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Abstract 

 

Escherichia coli has been commonly used as a platform for recombinant protein production 

and accounts for approximately 30% of current biopharmaceuticals on the market. Nowadays, 

many recombinant proteins require post-translational modifications which E. coli normally 

cannot facilitate. Therefore, novel technological advancements are unceasingly being 

developed to improve the E. coli expression system. In this work, some of the most recently 

engineered platforms for the production of disulfide bond-containing proteins were used to 

study the E. coli proteome under heterologous protein production stress. The effects of protein 

secretion via the Sec and Tat translocation pathways were examined using a comparative LC-

MS/MS analysis. The E. coli proteome responds to foreign protein production by activation of 

several overlapping stress responses with a high degree of interaction. In consequence, a 

number of important cellular processes such as cellular metabolism, protein transport, redox 

state of the cytoplasm and membrane structure are altered by the production stress. These 

changes lead to the reduction of cellular growth and recombinant product yields. Resolving the 

identified bottlenecks will increase the efficiency of recombinant protein expression processes 

in E. coli. 
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Zusammenfassung 

 

Escherichia coli stellt einen häufigen Produktionsstamm für die Herstellung rekombinanter 

Proteine dar und nimmt etwa 30% des derzeitigen Marktes für Biopharmazeutika ein. 

Heutzutage benötigen viele rekombinante Proteine post-translationale Modifikationen, welche 

in E. coli normalerweise nicht unterstützt werden. Deshalb werden stetig neue technologische 

Verfahren entwickelt, um E.-coli als Expressionssystem zu verbessern. In dieser Arbeit werden 

einige erst jüngst entwickelte E. coli Stämme für die Produktion von Proteinen mit 

Disulfidbindungen untersucht, um das E.-coli Proteom unter Stress durch heterologe 

Proteinproduktion näher zu charakterisieren. Die Effekte der Proteinsekretion via Sec- und 

Tat- Translokations-Weg wurden mittels eines vergleichenden LC-MS/MS Analyseverfahrens 

ermittelt. Das E.-coli Proteom reagiert auf eine Fremdproteinproduktion mit der Induktion von 

zahlreichen und sich überschneidenden Stressreaktionen. Als Konsequenz des 

Produktionsstresses werden viele wichtige zelluläre Prozesse wie der zentrale Metabolismus, 

der Proteintransport, der Redox-Zustand des Zytoplasmas sowie die Membranstruktur 

verändert. Diese Anpassung führt zu einer Reduktion des zellulären Wachstums und der 

Ausbeute an rekombinantem Protein. Eine Aufklärung des zellulären Engpasses während der 

rekombinanten Proteinexpression könnte letztendlich die Effizienz des Produktionsprozesses 

in E. coli erhöhen. 
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 Introduction 

1.1 Overview of the recombinant therapeutic protein market 

In 1973 the first genetically modified organism (GMO) was created by a direct transfer of the 

extraneous DNA fragment into the bacterium Escherichia coli (Cohen et al., 1973). The 

success of this experiment marked the beginning of a fast-expanding recombinant DNA 

(rDNA) technology market with its most profitable product, recombinant proteins. These 

proteins, expressed and synthesized in a host cell frequently of a different species to their 

origin, found wide applications in research and development (R&D), medicine, and 

biotechnology. In daily life, engineered proteins improve the quality of food and beverages, 

make cleaning detergents more effective, catalyze biofuel production and textile processing, 

increase medical diagnostic accuracy, provide new therapies, etc. (Fig. 1.1)1. This broad 

spectrum of possible applications, combined with a fast development of new technologies and 

a constant increase of consumption, makes the recombinant protein market one of the most 

lucrative, with an estimated value of US$ 91.2 billion in 2017 and projected to reach US$ 250 

billion by 20262. Among recombinant proteins, therapeutics such as antibodies, hormones and 

enzymes account for the most profitable: for example, a single anti-cancer antibody, Humira®, 

achieved sales of US$ 18 billion in 2017 alone1. 

In general, pharmaceutical proteins are used to compensate for deficiency or lack of body 

proteins important for normal functioning of the organism. Before the rDNA technology, the 

vast majority of pharmaceutical proteins were still naturally derived from plants and animals, 

resulting in expensive and highly insufficient manufacturing and, most importantly, the animal 

diseases transmission and allergies (Mesquita et al., 2017). The use of natural sources also 

excludes the application of genetic engineering to improve protein's stability, detection and 

purification. Drugs made recombinantly are considered safer, since they are more similar to 

 
1 Coherent Market Insights, ''Custom Recombinant Protein Production Service Market, by Product Type'', 

https://www.coherentmarketinsights.com/market-insight/recombinant-protein-market-1516, (accessed 1 

November 2018) 
2 Coherent Market Insights, ''Recombinant Therapeutic Antibodies and Proteins Market'', 

http://www.coherentmarketinsights.com/market-insight/recombinant-therapeutic-antibodies-and-proteins-

market-1981, (accessed 1 November 2018) 
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their natural counterparts and their safety is evaluated in several phases of clinical trials. 

Additionally, they are less expensive to manufacture and at the same time provide desired 

yields. 

 

Figure 1.1 Pie chart showing the distribution of recombinant proteins in 2017 

Figure was prepared based on the data from Coherent Market Insights, ''Custom Recombinant Protein Production 

Service Market, by Product Type'', https://www.coherentmarketinsights.com/market-insight/recombinant-

protein-market-1516, (accessed 1 November 2018) and from Transparency Market Research, ''Focus on 

Developing Novel Products with new Functions for End-use Industries to Create Lucrative Avenues'', 

https://www.transparencymarketresearch.com/pressrelease/industrial-enzymes-market.htm, (accessed 10 

February 2019). 

  

Following the Food and Drug Administration (FDA) approval of the first recombinant protein 

– human insulin from E. coli (Johnson, 1983), new protein production systems emerged and 

continued to improve. The spectrum of organisms exploited as recombinant cell factories have 

expanded from early predominating E. coli to alternative bacteria (mostly Bacillus spp.), yeasts 

(e.g. Saccharomyces spp. and Pichia pastoris), insect cells, plants and mammalian cells. 

Global recombinant protein market 

market share (%) by application 
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Microbial platforms such as E. coli and Bacilli still remain prevalent hosts for the production 

of industrial enzymes (Liu et al., 2013). This however is not the case for therapeutic proteins 

where mammalian platforms, especially Chinese hamster ovary (CHO) cells, became the most 

widely used expression system. Of the 320 protein-based biopharmaceuticals that have gained 

FDA approval by the end of August 20183, 87 (28 %) were produced in E. coli, 40 (13 %) in 

yeast and 166 (52 %) in mammalian cells (Fig. 1.2 A). Noteworthy, no recombinant proteins 

approved for human drug use were made in non-E. coli bacteria. Annual approval numbers for 

drugs produced in E. coli and mammalian cells over the ten year period ranged from a low of 

6 in 2008 to a high of 21 in 2017 (Fig. 1.2 B). With the increasing number of monoclonal 

antibodies (mAbs) being approved, mammalian systems gained their dominance over other 

platforms predominantly because they can perform complex post-translational modifications 

(PTMs) that are often required for secretion, protein efficacy, and stability. Monoclonal 

antibodies are complex proteins that contain both disulfide bridges and glycosylated motifs 

(Frenzel et al., 2013), two PTMs that cannot innately be made by E. coli in its cytoplasm. 

Nevertheless, the mammalian expression systems have one major drawback, i.e., the 

optimization of the protein production process is very expensive and time-consuming. The 

cells are fragile because they are approximately 10 to 50 fold larger than microbial cells, 

without the tough cell walls of microbes and often produce less product overall. In 

consequence, an increasing number of patients are not able to afford more expensive protein 

biopharmaceuticals generated in mammalian cell systems. 

This financial pressure and the continuous development of more advance solutions might lead 

in the near future to a resurgence of E. coli as a favorable host for therapeutic proteins 

production. Several new technological advancements in the E. coli expression system have 

been made over last years. Novel engineered strains capable of performing PTMs such 

glycosylation (Wacker et al., 2002; Ding et al., 2017) or disulfide bond formation (Lobstein et 

al., 2012; Matos et al., 2014) have yielded very promising results in small scale set-ups. 

Desirably, further research and development, with the focus on process optimization for a 

 
3 Food and Drug Administration, ''FDA Approved Drug Products'', 

https://www.accessdata.fda.gov/scripts/cder/daf/, (accessed 5 September 2018) 
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large-scale protein manufacturing, would enlarge the possibilities for the economically feasible 

production of new, more complex drugs in E. coli. 

 

Figure 1.2 U.S. Food and Drug Administration approved therapeutic proteins  

Pie chart shows the distribution of total number of accepted pharmaceuticals (1982-August 2018) by the 

expression system used (A). Bar graph depicts the last 10 years (2008-2017) trend in drug approvals for 

mammalian and E. coli based expression platforms (B). Trend line shows the increasing number of monoclonal 

antibody therapeutics approved over the last 10 years. Figure was prepared based on the data from ''FDA 

Approved Drug Products'', https://www.accessdata.fda.gov/scripts/cder/daf/, (accessed 5 September 2018). 

 

This thesis provides an analysis of physiological and proteome responses to recombinant 

protein expression in some of the novel and industrially-promising E. coli strains. Better 

understanding of the biological aspects of protein production and the stress response this 

process causes will hopefully enhance the performance of E. coli as a therapeutic protein 

expression system beyond its current limitations. In the following sections, the key properties 

of an E. coli host and the outline of the process of recombinant protein production in this 

bacterium will be discussed. Furthermore, focus is laid on the key aspects of the protein 

production and host stress responses. Finally, novel approaches to improve and to gain 

knowledge about recombinant protein production in E. coli will be presented. 

Recombinant protein drugs FDA approved  

A. Total approval rate by expression 

platform  
B. Number of protein approvals by year 

(2008-2017) 
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1.2 E. coli as a favored bacterial host for recombinant protein production 

Escherichia coli, or simply E. coli was discovered in 1885 by a German-Austrian physician 

Theodor Escherich in infant's feces (Escherich, 1885). The bacterium is commonly found in 

the gastrointestinal tract of humans and some warm-blooded animals. While most of the E. coli 

strains are harmless and are part of the healthful bacterial flora, some of them can cause severe 

foodborne diseases (reviewed in Kaper et al., 2004). In terms of ecology, E. coli is a facultative 

anaerobe, meaning it uses oxygen as an energy source when it is present, but also grows in its 

absence by relying on fermentation or anaerobic respiration (Pasteur, 1922). 

Phylogenetically, E. coli is classified as a Gram-negative bacterium belonging to the Phylum 

Proteobacteria, the class Gammaproteobacteria, the order Enterobacteriales, the family 

Enterobacteriaceae, the genus Escherichia and the species Escherichia coli4.  

Morphologically, E. coli cells are typically rod-shaped (Fig. 1.3 A) and measure approximately 

2 µm in length and 1 µm in width, although this can vary considerably depending on the strain 

and environmental conditions. The building blocks of E. coli consists of about 55 % protein of 

the cell dry weight, followed by 20 % RNA, 10 % lipids, 3 % DNA and the rest being 

polysaccharides, metabolites, ions etc. (Neidhardt et al., 1990). The structure of an E. coli cell 

is well-determined and consists of four compartments: the cytoplasm with DNA and 

ribosomes; the inner membrane, which surrounds the cell's interior; the outer membrane, an 

asymmetric bilayer membrane that encompasses the cell from the outside; and the periplasm, 

which is a hydrophilic matrix separating the two membranes (Fig. 1.3 B) (Tokuda and 

Matsuyama, 2004). E. coli is arguably the most thoroughly studied species and has long been 

the model organism of biotechnology. It is among the first organisms to have its entire genome 

sequenced (Blattner et al., 1997). Also, the historical development of microbial physiology 

and molecular genetics was mainly based on E. coli and many Nobel prizes have been awarded 

 
4 Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures, Germany, Prokaryotic 

Nomenclature Up-to-Date [November 2017], http://www.dsmz.de/bacterial-diversity/prokaryotic-

nomenclature-up-to-date, (accessed 5 September 2018) 
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for studies based upon this bacterium. With the steady accumulation and worldwide use of 

information and molecular tools available, E. coli remains a popular choice for variety of tasks.  

 

Figure 1.3 Morphology and cell envelope structure of E. coli 

Transmission electron microscopy image of E. coli cells (A) and a schematic representation of the E. coli envelope 

structure (B). The micrograph was provided by Dr. R. Schlüter from Imaging Center of the Department of 

Biology, University of Greifswald. The cell envelope consists of following compartments: inner membrane, IM; 

periplasm, P; and outer membrane, OM. These compartments are built of following elements: 

lipopolysaccharides, a; phospholipids, b; lipoproteins, c; peptidoglycans, d; membrane proteins, e; peripheral 

membrane proteins, f.  

 

Today, E. coli is used among others for the production of a multitude of compounds, ranging 

from small molecules to large complex proteins. Two strains are being used the most frequently 

for protein production: K-12 and BL21. E. coli K-12 was initially isolated in 1922, whereas 

BL21 was developed from E. coli B, isolated in 1918 (Daegelen et al., 2009). Throughout the 

years, many recombinant drugs synthesized in E. coli have been approved for human use, 

including thrombolytics, hormones, growth factors, interferons and antibody fragments 

(reviewed in Walsh, 2014). The reason why E. coli is still so popular as a production platform 

can be explained with the fact that it has a number of distinct advantages: 

1) Unparalleled fast growth. E. coli cells are able to divide every 20 minutes under 

optimal conditions (Fossum et al., 2007), compared to 1-2 hours for Sacharomyces 

cereviciae (Herskowitz, 1988), and up to 24 hours for mammalian cells (Cooper, 2000). 
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2) Low culture maintenance cost. Bacterial processes tend to be cheaper than eukaryotic 

cell processes because of lower media costs and shorter process times. E. coli is capable 

of synthesizing all of the necessary amino acids, purines, pyrimidines and vitamins 

using just the carbon and nitrogen sources in minimal medium (Todar, 2012). 

3) High tolerance for changes. E. coli is able to grow well across a broad span of 

cultivation conditions, such as temperature (Farewell and Neidhardt, 1998) and pH 

(Presser et al., 1997). For example, mammalian cells are very sensitive in this regard, 

and maintaining stable conditions is critical for cell survival. 

4) Genetic manipulability. E. coli can be easily manipulated genetically due to its well- 

known genetics and genomics. Additionally, many molecular biology tools are 

available for engineering its DNA sequences to generate novel functionality. The 

bacterial transfection with exogenous DNA is fast and easy. Unlike eukaryotes, their 

cell wall and simple anatomy can withstand the temperature change during heat shock 

procedure, making the plasmid transformation of E. coli as fast as 5 minutes (Pope and 

Kent, 1996). 

5) Well characterized. There is a vast amount of accumulated knowledge on E. coli 

physiology, transcriptome, proteome, and metabolome. 

6) Safety. Most laboratory strains are considered harmless and are recognized by drug 

regulatory authorities. 

7) High recombinant protein productivity. High cell density can be easily achieved, 

subsequently providing high protein yields. R&D can produce sufficient amount of 

protein for preliminary screenings in a matter of days instead of weeks. The production 

can be relatively easily scaled to high-cell density fermenters for clinical trials and 

ultimately for commercial production. Large-scale protein expression trials have shown 

that more than 50% of bacterial proteins and more than 15% of non-bacterial proteins 

can be expressed in E. coli in a soluble form, which demonstrates the versatility of the 

system (Braun and LaBaer, 2003). 

Nevertheless, despite the aforementioned advantages, the E. coli system is not without its 

flaws. Recombinant proteins obtained in E. coli lack the post-translational modifications which 

are present in most of eukaryotic proteins. Glycosylation, the attachment of antennae of 
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specific sugar epitopes to proteins, and disulfide bond formation are the most common PTMs 

that play a crucial role in protein folding, processing, stability and biological activity, therefore 

PTMs deficient version of proteins might be insoluble, unstable or inactive (Ferrer-Miralles et 

al., 2009). Moreover, high level overexpression often causes aggregation problems. 

Additionally, membrane proteins and proteins with molecular weights above 60 kDa are 

difficult to obtain in soluble forms in E. coli (Gräslund et al., 2008). Proteins manufactured in 

E. coli are generally contaminated with lipopolysaccharide (LPS), a component of the outer 

membrane. Even small doses of LPS (also known as endotoxin) can induce a pyrogenic 

response and ultimately trigger a septic shock. Thus, the proteins obtained from E. coli often 

require an extensive and expensive purification process to remove LPS (Wakelin et al., 2006). 

The use of purification processes often results in significant yield reduction, increased cost or 

a loss of bioactivity of the desired protein. These major limitations resulted in a shift towards 

using mammalian platforms rather than E. coli as a first choice host for recombinant protein 

production. 

1.3 Strategies for the production of recombinant proteins in E. coli 

At the theoretical level, the expression of recombinant proteins seems to be a pretty 

straightforward task. A typical recombinant protein production process in E. coli (outlined in 

Fig. 1.4) starts with a selection of the gene of interest and the optimization of nucleotide 

sequences, if necessary. The gene of interest is then cloned to the chosen expression vector, 

transformed into the host cell, induced, the culture is grown for a specific time, then the protein 

of interest (POI) is harvested and purified. In practice, however, this process may face a number 

of problems. Poor growth of the bacteria, inclusion body formation, protein inactivity, low 

level expression, and even not obtaining any protein at all are some of the problems often found 

down the pipeline. Despite the extensive knowledge and wide range of available 

bioengineering tools, the recombinant approach still remains cumbersome and somehow 

unpredictable. Usually, trial and error-based screening approaches are used to identify 

conditions that lead to high recombinant protein production yields. Many parameters can be 

optimized to facilitate the effective production of recombinant protein in E. coli, including 

changes in: cultivation parameters (decreasing the temperature, lowering inducer 
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concentration, culture medium etc.), host strain, vector, protein targeting or co-expression. 

Different protein expression optimization strategies have been reviewed by researchers 

numerous times in an admirable and comprehensive manner (e.g. Berlec and Strukelj, 2012; 

Gopal and Kumar, 2013; Rosano and Ceccarelli, 2014), thus, focus at this point will be only 

laid on parameters such as expression vector, recombinant protein targeting and a rarely 

discussed parameter: the induction point. 

 

 

Figure 1.4 Recombinant protein expression in E. coli – workflow from gene to protein 

The figure depicts important stages of the optimization process of protein production. All of them are described 

in detailed in depicted sections. Subfigure 1.3.3 was amended from (Overton, 2014). 
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1.3.1 Optimization of the protein expression vector 

Expression vectors are used to introduce a gene of interest into a target cell, and to trigger their 

expression in a host. The most-commonly used bacterial cloning vectors are plasmids, small 

fragments of double-stranded DNA that can replicate independently of the chromosome. There 

are many genetically engineered, commercially available plasmids, which consists of multiple 

combination of following elements: replicons, promoters, selection markers, multiple cloning 

sites and a tag. Here, the key features and some of the commonly used examples of these 

elements will be described. 

1.3.1.1 Promoter system 

A promoter is a region of DNA that directs transcription of a particular gene. Usually an 

inducible promoter is located upstream of the cloned gene and regulated by a chemical inducer. 

In E. coli, two common expression systems are: the pET (Mierendorf et al., 1998) and the 

pBAD (Guzman et al., 1995). These have control mechanisms to switch recombinant protein 

production on or off, and the pBAD system can also modulate the amount of protein being 

produced. The pET vectors are the most commonly used expression systems because they 

produce a large amount of desired protein. They are under control of a hybrid T7/lac promoter, 

induced by isopropyl-β-D-thiogalactopyranoside (IPTG), and require the expression hosts 

containing a chromosomal copy of the T7 RNA polymerase gene under lacUV5 control. IPTG, 

once added to the cell, induces T7 RNA polymerase production that transcribes the coding 

sequence of the protein of interest from the expression plasmid. Controlling the intensity of 

expression is a major problem with T7-based systems. Tunable expression can be achieved 

using the pBAD systems. Protein expression from the araBAD promoter may be modulated to 

a limited extent by varying arabinose concentrations. Both, lac and araBAD promoters, suffer 

from the all-or none gene expression, meaning that cells are either induced or uninduced 

(Siegele and Hu, 1997). If tighter control is desired, vectors containing the rhamnose induced 

rhaBAD promoter, including the two regulatory genes rhaS and rhaR, allow protein expression 

to be tuned more efficiently (Giacalone et al., 2006). No one-promoter-option, however, is 

ideal for all recombinant proteins. They should be chosen based on the protein's characteristics. 
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In general, promoters are expected to be minimally leaky, tunable, to enable a high level of 

recombinant protein production and to be transferable to several E. coli strains. 

1.3.1.2 Replicon 

An important parameter of an expression vector is the copy number. It determines how many 

copies of the plasmid should be present per bacterium. The control of copy number resides in 

the replicon. It consists of one origin of replication together with its associated cis-acting 

control elements. Commonly used vectors, such as the pET series, possess the pMB1 origin 

ColE1-derivative, 15–60 copies per cell (Bolivar et al., 1977) while a mutated version of the 

pMB1 origin is present in the pUC series, 500–700 copies per cell (Minton, 1984). High copy 

numbers equal more copies of the recombinant gene. However, high-copy plasmids are often 

unstable, especially in high density cultures, and generate higher metabolic burden that can 

increase cellular stress levels, decrease the bacterial growth rate and even lead to plasmid 

rejection (Bentley et al., 1990). Therefore, the use of high copy number does not guarantee 

high recombinant protein productivity and the balance between copy number and maintaining 

cellular homeostasis must be determined and optimized for every production process. 

1.3.1.3 Selectable marker 

To prevent the growth of plasmid-free cells, a selectable marker is added to the plasmid 

backbone. In the E. coli system, antibiotic resistance genes are habitually utilized for this 

purpose. Kanamycin, chloramphenicol, tetracycline and ampicillin resistance markers are 

commonly used. The latter one, however, may be problematic due to its susceptibility to 

degradation by β-lactamase in the growth medium (Caulcott et al., 1985). Although still 

commonly used in small-scale laboratory experiments, the addition of antibiotics in industrial 

biotechnology can be generally excluded. Antibiotic selection has several drawbacks, 

especially dealing with large-scale cultures: antibiotics are expensive, they need to be 

completely eliminated from the recombinant protein drug before administration to humans, 

and the waste streams from downstream processing contribute to the dissemination of 

antimicrobial resistance. For these reasons, metabolic selection markers are gaining attention 

in the field (Peubez et al., 2010). This mechanism involves a host bacterium that is lacking an 
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essential gene, which is carried on the expression plasmid e.g. gene involved in DNA 

metabolism or cell wall synthesis. Thus, after cell division, plasmid-free bacteria die. 

1.3.1.4 Affinity tag 

The addition of a stretch of amino acids (peptide tag) or a large polypeptide (fusion partner) in 

tandem with a desired protein has several advantages, it allows the protein detection, easier 

purification or its targeting to different cellular compartments. The affinity tag's coding 

sequence is directly fused to the recombinant gene, at either the N or C terminus, and both are 

synthesized as a single polypeptide chain. Adding small peptide tags usually does not interfere 

with the recombinant protein structure or biological activity. Common examples of small 

peptide tags include the poly-His, poly-Arg, FLAG, c-Myc and Strep II tags (Terpe, 2003). 

Moreover, adding a peptide fusion partner may enhance the recombinant protein solubility 

(Hammarström et al., 2002). The most popular fusion tags are the maltose-binding protein, N-

utilization substance protein A, thioredoxin, glutathione S-transferase, ubiquitin and mSUMO. 

Depending on the purpose of protein expression, the affinity tags may be left with the final 

product or cleaved off. 

1.3.2 Targeted expression of recombinant proteins 

The standard location for recombinant protein expression and accumulation in E. coli is the 

bacterial cytoplasm. The POI can remain there or be secreted to other subcellular 

compartments, most often to the periplasm or rarely to the growth medium. Each of these 

compartments has its own special characteristics which can be beneficial for the recombinant 

protein production process. 

1.3.2.1 The cytoplasm of E. coli  

Expression into cytoplasm is the favorable strategy. Theoretically, it is the most 

straightforward method providing the most efficient recombinant protein expression yields 

(Graumann and Premstaller, 2006). However, not all recombinant proteins can be efficiently 

expressed in the cytoplasm. The E. coli cytoplasm is characterized by reducing conditions in 

which the disulfide bond formation cannot be catalyzed. In principle, the thioredoxin and 

glutathione/glutaredoxin pathways are thought to determine and maintain the redox potential 
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of the cytoplasm of E. coli. Thioredoxins and glutaredoxins reduce nascent disulfide bonds, 

while themselves become oxidized in the process. They are then reduced by glutathione, which 

in turn is reduced by glutathione reductase (Prinz et al., 1997). Moreover, E. coli possesses a 

very large number of proteins in the cytoplasm that accompany the target protein during 

downstream processing. The isolation of recombinant protein from the cytoplasm requires cell 

breakage, which results in the release of cellular components e.g. proteins, nucleic acids, 

endotoxins, lipids and cell fragments, from which the recombinant protein must be 

subsequently purified. Recombinant proteins in the cytoplasm are also more prone to 

degradation prior to their correct folding to the native state due to the high abundance of 

cytoplasmic proteases. Additionally, the translation in bacteria is most frequently initiated by 

N-formylmethionine which is deformylated during protein synthesis but not necessarily 

removed (Wingfield, 2017). Although the extra methionine might have no adverse effect on 

the protein synthesis, it can present a problem in the production of therapeutic proteins by 

altering the protein structure, immunological properties and making the approval of non-native 

products more difficult (Makrides, 1996). 

Frequently, if a recombinant protein misfolds it will aggregate and form inclusion bodies (IBs), 

dense protein granules with diameters ranging from 0.2 to 1.3 µm (Taylor et al., 1986). IBs 

formation can be caused by a limited protein solubility, insufficient levels of chaperones 

assisting protein folding or the lack of appropriate folding machinery in the prokaryotic host 

(Berlec and Strukelj, 2012). Inclusion bodies are highly homogenous and consist mainly of the 

protein of interest. Mostly they are protease resistant. They can also be easily separated from 

other bacterial components due to their high density. With this in mind, in some cases the 

accumulation of recombinant proteins in IBs is a preferable strategy. It is usually used for the 

expression of toxic proteins, as such proteins are usually not active in IBs, thus avoiding the 

cytotoxicity of the target protein. However, many proteins isolated from IBs cannot be refolded 

to a functional form later or the refolding procedures are too complicated and costly. Therefore, 

targeting the recombinant protein into IBs is usually not recommended for pharmaceutical 

proteins. 
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1.3.2.2 The periplasm of E. coli  

An alternative route is the targeting of recombinant proteins to the periplasmic space. The 

transport of a protein from the cytoplasm to the periplasm is usually achieved by attachment 

of the appropriate leader peptide to the N-terminus of the protein. The leader peptide directs 

the recombinant protein to the protein translocation apparatus, transporting the protein across 

the cytoplasmic membrane, and is then cleaved by specific peptidases (Mergulhao et al., 2005). 

This enables the expression of recombinant proteins with the authentic N-terminus devoid of 

an N-terminal methionine, which will be cleaved together with the signal sequences by leader 

peptidases. 

In most periplasmic expression systems, the general secretory (Sec) pathway is used to 

transport an unfolded protein to the periplasm (Blight et al., 1994). However, if the protein 

folds completely or partially in the cytoplasm before reaching the Sec translocon, it might not 

be secreted. Additionally, not all the proteins can fold correctly in the periplasm. In this 

situation, the twin-arginine translocation (Tat) pathway, which enables translocation of fully 

folded proteins, provides an interesting alternative. Both pathways have been already 

extensively characterized and compared in numerous reviews (e.g. Natale et al., 2008; Short, 

2012; Green and Mecsas, 2016). 

Periplasmic recombinant protein secretion has several potential advantages over cytoplasmic 

production. Unlike in the cytoplasm, in the periplasm the protein content is relatively low, only 

about 4−16 % of the total cell protein in E. coli (Nossal and Heppel, 1966; Ames et al., 1984), 

and does not contain DNA. This makes the purification of the recombinant protein easier. 

Periplasmic targeting also enables the relatively simple release of the recombinant protein by 

using osmotic or mild heat treatment. The periplasm contains fewer proteases than the 

cytoplasm and they tend to have specific substrates, thus recombinant proteins can accumulate 

with a decreased risk of proteolysis. The most prominent advantage of the periplasmic protein 

production is its oxidizing environment that facilitates the formation of disulfide bonds. The 

generation of disulfide bonds in the periplasm of E. coli is catalyzed by Dsb proteins, which 

are thiol-disulfide oxidoreductases (Berkmen, 2012). The successful periplasmic secretion of 

several pharmaceutical proteins containing disulfide bonds such Fab' fragments (Levatski et 
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al., 2014; Ellis et al., 2016), human growth hormone (Browning et al., 2017; Song et al., 2017), 

interferons and single-chain variable (scFv) fragments (Balderas Hernández et al., 2008; 

Alanen et al., 2015) has been reported so far. Despite many successful examples, secretory 

production of heterologous proteins in the periplasm of E. coli remains problematic. Obstacles 

include: incomplete processing of signal sequence, low levels of protein secretion, formation 

of inclusion bodies, and incorrect formation of disulfide bonds. 

1.3.2.3 Extracellular secretion 

In E. coli, the secretion across both membranes may be achieved by specialized systems. To 

our knowledge, types I, II, III and V have been used for recombinant protein production 

(Kleiner‐Grote et al., 2018). Due to its simplicity, type I secretion system is the most frequently 

used. This system spans both inner and outer membranes and is capable of transporting proteins 

up to 800 kDa across the cell envelope in a few seconds (Thomas et al., 2014). For this type 

of secretion, the protein of interest is fused to the non-toxic 50–60 amino acids HlyA C-

terminal domain, which induces the protein translocation. Several proteins, also containing 

disulfide bonds, have already been secreted successfully using this approach (Fernandez et al., 

2000; Fernández and de Lorenzo, 2001). One advantage of extracellular secretion from E. coli 

is that the contamination of the final product by host proteins and proteolytic degradation can 

be minimized because this bacterium normally does not secrete proteins extracellularly, except 

for a few classes of proteins such as toxins and hemolysin. However, there are several 

disadvantages of this approach including: a strong dependency of the efficiency and yield of 

secreted protein on its characteristics, limited secretion capacity, the additional downstream 

processing step removing the signal peptide sequence and a strong dependency on growth 

phase as well as oxygen availability (Kleiner‐Grote et al., 2018). The most recently discovered 

type V secretion pathway (Pohlner et al., 1987), also known as autotransporter pathway, is 

increasingly used to display recombinant proteins on the cell surface. However, the system has 

not yet been functionally adopted to the recombinant protein secretion in E. coli. 

1.3.3 Induction strategy 

The most commonly used strategy to facilitate expression of a recombinant protein is the 

addition of a chemical compound that will induce the promoter. As a first measure, cell growth 
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should be monitored before induction to see if the growth rate of the recombinant strain is 

comparable to an empty-vector bearing strain. A slower growth may be caused by gene toxicity 

or an expression of the toxic protein from a leaky promoter (Huang et al., 2015). After control 

of basal expression, the culture should grow well until the proper time of induction. Two points 

of induction are commonly used, induction following biomass accumulation (by inducing 

protein production at a high biomass concentration) or induction at the mid-log phase allowing 

to concurrently proceed with bacterial growth (by inducing protein production at a low biomass 

concentration). Generally, proteins that are known to inhibit growth should be synthesized after 

biomass accumulation, whereas proteins whose synthesis does not cause growth inhibition can 

be made alongside growth (Overton, 2014). In many cases, the recombinant protein becomes 

toxic when it exceeds a certain abundance threshold of host tolerance. Many changes such as 

formation of inclusion bodies, cell death and metabolic burden are associated with too high 

levels of protein expression. In such situations, tunable expression systems should be used to 

adjust the recombinant protein expression by the manipulation of the inducer concentration. 

1.4 Cellular stress induced by recombinant protein production in E. coli 

High rate expression of a foreign protein imposes a mode of growth that E. coli would never 

encounter in its natural habitat. A high growth rate causes rapid oxygen and nutrients depletion, 

and the generation of a single protein at high levels usurps a significant amount of the host’s 

limited resources, restraining the biogenesis of the endogenous proteome. This puts a 

metabolic burden on the host that is often manifested as a decreased culture growth rate 

(Bentley et al., 1990). As a consequence of the metabolic burden, the cell activates a set of 

complex and overlapping stress responses, which are often deleterious to the yield of 

heterologous protein. Over the past years, various profiling studies have identified different 

stress responses related to plasmid maintenance and recombinant protein synthesis. The most 

commonly reported cellular alterations were listed and shortly described (Table 1.1). 

Unfortunately, the results of many studies cannot be clearly compared, since they differ in 

terms of growth conditions, strains and genotypes, target products, sampling times, and 

bioprocesses. This still leaves many unanswered questions about the nature and the underlying 

mechanism of the E. coli response to recombinant protein production. 
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Table 1.1 Physiological changes in E. coli due to recombinant protein-imposed metabolic burden  
Note: references in bold refer to proteomic studies results. 

 

Physiological 

alterations 

Description References 

At culture level   

Reduction of cell 

growth and biomass 

yield 

Additional energy and building blocks requirement for 

recombinant protein production leads to faster nutrient and 

oxygen depletion. Redirection of resources towards 

recombinant protein synthesis hampers cell's capacity to 

produce endogenous proteins. 

 

Glick, 1995;  

Flores et al., 2004 

Plasmid instability Plasmid loss in a culture may be caused by several 

environmental factors such as nutritional and oxygen 

limitations, pH and temperature changes, low cell growth 

and also disruption of cell division. Plasmid instability 

significantly decreases recombinant protein synthesis. 

 

Birnbaum and 

Bailey, 1991;  

Saraswat et al., 

1999 

At cellular level   

Cell filamentation Cell filamentation occurs when DNA replication takes place 

but cells are not able to septate and divide. This phenomenon 

can be triggered by oxidation, SOS stress response and 

inhibition of cell wall synthesis. 

 

Lee et al., 1994;  

Silva et al., 2009 

Inclusion bodies 

formation 

IBs formation occurs when protein aggregation rate 

transcends the folding and degradation capacity of the cell. 

The accumulation of IBs may lead to the deterioration of cell 

physiology, abnormal cell division and cell elongation. 

 

Carrier et al., 1983;  

Lee et al., 2008 

Cell cycle alterations The disruption of cell division can lead to cell cycle 

heterogeneity and give rise to cells containing more than one 

or two chromosomes. 

 

Silva et al., 2011 

Reduced cell viability Nutrient and oxygen deprivation during protein 

overexpression reduces cellular activity and energy levels 

that are required for the effective maintenance of cellular 

functions. 

 

Silva et al., 2011;  

Diaz Ricci and 

Hernandez, 2000 

Cell membrane 

variations 

Protein production may cause a rearrangement of the 

membrane and lipid composition, and an increase of the 

membrane permeability which results in a release of 

periplasmic proteins into the growth medium.  

Ami et al., 2009; 

Georgiou et al., 

1988 
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At molecular level 

Stress responses:  

The heat shock is activated when a cell undergoes stresses 

like heat, cold, osmotic shock or nutrients and oxygen 

deprivation. It results in the production of proteases, that 

degrade misfolded proteins, and chaperones, which assist in 

folding. The activation of the heat-shock response re-

establishes cell homeostasis and increases cell 

thermotolerance. 

 

 

Ow et al., 2006;  

Valdez-Cruz et al., 

2011;  

Wagner et al., 

2007;  

Jürgen et al., 2000;  

Gill et al., 2000 

Increased heat-shock 

response 

Increased oxidative 

stress response 

In many cases, high rates of recombinant protein folding 

generate excess levels of reactive oxygen species that lead to 

oxidative stress. Antioxidant responses are activated to 

protect cells from the toxic effects and restore the redox 

balance in the cellular environment.  

 

Yoon et al., 2003;  

Aldor et al., 2005 

Increased stringent 

response 

This response is a reaction to the limitation in intracellular 

amino acid concentration that occurs during recombinant 

protein production. This signaling pathway results in the 

formation of the signal and effector molecule guanosine 

tetraphosphate which may either stop energy consuming 

synthesis processes or activate the synthesis of specific 

proteases. 

 

Wegrzyn, 1999; 

Haddadin and 

Harcum, 2005 

Increased DNA 

damage response 

This so-called SOS response occurs in cells exposed to 

massive DNA damage or under specific physiological stress. 

The SOS proteins cooperate in repairing the DNA, and also 

in preventing cell division until DNA replication is restored. 

 

Aris et al., 1998; 

Majchrzak et al., 

2006;  

Gill et al., 2000 

Increased phage shock 

response 

During recombinant protein production various signaling 

networks related to phage defense mechanisms are activated. 

 

Haddadin and 

Harcum, 2005); 

Aldor et al., 2005 

 

Increased protein 

translocation stress 

When a foreign protein is secreted, it is likely to jam export 

sites and prevent proper localization of essential endogenous 

proteins. The oversaturation of Sec translocon capacity may 

lead to e.g. aggregation of secretory proteins in the 

cytoplasm, induction of the heat shock response, reduced 

capacity of the respiratory chain, cell division and membrane 

integrity problems. 

 

Wagner et al., 

2007 

Metabolic pathways:   

Decreased glycolysis The glycolytic pathway is the main catabolic route of 

carbohydrates for the provision of energy and building 

precursors for biosynthesis. The lower gene expression 

during recombinant protein production indicates a reduction 

Ow et al., 2006; 

Haddadin and 

Harcum, 2005 
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in energy production and biosynthetic capacity in the 

plasmid-bearing cells. 

 

Decreased/increased 

energy metabolism 

Expression of genes and abundance of a number of 

respiratory proteins involved in ATP production were either 

up- or down-regulated, depending on the culture growth 

point. The oxidative phosphorylation and TCA cycle were 

up-regulated during the exponential growth phase and were 

down-regulated during the stationary phase. It appears that 

recombinant protein induction results in decreased energy 

synthesis capacity, which further impedes recombinant 

protein production. 

 

Yoon et al., 2003;  

Ow et al., 2006;  

Wagner et al., 

2007;  

Haddadin and 

Harcum, 2005;  

Wang et al., 2006; 

Yoon et al., 2003 

Increased acetate 

production 

Induction of recombinant products increases the synthesis of 

acetate, which can lead to overaccumulation and toxicity. 

The acetate-associated metabolic switch can occur when 

glucose and oxygen are in excess and the uptake of the 

carbon source is greater than the oxidative capacity of 

central metabolic pathways. The cell can adjust to such 

conditions by moving acetyl-CoA through the pathways 

catalyzed by phosphotransacetylase (Pta) and acetate kinase 

(AckA) which increases the intracellular pool of acetate. 

 

Wagner et al., 

2007; 

Wang et al., 2008; 

Neubauer et al., 

2002 

Protein synthesis:   

Decreased 

transcription and 

translation 

The expression of genes involved in transcription (encoding 

RNA polymerase proteins) and translation (ribosomal 

protein subunits, elongation factors, and tRNA synthetases) 

are significantly down-regulated due recombinant protein 

production. 

 

Haddadin and 

Harcum, 2005 

Decreased ribosome 

related 

Decrease in ribosomal proteins and genes involved in the 

synthesis of the 50S and 30S ribosome are down-regulated 

due to recombinant protein production. This decrease is 

known to be related to stringent response. During phosphate 

starvation cells can obtain phosphate from ribosome 

degradation and this likely contributes to the ribosomal 

protein down-regulation when growth rates level off. 

 

Jürgen et al., 2000; 

Haddadin and 

Harcum, 2005;  

Yoon et al., 2003;  

Aldor et al., 2005 

Decreased amino acid 

synthesis 

The levels of genes and proteins, which are involved in the 

biosynthesis of amino acids were reported to be constant 

during the exponential phase, and down-regulated at the 

stationary phase. 

 

Haddadin and 

Harcum, 2005; 

Yoon et al., 2003; 

Ow et al., 2006 

 

 

 

 

  



Introduction 

40 

 

Transport: 

Increased 

carbohydrate uptake 

Many genes that encode for membrane proteins involved in 

carbohydrate uptake are upregulated during protein 

overexpression. 

 

Ow et al., 2006 

Increased/decreased 

amino acid uptake 

In contrast to carbohydrate uptake proteins, both up and 

down regulation of amino acid uptake genes were found.  

 

Ow et al., 2005;  

Wang et al., 2008 

Decreased porin 

proteins 

Porin proteins control the permeability of polar solutes 

across the outer membrane and play important role in 

nutrient uptake process. Upon recombinant protein 

production levels of OmpF, one of the most abundant 

proteins of E. coli, were decreased. Oxidative stress can 

downregulate the OmpF expression levels and a decrease in 

OmpF synthesis may contribute to an energy-saving 

mechanism. 

 

Yoon et al., 2003 

Other:   

Increased motility 

elements 

Majority of flagella and fimbriae genes were significantly 

up-regulated due to the recombinant protein induction. The 

upregulation of the flagella genes indicated that the cells in 

the recombinant cultures sensed a nutrient limitation. Since 

both, flagella and fimbriae genes are not essential for cell 

survival in recombinant production processes, the up-

regulation of these genes increases the metabolic burden on 

the cells via the synthesis of unnecessary components. 

 

Haddadin and 

Harcum, 2005 

Decreased quorum 

sensing 

High production levels of heterologous proteins resulted in 

immediate and significant decrease of AI-2 over the entire 

induction period. AI-2 communicates the metabolic potential 

of the growth environment. 

 

DeLisa et al., 2001;  

Aldor et al., 2005 

Decreased cell wall 

biosynthesis 

The decrease in a growth rate upon induction was 

accompanied by a lower biosynthetic gene expression is 

consistent with the notion of a lower metabolic requirement 

for cellular precursors during slower growth. This inhibition 

of cell wall synthesis causes pronounced cell filamentation. 

 

Ow et al., 2005 
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1.5 Novel E. coli strains enhancing heterologous protein production 

From the previous sections, it is clear that the E. coli host exhibits some disadvantages to 

protein overexpression and there are many potential bottlenecks along the process that need to 

be alleviated. In recent years, some new E. coli strains were designed, offering novel solutions 

to production of disulfide bonded and glycosylated proteins, efficient recombinant protein 

secretion to the periplasm and avoidance of high toxicity by tunable protein expression. Here, 

some of the industrially promising solutions that may soon become cost-effective alternatives 

for a production of pharmaceutical proteins in E. coli will be introduced. 

For many recombinant proteins, the formation of correct disulfide bonds is vital for attaining 

their functional form. In E. coli, the reducing environment of the cytoplasm is maintained so 

that disulfide bonds do not normally occur. Nevertheless, expression in the cytoplasm is still 

possible thanks to engineered E. coli strains such as: OrigamiTM (Novagen), Shuffle® (New 

England Biolabs) or CyDisCo (Cytoplasmic Disulfide bond formation in E. coli) (Paras 

Biopharmaceuticals). All these strains share a common feature: an oxidative cytoplasm, but 

they were designed using different approaches. Origami strain has deletions of both glutathione 

(gor) and thioredoxin (trxB) reductase genes along with an additional mutation in the 

peroxiredoxin gene (ahpC) necessary to restore growth (Bessette et al., 1999). One drawback 

in using this strain is the lack of disulfide bond isomerization. Shuffle is an oxidative strain 

engineered as Origami and co-expressing the periplasmic disulfide bond isomerase (DsbC) in 

the cytoplasm (Lobstein et al., 2012). Since both systems disrupt the reducing pathways and 

lack a catalyst for disulfide bond formation, the yields of many recombinant proteins from 

these systems are below those required for commercial production. The most recently 

developed CyDisCo strain accommodates disulfide bond formation in wild type (WT) E. coli 

with the reducing pathways intact and allows efficient production of disulfide bonds in the 

cytoplasm thanks to co-expression of a sulfhydryl oxidase (usually Erv1p from Saccharomyces 

cerevisiae) and a disulfide bond isomerase (usually human PDI) (Matos et al., 2014). Efficient 

production of valuable therapeutic proteins in E. coli CyDisCo such as growth hormones, 

interleukin, antibody fragments and avidin was recently reported (Gąciarz et al., 2017). 
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Some progress has been also made in developing solutions that would enable protein 

glycosylation in E. coli. By transferring the functional N-glycosylation system from 

Campylobacter jejuni into the bacterial host, scientists were able to produce glycans and 

ultimately therapeutic glycoproteins in E. coli (Wacker et al., 2002; Baker et al., 2013). 

However, further development in this area is still required to support high-level glycoprotein 

production in engineered E. coli. 

One of the strategies when producing disulfide-bonded proteins is their secretion to the 

periplasm, where the disulfide bonds can be naturally form. For this purpose, the Sec pathway 

is the most widely used. However, many recombinant proteins fold too quickly in the 

cytoplasm and are no longer capable of being transported via Sec system. In this case, a 

preferred option is the Tat pathway that is not only able to export fully folded proteins but also 

proteins up to 150 kDa in size (Palmer et al., 2011). In E. coli, the Tat system comprises of 

four functionally individual membrane proteins - TatA, TatB, TatC and TatE. Proteins TatC 

and TatB form a complex, which acts as an initial recognition site for Tat substrates. TatA and 

TatE have overlapping functions and mediate the actual protein translocation event (Fröbel et 

al., 2012). For a long time, the use of the Tat system for industrial application was not 

considered because of low product yields, partly due to the low abundance of the Tat apparatus 

when compared to the Sec system (Tullman-Ercek et al., 2007). Recently, Browning et al. 

(2017) detailed the development of the TatExpress strain, expressing TatABC proteins from 

the chromosome. This strain exhibited enhanced export of hGH and single-chain antibody 

fragments, used as model therapeutic proteins, when compared with WT E. coli strains. 

The adjustment of the expression level of the target gene is a key factor to enhance protein 

production yields. The Lemo21 strain was engineered to be able to tune the expression intensity 

of the gene encoding the target protein (Wagner et al., 2008). It enables to precisely modulate 

the activity of the T7 RNA polymerase and consequently recombinant protein synthesis level 

by simply adding different amounts of L-rhamnose to the culture medium. This strain was so 

far used for the expression of difficult proteins such as membrane proteins, toxic proteins or 

proteins that easily form aggregates in E. coli.  
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Considerable attention has been also given to the establishment of the E. coli system with an 

enhanced folding capacity and minimized proteolytic degradation of recombinant proteins. Co-

expression of molecular chaperones along with the recombinant protein has shown to facilitate 

protein folding and minimize protein aggregation (Selas Castiñeiras et al., 2018). Furthermore, 

strains deficient in certain proteases, which are involved in the degradation of heterologous 

recombinant proteins, are currently used in the production and commercial manufacturing e.g. 

of Ranibizumab (Lucentis®) by Genentech and Fab’ fragments by UCB (Ellis et al., 2016).  

Lastly, E. coli strain ESETEC® has been engineered by the biopharmaceutical company 

Wacker Biotech to secrete correctly folded proteins to the growth medium, reducing process-

related impurities, such as host cell DNA and endotoxins (Richter and Koebsch, 2017). This 

technology was shown to support high-level expression and secretion of proteins with 

molecular weights of 5 to 150 kDa.  

Based on the examples presented, it is evident that significant progress has been made in E. 

coli expression platforms. This development, however, should be followed by the 

understanding of bacterial responses to recombinant protein production in those novel systems 

to ensure that the E. coli based platforms are able to meet the expectations of the expanding 

biopharmaceutical industry.  

1.6 Application of proteomics to study protein production stress 

Proteomics is referred as the high-throughput identification and analysis of proteins and 

proteomes. The term ''proteome'' was coined in 1995 and it was defined as the entire set of 

proteins expressed in a specific cell at a specific time (Wilkins et al., 1995). The beginning of 

proteomics dates back to 1975, when the introduction of the two-dimensional gel 

electrophoresis (2-DE) allowed scientists to separate and visualize proteins from different 

organisms, including E. coli (O'Farrell, 1975; Klose, 1975; Scheele, 1975). In that time, protein 

identification was performed by sequencing the proteins by Edman degradation (Edman, 

1949). A major breakthrough was the development of two peptide ionization methods, 

electrospray ionization (ESI) (Fenn et al., 1989), and matrix-assisted laser 

desorption/ionization (MALDI) (Karas and Hillenkamp, 1988; Tanaka et al., 1988). The 

success obtained with MALDI- and ESI-based ionization techniques enabled the rapid 
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improvement and commercialization of mass spectrometry (MS). Nowadays, the field of 

analytical proteomics offers a great variety of tools, methods and approaches, all of which have 

been successively used in different studies (Graves and Haystead, 2002; Zhang et al., 2013). 

The most widely used approach is called ''shotgun proteomics''. A typical shotgun proteomics 

experiment starts with the protein separation via sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) (Laemmli, 1970) and a subsequent proteolytic digestion which 

releases peptides from the sample. Next, liquid chromatography-tandem mass spectrometry 

(LC-MS/MS) is used to fragment and identify peptides by comparing the tandem mass spectra 

derived from peptide fragmentation with theoretical tandem mass spectra generated from in 

silico digestion of a protein database. Protein identification is accomplished by assigning 

peptide sequences to proteins. Depending on the method applied, absolute or relative protein 

abundance can be determined. Absolute quantification determines the absolute concentration 

of distinct proteins within a sample. Relative quantification methods calculate protein 

abundance from the number of measured spectra or the average MS/MS intensities and 

compare them between different samples (Bantscheff et al., 2007). Increasingly, label-free 

quantification (LFQ) approaches for relative protein quantification are employed (Zhang et al., 

2013). The LFQ is a cost-efficient and easy handling technique, which enables the 

measurement and comparison of unlimited numbers of samples and the analysis of untreated 

proteins or peptides (Zhang et al., 2013).  

Proteomics, being a relatively recent field, is still under-represented in bacterial research when 

compared to transcriptomics and genomics. However, many types of information cannot be 

obtained from the study of genes alone. Proteins are the most abundant of the macromolecules 

inside the cell. They are the main players of the cellular machinery and dictate changes in cell’s 

physiology. In E. coli, most of the cells contain the same genome regardless of the 

developmental stage and environmental conditions. In contrast, the cellular proteome is very 

dynamic and excels the genome by two orders of magnitude or more, given the wide range of 

post-translational modifications and processing products of proteins. Thus, multiple different 

proteins can be encoded by one gene and protein levels cannot be predicted from transcript 

levels in many scenarios (Liu et al., 2016). Through the investigation of protein structure, 
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function, modifications, localization, abundance and or interactions with proteins or other 

molecules, proteomics provides important clues to the physiological state of the cell. 

Protein profiling has already produced a handful of protein targets for improving the expression 

of recombinant proteins. Nevertheless, the rapid development of novel recombinant E. coli 

strains and a high demand for cost-effective production platforms require further advancement 

in the area of recombinant protein production processes. This advancement cannot be made 

without gathering a collective knowledge and understanding of the molecular background of 

stress responses in E. coli. Global analyses of proteome alterations under different conditions 

give valuable insights into the changes in the physiology of the cell, and as a consequence 

provide information for the further development of highly-effective protein production 

processes in E. coli.  
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 Scope of the thesis 

Increasing demand for affordable pharmaceuticals directs the attention of the pharmaceutical 

industry towards E. coli production platforms. In recent years, several novel strains for the 

industrial-scale production of pharmaceutical proteins were engendered. However, a few of 

them were ever characterized regarding the physiological changes that the cells undergo during 

the protein production.  

Many of the proteins of therapeutic value contain disulfide bond bridges and the high-scale 

production of those still poses a challenge to the E. coli host. Therefore, E. coli strains that 

enhance the formation of disulfide bonds are subject of this study. The global proteome 

analysis was applied to identify stress responses that occur in E. coli over the course of a 

recombinant protein production process. Different production strategies were applied e.g. 

protein secretion to the periplasm, oxidizing cytoplasm, tunable protein expression and 

secretion with different signal peptides. In particular, the attention was paid to the Tat-

dependent secretion, since it presents some advantages over the Sec secretion pathway and its 

role in E. coli has not been well characterized yet. Moreover, relatively few studies focus on 

the proteome response to heterologous protein misfolding itself. As the misfolding is a 

common problem encountered during protein production and expected to contribute to the 

production stress per se, this study examines the proteome response to the misfolded protein 

production alone. 

This comprehensive analysis of the E. coli proteome under different production setups aims to 

identify the key mechanisms to understand the critical points specific for recombinant protein 

production. The identification of common stress responses provides additional leads for 

process improvement by incorporating specific modifications in E coli. 
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 Results 

3.1 Cellular consequences of Tat pathway deletion in E. coli 

The Tat system offers a new alternative for the periplasmic targeting of cumbersome proteins. 

However, since the consequences of the Tat system malfunction on E. coli cells have been hardly 

studied, the effect that the high-level Tat-dependent secretion of a recombinant protein may have 

on the cell is somewhat unpredictable. This may be one of the reasons why the Tat pathway remains 

industrially unexploited. In this study, the E. coli tatABCDE strain, with the deletion of all active 

Tat pathway components, was used to determine the cell phenotype and proteome alterations under 

disruption of the Tat pathway. 

3.1.1 Loss of Tat function has a major impact on cell morphology 

Transfer electron microscopic analysis of exponentially growing cultures of tat mutant strain (Fig. 

3.1) indicated an apparent defect in cell division. When compared to the parental strain E. coli 

MC4100, a Δtat mutant strain forms chain like structures up to 10 cells long. Since the division 

septum is clearly visible (Fig 3.1 C1-C3), the cell division seems to be blocked in a late stage. This 

phenomenon did not affect the bacterial growth and both strains showed very similar growth 

patterns (Fig 3.2). The formation of filamentous structures was also formerly reported for ΔtatAE 

and ΔtatC mutant strains (Stanley et al., 2001). In addition to previously reported changes, two 

novel phenotypes were observed in Δtat E. coli cells: an increase in inclusion body formation (Fig. 

3.1 B1-B3) and membrane vesiculation (Fig. 3.1 C1-C3). Inclusion body formation occurs 

naturally in bacteria as a result of the accumulation of unfolded proteins. The Δtat strain formed 

inclusion body-like aggregates in moderately higher amounts than the wild type (WT). Moreover, 

several cells formed outer membrane vesicles (OMVs), especially the cells which failed to undergo 

complete division. 
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Figure 3.1 Morphological changes in E. coli cells caused by the absence of a functional Tat system 

Transmission electron micrographs of E. coli MC4100 (WT) (A1-A3) and Δtat (B1-B3, C1-C3) strains at different 

magnifications. The cells were grown aerobically in LB medium for 5 hours. The mutant strain shows morphological 

changes, indicated by arrows, such as formation of: long chains of cells (1), inclusion bodies (2) and outer membrane 

vesicles (3). Scale bars A1, B1 = 2 µm; scale bars A2, A3, B2, B3,C1, C2, C3 = 250 nm. 
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Figure 3.2 Growth comparison of E. coli MC4100 WT and ΔtatABCDE mutant 
Cultivations were performed at 37 °C and 200 rpm for both conditions. Average growth and standard deviation of at 

least three independent experiments are shown.  

 

3.1.2 Proteome changes linked to the loss of Tat export 

Subcellular fractionation and applied LC-IMSE and LC-MS/MS approaches for a comprehensive 

proteome analysis were used to characterize the effect of the loss of all known Tat secretion 

components on proteins located in the periplasm, membrane and cytoplasm. Several patterns of 

changes in the abundance of functionally related proteins were distinguished. Changes in protein 

abundance between the E. coli tat mutant and its parental strain are given as log2 fold change (FC) 

ratios for statistically significant results, p < 0.05 calculated using a paired t-test (Supplementary 

Table 1 CD-ROM). 

3.1.2.1 The effect of Δtat mutation on the abundance and localization of Tat-dependent substrates 

In E. coli, the Tat system is used to directly transport 27 proteins to the periplasm and indirectly 

export another 8 using the hitchhiker mechanism described before (Berks et al., 2005; Tullman-

Ercek et al., 2007). Out of the 27 reported, only 8 Tat substrates and 3 of the hitchhiker proteins 

were identified in this study (Fig. 3.3). The first four proteins HybA, EfeB, AmiA and AmiC were 
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found to be exclusively present in the periplasm of the WT, but not in the Δtat strain. Another two 

Tat dependent substrates, CueO and NapA, were identified in much lower quantity in the periplasm 

of the Δtat mutant than the WT. The membrane associated Tat substrates, FdnG and DmsA, showed 

a dramatic decrease in abundance. Due to their tight association with inner membrane proteins they 

are pulled down with a membrane fraction during sample fractionation (Stanley et al., 2002). The 

presence of FdnG and DmsA in the Δtat cells is most likely due to their association to the inner 

membrane on the cytosolic side. Since they were not identified in the IB fraction, it is assumed that 

they do not aggregate. The final group of Tat substrates are the hitchhiker proteins: HybC, HyaB 

and DmsB. The hitchhiker proteins form multimeric complexes to be correctly co-transported 

across the membrane with the help of other proteins. Proteins HyaB and DmsB were absent in the 

Δtat cells. HybC was downregulated, however the abundance values were not statistically 

significant. 

 

 

 

Figure 3.3 Protein abundance of Tat substrates in E. coli Δtat vs. WT 
The table shows the abundance of Tat substrates which is increased or decreased due to the Tat pathway deletion. 

Proteins are grouped according to their localization pattern. The functional classification and accession numbers were 

adopted from UniProt. The average ratios (log2 FC) of the protein abundance in Δtat vs. WT are shown. The change 

in the abundance is marked with shading; blue – decreased abundance and red − increased abundance. Proteins 

identified only in Δtat are marked as ON and those present only in the WT as OFF. 
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3.1.2.2 Cellular stress responses are induced in the absence of a functional Tat system 

Deactivation of the Tat apparatus showed to upregulate several proteins involved in protein 

homeostasis: maintaining balance between protein folding, refolding and proteolysis, and cellular 

response to oxidation, heat and osmotic stress (Fig 3.4 A-E) 

The abundance of several chaperones was increased in cytoplasmic and periplasmic fractions of 

the tat mutant cells (Fig. 3.4 A). Among these, two of the major chaperone systems DnaK/J/GrpE 

and GroEL/GroES were upregulated as a consequence of the tat deletion. Moreover, cytoplasmic 

proteases such as Lon, ClpP/X and HslV/U were identified in the cytoplasmic fraction of E. coli 

Δtat in high amounts (Fig. 3.4 B). Some of the cytoplasmic chaperones, proteases and stress 

proteins were found to be either highly upregulated or present only in Δtat periplasm (Fig 3.4 A1-

C1). Interestingly, the PspF protein, the transcriptional activator of the stress-induced phage shock 

protein (psp) operon, was present only in the E. coli tat mutant (Fig 3.4 E).  
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Figure 3.4 Heatmap of changes in the abundance of proteins between E. coli Δtat and the WT 
A set of 76 proteins were categorized into 9 functional groups using TIGRfam classification. Proteins represented in 

panels A1, B1 and C1 were identified in high abundance in the periplasmic fraction, however according to their sub-

cellular localization from STEPdb database they are cytoplasmic proteins. The changes in protein abundance between 

E. coli Δtat and the parental strain are represented as mean log2 FC and are depicted in a color gradient from blue 

(decreased protein abundance in Δtat) to orange-red (increased protein abundance in Δtat). Statistical significance of 

the results is indicated with asterisks. 
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3.1.2.3 Changes in the abundance of cell division proteins 

 

The phenotypic analysis has shown that ΔtatABCDE is impaired in the cell separation stage of cell 

division (Fig. 3.1 C1-C3). Additional proteomic study revealed changes in the abundance of some 

proteins important for the cell division process. The high amount of cell division inhibitors MinC 

and MraZ was observed in the tat mutant, together with a dramatic downregulation of 

transcriptional regulator protein BolA which is involved in the coordination of genes that control 

cell physiology and cell division (Aldea et al., 1988). Moreover, the essential cell division protein 

ZipA was identified to be present only in Δtat IBs, thus assumed to aggregate and remain inactive 

in the cell. 

3.1.2.4 Downregulation of proteins involved in iron and molybdenum homeostasis in Δtat 

The Tat secretion pathway is involved in the transport of iron. Many of the known Tat substrates 

are cofactor-containing redox enzymes that bind e.g. molybdopterin, Fe-S and Ni-Fe clusters and 

are directly involved in the iron uptake by extracting iron from heme in E. coli cells. Several 

proteins, as for example: cytoplasmic YggX, Dps, Bfr, Fdx, PreA and extracytoplasmic FdoH 

FecA, which are important for maintaining the cell iron homeostasis, were found to be 

downregulated in the of E. coli Δtat (Fig. 3.4 G). Furthermore, proteins important for molybdenum 

uptake such MoaB, MoaC and ModF were also downregulated upon Tat pathway deactivation (Fig. 

3.4 H). 

3.1.2.5 Δtat mutation provokes synthesis of colanic acid capsular polysaccharide 

Finally, one of the most striking changes observed in the proteome of the tat mutant was the 

activation of 14 out of 20 proteins from the capsular polysaccharide biosynthesis (cps) operon and 

responsible for the production of colanic acid, an exopolysaccharide necessary for the formation 

of the three-dimensional structure of E. coli biofilms. Thirteen of these proteins were identified 

only in the Δtat strain and one upregulated in this strain when compared to WT. Moreover, the 

upregulation of the colanic acid synthesis in Δtat was also mirrored by an increase in the amount 

of the exopolysaccharide produced by the mutant compared to WT (Fig. 3.5 A). To investigate 

whether the colanic acid synthesis has an effect on biofilm formation ability of Δtat, a static biofilm 

assay followed by crystal violet staining was applied. The obtained results showed enhanced 
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biofilm formation ability of E. coli Δtat, especially after 48 hours in LB and minimal medium (Fig. 

3.5 B). 

 

Figure 3.5 Comparison of colanic acid synthesis and biofilm formation in E. coli WT and Δtat 
Concentrations of colanic acid in E. coli WT and Δtat grown in LB liquid medium were compared (A). To quantify 

colanic acid, concentration of its specific component, L-fucose, was measured. LB liquid medium was used as a 

control. Bars represent geometric means ± standard deviations from three parallel samples. The ability to form a biofilm 

was assessed using a polystyrene microtiter plate biofilm assay (B). Cultures were grown anaerobically in two media: 

LB and Belitsky minimal medium. The biofilm absorbance was measured after 24 and 48 hours. Error bars indicate 

standard deviations calculated from at least 20 replicates.
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3.2 Stress responses related to recombinant protein production and Tat-

dependent secretion 

The effect of a recombinant protein production and Tat-dependent periplasmic targeting on the E. 

coli cell was evaluated based on the proteome analysis of two novel E. coli strains: CyDisCo and 

TatExpress. Disulfide bond containing scFv antibody and hGH were expressed in the E. coli 

CyDisCo and TatExpress strains, respectively. As the misfolding and aggregation of a heterologous 

protein are common obstacles of the production process, the analysis of proteome alterations due 

to the expression of misfolded scFv and hGH was also performed, in order to identify any additional 

stress responses. 

3.2.1 Production of scFv antibody in the oxidative cytoplasm 

The CyDisCo strain expresses a yeast mitochondrial thiol oxidase, Erv1p and the human protein 

disulfide isomerase, PDI both lacking secretion signals (Matos et al., 2014). The expression of 

these two proteins allows the formation of disulfide bonds in the cytoplasm, which leads to the 

correct folding of the protein and thus to its export to the periplasm via the Tat pathway. The 

substrate used was an scFv antibody construct that is efficiently exported by the Tat system while 

the 'misfolded' variant contains a 26-residues C-terminal extension that blocks export by Tat. Both 

proteins were synthesized with an N-terminal TorA signal peptide that directs export through the 

Tat system.  

3.2.1.1 The effect of plasmid maintenance and protein overexpression on growth of E. coli 

CyDisCo 

The growth profiles of the WT E. coli W3110 and three CyDisCo strains: control, without a protein 

of interest (POI); expressing scFv and misfolded scFv (mf_scFv), were evaluated in shake flasks. 

Additionally, the growth profiles of uninduced and IPTG-induced cultures were presented (Fig. 

3.6). Under the same growth conditions, cells reached stationary plateau at different ODs when the 

plasmid is present and induced. The uninduced CyDisCo control strain reaches a maximum OD 

around 30% lower than the WT after 7 hours incubation time (Table 3.1). The comparison of 

maximum OD between induced and uninduced CyDisCo strains clearly shows that under the 

additional recombinant protein production stress both scFv and mf_scFv strains exhibit a decreased 
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growth phenotype. However, when monitoring the growth rate in the exponential phase (between 

1.5 and 4.5 hours) no significant growth decrease was observed.   

 

 

Figure 3.6 Growth comparison of E. coli CyDisCo induced and uninduced strains expressing folded, 

misfolded and no POI as well as a control without plasmid 
Cultivations were performed at 30 °C and 200 rpm for all conditions. Average growth and standard deviation of at 

least three independent experiments are shown. The dashed and dotted lines show the time of IPTG induction and 

sampling point (3 h post-induction), respectively. 
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Table 3.1 Comparison of the growth rate and generation time of the exponential phase and maximum 

OD reached by the cultures after 7 hours 

 

Strains Growth rate* (h-1) Doubling time* (h) Maximum OD 

(at 600 nm) 

Induced No POI 0.75 ± 0.018 0.92 ± 0.022 2.08 

Induced scFv 0.74 ± 0.005 0.94 ± 0.006 1.71 

Induced misfolded 0.69 ± 0.013 1.01 ± 0.019 1.64 

Uninduced No POI 0.66 ± 0.022 1.05 ± 0.035 2.52 

Uninduced scFv 0.69 ± 0.019 1.01 ± 0.028 2.23 

Uninduced misfolded 0.72 ± 0.016 0.96 ± 0.022 2.70 

Empty 0.76 ± 0.018 0.91 ± 0.021 3.73 

Cultivations were performed at 30 °C and 200 rpm for all conditions. Cells were grown aerobically in LB medium for 

7 hours and induced with IPTG after 2.5 hours. The data for the calculation of the growth rate and generation time 

during the exponential phase was taken from time points at 1.5 hours and 4.5 hours. *Average from three replicates, ± 

standard deviation. 

 

3.2.1.2 Total expression of Tat-targeted scFv and misfolded scFv 

The misfolded scFv is not transported to the periplasm since the Tat system’s proofreading 

mechanism detects it as unfolded and blocks its translocation. Western blot analysis shows that the 

misfolded scFv accumulates in IBs in its unprocessed form: the signal peptide is not cleaved and 

hence the protein runs higher on the SDS gel (Fig. 3.7). Similarly, small amounts of an uncleaved 

correctly folded scFv are found in IBs, whereas the bulk of the protein is correctly exported to the 

periplasm and a small proportion remains in the cytoplasm. A densitometry analysis shows that the 

unfolded scFv is 6.86 times more abundant than that of the folded protein present in IBs. In 

addition, a morphological observation of E. coli cells has also confirmed high levels of IBs in the 

strain producing the misfolded scFv (Fig. 3.8 C) and no clearly visible IBs formation in the control 

and scFv expressing strains (Fig. 3.8 A and B). 
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Figure 3.7 Accumulation of the scFv construct and its misfolded variant in CyDisCo cells  
TorA-scFv and the misfolded TorA-scFv constructs were expressed in E. coli cells together with Erv1p and PDI, 

CyDisCo components. After expression, cells were fractionated into cytoplasmic (C), membrane (M), periplasmic (P) 

and inclusion body (IB) samples and extracted proteins were separated via SDS-PAGE. 

 

 

 

 

Figure 3.8 Transmission electron micrographs of E. coli CyDisCo strains 
The micrographs for E. coli CyDisCo strains are shown: control (A), scFv (B) and misfolded scFv (C) expressing 

strains. The cells were grown aerobically in LB medium for 3 h post-induction with IPTG. The strain expressing 

misfolded TorA-scFv shows the formation of IBs (marked with arrowheads). Scale bar = 2 µm. 
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3.2.1.3 Impact of elevated scFv secretion and misfolded scFv accumulation on the E. coli 

proteome 

Quantification of cytoplasmic, periplasmic and membrane/insoluble proteins was performed for 

samples harvested 3 h post-induction. For quantification, LFQ intensities were normalized, 

averaged over triplicates and transformed to log 2 FC. A total of 1629 proteins were identified in 

all three studied strains. Among these, 441 proteins of the strain secreting scFv and 393 proteins of 

the strain expressing mf_scFv exhibited an at least 1 log2 FC in abundance when compared to the 

control (Supplementary Table 2 CD-ROM). Changes in the abundance of these proteins between 

strains secreting scFv and mf_scFv and the control are visualized by Voronoi treemaps (Fig. 3.9). 

The proteins are clustered by their functional category (TIGRfam complemented with manual 

curation) so that functionally related gene products are localized in one cluster. At first sight, strains 

expressing either misfolded or correctly folded scFv showed the upregulation of proteins involved 

in protein folding and degradation, genetic information processing and stress response processes. 

A common trend in downregulation of many proteins responsible for amino acid and protein 

metabolism as well as membrane transport was observed. Overall, the mf_scFv strain exhibited 

more distinct decrease in the abundance for majority of proteins than the strain expressing correctly 

folded scFv, when compared to the control. Additionally, less proteins could be identified in the 

mf_scFv due to higher variability in a data set. The following in-depth analysis revealed a set of 

functionally related proteins that show a similar protein synthesis pattern and exhibit statistically 

significant differences in abundance from the control strain (p < 0.05). These proteins were listed, 

grouped according to their function and presented together with their log2 FC ratios (Table 3.2). 

The upregulation of few proteins involved in DNA replication (Ssb and PolA) and ribosome 

assembly (RlmG/J and RplX) was observed under recombinant scFv production condition. 

Similarly, the main components of protein folding (DnaK-DnaJ and GroEL-GroES) and 

degradation (ClpA/X, Lon and HslV/U) machinery were highly abundant in the cytoplasm. 

Additionally, several periplasmic chaperones and proteases were found to be upregulated in the 

periplasmic fraction. Interestingly, the mf_scFv strain, not secreting the recombinant protein to the 

periplasm, showed higher upregulation of major periplasmic proteases DegP and DegQ than the 

scFv secreting strain. Another interesting observation was the upregulation of major thiol-disulfide 

oxidoreductases: thioredoxin TrxA, glutaredoxin GrxA, together with thiol-specific peroxidase 
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Bcp. The Tat-dependent targeting of an scFv antibody to the periplasm seemed to have no severe 

consequences on the secretion of other Tat substrates. An increased abundance of all the identified 

substrates, except from NapA, was detected. The recombinant protein expression did not negatively 

affect the levels of Tat and Sec pathway components; however, it caused a dramatic decrease in 

the abundance of many other transporter proteins. For example, YidC, responsible for proper 

folding and insertion of integral membrane proteins, was found in lowered amounts in the E. coli 

secreting scFv. Consequently, many ABC transporter proteins involved in the utilization of amino 

acids, peptides and carbohydrates were also downregulated. This decrease in the uptake of major 

cellular metabolites seems to be connected to the reduction of amino acid metabolism proteins. 

Finally, the most striking difference observed between the mf_scFv and scFv strains was a 

significant upregulation of antigen 43 (Ag43) in all subcellular fractions. The Ag43 is an outer 

membrane protein that confers bacterial cell-to-cell aggregation (Diderichsen, 1980). The 

formation of cell aggregates in mf_scFv but not in scFv and a control was confirmed by phase-

contrast microscopy (Fig. 3.10 A) and a sedimentation assay with the calculated aggregation rate 

(Fig. 3.10 B and C). 
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Figure 3.9 Analysis of E. coli CyDisCo proteome changes in the strains expressing scFv and misfolded 

scFv vs. an empty plasmid control 
Proteome changes are shown as the change in protein abundance (Δlog2 FC ratio) of strains expressing: TorA-scFv 

vs. control (lower left) and TorA-mf_scFv vs. control (lower right). Changes in protein abundance were color coded: 

orange indicates increase in the scFv and scFv (misfolded) proteome, gray indicates unidentified, and blue indicates 

decrease in the scFv and scFv (misfolded) proteome. Additionally, proteins which were identified in scFv expressing 

strains but not in the control strain were colored red (ON proteins) and proteins identified only in control strain but not 

in scFv expressing strains were colored navy blue (OFF proteins). The treemap legend shows the classification of the 

E. coli proteome according to TIGRfam annotations with manual adjustments: functional categories (upper left) and 

subcategories (upper right). 
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Table 3.2 Comparison of differences in the protein abundance due to scFv and mf_scFv production 

in E. coli CyDisCo 

Protein abundances were calculated from LFQ intensities of at least 3 biological replicates. The averaged values for 

scFv and mf_scFv samples were compared with control samples and presented as log2 FC ratios. The presented log2 

FC ratios showed a statistical significance of at least p < 0.05 (t-test), unless stated otherwise (NS; not significant). 

Proteins identified only in scFv expressing strains were marked as ON and these identified only in control strain as 

OFF. Function of the proteins is according to KEGG database with manual adjustments. 

 

Protein 

log2 FC 

 Molecular function scFv vs. 

control 

mf_scFv vs. 

control 

Genetic information processing 

Ssb 1.46 0.27 NS DNA replication protein 

PolA 2.31 1.83 NS DNA replication protein 

RplX 1.73 NS 1.88 Ribosomal protein 

RseB 1.13 1.03 RNA polymerase-associated protein 

RlmG 1.12 
 

Transferase; ribosome biogenesis  

RlmJ 1.40 0.76 Transferase; ribosome biogenesis  

Protein folding 

ClpB 2.39 2.84 Chaperone 

DnaK 0.42 NS 1.10 Chaperone 

DnaJ 1.04 1.10 NS Chaperone 

IbpA ON ON Chaperone 

GroEL 0.94 NS 1.43 Chaperonin 

GroES 1.14 NS 2.33 Chaperonin 

SurA 1.36 1.24 Periplasmic chaperone 

BepA 1.46 1.14 Periplasmic chaperone 

Spy 2.37 2.25 Periplasmic chaperone 

Skp 1.44 1.48 Periplasmic chaperone 

Protein degradation 

ClpA 1.05 1.22 NS Protease; unfoldase 

HslU 1.46 1.23 NS Protease; unfoldase 

ClpX 1.62 1.34 NS Protease; unfoldase 

HslV 2.08 NS 1.35 Protease 

Lon 1.05 0.70 NS Protease 

DegP 1.53 2.56 Periplasmic protease 

DegQ 1.85 3.10 Periplasmic protease 
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Amino acid metabolism 

SpeA -1.70 -2.36 Lyase activity 

PuuC -2.48 -1.94 Oxidoreductase 

PyrI -1.50 -2.32 Transferase activity 

MetL -1.11 -2.03 Transferase activity 

PuuE -2.73 -1.98 Transferase activity 

PyrB -1.73 -1.75 Transferase activity 

Cell redox homeostasis 

GrxA 0.73 NS 1.19 Protein disulfide reductase 

TrxA 0.12 NS 2.02 Protein disulfide reductase 

Bcp 
 

2.08 Thioredoxin peroxidase  

BtuE OFF OFF Thioredoxin peroxidase  

Tat substrates 

AmiA 1.03 0.73 Cell wall amidase 

FdoG 1.01 1.06 NS Formate oxidation 

EfeB 1.15 0.90 Iron transport 

EfeO 1.15 1.06 Iron transport 

FecA 1.04 0.34 NS Iron transport 

NapA -0.89 -0.83 Nitrate reduction 

Transport and binding proteins 

GltI OFF OFF Amino acid transport 

ArtI OFF OFF Amino acid transport 

MalM -3.58 -3.38 Carbohydrate transport 

MalE -3.80 -4.28 Carbohydrate transport 

MalY OFF OFF Carbohydrate transport 

DppA -5.74 -5.60 Peptide transporter activity 

OppA -3.68 -2.97 Peptide transporter activity 

MppA OFF -3.04 Peptide transporter activity 

GsiB OFF OFF Peptide transporter activity 

MdoB -4.59 -4.71 Phosphoglycerol transferase activity 

YidC -2.29 -2.57 Protein transport 

SecB 1.43 1.14 NS Protein transport 

SecE 1.05 0.39 NS Protein transport 

TolB -1.42 -2.77 Protein transport 

CpoB OFF OFF Protein transport 

Pal 2.29 NS 1.73 Protein transport 

Flu -0.31 NS 5.71 Transporter; adhesin 
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Figure 3.10 The E. coli CyDisCo strain expressing misfolded scFv shows Ag43-mediated cell 

aggregation  

Phase-contrast microscopy images of CyDisCo: control, scFv and misfolded scFv expressing strains (A). Samples 

were harvested 3 h post-induction with IPTG. Sedimentation profile of E. coli CyDisCo strains (B). Cultures were 

grown for 3 h post-induction, transferred into tubes and incubated statically for 24 h. Percentage of aggregation (C) as 

quantified from the change in OD600 over 24 hours from the experiment performed as for the sedimentation experiment. 
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3.2.2 Co-expression of hGH with Tat system components 

In E. coli, relatively few proteins are dependent on a secretion via the Tat pathway. This results in 

the low abundance of the Tat apparatus in the cell, often too low to support the high-rate protein 

secretion (Richter and Bruser, 2005). Recently, a new super-secreting E. coli TatExpress strain has 

been engineered (Browning et al., 2017). This strain, due to the overexpression of tatABC genes 

from the chromosome, showed to export much higher rates of recombinant protein via the Tat 

pathway than other strains so far. This study analyzed the consequences of a recombinant protein 

production and protein misfolding in the novel TatExpress strain. The substrates used were: a 

mature hGH and its misfolded version (with S80-S109 deletion), both with an N‐terminal TorA 

signal peptide and a C‐terminal hexa‐histidine tag (His6) attached. 

3.2.2.1 The effect of plasmid maintenance and protein overexpression on growth of E. coli 

TatExpress 

Growth of uninduced TatExpress derivatives was slightly reduced when compared to the WT strain 

in shake flask cultures using standard LB medium (Fig. 3.11). Significant growth reduction was 

observed only in the induced strains overexpressing the recombinant protein, but not in the IPTG-

induced TatExpress carrying an empty plasmid. Furthermore, upon the hGH expression E. coli 

strains reached the stationary phase faster than their uninduced counterparts. The strain expressing 

the misfolded hGH (mf_hGH) showed the highest decrease in the growth rate during exponential 

growth and reached a maximum OD about 50% lower than the mf_hGH uninduced strain after 8 

hours incubation time (Table 3.3). The strain expressing hGH in its correctly folded form also 

exhibited a decreased growth profile, reaching a maximum OD about 35% lower than the 

uninduced strain. During the exponential phase in which the growth parameters were measured (2-

5 hours) no significant differences in growth rate and doubling time were noticed between 

TatExpress strains. 
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Figure 3.11 Growth comparison of E. coli TatExpress induced and uninduced strains expressing 

folded, misfolded and no POI as well as a control without plasmid 

Cultivations were performed at 30 °C and 200 rpm for all conditions. Average growth and standard deviation of at 

least three independent experiments are shown. The dashed and dotted lines show the time of IPTG induction and 

sampling points, respectively. 

 

Table 3.3 Comparison of the growth rate and generation time of the exponential phase and maximum 

OD reached by the cultures after 8 hours 

Strains Growth rate* 

(h-1) 

Doubling time* (h) Maximum OD 

(at 600 nm) 

Induced No POI 0.63 ± 0.006 1.10 ± 0.008 2.28 

Induced hGH 0.64 ± 0.022 1.09 ± 0.018 1.52 

Induced misfolded hGH 0.60 ± 0.023 1.17 ± 0.022 1.23 

Uninduced No POI 0.67 ± 0.008 1.03 ± 0.003 2.29 

Uninduced hGH 0.66 ± 0.002 1.05 ± 0.007 2.38 

Uninduced misfolded hGH 0.66 ± 0.018 1.05 ± 0.020 2.40 

Empty 0.73 ± 0.005 0.95 ± 0.008 2.88 

Cultivations were performed at 30 °C and 200 rpm for all conditions. The cells were grown aerobically in LB medium 

for 8 hours and induced with IPTG after 3 hours. The data for the calculation of the growth rate and generation time 

during the exponential phase was taken from time points at 2 hours and 5 hours. *Average from three replicates, ± 

standard deviation. 
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3.2.2.2 High-level expression of recombinant hGH in E. coli TatExpress 

Based on bacterial growth and recombinant protein expression levels, following time points were 

selected for the time-course study: directly post-induction (PI), T1; 30 min post-induction, T2 and 

90 min post-induction, T3. High levels of hGH in the periplasm were observed already 30 min PI 

and the maximum levels were reached at 90 min PI (Fig. 3.12). Additionally, the time point right 

after induction was chosen to study cell's first-line response to recombinant protein overexpression. 

Western blot analysis revealed the accumulation of hGH in the cytoplasm and the presence of 

misfolded hGH in the insoluble fraction, which points at protein aggregation.  

 

Figure 3.12 Western blot analysis of hGH expression levels in E. coli TatExpress cells  
TorA-hGH and the misfolded TorA-hGH constructs were expressed in E. coli TatExpress cells. After induction with 

IPTG, cells were harvested at time points: 0 min (right after induction), 30 min and 90 min post-induction, and 

fractionated into cytoplasmic, membrane/insoluble and periplasmic samples. Levels of hGH were monitored by 

Western blot and detected with an anti-His6 (C-terminal) antibody. The results for three biological replicates are 

presented. 
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3.2.2.3 Phenotypic changes in E. coli cells due to hGH overexpression  

Transmission electron microscopy was used to determine if the observed growth defect in hGH 

and mf_hGH expressing strains was accompanied by changes in cell morphology (Fig. 3.13). No 

significant alterations were observed in samples taken right after IPTG-induction and 30 min post-

induction when compared to the control. In the cells harvested 90 min post-induction and 

expressing hGH, formation of protein aggregates in the periplasm was visible (Fig. 3.13 B, B1). 

Moreover, stains expressing hGH and mf_hGH seemed to show changes in the cell wall structure 

e.g. thicker cell envelope (Fig. 3.13 B1, C1) and membrane blebbing (Fig. 3.13 C1) when compared 

to the control. 

 

Figure 3.13 Transmission electron micrographs of E. coli TatExpress strains 
The micrographs for E. coli TatExpress strains are shown: control (A, A1), hGH (B, B1) and misfolded hGH (C, C1) 

expressing strains. The cells were grown aerobically in LB medium for 90 min post-induction with IPTG. The strain 

expressing TorA-hGH shows the formation of protein aggregates in the periplasm (marked with arrowheads). Scale 

bars A, B, C = 2 µm; scale bars A1, B1, C1 = 500 nm. 
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Changes in the cell wall organization in TatExpress strains were investigated using TEM 

micrographs of cells in horizontal position (Fig. 3.14). Based on the measurement of space between 

inner and outer membrane for at least 50 cells in each strain, the average thickness of the cell wall 

was calculated. Strains expressing the POI showed to have a thicker cell wall than the empty 

plasmid control, with 12 nm and 18 nm of a difference for hGH and mf_hGH, respectively (Fig. 

3.14 A). Upon closer examination, also the formation of OMVs was observed for both stains (Fig. 

3.14 B). However, in the mf_hGH strain the formation of OMVs in high amounts (more than 4 per 

cell) was observed in 45 out of 50 examined cells, whereas in the hGH strain only 24 cells showed 

moderate level (1-2 per cell) of OMVs formation.  

    

Figure 3.14 Dynamic changes in E. coli TatExpress cell wall architecture following recombinant 

protein production stress 

Quantification of cell wall thickness of TatExpress cells at 90 min post-induction (A). Cell wall thickness was 

measured using ImageJ based on TEM images. TEM images of cell walls from E. coli cells grown in LB medium until 

90 min post-induction (representative images of 50 cells) (B). E. coli TatExpress strains expressing hGH and mf_hGH 

show morphological changes such as formation of: protein aggregates (1) and outer membrane vesicles (2). Scale bar, 

100 nm. The 90 min time point was chosen based on when the maximum volumetric changes were observed. 
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3.2.2.4 Overview of proteome changes in E. coli TatExpress strains 

To identify changes in the proteome of E. coli TatExpress upon the recombinant protein production 

and protein misfolding, a comprehensive LC–MS/MS based analysis was employed. According to 

previous experiments, cultures were grown in triplicates for each condition and samples were 

harvested at following time points: directly post-induction (PI); 30 min post-induction, T2 and 90 

min post-induction, T3. Each sample was fractionated into cytoplasmic, periplasmic and membrane 

(insoluble) fractions prior the MS analysis. Measures of relative protein abundance were evaluated 

by LFQ intensities generated by MaxQuant and normalized by dividing them by the sum of all 

intensities in the sample. For determining relative protein abundance differences between 

conditions (FC ratios) were calculated using Perseus software from averaged and logarithmized 

LFQ intensities, then presented as the difference of values for hGH or mf_hGH vs. control. A 

general overview of changes in protein abundance for all samples was gained through normalizing 

LFQ intensities across conditions by calculating Z-score values for each protein. Based on these 

values, hierarchical clustering analysis, completed by Perseus, identified 544 proteins with p-values 

below 0.01 (Supplementary Table 3 CD-ROM). The intensities of these proteins are shown in a 

heatmap (Fig. 3.15). Three clusters were observed after hierarchical row clustering corresponding 

to proteins with different expression profiles in the sample groups: mf_hGH strain (cluster A, 312 

proteins), hGH strain (cluster B, 87 protein) and control (cluster C, 145 proteins). A shift towards 

greater protein abundance was observed in the cluster A for the strain expressing misfolded hGH. 

Moreover, a set of proteins upregulated in the hGH expressing strain (cluster B) seem to be also 

upregulated in the mf_hGH strain but in samples taken at 90 min post-induction. To gain further 

insights into the cellular function of the differentially expressed proteins, scatter plots showing the 

FC ratios of functionally categorized proteins were generated (Fig. 3.16). The overtime analysis 

showed a significant increase in the abundance of large ribosomal subunit proteins along the course 

of hGH production process in both producing strains. The initiation of recombinant protein 

synthesis is followed by the increase in levels of membrane transporters and decrease in some 

proteins involved in metabolism of peptides, nucleotides and carbohydrates. At first sight, no major 

changes in log2 FC ratios between strains expressing hGH and misfolded hGH vs. control could be 

observed in the scatter plots.  
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Figure 3.15 Heatmap of calculated Z-scores for proteins differentially expressed in E. coli TatExpress 

under hGH and mf_hGH production stress 

Each row represents a protein. Different strains and time points of sample harvesting are depicted in columns. The 

color key indicates relative abundance, increasing intensity (red) represents abundances that are greater and (green) 

lower than the mean abundance derived from all conditions. Three main clusters were observed when the significance 

threshold was set at p < 0.01 (ANOVA). The number of proteins within a cluster and trends associated with protein 

abundance profiles are located to the right of the heatmap. Each line represents profile of one protein. 
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Figure 3.16 Comparison of changes over time in the protein abundance between hGH expressing 

TatExpress strains vs. an empty plasmid control  
Scatter plots showing log2 FC between mf_hGH vs. control (y-axis) and hGH vs. control (x-axis). The coordinates of 

each point resemble the pairwise log2 FC between strains. The color-shaded regions depict proteins upregulated (red) 

and downregulated (green) upon hGH and mf_hGH expression when compared with the control strain. Proteins were 

functionally annotated according to TIGRfam with manual adjustments. Some examples of protein showing distinct 

changes are labeled. All represented proteins showed to be statistically significant, p < 0.01 (ANOVA).  
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3.2.2.5 Dynamics of protein abundance during recombinant protein production and misfolding in 

E. coli TatExpress 

Following the general overview, a comprehensive analysis focused on identifying specific patterns 

of changes in protein abundance over the time of recombinant protein expression in E. coli was 

performed. Based on previously calculated fold changes for hGH and mf_hGH vs. control strain, 

several groups of functionally related proteins exhibiting common trends of the expression post-

induction were identified. Multiline charts for five protein groups, selected based on their 

abundance pattern, were generated to visualize and compare changes between strains (Fig. 3.17). 

Moreover, proteins showing the most distinct changes in their abundance levels in time were listed 

according to their cellular function in Table 3.4. Ribosomal proteins showed a clear trend of 

upregulation with time post-induction. The majority of proteins involved in the assembly of the 

large ribosomal subunit are present in high levels right after recombinant protein expression 

induction and their levels continue to increase over time. Almost all members of the ribosomal 

protein L (Rpl) group showed an increasing abundance (21 out of 23 identified), whereas levels of 

proteins of the small ribosomal subunit (Rps) were either stable or slightly decreased. The amount 

of membrane transport proteins was increased right after expression induction and declined with 

time. Major components of the Sec (SecA/B/D/G/Y) and the Tat (TatA/B/D/E) translocation 

pathways showed statistically significant upregulation. Noteworthy, great number of transport 

proteins highly upregulated after induction are located in the periplasm. Among all significantly 

changed membrane transporters, MglA, a protein involved in galactose transport, showed a drastic 

decrease at the induction time followed by an increase over time. Following the induction, cellular 

chaperones and proteases became upregulated, however they demonstrated a decreasing trend over 

time. During the hGH production ClpB is the most abundant chaperone. In the misfolded hGH 

expressing cells GroES chaperone takes the lead. Small heat shock proteins IbpA and IbpB, 

molecular indicators of protein aggregation in E. coli, were found to be only present (IbpB) or 

highly upregulated (IbpA) in hGH expressing strains. Importantly, their abundance was higher in 

the mf_hGH than in the hGH strain, (IbpA, 2.4 log2 FC and IbpB, 5.3 log2 FC), suggesting the 

intense formation of protein aggregates of mf_hGH in the cytoplasm. For both strains, a 

periplasmic protease Prc is the most abundant, with two fold higher upregulation in the hGH 

producing strain than in the mf_hGH. Finally, a group of proteins involved in maintaining cellular 

redox homeostasis and in the oxidative stress response showed to exhibit some similarities but also 
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differences in their expression patterns between conditions. The majority of these proteins exhibit 

a slight downregulation in hGH but an upregulation in mf_hGH. A synthesis of superoxide 

dismutase SodA and peroxiredoxin OsmC is upregulated after induction. Additionally, the 

misfolded protein production results in an increased level of disulfide-bond reductases such as 

YghU and YbbN (also known as CnoX). Moreover, as presented in Table 3.4, the majority of the 

proteins transported via Tat pathway were identified in high amounts in the periplasm right after 

induction but their levels showed to decrease with an ongoing recombinant protein secretion. Only 

DmsA, one of the Tat substrates which require molybdenum cofactor (Moco) for their secretion, 

was synthesized in lower amounts in hGH and mf_hGH when compared to the control. The 

recombinant protein production seems to disturb molybdenum homeostasis. The abundances of 

several important Moco biosynthesis enzymes were downregulated in the hGH producing strains. 

A clear reduction of the amount of proteins responsible for de novo nucleotide biosynthesis was 

observed. The most noticeable decrease occurred in a group of proteins (e.g. CarB, PyrI, PyrB) 

important for the biosynthesis of uridine monophosphate (UMP), one of the fundamental building 

blocks of DNA and RNA. In addition to above mentioned changes, hGH expression in TatExpress 

strains upregulated several proteins involved in processes such as cell wall synthesis, ATP 

synthesis, motility and iron homeostasis. The misfolded hGH expression showed to cause no 

extreme changes in the E. coli proteome when compared to the correctly folded hGH. The most 

distinctive characteristic was the upregulation of IbpA/B proteins, which protect protein aggregates 

from irreversible denaturation and facilitate the refolding process, and of oxidoreductases, that 

maintain the primary redox balance in the cytoplasm. 
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Figure 3.17 Trends associated with protein abundance profiles in hGH and mf_hGH vs. control 

Multiline plots show trends in protein level changes following the induction of recombinant protein expression for 

selected functional groups of the E. coli proteome. Protein abundance log2 FC is plotted on the y-axis. Each line 

represents the profile of one protein over time post-induction, plotted on the x-axis. Color coding for lines corresponds 

with an increasing (red) and decreasing (green) protein abundance from PI (0 min) to 90 minutes PI time point. Color 

coding for plot's background indicates a general trend in the selected protein group: red, majority of proteins show an 

increasing trend; green, majority of proteins show decreasing trend. Some of the trend lines exhibiting interesting 

changes are labeled. Most of the proteins are also listed in Table 3.4.
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Table 3.4 Comparison of trends in the protein abundance changes during hGH and mf_hGH 

production in E. coli TatExpress 

Selected proteins are represented in the table together with their abundance calculated from LFQ intensities of at least 

3 biological replicates. The averaged values for hGH and mf_hGH samples were compared with control samples and 

presented as log2 FC ratios which all showed a statistical significance of at least p < 0.05 (ANOVA). Proteins identified 

only in hGH expressing strains were marked as ON and these identified only in control strain as OFF. The change in 

the abundance of each protein is followed in time: post-induction (0 min), 30 min PI and 90 min PI. Proteins are 

grouped in functional groups according to the KEGG database with manual adjustments. 

 

 Protein 

hGH vs. control  mf_hGH vs. control 

Time post-induction 

0 min 30 min 90 min  0 min 30 min 90 min 

Tat substrates 

AmiA OFF OFF 1.00  1.20 -0.37 0.16 

FtsP 3.01 1.25 0.62  2.65 0.64 0.01 

AmiC 2.93 1.21 0.23  2.46 0.65 -0.59 

EfeB 2.91 1.26 0.83  2.60 1.54 -0.28 

NapA 2.15 0.41 0.42  2.36 0.63 -0.40 

EfeO 1.14 -0.16 -0.33  1.75 0.34 -0.50 

MdoD 1.00 -0.12 0.07  2.02 -0.05 -0.40 

DmsA -1.08 -1.32 -2.16  -0.80 -1.14 -2.28 

Molybdenum cofactor biosynthesis 

MoaD 2.18 2.40 3.14  2.67 3.36 2.55 

Mog -0.65 -0.39 -1.08  -0.81 -0.55 -0.86 

MoeB -1.05 -0.41 -0.61  -1.13 -0.49 -0.18 

MoaE -1.84 -1.48 -0.82  
 

-1.08 -0.67 

MoaC -3.55 -2.31 -2.67  -3.10 -2.70 -1.97 

Nucleotide biosynthesis 

PyrI ON 0.64 -3.70  ON -1.25 -7.05 

PyrB 1.32 0.24 -2.96  0.68 0.05 -6.01 

PyrG 0.46 0.23 -0.38  OFF OFF -1.08 

PyrC -0.37 -0.92 -1.55  -0.56 -1.30 -2.31 

GuaB -0.96 -1.23 -1.27  -1.44 -1.88 -1.62 

NrdD -1.12 -0.81 -0.19  -1.28 -1.14 -0.62 

CarB -2.84 -3.08 -3.04  -2.60 -2.54 -0.61 

Ribosomal proteins 

RplB 2.61 2.81 6.12  2.94 3.19 5.50 

RplQ 0.82 1.46 5.20  1.33 1.92 4.15 

RplV 1.80 2.05 4.84  1.65 2.65 3.31 
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RplS 1.74 2.95 4.18  2.07 3.31 2.52 

RplF 0.93 2.14 3.56  1.87 3.01 3.65 

Protein folding 

BepA 3.04 1.39 0.83  2.84 1.15 0.33 

SurA 2.80 1.08 0.78  2.91 0.76 0.47 

GroS 2.12 1.95 1.96  2.70 3.01 3.55 

DsbC 1.99 0.28 0.52  2.42 1.11 0.57 

DsbA 1.86 0.86 0.46  1.78 0.31 -0.47 

DsbG 1.75 -0.24 0.33  2.27 0.21 -0.08 

ClpB -0.24 2.03 2.94  -0.45 0.79 1.33 

IbpB 
 

ON ON  ON ON ON 

IbpA 
 

0.98 2.68  
 

3.38 2.74 

Protein degradation 

Prc 2.71 4.00 3.81  1.55 2.58 2.15 

TesA 2.66 1.18 0.95  3.18 1.47 1.74 

DegQ 2.22 0.43 0.31  0.62 -0.78 -1.18 

HslV -1.27 -0.77 -0.29  -0.34 0.05 1.06 

Cell redox homeostasis 

GrxA ON ON ON  ON ON ON 

Dps 2.34 2.30 1.81  2.58 2.63 2.50 

OsmY 1.79 0.26 0.18  2.25 0.16 0.02 

OsmC 0.88 1.35 2.04  0.47 1.68 2.55 

SodA -2.23 -1.93 -1.55  -3.27 -1.48 -1.05 

SufC -4.14 -3.27 -4.33  -3.77 -3.12 -3.74 

YghU 
 

0.12 0.46  
 

4.25 3.50 

Transport and binding proteins 

UgpB 5.40 2.10 0.61  5.40 1.59 0.38 

DppA 2.97 1.28 -0.01  3.38 1.49 -0.05 

MppA 1.83 0.70 0.41  2.04 0.29 -0.14 

MglA -2.58 0.20 0.04  -3.18 1.09 0.00 

SecB 2.26 3.01 2.74  1.45 2.10 2.05 

SecD 1.36 1.30 1.93  1.82 1.86 1.67 

TatA 2.19 2.34 1.74  1.94 1.07 1.41 
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3.3 Proteome changes under tunable recombinant protein expression and Sec-

dependent secretion 

Tuning the transcription of a recombinant gene is a promising strategy to avoid or minimize adverse 

effects associated with a non-suitable expression rate e.g. inclusion body formation, metabolic 

burden and inefficient translocation. Here, the tunability of hGH expression in the E. coli rhaBAD 

promoter-based system was investigated. Two variants of the recombinant protein with Sec-

dependent signal peptides OmpA and PhoA at the N-terminus and a C-terminal-fused His-tag were 

expressed in E. coli W3110 with the rhaBAD promoter. Different concentrations of L-rhamnose 

(Rha) (0, 50, 100, 250, 500 and 5000 µM) were added to E. coli W3110 cultures at the initial OD600 

0.4-0.6 to induce the expression of hGH and cells were grown in the multi-well plate for 24 hours. 

Expression levels of OmpA-hGH and PhoA-hGH were analyzed by Western blot (Fig. 3.18) and 

the corresponding OD values at the sampling times were measured (Fig. 3.19). The PhoA-hGH 

expressing strain showed a dose-dependent induction, the expression levels of hGH increased with 

growing concentration of Rha in the culture. The highest yields of the recombinant protein are 

observed at 5000 µM Rha concentration. However, most of the produced protein is unprocessed, 

the signal peptide has not been cleaved and the protein runs higher on the SDS gel, meaning no 

secretion to the periplasm. Additionally, at this concentration cells grow distinctly slower. On the 

contrary, the expression of OmpA-hGH shows no tunability with an increasing concentration of 

Rha but most of the produced protein is secreted to the periplasm (see more intense lower band on 

the gel in Fig. 3.18). The highest hGH expression is achieved at 100 µM and is further reduced 

with an increase in Rha dosage. The growth of OmpA-hGH expressing strain seems to be clearly 

dependent on the inducer concentration in the culture and shows a graduate decrease with 

increasing Rha. In addition to the hGH yields, the expression levels of SecA protein, that has a key 

role in the protein translocation to the periplasm via the Sec system, were monitored for both 

strains. The abundance of SecA in the PhoA-hGH expressing strain remains constant over different 

inducer concentrations, whereas it increases with higher Rha concentrations for the OmpA-hGH. 

In this study, proteome stress responses to the suitable hGH expression levels at the inducer 

concentrations of 100 µM for OmpA-hGH and PhoA-hGH were investigated. Additionally, 

changes associated with non-suitable levels of hGH expression at 5000 µM were analyzed. 
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Figure 3.18 Inducer-tunable production of hGH in an E. coli rhaBAD promoter-based system 

The expression levels of OmpA-hGH (left panel) and PhoA-hGH (right panel) were analyzed under different 

concentrations of L-rhamnose added to the culture at the OD600 0.4-0.6 and compared to an uninduced control carrying 

an empty plasmid. Cells were grown in the LB medium supplemented with L-rhamnose at 37 ºC for 24 hours. Samples 

were harvested and subjected to SDS-PAGE (A) and Western blot analysis (B). Levels of hGH were detected with an 

anti‐His6 (C‐terminal) and SecA with an anti-SecA antibody. 

 

Figure 3.19 The effect of hGH production in the absence and presence of increasing concentrations 

of L-rhamnose on E. coli growth 
Bacterial growth was monitored for the E. coli an empty plasmid control, PhoA-hGH and OmpA-hGH expressing 

strains by measuring optical density at 600 nm after 24 hours of cultivation at 37 °C. 
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3.3.1 Stress responses related to hGH expression and secretion via Sec system 

Proteomic analysis of whole cell lysate samples harvested at 24 h post-induction was performed to 

follow the dynamic changes in the E. coli proteome upon the induction of PhoA-hGH and OmpA-

hGH expression with 0, 100 and 5000 µM of Rha inducer. Changes in the protein abundance 

between hGH expressing strains and an empty plasmid control were presented as log2 FC ratios 

and proteins were functionally annotated with TIGRfam. As presented before, titration of Rha 

concentration allows the controlled expression of hGH with a Sec-dependent PhoA signal sequence 

in an E. coli rhaBAD system but does not support its secretion to the periplasm. Considering the 

reduction of growth rate and the amount of mature and pre-mature (uncleaved) protein being 

produced, the 100 µM Rha concentration was chosen as the optimal condition for PhoA-hGH 

expression. Similar for the OmpA-hGH which shows the highest secretion at 100 µM Rha 

concentration. These conditions seem to support an efficient protein expression but at the same 

time reduce bacterial growth. To understand the rationale behind this phenomenon, a comparative 

analysis of protein changes in PhoA-hGH and OmpA-hGH secreting strains at the optimal Rha 

concentration of 100 µM vs. control strain was conducted. 

In total, 523 and 516 proteins showed significant changes when compared to the control for OmpA-

hGH and PhoA-hGH, respectively (Fig. 3.20, details in Supplementary Table 4 CD-ROM). At first 

sight, hGH production in E. coli rhaBAD strains significantly increases the amount of phage shock 

proteins, PspA and PspB, in the cell, with higher upregulation in OmpA-hGH when compared to 

PhoA-hGH. Phage shock response is activated upon cellular membrane impairment and nutrient- 

or energy-limited conditions (Model et al., 1997). Another striking difference is an extreme 

downregulation of GrxB, a protein belonging to glutaredoxin family, involved in disulfide bonds 

reduction and maintaining redox homeostasis in the cytoplasm. Additionally, in both strains a high 

upregulation of LepB, an N-terminal signal sequence peptidase, was observed. To get an in-depth 

view of the proteome changes under hGH production, a Voronoi treemap visualization was applied 

(Fig. 3.21). Overall, a general pattern of protein downregulation was observed under recombinant 

protein production stress in both stains. A number of proteins could only be identified in OmpA-

hGH, but not in the control and PhoA-hGH strains. Both strains expressing POI showed an 

upregulation in groups of proteins involved in energy and carbohydrate metabolism, membrane 

transport and ribosome assembly. The PhoA-hGH strain, which exhibited a limited protein 
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secretion ability, seemed to have a higher upregulation of ribosomal proteins and proteins involved 

in transcription on the one hand, but lower upregulation of motility and chemotaxis, as well as cell 

wall proteins, than the OmpA-hGH strain on the other hand. 

Proteins showing the most distinct changes between the POI expressing strains and the control 

were listed in Table 3.5. Most of the proteins showing the lowest abundance in hGH expressing 

strains were related to membrane transport and the maintenance of redox homeostasis in the cell. 

Notably, a group of proteins involved in glutathione transport (GsiA), synthesis (GshA) as well as 

glutathione-dependent peroxidases (GstA/B) and reductases (GrxA/D) were significantly 

downregulated. Among membrane transporters, the proteins taking part in the transport of peptide 

and amino acids showed significant downregulation and some of those involved in carbohydrates 

transport such as (MalC, GatF, TreB) showed to be upregulated upon recombinant protein 

production. Interestingly, the membrane protein transporter YidC was upregulated during OmpA-

hGH expression but downregulated in the PhoA-hGH expressing strain. Protease activity in the 

cytoplasm was confirmed by the upregulation of ATP-dependent Clp and Hsl proteins with ClpA 

and HslV showing the highest increase in abundance when compared with the control. Moreover, 

most of the ribosomal proteins and proteins involved in ribosome assembly were kept upregulated 

during the process of recombinant protein production, some of them however, showed significant 

downregulation like RlmI/E and Efp. Protein Efp, also known as YeiP, is important for the 

ribosome biogenesis process and its disruption leads to lethality or to a very slow growth phenotype 

(Aoki et al., 1997; Yanagisawa et al., 2010). A positive regulator of the rhaBAD and rhaT operon 

transcription RhaS was only downregulated in the strain expressing OmpA-hGH. Finally, several 

proteins related to stress responses such as nutrient starvation, osmotic stress and cell envelope 

damage were downregulated, whereas the phage shock proteins were significantly upregulated in 

hGH expressing strains.  
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Figure 3.20 Analysis of significant changes in the protein abundance under hGH production stress in 

L-rhamnose induced E. coli W3110 

Venn diagrams showing the overlap of proteins significantly changed in the two datasets vs. control, p < 0.01 (A). 

Scatter plot of proteins significantly changed in strains expressing OmpA-hGH (y-axis) and PhoA-hGH (x-axis) under 

100 µM Rha concentration (B). Log 2 FC were presented for proteins that showed significant changes in their 

abundance, p < 0.01 (ANOVA). The color-shaded regions depict proteins upregulated (red) and downregulated (green). 

Proteins were functionally annotated according to TIGRfam with manual adjustments. Some examples of proteins 

showing distinct changes are labeled.  
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Figure 3.21 Analysis of E. coli rhaBAD proteome changes under expression of OmpA-hGH and PhoA-

hGH at 100 µM rhamnose concentration 
Proteome changes are shown as the change in protein abundance (Δlog2 ratio) of strains expressing: OmpA-hGH vs. 

control (lower left) and PhoA-hGH vs. control (lower right). Changes in protein abundance were color coded: orange 

indicates increase in the OmpA-hGH and PhoA-hGH proteome, gray indicates unidentified, and blue indicates 

decrease in the OmpA-hGH and PhoA-hGH proteome. Additionally, proteins which were identified in hGH expressing 

strains but not in the control strain were colored red (ON proteins) and proteins identified only in control strain but not 

in hGH expressing strains were colored navy blue (OFF proteins). The treemap legend shows the classification of the 

E. coli proteome according to TIGRfam annotations with manual adjustments: functional categories (upper left) and 

subcategories (upper right). 
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Table 3.5 Comparison of differences in the protein abundance due to OmpA-hGH and PhoA-hGH 

production in E. coli rhaBAD induced with 100 µM Rha 

Protein abundances were calculated from LFQ intensities of at least 3 biological replicates. The averaged values for 

OmpA-hGH and PhoA-hGH samples were compared with control samples and presented as log2 FC ratios. The 

presented log2 FC ratios showed a statistical significance of at least p < 0.01 (ANOVA), unless stated otherwise (NS; 

not significant). Proteins identified only in hGH expressing strains were marked as ON and these identified only in 

control strain as OFF. Function of the proteins is according to KEGG database with manual adjustments. 

 

 

Protein 

log2 FC 

 Molecular function OmpA-hGH 

vs. control 

PhoA-hGH 

vs. control 

Cell redox homeostasis 

WrbA -3.83 -1.79 Dehydrogenase 

YcbL (GloC) -2.96 -2.64 Detoxification 

YdjF (LpdA) 1.399 3.091 Disulfide oxidoreductase 

GshA -2.06 -0.71 Glutathione synthesis 

GsiA -2.69 NS -0.31 NS Glutathione import 

OxyR 1.74 1.19 Hydrogen peroxide sensor 

OsmC -3.66 - Peroxidase activity 

Tpx -2.18 -3.26 Peroxidase activity 

GstA -1.65 -1.75 Peroxidase activity 

GstB -1.82 -1.39 Peroxidase activity 

GrxB -5.28 -6.26 Protein disulfide reductase 

GrxD 0.40 NS -2.30 NS Protein disulfide reductase 

MsrA -1.42 -2.65 Sulfoxide reductase 

SodA -3.64 NS -2.78 NS Superoxide dismutase 

SodB -1.73 -2.63 Superoxide dismutase 

Transport and binding 

GlnH -4.51 -4.09 Amino acid transport 

FliY -4.09 -3.79 Amino acid transport 

ArgT -5.32 -2.88 Amino acid transport 

GltI -3.83 -1.76 Amino acid transport 

MglB -2.78 -3.27 Carbohydrate transport 

MalE -2.74 -1.93 Carbohydrate transport 

GatC 4.80 2.46 Carbohydrate transport 

MalF 1.91 2.19 Carbohydrate transport 

TreB 3.10 1.33 Carbohydrate transport 

NanC ON ON Carbohydrate transport 

NupC ON ON Nucleoside transport 

DppA -3.66 -1.17 Peptide transport 
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OppA -1.75 -0.02 Peptide transport 

TolB -3.37 -2.99 Protein transport 

TolA ON - Protein transport 

SecA 1.42 1.32 Protein transport 

YidC 1.57  -0.18  Protein transport 

CysP -4.32 -2.69 Thiosulfate transport 

Protein degradation 

LepB 3.50 2.77 N-terminal signal peptidase 

Eco (EspP) -3.59 -2.04 Periplasmic protease 

HslV 1.02 1.33 Protease 

ClpA 0.30 1.28 Protease; unfoldase 

Genetic information processing 

RplT 2.00 1.96 Ribosome assembly 

RplV 1.45 1.81 Ribosome assembly 

RplB 1.08 0.89 Ribosome assembly 

RlmI -1.96 -2.29 Ribosome assembly 

RlmE -1.43 -2.19 Ribosome assembly 

YeiP (Efp) -2.39 -3.14 Translation; rescue of stalled 

ribosome 

DeaD ON - Ribosome biogenesis inducer 

RhaS -3.09 0.46 Regulation of transcription rha 

operons 

Stress responses 

OsmY -5.24 NS -2.26 NS Osmotic stress 

PspA 6.96 1.81 Phage shock protein A 

PspB 7.21 2.99 Phage shock protein B 

SspA -2.57 -1.49 Response to starvation 

UspA -2.38 -3.55 Universal stress response protein A 

CpxA ON - Response to cell envelope stress 

Metabolism 

ManA -4.26 -2.95 Carbohydrate metabolism 

Agp -4.13 -2.51 Carbohydrate metabolism 

PrpC -4.23 -1.19 Carbohydrate metabolism 

PurU 1.36 1.43 Carbohydrate metabolism 

GalK ON - Carbohydrate metabolism 

Adk -3.38 -2.41 Nucleotide metabolism 
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3.3.2 Proteome changes associated with an excessive expression induction  

Following the expression of hGH with an OmpA signal sequence, no increase in the protein 

amount could be observed with larger doses of Rha inducer. At the highest inducer's 

concentration, cells still produce hGH but exhibit drastic reduction of growth. Proteome 

changes under the optimal Rha concentration (100 µM) supporting high levels of hGH 

production and sufficient growth rates were compared to the condition of poor growth at 

maximum Rha concentration (5000 µM) (Fig. 3.22, see details in Supplementary Table 5 CD-

ROM). An increase in the abundance of proteins involved in ribosome biogenesis and RhaS 

transcription factor was noticed. Most of the significant changes were associated with the 

decrease in the abundance of proteins involved in processes such as: peptide transport (Opp 

and Dpp), oxidative stress response (WrbA, YghU, YgfK), starvation response (CsiD, YeaG, 

AceA) and amino acid degradation (PuuC/E/R). Additionally, two important periplasmic 

chaperones, Spy and OsmY, were absent at high Rha concentration.  

 

Figure 3.22 Volcano plot indicating significantly altered proteins in E. coli expressing OmpA-

hGH under high (5000 µM) vs. optimal (100 µM) inducer concentration 
Significant changes to a p-value < 0.05 (t-test) are indicated by red (upregulation) and green (downregulation). 

Some examples of proteins showing distinct changes are labeled.  
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In contrast to OmpA, the expression of hGH with a PhoA signal sequence showed a satisfying 

increase in the abundance of the POI and higher growth rate but significantly reduced secretion 

to the periplasm. Comparing changes between two conditions: an optimal 100 µM and the 

highest applied 5000 µM Rha concentration, an increase in the amount of rhamnose operon 

inducer RhaS was observed (Fig. 3.23, data attached in Supplementary Table 6 CD-ROM). 

Additionally, an increasing concentration of Rha upregulates phage shock proteins, oxidative 

stress related protein Btc and IbpA/B, associated with protein aggregates in the cytoplasm. The 

downregulation of protein abundance or even absence at 5000 µM Rha was observed for many 

transporters, for example peptide transporters (PepT, OmpA), an amino acid transporter (GltI) 

and galactose transporters (MglB, GalT). Moreover, the amount of proteins important for the 

protection against oxidative stress (WrbA, KatE, YghU) was decreased at 5000 µM Rha and 

high level hGH expression.  

 

Figure 3.23 Volcano plot indicating significantly altered proteins in E. coli expressing PhoA-hGH 

under high (5000 µM) vs. optimal (100 µM) inducer concentration 
Significant changes to a p-value < 0.05 (t-test) are indicated by red (upregulation) and green (downregulation). 

Some examples of protein showing distinct changes are labeled.
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 Discussion 

4.1 The Tat pathway has an important role in cell division and maintaining 

cell wall integrity in E. coli  

The Tat pathway operates independently of the Sec and YidC post-translational protein 

transport systems, and it allows folded proteins to be transported to the periplasm. Proteins are 

targeted to the Tat apparatus by an N-terminal signal sequence containing a highly-conserved 

RR motif that is critical for efficient recognition of Tat substrates (Alami et al., 2003; Stanley 

et al., 2000). The genome of E. coli is predicted to encode between 22 and 34 proteins with a 

Tat signal peptide (Tullman-Ercek et al., 2007). Our proteomic analysis of the E. coli MC4100 

and the tatABCDE mutant identified only 11 Tat-dependent proteins, with 3 of them being 

hitchhiker proteins (Fig. 3.3). This can be explained by the low stress conditions in which the 

cells were grown. Many of Tat-dependent proteins have been found to be expressed only under 

specific conditions such as anaerobic growth (Hussain et al., 1994; Méjean et al., 1994; Sawers 

and Boxer, 1986), presence of cinnamaldehyde at a low pH (Neumann et al., 2009) or 

hydroxyurea (Davies et al., 2009). Others are either inhibited or not essential for the growth 

conditions tested (Dolata et al., 2019). The mislocalization of certain substrates under the Tat 

system's deficiency, for example in ΔtatC mutant, was suggested to be the major cause of 

adverse changes in E. coli cells (Stanley et al., 2001). However, the comparative analyses of 

the wild type (WT) and the complete tat proteome revealed that it is likely that the observed 

phenotype may be a result of protein interdependency in maintaining cellular processes rather 

than a sole protein mislocalization effect. 

The periplasmic amidases AmiA and AmiC are strictly dependent on the Tat system for their 

transport to the periplasm. They contribute to daughter cell separation by helping to split the 

septal murein. During cytokinesis, AmiC is almost exclusively localized to a ring at the site of 

constriction in dividing cells, whereas AmiA is distributed throughout the periplasm 

(Bernhardt and de Boer, 2003). The mislocalization of both, AmiA and AmiC, was already 

proposed to be an explanation for the filamentous cell phenotype of the ΔtatC strain (Stanley 

et al., 2001). However, our study revealed additional changes that are likely to contribute to 

cell division impairment such as: a significant downregulation of MinE, a positive regulator of 



Discussion 

89 

 

cell division and the upregulation of the transcriptional regulator MraZ. Both, the low 

abundance of MinE and overexpression of MraZ inhibit cell division and contribute to the 

filamentous phenotype of E. coli (Jacobs and Shapiro, 1999; Eraso et al., 2014). Also, ZipA 

which was identified exclusively in inclusion bodies (IBs) of the tat mutant is an important cell 

division protein. Its excess was shown to block septation and cause the loss of membrane 

permeability (Cabré et al., 2013). All these changes, however, did not perturb levels of the 

'early' cell division proteins (e.g. filamentous temperature sensitive proteins FtsY and FtsZ) 

indicating that the cytokinesis was arrested at the late stage.  

Moreover, the tat mutant exhibits cell envelope disruption and cytoplasmic protein leakage. 

Many cytoplasmic chaperones and proteases are upregulated in the periplasmic fraction 

suggesting a strong induction of protein folding and degradation processes but also membrane 

impairment. The primary envelope lesion is a result of defects in cell wall metabolism, osmotic 

shock and severe envelope stress (Ize et al., 2004). In a response to changes in the cell 

envelope, cells activate the phage shock protein response and expression of the cps operon 

proteins, followed by the synthesis of colanic acid. Normally, colanic acid is not produced in 

planktonic cultures and its synthesis was found to be initiated by the RcsA envelope stress 

regulator in response to lipopolysaccharide deficiency. No traces of RcsA could be identified 

in the tat mutant and control strain; however, its availability in the cell is normally limited 

because of its rapid degradation by cytoplasmic proteases (Gottesman and Stout, 1991). 

Colanic acid synthesis in Δtat showed to enhance the formation of biofilm that protects cells 

from desiccation, starvation and adverse environmental conditions.  

The Tat pathway deletion had a major impact on the cellular iron and molybdenum 

homeostasis. This may be due to the drastic downregulation of FecA, which transmits the 

signal that activates the transcription of a ferric citrate transport (fec) operon in the cytoplasm 

(Enz et al., 2003), that most likely results in cessation of the Fec-dependent iron transport. 

Unbalance in molybdenum homeostasis may be caused by a dramatic decrease in the amount 

of the Tat substrate DmsA, which is the largest dimethyl sulfoxide (DMSO) reductase subunit 

that binds molybdenum in E. coli (Trieber et al., 1996). Noteworthy is the fact that the majority 

of Tat substrates bind iron and molybdenum containing cofactors. It is plausible that their 

absence in the periplasm provokes a negative feedback on the iron and molybdenum uptake 
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and metabolism mechanisms. It was also reported that the bacterial membrane integrity is 

compromised when essential metal uptake is restricted in the cell (Pal et al., 2015) and iron 

starvation inhibits cell division in E. coli (Santos et al., 2018). Finally, the formation of OMVs 

in the tat mutant is likely to be related to cellular stress. OMVs play a prominent role in the 

acquisition of nutrients but can be also effectively used for iron uptake under limiting 

conditions (Schwechheimer and Kuehn, 2015).  

Taken together, Tat substrates were shown to be involved in important physiological functions 

in the E. coli cell. Due to the disruption of the Tat secretion pathway, these proteins are not 

able to reach their functional environment: the periplasm. In E. coli, the loss of Tat pathway 

function affects the whole network of proteins involved in cell division, iron and molybdenum 

acquisition, membrane homeostasis and proteostasis. These aspects need to be considered 

when applying the Tat-dependent secretion in a large-scale recombinant protein production 

process. 

4.2 Effect of foreign protein synthesis on growth kinetics  

In the laboratory, E. coli is typically grown as batch culture, a closed system in which no 

nutrients are added and waste products removed during cultivation. Under these conditions, 

bacterial growth follows a certain pattern composed of four distinct phases: the lag phase, the 

exponential or log phase, the stationary phase, and the death or decline phase (Monod, 1949; 

Wade, 1952). Recombinant proteins are preferably synthesized in the exponential phase when 

the metabolic activity is high, and the cells divide at a maximal rate. Indeed, the greatest 

increase in yields of recombinant proteins produced in this study occurred during the 

exponential phase. After transition to stationary phase the expression levels declined. In 

general, the expression of a foreign protein utilizes a significant amount of the host cell's 

resources causing an accelerated consumption of nutrients and oxygen, and their depletion 

from the media. Thus, under these deteriorated growth conditions plasmid containing strains, 

when induced, reach stationary phase earlier than those without plasmid (as shown in Fig. 3.6 

and Fig. 3.11). All the non-induced strains exhibited a similar growth reduction when 

compared to those without plasmid, regardless if they encoded an additional recombinant 

protein gene or not. This decrease in growth rate, when no IPTG is added, comes from the 
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expression and activity of the antibiotic resistance proteins and shows no significant 

dependence on the plasmid size, meaning the presence and the size of additional recombinant 

proteins on the plasmid (Bentley et al., 1990). Furthermore, the major reduction in growth 

happens when the recombinant protein is expressed, i.e. after IPTG induction. The phase of 

exponential growth becomes shorter and the cells reach the stationary phase at lower ODs. 

Interestingly, no significant differences in the growth rate and doubling time in the exponential 

phase between induced and uninduced strains were discernible, even when compared with the 

E. coli WT strain without a plasmid. This is due to the fact that E. coli continues amplifying 

copy number by reducing protein synthesis first, while not affecting chromosomal and plasmid 

replication (Bentley et al., 1990). A number of proteins involved in DNA replication were 

found to be either upregulated, exhibiting an increasing trend during exponential phase, (e.g. 

DnaK or PolA) or only identified under recombinant protein production conditions (e.g. DNA 

polymerase III subunits, HolA/C/E/D and replication-terminator protein, Tus). At the same 

time, many proteins involved in metabolic processes become downregulated in the exponential 

phase. As a consequence, the growth continues unabated, the cells divide, but in each 

generation the abundance of proteins decreases. Upon the transition into the stationary phase 

cell growth becomes arrested and protein synthesis is inhibited due to the depletion of nutrients. 

It is clear, that redirection of cellular resources to support the overproduction of a recombinant 

protein results in the underproduction of other components and pose physiological challenges 

to E. coli cells. At some point, the high levels of recombinant protein become toxic, and a 

certain threshold of host tolerance is reached and exceeded. This marks the culture's transition 

to the stationary phase.  

4.3 Metabolic responses to protein overexpression 

The proteome of E. coli changes while the cell utilizes resources to produce the recombinant 

protein in high amounts. As the cell growth continues, the amount of nutrients becomes 

insufficient for both optimal host cell metabolism and plasmid maintenance and protein 

expression. Therefore, it is expected that the cell's energy intensive metabolic processes are 

among the first ones to be adversely affected by the metabolic load. In contrary, for plasmid 

containing cells it is desirable to be highly energetic, thus the fluxes through glycolysis and the 
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TCA cycle should be high (Birnbaum and Bailey, 1991; Haddadin and Harcum, 2005). This is 

in line with proteomic results of this study: proteins involved in energy yielding processes were 

upregulated during the exponential and stationary phase (Fig 4.1 A-C). Thus, it appears that 

the cell alters its metabolism to fulfill additional energy requirements resulting from the foreign 

protein overexpression. On the other hand, the enzymes involved in amino acid and nucleotide 

synthesis, and in the pentose phosphate pathway (Fig. 4.1 D-H) were downregulated. In 

general, the reduction in the nucleotide synthesis is likely to be a consequence of decreased 

amounts of purine and pyrimidine precursors such as phosphoribosyl pyrophosphate (PRPP), 

glutamine, glycine, glutamate and aspartate. The majority of the energy required to generate 

DNA and RNA molecules is due to synthesis of the individual nucleotides, not polymerization. 

On the other hand, the biosynthesis of amino acids is less energy requiring than their 

polymerization into proteins (Stouthamer 1973; Kaleta et al. 2013). Taken together, the 

nucleotide and amino acid biosynthesis processes consume metabolic energy and their 

downregulation seems to be an important cell's fitness strategy under recombinant protein 

stress. The cell optimizes proteome composition by allocating remaining resources, that were 

not used for the production of recombinant protein, to the synthesis of these proteins that are 

essential for the cell's survival. The downregulation in nucleotides and amino acid biosynthesis 

pathways may be also partially caused by the upregulation of Clp-dependent proteolysis, as 

many biosynthesis enzymes were identified as Clp substrates in bacteria (Ulf et al., 2008). In 

addition, the levels of many periplasmic binding proteins required for effective transport of 

amino acids through the inner membrane drastically declined over time post-induction. The 

transport of amino acids from the media requires much less energy than their synthesis from 

precursor metabolites (Stouthamer 1973), thus, it is surprising that the downregulation of the 

biosynthesis enzymes is also accompanied by the decrease in the amino acid transport proteins 

over time. Another aspect worth noting is the fact that most of the essential metabolic genes 

highly expressed in the exponential phase are under control of σD (RpoD) − the ''housekeeping'' 

sigma factor (Qiu et al., 2013). Other sigma factors such as e.g. the extracytoplasmic stress σE 

(RpoE), the flagellar σF (RpoF), the heat stress σH (RpoH), the nitrogen limitation related σN 

(RpoN) and the stress- and starvation-induced σS (RpoS), can be induced by a variety of stress 

factors changing the levels of proteins controlling different processes in the cell. One of the 
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regulators of rpo genes transcription is guanosine tetraphosphate (ppGpp), the effector 

molecule of the stringent response in E. coli (Lazzarini et al., 1971). The production of this 

nucleotide is dependent on two synthetases: RelA and SpoT, both found to be upregulated 

during protein production stress. In general, the ppGpp alarmone inhibits superfluous rRNA 

biosynthesis during amino acids limiting conditions. However, it can also act as a positive 

effector of gene expression and some σD (Kvint et al., 2000), σN (Sze and Shingler, 1999) and 

σH (VanBogelen and Neidhardt, 1990) controlled genes were shown to depend on ppGpp for 

their induction. The exact mechanism of ppGpp-dependent transcription control is not clear; 

however, it has been proposed that it regulates the σ-factor competition in accordance with 

cellular demands during physiological stress (Jishage et al., 2002). Therefore, during the low 

stress conditions the expression of σD -dependent housekeeping genes will be enhanced as long 

as the ppGpp levels are low, meaning a favorable nutritional status. During growth under stress, 

elevated ppGpp levels would allow the alternative σ factor genes to be expressed in concert 

with σD. Thus, the alternative σ factors compete significantly better against σD in the presence 

of ppGpp and that could explain a general trend in downregulation of certain metabolic 

processes in favor of upregulation of stress related proteins as the recombinant protein 

production progresses. In addition to the competition of σ factors for the transcription 

machinery, also the unequal competition for ribosomes by the mRNA species (Mehra et al., 

2003) or different tRNA availabilities (Varenne et al., 1984; Kramer and Farabaugh, 2007; 

Chu et al., 2011) may significantly affect the synthesis of the host proteome when the foreign 

protein is overexpressed. Nonetheless, the ribosomal proteins show a sharp upregulation trend 

in the exponential phase which increases proportionally to the levels of recombinant protein 

being produced. During the stationary phase, the increase in number of ribosomal proteins is 

still visible, when compared to non-induced cells; however, it is not that significant as when 

the recombinant protein is expressed at its highest levels. This is not surprising, considering 

that ribosomes catalyze protein synthesis, which is highly augmented in recombinant protein 

overexpressing cells. Lastly, it has been also previously reported that under metabolic burden 

the chromosome undergoes topological changes. This may also contribute to a decrease in the 

general level of gene expression. The nucleoid becomes more compacted as a result of changes 

in the quantitative proportions of DNA-binding proteins, including Dps, MprA and DnaA, 
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which accumulate in high amounts in recombinant protein producing cells. These proteins were 

shown to regulate the expression of several genes and to be growth phase dependent (Almirón 

et al., 1992; del Castillo et al., 1990; Chiaramello and Zyskind, 1989).  

 

Figure 4.1 Schematic overview of selected metabolic pathways in response to recombinant protein 

production  

The diagram presents metabolic pathways: glycolysis/gluconeogenesis (A), acetate synthesis (B), tricarboxylic 

acid cycle (C), pentose phosphate pathway (D), amino acid synthesis (E), pyrimidine (F) and purine (G) 

nucleotide de novo synthesis, which were altered by recombinant protein production in late exponential and 

stationary phase. Basic metabolic pathways were reconstructed by the KEGG database. The decreasing and 

increasing abundances of proteins were marked as followed: increase in the abundance less than 1 log2 FC 

(orange), more than 1 log2 FC (red and underlined); decrease in the abundance less than 1 log2 FC (blue), more 

than 1 log2 FC (navy blue and underlined). Asterisks indicate proteins exhibiting statistically significant (p < 

0.05) FC values. Abbreviations: G6P, glucose-6-phosphate; F6P, fructose 6-phosphate; F-1,6-BP, fructose 1,6-

bisphosphate; GAP, glyceraldehyde 3-phosphate; DHAP, dihydroxyacetone-phosphate; 3PG, 3-

Phosphoglycerate; PEP, phosphoenolpyruvate; 6PG, 6-phosphogluconate; S7P, sedoheptulose 7-phosphate; E4P, 

erythrose-4-phosphate; PRPP, phosphoribosyl pyrophosphate; UMP, uridine monophosphate; UTP, uridine 5-

triphosphate; dUMP, deoxyuridine monophosphate; dTTP, deoxythymidine triphosphate; CTP, cytidine 

triphosphate; IMP, inosine monophosphate; dATP, deoxyadenosine triphosphate; dGTP, deoxyguanosine 

triphosphate.  
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4.4 Recombinant protein overexpression suppresses periplasmic secretion 

of host's proteins 

The increasing levels of the recombinant protein in E. coli led to downregulation of periplasmic 

proteins. Immediately after induction, strains producing POI showed higher levels of host's 

periplasmic proteins, both in Sec and Tat secreting systems. However, this was followed by a 

drastic decrease concomitant with an increase in the foreign gene product in the periplasm (Fig. 

4.2). A big group of those diminished proteins were periplasmic binding proteins, henceforth 

referred to as PBPs (not to be confused with penicillin binding proteins), which are used to 

sense small molecules and transport them into the cytoplasm. Most PBPs interact with 

membrane components (ABC transporters) to transport solutes such as carbohydrates, amino 

acids, vitamins, and ions (Moussatova et al., 2008). As the transport and binding proteins are 

among the most energy demanding protein groups in E. coli (Lahtvee et al., 2014), both for 

their synthesis and functioning, it could be speculated that the cell diminishes their production 

overtime to readjust the distribution of cellular resources under stress conditions, as previously 

described for nucleotide and amino acid biosynthesis enzymes in the cytoplasm. In this case, 

the E. coli cell would rather retain the internal amino acid pool than accumulate them from 

external sources. This hypothesis, however, was disproved by the fact that not PBPs are the 

most energy consuming components of the ABC transporter but the nucleotide binding 

domains, involved in binding and hydrolysis of ATP (Moussatova et al., 2008), and these 

showed no significant downregulation under protein overexpression. Most importantly, all the 

downregulated PBPs were shown to be significantly upregulated in the cytoplasmic fraction of 

the recombinant E. coli (Supplementary Table 7). This clearly suggests that their synthesis is 

not being reduced. The observed cytoplasmic accumulation of PBPs would indicate that their 

transport to the periplasm is jammed by oversaturation of the translocation machinery with 

recombinant products. The saturation of transport systems is a well-known consequence of the 

recombinant protein secretion (e.g. Bassford and Beckwith, 1979; Hengge-Aronis and Boos, 

1986; Klepsch et al., 2011; Baumgarten et al., 2018). However, it was mostly reported to 

suppress the transport of over-produced protein itself and never related to a collective 

downregulation of periplasmic proteins in E. coli. In part, the saturation of export might be a 
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consequence of the high energetic requirement per molecule transported (Alder and Theg, 

2003). It is easy to imagine how a high level export of a foreign protein will usurp cellular 

energy resources, thus, augmenting the transport of other host proteins, and consequently it 

would lead to blocking of the pathway. Very puzzling remains the fact that the PBPs 

downregulation in the periplasm was observed under both, Sec and Tat dependent recombinant 

protein targeting. In E. coli, the PBPs' are synthesized in a precursor form with a signal peptide 

that transports them to the periplasm via the Sec pathway (Gannon et al., 1989; Powers and 

Randall, 1995). Thus, theoretically saturation of the Tat pathway should not affect the Sec-

dependent transport of PBPs. The TorA signal peptide used in this study was reported to be 

Tat specific (Tullman-Ercek et al., 2007). At the same time, however, many of the other signal 

sequences, previously reported to be exclusively Tat recognized, were shown to be also Sec-

transported. Only recently, it was found that proteins containing a Sec signal peptide can be 

transported via the Tat pathway (Huang and Palmer, 2017). Therefore, the questions arise 

whether E. coli is able to transiently reroute genuine Tat targets to the Sec translocon when 

undergoing secretion stress, or whether the TorA is a promiscuous signal peptide that may be 

occasionally transported via Sec. Another possible explanation could be the drain of cellular 

energy to the Tat pathway, to maintain high secretion of POI, resulting in a drastic depletion 

of energetic molecules available to sustain the physiological levels of Sec transport. ATP is an 

essential energy source in the Sec mediated translocation but depending on the substrate the 

translocation can be significantly stimulated by the proton motive force (PMF), especially 

when the secreted protein is trapped in the translocation channel (Natale et al., 2008). On the 

other hand, the Tat system is assumed to rely solely on the PMF for a substrate translocation. 

Quantitative estimates of the energy requirement for protein translocation showed that Tat-

system is energetically much more costly than the Sec system. The energy use of Tat-

dependent translocation was estimated nearly 80 000 protons per protein translocated 

(equivalent to ∼10,000 ATP molecules), whereas only about 500 molecules of ATP are needed 

to translocate a polypeptide of about 25 kDa via Sec pathway (Alder and Theg, 2003). Thus, 

it seems that the high level Tat-dependent translocation of a recombinant product usurps the 

PMF energy, which is also essential for stimulation of Sec-dependent protein transport to the 

periplasm.  
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Figure 4.2 Protein binding and transport processes in the periplasm of E. coli under secretion 

stress  

The scheme shows significant changes in PBPs and some membrane transporters in late exponential and 

stationary phase. The decreasing and increasing abundances of proteins exhibiting at least a 1 log2 FC change are 

highlighted in blue and red, respectively. Grey arrows indicate the direction of the transport. Arrows placed next 

to the protein indicate the trend in the abundance over the exponential phase: red arrow facing up, increasing 

abundance; blue arrow facing down, decreasing abundance over time post-induction. Asterisks indicate proteins 

exhibiting statistically significant (p < 0.05) FC values. Abbreviations: Gro3P, glycero-3-phosphate. 
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4.5 Cell envelope stress and alterations of membrane integrity 

The foreign protein production significantly induces levels of cytoplasmic phage shock 

proteins (psp). The psp response becomes activated upon infection by filamentous phages and 

numerous other stresses (reviewed in Model et al., 1997). For instance, the psp proteins assist 

in maintenance of the proton motive force, which helps the cell to cope with membrane related 

stresses such as osmotic shock, lipid depletion and secretion stress at the inner membrane. The 

transport of various Sec and Tat pathway precursors was reported more efficient in the presence 

of PspA, which was also induced when both translocons were saturated (Jones et al., 2003; 

DeLisa et al., 2004). The precise mechanism under which PspA relieves the export saturation 

is not clear. It is suggested that PspA senses membrane damage and a reduction of the proton 

motive force and may assist protein folding, proteolysis of membrane-associated translocon-

incompetent precursors, or enhance coupling of the proton flux with secretion. Furthermore, 

PspA is not induced when the Tat substrate is misfolded. Thus, it is tempting to speculate that 

the Psp system has a direct role during the translocation event, and maybe even participates in 

the release of newly translocated protein to the periplasm. In part, activation of the psp response 

may be a consequence of morphological changes observed in the cell envelope. This study 

showed that under high-level protein expression the membrane exhibits a more unbalanced 

structure reflected in a thicker cell envelope, and formation of membrane blebs and OMVs. 

The correctly folded protein showed to accumulate in the periplasm mainly at polar positions 

in E. coli, where the active Tat translocon complexes are present (Berthelmann and Brüser, 

2004). The accumulation at polar sites was also observed for the misfolded protein but in the 

cytoplasm (Fig. 3.8 C). This proves that the misfolded protein is correctly targeted to the Tat 

system but is not able to cross the membrane and accumulates at the entrance of the translocon, 

possibly preventing the secretion of other substrates. Furthermore, changes in the membrane 

structure are suggested to be a consequence of metabolic load. The culture osmolarity strongly 

decreases during high-cell-density cultivation. This decrease is mainly caused by the utilization 

of glucose during strong overproduction of secreted proteins (Rinas and Hoffmann, 2004). 

Growth-rate-dependent changes in the membrane structure are known to increase the 

permeability of the outer membrane, which results in release of periplasmic proteins into the 

extracellular medium (Georgiou et al., 1988; Shokori et al., 2002). As a consequence of this 
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inducible excretion, many PBPs are lost from the periplasm. The increase in the porosity of 

the outer membrane is attributed to growth-rate dependent variations in the amount of some of 

the phospholipids (Shokori et al., 2002). The extracellular proteome should be analyzed to 

know whether the periplasmic protein leakage occurs in E. coli under recombinant protein 

secretion. 

4.6 Oxidative stress and redox regulation in the cytoplasm 

Recombinant proteins targeted to the Tat pathway need to reach their proper conformation in 

the cytoplasm prior the translocation event. The protein folding is assisted by a set of protein 

belonging to the family of molecular chaperones. Many recombinant proteins, including scFv 

and hGH, depend on the disulfide bond formation for their proper folding, stability and 

functionality (Berkmen, 2012). Disulfide bonds are formed by the oxidation of thiol groups 

between two cysteine residues resulting in a covalent bond. In principle, only when the 

disulfide bonds are properly generated, the recombinant protein could be translocated via the 

Tat pathway (DeLisa et al., 2003). This poses a challenge in the WT of E. coli because the 

cytoplasm is not permissive to disulfide bond formation due to the presence of numerous 

reductases and reducing agents such as glutathione (GSH). The Sec-targeted proteins do not 

face this problem since their folding is catalyzed in the periplasm where the disulfide bonds 

are naturally formed. There are two major thiol redox systems in the cytoplasm of E. coli. The 

first one uses the abundant cysteine-containing peptide GSH to reduce disulfide bonds via a 

thiol-disulfide interchange catalyzed by glutaredoxin (Grx). In the second system, the reduced 

form of thioredoxin (Trx) binds to substrate proteins and becomes oxidized, via the thiol-

disufide exchange reaction, leaving the cysteine residues in the substrate protein reduced 

(Aberg et al., 1989). During the protein production, several proteins related to oxidative stress 

response become upregulated. Among these are major thiol-disulfide oxidoreductases: 

thioredoxin TrxC, glutaredoxin GrxA and YghU, together with the thiol-specific peroxidases 

OsmC and Bcp. The abundance of the oxidoreductases was shown to decrease with time, and 

it became drastically reduced in the stationary phase. Thus, there is a clear correlation between 

the amount of active redox proteins in the cytoplasm, which limit the formation of disulfide 

bond-containing recombinant protein, and the levels of recombinant proteins being secreted to 
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the periplasm. Furthermore, during severe oxidative stress redox systems can be overwhelmed 

or their protein function can shift from reductase to oxidase, leaving cytosolic proteins 

susceptible to oxidation. It has been shown that thioredoxins and glutaredoxins can act as 

oxidases when exported to the oxidizing periplasm (Debarbieux and Beckwith, 1998; Eser et 

al., 2009) and both, TrxA and TrxC, shift their function to oxidases in a trxB mutant (Stewart 

et al., 1998). The reduced GSH in aerobically growing E. coli cultures is subjected to constant 

transmembrane circulation between the cells and the medium. Therefore, the observed 

decrease in the amounts of GSH transport (Gsi) and synthesis (Gsh) proteins can also 

contribute to the shift in the cytoplasm from reducing to more oxidizing environment. 

Moreover, it could be observed that two main superoxide dismutases, SodA and SodB, were 

either not present or significantly downregulated in E. coli overproducing strains. Induction of 

these proteins is one of the main defense mechanisms against oxidative stress, which occurs 

when the rate of reactive oxygen species (ROS) generation exceeds the detoxification abilities 

of the cell. Cellular ROS are produced endogenously as a product of cellular metabolism but 

under normal conditions can be efficiently destroyed by cellular detoxification machineries. 

However, when the redox homeostasis becomes unbalanced and the antioxidant defense is not 

efficient enough, ROS can escape and attack subcellular components. Proteins are one of the 

major targets for ROS attack and oxidation of amino acids increases their susceptibility to 

aggregation and proteolysis (Dukan and Nyström, 1998). This correlates with the fact that 

under high-level protein secretion the recombinant protein accumulates in the cytoplasm, in 

the form of IBs, and the levels of proteolytic enzymes increase. Several studies have also 

demonstrated that the redox potential of the cytoplasm shifts under glucose and amino acids 

limitation (Oktyabrskii et al., 1984; Smirnova and Oktyabrskii, 1990), heat shock stress 

(Smirnova et al., 2001), membrane damage and osmotic shock (Rojas et al., 2014).  

 

 

 



Discussion 

101 

 

4.7 Proteostasis control by the protein production response 

To assure proteome stability and functionality during high-rate protein expression, E. coli 

activates a proteome quality control system termed the proteostasis network (Anfinsen, 1973). 

In E. coli, this system consists of several proteins involved in folding (chaperones) and 

degradation (proteases), which maintain cellular homeostasis (Fig. 4.3). The majority of these 

proteins belong to a class of σH controlled heat shock proteins. DnaK-DnaJ-GrpE, and GroEL-

GroES are the best characterized molecular chaperones in the cytoplasm of E. coli. Both 

systems can recognize unfolded proteins, refold or direct them to the cellular protein 

degradation machinery (Ziemienowicz et al., 1993). During the exponential phase E. coli 

showed to maintain high levels of GroES in the cytoplasm. It was also observed that the levels 

of GroES and DnaK were significantly higher in the insoluble fraction in strains producing 

IBs. Both chaperones associate with cell aggregates and are involved in protein recovery from 

IBs and work together with ClpB, which mediates further refolding of aggregated proteins 

(Mar Carrió and Villaverde, 2005). Elevated levels of protein aggregates resulting from the 

recombinant protein production were also confirmed by the presence of IbpA and IbpB, heat 

shock proteins with a strong ability to associate to protein aggregates. Noteworthy, levels of 

all the above-mentioned proteins increased over time, whereas other periplasmic chaperones 

(e.g. DsbA/C/G, PpiA and FkpA) exhibited a decreasing trend with raising production of the 

recombinant product. Additionally, several other chaperones such as HtpG involved in de-novo 

protein folding in the cytoplasm (Thomas and Baneyx, 2002), SurA and BepA accelerating 

folding and improving insertion of outer membrane proteins (Sklar et al., 2007; Narita et al., 

2013), were found to be highly abundant in production strains. The accumulation of protein 

aggregates in the cytoplasm of E. coli is followed by an upregulation of protein degradation 

machineries. The abundance of cytoplasmic proteases such as Lon, HslV and ClpA/P/X 

components of ATP-dependent Clp protease subunit increases over time and exhibits higher 

upregulation during misfolded protein expression. On the other hand, periplasmic proteases 

DegP and DegQ are highly upregulated during misfolded and folded protein production, 

however, decrease in amount over time. The high upregulation of periplasmic proteases in the 

strain expressing misfolded protein is particularly interesting. This could suggest that some of 
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the protein escapes the Tat proof-reading machinery and is in fact successfully exported to the 

periplasm, rather than being blocked and subsequently degraded.  

There is, however, no evidence in previous studies for transport of such misfolded substrate to 

the periplasm and it seems to be more likely that the cell either senses the production of 

precursor protein and upregulates expression, or the proteases are upregulated as part of a 

general stress response. 

 

Figure 4.3 Schematic representation of the proteostasis network in E. coli  

The protein function was annotated based on the KEGG database. The nodes represent experimentally determined 

interactions between proteins based on the STRING database. 
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4.8 Cell adhesion mediated by misfolded protein production 

The E. coli proteome showed several changes when exposed to misfolded protein production. 

Some of them were related to the accumulation of oxidized protein aggregates in the 

cytoplasm, like increased levels of oxidoreductases e.g. YghU, GrxA, Bcp; others indicated 

higher rates of protein degradation and refolding processes in the cytoplasm. Nevertheless, the 

majority of proteome alterations described earlier were common for both folded and misfolded 

protein production. One of the most striking changes observed under the aberrant protein 

production was related to cell adhesion (Fig. 3.10). The proteome analysis revealed 

significantly higher (5.71 log2 FC) abundance of Ag43 in the strain expressing a misfolded 

scFv. Ag43 is an outer membrane protein that confers bacterial cell-to-cell aggregation 

(Diderichsen, 1980). The reason for this upregulation is not clear. The formation of cell 

aggregates connected with Ag43 expression has not yet been reported as a consequence of a 

cellular stress caused by the accumulation of misfolded protein in the cytoplasm. This increase 

in the abundance of Ag43 could be related to the lowered amount of the transcription factor 

OxyR, which is a suppressor of Ag43 expression (Guerrero et al., 2019; Zheng et al., 1998). 

OxyR transcription factor is activated through the formation of a disulfide bond and is 

deactivated by enzymatic reduction with glutaredoxin 1, GrxA. Additionally, the absence of 

CpxR, an antagonistic regulator of adhesion in E. coli (Dudina et al., 2014) could contribute 

to the enhanced cell aggregation under misfolded protein expression stress.
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 Conclusions  

Significant changes in the morphology and proteome profiles of E. coli can be observed during 

recombinant protein expression. These changes cannot be solely attributed to specific stress 

factors but are rather a manifestation of the general stress response, obviously affecting many 

more proteins than previously anticipated. 

In this study, various scenarios were identified that contribute to the activation of an 

interconnected network of stress response proteins. Among these, metabolic burden and 

saturation of the translocation machinery had the most deleterious effect on the cell. 

Overexpression of recombinant proteins leads to redirection and draining of cellular resources 

towards plasmid maintenance, which negatively affects the abundance of many metabolic 

proteins and consequently decreases the rate of nucleotide and amino acids synthesis. The 

proteome response to recombinant protein production stress is likely to be dependent on the 

sigma factor regulatory network that might be controlled by signaling molecules as for example 

ppGpp during stringent response. Moreover, the saturation of the Tat and Sec translocation 

machineries with the recombinant product blocks the transport of host's periplasmic proteins, 

causing their accumulation in the cytoplasm, and leading to changes in the structure and 

composition of cell membranes. Furthermore, proteins accumulated in the cytoplasm are 

exposed to oxidation as the intracellular environment potentially shifts from reducing to 

oxidizing conditions. In addition, formation of protein aggregates triggers the upregulation of 

protein refolding and degradation systems.  

To summarize, this study broadens and contextualizes the understanding of cellular processes 

that reduce the efficiency of recombinant protein production in E. coli. The newly identified 

bottlenecks provide promising targets for the optimization of biotechnological production 

processes in E. coli. Additionally, complementing this comprehensive proteomic analysis with 

a transcriptomic study of sigma factors and the analysis of metabolic fluxes and signaling 

molecules would contribute to an even better understanding of the interplay between different 

components of the E. coli stress response to foreign protein expression.  

 

 



Materials and methods 

105 

 

6 Materials and methods 

This section describes the experimental subject and procedures used to identify stress 

responses induced by recombinant protein production in E. coli. Figure 6.1 presents an 

overview of methods applied in this study and described in the following section. The 

additional information, including list of materials, is added to the Appendix section. 
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6.1 Bacterial strains and plasmids 

Bacterial strains and plasmids used in this study are listed in Table 6.1 and Table 6.2, 

respectively. 

Table 6.1 E. coli strains 

Strain Description Source 

MC41001 F−, ΔlacU169, araD139, rpsL150, relA1, ptsF, 

rbsR, flbB5301 

Wexler et al., 2000 

DADE1 F−, ΔlacU169, araD139, rpsL150, relA1, ptsF, 

rbsR, flbB5301, ΔtatABCDΔtatE 

Wexler et al., 2000 

W3110 F−, mcrA, mcrB IN(rrnD-rrnE)1, lambda− DMS 27325 

(DSMZ, Germany) 

TatExpress1 F−, IN(rrnD-rrnE)1, rph-1, lambda−, carrying the 

pTac promoter upstream of tatABCD 

Browning et al., 

2017 

W3110 Rha-2 F−, mcrA, mcrB IN(rrnD-rrnE)1, lambda−, ΔrhaT, 

ΔrhaM 

Hjelm et al., 2017; 

Karyolaimos et al., 

2019 

1 Strains were kindly provided by Prof. C. Robinson (University of Kent), 2 Strain was kindly provided by Dr. 

JW. de Gier (University of Stockholm) 

 

Table 6.2 Plasmids used in this study 

Plasmid Description Source 

pHAK131 pET23 based vector with pTac promoter expressing 

TorAsp-scFv-6His, codon-optimised Erv1p and 

mature codon-optimised human PDI, AmpR 

Jones et al., 2016 

pAJ221 As above with TorAsp-scFv-C-term26 (additional - 

SNAIIIIITNKDPNSSSVDKLAAALE′ 3′ to C-

terminus)-6His, AmpR 

Jones et al., 2016 
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pIGM011 pHAK13 based vector with truncated TorAsp-scFv-

6His, AmpR 

This study 

pEXT221 Protein over‐expression vector, KmR Dykxhoorn et al., 

1996 

pKRK71 pEXT22 expressing TorAsp‐hGH‐6His, KmR Browning et al., 

2017 

pIGM161 pEXT22 expression vector expressing TorAsp‐

hGH(S80_S109)deletion‐6His, KmR 

This study 

pMEDIUM2 pRha-67 based vector (Giacalone et al., 2006), KmR 

expressing: 

This study 

 

pMEDIUM 

sp-hGH 

 

OmpA2 

PhoA2 

As above with expressing hGH with different signal 

peptides: 

 

OmpAsp-hGH-6His 

PhoAsp-hGH-6His 

This study 

sp, signal peptide; Amp, ampicillin; Km, kanamycin; R, resistant 

1 Plasmids were kindly provided by Prof. C. Robinson (University of Kent), 2 Plasmids were kindly provided by 

Dr. JW. de Gier (University of Stockholm) 

 

6.2 Microbiological techniques 

6.2.1 Bacterial culture preservation 

Glycerol stocks of E. coli strains were prepared by mixing 500 μL of overnight culture in LB 

medium (1 % tryptone, 0.5 % yeast extract, 0.5 % NaCl, pH 7.5) with 500 μL sterile 50 % 

(v/v) glycerol. 1 mL aliquots were kept at -70 °C for long-term storage. For one-week storage 

E. coli strains were kept on LB-agar plates (1 % tryptone, 0.5 % yeast extract, 0.5 % NaCl, 1.5 

% agar, pH 7.5) with addition of the corresponding antibiotic at 4 °C. Prior to an experiment, 

E. coli stocks were reactivated by the incubation on new agar plates overnight at 37 °C. 
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6.2.2 Cell cultivation and recombinant protein expression 

Individual bacterial colonies were isolated from agar plates and dispersed in 5 mL LB medium  

containing 1:1000 of the appropriate antibiotics (5 μL, 1 M antibiotic stock). E. coli strains 

were incubated overnight at 30 °C, 180 rpm, only MC4100 and DADE strains were incubated 

at 37 °C. Next, E. coli cells were grown using two techniques: the shake flask and multi-well 

plate cultivation. 

1.2.2.1 In shake flask 

In the shake flask experiment, E. coli overnight cultures were diluted to OD600nm of 0.05 in 50 

mL fresh LB supplemented with 1:1000 of the appropriate antibiotics (50 μL, 1 M antibiotic 

stock) in a sterile 250 mL shake flask. The batch cultures were grown aerobically under certain 

conditions and harvested to different OD600nm (Table 6.3). At OD600nm of 0.4 – 0.6 cultures 

were induced with 0.01 and 0.5 mM IPTG (Melford). At the given time point cells equivalent 

to a density of OD600nm of 10 (~8 mL) were collected and centrifuged at 4500 x g for 10 min 

at 4 °C before freezing the pellets at -20 °C. 

Table 6.3 Culture conditions in shake flask experiments 

Strain Plasmid Protein Signal peptide Conditions of expression 

MC4100 – – – 37 °C/180 rpm/5 h 

DADE – – – 37 °C/180 rpm/5 h 

W3110 

(CyDisCo) 

pHAK13 6His-scFv TorA 0.5 mM IPTG/30 °C/180 

rpm/3 h PI 

W3110 

(CyDisCo) 

pAJ22 6His-

misfolded 

scFv 

(mf_scFv) 

TorA 0.5 mM IPTG/30 °C/180 

rpm/3 h PI 
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W3110 

(CyDisCo) 

pIGM01 – – 0.5 mM IPTG/30 °C/180 

rpm/3 h PI 

TatExpress pEXT22 – – 0.01 mM IPTG/30 °C/180 

rpm/PI, 30 min PI, 90 min PI 

TatExpress pKRK7 6His-hGH TorA 0.01 mM IPTG/30 °C/180 

rpm/PI, 30 min PI, 90 min PI 

TatExpress pIGM13 6His-

misfolded 

hGH 

(mf_hGH) 

TorA 0.01 mM IPTG/30 °C/180 

rpm/PI, 30 min PI, 90 min PI 

PI, post-induction 

 

1.2.2.2 In multi-well plate 

In multi-well plate experiment, cells were grown in polypropylene 24 x 10 mL square well 

plates sealed with permeable sterile film (Sigma-Aldrich). Overnight cultures of E. coli Rha- 

were prepared as described previously and grown in LB medium supplemented with 0.2 % 

(w/v) glucose, to prevent the transcription from the Rhamnose promoter, and 1:1000 of 

kanamycin. Each well of the 24-well plate was filled with fresh LB medium supplemented 

with 1:1000 of kanamycin. E. coli overnight cultures were diluted 1:50 in 4 mL LB medium 

and incubated aerobically under certain conditions (Table 6.4). At OD600nm of 0.4 – 0.6 cultures 

were induced with 100 µM and 5000 µM L-rhamnose, the remining wells were left uninduced 

as controls. Plates were incubated at 37 °C for 24 h at 180 rpm. At the given time point 500 µL 

content of each well were transferred to 1.5 mL Eppendorf tubes and centrifuged at 4500 x g 

for 10 min at 4 °C. Pellets were kept frozen at -20 °C. 
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Table 6.4 Culture conditions in multi-well plate experiments 

Strain Plasmid Protein Signal peptide Conditions of expression 

W3110  

Rha- 

pMEDIUM – – L-rhamnose (100 µM, 5000 

µM)/37 °C/180 rpm/24 h PI 

W3110  

Rha- 

pMEDIUM 6His-

hGH 

OmpA L-rhamnose (100 µM, 5000 

µM)/37 °C/180 rpm/24 h PI 

W3110  

Rha- 

pMEDIUM 6His-

hGH 

PhoA L-rhamnose (100 µM, 5000 

µM)/37 °C/180 rpm/24 h PI 

PI, post-induction 

 

6.2.3 Transformation of E. coli  

1.2.2.3 Plasmid preparation 

pIGM01 plasmid was constructed by polymerase chain reaction (PCR) amplification using 

pHAK13 as a template and primers Empty_CyD_F (5’-GAAGGAGATATTATGAAAGCCA 

TCG-3’) and Empty_CyD_R (5’-CACCTAAACGGACTGGCTGTTT-3’) as forward and 

reverse primers. pIGM16 plasmid was constructed by PCR amplification using pKRK3 as a 

template and primers hGHF (5’-AACGTCTATGACCTCCTAAAGGAC-3’) and hGHR (5’-

GATGCGGAGCAGCTCTAGGT-3’) as forward and reverse primers. PCR solutions were 

made using 1 µL template DNA (100 ng/µL), 1 µL dNTPs (200 µM final), 10 µL 5xGC buffer, 

1.25 µL of each primer (0.5 µM final), 0.5 µL Phusion High-fidelity DNA polymerase (2U, 

µL stock, New England Biolabs) and made up to a final volume of 50 µL with milliQ H2O. 

PCR was then carried out in Biometra T3 Thermocycler (Biometra Anachem) as per Fusion 

polymerase instructions with an annealing temperature of primer Tm minus 5 °C and annealing 

time extended to 10 min. PCR product was then treated with 1 μL Dpn1 restriction enzyme 

(New England Biolabs) for 1 hour at 37 °C to digest template DNA and then heat inactivated 

for 20 min at 80 °C. 2 μL of the product were mixed with 1 μL of ligase buffer, 1 μL of T4 

DNA ligase (Roche) and made up to a final volume of 10 μL with milliQ H2O before incubation 
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overnight at 4 °C. The next day 5 μL ligation product was used to transform 100 μL E. coli 

W3110 competent cells. Final plasmid sequences were confirmed by GATC-Biotech before 

use in this study. Plasmids were prepared by I. Guerrero-Montero (University of Kent).  

pMEDIUM-ss-hGH plasmids were constructed using simple restriction cloning (Sambrook et 

al., 1989). hGH used in this study, C-terminally fused to a 6xHis-tag and equipped with a 

specific signal sequence (Appendix 8.2), was expressed from a pRha67KmR vector. Targets 

were amplified by PCR with FastDigest EcoRI and HindIII enzymes (Thermo Fisher 

Scientific), EcoRI, upstream of each signal sequence and HindIII downstream of the gene, 

using pKRK7 as template. Both the vector and the PCR product were digested using FastDigest 

EcoRI and HindIII enzymes and ligated with T4 DNA ligase (Thermo Fisher Scientific). Final 

plasmid sequences were confirmed by Eurofins Genomics before use in this study. Plasmids 

were prepared by A. Karyolaimos (University of Stockholm). 

1.2.2.4 Plasmid DNA extraction 

Plasmid DNA was isolated from 5 mL of an overnight culture using GeneJET Plasmid 

Miniprep Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions for 

“Plasmid DNA purification using centrifuges” protocol. 

1.2.2.5 Production of chemically competent E. coli cells 

Chemically competent E. coli cells were generated with the standard protocol of the CaCl2 

method based on the work of Hanahan et al., 1991. 10 mL LB medium were inoculated with 

an overnight culture of the respective strain and incubated at 37 °C until an OD600nm of 0.4 – 

0.6. Once the cells have reached the correct optical density, the culture was incubated on ice 

for 15 min and centrifuged at 3000 x g for 10 min at 4 °C. Then, the cell pellet was carefully 

resuspended in 10 mL ice-cold CaCl2 (0.1 M) buffer, again incubated on ice for 1 h and 

centrifuged at 3000 x g for 10 min at 4 °C. After centrifugation, the cell pellet was carefully 

resuspended in 10 mL of ice-cold 0.1 M CaCl2 with 15 % (v/v) glycerol. The 50 μL aliquots 

were then frozen immediately and kept at -70 °C. 
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1.2.2.6 Heat-shock transformation of E. coli with vector constructs 

Chemocompetent E. coli W3110 cells and plasmid aliquots were thawed on ice. Plasmid DNA 

concentration was estimated by measuring the absorbance at 260 nm using DeNovix 

spectrophotometer. Around 200 ng of plasmid DNA were added to E. coli cell aliquots 

followed by incubation on ice for 20 min. Afterwards a heat shock was applied by immersing 

the samples for 1 min at 42 °C in a thermo-mixer, allowing the plasmid to permeate the cell 

membrane. Then, cells were immediately placed on ice for 2 minutes. 900 µL of pre-warmed 

LB medium were added and cells were incubated in a thermo-shaker at 900 rpm for 1 h. After 

the incubation, cells were harvested at 3000 x g for 10 min at 4 °C and spread on agar plates 

containing appropriate antibiotics. Plates were incubated overnight at 37 °C and afterwards 

stored at 4 °C. 

6.3 Physiological assays 

6.3.1 Monitoring of bacterial growth 

The initial information about the change of nutritional and energetic physiology, as well as 

proliferation and survival of bacteria under experimental conditions, was gained from the 

measurement of the optical density of a culture. The batch cultures were prepared and grown 

as previously described. The spectrophotometer (Biochrom) was blanked using LB broth. 

Every one hour, 2 mL aliquot were sampled from the batch culture. 1 mL aliquot of undiluted 

culture was transferred to a 10 mm cuvette, and the optical density at 600 nm was measured. 

To ensure that the optical density of the culture remained within the dynamic OD range of the 

spectrophotometer, samples with the OD600nm ≥ 0.5 were diluted 1:10 in LB medium and 

measured again. To monitor the growth of E. coli cultivated in multi-well plates, 100 μL aliquot 

of batch culture was sampled and diluted 1:10 in LB medium. All the samples were harvested 

and measured in triplicates. The growth rate was calculated as previously described by McKay 

et al., 1997: 

µ =
(𝒍𝒏 𝒙𝟐 − 𝒍𝒏 𝒙𝟏)

𝜟𝒕
 

where x1 and x2 are the absorbance values measured at 600 nm at the beginning and the end of 

exponential phase. Doubling time for the exponentially growing cultures was calculated as: 
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𝒕𝒅 =  
𝒍𝒏 𝟐

µ
 . 

6.3.2 Biofilm formation 

A quantitative crystal violet attachment assay was performed in 96-well polystyrene plates as 

described previously (O'Toole, 2011), with minor adjustments. Briefly, cells were inoculated 

from overnight cultures grown in LB and Belitsky minimal medium, prepared according to 

Stülke et al., 1993, diluted in replicates in both media to an initial turbidity of 0.05 at 600 nm 

and grown at 37 °C without shaking. Cell density (turbidity at 600 nm) was measured after 24 

and 48 h in a microtiter plate reader (BioTek Synergy™ Mx) and analyzed with Gen5TM 

version 2.0 software. After removing the supernatants, biofilms were washed with 100 μL PBS 

(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4). Next, biofilms 

were stained with 125 μL 0.1 % (w/v) crystal violet and incubated for 15 min at room 

temperature (RT). Wells were washed twice with 150 μL PBS and dried overnight. Crystal 

violet stains were resuspended in 125 μL of 30 % (v/v) acetic acid. 25 μL of this solution was 

transferred to a new 96-well plate and diluted 1:5 in 30 % (v/v) acetic acid. The absorbance 

was measured at 550 nm. Total biofilm was normalized by bacterial growth for each strain and 

represented as biofilm formation index (BFI). Each data point was averaged from at least 20 

replicate wells. 

6.3.3 Colanic acid quantification 

Colanic acid was quantified by measuring L-fucose, the sugar component which is exclusively 

found in this exopolysaccharide (EPS) (Stevenson et al., 1996). E. coli  overnight cultures were 

diluted in LB medium to an initial turbidity of 0.05 at 600 nm. 3 mL of diluted suspension were 

added to each well of 6-well polystyrene plate (6 replicates) and samples were cultivated for 

48 h at 37 °C without shaking. Wells filled with LB medium were used as controls. Samples 

of E. coli biofilm, growing in the wells of 6-well polystyrene plates for 48 h, were collected 

and colanic acid concentration was measured based on a previously described method (Obadia 

et al., 2007). Biofilm samples were boiled in a block heater set to 100 °C for 15 min to 

inactivate EPS-degrading enzymes and release EPS from the cell surface. In the next step, 

samples were centrifuged at 14000 x g for 30 min at 4 °C, after cooling down to room 
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temperature. The supernatants were collected, and polysaccharides were precipitated overnight 

with 70 % (v/v) ethanol. Samples were subjected to centrifugation at 14000 x g for 30 min at 

4 °C. The pellet was diluted in 0.2 mL of distilled water and mixed with 0.8 mL of H2SO4/H2O 

(6:1; v/v). The mixture was heated in a heating block set to 100 °C for 20 min and later cooled 

down to room temperature. For each sample, absorbance at 396 nm and 427 nm, before (A_co) 

and after (A_cy) addition of 100 μL of cysteine hydrochloride (1 M), was measured. The 

absorption due to this reaction was calculated as described earlier (Obadia et al., 2007) using 

 

𝐭𝐨𝐭𝐚𝐥 𝐚𝐛𝐬𝐨𝐫𝐩𝐭𝐢𝐨𝐧 = (𝐀𝟑𝟗𝟔𝐧𝐦𝐜𝐲  
−  𝐀𝟑𝟗𝟔𝐧𝐦𝐜𝐨  

) −  (𝐀𝟒𝟐𝟕𝐧𝐦𝐜𝐲  
−  𝐀𝟒𝟐𝟕𝐧𝐦𝐜𝐨  

).  

Values of total absorption were directly correlated to an L-fucose (Sigma-Aldrich) calibration 

curve (0 – 100 μg/mL) to determine the fucose concentration. The values for E. coli biofilm 

samples were normalized by cell turbidity at 600 nm. 

6.3.4 Cell aggregation 

Cells aggregation was assessed by monitoring of the cells sedimentation rate after 24 h. 

Overnight cultures of the strains were grown and induced as previously described (6.2.2.1). 

Next, 5 mL samples were placed in sterile 10 mL tubes and 1 mL samples were transferred to 

a 10 mm cuvette and covered with Parafilm. Samples were always prepared in 3 replicates 

each and incubated for 24 hours at 30 °C without shaking. Images were acquired using a digital 

camera (Olympus 5.0). Percentage aggregation was measured as previously described (Dorken 

et al., 2012). In brief, OD600nm of the upper phase was measured when the culture was added 

to the cuvette and again after 24 h. Percentage aggregation was calculated using 

𝐩𝐞𝐫𝐜𝐞𝐧𝐭𝐚𝐠𝐞 𝐚𝐠𝐠𝐫𝐞𝐠𝐚𝐭𝐢𝐨𝐧 = 𝟏 −  (
𝐎𝐃𝟐𝟒𝐡

𝐎𝐃𝟎𝐡
). 

6.4 Microscopy 

6.4.1 Transmission electron microscopy 

The cells were fixed (1 % glutaraldehyde, 4 % paraformaldehyde, 0.2 % picric acid, 50 mM 

sodium azide in 20 mM HEPES buffer, pH 7.4) for 5 min at 40 °C by using a microwave 
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processor for laboratory use (H2500 Microwave Processor, Energy Beam Sciences Inc. East 

Granby), and then for 30 min at room temperature. Finally, samples were stored overnight at 

4 °C until further processing. Subsequent to embedding in low gelling agarose, cells were 

postfixed in 2 % osmium tetroxide in washing buffer (20 mM cacodylate buffer pH 7, 10 mM 

CaCl2) for 1 h at room temperature, followed by en bloc staining with 2 % uranyl acetate in 

0.05 % NaCl for 30 min at room temperature and washing steps in between. After dehydration 

in graded series of ethanol (20 %, 30 %, 50 %, 70 %, 90 % for 10 min each step, 96 % two 

times for 10 min, 100 % ethanol three times for 10 min) the material was embedded in AGAR 

100 resin. Sections were cut on an ultramicrotome (Reichert Ultracut, Leica UK Ltd, Milton 

Keynes), stained with 4 % aqueous uranyl acetate for 3 min followed by lead citrate for 30 sec 

and analyzed with a transmission electron microscope LEO 906 (Zeiss). Afterwards, the 

micrographs were edited by using Adobe Photoshop CS6 and analyze by an ImageJ software. 

6.4.2 Phase contrast microscopy 

For phase contrast microscopy, 10 μL bacterial culture were pipetted onto a thin layer of 1.5 % 

(w/v) agar. Samples were photographed with an AxioCam MRm (Zeiss) camera mounted on 

an Axio Imager 2 (Zeiss) fluorescence microscope through an EC Plan-Neofluar 100x/1.3 oil 

objective. Images were acquired with ZEN 2011 software and exported as TIFF file format. 

6.5 Sample preparation for mass spectrometry 

6.5.1 Subcellular fractionation and protein extraction 

Complex proteomic samples can be separated into compartment enriched fractions, this 

reduces their complexity allowing for easier protein identification. In addition to an increased 

protein identification rate, the localization can provide crucial information about the function 

of the protein. However, the fractionation largely increases number of samples, thus the mass 

spectrometric measurement time becomes longer and the experimental cost higher. In this 

study, the subcellular fractionation of cytoplasmic, periplasmic and membrane compartments 

was applied to shake flask cultures. In the case of multi-well plate cultures, the whole cell 

extracts were analyzed. 
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1.5.1.1 Periplasm, cytoplasm and membrane fractionations  

Cells were fractionated into periplasmic, membrane and cytoplasmic fractions by the 

EDTA/lysozyme/cold osmotic shock method previously described (Randall and Hardy, 1986), 

with modifications (Pierce et al., 1997). In brief, cell pellets were resuspended in 500 µL cold 

hyperosmotic buffer 1 (100 mM Tris-acetate pH 8.2, 500 mM sucrose and 5 mM MgSO4). 

Next, 500 µL water and 40 µL hen egg white lysozyme (1 mg/mL, Sigma-Aldrich) were added 

and samples were incubated on ice for 5 min to digest the outer membrane. After adding 20 µL 

of MgSO4 (1M) to stabilize the inner membrane, samples were centrifuged at 12000 x g for 5 

min at 4 °C. The supernatant was carefully removed and frozen at -20 °C as the periplasmic 

fraction. The remaining pellet was resuspended in 1 mL buffer 2 (50 mM Tris-acetate pH 8.2, 

250 mM sucrose and 10 mM MgSO4) and subsequently spun at 12000 x g, 4 °C, 5 min. 

Following the second centrifugation step, pellets were resuspended in 750 µL of buffer 3 (50 

mM Tris-acetate pH 8.2, 2.5 mM EDTA pH 8.0) and sonicated 6 x 20 sec at 60 % to disrupt 

membranes using ultrasonic homogenizer Sonopuls with MS 72 sonotrode (Bandelin). The 

resulting solution was then centrifuged at 138000 x g for 30 min at 4 °C to sediment the 

membrane fraction. The supernatant was taken and designed as the cytoplasmic fraction. The 

pellet was resuspended in 500 µL buffer 3 and designed as the membrane fraction. All the 

samples were then stored at -20 °C. Fractions of three biological replicates from each stain 

were prepared. 

1.5.1.2 Inclusion bodies preparation 

Inclusion bodies (IBs) were separated from bacterial cultures grown in conditions described in 

the previous section (6.2.2.1). Cell pellets were resuspended in washing buffer (150 mM NaCl, 

50 mM Tris-HCl, pH 8.0) and disrupted by French Press operated at 16000 to 18000 psi 

followed by a high-speed centrifugation at 15000 x g. Unbroken cells, large cellular debris and 

the inclusion body proteins were washed twice with a washing buffer and IBs were isolated as 

described previously (Joliff et al., 1986). In short, pellets were resuspended in lysis buffer (5 

M urea, 50 mM Tris-HCl pH 8), incubated 15 min at room temperature and centrifuged for 30 

min at 15000 x g. The supernatant containing denatured proteins of IBs was separated and 

concentrated using Amicon® Ultra-0.5 centrifugal filters (Millipore). 
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1.5.1.3 Whole cell extract 

Pellets were resuspended in 600 µL lysis buffer (8 M urea, 3 M thiourea, 50 mM Tris-HCl pH 

8.0, 10 mM EDTA, 4 % (w/v) CHAPS, 20 mM TCEP) and sonicated 3 times for 1 min at 60 % 

amplitude using ultrasonic homogenizer Sonopuls with MS 72 sonotrode (Bandelin). 

6.5.2 Protein precipitation 

Acetone precipitation method was used to concentrate and purify proteins in fractionated 

samples. Lysate samples were mixed with 4-fold volume of acetone and precipitated at -20 °C 

overnight. The next day, samples were warmed to room temperature and centrifuged at 

20000 x g for 45 min at RT. Following the centrifugation, samples were washed twice with 80 

% (v/v) acetone and once with pure acetone and spun each time at 20000 x g for 10 min at RT. 

Finally, pellets were left to dry for 2 min and stored at -20 °C until further processing.  

6.5.3 Determination of protein concentration 

Precipitated protein pellets were thawed on ice and resuspended in 300 µL sample buffer (2 % 

(w/v) SDS, 50 mM Tris-HCl pH 8). The concentration of protein solutions was determined 

using the BCA Protein Assay kit (Thermo Fisher Scientific) according to the manufacturer’s 

instructions for the test-tube procedure and based on standard protocol. This assay uses a 

purpled colored product of the cuprous cation (Cu+1) and bicinchoninic acid reaction (Smith et 

al., 1985), which enables photometric measurement at 562 nm. All measurements were 

conducted in triplicates and samples were diluted appropriately to fit into the range of the 

standard curve. 

6.5.4 Electrophoresis (SDS-PAGE) 

The sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli, 1970) 

was used to separate proteins according to their molecular weights. The electrophoresis was 

performed using the Criterion™ (BioRad) system with 4 – 20 % gradient TGX™ precast 

separation gel (BioRad) in running buffer (3 % (w/v) Tris, 15 % (w/v) glycine, 1 % (w/v) 

SDS). For sample preparation, the protein extracts (30 μg) were reduced with 5 mM TCEP and 

incubated for 15 min at 50 °C. Next, the samples were cooled down, alkylated with 10 mM 
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IAA and incubated for 30 min at RT in the dark. After the incubation time, the samples were 

mixed with an equal volume of the loading dye (0.5 M Tris-HCl pH 6.8, 10 % (v/v) glycerol, 

10 % SDS, 5 % (v/v) β-mercaptoethanol, 0.05 % (w/v) bromophenol blue dye) and incubated 

at 45 °C for 15 min. Afterwards the samples were loaded onto the gel. The electrophoresis was 

performed for approximately 1 h at 150 V and 25 mA. 3 μL of PageRuler Prestained Protein 

Ladder (Thermo Fisher Scientific) were used as a molecular weight marker. The gel with 

separated proteins was fixed (40 % (v/v) ethanol, 10 % (v/v) acetic acid) for 30 min and stained 

overnight with Coomassie staining solution (10 % (w/v) (NH4)2SO4, 0.2 % (w/v) Coomassie 

Brilliant Blue™ R250, 1 % (v/v) H3PO4, 20 % (v/v) methanol). The next day, the redundant 

Coomassie was removed by washing the gel several times until the protein bands were clearly 

distinguishable from the background. The gel was documented using a scanner (Biostep), 

sealed and stored at 4 °C. 

6.5.5 In-gel protein digestion 

For the relative protein quantification, samples were fractionated by electrophoresis as 

described above. The entire gel lanes were cut into ten pieces each and placed into low protein 

binding tubes (Roth). Gel pieces in tubes were washed minimum 3 times with 700 μL of the 

washing solution (200 mM (w/v) NH4HCO3, 30 % (v/v) acetonitrile) at 37 °C for 15 minutes 

with shaking (1100 rpm) to remove the Coomassie stain and SDS residue. After the last 

washing step, the solution was discarded, and gel pieces were dried in a vacuum centrifuge 

(Eppendorf) for 40 min at 30 °C. The dried gel pieces were covered with 100 μL trypsin 

solution (2 μg/μL, Invitrogen) and incubated for 15 min at RT. Then, any excess of trypsin was 

removed and the gel pieces in tubes were incubated overnight at 37 °C, placing the reaction 

tubes upside down. The next day, the pieces were covered with LC-MS grade water (approx. 

20 μL) and incubated in an ultrasonic bath for 15 min. Tubes were centrifuged at 10000 x g 

for 30 sec and the supernatant containing peptides transferred into pre-labeled MS sample vials 

with 100 µL inserts. To assure the equal volume of samples, filled vials were vacuum 

centrifuged to dryness and 15 µL MS sample buffer (2 % (v/w) acetonitrile, 0.1 % (v/v) acetic 

acid in LC-MS grade water) was added to each sample. The vials were stored at -70 °C until 

LC-MS/MS measurement. 
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6.5.6 In-solution protein digestion  

For the absolute protein quantification, cytoplasmic proteins (100 µg) were reduced with 

TCEP, alkylated with IAA and digested in-solution using trypsin as previously described 

(Muntel et al., 2012). Desalting of peptides prior to mass spectrometry analysis using Stage 

tips, C18 material (Thermo Fisher Scientific) was performed according to the protocol by 

Rappsilber et al., 2007. At the end, the eluted peptides solutions were transferred into pre-

labeled MS sample vials, and the vials were vacuum centrifuged to dryness. Next, the dried 

peptides were resolved in 47.5 µL of MS sample buffer and 2.5 µL of the peptide mix of a 

tryptic digest of yeast alcohol dehydrogenase (Waters) was spiked in to a final concentration 

of 50 fmol/μL. 25 µL of a sample were transferred into a new low protein binding tube (backup 

sample) and stored together with the remaining 25 µL at -70 °C until LC-IMSE measurement. 

6.6 Analytical methods 

6.6.1 Western Blot 

The proteins separated by SDS-PAGE, as described in a previous section (6.5.4), were 

transferred to PVDF-membrane (BioRad) by semi-dry western-blotting using the Trans-Blot 

Turbo Transfer System (BioRad), with a blot transfer set for 7 min at 22 V, 2.5 A. The PVDF 

membrane was then washed in TBS buffer (50 mM Tris-HCl, 150 mM NaCl, pH 8) and 

subsequently immersed in blocking solution (2.5 % (w/v) skimmed milk powder, 0.1 % (v/v) 

Tween20 in 50 mL TBS buffer) and incubated at 4 °C overnight. The following day the 

membrane was washed 3 × for 5 min with TBS-Tween20 (0.1 %) before incubation with 

primary antibody (3.5 μL anti-6 ×-His (Life Technologies, CA, USA) in 20 mL TBS-Tween20 

(0.1 %)) for 1 h at RT. Membranes were then washed 3 × for 5 min with TBS-Tween20 (0.1 

%) before incubation with a secondary antibody (4 μL anti-Mouse HRP conjugate (Promega) 

in 20 mL TBS-Tween20 (0.1 %)) for 1 h at room temperature. Finally, membranes were 

washed for 3 × for 10 min with TBS-Tween20 (0.1 %). Immunoreactive bands were detected 

using an enhanced chemiluminescence (ECL) kit (BioRad) following manufacturer's 

instructions. Bands were visualised using a ChemiDoc chemiluminescence imager (BioRad) 

and the associated software. Densitometry of band-intensity was also carried out on a BioRad 

Gel-doc imager with Image Lab™ Software 4.1. 
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6.6.2 LC-MS analysis 

Large-scale comparative proteomics for multiple experiments was carried out using a 

combination of label-free relative and absolute protein quantification techniques (Table 6.5). 

Table 6.5 Analytical instruments and protein quantification applied in this study 

Samples Subcellular 

fraction 

Instrument type Protein 

quantification 

LC MS 

E. coli 

MC4100, 

DADE 

cytoplasm nanoACQUITYTM 

UPLCTM (Waters)  

 

Synapt G2 

(Waters) 

absolute 

periplasm, 

membrane, 

inclusion 

bodies 

Proxeon nLC 1200 

(Thermo Fisher 

Scientific) 

Orbitrap Elite 

(Thermo Fisher 

Scientific) 

relative 

E. coli W3110 

(CyDisCo)  

cytoplasm nanoACQUITYTM 

UPLCTM (Waters)  

 

Synapt G2 

(Waters) 

absolute 

periplasm, 

membrane 

Proxeon nLC 1200 

(Thermo Fisher 

Scientific) 

Orbitrap Elite 

(Thermo Fisher 

Scientific) 

relative 

E. coli 

Tatexpress  

cytoplasm, 

periplasm,  

membrane 

EASY-nLC II 

(Thermo Fisher 

Scientific) 

Orbitrap Velos 

Pro (Thermo 

Fisher 

Scientific) 

relative 

E. coli Rha- whole cell  EASY-nLC II 

(Thermo Fisher 

Scientific) 

LTQ Orbitrap 

(Thermo Fisher 

Scientific) 

relative 

LC, Liquid chromatography; MS, Mass spectrometry 
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Absolute quantities of cytoplasmic proteins were determined by liquid chromatography-ion 

mobility mass spectrometry (LC-IMSE) using an unlabeled protein spike-in, Hi3 approach 

(Silva et al., 2006). Parameters for liquid chromatography and IMSE were used as described 

previously (Zühlke et al., 2016). Abundance was calculated based on the three most intense 

peptides of a protein compared to the three most intense peptides of the protein standard. MS 

data were saved in XML (mzData supported) file format using ProteinLynx Global 

SERVER™ (PLGS) (Waters). 

The relative protein quantification was applied to all the remaining fractionated samples. The 

eluted peptides were subjected to LC-MS/MS analysis. Peptides were separated on in-house 

self-packed columns (id 100 μm, od 360 μm, length 200 mm; packed with 3.6 µm Aeris XB-

C18 reversed-phase material (Phenomenex)). Parameters for liquid chromatography and 

MS/MS are listed in Table 6.6. After acquisition of the full MS spectra, up to 20 dependent 

scans (MS/MS) were performed according to precursor intensity by collision-induced 

dissociation fragmentation (CID) in the linear ion trap. MS data were saved in RAW file format 

using XCalibur (Thermo Fisher Scientific). 

Table 6.6 Parameters for LC-MS/MS 

Instrument type Parameters 

Proxeon nLC 1200 coupled 

to an Orbitrap Elite 

80 min nonlinear gradient from 1 % to 95 % acetonitrile in 

0.1 % acetic acid with a constant flow rate of 300 nL/min; 

MS scan resolution of 60000 

EASY-nLC II coupled to an 

Orbitrap Velos Pro 

100 min nonlinear gradient from 5 % to 75 % acetonitrile in 

0.1 % acetic acid with a constant flow rate of 300 nL/min; 

MS scan resolution of 30000 

EASY-nLC II coupled to an 

LTQ Orbitrap 

100 min nonlinear gradient from 1 % to 99 % acetonitrile in 

0.1 % acetic acid with a constant flow rate of 300 nL/min; 

MS scan resolution of 30000  

 

  



Materials and methods 

122 

 

1.6.3.1 Protein identification and quantification 

The MSE spectra of cytoplasmic samples were processed using PLGS v3.0 and searched 

against a randomized E. coli UniProt/Swissprot databases (Table 6.7) with manually added 

amino acid sequences (Appendix 8.2) and including yeast ADH1 sequence. Processing and 

search parameters were described earlier (Zühlke et al., 2016). MS/MS spectra of periplasmic 

and membrane samples were search against the same databases, excluding yeast ADH1, using 

MaxQuant software (version 1.5.8.3) (Cox et al., 2006). Peptide search was performed with 

the Andromeda search algorithms (Cox et al., 2011). For positive protein identification the 

following criteria had to be met: a minimal peptide length of six amino acids, up to two missed 

cleavages, carbamidomethylation of cysteine specified as a fixed modification, N-terminal 

protein acetylation and methionine oxidation were set as variable modifications. The false 

discovery rate (FDR) was estimated and protein identifications with FDR < 1 % were 

considered acceptable. A protein had to be identified in at least two out of 3 biological 

replicates, and a minimum of two unique peptides per protein was required for relative 

quantification using the label free quantification (LFQ) algorithm provided by MaxQuant. 

Table 6.7 E. coli proteome databases used in this study 

Samples 

Database information 
Added 

sequences Organism Proteome ID Version 

MC4100  

DADE 

E. coli MC4100 UP000017782 January 2017 – 

W3110 

(CyDisCo) 

 

E. coli W3110 UP000000318 December 2017 TorA-sp 

scFv 

mf_scFv 

Erv1p 

PDI 
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Tatexpress 

 

E. coli W3110 UP000000318 December 2017 TorA-sp 

hGH 

mf_hGH 

Rha E. coli W3110 UP000000318 December 2017 TorA-sp 

OmpA-sp 

PhoA-sp 

hGH 

 

 

6.7 Bioinformatic analysis of proteomic data 

6.7.1 Statistical analysis 

The data presented in this study were expressed as mean values ± corresponding standard 

deviations of at least three independent experiments, if not labeled otherwise. The statistical 

analysis of proteomics data was carried out using Perseus 1.6.1.3 software (Tyanova et al., 

2016). Two sample t-test was applied for determining if the means of two groups are 

significantly different from each other, and multi-sample (ANOVA) test was applied to 

determine if any of the means of several groups are significantly different from each other.  For 

statistical analysis of other than proteomics data the 2-tailed unpaired Student's t-test 

(GraphPad Prism 7, GraphPad) was used. In all analyses, p values of < 0.05 were considered 

statistically significant. 

6.7.2 Protein annotation 

The protein biological functions were assigned based on their FIGfam roles according to The 

SEED (http://pubseed.theseed.org/) (Overbeek et al., 2014) and KEGG database  

(https://www.genome.jp/kegg/) complemented with manual curation. Basic metabolic 

pathways were reconstructed by KEGG. The protein subcellular localization was assigned 

based on the E. coli specific STEP database (STEPdb) (Orfanoudaki and Economou, 2014). 

Protein interactions were selected according to STRING database (http://string-db.org/). 
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6.7.3 Graphical presentation 

Line and bar charts were plotted using GraphPad Prism 7 software (GraphPad). Scatter plots, 

heatmaps and network visualizations were created using RStudio Desktop v1.1.456 (RStudio). 

Voronoi treemaps were created using the Paver software (DECODON GmbH). All the figures 

and images were adjusted using PowerPoint 2016 version (Microsoft). 

6.7.4 Data deposition 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE partner repository. All projects were assigned individual identifier 

and access credentials (Table 6.8). Data are available at the ProteomeXchange website 

(http://proteomecentral.proteomexchange.org). 

 

Table 6.8 Data depository 

Samples Dataset identifier Username Password 

MC4100 

DADE 

PXD008803 reviewer18233@ebi.ac.uk FfgJJudJ 

W3110  

(CyDisCo) 

PXD010078 reviewer91495@ebi.ac.uk gZ9aEwDr 

TatExpress PXD011404 reviewer97867@ebi.ac.uk PsTkqMYA 

Rha PXD013168 reviewer05443@ebi.ac.uk OR1NJlaB 
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 Appendix 

8.1 CD-ROM contents 

This appendix contains a list of the supplementary materials included on the attached CD-

ROM. 

Supplementary Table 1.xlsx 

Changes in the abundance of cytoplasmic and periplasmic proteins (log 2 FC) and p-values for 

E. coli Δtat vs. E. coli MC4100 (WT) 

Supplementary Table 2.xlsx 

Changes in the protein abundance (log 2 FC) and p-values for E. coli CyDisCo vs. scFv and E. 

coli CyDisCo vs. mf_scFv 

Supplementary Table 3.xlsx 

Changes in the protein abundance (log 2 FC) and p-values for E. coli TatExpress vs. hGH and 

E. coli TatExpress vs. mf_hGH 

Supplementary Table 4.xlsx 

Statistically significant changes in the protein abundance (log 2 FC) for E. coli rhaBAD vs. 

OmpA-hGH and E. coli rhaBAD vs. PhoA-hGH induced with 100 µM Rha (p < 0.01 

(ANOVA)) 

Supplementary Table 5.xlsx 

Changes in the protein abundance (log 2 FC) and p-values for E. coli rhaBAD OmpA-hGH  

(5000 µM vs. 100 µM) 

Supplementary Table 6.xlsx 

Changes in the protein abundance (log 2 FC) and p-values for E. coli rhaBAD PhoA-hGH  

(5000 µM vs. 100 µM) 

Supplementary Table 7.xlsx 

Statistically significant changes in the protein abundance of selected PBPs in the cytoplasm 

(log 2 FC) for E. coli TatExpress vs. hGH and E. coli TatExpress vs. mf_hGH (p < 0.01 

(ANOVA)) 
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8.2 Protein and peptide sequences 

Protein sequences: 

> Single-chain variable fragment, scFv; with 6-His attached 

HMQEQLVESGGGLVQPGGSLRLSCAASGFDFSSHWIYWVRQAPGKGLEWVSTIYTG

SDSTYYATWAKGRFTISKDNSKNTVYLQMNSLRAEDTAVYYCARDLGGSSSTSYID

LWGQGTLVTVSSGGGGSGGGGSGGGGSELVLTQSPATLSLSPGERATLSCTLSSAHK

TYSIAWYQQKPGQAPRYLIQLKSDGSYTKGTGVPARFSGSSSGADRTLTISSLEPEDA

VYYCSTDYATGYYVFGQGTKVEIKRHHHHHH 

> Misfolded single-chain variable fragment, mf_scFv; with 6-His attached 

HMQEQLVESGGGLVQPGGSLRLSCAASGFDFSSHWIYWVRQAPGKGLEWVSTIYTG

SDSTYYADSVKGRFTISKDNSKNTVYLQMNSLRAEDTAVYYCARDLGGSSSTSYISD

LWGQGTLVTVSSGGGGSGGGGSGGGGSELVLTQSPATLSLSPGERATLSCTLSSAHK

TYSIAWYQQKPGQAPRYLIQLKSDGSYTKGTDVPARFSGSSSGADRTLTISSLEPEDF

AVYYCSTDYATGYYVFGQGTKLRSNVIIIIITNKDPNSSSVDKLAAALEHHHHHH 

> Human growth hormone, hGH; with 6-His attached 

MFPTIPLSRLFDNAMLRAHRLHQLAFDTYQEFEEAYIPKEQKYSFLQNPQTSLCFSESI

PTPSNREETQQKSNLELLRISLLLIQSWLEPVQFLRSVFANSLVYGASDSNVYDLLKD

LEEGIQTLMGRLEDGSPRTGQIFKQTYSKFDTNSHNDDALLKNYGLLYCFRKDMDK

VETFLRIVQCRSVEGSCGFHHHHHH 

> Misfolded human growth hormone, mf_hGH; with 6-His attached 

MFPTIPLSRLFDNAMLRAHRLHQLAFDTYQEFEEAYIPKEQKYSFLQNPQTSLCFSESI

PTPSNREETQQKSNLELLRINVYDLLKDLEEGIQTLMGRLEDGSPRTGQIFKQTYSKF

DTNSHNDDALLKNYGLLYCFRKDMDKVETFLRIVQCRSVEGSCGFHHHHHH 

> Mitochondrial FAD-linked sulfhydryl oxidase, Erv1; from Saccharomyces cerevisiae 

MKAIDKMTDNPPQEGLSGRKIIYDEDGKPCRSCNTLLDFQYVTGKISNGLKNLSNGK

LAGTGALTGEASELMPGSRTYRKVDPPDVEQLGRSSWTLLHSVAASYPAQPTDQQK
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GEMKQFLNIFSHIYPCNWCAKDFEKYIRENAPQVESREELGRWMCEAHNKVNKKLR

KPKFDCNFWEKRWKDGWDE 

> Protein disulfide-isomerase, PDI; from Homo sapiens 

MLRRALLCLAVAALVRADAPEEEDHVLVLRKSNFAEALAAHKYLLVEFYAPWCGH

CKALAPEYAKAAGKLKAEGSEIRLAKVDATEESDLAQQYGVRGYPTIKFFRNGDTA

SPKEYTAGREADDIVNWLKKRTGPAATTLPDGAAAESLVESSEVAVIGFFKDVESDS

AKQFLQAAEAIDDIPFGITSNSDVFSKYQLDKDGVVLFKKFDEGRNNFEGEVTKENL

LDFIKHNQLPLVIEFTEQTAPKIFGGEIKTHILLFLPKSVSDYDGKLSNFKTAAESFKG

KILFIFIDSDHTDNQRILEFFGLKKEECPAVRLITLEEEMTKYKPESEELTAERITEFCH

RFLEGKIKPHLMSQELPEDWDKQPVKVLVGKNFEDVAFDEKKNVFVEFYAPWCGH

CKQLAPIWDKLGETYKDHENIVIAKMDSTANEVEAVKVHSFPTLKFFPASADRTVID

YNGERTLDGFKKFLESGGQDGAGDDDDLEDLEEAEEPDMEEDDDQKAVKDEL 

 

Signal peptide sequences: 

> Trimethylamine-N-oxide reductase 1, TorA 

MNNNDLFQASRRRFLAQLGGLTVAGMLGPSLLTPRRATA 

> Alkaline phosphatase, PhoA 

VKQSTIALALLPLLFTPVTKA  

> Outer membrane protein A, OmpA 

MKKTAIAIAVALAGFATVAQA 
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8.3 Equipment and consumables 

Laboratory equipment Manufacturers  

Analytical balance Adventurer OHAUS 

Analytical balance Entris Sartorius 

Block heater  Thermo Fisher Scientific 

Centrifuge Heraeus Megafuge 8  Thermo Fisher Scientific 

Centrifuge Micro Star 17R VWR 

Chemiluminescence imager ChemiDoc XRS+  BioRad 

Digital camera Olympus 5.0 Olympus 

Electrophoretic power supply PowerPac BioRad 

French Press (French pressure cell press) SLM Aminco 

H2500 Microwave processor Energy Beam Sciences  

Incubator INCU-Line 150R Premium VWR 

Incubator shaker New Brunswick Innova 44 Eppendorf 

LC EASY-nLC II  Thermo Fisher Scientific 

LC nanoACQUITY™ UPLC™ Waters 

LC Proxeon nLC 1200  Thermo Fisher Scientific 

Magnetic mixer VMS-A VWR 

Microbiological safety cabinet Safe 2020 Thermo Fisher Scientific 

Micropipettes (P20, P100, P200, P1000) Gilson 

Microscope Axio Imager 2   Zeiss 

Microtiter plate reader BioTek Synergy™ Mx BioTek 

MS LTQ Orbitrap  Thermo Fisher Scientific 
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MS Orbitrap Velos Pro  Thermo Fisher Scientific 

MS Synapt G2  Waters 

MS Synapt G2 Orbitrap Elite  Thermo Fisher Scientific 

Multichannel pipette (P200) Eppendorf 

pH Meter FiveEasy Mettler Toledo 

Pipette controller accu-jet pro BrandTech Scientific 

Repeating Pipette HandyStep  BrandTech Scientific 

Scanner (gel documentation) ViewPix 700 Biostep 

SDS-PAGE chambers Criterion™  BioRad 

Shaker Polymax 1040 Heidolph 

Spectrophotometer DS-11 DeNovix 

Spectrophotometer Ultraspec 2100 pro Biochrom 

Thermocycler Biometra T3  Anachem 

ThermoMixer C Eppendorf 

Trans-Blot Turbo Transfer System BioRad 

Transmission electron microscope LEO 906  Zeiss 

Ultracentrifuge Optima MAX-XP Beckman Coulter 

Ultramicrotome (Reichert Ultracut) Leica Biosystems 

Ultrasonic cleaner VWR 

Ultrasonic homogenizer SONOPULS mini20 Bandelin 

Vacufuge Concentrator Plus Eppendorf 

Vortex Genie 2 VWR 

Consumables Manufacturers 

10 mL polycarbonat tubes  Beckman Coulter 
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250 mL shake flask VWR 

6-well plates Corning  

96-well plates Brand 

Amicon Ultra 0.5 mL centrifugal filters  Millipore 

Conical test tubes (15 ml and 50 ml) Sarstedt 

Cuvette (1.5 ml, 10 x 4 x 45 mm) Sarstedt 

Disposable pipettes (sterile, 5 ml, 10 ml, 5 ml) Sarstedt 

Eppendorf tubes (1.5 mL) Eppendorf 

Low protein binding tubes (1.5 mL) Roth 

MS insert (100 µL) VWR 

MS sample vials  VWR 

Petri dishes for bacteria culture Sarstedt 

Pipette tips (10 μl, 200 μl, 1000 μl) Sarstedt 

Precast separation gel TGX 4-20% BioRad 

PVDF-membrane  BioRad 

Slides and cover slides Carl Roth 

Stage tips, C18 material Thermo Fisher Scientific 

Sterile filters Sarstedt 
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8.4 Reagents and chemicals 

Chemicals Manufacturers  

Acetic acid Carl Roth 

Acetone  Carl Roth 

Acetonitrile Carl Roth 

Agarose peqGOLD VWR 

Ammonium bicarbonate Sigma-Aldrich 

Ammonium sulfate  Carl Roth 

Ampicilin Carl Roth 

Anti-6× His tag antibody Life Technologies 

Anti-Mouse IgG, HRP conjugate  Promega 

Bromophenol blue  Sigma-Aldrich 

Calcium chloride Sigma-Aldrich 

CHAPS  Carl Roth 

Coomassie Brilliant Blue™ R250,  Sigma-Aldrich 

Cristal violet Sigma-Aldrich 

Cysteine hydrochloride Sigma-Aldrich 

Disodium phosphate Carl Roth 

EDTA  Carl Roth 

Ethanol Carl Roth 

Glucose Carl Roth 

Glutamic Acid  Sigma-Aldrich 

Glutaraldehyde Sigma-Aldrich 
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Glycerol Carl Roth 

Glycine Carl Roth 

HEPES  Carl Roth 

IAA  Sigma-Aldrich 

IPTG  Melford 

Iron sulphate (FeSO4) Sigma-Aldrich 

Kanamycin Formedium 

LB agar Carl Roth 

L-fucose Sigma-Aldrich 

L-rhamnose Sigma-Aldrich 

Lysozyme Sigma-Aldrich 

Magnesium sulfate (MgS04) Carl Roth 

Magnesium sulfate (MgSO4 x 7H2O) Carl Roth 

Manganese sulfate (MnSO4) Sigma-Aldrich 

Methanol Merck 

Monopotassium phosphate Merck 

Osmium tetroxide  Science Services  

Paraformaldehyde Science Services  

Phosphorous acid Carl Roth 

Picric acid VWR 

Potassium chloride Carl Roth 

SDS  PanReac AppliChem 

Skimmed milk powder Carl Roth 

Sodium azide  VWR 
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Sodium cacodylate Carl Roth 

Sodium chloride  Carl Roth 

Sucrose Sigma-Aldrich 

Sulfuric acid Carl Roth 

TCEP  Sigma-Aldrich 

Thiourea Sigma-Aldrich 

Tris  Carl Roth 

Trisodium Citrate  Carl Roth 

Trypsin Invitrogen 

Tryptone Oxoid Thermo Fisher 

Tryptophan Sigma-Aldrich 

Tween20 Serva 

Uranyl acetate  Serva 

Urea Merck 

Yeast extract Oxoid Thermo Fisher 

β-mercaptoethanol Carl Roth 

Kits/ reagents Manufacturers  

Clarity™ enhanced chemiluminescence kit BioRad 

Dpn1 restriction enzyme  New England Biolabs 

FastDigest EcoRI restriction enzyme  Thermo Fisher Scientific 

FastDigest HindIII restriction enzyme  Thermo Fisher Scientific 

GeneJET Plasmid Miniprep kit  Thermo Fisher Scientific 

PageRuler™ Prestained Protein Ladder  Thermo Fisher Scientific 

Phusion®  High-Fidelity DNA Polymerase New England Biolabs 
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Pierce™ BCA Protein Assay kit  Thermo Fisher Scientific 

RNAprotect Bacteria Reagent  Qiagen 

RNeasy Plus Mini kit  Qiagen 

SuperScript IV Reverse Transcriptase  Invitrogen 

T4 DNA ligase  Roche 

T4 DNA ligase  Thermo Fisher Scientific 

TaqMan™  Gene Expression Master Mix  Applied Biosystems 

Yeast alcohol dehydrogenase  Waters 
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8.5 Software 

Software Software producers 

Adobe Photoshop CS6 Adobe 

Image Lab™ Software v 4.1 BioRad 

GraphPad Prism 7 GraphPad 

ImageJ v 1.8.0 NIH, Maryland, U.S. 

MaxQuant software v 1.5.8.3 Max Planck Institute of Biochemistry, 

Martinsried, Germany 

Gen5™ v 2.0  BioTek 

Paver  DECODON GmbH 

Perseus v 1.6.1.3 Max Planck Institute of Biochemistry, 

Martinsried, Germany 

PowerPoint v 2016  Microsoft 

ProteinLynx Global SERVER™ v 3.0 Waters 

RStudio Desktop v1.1.456 Rstudio 

XCalibur™ Thermo Fisher Scientific 

ZEN 2011 software  Zeiss 
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8.5 Curriculum vitae 

Personal information 

Name: Katarzyna Magdalena Dolata 

Date and place of birth:  November 11th, 1989 in Poznań, Poland 

 

Education 

1995-2002 Józef Wybicki Elementary School in Czerwonak, Poland 

2002-2005 Jan Paweł II Gymnasium in Czerwonak, Poland 

2005-2008 Wiktor Dega XV High School in Poznań, Poland 

Academic studies 

2008-2011 B. Sc. Environmental Protection, Adam Mickiewicz University in 

Poznań, Poland   

2011-2013 M. Sc. Environmental Management, Adam Mickiewicz University in 

Poznań, Poland 

2012-2013 Postgraduate Diploma Analytical Chemistry, Adam Mickiewicz 

University in Poznań, Poland 

2012-2014 M. Sc. Biotechnology, Adam Mickiewicz University in Poznań, Poland 

Master thesis 

Jul 2014 

 

''Cytotoxic effect of proteins from the Greater Celenadine's 

(Chelidonium majus L.) extracts on human cervical carcinoma HeLa 

cells'' 

PhD thesis 

from Jul 2015 

 

PhD student at the University of Greifswald 

''Proteomics-based analysis of stress responses during recombinant 

protein production in Escherichia coli''  
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Internships 

Jun-Oct 2013 Dublin City University, National Institute for Cellular Biotechnology, 

Dublin, Ireland 

Supervisor: Dr. Paul Dowling 

Oct-Dec 2014 Vall d’Hebron Institute of Oncology, Barcelona, Spain 

Supervisor: Dr. Josep Villanueva 

Feb 2017 Stockholm University, Department of Biochemistry and Biophysics 

Supervisor: Dr. Jan Willem de Gier 
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