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Abstract
Proteins fulfill essential functions in living cells. To produce sufficient amounts of a protein is essential to study the structure
and function of a protein, or to use it for medical purposes. Escherichia coli is a Gram-negative bacterium that is widely
used for recombinant protein production. The aim of my PhD studies was to enhance membrane and secretory protein
production yields using E. coli. The T7-based protein production system BL21(DE3)/pET was mainly used in my studies.
BL21(DE3) contains a strong IPTG-inducible lacUV5 promoter governing the expression of the t7rnap gene encoding the
T7RNAP on its chromosome. The target gene is under control of the T7 promoter on the pET plasmid. T7RNAP specifically
recognizes the T7 promoter and transcribes the target gene more efficiently than the bacterial RNAP. Unfortunately, the
biogenesis machinery for membrane and secretory proteins is usually saturated by the high protein production intensity
when the BL21(DE3)/pET system is induced with IPTG, thereby negatively affecting protein production yields. In the first
study, we found that when using the BL21(DE3)/pET system omitting the inducer IPTG improved membrane and secretory
protein production yields. In previous studies, Lemo21(DE3) was developed to facilitate the production of membrane and
secretory proteins. Lemo21(DE3) contains the pLemo plasmid in which the gene encoding the inhibitor of T7RNAP, T7
lysozyme, is under the control of the rhaBAD promoter. The activity of T7RNAP is regulated by synthesizing different
levels of T7 lysozyme by adding different amounts of rhamnose. Thus, the production intensity can be modulated such
that the biogenesis machinery of membrane and secretory proteins is not saturated upon IPTG induction. In the second
study, we combined the key elements from both the pLemo and pET vectors to create the pReX (Regulated eXpression)
plasmid to facilitate the use of helper plasmids encoding e.g., chaperones when it is necessary. In the third study, we used
the rhaBAD promoter to direct the production of membrane and secretory proteins in a rhamnose metabolism and active
uptake deficient strain. The protein production rate can be truly tuned in this setup. Therefore, the production of membrane
and secretory proteins can be enhanced by using the right amount of rhamnose in the culture medium. BL21(DE3) contains
the λDE3 prophage that carries the t7rnap gene under the control of the lacUV5 promoter. The λDE3 prophage is thought
to be stably inserted into the chromosome, but the lytic cycle of the prophage can still be induced by the SOS response
inducing antibiotic mitomycin C in the mitomycin C-based bacteriophage test. In the fourth study, we engineered BL21T7
by deleting in BL21(DE3) lysis related genes from the prophage. BL21T7 has similar recombinant protein production
characteristics as its ancestor BL21(DE3).
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 Introduction 

In 1884, Theodor Escherich isolated a Gram-negative bacterium from the 

feces of a milk-fed infant and named it Bacterium coli commune 1. Later on, 

Bacterium coli commune was renamed after Escherich as Escherichia coli 2,3. 

Because E. coli grows fast, is easy to work with and genetically very well 

accessible, it has become an important model organism 3. A lot of fundamental 

studies on e.g., transcription, translation, and gene regulation were performed 

using E. coli as a model system 3. E. coli has also become the workhorse in 

molecular biology and biotechnology 4,5. I am mainly interested in E. coli as a 

host for the production of recombinant proteins. Membrane and secretory 

protein production yields in E. coli are often not satisfactory. Therefore, 

during my Ph.D. studies I have tried to design strategies to improve the 

production yields of these proteins in E. coli.  
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1. The architecture of E. coli 

The E. coli cell can be divided into four compartments; the cytoplasm, 

the cytoplasmic membrane, the periplasm, and the outer membrane (Figure 

1A). The cytoplasmic membrane, the periplasm, and the outer membrane 

make up the cell envelope, which encloses the cytoplasm. The cell envelope 

e.g., helps to maintain the shape of the cell and protects the cell against many 

physical and chemical stresses 6. 

 
Figure 1. The E. coli cell and its cell envelope. A. Schematic representation 

of the Gram-negative bacterium Escherichia coli. The chromosome and the 

ribosomes are located in the cytoplasm. The cytoplasm is enclosed by the cell 

envelope, which consists of the cytoplasmic membrane, the periplasm, and the 

outer membrane. B. Schematic representation of the cell envelope of E. coli. 

The cytoplasmic membrane consists of a symmetric phospholipid bilayer and 

a variety of proteins. The outer membrane is also composed of a lipid bilayer 

and a variety of proteins. The inner leaflet of the outer membrane is composed 

of phospholipids and the outer leaflet is composed of lipopolysaccharide 

(LPS). Between the cytoplasmic membrane and the outer membrane there is 

the periplasm. The peptidoglycan is located in the periplasm. 
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1.1 The cytoplasm 

The cytoplasm of E. coli is an aqueous environment that is separated 

from the extracellular environment by the cell envelope. It contains the 

chromosome, which contains the genetic information of the cell. It is 

important to mention that in E. coli all proteins, including its cell envelope 

proteins, are synthesized in the cytoplasm (Figure 1A). 

1.2 The cytoplasmic membrane 

The cytoplasmic membrane is made up of a phospholipid bilayer and 

proteins (Figure 1B). The lipid bilayer is symmetric, meaning that the inner 

and outer leaflets contain the same types of lipids. A phospholipid molecule 

consists of a hydrophilic head-group and a hydrophobic tail. The hydrophobic 

tails gather together and face the inner side of the membrane, and the 

hydrophilic headgroups face outwards. The cytoplasmic membrane of E. coli 

contains mainly glycerophospholipids. The three main glycerophospholipids 

it contains are phosphatidylethanolamine (PE), phosphatidylglycerol (PG), 

and cardiolipin (CL) 7. The lipid bilayer prevents free movement of e.g., water 

and polar molecules across the cytoplasmic membrane.  

Proteins are responsible for transportation and communication between 

each side of the cytoplasmic membrane. There are two types of cytoplasmic 

membrane proteins, integral and peripheral ones (Figure 1B). Integral 

cytoplasmic membrane proteins have one or more transmembrane segments 

(a.k.a. -helices) embedded in the membrane, or they have a lipid-anchor that 

connects the protein to the membrane. Integral membrane proteins cannot be 

isolated from the membrane without using a detergent. Peripheral membrane 

proteins are proteins that adhere to the membrane through interactions with 

the surface of the lipid bilayer and/or membrane associated proteins. These 

proteins can usually be isolated without using a detergent.  

1.3 The periplasm  

The periplasm is the space between the cytoplasmic membrane and the 

outer membrane. The peptidoglycan layer which is regarded as the ‘cell wall’ 

for keeping the cell in shape is located in the periplasm (Figure 1B). One of 

the most abundant proteins in E. coli is the Braun’s lipoprotein (Lpp) 8. The 

C-terminal part of Lpp is covalently linked to the peptidoglycan layer, and its 

N-terminal lipid moiety is embedded in the outer membrane 9. The periplasm 

is separated from the extracellular milieu by only the porous outer membrane, 

which allows entry of anything below ∼600 Da, and is thus more susceptible 

to changes in the external environment than the cytoplasm.  
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1.4 The outer membrane 

Recently the outer membrane was found to be more critical for the 

stiffness and strength of the E. coli cell than previously thought 10. The outer 

membrane is also composed of a lipid bilayer and integral and peripheral 

membrane proteins (Figure 1B). However, the outer membrane is asymmetric. 

The inner leaflet of the outer membrane consists of phospholipids, while the 

outer leaflet of the outer membrane is composed of glycolipids or 

lipopolysaccharides (LPS). LPS molecules are highly compacted, which is 

essential for the barrier function and the strength of the outer membrane 11,12. 

The LPS usually consists of three parts; lipid A, the core oligosaccharide, and 

the O antigen (Figure 1B). The hydrophilic saccharides help bacteria e.g., to 

prevent hydrophobic antibiotics from entering the cell 13. Lipid A is also 

known as endotoxin since it can stimulate the innate immune response upon 

an infection caused by Gram-negative bacteria 14. Most E. coli laboratory 

strains have LPS that consists of only lipid A and the core oligosaccharide 13.  

Integral membrane proteins in the outer membrane that are not 

lipoproteins also contain transmembrane segments, a.k.a. -strands 15. Thus, 

the structure of the transmembrane segments of outer membrane proteins is 

different from those of the integral membrane proteins in the cytoplasmic 

membrane. The transmembrane segments of integral membrane proteins in 

the outer membrane form -barrel structures. The -barrel membrane proteins 

can e.g., function as (selective) porins, i.e., ions and polar molecules can pass 

through 15. Thus, the permeability of the outer membrane is much higher than 

the permeability of the cytoplasmic membrane (see 1.3).  
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2. Protein biogenesis in E. coli 

Proteins consist of one polypeptide chain or multiple polypeptide chains. 

A polypeptide chain consists of amino acids that are linked to each other by 

peptide bonds. There are 20 natural amino acids, and they all have different 

side chains. The side chain of an amino acid gives it its chemical/physical 

characteristics such as hydrophobicity and charge. The amino acid sequence 

of a polypeptide chain determines its characteristics.  

The sequence information of proteins is stored in the DNA of an 

organism. More specifically, this information is stored in genes. The 

bacterium E. coli has one chromosome, and it consists of around 4,6 million 

base pairs 16. The E. coli genome contains around 4000 genes encoding for 

proteins 16. A gene encoding a protein is transcribed to mRNA by RNA 

polymerase (RNAP), and the mRNA is subsequently translated into a 

polypeptide chain by the ribosome. All E. coli proteins, including its cell 

envelope proteins, are synthesized by ribosomes in the cytoplasm. Thus, cell 

envelope proteins have to be targeted to their final destination (Figure 1).  

 

2.1 Protein synthesis 

The E. coli ribosome consists of two subunits, the 30S subunit and the 

50S subunit. Together, these two subunits form the 70S ribosome. Ribosomes 

consist of both protein and RNA. To initiate translation, the 30S subunit of the 

ribosome interacts via its 16S RNA with the ribosome binding site (RBS) of 

the mRNA, which encodes the protein that is to be synthesized. A tRNA 

charged with formylated and aminoacylated methionine (fMet-tRNAfMet) 

interacts with the start codon on the mRNA. The 50S subunit with the help of 

initiation factors is subsequently recruited to the 30S subunit and the 70S 

ribosome is formed 17.  

The ribosome contains an aminoacyl site (A site), a peptidyl site (P site) 

and an exit site (E site). The fMet-tRNAfMet is positioned in the ribosome at 

the P site and binds to the start codon in the mRNA. A charged tRNA with the 

next amino acid encoded by the mRNA comes to the A site with the help of 

elongation factor (EF-Tu) and subsequently a peptide bond is formed between 

the two amino acids. This results in a tRNA in the A-site containing a 

dipeptide. The tRNAfMet moves to the E site and also the mRNA is moved 
ʻone codon’. The tRNAfMet is subsequently released from the ribosome. The 

tRNA with the dipeptide moves together with the complementarty codon in 

the mRNA from the A site to the P site and the A site becomes available for 

the next charged tRNA so that the next amino acid can be linked to the 
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growing polypeptide chain. This process continues until the complete 

polypeptide chain is synthesized and the ribosome hits the stop codon in the 

mRNA. When this happens, so-called release factors release the polypeptide 

chain from the last used tRNA, and the ribosome/mRNA complex dissociates.  

2.2 Protein folding in the cytoplasm 

In the crowded environment of the cytoplasm, a lot of proteins require 

assistance from other proteins, the so-called chaperones, with their folding   
18,19(Figure 2). Chaperones not only assist in protein folding, but also prevent 

protein aggregation or degradation. In the cytoplasm, trigger factor (TF), 

DnaK/J/GrpE, and GroEL/ES are the major chaperone systems 20. Notably, 

these chaperones can also play a role in the biogenesis of cell envelope 

proteins (see section 2.4).  

TF is an ATP-independent chaperone that is highly abundant in the 

cytoplasm 21. It was first identified as a soluble factor that binds to the 

precursor of outer membrane porin A (pro-OmpA) and helps to fold pro-

OmpA in a membrane assembly competent form 22.  It appears to be one of 

the main ribosome-associated chaperones in bacteria 21. Ribosomally bound 

TF interacts with the growing polypeptide chain at the ribosomal exit tunnel. 

It forms a shield to protect hydrophobic elements in nascent chains from 

misfolding and aggregation 21,23,24. Ribosome-free TF also participates in the 

post-translational folding of proteins and the formation of protein complexes 
25. TF cooperates with other chaperones like DnaK and GroEL/ES in protein 

folding 26. 

DnaK/J/GrpE and GroEL/ES are also called heat shock proteins since the 

expression of the genes encoding them is elevated during heat shock and a 

variety of other stresses that lead to protein misfolding/aggregation 27,28. DnaK 

acts as a ‘holdase’ that binds to hydrophobic residues of newly synthesized 

and already existing proteins 29. The strong binding of a client protein to DnaK 

is achieved by a conformational change when the ATP is hydrolyzed to ADP 

in the ATP-binding domain of the chaperone 30. DnaJ stimulates the binding 

of the client protein by increasing the ATPase activity of DnaK 30. GprE is the 

nucleotide exchange factor.   

The GroEL/ES chaperone system is essential for viability under all 

conditions tested 31. It has been shown that some essential E. coli proteins 

require GroEL/ES for their folding 19. GroEL subunits form a ‘folding 

chamber’ wherein  proteins can fold, and GroES subunits form the lids closing 

the folding chamber during the protein folding process 32. Exposing 

hydrophobic residues of proteins that have to fold properly bind inside the 

‘open’ state of the GroEL ‘folding chamber’ and then GroES-based lids 

encapsulate the substrate protein in the GroEL-ES complex 33. The space 
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inside the ‘folding chamber’ is enlarged when ATP binds to the GroEL-ES 

complex which helps the substrate to unfold. Conformational changes of the 

GroEL-ES complex occur when ATP is hydrolyzed making that the volume 

inside the chamber is decreased 34. The surface inside the chamber is also 

changed from hydrophobic to hydrophilic, thereby mediating the proper 

folding of the protein that is inside the chamber. The process of changing the 

surface  inside the chamber can have to run several times before the substrate 

is folded correctly 35. The substrate protein is released from the chamber when 

ADP is released from the GroEL-ES-substrate protein complex.  

TF, DnaK/J, and GroEL/ES collaborate with each other to form a 

chaperone network in the cell. DnaK was considered as the central hub that 

connects the upstream chaperone TF and the downstream GroEL/ES 

chaperone system 29. The function of DnaK overlaps partially with that of TF 

for binding to newly synthesized polypeptides 36. DnaK prefers binding to 

long(er) nascent chains and TF appears to interact more with short(er) nascent 

chains 37. It has been suggested that TF and DnaK cooperate in improving 

multidomain protein folding by delaying folding of the nascent polypeptide 

chain 26. Many GroEL/ES substrates interact with DnaK before being 

delivered to GroEL 19. DnaK appears to function as the ‘substrate filter’ to 

prevent saturating the GroEL/ES chaperone system 19. 

   In case protein aggregates have formed in the cytoplasm, the 

DnaK/J/GrpE chaperone system collaborates with the chaperone ClpB to 

‘disolve’ them 38. ClpB belongs to the Clp family of proteins in which many 

proteins function as ATP-dependent proteases (see section 2.3). ClpB function 

is also ATP-dependent, but it is a chaperone rather than a protease. The outside 

of a ClpB hexamer makes contact with large aggregates and disassembles 

them into small and medium size aggregates in the presence of ATP 39,40. The 

DnaK/J/GrpE system subsequently recognizes the exposed hydrophobic tails 

or loops on the surface of the small and medium size aggregates and delivers 

them back to ClpB 39,40. ClpB disassembles aggregates by extracting the 

polypeptides through its axial channel in a process that is driven by ATP 

hydrolysis 41. However, ClpB is a non-progressive enzyme and the hexamer 

disociates rapidly after one or two steps of disaggregation 42. Recently, it has 

been suggested that DnaK acts as peptide release factor of ClpB to allow 

rebinding of ClpB to another portion of an aggregate 43.  

Two small heat shock proteins IbpB and IbpA were defined as ‘inclusion 

body binding proteins’ as they are usually associated with the inclusion-body 

formation during heterologous protein production and heat-induced 

aggregates of endogenous proteins 44,45. IbpA and IbpB stabilize the 

aggregated proteins in a disaggregation competent state, so that the DnaK-

ClpB-mediated disaggregation machinery can more easily participate in 

substrate refolding and reactivation 46,47. 
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2.3 Protein degradation in the cytoplasm 

 Protein degradation is not only required to clear misfolded/damaged 

proteins, but it is also essential for many regulatory processes  48,49
 (Figure 2). 

The main cytoplasmic proteases of E. coli are ClpXP, ClpAP, HslUV, Lon, 

and FtsH 50. Aforementioned proteases belong to the AAA+ type family of 

ATPases; i.e., the hydrolysis of ATP in the ATPase domain provides energy 

for the protease to function 51,52. The common architectural feature ATP-

dependent proteases share is that the proteolytic site is located inside a barrel-

shaped structure 52. The protease substrates are unfolded and have to pass 

through a narrow pore before they reach the active site of the protease. This 

makes that properly folded proteins are protected from entering the catalytic 

chamber 52,53. ClpXP or ClpAP are formed by the ATPase components, ClpX 

or ClpA, together with the compartmentalized protease component ClpP. ClpP 

forms the proteolytic chamber. ClpX and ClpA are responsible for substrate 

recognition and translocation 54,55. HslU and HslV are also known as ClpY and 

ClpQ, respectively. HslU and HslV form the protease complex HslUV, in 

which HslU acts as the protease and HslV is the substrate-binding subunit 56. 

Lon and FtsH contain both their ATPase domain and protease domain in one 

polypeptide chain. Lon is the principal E. coli cytoplasmic protease that 

degrades approximately 50% of all misfolded proteins in the cytoplasm 57.  

FtsH is a transmembrane protein that can degrade both membrane and 

cytoplasmic proteins 58. Notably, the active site of FtsH is facing the 

cytoplasm. The functioning of proteases is highly regulated to avoid ‘random 

proteolysis’ 59. Substrate recognition is based on exposed degradation 

elements, like the SsrA-tag or aromatic and hydrophobic residues. The SsrA-

tag is a short sequence that is fused to e.g., the C-terminus of a polypeptide 

translated from a defective mRNA that lacks a stop codon 60. ClpXP 

specifically recognizes the SsrA-tagged proteins and degrades them 61. SsrA-

tagged proteins can also be recognized and be degraded by ClpAP and FtsH 
61–63. Lon recognizes misfolded proteins by binding aromatic and hydrophobic 

residues that are usually buried in native proteins 64.  
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Figure 2. Protein folding, aggregation, disaggregation and degradation in 

the cytoplasm of E. coli. RNC stands for ribosome nascent chain complex. 

Proteins can fold spontaneously to their native conformation. The folding of 

proteins can also be assisted by chaperones co-translationally as well as post-

translationally. Chaperones can prevent protein folding intermediates from 

aggregating and they can also dissolve protein aggregates. See section 2.2 for 

more information. Properly folded, misfolded and aggregated proteins can be 

degraded by proteases. See section 2.3 for more information.  

2.4 Protein targeting to the cytoplasmic membrane  

Around one third of the total E. coli proteome is not part of the 

cytoplasmic proteome, but localized in the cell envelope 65(Figure 1). Notably, 

hardly any E. coli proteins end up in the extracellular milieu. The proteins that 

are localized in the cell envelope have to be guided from the cytoplasm, where 

they are synthesized, to their final destination. The sorting of cell envelope 

proteins is for integral cytoplasmic membrane proteins based on non-

cleavable signal anchor sequences and for secretory proteins (i.e., periplasmic 

and outer membrane proteins) based on cleavable signal sequences. For the 

sake of completeness, a handful of E. coli integral cytoplasmic membrane 

proteins has also a cleavable signal sequence 66. The targeting pathways that 

guide proteins to the cytoplasmic membrane are generally described as the co-
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translational targeting pathway and the post-translational targeting pathway. 

In the co-translational targeting pathway, targeting is coupled to protein 

translation. In the post-translational targeting pathway, the protein is (almost) 

completely synthesized before it is targeted. In the cytoplasmic membrane, 

there are two main machineries that are responsible for receiving the proteins 

that are targeted to the cytoplasmic membrane; the Sec-translocon and Tat-

translocon. The Sec-translocon can mediate both co-translational and post-

translational translocation of membrane proteins and secretory proteins.  The 

Tat-translocon is involved in translocating folded proteins (including some 

membrane proteins with a short N-terminal transmembrane segment that dips 

in the cytoplasmic membrane upon translocation) in a post-translational 

fashion (Figure 3). In addition, the cytoplasmic membrane protein 

integrase/chaperone YidC in association with the Sec-translocon as well as an 

independent entity assists the biogenesis of membrane proteins 67.   

 

 
Figure 3. Schematic representation of the targeting/translocation 

pathways for membrane and secretory proteins in E. coli. The signal 

sequence of a secretory protein or the signal anchor sequence of a cytoplasmic 

membrane proteins is located at the N-terminus of the protein. The signal 

recognition particle (SRP) recognizes the emerging signal anchor sequence of 

cytoplasmic membrane proteins as well as the signal sequence of some 

secretory proteins and guides the ribosome nascent chain complex (RNC) with 

the help of the SRP receptor FtsY to the Sec-translocon in the cytoplasmic 
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membrane in what is generally assumed a co-translational fashion. It is 

generally assumed that translation is resumed when the ribosome nascent 

chain complex docks at the Sec-translocon. Most secretory proteins are 

targeted in a (mostly) post-translational fashion to the Sec-translocon. 

Chaperones, like SecB, protect the pre-protein from (mis)folding before being 

translocated. For secretory proteins, the signal sequence is cleaved off by 

leader peptidase (Lep) upon translocation of the protein across the cytoplasmic 

membrane. The Sec-translocon mediates both the biogenesis of cytoplasmic 

membrane proteins and the translocation of secretory proteins. The peripheral 

Sec-translocon subunit SecA interacts with the Sec-translocon and promotes 

the translocation of secretory proteins and sizeable periplasmic loops of 

cytoplasmic membrane proteins (> 60 amino acids). The core of the Sec-

translocon consists of the SecYEG complex, which forms a protein 

conducting channel in the cytoplasmic membrane. YidC is an 

insertase/foldase that is associated with the Sec-translocon, and it is involved 

in the biogenesis of cytoplasmic membrane proteins. Some small cytoplasmic 

membrane proteins can be targeted directly to YidC, thereby bypassing the 

Sec-translocon (not shown). Proteins translocated via the TAT pathway are 

targeted in a post-translational manner to the Tat-translocon; TAT substrates 

fold in the cytoplasm. The Tat-translocon consists of TatA, TatB, and TatC. 

Finally, outer membrane proteins are targeted to the the Bam-complex in the 

outer membrane, which mediates the insertion of outer membrane proteins 

into the outer membrane. 

 

The targeting of cytoplasmic membrane proteins to the cytoplasmic 

membrane is mainly signal recognition particle (SRP)-dependent. The SRP is 

a targeting factor that recognizes the signal anchor sequence of the membrane 

protein when it emerges from the exit tunnel of the ribosome and, 

subsequently, guides the ribosome nascent chain complex (RNC) to the Sec-

translocon. It is generally assumed that SRP recognition is based on the 

hydrophobicity of the signal anchor sequence 68,69. The signal anchor sequence 

of a cytoplasmic membrane protein is usually highly hydrophobic and it can 

form in a helical conformation already in the ribosomal tunnel 70,71. As 

mentioned before, SRP binds the signal anchor sequence when it emerges 

from the exit tunnel from the ribosome complex. Translation is supposedly 

halted when SRP binds to the signal anchor sequence, but what exactly 

happens is still not completely clear. The SRP guides the RNC with the help 

of its receptor FtsY to the Sec-translocon in the cytoplasmic membrane 72 

(Figure 3). The binding of SRP to FtsY is GTP-dependent 73. Upon arrival at 

the cytoplasmic membrane, GTP hydrolysis induces conformational changes 

of both SRP and FtsY and makes that they dissociate 74. The RNC attaches to 

the Sec-translocon and this makes that translation is resumed, while as 

mentioned before SRP and FtsY are released. Subsequently, the signal anchor 
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sequence enters the Sec-translocon and is inserted through the lateral gate of 

the Sec-translocon into the membrane and constitutes the first transmembrane 

segment of the membrane protein. Periplasmic loops are translocated across 

the cytoplasmic membrane through the Sec-translocon. The translation 

continues until the complete polypeptide is synthesized and the cytoplasmic 

membrane protein is inserted into the membrane. YidC is an essential 

insertase/foldase  that is also involved in SRP-dependent translocation 

pathway. The cytoplasmic membrane protein integrase/chaperone YidC in 

association with the Sec-translocon as well as an independent entity assists the 

biogenesis of membrane proteins 67. As an independent entity,  YidC can 

interact directly with SRP and by doing so it mediates the insertion of some 

small cytoplasmic membrane proteins into the cytoplasmic membrane 67,75,76.  

 The correct topology of an integral cytoplasmic membrane protein is 

required for the function of the protein. A transmembrane segment has two 

possible orientations when it is translocated in the cytoplasmic membrane, 

either the N-terminus is positioned in the cytoplasm with the C-terminus 

facing the periplasm, or the other way around. The orientation of the 

transmembrane segments depends on the length and the hydrophobicity of the 

transmembrane segment, the distribution of the charged amino acids, and the 

lipid composition 77–79. Positively charged residues flanking the 

transmembrane segment are usually positioned on the cytoplasmic side of the 

membrane; this phenomenon is also known as the ‘positive inside rule’80. The 

orientation of the first transmembrane segment of a cytoplasmic membrane 

protein usually determines the topology of the following transmembrane 

segments, but it is still possible to ‘flip’ the transmembrane segments after 

insertion 81. 

The cleavable signal sequence of secretory proteins i.e., periplasmic 

proteins and outer membrane proteins, is usually around 20-25 amino acids 

long, and it is located at the N-terminus of the protein. A signal sequence 

consists of three domains; a positively charged N-terminal domain, a 

hydrophobic center domain, and a C-terminal cleavage domain 82. The signal 

sequence of secretory proteins is cleaved off by leader peptidase (Lep) upon 

translocation across the cytoplasmic membrane (Figure 3). Sec-translocon-

mediated co-translational translocation of periplasmic and outer membrane 

proteins follows the SRP-mediated fashion and appears to be rare. Most 

periplasmic proteins and outer membrane proteins are translocated in a 

(mostly) post-translational fashion. To be noticed, the translocation pathways 

are not yet very clearly defined. For the post-translational pathway, the 

synthesized protein is protected from aggregation by chaperones before being 

translocated across the cytoplasmic membrane 83. Trigger factor is the first 

chaperone that binds to the RNC when the newly synthesized polypeptide 

emerges from the ribosome. SecB is also a cytoplasmic chaperone that acts 

after TF and interacts with the growing nascent chain to prevent premature 
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folding and aggregation 83,84. SecA interacts with the Sec-translocon and it is 

an ATPase. SecA serves as the motor of the Sec-translocon that pushes the 

substrates through the Sec-translocon protein conducting channel using the 

energy from ATP hydrolysis 85.  

The core of the Sec-translocon of E. coli consists of three integral 

cytoplasmic membrane proteins, SecY, SecE, and SecG in a 1:1:1 ratio. SecY 

is composed of 10 transmembrane segments (TMSs) which form an hourglass 

shaped pore. Each of the two halves in the hourglass shape of SecY contains 

5 transmembrane segments 86. The TMS2 and the TMS7 of SecY form the 

lateral gate of the Sec-translocon where the TMSs of cytoplasmic membrane 

proteins leave the SecYEG protein conducting channel and are inserted into 

the lipid bilayer. The TMS2 of SecY can be further divided into TMS2a and 

TMS2b, in which the TMS2a serves as the plug of the Sec-translocon that 

prevents ions and water passing through the translocation pore 87. SecE is a 

small subunit that contains 3 TMSs and one of the TMS  embraces the two 

halves of SecY to stabilize SecY. Both SecY and SecE are essential for 

viability and protein translocation 88. SecG is a small protein that contains 2 

TMSs. SecG is not essential for viability and protein translocation, and its 

function is not clear. Auxiliary components, such as YidC, SecA, SecDFYajC 

can assist the SecYEG core complex. YidC contains 6 TMSs and it has a big 

periplasmic domain 89. YidC sits at the lateral gate of the SecYEG complex 

assisting the transfer of transmembrane segment into the lipid bilayer and the 

folding of cytoplasmic membrane proteins 90. YidC does not only collaborate 

with the SecYEG complex for insertion of the transmembrane segments but 

also functions as mentioned before as insertase by itself. SecA interacts with 

SecY directly. SecA serves as the motor for protein translocation. Besides, 

SecA mediates co-translational translocation of long periplasmic loops of 

cytoplasmic membrane proteins 91. ATP binding and hydrolysis cause big 

conformational changes of SecA that trigger substrate insertion/translocation 
92. It is generally assumed that - besides for sizable periplasmic domains of 

cytoplasmic membrane proteins - elongation of the polypeptide chain provides 

the energy for the insertion of cytoplasmic membrane proteins 88. The proton 

motif force (PMF) also appears to provide energy that drives translocation via 

the Sec-translocon 93,94. The SecDFYajC complex can interact with YidC and 

the core SecYEG complex to facilitate protein translocation driven by the 

proton motif force 95,96.    

The TAT-translocon mediates the translocation of proteins to the 

periplasm that have twin-arginine residues in their signal sequence 97. It has 

been demonstrated that the folding of proteins happens before the protein is 

translocated across the cytoplasmic membrane 98 (Figure 3). Thus, only 

(correctly) folded proteins can be translocated via the TAT-translocon. The 

core of the TAT-translocon consists of three components, TatA, TatB, and 

TatC. TatB and TatC form a stable complex as the functional unit for the 
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recognition of the twin-arginine motif 99,100. TatA forms the protein 

translocation channel with variable diameter that depends on the diameter/size 

of the to be translocated protein 101,102.   

2.5 Protein folding and quality control in the periplasm 

In contrast to the reducing environment in the cytoplasm, the oxidizing 

environment in the periplasm enables proteins containing cysteines to form 

disulfide bonds. In the periplasm, there is the disulfide bond formation (Dsb) 

system that mediates disulfide bond formation 103 (Figure 4). DsbA, the 

oxidoreductase of the Dsb system, catalyzes the oxidation of free cysteines of 

a substrate to form disulfide bonds 104. After DsbA ‘transfers’ the disulfide 

bond to the substrate, the reduced DsbA is reactivated by the membrane 

protein DsbB by transfering its electrons to it and they are subsequently 

transferred to the respiratory chain 105. The disulfide bond isomerase DsbC can 

reduce incorrectly formed disulfide bonds, thereby giving proteins a second 

chance to form proper disulfide bonds 106. The electrons required for this 

reaction are transferred from NADPH via thioredoxin (Trx) in the cytoplasm 

to the periplasm by the membrane protein DsbD 107 (Figure 4). 

Figure 4. Disulfide bond formation in the periplasm. DsbA catalyzes the 

oxidation of substrate cysteines to form disulfide bonds. DsbB mediates 

recycling of DsbA by transferring the electrons from DsbA to ubi- or 

menaquinone (Q*). Wrongly formed disulfide bonds are reduced by DsbC, 

thereby giving a protein as second chance to fold properly. DsbD reduces 

DsbC using the electrons from NADPH in the cytoplasm transferred via Trx.     
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All the proteases and chaperones in the periplasm are ATP independent. 

For instance, SurA and Skp are major periplasmic chaperones that mediate the 

biogenesis of outer membrane proteins 108–110. Skp binds to the from the Sec-

translocon emerging outer membrane protein in the periplasm and prevents it 

from aggregating 108. The isomerase SurA acts as the folding chaperone that 

delivers outer membrane proteins to the BAM-complex for insertion into the 

outer membrane 111. Spy is a small periplasmic chaperone that interacts with 

a wide variety of substrates and prevents them from aggregating 112.         

More than 20 (putative) proteases in the periplasm have been identified, 

but only a few of them are well-characterized. Tsp, DegP, and Ptr are three 

main periplasmic proteases that have been well-studied. Tsp (Tail-specific 

protease) or Prc is a soluble serine protease that has a single PDZ domain. The 

substrate of Tsp must have a specific C-terminus that can be recognized by 

Tsp 113. The PDZ domain is essential for substrate recognition and degradation 
114. DegP has both proteolytic activity and chaperone activity. The protease 

activity of DegP is dominant at high temperatures, and the chaperone activity 

is dominant at low temperatures 115. The DegP monomer has a serine protease 

domain and two PDZ-domains. DegP can form different oligomeric structures. 

Substrate binding triggers DegP hexamers to transform to 12-mer or 24-mers 

so that the substrate is encapsulated in the active site 116.        

  Misfolded and aggregated proteins in the periplasm can induce cell 

envelope stress responses. Two key pathways, the E pathway and the Cpx 

pathway are better understood compared to other stress response pathways 117. 

E is a sigma factor/transcription regulator that binds to the cytoplasmic 

membrane protein RseA under normal conditions. Under stress conditions, E 

is released from RseA and stimulates the expression of stress genes, including 

ones that encode DegP, FkpA, Skp, and SurA 59. The Cpx system is a two-

component signal transduction system. Kinase CpxA is the sensor in the 

cytoplasmic membrane which is inhibited by CpxP in the periplasm. When 

CpxP binds to aggregated proteins it is released from CpxA, CpxA is 

phosphorylated and catalyzes phosphorylation of CpxR in the cytoplasm 118. 

Phosphorylated CpxR not only activates the expression of genes encoding 

proteases and chaperones, like DegP, but also activates transcription of short 

regulatory RNAs, which prohibit the expression of some outer membrane 

proteins 119.   

 

2.6 Protein targeting to the outer membrane  

Outer membrane proteins are synthesized in the cytoplasm. Most of them 

are translocated across the cytoplasmic membrane via the Sec-translocon in a 

post-translational fashion. Periplasmic chaperones maintain outer membrane 
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proteins in an unfolded state when they emerge from the Sec-translocon into 

the periplasm. Outer membrane proteins are ushered to the BAM-complex in 

the outer membrane that is responsible for the insertion of outer membrane 

proteins into the outer membrane (Figure 3).  
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3. Recombinant protein production 

To study the structure and/or the function of a protein or to use a protein 

as a biopharmaceutical, isolated protein material of a certain quality and 

quantity is required. In principle, many proteins can be extracted from natural 

sources. However, extracting proteins from natural sources is usually difficult 

because the natural abundance of most proteins is (too) low. Also, these days 

many proteins have to be modified, e.g., they have to be equipped with a 

purification tag to facilitate their isolation. Some proteins do not occur in 

nature at all, like antibody mimics like affibodies, and therefore they cannot 

be isolated from natural sources and as a consequence they have to be 

produced recombinantly. Thus, we need cost- and time-effective ways to 

produce proteins in sufficient amounts. Recombinant DNA technology 

enables us to produce proteins. A recombinant protein production system 

usually consists of a production host and an expression vector. Choosing a 

suitable production system is the key to successfully producing a protein.  

3.1  The recombinant protein production host 

The recombinant protein production host is the organism used to produce 

the recombinant protein of interest. The first choice that has to be made is the 

choice between a prokaryotic host or a eukaryotic host for the production of 

the target recombinant protein. Prokaryotic hosts, in particular E. coli, are 

widely used. E. coli grows fast, its cultivation is cheap, it is genetically very 

well accessible, and it is easy to work with compared to most other bacterial 

and eukaryotic protein production hosts. However, E. coli lacks e.g., the 

ability to glycosylate proteins. This makes that E. coli is not suitable for the 

productions of all recombinant proteins. Besides using living host cells, also 

cell-free recombinant protein production systems, including ones based on E. 

coli, are used more and more to produce recombinant proteins 120.  

   I have been using E. coli for recombinant protein production 

throughout my entire Ph.D. studies. There are two main lineages of E. coli, 

the K lineage and the B lineage, and strains from both lineages have 

successfully been used for recombinant protein production. In comparison, to 

date the B lineage is by many - in particular in academia - favored for 

recombination protein production rather than the K lineage because strains 

derived from the B lineage grow faster in minimal medium, produce less 

acetate which negatively affects the fitness of the cell, and many of the B-

derived strains are naturally deficient in two major proteases that can degrade 

recombinant proteins 121. More specifically, most B strains lack the 

cytoplasmic Lon protease and the outer membrane protease OmpT. The 
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absence of Lon and OmpT attributes to the stability of most in E. coli B 

produced recombinant proteins. Lon is an ATP-dependent serine protease and 

it is one of the major cytoplasmic proteases as discussed before (see section 

2.3), and it degrades a broad spectrum of substrates including many 

recombinant proteins. The active site of the outer membrane protease OmpT 

is facing the outer surface of the outer membrane 122. OmpT is an aspartic 

protease and it is extremely stable and more or less resistant to the protease 

inhibitors that should, in theory, inactivate it 123,124. It has been shown that 

OmpT can degrade recombinant proteins after cell lysis; i.e., in the cell lysate 

the OmpT protease has access to the produced recombinant protein 125. In my 

studies, I have used almost exclusively E. coli B-derived strains for 

recombinant protein production. 

3.2 Expression vector 

Expression vectors used for recombinant protein production are usually 

plasmid-based. A plasmid is an independently replicating small circular 

double-stranded DNA molecule. The expression vector is the vehicle that 

carries the gene encoding the target protein (Figure 5). Besides the gene 

encoding the target protein, plasmid-based expression vectors contain several 

other essential elements. First of all, a plasmid-based expression vector needs 

to have an origin of replication so that it can replicate in the host cell. Secondly, 

a selection marker is needed to be able to select for expression vector-

containing production hosts. The selection marker lowers the risk that the 

expression vector is lost during cultivation of the production host. Finally, to 

be able to express the gene encoding the target protein a promoter governing 

the expression of the gene encoding the recombinant protein is required. 

Usually, an inducible promoter is used; i.e., the target gene is not expressed 

when there is no inducer present, and the target gene is expressed upon the 

addition of inducer. Here, I will first focus on the different promoter systems, 

in particular the lac promoter and derivatives thereof and the rhaBAD 

promoter, to express genes encoding recombinant proteins in E. coli since this 

is very relevant for my Ph.D. studies. Thereafter, I will briefly discuss two 

other essential elements of an expression vector, the origin of replication and 

the selection marker. I will also briefly discuss how the gene encoding a 

recombinant protein can be optimized for protein production in E. coli and 

give a short introduction to the for my thesis relevant fusion partners that can 

be attached to a recombinant protein. 
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Figure 5. Schematic representation of an expression vector used for the 

production of recombinant proteins in E. coli. The key elements mentioned 

in the main text, i.e., the promoter driving the expression of the gene encoding 

the recombinant protein, the origin of replication and the selection marker, are 

labeled on the map. Besides these elements, most expression vectors also have 

a multiple cloning site (MCS) that facilitates cloning the gene encoding the 

recombinant protein in the expression vector and an transcription terminator 

(both are not discussed in further detail). The MCS usually overlapps with the 

ribosome binding site (RBS) that is required in an expression vector. 

3.2.1 Promoters 

To express a gene, a RNA polymerase (RNAP) has to bind to the 

promoter in front of the gene. In bacteria, one promoter can govern the 

transcription of more than one gene downstream of it, given the genes are part 

of an operon. The promoter can also include an operator region(s) where a 

regulator(s) can bind 126. Regulators can activate (‘activators’) and repress 

(‘repressors’) the expression of a gene. Activators facilitate RNAP binding to 

the promoter and stabilize the initiation transcription complex. After the 

initiation complex is formed, the activator is released from the complex and a 

mRNA molecule is made by the RNAP. Repressors block RNAP from binding 

to the promoter when they are attached to an operator site. The initiation of 

transcription happens when the repressor is released from the operator site. 

The binding between a regulatory protein and its binding site can alter when 

the concentration of the protein and/or its conformation changes. A 

conformational change of a regulatory protein can be due to e.g., binding of a 

certain compound to it or a temperature change.  

The different promoters used for the production of recombinant proteins 

have different characteristics. As outlined in the following sections, the choice 

of a promoter governing target gene expression and how it is used can have a 

big impact on protein production. If the target protein is not toxic to the cell, 

a strong and even ‘leaky’ promoter can be used. In contrast, for recombinant 
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proteins that are toxic to the cell, a promoter system that can be tightly 

controlled should be used. 

3.2.1.1 The lac promoter 

The lac promoter is well studied, and it and many derivatives of it are 

used for recombinant protein production. The lac promoter is part of the lac 

operon of E. coli and it governs the expression of genes encoding for β-

galactosidase (LacZ), lactose permease (LacY), and galactoside 

acetyltransferase (LacA), which are all three involved in lactose metabolism 
127 (Figure 6A). LacI is the lac repressor that binds to the lac operator site in 

the lac promoter. The expression of the lacI gene is governed by its own 

promoter 128. Lactose, if present in the cell, binds to LacI. This induces a 

conformational change and makes that LacI is released from the lac operator, 

thereby paving the way for the RNAP to bind to the lac promoter 129. The lac 

promoter also contains a binding site for the cAMP-receptor protein (CRP) 130. 

cAMP-CRP acts as an activator of the lac promoter 131. When glucose is 

present, the cAMP concentration in the cell is low. CRP without cAMP bound 

to it is not able to bind to the CRP binding site to activate transcription. The 

cAMP concentration in the cell increases when glucose is consumed and gets 

depleted. Subsequently, cAMP binds to CRP, and the cAMP-CRP complex 

activates the transcription of the lacZ, lacY and lacA genes (i.e., the lac 

operon). Thus, glucose represses expression of genes governed by the lac 

promoter and many promoters derived from it. Such repression is referred to 

as catabolite repression and this phenomenon is common in many sugar 

utilization systems 131,132.   

Stronger lac promoter derivatives, like the lacUV5 promoter, are often 

used for expression of genes encoding recombinant proteins. The lacUV5 

promoter is a catabolite insensitive variant of the lac promoter 133. The lacUV5 

promoter contains single-point mutations in the CRP-binding site, the 

promoter region, and the operator region compared to the wild-type lac 

promoter 130,134. The mutations enhance RNAP binding to the promoter and 

make that the initiation of transcription is cAMP-CRP independent 133,134. A 

copy of the gene encoding for LacI under control of its own promoter or a 

stronger promoter variant (lacIq) is often also included in the expression vector 

to prevent leaky background expression of the target gene and make the 

expression of the target gene better controllable 128. The non-fermentable 

lactose analogue isopropyl β-D-1-thiogalactopyranoside (IPTG), is often used 

to regulate lac promoter-based recombinant protein production rather than 

lactose 135. 
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Figure 6. The lac operon and the rha operon and expression vectors 

derived from these operons. A. Schematic representation of the E. coli lac 

operon and an expression vector derived from it that contains the lac promoter 

and the gene encoding the Lac repressor to control target gene expression. The 

addition of lactose or IPTG results in a conformational change of the repressor 

LacI that leads to dissociation of LacI from the operator site allowing RNAP 

to bind to the promoter and transcribe the gene whose expression it is 

governing. B. Schematic representation of the E. coli L-rhamnose operon and 

the expression vector that uses the rhaBAD promoter to control target gene 

expression. The L-rhamnose operon contains three promoters, PrhaT, PrhaRS, and 

PrhaBAD. Both RhaR and RhaS are activators. In the presence of L-rhamnose, 

RhaR activates the expression of the rhaRS genes. RhaS activates the 

expression of the transporter gene rhaT and the rhaBAD genes. The rhaRS 

promoter and genes encoding for RhaR and RhaS were also cloned in the 

expression vector. The target gene is controlled by the rhaBAD promoter. 

Both the lac promoter and the rhaBAD promoter are CRP-dependent 

promoters. The cAMP-CRP binding sites are not shown. For a detailed 

description, see sections 3.2.1.1 and 3.2.1.2.  
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3.2.1.2  The rhaBAD promoter 

The L-rhamnose operon contains three promoters that are all three 

induced by L-rhamnose, the rhaBAD promoter, the rhaRS promoter, and the 

rhaT promoter (Figure 6B). The rhaBAD promoter controls the expression of 

genes encoding rhamnulokinase (RhaB), L-rhamnose isomerase (RhaA), and 

rhamnulose-1-phosphate aldolase (RhaD), the three enzymes involved in L-

rhamnose catabolism. The rhaT promoter is governing the expression of the 

gene encoding the rhamnose transporter (RhaT). The rhaRS promoter controls 

the expression of the genes encoding the two regulators RhaR and RhaS. All 

three promoters are CRP-dependent promoters, but full activation of the 

promoters requires CRP together with RhaR or RhaS 136. In the presence of L-

rhamnose, the ‘background RhaR’ (i.e., RhaR that is synthesized in the 

absence of L-rhamnose) binds the sugar and activates the transcription of the 

rhaS and rhaR genes by binding at the RhaR binding site at the rhaRS 

promoter. RhaS activates the transcription of the rhaB, rhaA, rhaD, and rhaT 

genes by binding at the rhaBAD promoter and the rhaT promoter. It has been 

shown that only RhaS but not RhaR is required to activate the rhaBAD 

promoter when L-rhamnose is present 137. On the other hand, RhaS negatively 

regulates expression of both rhaR and rhaS by competitive binding at the 

RhaR binding site at the rhaRS promoter to prevent cAMP-CRP activation 138. 

Thus, the amounts of RhaS and RhaR synthesized are negatively 

autoregulated by RhaS.  

RhaR and RhaS positively regulate transcription of genes controlled by 

the rhaBAD and the rhaRS promoters. The accumulation of mRNA molecules 

is tightly controlled according to the L-rhamnose concentration. This type of 

regulation system is tighter than negatively regulated promoters, like the lac 

promoter, where a repressor negatively regulates gene expression. The tight 

regulation of the rhaBAD promoter makes that it is suitable to govern the 

production of host-toxic proteins. 

3.2.2 The origin of replication and the selection marker of an 

expression vector 

As mentioned before, most expression vectors are plasmid based. A 

plasmid-based expression vector should be able to replicate so that if cells 

divide it can be distributed to both daughter cells. Cells that have lost the 

expression vector will also lose the ability to produce the target recombinant 

protein. The origin of replication is where the replication of a plasmid-based 

expression vector is initiated. There are different origins of replication and 

they require proteins from the host cell that can recognize the origin of 

replication sequence and initiate replication of the expression vector 139. There 

are different origins of replication and the origin of replication determines 

(sometimes also in combination with the strain background) the copy number 
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of the expression vector in the cell 140. In a recombinant protein production 

system, the copy number of plasmids determines the number of genes that is 

available for expression of the gene encoding the target recombinant protein. 

Usually, a medium/high-copy-number expression vector is favored to 

maximize the efficiency of target gene expression 141,142. However, it is not 

always true that the higher-copy number of an expression vector, the higher 

the recombinant protein production yield we get. In some cases, low-copy-

number expression vectors are used to avoid imposing a too high metabolic 

load on the cell 143. 

Different plasmids containing the same origin of replication even when 

different selection markers are used (see below) are not compatible because 

they cannot stably co-exist in the same cell 140. So, when more than one 

plasmid is required for target protein production, e.g., when a chaperone has 

to be co-produced with the recombinant protein, the compatibility of the 

plasmids should be considered; i.e., compatible origins of replication and 

different selection markers should be used.  

The selection marker enables the selection of expression vector-

containing cells to maintain the expression vector. Usually, the selection 

marker is a gene encoding for a protein that makes the cell resistant to a certain 

antibiotic. One commonly used selection marker is the bla gene encoding for 

β-lactamase that inactivates the antibiotic ampicillin. However, ampicillin is 

not the best antibiotic to use for membrane and secretory protein production 

because β-lactamase needs to be produced in the periplasm to be functional, 

i.e., β-lactamase will use protein translocation capacity that cannot be used for 

the production of the membrane or secretory protein. Furthermore, ampicillin 

is rather unstable. Some other more stable antibiotics, like kanamycin and 

chloramphenicol, can be used to avoid this problem. Both these antibiotics 

interfere with ribosome function and the proteins inactivating them are 

cytoplasmic proteins. If more than one plasmid has to be maintained inside 

the cell, not only the origins of replication should be compatible but as 

mentioned before also the selection markers should be different for each 

plasmid to guarantee their co-existence. 

3.2.3 The coding sequence of a recombinant protein 

If a non E. coli protein is to be produced in E. coli, the gene encoding the 

protein is usually modified. More specifically, the codon usage of the gene 

encoding the recombinant protein is usually optimized for E. coli while 

preventing strong secondary structures in the mRNA to form 144. Importantly, 

at the moment there is not ‘one best way’ to optimize a gene for recombinant 

protein production in E. coli. Optimization is usually done by the company 

that synthesizes the gene encoding the recombinant protein using in house 

made and continiously changing algoritms. Codon optimization of a gene 
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encoding a recombinant protein can also have a negative impact on protein 

production. For instance, codon optimization can enhance the translational 

speed in places where in the natural host there are ‘pauses’ that are required 

to allow the proper folding of domains of the protein 145–147. Preventing these 

pauses to occur can induce protein misfolding and cause aggregation 148. At 

the moment, it is not yet clear what the best way is to optimize a gene encoding 

a recombinant protein in order to enhance recombinant protein yields. Also, it 

has been shown that 5’ and 3’ untranslated regions can have an impact on the 

production of a recombinant protein 149. 

3.2.3.1  Fusion partners 

Fusion partners can be used to e.g., label a recombinant protein for 

detection and/or isolation or direct a recombinant protein to the right location 

in the production host. The fusion partner can e.g., be an entire protein or a 

short peptide. Small tags like the poly-histidine tag can usually be fused to 

either the N- or the C-terminus of a protein to facilitate protein 

isolation/detection and they usually do not affect protein structure and 

function. 

Green fluorescent protein (GFP) is a widely used fusion partner for in 

particular monitoring the production and isolation of (helical bundle) 

membrane proteins 150. The production level of a membrane protein-GFP 

fusion can be easily monitored by measuring the fluorescence intensity of 

culture/whole cells. When a membrane protein-GFP fusion aggregates, the 

GFP moiety does not fold properly and will not become fluorescent (See 

section 4.1.1) 150. Thus, GFP fluorescence can be used to monitor the 

production of a membrane protein in the cytoplasmic membrane. In this 

respect it should be mentioned that the isolation of a membrane protein from 

a membrane system is usually simpler than isolating it from inclusion bodies. 

Notably, GFP is usually fused to the C-terminus of a membrane protein so that 

it does not interfere with the targeting of the membrane protein. A poly-

histidine tag can be fused to the C-terminus of GFP to facilitate the isolation 

of the membrane protein-GFP fusion. To recover the membrane protein from 

the fusion a site-specific protease cleavage site can be introduced between the 

membrane protein and the GFP moiety. 

Signal sequences can be used as fusion partners as well and they are 

usually used to produce recombinant protein in the periplasm of E. coli. A 

signal sequence is fused to the N-terminus of the target recombinant protein 

(in case also a poly-histidine tag is used, the tag should be attached to the C-

terminus of the target recombinant protein). The choice of the signal sequence 

determines the translocation pathway used by the recombinant protein, which 

can affect the production levels of the recombinant protein (see section 2.4). 

Upon translocation of the recombinant protein into the periplasm the signal 
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sequence is clipped off by leader peptidase and the recombinant protein is 

released into the periplasm. 

3.3 T7-based recombinant protein production 

BL21(DE3) is the mostly used B-derived strain for recombinant protein 

production and I have used it a lot for my Ph.D. studies. It is a lysogenic 

derivative of BL21 that was constructed by Studier and Moffatt 151. BL21 is 

deficient in the cytoplasmic Lon protease and the outer membrane OmpT 

protease (see sections 3.1). λDE3 is a lambda phage derivative which harbours 

the gene encoding the bacteriophage T7 RNA polymerase (T7RNAP) under 

control of the lacUV5 promoter. In BL21(DE3), the λDE3 prophage is 

integrated at the attB site of the chromosome. The integration is based on 

homologous recombination between the identical regions of the attP site of 

the phage and the attB site of the bacterial chromosome 152. This site-specific 

recombination event requires the phage integrase (Int) encoded by the int gene 
153. As mentioned before, the expression of the t7rnap gene is under control of 

the lacUV5 promoter. The lacUV5 promoter is a stronger version of the lac 

promoter (see section 3.2.1.1). BL21(DE3) is used in combination with a T7 

promoter-based expression vector, like the pET vector. Upon IPTG induction, 

the t7rnap gene is transcribed by E. coli RNAP leading to the synthesis of 

T7RNAP. T7RNAP specifically recognizes the T7 promoter and starts 

transcription of the gene encoding the target recombinant protein. Notably, E. 

coli RNAP does not recognize the T7 promoter and T7RNAP does not 

recognize E. coli promoters. T7RNAP initiates transcription much more 

efficiently and the elongation is five times faster than elongation driven by E. 

coli RNAP 151. Thus, the T7 setup leads to the very efficient production of 

mRNA encoding the recombinant protein and this can lead to high-level 

recombinant protein production. In most T7-based expression vectors a lac 

operator is incorporated in the T7 promoter resulting in the hybrid T7lac 

promoter that has a tighter control than the plain T7 promoter (Figure 7).  
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Figure 7. Schematic representation of the BL21(DE3)/pET recombinant 

protein production system. BL21(DE3) contains the lambda phage 

derivative λDE3 integrated into the attB site. λDE3 also contains a lacI gene 

under control of its own promoter and the t7rnap under control of the lacUV5 

promoter. T7 promoter-based expression vectors usually contain a lacI gene 

under control of its own promoter. Usually the hybrid T7lac promoter, which 

contains the operator site of lacI in the T7 promoter is used. Upon the addition 

of IPTG, the expression of the t7rnap gene is induced since the LacI repressor 

will be released from the operator site in lacUV5 promoter and consequently 

T7RNAP will be synthesized. Upon the addition of IPTG, LacI will also be 

released from the T7lac promoter. This means that T7RNAP can recognize 

the T7 promoter on the T7 promoter-based expression vector and start 

transcribing the gene encoding the recombinant protein. AmpR/KanR stands 

for the ampicilin or kanamicin resistance marker. The ori stands for the origin 

of replication.   

 

The construction of the λDE3 phage was done by restriction cloning 154. 

The gene encoding the T7RNAP was first isolated from bacteriophage T7 

DNA by nuclease S1 digestion and then cloned in the BamHI site of the 

pBR322 plasmid. A synthetic BglII site was added to the BamHI site in front 

of the t7rnap gene. To enable the efficient synthesis of T7RNAP, a fragment 

that contains the lacI gene and its promoter, as well as the lacUV5 promoter 

and the beginning of the lacZ gene, was cloned from pMC1 in front of the 

t7rnap gene using the BamHI and BglII sites and the plasmid was renamed as 

pAR1219. D69 is a lambda derivative cloning vector that has a BamHI site 

within its int gene. The int gene encodes the integrase that mediates site-
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specific integration of the phage DNA into the host’s chromosome as well as 

the (controlled) excision of the phage from the chromosome. The DNA 

fragment between the BamHI site from pAR1219 was cloned into the BamHI 

site in the int gene of D69 to make the λDE3 phage. Since the insertion 

disrupted the int gene, the integration of λDE3 requires a functional integrase 

provided from a helper lysogen of heterologous immunity. The λDE3 

prophage can also integrate into another host background instead of BL21 as 

long as there is an available attB attachment site. To date, there are many 

derivatives of BL21(DE3) as well as E. coli K derived T7RNAP-based 

recombinant protein production strains that can be used for the production of 

recombinant proteins (Table 1).  

 

Table 1. E. coli T7-based recombinant protein production strains 155–162. 

Strain Characteristic 

Origami(DE3)pLysS K-strain, enables disulfide bond formation in the 

cytoplasm 

NovaBlue(DE3) K-strain, increased plasmid stability 

HMS174(DE3) K-strain, contains a mutation in recA that stabilizes 

the DE3 prophage 

BL21(DE3) B-strain, Lon and OmpT deficient 

C41/C43(DE3) BL21(DE3)-derived, decreased target gene 

expression 

Rosetta(DE3) B-strain, increased availability of rare tRNAs  

TunerTM(DE3) B-strain, tunable induction 

BL21(DE3)pLysS BL21(DE3)-derived, decreased target gene 

expression 

Lemo21(DE3) BL21(DE3)-derived, tunable target gene 

expression 

Mt56(DE3) BL21(DE3)-derived, decreased target gene 

expression 

 

It is generally assumed that due to the lack of int, λDE3 is stably 

integrated into the chromosome. Furthermore, the λDE3 phage contains an 

amber stop codon mutation (Sam7) in the s gene, which encodes the holin that 

enables transport of the endolysin of λ to the periplasm where it hydrolyzes 

glycosidic linkages within the peptidoglycan. The Sam7 mutation leads to 

early termination of the translation of the holin and this prevents lysis. 

However, the Sam7 mutation can be suppressed, which means the complete S 

gene product can be produced leading to cell lysis 163. The immunity region of 

phage 21 has replaced the immunity region of λDE3. When the immunity 

region of one phage has been substituted by the immunity region from another 
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type of phage, the lysogen formed by the hybrid phage is immune to both self-

infection and the heterologous phage 164.  
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4. Optimizing membrane and secretory protein 

production yields in E. coli 

The aim of my Ph.D. studies was to improve the production of membrane 

and secretory proteins in E. coli. The production of membrane proteins and 

secretory proteins is often difficult resulting in low production yields. To 

enhance the production yields of membrane and secretory proteins, we used 

different strategies including optimizing culture conditions, tuning the 

expression of the gene encoding the recombinant protein, and strain 

engineering.  

4.1 Improving membrane protein production 

For both pro- and eukaryotes, 20% to 30% of all genes encode membrane 

proteins 78. Since the natural abundance of most membrane proteins is low, 

the number of membrane proteins isolated from native sources is low. Thus, 

choosing a production system that can reach high-level membrane protein 

production yields is the initial step for almost all studies aiming to study 

membrane protein function and structure. It is important to make clear that 

when I talk about membrane proteins in my thesis, I mean helical bundle 

membrane proteins. Their biogenesis is complex and this often limits high-

level membrane protein production (see section 2.4). Improperly/non inserted 

hydrophobic transmembrane segments can aggregate or form inclusion bodies. 

Isolating properly folded membrane protein material from inclusion bodies is 

usually very problematic, whereas isolating membrane proteins that are 

inserted in a membrane system with the help of detergents is usually more 

successful 165. Importantly, the lipid composition of a membrane system and 

post-translational modifications can have an impact on membrane protein 

function.  

The production levels of membrane proteins is generally low compared 

to the ones of soluble proteins. Factors that can negatively affect membrane 

protein production are e.g., toxicity of the membrane protein itself to the cell, 

the shortage of tRNAs complimentary to rare codons in the coding sequence, 

the saturation of the membrane protein biogenesis machinery, and the limited 

space in a membrane for overproduced membrane proteins 166,167. Different 

strategies and approaches have been used to address these problems in E. coli. 

Below, I have reviewed several strategies that have been successfully used to 

improve membrane protein production yields qualitatively and quantitatively 

in E. coli.  
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4.1.1 Fusion partners for the production of membrane proteins 

It is normal to use a fusion partner to facilitate the detection and/or 

purification of a recombinant protein. These fusion partners can in principle 

be attached to the N- or the C-terminus of a target protein. However, in 

combination with membrane proteins fusions partners used for purification 

and detection are usually attached to the C-terminus of the membrane protein 

so that they do not interfere with the targeting of the membrane protein to the 

membrane. Some particular fusion partners as explained below are actually 

fused to the N-terminus of the membrane protein since they promote its 

targeting to the membrane and membrane insertion. 

The purpose of using an N-terminal fusion partner is usually to facilitate 

the targeting and membrane insertion of the recombinant membrane protein. 

For instance, maltose binding protein (MBP) is a periplasmic protein targeted 

to the Sec-translocon. By fusing full-length MBP to the N-terminus of a rat 

neurotensin receptor, the production level was increased by 40 fold 168. The 

mature form of MBP can also be used to facilitate the purification of the fusion 

protein 169. Recently, a novel fusion partner based on the E. coli membrane 

protein leader peptidase and bacteriophage M13 coat protein, the so-called 

P8CBD-tag, was designed rationally. It has to be fused to the N-terminus of 

the target membrane protein and mediates co-translational SRP pathway 

targeting of membrane proteins to the E. coli cytoplasmic membrane 170. It 

also contains the chitin binding domain from Bacillus circulans to facilitate 

the isolation of the protein.  

At least 70% of the membrane proteins have based on topology 

predictions their C-terminus located in the cytoplasm of E. coli 171. Green 

fluorescence protein (GFP), which is only fluorescent in the cytoplasm, can 

be used as a C-terminal fusion partner for monitoring production levels and 

for establishing the topology of membrane proteins 150. When the membrane 

protein-GFP fusion is produced in the cytoplasmic membrane and when the 

membrane protein has a Cin topology, the GFP moiety will properly fold and 

become fluorescent. On the other hand, if the membrane protein GFP-fusion 

is produced in inclusion bodies, the GFP moiety will not fold properly and 

consequently not become fluorescent. Thus, the production level of the 

membrane protein-GFP fusion produced in the cytoplasmic membrane can be 

easily monitored by detecting the fluorescence intensity of whole cells. The 

fluorescence of GFP also facilitates the isolation and assessing the quality of 

the produced membrane protein. Importantly, properly folded GFP does not 

denature in most, even very harsh, detergents like SDS when the sample is not 

heated. Based on this observation, Drew et al. developed a GFP-based 

detergent screen for the solubilization of membrane protein-GFP fusions 172. 

Kawate and Gouaux developed a more sophisticated method based on 

membrane protein-GFP fusions called fluorescence-detection size-exclusion 
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chromatography (FSEC) for the pre-crystallization screening of pro- and 

eukaryotic membrane protein targets 173. In FSEC, GFP fluorescence-based 

SEC traces are used to assess the monodispersity of in detergent solubilized 

membrane protein-GFP samples. Geertsma et al. developed a gel-based 

method to determine the quality, i.e., the insertion in the membrane of the 

overproduced membrane protein-GFP fusions 174. They fused a His10 tagged 

GFP at the C-terminus of the membrane protein targets. The GFP remains 

properly folded in SDS-PAGE buffer at temperatures below 37oC and during 

SDS-PAGE analysis. GFP-fluorescence can be monitored in the SDS-PAGE 

gel. Also, the properly folded form and the aggregated form of membrane 

protein-GFP fusion was identified by immuno-blotting using the His10 tag for 

detection based on the differential migration of the two forms during SDS-

PAGE; the membrane protein GFP fusion with GFP properly folded runs 

faster in the gel than the membrane protein GFP fusion with GFP-moiety not 

properly folded 174. 

4.1.2 Modifying the coding sequence of the target membrane 

protein 

The coding sequence of a membrane protein can be modified without 

changing the actual amino acid sequence of the protein. The coding sequence 

can also be modified/mutated with the aim of changing the amino acid 

sequence of the target membrane protein. 

Mutations that change the amino acid sequence of the target membrane 

protein can be generated by rational design or by more random approaches. 

Usually the aim of changing the amino acid sequence is to isolate fully 

functional membrane protein variants that can be produced at high-levels 

and/or are more stable in detergents. A proper selection method is required to 

fish out the desired variants. Here, I will give an example. Plückthun et al. 

developed an E. coli-based method for the directed evolution of the rat 

neurotensin receptor-1 (NTR1) to select for fully functional and in detergent 

more stable variants with improved production characteristics 175,176. The gene 

library used for the screen was generated by error-prone PCR and was 

expressed in E. coli. A fluorescently-labelled ligand [BODIPY-NT] was used 

to label NTR1 variants produced in the cytoplasmic membrane in E. coli cells 

with a permeabilized outer membrane or in ‘containers’ that can be used to 

solubilize whole cells with detergents. Fluorescence-activated cell sorting 

(FACS) was used to isolate functional NTR1 variants with improved 

production/stability characteristics.  

4.1.3 Isolating membrane protein production strains  

The E. coli BL21(DE3) strain is commonly used for the high-level 

production of soluble proteins and membrane proteins based on the efficient 
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T7-based recombinant protein production setup (see section 3.3). However, 

overexpression of target genes, for example, genes coding for membrane 

proteins, is often toxic to BL21(DE3). C41(DE3) and C43(DE3), also known 

as the Walker strains, are derivatives of BL21(DE3) that were isolated from 

BL21(DE3) based on their ability to produce ‘difficult’ proteins and are 

widely used for membrane protein production. C41(DE3) was isolated 

directly from BL21(DE3) that had been transformed with a T7 promoter based 

expression vector harboring the gene encoding the mitochondrial bovine 

oxoglutarate malate carrier protein (OGCP) 155. IPTG-induced production of 

OGCP is toxic to BL21(DE3). Mutated BL21(DE3) strains were isolated 

based on the addition of IPTG to a liquid culture and the isolation of IPTG-

resistant clones on IPTG containing agar plates (plates also contained 

ampicillin to select for clones that still had the expression vector). IPTG 

resistant clones were tested for their ability to efficiently produce OGCP upon 

the addition of IPTG. C43(DE3) was isolated from C41(DE3) in a similar 

fashion for its improved production characteristics of subunit b of bacterial F-

ATPase. C41(DE3) and C43(DE3) have been used to produce more proteins 

than their original targets that are difficult to produce in BL21(DE3). It is has 

been shown that mutations in the lacUV5 promoter governing the expression 

of the t7rnap gene weaken the promoter, thereby making the production of 

many proteins less toxic 177. C43(DE3) also has a mutation in the lacI gene 

adjacent to the t7rnap gene that appears to lead to a LacI variant, mLacI, that 

appears to bind tighter to the lac operator site 178. 

Another BL21(DE3)-derived strain that can be used for membrane 

protein production is Mt56(DE3) 162. The membrane protein insertase YidC 

C-terminally fused GFP was used as the target protein for the isolation of 

Mt56(DE3). Mt56(DE3) was based on IPTG resistance and GFP-based 

fluorescence. GFP fluorescence was used to select for the ability to produce 

the YidC-GFP fusion efficiently in the cytoplasmic membrane. Mt56(DE3) 

contains a point mutation in the t7rnap gene leading to an amino acid 

substitution in the part of T7RNAP that binds the T7 promoter. T7RNAP of 

Mt56(DE3) has a lower binding affinity for the T7 promoter thereby lowering 

the expression of the target gene and making the production of membrane 

proteins less toxic, thereby enhancing their yields.      

To isolate E. coli strains with improved membrane protein production 

characteristics, the Poolman lab fused to the C-terminus of the membrane 

protein GFP and the erythromycin resistance protein ErmC 179. GFP was used 

as the folding reporter (see section 4.1.1), and ErmC was used to select for 

increased membrane protein production. The membrane protein-GFP-ErmC 

fusion protein was produced using an arabinose promoter-based expression 

vector. By gradually increasing the erythromycin concentration in the culture 

medium, mutant strains with improved membrane protein production 

characteristics were selected based on the resistance to erythromycin. 
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Interestingly, each of the isolated strains carried a mutation in the hns gene 

encoding the H-NS protein, which is involved in genome organization and 

transcriptional silencing 179. It is possible that H-NS influences the levels of 

the components in membrane protein biogenesis machinery that is essential 

for membrane protein production 179.   

The isolation of mutant strains can be facilitated by using mutagenesis 

approaches: e.g., mutagenic chemicals, a mutator gene, and transposons can 

be used. Massey-Gendel et al. engineered a system enabling to select for 

mutant E. coli strains with improved membrane protein production 

characteristics based on mutagenesis 180. The target membrane protein was 

produced using two different compatible expression vectors. Based on the first 

vector the target membrane protein was fused to a selectable marker 

responsible for the resistance to trimethoprim. Based on the second vector, the 

target membrane protein was fused to a kanamycin resistance marker. 

Mutagenesis of E. coli was performed by using the base analog 2-aminopurine 

(2AP) or the mutator mutD5 gene using the first trimethoprim-resistance based 

expression vector. The second kanamycin resistance-based expression vector 

was transformed into the selected cells in the second step to select mutant cells 

that were resistant to both trimethoprim and kanamycin. The second vector 

was used to make sure that the membrane protein could indeed be produced 

at higher levels. Five clones were isolated and they are referred to as the EXP 

strains 180. 

4.1.4 Tuning recombinant protein production 

A tunable promoter system can be used to modulate the production rate 

of a recombinant secretory or membrane protein such that the translocation 

capacity of the cell is not saturated. This usually leads to enhanced production 

yields. The rhaBAD promoter, as mentioned in the previous section 3.2.1, can 

be used to tune recombinant protein production in a rhamnose concentration 

dependent manner; when using varying rhamnose concentrations the initial 

protein production rates are the same and protein production stops when all 

rhamnose has been consumed (i.e., this happens in a rhamnose concentration 

dependent manner; the lower the rhamnose concentration the earlier 

production stops and vice versa). The rhaBAD promoter can be made truly 

tunable given it is used in a strain background that cannot catabolize rhamnose 

and take it up via the RhaT transporter. Then protein production rates are 

constant in a rhamnose dependent manner (i.e., the higher the rhamnose 

concentration, the higher the production rate). Another positive control 

promoter is the araBAD promoter from the arabinose operon and it is also 

used to direct secretory and membrane protein production 181,182. Constitutive 

synthesis of the arabinose transporter AraE makes the araBAD promoter better 

tunable 183.  
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The rhaBAD promoter can also be used to control the production of a 

regulatory factor that ‘indirectly’ regulates the production rate in a non-

tunable protein production system. Lemo21(DE3) is a BL21(DE3)-based 

strain which contains the helper plasmid pLemo (Figure 8A) 156. The pLemo 

plasmid contains the gene encoding the T7 lysozyme and the expression of 

this gene is under control of the rhaBAD promoter. The T7 lysozyme is the 

natural inhibitor of the T7 RNAP and it can be used to reduce the activity of 

T7RNAP so that the mRNA level is lower during IPTG induction compared 

to a situation where T7 lysozyme is absent. The expression of the T7 lysozyme 

gene is induced by adding rhamnose. Different concentrations of rhamnose 

lead to different production levels of the T7 lysozyme, which indirectly makes 

the T7 based production system tunable. Notably, the system only works in a 

wild-type background and not in a background deficient in rhamnose 

catabolism and RhaT-mediated rhamnose transport. It is not yet understood 

why, but it indicates that we still do not really understand the ‘in and outs’ of 

Lemo21(DE3). To simplify the Lemo setup, we combined the key elements 

of the helper plasmid pLemo and the pET expression vector into one 

expression; the so-called pReX plasmid (Figure 8B) (paper II). pReX stands 

for (Re)gulated gene e(X)pression’.  The advantage of using the pReX is the 

possibility to use a helper plasmid harboring the coding sequence of the co-

expression factor in a regulated T7 based protein production system. The 

helper plasmid should have a with pReX compatible origin of replication and 

antibiotic resistance marker. In another tunable protein production system, 

Kim et al. used the rhaBAD promoter to govern the expression of mlacI that 

encodes a mutant lac repressor (mLacI) 184. The mLacI, which is believed to 

have a higher affinity towards the lac operator site, can regulate promoters 

containing the lac operator site, including the T7lac, tac, lacUV5, and wild 

type lac promoters 184. Thus, the mLacI regulation system has a broad 

application in protein production systems, which are operated directly or 

indirectly by the lac operator. 
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Figure 8. The Lemo21(DE3)/pET and BL21(DE3)/pReX recombinant 

protein production setups A. Schematic representation of the 

Lemo21(DE3)/pET recombinant protein production system. Lemo21(DE3) is 

a BL21(DE3) derivative which contains the pLemo plasmid 156. The pET 

vector has a ColE1 origin of replication and the pET variants I have been using 

have either a kanamycin or an ampicillin resistance marker. The target gene is 

located on the pET vector and its expression is under the control of the T7lac 

promoter. The pLemo plasmid has a p15A origin of replication and a 

chloramphenicol resistance marker. On the pLemo plasmid, the t7lys gene 

encoding the T7 lysozyme, which is a natural inhibitor of the T7 RNA 

polymerase, is under control of the rhaBAD promoter. The production of the 
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T7RNAP is induced with IPTG. The lacUV5 promoter is poorly titratable. 

The activity of the T7RNAP can be modulated by varying the levels of T7 

lysozyme. Thus, the target protein production rate can be modulated by adding 

different amounts of L-rhamnose to the culture medium. B. Schematic 

representation of the BL21(DE3)/pReX recombinant protein production 

system. The key elements of both the pLemo and pET plasmids are combined 

in pReX.  

 

TunerTM(DE3) is another tunable system that was derived from 

BL21(DE3). It is a mutant strain that lacks the lacY gene that encodes the 

lactose permease 185. In the absence of LacY, IPTG is not actively taken up by 

the cell, but rather has to enter the cell via diffusion. This enables to do IPTG 

titrations to produce a recombinant protein. 

4.1.5 Strain engineering 

E. coli strains for membrane protein production can be rationally 

engineered in case the bottlenecks hampering the production of membrane 

proteins have been identified or if we have a pretty good idea about them.  

In our laboratory, we discovered that the ‘tunability’ of the rhaBAD 

promoter mediated protein production in standard E. coli recombinant protein 

production strains was based on rhamnose consumption 186. To block 

rhamnose catabolism, we introduced a frameshift mutation in the rhaB gene, 

which encodes the rhamnose kinase. Furthermore, active rhamnose transport 

by the rhamnose transporter RhaT was blocked by deleting the rhaT gene. The 

rhaB’ΔrhaT double mutant can be used to tune the production rates of 

recombinant proteins by varying the rhamnose concentrations in the culture 

medium. For the production of membrane proteins this is beneficial since 

membrane protein production rates have to be harmonized with the capacity 

of the pathways involved in their biogenesis (see paper III).  

Nannenga and Baneyx re-programmed the machinery involved in the 

biogenesis of membrane proteins to enhance membrane protein production 

yields 187. The re-programming included the deletion of the tig gene encoding 

trigger factor (TF; see section 2.2), co-production of the signal recognition 

particle (SRP; see section 2.4), and the insertase/foldase YidC (see section 

2.4). The tig gene was deleted because it is generally assumed that TF 

competes with the SRP when it binds to newly synthesized polypeptides that 

are coming out the ribosome exit tunnel. The production level of the functional 

form of the membrane protein ZraS, a histidine kinase that functions as the 

Zn2+/Pb2+ sensing element, increased over threefold in Δtig cells 187. SRP was 

co-produced to improve the delivery of the ribosome nascent chain complex 

(RNC) to the Sec-translocon. However, co-production of SRP had a negative 

impact on production levels 187. On the other hand, co-production of YidC was 
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beneficial for the production of ZraS and two other challenging archaeal 

rhodopsins, HtdR and pSRII, that are representatives of the G protein-coupled 

receptor family tested in the study 187.  

Another straight forward thought to rationally improve the production of 

membrane and secrteory proteins in E. coli is to delete genes encoding 

proteases that degrade those proteins (see also sections 2.3 and 2.5). Only little 

is known about proteases that degrade membrane proteins. FtsH is a key E. 

coli protease and it is essential. FtsH is responsible for the degradation of 

membrane proteins as well as some cytoplasmic proteins. A FtsH deficient 

strain requires a surpressor mutation to survive since the accumulation of the 

key substrate of FtsH, LpxC, is toxic to the cell 58. To the contrary what one 

would expect, co-production of FtsH actually enhanced the production of 

properly membrane-integrated GPCRs 188. Overexpression of the ftsH gene is 

probably priming cells to overcome membrane protein production stress 189.  

4.2 Improving protein production in the periplasm of E. coli 

Soluble proteins can be produced in the periplasm of E. coli when they 

are equipped with a signal sequence. The signal sequence is fused to the N-

terminus of the target protein and it is cleaved off after translocation by leader 

peptidase (see section 2.4). The primary interest to produce proteins in the 

periplasm is to utilize the disulfide bond formation system present in the 

periplasm (see section 2.5)/the oxidizing environment of the periplasm that 

promote disulfide bond formation. Thus, many recombinant proteins that 

contain disulfide bonds are produced in the periplasm rather than in the 

cytoplasm, where disulfide bond formation is not promoted. Antibody 

fragments and most hormones contain disulfide bonds and are therefore 

usually produced in the periplasm. In addition, the environment in the 

periplasm is protein-wise less complex than the cytoplasm. Thus, if the 

periplasmic fraction is isolated, the isolation of the target protein from the 

periplasm is usually easier than from a whole cell lysate. For the sake of clarity, 

here in the introduction of my thesis ’secretory protein’ refers to a protein that 

is produced with a signal sequence in the cytoplasm of E. coli and it becomes 

a secreted protein when it ends up in the periplasm and its signal sequence is 

clipped off. 

 The majority of E. coli secretory proteins are translocated across the 

cytoplasmic membrane via the Sec-translocon and there are different 

pathways that can guide a protein to the Sec-translocon (see section 2.4). Most 

recombinant proteins that have to be produced in the periplasm are equipped 

with a signal sequence that guide them to the Sec-translocon. The production 

of secretory proteins often leads to saturation of the Sec-translocon similar to 

what happens if membrane proteins are produced (although it cannot be 
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excluded that also other parts of the machineries involved in the biogenesis of 

secretory proteins can also be saturated). In this case, strategies that 

successfully have helped to improve membrane protein production yields can 

also be applied to improve the production of proteins in the periplasm. For 

example, using a tunable production system, such as Lemo21(DE3), 

BL21(DE3)/pReX and the rhaBAD promoter system, can significantly 

improve membrane protein production yields as well as the production yields 

of proteins in the periplasm 186,190,191. Baneyx and co-workers improved 

membrane proteins production yields by using chaperone pathway 

reprogrammed cells 187. In another study, Baneyx and co-workers showed that 

deleting the gene encoding TF and co-producing SRP improve the production 

yields  of the secreted form of leech carboxypeptidase inhibitor equipped with 

a DsbA signal sequence 192.  

4.2.1 Choosing a signal sequence 

The signal sequence used to produce a protein in the periplasm can have 

a huge impact on the production level of the recombinant protein in the 

periplasm. Signal sequences from endogenous periplasmic proteins (e.g., 

DsbA, MalE and PhoA) or outer membrane proteins (e.g., OmpA) have been 

successfully used to guide the target protein to the periplasm 193–196. Besides 

using signal sequences of E. coli endogenous proteins, signal sequences from 

other organisms have also been used for targeting recombinant proteins to the 

periplasm. Notable example is the PelB signal sequence of the pectate lyase B 

from Erwinia carotovora 197. This signal sequence has been used for 

displaying antibodies and enzymes on the phage surface for selection 198,199.  

As described in previous sections, signal sequences are somehow linked 

to a targeting pathway. The targeting pathways can be generally described as 

the co-translational pathway (SRP-dependent) and the post-translational 

pathway (See section 2.4). Signal sequences from SecB-dependent proteins 

have been predominantly used to produce proteins in the periplasm 200. The 

signal sequences of MalE, OmpA, and PhoA use the post-translational SecB-

dependent translocation pathway 72,196. The PelB signal peptide was predicted 

targeting via the SecB-dependent pathway based on its hydrophobicity 200. 

However, a fast-folding secretory protein is not efficiently translocated via the 

slow post-translational pathway since it folds before translocation and blocks 

the secretion channel 201,202. Thus, signal sequences that utilize the co-

translational SRP-dependent translocation pathway could be used for those 

targets. For example, the signal sequence of the SRP-dependent protein DsbA 

has been successfully used to direct the translocation of the thioredoxin 1 into 

the periplasm while only a little amount of the target reached the periplasm 

when the PhoA signal sequence was used which mediates mostly post-

translational targeting 193. On the other hand, signal sequences using the post-
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translational TAT pathway (see section 2.4), like the signal sequence of the 

trimethylamine N-oxide reductase (TorA) of E. coli, have been used for 

targeting folded recombinant protein to the periplasm 203,204. Also engineered 

signal sequences have been used for the production of secretory proteins. For 

example, the mutated OmpA signal sequence containing an amino aicd change 

from alanine to valine was processed  two times faster compared to the wild 

type signal sequence when fused to the nuclease A 205. Optimization of the 

amino acid sequence around the leader peptidase cleavage site significantly 

improves the cleavage between the OmpA signal sequence and the matured 

Interleukin-2 (IL-2) 206. 

 

4.2.2 Co-production of targeting and folding factors 

Many studies have explored whether co-production of targeting and 

folding factors can improve the production yields of proteins in the periplasm. 

It has been shown that e.g., co-production of the Sec-translocon components 

SecY and/or SecE can improve protein production yields in the periplasm 
207,208. The TAT-translocation pathway has been used to export properly folded 

proteins into the periplasm. Co-expression of the tatABC genes, which encode 

the core component of the TAT-translocon increases the TAT translocation 

capacity of the cell without affecting its viability 209.  

Cytoplasmic and periplasmic chaperones can facilitate the translocation 

and folding of secretory/secreted proteins. Co-production of e.g., the 

periplasmic chaperone Skp and FkpA significantly improved the production 

of a single chain variable fragment (ScFv) 3A21 in the periplasm 210. Co-

production of Spy, another periplasmic chaperone, was found beneficial for 

the periplasmic production of unstable mutants of Im7, which is a well-

characterized immunity protein 112. Co-production of cytoplasmic chaperones, 

such as GroEL/ES, DnaK/J/GrpE, SecB, and TF, appeared more beneficial for 

secretory protein production that are targeted via the post-translational 

translocation pathway to the periplasm 83. Co-production of the DsbA and 

DsbC proteins individually or in combination can improve periplasmic 

production of proteins that contain disulfide bonds as the disulfide bond 

formation is essential for the folding/stability of those targets 211–213.     

4.2.3 Deletion of genes encoding periplasmic proteases 

Decreasing protein degradation in the periplasm by deleting genes 

encoding periplasmic proteases is another way to improve protein production 

in the periplasm. Deleting of genes encoding several well-characterized 

periplasmic proteases, such as Tsp, DegP, and Ptr can significantly improve 

recombinant protein production yields in the periplasm 213–215. However, some 

protease-deficient strains are sensitive to stress conditions. For example, cells 
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lacking the degP gene cannot grow well at a high temperature (43℃), and the 

membrane permeability of the cells has increased if the gene encoding Tsp is 

deleted 216. Therefore, cells lacking periplasmic proteases can be more 

sensitive to the envelope stress which can lead to low biomass formation 213,217. 

Thus, it should be kept in mind that using protease-deficient strains does not 

always improve the final yields of secretory protein since biomass formation 

can be negatively affected. Additional modifications can be made to the 

protease-deficient strains to rescue cell growth during protein production. 

Deleting the gene encoding MepS (formally named Spr) or making a null 

mutation of it suppresses the growth defect caused by a tsp deletion 215,218. The 

combination of DsbC co-production in Δtsp spr strains was found restoring 

the cell viability of Tsp-deficient strain, which improved the total production 

yield of secretory proteins 213. Interestingly, co-production of DegP reduced 

the inclusion body formation in the periplasm when producing recombinant 

penicillin acylase (PAC) and thus improved active PAC production 219.  

4.2.4 Disulfide bond formation in the cytoplasm 

Proteins that contain disulfide bond can also be produced in the 

cytoplasm. Disulfide bond formation in the cytoplasm can be achieved by 

using mutant strains that lack the thioredoxin reductase (TrxB) and glutathione 

reductase (Gor), which results in the oxidizing environment in the cytoplasm 
220. Lobstein et al. have engineered a novel strain called ‘Shuffle’ for high 

level production of correctly folded disulfide bond containing proteins in the 

cytoplasm 221. The gene encoding signal sequenceless disulfide bond 

isomerase, DsbC, was integrated in the chromosome of Shuffle in the trxB gor 

suppressed background. DsbC produced in the cytoplasm facilitates the 

correct disulfide bond formation in the oxidizing environment of cytoplasm. 

It is thought that only native folded proteins can be translocated via the TAT-

translocation pathway (See section 2.4). Thus, the TAT-translocation 

machinery can be used as a quality control mechanism when disulfide bond 

containing proteins are produced in the oxidizing cytoplasm 203. Matos et al. 

constructed an E. coli strain called ‘CyDisco’ that a yeast mitochondrial thiol 

oxidase Erv1p and the human protein disulfide isomerase (PDI) were co-

produced that enable disulfide formation in the cytoplasm 222.  

4.2.5 Extracellular recombinant protein production 

Releasing target proteins into the medium allows continuous production 

without collecting or lysing the cells which facilitates the isolation of the 

proteins. There are several strategies for improving extracellular protein 

production. One strategy is to increase the permeability of the outer membrane 

so that the proteins from the periplasm can leak out. Chemical compounds, 

such as Triton X100, destabilize the outer membrane and make it more 
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permeable so that proteins from the periplasm can leak out into the medium. 

Another way to improve outer membrane permeability is co-production of an 

outer membrane disturbing protein. Co-production of e.g., the Kil protein from 

bacteriophage lambda (see paper IV) or the third topological domain of the 

transmembrane protein TolA (TolAIII) in E. coli enhanced extracellular 

protein production without obviously disturbing cell growth 223,224. Another 

strategy to increase extracellular protein production yield is using a fusion 

partner, such as the carrier protein YebF, that guides the recombinant protein 

fusion to the extracellular milieu 225. The outer membrane porin OmpF guides 

recombinant protein to produce in the culture medium when it is fused to the 

target 226,227. Interestingly, super folder GFP (sfGFP) served as a secretion 

partner in auto-secretion protein production in E. coli 228. The β-barrel 

structure and the net negative charges were regarded as the key properties of 

sfGFP in extracellular targeting 228.  

4.3  Optimizing culture condition 

Besides the production platform, the culture conditions, such as the 

culture medium, temperature, and the cultivation/induction time can have a 

significant impact on the recombinant protein production yields229,230.  

Both defined minimal media and complex (rich) media are used for 

membrane and secretory protein production. It is common to use the rich 

medium, such as Lysogeny Broth (LB) and Terrific Broth (TB), to obtain fast 

cell-growth. We have suggested a time- and cost-efficient method for 

membrane protein production that is omitting IPTG from the medium when 

BL21(DE3) cells are cultured in LB medium (paper I). However, the complex 

composition of the rich culture medium makes it difficult to identify elements 

that can influence the production yield. Both LB medium and TB medium are 

based on an enzymatic casein digest and yeast extract. The small amount of 

lactose that possibly comes from the casein may cause ’unexpected’ induction 

when using BL21(DE3) for toxic targets 231. Defined minimal media are used 

for better control of the important elements, especially for the large-scale 

fermentation. A defined auto-induction medium PASM-5052 together with 

IPTG induction was found suitable for membrane protein production 230. The 

auto-induction was achieved by using different concentrations of glucose, 

lactose, and glycerol to balance the cell growth, induction of target gene 

expression and the toxic effects coming from membrane protein production.   
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 Summary of papers 

 
Paper I: High-level production of membrane proteins in E. 

coli BL21(DE3) by omitting the inducer IPTG 

Background 

The E. coli BL21(DE3) strain together with pET-based overexpression 

vectors (as well as other T7 promoter-based overexpression vectors) are 

widely used for the E. coli-based production of recombinant proteins. The 

expression of the gene encoding the target recombinant protein is under 

control of the T7 promoter in the pET vector. In the chromosome of 

BL21(DE3), the expression of the t7rnap gene, which encodes T7RNAP, is 

controlled by the lacUV5 promoter. The expression of t7rnap can be induced 

by adding the inducer IPTG to the culture medium. The T7RNAP specifically 

recognizes the T7 promoter and subsequently starts transcribing the gene 

encoding the recombinant protein.  However, the production of membrane and 

secretory proteins using the BL21(DE3)/pET setup is often toxic and results 

in low production yields. In previous studies, we have found that the 

production of membrane and secretory proteins can lead to saturation of Sec-

translocon capacity, which is toxic to the cell. It has been shown that the 

saturation of the Sec-translocon capacity can be (at least partially) alleviated 

by reducing T7RNAP levels. The lacUV5 promoter governing the expression 

of the t7rnap gene in BL21(DE3) is known to be leaky. The leakiness of the 

lacUV5 promoter is usually thought to be harmful to the cell, especially when 

producing toxic proteins. By chance, we observed the high-level production 

of some of our model membrane proteins using the BL21(DE3)/pET setup 

cultured in LB medium in the absence of IPTG. This observation inspired us 

to explore if this ’approach’ can be used for the production of membrane and 

secretory proteins. 

Results and conclusions         
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A set of model membrane and secretory proteins was produced in 

BL21(DE3) cells using a pET overexpression vector. The cells were cultured 

in LB medium in the presence and the absence of the inducer IPTG. In general, 

cells grew better, and the production yields of the target proteins were higher 

in the absence of IPTG rather than in the presence of IPTG. The high 

production levels were achieved by the slow, but stable accumulation of the 

target proteins. For more than half of the membrane protein targets we tested, 

the production yields we obtained using BL21(DE3) cells cultured in the 

absence of IPTG were higher than the yields obtained when using C41(DE3) 

cells and C43(DE3) cells cultured in the presence of IPTG. C41(DE3) and 

C43(DE3) are considered be the gold standard for the E. coli-based production 

of membrane proteins. For secretory protein production, omitting IPTG from 

BL21(DE3) cells cultured in LB medium led to high-level production of the 

three targets tested. In conclusion, the omission of IPTG from BL21(DE3) 

cells cultured in LB medium provides a simple and effective alternative to 

efficiently produce membrane and secretory proteins. Therefore, it is 

recommended that this condition is incorporated in membrane- and secretory 

protein production screens. At the moment, it is not yet clear what the exact 

mechanism is behind the efficient production of membrane and secretory 

proteins in BL21(DE3) cultured in LB medium in the absence of IPTG.  

 

Paper II: The tunable pReX expression vector enables 

optimizing the T7-based production of membrane and 

secretory proteins in E. coli 

Background 

The main problem with the T7-based production of membrane and 

secretory proteins seems to be the saturation of the Sec-translocon capacity. 

The lacUV5 promoter governing the expression of t7rnap in BL21(DE3) is 

only poorly titratable, which makes it difficult to optimize target protein 

production by regulating protein production rates. Lemo21(DE3) is a 

BL21(DE3) derivative that contains the pLemo plasmid, on which the 

titratable rhaBAD promoter governs the expression of the t7lys gene. This 

gene encodes the T7 lysozyme, which is a natural inhibitor of T7RNAP. 

pLemo also contains the rhaRS genes encoding the regulatory proteins RhaR 

and RhaS, which are responsible for regulating the expression of the gene 

controlled by the rhaBAD promoter. In Lemo21(DE3), the activity of the 

T7RNAP is regulated in a titratable manner by the production of T7 lysozyme 

using varying amounts of rhamnose. Thus, when using Lemo21(DE3) we can 

improve target protein production by regulating the production rate in a T7-

based production system by modulating T7RNAP activity. A disadvantage of 
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using Lemo21(DE3) for recombinant protein production is that it is difficult 

to add another helper plasmid, since Lemo21(DE3) already harbors two 

plasmids, which have different origins of replication and antibiotic resistance 

markers. Therefore, we combined the key elements of the pLemo plasmid and 

pET overexpression vectors into one plasmid, which was named pReX. ReX 

stands for Regulated gene eXpression. pReX has simplified the Lemo setup 

and it facilitates the use of different T7-based strain backgrounds and helper 

plasmids, e.g., for the co-production of chaperones, that may be required for 

the production of specific targets.      

Results and conclusions 

The pReX plasmid contains the key elements from both pLemo and pET. 

The gene of interest is under control of the T7 promoter. Upon IPTG induction, 

T7RNAP is produced and starts transcribing the gene of interest. The rhaBAD 

promoter controlling the expression of the t7lys gene encoding T7 lysozyme 

is induced using varying amounts of L-rhamnose. T7 lysozyme modulates the 

activity of the T7RNAP so that the transcription rate of the gene of interest 

can be tuned. The production yields of the membrane and secretory protein 

targets using the BL21(DE3)/pReX setup are comparable to that using the 

Lemo(DE3)/pET setup in optimized conditions. Thus, the BL21(DE3)/pReX 

setup is a tunable T7-based protein production system that is suitable for 

membrane and secretory protein production. Also, we successfully produced 

a secretory protein, a c-type cytochrome, by using the BL21(DE3)/pReX setup 

rather than by using the Lemo(DE3)/pET setup. pReX facilitated the use of a 

helper plasmid, which was required for the maturation of the c-type 

cytochrome. What is more, pReX can not only be used in BL21(DE3) but also 

in other T7RNAP-based strains. In conclusion, pReX is a versatile alternative 

to Lemo(DE3).   

 

Paper III: Tailoring Escherichia coli for the L-rhamnose PBAD 

promoter-based production of membrane and secretory 

proteins 

Background 

A titratable promoter is favored when producing membrane and secretory 

proteins in E. coli because it enables to precisely set the protein production 

rate, thereby avoiding the saturation of the Sec-translocon capacity. The 

rhaBAD promoter is a well-titratable promoter. In paper II, the rhaBAD 

promoter was used to govern the expression of the t7lys gene. Instead of 
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controlling the expression of a gene encoding a regulator like the T7 lysozyme 

to modulate T7RNAP activity, the rhaBAD promoter can also be used directly 

to govern the expression of the gene encoding the target recombinant protein. 

It appears that the T7 lysozyme production levels follow an inducer 

concentration-dependent pattern. However, the modus operandi of the 

rhaBAD promoter has not been studied in detail. Thus, investigating the 

production kinetics of the PrhaBAD promoter-based production system may 

provide knowledge that can be used to further enhance the production yields 

of membrane and secretory proteins.  

Results and conclusions         

We monitored the production of cytoplasmic SfGFP in E. coli wild-type, 

a rhaB’ single mutant, and a rhaB’ΔrhaT double mutant. The rhaB’ mutant 

contains a frame-shift mutation in the rhaB gene, which encodes the RhaB 

protein, which is involved in rhamnose catabolism. The rationale behind the 

frame-shift mutation in the rhaB gene is that it makes that cells cannot 

consume rhamnose anymore. In the rhaB’ΔrhaT double mutant, the rhaT gene 

was deleted to abolish RhaT-mediated rhamnose transport. The rationale 

behind the rhaT deletion is that rhamnose is not actively taken up by the cell, 

but has to enter the cell via diffusion (although it has not been shown that 

rhamnose can actually diffuse across a membrane without/with the help of a 

membrane protein). The production characteristics of SfGFP in these strains 

indicated that the tunable characteristics of protein production in the wild-type 

cells were due to rhamnose consumption rather than really tuning protein 

production rates. The protein production rate can only be precisely set in a 

rhamnose concentration manner when using the mutant strain containing both 

rhaB’ and ΔrhaT. We took advantage of this to enhance membrane and 

secretory protein production yields in E. coli. In conclusion, the PBAD-

mediated production of membrane and secretory proteins can be further 

optimized in an E. coli strain containing the rhaB’and ΔrhaT mutations. How, 

in particular the ΔrhaT mutation makes that the rhamnose promoter can be 

used for is not yet clear. 

 

Paper IV: Construction and characterization of the 

bacteriophage testable BL21(DE3)-derivative BL21T7 

Background 

In papers I and II, BL21(DE3) has been used as a model strain for protein 

production. This strain contains integrated in its genome the bacteriophage 

lambda derivative DE3, which carries the t7rnap gene under the control of the 
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lacUV5 promoter. DE3 is supposed to be stably integrated into the 

chromosome. The int gene mediating the integration and excision of the phage 

has been interrupted by the insertion of the lacUV5 promoter and the t7rnap 

gene. Also, DE3 contains the Sam7 mutation in the s gene which leads to an 

early termination of translation of the S protein, which is a holin that is 

involved in the lysis of the host. Mitomycin C has been used routinely to detect 

if an E. coli recombinant protein production strain is contaminated by a 

lysogenic bacteriophage. Mitomycin C is an antibiotic that damages the DNA 

and consequently induces the SOS response. The SOS response induces the 

integrated prophage to enter the lytic cycle. To our surprise, we observed rapid 

cell lysis of BL21(DE3) cultures upon the addition of mitomycin C. 

Furthermore, infective phage particles could be extracted from BL21(DE3) 

cultures that were lysed using mitomycin C. Therefore, BL21(DE3) is not able 

to pass the mitomycin C-based bacteriophage test and we decided to construct 

a BL21(DE3) derivative that would pass the mitomycin C test. To construct 

this derivative, BL21T7, we deleted a large part of the prophage genes that are 

involved in phage development and lysis.        

Results and conclusions         

A large part of the DE3 prophage was deleted from the genome of 

BL21(DE3) to make the BL21(DE3) derivative BL21T7. The deleted DNA 

contains genes encoding proteins that are involved in bacteriophage 

development and cell lysis. BL21T7 is insensitive to mitomycin C. No cell 

lysis occurred and no infective phage particles were formed when BL21T7 

was cultured in the presence of mitomycin C. The lacUV5 promoter and the 

t7rnap gene were kept in the chromosome of BL21T7. For the tested proteins, 

the protein production characteristics of BL21T7 appear to be similar to the 

ones of BL21(DE3). Furthermore, we constructed BL21T7 derived strains that 

lack the genes encoding the periplasmic proteases Tsp, Ptr, DegP and used 

these strains to produce a single chain antibody fragment BL1 (BL1 binds E. 

coli β-galactosidase). Four different signal sequences were fused to the N-

terminus of  BL1 to mediate its translocation into the periplasm. The highest 

BL1 production yield was achieved by using the OmpA signal sequence and 

a Tsp deficient background when cells were cultured in the absence of IPTG. 

Thus, we have constructed the BL21(DE3) derived strain, BL21T7, that can 

be tested for phage using mitomycin C and we have shown that it can be used 

for recombinant protein production.   
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 Future perspectives 

 
From papers I to IV, we have been using E. coli B-strains to produce 

membrane and secretory proteins. The main principle behind the optimization 

strategy described in the papers is to modulate the protein production rate to 

avoid the saturation of Sec-translocon capacity. In the paper I, we observed 

omitting IPTG in BL21(DE3) cultured in LB medium is a competitive 

alternative method to produce membrane and secretory proteins. Even though 

the lacUV5 promoter is thought the main cause for the leaky expression, it is 

still possible that the trace amount of lactose in the LB medium induced the 

expression of the t7rnap gene. To further investigate the mechanism behind 

the study, different defined media and lactose permease deficient strains can 

be used. In paper II and III, the protein production rates were precisely set 

indirectly or directly. In paper II, the production rate is modulated by using 

T7RNAP inhibitor T7 lysozyme to regulate the T7RNAP activity. Compared 

to Lemo21(DE3) that depends on BL21(DE3), the use of pReX is not limited 

in BL21(DE3). Other T7-based strains, such as Rosetta(DE3) and 

Origami(DE3), can be tested in coupled with pReX for the production of other 

difficult proteins. In paper III, we used the titratable rhaBAD promoter to 

govern the target gene expression. To our surprise, abolishing rhamnose 

metabolism in the cell enables precise regulation of protein production rate in 

inducer concentration-dependent manner. This phenomenon may also be seen 

in other sugar-utilizing systems. On the other hand, it would be interesting to 

see if the pReX can be used in rhamnose metabolism deficient strains. Since 

phage contamination is a disaster in large-scale fermentation in industry, all 

production strains should pass the mitomycin C test to be proved ‘phage-free’. 

BL21(DE3) is a lysogen itself, and it shows positive in the mitomycin C test. 

In paper IV, we constructed a mitomycin C testable BL21(DE3) derivative 

BL21T7. BL21T7 shows negative in mitomycin C test and the production 

manner of BL21T7 is similar to that of BL21(DE3). Thus, BL21T7 can be 

used more in the industry for large-scale protein production. We used BL21T7 

to construct periplasmic protease deficient strains to produce secretory 

proteins. In paper IV, only three well-studied proteases deletions were tested. 

A systematic study of how the periplasmic proteases influence secretory 

protein production has not been accomplished. Therefore, more protease 
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deficient strains can be made and characterized in secretory protein production 

point of view. It is not clear if the periplasmic proteases interact with their 

substrates during translocation. The signal sequence guiding the translocation 

of secretory proteins should also be studied systematically in the protease 

deficient strains.    
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 Sammanfattning  

Proteiner är viktiga för alla levande organismer. Olika proteiner spelar 

olika roller i cellen, så det är viktigt att känna till deras lokalisering och deras 

funktion. Det första steget för att kunna att studera eller använda ett protein är 

att få tillräckligt med isolerat material.  

Det var svårt att extrahera proteiner från deras ursprungliga organismer 

tills den rekombinanta tekniken utvecklades för att göra det möjligt att 

"producera" ett önskat protein i en annan organism. Vi kan till exempel 

använda bakterier som mikrobiella cellfabriker för att producera humana 

proteiner, som hormoner och antikroppar, genom att  odla bakterier. 

Proteinproduktionen är baserad på den kodande DNA-sekvensen för det 

ursprungliga proteinet, vilken får agera som en mall. Vi kopierar 

informationen från mallen och skapar en vektor som innehåller mallens DNA-

sekvens och vi introducerar vektorn i bakterierna. Bakterierna kommer att 

börja tillverka proteinet baserat på mallen i vektorn när vi sätter igång 

produktionen.  

Bakterien Escherichia coli har allmänt använts för proteinproduktion. 

Cellstrukturen för E. coli kan delas upp i olika fack som betraktas som 'rum' 

som är separerade av membran som 'väggar'. De två 'väggarna' hos E. coli 

kallas det yttre membranet respektive det cytoplasmiska membranet. 

"Rummet" mellan det yttre membranet och det cytoplasmiska membranet 

kallas periplasma. Det 'inre rummet' som omfattas av det cytoplasmiska 

membranet kallas cytoplasma. 

Alla proteiner syntetiseras i cytoplasman, inklusive de som finns i 

periplasman och membranen. I min avhandling fokuserade jag  på att 

producera membranproteiner och utsöndrade proteiner. Dessa proteiner måste 

transporteras till den slutliga platsen med det så kallade "translokerings-

maskineriet". Translokerings-maskineriet är en av de viktigaste faktorerna 

som begränsar produktionen av membran- och utsöndrade proteiner. Hög nivå 

av produktionen av sådana proteiner resulterar vanligtvis i toxiska effekter på 

bakterierna och orsakar celldöd. I min studie använde jag olika metoder för att 

minska produktionsbelastningen som stressar cellerna för att förbättra 

produktionsutbytet för membran- och utsöndrade proteiner.  

I den första studien arbetade jag med en supereffektiv stam för att 

producera membran- och utsöndrade proteiner. Jag undvek att använda 
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induceraren som utlöser hög proteinproduktion som var giftig för bakterierna. 

Denna metod är enkel och bör inkluderas i screeningen.  

Till skillnad från produktionsläget 'På eller Av', skulle det vara bättre om 

vi gradvis kan styra produktionen så att vi kan finjustera bästa skick. I den 

andra och tredje projektet skapade vi två inställbara produktionssystem så att 

vi kan förbättra produktionsutbytet för membran och utsöndrade proteiner 

genom att optimera produktionsvillkoren.  

Bakteriofager är organismer som kan infektera bakterierna och döda 

bakterierna. Det är viktigt att se till att bakterierna inte innehåller någon fag 

när vi använder bakterier för att producera proteiner. Den belastning som jag 

använde för den första och den andra studien innehåller pro-fager i cellen så 

att den inte kan klara fagtestet. I min sista studie konstruerade jag stammen 

för att göra det möjligt att testa andra bakteriofager. Den nya stammen har 

liknande produktionsegenskaper som ursprungstammen. 
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