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Abstract 

    Over a decade after the completion of the human genome, researchers around the world are still 
wondering what information is hidden in the genome. Although the sequences of all human genes are known, 
it is still almost impossible to determine much more than the primary protein structure from the coding 
sequence of a gene. As a result of that, the need for recombinantly produced proteins to study protein 
structure and function is greater than ever. The main objective of this thesis has been to improve protein 
production, particularly using Escherichia coli. To improve protein production in Escherichia coli there are a 
number of different parameters to consider. Two very important parameters in the process of protein 
production are transcription and translation. To study the influence of differences in transcription rate, target 
proteins with different characteristics were produced under control of three promoters of different strength 
(lacUV5, trc and T7). Analyzing the total amount of target protein as well as the amount of soluble protein 
demonstrated the benefits of using a strong promoter such as T7. However, protein production is also highly 
dependent on translational efficiency, and a drawback associated with the use of Escherichia coli as host strain is 
that codons rarely used in this host can have a negative effect on the translation. The influence of using a 
strain supplied with genes for rare codon tRNAs, such as Rosetta(DE3), instead of the standard host strain 
BL21(DE3), was therefore evaluated. By using Rosetta(DE3) an improved protein yield for many of the 
poorly produced proteins was achieved, but more importantly the protein purity was significantly increased 
for a majority of the proteins. For further understanding of the underlying causes of the positive effects of 
Rosetta(DE3), the improved purity was thoroughly studied. The cause of this improvement was explained by 
the fact that Rosetta(DE3) has a significantly better read through of the full sequence during translation and 
thereby less truncated versions of the full-length protein is formed.  Moreover, the effect of supplementation 
of rare tRNAs was shown to be highly dependent on the target gene sequence. Surprisingly, it was not the 
total number of rare codons that determined the benefit of using Rosetta(DE3), instead it was shown that 
rare arginine codons and to some extent also rare codon clusters had a much bigger impact on the final 
outcome.  
    As a result of the increased interest in large-scale studies in the field of proteomics, the need for high-
throughput protein production pipelines is greater than ever. For that purpose, a protein production pipeline 
that allows handling of nearly 300 different proteins per week was set up within the Swedish Human Protein 
Atlas project. This was achieved by major and minor changes to the original protocol including protein 
production, purification and analysis. By using this standard setup almost 300 different proteins can be 
produced weekly, with an overall success rate of 81%. To further improve the success rate it has been shown 
that by adding an initial screening step, prior high-throughput protein production, unnecessary protein 
production can be avoided. A plate based micro-scale screening protocol for parallel production and 
verification of 96 proteins was developed. In that, protein production was performed using the EnBase® 
cultivation technology followed by purification based on immobilized metal ion affinity chromatography. The 
protein products were finally verified using matrix-assisted laser desorption ionization time-of-flight MS. By 
using this method, proteins that will be poorly produced can be sorted out prior high-throughput protein 
production.  
 

Keywords: protein production, Escherichia coli, transcription, promoter, translation, rare codon, high-
throughput, screening 
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Introduction 
 

1. Proteins 

Proteins are the most abundant molecules in biology after water, and due to their vital functions (e.g. 

signaling, transport, enzymatic reactions and immune defense) they are often called the building 

blocks of life [1, 2]. When a protein is produced, the genetic code (DNA), which is copied via 

replication, is transcribed into mRNA followed by translation of mRNA into a chain of amino acids. 

A process called the Central Dogma [3]. However, the resulting amino acid chain, called the primary 

protein structure, needs to be folded into an organized three-dimensional structure to become a 

functional protein. In a functional protein one generally refers to three different levels of protein 

structure (Figure 1). Locally folded structures are termed secondary structures and the two major 

secondary structures are called α-helix and β-strand. When secondary structures are packed together 

to a domain, the tertiary structure is formed. A protein can also consist of several folded amino acid 

chains, called the quaternary structure [2]. 

 

Since the sequencing effort of the human genome was completed, the sequence and chromosomal 

localization of all human genes are known [4, 5]. However, one remaining question is; what 

information is hidden in the genome? By knowing the coding sequence of a gene it is possible to 

predict the primary protein structure. But, it is not possible to determine the three-dimensional 

structure of the protein due to the complexity of combining 20 different amino acids. In other 

words, based on today’s knowledge, the sequence itself says very little about the function. Therefore, 

it has become of great importance to systematically study structure and function of proteins, 

especially human proteins. This can be done by using different approaches for large-scale 

proteomics studies, for example by mass spectrometry (MS)- and antibody-based proteomics as well 

as structure determination [6-8]. However, one prerequisite for the latter two approaches is the 

availability of the protein of interest and consequently there has been an increased interest in 

recombinant protein production. So far, Escherichia coli (E. coli) is the dominating host for that 

purpose. If the produced protein is going to be used for structural determination, correctly folded 

protein is also a necessity. This could sometimes be a problem when producing recombinant 

proteins in bacteria, since the produced proteins easily aggregate and form inclusion bodies. On the 
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other hand, if loss of function during inclusion body formation is not a problem or the protein is 

easily refolded in vitro, the relatively high purity of the aggregated proteins can instead be highly 

beneficial [9]. In summary, the optimal setup for successful recombinant protein production is 

highly dependent on the use of the protein.  

 

 

Figure 1. The levels of protein structure. (Illustration by Maria Stenvall) 
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2. Recombinant protein production 

Isolation of a protein of interest from its natural source generates in general a very small amount of 

protein. One way to circumvent this is by recombinant protein production. Genomic DNA or 

cDNA encoding the gene of interest is inserted into a plasmid, a circular molecule of DNA that can 

be introduced into host cells. Protein production of the target gene can then be induced, resulting in 

large amounts of the target protein. The first successfully produced human protein using this 

approach, was the growth hormone somatostatin that was produced in E. coli [10]. Since this first 

successful production of a human recombinant protein in 1977, groundbreaking developments have 

occurred in the field of recombinant protein production which has enabled a wide range of studies 

of proteins. Apart from E. coli there are other bacterial expression systems for protein production as 

well as systems based on yeast, insect cells, mammalian cells and also cell-free systems [11-14]. 

However, E. coli is so far the most commonly used organism for heterologous protein production. 

 

2.1 Escherichia coli as host for recombinant protein production 

E. coli was first discovered in 1885 by the German pediatrician Theodor Escherich. Thanks to this 

bacterium, the fantastic progress in the field of recombinant protein production during the 20th 

century has been possible. E. coli is a rod-shaped, gram-negative, facultative anaerobic bacterium that 

is approximately 2 µm long. The benefits of using E. coli for protein production are the large 

knowledge available on culture conditions required for optimal growth and that it has an easily 

modified genome. This has enabled efficient protein expression that gives high yields at low cost. 

On the other hand, disadvantages are that it is difficult to express proteins with disulfide bonds or 

post-translational modifications, such as glycosylations, and that inclusion bodies may form when 

producing heterologous proteins or proteins at very high concentrations [15]. The inherent 

production of endotoxins might also be a problem when producing proteins for medical purposes. 

The two most frequently used E. coli strains for routine protein production are BL21 and K-12. To 

improve quality and efficiency of producing large amounts of a protein in a foreign host these 

strains have been modified in various ways, resulting in several useful derivatives of this important 

bacteria [13]. Examples of useful strains are listed in Table 1. 
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Table 1. Examples of E. coli strains commonly used for recombinant protein production. 

Host strain Origin Characteristics 

B834 B  Protease-deficient, methionine auxotroph 

BL21 B834 Deficient in both lon and ompT proteases 

Rosetta BL21 Supply tRNAs for codons rarely used in  E. coli to enhance the production 

of eukaryotic proteins. Deficient in both lon and ompT proteases 

BL21 CodonPlus BL21 Supply tRNAs for codons rarely used in  E. coli to enhance the production  

of eukaryotic proteins. Deficient in both lon and ompT proteases 

Origami K-12 trxB and gor mutant, resulting in enhance disulfide bond formation in 

the cytoplasm 

Origami B BL21 trxB and gor mutant, resulting in enhance disulfide bond formation  

in the cytoplasm. Deficient in both lon and ompT proteases 

Rosetta gami Origami Combines the features Origami and Rosetta to enhance the production  

of eukaryotic proteins as well as disulfide bond formation in cytoplasm 

Rosetta gami B Origami B Combines the features Origami B and Rosetta to enhance the production 

of eukaryotic proteins as well as disulfide bond formation in cytoplasm.  

Deficient in both lon and ompT proteases 

BL21 Star BL21 rne mutant, improves the stability of mRNA resulting in increased  

protein production. Deficient in both lon and ompT proteases 

C41 BL21 Mutated to tolerate production of toxic and membrane proteins.  

Deficient in both lon and ompT proteases 

C43 C41 Mutated to tolerate production of toxic and membrane proteins.  

    Deficient in both lon and ompT proteases 

To support the T7 promoter system most of these strains are also available as DE3 and pLysS strains. The DE3 

lysogen expresses T7 RNA polymerase upon induction while the pLysS plasmid produces T7 lysozyme that reduces the 

basal level expression of the gene of interest.  

 

Recombinant protein production in E. coli is influenced by many factors. The processes of 

replication, transcription and translation, as well as the stability of the expression vector and mRNA 

are all parameters to take into account when choosing an expression system. Furthermore, culture 

conditions, proteolytic stability, protein folding and localization need to be considered for optimal 

protein production [16, 17]. In other words, to find the ideal conditions for recombinant protein 

production in E. coli is not a trivial task, especially if the goal is to find one set of conditions that 

works well for large sample sets. However, as a result of the wide range of expression vectors and 

strains nowadays available, the chances of designing a suitable protein expression protocol in E. coli 

have significantly increased over the last decades [18]. To further improve the production of soluble 

protein it is also possible to use fusion tags and chaperones [19-22]. 
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2.2 The expression vector 

An expression vector is a plasmid designed for protein expression of a specific gene in a host cell. 

When designing a new expression vector, there are some essential genetic elements needed in the 

vector to be able to produce a protein of interest. By careful consideration of the combination of 

these elements, a high protein production can often be achieved. In Figure 2 a graphic presentation 

of a typical E. coli expression vector is shown. A more detailed description of these elements will be 

presented in the following sections. 

 

 

 

Figure 2. Schematic presentation of an expression vector and the process of protein production in E. coli. The 

origin of replication (ori) is the element that sets the number of plasmids available for transcription. Transcription is 

initiated when RNA polymerase binds to the promoter (P). P is a DNA sequence located approximately 10 bp to 100 bp 

upstream of the ribosomal binding site (RBS). Promoters from E. coli normally consists of two hexanucleotide 

sequences, one located approximately 35 bp upstream (-35) and another located approximately 10 bp upstream (-10) of 

the transcription initiation base, TTGACA and TATAAT, respectively [23-25]. These two hexamers are in general 

separated by a promoter-spacer with a length of 16 to 18 bp and the optimal promoter-spacer length is most often 17 bp 

[24, 26]. The activity of a promoter could be modulated by a regulatory protein. If so, the regulatory gene (R), encoding 

for such a regulatory protein, may be present on the vector itself or integrated into the host chromosome. The process 

of transcription is finally terminated by a transcription terminator (TT). When translation is initiated the ribosome will 

form a complex with the mRNA. The Shine-Dalgarno (SD) sequence will then interact with the 3’-end of the 16S rRNA 

of the 30S ribosome [27]. Translation will then start from the initiation codon (IC, +1) and be stopped by the translation 

terminator (tt). Features important for an efficient translation initiation is the distance between the SD site and the 

translation initiation codon (IC, +1), the spacer, as well as possible secondary structure formations in the mRNA of this 

region [28, 29]. Apart from the elements directly involved in the protein production, antibiotic resistance (AR) is used to 

ensure that only cells harboring the vector will grow under a selective pressure. (Illustration by Maria Stenvall) 
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2.3 Replication 

The process of replication is affected by a number of different parameters. Plasmid copy number, 

stability and compatibility are all parameters that need to be considered to ensure a successful 

protein production. 

 

2.3.1 Plasmid copy number 

One parameter affecting replication and thereby the protein production is the plasmid copy number. 

The plasmid copy number is determined by the origin of replication (ori), and the plasmid is 

preferably replicated in a relaxed fashion, i.e. independently of replication of the host chromosome. 

The two most commonly used origins of replication in recombinant protein production are derived 

from two naturally occurring plasmids, isolated from E. coli; pMB1 and p15A [30, 31]. Examples of 

frequently used expression vectors with pMB1 ori are pBR322 and its derivatives [32, 33]. The pMB1 

ori is also used in a modified form in the pUC family of plasmids that is also very often used [34, 35]. 

Concerning the p15A ori it is used in the pACYC plasmids [36]. The main difference between these 

different origins of replication is the copy number. The pACYC, pBR322 and pUC plasmids are 

therefore classified as low-copy, medium-copy and high-copy, respectively [37].  

 

The replication machinery of the commonly used ColE1-type plasmids, like pMB1 and p15A, has 

been well studied in vitro [38, 39]. What has been concluded is that two RNA molecules encoded by 

the plasmid itself, RNAI and RNAII, controls replication of plasmids with these oris, and only 

proteins originating from its E. coli host are required for the replication process [40]. A majority of 

these plasmids also code for an additional negative control element that stabilizes the interaction 

between RNAI and RNAII [41, 42]. By excluding this regulatory region the copy-number of the 

ColE1-type plasmids increases [43, 44]. 

 

2.3.2 Plasmid stability and compatibility 

Apart from the plasmid copy number, structural plasmid stability and segregational plasmid stability 

also affect the productivity of a plasmid [45]. A plasmid is called structurally stable when all 

generated plasmids have the correct sequence, and segregationally stable when all daughter cells get 

at least one plasmid during cell division. Compatibility is also something to take into consideration 
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when choosing origins of replication. Theoretically, two different plasmids with the same replication 

machinery are incompatible, and therefore they cannot be stably maintained in the same cell [46]. 

However, lately Velappan and colleagues have shown that under certain conditions such as selective 

antibiotic pressure, plasmids containing the same origin of replication are able to be maintained in 

the bacteria for a long time, although they belong to the same incompatibility group [47].  

 

2.3.3 Effects of replication on the recombinant protein production 

Plasmid copy number and stability, strongly influence the quality and productivity of an expression 

system. However, the mechanisms behind these parameters are very complex and so far no general 

model has been created. In theory, a plasmid with higher copy number should via a higher number 

of mRNA molecules result in a larger amount of recombinantly produced protein. This is supported 

by many reports. For example Choi et al report that cells with less than 84 plasmid copies per cell do 

not produce detectable levels of bovine growth hormone, but when the plasmid copy number is 

increased to about 300 copies per cell, the production increases up to 12.3% of total cell protein 

[48]. However, in some cases the plasmid copy number is not the limiting factor but other 

parameters affecting protein yield are and then it could actually be beneficial to lower the copy 

number. For example, Ramos and colleagues show that the amount of recombinant protein of the 

tetanus toxin fragment C does not increase when a higher copy number is used [49].  

 

A drawback of high-copy plasmids is the high metabolic burden they impose on the host. Metabolic 

burden is defined as the part of a host cell’s resources, in form of energy and raw material, needed to 

maintain and express the foreign DNA in the cell [50]. Production, including replication, 

transcription and translation, of a plasmid-encoded protein reduces the growth rate of the host as a 

consequence of this additional metabolic burden [51]. Therefore, cells carrying a high-copy plasmid 

often display a larger decrease in growth rate after induction compared to cells carrying low-copy 

plasmids [52].  

 

2.4 Regulation on transcriptional level 

Transcription of a gene of interest is one of the key steps in protein production. This step is initiated 

by the binding of RNA polymerase to the promoter sequence. For gene expression in E. coli there 
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are many different promoters available (Table 2) and the choice of promoter has great effects on the 

protein yield. If a large amount of produced protein per cell is the goal there are some characteristics 

to consider. First, a general recommendation regarding the promoter is to use a strong promoter, 

allowing accumulation of target protein to approximately 10 to 30% or more of the total cellular 

protein [17]. The strength of different promoters is determined by the relative frequency of 

transcription initiation, which is mainly affected by the affinity of the RNA polymerase for the 

promoter sequence. A tight regulation, resulting in a low level of basal transcription, is another 

important parameter to consider when choosing promoter. By choosing a tightly regulated 

promoter, the metabolic burden and potential toxic effects on the host cell may be minimized. An 

additional key feature of the promoter is inducibility, i.e. the possibility to induce transcription. 

Preferably the induction procedure should be simple and inexpensive, and for that reason chemical 

and thermal inductions are the two most commonly used methods.  

 

Table 2. A selection of promoters commonly used for recombinant protein production in E. coli. 

Promoter Origin Inductiona Reference(s) 

 

lac 

 

E. coli IPTG [53] 

lacUV5 E. coli IPTG [54] 

trp E. coli Trp starvation/β-IAAb [55] 

tac E. coli IPTG [56] 

trc E. coli IPTG [57] 

araBAD E. coli L-arabinose [58] 

T7 Bacteriophage T7 IPTG [59] 

T7lac Bacteriophage T7 IPTG [60] 

tetA E. coli Anhydrotetracycline [61] 

Pm Pseudomonas putida m-toluate [62]  

phoA E. coli Phosphate starvation [63-65] 

pL Bacteriophage λ Thermal [66] 

pR Bacteriophage λ Thermal [67-69]  

lac(TS) E. coli Thermal [70] 

cspA  E. coli Thermal [71] 

PSPA Staphylococcus aureus Constitutive [72] 

aMost commonly used 

bβ-indoleacrylic acid 
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2.4.1 The most common promoters developed from the E. coli genome 

Promoters originating from native E. coli genes, so called E. coli promoters, are commonly used to 

regulate transcription in E. coli. Transcription from these promoters is initiated by the binding of    

E. coli RNA polymerase to the promoter region. E. coli RNA polymerase consists of five subunits. 

One of the subunits, known as the sigma factor, is involved in the promoter recognition. Since 

different E. coli promoters have different sequences in the –10 and –35 regions they are recognized 

by different sigma factors and the most commonly used is σ70. Apart from the -10 and -35 region 

there are other regions of the promoter, such as the ‘extended –10 element’ [73] and the             

‘UP-element’ [74, 75], located immediately upstream of the –35 region, that also can affect the 

transcription initiation efficiency through interactions with the RNA polymerase.  

 

The lac operon has for many years served as a paradigm for transcription regulation [76]. Therefore, 

many E. coli promoter systems, used for heterologous protein production, are based on its regulatory 

elements (e.g. lac, lacUV5, tac and trc). Transcription from these promoters is induced by addition of 

the lactose analogue isopropyl-β-D-thiogalactopyranoside (IPTG). The benefit of using IPTG 

instead of lactose is that it cannot be metabolized by E. coli and therefore a strong induction is 

possible. IPTG-inducible promoters are often used in laboratory-scale. However, since IPTG is 

toxic to humans and it is a rather expensive chemical, IPTG-inducible promoters are not ideal for 

production of human therapeutic proteins in large culture volumes [17]. 

 

The lac promoter and its modified form lacUV5, are examples of two rather weak promoters [53, 

54]. Transcription from these IPTG-inducible promoters is regulated by the lac repressor, which 

inhibits the binding between the polymerase and the promoter sequence. At induction, IPTG will 

bind to the lac repressor and thereby hinder its binding to the operon. This will allow the E. coli 

RNA polymerase to initiate transcription. Transcription can be further stimulated by the catabolite 

gene activator protein (CAP) [77, 78]. When cyclic AMP (cAMP), whose concentration is high in 

absence of glucose, binds to CAP, the CAP-cAMP complex is able to bind to the CAP binding site. 

This action will stabilize the binding of E. coli RNA polymerase to the promoter and thereby 

increase the transcription rate. The lac and the lacUV5 promoters are very similar. The only 

difference is two mutations in the –10 region and one mutation in the gene of the CAP binding site. 

As a result of this, the promoter becomes relatively insensitive to cAMP stimulation, and thereby the 

promoter strength is increased compared to the wild type lac promoter. However, the lacUV5 
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promoter is still rather weak, and therefore, like the lac promoter, rarely used for high-level 

production of recombinant protein. 

 

For production in large culture volumes the trp promoter is commonly used [55]. This promoter 

originates from the trp operon of E. coli that in contrast to the lac operon is negatively regulated [79, 

80]. In other words, transcription will be turned off in the presence of tryptophan and turned on by 

tryptophan starvation or by addition of β-indoleacrylic acid (β-IAA). When comparing promoters, 

the trp promoter is stronger than the lac promoters and could result in protein accumulation of up to 

30% of the total cell protein, but a potential problem of the trp promoter is that it is difficult to 

completely down-regulate under non-induced conditions. Therefore, leakage will result in 

production of the target protein all through cultivation, also prior to induction. Further 

developments of the trp promoter are the two commonly used IPTG-inducible E. coli promoters tac 

and trc [56, 57]. These synthetic promoters consist of the –35 region from the trp promoter and the  

–10 region from the lacUV5 promoter. The only difference between tac and trc is 1 bp in the length 

of the promoter-spacer. The tac and trc promoters are both defined as rather strong promoters and 

allow up to 15-30% accumulation of total cell protein [13]. When the tac promoter was compared 

with the lacUV5 promoter it was at least five times more efficient [81]. A disadvantage of the tac and 

trc promoters is the high basal production level and therefore they are not suitable if the target 

protein is toxic to the cell [13]. However, for non-toxic proteins these promoters could be very 

useful due to their high-level expression. 

 

Another useful alternative to the IPTG-inducible E. coli promoters is the L-arabinose inducible 

araBAD promoter of the arabinose operon [58]. This system is both positively and negatively 

regulated by the product of the araC gene. The major benefits of the araBAD promoter are the 

inexpensive induction with L-arabinose, the very tight regulation and a linear relationship between 

inducer concentration and protein expression. Thanks to the tight regulation and dose-dependent 

induction it is possible to achieve a very controlled protein expression. Thereby, this promoter 

system is suitable for expression of toxic proteins and proteins that easily form inclusion bodies at 

high expression levels [58]. However, it has been shown that to ensure a homogeneous expression in 

all cells, a modified strain is needed [82].  
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2.4.2 The T7 promoter system 

The T7 promoter system, derived from bacteriophage T7, is the most frequently used promoter for 

protein production in laboratory-scale today [59]. Transcription from this promoter is, in contrast to 

the E. coli promoters, initiated by the T7 RNA polymerase. This polymerase is a single polypeptide 

chain with a molecular weight of 99 kDa that requires a specific promoter sequence for efficient 

transcription [83, 84]. The gene encoding the T7 RNA polymerase is incorporated into the E. coli 

genome and under control of a lacUV5 promoter. Hosts with this chromosomal insert are so called 

DE3 lysogens. Addition of IPTG will induce production of T7 RNA polymerase that will be able to 

bind to the T7 promoter on the plasmid and initiate transcription of the target gene. As a result of 

this two-step process, the T7 promoter system in E. coli is tightly regulated. By adding a lac operator 

immediately downstream of the T7 promoter region, a T7lac promoter, that will further tighten the 

regulation of the T7 system, is created [60].  

 

Even though the T7 system is a tightly regulated promoter system, there might still be some basal 

transcription. By using strains containing the pLysS or pLysE vectors this can be reduced, since 

these vectors express T7 lysozyme that degrades T7 RNA polymerase [85]. However, a drawback of 

the T7 lysozyme is reduced transcription, also under induced conditions, resulting in lower yields 

[86]. Another approach to lower the basal level of T7 RNA polymerase is by addition of 0.5-1.0% 

glucose to the medium. This will result in reduced cAMP levels and as a result of that a reduced 

activation of the lac operon, and thereby the unwanted production of T7 RNA polymerase before 

the induction phase will decrease [87]. 

 

When comparing the promoter strength of the E. coli promoters with the T7 promoter, it is clear 

that T7 is a very strong promoter. The explanation to this is that T7 RNA polymerase is a very 

selective and efficient polymerase, resulting in a high frequency of transcription initiation as well as 

efficient elongation. By using the T7 RNA polymerase, a five-fold faster RNA elongation is achieved 

compared to what is achieved by the E. coli RNA polymerase [88]. The T7 promoter could therefore 

result in an accumulation of the desired protein as high as 40-50% of the total protein content in the 

cell [59]. However, this is not always optimal, neither for the host cell nor for the translation 

process.  
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2.4.3 Less common promoters 

Apart from the previously described lac, trp and araBAD promoters there are other chemically 

induced E. coli promoter systems. One example is tetA that is induced by addition of 

anhydrotetracycline at a low concentration [61]. Another chemically induced promoter is Pm [62]. 

This promoter originates from Pseudomonas putida and it is induced by addition of m-toluate. For 

production in large culture volumes, however, it is preferable to avoid addition of extra chemicals. 

Therefore, phoA is often used for this purpose since it is induced by phosphate limitation [63-65]. 

Another alternative, which also avoids addition of extra chemicals, is thermally induced promoters. 

These promoters are very simple and cost-effective alternatives to chemically induced promoters. 

Examples of well-known thermally inducible promoters are the strong bacteriophage λ promoters pL 

[66] and pR [67-69], the thermo sensitive lac promoter lac(TS) [70], and the cspA promoter [71]. The 

latter two both originate from E. coli. The promoters pL, pR and lac(TS) are all induced by an 

increased temperature, while cspA is induced by a thermal downshift. A drawback of an increased 

temperature during protein production is that it could cause formation of inclusion bodies as well as 

production of heat-shock proteins, including certain proteases. The phage promoter pL, for example, 

is normally induced by increasing the temperature from 30°C to 42°C, a temperature at which the 

cI857 repressor is inactive. The cspA promoter, on the other hand, is maximally induced by a 

thermal downshift below 25°C [89]. Expression at low temperature could be beneficial for the 

soluble expression of proteins prone to form aggregates [90]. Other cultivation conditions used for 

induction are, for example, pH and ionic concentrations [91]. Finally, there is a group of constitutive 

promoters used for recombinant protein production, such as the Staphylococcus aureus Protein A 

(SPA) promoter (PSPA) [72]. This group of promoters is, in contrast to the inducible promoters, 

constantly active. 

 

2.4.4 Transcriptional terminators   

To ensure an efficient transcription, initiation as well as termination is very important. A 

transcription terminator should therefore be placed downstream of the coding sequence.  By adding 

a transcription terminator, unnecessary transcription can be prevented [17]. There are two types of 

bacterial terminators; intrinsic and factor dependent. The intrinsic terminators are the ones used in 

recombinant protein production. By using this terminator, a stem-loop structure that will cause 

dissociation of the polymerase, is formed in the newly transcribed mRNA. Stem-loops can also 
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enhance the mRNA stability in the cases where stem-loop structures are formed at the 3’-end of the 

mRNA molecule [92]. 

 

2.4.5 Comparison of different promoters 

All in all there are several different expression systems using different promoters for recombinant 

protein production. The optimal choice of promoter is highly dependent on the target protein and 

the final application. If a large total amount of protein is important, a tightly regulated, inducible, 

strong promoter is recommended. On the other hand, if the amount of soluble protein is of high 

importance, a weaker promoter or a promoter activated by temperature downshift may sometimes 

be more useful. However, a number of exceptions to any such generalization made can be found in 

the literature. These exceptions stress the importance of experimental data as ground for the 

promoter selection. This will be further discussed below. 

 

In a study by Schultz et al, a set of expression vectors with different promoters, inducing agents and 

plasmid copy number, was evaluated to try to identify if there is a single parameter controlling 

protein solubility [93]. In their study, the highest yield of soluble protein correlates with the lowest 

aggregation. What they also observe is that, even though no single vector feature alone appears to be 

responsible for the solubility, the total aggregation tends to increase when the combination of the 

elements involved in the expression regulation allows a higher expression rate. They also conclude 

that an increased aggregation of protein does not automatically result in a low yield of soluble 

protein.  

 

In another study, the expression of five different proteins under control of five different promoters 

was compared [94]. The promoters studied were T7lac, trc, araBAD, Pm and Pm modified by three 

point mutations. It was concluded that if the amount of mRNA is a bottleneck, it is beneficial to use 

the T7lac promoter. However, a large fraction of the produced proteins turned out to be insoluble. 

Therefore, if it is soluble protein that is desired, the modified Pm could be used instead of T7lac. It 

was also concluded that due to high basal transcription in combination with comparatively low 

protein production, trc is the least useful promoter. The promoter that had the tightest regulation 

was araBAD, which makes this promoter well suited for production of toxic proteins or metabolic 
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engineering [95]. In other words, more systematic studies to identify the optimal promoter could be 

very useful.   

 

2.5 Regulation on translational level 

The process that follows transcription is called translation. During this process, mRNA is translated 

into amino acids and a protein is formed. Translation initiation and termination as well as elongation 

of the amino acid chain are all important steps in the regulation of protein production.  

 

2.5.1 Translation initiation and termination 

Compared to transcription that is controlled by promoters of specific sequences, there is no unique 

sequence for efficient translation initiation and still today the mechanism behind translation 

initiation is not fully understood [96, 97]. When protein synthesis is initiated, base-paring between 

the purine-rich SD sequence of the mRNA and the complementary sequence in the 3’-end of the 

16S rRNA (anti-SD sequence) of the 30S ribosome occurs [27]. The efficiency of translation 

initiation is influenced by several features, such as the length of the SD sequence, the distance 

between SD and the initiation codon, the initiation codon itself, the region downstream of the 

initiation codon and mRNA secondary structures formed in the translational initiation region. To 

terminate translation of the mRNA in E. coli, a stop codon is needed. Stop codons used in E. coli are 

UAA, UGA and UAG. By adding a fourth nucleotide to the commonly used UAA; UAAU, the 

translational termination efficiency will improve [98]. 

 

2.5.1.1 The SD sequence and the spacing 

It has recently been demonstrated that the SD interaction may not be essential for the translation 

initiation to occur [99, 100]. To study the relationship between protein production and the presence 

of an SD sequence, Ma et al analyzed 30 complete prokaryotic genomes [101]. What they showed 

was that a gene predicted to be highly expressed is more likely to have a strong SD sequence. They 

also showed that the majority of the highly expressed genes in the E. coli strain K-12 have an SD 

sequence that harbor the core motif GGAG or GAGG. However, according to their results the SD 

sequence is not mandatory for protein production.  
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The SD sequence is a sequence in the mRNA consisting of three to nine adjacent bases that can 

base-pair to some or all of the bases in the 3’-end of the 16S rRNA (ACCUCCUUA (anti-SD 

sequence)). The general opinion is that a short SD sequence, preferably complementary to the anti-

SD sequence CCUCCU, is ideal if high translation efficiency is the goal [102-105].  An explanation 

to this is most likely that longer SD sequences will cause ribosome stalling at the initiation site as a 

result of too strong interaction between the SD and anti-SD [103]. However, despite the general 

opinion that a shorter SD sequence is preferred, Ringquist and co-workers conclude that the longer 

SD sequence in their study initiated translation several folds more efficiently and that this is 

independent of the length of the spacing between the SD site and the initiation codon [106]. 

  

The length of the AU-rich spacer between the SD sequence and the initiation codon is another 

feature affecting the translation initiation. To determine the optimal length of the spacer, several 

studies have been performed. According to the previously mentioned study by Ringquist et al, each 

SD sequence has its own optimal spacer length as well as a minimum spacing required for 

translation [106]. In general, the spacing has been defined as the number of nucleotides separating 

the SD sequence and the initiation codon. However, the definition “aligned spacing”, which is the 

number of nucleotides separating a reference nucleotide in the complete SD sequence from the 

initiation codon, is nowadays often used.  Chen et al have shown the benefit of using this definition 

[29]. By studying the efficiency of two equally long SD sequences corresponding to different 

subsequences of the anti-SD, they conclude that the optimal spacing is different, but the optimal 

aligned spacing is the same for the two SD sequences. When Ma and colleagues did a comparative 

analysis of the distance between the SD sequence and the initiation codon of highly expresses genes 

in E. coli K-12, their results agreed with the findings of Chen and coworkers [101]. In other words, if 

U in the core anti-SD motif CCUCC is used as reference base, it is recommended to use an aligned 

spacing of eight nucleotides. 

 

2.5.1.2 The initiation codon and its downstream region 

In E. coli, the most commonly used initiation codon is AUG [107]. As many as 91% of all sequenced 

E. coli genes have shown to contain this initiation codon, while 8% contains GUG and only 

approximately 1% contains the rarely used UUG [17, 108]. AUG is not only the most frequently 

used; it has also been reported to be significantly more efficient than GUG and UUG. However, the 

efficiency of the latter two can be increased by changing the codon that follows the initiation codon 
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(+2) [106, 109]. Nevertheless, the AUG initiation codon is required for translation of mRNA 

sequences lacking a sequence involved in ribosome binding in E. coli [110]. In other words, with 

AUG at +1 it is possible to initiate translation in the absence of an SD sequence, although at lower 

efficiency. 

 

The region downstream of the initiation codon has, independent of base-pairing between mRNA 

and 16S rRNA, shown to also influence the translation initiation. Particularly has the effect of the 

codon following the initiation codon (+2) been very well studied. A general conclusion is that this 

position is highly important for an efficient translation initiation and in general a high adenine 

content of the +2 codon, preferably AAA, results in a high protein synthesis rate [111-114]. Apart 

from +2, positions +3 to +7 has also been studied [115, 116]. Depending on the sequence in this 

region the protein production could either increase or decrease. For example, AU-rich codons are 

positive for the protein production [117] while NGG codons should be avoided [115]. The benefits 

of engineering the downstream region has been shown by several groups [118-121].  

 

2.5.2 The effect of differences in codon usage  

Apart from initiation and termination of the translation process, protein synthesis is also highly 

dependent on elongation of the amino acid chain. One very important parameter for efficient 

elongation is codon usage, since different organisms use different codons more or less often. In 

other words, a codon frequently used by one organism could be rarely used by another, and this may 

cause problems when working with heterologous protein production [122, 123]. Table 3 presents a 

comparison of usage frequencies in E. coli B, K-12 and Homo sapiens of codons rarely used in E. coli. 

As can be seen in the table, a codon rarely used in E. coli is not necessarily a rare codon in humans.  
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Table 3. Codon usage in E. coli B, E. coli K-12 and Homo sapiens (data collected from 

http://www.kazusa.or.jp/codon/). The codons summarized in this table are compensated for in different commercially 

available E. coli strains since they are rarely used in E. coli [124].  

 

A target gene with high frequency or clusters of codons rarely used by the host could sometimes 

cause misincorporation of amino acids [125, 126], premature translation termination [127], 

translational frameshifting [126, 128] or in-frame translational hop [129]. These actions can prevent 

a high protein yield or reduce the quality of the product [123]. It has also been shown that the 5’-end 

of a transcript is extra sensitive to the presence of rare codons or codon clusters, especially of the 

rare arginine codons AGA and AGG [123, 130-132]. Rare codons in this region may thus affect the 

translation efficiency to a great extent. 

 

2.5.2.1 How to circumvent problems related to codon biases 

To solve problems related to rare codons as well as differences in codon usage there are two main 

strategies. Either the gene sequence could be optimized for its host or, as an alternative; the rare 

tRNAs could be co-expressed in the host.  

 

If synthetic genes are used to overcome problems related to differences in codon usage between 

organisms, computer based codon optimization is needed [133]. When using this approach the 

sequence of the target gene is optimized without altering the amino acid sequence. The synthetic 

gene is finally used for recombinant protein production. Today, there are several different codon 

usage analysis and optimization tools publically available [134]. The two most commonly used 

methods for codon optimization; “one amino acid–one codon” and “codon randomization”, have 

  Frequency1 Additional tRNA genes in different E. coli strains 
Codon E. coli B E. coli K-12 Homo sapiens Rosetta Rosetta 2 BL21 CodonPlus-RP BL21 CodonPlus-RIL BL21 CodonPlus-RIPL 

AGG 2,1 1,6 12,0 x x x x x 

AGA 2,4 1,4 12,2 x x x x x 

CCC 2,4 6,4 19,8 x x x   x 

CUA 3,4 5,3 7,2 x x   x x 

CGG 5,0 4,1 11,4   x       

AUA 5,0 3,7 7,5 x x   x x 

GGA 8,2 9,2 16,5 x x       

1Frequency per thousand. 
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been compared by Menzella [135]. In the first method, the most abundant codon for a specific 

amino acid is used every time that amino acid appears in the target sequence. In the second method 

the codons are weighted, based on how frequently the codons are used, and then randomly 

distributed in the synthetic gene. The synthetic genes were then produced in E. coli, resulting in 

significantly more protein when the codon randomized method was used compared to the native 

ones. However, the one amino acid–one codon approach did not show significant improvement. A 

likely explanation to this is that the availability of specific tRNAs is limiting the translation when 

using the one amino acid-one codon method. Another benefit of using the randomization method is 

flexible codon selection, which makes it possible to e.g. avoid repetitive elements, mRNA secondary 

structures and restriction sites [136].  

 

The second approach to circumvent problems caused by rare codons is by co-expression of genes 

encoding rare tRNAs [137]. For this purpose, either plasmids containing genes for several rare 

codon tRNAs or commercially available expression strains overexpressing rare tRNAs (e.g. the 

RosettaTM strains (Novagen) and BL21-CodonPlus® strains (Stratagene)) could be used [138], Table 

3. Several research groups have shown the benefits of using a host compensating for rare codons 

[139-141]. An increased yield is in general the main advantage, but it has also been reported that by 

using this approach it is possible to avoid protein truncations and thereby a highly pure homogenous 

full-length protein sample is achieved [142].  

 

In a comprehensive study by Maertens and colleagues, the protein production of wild type as well as 

codon optimized human genes in E. coli, was compared [143]. The original genes were produced in 

E. coli strains which co-express certain rare tRNAs, while the sequence-optimized analogs were 

produced in E. coli BL21(DE3) without additional tRNAs. Using codon optimized human genes was 

shown to be significantly better than strains compensating for differences in codon usage. The 

benefit of using codon optimization instead of a tRNA-supplemented bacterial strain, regarding 

protein yield, has also been shown by several other groups [144-146]. Possible explanations to this 

are inefficient supply of the rare tRNAs or the additional metabolic burden caused by the extra 

plasmid encoding rare tRNAs [146]. However, Burgess-Brown and co-workers conclude that for the 

majority of the proteins in their test set, sequence optimization as well as supplementation of rare 

tRNAs have a positive effect on heterologous protein expression [139]. 

 



 

    HANNA TEGEL 

‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐ 

19 

 

In other words, there are several different parameters affecting recombinant protein production in 

E. coli. And to find the optimal design of the expression vector for successful production of a 

protein of interest, a combination of theory and experimental data is needed. However, for high-

throughput protein production pipelines it is not possible to identify the optimal design of the 

expression vector for each protein. Instead, it is important to design a vector that works for the 

majority of all proteins. 
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3. Cultivation techniques 

Depending on what application the target protein will be used for, there are different possible 

cultivation strategies. Cell cultivations for industrial production of a protein, for example in the 

biopharmaceutical industry, are in general performed in a large reactor, while high-throughput 

protein production or screening for research purpose is generally performed in small batches run in 

parallel. Cultivation of cells can be performed in different modes and the three main modes of 

operation are batch, fed-batch and continuous fermentation [147]. In batch cultivations all nutrients 

required for cell growth are added at the start whereas in a fed-batch one or more nutrients are 

supplied to the fermenter during the process to control growth [148, 149]. The final product will be 

harvested at the end of the run in batch as well as fed-batch fermentation. During the third 

commonly used mode of operation, the continuous process, all nutrients are constantly supplied to 

the fermenter. In contrast to the two other modes, the culture medium is removed at the same flow 

rate as nutrients are added and thereby the culture volume is constant in a continuous bioprocess 

[149]. The optimal choice of bioprocess depends on the application the target protein will be used 

for as well as the producing organism; bacteria, yeast, insect cells or mammalian cells. However, 

most industrial processes are fed-batch processes. In the following sections, laboratory-scale 

cultivation with E. coli as the protein-producing organism will be presented. 

 

3.1 Batch vs. fed‐batch 

In laboratory-scale, batch cultures in shake flasks are commonly used due to simple handling and 

low cost. However, batch cultivation in shake flasks will unavoidably suffer from oxygen limitation, 

low pH and overflow metabolism that all will have a negative effect on cell growth and protein yield 

[150-152]. Overflow metabolism is a metabolic phenomenon that occurs under aerobic conditions 

when there is an excess of the carbon source. The rate of glycolysis will then exceed a critical value, 

resulting in production of acetate as a by-product. To solve this problem a fed-batch culture, which 

supplies the growth-limiting carbon source in a controlled manner, could be used. This will prevent 

overflow metabolism and thereby acetate formation, and as a result of this the cell growth and 

product yield will increase [153-155]. The fact that fed-batch cultivation is superior to batch 

cultivation in shake flasks has been shown by several groups [156-160]. Restaino and co-workers 

actually show as much as a 50-fold increase in production of mammalian 6-O-sulfotransferase in    
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E. coli when optimized fed-batch cultivation instead of shake flasks is used [160]. However, it is 

important to note that in the previously mentioned studies just a few proteins are handled. 

 

3.1.1 The EnBase® technology 

Although fed-batch cultivation is superior it demands expensive equipment. One way to circumvent 

this problem, when working in laboratory-scale, is by using an enzyme-based-substrate-delivery 

cultivation method called EnBase® developed by Neubauer and co-workers [161]. With this 

method, high cell densities as well as productivity can be obtained by glucose-limited fed-batch 

cultivation in a shake flask and no bioreactor is needed. The major difference, compared to classical 

fed-batch processes, is that no external glucose feed is needed, instead microwell plates or shake 

flasks can be used and glucose is released into the growth medium by enzymatic degradation of 

starch that is present in the culture from the start [161]. Advantages of using this fed-batch 

technology compared to the classical batch format are the possibility to reach high cell densities 

without impairing the productivity per cell and an increase in yield of soluble protein [162, 163]. 

Krause and colleagues report an increased amount of purified soluble protein per volume as high as 

13-fold after production in EnBase® compared to a classical batch cultivation system [162]. This 

makes it possible to lower the culture volume using EnBase®, which reduces the time and effort 

needed for process optimization and downstream processing [162].  

 

3.2 Cultivation conditions 

In addition to cultivation technique are cultivation conditions highly important for the success of 

recombinant protein production in E. coli. Culture media, temperature, pH, growth phase at 

induction, concentration of inducing agent and period of induction are all parameters affecting 

protein production. By careful consideration of the different culture conditions it is possible to 

maximize recombinant protein production [164].  

 

3.2.1 Culture media 

One of the initial decisions to make is what culture medium to use; a nutrient-rich or nutrient-

deficient medium, in other words a complex or chemically defined medium, respectively. Complex 
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media that are composed of digests of chemically undefined substances, such as yeast and peptone 

(i.e. enzymatic digest of protein), provide all essential nutrients needed to support cell growth and 

protein production. However, since the exact composition is unknown and can vary a lot, it is 

difficult to control the cultivation process. Therefore, minimal media that contain a defined amount 

of carbon source, nitrogen source, minerals and trace elements, are often used in processes where it 

is important to be able to fully control the cultivation [165]. Examples of commonly used media are 

listed in Table 4. The complex as well as the minimal media can also be modified into an auto-

inducing medium. More details about auto-inducing media are presented in the section about 

induction (3.2.3). 

 

Table 4. Commonly used culture media for E. coli. 

Nutrient-rich media  Nutrient-deficient media 

LB - Luria-Bertani broth M9 mimimal salt medium 
SB - Super Broth M63 minimal salt medium 
SOB - Super Optimal Broth 

SOC - Super Optimal broth with Catabolite repression 

TB - Terrific Broth 

TSB - Tryptic Soy Broth 

2xYT 

 

To obtain the maximum protein yield it is important to identify the optimal medium [166, 167]. 

Complex media are generally used for recombinant protein production in laboratory-scale. The 

benefits of this media on cell density and productivity have been shown by several groups [168, 

169]. However, for production of some target proteins, minimal medium has shown to be more 

suitable, as in the case of lipoproteins [170]. One way to improve the productivity from a minimal 

medium is by supplementing the medium with particular amino acids, based on the amino acid 

composition of the target protein, post induction. Babaeipour and colleagues actually show that by 

using this approach, protein yields comparable to the yields from a complex culture can be obtained 

[169].  

 

3.2.2 Optimal temperature and pH 

The optimal growth temperature for E. coli is 37˚C. However, although a high yield of recombinant 

protein could be achieved at 37˚C it is often recommended to lower the temperature after induction 
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[168, 171]. Lowering the temperature is most important if soluble target protein is needed, since the 

process of protein production have a tendency to result in precipitated protein at higher 

temperatures [172-177]. Most often 25˚C is the recommended temperature for successful 

production of soluble protein. Induction at lower temperature will slow down the protein 

production rate and thereby it is more likely that the complex folding process of eukaryotic proteins 

in E. coli will be successful. By lowering the temperature it is also possible to reduce synthesis of 

stress and heat shock proteins, that can damage the target protein, as well as reduce proteolytic 

degradation in E. coli [165].  

 

Optimal pH for growth of E. coli is in the range of 6-7.5, but it varies with the temperature [178]. 

When using classical shake flasks for cultivation, where all substrate is added at the start, overflow 

metabolism resulting in accumulation of acetate is as previously described a common problem. The 

increased level of acetate will result in a drop of the pH value that has a negative effect on the 

growth of E. coli and thereby the protein yield. One way to reduce this problem is by changing to a 

fed-batch system or by using a controlled release of carbon source in shaken cultures [161, 179].  

 

3.2.3 Induction of protein production 

During cell cultivation, protein production is initiated at the point of induction. Timing of induction, 

concentration of the inducing agent or thermal shift and duration of the induction are all parameters 

influencing protein yield as well as solubility. Generally it is recommended to induce protein 

production when the cells are in the early or mid-log phase. In a comparative study by the Structural 

Proteomics In Europe (SPINE) consortium, induction in the early, mid- and late-log phase as well 

as early stationary phase is compared. What they concluded is in accordance with the general 

opinion; induction at the early log phase generates the best results [176]. This is also supported in 

work by, for example, Muntari and co-workers [180]. 

 

It is also of great importance to find the optimal concentration of inducer, since it is important to 

find the balance between decreasing cell growth after induction and increasing production of target 

protein on a cellular level. In laboratory-scale, IPTG-inducible promoters are commonly used. The 

standard recommendation is to use an IPTG concentration in the range of 0.1 to 1.0 mM IPTG 

[167, 168, 171]. A good example of how the IPTG concentration in combination with other 
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parameters affects protein yield as well as solubility has recently been published by Pranchevicius et 

al [172]. They concluded that the combination of incubation at 37˚C, a high shaking speed and 1.0 

mM IPTG generated a large amount of protein, but in insoluble form. However, if induction 

temperature was decreased to 20˚C, the shaking speed lowered and 0.4 mM IPTG was used for 

induction the highest amount of soluble protein was produced. In other words, there are several 

parameters influencing solubility of the produced target protein, and one of them is the 

concentration of inducing agent.  

 

When working with IPTG-inducible promoters a more convenient way of induction than addition 

of IPTG, especially when many cultures are cultured in parallel, is to use an auto-inducing medium 

[181]. The medium used for this purpose contains lactose as well as a limited amount of glucose and 

the mechanism behind auto-induction is based on that glucose prevents uptake of lactose and 

thereby also prevent induction. When the glucose is depleted, lactose can be converted to allolactose 

resulting in initiation of transcription. For optimization of the timing of auto-induction, the levels of 

glucose and lactose are adjusted. By using an optimized auto-induction protocol, transcription will 

always be induced at the optimal time point, without any manual handling. This will most likely have 

a positive effect on the average protein yield when handling several parallel cultures. 

 

Another important parameter to consider is for how long protein production should last. The 

optimal time post induction is highly dependent on the target protein, but also induction 

temperature, timing of induction and concentration of inducing agent. The reported optimal 

induction time varies between three and 24 hours [168, 171, 176, 180], but if the temperature is very 

low during induction up to 72 hours could be necessary [182]. 

 

3.3 Automated and multi‐parallel systems for high‐throughput protein 
production 

As a result of all the sequence information available from different genome projects, the possibility 

to study protein function and structure are better than ever. Production of proteins for use in such 

experimental studies has dramatically increased and therefore, parallel recombinant protein 

production also has become more important. Parallel large-scale production of recombinant 
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proteins in a high-throughput manner (i.e. ten or more parallel cultures) is generally performed in 

two different formats; shake flasks or bubble columns [183]. The classical way of doing this is by 

running several parallel shake flask cultures. Drawbacks of this system are difficulties to control 

important variables such as oxygen limitation and that it is labor intensive. However, the benefits of 

using shake flasks are simple handling and less infrastructure investments. An alternative to parallel 

shake flask cultivations are different parallel bubble columns. Bubble columns have a cylindrical 

vessel and gas is sparged into the culture medium via a gas distributor. The benefits of this system 

are that it is simple to handle and possible to achieve a high oxygen transfer rate in rather large 

culture volumes. The culture volume that is possible using this type of bioreactor makes it suitable 

for projects where milligram amounts of soluble protein are needed, for example different structural 

genomics projects. Two different parallel bubble column solutions presented in the literature are the 

large-scale expression system (LEX, Harbinger Biotech) [184] and the Genomics Institute of the 

Novartis Research Foundation (GNF) milliliter systems [185]. The main difference between these 

two systems is that a LEX system consists of 24 individual 2L bottles, while the GNF system 

consists of 96 round-bottomed 100 mL tubes.  

 

 

To design a bioprocess, including optimal cultivation conditions for production of a target protein 

of a specific purpose, is not a trivial task. However, by careful consideration of the different 

parameters it is most likely possible to set up a process for production of the majority of all proteins. 

 



 

PROTEOME WIDE PROTEIN PRODUCTION 

‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐ 

26 

 

4. Downstream processing 

After cultivation, downstream processing is needed to isolate the protein of interest. Initially, the 

cells are harvested by separation from the cultivation medium, for example by centrifugation or 

filtration. For target proteins that are not secreted to the medium, an action to release the target 

protein from the cytoplasm or periplasm is thereafter generally needed. For target proteins produced 

intracellularly in E. coli, breakage of the host cells, either mechanically (e.g. by using ultra sound or 

pressure) or non-mechanically (e.g. by using physical, chemical or enzymatic lysis), is necessary to 

release the proteins [186]. However, if the target protein is exported to the periplasmic space of     

E. coli, only disruption of the outer membrane is needed, e.g. by osmotic shock. Once the proteins 

are released from the cell, the proteins are separated from the cell debris by centrifugation and or 

filtration. Thereafter the target protein can be purified from the host proteins, for example by using 

one or more chromatographic methods.  

 

4.1 Protein purification by chromatography 

Chromatography is a common term for techniques involving a stationary phase and a mobile phase 

for separation of molecules. For protein purification the general setup is based on a stationary phase 

that is packed into a column and a mobile phase that will be pumped through the column. 

Depending on the choice of stationary phase, different proteins will be separated differently based 

on properties such as size, charge, hydrophobicity or specific interactions. Commonly used 

chromatographic methods are Size Exclusion Chromatography (SEC), Ion Exchange 

Chromatography (IEXC), Reversed-Phase Chromatography (RPC), Hydrophobic Interaction 

Chromatography (HIC), Affinity chromatography (AC) and Immobilized Metal Ion Affinity 

Chromatography (IMAC) [187-192]. 

 

Based on the focus of this thesis, IMAC is the only method that will be presented in detail. IMAC is 

a method frequently used for purification of proteins in a laboratory-scale, and it is based on the 

affinity of transition metal ions such as Co2+, Ni2+, Cu2+ and Zn2+ to histidine and, although weaker, 

also cysteine and tryptophan [191]. To be able to use this affinity for purification purposes, metal 

ions, used as affinity ligands, are immobilized on a chromatographic support. The specific residues 

in the target protein can then bind to the metal ions. Before elution of the target protein, all 
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unbound proteins are washed away. Elution can then be performed in three different ways. i) 

Competitive elution with a gradient of increasing concentration of for example imidazole. ii) 

Protonation of the histidyl residues by lowering the pH. This will break the interaction between the 

ion and the residue. iii) Extraction of the metal ions by addition of a chelating agent such as EDTA 

[186].  

 

By producing recombinant proteins with a polyhistidine tag such as His6, the proteins will via its tag 

be able to bind to the metal ions with high specificity [193]. The combination of IMAC and His6 

makes it possible to purify the target protein from the host proteins in a single step, and although 

this setup is generally used for a small number of parallel purifications, it is also possible to use this 

method for high-throughput protein purification [194]. Other benefits of using His6 in combination 

with IMAC than selective binding are high capacity, mild elution conditions and low cost [195, 196]. 

Moreover, another advantage is that the interaction between the histidine tag and the metal ion is 

structure independent and therefore this purification method is possible to perform under native as 

well as denaturing conditions. Also, the histidine tag used to improve the selectivity of IMAC has 

low immunogenicity and is relatively small [197, 198]. The benefit of the small size is that it rarely 

affects protein folding and function [198]. However, although this method has many advantages it 

also has disadvantages. The most prominent drawback is that it is sometimes difficult to eliminate all 

contaminants, due to the fact that cysteine- or histidine-rich regions in the host proteins can result in 

unwanted binding [196, 197]. One way to control the selectivity and thereby the yield of pure 

protein is by including a low concentration of imidazole in the sample and wash buffers [197, 199]. 
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5. Protein analysis 

After purification it is of importance to determine concentration, purity and molecular weight of the 

purified protein product. To measure protein concentration Ultraviolet-visible (UV/Vis) 

spectroscopy is commonly used. Examples of methods based on UV/Vis spectroscopy are direct 

measurement, where the absorbance of the protein solution at 280 nm is used to determine the 

protein concentration, and the commercial bicinchoninic acid (BCA) Protein Assay [200]. The purity 

of purified protein is routinely determined using Sodium dodecyl sulfate - polyacrylamide gel 

electrophoresis (SDS-PAGE). By using this technique all proteins are primarily separated based on 

their size [201]. The resulting gel gives information about the purity of the protein but also protein 

concentration and molecular weight. If further information about a specific protein is needed, 

Western blotting can be used [202]. The proteins are then transferred from the gel to a nitrocellulose 

membrane. A primary antibody, directed against the protein of interest, is used for detection. This 

interaction is then visualized by a secondary antibody coupled to an enzyme or a fluorescent dye. If 

a more precise molecular weight is needed, mass spectrometry (MS) is preferably used. This is a very 

powerful technique that will be discussed in the following section. 

 

5.1 Mass spectrometry 

Mass spectrometry is an analytical method that is used to determine the mass of a molecule. The 

first mass spectrometer was constructed in 1912 by J.J. Thomson [203]. By using this kind of 

instrument it is possible to separate molecules based on size (m) and charge (z) and thereby 

determine their masses. The three major components of a mass spectrometer are the ion source, the 

mass analyzer and the detector. Although this technique has been available for more than hundred 

years, it has not been applicable on biomolecules, such as proteins, until 25 years ago due to the lack 

of soft ionization techniques.  

 

However, in the late 1980’s two new ionization techniques, enabling analysis of biomolecules, were 

developed: Matrix-Assisted Laser Desorption Ionization (MALDI) [204, 205] and Electrospray 

Ionization (ESI) [206]. Although both techniques are soft, which allows for mass analysis of intact 

macromolecules, the ions are created in different ways. When using MALDI, the sample and a 

matrix that absorbs laser energy are co-crystallized on a target. Irradiation of the crystals will then 
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result in ionization of the analytes. In contrast to MALDI, ESI produces ions in gas phase from a 

sample in liquid phase by applying a high voltage between the spray emitter and the inlet of the mass 

analyzer. A benefit of starting from liquid phase, as in the case of ESI, is that it is possible to couple 

it to a liquid chromatographic system and thereby include an extra separation step prior ionization. 

After ionization the ions will enter the mass analyzer. When analyzing proteins or peptides there are 

five commonly used types of mass analyzers: time-of-flight (TOF), quadrupole (Q), ion trap (IT), 

orbitrap and ion cyclotron resonance (ICR) [207]. TOF mass analyzers separate ions based on the 

time that ions take to move from the source to the detector, while the quadrupole separates ions in 

an oscillating electric field according to their mass-to-charge ratio (m/z). Ion traps, which are the 

third group of analyzers, use an oscillating electric field to store ions. The ions are then subjected to 

an additional electric field that will eject ions of a given mass. The remaining two mass analyzers are 

also trapping the ions; the orbitrap in an electric field and the ICR in a high magnetic field. It is also 

possible to perform tandem MS (MS/MS). When using TOF or Q two identical or two different 

mass analyzers are combined, while MS/MS in time can be performed when using a trapping 

instrument (IT, orbitrap or ICR). Tandem MS can for example be used for peptide sequencing. 

After separation in the mass analyzer the ions are detected and converted into a usable signal in the 

mass analyzer (orbitrap, ICR) or by a separate detector (TOF, Q, IT). 

  

Since the advent of MALDI and ESI, the analysis of biomolecules by MS is frequently done. MS is a 

sensitive and fast technique that can be used to analyze primary sequences to identify proteins, 

quantification of proteins, post-translational modifications (PTMs) as well as protein-protein 

interactions [208]. Initially it was only possible to analyze a small set of samples. However, as a result 

of all genomic data available in combination with technical improvement, there are nowadays 

instruments and softwares allowing complex samples in large-scale proteomics studies [209]. MS has 

therefore become a very important method in proteomics research.           
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Present investigation 
 

 

The main objective of this thesis has been to improve recombinant protein production in E. coli and 

increase the throughput of the protein production pipeline within the Swedish Human Protein Atlas 

(HPA) project [210]. To study if a strong promoter is always the best choice, if addition of rare 

tRNAs to the host cell is beneficial and if it is possible to produce almost 300 different recombinant 

proteins in just a week, a number of different projects were initiated. These projects have now 

resulted in five papers that this thesis is based upon. The projects can be divided into two groups i) 

optimization of the production of recombinant proteins in E. coli (paper II, III, V) and ii) 

developments to enhance the throughput in a high-throughput protein production pipeline (paper I, 

IV). Altogether, the new findings have resulted in an improved protein production pipeline within 

the Swedish Human Protein Atlas project. 

 

To ensure a high yield of recombinant protein, the choice of expression vector and its different 

elements are highly important. One of the key steps in protein production is transcription and 

therefore the effect of different promoters on the protein yield was evaluated (paper III). When 

producing proteins, translation is another very important process. Since the codon usage in humans 

and E. coli differs this could affect the translation and thereby the amount of produced target protein 

and its quality. For that reason the protein production of human protein fragments in a standard    

E. coli strain was compared to the recombinant proteins generated by an E. coli strain that was 

supplied with genes for tRNAs that are rare in E. coli (paper II). The positive result of this study 

encouraged us to do a thorough analysis to further explain these results (paper V). 

 

Apart from evaluating different promoters and host strains for production of human protein 

fragments in E. coli, setting up a high-throughput protein production pipeline has also been a goal 

(paper I). The purpose of this project has been to develop a protocol for protein production and 

purification to be able to handle parallel production of a large number of antigens. These antigens 

are then used for generation of antibodies needed for antibody-based proteomics within the Human 

Protein Atlas project. By careful consideration of each step in the process, a robust protocol with a 
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reduced number of manual handling steps, enabling high-throughput protein production, has been 

developed. Although the overall success rate of this pipeline is high, there are still proteins that are 

not successfully produced. For that reason, the idea of developing a screening protocol to use prior 

high-throughput protein production came up. A screening protocol has therefore been developed by 

mimicking the production workflow in a miniaturized format (paper IV). 
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6.  The  effects  of  different  promoters  on  the  protein 

production  

Recombinant protein production in E. coli is influenced by many different parameters. The 

combined processes of replication, transcription and translation are highly important. However, 

culture conditions, the localization of the protein in the cell, how it folds, its proteolytic stability and 

how it affects cell growth also have a great impact on the protein production [16, 17, 199]. To 

evaluate the influence of transcription on the protein production, sixteen proteins with different 

characteristics were produced in E. coli BL21(DE3) under control of three different promoters; 

lacUV5, trc and T7 (paper III).  All three promoters are IPTG-inducible, but have different promoter 

strength. The lacUV5, trc and T7 promoters are classified as rather weak, strong and very strong, 

respectively. Hence, T7 has the highest transcription rate and lacUV5 the lowest. 

 

For quantification of the total amount of protein as well as the amount of soluble protein produced 

under control of the three different promoters, the cultured cells were disrupted and separated into a 

soluble and an insoluble fraction. The two fractions were then analyzed on SDS-PAGE and by 

Western blot to detect the His-tagged fusion proteins. As expected, the T7 promoter generated the 

largest amount of total protein and the lacUV5 promoter the lowest (Figure 3A). This is in 

accordance with the fact that T7 RNA polymerase has a much faster RNA elongation than E. coli 

RNA polymerase [88]. The T7 promoter should therefore theoretically result in a higher 

accumulation of target protein than for example lacUV5, which was shown here. 
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A   

B  

 

Figure 3. The relative amount of protein produced under control of three different promoters. The relative 

amount of produced target protein is normalized according to cell density. A. Sixteen different proteins produced under 

control of the three different promoters. B. The correlation between mRNA fold change and relative amount of 

produced protein for five different proteins under the control of the three promoters. (T7 = red, trc = green, lacUV5 = 

blue) 
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To get a deeper understanding of the influence of different mRNA levels on the protein production, 

the number of mRNA molecules before and after induction for five of the sixteen proteins was 

determined using Real-time PCR. The fold change of mRNA after induction was then compared to 

the total amount of produced protein, see Figure 3B. As expected, the promoter with highest 

transcription rate (T7) generated the highest fold change of mRNA as well as largest total amount of 

protein and vice versa. In other words, there was a correlation between the fold change of mRNA 

after induction and the amount of produced target protein. However, the differences within the 

group of constructs produced under control of the T7 promoter were larger than expected. Most 

likely one explanation to the spread in the amount of produced protein, is the influence of rare 

codons on the translation, since a high number of rare codons will slow down the translation 

process resulting in lower amount of produced protein and vice versa. Thus, translation is as 

important as transcription for successful recombinant protein production. 

 

Furthermore the effect of different promoters on the amount of soluble protein was analyzed. The 

general opinion is that a slower protein production is beneficial for production of soluble protein. 

When analyzing the results of this study it was clear that the lowest transcription rate (lacUV5) 

generated the largest fraction of soluble protein and the highest transcription rate (T7) the lowest 

(Figure 4A). However, due to the large total amount of produced protein, the T7 promoter also 

generated the most soluble protein and is therefore still preferred for production of soluble protein 

(Figure 4B). The fact that a high protein production rate can generate large amounts of soluble 

protein is in accordance with a study by Schultz et al [93]. Apart from transcription rate, the amount 

of soluble produced protein is also highly dependent on the solubility of the target protein. When 

comparing the amount of soluble produced protein and the solubility class, determined by an in vitro 

solubility assay [211], there was to some extent a positive relation between the amount of soluble 

protein and the in vitro solubility class (Figure 4C). Hence, it is more likely that a protein of a higher 

solubility class, i.e. a more soluble protein, will result in a larger amount of soluble protein. This 

correlation was shown to be independent of the choice of promoter.  
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A  

B  

C  

 

Figure 4. The effect of different promoters on the production of soluble protein. A. The fraction of soluble 

protein. B. The relative amount of soluble target protein, normalized according to cell density.  C. The relative amount 

of soluble target protein compared to the solubility class. (T7 = red, trc = green, lacUV5 = blue) 
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The above described comparisons of three different IPTG-inducible promoters have clearly shown 

the benefits of using the T7 promoter for protein production in general, but also for production of 

soluble proteins. However, transcription is not the only parameter regulating protein production, 

translation as well as characteristics of the target protein are also highly important. 
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7. Increased success rate with E. coli Rosetta(DE3)  

To find the optimal conditions for protein production of human proteins in E. coli, there are several 

parameters to consider, for instance codon usage. High frequency or clusters of codons rarely used 

by E. coli have shown to have a negative influence on translation of the recombinant protein and 

thereby the yield of the product [122, 123]. Although sequence optimization, in general, is the best 

solution to this problem [143-146], using a strain co-expressing rare tRNAs is a more practical 

approach when handling a large number of different target proteins.  

 

For many years the standard host strain used for recombinant protein production in laboratory-scale 

has been E. coli BL21(DE3). However, in an attempt to improve the protein production in the 

Human Protein Atlas project, the possibility to compensate for codons rarely used in E. coli were 

evaluated (paper II). Due to the large number of samples handled, sequence optimization was not 

the first choice; instead a strain compensating for rare codons was evaluated. The strain chosen was 

E. coli Rosetta(DE3). Rosetta(DE3) is according to the manufacturers very similar to BL21(DE3). 

The only difference is an extra plasmid (pRARE) with chloramphenicol resistance, containing genes 

for as many as six rare codon tRNAs (AGG, AGA, AUA, CUA, CCC, GGA). A test set of proteins, 

previously produced in BL21(DE3), were reproduced in Rosetta(DE3) followed by purification. The 

protein yields as well as the purity of the target proteins produced in the two different strains were 

evaluated. When comparing the amounts of purified protein, it was obvious that for most of the 

proteins that showed a protein yield below one milligram after production in BL21(DE3) followed 

by purification, changing to Rosetta(DE3) was very beneficial and significantly improved the protein 

production for many of the proteins (Figure 5A). After evaluating the proteins that previously 

generated above one milligram of purified protein after production in BL21(DE3), it was concluded 

that only a few of the produced proteins showed an improved protein yield in Rosetta(DE3) while 

the remaining proteins still produced well above one milligram of purified protein also in 

Rosetta(DE3) (Figure 5B). In other words, Rosetta(DE3) is beneficial when trying to produce 

proteins that are difficult to produce in sufficient amounts, but in general it is not a disadvantage to 

use this strain for easily produced proteins. 
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Figure 5. Comparing the amount of purified protein after production in E. coli BL21(DE3) and Rosetta(DE3). 

A. Proteins that generated less than one milligram of purified protein after production in BL21(DE3). B. Proteins that 

generated more than one milligram of purified protein after production in BL21(DE3). (Blue = BL21(DE3), Red = 

Rosetta(DE3))   

 

Furthermore, as the purity is just as important as yield, the purity of the proteins successfully 

produced in both strains was also studied. For a majority of the proteins the purity was significantly 

increased using Rosetta(DE3). This indicated that by using a strain compensating for rare codons, 

both the quantity as well as the quality of the product is increased.  
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To further evaluate the usage of Rosetta(DE3), a new larger set of 96 different proteins that had 

previously failed to produce enough protein in BL21(DE3), was produced in Rosetta(DE3). This 

turned out to be so successful that Rosetta(DE3) was implemented as the default strain for 

recombinant protein production in the high-throughput production pipeline of the Human Protein 

Atlas project. Four years later, it was possible to compare the success rate of 7,080 different proteins 

produced in BL21(DE3) and another 13,000 different proteins produced in Rosetta(DE3). All in all, 

after comparing data for the first attempt in production of 20,080 different proteins, it was 

concluded that the success rate regarding the part of samples with enough protein after purification 

was almost the same in the two production strains. Instead, in accordance with the initial test set, the 

greatest benefit was a much increased purity. The improved purity had a great impact on the success 

rate, resulting in an overall success rate of protein production in Rosetta(DE3) of 76.8% compared 

to 64.3% in BL21(DE3). 

 

For better understanding of the underlying causes of the improved success rate in Rosetta(DE3), the 

content of codons rarely used in E. coli in the DNA sequences of the 68 different proteins in the 

initial test set was analyzed. The result of this analysis was then compared to the total amount of 

protein after affinity purification. No clear correlation was found between the occurrence of the six 

rare codons that Rosetta(DE3) compensates for and the protein yield in the two strains, though 

proteins that produced well in BL21(DE3) most often had few or no rare codons. What could be 

seen was that clusters of rare codons, here defined as the number of two rare codons appearing 

consecutively or separated by one codon, and a high content of the rare arginine codons AGG and 

AGA seemed to have a negative effect on protein production in BL21(DE3). However, for the 

purity of the proteins both the total number of rare codons, as well as the number of rare arginine 

codons was shown to have a great impact (paper II).  

 

To get a deeper understanding of the improved success rate in Rosetta(DE3), a more thorough 

analysis of the differences in protein yield and the cause of the improved purity were done (paper 

V). For further evaluation of the improved purity after production in Rosetta(DE3), twenty different 

proteins that previously had been produced in BL21(DE3) as well as Rosetta(DE3) with different 

success were chosen. These proteins were reproduced in triplicates in BL21(DE3) and 

Rosetta(DE3), followed by IMAC purification and analysis on SDS-PAGE and by Western Blot, 

using an antibody directed towards the common tag as primary antibody. Comparison of the 

impurities on the SDS-PAGE and the proteins that according to the Western Blot analysis 
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contained the common tag clearly showed that the remaining impurities in fact were truncated 

versions of the target protein (Figure 6). This result is in line with the report of Sorensen et al, who 

show that by compensating for rare tRNAs with plasmids like pRARE, truncated forms of the full-

length protein can be avoided [142]. This explains the improved purity after production in 

Rosetta(DE3) and stresses that the choice of strain highly affects the possibility of having a pure 

protein after purification.      

 

 

Figure 6. SDS-PAGE and Western Blot to study the effect of using Rosetta(DE3) on the purity. Triplicates of a 

representative protein produced in BL21(DE3) (lane 1-3) and Rosetta(DE3) (lane 4-6) were analyzed by SDS-PAGE 

(left) and Western Blot (right). The SDS-PAGE shows all proteins remaining after purification, while the Western Blot 

identifies all proteins with the common tag. 

 

Another test set of 24 proteins with differences in rare codon content was compiled to gain further 

knowledge of the effect of co-expression of rare tRNAs in the host on the recombinant protein 

production. These proteins were produced in triplicates in four different strains; BL21(DE3), 

Rosetta(DE3) without pRARE, Rosetta(DE3) and BL21(DE3) with pRARE. Also, the proteins 

were produced in Rosetta(DE3) without chloramphenicol in the shake flask culture medium to 

study if the protein production is affected by the absence of chloramphenicol and if it is possible to 

maintain the pRARE plasmid without this antibiotic. The amount of full-length target protein after 

purification was quantified from SDS-PAGE gels. Presence of pRARE showed to have a significant 

impact on the protein yield for many of the proteins, but for a few it showed no difference at all 

(Figure 7). Comparison of the results using the commercial Rosetta(DE3) strain and BL21(DE3) 

cells which had been transformed with pRARE as well as BL21(DE3) and Rosetta(DE3) without 

pRARE clearly showed that the only difference between the two strains was the pRARE plasmid 

(Figure 7).  
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Figure 7. SDS-PAGE analysis of two representative proteins to compare the amount of protein produced in 

strains with and without pRARE. The proteins were produced in triplicate in BL21(DE3) (lane 1-3), Rosetta(DE3) 

without pRARE (lane 4-6), Rosetta(DE3) (lane 7-9), BL21(DE3) with pRARE (lane 10-12) and Rosetta(DE3) without 

chloramphenicol in the 100 ml culture (lane 13-15). 

 

However, the effect of adding a pRARE plasmid seemed to be highly target dependent. For that 

reason each target gene sequence was analyzed to identify the number of rare codons, clusters of 

rare codons as well as rare arginine codons (AGG and AGA). Comparison of the protein yield with 

the rare codon content revealed that it was not the number of rare codons that determined the 

benefit of using a strain with pRARE. Instead, pRARE appeared to have strongest impact on 

proteins rich in rare codon clusters and particularly proteins rich in rare arginine codons. In other 

words, if there were a large number of rare arginine codons within the sequence it was shown to be 

highly beneficial to use a strain with pRARE. This could be explained by the limited number of 

tRNAs for the rare arginine codons AGG and AGA in BL21(DE3), causing a delay in the protein 

synthesis and thereby a lower protein yield than in Rosetta(DE3) [137]. In fact, the AGG and AGA 

codons for arginine are the least used codons in E. coli, while they are commonly used in human 

[122]. 
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Regarding the effect of chloramphenicol on the protein production in strains with pRARE, the 

amount of target protein was shown to be independent of the presence of chloramphenicol in the 

culture medium. Also, it was shown that Rosetta(DE3) does not lose pRARE during the timeframe 

of protein production despite absence of chloramphenicol. Hence, it is possible to exclude this 

harsh antibiotic from the shake flask cultures without interfering with the protein production.  
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8. Combining different promoters and E. coli strains  

As described in the two previous sections, recombinant protein production is affected both by the 

choice of promoter and E. coli strain. To evaluate the effect of different combinations of promoter 

and strain on protein production, five different proteins were produced under control of three 

different promoters (T7, trc and lacUV5) and in two different E. coli strains (BL21(DE3) and 

Rosetta(DE3)) (paper III). The total amount of produced protein as well as the amount of soluble 

protein was determined using SDS-PAGE and Western Blot to detect the His-tagged fusion 

proteins. The results of this study clearly showed that independent of strain, the different promoters 

display the expected expression pattern (Figure 8A). However, for all promoters Rosetta(DE3) 

generated a larger amount of these five proteins than BL21(DE3). In accordance with the results in 

paper II and V, the increased yield in Rosetta(DE3) has most likely a correlation to rare codons.  

 

The fraction of soluble protein produced in the two strains was also compared. What could be seen 

was that independent of strain, lacUV5 generated the largest fraction of soluble protein while T7 

generated the smallest fraction (Figure 8B). However, in general, it is the amount of soluble protein 

that is important and for that purpose the Rosetta(DE3) strain was the preferred one (Figure 8C). 

Somewhat surprisingly, the expression pattern of soluble protein changed when using Rosetta(DE3). 

What happened was that the combination of Rosetta(DE3) and trc generated a larger amount of 

soluble protein than Rosetta(DE3) in combination with T7 in as many as three out of the five cases.   
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A  

B  

C  

Figure 8. The effect of promoter and host strain on the protein production. A. . The relative amount of produced 

target protein, normalized according to cell density. B. The fraction of soluble protein. C. The relative amount of 

soluble protein, normalized according to cell density 
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To further study the production of soluble protein in BL21(DE3) and Rosetta(DE3), the levels of 

soluble protein produced under control of the three different promoters were determined by using a 

flow cytometer. This was possible since eGFP was fused to the C-terminus of all proteins in this 

study. After production in the two strains, the whole cell fluorescence that correlates with the 

amount of soluble protein, was measured in a flow cytometer [212]. Interestingly, the strain seemed 

to affect the signal achieved since they depend differently on the relative amount of soluble protein 

(Figure 9). In other words, it is important to remember that the correlation is highly dependent on 

the strain used for protein production. However, the result of this additional method confirms the 

result presented in Figure 8; Rosetta(DE3) is the preferable strain if soluble protein is needed. 

 

 

 

Figure 9. Solubility analysis of the produced proteins. To study the correlation between whole cell fluorescence and 

the relative amount of soluble protein, five different proteins were produced under control of three different promoters 

in BL21(DE3) and Rosetta(DE3). The different proteins are represented by five different symbols. Symbols representing 

the proteins after production in BL21(DE3) are filled or bold X, while proteins produced in Rosetta(DE3) are 

represented by unfilled symbols or X.  
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9.  Developing  a  high‐throughput  protein  production 

pipeline 

As a result of all the sequence information available from different genome projects, the possibility 

to perform large-scale proteomics studies has dramatically increased. Therefore, the need for target 

proteins to perform high-throughput experimental studies is greater than ever. To supply the need 

of protein in such projects, different high-throughput protein production pipelines have been 

developed [184, 185, 213-215]. In the Human Protein Atlas project, milligram amounts of a large 

number of different proteins to be used for antibody generation are needed monthly and a high-

throughput protein production pipeline was a prerequisite for success. A high-throughput protein 

production pipeline, including protein production, protein purification and protein analysis, has 

therefore been set up (Figure 10) (paper I). A major difference between this setup and the ones used 

in, for example structural biology projects, is that for antibody generation protein solubility is not an 

issue. 

 

Figure 10. A schematic presentation of the developed protein production pipeline. (Illustration by Maria Stenvall) 
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In the beginning of this project the production pipeline allowed production of a handful of samples 

in parallel. To be able to set a goal of 600 antigens per month, increased capacity as well as success 

rate compared to the initial setup was needed. Therefore, it was necessary to evaluate each and every 

step in the production pipeline. By major and minor changes of the initial protocol, a standardized 

setup that reached the monthly production goals was developed. Examples of major changes that 

were essential to be able to increase the throughput as well as the overall success rate were the 

change of E. coli strain (paper II) and the implementation of an automated protein purification 

system [194]. The minor changes, that did not take great effort in the lab to identify but still had a 

large impact on the efficiency was, for example, increased culture volume in the shake flasks and 

decreased manual handling by using dispensers and multi-pipettes. When optimizing a protocol for 

high-throughput protein production, optimal conditions are not the only thing to consider, it also 

has to be practicable. The resulting protocol was therefore a combination of the optimal and the 

most practical solutions; some unit operations were optimized, others excluded or automated. By 

using this protocol the throughput has increased and the number of days of the entire process 

decreased from seven to five. Altogether this has enabled production of up to 288 different proteins 

per week, in batches of 72 parallel samples.   

 

The most important improvement of the production pipeline was automation of the purification. 

Without this development, handling of 72 parallel samples would not have been possible. In the 

Human Protein Atlas project, the purified proteins are used for two purposes; as antigens and as 

ligands on affinity columns. The fraction of the protein product used for column coupling needs to 

have a high concentration in a rather small volume. For this purpose it was beneficial to identify the 

fraction within the elution profile having the highest protein concentration. This could definitely be 

a challenge when handling 72 parallel samples.  However, since all proteins produced in the Human 

Protein Atlas project have the same N-terminal purification tag (His6), the possibility of using a 

standardized purification method based on IMAC with a standard elution protocol for all proteins 

was evaluated. The elution profile of a large set of different His6-tagged proteins was therefore 

analyzed and as can be seen in Figure 11 all His6-tagged proteins display a similar elution profile. The 

optimal fraction to be used for column coupling was thereby easily identified; fraction number 2. 

This made it possible to set up a standard elution protocol used for all proteins. Implementation of 

the automated protein purification including a standardized elution protocol has made it possible to 

handle almost 300 different proteins weekly. 
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Figure 11. Elution profiles of 30 different His6-tagged proteins. The distribution of the eluted proteins within the 

five fractions of 500µl is here presented.  

 

 

All in all the optimized protocol has been a great success for the Protein Factory module in the 

Human Protein Atlas project. By using this protocol the throughput as well as the overall success 

rate has increased. Today, the number of successfully produced proteins, with purity higher than 

80%, results in an overall success rate as high as 81%. However, since the aim of this project differs 

from other projects with a high-throughput protein production pipeline, it is unfortunately not 

possible to compare this setup with others.   
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10. Screening to avoid unnecessary protein production 

When using the same protocol for production of thousands of proteins, all proteins cannot be 

successfully produced. To save time and money, it is therefore common to combine high-

throughput protein production pipelines with an initial small-scale screen. Most available screening 

protocols have been developed for screening of soluble protein [184, 213, 214]. As a complement to 

already existing screening protocols, a novel high-throughput screening method that enables parallel 

production and verification of up to 96 different protein products has been set up (paper IV). By 

using this method, proteins that are poorly produced under the chosen conditions can be sorted out 

prior large-scale production. The protocol was developed by mimicking the standard workflow used 

for protein production in the Human Protein Atlas project. However, in the screening procedure all 

steps have been miniaturized and are performed in plate format. For protein production, 

purification and verification the chosen solutions are the EnBase® cultivation technology, IMAC 

purification in filter plates and MALDI-TOF MS, respectively (Figure 12).  

  

 

 

Figure 12. Protein production pipelines. A. The standard workflow for protein production. B. The miniaturized 

workflow of the screening setup. (Illustration by Maria Stenvall) 
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One very important parameter to evaluate in the beginning of this study was how much it was 

possible to reduce the culture volume when using the EnBase® medium and still get sufficient 

protein yields. The cultivations were therefore initially performed in deep well plates before 

proceeding to micro well plates. Using the EnBase® medium in deep well plates was shown to 

generate a substantially larger amount of protein per milliliter culture medium compared to a 

standard culture in a shake flask. This result indicated that it was possible to further downscale the 

EnBase® cultivations to microliter scale in micro well plates and still get reliable results. 

 

Apart from the culture volume, it was also important to decrease the amount of IMAC matrix 

needed for purification to reduce the costs of the screening setup. By replacing the purification 

columns with a micro well filter plate, it was possible to downscale the needed volume of IMAC 

matrix 80 times compared to the standard protocol. The resulting protocol is thereby based on 

miniaturized protein production and purification, and to verify if a protein is produced or not, a 

MALDI-TOF MS analysis is used. The agreement was shown to be 91% when the results in the 

standard large-scale protein production pipeline and this screening method were compared. 

However, by including an extra SDS-PAGE analysis after the MS analysis, the agreement was 

further increased to 95%. In other words, a reliable screening method that could be used prior large-

scale production has been developed. By using this method, proteins that will be poorly produced 

can be sorted out at an early stage, resulting in reduced costs. The main difference between this 

protocol and the most commonly used screening protocols is that the protein product first is 

verified by MS instead of SDS-PAGE. As an alternative to SDS-PAGE, dot-blotting or colony 

filtration blot could also be used for screening of soluble protein [216]. The benefit of the latter 

method is that soluble protein could be screened directly from colonies and thereby it is faster than 

the more conventional methods. 
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Concluding remarks 

 

As a result of all the new improved sequencing techniques as well as the reduced cost per sample, 

there has been a dramatic increase in number of sequenced genomes over the last years. Although 

the number of known genomes is steadily increasing, it is still impossible to determine the three-

dimensional structure as well as the function of a protein from the coding sequence of the gene. 

Therefore, systematic studies of protein structure and function has become of great importance. For 

that purpose, the need for recombinant proteins is greater than ever. To find the optimal setup for 

heterologous protein production there are several parameters to consider; for example host cell, 

regulation on transcriptional and translational level as well as cultivation conditions. 

 

In the papers that this thesis is based upon, E. coli has been the choice of host for protein 

production due to that it is simple to handle and provides high yields at low cost. However, what 

have been thoroughly studied are some of the parameters affecting transcription and translation. In 

paper III, three commonly used promoters were studied and the results clearly indicate the benefits 

of using a strong promoter like T7 compared to the weaker lacUV5 promoter for recombinant 

protein production. Although the general opinion often is that a strong promoter is beneficial for 

the total amount of produced protein, while a weaker is more suitable for production of soluble 

protein, it was clearly shown in paper III that a strong promoter could also be very useful for 

production of soluble protein. When focus was shifted from transcription to translation, the effect 

of codons rarely used in E. coli on recombinant protein production was studied. What was 

concluded was that it is an advantage to use a host strain that compensates for codons rarely used in 

the host strain (paper II). Surprisingly the greatest benefit was not an increased yield but, as a result 

of less truncated proteins, an increased purity (paper II and V). Also, even though Rosetta(DE3) 

compensates for six different rare codons, it was somewhat surprising that it was mainly the number 

of rare arginine codons that had an evident effect on the protein production. To study the individual 

effect of the six rare codons it would therefore have been interesting to also include codon 

optimized constructs, where one codon is optimized at a time. For further understanding of the 

complex processes of transcription and translation and the possibility to improve recombinant 

protein production, it would in the future be very interesting to set up a large-scale optimization 
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protocol for this purpose. By including several different parameters affecting transcription and 

translation this may result in a deeper understanding of recombinant protein production as well as 

the possibility to identify crucial parameters for successful protein production of proteins that are 

not successfully produced in standard protein production pipelines.   

 

Apart from identifying the optimal parameters, such as the design of the expression vector and 

cultivation conditions, it is in large-scale projects also important to meet the demand of handling 

several parallel samples. For that purpose a standard setup that works for large set of samples is 

often needed. However, it is also highly important that the chosen setup can be done in practice. In 

paper I, it was shown that by using a relatively simple setup it is possible to produce almost 300 

different proteins in just a week. Interestingly, although the proteins have quite different 

characteristics, as many as 81% can be successfully produced when using this setup. Hence, an 

individually adjusted protocol is not necessary for the majority of all proteins. However, despite the 

fact that the number of proteins that cannot be successfully produced is fairly low, by adding an 

initial screening step unnecessary attempts of protein production can almost be eliminated (paper 

IV). Combining the lessons of paper I-V one may conclude that it is possible to produce a large 

number of different proteins by recombinant protein production. So far, as many as 38,000 different 

human protein fragments have been successfully produced within the Human Protein Atlas project, 

covering 95% of all human genes. 
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Populärvetenskaplig sammanfattning 
Till pappa, syrran och alla ni andra som föredrar en kortare summering av vad denna bok egentligen handlar om. 

 

Proteiner är molekyler som är uppbyggda av aminosyror i långa kedjor. Eftersom proteiner är 

involverade i en rad olika livsviktiga funktioner, exempelvis som antikroppar i immunförsvaret och 

som enzymer i kemiska reaktioner, brukar de ofta kallas för ”livets byggstenar”. Information om hur 

ett protein ska se ut finns lagrat i DNAt. Förenklat skulle man kunna säga att DNAt är receptet och 

proteinet den färdiga sockerkakan. För att omvandla DNA till protein, med andra ord receptet till en 

kaka, krävs en process som kallas ”Det centrala dogmat”. I denna process sker ett informationsflöde 

från DNA via mRNA till protein. Det som händer är att informationen i DNAt kopieras till en 

budbärarmolekyl (messengerRNA) med hjälp av ett enzym. Den information som finns lagrad i 

budbärarmolekylen kan sedan omvandlas till protein genom så kallad proteinsyntes. I detta delsteg 

sätter sig en ribosom runt mRNAt. Ytterligare en molekyl, nämligen så kallade transferRNA (tRNA), 

transporterar därefter de aminosyror som behövs under proteinsyntesen till ribosomen. Längs denna 

kedja av reaktioner ökar komplexiteten dramatiskt när informationen i mRNAt slutligen omvandlas 

till ett protein. DNA och RNA är båda uppbyggda av fyra olika kvävebaser, A, T, C och G 

respektive A, U, C och G. Proteiner däremot är uppbyggda av 20 olika aminosyror. För att 

ribosomen ska kunna översätta mRNAt till protein läser den tre baser i taget, och varje 

trebokstavskombination (kodon) motsvarar en aminosyra. 

 

Under de senaste femton åren har ett antal organismers arvsmassa, däribland människans, kartlagts. 

Därmed har kunskapen kring varje organisms DNA, som arvsmassan består av, ökat. Att utifrån 

baserna i DNAt ta reda på vilka aminosyror som ingår i det resulterande proteinet är inga problem 

nuförtiden. Med dagens kunskap är det dock ännu inte möjligt att utifrån DNA- eller 

aminosyrasekvensen kunna säga särskilt mycket om ett proteins struktur eller funktion. Behovet av 

systematiska studier av proteiners struktur och funktion är därför stort. För att kunna genomföra 

dessa studier behövs inte bara några enstaka, utan många olika proteiner. Att utvinna dessa från sin 

naturliga miljö är i stort sätt en omöjlighet, men eftersom DNA-sekvensen är känd kan man istället 

välja att producera de proteiner som behövs genom så kallad rekombinant proteinproduktion. Detta 

innebär att man klistrar in den DNA-sekvens som motsvarar det protein man vill studera i en 

vektor. En vektor är en cirkulär DNA-molekyl som innehåller alla komponenter som behövs för att 
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reglera den rekombinanta proteinproduktionen. Denna vektor förs sedan in i en värdcell, vanligtvis 

en E. coli-bakterie, i vilken proteinet sedan kan produceras. Tack vare vissa komponenter i vektorn 

kan proteinproduktionen ske under förhållandevis kontrollerade former. 

 

I de arbeten som denna avhandling baseras på har jag dels studerat de komponenter som reglerar 

processen då DNA kopieras till mRNA respektive när mRNA översätts till protein, dels hur man 

ska gå till väga för att kunna producera hundratals rekombinanta proteiner per vecka. Vad gäller 

själva kopieringen av DNA till mRNA så regleras den av en komponent som kallas promotor. De 

promotorer som jag utvärderat kopierar DNA till mRNA olika snabbt. Efter att ha utvärderat 

effekten av långsam respektive snabb kopiering kunde jag dra slutsatsen att förutsatt att man vill ha 

så mycket protein som möjligt ska man välja en snabbkopierande promotor. En annan process som 

studerats är när mRNA översätts till protein. Det har nämligen visat sig att vissa kodon 

(trebokstavskombinationer i mRNAt) som är sällsynta i E. coli kan orsaka en del problem när mRNA 

ska översättas till protein. Extra problematiskt har det visat sig vara om de sällsynta kodonen 

dessutom är vanligt förekommande i den DNA-sekvens som ska produceras. På grund av detta så 

har möjligheten att använda en E. coli-stam som försetts med extra tRNA för de kodon som är 

sällsynta i E. coli utvärderats. Resultatet av denna studie påvisar klart och tydligt fördelarna med 

denna stam. Något oväntat var dock att en ökad renhet, tack vare färre halvfärdiga proteiner, var 

den klart största vinsten. Utöver att studera de processer som har en direkt påverkan på 

proteinproduktionen, studerades även möjligheten att sätta upp en storskalig proteinproduktion för 

nästan 300 olika proteiner per vecka. Detta visade sig, genom ett fåtal större och ett antal mindre 

modifieringar av ursprungsprotokollet, vara fullt möjligt. Slutligen så har även ett screening-

protokoll, för att kunna exkludera de proteiner som aldrig kommer att funka i en storskalig 

proteinproduktion, utvecklats.  

 

Sammantaget visar studierna i denna avhandling att genom omsorgsfulla val av parametrar som 

påverkar proteinproduktion är det full möjligt att producera många olika proteiner i en simpel 

tarmbakterie; E. coli. Om man dessutom kan sätta samman ett väl genomtänkt standardprotokoll så 

kan ett och samma protokoll användas för att producera tusentals olika protein.  
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