIF2. The GTPase function of eIF2 
is activated by eIF5, a GTPase accelerating protein (Jennings, Pavitt 2010). The interaction of 
both factors is initially required for the recognition of initiator codon, which leads to 
conformational changes in the molecular structure of eIF2 and eIF5 thereby activates the 
GTPase activity located in the N-terminal part of the molecule (Das et al. 1997).  
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Figure 3 Formation of the 43S preinitiation complex. The previously assembled ternary complex binds to the 
40S ribosomal subunit for protein translation initiation. Various initiation factors (eIF1, eIF1A, eIF3 and eIF5) are 
required to enable ribosomal binding and further association of mRNA.  

The binding of mRNA to the 43S preinitiation complex is facilitated by various factors 
including eIF3, the poly(A)-binding protein (PABP), and initiation factors eIF4B, eIF4H and 
eIF4F (Pestova et al. 2007). The binding is located near the 5′-7-methylguanosine cap of 
mRNA, while cap binding by eIF4F and simultaneous binding of poly(A)-tail of the mRNA 
form the basis for this process inducing a circular messenger ribonucleoprotein (mRNP) 
structure or “closed-loop” structure. The circular structure holds the mRNA in an active state 
suitable for 43S preinitiation complex binding and additionally prevents termination events 
(Schmidt et al. 2016; Uchida et al. 2002). eIF4F is composed of eIF4E and eIF4G, which belong 
to the class of cap binding proteins, and the helicase eIF4A (Jackson et al. 2010). eIF4G is a 
core scaffold protein involved in the interaction of mRNA, cap and poly(A) binding proteins 
(PABP) and the 43S preinitiation complex. eIF4G holds eIF4A in an active conformation 
(Hilbert et al. 2011; Özeş et al. 2011), thereby enabling the unwinding of RNA double strand 
and binding of 43S preinitiation complex to the mRNA located by the cap structure 
(Hinnebusch, Lorsch 2012).  

eIF4E contains a conserved set of amino acids essential for 5´ cap binding (Aravind, Koonin 
2000; Marcotrigiano et al. 1997; Matsuo et al. 1997). This binding region is located in the C-
terminal loop of eIF4E encompasses regulatory sequence regions like the serine 209 (Tomoo et 
al. 2002). It has been reported, that the phosphorylation of serine 209 of eIF4E influences the 
affinity of cap binding and enhances translation initiation (Scheper et al. 2002). Phosphorylated 
eIF4E shows a decreased affinity to the 5´ cap structure, which might have a positive effect for 
the fast dissociation of the factor enabling a recruitment of different mRNAs into polyribosomes 
(Proud 2015). The phosphorylation of serine 209 is facilitated by Mnk1 kinases (Proud 2015). 
Moreover, eIF4E is a well-known proto-oncogene and overexpression and phosphorylation 
result in various types of cancer (Furic et al. 2010; Chu et al. 2016). eIF4E interacts with eIF4G, 
the previously described scaffold protein, via a conserved consensus sequence announced as 
eIF4E-binding motif (Grüner et al. 2016; Marcotrigiano et al. 1997).  

The last part of the eIF4F complex is constituted by the helicase eIF4A, the most abundant 
translation factor in eukaryotic cells. The non-possessive helicase belongs to the class of DEAD 
box RNA helicases, while three isoforms are available in mammalian cells (Poulin, Sonenberg 
2000-2013). Two of these isoforms (eIF4AI and eIF4AII) are involved in translation initiation 
whereas the third isoform (eIF4AIII) inhibits the translation process (Li et al. 1999). eIF4A 
binds in its ATP bound form to the mRNA together with the additional translation initiation 
factors eIF4B and eIF4H in the range of 12 to 52 nucleotides apart from cap structure (Parsyan 
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et al. 2011; Lindqvist et al. 2008). eIF4A unwinds the mRNA in the eIF4F complex, but shows 
increased efficiency in the presence of eIF4B or eIF4H (Hinnebusch, Lorsch 2012).  

The mTOR pathway mainly regulates the eIF4 factor related translation mechanism 
(Sonenberg, Hinnebusch 2009) (Figure 4). One of the most important factor is depicted by the 
class of 4E-binding proteins (4E-BP) (Mamane et al. 2006). Three types of 4E-BPs are 
characterized showing a high degree of homology (Fonseca et al. 2014). In its 
hypophosphorylated state 4E-BP can bind to the eIF4E-binding motif and prevent the 
association with the cap structure and eIF4G (Marcotrigiano et al. 1999). Due to the activation 
of mTOR pathway, 4E-BPs are hyperphosphorylated at the conserved residues threonine 46, 
threonine 37, threonine 70 and serine 65 leading to a dissociation from eIF4E and thereby 
activation of cap-dependent translation initiation (Gingras et al. 2001a; Herbert et al. 2002; 
Gingras et al. 2001b). The mammalian target of rapamycin (mTOR), a downstream 
serine/threonine kinase of the PIBK/Akt pathway, is assembled into two multiprotein 
complexes the mTORC1 and mTORC2, while mTORC1 constitutes the control target for 
translation initiation, transcription of ribosomal RNA and transfer RNA and ribosome 
biogenesis (Laplante, Sabatini 2009; Frolova et al. 1996; Fonseca et al. 2014). mTORC1 
consists of mTOR and the scaffolding proteins Deptor, Raptor and GßL and initiates the 
phosphorylation of numerous substrates and target proteins (Coffman et al. 2014; Hara et al. 
2002; Wang et al. 2007). The activation of mTOR signaling is initiated by extracellular stimuli 
including amino acid availability, growth factors and hormones and the oxygen and energy state 
of a cell (Sonenberg, Hinnebusch 2009). Apart from 4E-BP phosphorylation, mTOR modulates 
the regulation of other translational targets including eIF4B, eIF4G, eEF2 and the S6 kinase, an 
AGC-family serine/threonine kinase that phosphorylates and thereby activates mainly the S6 
ribosomal protein (Yang et al. 2003; Fonseca et al. 2014; Holz et al. 2005). Besides S6 
ribosomal protein phosphorylation, S6 kinase also phosphorylates PDCD4, a suppressor of 
eIF4A. Phosphorylated PDCD4 is degraded by the proteasome, which additionally enhances 
translation initiation activity (Dorrello et al. 2006).  

After ternary complex formation, assembly of 43S preinitiation complex, recruitment of mRNA 
and binding of the 5´ end, 5´ UTR is scanned for the initiation codon by complementary binding 
of the initiator tRNA and the start codon. eIF1 and eIF1A stabilize the open formation of 43S 
preinitiation complex (Pestova, Kolupaeva 2002). In the scanning process the mRNA needs to 
pass through the entry of the 43S complex channel. Removing secondary structures is required 
and performed by ATP dependent DEAD box helicases. The involved helicases included the 
eIF4A, Dhx29, Ded1 and Ddx3, while Dhx29, Ded1 and Ddx3 are mostly needed for highly 
structured 5´ UTRs (Hinnebusch 2011; Hinnebusch, Lorsch 2012). During this process, eIF4G 
pulls the mRNA through the channel (Siridechadilok et al. 2005). Subsequently, eIF1 induces 
a closed state formation allowing the proper pairing of initiator tRNA and start codon (Passmore 
et al. 2007). For stabilization, a sufficient length of 5´UTR (12 bp) is necessary, occupying the 
mRNA exit channel (Pestova, Kolupaeva 2002). Additionally context nucleotides in the -3 
sequence region can further enhance start codon binding affinity (Shabalina et al. 2004). Start 
codon recognition and tRNA binding lead to a sterically hindrance for eIF1 binding and the 
remove of eIF1, whereas eIF5 promotes the dissociation (Hinnebusch, Lorsch 2012). 
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Afterwards eIF2 bound GTP is hydrolyzed followed by structural rearrangements and the 
release of eIF2-GDP and eIF5 from the ribosomal complex (Kapp, Lorsch 2004). For the 
joining of 60S subunit, remaining factors need to dissociate from the 43S preinitiation complex 
(Hinnebusch, Lorsch 2012). eIF5B facilitates the binding of the 60S ribosomal subunit. The 
GTP bound factor assembles both subunits leading to GTP hydrolyzation and dissociation of 
eIF5B (Acker et al. 2009). This forms the basis for further peptide chain formation (Pestova et 
al. 2000). 

Figure 4 Schematic overview about eIF4 related translation initiation pathway and assembly of 43S 
preinitiation complex and mRNA. The eukaryotic initiation factor class 4 (eIF4) is required for binding of 5´ 
capped mRNA and the assembly with 43S preinitiation complex. The activation of eIF4 related factors is induced 
by the mTOR signaling pathway which responses to extracellular stimuli including growth factors, hormones, 
amino acids, neuropeptides and cytokines. The signal pathway is specified in the text section.  

1.2.3 Non-canonical translation initiation: Internal ribosomal entry sites 

In the late 1980´s first studies of Pelletier and Sonenberg indicated a non-canonical mechanism 
of eukaryotic translational initiation independent of 5´ cap structure performed for poliovirus 
replication (Pelletier, Sonenberg 1988). A translation of internal mRNA was detected based on 
highly structured 5´ UTR sequences later named internal ribosomal entry sites (IRES) allowing 
the access to internal ORFs that are inaccessible in a cap-dependent translation initiation 
manner (Hellen, Sarnow 2001). The present secondary or ternary structures can recruit 
ribosomes to internal positions of a mRNA. During the last years, research in the area of non-
canonical translation initiation revealed the presence of these naturally translational enhancers 
in a series of mRNA. First studies were mostly based on viral IRES sequences, which act with 
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reduced requirements of canonical translation factors (Firth, Brierley 2012). Apart from that, 
IRES structures were also found in a variety of cellular mRNAs for the regulation different 
physiological processes including cell cycle mitosis (Cornelis et al. 2000), cell differentiation 
(Bernstein et al. 1997), spermatogenesis and neuroplasticity (Renaud-Gabardos et al. 2014). 
Additionally, IRES mediated translation initiation is mostly addressed when cap-dependent 
translation initiation is limited. Cellular stress including ER stress, hypoxia, nutrient limitation 
and apoptosis leads to an increase in IRES related translation initiation to enable stress related 
cellular response. The translation of hypoxia-induced factor 1α (HIF1α) exemplarily can be 
activated despite of global translational blockade (Lang et al. 2002). This allows the 
transcription of further factors containing a hypoxia responsive element (HRE) in their 
promoter. Besides translation initiation factor, so-called IRES trans-acting factors (ITAFs) can 
promote the efficiency of IRES dependent translation initiation. This heterogeneous nuclear 
ribonucleoproteins enhance the binding affinity to the translational machinery (Komar, 
Hatzoglou 2010).  

Four major groups of viral IRES sites are available differing in their mechanism of non-
canonical interaction with the eukaryotic translational machinery. In generally, the four groups 
can be classified into structural IRES sequences received from poliovirus (Type 1) (PV), 
encephalomyocarditis virus (Type 2) (EMCV), hepatitis C virus (Type 3) (HCV) and cricket 
paralysis virus (Type 4) (CRPV) (Hellen 2009).  

Type I IRES of poliovirus picornavirus (Pelletier, Sonenberg 1988) and type II IRES of 
encephalomyocarditis virus (Jang et al. 1988) were initially identified and consist of an around 
450 nt long sequence. The four types of IRES show different requirements for eukaryotic 
initiation factors. The EMCV IRES needs nearly all present eukaryotic initiation factors except 
from eIF1, eIF1A, eIF4E, PABP, and the amino-terminal third of eIF4G (Lomakin et al. 2000). 
The C-terminal domain of eIF4G binds directly to the EMCV IRES thereby enabling the 
formation of 48S preinitiation complex. This binding motif is also present in type I IRES 
sequences indicating that this structure acts in the same way as demonstrated for the type II 
EMCV IRES (Pestova et al. 1996).  

Type III and type IV IRES sequences act in a distinct way in comparison to the previously 
described IRES. Both types interact with the 40S ribosomal subunit in an initiation factor 
independent manner (Hellen 2009). The HCV IRES consists of three structural domains present 
in the 341 nt long 5´ UTR of the virus (Spahn et al. 2001). Domain II, consisting of an irregular 
stem loop, contributes to the activity of the IRES, but is not essential to obtain a functional 
folded HCV IRES.  While domain III contains various structural elements including four-way 
junctions and several stem loops, domain IV harbors the initiation codon (Klinck et al. 2000; 
Lukavsky et al. 2000). HCV IRES can directly bind to the 40S subunit of the ribosome without 
any requirement for a translation initiation factor (Hellen 2009). Several ribosomal interaction 
sites of the IRES were observed and commonly located in the subunits a, b and c of domain III 
for the recruitment of 40S ribosomal subunit (Kieft et al. 2001). The presence of the 
eIF2/GTP/initiator tRNA ternary complex enables the formation of the 48S preinitiation 
complex (Pestova et al. 1998). Initiation factor eIF3 is not necessary for the 48S formation, but 
binds to the domain III of the HCV IRES in the 40S /IRES complex, which might destabilize 
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incorrectly assembled 48S complexes (Hellen 2009). HCV IRES does not require ATP and 
ATP associated factors including eIF4A, eIF4B and eIF4F. 

The type IV insect cricket paralysis virus (CRPV) IRES is one of the most well studied IRES 
sequence showing a further development of factor independency comparing to the previously 
described HCV IRES. Sequencing studies revealed a dicistronic character of the cricket 
paralysis virus containing an upstream and a downstream ORF coding for a non-structural and 
a structural precursor proteins, respectively (Hellen, Sarnow 2001). Two distinct IRES 
sequences promote an independent translation of both proteins (Domier et al. 2000). The ORFs 
were separated by an intergenic region (IGR) enabling an independent translation initiation by 
an IGR IRES, which showed increased expression rates in transfected insect cells in comparison 
to the 5´UTR IRES controlled translation (Wang, Jan 2014). The IGR IRES consists of 180 
nucleotides and does not require an ATG start codon coding for the initiator methionine. 
Instead, an N-terminal alanine or glutamine adjacent to a 42 nucleotide pseudoknot enable the 
initation of protein translation (Sasaki, Nakashima 1999). In general, CRPV IGR IRES consists 
of three-pseudoknoted RNA structures (PK I, PK II, PK III) and two stemloops (SL2.1, SL 3.2) 
illustrated in Figure 5 (Muhs et al. 2015). This complex can perform the formation of an 80S 
/IRES assembly fully independent of translation initiation factors (Hellen und Sarnow 2001). 
According to this facts, IGR IRES directly binds to the 40S and 80S ribosomes without the 
requirement of initiation factors or initiator tRNA and initiates translation independently of the 
canonical ATG start codon (Kerr et al. 2016).  

Figure 5 Secondary structure of the CrPV IRES. (Modified from (Muhs et al. 2015)) 

The initiation of translation performed by an IGR IRES starts with the tightly binding of PK II 
and PK III to the 40S subunit. These pseudoknotes fold independently of the PK I, leading to 
the formation of a ribosome-binding domain (Muhs et al. 2015; COSTANTINO, Kieft 2005). 
Initially, the ribosome-binding domain binds to the E-site of the 40S ribosome (Thompson 
2012). 40S binding is further enhanced by the interaction of SL2.1 and SL 3.2 with ribosomal 
proteins eS25 and uS7 that promote the recruitment of the ribosomal subunit (Landry et al. 
2009; Schuler et al. 2006; Muhs et al. 2011). These bindings result in a conformational change 
in the 40S subunit (Spahn et al. 2004). The domain, including the PKI is placed into the 
ribosomal P-site to promote the translation initiation at the A-site (Kieft 2009), while a scanning 
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of mRNA is not required. The joining of ribosomal subunits occurs spontaneously, while no 
further factors are required. Additionally, internal loop L 3.2 interacted with the 60S ribosomal 
subunit within the assembled 80S ribosome. (Spahn et al. 2004; Pfingsten et al. 2006). Codon-
Anticodon interaction on the mRNA occurs via a secondary structure of the PKI that mimics a 
tRNA anticodon stem loop (Costantino et al. 2008) thereby establishing the reading frame for 
translation in the A-site of the ribosome (Thompson 2012). IGR IRES related translation 
initiation relies on the presence of eukaryotic elongation factor 1 and 2. The first aa-tRNA 
conjugate is delivered by eEF1a to the A-site of the ribosome (Kamoshita et al. 2009; Wilson 
et al. 2000). Subsequently, eEF2 promotes the translocation of aa-tRNA to the P-site. For 
further translocation, a deacylated tRNA in the P-site of the ribosome is required to (Baek et al. 
2015) enable the binding of eEF2 (Yamamoto et al. 2007; Zhu et al. 2011). The IGR IRES 
circumvents this issue by staying into a P/E hybrid state until factor binding. This leads to the 
movement into the A/P hybrid state after aa-tRNA binding necessary for the promotion of 
translocation by eEF2. This process is also called pseudotranslocation (Wilson et al. 2000). 

1.3 Cell-free protein synthesis 

The cell-free protein synthesis enables a high yield production of toxic and membrane 
integrated proteins leading to low productivities and cell death in in vivo production systems 
(Bechlars et al. 2013; Klammt et al. 2006; Orth et al. 2011). Initially cell-free protein synthesis 
systems based on E. coli cell extract were developed in the early 1960 by Nirenberg and 
Matthaei primarily to study the protein translation process (Matthei, Nirenberg 1961). Until 
now, several cell-free system are available originated from various cell types including archaea, 
prokaryotes, fungi, plants, insects and mammals. The basic principle of cell-free reaction 
corresponds for all cell-free systems (Zemella et al. 2015). The basis is formed by a crude cell 
extract that is obtained from cell biomass by special cell disruption procedures.  

During cell lysate preparation, the cell membrane and nuclei are removed, while protein 
translation components remain in crude cell extracts. This extract contains the complete 
translational machinery of a cell including ribosomes, aminoacyl-tRNA synthetases, translation 
initiation/elongation/termination factors, ribosome release factors, nucleotide recycling 
enzymes, chaperones and foldases (Carlson et al. 2012). Prior to the cell-free reaction, crude 
cell extracts are depleted from endogenous RNA by S7 nuclease treatment and supplemented 
with energy components and suitable tRNAs. Buffer conditions are adjusted using optimized 
reaction buffers (Chong 2014; Pelham, Jackson 1976). To enable a cell-free reaction, ready 
prepared cell lysates are supplemented with energy components, free amino acids and a suitable 
linear or circular DNA or mRNA template (Rosenblum, Cooperman 2013; Sawasaki et al. 
2002). Depending on the reaction mode a T7 or SP6 RNA polymerase is additionally added, 
which enables a transcription/translation coupled cell-free synthesis, generally known as 
“coupled” reactions (Craig et al. 1992; Krieg, Melton 1987; Nevin, Pratt 1991). Cell-free 
reactions directly supplemented with mRNA do not require a RNA polymerase and are termed 
“linked” reactions (Chong 2014).  

The general principle of cell-free protein synthesis exemplarily for a eukaryotic cell-free system 
is illustrated in Figure 6. After initiating a cell-free reaction by mixing the required components 
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in a reaction vessel, protein production typically continuous until energy is limited and 
inhibitory byproducts obtained in the protein translation accumulate (Carlson et al. 2012). The 
reaction time depends on the reaction mode, which can be performed in a simple batch or further 
developed continuous exchange (CECF) or continuous flow (CFCF) cell-free system leading 
to reaction times of 2 h up to several days (Katzen et al. 2005). Moreover, the limitation of the 
presence of energy components was improved by the application of energy regeneration 
systems (Carlson et al. 2012).  Different approaches are reported including this topic of system 
improvement. The main task is provided by the regeneration of ADP to ATP to deliver fresh 
energy to the system.  

First studies in E. coli cell-free systems showed an improvement of protein yield introduced by 
the application of high-energy phosphate component phosphoenolpyruvate (PEP) (Zubay 
1973). PEP, an intermediate of glycolysis, is a substrate for the pyruvate kinase, which 
transmitted the phosphate group of PEP to ADP leading to the formation of ATP. Kim et al. 
showed the possibility to apply glucose-6-phosphate to E. coli based cell-free reactions, but 
reduced protein yields were obtained in comparison to PEP supplementation (Kim, Swartz 
1999). By adjusting of reaction conditions including pH stabilization and adaptation of 
phosphate concentration, improved protein yields comparable the PEP supplementation were 
received (Kim, Swartz 2001a). Additional established system are based on different kinases 
including the creatine kinase and acetate kinase (Ryabova et al. 1995a; Kigawa et al. 1999; 
Zemella et al. 2015).  

Besides the fast protein production and the opportunity to produce cytotoxic proteins, cell-free 
protein synthesis systems show additional advantages based on their open system character 
(Katzen et al. 2005). Due to the absence of a cell wall, cell-free protein systems enable a direct 
adjustment of protein translation conditions, an active monitoring and protein sampling (Swartz 
2006; Carlson et al. 2012). Screening for the protein sequences is easily performed without the 
requirement of elaborate cloning and clone selection procedures (Kanter et al. 2007; Zawada et 
al. 2011). The selection of the type of cell-free system depends on the complexity of the desired 
target protein and the required protein yields (Carlson et al. 2012). Prokaryotic cell-free systems 
yielding to high protein yields, but revealed limitations in the formation of posttranslational 
modifications (Katzen et al. 2005). For complex human and pharmaceutical relevant proteins, 
eukaryotic cell-free systems are mostly selected (Chang et al. 2005). Various eukaryotic cell-
free systems are currently available harboring different advantages and disadvantages, which 
will be introduced in the following chapter. 

1.3.1 Eukaryotic cell-free protein synthesis platform 

The increased popularity of complex human and mammalian protein production leads to the 
development and improvement of cell-free systems originated from eukaryotic cell lysate. 
Despite the increased general lysate preparation costs and the decreased protein yields in 
comparison to E. coli based cell-free systems eukaryotic platforms provide a technological tool 
for the synthesis of complex and posttranslational modified proteins (Chong 2014). To date, 
various eukaryotic cell-free systems are available, mainly based on fungi, plant cells, insect 
cells and mammalian cells (Zemella et al. 2015). All systems have different advantages and 
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disadvantages, while the choice of systems depends on the origin and the biochemical 
characteristics of the target protein (Katzen et al. 2005).  

In 1974, Sisson and colleagues developed the first cell-free system based on the prominent 
fungi species S. cerevisiae (Sissons 1974). The yeast cell-free system combines the 
characteristics of a cost-efficient, high-yield expression system with the ability to build up 
correctly folded and posttranslational modified proteins (Zemella et al. 2015; Rothblatt, Meyer 
1986). In recent studies several general optimization principles were addressed including the 
extract preparation (Hodgman, Jewett 2013), cultivation optimization, template optimization 
(Hodgman, Jewett 2014), the substrate replenishment and inhibitory byproduct removal 
(Schoborg et al. 2014). Apart from that, novel combination of a creatine phosphate/ creatine 
kinase energy regeneration systems and glucose as an energy source were introduced to reduce 
the overall process costs (Anderson et al. 2015). The main bottleneck of this system is 
constituted by the limited protein yield in the range of 4-8 µg/ml depending on the applied 
energy components (Anderson et al. 2015; Hodgman, Jewett 2014). Due to the relevance of     
S. cerevisiae for industrial in vivo protein production processes, the developed cell-free system 
might be potentially relevant for industrial applications, when present limitation will be 
improved. 

A breakthrough in the area of eukaryotic cell-free protein synthesis systems was obtained by 
the development of translationally active plant extracts. Until now, two main plant cell-free 
systems were developed based on wheat germ extracts and tobacco BY-2 cell lysates. The 
wheat germ cell-free system was initially developed by Robert and Paterson in 1973 
demonstrating the synthesis of tobacco mosaic virus RNA and rabbit globin 9S RNA in a cell-
free system derived from commercially wheat germ (Roberts, Paterson 1973). Improvement of 
protein production rate was received by the optimization of energy supply, extract 
concentration, ion concentrations (Mg2+, K+), pH and supplementation of spermidine (Hunter 
et al. 1977; Marcu, Dudock 1974; Tse, Taylor 1977). Limitations arise due to the high RNase 
and protease activity in the endosperm and the non-comparability of different extract batches 
(Scheele, Blackburn 1979; Marcu, Dudock 1974). Expansion of the extract preparation protocol 
by several washing steps and gel-filtration leads to the removement of nucleases and proteases 
and an increase in productivity (Madin et al. 1999). The wheat germ extract system revealed to 
be the most productive eukaryotic cell-free system resulting in protein yields of GFP up to        
20 mg/ml in a 2 week production process (Harbers 2014). The major bottleneck of the system 
is indicated by the limited possibility in posttranslational modifications including 
glycosylations (Carlson et al. 2012), which restricts the synthesis to less complex types of 
proteins. The second plant based cell-free system, prepared from BY-2 tobacco cells, was 
established during the last 15 years and showed improvements concerning the synthesis of 
complex and modified proteins. Buntru et al. reported that synthesis of complex proteins 
including aspergillus niger glucose oxidase and full-size human antibodies is possible (Buntru 
et al. 2015) showing the opportunity to produce posttranslational modified proteins (Buntru et 
al. 2015). There are only a few studies available concerning the BY-2 cell-free system up to 
date. Extensive research might lead to a development of a high potential cell-free system for a 
broad range of applications. 
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The baculovirus expression system is one of the commonly used platform for recombinant 
protein synthesis in industrial production processes. A suitable cell-free system based on cell 
extracts from Spodoptera frugiperda cells ((Brödel et al. 2014)) was initially developed in the 
early 2000 (Tarui et al. 2000). The advantage of the system is constituted by the presence of 
endogenous microsomal structures. These microsomes were derived from the endoplasmic 
reticulum due to mild disruption procedure (Kubick et al. 2003). Studies revealed the presence 
of translocation machinery in the microsomal membrane enabling the translocation and 
embedding of the signal peptide containing proteins into a nature like milieu (Fenz et al. 2014). 
It is reported that a melittin signal peptide derived from the apitoxin of the honey can improve 
the translocation rate not only in in vivo protein production systems (Soejima et al. 2013) but 
also in Sf21 cell-free systems (Kubick et al. 2003). Besides translocation machinery, 
microsomes enable the performance of posttranslational modifications due to the presence of 
required enzymes in the membrane of endoplasmic reticulum based microsomes. 
Posttranslational modifications including signal peptide cleavage (Zampatis et al. 2012), 
phosphorylation, lipidation (Shaklee et al. 2010), disulfide bridge formation (Stech et al. 2013) 
and core glycosylation (Tarui et al. 2001) are possible (Sachse et al. 2013). Different strategies 
are applied to improve the received productivity. This includes the optimization of 5´UTR 
sequence using the baculovirus polyhedrin gene as a translational enhancer (Ezure et al. 2010) 
or the introduction of an internal ribosomal entry site of intergenic region of cricket paralysis 
virus (Brödel et al. 2013). The sequence improvements lead to protein yields up to 50 µg/ml in 
a batch based system. The shift of the mode from a batch to a CECF formatted reaction results 
in a significant improvement in productivity up to 285 µg/ml of membrane protein Epidermal 
Growth Factor Receptor (EGFR) (Quast et al. 2016) and 860 µg/ml viral envelopment glyco 
protein gp120 (Merk et al. 2015). 

Recombinant protein production of pharmaceutical relevant targets or drugs is mostly 
performed in mammalian cells to enable a nature like production and modification of human, 
complex proteins. To close the gap between previously described eukaryotic cell-free systems 
and the commonly used mammalian cell system, various cell-free platforms are developed 
based on mammalian cell lysates (Schweet et al. 1958; Zemella et al. 2015). In the beginning 
of mammalian cell-free technology, cell extracts were prepared from reticulocytes of anemic 
rabbits, the so-called rabbit reticulocyte system. This technology was initially used for the 
investigation of the mammalian protein translation (Browne, Proud 2002; Merrick 2004) and 
showed comparable low protein yields. The first protein synthesized in this system was 
hemoglobin (Schweet et al. 1958). The second bottleneck beyond the reduced productivity is 
indicated by the absence of endogenous microsomal structures. Several approaches 
demonstrated the supplementation of exogenous microsomes into the cell-free system from 
different organism including canine microsomes (MacDonald et al. 1988), CHO microsomes 
and human cell based microsomes (Bailey et al. 1989; Dalley, Bulleid 2003) and thereby 
enabling the formation of posttranslational modifications. This procedure requires additional 
process steps and increases the costs of the system. To create more efficient in vitro translation 
platforms, mammalian cell-free systems are developed harboring endogenous microsomes as 
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described for the Sf21 cell-free system. The general principle of eukaryotic cell-free synthesis 
based on cell lysates, which contain endogenous microsomes, is depicted in Figure 6. 

A wide range of human cell lines is available for the production of recombinant proteins e.g. 
HEK293 (Bradrick et al. 2013), HeLa (Weber et al. 1975) and K562 cells (Brödel et al. 2013). 
These cell lines are most commonly used for the preparation of lysates suitable for the cell-free 
protein synthesis. One advantage is constituted by the corresponding codon usage of the human 
cell-free system and the desired, therapeutic relevant target proteins (Mikami et al. 2008). The 
platform provides a basis for the synthesis of entire virus and virus-like particle, which leads to 
the development of antiviral drugs and the investigation of viral replication mechanisms 
(Kobayashi et al. 2014).  

Figure 6 General principle of coupled, batch based cell-free synthesis system harboring a eukaryotic, 
microsome containing cell lysate. The scheme illustrates the components of a coupled eukaryotic cell-free 
synthesis in a batch mode. The synthesis contains several components, which are mixed in an Eppendorf tube to 
start the cell-free reaction. The basis is formed by the eukaryotic lysate including the complete translational 
machinery (amino acyl t-RNA synthetase, ribosomes, tRNA, translation factor) and translocationally active 
microsomes enabling the embedding of membrane proteins and posttranslational modifications. To realize the 
synthesis of a desired target gene, a linear or circular DNA template, nucleotides (nucleoside triphosphates) and a 
RNA polymerase were added to the reaction. The required energy for protein biosynthesis is additionally added to 
the reaction in terms of ATP/GTP, amino acid and energy regeneration system. Depending on the origin of the 
eukaryotic cell lysate, cell-free reaction is incubated at 24°C-33°C up to 4 h. 

The productivity of the system was enhanced by the application of different IRES sequences, 
while CRPV IGR IRES and EMCV IRES emerged to be the most suitable ones (Kobayashi et 
al. 2014; Brödel et al. 2013). Further improvement strategies were performed concerning the 
improvement of cap-dependent translation initiation. Supplementation of K3L, an eIF2 kinase 
binding protein, leads to an increase in protein yield by preventing the phosphorylation and 
thereby inactivation of eIF2α (Mikami et al. 2010; Novoa et al. 2001). A second approach was 
performed by the addition of GADD34, which enhances the dephosphorylation of eIF2α 
(Mikami et al. 2010). Supplementation of translation initiation factors eIF2, eIF2B and eIF4 
results in an increase in productivity of the human cell-free system (Mikami et al. 2006). 
Subsequently, a novel cell-free system was developed based on the prominent CHO cell line. 
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CHO cells represents a common host for pharmaceutical protein production, therefore a suitable 
cell-free protein synthesis platform was established as a promising tool for fast and easy 
pharmaceutical pre-screenings (Zemella et al. 2015). CHO lysate based cell-free systems 
belong to the cell-free platforms, which contain endogenous microsomes and therefore have the 
possibility of posttranslational modifications (Brödel et al. 2014). Currently, CHO cell-free 
systems are performed in a coupled transcription-translation mode enabling a fast and 
convenient protein production. This forms a basis for high-throughput screening applications 
and the integration into pharmaceutical protein production platforms (Zemella et al. 2015). 
Broedel and collegues demonstrated the possibility to improve protein yield obtained in a CHO 
cell-free system using a CRPV IGR IRES (Brödel et al. 2013). By integration of CRPV IGR 
IRES into the 5´ UTR of a luciferase reporter, protein yields up to 50 µg/ml of active luciferase 
were received (Brödel et al. 2014). Interestingly, changing the start codon from an AUG to and 
GCU leads to a further improvement in protein yield (Brödel et al. 2013). This initial results 
show the high potential of CHO cell-free synthesis, but additional studies are required to 
improve the system and evaluate the potential for the integration into industrial protein 
production processes. 

1.3.2 Reaction formats of cell-free synthesis 

The first generation of cell-free protein synthesis was conducted in a “one-pot” reaction also 
termed as batch reaction. This simple to perform reaction mode shows major problems 
concerning a short reaction time leading to a limitation in received protein yields (Katzen et al. 
2005). The limited reaction are traced to the degradation of mRNA and the depletion of energy 
substrates including ATP and GTP (Kim, Swartz 1999). Due to the high-energy phosphate pool 
present in a cell-free reaction, free phosphates accumulate during protein translation. These free 
phosphates can complex magnesium leading to the inhibition of the protein translation (Katzen 
et al. 2005). To overcome these issues Spirin and colleagues introduced the principle of 
continuous cell-free systems that increase the protein yield from the range of µg/ml in a batch 
reaction up to several mg/ml in a continuous cell-free reaction (Spirin 2004). In principle, 
continuous cell-free systems are divided into two general reaction modes: the continuous flow 
cell-free reaction (CFCF) and the continuous exchange cell-free reaction (CECF) (Spirin 2004). 
Both reaction types correspond in their general principle, which is based on the principle to 
maintain a high level of small molecules (energy) and amino acids in the cell-free reaction, 
while removing inhibitory byproducts (Chong 2014).  

The CFCF system was developed to prevent the described problem of limitation (Spirin et al. 
1988). The reaction format enables a continuous supply of amino acids and nucleotides, 
whereas inhibitory byproducts are continuously removed. This leads to a prolonged reaction 
time up to 20-100 h (Baranov et al. 1989; Ryabova et al. 1995a; Spirin et al. 1988). A feeding 
buffer is pumped through the upper lid and consumed buffer was sucked through a 50-300 kDa 
ultrafiltration membrane (Spirin 2004; Baranov et al. 1989). This setup enables the direct 
removing of soluble protein products, while no leaking of translational machinery components 
is detected. The CFCF setup was tested for E. coli, wheat germ and rabbit reticulocyte based 
cell-free systems (Ryabova et al. 1995a; Spirin et al. 1988). The complexity of the CFCF format 
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and the impractical handling lead to the development of the simplified CECF system (Katzen 
et al. 2005). 

The general principle of the CECF system is based on the passive exchange of substrates due 
to diffusion gradients between two chambers. The chambers are divided into a reaction chamber 
containing the cell-free reaction and a feeding chamber harboring energy components. Various 
CECF reactor formats are reported including a simple dialysis bag or a flat membrane (Kigawa 
et al. 1999; Kim, Choi 1996; Madin et al. 1999), a hollow fiber reactor (Nakano et al. 1999) 
and a bilayer system (Sawasaki et al. 2002), where molecules will be exchanged across the 
boundaries of two lipid bilayers.  

The choice of a suitable system depends on several factors: How much protein is required for 
the desired application? What is the stability of the target protein? What is the difference 
between protein yields of batch and CECF/CFCF? Which production process constitutes a 
higher cost efficiency? Figure 7 illustrates the comparison of batch and CECF reaction and 
indicates the advantages and disadvantages of both systems. This indicates that the reaction 
format selection need to be considered for each individual protein production case. 

Batch-formatted cell-free reaction 

       +     Short reaction times 

       +     Low material requirement 

       -      Limited reaction time 

       -      Limited protein yield 

Continuous exchange cell-free reaction (CECF) 

     +      Prolonged protein translation time 

     +      Increased protein yields 

     -       Increased material costs 

     -       Special bioreactors required 

Figure 7 Comparison of a batch-formatted and a continuous exchange cell-free reaction. The protein 
synthesis performed in a batch-formatted reaction takes place in one chamber, which includes all components 
necessary for the cell-free synthesis. Protein synthesis requires a reaction time of 2-4 h depending on the lysate 
type and the desired target protein. This one pot reaction shows limitations concerning the protein yield, due to a 
limited presence of energy components and the accumulation of inhibitory byproducts. The continuous exchange 
cell-free reaction consists of a two-chamber device that contains a reaction and a feeding chamber separated by a 
semipermeable membrane. The reaction chamber includes all components required for a cell-free reaction, while 
energy components are present in the feeding chamber. Due to diffusion gradients, fresh energy is delivered from 
the feeding chamber to the reaction chamber in the cell-free reaction, whereas inhibitory byproducts are removed 
from the reaction chamber. This leads to a prolonged cell-free reaction time and significant increases in 
productivity. 
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1.3.3 Current applications of cell-free systems 

The cell-free protein synthesis platform enables a fast production of a wide variety of proteins, 
an adjustment and adaptation of reaction conditions due to the absence of a cell wall barrier and 
the cell maintenance independent production of various types of proteins, especially cytotoxic 
proteins. The advantages of a cell-free system in comparison to a cell based protein production 
open up new opportunities and improvements for a broad range of research and pharmaceutical 
relevant applications. The structural proteomics field conducts one of the relevant areas for the 
application of a cell-free system. Until today, a variety of protein structures is not estimated 
mainly including toxic proteins, membrane proteins, insoluble proteins and complex protein 
assemblies (Katzen et al. 2005). Membrane proteins cover more than 70% of potential drug 
targets (Khnouf et al. 2010), underlining the need for production and estimation of structural 
information to improve and accelerate drug development. Several in vitro translation studies 
are available showing the synthesis of membrane proteins in different cell-free systems 
(Klammt et al. 2006). Heinrich et al. demonstrated the production of folded phospho-MurNAc-
pentapeptide (MraY) translocases in a E. coli lysate system by supplementation of nanodiscs 
(Henrich et al. 2015). The co-translational insertion of membrane (1,3)-ß-D-glucan synthase 
was demonstrated by Periasamy et al. in a wheat germ cell-free system (Periasamy et al. 2013).  

Additional studies reported the synthesis of high yields of functional active mammalian 
membrane protein Epidermal Growth Factor Receptor (EGFR) in a Sf21 lysate cell-free system 
containing endogenous microsomal structures (Quast et al. 2016). This indicates that, the 
flexibility and the open character of cell-free platforms enable the synthesis of membrane 
proteins and prevent aggregation by the presence of natural or synthetic lipids (Carlson et al. 
2012). Further structural estimation of the membrane protein by NMR or X-ray crystallography 
requires the incorporation of isotopic labels. The supplementation of selenomethionine, a 
common NMR label, to in vivo protein production leads to poorly substitution, but revealed an 
efficient incorporation in the in vitro translation (Kigawa et al. 2002). The absence of barriers 
and the reduced amino acid metabolism result in a high incorporation efficiency (Katzen et al. 
2005). The estimation of protein structure coupled with the cell-free protein production is 
reported for a broad variety of proteins (Kobe et al. 2008; Apponyi et al. 2008; Shinoda et al. 
2016; Uhlemann et al. 2012). 

The growing amount of genetic information leads to the requirement of rapid, parallel and 
robust protein production platforms to study protein activities and interactions. To handle the 
upcoming amount of protein expressions, high-throughput synthesis (HTS) approaches become 
increasingly important (Chong 2014; Carlson et al. 2012). Cell-free protein synthesis has many 
advantages addressing the HTS of desired proteins. A unique feature of cell-protein synthesis 
is its ability to utilize linear DNA templates for protein synthesis (Schinn et al. 2016). The 
application of PCR products offers the advantage of fast DNA template generation without the 
need of laborious cloning steps traditionally used in in vivo approaches (Schinn et al. 2016). 
Apart from that, the combination of protein expression and direct functional assessment is 
beneficial to obtain a fast and efficient process line for screening and protein optimization. 
Initial studies by Woodrow and colleagues pioneered this area by parallel synthesis of 52 genes 
in an E. coli cell-free system combined with a cofactor screening to obtain the optimal 
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production conditions for each protein and a following calorimetric assay without purification 
(Woodrow et al. 2006). Utilizing the method for the discovery of potential malaria candidates 
was reported based on a cDNA library of malaria proteins and a protein synthesis in wheat germ 
extract (Tsuboi et al. 2008). The ability to produce 400 genes from Plasmodium Falciparum
genome, which causes malaria, indicates the relevance of cell-free protein synthesis combined 
with PCR templates and a HTS approach to evaluate and identify novel vaccine candidates 
(Tsuboi et al. 2010; Arumugam et al. 2014). Besides the application of PCR products, Gateway-
compatible vectors for high-throughput protein expression in pro- and eukaryotic cell-free 
systems were developed, which utilizes an “Independent Translation Initiation Sequence” 
(SITS) mediating recombinant protein expression in a variety of in vitro translation system 
(Gagoski et al. 2015). It is reported, that this approach can be reliably performed in multi-well 
plates based on large gene libraries (Gagoski et al. 2015).  

The development of protein microarrays provides several opportunities for functional 
proteomics studies, medical diagnostics, biomarker discovery (Matarraz et al. 2011) and 
personalized medicine (Yu et al. 2010). Despite the tremendous potential of protein 
microarrays, extensive preparation due to protein expression, purification and capture onto a 
surface and limited storage lead to reduced application of this technology. The combination of 
cell-free protein synthesis directly on a microarray and the direct surface attachment eliminates 
the bottlenecks and offers a potential improvement in the development of protein microarrays 
(He et al. 2008; Schinn et al. 2016). The “protein in situ array” (PISA) method and the “DNA 
array to protein array” (DAPA) method are generally used to setup a protein array based on 
cell-free technology. Both approaches showed a high relevance for enzyme screening 
(Alexandrov, Johnston 2014), protein–protein interaction studies (Casado-Vela et al. 2014; 
Chandrasekaran, Singh 2014) and biosensors development (Seefeld et al. 2012). Besides the 
applicability for HTS approaches and protein microarrays, the cell-free protein synthesis 
technology provides an efficient tool for fast and low cost engineering of enzymes and 
interacting proteins (Katzen et al. 2005). This in vitro directed evolution can incorporate protein 
libraries with high complexity in comparison to cell-based technologies (Golynskiy et al. 2013). 

The genetic code can be expanded by unnatural amino acids, which are tolerated by the 
translational machinery of prokaryotic and eukaryotic cells. The incorporation of non-canonical 
amino acids that contain chemically or physically reactive side chains provides a useful tool for 
functional and structural proteomics (Katzen et al. 2005). In in vivo systems, labeling of proteins 
using non-canonical amino acids is limited due to cytotoxity, a restricted transport across the 
cell membrane and low incorporation efficiencies (Young, Schultz 2010; Katzen et al. 2005). 
Due to the open system character, the cell-free platform circumvents these issues and provides 
a platform for incorporation of non-canonical amino acids. A broad range of protein labels are 
available enabling in particular the modification with fluorescence dyes for functional assays, 
the incorporation of purification molecules like biotin, labels for structural estimations and 
posttranslational modifications including glyco moieties (Liu, Schultz 2010). The incorporation 
of a specific label can be performed in a residue specific manner at defined amino acid residues 
(Worst et al. 2016) or at a specific position mostly conducted by incorporation of an unnatural 
stop codon at a desired position (Smith et al. 2014b). Nowadays, studies are available indicating 
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the possibility of labeling in various eukaryotic and prokaryotic cell-free systems (Hong et al. 
2014; Quast et al. 2015b; Harbers 2014). The described technology shows a high potential for 
promising applications including ligand–protein interaction studies (Pless, Ahern 2013), 
biotherapeutics (Zimmerman et al. 2014) and biocatalysis (Zheng, Kwon 2013). 

Cell-free synthesis offers a tool for fast, efficient and cost-effective screening and production 
of relevant pharmaceutics. It shows a prospective potential for personalized medicine by 
production and downstream processing of specifically required proteins in a few days (Kanter 
et al. 2007). The development and improvement of the systems indicate the growing role in the 
pharmaceutical development pipeline and the potential of cell-free synthesis platforms.  

1.4 Model- and “Difficult-to-express” proteins 

Luciferase 

Fireflies communicate with each other by emitting yellow-green to yellow-orange light, a 
phenomena, which is termed bioluminescence (Nakatsu et al. 2006). This reaction is performed 
by luciferases, enzymes that catalyze the oxidation of specific substrates including the 
formation of oxyluciferin followed by light emission (Thorne et al. 2010). Different organisms 
express various types of luciferases, whereas the most prominent ones are constituted by 
fireflies (Lampyridae), click beetles (Elateridae), glow worms (Phengodidae) and sea pansy 
(Renilla) (Fan, Wood 2007). The characteristics of bioluminescence activity are applied to 
biological assay since the late 1980 (Wet et al. 1985). Utilized for high-throughput screenings 
and drug discovery applications the firefly luciferase (FLuc) derived from Photinus pyralis 
provides the commonly used tool for biological bioluminescence applications (Nakatsu et al. 
2006). FLuc, a monomeric, 61 kDa enzyme requires no posttranslational modifications for its 
activity (Fan, Wood 2007). These enzymes catalyze the transfer of an adenylate group to a 
substrate to form an enzyme associated intermediate. In the presence of luciferin, ATP, oxygen 
and a metal ion (Mg2+), an enzyme-bound luciferyl-adenylate is formed followed by the 
oxidation to an unstable luciferin dioxetanone, which generates CO2 and an electronically 
excited oxiluciferin (Thorne et al. 2010). The spontaneous decay of excited oxiluciferin to 
ground state leads to the generation of photons detectable in the visible region of the electronic 
spectrum (550 nm-570 nm) (Leit o, Esteves da Silva 2010). The FLuc system is widely used 
for bioanalytical, biomedical, pharmaceutical and diagnostic applications for the performance 
of gene reporter assays, microbial detections, immunoassays, biosensing and bioimaging as 
well as the determination of ATP concentrations (Leit o, Esteves da Silva 2010). The reporter 
gene assay provides one of the most relevant application and is often used for HTS approaches 
(Fan, Wood 2007). In this technology an operative regulatory element of gene transcription is 
coupled to a luciferase gene to enable the determination of signal transduction pathway activity 
(Fan, Wood 2007). By activation of the signal pathway corresponding to the regulatory element, 
luciferase accumulates in the cell. The light intensity of FLuc bioluminescence correlates with 
the protein yield, which allows the quantification of active FLuc (Fan, Wood 2007). 
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Erythropoetin 

Erythropoietin (EPO), an endogenous hormone in the human body, regulates the proliferation, 
differentiation and maturation of red blood cells. The binding of erythropoietin receptor, a 
cytokine family receptor, leads to a receptor homodimerization and following activation of 
several intracellular pathways including JAK2/STAT, RAS, calcium channels and kinases 
(Thilaka, Kumar 2016). EPO is mainly produced in liver and kidney and a relevant drug for the 
treatment of renal failure and anemia (Eschbach et al. 1987; Winearls et al. 1986). The protein 
structure of EPO is characterized by the presence of three N-glycosylation sites, one                      
O-glycosylation site and two disulfide bridges (Lai et al. 1986). The protein consists of 165 
amino acids harboring an entire molecular weight of around 30 kDa (Mocini et al. 2007). The 
degree of glycosylation is relevant for the activity of the protein, while variations lead to altered 
pharmacogenetics and pharmacodynamics (Thilaka, Kumar 2016). Recombinant EPO for 
therapeutic applications is generally produced in CHO cells, whereas two types of EPO (alpha 
and beta) are available (Storring et al. 1998).  

Bonemorphogenetic protein 2  

The family of bone morphogenetic proteins (BMPs) comprises over 20 members involved in 
embryogenesis, skeletal formation, hematopoiesis and neurogenesis (Yang et al. 2014, 2014). 
Firstly isolated from bone matrix by Urist in 1965 (Urist 1965), BMPs have become a relevant 
object to understand development processes especially bone and cartilage formation. Studies 
relating to the evaluation of BMP2 function indicate the relevance of this BMP family member. 
Knockout mice lacking BMP2 do not show the ability of endochondral bone formation. BMP2 
is indispensable for the proliferation and differentiation of osteoprogenitor cells into osteoblasts 
to initiate bone formation (Bais et al. 2009; Rosen 2009). Hence, BMP2 plays a significant role 
in the differentiation of mesenchymal cells into osteoblasts, which indicates the importance of 
BMP2 for drug development (Salazar et al. 2016). BMP2 consists of three parts: A N-terminal 
signal peptide, a prodomain and the C-terminal chain of mature protein (Xiao et al. 2007). The 
entire proprotein contains 453 amino acids, whereas mature protein consists of the 114                 
C-terminal residues and comprises a molecular weight around 32 kDa (Scheufler et al. 1999). 
Three intrachain disulfide bridges also termed as cysteine-knot folding motif form the core of 
BMP2 stabilizing the protein (Scheufler et al. 1999; McDonald, Hendrickson 1993). Four glyco 
residues are present, but only one is located in the matured protein. To obtain a biologically 
active form, matured BMP2 forms homo- and heterodimers by disulfide bridge linkage. 
Heterodimers of BMP5, BMP6 and BMP7 linked with BMP2 are found in mammalian cells 
(Little, Mullins 2009; Yang et al. 2014). Binding of BMP2 to the corresponding membrane 
receptors induces bone formation. This comprises the interaction with two types of BMP 
receptors, assembled in a heterotetrameric complex (Heldin et al. 1997; Wang et al. 2014). 
Binding of BMP2 leads to the phosphorylation of type I receptor by type II at a glycine-serine 
rich motive resulting in the activation of intrinsic phosphorylation activity of type I. Type I 
receptor further phosphorylates downstream substrates, the R-Smads, at a C-terminal SSXS 
motif (Horbelt et al. 2012). R-Smads associate with co-Smads and translocate into the nucleus 
to act as transcription factor for osteogenesis related genes (Heldin, Moustakas 2012, 2012). 
Additional transcription factors are involved in the gene activation including RunX2 and MSX2 
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(Chen et al. 1997). Apart from the canonical BMP2 signaling pathway, additional non-
canonical pathways can be activated including MAPK, PI3K/AKT, P/kc,Rho-GTPase (Wang 
et al. 2014). 

Single chain variable fragment antibody 

Antibodies are a relevant part of mammalian immune systems, which bind against non-self-
agents including viral and bacterial particles. Recombinant antibodies have become relevant 
tools in medical diagnostics and therapeutic applications. The growing demand in the field of 
antibody production leads to the development of different antibody formats (Weisser, Hall 
2009). Small antibody fragments alternatively used to the full-length antibodies show specific 
advantages (Bird et al. 1988). These molecules reveal a better penetration into tissue and a rapid 
clearance that is preferable for some clinical applications (Blažek, Celer 2003). One of the most 
popular small antibody fragment is the single chain variable fragment (scFv), a 26-28 kDa 
protein (Maynard, Georgiou 2000). The scFv contains the complete antigen binding domain of 
an antibody in terms of the variable heavy (VH) and light (VL) domains. A flexible, hydrophilic 
peptide linker consisting of a 10-25 amino acid sequence connects the domains of the scFv 
(Ahmad et al. 2012). The direction of connection can affect the efficiency, stability and antigen 
binding affinity, but commonly a VH-linker-VL connection revealed most beneficial properties 
(Weisser, Hall 2009). The production of scFv can be performed in different prokaryotic and 
eukaryotic organisms. Due to the absence of glycosylation modifications, scFv are easily 
expressed in E. coli (Wang et al. 2008). Different approaches are available to realize the 
production in E. coli expression systems. The scFv can be directly expressed in the cytoplasm 
of an E. coli cell, but the presence of disulfide bridges lead to protein aggregation and the need 
for following solubilization with denaturing agents (e.g. 8 M urea) and subsequent refolding 
(Weisser, Hall 2009). Alternative methods used a pelB leader sequence for the direct 
translocation into the oxidizing environment periplasm (Padiolleau-Lefèvre et al. 2006) and a 
secretion sequence for direct release into the cell culture supernatant (Fraile et al. 2004). 

Besides the prokaryotic system, the production of scFv is performed in various eukaryotic cell 
platforms including Saccharomyces cerevisiae (Hackel et al. 2006), Pichia pastoris (Ren et al. 
2008), insect cells (Bruenke et al. 2004), plant cells (Mayfield et al. 2003) and mammalian cells 
(Natsume et al. 2005). Eukaryotic cells provide a more natural environment enabling the 
translocation of scFv into the endoplasmic reticulum for correct disulfide bridge formation and 
protein folding (Blažek, Celer 2003). 

Epidermal growth factor receptor 

The Epidermal growth factor receptor (EGFR), a cell surface receptor, belongs to the ERB 
family of tyrosine kinases and plays a significant role in cell proliferation, survival and 
differentiation (Herbst 2004). The 170 kDa receptor is highly glycosylated and consists of an 
extracellular domain, a hydrophobic transmembrane domain and a intracellular catalytic 
tyrosine kinase domain harboring several tyrosine residues (Cummings et al. 1985; Olayioye et 
al. 2000). The extracellular domain is divided into four main parts (DI, DII, DIII, DIV) (Yewale 
et al. 2013). The receptor is activated by ligand binding at DI and DIII, while DIII harbors a 
higher binding affinity (Lax et al. 1991; Lemmon et al. 1997). DI and DIII are characterized by 
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leucine rich repeats, DII and DIV contain cysteine rich regions leading to the formation of 
multiple small disulfide bridges modules (Ward et al. 1995). The activation of EGFR is induced 
by a broad diversity of ligands including epidermal growth factor (EGF) (Bodnar 2012), 
transforming growth factor alpha (TGF-α) (Henriksen et al. 2013), amphiregulin (McGowan et 
al. 2013), betacellulin (Riese et al. 1996), epigen (Strachan et al. 2001), epiregulin (Cho et al. 
2008), heparin-binding EGF (Raab, Klagsbrun 1997) and neuregulin 2β (Burgess 2008), which 
are generally expressed as membrane integral proteins cleaved by metalloproteinases for 
activation. Ligand binding stabilizes the EGFR in an extended conformation enabling receptor 
homo dimerization (Yewale et al. 2013). The dimerization promotes tyrosine kinase stability 
and following autophosphorylation of up to 10 intrinsic tyrosine residues (Schulze et al. 2005). 
Due to receptor phosphorylation, cytosolic proteins containing a Src homology 2 domain or a 
phospho-tyrosine binding domain are activated (McCune, Earp 1989). These downstream 
effectors are involved in multiple signaling pathways including RAS, MAPK, Src, STAT3/5, 
PLCγ and PKC associated with cell growth, differentiation and migration (Lemmon, 
Schlessinger 2010). Aberrant activation of EGFR signaling due to receptor overexpression, 
mutations and ligand independent activation results in the development of cancer. The 
dysregulation of receptor activity has been observed in various cancer types including breast, 
bladder, renal, colon and ovarian cancer (Yarden, Sliwkowski 2001). This indicates the 
relevance for the development of anti-cancer drugs targeting the EGFR signal pathway. 

Voltage gated potassium channel 

Voltage gated channels respond to changes in the cell membrane potential by an opening and 
closing state to release of a specific class of ions. They play a significant role in human body 
concerning the formation of action potentials and neural signal transmissions. Mutations of ion 
channel sequence are related to server diseases including neuronal diseases like epilepsy, 
Alzheimer's disease, Parkinson's disease and schizophrenia (Dworakowska, Dolowy 2000, 
2000). Thus, research concerning the structure and functionality is required for the development 
of novel drugs. A model ion channel, showing high similarities compared to human ion 
channels (Kv channels), is often selected to study the functionality and structure of ion channels. 
The voltage gated potassium channel derived from archeabacterium Aeropyrum Pernix., also 
termed as KvAP, has become an important model protein relating these issues (Lee et al. 2005). 
KvAP consists of a central pore (S1/S2) and four peripheral voltage-sensing domains (S3-S6), 
which respond to changes in membrane potential (Ruta et al. 2005). The ion channel has an 
“up” and a “down” state, indicating the open and the closed conformations, respectively. A 
highly conserved amino acid sequence in the S4 subunit forms a helical hairpin structure, the 
so-called voltage sensor paddle (Jiang et al. 2003, 2003). Under influence of electric fields, 
residues in the voltage sensor paddle move to build up the open conformation of the channel 
(Jiang et al. 2003).  
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1.5 Scope of the work 

The recombinant protein production has become a highly relevant topic for research 
applications and in pharmaceutical industry. Various prokaryotic and eukaryotic cell-based 
platforms are available enabling the production of pharmaceutical relevant target proteins and 
drugs. A prominent in vivo production system is based on Chinese Hamster Ovary (CHO) cells 
and comprises the production of 70% of therapeutic protein drugs (Jayapal et al. 2007). Cellular 
systems are limited in the expression of some classes of proteins including membrane proteins 
and toxins due to cytotoxic effects and reduced cell growth. More than 70% of all current drug 
targets are covered by membrane proteins indicating the relevance of the development of 
suitable protein expression systems (Lundstrom 2006). To circumvent the issues of cellular 
systems, alternative protein production systems were developed based on cell lysates, also 
termed as cell-free protein synthesis system. The cell lysate contains a complete translational 
machinery enabling the production of a protein by direct supplementation of a suitable DNA 
template in a few hours up to several days. Specialized eukaryotic cell-free systems contain 
endogenous microsomal structures derived from endoplasmic reticulum. These systems enable 
the formation of posttranslational modifications and direct embedding of proteins into a nature 
like milieu thereby addressing especially complex mammalian proteins. 

This study is focused on the development of a eukaryotic cell-free system by combination of 
the prominent production host CHO cells with the in vitro translation technology to obtain a 
microsome containing cell-free system suitable to industrial protein production. This system 
shall improve the industrial production pipeline by enabling a fast template pre-screening (DNA 
or protein) prior in vivo production of proteins and thereby reduce the development time and 
costs. The initial development of a batch based CHO cell-free system is reported by Broedel et 
al. (Brödel et al. 2014) using a CRPV IGR IRES for translation initiation (Brödel et al. 2013). 
The basic results were used for further system improvement and development of novel CHO 
lysate based systems for high-yield protein production.  

The thesis is divided into four main parts:  

The first part will contain the evaluation and optimization of the cell lysate preparation. The 
preparation can be divided into cell cultivation, cell disruption and lysate reconditioning. For 
cell cultivation, it is aimed to optimize the biomass production by adjusting the cell 
fermentation mode to maximize the production of translational active cell lysate. Moreover, 
media conditions shall be tested to evaluate the influence of cell culture media to the 
translational activity of derived cell lysates. Different cell disruption methods and 
chromatography shall be analyzed to enable an upscaling of cell disruption and reconditioning. 
The obtained results shall give an inside into the adaptability of CHO lysate production to 
process scale-up to allow for the integration into industrial protein production pipelines. 

The second part of this study will deal with batch-formatted CHO cell-free systems based on 
the previously obtained results of Broedel et al. (Brödel et al. 2014). In this part, the diversity 
of the system will be analyzed to see if the platform is suitable for industrial and high-
throughput approaches. Therefore, different plasmid backbones shall be tested for their possible 
application to the system. Reaction parameters will be analyzed to improve the system 
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productivity including the evaluation of plasmid concentration, T7 RNA polymerase 
concentration and molecular crowding effects in the CHO cell-free system. Apart from circular 
DNA templates, linear PCR products provide an essential tool for fast generation of desired and 
modified genes thereby indicating a high potential for high-throughput applications. 
Additionally, the opportunity to use linear DNA templates in the CHO cell-free system will be 
investigated. Besides the diversity of the system concerning the DNA template, the synthesis 
of various protein types, mainly “difficult-to-express” proteins will be investigated and 
incorporation of non-canonical amino acids will be analyzed, to expand the applications of 
CHO cell-free systems. 

The third part of this thesis comprises the development of a protein production system 
combining the CHO lysate with a CECF formatted cell-free reaction. The CECF formatted cell-
free system shall be optimized to obtain ideal conditions for protein production. Different 
additives, reaction conditions and DNA templates shall be investigated to receive high protein 
yields. The production of transmembrane proteins, ion channels and single chain variable 
antibodies shall be performed to evaluate the possibility to produce various classes of functional 
proteins using a CHO CECF system. The CHO CECF system shall enable a reliable and flexible 
platform for the production of active mammalian proteins to create a faster and more efficient 
platform for protein research and improve the industrial protein production pipeline. 

The fourth part is aimed to investigate the molecular bottlenecks of the CHO cell-free system 
concerning the translational machinery. Previous results were obtained using a CRPV IGR 
IRES sequence to enable translation factor independent translation initiation. The utilization of 
a DNA template with cap-dependent translation initiation showed low protein production 
efficiency. In this chapter, it is aimed to analyze the presence and activity of translation factors 
in CHO cell-free synthesis systems. Based on the received results, the activation of cap-
dependent translation initiation shall be improved by the application of chemical components 
addressing the activity of translation factors. The activation of cap-dependent translation 
initiation will further increase the applicability of the CHO cell-free system and will enable the 
direct protein production based on the canonical pathway of translation initiation. 
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2. Materials and Methods 

2.1 Materials 

2.1.1 Chemicals, biochemicals and reagents 
14C-Leucine Perkin Elmer 
14C-Mannose Perkin Elmer 

5´Cap analogue m7G(ppp)G (Cap I) Warsaw University, Prof. Darzynkiewicz

Acetone, analytical grade VWR International GmbH  

Acetone, technical grade VWR International GmbH 

Agar-agar Carl Roth GmbH und CO. KG 

Amino acids Merck KGaA 

Ampicillin Sigma-Aldrich GmbH 

Adenosine triphosphate (ATP)  Roche Deutschland Holding GmbH 

Bio-Beads SM-2 Bio-Rad Laboratories GmbH 

BODIPY-TMR lysine tRNAPhe Biotech Rabbit GmbH 

Bovine serum albumin (BSA) Sigma-Aldrich GmbH 

Calcium chloride (CaCl2) Carl Roth GmbH und CO. KG 

Casein hydrolysate Carl Roth GmbH und CO. KG 

Creatine phosphate Roche Deutschland Holding GmbH 

Cytidine triphosphate (CTP) Roche Deutschland Holding GmbH 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich GmbH 

Dodecyl-β-D-maltoside (DDM) Qiagen GmbH 

DOPC (1,2-dioleoyl-sn-glycero-3-phospho-
ethanolamine-N-(cap biotinyl)) 

Avanti Polar Lipids, Inc 

DOTAP (1,2-dioleoyl-3-trimethylammonium-propane) Avanti Polar Lipids, Inc. 

DTT (lysate supplement) Life technologies GmbH 

DTT (SDS-PAGE) Applichem GmbH 

Ethanol     Carl Roth GmbH und Co. KG 

Ethylene diamine tetra acetic acid (EDTA) Biomol GmbH 

Ethylene glycol tetra acetic acid (EGTA) Biomol GmbH 

Ficoll 70 Sigma-Aldrich GmbH 

Ficoll 400 Sigma-Aldrich GmbH 

Glycerine Carl Roth GmbH und CO. KG 

Glucose Merck KGaA 

GTP Roche Deutschland Holding GmbH 

Hydroxyethyl-piperazineethane sulfonic acid (HEPES) Biomol GmbH 

Isopropanol, analytical grade VWR International GmbH 
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Luciferase assay reagent Promega GmbH 

Lysogeny broth (LB) Carl Roth GmbH und Co. KG 

Magnesium acetate (Mg(OAc)2) Fluka Analytical 

Magnesium chloride (MgCl2) Merck KGaA 

Magnesium sulfate (MgSO4) Merck KGaA 

Manganese chloride (MnCl2) 

Methanol 

Merck KGaA 

Carl Roth GmbH und Co. KG 

NP-40         New England Biolabs 

Octane Sigma-Aldrich GmbH 

Peptone Carl Roth GmbH und Co. KG 

PeqGOLD universal agarose     

Phosphate-buffered saline (PBS) (for CFPS) 

Peqlab 

Biochrom GmbH 

Phosphate-buffered saline (PBS) (for ELISA) ICN Biomedicals GmbH 

Polyethylene glycol 400 Carl Roth GmbH und CO. KG 

Polyethylene glycol 1500 Carl Roth GmbH und CO. KG 

Polyethylene glycol 3500 Carl Roth GmbH und CO. KG 

Polyethylene glycol 5000 Carl Roth GmbH und CO. KG 

Polyethylene glycol 20000 Carl Roth GmbH und CO. KG 

Potassium acetate (KOAc) Carl Roth GmbH und CO. KG 

Potassium chloride (KCl) Merck KGaA 

Potassium hydroxide (KOH) Merck KGaA 

RNasine Ribonuclease inhibitor Promega GmbH 

Sephadex GE Healthcare 

Sodium acetate (NaOAc) Merck KGaA 

Sodium azide (NaN3) Merck KGaA 

Sodium bicarbonate (NaHCO3) Carl Roth GmbH und CO. KG 

Sodium chloride (NaCl) Merck KGaA 

Sodium orthovanadate  (Na3VO4) Sigma-Aldrich GmbH 

Spermidine Serva Electrophoresis GmbH 

Streptavidin Serva Electrophoresis GmbH 

Sulphuric acid (H2SO4) Carl Roth GmbH und CO. KG 

Trichloroacetic acid (TCA) Carl Roth GmbH und CO. KG 

Tris (hydroxymethyl) amino methane (Tris) Sigma-Aldrich GmbH 

Trypan blue        Sigma-Aldrich GmbH 

Tween-20  Sigma-Aldrich GmbH 

Uridine triphosphate (UTP) Roche Deutschland Holding GmbH 

Yeast extract Carl Roth GmbH und CO. KG 
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2.1.2 Buffers, solutions and standards 

For preparation of all self-made buffers ultrapure water derived by reverse osmosis and ion 
exchange (Arium 611V laboratory water system, Sartorius) was used. In the following part, 
purified water is described with the term ddH20. 

Cell disruption and reconditioning

Disruption and reconditioning buffer 
40 mM HEPES-KOH 

100 mM NaOAc 

4 mM DTT  

pH 7.5 

DNA analytics (Agarose gel) 
2-Log DNA ladder 0.1 - 10.0 kb New England Biolabs GmbH 

DNA quantifying marker QSK 1000 Carl Roth GmbH und CO. KG 

DNA stain clear G 

Gel loading dye blue (6x) 

Serva Electrophoresis GmbH 

New England Biolabs GmbH 

Tris base borate EDTA (TBE) (10 x) Carl Roth GmbH und CO. KG 

Electrophysiological measurement 
Electrolyte solution for lipid dissolving  
2 mg/ml octane 

500 mM KCl 

10 mM HEPES 

pH 7.45 

ELISA 
Washing solution 
0.1% Tween (w/v) in ddH20 

Blocking solution 
2% (w/v) BSA in PBS 

Peptide solution (scFv ELISA) 
SMAD2-P peptide                

(Biotin-PEG-(GGS) 

2GPLQWLDKVLTQMGSPSVRCSpSMpS

Peps4LS GmbH 
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Sample and antibody dilution solution 
1% (w/v) BSA in PBS 

ELISA detection 
Tetramethylbenzidine (TMB) (substrate solution) Life Technologies GmbH 

0.5 M H2SO4 in ddH20 (stop solution)  

Glycosidase assay 
PNGase F treatment 
Glycoprotein denaturing buffer (10 x) New England Biolabs GmbH 

G7 reaction buffer (10 x) New England Biolabs GmbH 

NP-40 (10%) New England Biolabs GmbH 

Endo H treatment 
Glycoprotein denaturing buffer (10 x) New England Biolabs GmbH 

G5 reaction buffer (10 x) New England Biolabs GmbH 

Hot TCA precipitation and scintillation measurement 
TCA/casein hydrolysate 
10% (v/v) TCA  

2% (w/v) casein hydrolysate 

TCA solution for preparation of scintillation measurement 
5% (v/v) TCA 

Scintillation solution 
Quicksafe A scintillation cocktail Zinsser Analytic GmbH 

Kinase assay 
Pretreatment with calf intestinal phosphatase 
CutSmart buffer (10x) New England Biolabs GmbH 

Kinase assay buffer 
100 mM HEPES pH 7.6 

1% (v/v) Glycerol 

0.1 mg/ml BSA 

5 mM MgCl2 

1.25 mM MnCl2 

0.1 mM Na3VO4 

2 µM Caspase Inhibitor 

0.2 mM ATP 
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Polymerase chain reaction (PCR) 
HotStar HiFidelity PCR Buffer (5x) Qiagen GmbH 

SDS-PAGE 
NuPAGE MES SDS running buffer (20x) Life Technologies GmbH 

NuPAGE Tris-Acetate SDS running buffer (20x) Life Technologies GmbH 

NuPAGE LDS sample buffer (4x) Life Technologies GmbH 

SeeBlue Plus2 Pre-Stained Standard Life Technologies GmbH 

SimplyBlue Safe Stain Life Technologies GmbH 

Western Blot 
TBS Tris buffered saline (10x) 
200 mM Tris base  

1.5 M NaCl  

pH 7.6  

TBS/T Wash buffer (1x) 
1x TBS 

0.1% (v/v) Tween-20 

Blocking and antibody dilution solution 
2% (w/v) BSA in PBS

Detection solution 

Amersham ECL select western blot detection reagent GE Healthcare 

2.1.3 Enzymes  

Calf intestinal alkaline phosphatase (CIP) New England Biolabs GmbH 

Creatine kinase Roche Deutschland Holding GmbH 

Endoglycosidase H (Endo H) (500,000 U/ml) New England Biolabs GmbH 

Fast digest restriction nucleases Thermo Fisher Scientific, Inc. 

HotStar HiFidelity DNA Polymerase (2.5 U/µl) Qiagen GmbH 

Nuclease S7 Roche Deutschland Holding GmbH 

Peptide-N-Glycosidase F (PNGase F) (500,000 U/ml) New England Biolabs GmbH 

T7 RNA polymerase       Agilent 

2.1.4 Antibodies 

Anti-Luciferase antibody, Rabbit monoclonal Abcam  

Anti-rabbit IgG, HRP-linked Antibody 7074 Cell Signaling Technology Inc. 

eEF2 Antibody Cell Signaling Technology Inc. 

eIF2α (D7D3) XP® Rabbit mAb  Cell Signaling Technology Inc. 
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Monoclonal anti-c-Myc-tag antibody 9E10 UP Transfer GmbH, Jörg Schenk 

mTOR (7C10) Rabbit mAb  Cell Signaling Technology Inc. 

Phospho-4E-BP1 (Thr37/46) (236B4) Rabbit mAb  Cell Signaling Technology Inc. 

Phospho-Akt (Ser473) (D9E) XP® Rabbit mAb  Cell Signaling Technology Inc. 

Phospho-eEF2 (Thr56) Antibody Cell Signaling Technology Inc. 

Phospho-eIF2α (Ser51) (D9G8) XP® Rabbit mAb  Cell Signaling Technology Inc. 

Phospho-eIF4E (Ser209) Antibody Cell Signaling Technology Inc. 

Phospho-EGF Receptor (Tyr1068)  

(D7A5) XP Rabbit mAb 3777 

Cell Signaling Technology Inc. 

Phospho-mTOR (Ser2448) (D9C2) XP® Rabbit mAb  Cell Signaling Technology Inc. 

Phospho-p70 S6 Kinase (Thr389) (108D2) Rabbit mAb  Cell Signaling Technology Inc. 

Phospho-S6 Ribosomal Protein (Ser235/236) (D57.2.2E) 
XP® Rabbit mAb 

Cell Signaling Technology Inc. 

2.1.5 Kits 

BCA protein assay kit Thermo Fisher Scientific, Inc. 

PathScan® Phospho-eIF2α (Ser51) Sandwich 
ELISA 

Cell Signaling Technology Inc. 

PureLink HiPure Plasmid Midikit Prep  Thermo Fisher Scientific, Inc. 

2.1.6 Plasmids 

Table 2 Summary of all plasmids used in this thesis. (CRPV: CRPV IGR IRES, EMCV: EMCV IRES, Mel: 
Melittin signal peptide, eYFP: enhanced yellow fluorescent protein)

Plasmid Target protein MW of 
protein 
(kDa) 

Origin 

pIX3.0-CRPV-Luc Firefly luciferase 61 Fraunhofer IZI 

pcDNA3.1-CRPV-Luc Firefly luciferase 61 GeneArt, Thermo 
Fisher Scientific, 
Inc. 

pGem-EMCV-Luc Firefly luciferase 61 Fraunhofer IZI 

pT7CFE1-EMCV-Luc Firefly luciferase 61 Thermo Fisher 
Scientific, Inc. 

pIX4.0-Luc Firefly luciferase 61 Fraunhofer IZI 

pIX2.0-CRPV-Mel-EPO  Erythropoietin  (1 Glyco site) 21 Fraunhofer IZI 
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pIX3.0-CRPV-eYFP Enhanced yellow fluorescent 
protein 

27 Fraunhofer IZI 

pIX3.0-Mel-EGFR-eYFP Epidermal growth factor 
receptor with C-terminal 
eYFP fusion 

162 Fraunhofer IZI 

pIX3.0-CRPV-Mel-EGFR-
eYFP 

Epidermal growth factor 
receptor with C-terminal 
eYFP fusion 

162 Fraunhofer IZI 

pIX3.0-Mel-SH527-IIA4 scFv against SMAD2-P 30 Fraunhofer IZI 

pIX3.0-CRPV-Mel-KvAP Voltage dependent potassium 
channel 

32.5 Fraunhofer IZI 

pIX3.0-CRPV-KCSA Potassium channel 17 Fraunhofer IZI 

pIX3.0-CRPV-TRPVI-eYFP Transient receptor potential 
vanilloid 1 TRPVI with C-
terminal eYFP fusion 

117 Fraunhofer IZI 

pIX3.0-CRPV-OPMR1 mu opioid receptor 45 Fraunhofer IZI 

pIX3.0-CRPV-ChRh Channel rhodopsin 1 77 Fraunhofer IZI 

pIX3.0-CRPV-B2AR β-adrenergic receptor 2 46 Fraunhofer IZI 

pMA-CRPV-hERG Voltage dependent potassium 
channel hERG 

126 GeneArt, Thermo 
Fisher Scientific, 
Inc.  

peGFP-hBMP2 Bone morphogenic protein 2 48 University 
Bayreuth 

pMA-CRPV-Mel-hBMP2 Bone morphogenic protein 2 48 GeneArt, Thermo 
Fisher Scientific, 
Inc. 
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2.1.7 DNA primers 

Table 3 Summary of all oligonucleotide primer used in this study.

Name Oligonucleotide sequence 

C-0 5´ Biotin-ATG ATA TCA CCG GTG AAT TCG GAT CCA AAA AAC 
CCC TCA AGA CCC GTT TAG AGG CCC CAA GGG GTA CAG ATC 
TTG GTT AGT TAG TTA TTA 3´ 

N-0 5´ Biotin-ATG ATA TCT CGA GCG GCC GCT AGC TAA TAC GAC TCA 
CTA TAG GGA GAC CAC AAC GGT TTC CCT CTA GAA ATA ATT 
TTG TTT AAC TTT AAG AAG GAG ATA AAC AAT G 3´ 

F-oe-Mel-hBMP2 5´ TAC ATT TCT TAC ATC TAT GCG GAC GCG GCT GGC CTC GTT 
CCG 3´ 

R-hBMP2 5´ TTG TGG GTG TCG CTA GTA ATA ACT AAC TAA CCA AG 3´ 

F-Mel 5´ ATG AAA TTC TTA GTC AAC GTT 3´ 

R-eYFP  5´ GAT CTT GGT TAG TTA GTT ATT ACT TGT ACA GCT CGT CCA 
TGC 3´ 

R-Mel-CRPV 5´ AAC GTT GAC TAA GAA TTT AGC AGG TAA ATT TCT TAG GT 3´

2.1.8 Cell lines 

Chinese hamster ovary cells (CHO-K1) ECACC 

E. coli strain K12 JM109 New England Biolabs GmbH 

2.1.9 Media 

E. coli cultivation 

LB medium 

20 g/l  

Carl Roth GmbH und Co. KG 

LB agar plates 

20 g/l LB medium  
15 g/l agar powder 

Super optimal broth with catabolite repression 
(SOC) medium 

20 g/l peptone 

5 g/l yeast extract  
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10 mM NaCl  

2.5 mM KCl  

10 mM MgCl2  

10 mM MgSO4  

20 mM glucose 

 pH 7.0

CHO cell cultivation 

Cell culture media  

L-alanyl-L-glutamine Sigma-Aldrich GmbH 

PowerCHO-1 CD Lonza 

PowerCHO-2 CD Lonza 

PowerCHO-3 CD  Lonza 

PROCHO-5 Lonza 

Cell freezing media 

80% FCS and 20% DMSO 

2.1.10 Inhibitors 

Table 4 List of used caspase inhibitors. 

Caspase inhibitor Target caspases Supplier 

Z-VAD-FMK Inhibits all caspases Promega GmbH 

Ac-VAD-CMK Inhibits all caspases CPC Scientific Inhibits 

Ac-DEVD-CMK Caspase-3, -6, -7, -10 Santa Cruz Biotechnology 

Q-VD-OPh Caspase-1, -3, -8, -9 R&D Systems 

Z-WEHD-FMK Caspase-1 R&D Systems 

Z-VDVAD-FMK Caspase-2, -3, -7 R&D Systems 

Z-DEVD-FMK Caspase-3 R&D Systems 

Z-YVAD-FMK Caspase-1, -4 R&D Systems 

Z-VEID-FMK Caspase-6 R&D Systems 

Z-IETD-FMK Caspase-8 R&D Systems 

Z-LEHD-FMK Caspase-9 R&D Systems 

Z-AEVD-FMK Caspase-10 R&D Systems 

Z-LEED-FMK Caspase-13 R&D Systems 

Ac-VAD-CHO Caspase-1, -3, -4, -7 Santa Cruz Biotechnology 

Ac-AAVALLPAV 
LLALLAPDEVD-CHO     

Caspase-3, -6, -7, -8, -10 Santa Cruz Biotechnology 
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Kinase inhibitors 

2-Aminopurine Sigma-Aldrich GmbH 

GSK2606414 (C38) TOCRIS bioscience 

Sorafenib Carbosynth Ltd 

2.1.11 Consumables 

µ-slide, 18 well Ibidi GmbH 

Costar 96-well microtiter plate (flat bottom, clear) 

Electroporation cuvettes 1 mm 

Sigma-Aldrich GmbH 

Bio-Rad Laboratories GmbH 

Filter tips SafeSeal Professional Biozym Scientific GmbH 

Glass fiber papers MN GF-3 Macherey-Nagel GmbH & Co. KG 

iBlot® Transfer Stack, PVDF, regular size Thermo Fisher Scientific Inc. 

Illustra NAP-25 columns GE Healthcare 

Immersion oil 518F Carl Zeiss AG 

Microplate 96-well, black Berthold Technologies GmbH & Co. KG 

Nunc 96-well microtiter plates (flat bottom, black) Thermo Fisher Scientific Inc. 

NuPAGE 3-8% Tris-Acetate gels Life Technologies GmbH 

NuPAGE 10% Bis-Tris gels Life Technologies GmbH 

Parafilm M Pechiney Plastic Packaging 

Petri dish, 12 x 12 cm Greiner Bio-One International AG 

Rotilabo Blotting paper, 1.0 mm Carl Roth GmbH und CO. KG 

Scintillation vials Zinsser Analytic GmbH 

Sephadex G-25 Columns GE Healthcare 

Small scale CECF device 5Prime GmbH 

Xpress Dialyzer CECF device MD 100  

(different cut off´s) 

Scienova 

Xpress Dialyzer CECF device MD 1000 Scienova 

2.1.12 Instruments 

Agarose gel imager (Gel iX Imager) Intas Science Imaging Instruments GmbH 

Agarose gel system (PerfectBlue Gelsystem) Peqlab Biotechnologie GmbH 

Äkta Prime GE Healthcare 

Arium 611V laboratory water system Sartorius Stedim Biotech GmbH 

Arium Pro Level Probe Sartorius Stedim Biotech GmbH 

Balances BP41005 and BP211D Sartorius Stedim Biotech GmbH 

Bioreactor Biostat B-DCU II 

Cell freezing container 

Sartorius Stedim Biotech GmbH 

Nalgene 

Centrifuge 5415 D and 5424 R Eppendorf AG 
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Centrifuge Avanti J-25 Beckman Coulter GmbH 

DNA Engine PTC-200 thermal cycler Bio-Rad Laboratories, Inc. 

DO probe VisiFerm Hamilton 

Emulsifier Not announced 

Fluorescence microscope Axioskop 2Plus Carl Zeiss AG 

FLUOstar Omega Multimode Microplate Reader BMG Labtech GmbH 

Geldryer Unigeldryer 3545 D UniEquip GmbH 

Gene Pulser Xcell Electroporation System Bio-Rad Laboratories GmbH 

iBlot Western Blotting Device Thermo Fisher Scientific Inc. 

Image Eraser GE Healthcare 

Incubator BD23 BINDER GmbH 

Incubator shaker Innova40 New Brunswick Scientific 

Light microscope BX40 Olympus 

LSM 510 (confocal laser scanning microscope) 

Magnetic plate (Spinner cultivation) 

Carl Zeiss AG 

Thermo Fisher Scientific, Inc. 

Microfluidizer LM10 Microfluidics 

NanoDrop ND2000c spectrometer Thermo Fisher Scientific, Inc. 

Orbit 16 Nanion Technologies GmbH 

Orbital shaker Unimax 1010 Heidolph Instruments GmbH & Co.KG 

Pipettes 2.5, 10, 100, 200, 1000 and 5000 µl Eppendorf AG 

pH probe EasyFerm Plus Hamilton 

pH benchtop meter Orion Star A211 Thermo Fisher Scientific Inc. 

pH electrode Orion 8220BNWP Thermo Fisher Scientific Inc. 

Process pump 520 U Watson Marlow 

Scintillation counter LS 6500 Beckman Coulter GmbH 

Storage phosphor screens GE Healthcare 

SuperSpinner D 1000 Sartorius Stedim Biotech GmbH 

ThermoMixer comfort (batch) and C (CECF)  Eppendorf AG 

Thoma counting chamber Carl Roth GmbH und CO. KG 

TriStar LB 941 Multimode Reader Berthold Technologies GmbH & Co. KG 

Typhoon Trio + variable mode imager GE Healthcare 

Vacuum filtration system (FH225V) Hoefer, Inc 

Vibrax VXR IKA 

Vortex Genie 2 Scientific industries 

XCell SureLock Mini-Cell Electrophoresis system Life Technologies GmbH 
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2.1.13 Software 

Clampfit Molecular Devices 

Clone manager 7    Scientific & Educational Software 

Intas Science Imaging Intas Science Imaging Instruments GmbH 

LSM Image Browser       Carl Zeiss AG 

ImageQuant TL       GE Healthcare 

MFCS SCADA software (bioprocess control) Sartorius Stedim Biotech GmbH 

Mikrowin 2000 Berthold Technologies GmbH & Co. KG 

Nanodrop 2000c software       Thermo Fisher Scientific, Inc. 

Origin software OriginLab Corporation 
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2.2 Methods 

This chapter deals with the description of methods used in the thesis. The first part shows the 
preparation and analysis of nucleic acids suitable for the cell-free protein synthesis. This is 
followed by the CHO lysate preparation including the cell cultivation in spinner flasks and 
different fermentation modes and the following cell disruption and lysate reconditioning. The 
ready prepared CHO cell lysates were applied to the cell-free protein synthesis reaction, which 
is described next. Different methods for the analysis and evaluation of synthesized proteins 
were depicted in the last part of the methods chapter including the protein quantification, 
detection of protein bands by autoradiography and western blots, the analysis of fluorescently 
labeled proteins and the assessment of protein functionality using ELISA and 
electrophysiological measurements. 

2.2.1 Generation and preparation of appropriate expression vector 

Transformation and amplification of plasmid DNA 

The amplification and preparation of suitable amounts of circular plasmid DNA was required 
as a basis for the cell-free protein synthesis reaction. Therefore, the transformation of 
expression vectors into E. coli JM109 was performed by electroporation. A 20 µl aliquot of cell 
stock was preincubated with 0.5 µl of 50 ng/µl DNA stock solution for 1 min on ice. Well-
mixed cell-DNA stock was transferred to a precooled cuvette followed by the electroporation 
at 1.8 kV using a Gene Pulser Xcell Electroporation System (Bio-Rad Laboratories GmbH). 1 
ml of SOC medium was directly added to the transformed cells to enable a cell recovery at 37°C 
for 30-60 min. Afterwards, 150 µl E. coli cell suspension was platted onto LB-agar plates 
containing a final concentration of 100 µg/ml ampicillin and incubated at 37°C over night. LB-
agar plates containing appropriate E. coli clones were stored at 4°C. 

For the amplification of plasmid DNA a Midi Prep using the PureLink HiPure Plasmid Midikit 
(Thermo Fisher Scientific Inc.) was performed. The target cell clone was inoculated in 50 ml 
of LB media supplemented with 100 µg/ml of ampicillin and incubated in a cell culture shaker 
at 37°C over night. Afterwards, the cells were pelleted for 10 minutes at 5,000 x g and 18°C 
and cell culture media was removed. The cell pellet was resuspended using the present buffer 
followed by the cell lysis by addition of lysis buffer for 5 min at RT. This led to denaturation 
of proteins and chromosomal DNA. Neutralization buffer was added to precipitate proteins and 
chromosomal DNA, which were removed by centrifugation (12,000 g, 10 min and 18°C). The 
supernatant containing desired plasmid DNA was loaded onto an equilibrated anion exchange 
chromatography column. Column was washed for three times prior elution of plasmid DNA. 
For further purification, precooled isopropanol was added to the eluate and the mixture was 
centrifuged for 30 min at (4°C and 15,000 g) in order to precipitate the plasmids. Finally, the 
resulting cell pellet was washed with ethanol (80%), supernatant was removed, obtain plasmid 
cell pellet was dried and dissolved in ddH20. Received plasmids were further analyzed 
concerning their quantity and quality. 
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Restriction digestion 

A quality control of isolated plasmid DNA was realized by restriction digestion. 250 ng of 
prepared plasmid DNA was incubated with selected restriction endonucleases in the presence 
of corresponding 1x FastDigest Green Buffer (New England Biolabs GmbH) at 37°C for 15 
min. Derived DNA fragments were analyzed on an agarose gel. 

2.2.2 Generation of linear DNA by expression PCR 

The expression polymerase chain reaction (PCR) provides an opportunity to generate linear 
DNA templates suitable for cell-free protein synthesis. Thereby, regulatory sequences, enabling 
transcription and translation in an in vitro system, were fused to the 5´and 3´ ends of target 
genes (Merk et al. 2003). The 5´ UTR was composed of stem loop sequence, a T7 promoter 
sequence, a ribosome-binding site (RBS) and a cricket paralysis IGR intergenic ribosomal 
binding site (CRPV-IRES). In contrast, 3´ UTR consisted of T7 terminator sequence and stem 
loop sequence. Additionally, special tags for analysis and purification of proteins could be 
added to the sequences. For the generation of linear DNA fragments a polymerase chain 
reaction was performed using the HotStar HiFidelity DNA Polymerase (Qiagen GmbH). A 
standard reaction contained 1 x Hifi buffer, 0.3 µM of each primer, 0.05 U/µl Hifi polymerase 
and 0.2 ng/µl plasmid DNA or 8 ng/µl PCR product and was carried out in a reaction volume 
of 20-50 µl. The reaction protocol was separated into five steps, an initial denaturation (95°C, 
5 min), the denaturation (95°C, 1 min), the primer annealing (temperature depends on applied 
primer sequence (Equation 1 (Ta)), 1 min), the elongation (72°C, depending on product size 
(Equation 2 (Etime))) and a final elongation (72°C, 10 min). Step 2 to 4 were repeated 29 times. 
In this thesis, PCR products for three different applications were prepared. The following parts 
described the protocol for the generation of linear DNA templates for each application. 

 =  − 5 = ( 2° ∗  +  + 4° ∗ ( + )                                 (1) 

 =     
∗                                                    (2) 

First experiments were carried out to amplify linear DNA templates coding for luciferase and 
erythropoietin, which were analyzed to evaluate the ability to use linear DNA in a CHO batch-
formatted system. For this, N-0 and C-0 primer were used harboring the 5´ and 3´ UTR 
regulatory sequences (apart from CRPV IRES), respectively. The DNA basis for this PCR 
formed pIX3.0-CRPV-Luc and pIX2.0-CRPV-Mel-EPO that already contain the necessary 
regulatory sequences. In the PCR N-0 and C-0 bind to the regulatory sequences included in the 
plasmids to produce the linear DNA. 

Next, a linear DNA template for the synthesis of CRPV-Mel-hBMP2 was generated in order to 
produce a suitable DNA template for in vitro protein synthesis. A melittin signal peptide was 
fused to the 5´ region of the gene to improve the translocation efficiency into the microsomal 
fraction of CHO cell lysate. Therefore, in the first step a gene specific forward primer (F-oe-
Mel-hBMP2), a reverse primer (R-hBMP2) and the peGFP-hBMP2 plasmid were 
supplemented to the PCR to amplify hBMP2 with a 5´ overlap to the melittin signal peptide and 
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a 3´overlap to the regulatory sequences of the 3´ UTR. In parallel the 5´ regulatory sequences 
was amplified using the forward N-0 primer, binding upstream of the CRPV IRES and a melittin 
signal peptide reverse primer (R-Mel-CRPV) harboring a Mel overlap based on the pIX3.0-
CRPV-Luc DNA template. In a third PCR, the 5´UTR regulatory sequence was fused to hBMP2 
by supplementation of both DNA fragments and the N-0 and C-0 primer to the reaction.     

The generation of CRPV-Mel-EGFR-eYFP was performed similar to the generation of CRPV-
Mel-hBMP2. The only differences between both approaches were depicted in the generation of 
linear gene encoding template in the first PCR step. For this, a forward primer (F-Mel), which 
bind to the melittin signal peptide and an eYFP specific reverse primer (R-eYFP) were 
supplemented to the reaction. Additionally, PCR was performed likewise with pIX3.0-Mel-
EGFR-eYFP DNA template. 

2.2.3 Qualification and quantification of nucleic acids 

Agarose gel electrophoresis 

For the analysis of produced PCR products and isolated plasmids, DNA samples were separated 
on the agarose gel. For the preparation of the agarose gel 1% of agarose was dissolved in 1xTBE 
buffer. Both components were added to an Erlenmeyer flask and subsequently boiled in the 
microwave. The agarose solution was slightly cooled down prior supplementation of DNA safe 
stained dye in a concentration of 6 µl per 100 ml agarose solution. The liquid agarose was 
poured to the electrophoresis slide, sample crest was located into the slide and incubated for 
approximately 30 min to allow polymerization of agarose. Ready prepared agarose gel was 
covered with 1xTBE buffer prior removement of the crest to build up sample pockets. DNA 
samples derived from PCR were prepared adding 1 µl of sample to 9 µl of ddH20 and 2 µl of 
gel loading dye blue (New England Biolabs GmbH) whereby restriction digestion samples were 
directly load on the agarose gel. Additionally, a DNA ladder (0.4 µl 2-log DNA ladder, 2 µl gel 
loading dye blue and 9.6 µl ddH2O) and a 1,000 bp standard (1 µl standard, 2 µl gel loading 
dye blue and 9 µl ddH2O) were prepared for the loading onto the gels in order to identify DNA 
sizes and amounts. Finally, electrophoresis was performed for approximately 60 min at 100 V 
to allow the separation of DNA fragments. DNA gel was analyzed using an agarose gel analyzer 
and a stimulation with UV light at 306 nm. 

Quantification of nucleic acids b  absorbance measurement 

DNA concentrations were estimated by absorbance measurements at an optical density of 260 
nm. An OD260 of 1 correspond with a DNA concentration of 40 µg/ml. A Nanodrop 2000 c 
device was used to perform DNA quantification, which required 1 µl of  DNA sample for each 
measurement. The 260 nm/280 nm ratio of the absorbance was analyzed in order to evaluate 
the purity of nucleic acid samples. 

2.2.4 Cultivation of CHO cells  

This chapter deals with the cultivation of CHO cells for the preparation of translationally active 
CHO cell lysates. The estimation of the cell density, the freeze-thaw procedure and the different 
cultivation process and parameters are described below. 
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Estimation of the cell densit  

The CHO cell density was determined using a Thoma counting chamber (Carl Roth GmbH und 
CO. KG). A sample volume of 1 ml cell suspension was taken for analysis and 50 µl cell 
suspension was premixed with 50 µl trypan blue (0.1%). The suspension was applied to the 
counting chamber and cells were counted in the 9 large squares using a Light microscope BX40 
(Olympus). The counting was repeated in a triplicate to obtain a 6-fold analysis. The cell density 
was calculated according to the following equation (equation 3): 

  =   
 ∗   ∗ ℎ  ∗ 10 / (3) 

Dead cells were labeled in blue and were counted separately for determination of cell viability 
(equation 4). 

  = 100 − (   )/ ((  )/100))  (4) 

Free e and thaw of CHO cells 

The initial cell cultivation started with the thawing of the CHO cells from a cryo vial containing 
2*107 cells. For this, frozen CHO cell vials were quickly thaw at 37°C until only a small ice 
crystal was present. Cells were transferred to a falcon tube filled with 25 ml of CHO cell culture 
media (standard media: PowerCHO2CD (Lonza) and 6 mM L-alanyl-L-glutamine) and 
centrifuged for 5 min at 300xg. The supernant was removed and the cell pellet was resuspended 
in 50 ml fresh media and transferred to a cultivation flask (75 cm2) for initial cultivation. For 
the long time storage, CHO cells were frozen in cryo vials and stored in liquid nitrogen tanks. 
A cell amount of 2*107 cells was collect from an exponentially grown suspension culture by 
centrifugation (5 min, 300xg, RT). The cell pellet was resuspended in 1.5 ml of freezing media 
(80% FCS and 20% DMSO) and filled into a cryo vial. The cryo vial was placed into a cell 
freezing container (Nalgene), which enabled a stepwise cool down of the cell suspension (1°C 
per minute), and transferred to a -80°C freezer and liquid nitrogen tanks. 

Initial cultivation using the SuperSpinner D 1000 

Initially, CHO cells were cultured in a SuperSpinner D 1000 (Sartorius Stedim Biotech GmbH) 
allowing a cell culture volume up to 900 ml. An image indicating the essential elements of the 
Spinner flask is visualized in Figure 8. The cell suspension was inoculated in a volume of 300 
ml standard media using a cell density between 0.3*106 and 0.5*106 cells/ml. CHO cells were 
grown up to a cell density of 3-4*106 cells/ml and applied to the fermenter for inoculation or 
directly used for the cell disruption and CHO cell lysate preparation. The SuperSpinner D 1000 
was incubated in a cell culture incubator (BINDER GmbH) at 37°C and 5% CO2. The stirring 
was realized by application of a magnet field using a magnetic plate (Thermo Fisher Scientific 
Inc.) connected to a regulation device, while aeration was obtained by connection of the aeration 
tube to a pump. 
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Figure 8 Image of a SuperSpinnerD 100 used for initial cultivation of CHO cells. 

Batch cultivation of CHO cells 

The preparation of high amounts of CHO cell lysate required a previously production of suitable 
biomass. This requirement was initially realized by a batch fermentation process. The 
cultivation was based on a Biostat B-DCU II bioreactor (Sartorius Stedim Biotech GmbH) using 
a 5000 ml lab scale vessel and PowerCHO2CD cell culture media (Lonza). In the beginning of 
the fermentation process, the bioreactor was inoculated with a cell density of around 106

cells/ml in a culture volume up to 4500 ml. CHO cells were harvested in the exponential growth 
phase at a cell density between 3.5-5*106 cells/ml for the following lysate preparation. Around 
600-800 ml of cell suspension was retained in the cultivation vessel and filled up with culture 
fresh media to allow further cell harvest steps. This repeated batch was conducted for at least 
three cycles. Various parameters were measured in the fermentation process. The fermenter 
setup is visualized in Figure 9. pH, pO2, stirring, aeration and temperature were measured and 
controlled during CHO cell cultivation. The regulation and control parameters were described 
in the following section. Process parameters were monitored and analyzed using MFCS 
SCADA software (Sartorius Stedim Biotech GmbH). 

Figure 9 Bioreactor set up used in a batch fermentation process. 
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Continuous cultivation of CHO cells 

To increase the amount of produced CHO cell biomass, the fermentation mode was shifted to 
a continuous or perfusion process. The fermenter set up (Figure 10) was expanded by an internal 
spin filter, which enables the removement of consumed cell culture media thereby retaining 
CHO cells in the reaction vessel. Additionally, a level probe was implemented to the vessel 
controlling the supply of fresh cell culture media by a feeding line and the removement of 
consumed media and inhibitory byproducts by a harvest line. The control parameters of the 
perfusion process were indicated in the following section. Initially, the fermentation process is 
started adapted to the general batch protocol. By reaching a cell density of 3-4*106 cells/ml the 
perfusion was initiated. In this process, cell densities up to around 20*106 cells/ml were 
obtained and applied to the lysate preparation procedure. 

Figure 10 Bioreactor set up used in a perfusion fermentation process. 
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Regulation parameters and set points in the CHO cell fermentation 

The set points of each fermentation parameter and the regulation characteristics are listed in the 
following tables: 

Table 5 Control parameter and set point of the temperature in a CHO fermentation process.

Set point ( C) P value I value D value 

37°C 10% 300 s 75 s 

Table 6 Control parameter and set point of the pO2 in a CHO fermentation process. 

Set point (pO2) P value I value D value 

40 50% 400 s 0 s 

Table 7 Control cascade of pO2 depending on air, O2 and stirring. 

Parameter Regulator 
output 0 

Regulator 
output 20 

Regulator 
output 40 

Regulator 
output 60 

Regulator 
output 80 

Regulator 
output 

100 

Air 

(ml/min) 30 30 25 20 10 0 

O2 

(ml/min) 0 0 5 10        20 30 

Stirring 

(RPM) 120 120 130 130 130 150 

Table 8 Control parameter and set point of the pH in a CHO fermentation process.

Set point (pH) Regulation P value I value D value 

7.1 0.5 M Na2CO3 30% 30 s 0 s 

Table 9 Control parameter and set point perfusion in a CHO fermentation process.

Set point 
Harvest 
(RV/day) 

Regulation Min Max 

0.5 Level probe; correlated with 
feeding pump 

0% 20% 



2 .  M a t e r i a l s  a n d  M e t h o d s

5 2  

2.2.5 Preparation CHO cell lysates  

The preparation of CHO cell lysate suitable for the cell-free synthesis is divided into three main 
steps.  In the first step, CHO cells cultivated in the fermenter were harvested in the exponential 
growth phase and directly cooled down to reduce the metabolic activity. CHO cells were 
collected by centrifugation (200xg, 10 min, RT, Centrifuge Avanti J-25) and cell culture media 
was removed. The cell pellet was washed for three times with disruption and reconditioning 
buffer (40 mM HEPES-KOH, 100 mM NaOAc, 4 mM DTT, pH 7.5). In the next step, cells 
were disrupted mechanically by passing the cell suspension through a 20-gauge needle using a 
process pump. The cell disruption time was tested in the thesis and set to a standard of 20 min. 
Additionally, a microfluidizer (Microfluidics) and an emulsifier were analyzed for their ability 
to produce translationally active and microsome containing CHO cell lysate. These devices 
offer the opportunity to produce larger amounts of CHO cell lysate. The crude cell extract was 
centrifuged for 15 min at 10.000xg in order to remove nucleic and cell debris. Finally, the 
obtained raw lysate was applied to the reconditioning process. Therefore, a chromatography 
was performed subjecting the produced raw lysate to an equilibrated NAP-25 or Äkta sephadex 
based column. The column was washed five times with the appropriate reconditioning buffer 
and the flow through was collected separately. The fractions harboring RNA content above an 
absorbance of 100 at 260 nm were pooled. The endogenous mRNA was digested by treating 
the pooled lysate with micrococcal S7 nuclease. Final concentrations of 10 U/µl S7 nuclease 
and 1 mM CaCl2 were added to the CHO lysate and incubated for 2 min. The nuclease activity 
was inhibited by the supplementation of 6.7 mM EGTA (f. c.). Finally, CHO lysates were 
aliquoted, shock frozen in liquid nitrogen and stored at -80°C. 

2.2.6 Cell-free protein synthesis based on CHO lysates  

The next chapter deals with the description of CHO cell-free reaction set up and is divided into 
the batch-formatted cell-free synthesis and the continuous exchange cell-free reaction. Both 
reaction modes were performed in a transcription/ translation coupled manner. 

Batch-formatted cell-free reaction 

The coupled, batch-formatted CHO cell-free reaction was conducted in a 1.5 ml Eppendorf tube 
and incubated in a thermomixer (Eppendorf) for 3 h at 30°C and 600 RPM. The standard 
reaction was composed of 40% CHO cell lysate, 10% translation buffer, 20% energy buffer, 
14C leucine (specific radioactivity of 66.67 dpm/pmol), 1 U/µl T7 RNA polymerase and 60 
ng/µl plasmid DNA. The translation buffer (10x) contained 300 mM HEPES-KOH (pH 7.6), 
2250 mM KOAc, 2.5 mM spermidine, 25 mM of DTT, 1 mM of each of the 20 canonical amino 
acids (Merck) and 39 mM Mg(OAc)2. Furthermore, the energy buffer (5x) consisted of 100 
mM creatine phosphate, 8.75 mM ATP, 1.5 mM CTP, 1.5 mM UTP, 1.5 mM GTP (Roche) and 
0.5 mM m7G(ppp)G cap analogue. In general, cell-free reactions were performed in a reaction 
volume of 25 µl - 50 µl. A standard 50 µl batch reaction contained 20 µl lysate mix, 5 µl 
translation buffer, 10 µl energy buffer, 2.5 µl 14C leucine, 0.4 µl T7 RNA polymerase filled up 
with plasmid DNA and ddH20 to the desired volume. Optimization experiments included a 
further increase of T7 RNA polymerase to 3 U/µl and the supplementation of molecular 
crowding reagents (PEG, Ficoll). All these components were directly added to the reaction 
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while adjusting the volume of ddH20. Standard conditions present in a batch-formatted CHO 
cell-free reaction are summarized in Table 10. 

Table 10 List of standard reaction conditions present in a batch-formatted CHO cell-free system. Optimized 
conditions are indicated in red. 

Component/ Parameter CHO batch reaction conditions 

Cell lysate 40% 

HEPES KOH, pH 7.6 30 mM 

KoAc 150 mM 

Mg(OAc)2 3.9 mM 

ATP 1.75 mM 

CTP,GTP,UTP 0.3 mM 

m7G(ppp)G Cap (Cap I) 0.1 mM 

Creatine phosphate 20 mM 

Spermidine 0.25 mM 

Amino acids 100 µM 
14C Leucine 66.67 dpm/pmol 

Plasmid concentration 60 ng/µl 

T7 RNA polymerase  1 U/µl (3 U/µl) 

DTT 2.5 mM 

PEG 1500 2%

Temperature 30°C 

Agitation 600 RPM 

Reaction time 3 h 

Continuous exchange cell-free reaction (CECF) 

The CHO lysate based continuous exchange cell-free system (CECF) differs from the batch-
formatted mode by the presence of a reaction chamber and a feeding chamber separated by a 
semi permeable membrane with a cut off of 10 kDa.  A general scheme of CHO CECF reaction 
is depicted in Figure 11. In the standard reaction, a small-scale dialysis device (RiNA GmbH) 
was used consisting of a 50 µl reaction chamber and a 1000 µl feeding chamber. Therefore, a 
reaction mix and a feedings mix need to be prepared to enable the CECF synthesis. Initial 
experiments were performed using a standard batch reaction supplemented into the reaction 
chamber. The optimized reaction mixture conditions (Table 11) differed from the batch reaction 
by the concentration of Mg(oAC) (22 mM), creatine phosphate (18.5 mM), caspase inhibitor 
AC-DEVD CMK (30 µM), plasmid concentration (90 ng/µl), 14C leucine (9.9 dpm/pmol) and 
the absence of 5´cap. In addition, sodium azide was supplemented to the reaction to prevent 
microbial growth during cell-free protein synthesis. The feeding mix consisted of 1x translation 
buffer and 1x energy buffer harboring the previously described reaction conditions. Moreover, 
0.02% sodium azide, 14C leucine (9.9 dpm/pmol) and ddH20 (filling up to 1000 µl) were added 
to complete the feeding mixture. Initially, ready prepared reaction mixture was transferred into 
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the dialysis device followed by the feeding mix. The device is sealed with plastic foil and placed 
into a thermomixer C for incubation at 30°C, 600 RPM and 48 h. After finishing the CECF 
synthesis, sealing was removed and reaction mixture transferred into an Eppendorf tube for 
further analysis. In this thesis, dialysis devices of the company Scienova were additionally 
tested containing a different geometry compared to the standard devices. 

Figure 11 Schematic overview of a CHO CECF synthesis. The synthesis device is separated into a reaction and 
a feeding chamber. In the reaction chamber the protein synthesis takes place. The reaction mixture is composed of 
the natural translational machinery and ER derived microsomes contained in the CHO cell lysate, energy 
components, the DNA template, the RNA polymerase and further supplementation components (14C leucine, salts, 
buffer components). In the feeding chamber only energy and buffer components and if required 14C leucine are 
available. Both chambers are separated by a 10 kDa cut off membrane to allow the delivery of fresh energy and 
removement of inhibitory byproducts from the reaction chamber. 

Table 11 List of standard reaction conditions present in a CHO CECF system. 

Component/ Parameter CHO CECF reaction 
conditions 

Reaction mix Feeding mix 

Cell lysate 40% X  

HEPES KOH, pH 7.6 30 mM X X 

KoAc 150 mM X X 

Mg(OAc)2 3.9 mM  X 

Mg(OAc)2 22 mM X  

ATP 1.75 mM X X 

CTP,GTP,UTP 0.3 mM X X 

Creatine phosphate 18.5 mM X X 

Spermidine 0.25 mM X X 

Amino acids 100 µM X X 
14C Leucine 

Sodium acid 

9.9 dpm/pmol 

0.02% 

X 

X 

X 

X 
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Plasmid concentration 90 ng/µl X  

T7 RNA polymerase  1 U/µl X  

DTT 2.5 mM X X 

Caspase inhibitor AC-DEVD CMK 30 µM X X 

Temperature 30°C X X 

Agitation 600 RPM X X 

Reaction time 48 h X X 

2.2.7 Fractionation of translation mixture 

To separate secreted or membrane embedded proteins after CHO cell-free synthesis, 
microsomal fraction harboring the desired protein was isolated from total translation mixture. 
After finishing the protein production, the tube containing the translation mixture was placed 
into a centrifuge at 4°C and 16000xg for 15 min. Following the centrifugation step, pelleted 
microsomes took a visible shape. The supernatant fraction 1 (SN1), containing non-translocated 
proteins, was removed for further analysis or discarded. The pelleted microsomal fraction was 
well solved by pipetting up and down in an equal volume of PBS in comparison to the removed 
supernatant. Microsome solution was further analyzed and used for functionality tests. Secreted 
proteins represent a translocated family of proteins present as soluble proteins in the lumen of 
the CHO microsomes. To isolate this class of proteins from the microsomal fraction, pelleted 
microsomes were resuspended using PBS with 0.2% (w/v) of the mild detergent DDM 
according to Stech et al. 2013. Microsomes were dissolved by pipetting up and down and 
secreted proteins were further released by intensive agitation of the sample for at least 30 min. 
This step was followed by the separation of supernatant 2 (SN2) by centrifugation (16000xg, 
10 min, 4°C), harboring the released proteins. Aggregated microsomal debris and proteins were 
present in the pelleted fraction, whereas the supernatant 2 contained translocated and soluble 
proteins. 

2.2.8 Determination of protein yields 

Hot TCA precipitation and scintillation measurements 

The amount of cell-free produced target protein was quantified by a hot TCA precipitation and 
a subsequent scintillation measurement. For this, a sample of translation mixture, supernatant 
1, microsomal fraction or supernatant 2 was transferred into a glass test tube. A volume of 5 µl 
from a batch-formatted synthesis and 3 µl from a CECF reaction was applied in triplicates for 
precipitation. 3 ml of a 10% (v/v) TCA- 2% (v/v) casein hydrolysate solution was added to the 
sample and test tubes were incubated at 80°C for 15 min. Afterwards, samples were kept on ice 
for 30 min and separated from free 14C leucine by vacuum filtration. 14C labeled proteins 
retained on the surface of the MN GF-3 glass fiber filter papers, filters were washed twice with 
5% TCA and dried with acetone. Dried filter papers were replaced into a scintillation vial, 3 ml 
of scintillation cocktail was added and vials were agitated on an orbital shaker for at least 1 h. 
The scintillation signal was determined using the LS6500 Multi-Purpose scintillation counter. 
The protein concentration was identified based on the derived scintillation counts. The yield 
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was calculated according to the following equations (5-15), whereby equations 8-11 and 12-15 
indicated the batch and CECF specific radioactivity, respectively: 

  =   
 ∗  ( 

)
  

∗                                                              (5) 

  =    ∗     
         (6)        

  12  = 100 μ                                                                                        (7) 

   ()
  14   (ℎ) = 200 /                                            (8) 

  14  (ℎ) = 50 μ                                                                              (9) 

    (ℎ) = 150 μ                                                                         (10) 

  (ℎ) =   ∗  /
  = 66.67 /                                  (11)

   ()
  14   () = 100 /                                          (12) 

  14  () = 11 μ                                                                           (13) 

    () = 111 μ                                                                       (14) 

  () =    ∗  


  = 9.9 /                                               (15) 

The proteins yields obtained in this thesis were determined from three independent experiments 
(n = 3). The arithmetic mean value () (16) and the suitable standard deviation (SD) 
(17) were calculated as depicted in the following equations: 

 = 
 ∑  = 


 ∗ ( +  + )      (16) 

 = ∑ ()
       (17) 

Luciferase assay 

The functional luciferase was quantified using a standard luciferase assay. 5 µl of cell-free 
translation mixture was applied to a Nunc 96-well microtiter plate followed by the 
supplementation of luciferase assay reagent. The assay was performed using a TriStar LB 941 
multimode reader and the protein yield was calculated based on the obtained relative light units 
(RLU). The determination of functional luciferase was performed according to the following 
equation (equation 18): 

  = 7 ∗ 10 ∗   (18) 
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Active yields of luciferase were calculated from a tripled of three independent experiments 
(n=3). Mean values and standard deviations were estimated as described in the TCA 
precipitation and scintillation measurement part. 

2.2.9 Detection of target proteins by autoradiography and western blot 

SDS-PAGE and autoradiography 
14C labeled cell-free synthesized proteins were separated using a sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by autoradiography to evaluate 
their molecular weight. 5 µl of the desired cell-free synthesis fraction was mixed with 45 µl 
ddH2O and 150 µl ice-cold acetone and incubated on ice for at least 15 min. Precipitated protein 
was separated by centrifugation (16000xg, 10 min, 4°C). Acetone supernatant was removed 
from the precipitated protein and pellet was dried for at least 30 min on a thermomixer (45°C, 
1400 rpm). Dried protein pellet was resuspended in a volume of 20 µl (batch) or 40 µl (CECF) 
1x LDS samples buffer containing 50 mM of DTT and agitated for 30 min on a Vibrax VXR. 
Dissolved samples were heated at 70°C for 10 min prior loading the SDS-PAGE. Precasted 
NuPAGE 10% Bis-Tris gels or NuPAGE 3-8% Tris-Acetate gels (CECF EGFR samples) were 
applied to the electrophoresis chamber, which was filled up with corresponding NuPAGE MES 
SDS running buffer (1x) or NuPAGE Tris-Acetate SDS running buffer (1x). Heated samples 
were load onto the prepared gel and was run at 185 V for 35 min (10% Bis-Tris) or 200 V for 
45 min (Tris-Acetate gels) according to the manufacturer’s protocol. The next step included a 
staining of the gel using a Simply blue safe stain solution. Prior staining, gels were washed 
three times with H2O in a microwave (600 W) for 1.5 min. The SDS-PAGE was stained for 5-
10 min on an orbital shaker followed by washing with H2O for at least 30 min. To enable the 
autoradiography detection, gels were dried at 70°C for 70 min (Unigeldryer 3545 D) and kept 
on a phospho screen for 1 week. The read out of the phospho screen was carried out using the 
Typhoon Trio + variable mode imager to obtain an autoradiogram of cell-free synthesized 
protein. 

Western Blot analysis 

Western Blots were performed to detect produced proteins and modifications by the application 
of specific antibodies. Therefore, proteins separated by SDS-PAGE were transferred on a PVDF 
membrane. After finishing the SDS-PAGE standard separation protocol, without the staining 
and drying step, the gel was placed onto the “IBlot Gel Transfer Device” (Life Technologies) 
and blotting was performed according to the manufacturer’s instructions. After finishing the 
blotting procedure, PVDF membrane containing desired proteins was washed three times in 
TBS for 10 min. Next, the membrane was blocked using 2% BSA in TBS/T at RT for 2 h or at 
4°C over night followed by three times washing with TBS/T for 10 min. Subsequently, the 
membrane was incubated gently agitating with the desired primary antibody prediluted in a 2% 
BSA-TBS/T solution (1:1000) for 3 h. The washing procedure was repeated and Anti-rabbit 
IgG, HRP-linked antibody diluted 1:2000 was applied to the membrane allowing the binding 
of the secondary antibody. The conjugated horseradish peroxidase (HRP) enabled the detection 
of target protein bands. After membrane washing the Amersham ECL select western blot 
detection reagent was added to the membrane and incubated for 5 min. To visualize the specific 
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protein bands chemoluminescence signal was analyzed using Typhoon Trio + variable mode 
imager. 

2.2.10 Analysis of fluorescent proteins  

Detection of eYFP tagged proteins 

Cell-free synthesized proteins fused to an eYFP fluorescence tag were analyzed by fluorescence 
image detection on a µ-slide (Ibidi) and confocal laser scanning microscopy (CLSM). For the 
detection 5 µl of translation mixture was mixed with 20 µl of PBS and 20 µl was applied to the 
µ-slide. The detection of fluorescence was performed using the Trio + variable mode imager 
(excitation 488 nm, emission filter 526 nm short-pass). The microscopic images of eYFP tagged 
proteins were taken by the LSM 510 (Carl Zeiss AG) microscope. To obtain fluorescence 
images samples were excited at 488 nm using an argon laser. The consequential emission was 
detected with a long-pass filter in the wavelength range above 505 nm. 

In-gel fluorescence analysis 

An alternative method for fluorescence labeling of cell-free synthesized proteins was provided 
by the integration of a non-canonical amino acid conjugated to a BODIPY-TMR dye. This so-
called residue specific labeling required the supplementation of BODIPY-TMR lysine tRNAPhe

(2µM) during CHO cell-free synthesis reaction. If the translational machinery recognized the 
cognate tRNA harboring the conjugated non-canonical amino acid, fluorescent dye will be 
statistically integrated into the nascent peptide chain. For the analysis of labeled proteins, the 
cell-free synthesized protein was separated by SDS-PAGE according to the previously 
described protocol. Ready prepared gel was hydrated using methanol and labeled proteins were 
detected by the Trio + variable mode imager. The BODIPY-TMR dye was excited with a 
wavelength of 532 nm while emission was detected using a band pass filter (580BP30). 

2.2.11 Glycoanalytics 

The analysis of protein glycosylation was performed by endoglycosidase digestions. The 
endoglycosidases Endo H and PNGase F were selected to show the glycosylation of CHO cell-
free synthesized proteins. Initially, 5 µl of translation mixture was treated with 0.7 µl of 
denaturation buffer and incubated at 95°C for 10 min. Next, samples were treated with 0.7 µl 
Endo H or 0.7 µl PNGase F and 0.7 µl G5 reaction buffer or 0.7 µl G7 reaction buffer and 0.7 
µl NP-40, respectively. Digestion reaction remained at 37°C for 1 h and samples were separated 
by SDS-PAGE followed by autoradiography according to the standard protocol. 

A second approach for the analysis of glyco moieties into a cell-free synthesized protein was 
accomplished by the supplementation of 14C mannose to the reaction mixture in the absence of 
14C leucine. A quantity of 3 nM 14C mannose was directly added to the cell-free reaction. For 
the analysis of 14C mannose-integrated proteins a non-treated protein was compared to an 
endoglycosidase treated protein by autoradiography. This procedure was performed according 
to the described standard protocols.  
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2.2.12 Enzyme Linked Immunosorbent Assay (ELISA) for the estimation of scFv 
functionality 

The initial step to perform the ELISA included the coating of a 96-well microtiter plate (Costar 
96-well microtiter plate) using streptavidin (f.c. 0.74 µg/mL) dissolved in PBS at RT for 1 h. 
The coated plates were washed for three times with ddH20 and 0.1% Tween-20 before blocking 
with PBS and 2% BSA at 4°C overnight. This step was followed by repeating the washing 
procedure again and the application of the biotinylated SMAD-P peptide that bound to the 
streptavidin. The peptide was diluted in PBS and 30% DMSO to a final stock concentration of 
1 mg/ml, while 2 µg/ml was applied to the ELISA. The scFv specific peptide was incubated for 
1.5 h at RT. After incubation, wells were washed 3x5 min. Supernatant fraction 1 and 2 of cell-
free produced scFv were diluted to a final concentration of 0.5 mg/ml and were tested in serial 
dilutions using 1% BSA in PBS/T. In order to provide a lysate background control, cell-free 
reaction containing no DNA template (NTC) was prepared and treated similarly to the produced 
scFv. Additionally, a 1% BSA in PBS/T control indicated signals obtained from the buffer. The 
incubation for 1.5 h at RT was followed by three times washing of the wells and application of 
the monoclonal anti-c-Myc-tag antibody 9E10 (dilution 1: 1,000 in 1% BSA in PBST, 100 
μl/well) at RT for 1.5 h. The wells were washed 3x5 min again and incubated with secondary 
anti-mouse-IgG HRP-linked antibody (dilution 1:3000 in 1%BSA in PBST, 100 μl/well). The 
TMB substrate (3,3′,5,5′-Tetramethylbenzidin), which is activated by secondary antibody 
conjugated peroxidase, was added after 3x5 min washing of each well and incubated for 
approximately 15 min. Activation of TMB led to a blue color development and reaction was 
stopped by addition of 0.5 M H2SO4 (100 μl/well) shifting the color to yellow. Finally, an 
absorbance was measured at 450 nm (reference 620 nm) using the FLUOstar Omega 
spectrometer (BMG Labtech). ELISA against phosphorylated eIF2α was performed according 
to the manufactures protocol. 

2.2.13 Functional assessment of EGFR 

The epidermal growth factor receptor (EGFR) harbors an intrinsic kinase activity due to ligand 
dependent or EGFR density dependent receptor activation. The intrinsic kinase phosphorylates 
various amino acid residues at the C-terminal part of the receptor and thereby activates the intra 
cellular signaling pathway. For estimation of functional activity of cell-free synthesized EGFR 
the phosphorylation of tyrosine kinase residue tyrosine 1068 was estimated. The initial step of 
kinase assay was performed by the resuspension of 15 µl pelleted microsomal fraction in 300 
µl kinase buffer. In the case of translation mixture or supernatant fraction 300 µl kinase buffer 
was directly added to 15 µl of each fraction. The kinase buffer was composed of 100 mM 
HEPES (pH 7.4), 1% glycerol, 0.1 mg/ml BSA, 5 mM MgCl2, 1.25 mM MnCl2, 0.1 mM 
NaVO3, 2 μM caspase inhibitor and 200 μM ATP or ddH2O water. The cell-free synthesized 
EGFR was incubated for 30 min with kinase buffer. Next, proteins were precipitated according 
to the standard acetone precipitation protocol and a western blot was performed using a 
phospho-EGF receptor (Tyr1068) specific primary antibody (Cellsignaling) to detect 
autophosphorylation band. Control experiments were carried out to analyze the specificity of 
kinase reaction. The first experiment included a cell-free reaction mixture without 
supplemented EGFR DNA (NTC) to evaluate the background activity of CHO lysate. With 
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regard to the background autophosphorylation activity of EGFR prior kinase assay, a second 
control was performed by enzymatic removement of the phospho residues using a calf intestinal 
phosphatase (CIP). To allow the digestion, microsomal fraction was pre-treated with CIP for 
10 min at RT before applying the samples to the kinase assay. 

2.2.14 Electrophysiological measurement of KvAP 

The electrophysiological measurements were proceeded by Dr. Srujan Kumar Dondapati. The 
data analysis was performed in collaboration with Dr. Srujan Kumar Dondapati. 

For functional assessment of KvAP produced in the CECF system, an analysis of single channel 
activity was performed. Electrophysiological measurement provides a method to detect ion 
currents in a membrane based system. Prior electrophysiological measurement the formation of 
proteo-liposomes from the KvAP containing microsomes is required. Initially, KvAP 
microsomal fraction was washed with PBS twice and 25 µl of the solubilized microsomes were 
mixed with 50 µL of 15 mM DOPC dissolved in buffer containing 200 mM Cholate for 30 min 
at RT. Afterwards, detergent was removed by Bio-Beads SM-2 (Bio-Rad) treatment, whereby 
after discarding the biobeads, proteo-liposomes were collected from the remaining solution and 
used for the electrophysiology measurements. For electrophysiological measurement a lipid 
bilayer was formed, 2-5 µl of the proteo-liposome solution was added to the planar lipid bilayer 
and currents were measured. 

For the formation of planar lipid bilayers 1,2-dioleoyl-3-trimethylammonium-propane 
(Chloride salt) (DOTAP) was applied to a 50 µm cavity on a 16 microelectrode array. 
Therefore, lipids were dissolved in 2 mg/ml octane and a salt concentration of 500 mM KCl 10 
mM HEPES, buffered at pH 7.45 was used as an electrolyte. Functional measurements of the 
KvAP channel were performed using planar bilayers formed by DOTAP lipids. To conduct the 
channel activity, the applied cavity contained a non-polarizable working electrode, which is 
composed of an Ag/AgCl layer deposited on the underlying Cr/Au layer 53. To allow an ion 
current, 200 µl of electrolyte solution was added to the measurement chamber of an Orbit 16 
system. To enlarge the obtained signal, a single channel amplifier (EPC-10, HEKA Electronic 
Dr. Schulze GmbH, Lambrecht, Germany) was connected to the multiplexer electronics port of 
the Orbit16 system. The recording of activity was accomplish using a sampling rate of 50 kHz 
with a 10 kHz Bessel filter. The analysis of obtained data sets was performed with the Clampfit 
software. For the recording of microsomal background, a control including no KvAP DNA 
template was monitored. 

2.2.15 Analysis of translation factors present in the CHO cell-free system 

The presence and activity of translation regulation, initiation and elongation factors were   
monitored using western blot and factor specific antibodies. A standard CHO batch synthesis 
was performed and samples were taken after 0 min, 30 min and 120 min for evaluation. The 
examinated factors and the suitable function are listed in Table 12. 40 µl of translation mixture 
of each reaction point was precipitated according to the standard protocol and resolved in 160 
µl SDS sample buffer. Proteins were separated by SDS-PAGE and blotted using the described 
western blot protocol. The following primary antibodies were applied to western blot: eEF2, 
eIF2α (D7D3) XP® Rabbit mAb, mTOR (7C10) Rabbit mAb, Phospho-4E-BP1 (Thr37/46) 
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(236B4) Rabbit mAb, Phospho-Akt (Ser473) (D9E) XP® Rabbit mAb, Phospho-eEF2 (Thr56), 
Phospho-eIF2α (Ser51) (D9G8) XP® Rabbit mAb, Phospho-eIF4E (Ser209), Phospho-mTOR 
(Ser2448) (D9C2) XP® Rabbit mAb, Phospho-p70 S6 Kinase (Thr389) (108D2) Rabbit 
mAb, Phospho-S6 Ribosomal Protein (Ser235/236) (D57.2.2E) XP® Rabbit mAb. 

Table 12 List of considered translation regulation, initiation and elongation factors. Indication of 
phosphorylation sites and protein function. 

Translation factor Phosphorylation Function 
4E-BP1 Threonine 37/46 Inhibits cap-dependent translation by binding to the 

translation initiation factor eIF4E. 
Hyperphosphorylation of 4E-BP1 disrupts this 
interaction. 

Akt Serine 473 Upstream regulator of mTOR pathway. 

eEF2 Serine 56 Catalyzes the translocation of peptidyl-tRNA from 
the A-site to the P-site on the ribosome. 
Phosphorylation inhibits activity. 

eIF2 Serine 51 Binds GTP and Met-tRNAi and transfers Met-
tRNA to the 40S subunit to form the 43S 
preinitiation complex. Phosphorylation 
downregulates protein synthesis under a variety of 
stress conditions. 

eIF4E Serine 209 Eukaryotic initiation factor 4E (eIF4E) binds to the 
mRNA cap structure to mediate the initiation of 
translation. Phosphorylation inactivates the factor. 

P70 S6 kinase Threonine 389 Phosphorylates the S6 protein of the 40S ribosomal 
subunit. Phosphorylation of threonine 389 
correlates with the activity. 

S6 ribosomal protein Serine 235/236 Phosphorylation of S6 ribosomal protein correlates 
with an increase in translation of mRNA transcripts. 

To improve cap-dependent translation initiation in the CHO batch-formatted cell-free system, 
different kinase inhibitors were supplement to the reaction to prevent eIF2α phosphorylation. 
The kinase inhibitors 2-aminopurine, Sorafenib and GSK2606414 (C38) were selected and 
directly applied to the CHO cell lysate prior cell-free synthesis. Inhibitor containing lysate was 
preincubated for 10 min at RT before the cell-free reaction was started. For the analysis of the 
impact to protein synthesis rate, pIX4.0-Luc and pIX3.0-CRPV-Luc were added to the reaction 
and yield of active luciferase was estimated. Total and phosphorylated eIF2α was monitored by 
the former described western blot approach.  
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3. Results 

3.1 Optimization of CHO lysate production for cell-free protein synthesis 

Cell-free protein synthesis reactions are based on a cell lysate that includes an active 
translational machinery with all factors needed for the protein synthesis. To produce a cell-free 
compatible cell lysate different demands and process steps are required. The process line 
contains four main steps that need to be optimized (Figure 12). During the first process step a 
high amount of biomass is produced in a fermentation vessel. Thereby different fermentation 
modes are potentially available to be adapted to cell lysate production. This thesis focused on 
two main fermentation modes, a standard batch cultivation and a continuous fermentation mode 
also called perfusion fermentation. A perfusion fermentation enables the production of high cell 
densities by continuous removement of consumed cell culture media and simultaneous 
supplementation of fresh media. Afterwards cell suspension is harvested and washed by 
centrifugation using a HEPES based buffer followed by a cell disruption procedure. For the 
selection of a suitable disruption method different parameters need to be considered, thereby 
the chosen cell line plays a pivotal role. Prokaryotic and eukaryotic cells differ in cellular 
composition and react differently to cell stress. Therefore, eukaryotic cell lysates, especially 
cells with mammalian origin, need to be treated in a “mild” manner during cell disruption . The 
disruption process is followed by further reconditioning of raw lysate. Milieu conditions were 
adapted to cell-free reaction requirements by chromatography. Additionally endogenous 
mRNA is removed by S7 nuclease treatment and an energy regeneration system is added to the 
prepared cell lysates. The obtained cell lysate can be directly applied to the cell-free protein 
synthesis reaction. During the first part of this thesis selected parameters were evaluated to 
obtain a process line for production of large amounts of translationally active CHO lysate for 
further development of CHO cell-free systems. 

Figure 12 Process line for the production of cell lysates based on CHO cells. The development and optimization 
of lysate production suitable for cell-free protein synthesis contains four main process steps. In the first step cells 
were cultured in a fermentation vessel to produce biomass. This step can be performed in a batch or perfusion 
based fermentation mode. The second step comprises harvesting and washing of the cells by centrifugation to 
remove media components. Afterwards cells were disrupted by mechanical methods and cell debris (cell 
membrane, nuclei) were removed by centrifugation. Received cell component solution included the so called “raw 
lysate”. A further chromatography step, the supplementation of the energy generation system and removement of 
endogenous mRNA by S7 nuclease were performed for the preparation of the final CHO cell lysate. 
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For evaluation of produced CHO cell lysates batch based cell-free protein synthesis reactions 
were performed. Two model proteins were chosen to analyze the quality of produced lysates 
and to compare different parameters involved in the lysate preparation process. The first model 
protein is  luciferase, an enzyme that is a general reporter protein commonly used in the 
molecular biological research area. The second protein is an erythropoietin, a pharmaceutically   
relevant glycoprotein that is mainly produced in CHO cell in vivo processes (Wang et al. 2002). 

3.1.1 Evaluation of cell culture process 

First considerations for evaluation of CHO cell cultivation for production of translationally 
active cell lysates were performed with regards to cell culture mode. Thereby two different 
fermentation modes were tested for their compatibility to allow for the generation of 
translationally active cell lysates. The first part has comprised a cultivation of CHO cells in a 
batch mode fermentation process. The culture process was based on PowerCHO2-CD media 
(Lonza), which was demonstrated to be a media formulation suitable for production of active 
cell lysates (Brödel et al. 2014).  

Figure 13 Cultivation of CHO cells in a batch fermentation process for the production of CHO cell lysates. 
Biomass generation process was performed in a Biostat B-DCU II fermentation plant (Satorius Stedim) in 5 l glass 
vessels. Gassing of fermentation vessel was realized by integration of an aeration basket for bubble-free aeration. 
The following parameters were monitored online for process control: pH, pO2, stirring and temperature. Vessel 
volume, cell density and cell viability were analyzed offline. For estimation of cell density and viability a Thoma 
counting chamber and a trypan blue staining procedure was used. Prior preparation of CHO cell lysate cells were 
grown to cell density between 3*106 and 5 *106 and harvested during the exponential growth phase for further 
processing to cell lysates. The time of harvesting is indicated by a black arrow. Fermentation control parameters 
are listed in the material and methods part. 

During fermentation process growth of CHO cells was monitored and complied with a standard 
growth curve containing a lag phase in the beginning of the process followed by the exponential 
growth phase (log phase) starting at a batch age of around 40 h (Figure 13). The viability of 
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CHO cell culture fluctuated between 97% and 100% and thereby indicating high level of viable 
cells. Cells were harvested at around 4.5*106 cells/ml for further production of cell lysate using 
the standard protocol. Set points of pH, pO2 and regulation parameters are indicated in Table 6 
and Table 8. 

In order to analyze the quality of produced CHO cell lysate cell-free synthesis of model proteins 
luciferase and erythropoietin was performed. Yields of synthesized proteins were estimated to 
evaluate translational activity of CHO lysates. Yields were determined by protein specific 
analysis tools. The analysis of luciferase yield comprised a standard luciferase assay and the 
detection of the bioluminescence signal, which indicates the yield of functional protein. Using 
lysate produced in a batch process, protein yields around 14.5 µg/ml were received. EPO was 
synthesized in the presence of 14C leucine to enable further quantification of protein yield. 
During this experiment protein yields of around 10.5 µg/ml were observed. 

Figure 14 Evaluation of translational activity of CHO lysate produced in a batch fermentation process. 
Luciferase and erythropoietin were synthesized in a batch based cell-free system containing lysates produced in 
batch fermentation mode. Synthesis was based on DNA templates pIX3.0-CRPV-Luc and pIX2.0-CRPV-Mel-
EPO while EPO harbors an N-terminal melittin signal peptide. For further estimation of protein yield, EPO was 
synthesized in the presence of 14C leucine. Protein yield of radiolabeled EPO was determined by hot TCA 
precipitation followed by scintillation measurement. Yield of active luciferase was analyzed by standard luciferase 
assay using a luciferase assay reagent (Promega) and the detection of bioluminescence signal (multi-mode 
photometer, Berthold). Error bars show standard deviations calculated from triplicate analysis. 

Generally, it is reported that batch fermentations show limits in cell densities that are reached 
during the process. Depending on cell culture media, cell line and fermenter assembly cell 
densities between 4*106 cells/ml up to 10*106 cells/ml can be reached in a standard batch 
process (Wurm 2004). To overcome this limitation, fermentation modes were developed 
showing an increase in cell density in mammalian cell cultivation. These modes can be divided 
into a fed-batch and perfusion (continuous cultivation) mode. In this thesis, a continuous 
cultivation mode was tested for the adaptation to CHO lysate production. Continuous 
cultivation offers the advantage of reaching high cell densities while cells are kept in a steady 
state (Karst et al. 2016). The performance of this process requires the continuous removement 
of cell culture media from the fermentation vessel using a cell retention device and the delivery 
of fresh media to enable the supply of energy. To evaluate the influence of continuous 
cultivations and increased cell densities for production of CHO cell lysates a perfusion process 
was performed including cell harvest times at different cell densities. Visualization of 
fermentation process parameters is demonstrated in Figure 15. Cell were harvested at cell 
densities of 4.5*106 cells/ml (Harvest 1), 10*106 cells/ml (Harvest 2), 17*106 cells/ml (Harvest 
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3) and 21*106 cells/ml (Harvest 4) indicated by a black arrow. During all harvest times cells 
were grown in the exponential growth phase and viability was kept between 99% and 100%. 
Produced CHO cell lysates were compared for their ability to produce proteins in a cell-free 
protein synthesis reaction. Results are shown in the graphs of Figure 16. Production of 
luciferase and EPO was evaluated to obtain a statement for applicability of continuous 
fermentation process to CHO lysate production. Derived data for functionally active luciferase 
revealed only slight differences in protein yields using lysates of the different harvest times 
(Figure 16 A). The protein yield is in the range of 18.5 to 21.8 µg/ml for all harvest times. With 
regards to the production of EPO no significant differences in protein yield were detected 
(Figure 16 B). The quantification of EPO yield revealed concentrations of 14-16 µg/ml. Lysates 
prepared from Harvest 1, 3 and 4 showed nearly equal protein yields at around 16 µg/ml, 
whereby lysate produced at Harvest 2 revealed slightly decreased protein yields of around 14 
µg/ml. 

Figure 15 Analysis of continuous fermentation to produce biomass for the preparation of CHO cell based 
cell-free protein synthesis systems. CHO cells were cultured in a 5 l glass vessel connected to a Biostat B-DCU 
II system regulation unit (Satorius Stedim). An aeration basket enabled bubble-free gassing during the 
fermentation process. Continuous process regulation was realized by an internal spin filter for cell retention and 
the continuous mode was started reaching a cell density of around 4*106 cells/ml. Perfusion rate was set to 0.5 
reactor volume/per day during the whole process. The following parameters were monitored online for process 
control: pH, pO2, stirring and temperature. Vessel volume, cell density and cell viability were analyzed offline. 
For estimation of cell density and viability a Thoma counting chamber and a trypan blue staining procedure was 
used. Cells were harvested at different cell densities for preparation of cell-free synthesis suitable CHO cell lysate. 
Times of harvest are indicated by black arrows. 
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Figure 16 Quality of CHO lysate produced at different harvest times during continuous fermentation 
process. For preparation of cell lysates, CHO cells were harvested at different times of continuous fermentation 
process. Harvests at different cell densities were prepared to compare the quality of these lysates. Quality control 
was based on the cell-free protein synthesis reaction of model proteins luciferase (DNA template: pIX3.0-CRPV-
Luc) and erythropoietin (DNA template: pIX2.0-CRPV-Mel-EPO). (A) Protein yield of functional luciferase was 
estimated by a standard luciferase assay using a multimode microplate reader (Berthold). Protein yield was 
calculated by application of a previously prepared calibration curve. Error bars indicate a standard deviation (n= 
6 (Harvest 1 and 4); n=12 (Harvest 2 and 3)) (B) Determination of EPO protein yield produced in the CHO cell-
free system. Cell-free synthesis was performed in the presence of 14C leucine to allow radiolabeling of produced 
EPO. Radiolabeled proteins were precipitated by hot TCA precipitation followed by scintillation measurement. 
Error bars show standard deviations calculated from triplicate analysis. 

The initial evaluation of fermentation process mode was followed by estimating the influence 
of cell culture media on the quality of CHO cell lysates for cell-free protein synthesis. Therefore 
four different animal component free media (PowerCHO1-CD, PowerCHO2-CD, 
PowerCHO3-CD, ProCHO5 (Lonza)) were chosen that enable adaptation and cultivation of 
CHO cells in suspension culture. After cell adaptation to each of the media, simultaneous 
cultivations were performed using 1 l spinner flasks. Growth curves and microscopic images of 
each cell culture are presented in the appendix (Supplementary figure 1, Supplementary figure 
2). Cells were simultaneously harvested in the exponential growth phase, disrupted and 
translational activity of lysates was analyzed using the indicated model proteins. Estimation of 
active luciferase yield revealed diversities of different media cultivations for cell-free protein 
synthesis. Cultivation of CHO cells in PowerCHO2-CD media led to highest protein yields 
around 13 µg/ml  (Figure 17 A). Application of the other media types resulted in decreased 
yields of around 8.4 µg/ml (PowerCHO1-CD), 3.4 µg/ml (PowerCHO3-CD) and 7.4 µg/ml 
(ProCHO5). In contrast, synthesis of glyco protein EPO revealed nearly similar protein yields 
around 8 µg/ml for each CHO lysate. For all synthesized EPO proteins a glycosylated band, 
which is indicated by an arrow in the autoradiograph (Figure 17 C), could be detected. In 
accordance to obtained results, PowerCHO2-CD media was used for the further cultivation of 
CHO cells for the preparation of translationally active cell lysates. 
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Figure 17 Influence of cell culture media on the qualit  of CHO l sate used for cell-free protein s nthesis. 
Prior to the preparation of cell lysates, CHO cells were cultured in the following cell culture media: PowerCHO1-
CD (CHO1CD), PowerCHO2-CD (CHO2CD), PowerCHO3-CD (CHO3CD) and ProCHO5 (ProCHO5). Cell 
lysates were prepared according to the standard procedure. Cell lysates were compared and analyzed by the 
synthesis of model proteins luciferase (Luc) and erythropoietin (EPO) based on the DNA templates pIX3.0-CRPV-
Luc and pIX2.0-CRPV-Mel-EPO, respectively. (A) Quantification of functionally active luciferase by standard 
luciferase assay. Error bars indicate standard deviations (n=9 (CHO2CD/CHO3CD); n=12 
(CHO1CD/PROCHO5)) (B) Determination of protein yield of radiolabeled EPO by scintillation measurement. 
(C) Analysis of molecular weight and glycosylation of cell-free synthesized EPO by separation of produced 
proteins using SDS-PAGE followed by autoradiography. The autoradiogram shows PNGase F treated (+) and non-
treated (-) samples. PNGase F is a glycosidase and therefore cleaves sugar moieties. Red arrows indicate the protein 
band of glycosylated EPO.  

3.1.2 Analysis of cell disruption and reconditioning conditions 

The process step of cell cultivation and harvesting is followed by the disruption of CHO cells. 
For preparation of CHO cell lysates suitable for cell-free protein synthesis a mild mechanical 
disruption method is applied that enables the production of translationally active lysates. For 
this, washed cell suspension is passed through a 20 gauge needle to shear the cells and thereby 
open the outer membrane structures. An essential parameter during cell disruption process is 
the time period of passing through the needle. For a high quality of derived CHO lysate the 
degree of disruption needs to be high, while disruption time must be kept as short as possible 
to minimize the introduced stress that causes inactivity of translation relevant factors. To 
demonstrate the period of time necessary to fully disrupt CHO cells during lysate preparation 
process, samples were microscopically analyzed for their degree of disruption after various 
times of disruption (0 min, 5 min, 10 min, 15 min, 20 min) (Figure 18). Before starting 
disruption of the cells (0 min), intact CHO cells were detected. After 5 min of disruption only 
around 10% of the cells were visualized followed by the detection of around 5% after a 
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disruption time of 10 min. 100% degree of cell disruption was obtained after 15 min and 20 
min whereby small cell artefacts were detected. For the following cell lysate preparation 
disruption time was set to 15 min. 

Figure 18 Degree of CHO cell disruption at various reaction times of mechanical disruption. Exponentially 
grown CHO cells were disrupted after harvesting and washing procedure. The disruption process included shearing 
of cells through a 20 gauge needle and thereby enabling a mechanically forced disruption. After different times of 
disruption, samples were taken to microscopically visualize the disruption degree. Samples were analyzed using a 
Zeiss microscope.  

The generally used disruption process using a 20 gauge needle is limited in cell suspension 
volume that can be disrupted at the same time. While shifting the process to continuous 
fermentation and production of high amounts of biomass, an adaptation of the disruption 
process is necessary. Therefore two different disruption technologies were tested for their 
ability to produce suitable CHO lysate for cell-free protein synthesis. The first platform, the so 
called microfluidizer (Microfluidics), contains an air driven intensifier pump, which enables to 
litigate the cell suspension with a desired pressure through micro channels. The second 
technology comprised an emulsifier, an industrial mixer that puts mechanical and hydraulic 
shear stress on particles to break them into smaller pieces. Lysates obtained from standard,  
microfluidizer and emulsifier disruption were compared using the standard cell-free batch 
synthesis of model proteins luciferase and erythropoietin. Estimation of active luciferase 
revealed a 2.6-fold increase in protein yield using a microfluidizer (40.4 µg/ml) compared to 
standard procedure (15.2 µg/ml) (Figure 19 A). In contrast, using the emulsifier (10.3 µg/ml) 
for cell disruption a slight decrease of protein yield compared to standard procedure was 
detected. Similar results were received for the synthesis of EPO, while microfluidizer lysate 
showed higher protein yields (28.4 µg/ml) (Figure 19 B). Glycosylated EPO was only detected 
in the sample of EPO containing translation mixture with standard lysate (Figure 19). Optical 
analysis of lysate indicated differences in the appearance of standard lysate in comparison to 
emulsifier and microfluidizer lysate. Standard lysate looked opaque whereby microfluidizer 
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and emulsifier lysate appeared clear solution. Microscopic analysis of the three lysate types 
showed the presence of microsomal structures only in standard lysate (data not shown).  
Therefore, only this type of lysate was suitable for synthesis of posttranslationally modified and 
membrane embedded proteins. The microfluidizer lysate offers a platform for soluble proteins. 

Figure 19 Anal sis of different t pes of cell disruption technologies. Three cell disruption procedures were 
tested for their ability to produce translationally active CHO cell lysate. A standard mechanical disruption 
procedure was performed to enable a comparison to the standard lysate preparation process. Furthermore, cells 
were disrupted using a high pressure homogenizer (Microfluidizer, Microfluidics) and an emulsifier. Obtained 
CHO lysates were applied to the cell-free protein synthesis reaction to evaluate their activity. (A) Cell-free 
synthesis of functionally active luciferase based on pIX3.0-CRPV-Luc DNA template. The luciferase assay was 
performed using a standard luciferase assay (Promega) followed by detection of bioluminescence signal using a 
multi-mode microplate reader (Berthold).  (B+C) Analysis of EPO synthesis using differently prepared cell lysate 
types. (B) Quantification of protein yield by detection of radiolabeled (14C leucine) EPO (scintillation 
measurement). (C) Autoradiography analysis of produced EPO by separation of radiolabeled protein using SDS-
PAGE. Glycosylation of produced EPO was analyzed by enzymatically removing glyco moieties using the 
glycosidase PNGaseF. Red arrow indicates the protein band of glycosylated EPO. Error bars show standard 
deviations calculated from triplicate analysis. 

The possibility to produce high amounts of translationally active CHO cell lysates causes new 
challenges in the reconditioning of produced raw lysates. In general, raw lysate production is 
followed by a chromatography step to accomplish desalting and equilibration to desired buffer 
conditions. During standard preparation a small scale sephadex based NAP25 column is used 
to ensure the desalting of cell lysates. Upscaling of the process requires the application of larger 
chromatography columns. In order to realize the upscaling, a self-assembled chromatography 
column placed into an Äkta Prime device (GE Healthcare) was tested for preparation of CHO 
cell lysates. Synthesis of luciferase using Nap- and Äkta-processed lysates showed nearly equal 
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proteins yields of 13.2 µg/ml and 15.8 µg/ml, respectively (Figure 20 A). Concerning 
quantification of EPO protein yield, Nap 25 treated cell lysate led to 17.1 µg/ml whereas Äkta 
Prime cell lysate result in a decreased concentration of 10.8 µg/ml (Figure 20 B). In addition, 
non-glycosylated and glycoprotein bands of EPO were detected at their expected molecular 
weights (Figure 20 C). This result shows that chromatography step of lysate production process 
can be upscaled by using Äkta without losing the complete translational activity of CHO cell 
lysates. 

Figure 20 Chromatographic procedures for reconditing CHO cell lysates. Raw lysates were desalted and 
equilibrated to cell-free reaction conditions using chromatography. Standardized NAP 25 (GE Healthcare) 
columns harboring sephadex G-25 were used for preparation of CHO cell lysates. Processing of raw lysate with a 
self-prepared column integrated in an Äkta prime device (GE Healthcare) was compared to standard procedure. 
Produced lysates were analyzed for their translational activity by synthesis of model proteins luciferase (Luc) and 
erythropoietin (EPO). (A) Cell-free synthesis of functional active luciferase based on pIX3.0-CRPV-Luc DNA 
template. Luciferase assay was performed using the manufactures protocol (Promega) followed by detection of 
bioluminescence signal using a multi-mode microplate reader (Berthold).  (B+C) Analysis of EPO synthesis using 
differently prepared cell lysate types. (B) Quantification of protein yield by detection of radiolabeled (14C leucine) 
EPO (scintillation measurement). (C) Autoradiography analysis of produced and radiolabeled EPO by SDS-PAGE 
followed by autoradiography. Glycosylation of produced EPO was analyzed by enzymatically removing glyco 
moieties using the glycosidase PNGaseF. Red arrows indicate the protein band of glycosylated EPO. Error bars 
show standard deviations calculated from triplicate analysis. 
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3.2 Batch mode CHO cell-free system for synthesis of „difficult-to-express“ proteins 

The tool of cell-free synthesis opens up entirely new opportunities in the area of protein 
production. The absence of a cell membrane and maintenance metabolism enables especially 
the production of proteins causing cytotoxic effects in living organisms (Salehi et al. 2016). 
These so called “difficult-to-express” proteins comprises a broad range of pharmaceutical 
relevant proteins including diverse types of membrane proteins like G protein coupled 
receptors, ion channels, membrane transporters, transmembrane receptors and toxic proteins. 
For production of these proteins, suitable cell-free protein synthesis systems are available 
offering the possibility of membrane protein integration and the formation of posttranslational 
modifications especially disulfide bridges and glycosylations. Nowadays, diverse eukaryotic 
cell-free systems are able to produce “difficult-to-express” proteins. Special eukaryotic cell-
free systems contain microsomes derived from endoplasmic reticulum during mild disruption 
process enabling ER based posttranslational modifications and a direct integration of membrane 
proteins into a nature like milieu. (Zemella et al. 2015). These systems include a cell-free 
protein synthesis platform based on industrial relevant CHO cells. First studies showed the 
development of a CHO cell-free systems performed in a batch format (Brödel et al. 2014). This 
thesis describes the development of the batch-formatted system to investigate the diversity of 
the system, possible optimization strategies and the synthesis of “difficult-to-express” proteins. 

After optimizing the production procedure, the following part is focused on the improvement 
of the CHO cell-free synthesis in a batch reaction format. Relating to this part, four scientific 
main topics will be addressed to develop a versatile CHO batch cell-free system (Figure 21). 
Brödel et al. have demonstrated that a DNA template is required harboring a 5´ UTR cricket 
paralysis virus (CRPV) internal ribosomal entry site (IRES) of the intergenic region (IGR) to 
obtain a high productivity of CHO cell-free system (Brödel et al. 2013). Therefore, the CRPV-
IRES and a reporter gene were integrated into a pIX3.0 vector backbone. Using a special 
plasmid backbone always requires an elaborate cloning procedure. To circumvent these issues, 
various plasmid backbones, harboring diverse IRES´s and linear DNA templates will be tested 
for their usability in CHO cell-free systems.  

DNA amount, RNA polymerase concentrations and additives will be adjusted to obtain 
optimized synthesis conditions. Optimization processes concerning cell-free protein synthesis 
always aim to increase the productivity of the platform. It is well known that prepared cell-free 
reactions are in a molecularly diluted state compared to an entire cell where molecules are 
crowded. This molecular crowding effect was mimicked by supplementation of molecular 
crowding reagents in E. coli and wheat germ based cell-free systems (Ge et al. 2011; Caschera, 
Noireaux 2015). These effects will be analyzed in the CHO cell-free system to derive an 
increase in protein yield. Additionally “difficult-to-express” proteins were considered 
according to their possibility to be synthesized. Exemplary the secreted protein hBMP2, which 
harbors a high potential for pharmaceutical applications, was chosen to demonstrate the 
possibility to synthesize a “difficult-to-express” protein. A versatile tool to monitor “difficult-
to-express” protein synthesis is the introduction of fluorescence moieties in de novo synthesized 
proteins. Different methods are available that can be used to realize fluorescence labeling of 
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proteins. Sachse et al. demonstrated the incorporation of non-canonical amino acids conjugated 
to a BODIPY-TMR dye into proteins in cell-free protein synthesis reaction based on Sf21 cell 
lysate (Sachse et al. 2013). For this, a tRNA coding for phenylalanine was loaded with a 
BODIPY-TMR conjugated lysine and statistically integrated into the target protein in the 
protein translation process. To enable the integration of dye conjugated amino acid the 
translational machinery of applied host organisms needs to recognize and accept the appropriate 
tRNA. In the following part the acceptance and integration was tested in the CHO based cell-
free synthesis system to extent the toolbox of applications and technologies of this platform.  

Figure 21 Workflow to develop, analyze and optimize the batch mode cell-free system based on CHO cell 
lysates.  Overview about the core topics that were addressed during the optimization of the CHO batch mode. The 
different topics were chosen to analyze the possibilities of CHO batch cell-free system and to optimize reaction 
conditions to obtain increased protein yields. The illustrated topics cover the following aspects: 1. DNA template 
requirements, 2. Molecular crowding effects, 3. “Difficult-to-express” proteins, 4. Incorporation of non-canonical 
amino acids. 

3.2.1 Analysis of DNA template requirements 

Initially, the opportunity to apply diverse circular DNA templates (plasmids) to the cell-free 
synthesis based on CHO cell lysates was tested. All templates contained a luciferase reporter 
gene for evaluation of the protein synthesis rate. Two constructs containing an EMCV-IRES 
(pGem-EMCV-Luc and pT7CFE1-EMCV-Luc) and two constructs harboring a CRPV-IRES 
(pIX3.0-CRPV-Luc and pcDNA3.1-CRPV-Luc) were applied to the batch-formatted cell-free 
reaction. In previous experiments, conditions of CHO cell-free system were optimized using 
pIX3.0-CRPV-Luc  (Brödel et al. 2014). Therefore, this plasmid constitutes the standard control 
plasmid for the system. The quantity and quality of the cell-free synthesis was monitored to 
evaluate the plasmids. Highest protein yields around 25 µg/ml of total and active luciferase 
were obtained using pIX3.0-CRPV-Luc (Figure 22 A and B). A significant decrease of yield 
was detected for the other plasmids, whereby pcDNA3.1-CRPV-Luc showed the second highest 
protein yield around 4 µg/ml followed by pGem-EMCV-Luc (2.3 µg/ml) and pT7CFE1-
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EMCV-Luc (1.1 µg/ml) (Figure 22 A). Quantity control by western blot revealed similar results 
(Figure 22). The appropriate luciferase bands were detected for all plasmids but showing 
different band intensities. A low intensity band was also visualized in the sample without 
addition of DNA template (NTC), compared to the other samples. It is notable that standard 
plasmid pIX3.0-CRPV-Luc revealed the highest protein yields. Based on this fact, further 
template optimizations were performed to improve the protein yields by application of the other 
DNA templates. 

Figure 22 Quantitative analysis of cell-free protein synthesis: Comparison of different luciferase encoding 
vector backbones probed in CHO cell lysates. (A) Total protein yields were determined by incorporation of 
radioactive 14C leucine into de novo synthesized proteins followed by hot TCA precipitation and scintillation 
measurement. (B) Yields of active luciferase were quantified by standard luciferase assay. (C) Western blot 
analysis of cell-free produced luciferase using primary Anti-Luc antibody (concentration 1:1000) and secondary 
Anti-rabbit-HRP conjugate antibody (1:2000). Analysis of luciferase bands were performed by using ECL reagent 
and detection of corresponding light emission. Error bars show standard deviations calculated from triplicate 
analysis. NTC sample contains translation mixture without DNA template. 

Besides the type of plasmid backbone, the optimal amount of plasmid supplemented to the cell-
free reaction plays a pivotal role for the finally received protein yield. Former studies showed 
an optimal plasmid concentration for pIX3.0-CRPV-Luc around 60 ng/µl (Brödel et al. 2014). 
To evaluate the influence of plasmid concentration for cell-free synthesis of pcDNA3.1-CRPV-
Luc, pGem-EMCV-Luc and pT7CFE1-EMCV-Luc a concentration range analysis was 
performed and protein yields were quantified. Analysis of active (Figure 23) protein yields 
revealed diversities of optimum plasmid concentrations that led to maximum protein yield. The 
application of various concentrations of pGem-EMCV-Luc DNA showed no significant 
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increase by using a higher amount of DNA template. The optimal amount was already reached 
around 50 ng/µl plasmid DNA concentration resulting in a protein concentration up to 5 µg/ml 
(Figure 23). In contrast, the concentration range analysis of pcDNA3.1-CRPV-Luc and 
pT7CFE1-EMCV-Luc resulted in different optimal plasmid concentrations. The maximum 
luciferase yield was achieved using 250 ng/µl of pcDNA3.1-CRPV-Luc and pT7CFE1-EMCV-
Luc leading to around 35 µg/ml and 7.3 µg/ml de novo synthesized protein, respectively. 
Supplementary table 2 indicates that the effect of plasmid concentration is not molarity 
dependent as optimal plasmid concentrations correspond to different molarities of plasmid 
DNA.  

Figure 23 Evaluation of plasmid concentration applied for CHO lysate based cell-free synthesis. Analysis of 
plasmid concentration of pGEM-EMCV-Luc, pcDNA3.1-CRPV-Luc and pT7CFE1-Luc used for cell-free protein 
synthesis. Translation rate of pIX3.0-CRPV-Luc was analyzed as control DNA template. Protein yields of active 
luciferase were determined by standard luciferase assay. Error bars represent standard deviations calculated from 
triplicate analysis. (Thoring et al. 2016) 

The protein synthesis process includes two steps, which are integrated in the coupled cell-free 
synthesis reaction. The transcription of the desired gene sequence into mRNA represents the 
first part of protein biosynthesis. After addressing the concentration of plasmid applied to the 
cell-free system, transcription parameters were adjusted by evaluation of the T7 RNA 
polymerase concentration used in the reaction. Therefore, the standard concentration of T7 
RNA polymerase (1 U/µl) was compared to an increased concentration of 3 U/µl. Different 
plasmids with various concentrations were tested to examine the influence of T7 RNA 
polymerase concentration on the protein yield in the batch based cell-free system. Two of the 
previously used luciferase containing plasmids (pcDNA3.1-CRPV-Luc and pT7CFE1-EMCV-
Luc) and the control plasmid pIX3.0-CRPV-Luc were proved for the received protein yields 
(Figure 24 A).  
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Figure 24 Influence of T7 RNA polymerase concentration and the applied plasmid concentration on the 
obtained protein yield. Analysis of synthesis rate of model proteins luciferase (Luc) and Erythropoietin (EPO). 
(A) Results for the evaluation of pGEM-EMCV-Luc, pcDNA3.1-CRPV-Luc and pT7CFE1-Luc plasmids in CHO 
cell-free synthesis using plasmid concentrations of 50 ng/µl, 150 ng/µl and 300 ng/µl supplemented to the reaction. 
T7 RNA polymerase was added in two different concentrations to analyze the effect of this component. Synthesis 
of luciferase based on pIX3.0-CRPV-Luc served as translation control reaction. (C) Analysis of active luciferase 
yield by standard luciferase assay. (B) Evaluation of EPO synthesis in a batch based CHO cell-free system 
depending on applied plasmid and T7 RNA polymerase concentration. Radiolabeled proteins were analyzed by 
scintillation measurement and autoradiography. Arrows on autoradiogram indicate the non-glycosylated and the 
glycosylated version of EPO. Error bars represent standard deviations calculated from triplicate analysis. (Thoring 
et al. 2016) 

By raising the polymerase concentration to 3 U/µl an increase of luciferase concentration was 
determined for all applied plasmids and plasmid concentrations. Maximum concentrations were 
reached for pcDNA3.1-CRPV-Luc and pT7CFE1-EMCV-Luc at 150 ng/µl and 3 U/µl (16.4 
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µg/ml) and 300 ng/µl and 3 U/µl (2.2 µg/ml), respectively. Equivalent results were obtained for 
the control plasmid showing a 2.5-fold increase in protein yield by supplementation of 3 U/µl 
T7 RNA polymerase. Further increase of T7 RNA polymerase showed no significant increase 
of functional luciferase (Data not shown). To verify the outcome of luciferase experiments, the 
second model protein EPO was analyzed according to the impact of variation of T7 RNA 
polymerase concentration. The results of EPO protein quantification displayed an up to 2-fold 
increase of protein concentration using 50 ng/µl of plasmid DNA (Figure 24 B). By the 
application of higher amounts of DNA (150 ng/µl, 300 ng/µl) no significant differences of 
protein yield were detected. EPO protein bands demonstrated on the autoradiograph revealed 
an increase of non-glycosylated band (lower arrow) intensity by increasing plasmid and T7 
RNA polymerase concentration. In contrast, a change of glyco band (upper arrow) intensity 
was not detected.  

Aside from the application of circular plasmid DNA, which encodes the appropriate target gene, 
linear DNA templates can be used in cell-free systems. Previous studies demonstrated the cell-
free synthesis of various protein types in cell-free systems based on E. coli (Schinn et al. 2016), 
Sf21 (Stech et al. 2013) and wheat germ lysates (Tsuboi et al. 2010; Harbers 2014). Using a 
linear DNA template in the cell-free reaction provides benefits concerning a fast adjustment of 
gene sequence and addition of specific tags by PCR. This offers an easy adaptation of the system 
to high-throughput applications. First investigations revealed that standard conditions (5 ng/µl 
PCR product, 1 U/µl T7 RNA polymerase) used for Sf21 cell-free system were not suitable in 
the CHO lysate based cell-free system. Therefore, reaction parameters were analyzed to enable 
the application of linear PCR products to CHO cell-free system. Previous experiments resulted 
in an increase of protein yield by raising the T7 RNA polymerase concentration and varying 
plasmid concentrations. In the following part, these outcomes were adapted to the cell-free 
protein synthesis based on linear DNA templates (Figure 26). Synthesis of luciferase (Figure 
26 A) and EPO (Figure 26 B) based on a linear template showed similar results. Only a small 
increase in protein yield was detected by a raise in DNA concentration (5.0 ng/µl to 15 ng/µl) 
using 1 U/µl of T7 RNA polymerase. In contrast, an application of 3 U/µl T7 RNA polymerase 
led to significant increase of protein yield for both model proteins, whereby the maximum 
protein yield was reached at 12.5 ng/µl and 15 ng/µl of linear DNA template for luciferase (18.6 
µg/ml) and EPO (11.6 µg/ml), respectively. Generally, cell-free synthesis based on control 
plasmids (pIX3.0-CRPV-Luc and pIX2.0-CRPV-Mel-EPO) revealed higher yields compared 
to reactions containing linear DNA templates. The autoradiography visualized the non-
glycosylated and glyco band of EPO (Figure 26 B). The increase in intensity of non-
glycosylated band correlated with the former results of protein yield. An additional increase in 
the intensity of glycosylated protein band was detected by the increase of DNA concentration 
using 1 U/µl T7 RNA polymerase but only a slight raise was observed when using 3 U/µl T7 
RNA polymerase samples. 
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Figure 25 Implementation of a CHO cell-free system based on linear DNA templates. Linear DNA templates 
were generated by a one-step PCR approach using pIX3.0-CRPV plasmids (control plasmids) as amplification 
templates. (A) Synthesis of luciferase based on the generated Luc PCR product (5.0 ng/µl, 7.5 ng/µl, 10 ng/µl, 
12.5 ng/µl, 15 ng/µl), the control plasmid backbone pIX3.0-CRPV-Luc and T7 RNA polymerase concentration (1 
U/µl and 3 U/µl). Quantification of active protein yield by luciferase assay. (B) Repetition of experimental 
procedure using the linear DNA template Mel-EPO and the plasmid control pIX2.0-CRPV-Mel-EPO. 
Quantification of produced Mel-EPO was performed using TCA precipitation followed by scintillation 
measurement. Error bars represent standard deviations calculated from triplicate analysis. Appropriate protein 
bands were detected by autoradiography. (Thoring et al. 2016) 

3.2.2 Optimization of reaction conditions using molecular crowding reagents 

Besides the DNA template requirements and transcription conditions, the general milieu of cell-
free reaction influences protein synthesis in the in vitro system. In general, the environment in 
the living cell represents optimal conditions for the proteins synthesis. With regard to a living 
cell, molecules are available in a tightly packed environment. This so called molecular 



3 .  R e s u l t s

7 8  

crowding influences biochemical kinetics by volume exclusion effects (Tan et al. 2013). Thus, 
diffusion rates were reduced and molecule binding rates are enhanced. Additionally, it is 
reported that molecular crowding influences transcription reaction positively (Matsuda et al. 
2014). Adjusting the molecular environment by induction of a crowding effect might be a cost 
efficient alternative for the increase of T7 RNA polymerase. Therefore, the next section of this 
thesis deals with the supplementation of molecular crowding reagents to CHO cell-free system. 
Various molecular crowding reagents are available to mimic the natural milieu of a cell. 
Commonly used reagents include macromolecules such as polyethylene glycol (PEG), Ficoll, 
dextran, or proteins (such as ovalbumin or hemoglobin), which were added to the protein 
synthesis reaction (Phillip et al. 2009).  

Figure 26 Application of molecular crowding reagents to the cell-free system. Synthesis of model protein 
eYFP (plasmid pIX3.0-CRPV-eYFP) in the presence of potential molecular crowding reagents. Various molecular 
crowding reagents including Polyethylenglycol (PEG 400, PEG 1500, PEG 3500, PEG 5000, PEG 20000) and 
Ficoll (Ficoll 70, Ficoll 400) were supplemented to cell-free reaction. Molecular crowding reagents were analyzed 
in two concentrations (1%, 2%). Control reactions were composed of a standard cell-free reaction containing 1 U/ 
µl of T7 RNA polymerase and an increased concentration of T7 RNA polymerase (3 U/µl)  (A) Analysis of eYFP 
fluorescence on µ-slides (Ibidi, Germany) using a variable mode imager (Typhoon Trio Plus, GE Healthcare) 
(excitation: 532 nm, emission: 526 nm). (B) Quantification of fluorescence intensity by image analysis using 
ImageQuant TL software (GE Healthcare). Error bars represent standard deviations calculated from triplicate 
analysis. (Thoring et al. 2016) 

During this study the influence of the crowding reagents PEG and Ficoll were tested in the CHO 
cell-free system. Enhanced yellow fluorescent protein (eYFP) was chosen to enable a fast 
evaluation of protein synthesis, whereby an increase of fluorescence intensity is correlated with 
a raise in protein yield. Different PEG molecules (PEG 400, PEG 150, PEG 3500, PEG 5000 
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and PEG 20000) were analyzed in comparison to Ficoll (Ficoll 70 and Ficoll 400) using a 
fluorescence scanning on µ-slides (Figure 26 A) and further quantification by image analysis 
(Figure 26 B). Both crowding reagents were tested using concentrations of 1% and 2% and 
compared to control experiments containing 1 U/µl and 3 U/µl T7 RNA polymerase. The 
treatment of cell-free reaction with nearly all molecules revealed an increase in fluorescence 
intensity. Only the application of PEG 20000 (1% and 2%) and Ficoll 70 (1%) showed 
inhibitory effects on the protein translation rate. However, comparing the control sample with 
3 U/µl of T7 RNA polymerase and molecular crowder treated reactions led to increased 
fluorescence intensities using PEG 400 (1%), PEG 3350 (1%, 2%) and PEG 5000 (1% and 2%). 
The most significant improvement was achieved by supplementation of 2% of PEG 5000 with 
a 1.8-fold increase in fluorescence intensity. In the following experiments, supplementation of 
the cell-free reaction with PEG 3350 and PEG 5000 was further evaluated. 

To investigate the optimal concentration of the molecular crowder in the CHO cell-free system, 
various concentrations of PEG 5000 were tested (Figure 27). In the synthesis of eYFP an 
optimal concentration of 2.5% of PEG 5000 was determined (Figure 27 A). Additionally, the 
influence of PEG 5000 on the synthesis of model glyco protein erythropoietin was analyzed by 
autoradiography. The results of EPO production with supplementation of PEG indicated an 
increase in non-glycosylated protein band on the autoradiogram when using a concentration of 
2.5% PEG 5000. In contrast, an increase in glyco band intensity was not detected. 

Figure 27 Concentration dependent influence of molecular crowding reagent PEG 5000. PEG 5000 was 
supplemented into cell-free reaction in a concentration range from 0.5% to 3%. (A) Influence of PEG 5000 
concentration (0.5%, 1.5%, 2.5%, 3.0%) on the synthesis of eYFP in cell-free reaction. eYFP fluorescence was 
analyzed on µ-slide (Ibidi, Germany) using a Typhoon Trio Plus variable mode imager and evaluated with 
ImageQuant TL software (GE Healthcare). Error bars represent standard deviations calculated from triplicate 
analysis. (B) Evaluation of glycoprotein synthesis (EPO) using PEG 5000 in different concentrations (0.5%, 1%, 
1.5%, 2.0%, 2.5%, 3.0%). Radiolabeled protein was analyzed by autoradiography. In order to detect possible 
glycosylation, enzymatic treatment of synthesized EPO with PNGaseF (New England Biolabs) was performed. A 
control reaction without DNA (NTC) was prepared to analyze background of cell-free synthesis. 
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The effect of molecular crowding was proofed by analysis of different lysate batches used for 
cell-free synthesis (Supplementary figure 3). Four lysate batches were analyzed to proof the 
reproducibility of PEG addition. For this, cell-free protein synthesis was performed in the 
presence of PEG 3350 and PEG 5000 in concentrations of 1% and 2%. Treatment of all batches 
resulted in a significant increase of the fluorescence signal compared to 1 U/µl T7 RNA 
polymerase control. According to the 3 U/µl T7 RNA polymerase control differences between 
the appropriate lysate batches were detected underlining the effect of PEG independent from 
lysate batch. Lysate batch 1, 3 and 4 showed a further increase of fluorescence signal using 
PEG 3350 or 5000 in a concentration of 2%. For lysate batch 2, no increase in comparison to 3 
U/µl T7 RNA polymerase sample was observed. In conclusion, the supplementation of PEG 
influenced protein synthesis in a batch based CHO cell-free system positively as it resulted in 
increased protein yields. 

Figure 28 Influence of PEG addition on various lysate batches used for cell-free protein synthesis. PEG 3350 
and PEG 5000 were supplemented to cell-free protein synthesis in two concentrations (1%, 2%). Comparison of 
lysate batches was performed by analysis of fluorescence intensity of produced eYFP (plasmid pIX3.0-CRPV-
eYFP). Fluorescence intensity was quantified by evaluation of µ-slide read out (Typhoon Trio Plus, Ge Healthcare, 
Excitation: 532 nm, Emission: 526 nm) using ImageQuant TL (GE Healthcare) software. Control reactions were 
composed of a standard cell-free reaction containing 1 U/ µl of T7 RNA polymerase and an increased concentration 
of T7 RNA polymerase (3 U/µl). Error bars represent standard deviations calculated from triplicate analysis 
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3.2.3 Synthesis of „difficult-to-express“ proteins 

An advantageous feature of cell-free protein synthesis is provided by the possibility to 
synthesize so called difficult-to-express proteins. In in vivo protein expression systems, the 
synthesis of this class of proteins is often limited due to their cytotoxic character. Therefore, 
special expression systems are required to overcome this limitation of the difficult-to-express 
protein production. A broad range of difficult-to-express proteins is represented by membrane 
proteins and posttranslationally modified proteins. Eukaryotic cell-free systems harboring 
endogenous microsomes enable a direct integration of membrane proteins into a nature-like 
milieu. In this way, eukaryotic cell-free synthesis offers the possibility to address the synthesis 
of difficult-to-express proteins. This thesis is focused on the development of cell-free systems 
based on CHO cell lysate. To combine both topics, the following part showed the ability to 
synthesize various difficult-to-express proteins in a batch based CHO cell-free system.  

Figure 29 Synthesis of „difficult-to-express“ proteins in CHO cell-free systems. Membrane proteins KCSA, 
KvAP, TRPVI, EGFR, hERG, OPMR1, ChRh and B2AR were produced and analyzed according to their protein 
yield and molecular weight. All synthesized proteins were encoded in a pIX3.0-CRPV vector backbone. Proteins 
were radiolabeled during synthesis reaction using 14C leucine. (A) Quantification of protein yield was 
accomplished by TCA precipitation followed by liquid scintillation measurement and calculation of protein yield. 
Error bars represent standard deviations calculated from triplicate analysis. (B) The autoradiogram showed 
appropriate protein bands and formation of multimeric complexes of proteins. Multimeric structures of KCSA and 
KvAP are marked with a white and black asterisk, respectively. (Thoring et al. 2016) 

For the evaluation of protein synthesis ion channels (potassium channel KCSA, voltage 
dependent potassium channel KvAP, transient receptor potential vanilloid 1 TRPV1, voltage 
dependent potassium channel hERG), transport proteins (channel rhodopsin 1 ChRh), growth 
factor receptor proteins (epidermal growth factor receptor EGFR) and G protein-coupled 
receptors (mu opioid receptor OPMR1, β-adrenergic receptor 2 B2AR) were analyzed 
concerning protein yields (Figure 29 A) and molecular weight (Figure 29 B). A successful 
synthesis of all selected proteins was detected (Figure 29). Protein yields in the range of 1.2 
µg/ml and 12.9 µg/ml were obtained using the CHO batch system. The synthesis of ion channels 
KCSA, KvAP, TRPVI and hERG led to protein yields of 2.3 µg/ml, 1.7 µg/ml, 12.9 µg/ml and 
4.0 µg/ml respectively. Additionally, 3.6 µg/ml of EGFR, 1.6 µg/ml of ChRh, 3.2 µg/ml of 
OPMR1 and 1.2 µg/ml B2AR were received. The visualization of proteins by autoradiography 
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revealed the presence of appropriate bands for all proteins produced (Figure 29 B). Ion channels 
KCSA and KvAP showed two protein bands in the range of the expected molecular weight of 
17.6 kDa and 32.5 kDa and potential multimeric bands at 49 kDa as indicated by an asterisk.  

A major benefit of cell-free protein synthesis is given by the open character of the system, 
which opens the possibility to supplement suitable components to the system required for 
protein production, folding or analysis. In particular, incorporation of fluorescence labels 
represents a convenient tool enabling the fast analysis of produced proteins and thereby 
avoiding the incorporation of radiolabels that represent a relevant safety risk and increase the 
costs of cell-free protein synthesis. Incorporation of fluorescence labels can be realized by 
supplementation of fluorescent amino acids to the reaction. Therefore, pre-charged tRNAs 
harboring amino acids conjugated to a dye were recognized by the ribosome followed by 
incorporation into the de novo synthesized proteins. In this study, a tRNA coding for 
phenylalanine pre-charged with BODIPY-TMR dye conjugated to lysine was added to CHO 
cell-free reaction. 

Figure 30 Residue specific fluorescence labeling of target proteins in cell-free systems based on 
translationally active CHO cell lysate. For the residue specific fluorescence labeling of proteins, cell-free 
synthesis was carried out in the presence of BODIPY-TMR-tRNAPhe. During this procedure, the fluorescence 
labeling of the novo synthesized EPO, KCSA and OPMR1 was facilitated. Translation mixture (TM) was separated 
into supernatant 1 (SN1) and microsomal fraction (MF) by centrifugation. Produced glycosylated and 
transmembrane proteins were separated by SDS-PAGE to enable further detection of appropriate protein bands. 
In-gel fluorescence was detected using a variable mode scanner (Typhoon Trio Plus, GE Healthcare) and an 
excitation wavelength of 544 nm and an emission wavelength of 570 nm. (Thoring et al. 2016) 

The possibility to incorporate the non-canonical amino acids into various proteins was analyzed 
using the model proteins EPO, KCSA and OPMR1. For visualization of synthesized proteins, 
samples were separated using SDS-PAGE followed by in-gel fluorescence. Appropriate protein 
bands were detected for all produced proteins. Synthesis of EPO resulted in a comparable 
protein band migration on the in-gel fluorescence (Figure 30) and on the autoradiogram. The 
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expected non-glycosylated protein band was visualized at around 21 kDa for all analyzed 
fractions (translation mixture, supernatant 1, microsomal fraction), whereas the glycosylated 
protein band was only observed in the translation mixture and microsomal fraction. Similar 
results were obtained for the ion channel KCSA. The formation of the protein tetramer, which 
is required to obtain a functional ion channel, was only observed in the translation mixture and 
the microsomal fraction. The in-gel fluorescence image revealed weak bands for the 
synthesized OPMR 1 around 45 kDa. These results indicate the acceptance of fluorescently 
labeled amino acids by the ribosomes and further underlines the relevance of protein 
translocation during cell-free protein synthesis to obtain modified proteins 

3.2.4 Production of human bone morphogenic protein 2 in the CHO cell-free system 

Growth factors belong to a group of proteins providing a high relevance for therapeutical 
research and development of novel pharmaceutical drugs. The expression of growth factors is 
often difficult and leads to low protein yields, formation of inclusion bodies and low amounts 
of functionally active proteins. A notable growth factor is the human bone morphogenic protein 
2 (hBMP2). This protein belongs to the transformation growth factor β family and regulates the 
skeletal repair and regeneration (Bragdon et al. 2011). hBMP2 is synthesized as precursor 
protein harboring a N-terminal signal peptide, a prodomain for folding and secretion, and a C-
terminal mature peptide. It is noticeable that precursors are formed in the cytoplasm as dimeric 
pro-protein complexes, which are cleaved by pro-protein convertases to generate N- and C-
terminal fragments that bind to specific receptors (Wang et al. 2014). To open up entirely new 
opportunities, the production of hBMP2 was performed in the developed cell-free system based 
on CHO cell lysates.

The following results are partly published in the article “Comparison of cell-based vs. cell-free 
mammalian systems for the production of a recombinant human bone morphogenic growth 
factor” (Jérôme V., Thoring L., Salzig D., Kubick S., Freitag R) in the journal “Engineering in 
Life Sciences”. The following results did not represent all experiments included into the 
publication. During the publication, CHO cell-free protein synthesis is compared to mammalian 
in vivo production of hBMP2. The comparative testing will be further discussed in the 
discussion part of this thesis, while this part focused on the cell-free synthesis of hBMP2. For 
production of hBMP2 two approaches were tested to investigate the possibility to produce 
hBMP2. The approaches can be distinguish in the production based on linear hBMP2 DNA 
generated by PCR and the addition of a plasmid containing the gene sequence of hBMP2. Both 
DNA constructs possessed the same basic frame, which consisted of a 5´UTR CRPV IRES 
sequence, an exchange of native signal peptide to a melittin signal peptide and the general 
required regulatory sequences. First results for CHO cell-free synthesis based on linear and 
circular DNA template are presented in Figure 31. Synthesis of hBMP2 based on the linear 
DNA template led to protein yields of 5.8 µg/ml and a clear protein band on the autoradiogram 
in the range of the expected molecular weight of 48.7 kDa (Figure 31 A). Previous results 
indicated the relevance of plasmid concentration on received protein yield (section 3.2.1 
Analysis of DNA template requirements). Therefore plasmid concentration of hBMP2 plasmid 
was directly analyzed during the first experiments. A concentration range analysis was 
performed using 60 ng/µl, 120 ng/µl, 180 ng/µl, 240 ng/µl and 300 ng/µl of DNA template. 
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Results indicated a constant increase in protein concentration from 0.8 µg/ml to 21.1 µg/ml at 
60 ng/µl and 300 ng/µl DNA template concentration, respectively (Figure 31 B). A further 
increase in plasmid DNA concentration was not realized due to limits in initial plasmid 
concentration. By application of the plasmid to the cell-free reaction a 4.6-fold increase in 
protein yield was received compared to the reaction containing the PCR product. Moreover, on 
the autoradiogram of samples derived from hBMP2 plasmid, additional protein bands besides 
the full length protein were detected. These results indicate modifications of hBMP2 including 
signal peptide cleavage, pro peptide cleavage, glycosylation and dimerization (indicated by 
arrows). 

Figure 31 Cell-free synthesis of „difficult-to-express“ protein hBMP2 based on linear and circular DNA 
templates. (A) For the synthesis of hBMP2 a linear DNA template was generated during a two-step PCR approach. 
Therefore, a hBMP2 gene specific primer pair was applied to the first step of PCR. During the second step 
regulatory sequences including CRPV IRES, Melittin signal peptide and T7 promotor sequence were fused to 
target DNA template. The prepared PCR product was applied to cell-free reaction mixture to enable hBMP2 
production. Results of quantification and molecular weight analysis are derived by radiolabeling of the protein and 
further processing. For the quantification, synthesized hBMP2 was TCA precipitated and further analyzed by 
liquid scintillation measurement. Furthermore proteins were separated on SDS-PAGE and incubated on a phosphor 
screen to obtain the autoradiogram. (B) Synthesis of hBMP2 based on pMA-CRPV-Mel-hBMP2 plasmid 
backbone. Analysis of plasmid concentration (60 ng/µl, 120 ng/µl, 180 ng/µl, 240 ng/µl, 300 ng/µl) influence on 
obtained hBMP2 protein yield. Quantification and demonstration of molecular weight and modification was 
performed as described above. Modifications of hBMP2 are indicated by an arrow. (Dimer-Dimerization of 
hBMP2, Glycosylation-glycosylated hBMP2, full length-non modified full length version of hBMP2, -SigPep-
Signal peptide cleaved hBMP2, -ProPep-Pro peptide cleaved hBMP2). Error bars represent standard deviations 
calculated from triplicate analysis. (Jérôme et al. 2017) 



3 .  R e s u l t s

8 5  

Further investigations dealed with the hBMP2 amount in the different fractions of cell-free 
reaction, the analysis of hBMP2 modification and the optimization of cell-free reaction 
conditions (Figure 32). Analysis of hBMP2 yield in the different fractions of cell-free reaction 
after centrifugation led to 28.8 µg/ml in the translation mixture, 16.5 µg/ml in the supernatant 
1 fraction and 9.9 µg/ml in the microsomal fraction (Figure 32 A). A 37% translocation 
efficiency of hBMP2 into microsomes was determined.  

Figure 32 Fractionation, posttranslational modification analysis and optimization of reaction conditions for 
the synthesis of hBMP2 in cell-free systems. All cell-free reactions are based on the pMA-CRPV-Mel-hBMP2 
DNA template. (A) Fractionation of hBMP2 translation mixture (TM) into supernatant (SN1) and microsomal 
fraction (MF) by centrifugation (16000xg, 15 min, 4°C). Analysis of protein yield and molecular weight by liquid 
scintillation measurement and autoradiography. (B) Glycosylation analysis of cell-free synthesized hBMP2. 
Translation mixture of hBMP2 was treated with glyco residue removing enzymes PNGaseF and EndoH. Treated 
samples were separated on SDS-PAGE followed by autoradiography. (C) Temperature dependent translation rate 
of hBMP2 protein. Cell-free reaction was performed at different reaction temperatures (24°C, 27°C, 30°C, 33°C, 
36°C). Analysis of protein yield by liquid scintillation measurement and molecular weight by autoradiography. 
Error bars represent standard deviations calculated from triplicate analysis. (Jérôme et al. 2017) 

Visualization on the autoradiogram showed the former derived protein bands in all fractions 
apart from the glyco band, which was not detected in the supernatant fraction 1. Confirmation 
of protein glycosylation was performed by enzymatic digestion of glyco moieties. Therefore, 
hBMP2 samples were treated with glycosidases PNGase F and Endo H. Glycosidase treated 
and non-treated hBMP2 was visualized on an autoradiogram (Figure 32 B). Glyco band is 
indicated by an arrow and was not detected in the PNGase F and Endo H treated samples thereby 
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the presence of glycosylated hBMP2 was proven. The last experiment comprised the 
optimization of cell-free synthesis conditions by analysis of reaction temperature (24°C, 27°C, 
30°C, 33°C, 36°C) (Figure 32 C). The optimal reaction temperature was reached using a 
reaction temperature of 27°C leading to a protein yield of 36.8 µg/ml. Further raise in reaction 
temperature to 30°C, 33°C and 36°C resulted in significant decreases of yield to 34.2 µg/ml, 
19.5 µg/ml and 2.5 µg/ml, respectively. The autoradiogram confirmed the previously observed 
results. The possibility to synthesize hBMP2 in an optimized batch based cell-free system up 
to 36.8 µg/ml was thereby demonstrated. 
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3.3 Strategies for high yield production of „difficult-to-express“ proteins in a CHO lysate 
based CECF system 

So far, in this thesis CHO cell-free protein synthesis was performed in batch-formatted 
reactions, which enables fast and cost efficient production of desired proteins. However, batch 
synthesis enables only a short reaction times due to restrictions in energy delivery and 
accumulation of inhibitory byproducts. Thus, batch-formatted synthesis is limited in the 
obtained protein yields. To circumvent and improve the limitation alternative reaction modes 
were developed leading to prolonged reaction times and increases in protein yield. A continuous 
exchange cell-free reaction (CECF) represents such a kind of high-yield production mode for 
cell-free protein synthesis. The reaction vessel designed for CECF mode consists of two 
chambers, a reaction chamber and a feeding chamber that allow semi continuous energy 
delivery and removement of inhibitory byproducts (Carlson et al. 2012). Nowadays, several 
cell-free systems are available enabling the production of proteins in CECF mode. Studies 
demonstrated the synthesis of diverse proteins in CECF systems exemplarily based on E. coli 
lysate (Schwarz et al. 2010; Schwarz et al. 2007) and insect cell lysates (Quast et al. 2016; Stech 
et al. 2014). In this part of the thesis it is intended to develop a CECF system based on CHO 
cell lysates to expand the repertoire of high-yield protein production systems for the synthesis 
of difficult-to-express proteins. 

Figure 33 Workflow to develop, analyze and optimize the continuous exchange cell-free system (CECF) 
based on CHO cell lysates. Overview about the core topics that are addressed in this thesis. The CECF result part 
is divided into 4 main topics. The first part includes initial evaluation strategies adapted to the batch part (1. 
Evaluation of initial reaction conditions). This is followed the CECF synthesis of model membrane protein 
epidermal growth factor receptor (EGFR) (2. EGFR synthesis in CECF). The EGFR part contains the evaluation 
of reaction parameters und optimization of CECF reaction conditions. To verify the possibility to synthesize high 
amounts of different proteins, two further classes of proteins were chosen to analyze their production rate and 
functionality. Therefore, the last two topics comprise the synthesis of disulfide bridged proteins (3. Disulfide 
bridged proteins) and ion channel KvAP (4. Synthesis of membrane protein KvAP). 
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For development of a CECF system and evaluation of the opportunities of the novel reaction 
format, several topics were addressed that are visualized in a workflow image (Figure 33). The 
first part comprised the evaluation of initial reaction parameters including the initial reaction 
time required to obtain high protein yields, the influence of molecular crowding reagents and 
the supplementation of 5´ cap to the reaction. In this part, enhanced yellow fluorescent protein 
was used as a model protein to enable a fast protein analysis by fluorescence imaging. This part 
is followed by the synthesis of the epidermal growth factor receptor (EGFR) in the CECF 
format, which will be used for further optimization of system parameters. Furthermore, 
modifications and autophosphorylation activity of CECF produced EGFR was estimated to 
evaluate the possibilities of the CHO CECF system. The third topic deals with the synthesis of 
disulfide-bridged proteins and the production of single chain variable antibody fragments 
(scFv). Therefore, the synthesis of scFv in the batch and CECF formatted reaction mode was 
compared concerning protein yield and functionality. Finally, the ion channel KvAP was 
analyzed to evaluate the possibility to use the CHO CECF mode to produce functional ion 
channels. Produced ion channels were further tested using electrophysiological methods and 
single channel activity measurements. 

3.3.1 Evaluation of CHO CECF reaction conditions 

Initial experiments of CHO CECF synthesis were performed using eYFP for simple and fast 
analysis of optimal reaction conditions.  

Figure 34 Comparison of CHO lysate based cell-free synthesis in batch and CECF reaction mode: Time 
series and influence of cap I supplementation. Batch and CECF based synthesis was performed for 0 h, 4 h, 24 
h and 48 h with and without supplementation of cap I (0.1 mM) (m7G(ppp)G). Translation rate was determined 
using eYFP as a model protein (pIX3.0-CRPV-eYFP). (A) Fluorescence signal was detected on µ-slides (Ibidi) 
using a variable mode imager (GE Healthcare (excitation 526 nm, emission 532 nm)). (B) Quantification of 
fluorescence signal was accomplished by image analysis (ImageQuant TL (GE Healthcare). Error bars represent 
standard deviations calculated from triplicate analysis. (Thoring et al. 2016)
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In the first experiments the production of eYFP in a batch and CECF formatted system was 
compared using different reaction times (0 h, 4 h, 24 h, 48 h). Moreover, the influence of 5´cap 
structure supplementation to the reaction was analyzed. The first examination on µ-slides 
harboring synthesized eYFP revealed a decreased fluorescence signal after 4 h in the CECF 
reaction compared to the batch reaction (Figure 36 A). After 24 h and 48 h a significant increase 
of fluorescence signal was detected in the CECF reaction. Quantification by image analysis 
underlined the visualized results (Figure 36 B). The supplementation of cap I (m7G(ppp)G) did 
not positively influence the synthesis of eYFP in the CECF reaction. On the contrary, a decrease 
of eYFP fluorescence signal was detected, which was clearly observed in the fluorescence 
quantification analysis. According to these results, in the following experiments, reaction time 
was set to 48 h and synthesis was performed without addition of 5´cap. 

A positive effect on the protein yield by the supplementation of increased amounts of T7 RNA 
polymerase and molecular crowding molecules like reported for the batch-formatted reaction 
was not detected in the CECF reaction (Supplementary figure 4). For the following 
experiments, the reaction conditions were adapted to the obtained results. 

3.3.2 Optimization and analysis of EGFR high yield production in a CHO CECF system 

The initial evaluation process was followed by the analysis and optimization of the synthesis of 
Epidermal Growth Factor Receptor (EGFR) in the CHO CECF system to produce high yields 
of functional membrane protein. For this, a pIX3.0-CRPV-Mel-EGFR-eYFP plasmid, including 
a Melittin signal peptide for efficient protein translocation into microsomes and a fluorescence 
tag for detection of protein translation and translocation, was applied to CHO CECF reaction.  

Initial experiments reflected the EGFR production rate in a CHO CECF reaction in comparison 
to the CHO batch system. The synthesis of EGFR-eYFP in the CECF reaction revealed a 
significantly increase of fluorescence signal in comparison to the batch reaction on a µ-slide 
(Figure 35 A). The relative quantification of fluorescence signal showed a 6.4-fold raise in 
fluorescence signal. Samples were further analyzed using confocal laser scanning microscopy 
(CLSM) to evaluate EGFR-eYFP intensity and localization of synthesized proteins (Figure 35 
B). Both microscopy images were taken using the same detection settings. Additionally sample 
containing no DNA template indicated that no background fluorescence activity was detected. 
Comparison of fluorescence intensity revealed a higher signal strength in the CECF sample 
whereby EGFR-eYFP produced in a batch reaction revealed a decreased signal. Batch samples 
showed EGFR-eYFP widely spread and localized in the microsomes. In contrast, microscopic 
image of EGFR-eYFP synthesized in the CECF reaction visualized tightly packed, small and 
brightly shining microsomes. These results showed co-localization of EGFR-eYFP in the 
microsomes of CHO cell lysate and thus indicated the translocation of the protein into the 
microsomes. Quantification of synthesized protein showed a ratio of 8.2-fold increase of protein 
yield in the CECF reaction compared to batch reaction (Figure 35 C). The production of EGFR-
eYFP led to 22.7 µg/ml and 187.2 µg/ml in the batch and CECF reaction, respectively. 
Moreover, analysis of the molecular weight of EGFR-eYFP by autoradiography demonstrated 
protein bands migrating at the expected molecular weight for both reaction types but showed 
an increased intensity in the case of the CECF sample. Based on these findings, CHO CECF 
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proved to be a more productive cell-free system compared to the batch-formatted reaction and 
initially showed the potential for high yield production of membrane proteins. 

Figure 35 Synthesis of the transmembrane protein Epidermal Growth Factor Receptor (EGFR) in the 
CECF system. Comparison between batch and CECF based synthesis. Synthesis is based on a pIX3.0-CRPV-
Mel-EGFR-eYFP plasmid. (A) Production of EGFR-eYFP fusion protein was detected on a µ-slide (Ibidi) using 
fluorescence imaging (variable mode imager, ImageQuant TL software (GE Healthcare)). (B) Analysis of EGFR-
eYFP localization in the cell-free translation mixture of batch and CECF synthesis. Fluorescence images were 
taken using a confocal laser scanning microscope (LSM meta 510, Zeiss). For analysis of fluorescent eYFP, protein 
was excited at a wavelength of 514 nm and resulting emission signal was detected using a meta detector >529 nm. 
(C) Quantification of protein yield by determination of radiolabeled EGFR (14C leucine) using scintillation 
measurement of TCA precipitated protein. Error bars represent standard deviations calculated from triplicate 
analysis. Analysis of molecular weight by separation of radiolabeled protein by SDS-PAGE and detection of 
appropriate protein bands on an autoradiogram. (Thoring et al. 2017, in revision)(Thoring et al. 2016) 

Besides the high-yield synthesis, further posttranslational modifications of target protein are 
important issues to obtain protein functionality. Therefore, the next step of evaluation of CHO 
CECF synthesis of EGFR included the analysis of N-glycan formation. In general, former 
experiments using the CHO batch reaction showed glycosylation of EPO (3.1, 3.2) (Brödel et 
al. 2014). This indicated the presence of functional glycosyltransferases in the microsomes of 
CHO cell lysate. Experimental setup for observation of N-glycosylation of EGFR included the 
presence of 14C mannose during CHO CECF reaction and further enzymatic digestions by 
treatment of synthesized protein with the glycosidases PNGaseF and EndoH (Figure 39). In 
principle, a core N-glycosylation of proteins in a mammalian system harbors in the first step a 
linkage of N-acetylglucosamine to an asparagine residue. This step is followed by further 
enzymatic linkage of N-acetylglucosamine and mannose residues to obtain the core structure 
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of a N-glycan. The general N-glycan core displays a structure of Manα1–6(Manα1–3)Manβ1–
4GlcNAcβ1–4GlcNAcβ1-Asn-X-Ser/Thr (Varki 2009). Glycosidase treatment leads to the 
removement of glyco moieties by cleavage of sugar linkages. Thus, 14C mannose labeled and 
glycosylated EGFR should not be visible any more on the autoradiogram after glycosidase 
treatment. Using PNGaseF, the bond between N-acetylglucosamine and asparagine is cleaved, 
while EndoH cleaves the linkage between the first two N-acetylglucosamines. 

Figure 36 Detection of EGFR glycosylation using 14C mannose labeling. EGFR was synthesized in a CHO 
lysate based CECF system based on pIX3.0-CRPV-Mel-EGFR-eYFP DNA template. (A) General principle of 
glycosylation assay. EGFR was synthesized in CECF mode in the presence of 14C mannose. Microsome embedded 
EGFR was labeled with 14C mannose during posttranslational modification process (core-glycosylation), which is 
performed in the microsomal fraction. After finishing CECF synthesis, EGFR samples were treated with 
glycosidases (PNGaseF or Endo H) to remove present sugar moieties and analyze the possibility of EGFR 
glycosylation in the CHO CECF system. (B) Detection of 14C mannose labeled EGFR by autoradiography. 
Separation of EGFR sample with and without glycosidase treatment (PNGaseF and Endo H). The appropriate 
EGFR protein band is indicated by an arrow. 

EGFR produced in the presence of 14C mannose was treated with glycosidases and separated 
on SDS-PAGE gels followed by autoradiography to detect protein glycosylation. The 
autoradiogram demonstrated a clear EGFR protein band showing the expected molecular 
weight in the range of 169 kDa. As expected, after treatment of EGFR sample with PNGaseF 
and EndoH no protein band was visible in the autoradiograph. These results indicate the 
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glycosylation of EGFR and thereby the opportunity to form glyco moieties in the CHO CECF 
system. 

Next, the autophosphorylation activity of EGFR was evaluated to investigate the functionality 
of the produced protein. Homodimerization of receptors usally leads to activation of intrinsic 
kinase activity and phosphorylation of several amino acid residues, exemplarily demonstrated 
for the tyrosine residue 1068. The autophosphorlyation activity was detected by performing a 
kinase assay. Therefore, different fractions of CECF reaction were treated with kinase buffer 
and further analyzed on a western blot using a tyrosine 1068 phosphorylation specific antibody 
(Figure 37 A). 

Figure 37 Autophosphorylation activity of cell-free synthesized EGFR. EGFR synthesized in a CHO based 
batch and CECF system was analyzed regarding the phosphorylation of tyrosine 1068, which is obtained by 
intrinsic kinase activity of EGFR after homodimerization. (A) Scheme of autophosphorylation activation of EGFR 
during cell-free synthesis and detection of phosphorylation. During cell-free synthesis EGFR is present in the 
microsomal fraction of CHO lysate in a tightly packed manner. As a result spontaneous homodimerization of 
EGFR monomers occurs, which leads to activation of intrinsic C-terminal kinase activities of EGF receptor. Kinase 
activity results in phosphorylation of EGFR at various C-terminal positions, including the tyrosine residue 1068. 
Phosphorylation of this residue was further detected by a P 1068 specific antibody using a western blot approach. 
(B) Western Blot analysis of autophosphorylation of cell-free synthesized EGFR. Comparison of batch and CECF 
reaction and different fractions of cell-free reaction (translation mixture (TM), supernatant 1 (SN1) and 
microsomal fraction (MF)). No template control (NTC) contains a cell-free reaction without addition of EGFR 
DNA template. To enable phosphorylation, samples were treated with kinase buffer before they were precipitated 
by ice-cold acetone precipitation. Non-treated samples were prepared as negative control and background control 
samples. Furthermore, samples treated with calf intestinal phosphatase (New England Biolabs) were prepared to 
remove background phosphorylation prior to kinase buffer treatment. EGFR was synthesized in the presence of 
14C leucine to enable detection of total EGFR by autoradiography. (Thoring et al. 2017, in revision) 
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Translation mixture and microsomal fraction of EGFR in the CECF reaction revealed the 
highest protein band intensities in the western blot (Figure 37 B). A decreased signal was 
detected in the supernatant fraction, which harbored non-translocated proteins. Different 
control experiments were performed to exclude background activity of autophosphorylation 
and to indicate the specificity of the assay. The control contained no DNA template (NTC) and 
showed no protein band on the autoradiogram. Microsomal fraction of EGFR prior kinase 
buffer treatment was analyzed to reveal background phosphorylation activity. Non-treated 
microsomal fraction showed a slight protein band indicating a small background activity of 
EGFR before kinase buffer treatment. Additional samples were incubated with calf intestinal 
phosphatase to remove background phosphorylations. The comparison of the samples treated 
with and without kinase buffer demonstrated an increase of band intensity for the kinase buffer 
treated sample. This revealed the specificity of the assay and the functionality of produced 
EGFR. A further comparison of EGFR autophosphorylation in the batch and CECF reaction 
revealed a significant intensity increase in the CECF produced sample indicating a higher 
amount of active EGFR in the CHO CECF reaction. 

The basis for a CECF reaction is the device used for protein production. Nowadays, different 
devices are available differing in their shape and diffusion area. Previous experiments were 
performed using the two-chamber device “RTS” (Rapid Translation System, 5Prime) (Betton 
2003). The RTS device consisted of a cylindrically shaped reaction chamber harboring a 
circular 10 kDa membrane for diffusion of molecules between the reaction and feeding chamber 
(Figure 38 A). In the next part of this thesis this device was compared to devices of the company 
Scienova including membranes with different cut-offs (3-5 kDa, 6-8 kDa, 12-14 kDa). Scienova 
CECF reactors are built of a U shaped reaction chamber, which can be directly placed in a 
feeding chamber consisting of an Eppendorff tube or a deep-well plate (Figure 38 A). In this 
setup, the Eppendorff tubes represent the feeding chamber for the CHO CECF reaction. EGFR-
eYFP was synthesized in both systems while fluorescence signals were detected (Figure 38 B). 
Protein production resulted in fluorescence signals of comparable intensities in the RTS and 
Scienova 12-14 kDa system. Smaller membrane cut-off in the Scienova device led to a decrease 
in the signal. Comparable results were received by the quantification of protein yield, revealing 
around 130 µg/ml in the RTS and Scienova 12-14 kDa system. Furthermore, visualization of 
EGFR migration on the autoradiogram showed appropriate protein bands for the two devices. 
It has been noticed that EGFR produced in the Scienova 12-14 kDa device revealed an increased 
band intensity in comparison to the protein produced in the RTS device, while showing less 
background signals on the autoradiogram. 
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Figure 38 CHO CECF synthesis in different dialysis devices. For the evaluation of protein synthesis rate in 
different dialysis devices, pIX3.0-CRPV-EGFR-eYFP DNA template was added to CECF reaction. No template 
control (NTC) contained a cell-free translation mixture without addition of DNA template. (A) Schematic 
overview of tested devices. CECF synthesis was performed in a two chamber device harboring a 10 kDa cut-off 
membrane (RTS) and a reaction chamber device from the company Scienova with different membrane cut-offs (3-
5 kDa, 6-8 kDa, 12-14 kDa). Scienova devices were inserted into an Eppendorf tube, which constituted the feeding 
chamber. Different read out methods were applied to evaluate protein yield and molecular weight. (B) Analysis of 
fluorescence intensity of EGFR-eYFP fusion protein using a variable mode scanner (Typhoon Trio Plus, GE 
Healthcare). (C) Quantification of protein yield by scintillation measurement of radiolabeled proteins. Error bars 
represent standard deviations calculated from triplicate analysis. (D) Separation of radiolabeled proteins by SDS-
PAGE followed by autoradiography to evaluate the molecular weight of EGFR. The appropriate protein band is 
indicated by an arrow. 

For future applications of CHO CECF synthesis, automation plays an important role to develop 
high-throughput procedures. In this context, deep-well plates may be more suitable for the 
adaption of the entire process. The comparison of RTS, Scienova 12-14 kDa (Eppendorff) and 
Scienova 12-14 kDa (deep-well plate) resulted in similar production rates of EGFR (Figure 39 
A), thereby enabling a simple adaption for future developments. Beyond automation of the 
CECF process, the scalability of the system is interesting for the production of difficult-to-
express proteins in higher amounts for pharmaceutical applications. For this, the Scienova 10-
100 µl 12-14 kDa device was compared to a 50-1000 µl device using different reaction-feed 
ratios. At a reaction-feed ratio of 1:18, similar EGFR yields around 160 µg/ml were observed 
(Figure 39 B). Apart from that, no significant difference was observed using the 10-100 µl 
device with a reaction-feed ratio of 1:28, but the ratio of 1:28 led to differences in the protein 
yield when comparing both device sizes. The smaller 10-100 µl device showed increased 
protein yields compared to the 50-1000 µl device. To summarize, the results show that CHO 
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CECF reactions developed in this thesis can be scaled up, but an optimal reaction feed ration is 
necessary to reach stable protein yields. 

Figure 39 Comparison of feeding devices and scalability of CHO CECF synthesis. (A) Synthesis of EGFR-
eYFP in RTS and Scienova dialysis devices. The Scienova device was applied to different feeding chambers 
(Eppendorf tube and deep well plate). Quantification of protein yield by radiolabeling followed by scintillation 
measurement. Error bars represent standard deviations calculated from triplicate analysis. (B) Analysis of Scienova 
devices with different volumes (10-100 µl, 50-1000 µl). Two reaction/feed ratios (1:28; 1:18) were tested for their 
influence in the scale-up experiment. Quantification was performed as described above.  

In the next set of experiments, the influence of parts of the energy regeneration on the efficiency 
of cell-free protein synthesis was investigated. An energy regeneration system is necessary to 
regenerate ATP needed for the protein translation process. In the absence of an energy 
regeneration system, reactions have a short lifetime and therefore low protein yields. Various 
systems are available allowing the regeneration of ATP from ADP. One of the first energy 
regeneration systems applied to an E. coli based cell-free system was provided by the 
supplementation of phosphoenol pyruvate and a suitable pyruvate kinase to the system (Kim, 
Swartz 2001b). Nowadays, diverse high-energy phosphate bond donors are available to build 
up an energy regeneration system during cell-free synthesis including creatine phosphate and 
acetyl phosphate (Anderson et al. 2015; Ryabova et al. 1995b; Brödel et al. 2015). Generally, 
the creatine phosphate/ creatine kinase system is used to perform ATP regeneration in 
mammalian cell-free systems (Brödel et al. 2014; Zeenko et al. 2008; Kobayashi et al. 2014). 
Former experiments revealed an optimal concentration of creatine phosphate at around 20 mM 
(Brödel et al. 2014). The following experiments demonstrate the analysis of optimal 
concentrations of creatine phosphate in the CHO CECF system (Figure 40). A stepwise 
narrowing to the optimal concentration was performed. In the first experiment a concentration 
range of creatine phosphate from 0 mM to 80 mM was chosen (0 mM, 20 mM, 40 mM, 80 
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mM), whereby 20 mM led to the highest protein yields. In the next sets of experiments 
concentration ranges of creatine kinase between 0 mM and 30 mM (0 mM, 5 mM, 10 mM, 165 
mM, 20 mM, 25 mM, 30 mM) and between 12 mM and 23 mM (12 mM, 13 mM, 14 mM, 15 
mM, 16 mM, 17 mM, 18 mM, 19 mM, 20 mM, 21 mM, 22 mM, 23 mM) were selected. An 
optimal concentration of 19 mM led to an EGFR protein yield of around 443 µg/ml. For further 
investigations, a creatine phosphate concentration of 19 mM was applied to obtain optimal 
reaction conditions. 

Figure 40 Influence of the creatine phosphate concentration in the CHO CECF system. Stepwise adjustment 
of the concentration range during synthesis of EGFR. For this experiment, an energy mix without creatine 
phosphate was added to the reaction. Creatine phosphate was separately added to the reaction. As a control one 
standard reaction (Mix) was prepared including an energy mix with creatine phosphate (20 mM). Protein yield 
was determined by radiolabeling of synthesized proteins, hot TCA precipitation and scintillation measurement. 
Error bars represent standard deviations calculated from triplicate analysis. 

CECF reaction conditions were further optimized in terms of reaction time and reaction 
temperature (Figure 41). The investigation focused on protein yield and functionality of 
produced EGFR. Time course analysis revealed a linear increase in protein yield to a maximum 
of 354 µg/ml in the translation mixture after 72 h (Figure 41 A). A prolongation of synthesis to 
96 h led to a drop down of protein yield to 249 µg/ml in the translation mixture. Moreover, an 
increase of protein yield was detected in the microsomal fraction. After 4 h, 20% of the proteins 
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were present in the microsomes, whereby an increase up to 80% was received after 24 h and 48 
h and 92% after 72 h. At a reaction time of 96 h, the percentage of microsome-containing protein 
decreased to 62%. According to the activity of synthesized EGFR, the autophosphorylation 
assay showed differing results in comparison to the protein yield analysis. The highest intensity 
of tyrosine 1068-P protein band was observed after 24 h. Longer reaction times resulted in a 
decrease of band intensity. This indicated that protein folding is more efficient at shorter 
reaction times, while the synthesis rate itself increased at longer reaction times. 

Figure 41 Time course and reaction temperature analysis during CECF synthesis. Synthesis of model protein 
EGFR (DNA template pIX3.0-CRPV-Mel-EGFR-eYFP) in the presence of 14C leucine. (A) Evaluation of protein 
production at different points (0 h, 4 h, 24 h, 48 h, 72 h, 96 h). Samples were taken at the indicated time points and 
separated by electrophoresis followed by autoradiography. Analysis of protein yield at different time points by 
TCA precipitation followed by scintillation measurement. To estimate intrinsic kinase activity phosphorylation of 
tyrosine 1068 was analyzed on a western blot. Samples were treated with calf intestinal phosphatase (CIP) before 
performing the kinase assay. (B) CECF synthesis of EGFR was performed at different reaction temperatures (24°C, 
27°C, 30°C, 33°C). Samples synthesized at different temperatures were quantified by scintillation measurement, 
molecular weigth of EGFR was visualized by autoradiography and autophosphorylation activity of EGFR was 
detected by western blot using a phospho specific antibody against tyrosine residue 1068. Error bars represent the 
standard deviation of triplicate analysis. 

Analysis of the CECF reaction temperature revealed similar results. Reaction temperatures of 
24°C, 27°C, 30°C and 33°C were tested and highest protein yields of 380 µg/ml in the 
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translation mixture and 249 µg/ml in the microsomal fraction were observed at 30°C (Figure 
41 B). These results mismatched with the highest protein activity, which was obtained at 27°C, 
indicated by the highest band intensity on the autophosphorylation western blot. Control 
experiment harboring a CIP digested showed no protein band. Significant decrease of band 
intensity was observed at 30°C, while no autophosphorylation was detected in the 33°C sample. 
Optimal conditions for the production of functional EGFR were realized using a reaction time 
of 24 h and a temperature of 27°C. 

Moreover, to enhance the productivity of the CHO CECF system the influence of buffer 
conditions was analyzed to obtain highest possible protein yields. This part is focused on 
optimization of magnesium concentration in the reaction chamber. Brödel et al. 2013 
determined an optimal concentration of 3.9 mM magnesium (Mg2+) in the batch based CHO 
cell-free reaction. In general, transcription reaction in the CECF coupled system is performed 
using T7 RNA polymerase. Crystal structure of this enzyme has provided evidence that two 
amino acid residues (Asp537 and Asp812) located near the catalytic center bind to metal ions 
to enable high catalytic activity of T7 RNA polymerase (Lykke-Andersen, Christiansen 1998). 
Ion conditions differ in the transcription and translation process. Therefore, the estimation of 
the optimal concentration for CHO CECF synthesis is of highest importance. The following 
approach included the supplementation of Mg2+ to the reaction chamber in the beginning of the 
synthesis reaction. This should enable a high transcription rate of mRNA in the first part of the 
CECF synthesis followed by a shift to translation reaction conditions that requires a lower 
concentration of Mg2+ compared to transcription process. Initial Mg2+ concentrations of 3.9 mM 
(standard condition), 10 mM, 12.5 mM, 15 mM, 17.5 mM, 20 mM, 22.5 mM and 23.5 mM 
were analyzed according to their influence on EGFR translation rate (Figure 42 A). An increase 
of Mg2+ concentration in comparison to standard conditions (3.9 mM) led to higher protein 
yields. In this context, proteins yields raised from around 194 µg/ml at 3.9 mM to approximately 
274 µg/ml at 10 mM to a constant protein yield of around 470 µg/ml for the concentrations of 
12.5 mM, 15 mM, 17.5 mM and 20 mM Mg2+. An unexpected second increase of EGFR 
concentration to 635 µg/ml was received using a concentration of 22.5 mM Mg2+. At the Mg2+

concentration of 23.5 mM a slight decrease to the former constant yield of around 470 µg/ml 
was detected. With this experiment, the positive influence of extra Mg2+ supplementation was 
demonstrated. Thus, the following experimental setups included the addition of 22.5 mM Mg2+

to the reaction chamber. 

In the insect cell lysate based CECF system, caspase inhibitors play a pivotal role to increase 
target protein yield and prevent degradation of synthesized proteins (Stech et al. 2014). In 
accordance to the previously obtained results the influence of caspase inhibitor application in 
the CHO CECF system were analyzed. Due to the disruption procedure, cells might be exposed 
to stress signals that induce the activation of caspases. Caspases are cysteine proteases that 
cleave their substrates at aspartic residues (Callus, Vaux 2006). Caspases can address different 
types of proteins present in the cell lysate. It is reported that translation factors were cleaved 
and degraded by active caspases leading to an arrest of protein translation (Fischer et al. 2003; 
Hashimoto et al. 2012; Satoh et al. 1999). For this, protein yields obtained in a cell-free system 
could be decreased due to the absence of suitable translation factors. Three types of caspase 
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inhibitors were selected after initially performed CHO CECF reactions supplemented with a set 
of different caspases inhibitors (Supplementary figure 7). Z-VAD-FMK, Ac-VAD-CMK and 
Ac-DEVD-CMK that belong to the class of irreversible inhibitors were tested in comparison to 
a control experiment containing no inhibitor. Different concentrations were evaluated (10 µM, 
30 µM, 100 µM) regarding the influence on protein translation rates (Figure 42 B). For all 
caspase inhibitors independent of the concentration an increase of protein yield was observed 
compared to the control sample. Depending on the applied inhibitor and correlating 
concentration, EGFR protein yields in the range of 632 µg/ml to 953 µg/ml were obtained, 
while control samples showed a protein yield of 548 µg/ml. The application of Z-VAD-FMK 
and Ac-VAD-CMK revealed protein amounts in the range of 632 µg/ml and 766 µg/ml. 
Maximum protein yield of around 953 µg/ml was obtained using the Ac-DEVD-CMK with 30 
µM, which resulted in a 1.7-fold increase in comparison to the control sample. Additionally, 
autoradiography visualized the absence of a degradation band of EGFR while using caspase 
inhibitors (Figure 42 B, low arrow). In conclusion, the supplementation of caspase inhibitors in 
the CHO CECF system showed a positive effect on protein yield and stability of produced 
proteins. For the following experiments 30 µM of Ac-DEVD-CMK was added to the CHO 
CECF reactions. 

Figure 42 Magnesium and caspase inhibitor supplementation to CHO CECF reaction. (A) Influence of 
magnesium concentration in the reaction chamber during CECF reaction. Radioactivity of isotopically labeled 
Mel-EGFR-eYFP was used to determine protein yield. Error bars represent the standard deviation of triplicate 
analysis. (B) Supplementation of caspase inhibitors Z-VAD-FMK, Ac-VAD-CMK, Ac-DEVD-CMK at different 
concentrations (10 µM, 30 µM, 100 µM) to CECF reaction. Preliminary experiments were performed to make a 
preselection for appropriate caspase inhibitors (supplementary figure 3). Total protein yields of EGFR-eYFP were 
determined. Autoradiography of inhibitor treated samples (30 µM) after electrophoretic separation was 
demonstrated. Error bars represent the standard deviation of triplicate analysis. (Thoring et al. 2016) 
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In conclusion, this chapter demonstrated the possibilities of the CHO CECF system. Up to 
around 1 g/l of membrane protein EGFR was produced after optimizing various reaction 
parameters. Autophosphorylation activity was demonstrated, which indicated the functionality 
of synthesized EGFR. In addition, protein modifications, exemplary glycosylation, was 
observed in the CHO CECF system. 

3.3.3  Application of linear DNA templates to the CECF reaction 

Linear DNA templates generated by PCR represent a fast and easy alternative in contrast to 
plasmid DNA templates used in the CHO CECF synthesis. Former studies showed the 
application of linear DNA to an E. coli based CECF system for production of desired proteins 
(Jun et al. 2008). To test the ability to use linear DNA templates in a CHO CECF system, a 
PCR product coding for EGFR was prepared. For this purpose, a two-step amplification 
approach was applied to generate compatible DNA-templates (Figure 43 A) as already 
described in Chapter 2.2.2. Initial CHO CECF experiments using linear EGFR template were 
performed in comparison to a synthesis based on pIX3.0-CRPV-Mel-EGFR plasmid backbone. 
The results indicated the possibility to use linear DNA templates in a CHO CECF reaction 
(Figure 43 B) but a 3.7-fold decrease of protein yield in the translation mixture (plasmid 378 
µg/ml, PCR product (18 ng/µl) 100 µg/ml) as well as in the microsomal fraction (plasmid 368 
µg/ml, PCR product (18 ng/µl) 92 µg/ml) was detected. More than 90% of the membrane 
protein EGFR was translocated in the microsomal fraction independent of the applied DNA 
template. Supplementation of higher concentrations of PCR product to the reaction led to an 
increase in protein yield from 68 µg/ml to 100 µg/ml for PCR product concentrations of 15 
ng/µl and 18 ng/µl, respectively. The addition of even higher concentrations of PCR product 
was limited due to the DNA concentration of the stock. The EGFR protein band migrated at the 
expected molecular weight for all DNA templates as indicated on the autoradiogram, but 
showed intensity differences correlating to the derived protein yields.  

The comparison of plasmid and linear DNA template used for CHO CECF synthesis revealed 
significant differences in protein yield for both approaches, whereas a decreased concentration 
of produced EGFR was detected using the PCR product. To further improve total protein yields, 
experiments analogous to the batch optimizations were performed including the increase of T7 
RNA polymerase concentration and the supplementation of molecular crowding reagents PEG 
(Figure 48 A). The highest productivity was observed using 3 U/µl T7 RNA polymerase, which 
led to protein concentrations of 236 µg/ml in the translation mixture compared to 83 µg/ml 
using standard reaction conditions (1 U/µl). Moreover, the addition of both PEG reagents only 
resulted in a slight increase in comparison to the control sample. 

Previous results indicated the limitation of PCR product concentration and possible 
improvements by increasing the amount of applied PCR product. PCR product was 
concentrated by vacuum evaporation to achieve higher concentrations of linear DNA template. 
A 3x concentrated PCR product solution, having a final concentration of around 45 ng/µl DNA, 
was applied to the CHO CECF system (Figure 48 A). A comparison to 1x PCR product revealed 
a significant increase of protein yield from 160 µg/ml to 316 µg/ml. Additionally, a 
supplementation of streptavidin, which protect the linear DNA, harboring biotinylated primer 
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pairs, from nuclease activity, did not lead to an improvement. The highest productivity in total 
protein synthesis based on linear PCR products was therefore obtained using an increased 
concentration of PCR product and 3 U/µl T7 RNA polymerase. 

Figure 43 CECF synthesis of EGFR based on a linear DNA template. CECF synthesis was performed using 
90 ng/µl of pIX3.0-CRPV-Mel-EGFR or two different concentrations of EGFR-eYFP PCR product (15 ng/µl and 
18 ng/µl). Cell-free synthesis of circular and linear DNA templates was performed in the presence of 14C leucine 
for radiolabeling of the proteins. (A) Schematic overview about the general principle of PCR used for generation 
of linear DNA templates suitable for the CHO CECF system. In a two-step approach, regulatory sequences 
necessary for in vitro transcription and translation were added to the gene of interest. The first step includes the 
amplification of target gene using gene specific N-terminal and C-terminal primer sequences, which harbor overlap 
sequences to mandatory regulatory sequences. Regulatory sequences were added to the gene in a second PCR step. 
(B) Comparison of the application of linear and circular DNA templates used for CECF synthesis. Protein yields 
were determined by TCA precipitation followed by scintillation measurement. Error bars represent the standard 
deviation of triplicate analysis. Appropiate EGFR bands were detected by autoradiography (indicated by an arrow). 
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Figure 44 Optimization of reaction conditions for the synthesis of EGFR based on linear DNA templates.
Protein yields of radiolabeled EGFR were quantified by scintillation measurement. Error bars represent the 
standard deviation of triplicate analysis. (A) Analysis of supplementation of additives to CHO CECF synthesis 
based on linear DNA templates. 15 ng/µl of linear DNA construct was applied to CECF reaction. Increase of T7 
RNA polymerase concentration from 1 U/µl to 3 U/µl and addition of 2% PEG 1500 and 3000 were evaluated. 
(B) Enrichment of PCR product concentration (from 1x to 3x by vacuum evaporation; end concentrations of 15 
ng/µl (1x) and 45 ng/µl (3x)) and supplementation of streptavidin. A T7 RNA polymerase concentration of 3 U/µl 
was applied to the reaction. 

3.3.4 Production of disulfide-bridged proteins 

In order to test the general capability of protein production in the optimized CHO CECF system 
the synthesis of different classes of proteins are evaluated. For this, a disulfide-bridged single 
chain variable fragment (scFv) antibody was selected to evaluate the production efficiency of 
functionally active disulfide-bridged proteins. Apart from nanobodies, the scFv represents one 
of the smallest subunits of an immunoglobulin molecule harboring specific antigen binding 
properties. scFvs consist of variable regions of the antibody light and heavy chain linked by a 
flexible peptide linker (Ahmad et al. 2012). For production of functional scFv an oxidizing 
environment is required enabling the formation of disulfide bridges and thereby the proper 
folding of the antibody fragment. Former studies indicated various methods for production of 
scFv´s in E. coli (Skerra, Plueckthun 1988), Pichia pastoris, Saccharomyces cerevisiae (Miller 
et al. 2005) and mammalian cell lines especially in the application of phage display approaches 
(Zhang et al. 2014). The importance of scFv is comprised in a large area of applications from  
biosensors (Crivianu-Gaita, Thompson 2016) to biopharmaceuticals (Pucca et al. 2011). The 
cell-free synthesis of scFv is reported in E. coli, wheat germ, rabbit reticulocyte and Sf21 lysate 
based production systems (Stech, Kubick 2015). Here, the production rate and activity of scFv 
antibody fragment SH527-IIA4, designed according to Schirrmann and Hust (Schirrmann, Hust 
2010), was analyzed in the CHO CECF system. SH527-IIA4 contains variable regions for 
specifically binding to phosphorylated SMAD2 (SMAD2-P). Initial results for production of 
SH527-IIA4 in the CHO CECF system led to protein yields of around 396 µg/ml in the 
translations mixture, 149 µg/ml in the supernatant 1 fraction and 237 µg/ml in the microsomal 
fraction (Figure 45 A). Protein bands of produced SH527-IIA4 migrated at the expected 
molecular weight around 33 kDa on the autoradiogram (Figure 45 B). Apart from visualization 
of appropriate protein bands by autoradiography, the alternative labeling method by integration 
of BODIPY-TMR-tRNAPhe was performed. In-gel fluorescence imaging underlined the 
previously obtained results by detection of the expected protein bands (Figure 45 B). Hence, 
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the opportunity to integrate non-canonical amino acids into the desired protein was thereby 
demonstrated in the CHO CECF reaction. 

Figure 45 CECF synthesis of single chain antibody fragment SH527-IIA4. Qualitative and quantitative 
analysis of SH527-IIA4 production based on pIX3.0-NCM-SH527-IIA4 DNA template (NCM: T7-Promoter-
Spacer-CRPV-Melittin). CECF translation mixture was separated into supernatant 1 and microsomal fraction by 
centrifugation. (A) Determination of total protein yield of radiolabeled SH527-IIA4 by incorporation of 14C 
leucine. Proteins were precipitated by TCA precipitation and analyzed by scintillation measurement. Error bars 
represent the standard deviation of triplicate analysis. (B) Detection of appropriate protein bands by separation of 
CECF sample using SDS-PAGE followed by autoradiography. (C) Alternative isotopic label-free detection 
method based on the integration of BODIPY-TMR-Lysine tRNAPhe during protein translation. Fluorescence 
labeled SH527-IIA4 was analyzed after separation by SDS-PAGE and in-gel fluorescence. Detection of in-gel 
fluorescence was performed using a variable mode scanner (Typhoon Trio Plus (Ge Healthcare) Excitation: 532 
nm Emission: 580 nm). (Thoring et al. 2016)

The initial production of SH527-IIA4 was followed by the functional assessment of synthesized 
scFv. In order to estimate the binding capacities of SH527-IIA4, scFv was analyzed using an 
ELISA. Two different fractions, the so called SN1 and SN2 fraction of CECF reaction, were 
used to perform the ELISA. A special purification procedure was carried out to isolate the 
desired scFv fractions (Figure 46 A). The supernatant 1 (SN1) was obtained after centrifugation 
of translation mixture to remove microsomes. Microsomes were further permeabilized using 
DDM containing PBS buffer to enable the release of translocated proteins. Dissolved scFv, 
which constituted the supernatant 2 (SN2), was separated from the microsomal debris by 
centrifugation. In the first ELISA experiment a comparison of binding specificity of SN1 and 
SN2 was performed. It is reported, that DTT, a reducing reagent, impacts the folding and 
functionality of disulfide-bridged proteins negatively in cell-free systems based on Sf21 and E. 
coli lysates (Stech, Kubick 2015), but decrease translationally activity of the lysates. The 
adaptation of lysate preparation by omission of DTT is often necessary to obtain functional 
disulfide-bridged proteins. This resulted in decreased protein yields and reduced storage 
stability of produced lysates. The ELISA results showed no background signal of prepared 
control samples (SN1 NTC, SN2 NTC, PBS control). SN2 fraction of SH527-IIA4 synthesized 
in both lysate batches (-DTT/+DTT) were found to recognize the corresponding antigen with 
high specificity (Figure 46 B). Both SN2 fractions revealed nearly similar activities indicating 
no negativ influence of DTT present in the lysate for binding affinity of produced scFv. A 
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decreased binding of SH527-IIA4 isolated from the SN1 was detected in comparison to SN2 
fraction. Translocation of scFv into the microsomes of CHO lysates seemed to beneficial for 
the functionality of scFv. This indicated that microsomes offer an environment, which fits to 
the requirements needed for proper scFv folding and disulfide bond formation. 

Figure 46 Functional assessment of SH527-IIA4 produced in a CECF system by Enzyme Linked Immuno 
Sorben Assay (ELISA). (A) Schematic overview of SH527-IIA4 purification prior to its application to ELISA. 
In the first step microsomal fraction of CECF reaction, including translocated SH527-IIA4, was separated by 
centrifugation. Supernatant 1 (SN1) was removed from microsomal fraction, while microsomes where 
permeabilized in detergent containing buffer for 30 min. Permeabilization was followed by separation of 
supernatant 2 (SN2), which included the translocated SH527-IIA4. (B) Comparative analysis of the binding 
capacity of SN1 and SN2 fraction and influence of DTT treatment of the lysate applied to CECF reaction. Similar 
concentrations of 0.25 µg/ml of produced scFv were applied as a starting point for the dilution series. ELISA 
demonstrated a difference in binding of single chain available in SN1 and SN2 fraction. SN1 and SN2 fraction of 
a CECF reaction harboring no DNA template constitute a background control for ELISA. Additionally a PBS 
buffer control was added to the measurement. Error bars represent the standard deviation of triplicate analysis.
(Thoring et al. 2016) 

Next, a comparison of SH527-IIA4 binding specificity produced in a batch and CECF formatted 
system was performed. In this experiment, SN2 fraction of synthesized scFv was analyzed using 
two different lysate batches. Prior to their functional analysis, SH527-IIA4 samples of batch 
and CECF reactions were diluted to obtain equal concentrations. Interestingly, the two lysate 
batches revealed slight differences in the binding capacity of produced scFv. Comparing the 
functionality of batch and CECF derived scFv, nearly equal results were obtained for both lysate 
batches (Figure 47 A). Taking into account that the relative protein yield increase in the SN2 
fraction CECF was around 30% compared to batch reaction (Figure 47 B), a significant higher 
amount of functional SH527-IIA4 is produced in the CHO CECF reaction.  
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Figure 47 Comparative analysis of the single chain antibody fragment SH527-IIA4 synthesized in CHO 
batch and CECF reaction. Batch and CECF synthesis is based on a pIX3.0-NCM-SH527-IIA4 DNA template 
(NCM: CRPV-Melittin). SN2 fractions of both reaction types were compared with regards to protein yield and 
binding affintity. (A) Detection of binding of SH527-IIA4 synthesized in batch and CECF reaction. Single chain 
antibody fragments were synthesized in two different lysate batches to verify the results for different lysate batches. 
Error bars represent the standard deviation of triplicate analysis. (B) Relative increase of protein yield of CECF 
compared to batch reaction (100%). (Thoring et al. 2017, in revision) 

3.3.5 Generation of functionally active ion channel KvAP in CECF reaction format  

Ion channels represented the third class of proteins synthesized in the CHO CECF reaction to 
prove the diversity and opportunities of this system. Many physiological processes involve 
specific ion channels and dysfunctions, as channelopathie, can lead to severe disease (Magby 
et al. 2011). In accordance to this fact, ion channels constitute relevant targets for the 
development of novel biopharmaceuticals. The cell-free synthesis of ion channels enables a fast 
channel production and reveals the possibility of easy introduction of modifications into gene 
sequences to investigate mutations and potential treatments of suitable diseases. These basics 
could allow the development of screening approaches for fast analysis of channel interacting 
molecules. This chapter shows the synthesis and functional analysis of the voltage gated 
potassium channel KvAP. The successful synthesis of KvAP in the CHO CECF system is 
demonstrated in Figure 48. As for the scFv, production of KvAP was monitored by protein 
quantification (Figure 48 A) and visualization of the protein bands by autoradiography (Figure 
48 B) and by in-gel fluorescence imaging (Figure 48 C). The protein quantification revealed 
yields of around 180 µg/ml in the translation mixture, 57 µg/ml in the supernatant 1 fraction 
and 117 µg/ml in the microsomal fraction. Approximately 65% of the totally derived proteins 
were detected in the microsomal fraction. As expected, visualization by autoradiography and 
in-gel fluorescence showed a migration of distinct protein bands around 38 kDa and 62 kDa, 
whereby supernatant fraction only showed a faint signal. Moreover, an additional protein band 
was visible in the in-gel fluorescence image at around 98 kDa. The high molecular weight bands 
might indicate the formation of protein multimers, which are required for channel activity. 
Based on these results, further analysis of single channel activity was performed. 
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Figure 48 S nthesis of ion channel KvAP in the CHO CECF s stem. Translation mixture of synthesized KvAP 
was separated into supernatant 1 and microsomal fraction for further quantification and qualification. (A) 
Quantification of KvAP protein yield synthesized in a CECF reaction. KvAP was radiolabeled during CECF 
reaction by incorporation of 14C leucine. Radiolabeled proteins were analyzed by TCA precipitation followed by 
scintillation measurement. Error bars represent the standard deviation of triplicate analysis. Autoradiography (B)  
and in-gel fluorescence detection (C) of produced KvAP. CECF reaction was performed in the presence of 
BODIPY-TMR-Lysin tRNAPhe to introduce a fluorescence labeling into the target protein. In-gel fluorescence was 
detected using a variable mode imager (GE Healthcare) and an excitation wavelength of 532 nm and an emission 
wavelength of 580 nm. (Thoring et al. 2017, in revision) 

Estimation of KvAP production rate was followed by electrophysiological measurement of 
single channel activity synthesized in the CHO CECF system. Experimental approaches 
included an initial formation of KvAP-DOPC proteo-liposomes followed by fusion to a planar 
lipid bilayer. The voltage dependent KvAP activity from the DOTAP planar lipid bilayer fused 
with KvAP-DOPC proteo-liposomes is demonstrated in Figure 49 A. At an applied 
transmembrane voltage of -100 mV, a typical single-channel activity showing opening and 
closing transitions with a low conductance of around 140pS at 500 mM KCl was detected. A 
following depolarization to +100 mV led to rapid transitions between distinct current levels, 
consistent with the opening and closing of individual potassium channels with a conductance 
of 340 pS at 500 mM KCl. In general, membrane bilayer showed far more channel events at 
+100 mV than at -100 mV, which suggested the voltage-gated and retained functionality of 
channels located in the bilayer. At a voltage of 0 mV no channel activity was observed. Single 
channel recordings of the KvAP containing proteo-liposomes fused to the DOTAP lipid bilayer 
at +100 mV are indicated in Figure 49 B. All-points amplitude histograms of the current trace 
at +100 mV fitted by Gaussian function show open (10pA) and closed states (44pA). 
Furthermore, the single channel current-voltage (I-V) curve plotted at different voltages is 
demonstrated in Figure 49 C. The nonlinear I-V curve revealed the protein inserted into the 
lipid bilayer and displayed the voltage dependency. Background control measurements were 
accomplished using proteo-liposomes derived from the microsomes without supplementation 
of KvAP DNA template to the CHO CECF synthesis, therefore no synthesized KvAP was 
present. Background control experiments revealed the presence of a capacitive fusion peak, but 
no pore formation and channel activity was observed. Measurements indicated a set of noisy, 
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large irregular and unspecified currents during the whole process of electrophysiology 
measurements from the background control as well as the KvAP containing microsomes, 
whereby these recordings were unstable and lasted for few seconds. It is noticeable that a stable 
potassium channel activity was not obtained in the control sample. These results indicated the 
successful synthesis of active ion channel KvAP in the CECF formatted CHO cell-free system. 

Figure 49  Electroph siological measurement of KvAP ion channel activit . (A) Voltage dependent recordings 
of KvAP currents at different voltages (Voltage scheme shown in blue lines). (B) Continuous single-channel 
records of KvAP currents at +100mV on DOTAP bilayer and all point histogram of the current trace. (C) The 
current versus voltage (I-V) plots of the KvAP channel incorporated in DOTAP lipid bilayer. All recordings were 
done under symmetrical conditions; the medium contained 500 mM KCl, 10 mM HEPES at pH 7.45. (Thoring et 
al. 2017, in revision)
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3.4 State of the art: Translation factors in the CHO cell-free s stem 

An active translation machinery forms the basis for a highly productive cell-free protein 
synthesis system. Depending on the choice of the host organism, the entire translation process 
requires different factors and biomolecules, which interact to accomplish protein biosynthesis. 
This thesis is focused on cell-free protein synthesis based on CHO cells, therefore this chapter 
deal with the eukaryotic protein translation process. A main part required for protein translation 
is constituted by ribosomes, which are small “protein factories” with a ribozyme activity 
containing ribosomal RNA (rRNA) and ribosomal proteins. Furthermore, the eukaryotic 
translational machinery consists of translation factors, which are grouped in initiation, 
elongation and termination factors. These factors are often tightly regulated by the 
phosphorylation of specific protein residues. A bottleneck of the CHO based cell-free system 
is constituted by the reduced ability to perform cap-dependent translation initiation. The 
analysis of the factors is followed by the optimization of the activity of a selected translation 
factor to promote the cap-dependent translation initiation in the CHO cell-free system. The 
following experiments were performed in a batch-formatted system. 

3.4.1 Activity of selected translation factors in CHO cell-free system 

The regulation of protein translation process consists of a complex network of various factors 
and biomolecules, which interfere with each other. For the analysis of activity and regulation 
of the translation process in the CHO cell-free reactions, various molecules were selected to get 
deeper insights into the limitations of the system. In general, chosen factors and molecules 
belong to the 5´cap-dependent translation initiation and the elongation of the nascent protein 
chain. A schematic overview of discussed factors is visualized in Figure 50. Three main 
pathways were selected for the analysis of activity in the CHO cell-free system. The first part, 
the mTOR pathway constitutes a relevant pathway for the regulation of translation initiation. 
mTOR signaling regulates the activity of eIF4F, a trimeric protein complex, essential for the 
recognition of 5´cap structure of the mRNA during translation initiation (Gingras et al. 2001b). 
The mTOR pathway, a growth regulator, is activated by growth factors, energy levels, and 
amino acids whereby inhibition is dependent on stress factors including exemplarily hypoxia 
(Dunlop, Tee 2009). The second translation initiation complex, which is analyzed during CHO 
cell-free synthesis, is the trimeric protein complex eIF2 (eukaryotic initiation factor 2) 
consisting of three subunits α, β, γ. This complex is tightly regulated by serine 51 
phosphorylation of eIF2 α subunit that inactivates the recycling of the factor (Sonenberg, 
Hinnebusch 2009). The translation initiation step is followed by the elongation of nascent 
polypeptide chain. Different factors are involved in this process. One of these factor is the 
eukaryotic elongation factor 2 (eEF2) that is regulated by the calcium- and calmodulin-
dependent dedicated protein kinase eEF2 kinase (Demeulder et al. 2013). eEF2 kinase 
phosphorylates eEF2 at threonine 56, thereby provoking an arrest in protein elongation 
(McLeod, Proud 2002). A schematic overview of the analyzed factors is given in Figure 50. In 
the following experiments, the depicted pathways and factors were analyzed concerning their 
presence and activity in the CHO cell-free system. 
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Figure 50 Schematic overview of partial steps of eukar otic translation pathwa  relevant for this thesis. The 
graphic shows parts of the translation process regulation, initiation and elongation. The main part of the process 
regulation is represent by the mTOR pathway, which regulates the eIF4 related translation initiation. Various 
factors are involved in the mTOR pathway including mTOR, Raptor, GβL, Deptor, Akt, the P70 S6 Kinase, the 
S6 ribosomal protein and PDCD4. By activation of this pathway cap binding of eukaryotic initiation factor eIF4 
is promoted which leads to initiation of cap-dependent translation initiation. One of the determining steps is the 
hyperphosphorylation of 4E binding protein 1 (4E-BP1). This process is followed by dissociation of 4E-BP1 from 
eIF4E and the complex formation of eIF4E, eIF4G, eIF4A and eIF4H, which drive the binding of eIF4F to the 5´ 
cap structure of the mRNA and the binding to Poly A binding protein (PABP). Hyperphosphorlyation is initiated 
by the complex of mTOR, Raptor, Deptor and GβL (mTORC1 complex) that harbors an intrinsic kinase activity. 
The second complex involved in the translation initiation is the trimeric protein complex eIF2 (eukaryotic initiation 
factor 2), which consists of three subunits α, β, γ. This complex binds GTP and Met-tRNA to build up the ternary 
complex, which associates with eIF1A, eIF3, eIF5, eIF4 and the 40S ribosomal subunit to constitute the 43S 
preinitiation complex. Translation initiation is followed by the elongation process that is dependent on eukaryotic 
elongation factors. One of these factors is the eukaryotic elongation factor 2 (eEF2) which is regulated by eEF2 
kinase. eEF2 kinase is activated by increased amounts of Ca2+ and cAMP and by mTORC1 complex. 

To test the presence and activity of mTOR and eIF4F related factors in the cell-free reaction 
based on CHO cell lysate samples of translation mixture were taken at various reaction times 
(0 min, 30 min, 120 min). Molecules tagged by a red arrow in Figure 51 A were analyzed in 
initial experiments. A western blot approach was performed to analyze the samples, thereby 
specific primary antibodies binding mTOR, P-mTOR (serine 2448), P-4EBP (threonine 37/46), 
P-eIF4E (serine 209), P-S6 ribosomal protein (serine 235/236), P-P70 S6 kinase (threonine 389) 
and P-Akt (serine 473) were used to visualize the selected factors (Figure 51 B). For Akt, the 
upstream regulator of mTOR pathway, phosphorylated proteins were detected for all reaction 
times. After 30 min of cell-free reaction, a significant decrease of band intensity was detected 
in the western blot followed by a raise in intensity after 120 min. This provided a basis for 
further activity of mTOR and related downstream factors. Results concerning the molecule 
mTOR revealed a constant intensity of total protein band in the western blot. The appropriate 
analysis of phosphorylated mTOR showed an intensity increase of the protein band after a 
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reaction time of 120 min. This indicated the activity of mTOR pathway and suggested the 
further functionality of downstream mediators. 

Figure 51 Evaluation of mTOR and eIF4 related factor activit  during CHO cell-free s nthesis. Various 
translation initiation and regulating factors associated with the mTOR pathway and eIF4 translation initiation were 
analyzed for their activity in batch based CHO cell-free synthesis. Tested key components are indicated in the 
signal transduction scheme by red arrows (A). Activity state of the factors was analyzed using a western blot (B), 
whereby different primary antibodies were applied to a membrane containing samples of cell-free reaction after 
different reaction times (0 min, 30 min, 120 min). Primary antibodies against the following targets were used for 
the procedure: mTOR (289 kDa), P-mTOR (Serine 2448) (289 kDa), P-4EBP (Threonine 37/46) (130 kDa), P-
eIF4E (Serine 209) (25 kDa), P-S6 Ribosomal Protein (Serine 235/236) (32 kDa), P-P70 S6 Kinase (Threonine 
389) (70/85 kDa), P-Akt (Serine 473) (60 kDa). Analysis of specific protein bands was performed by binding of a 
secondary anti rabbit HRP antibody conjugate. For detection of target protein bands, ECL reagent (Promega) was 
added to the membrane and scanned using a variable mode imager (Typhoon Trio Plus, GE Healthcare) and 
chemoluminescence settings.  

In general, mTOR activates the P70 S6 Kinase, which further phosphorylates the S6 ribosomal 
protein. For both proteins, appropriate phospho bands were detected constantly during the 
complete cell-free reaction. An increase in intensity was observed after 120 min for the S6 
ribosomal protein. Therefore, this forms the basis for the availability to obtain a functional 
translational machinery. Cap-dependent translation initiation requires the activity of eIF4F 
associated factors containing the 4-E binding protein (4-EBP) and the eIF4E (Sonenberg, 
Hinnebusch 2009). By evaluation of factor phosphorylation in the western blots, both factors 
showed activity during cell-free reaction. Phosphorylation of 4-EBP significantly decreased 
during cell-free reaction, which might lead to limitation in the cap-dependent initiation. In 
conclusion, mTOR and eIF4F related factors showed activity in the cell-free system based on 
CHO cells, while slight limitation were demonstrated for the 4-EBP that was partly 
dephosphorylated during the process. 
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The second part of translation factor analysis intended to get a deeper insight into the activity 
of eIF2α related translation initiation and the availability of elongation factor eEF2. A 
schematic overview of evaluated factors indicated by red arrows is represented in Figure 52 A. 
Western blot revealed the constant presence of eIF2α as well as eEF2 (Figure 52 B). The 
phosphorylation indicates the inactivity of both factors. Phospho bands of serine 51 and 
threonine 56 were detected for eIF2α and eEF2, respectively. eEF2 showed a high 
phosphorylation intensity in the beginning of the cell-free protein synthesis reaction but 
decreased phosphorylation during protein synthesis. For eIF2α-P, protein bands were observed 
after 30 min and 120 min of reaction time harboring the same intensity. It is noticeable, that 
both factors are partly present an inactivity state in the CHO cell-free synthesis. Therefore, the 
next experiments deal with the analysis and optimization with respect to the phosphorylation 
of the selected factor eIF2α to improve cap-dependent translation initiation in CHO cell-free 
systems. 

Figure 52 Analysis of eIF2  and eEF2 activity in CHO cell-free synthesis. Translation initiation factor eIF2α 
and elongation factor eEF2 are analyzed for their activity in batch based CHO cell-free synthesis. The localization 
of these factors in the translation regulation is described in the scheme (A) and analyzed factors are indicated by a 
red arrow. Activity state of the factors was analyzed using a western blot (B), whereby different primary antibodies 
were applied to a membrane containing cell-free reaction after different reaction times (0 min, 30 min, 120 min). 
Primary antibodies against the following targets were used for the procedure: eIF2α (38 kDa), eIF2α-P (Serine 51) 
(38 kDa), eEF2 (95 kDa), eEF2-P (Threonine 56) (95 kDa). Analysis of specific protein bands was performed by 
binding of a secondary anti rabbit HRP antibody conjugate. For detection of target protein bands ECL reagent 
(Promega) was added to the membrane and scanned using a variable mode imager (Typhoon Trio Plus, GE 
Healthcare) and chemoluminescence settings.  
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3.4.2 Addressing cap-dependent translation initiation: Phosphorylation of eIF2a during 
CHO cell-free synthesis 

To evaluate the performance of CHO cell-free reaction with respect to the translation initiation 
mode, model protein luciferase was synthesized based on plasmids containing IRES dependent 
(pIX3.0-CRPV-Luc) and cap-dependent regulatory sequences (pIX4.0-Luc). Comparison of 
both translation initiation opportunities revealed major differences in the received protein yields 
(Figure 53). Luciferase synthesis based on the IRES containing plasmid led to a protein yield 
of 28.3 µg/ml whereas in cap-dependent translation initiation only 0.02 µg/ml of luciferase was 
produced. Thus, a limitation in the activity of the cap-dependent translational machinery was 
confirmed. First results indicated a phosphorylation of eIF2α during CHO cell-free reaction 
(Figure 52), which might result in improper formation of 43S initiation complex during 
canonical translation initiation. 

Figure 53 Comparison of cap and IRES dependent translation initiation in CHO cell-free systems. Cap-
dependent cell-free synthesis was performed using pIX4.0-Luc as DNA template, while IRES dependent cell-free 
protein synthesis was performed using pIX3.0-CRPV-Luc as DNA template. Protein yields of active luciferase 
were analyzed after finishing cell-free reaction. Quantification of the protein yield was accomplished using a 
standard luciferase reporter assay. Therefore, luciferase assay reagent (Promega) was added to each sample and 
relative light units were measured. Protein yield was calculated using a calibration curve. Error bars represent the 
standard deviation of triplicate analysis. 

To further investigate the influence of eIF2α phosphorylation, a close monitoring of cell-free 
protein synthesis samples at various time points of reaction was performed. Therefore, samples 
were taken after 0 min, 15 min, 30 min, 60 min, 90 min, 120 min, 240 min, 360 min and 24 h. 
To determine the protein yields received for each sample, a cell-free reaction based on pIX3.0-
CRPV-Luc was analyzed concerning active luciferase. An increase in protein yield was 
detected up to a reaction time of 120 min that led to active luciferase around 32 µg/ml (Figure 
54 A) followed by a saturation effect at longer reaction times. A time course analysis of protein 
synthesis based on the cap-dependent translation initiation could not be presented due to the 
extremely low protein yields. The total amount of eIF2α remained stable up to a reaction time 
of 360 min (Figure 54 B). After 24 h, a degradation of eIF2α was observed in the western blot 
analysis. Parallel analysis of the eIF2α phosphorylation state revealed a slight signal of 
phosphorylation already in the beginning of the reaction (0 min) and in the lysate control 
sample. The intensity of phospho bands significantly increased after 15 min and was stable until 
a reaction time of 120 min was reached. At 240 min and 360 min the phosphorylation signal 
decreased again followed by no detectable phospho band after 24 h. Therefore, the inactivity of 
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eIF2α represented a key factor for the inability to perform cap-dependent translation initiation 
in the CHO cell-free system. Hence, inhibition of eIF2α phosphorylation seemed to be an 
appropriate strategy to improve the activity of canonical translation initiation. 

Figure 54 Time course analysis of CHO cell-free reaction for evaluation of protein yield and eIF2  activity 
state. CHO batch reaction was performed using pIX3.0-CRPV-Luc as a DNA-template. Samples of cell-free 
reactions were taken at various reaction times. (A) Analysis of active luciferase was performed using a standard 
luciferase reporter assay in a 96-well plate format. Error bars represent the standard deviation of triplicate analysis. 
(B) To perform the evaluation of eIF2 presence and phosphorylation samples of cell-free reactions were taken at 
various reaction times and were further separated by SDS-PAGE. The lysate control contained a prepared lysate 
samples without supplementation of DNA template to monitor eIF2-P background activity. SDS-PAGE gel was 
blotted on a PVDF membrane using a dry blotting device (iBlot (Invitrogen)). Afterwards membranes were 
incubated with a primary antibody against eIF2α or eIF2α-P (Serine 51) (New England Biolabs) followed by a 
secondary anti rabbit-HRP antibody conjugate (New England Biolabs) for detection of target protein. Protein 
bands were visualized using an ECL reagent (Promega) and a variable mode imager (Typhoon Trio Plus, GE 
Healthcare) (chemo luminescence settings). 

3.4.3 Influence of small molecule components on eIF2a phosphorylation and cap-dependent 
translation initiation 

The phosphorylation of eIF2α is regulated by special kinases, which are usally activated due to 
various stress reactions. The kinases are divided into four main classes protein kinase R (PKR), 
general control nonderepressible 2 (GCN2), heme regulated initiation factor 2 alpha kinase 
(HRI) and PKR-like ER kinase (PERK) (Koromilas 2015). The development of substances, 
which inhibit the phosphorylation of eIF2α, is widely spread for the fight against abundant 
diseases including cancer and Alzheimer disease. In this study, three inhibitors were chosen 
addressing different parts of the eIF2α regulation pathway. An overview of eIF2α regulating 
kinases and applied inhibitors is given in Figure 59. 
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Figure 55 General principle of eIF2 -P (Ser 51) phosphorylation and reflection on specific inhibitory 
components. The eukaryotic translation factor eIF2 consists of three subunits (α, β, γ), whereby phosphorylation 
of serine 51 (Ser 51) of the α subunit plays a pivotal role in the activity of this factor. Phosphorylation of serine 51 
is regulated by 4 main kinases protein kinase R (PKR), general control nonderepressible 2 (GCN2), hem regulated 
initiation factor 2 alpha kinase (HRI) and PKR-like ER kinase (PERK). There are various inhibitory components 
available to regulate these kinases. During this study, the two specific kinase inhibitors 2-Aminopurine (PKR 
specific) and GSK2606414 (C38) (PERK specific) and the multiple-kinase-inhibitor Sorafenib were tested for 
their influence on CHO cell-free protein synthesis. 

Initially 2-aminopurine (2-AP), an adenine analogue, which inhibits the activity of PKR, was 
tested in the following experiments to improve the activity of eIF2α and to activate cap-
dependent translation initiation in the CHO cell-free system (Huang et al. 2003). Sorafenib 
(Sora), a multi-kinase inhibitor used for the treatment of kidney and liver cancer, constitutes 
the second substance and theoretically addresses all eIF2α influencing kinases (Adjibade et al. 
2015). The last inhibitor, GSK2606414 (C38), tested for its influence on the cap-dependent 
translation initiation in CHO cell-free systems was derived by a Glaxosmithkline study for 
investigation of PERK specific inhibitory substances (Axten et al. 2012; Harding et al. 2012). 

Initial experiments were performed using different concentrations of 2-aminopurine (200 µM, 
2 mM and 5 mM) supplemented to the translation mixture of a CHO lysate based cell-free 
reaction. To monitor the influence of 2-AP, cell-free protein synthesis was accomplished based 
on pIX3.0-CRPV-Luc and pIX4.0-Luc DNA templates to realize IRES and cap-dependent 
translation initiation, respectively. Samples taken at 0 min, 30 min and 120 min of reaction time 
were analyzed concerning their luciferase yield (Figure 56 A), while an untreated reaction was 
compared to 2-AP treated samples. For this, IRES dependent translation initiation revealed 
differences in active luciferase after 120 min of reaction. Untreated samples showed a protein 
yield of 16.5 µg/ml, whereas the 2-AP treated samples led to a yield in the range of 26.3 µg/ml 
to 28.9 µg/ml, thereby getting the maximum at a treatment with 2 mM 2-AP. The cell-free 
reaction based on the DNA template pIX4.0-Luc (cap-dependent translation initiation) resulted 
again in low protein yields of around 0.01 µg/ml for the untreated sample. Moreover, an effect 
of A2-P treatment was detected by an application of 200 µM resulting in a 2.5-fold increase of 
active luciferase. To investigate if 2-AP influences the phosphorylation of eIF2α in the CHO 
cell-free system, appropriate western blots were performed in parallel (Figure 56 B). 
Visualization of total eIF2α showed constant protein bands for untreated and all treated 
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samples, thereby indicating no negative effect of the inhibitor to eIF2α activity state. The 
phospho specific western blot revealed no improvement in eIF2α phosphorylation by treatment 
with 2-AP. In contrast, phospho bands seemed to be more intensive. In conclusion, the obtained 
results demonstrated an improvement of protein yield using 2-AP that is not due to activation 
of eIF2α, whereas productivity in the cap-dependent reaction using pIX4.0-Luc was only 
slightly improved. 

Figure 56 Influence of 2-aminopurine (2-AP) treatment on cell-free protein synthesis based on CHO lysate. 
CHO lysates were treated with different concentrations of 2-AP (200 µM, 2 mM, 5 mM) prior to batch based cell-
free synthesis. Additionally an untreated sample was prepared to evaluate standard conditions for the synthesis. 
Synthesis was performed using a pIX3.0-CRPV-Luc (CRPV dependent translation initiation) and a pIX4.0-Luc 
(cap-dependent translation initiation) DNA template. (A)  Estimation of active luciferase yield derived at different 
reaction times (0 min, 30 min, 120 min) was calculated from relative light units of a standard luciferase reporter 
assay using a calibration curve. Error bars represent the standard deviation of triplicate analysis. (B) Western Blot 
analysis of eIF2α or eIF2α-P (Ser 51) phosphorylation during cell-free reaction and treatment with 2-AP. Samples 
of cell-free reactions were taken at various reaction times and further separated by SDS-PAGE. SDS-PAGE gel 
was blotted on a PVDF membrane using a dry blotting device (iBlot (Invitrogen)). Afterwards membranes were 
incubated with a primary antibody against eIF2α or eIF2α-P (Serine 51) (New England Biolabs) followed by 
incubation with a secondary anti rabbit-HRP antibody conjugate (New England Biolabs) for detection of target 
protein. Protein bands were analyzed using an ECL reagent (Promega) and a variable mode imager (Typhoon Trio 
Plus, GE Healthcare) (chemoluminescence settings). 

The experimental setup for the second inhibitory component Sorafenib (Sora) looked similar to 
the first experiments. Besides the untreated sample, a second control was prepared including a 
treatment with DMSO to exclude the influence of the Sorafenib solvent. Evaluation of active 
luciferase synthesized in an IRES dependent manner revealed no significant influence of 
Sorafenib on the protein yield. DMSO control showed the highest increase of yield in 
comparison to the untreated sample (Figure 57 A). Cell-free synthesis based on the pIX4.0-Luc 
DNA template led to a 7-fold raise in protein yield from 0.02 µg/ml to 0.14 µg/ml after 120 
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min of reaction time by application of 100 µM Sorafenib. Apart from that, a 5-fold increase by 
supplementation of DMSO was detected. It is noticeable, that DMSO seemed to have an impact 
on the improvement of the protein production rate. Overall protein yields of luciferase synthesis 
based on the cap translation initiation dependent DNA template pIX4.0-Luc, showed low 
concentrations again. Western blot analysis of total and phosphorylated eIF2α did not result in 
a reduction of phosphorylated band, but showed an intensity increase of phospho band during 
Sorafenib treatment. Therefore, the application of Sorafenib did not lead to the expected results 
of eIF2α dephosphorylation and increase of cap related translation initiation in CHO cell-free 
systems. 

Figure 57 Influence of Sorafenib (Sora) treatment on cell-free protein synthesis based on CHO lysate. CHO 
lysates were treated with different concentrations of Sora (10 µM, 50 µM, 100 µM) prior to batch based cell-free 
synthesis. For cap-dependent translation initiation, only one concentration of Sora (100 µM) was tested. 
Additionally an untreated sample was prepared to evaluate standard conditions for the synthesis and a DMSO 
control (DMSO concentrations equivalent to the highest concentration of DMSO in Sora treated sample) was 
performed to analyze the effect of DMSO on cell-free synthesis. Synthesis was performed using a pIX3.0-CRPV-
Luc (CRPV dependent translation initiation) and a pIX4.0-Luc (cap-dependent translation initiation) DNA 
template. (A)  Estimation of active luciferase yield derived at different reaction times (0 min, 30 min, 120 min) 
was calculated from relative light units of a standard luciferase reporter assay using a calibration curve. Error bars 
represent the standard deviation of triplicate analysis. (B) Western Blot analysis of eIF2α and eIF2α-P (Serine 51) 
during cell-free reaction and treatment with Sora. Samples of cell-free reactions were taken at various reaction 
times and were further separated by SDS-PAGE. Western blot was performed according to the standard protocol. 

Finally, GSK2606414, abbreviated as C38, a specific PERK inhibitor, was analyzed concerning 
its influence in a CHO cell-free reaction. A DMSO control was prepared again as C38 was 
solved in DMSO for prior application to the protein synthesis. The evaluation of C38 in the 
IRES dependent synthesis using a range of C38 concentrations (100 µM, 200 µM, 500 µM) led 
to a slight increase in protein yield compared to untreated and DMSO control after 120 min of 



3 .  R e s u l t s

1 1 7  

reaction time (Figure 58 A). The appropriate western blot analysis of total and phosphorylated 
eIF2α did not show a degradation of eIF2α by treatment with C38. In contrast, images of 
phosphorylated eIF2α revealed differences in the band intensities in cell-free reaction during 
supplementation of C38 (Figure 58 B). For all C38 treated samples, a reduction of phospho 
band was detected after 0 min and 30 min of translation reaction in comparison to untreated and 
DMSO control. The application of 200 µM and 500 µM C38 led to an increase of 
phosphorylated eIF2α after 120 min, but signal intensity was significantly lower compared to 
DMSO control. These results revealed a positive effect of C38 application to cell-free reaction 
concerning the activity of eIF2α.

Figure 58 Influence of GSK2606414 (C38) treatment on cell-free protein synthesis based on CHO lysate. 
CHO lysates were treated with different concentrations of C38 (100 µM, 200 µM, 500 µM, 1 mM, 2 mM, 9 mM) 
prior to batch based cell-free synthesis in different experiments (two graphs). Additionally an untreated sample 
was prepared to evaluate standard conditions for the synthesis and a DMSO control (DMSO concentrations 
equivalent to the highest concentration of DMSO in C38 treated sample) was performed to analyze the effect of 
DMSO on the cell-free synthesis. Synthesis was performed using a pIX3.0-CRPV-Luc DNA template for CRPV 
dependent translation initiation. (A)  Estimation of active luciferase yield derived at different reaction times (0 
min, 30 min, 120 min) was calculated from relative light units of a standard luciferase reporter assay using a 
calibration curve. Error bars represent the standard deviation of triplicate analysis. (B) Western Blot analysis of 
eIF2α or eIF2α-P (Ser 51) during cell-free reaction and treatment with C38. Samples of cell-free reactions were 
taken at various reaction times and further separated by SDS-PAGE. SDS-PAGE gel was blotted on a PVDF 
membrane (iBlot (Invitrogen)), membranes were incubated with a primary antibody against eIF2α or eIF2α-P 
(Serine 51) (New England Biolabs) followed by a secondary anti rabbit-HRP conjugate antibody (New England 
Biolabs) for detection of target protein. Protein band was analyzed using an ECL reagent (Promega) and a variable 
mode imager (Typhoon Trio Plus, GE Healthcare) (chemoluminescence settings). 

Further experiments were performed to analyze the possibility to synthesize an increased 
amount of luciferase based on pIX4.0-Luc DNA template (Figure 59). Control samples revealed 
a protein synthesis rate in the range of 0.02 µg/ml to 0.15 µg/ml for the untreated and DMSO 
treated sample, respectively. The supplementation of 1 mM, 1.5 mM, 2 mM, 2.5 mM, 3 mM, 
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3.5 mM, 4 mM and 4.5 mM led to a significant increase in luciferase yield from 2.1 µg/ml up 
to around 9.3 µg/ml. The addition of even higher C38 concentrations (5 mM, 5.5 mM, 6 mM) 
did not further improve protein translation rate. These results demonstrate an up to 60-fold raise 
in protein yield upon cap-dependent translation initiation. Thus, it can be concluded that due to 
the supplementation of C38, the use of DNA template harboring regulatory sequences for 
canonical translation initiation is possible. 

Figure 59 Influence of GSK2606414 (C38) treatment on cap-dependent cell-free protein synthesis. CHO 
lysates were pre-treated with various concentrations of C38 (1 mM, 1.5 mM, 2 mM, 2.5 mM, 3 mM, 3.5 mM, 4 
mM, 4.5 mM, 5 mM, 5.5 mM, 6 mM). An untreated sample and a DMSO treated sample (equivalent concentrations 
compared to the highest concentration of DMSO available in a C38 treated sample) were prepared to analyze 
standard conditions and the influence of DMSO to cap-dependent protein translation, respectively. DNA template 
pIX4.0-Luc was applied to the reaction as a basis for evaluation of cap-dependent translation initiation. Protein 
yield of functional active luciferase was monitored by luciferase reporter assay. Error bars represent the standard 
deviation of triplicate analysis. 

To confirm the obtained results, phosphorylation of eIF2α was analyzed in an untreated, a 
DMSO and a C38 (4.5 mM) cell-free reaction using a PathScan® Phospho-eIF2α ELISA (Figure 
60). A significant decrease in the absorbance was observed in the C38 treated sample. This 
reduction corresponded to the results obtained by western blot and protein quantification. eIF2α 
phosphorylation displayed a main bottleneck for cap-dependent translation initiation in the 
CHO cell-free system initiated by the kinase activity of PERK. 

Figure 60 Evaluation of eIF2  phosphorylation in CHO cell-free system during treatment with GSK2606414 
(C38).  Cell-free protein synthesis was performed in the presence of C38, DMSO (control reaction) or without any 
treatment (untreated). Phosphorylation of eIF2α (Ser 51) was analyzed using PathScan® Phospho-eIF2α (Serine 
51) Sandwich ELISA Kit (Cell Signaling, New England Biolabs). The absorbance measurement for qualification 
of the different samples was performed using a Mithras Tristar photometer (Berthold). 
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4. Discussion 

4.1 Thoughts about protein production system selection and workflow  

Proteins are one of the main building blocks of prokaryotic and eukaryotic cells, whereby the 
natural biosynthesis is performed according to the central dogma of biology (Crick 1970). The 
dogma describes the relation between nucleotide sequence and amino acid sequence and 
thereby explains the protein biosynthesis, a process starting from a gene, which is transcribed 
into a mRNA and further translated into a protein. This concept forms the basis for the 
recombinant protein production including the synthesis of a desired target protein essential for 
research and industrial applications. Due to the importance of proteins in living cells and their 
participation in virtually every signaling process, impaired functionality is associated with a 
broad range of diseases. Accordingly, there is a high demand for protein production systems to 
investigate diseases and produce suitable pharmaceutical drugs. Nowadays, varieties of in vivo
systems are available, mostly based on prokaryotic or eukaryotic host cells. CHO cells 
constitute one of the most important hosts (Kim et al. 2012), especially for the production of 
mammalian proteins due to their mammalian translational machinery and the compatibility of 
synthesized proteins to human body, a requirement for drug manufacturing. Moreover, the cells 
are well characterized, adapted to commercial bioprocesses and serum-free media cultivation 
(Lai et al. 2013) and allow a high yield protein production as a consequence of continuous 
system development (Butler, Spearman 2014; Durocher, Butler 2009).  

Besides these advantages, in vivo protein production has several bottlenecks. On the one hand, 
the development pipeline of a cellular host producing a recombinant protein is time consuming 
and cost intensive. Furthermore, in vivo protein productions come to limitations regarding the 
synthesis of so-called “difficult-to-express proteins” including especially membrane proteins 
like transmembrane receptors, G protein coupled receptors, ion channels and cytotoxic proteins 
(Katzen et al. 2009). Membrane proteins are relevant targets concerning the development of 
novel drugs, as they are addressing around 60-70% of all drug targets (Yildirim et al. 2007). 
This leads to the development of alternative protein synthesis systems based on cell lysates also 
termed as cell-free protein synthesis. Special cell-free systems are available based on eukaryotic 
cell lysates that include endogenous microsomal structures derived from endoplasmic reticulum 
(Sachse et al. 2013). The microsomes enable a direct embedding of membrane proteins into a 
nature like milieu and the formation of posttranslational modifications is mostly essential for 
the production of correctly folded, complex and functional mammalian proteins. 

By combining the properties of in vitro translation systems with the mainly used industrial 
protein production host, namely CHO cells, novel eukaryotic cell-free protein synthesis systems 
are developed for future industrial applications. This cell-free platform belongs to the systems, 
which contain endogenous microsomes enabling the syntheses of complex and “difficult-to-
express” mammalian proteins due to the translocation of proteins into ER derived membrane 
structures (Brödel et al. 2015). Broedel et al. initially reported the development of a batch-
formatted CHO cell-free system supplemented with CRPV IGR IRES containing plasmid DNA 
templates to allow a cap-independent translation initiation (Brödel et al. 2013; Brödel et al. 



4 .  D i s c u s s i o n

1 2 0  

2014). Based on these reports, this thesis deals with the optimization and development of CHO 
cell-free systems by addressing four main topics. The basis of a cell-free system is formed by 
the extract derived from cells cultivated in a bioreactor. It is aimed to receive high amounts of 
biomass production, without loss of translational activity of obtained CHO cell lysates. 
Metabolism of CHO cells is additionally highly dependent on cell culture media and availability 
of energy and nutritional components. The relevance of fermentation condition adjustment was 
already demonstrated for the production of cell-free systems based on yeast cell lysate 
(Choudhury et al. 2014). By production of increased amounts of CHO cell biomass, adaption 
of cell lysate preparation is necessary to enable the production of high amounts of active cell 
lysate. Therefore, the first part of this thesis deals with the topic to enable the production of 
high lysate quantities for application in cell-free reactions and possible industrial use.  

This is followed by showing the versatility of a batch-formatted cell-free systems based on 
CHO cell lysates, a requirement for further application to screening and HTS approaches. For 
this, different types of plasmid backbones and linear DNA templates were evaluated for their 
applicability to a cell-free system, while optimizing the reaction conditions in dependency of 
DNA template concentration and RNA polymerase concentration. Linear PCR products provide 
the opportunity of a fast and parallel generation of a DNA template suitable for cell-free protein 
synthesis. Regulatory sequences are required to enable the cell-free protein synthesis based on 
CHO lysates. As described by Broedel et al. a T7 RNA promotor for initiation of transcription, 
an appropriate terminator sequence and an IRES sequence, preferable a CRPV IGR IRES, are 
necessary to enable the CHO cell-free synthesis. This can be easily introduced by a two-step 
PCR approach using special C- and N-terminal adapter primer. Apart from that, the variety in 
the synthesis of “difficult-to-express” proteins and relating optimization and labeling strategies 
shall indicate the versatility of the system.  

In order to increase protein concentrations derived in the developed batch-based system, novel 
CHO cell-free reactions modes were investigated. A continuous exchange CHO cell-free 
system was developed suitable for the production of high yields of “difficult-to-express” 
proteins, necessary for structural protein estimations, functional assessments and interaction 
studies. This chapter comprises various optimization approach and synthesis of different classes 
of active proteins, including the transmembraneous protein EGFR, a scFv and the ion channel 
KvAP.  

Finally, the bottlenecks of CHO cell-free system were evaluated concerning the presence and 
activity of translation factors. To expand the opportunities of template utilization in CHO lysate 
systems, small molecules were analyzed for their influence on the activation of cap-dependent 
translation initiation. Results gained in the described workflow were deeply discussed in the 
following part of this work.  

4.2 Evaluation of CHO lysate preparation procedure  

A cell lysate forms the main component of a cell-free synthesis system, harboring the elements 
of translational machinery and the microsomes, which enable the modifications and embedding 
of complex proteins. The preparation of appropriate lysates requires an adapted protocol with 
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a mild cell disruption procedure and reduced cell stress to obtain an active translational 
machinery. The general protocol of lysate preparation is separated into four steps: the cell 
cultivation in fermentation vessels, the cell harvest and washing procedure, the cell disruption 
and the lysate reconditioning step. A cell stress response can be induced at different steps. The 
monitoring of cell growth is a crucial step, whereby high cell viability and exponential growth 
is correlated with highly active cell lysates. During cell cultivation, a stress response can be 
obtained due to several reasons. Hydrodynamic stress regarding to stirring and aeration (Hu et 
al. 2011), nutrient limitation (Stanners et al. 1978) or accumulation of inhibitory byproducts 
like lactate or ammonia due to high flux of glucose to pyruvate (Tsao et al. 2005) and  
degradation of glutamate (Capiaumont et al. 1995), respectively. Exemplarily, glucose 
limitation and amino acid starvation can lead to the inhibition of translation in eukaryotic cells 
(Ljungdahl, Daignan-Fornier 2012; Ashe et al. 2000). The active metabolism of the crude 
extract is a function of the active metabolism present in the cell at time of harvest (Choudhury 
et al. 2014). Therefore, changes in cell cultivation can have an impact on the produced lysate 
quality. 

In this thesis, the CHO lysate preparation procedure was evaluated based on the productivity of 
derived lysate in a batch-formatted cell-free reaction. For this, model protein synthesis of 
luciferase and erythropoietin was analyzed concerning the obtained protein yields. In general, 
the cultivation of CHO cells was performed in a stirred tank, batch mode fermentation and 
harvested at cell densities around 4-6*106 cells/ml for the production of translationally active 
CHO lysates (Figure 13) leading to protein yields in the range of 10 to 15 µg/ml (Figure 14). 
The aeration during CHO cell-fermentation is based on an aeration basket, which enables 
bubble-free aeration through a semipermeable silicon tube and thereby reduction of shear stress 
(Côté et al. 1989). 

For the production of cell-free lysate, it is aimed to get an increased amount of biomass to 
reduce production costs. Different fermentation modes are already established for the increase 
of cell densities in a CHO cell fermentation. The continuous fermentation or perfusion mode 
constitutes such a kind of method by continuous addition of fresh media, while removing 
inhibitory byproducts to a separation device, exemplarily a spin filter. Perfusion cultivations 
have several advantages compared to batch and fed-batch processes, addressing a relatively 
small size bioreactor, while containing a high amount of biomass and a stable cell environment 
(Castilho et al. 2002; Schügerl et al. 2002; Voisard et al. 2003; Zhang et al. 2015). The 
integration of perfusion fermentation into the pipeline of CHO lysate production revealed a 
high potential to improve the preparation procedure, leading to reduced process costs and 
enabling the production of higher lysate quantities necessaries for cell-free reaction scale-up 
and industrial applications. In this thesis, perfusion reaction was run in a substrate limiting mode 
to prevent lactose accumulation and the following increase of base consumption and osmolarity 
leading to cell stress (Tsao et al. 2005). Cells were harvested at different cell densities to 
evaluate the influence of cell density and compatibility of perfusion mode to the CHO cell-free 
system. Cells at different harvest points were present in the exponential growth phase and 
harbored a viability of more than 98%, indicating a suitable basis to analyze the influence of 
fermentation mode (Figure 15). CHO lysates derived from different harvest points (Harvest 1, 
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Harvest 2, Harvest 3, Harvest 4) showed a productivity in the same range for the synthesis of 
both model proteins (Figure 16).  These results lead to the hypothesis that cells in the perfusion 
fermentation stay in a metabolic stable state, thereby enabling the production of translationally 
active CHO lysates at different cell densities.

An increased amount of produced cell biomass leads to the requirement for the adaptation and 
scale-up of the following lysate preparation steps. Harvest of cell biomass is followed by the 
disruption of the cells, a critical step to obtain an active translational machinery and microsome 
containing CHO lysates. In the standard preparation procedure, cells are pumped through a 20 
gauge needle thereby shearing the cell membrane until it bursts. Before comparison of different 
disruption methods, the shearing time was analyzed to estimate the time required for a complete 
degree of disruption. A 100% disruption of cells was obtained after 15 to 20 min.  

The standard procedure was compared to the application of a microfluidizer and an emulsifier. 
The microfluidizer breaks the cells gently but efficiently at precisely controlled shear rates 
resulting in recoverable, usable cellular proteins and large cell wall fragments. Two streams of 
cell suspension are pressed against a stationary surface and energy input is deduced instantly 
leading to the disruption of the cells (Middelberg 1995; Geciova et al. 2002). In contrast to that, 
the emulsifier utilizes a physical method based on decompression introducing a supercritical 
gas into the cells causing the disruption (Geciova et al. 2002). The highest protein yields of 
model proteins were received using the microfluidizer leading to a more than two fold increase 
in active luciferase and total EPO compared to standard and emulsifier method (Figure 19 A 
and B).  

The cell disruption based on the microfluidizer device results in an increased metabolic activity 
of translational machinery, which might be related to a reduction of cell stress activation. Cell 
stress responses are caused by various types of stress including starvation, oxidative damage, 
osmotic stress and DNA damage (Knutsen et al. 2015) and can induce translation repression at 
different steps. In general, the protein translation is tightly regulated at the initiation step. 
Eukaryotic initiation factor eIF2 forms a main target regulating the initiation of translation due 
to specific phosphorylation at serine 51. This phosphorylation is introduced by four specific 
kinases (PERK, PKR, HRI, GCN2 ) in mammalian cells, which are activated depending on cell 
stress conditions (Sonenberg, Hinnebusch 2009). Recent studies of translation factors revealed 
the importance of elongation factors in stress related translation regulation (Firczuk et al. 2013). 
Like translation initiation factors, elongation factors are phosphoproteins that are modified by 
specialized kinases for their regulation (Browne, Proud 2002). Additionally, modification at 
ribosomal subunits are involved in translation regulation.  

Due to the fact that CRPV IGR IRES related translation initiation is performed translation 
initiation factor independently, the elongation factor activity and ribosomal subunit 
modifications might be influenced by the type of cell disruption. Further evaluation of 
translation regulation, initiation and elongation factors was performed in chapter 3.4 and will 
be discussed in chapter 4.5. In order to analyze the presence of active microsomal structures, 
the presence of an EPO glyco band was analyzed by autoradiography (Figure 19 C). EPO 
contains a melittin signal peptide enabling the co-translational insertion of the protein into the 



4 .  D i s c u s s i o n

1 2 3  

microsomes derived from endoplasmic reticulum harboring enzymes to perform 
posttranslational modifications like glycosyltransferases (Lairson et al. 2008). For the 
translocation of secretory or membrane embedded proteins into the ER, two additional protein 
complexes associate with the desired protein to target the ER membrane. The signal recognition 
particle (SRP), a ribonucleoprotein complex consisting of 6 proteins and RNA, binds to the 
signal peptide of the nascent protein and to the large ribosomal subunit connecting both together 
with the SRP receptor present in the membrane of the ER (Zimmermann et al. 2011). For the 
translocation into the ER the heterotrimeric Sec61 complex (comprising Sec61α1, Sec61ß, and 
Sec61γ) is necessary (Görlich et al. 1992). Previous studies showed the presence of 
translocationally active microsomes in the CHO cell extract (Brödel et al. 2014). For this, the 
melittin signal peptide constitutes an efficient signal sequence for cell-free protein synthesis 
systems. Only the standard lysate revealed a glyco protein band indicating that microfluidizer 
lysate, as well as the emulsifier method did not preserve endogenous microsomes. According 
to the absence of microsomes and the non-optimized protein yields, the emulsifier lysate 
seemed not be a good choice for the preparation of CHO extract. Having a look at the 
appearance of produced cell lysates, microfluidizer lysates are much more clearer in 
comparison to the standard lysate giving a hint, that microsomes are absent in the microfluidizer 
extract. In principle, the standard disruption procedure is scalable and can be parallelized in 
order to produce increased amounts of CHO cell lysate, but it is more laborious in comparison 
to microfluidizer and emulsifier disruption. The choice of lysate preparation procedure deeply 
depends on the structure of the desired protein. A simple cytosolic protein without any 
requirements for posttranslational modifications or membrane embedding can be expressed in 
the microfluidizer based system, while the synthesis of complex mammalian proteins needs 
microsomes for correct folding and modification. It is conceivable that microsomes of a 
standard lysate can be supplemented to a microfluidizer lysate to obtain an increase in protein 
yield, but this would mean additional preparation effort. First results show the compatibility of 
the microsomes and microfluidizer lysate (data not shown) and further investigations may lead 
to an optimized “hybrid system”. 

The previously discussed results indicate the possibility to scale-up the cell disruption 
procedure using different methods, thereby obtaining cell lysates suitable for different 
approaches. After cell disruption, the raw lysate requires further reconditioning steps prior to 
their application in the cell-free protein synthesis system. A chromatography step is performed 
based on Sephadex-25 columns for desalting, removement of contaminants and transfer to a 
new buffer. For small-scale approaches, a disposable Nap column is used that requires only 
gravity to run. The possibility to scale-up this procedure was investigated using an Äkta prime 
plus chromatography device with an integrated Sephadex-25 column. Quantification of 
luciferase and EPO revealed slight differences in protein yield, but proved the general 
opportunity to use an Äkta prime device for reconditioning of the lysate (Figure 20 A and B). 
The glyco bands of EPO were detected for both reconditioning procedures confirming the 
presence of intact microsomes (Figure 20 C).  

The combination of perfusion cultivation, the possibilities of different lysate preparation 
procedures and the applicability of an Äkta Prime used for lysate reconditioning revealed the 
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opportunity to scale-up the production of CHO cell lysate. This forms the basis for the usability 
of the developed CHO lysate based cell-free system for industrial approaches. In addition, high-
throughput and screening technologies constitute a possible, relevant application of CHO cell-
free systems. For this, increased lysate batch amounts are needed, like reported in this work. A 
recent study reported the scalability of a cell-free system based on E. coli cell extracts. Zawada 
and collegues proved the scale-up from microliter scale to a 100 l process showing linear 
scalability of growth hormone production (Zawada et al. 2011). The prerequisite for the scale-
up is a suitable amount of available cell lysate. In this work, the scale-up of CHO lysate 
production for the use in cell-free protein synthesis is demonstrated. On this basis, the 
development of a large-scale CHO cell-free system is possible, which could be advantageous 
for the production of cytotoxic and complex mammalian proteins in comparison to cell based 
fermentation processes. 

The growth and productivity of CHO cells highly depends on the selected cell culture media 
(Grillberger et al. 2008). Due to concerns about product safety as well as cost issues serum-free 
media is mostly used in biopharmaceutical protein production (Rodrigues et al. 2012). The 
formulation of serum-free media is optimized concerning the cell growth (Gorfien et al. 2000), 
protein production (Ma et al. 2009) and protein quality (Crowell et al. 2007) and needs to be 
selected depending on the cell type and the target protein (Butler, Burgener 2005). It is already 
published that media composition influences the productivity of a cell-free system based on 
yeast cells (Choudhury et al. 2014). To evaluate the influence of media composition for the 
production of CHO cell-free systems, CHO cells were adapted to four commercially available 
serum-free cultivation media (PowerCHO1-CD, PowerCHO2-CD, PowerCHO3-CD and 
PROCHO5), while PowerCHO2-CD represented the previously used standard cell culture 
media. The production rate of active luciferase and EPO revealed significant differences. For 
both model proteins, the application of PowerCHO2-CD resulted in the highest protein yields. 
For the production of EPO in CHO lysates, derived from differently adapted cells, only slight 
differences in protein yield (in the range of 7.8 µg/ml to 8.5 µg/ml) were obtained (Figure 17 
A). In contrast, synthesis of active luciferase led to significant differences ranging from 3.4 
µg/ml (PowerCHO3-CD) to 13 µg/ml (13 µg/ml) (Figure 17 B). This might have several 
reasons: For the quantification of luciferase, only active protein was taken into account. To 
obtain a functionally activity, the luciferase undergoes co-translational folding and chaperone-
assisted refolding (Scholl et al. 2014). If the N-terminal domain of the protein is folded, C-
terminal and middle domains of the luciferase can perform several cycles of unfolding and 
refolding without the requirement of chaperones. The N-terminal domain of luciferase can only 
be folded in a correct manner, if chaperones are available. The folding is performed at the 
nascent peptide chain in a co-translational folding manner. Additionally, it is reported that the 
heat chock proteins Hsp 90, Hsp 40 and Hsc 70 are involved in the refolding of luciferase 
(Minami, Minami 1999). While Hsp90 captured the luciferase, Hep 40 and Hsc 70 can interact 
with the complex to enable the full accomplishment of protein refolding (Minami, Minami 
1999). The diverse compositions of cell culture media might lead to a variation in gene 
expression in the cells, including the synthesis of chaperone-associated genes, which might 
explain the differences in activity of luciferase. As indicated for the production of proteins in 
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in vivo CHO cell cultures, the type of media should be selected according to the desired target 
protein (Butler, Burgener 2005), which is transferable to the cell-free system. Due to the fact, 
that optimized yields for both model proteins were obtained using the PowerCHO2-CD media, 
the media composition seemed to influence the synthesis and activity of translation relevant 
factors.  

Apart from the productivity, the obtained results revealed slight differences in glyco band 
intensity of EPO (Figure 17 C). As described, media composition can influence the product 
quality, which includes the posttranslational modifications of a protein (Crowell et al. 2007). 
Glycoprotein expression can vary depending on the media composition, whereby novel media 
supplements were developed to increase a specific glycosylation pattern (Boniface et al. 2013). 
For further optimization of the CHO cell-free system, the specific development of a suitable 
cell culture media will be preferable. This requires a deeper look into the cell culture media 
composition, which typically consists of amino acids, vitamins, trace metals, sugars, salts, 
buffers, growth factors, and various other components (Kishishita et al. 2015) to evaluate the 
essential components for the cell-free synthesis of a target protein. Apart from the adjustment 
of media conditions, the glyco-engineering of CHO cells might be a possible improvement for 
the glycosylation in cell-free synthesis. Various strategies for optimizing the glycosylation of 
target proteins are reported (Wang et al. 2015) showing a high potential for the future 
improvement of the CHO cell-free system. 

4.3 Development and improvement of batch-formatted CHO cell-free systems 

Cell-free protein synthesis can be performed in different reaction modes generally divided into 
batch, continuous exchange (CECF) and continuous flow (CFCF) cell-free reactions (Spirin 
2002). The batch reaction constitutes the easiest setup by a simple one-pot reaction including 
all components for cell-free protein synthesis (Carlson et al. 2012), whereby the desired protein 
is obtained in a few hours. The simple approach can be easily miniaturized, parallelized and 
automated to form a platform for high-throughput and screening technologies (Quast et al. 
2015a; Oza et al. 2015; Lamla et al. 2006; Murthy et al. 2004). The screening for 
pharmaceutically relevant drug targets is mostly related to the synthesis of complex mammalian 
proteins including a broad range of membrane proteins (Yildirim et al. 2007). To address the 
high demand of complex mammalian proteins, eukaryotic cell-free protein production systems 
are available harboring endogenous, ER derived microsomes, which enable posttranslational 
modifications and membrane embedding. The CHO cell-free system initially developed by 
Brödel and colleagues (Brödel et al. 2014) provides such a kind of platform based on a 
prominent and well known in vivo protein production host (Hacker et al. 2009). The batch-
formatted CHO cell-free system is conducted based on IRES sequence containing circular DNA 
templates and thereby inducing a cap-independent translation initiation. In this case an IRES 
sequence from cricket paralysis virus intergenic region (CRPV IGR IRES) was selected (Brödel 
et al. 2013). In general, translation initiation is a highly regulated process, which might be the 
main limitation in mammalian cell-free systems. Mikami et al. showed an improvement of 
protein yield in a cell-free system based on human cultured cells by the supplementation of the 
recombinant factors GADD34 and/or K3L (Mikami et al. 2010; Mikami et al. 2006). This 
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reduces the phosphorylation of eIF2α, a main regulator in eukaryotic protein translation, and 
thereby enabling the formation of the ternary complex consisting of eIF2, GTP and initiator 
tRNA. Further approaches were performed including the overexpression of translation initiation 
factors including eIF2, eIF2B (necessary for eIF2 recycling) and eIF4 (Mikami et al. 2006). 
The applied CRPV IGR IRES bypasses the need for active translation factors and allows for an 
increased production of desired protein without elaborate generations of factor overexpressing 
cell lines or expensive supplementations of additional factors. The CRPV IGR IRES harbors a 
special secondary structure and can directly interact with the ribosomal subunits (Hellen, 
Sarnow 2001). This structure contains three RNA pseudoknots (PK I, PK II, PK III) and two 
stem loops (SL2.1, SL 3.2) (Figure 5) (Muhs et al. 2015).  

Apart from the factor independency, CRPV IGR dependent translation initiation allows the start 
of translation at non ATG start codons preferably alanine and glutamine codons adjacent to the 
42 pseudoknot (Sasaki, Nakashima 1999). Broedel et al. reported an increase in luciferase 
protein yield by replacing the ATG by a GCT start codon (Brödel et al. 2013). In this work, the 
previously obtained results were implemented and improved by different optimization 
strategies discussed in the following chapters. The versatility of the system is analyzed 
concerning the DNA template utilization (circular and linear templates) and the possibility to 
synthesize complex types of proteins to demonstrate the potential for easy to handle high-
throughput applicability. 

4.3.1 Applications of CHO cell-free system 

To perform cell-free protein synthesis based on CHO lysate DNA templates are required 
containing suitable regulatory sequences. The reaction is typically performed in a 
transcription/translation coupled mode, whereby the transcription is conducted by T7 RNA 
polymerase. Since T7 RNA polymerase is used for transcription, an appropriate T7 promotor 
needs to be included in the DNA template. However, different RNA polymerases can be 
additionally applied to cell-free reaction including the SP6 RNA polymerase (Rosenblum, 
Cooperman 2013). Various plasmid backbones were developed applicable to cell-free systems. 
The pIX3.0 vector backbone represents a commercially available and commonly used plasmid 
for pro- and eukaryotic cell-free protein synthesis systems. This vectors contain multiple 
cloning sites compatible for PCR products, free from interfering regulatory elements and 
provide a high copy of replication to produce high amounts of plasmid DNA in bacterial hosts 
(Biotechrabbit GmbH 2017, 2017). This backbone constitutes the basis for the initial 
developments of the batch-formatted CHO cell-free system (Brödel et al. 2014).  

The diverse applicability of vector backbones containing the model protein luciferase was 
analyzed by the selection of plasmids harboring a T7 promotor and an IRES sequence. The 
application of pcDNA3.1-CRPV-Luc, pGem-EMCV-Luc (Thermo scientific) and pT7CFE1-
EMCV-Luc (Thermo scientific) DNA templates to the CHO cell-free system in comparison to 
the control template pIX3.0-CRPV-Luc resulted in significant reduction of active and total 
luciferase yields (Figure 22 A and B), but revealed the principle possibility to use different 
plasmid backbones in the CHO cell-free system (Figure 22 C). The increased translational 
efficiency might have several reasons: Pointing out pGem-EMCV-Luc and pT7CFE1-EMCV-
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Luc DNA templates, a different IRES sequence is present in the 5´UTR, which is obtained from 
encephalomyocarditis virus (EMCV). The EMCV IRES does not act in a completely translation 
initiation factor independent manner and thus requires the binding of eIF4G/4A complex, IRES 
trans-acting factor 45 (ITAF 45) and polypyrimidine tract binding protein (PBT) to initiate 
protein translation (Pestova et al. 1996; Hellen, Sarnow 2001). This might indicate that the 
CHO lysate is limited in active translation factors involved in EMCV dependent translation 
initiation. Moreover, the correct folding and interaction of EMCV IRES highly depends on the 
present concentration of Mg2+ ions (Dupont, Snoussi 2009). A further optimization of ion 
concentrations might lead to an improvement of system productivity using an EMCV IRES due 
to the enhanced stability of the initiation complex.  

The second reason for the reduced productivity of luciferase based on the non-optimized 
plasmid backbones might be connected with the DNA sequence of the backbones. Besides 
regulatory sequences for cell-free protein synthesis, vectors contain a number of prokaryotic 
sequences, which can negatively affect target gene synthesis (Williams et al. 2009; Leite et al. 
1989; Peterson et al. 1987). Furthermore, it is published that initiation efficiency of transcription 
using a T7 RNA polymerase seems to be dependent on the individual plasmid structure 
(Schenborn, Mierendorf, JR 1985). This statement is confirmed by the performed optimization 
studies in this work. So far, T7 RNA polymerase and pIX3.0 plasmid were applied in 
concentrations of 1 U/μl and approximately 50 ng/μl, respectively, according to Broedel et al. 
2014 (Brödel et al. 2014; Thoring et al. 2016). It became obvious that an increase in T7 RNA 
polymerase concentration and plasmid concentration led to an increase in obtained luciferase, 
while the optimal conditions differed between the individual plasmid backbones (Figure 23, 
Figure 24). Additionally, an optimum molarity (molarity for each plasmid is indicated in 
Supplementary table 2) cannot be defined because it differed depending on the plasmid 
backbone. The optimizations resulted in an up to 7-fold increase in protein yield using 
pT7CFE1-Luc and 250 ng/μl of DNA-template compared to standard conditions (50 ng/μl).  

Increasing the T7 RNA polymerase concentration not only showed impact on the productivity 
of luciferase containing plasmids, but also raised the protein yield of model protein EPO (Figure 
24 B). Increased availability of T7 RNA polymerase might result in a raised production of 
mRNA present for protein translation. In contrast to the enhanced productivity of protein, an 
improvement in EPO glycosylation was not obtained by increasing T7 RNA polymerase 
concentration (Figure 24 B). A bottleneck of the production system might be the co-
translational translocation of the protein into the microsomal fraction. The translocation 
machinery consists of SRP, the SRP-receptor and the Sec translocon (Keenan et al. 2001) as 
described in chapter 4.2. Having a look to the cellular composition, current reports indicate the 
improvement of antibody translocation, secretion and activity by modification of translocation 
components in CHO cells (Le Fourn et al. 2014). Le Fourn and colleagues generated stable 
CHO cell clones overexpressing parts of the translocation machinery including the SRP 14, the 
SRP receptor and the translocon. Overexpression revealed to improve the solubility and 
secretion of a “difficult-to-express” IgG antibody. This topic might be a future perspective to 
improve the translocation in CHO cell-free systems. The investigation of CHO cell genomic 
sequencing (Wurm, Hacker 2011) and related developments in cell engineering (Kawabe et al. 
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2017) led to a broad range of methods available for the introduction of desired target genes into 
the host organism. Addressing the translocation machinery by generation of transiently 
transfected cells and stable cell lines for lysate production might be a potential approach to 
target the translocation bottleneck.  

The application of linear DNA templates provides a unique technology in cell-free systems 
bypassing the time-consuming traditional plasmid cloning and preparation (Schinn et al. 2016). 
Linear DNA templates can be produced in parallel directly from genomic DNA using gene-
specific primer pairs, which contain overhang sequences for regulatory adapter primers 
(Woodrow et al. 2006; Woodrow, Swartz 2007; Merk et al. 2003). The amplification of suitable 
PCR products is generally performed in a two-step PCR approach, including the gene 
amplification in the first step, followed by the fusion of cell-free specific regulatory sequences 
need for cell-free protein synthesis in the second step (Merk et al. 2003). Apart from general 
gene amplification, the use of linear DNA templates enables the addition of fluorescence and 
purification tags (He, Taussig 2003) and the introduction of site-specific mutations essential for 
mutation associated functionality screenings (Yabuki et al. 2007). The combination of linear 
DNA templates and cell-free protein synthesis revealed to have various applications concerning 
cloning-independent functional genomics, protein microarrays, the synthesis and evaluation of 
difficult-to-express proteins and the optimization of complex systems (Schinn et al. 2016). The 
majority of reports showing the application of linear DNA templates are based on E. coli cell-
free systems (Schinn et al. 2016), whereby other reports indicated the use in wheat germ (Endo, 
Sawasaki 2004), yeast (Gan, Jewett 2014) and Sf21 (Stech et al. 2013) cell lysate systems. 

In this work, the utilization of linear DNA templates harboring suitable regulatory sequences 
(T7 promotor, CRPV IGR IRES, T7 terminator) in the batch-formatted CHO cell-free system 
was demonstrated. Results indicate that an increased amount of PCR product and T7 RNA 
polymerase is required to enable protein production based on a linear DNA template (Figure 
25). The maximum protein yields obtained for the model proteins EPO and luciferases were 
around 12 µg/ml (Figure 25 B) and 20 µg/ml (Figure 25 A), respectively, using 3 U/µl T7 RNA 
polymerase and 12.5 ng/µl PCR product. Additionally, the autoradiogram visualized the glyco 
band of EPO indicating the possibility to form protein modifications (Figure 27 B). A 
comparison to the synthesis based on a plasmid DNA template revealed a 2-fold (EPO) and a 
3-fold (luciferase) decrease of protein yield using a linear DNA template. The obtained results 
underline the general possibility of linear DNA template application in the CHO cell-free 
system, but revealed the limitation in derived protein yield. It is already reported that linear 
DNA templates showed a reduced stability compared to plasmids (Schinn et al. 2016). PCR 
products are more affected by the presence of nucleases degrading linear DNA. Especially in 
E. coli cell-free systems, the inhibition of nucleases was effective for the improvement of linear 
template based cell-free protein synthesis. Additional approaches were performed to reduce 
nuclease activity in E. coli based cell-free systems (Schinn et al. 2016; Sun et al. 2014). Yin et 
al. reported the supplementation of truncated Gam S protein from bacteriophage λ for the 
production of antibody fragments in an E. coli based cell-free system achieving protein yields 
close to plasmid-level ones (Yin et al. 2012). Another strategy addresses the cell-free reaction 
conditions by lowering the reaction temperature (Smith et al. 2014a). In addition, genetically 
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optimized E. coli strains were developed lacking essential nucleases (Yu et al. 1998). The 
stability cannot only be improved by targeting nuclease activities, but also by stabilizing linear 
template structures. For this poly(G) , mini-hairpin and other non-coding sequences have been 
explored to improve protein yield (Ahn et al. 2005; Fernández et al. 2014; Schinn et al. 2016).  

The development of the CHO cell-free system provides a reasonable basis for future high-
throughput applications. As mentioned before, “difficult-to-express” proteins including 
membrane proteins constitute the largest class of potential drug targets and the need for protein 
production and screening platforms is high (Arinaminpathy et al. 2009). To demonstrate the 
ability of the CHO cell-free system to produce a variety of “difficult-to-express” proteins, the 
synthesis of different classes of proteins is demonstrated (Figure 29). Appropriate protein bands 
for ion channels (KCSA, KvAP, TRPV1, hERG), transmembrane receptors (EGFR) and G 
protein coupled receptors (OPMR1, B2AR) were detected (Figure 29 A). First indications for 
modifications were obtained, including the multimerizations detected for KCSA and KvAP. 
This are required for assembly of a functional ion channel. It is conspicuous that large 
differences in derived protein yields were detected (Figure 29 B), while lowest and highest 
protein yields were obtained for B2AR (around 1 µg/ml) and TRPV1 (around 13 µg/ml), 
respectively. This might indicate the dependence of translation efficiency on the gene sequence. 
It is reported that translation initiation is associated with the sequence content of the gene. The 
scanning and recognition of the translation initiation sequence depends on the AUG nucleotide 
context and features of downstream mRNA fragment (Wang, Rothnagel 2004; Kozak 2002). In 
mammalian mRNAs, one of the most crucial content elements is a guanine at position +4 
(Kochetov 2005). The translation rate is additionally influenced by base pairing probabilities at 
early downstream positions of the coding sequence. Experiments of Kozak et al. revealed an 
improvement of translation rate by introduction of hairpin structures at position 11 and 17 
downstream of the start codon, while location at position 5 and 35 showed no impact (Kozak 
1990). Also Kochetov and colleagues reported the enhancement of translation by secondary 
hairpins in positions 13-17 in mammalian mRNAs (Kochetov et al. 2007). This might be a 
future topic to improve the translation initiation of mRNA harboring a suboptimal codon 
context. Sequence analysis might give insights into the bottlenecks of mRNA sequence, 
whereby adjustment of the codons could be a possible tool to improve translation rates. An 
additional improvement might be the optimization of codon usage. It is reported that codon 
optimization can improve the protein productivity in CHO cells (Ou et al. 2014). This might be 
a future topic for the optimization of productivity in the CHO cell-free system. 

The adaptation of CHO cell-free protein synthesis to HTS and screening approaches requires 
suitable protein detection methods. In this work, proteins were radiolabeled by co-translational 
incorporation of 14C leucine for further determination of protein yield, molecular weight and 
modification analysis. According to HTS applications, alternative methods are required to 
circumvent the presence of radioactive components. Due to the “open character” of the cell-
free protein synthesis system the incorporation of non-canonical amino acids that contain 
chemically or physically reactive side chains provides a useful tool for protein labeling and 
functional and structural proteomics (Katzen et al. 2005). This method shows a high potential 
for promising applications including ligand–protein interaction studies (Pless, Ahern 2013), 
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biotherapeutics (Zimmerman et al. 2014) and biocatalysis (Zheng, Kwon 2013) using a CHO 
cell-free system. In general, the incorporation of non-canonical amino acids can be performed 
in a residue specific manner at specific amino acid residues and site specific by incorporation 
of stop codons at defined positions. In this work, residue specific labeling of “difficult-to-
express” proteins was evaluated to demonstrate the possibility of co-translational incorporation 
of non-canonical amino acids based on the CHO cell translational machinery. The BODIPY-
TMR-tRNAPhe was recognized in the translational process leading to fluorescent proteins (EPO, 
OPMR1, KCSA) detectable by in-gel fluorescence, whereby modifications like tetramer 
formation and glycosylation were clearly observed (Figure 30). Since the cell-free system 
derived from CHO cells contains microsomal structures for the integration of membrane and 
modified proteins in a native environment, the platform may facilitate the structural and 
functional investigation of membrane proteins. The integration of labels enables the 
introduction of NMR specific labels for structural estimations. This is already reported for 
proteins produced in E. coli (Apponyi et al. 2008) and wheat germ cell-free systems (Endo, 
Sawasaki 2004). This might be easily adapted to the developed CHO cell-free system for 
estimation of complex, mammalian membrane protein structures. 

4.3.2 Influence of molecular crowding effects  

A common feature of a living cell is the crowded environment of the intracellular compartment 
(Luby-Phelps 1999). Due to the presence of cell organelles, macromolecules and small 
hydrophilic molecules, such as polyols and sugars, amino acids and derivatives, methylamines, 
methylsulfonium compounds and urea a crowded surrounding is obtained also referred as 
“molecular crowding” environment (Nakano et al. 2014). Molecular crowding can influence 
biochemical kinetics by volume exclusion effects and thereby reducing diffusion rates resulting 
in enhanced binding rates of macromolecules (Tan et al. 2013). The crowded environment is 
characterized by thermodynamic and kinetic properties differing from diluted solutions and 
thereby effecting diffusion rates, folded structures, structural stability and interactions of 
nucleic acids (Elcock 2010; Dix, Verkman 2008). Having a look to the amount of molecules 
present in eukaryotic cells in comparison to a cell-free reaction, eukaryotic cells contain 50−400 
mg mL−1 biomolecules in the cytoplasm and 100−400 mg mL−1 in the nuclei, while in vitro 
protein synthesis systems typically revealed concentrations below 1−10 mg mL−1 (Ellis 2001; 
Nakano et al. 2014). Several reagents are reported, which mimic the effect of molecular 
crowding including in particular PEG, Ficoll, BSA and dextran (Chebotareva et al. 2004). The 
positive effect of molecular crowding reagents PEG, Ficoll and BSA on translation efficiency  
in E. coli based cell-free systems has been already demonstrated (Li et al. 2014; Spruijt et al. 
2014).  

In this work, the positive effect of molecular crowding reagents on the translation rate of 
fluorescence protein eYFP in a batch-formatted CHO cell-free system was demonstrated. The 
application of PEG and Ficoll in comparison to control samples with different concentrations 
of T7 RNA polymerase (1 U/µl, 3 U/µl) were tested (Figure 26, Figure 27). PEG showed a 
more significant effect in comparison to Ficoll, which revealed only an improvement in 
fluorescence intensity in comparison to 1 U/µl T7 RNA polymerase control. The efficiency of 
PEG depends on the selected PEG molecule length and concentration (Figure 26). An inhibition 
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of cell-free synthesis is obtained by the application of PEG 20000 and might be due to the steric 
hindrance, which may affect the structure of endogenous proteins and thereby leading to 
inactivation of protein biosynthesis machinery (Atha, Ingham 1981). Optimal conditions were 
received using PEG 5000 in a concentration range between 2% to 2.5% (Figure 26, Figure 27), 
revealing an additional improvement compared to the 3 U/µl T7 RNA polymerase control. For 
different CHO lysate batches, different improvement rates were obtained, but all revealed an 
increase of translation rate intensity by supplementation of PEG (Figure 28).  

The obtained results were underlined by the synthesis of EPO showing an increase in protein 
band intensity as visualized by autoradiography. It should be taken into account that only the 
intensity of the non-glycosylated protein band is improved but not the intensity of the glyco 
band indicating again the limitation in protein translocation in the CHO cell-free system. The 
increase of translation rate for the model proteins might be due to the improvement of 
interaction between T7 RNA polymerase and DNA template. It is reported that molecular 
crowding tightly influences DNA-protein interactions (Nakano et al. 2014), whereby Tan et al. 
revealed the impact of molecular crowding concerning gene expression and DNA transcription 
into mRNA (Tan et al. 2013). This leads to the statement that supplementation of molecular 
crowders might activate the T7 RNA polymerase due to the more nature like environment. This 
is a cost efficient improvement of translation rate in comparison to T7 RNA polymerase 
increase and reduces the overall reaction costs of batch-formatted CHO cell-free reactions. 

4.3.3 Cell-free synthesis of human bonemorphogenic protein 2 

The pharmaceutical relevant, difficult-to-express protein hBMP2 was selected for the synthesis 
in the developed, batch-formatted CHO cell-free system. Obtained protein expression results 
were compared to mammalian stable and transiently transfected cell lines (results for in vivo 
production were demonstrated in the article “Comparison of cell-based vs. cell-free mammalian 
systems for the production of a recombinant human bone morphogenic growth factor” (Jérôme 
V., Thoring L., Salzig D., Kubick S., Freitag R) in the journal “Engineering in Life Science”. 
hBMP2 belongs to the transforming growth factors subfamily ß (TGF-ß) (Cecchi et al. 2016) 
and plays a significant role in the proliferation and differentiation of osteoprogenitor cells for 
the formation of bone (Bais et al. 2009; Rosen 2009). This indicates that hBMP2 is a potential 
biopharmaceutical for bone and cartilage recovery and demonstrates the need for production of 
recombinant hBMP2. Various studies are available showing the positive effect of hBMP2 
treatment for bone and cartilage healing (Hirata et al. 2017; Hissnauer et al. 2017; Kim et al. 
2017; Low et al. 2017). hBMP2 consists of a N-terminal signal peptide, a prodomain and the 
C-terminal chain of the mature protein and harbors four potential glycosylation sites, but only 
one in the matured BMP2 (Xiao et al. 2007). For receptor binding and activation of related 
signal transduction pathways, matured BMP2 forms homo- and heterodimers by disulfide 
linkage (Scheufler et al. 1999). The complex structure of the protein requires a sophisticated 
cell-based production system. Several protein production systems are available for recombinant 
hBMP2 synthesis but revealed bottlenecks. Pramesti and colleagues published an optimized 
protocol for the production of hBMP2 in E. coli cells (Pramesti et al. 2012). For production of 
hBMP2 in E. coli, several steps are required including for protein overexpression, solubilization 
of inclusion bodies and dimerization of rhBMP-2 monomer. Moreover, glycosylation of 
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hBMP2 is not obtained due to the limitation of PTM formation in prokaryotic cells. An 
alternative system was developed based on tobacco plants transformed with Agrobacterium 
tumefaciens for the production of hBMP2 (Suo et al. 2006). Mammalian-based production 
systems constitute a more natural production host enabling hBMP2 nature like protein 
modifications.  

In this work, we showed the synthesis of hBMP2 in the batch-formatted CHO cell-free system 
in comparison to mammalian in vivo platforms (Jérôme et al. 2017). For this, stable generated 
CHO cells and transiently expressing HEK293 cells produced hBMP2 in a total amount of 153 
pg/ml and 280 ng/ml, respectively. The comparison of in vivo and cell-free translation rate of 
hBMP2 revealed a significant increase in protein yield using in vitro translation systems. Two 
approaches were tested for hBMP2 synthesis in the CHO cell-free system: The synthesis based 
on linear PCR products resulted in a weak protein band detected by autoradiography and a 
protein yield of around 6 µg/ml (Figure 31 A). Besides this, the application of hBMP2 plasmid 
led to protein yields of approximately 30 µg/ml using a plasmid concentration of around 300 
ng/µl (Figure 34 B). Visualization by autoradiography showed the desired hBMP2 protein band 
and different modifications of hBMP2 (signal peptide cleavage, pro peptide cleavage, 
glycosylation and dimerization). This underlines the previous statement of instability and 
decreased productivity by the application of PCR products. Further increase in protein yield up 
to around 38 µg/ml was received by evaluating the reaction temperature obtaining a maximum 
yield at 27°C (Figure 35 C). This demonstrates the importance of individual reaction condition 
optimization for each individual protein. The fractionation of translation mixture into 
supernatant and microsomal fraction by centrifugation revealed the presence of 30% total 
hBMP2 in the microsomal fraction and thereby emphasizing the limitations in protein 
translocation (Figure 32 A). Additionally, the glyco modification was only observed in the 
translation mixture and the microsomal fraction, indicating the relevance of translocation for 
protein modification (Figure 32 B). This was confirmed by a glyco digestion assay and 
autoradiography.  

The productivity and modification of the synthesized hBMP2 give a hint in the direction of 
protein activity. Future experiments are required to address the topic of hBMP2 activity. BMP 
Responsive Reporter Osteoblast cell lines are commercially available (Kerafast Inc.), which 
can be used to prove the activity of produced hBMP2. This reporter assay is based on 
immortalized calvarial osteoblast cells that contains a BMP responsive dual luciferase reporter. 
By stimulation of osteoblast cells with produced hBMP2, FLuc will be expressed indicating the 
functionality of present hBMP2. 

These investigations showed the high potential of the CHO cell-free system for the production 
of hBMP2. In comparison to mammalian cell based systems, an increased productivity was 
observed, which might result in reduced preparation costs for recombinant hBMP2. The 
selected host organism provides a basis for hBMP2 production compatible to human body. To 
allow the production of hBMP2 in CHO cell-free systems a scale-up of the system needs to be 
performed like demonstrate by Zawada et al. for the E. coli cell-free system (Zawada et al. 
2011). In this way, the transfer of obtained scale-up conditions might result in a novel 
production platform for recombinant hBMP2 for biopharmaceutical applications. Additionally, 
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the shift from a batch-formatted cell-free system to a CECF system might lead to a further 
increase in the productivity of hBMP2 and might lead to improvement of process costs. 

4.4 Development of a continuous exchange cell-free system based on CHO cell lysates for 
the high-yield production of proteins 

A batch-formatted cell-free reaction showed limitations in reaction time and protein 
productivity due to the depletion of energy substrates including ATP and GTP (Kim, Swartz 
1999; Swartz 2003) and the accumulation of free phosphates, which complex with magnesium 
and thereby inhibits protein translation (Katzen et al. 2005). To overcome these issues 
alternative cell-free protein synthesis systems were developed based on a two-chamber system, 
a reaction and a feeding chamber, separated by a semipermeable membrane also termed as 
CECF system (detailed description in chapter 1.3.2). Until now, cell-free protein synthesis in 
CECF mode is reported based on various prokaryotic and eukaryotic cell lysates, whereby E. 
coli and wheat germ represent the majority of published investigations (Carlson et al. 2012). 
Additional eukaryotic CECF systems are available based on Sf21 lysates (Quast et al. 2016), 
tobacco lysates (Buntru et al. 2015) and human cell lysates (Saul et al. 2014). In this work, a 
high-yield protein production system was developed by the combination of the CECF reaction 
mode with the optimized CHO cell lysate. This should especially address the synthesis of 
“difficult-to-express” proteins including membrane proteins to obtain a sufficient amount of 
protein for structure and functionality studies. In the following chapters, results regarding the 
development of a CHO CECF system are discussed and brought into relation to future 
applications. 

4.4.1 Optimization of reaction parameters to maximize the production of model protein 
EGFR 

To develop novel production systems, several parameters need to be adapted to obtain an 
optimal milieu for protein synthesis. For the development of CHO CECF system, initial 
experiments were performed using the model protein eYFP, which allows an easy and fast 
detection of produced protein. Various parameters where considered to be evaluated. Initially, 
a comparison between batch and CECF formatted synthesis in a time course analysis revealed 
an increase of fluorescence intensity after 24 h and 48 h for the CECF reaction, indicating that 
protein yields can be raised by using the novel reaction format (Figure 34). Interestingly, cell-
free protein synthesis performed in the CECF mode seemed to be slower in comparison to the 
batch mode, as underlined by the increased fluorescence signal in the batch format compared 
to the CECF reaction after 4 h. This might be related to the geometry of the CECF device and 
the continuous diffusion leading to a high degree of molecular motion. The influence of cap 
molecule and PEG supplementation as well as an increase of T7 RNA polymerase 
concentration, as reported for the batch-formatted reaction, was analyzed (Figure 34, 
Supplementary figure 4). In the batch-formatted cell-free reaction the presence of cap I 
(m7GpppG) molecules showed a positive influence on protein yield although protein synthesis 
was performed based on IRES dependent translation initiation (Brödel et al. 2014). The reason 
for that is not clearly investigated until now, but might have several reasons including a parallel 
translation initiation in a cap and IRES dependent manner, an induction of molecular crowding 
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effects by the presence of an increased amount of molecules and an interaction between IRES 
structure and cap molecules, which might be positive for IRES folding or might improve the 
interaction between the IRES and the ribosome. In the CHO CECF reaction, the previously 
described improvement strategies (T7 RNA polymerase increase, supplementation of PEG) did 
not show a positive effect for the improvement of protein yield. Due to the prolonged reaction 
time, mRNA productivity, which should be supported by the increase of T7 RNA polymerase 
concentration and the utilization of molecular crowding reagent PEG, seemed not to be a 
limiting factor in the CECF reaction. Prolonged reaction times enable a continuous synthesis of 
fresh mRNA available for protein translation. Due to the fact that no increased concentration 
of T7 RNA polymerase and supplementation of PEG is required CECF reaction costs are 
reduced. 

The following improvements of the CHO CECF system were performed based on the “difficult-
to-express” membrane protein EGFR, a glycosylated transmembrane protein, fused to an eYFP 
fluorescence tag. EGFR plays a significant role in cell proliferation, survival and differentiation 
(Herbst 2004) and therefore is associated with the development of various cancer types 
including breast, bladder, renal, colon and ovarian cancer (Yarden, Sliwkowski 2001). 
According to this, EGFR harbors a high medical relevance and screening for novel EGFR 
related drugs including small chemical inhibitors (Roskoski Jr. 2004) or EGFR targeting 
antibodies (Yewale et al. 2013) is a large topic in the biopharmaceutical industry. Initial results 
compared the synthesis in a batch and CECF formatted cell-free synthesis (Figure 35). 
Quantification of fluorescence intensity (EGFR-eYFP) and protein yield determination led to a 
significant increase in protein yield around 8-9 fold using the CECF system (Figure 35 A and 
B). Protein yields around 22 µg/ml and 187 µg/ml were obtained for batch and CECF reaction, 
respectively (Figure 35 B). These results were underlined by confocal laser scanning 
microscopy revealing a low intensity for batch synthesized EGFR, while tightly EGFR-eYFP 
packed microsomes were detected in the CECF sample (Figure 35 C). Not only the quantity of 
protein, but also the quality is essential for future applications. To analyze the quality of EGFR 
synthesized in the CHO CECF system, molecular weight estimation, glyco analytics and 
autophosphorylation assays were performed. An autoradiogram of 14C leucine labeled protein 
showed the expected molecular weight of EGFR indicating the production of the protein (Figure 
35 C). Apart from the target protein band, various low intensive protein bands were detected 
on the autoradiogram appearing in a lower molecular weight range in comparison to the EGFR 
protein band. These bands might appear due to the presence of proteases and an early 
termination of protein translation due to secondary structures present in the mRNA. This topic 
will be further discussed in the following section about caspase activities. 

It is reported that the glycosylation of EGFR is important for protein stability and function 
(Kaszuba et al. 2015). It plays a critical role for receptor dimer stability and ligand or growth 
factor binding by formation of non-covalent interactions between glyco moieties and the 
extracellular receptor domains located at the ligand binding site (Irani et al. 2017). In this work, 
glycosylation of EGFR was demonstrated by the incorporation of 14C mannose and detection 
by autoradiography, while the protein band is removed by glycosidase treatment (Figure 36). 
This gives a first hint that a glycosylated EGFR is present, but further investigations are 
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necessary to get more information about glycan positions and pattern using, for example mass 
spectrometry (Dotz et al. 2015). For functional assessment of produced protein, the intrinsic 
kinase activity of EGFR was analyzed. Ligand binding leads to EGFR dimerization followed 
by activation of intrinsic kinase activity, resulting in the phosphorylation of multiple tyrosine 
residues at the intracellular C-terminal part of the protein (Schulze et al. 2005; Yewale et al. 
2013). Apart from ligand dependent activation of EGFR, Lambert et al. showed dimerization 
of EGFR promoted by high receptor densities within the membranes (Lambert et al. 2006). This 
forms the basis for the ligand independent assay performed in this thesis using the detection of 
phosphorylation site tyrosine 1068 in a western blot approach. An increased activity was 
detected in the CECF sample compared to the batch-based sample indicating that a larger 
amount of active EGFR is present in the CECF sample (Figure 37). Moreover, fractionation of 
CECF sample into supernatant and microsomal fraction revealed a decreased activity in the 
supernatant fraction in comparison to the microsomal fraction. In general, the microsomal 
fraction should harbor proteins translocated and embedded into the microsomal membrane. In 
this fraction, active and correctly folded proteins should be contained. The presence of 
membrane associated or aggregated proteins in this fraction cannot be excluded. Further 
investigation addressing this topic were performed using FRAP analysis (Fluorescence 
recovery after photobleaching) (Supplementary figure 8) and by analyzing the reintegration of 
EGFR produced in a microsome depleted CHO lysate after supplementation of microsomes 
(Supplementary figure 8). Both experiments revealed no membrane association and passive 
integration of EGFR, thereby underlining the co-translational translocation of EGFR into the 
ER derived microsomes. Unfortunately, it cannot be excluded that a heterogeneous mixture of 
aggregated and membrane embedded proteins will be obtained in the microsomal fraction of 
the CHO cell-free reaction.

Moreover, the question arise why activity can be detected in the supernatant fraction. 
Fluorescence images showed the presence of small size microsomes in CHO cell lysate. Particle 
size analysis of translation mixture indicated a wide size distribution of microsomal particles in 
the range of around 30 nm to 1100 nm (Supplementary figure 6; red bars). Analysis of 
supernatant fraction after standard separation procedure (16000xg, 15 min, 4°C) showed the 
presence of small microsomal particles in the range of 30 nm to 300 nm (Supplementary figure 
6; blue bars) using Zetasizer particle measurement (Malvern Instruments). This might explain 
the obtained activity response in the supernatant fraction. An improvement of separation 
protocol by adjusting the centrifugation step (ultracentrifugation) and time might lead to a better 
separation of microsomes. Apart from the small microsomes contained in the microsomal 
fraction, the presence of EGFR in the supernatant fraction might be non-translocated and 
soluble EGFR protein. It is reported that cancer cells can process EGFR to a soluble isoform 
only containing the extracellular binding domain, but the soluble form did not show 
autophosphorylation due to the absence of intracellular domain (Maramotti et al. 2016). 
Literature concerning the in vivo production of EGFR (E. coli, insect cell line) (Elloumi-Mseddi 
et al. 2013; Hsu et al. 1990) mostly addresses the production of soluble domains of EGFR but 
not the expression of the full-length receptor. This might be a hint that it is not possible to 
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produce a soluble version of full-length EGFR and negate the theory of soluble receptor present 
in the supernatant fraction. 

Due to the fact that molecular weight, glycosylation and autophosphorylation activity were 
detected and a high protein yield of EGFR was obtained the potential for “difficult-to-express” 
protein production in a CHO CECF is indicated. 

An improvement of system productivity is necessary to obtain higher amounts of protein and 
thereby decreasing the process costs. Different strategies are available influencing protein 
translation positively, while the current cell-free expression technology is often far from 
optimum (Pedersen et al. 2011). Cell-free protein synthesis systems provide several adjustable 
parameters, whereby optima depend on the selected cell lysate and the reaction mode and need 
to be evaluated for each individual system. In this study, optimization of CHO CECF system 
was performed relating to the energy regeneration system, DNA template concentration, 
general reaction parameters like temperature and reaction time, ion concentrations and the 
supplementation of caspase inhibitors. Each parameter will be discussed in the following 
section.  

ATP constitutes the main energy component in cell-free systems due to requirement in the 
protein translation process (Jewett et al. 2009). In general, spontaneous dephosphorylation of 
ATP to ADP leads to the release of 30.5 kJ/ml energy utilized in various cellular reactions (Berg 
et al. 2002). In cell-free systems, energy regeneration systems are used to recycle ADP to ATP 
and provide newly generated energy components to prevent energy limitations (Carlson et al. 
2012). The creatine kinase/creatine phosphate platform is the commonly used system for ATP 
regeneration in cell-free systems (Ryabova et al. 1995a, 1995a). To obtain optimal conditions 
of creatine kinase/creatine phosphate in the CHO CECF reaction, different concentrations of 
creatine phosphate were stepwise-evaluated (Figure 40) leading to a sharp optimum range 
between 18 mM and 19 mM. Small changes in creatine phosphate concentration directly 
resulted in the decrease of protein yield indicating the relevance of the energy regeneration 
system to receive optimal reaction conditions. For the following experiments, 19.5 mM creatine 
phosphate was applied.  

Maximum yields of EGFR were received at 30°C after 72 h, whereas the maximum activity 
differs from these conditions (27°C and 24 h) (Figure 41). For in vivo protein production 
systems, improvement of secreted protein productivity is reported by adjusting the cultivation 
temperature. A general approach is the application of mild hypothermia conditions, leading to 
a decreased cell growth rate, but an increased specific productivity for a broad range of secreted 
recombinant proteins (Berrios et al. 2009; Schatz et al. 2003; Yoon et al. 2003). Many reasons 
are discussed regarding the advantage of reduced temperature on protein productivity in cell 
cultures. Temperature reduction leads to a delay in catabolism of carbon and energy sources 
(Fogolı́n et al. 2004), increased levels of transcription and mRNA stability (Al-Fageeh et al. 
2006; Fox et al. 2004) and an increased folding capacity and presence of ER located chaperones 
in vivo (Baik et al. 2006; Masterton et al. 2010; Vergara et al. 2014). Some of these facts might 
explain the differences in production rate and activity of EGFR at different reaction 
temperatures in the CHO CECF system. Reducing reaction temperature from standard 
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production temperature (30°C) to 27 °C may lead to an increased folding capacity in the cell-
free system and thereby an improvement of EGFR folding, dimerization and intrinsic kinase 
activity. Apart from that, an overall reduction of metabolism is induced resulting in a reduced 
activity of apoptosis related enzymes (Moore et al. 1997), which might be involved in the 
inactivation and cleavage of produced target protein. Additionally, metabolic slow-down 
explains the reduction in translation activity as the translation machinery seems to require 
higher temperatures (30°C) for the optimal performance. Petersson and collegues demonstrated 
the thermal dependency of enzymatic activities described by the thermal parameters of 
Arrhenius activation energy and thermal stability and revealed a decrease of activity at 
increased temperatures (Peterson et al. 2006). They suggested an enzyme evolution to obtain 
higher stabilities and activities at increased temperatures, which might be a future improvement 
to obtain an increased amount of active EGFR in the CHO CECF system.  

Besides the reaction temperature, analysis of reaction time revealed a differing optimum of 
productivity and protein activity resulting in the highest EGFR yield after 72 h but maximum 
activity after 24 h. This indicates a bottleneck in the stability of produced EGFR at reaction 
temperatures that might be related to the physical stability of the protein. The physical stability 
of a protein can be divided into structural stability, colloidal stability and physical protein 
degradation (Manning et al. 1989; Chang, Yeung 2010). The physical stability displays the 
resistance to unfolding, also termed as thermodynamic stability and originates from covalent 
bonds like disulfide bridges, electrostatic interactions, hydrophobic interactions, hydrogen 
bonds, and Van der Waals interactions, whereby the colloidal stability is influenced by 
interactions of the protein with other molecules (Chang, Yeung 2010). This leads to the 
consideration that other molecules like chaperones, influencing the correct folding of EGFR 
kinase domain, might become inactivity at prolonged reaction times. An improvement might 
be an additional external supplementation of chaperones or an enrichment of chaperones by 
direct overexpression in the cells to increase the presence of active chaperones. The results 
underline the importance to perform a reaction temperature and incubation time evaluation for 
each protein. Due to differing sequences, folding requirements and stabilities each protein will 
show different optima, which need to be estimated. 

As discussed in the upper section, reduction in metabolic activity may reduce the activity of 
apoptotic pathway components that are involved in the degradation of target proteins and 
translational machinery components. One of the major regulators in cell apoptosis are caspases, 
cysteine-dependent aspartate-specific proteases, which are generally expressed as inactive 
zymogens (Parrish et al. 2013; McIlwain et al. 2015). Stech et al. reported the positive effect of 
caspase inhibitors on the productivity of Sf21 lysate based CECF reactions (Stech et al. 2014). 
Additionally, caspase might also cleave the target protein, which is shown for EGFR in the Sf21 
CECF system (Quast et al. 2016).  

To address this topic, the presence of caspases was also evaluated in the CHO cell-free system 
by performing CECF reactions with supplementations of different caspase inhibitors targeting 
various caspase classes (reversible and irreversible) (Supplementary figure 7). After initial 
evaluation of different caspase inhibitors, three inhibitors were selected for further evaluations 
(Figure 42 B) including Z-VAD-FMK, Ac-VAD-CMK and Ac-DEVD-CMK. Testing of 
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different concentrations of these inhibitors led to an increase of protein yields in the range of 
632 µg/ml to 953 µg/ml in comparison to an EGFR yield of 548 µg/ml in the non-treated control 
reaction. The most significant increase was achieved by the supplementation of 30 µM Ac-
DEVD-CMK by receiving an around 1.7-fold increase in protein yield. This leads to the 
assumption that Ac-DEVD-CMK sensitive caspases are involved in the degradation or 
inhibition of components of the translational machinery. Additionally, the autoradiogram 
showed a degradation band of EGFR that was removed by the supplementation of caspase 
inhibitor indicating a caspase cleavage site in the protein sequence (Figure 42 B). This was 
demonstrated before in cell-free systems based on Sf21 cell lysate (Quast et al. 2016). Ac-
DEVD-CMK is an irreversible inhibitor of caspase-3 as well as caspase -6, -7 and -8 
(Thornberry, Lazebnik 1998; Zhang et al. 2004). Jeffrey and colleagues reported that activated 
caspases are key regulators in protein translation processes leading to the inhibition of protein 
translation (Jeffrey et al. 2002). This was underlined by studies of Clemens et al. by reporting 
the cleavage of translation initiation factors eIF4G, eIF4B, eIF2 and the p35 subunit of eIF3 
(Clemens et al. 2000). The activation of caspases is related to two distinct pathways: The 
intrinsic pathway is induced by intracellular and extracellular stimuli including oxidative stress, 
irreparable genetic damage, high cytosolic Ca2+ concentrations and the presence of cytotoxic 
proteins. The extrinsic pathway is activated due to receptor ligand interactions at specialized 
death receptors (Fas, TNFα) (Fulda et al. 2010; Lawen 2003). The activation of cell death 
pathways is a fundamental problem in CHO cell lines used for industrial protein production 
processes and is mostly induced by environmental stress factors including nutrient depletion, 
oxygen limitation and by-product accumulation (Krampe, Al-Rubeai 2010). Several approaches 
are available to reduce apoptosis activation, whereby prevention of cell stress by specific anti-
apoptotic engineering revealed to enhance the robustness, survival and productivity of 
production cell lines (Cohen, al-Rubeai 1995; Kuystermans et al. 2007). This might be a 
possible improvement for the CHO lysate based cell-free system. Cultivated CHO cells form 
the basis for lysate development. By direct reduction of apoptotic pathway activity in the cells, 
activity of caspases in further prepared lysates may be reduced. Nevertheless, the lysate 
preparation procedure might be a bottleneck resulting in activation of apoptosis. Due to nutrient 
limitation and non-physiological conditions present during cell lysate preparation, cell stress 
might be induced leading to caspase activation. Concluding, the application of the caspase 
inhibitor in the CHO CECF system proved to be advantageous for protein productivity leading 
to protein yields of up to 1 g/l in the developed system and indicates the future potential for 
further improvements using cell-engineering approaches. 

The cellular processes of transcription and translation are localized in different cellular 
compartments resulting in considerable differences between milieu conditions of both 
reactions. Thomen et al. reported the dependency of T7 RNA velocity on the concentration of 
magnesium ions present in the translation buffer, while maximum velocity was reached using 
a magnesium concentration in the range of 20-30 mM (Thomen et al. 2008). In contrast, an 
optimal folding of CRPV IRES is obtained using a magnesium concentration in the range of 3-
4 mM (3.9 mM CHO batch-formatted system), resulting in the most efficient translation rates 
(COSTANTINO, Kieft 2005; Brödel et al. 2013). To improve the protein productivity in the 
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CHO CECF system, a two-step approach was tested starting with optimal magnesium 
conditions for T7 RNA polymerase in the beginning of the reaction and shifting the 
concentration to optimal IRES conditions due to diffusion gradients over the CECF reaction 
time. For this, increased concentrations of magnesium were added to the reaction chamber in 
the beginning of the CECF reaction, whereby magnesium concentration in the feeding chamber 
stayed at optimal conditions for IRES-based translation. This may result in an initial high 
effective mRNA production, which forms the basis for the following IRES dependent 
translation of the target gene. Due to diffusion gradients, magnesium concentration is adjusted 
to optimal conditions of the IRES translation over the time leading to an improved translation 
efficiency. This approach resulted in an effective improvement of CHO CECF system 
productivity, revealing an around 3-fold increase in EGFR protein yield by supplementation of 
22.5 mM magnesium (Figure 42 A). 

Results concerning the application of linear PCR products to the CECF system and following 
improvements by increasing the concentration of EGFR PCR product (Figure 43 and Figure 
44) indicate the opportunity for an additional simplification of the process line. Direct 
application of linear DNA templates enables the fast evaluation of different protein types, 
mutations and the pre-testing of DNA templates prior adaptation to in vivo protein production 
systems. To perform a HTS approach, special devices are required. Principally, the standard 
device (RiNA GmbH) applied for the testing and optimization of the CHO CECF system is 
HTS compatible, but is limited to 64 reactions, which can be performed in one thermo mixer. 
To increase the throughput and to show the compatibility of other dialysis devices, the MD100 
dialyzer provided by Scienova GmbH was analyzed for its usability in CHO CECF synthesis. 
Results underline the possibility of application of the 12-14 kDa membrane cut-off MD100 
device in comparison to the standard device (10 kDa) (Figure 38) without losing system 
productivity. The use of membranes containing a small cut-off (between 4 kDa and 8 kDa) 
resulted in reduced protein yields. The might be due to membrane clogging and limitations in 
diffusion of essential reaction components.  

In order to obtain a suitable feeding chamber, the device was placed in an Eppendorf tube and 
in a deep well plate showing the flexibility of the device and the HTS applicability (Figure 39 
A). Moreover, the CHO CECF synthesis performed in a MD100 device is in principle scalable 
to a MD1000, but decreases in productivity were detected (Figure 39 B), which indicates the 
requirement of further optimizations of the dialyzers, feeding/reaction volume ratios and 
general reaction conditions including the mixing to obtain a linear scalability. This shows the 
future perspective for the system as an alternative production system for “difficult-to-express” 
proteins including membrane and cytotoxic proteins. 

4.4.2 Characterization of disulfide-bridged proteins synthesized in the CHO CECF system 

Antibody related proteins play a significant role as versatile detection reagents and in the 
development of biopharmaceuticals. Until today, about 30 monoclonal antibodies are FDA 
approved and used for the treatment of diseases including cancer, inflammatory diseases, 
infectious diseases and cardiovascular diseases (Li, Zhu 2010; Liu 2014). The cell-free protein 
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synthesis creates an alternative platform especially addressing the fast generation of different 
scFv (Stech, Kubick 2015).  

In this work, a single chain fragment specific for phosphorylated SMAD2 was produced in the 
CHO CECF system to prove the possibility of disulfide bridging. For this, an initial quality 
check was performed to evaluate productivity and quality of the protein. The gene sequence 
was equipped with a melittin signal peptide for efficient translocation of target proteins into the 
microsomal fraction. Around 400 µg/ml of scFv was produced in the CECF system, whereby 
nearly 250 µg/ml were translocated in the microsomes and 150 µg/ml stayed in the supernatant 
1 (SN1) (Figure 45 A). The molecular weight and quality of the produced scFv was confirmed 
on an autoradiogram and in-gel fluorescence of BODIPY-TMR-Lysine tRNAPhe labeled scFv 
(Figure 45 B and C). This initially demonstrated the high yield production of scFv using the 
CHO CECF system and revealed a non-complete translocation of protein, which was observed 
for EGFR as well. The functionality of scFv was analyzed by confirmation of the binding 
affinity in an ELISA, while scFv was removed from microsomal fraction by DDM treatment 
for further processing (SN2) (Figure 46 B). The results indicate the presence of active scFv in 
the SN2 fraction and a significant increase of binding affinity in comparison to SN1 fraction 
showing that translocation is a prerequisite for folding and activity of scFv. The microsomal 
fraction derived from the endoplasmic reticulum might contain enzymes necessary for disulfide 
formation and shuffling such as ER Oxidoreductin (Ero1) and PDI as well as folding helpers 
including BiP, which promotes the correct folding of scFvs, as reported for Sf21 based cell-free 
systems (Stech, Kubick 2015). This underlines the importance of protein translocation for scFv 
activity and revealed to be an advantage of the CHO cell-free system. Further adaptation of 
redox potential is not required indicating a more nature like milieu in comparison to redox 
optimized cell-free systems. The detection of activity in the SN1 fraction can be explained 
relating to the results of EGFR activation. Due to the incomplete separation of microsomes by 
centrifugation, small microsomal vesicles are still present in the SN1 fraction enabling the 
correct assembly of some scFv. Otherwise, the non-translocated scFvs present in the SN1 
fraction may not be correctly folded and may reduce the binding affinity in the ELISA. It is 
well known that the presence of DTT inhibits the oxidation of thiol groups to disulfide bridges 
and therefore removement of DTT in cell-free systems can lead to an improvement of disulfide 
containing proteins. In the CHO cell-free system, DTT is not only present in the lysate, but also 
in the premix that contains buffer components and amino acids. For the scFv synthesis, a premix 
without DTT was selected, while the influence of DTT presence in the lysate on scFv 
functionality was analyzed leading to no significant difference in scFv activity. 

The production of scFv in the CECF formatted reaction resulted in an around 30-fold increase 
of protein yield in the SN2 fraction in comparison to the batch synthesis, whereby similar 
binding affinities were detected and demonstrated for two different lysate batches (Figure 47). 
This underlines the significantly improved productivity using the CHO CECF system. To sum 
up, the developed CHO CECF system implies a high potential for the production of large 
amounts of active scFv, which can be directly applied to following applications. Applications 
like the generation of specific antibody libraries and the personalized production of antibody 
related drugs are conceivable. Kanter and colleagues already demonstrated the generation of 
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scFv based individualized lymphoma vaccines in an E. coli based cell-free system within hours 
by cloning immunoglobulin genes from a B-cell tumor and joining it to a cytokine or an 
immuno-stimulatory peptide (Kanter et al. 2007). The presence of endotoxins in the reported 
system limits the direct application of the vaccine to the patient without further purification 
steps. Endotoxins are lipopolysaccharides located at the outer cell membrane of gram-negative 
bacteria, which activate the complement system, leading to pyrogenic reactions in human body 
and causing death of an individual treated with contaminated drugs (Williams 2015). The CHO 
CECF system circumvents these issues due to the safety-approved origin of the cells thereby 
offering a highly productive protein production system for disulfide-bridged proteins, which 
forms the basis for the individual production of antibody based therapeutics. Moreover, the 
improvement of antibody related therapeutics might be a relevant topic for the CHO CECF 
system. Affinity maturation, humanization of antibodies and the generation of antibody-toxin 
conjugates are selected topics concerning the development of optimized antibody drugs. The 
CHO CECF platform additionally enables the parallel screening of a broad range of antibody 
drug candidates and antibody mutations in a fast manner to improve the drug development 
pipeline. 

4.4.3 Evaluation of ion channel production and activity 

A relevant class of membrane proteins is constituted by the ion channels, which are related to 
a broad range of neuronal diseases including epilepsy, Alzheimer's disease, Parkinson's disease 
and schizophrenia (Dworakowska, Dolowy 2000). Commonly used systems to express ion 
channels and study their activity are based on Xenopus Oocytes (Goldin 2006; Gundersen et al. 
1984) and transiently transfected mammalian cells (Trapani, Korn 2003). Overexpression of 
ion channels can lead to protein aggregation or cytotoxic effects on the host cells, which 
indicates the requirement of alternative cell-free protein synthesis systems. Most studies deal 
with the cell-free production of ion channels based on E. coli or wheat germ extracts but showed 
the necessarity of detergent, liposomes or nanodiscs addition to gain a folding milieu for 
membrane proteins. Berrier et al. reported the synthesis of functional oligomeric channel MscL 
in a E. coli cell-free system by supplementation of Asolectin liposomes (Berrier et al. 2011), 
while a second study indicated the production of functional MscL in the presence of detergents 
(Berrier et al. 2004). An alternative method was demonstrated by Machado et al. using 
nanolipoproteins in combination with E. coli lysate for the synthesis of functional KcsA 
potassium channel and bacteriorhodopsin (bR) channel followed by the electrophysiological 
characterization in a microuidic BLM device (Machado 2015). Alternative systems are 
provided by microsome containing eukaryotic cell-free systems. Dondapati et al. demonstrated 
the synthesis and functional assessment of KCSA in a microsome-containing system based on 
Sf21 lysates (Dondapati et al. 2014). The unique feature of microsome containing cell-free 
systems is the ability of direct embedding of membrane proteins into a nature like milieu, which 
might be advantageous concerning the correct protein folding. 

In this work, the production and activity of the ion channel KvAP was evaluated based on the 
previously optimized CHO CECF system leading to total protein yields of around 120 µg/ml.  
Molecular weight estimations by autoradiography and in-gel fluorescence using BODIPY-
TMR-Lys tRNAPhe labeling were demonstrated revealing the formation of stable multimeric 
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proteins, thereby indicating the assembly of functional ion channel (Figure 48). Functionality 
of KvAP was demonstrated after translocation and embedding into the endogenous 
microsomes. Electrophysiological measurements of derived protein showed a clear and stable 
response at different voltages with a large conductance at 500 mM KCl (Figure 49). The 
obtained single channel activity is a characteristic for the ion channel KvAP, which is reported 
by Devaraneni and Valiyaveetil (Devaraneni, Valiyaveetil 2012). This voltage dependence was 
verified for different lipid compositions using proteo-liposomes and planar lipid bilayers 
(Figure 49). In principle, the direct application of microsomes to the technology is possible, but 
the proteo-liposomes lead to higher stabilities of planar lipid bilayer (result not shown). The 
results of electrophysiological measurements indicate the potential of the developed CHO 
CECF system for the production of functionally active ion channels. The presence of 
endogenous microsomes is advantageous comparing the system to cell-free systems based on 
E. coli or wheat germ extract. A process line starting with CHO CECF reaction connected to 
the electrophysiological assessment may lead to the future improvement of ion channel related 
drug development. The possibility of parallelized ion channel synthesis offers the opportunity 
of mutant analysis and specific inhibitor screening. Furthermore, the high production rate 
revealed the opportunity for the estimation of ion channel structures produced in a nature-like 
milieu. 

4.5 Translation factors in CHO cell-free systems 

In the last chapter, the presence and activity of translation factors and regulators in the CHO 
cell-free system are discussed and related to the activity of the translational machinery. In this 
context, a special focus was placed on the cap-dependent translation initiation, which showed 
only low activity in CHO cell-free protein synthesis. Besides translation factor activity analysis, 
improvement of cap-dependent translation initiation by supplementation of special inhibitors 
will be discussed and potential future improvements will be depicted. Experiments were 
performed to develop a universal cell-free system, which enables cap-dependent as well as 
IRES related translation initiation. 

4.5.1 Characterization of selected canonical translation factors and regulators 

In eukaryotic cells, the canonical translation of mRNA into a full-length protein is a complex 
and tightly regulated process, which can generally be subdivided into initiation, elongation and 
termination. The initiation constitutes the most relevant part for the regulation of protein 
translation involving numerous factors, which are mostly regulated by phosphorylation 
reactions (Sonenberg, Hinnebusch 2009). To identify the bottlenecks of the CHO cell-free 
system a closer look was taken to the translational machinery by western blot analysis of 
different translation factors and regulators. Therefore, batch-formatted samples were analyzed 
after a reaction time of 0 min, 30 min and 120 min to verify the presence and activity of selected 
factors. For the evaluation, factors and regulators involved in the protein translation were 
preselected. It is demonstrated that cap-dependent translation initiation is limited in the CHO 
cell-free system (Figure 53) in comparison to CRPV IGR IRES related translation initiation. 
This lead to the consideration of factors participating in the cap-dependent translation initiation. 
It is already reported that one of the major bottlenecks limiting translation initiation in vivo as 
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well as in vitro is the phosphorylation of eIF2 subunit α at serine residue 51 (Zeenko et al. 2008; 
Kaufman 2004; Merrick, Nyborg 2000). This led to the evaluation of eIF2 phosphorylation in 
the CHO cell-free system. In the developed CHO cell-free system, the limitation of cap-
dependent translation by phosphorylation of eIF2α was confirmed by western blot results 
(Figure 52), while phosphorylation increases at proceeding cell-free reaction times. eIF2α is 
phosphorylated by four specific kinases reviewed in Kaufman (Kaufman 2004) including HRI, 
PKR, PERK and GCN2 (Muaddi et al. 2010). The present phosphorylation and increase of 
intensity during CHO cell-free synthesis revealed the activity of kinases in the system. Several 
methods are reported to improve the eIF2 related bottleneck in cell-free protein synthesis 
systems. Mikami et al. showed an increase in cap-dependent translation initiation in hybridoma 
cell lysates by addition of GADD34, which stimulates eIF2α dephosphorylation (Mikami et al. 
2006). In another study similar results were gained by supplementation of vaccina virus protein 
K3L, a structural analogue to eIF2α that can be phosphorylated by eIF2 kinases (Nonato et al. 
2002; Ramelot et al. 2002). Extracts from a genetically engineered mouse embryonic fibroblast 
cell line containing a mutation of serine 51 to alanine showed improvement in comparison to 
wildtype cell line extracts (Zeenko et al. 2008). These improvements do not indicate, which 
kinase is responsible for eIF2α phosphorylation in cell-free systems. This topic and novel 
opportunities for cap-dependent translation activation related to eIF2α phosphorylation in CHO 
cell-free system will be addressed in the last chapter of the discussion (chapter 4.5.2). 

A second set of translation factors evaluated in this thesis are related to mTOR regulated 
pathways including eIF4 associated translation factors and the S6 ribosomal protein. eIF4 
associated factors are relevant for the recruitment of mRNA to the 43S preinitiation complex, 
whereby the binding is located near the 5′-7-methylguanosine cap of mRNA (Pestova et al. 
2007). Different subtypes of eIF4 factors are available harboring various functions in the 
mRNA recruitment process (Hinnebusch, Lorsch 2012). A relevant factor is constituted by 
eIF4E, which contains a conserved set of amino acids essential for 5´ cap binding (Aravind, 
Koonin 2000). eIF4E is regulated by the phosphorylation of serine 209, induced by Mnk1 
kinases, leading to a decreased affinity to the 5´ cap. This results in a positive effect for the fast 
dissociation of the factor and thereby enabling a recruitment of different mRNAs into 
polyribosomes (Proud 2015). The constant phosphorylation of eIF4E is detected in the CHO 
cell-free reaction indicating the availability of translation factors for cap-dependent translation 
initiation (Figure 51). eIF4E is further regulated by the association with 4E-BP, which binds to 
eIF4E in its hyperphosphorylated state and thereby preventing the binding to the cap structure 
and related eIF4 factors. Hyperphosphorylation of 4E-BP at the conserved residues threonine 
46, threonine 37, threonine 70 and serine 65 results in dissociation from eIF4E and following 
cap binding and activation of cap related translation initiation (Gingras et al. 2001a; Gingras et 
al. 2001b; Herbert et al. 2002). 4E-BP is phosphorylated by the protein kinase mTOR, which 
can be activated by Akt due to phosphorylation at threonine 2446 and serine 2448 (Rosner et 
al. 2010). According to the activity of these factors in the developed CHO cell-free system, 
results indicate the activity of mTOR during the complete cell-free reaction (Figure 51). The 
fluctuations in Akt activity, constituted by the phosphorylation of serine 473, can be explained 
by the presence and activation of Akt specific phosphatases in the lysate (Bayascas, Alessi 
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2005). The initial activation of phosphatases during cell-free reaction might lead to a decrease 
in Akt activity comparing 0 min and 30 min followed by an increase again comparing 30 min 
and 120 min due to inhibition or loss of phosphatase activity over the time. This did not 
influence mTOR activity in the CHO cell-free system, while mTOR activation leads to the 
hyperphosphorylation of 4E-BP, the activation of P70 S6 kinase (phosphorylation threonine 
389) and the S6 ribosomal protein (phosphorylation of serine 235/236), which plays a 
significant role for ribosome biogenesis (Chauvin et al. 2014). Therefore, the slight decrease of 
phospho-band intensity of 4E-BP is not related to the mTOR regulation but might be a hint for 
4E-BP degradation. As shown before, there is a caspase activity in the CHO cell-free system 
that might result in the degradation of 4E-BP as reported in literature (Tee, Proud 2002). The 
supplementation of caspase inhibitors as demonstrated for the CHO CECF system might limit 
this degradation. Concluding, mTOR pathway and related eIF4 based translation factors and 
ribosomal proteins are active in the CHO lysate indicating that no improvement in this direction 
is required to enhance cap-dependent translation initiation. The cultivation and disruption 
procedure might not lead to an increased nutrient limitation response, which generally leads to 
mTOR inactivation. This confirms that lysate preparation procedure is suitable for cell-free 
lysate preparation and does not result in energy and growth component limited metabolism of 
cells. 

Apart from the initiation factors, the elongation factor eEF2 was selected for evaluation of the 
CHO lysate translational machinery. An active eEF2 is not only required for the cap-dependent 
but also for the CRPV IGR IRES related translation initiation, initiating the translocation of the 
IRES during initial translation steps (Muhs et al. 2015). eEF2 is regulated by an atypical protein 
kinase termed eEF2-kinase. The eEF2-kinase is activated in the presence of high Ca2+-ion 
concentrations (Middelbeek et al. 2010; Kenney et al. 2014) resulting in a phosphorylation of 
threonine 56 of eEF2 and a decrease of binding affinity to the ribosome (Carlberg et al. 1990; 
Price et al. 1991). In the beginning of the CHO cell-free reaction, a high amount of 
phosphorylated eEF2 is detected resulting in a reduced elongation efficiency (Figure 52). This 
might be due to the supplementation of Ca2+ during lysate preparation procedure to obtain a 
suitable milieu for S7 nuclease to remove endogenous mRNA. The phospho-band intensity is 
significantly decreased after 30 min and 120 min indicating the availability of active eEF2 
probably received by dilution of Ca2+ concentration by supplementation of various mixes for 
cell-free reaction (Figure 52). The initial phosphorylation of eEF2 does not hinder the complete 
cell-free translation process as the factor is activated for a large proportion of reaction. 
Therefore, it can be assumed that there is no need for further improvement of eEF2 
phosphorylation in the CHO cell lysate. 

4.5.2 Evaluation and activation of cap-dependent translation initiation 

As depicted in the previous chapter, eIF2α phosphorylation at serine 51 might be the bottleneck 
of CHO cell-free reaction, which limited the cap-dependent translation initiation. As reported 
in this work, cap-dependent translation initiation resulted in approximately 0.02 µg/ml of active 
luciferase in comparison to around 28.3 µg/ml luciferase based on a CRPV IGR IRES DNA 
template using the same lysate batch (Figure 53), thereby demonstrating the bottlenecks relating 
to the cap-dependent translation initiation. The analysis of phosphorylation of eIF2α at different 
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reaction times (0 min, 15 min, 30 min, 60 min, 90 min, 120 min, 240 min, 360 min, 24 h) 
underlines the previously considered assumption, whereby a maximum phosphorylation was 
reached after 120 min. This indicates a limited activation of phosphorylating kinases and a 
degradation of total eIF2 that was confirmed in the western blot of total eIF2 after 24 h and 
might be related to the caspase activities (Marissen et al. 2000). As shown before, various 
approaches are reported addressing the issue of eIF2α phosphorylation in mammalian cell-free 
systems mostly based on the supplementation of eIF2α regeneration components (GADD34 
and KL3a) (Mikami et al. 2006; Nonato et al. 2002; Ramelot et al. 2002) and the engineering 
of phosphorylation site deficient mutants applied to the cell lysate preparation (Zeenko et al. 
2008). In order to improve cap-dependent translation initiation in the developed CHO cell-free 
system, a novel approach was applied to activate the canonical translation initiation. For this, 
the mammalian kinases responsible for the eIF2 phosphorylation were directly targeted with 
specific inhibitory small molecules. The gained results can be directly used to investigate the 
kinase responsible for the phosphorylation in CHO cell-free systems. Each kinase is activated 
by different environmental factors: HRI is regulated by iron or heme deficiency in erythrocytes, 
PKR is activated by double-stranded RNAs acting as a defense system against viral infections, 
PERK, an ER membrane localized enzyme, is activated by unfolded proteins in the lumen of 
the ER and GCN2 reacts as a response to nutrient limitation (Poulin, Sonenberg 2000-2013; 
Hamanaka et al. 2005; Muaddi et al. 2010).  

The first selected inhibitor termed 2 aminopurine (2-AP) inhibited the PKR in in vivo and in 
vitro studies (Hu, Conway 1993). A supplementation of this inhibitor led to no improvement of 
eIF2α phosphorylation and only a slight effect on cap-dependent translation initiation was 
detected but no significant increase in protein yield (Figure 56). However, for CRPV IGR IRES 
dependent translation, a significant improvement in protein yield was observed indicating that 
2-AP might affect additional parts of translational machinery apart from translation initiation. 
A literature based prove of the detected effect was not found. The results additionally revealed 
that PKR related phosphorylation is not the bottleneck of CHO cell-free protein synthesis 
system. 

The second inhibitor evaluated for its effect on cap-dependent translation initiation in CHO 
lysate systems is the multi-kinase inhibitor sorafenib. Sorafenib was initially developed by 
Bayer Pharmaceuticals for the treatment of renal and hepatocellular carcinoma (Keating 2017) 
and is commercially available under the brand name Nexavar. In cancer cells, Sorafenib should 
target Raf kinases that are pivotal regulators of cell proliferation and survival, but it is reported 
that it affects different kinds of kinases (Wilhelm et al. 2006). The application of sorafenib to 
the CHO cell-free system did not lead to an improvement of eIF2α related phosphorylation. On 
the contrary, it increased phosphorylation (Figure 57). The presence of sorafenib did neither 
effect the productivity in a cap-dependent translation initiation system significantly, nor CRPV 
related initiation was influenced. According to this, sorafenib does target kinases, which are 
involved in the regulation of translational factors and therefore showed no improvement by 
application to CHO cell-free system. 

The CHO cell-free system harbors endogenous microsomes derived from endoplasmic 
reticulum leading to the assumption that ER membrane localized PERK is present in the system. 
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PERK is activated due to the presence of unfolded proteins in the ER lumen and additionally 
induced by ER stress. To analyze the activity of PERK in CHO cell lysate and to evaluate the 
influence of PERK inhibition on eIF2α phosphorylation and cap-dependent translation 
initiation, the specific PERK inhibitor GSK2606414 (C38) was selected for the application in 
the cell-free system. C38 was developed in a GlaxoSmithKline study as a potential drug for 
PERK related diseases including lung cancer (Axten et al. 2012). As C38 required DMSO as a 
solvent, DMSO treated control samples were performed to evaluate the influence of inhibitor 
the cell-free reaction. The application in the CHO cell-free system led to a significant decrease 
of eIF2α phosphorylation detected by western blots and ELISA in comparison to the control 
samples (DMSO treated control, untreated control) (Figure 58 and Figure 60). Moreover, cap-
dependent translation initiation was activated by C38 supplementation to the cell-free reaction 
resulting in an increase from 0.02 µg/ml to a maximum protein yield of 9.3 µg/ml using 4.5 
mM of C38. This indicates a strong activity of PERK in CHO cell lysate inhibiting the cap-
dependent translation initiation. PERK activity might be related to the disruption procedure 
initiating the unfolded protein response (UPR) in the CHO cell lysate. Shear and oxidative stress 
during cell disruption and lysate preparation procedure might induce the stress response. An 
optimization of disruption procedure might be a potential approach to enable cap-dependent 
translation initiation apart from the application of C38. Nevertheless, supplementation of C38 
offers the possibility to perform a cap-dependent translation initiation in a CHO cell-free system 
and thereby having a universal cell-free system suitable for the evaluation of a broad range of 
DNA templates.  

The direct application of an inhibitor to a cell-free system increases the process costs resulting 
in the consideration of future possibilities to reduce the PERK activity in CHO cell lysate. The 
continuous improvement of genetic engineering approaches in the area of CHO cell 
development results in efficient site-specific modification applications, including the CRISPR 
Cas technology. This might open new opportunities to improve cell-free protein synthesis based 
on CHO cell lysates and might be a conceivable solution to circumvent the problem of inhibited 
cap-dependent translation initiation. A genetic modification of PERK by tagging the enzyme 
and a subsequent removing of tagged enzyme during cell lysate preparation might constitute a 
high future potential to cost efficiently improve the CHO based cell-free system and enable 
cap-dependent translation initiation. 
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5. Conclusion  

This work presents the development and improvement of novel cell-free systems based on 
lysates of the prominent production host CHO cells. Different strategies for system optimization 
were performed starting with the cell cultivation and lysate preparation to obtain increased 
amounts of high quality lysates. Furthermore, the versatility of batch-formatted CHO cell-free 
reaction was demonstrated concerning the possibility of DNA template application and the 
synthesis of “difficult-to-express” proteins followed by the development of a novel high yield 
protein production system for the synthesis of “difficult-to-express” proteins based on the 
combination of a CECF reaction mode and the CHO cell lysate. Apart from IRES related 
translation, cap-dependent translation initiation, a bottleneck of CHO cell-free reaction, was 
activated by supplementation of specific inhibitors expanding the opportunities of applicable 
DNA templates in CHO cell-free systems. 

The application of a protein production system to industrial approaches including HTS 
technologies, screenings and the general protein synthesis for drug development requires the 
manufacturing of a scalable system. Here, it was shown that the production of CHO cell lysate 
for the development of an industrial applicable CHO cell-free system is possible. The adaptation 
of cell cultivation from a batch fermentation to a continuous perfusion process led to a 
significant increase in obtained biomass and a reduction of process costs without a loss in 
protein yield and activity. Apart from the cultivation, different cell disruption procedures can 
be applied for CHO lysate production, whereby the chromatography step was adapted by 
evaluating the use of an Äkta Prime device. This revealed the scalability of the lysate 
preparation and a simultaneous reduction of process costs, which forms the basis for the future 
development and applications related to industrial approaches. 

Addressing especially the development of novel screening technologies, versatile applications 
of a cell-free system were demonstrated. Advantages of the CHO cell-free system are 
constituted by the safe and well-known cellular origin, the endogenous microsomal structures 
derived from the endoplasmic reticulum enabling protein translocation, posttranslational 
modifications and membrane protein embedding and the mammalian cell milieu. In this context, 
the synthesis of various proteins types and an exemplarily optimized cell-free production of 
“difficult-to-express” protein hBMP2 in a batch-formatted CHO cell-free system were 
demonstrated, revealing the presence of protein modifications including glycosylations and the 
opportunity to introduce fluorescent probes for alternative protein detection. Apart from the 
diversity of protein types that can be produced in the system, the application of different plasmid 
backbones and linear PCR products was analyzed and established in this work. Especially the 
use of linear PCR products provides new opportunities for fast and efficient template generation 
and modifications with a high degree of HTS applicability. This revealed the high potential to 
develop an industrial process line starting from the gene to a protein and the desired functional 
assessments within one day, thereby improving currently available screening technologies. 

Beyond batch-formatted CHO cell-free reactions, a novel high yield protein production system 
was developed combining the CHO cell lysate with a continuous exchange cell-free reactor. 
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Optimization of reaction conditions relating to reaction time, temperature, DNA concentration, 
ion concentration, energy regeneration system and caspase supplementation resulted in a highly 
efficient protein production system for “difficult-to-express” proteins. A flexible and adaptable 
system was developed resulting in total protein yields of almost 1 g/l of membrane protein 
EGFR in an active and posttranslationally modified manner. Besides EGFR, a single chain 
variable fragment was produced in the system with a significant improve of active protein yield 
in comparison to the batch-formatted reaction, while translocation into microsomes is necessary 
to obtain a high functional activity. The cell-free synthesis of an ion channel completed the 
evaluation of CECF productivity by gaining a single channel signal in electrophysiological 
measurements. Thus, the developed CHO CECF system can be applied for multiple approaches 
and showed a high versatility thereby making the system attractive for a broad range of future 
applications including, for example, protein structure estimations, protein-protein interaction 
studies, the production of toxic and membrane embedded proteins and automated protein 
production pipelines for pharmaceutical research applications. 

The versatility of the CHO cell-free system was further underlined by the activation of cap-
dependent translation initiation by supplementation of PERK inhibitor GSK2606414 (C38). 
Analysis of translation factor activity revealed a bottleneck due to phosphorylation of 
translation factor eIF2α at serine 51. Further evaluations by the application of specific kinase 
inhibitors demonstrated the activity of ER membrane localized PERK, while inactivation by 
C38 leads to the possibility to use cap-dependent DNA templates for CHO cell-free synthesis.  

To summarize, the developed CHO cell-free system shows a high potential for future 
applications especially addressing the field of “difficult-to-express” proteins. The combination 
of the scalable lysate production procedure, the flexibility in DNA template design and protein 
production with a high productivity paves new ways for fast and efficient process lines for 
future drug development. 
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7. Appendix 

Supplementary table 1 Description of parameter set points for CHO fermentation processes.

Parameter Set point 

pH 7.1 

pO2 40 

Supplementary figure 1 Visualization of CHO cells adapted to different cell culture media using phase 
contrast microscopy. CHO-K1 cells were adapted to PowerCHO1-CD, PowerCHO2-CD, PowerCHO3-CD and 
PROCHO-5 media to study of influence to cell lysate production process. 

Supplementary figure 2 Growth curves of CHO-K1 cells adapted to different cell culture media. CHO cells 
were grown in PowerCHO1-CD, PowerCHO2-CD, PowerCHO3-CD and PROCHO-5 media to study of influence 
to cell lysate production process. Cells were counted daily using a Thoma counting chamber. 
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Supplementary table 2 General information on luciferase containing plasmids. Plasmid length, 
concentration and molarity are indicated. (Thoring et al. 2016) 

Supplementary figure 3 Influence of PEG addition to cell-free protein synthesis using different lots             
(1, 2, 3, 4) of CHO cell extract. Different PEG molecules (3350, 5000) were added in two concentrations (1%, 
2%) to cell-free protein synthesis reactions using pIX3.0-CRPV(GCT)-eYFP as a template. 3 U/µl (increased 
concentration) and 1 U/µl T7 RNA polymerase concentrations (standard concentration) were added to cell-free 
synthesis used as control reactions. Fluorescence signals of synthesized eYFP proteins were detected by 
fluorescence imaging on µ-Ibidi slides using the Typhoon Trio Plus Imager (GE Healthcare). (Thoring et al. 2016) 
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Supplementary figure 4 Influence of molecular crowding reagents in the CHO CECF system compared to 
batch synthesis. Cell-free synthesis of eYFP (plasmid backbone pIX3.0-CRPV-eYFP) was performed with 
various concentrations of T7 RNA polymerase (T7 Pol) (1 U/µl, 3 U/µl) and PEG 1500 (2%), PEG 3350 (2%) as 
molecular crowding reagents. Batch and CECF reaction mode were compared for their protein translation rate. (A) 
Influence on protein synthesis rate was detected by fluorescence read out on µ-slides (Ibidi). (B) Fluorescence 
intensity was quantified by using ImageQuant TL software (GE Healthcare). Error bars represent standard 
deviations calculated from triplicate analysis. (Thoring et al. 2016) 
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Supplementary figure 5 Quantification analysis of in vitro phosphorylated Mel-EGFR-eYFP at tyrosine 
1068 residue by immunoblotting and image analysis. CECF samples were separated into translation mixture 
(TM), supernatant 1 (SN) and microsomal fraction (MF). Control samples were treated with calf intestinal 
phosphatase (CIP). No template control (NTC) contained CHO cell-free translation mixture without addition of 
DNA template. (A) Graphical evaluation and quantification of total EGFR obtained from image analysis of an 
autoradiogram (total protein) (left). Demonstration of image analysis of the autoradiogram (right) using Image 
Quant TL software (GE Healthcare). (B) Graphical evaluation and quantification of phosphorylated EGFR amount 
(P1068) obtained from image analysis of western blot (left). Demonstration of image analysis of western blot 
(right) using Image Quant TL software (GE Healthcare). 

Supplementary figure 6 Analysis of particle distribution in the translation mixture (TM) and supernatant 
fraction 1 (SN1) of the CHO cell-free reaction. Particle light scattering intensity (intensity (%)) was measured 
using a Zetasizer Nano ZS (Malvern Instruments Ltd). Supernatant fraction was prepared according to the standard 
centrifugation protocol (16000xg, 15 min, 4°C). Prior to the measurement both fractions were diluted 1:5 with 
PBS and 15 µl of suspension was analyzed in a low volume glass cuvette. For the settings, a refractive index of 
1.33 was chosen according to the selected dilution solution of the sample. The obtained values were calculated 
from three readings of three independent measurements. (Thoring et al. 2017, in revision) 
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Supplementary figure 7 Supplementation of various caspase inhibitors to CECF reaction. Z-VAD-FMK, Ac-
VAD-CMK, Ac-DEVD-CMK, Q-VD-OPh, Ac-AAVALLPAVLLALLAPDEVD-CHO, Ac-VAD-CHO, Z-
WEHD, ZVDVAD-FMK, Z-DEVD-FMK, Z-YVAD-FMK, Z-VEID-FMK, Z-IEDT-FMK, Z-LEHD-FMK, Z-
AEVD-FMK were supplemented to the cell-free synthesis of Mel-EGFR. Protein yield was quantified by 
scintillation measurement of radiolabeled proteins. Two controls were prepared including the addition of PBS+1% 
BSA and H2O instead of caspase inhibitor. Error bars represent the standard deviation of triplicate analysis. 
(Thoring et al. 2017, in revision)



7 .  A p p e n d i x

v i  

Supplementary figure 8 Analysis of the integration of membrane protein EGFR into microsomal 
membranes (Frap analysis of membrane-embedded proteins). (A) Photo bleaching of Mel-EGFR-eYFP 
present in the translation mixture (TM) of a CHO CECF reaction. No template control (NTC) contains a translation 
mixture without supplementation of DNA template. Fluorescence intensity of the samples was evaluated on a µ-
ibidi slide prior performing the bleaching assay and indicated the presences of fluorescent proteins. Bleached area 
is marked on the microscopic images by a grey square. Microscopic images were taken before bleaching and 0 s, 
15 s, 30 s, 45 s and 60 s after bleaching to monitor fluorescence recovery. No fluorescence recovery was detected 
60 seconds after bleaching indicating no passive integration and membrane association of Mel-EGFR-eYFP into 
microsomes from the cytosolic surrounding. (B) Synthesis of Mel-EGFR-eYFP in a microsome depleted CHO 
CECF reaction followed by analysis of reintegration of Mel-EGFR-eYFP after supplementation of microsomes 
(MF) and 4 h of incubation. Analysis of produced proteins on a µ-ibidi revealed the presence of fluorescent Mel-
EGFR-eYFP. Supplementation of microsomes does not lead to a detection of fluorescence signal localized in the 
microsomal fraction. This underlines the assumption that no detectable passive integration of Mel-EGFR-eYFP 
from the cytosolic environment takes place. (Thoring et al. 2017, in revision) 
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