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Abstract 

Numerous recombinant proteins of industrial and pharmaceutical importance are 

secreted to the periplasm of Escherichia coli, which makes necessary to include traditionally 

cellular disruption methods in the recovery steps of downstream processing.  E. coli cells, capable 

of releasing periplasmic proteins into the extracellular medium without the need of cell lysis, can 

potentially be attractive for the biopharmaceutical industry to improve the manufacturing 

processes. 

Antisense technology is a powerful tool finding increased application in cellular 

engineering for inhibition of the expression of a target gene in a sequence-specific manner. This 

work describes an attempt to develop an antisense plasmid targeting the major outer membrane 

protein of E. coli, murein-lipoprotein (Lpp), to increase outer membrane permeability for 

extracellular production of recombinant periplasmic α-amylase. 

The antisense system can be used to increase release levels of periplasmic proteins, 

although further refinements and research into the use of this system would be required to achieve 

full release of these proteins. 
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Resumo 

 Grande parte das proteínas recombinantes de importância industrial e farmacêutica são 

secretadas para o periplasma de Escherichia coli, tornando necessário recuperá-las no 

processamento a jusante, usando métodos tradicionais de lise celular. Células de E. coli, capazes 

de libertar proteínas periplásmicas para o meio extracelular sem ser necessário lise celular, 

poderão ser atractivas para a indústria biofarmacêutica com vista o melhoramento do processo 

de produção.   

 A tecnologia antisense é uma ferramenta poderosa cada vez mais usada em engenharia 

celular para inibir a expressão de um gene alvo. Este trabalho descreve uma tentativa de 

desenvolver um plasmídeo antisense tendo como alvo a proteína mais abundante da membrana 

exterior de E. coli (Lpp) com o objectivo de aumentar a permeabilidade celular para produção 

extracelular da proteína recombinante periplásmica α-amilase.  

O sistema antisense pode ser usado para aumentar os níveis de libertação extracelular 

de proteínas periplásmicas, embora algumas melhorias e investigação no uso do mesmo sejam 

necessárias para que uma libertação completa destas seja observada.  
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1 Framework and Aims of the Study 

Many Escherichia coli expressed proteins are retained within the periplasmic region of 

the cell, which makes necessary to perform the recovery of these proteins for downstream 

processing using traditionally cellular disruption methods. Thus, E. coli cells, capable of releasing 

periplasmically expressed proteins into the medium without being necessary the cell lysis 

methods, can potentially be attractive for the biopharmaceutical industry as it is aimed to enhance 

and improve the manufacturing process. 

The overall aim of this project, conducted in the Advanced Centre for Biochemical 

Engineering in University College London (UCL), is to investigate a new way to modify E. coli 

cells in order to increase the release levels of a specific periplasmic protein into the culture broth 

during fermentation process. In detail, this modification explores the antisense technology to 

target and inhibit synthesis of the major outer membrane protein of E. coli, Lpp, to increase the 

outer membrane permeability of E. coli BL21(DE3) and W3110.  

 

                      

Figure 1.1 – E. coli cells without (A) and with (B) the antisense plasmid, showing an intact 

(continuous lines) or permeabilised (dotted line) outer membrane. 

 

The antisense inhibition (Figure 1.1), aiming to render the outer membrane (OM) 

permeable to α-amylase, will be performed through the insertion of a plasmid containing the 

antisense-Lpp DNA in the recombinant E. coli cells. The protein Lpp was selected as the 

antisense cell membrane target because, besides being the major outer membrane protein of 

these cells, interacts with the peptidoglycan both covalently and noncovalently for the 

maintenance of the structural and functional integrity of the cell envelope. Thus, if in some way, 

this integrity is compromised, an increase in the outer membrane permeability can be 

accomplished and, potentially, the desired extracellular secretion of the recombinant product be 

obtained without the simultaneous compromise of cell viability.   

The construction of a genetically modified cell production system poses new challenges 

in the overall processing, because a significant number of parameters, such as biomass and 

product yields, harvest time, cellular productivity, cells centrifugal robustness or fragility and 

downstream options, must be compared with existing processes. Figure 1.2 presents a schematic 

diagram of the planned experimental work to be developed in this research project.  
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To better understand the organization of this thesis, a brief description of the chapters 

that composed it is presented: 

 Chapter 2 is an introduction resulting from an intensive research and review of the 

literature. This chapter approaches all the important subjects for the understanding of the 

work developed in this research project, such as the importance of E. coli as host for 

recombinant protein production, fermentation techniques and conditions, recovery of 

periplasmic proteins and antisense modulation of gene function in microorganisms.  

 Chapter 3 describes the materials and methods used throughout the research, the cell 

culture experiments performed, assays used to determine the protein activity and 

molecular biology techniques. 

 Chapter 4 introduces the main results obtained from the experimental work developed. 

Describes the initial fermentation studies performed with E. coli strains to determine their 

growth and release characteristics, and discusses the attempt to construct a plasmid that 

expresses antisense RNA targeting an outer membrane protein.  

 Chapter 5 summarises the work as a whole, discussing the results achieved in this 

research project and potential future developments. The attempt to create an antisense 

plasmid is discussed and ways to explore this experimental work in the future are 

mentioned.  

 Chapter 6 and 7 present the bibliographic references and the annexes, respectively. The 

annexes contain the main experimental protocols used in this work and an important 

study recently developed, approaching a different experimental methodology for the 

creation of the antisense plasmid to study the influence of its presence in the release 

levels of different periplasmic proteins.  

 

Figure 1.2 – Plan of the experimental work to be developed. 
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2 Introduction 

2.1 Overview 

In 1953, James Watson and Francis Crick reported their cutting-edge work on DNA structure 

and replication mechanisms. This was one of the most significant scientific discoveries of the 20th 

century and, besides all controversy about the publication of the work of these two scientists, its 

revolutionary contribution to the progress of science and technology is undeniable. 

In 1970, the first members of a group of enzymes that endogenously cleaves DNA helices in a 

specific recognition sequence were isolated (Smith and Wilcox, 1970). This enabled 

recombination of DNA fragments originated from different organisms (Cohen et al., 1973). 

Genomic DNA or cDNA specifying the protein could now be inserted into appropriately designed 

plasmids, which can be introduced into host cells and induced for the synthesis of very large 

amounts of a specific protein of interest. This discovery allowed overcoming the limitations already 

observed in isolation of proteins from their natural sources, a process that was normally laborious 

and often unfruitful. The first reported human gene product produced in a heterologous host cell 

was the 14 amino acid long growth hormone somatostatin expressed in E. coli (Itakura et al., 

1977). This new promising technique was soon used for production of several therapeutically 

used human proteins. In addition to increase the availability of important proteins, this new method 

ensured a significantly lower risk of virus contamination and allergic response (Schernthaner, 

1993). Today, a large number of important proteins are easily produced thanks to recombinant 

DNA technology, such as, human growth hormone and human insulin (Goeddel et al., 1979), 

factor VIII (Wood et al., 1984) and tissue plasminogen activator (Dodd et al., 1986). Recombinant 

proteins can now be produced easily under controlled circumstances in well characterised host 

cells.  

Production and manufacturing of recombinant proteins has reached new levels of 

optimisation with progresses in molecular biology and research in microbial biology. The overall 

productivity of a production process can be optimised by molecular modifications in microbial 

genome. Knowledge of microbial and, in particular, bacterial metabolic and production pathways 

within the cells, allows us to exploit and understand its microbiology to improve the production 

process productivity.  

This project aims to explore E. coli microbiology in order to enhance secretion of a 

periplasmically expressed protein into the growth media without homogenisation steps for cell 

lysis, reducing the number of primary recovery and purification steps in the overall process. The 

importance of the present project is based on the fact that extracellular secretion of recombinant 

proteins by E. coli offers many considerable advantages such as reduction in complexity of the 

bioprocess and in terms of the quality of the product. The secreted product will have a greater 

quality because the medium outside of the cell offers a better environment for folding and is also 

free from chemicals and enzymes that are normally present in the cell and may affect the 

recombinant product negatively, such as intracellular proteases (Yoon et al., 2010).  
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The past research related with the work developed in this project has focused on the 

potential of different laboratory strains of E. coli to secret their recombinant product into the growth 

medium and on optimising the bacterium performance in a way that it would become appealing 

for an industrial application (Ni and Chen, 2009).  

2.2 Escherichia coli as Host for Recombinant Protein Production 

E. coli is a bacterium widely-used in the biotechnology industry for manufacturing of many 

therapeutic recombinant proteins. In fact, almost 40% of all available recombinant therapeutic 

proteins are manufactured by E. coli expression systems (Langer, 2009). This fact is due to its 

well characterised genetics, rapid growth and high-yield production, using inexpensive growth 

media (Baneyx, 1999). There is a wealth of knowledge and comprehensive tools for E. coli 

systems, such as expression vectors, production strains, protein folding and fermentation 

technologies that are well tailored for industrial applications.  

A known central problem with bacteria as hosts for recombinant protein production is the 

inability to post-translationally modify proteins in the way that human cells do, for example 

glycosylation (attachment of antennae of specific sugar epitopes to proteins) (Walsh, 2010). One 

reason for this is their different cellular structure. Bacteria lack the endoplasmic reticulum and 

Golgi apparatus, where the post-translational modifications occur. Besides not being able to do 

post-translational modifications, occasionally, overexpressed proteins tend to accumulate in E. 

coli as an insoluble intracellular structure (“inclusion bodies”) and, therefore, in a denatured and 

inactive form. This may arise simply from high expression levels or as a consequence of inherent 

characteristics of the protein itself, such as being largely hydrophobic in nature (e.g. membrane-

bound proteins) (Kane and Hartley, 1988). In this case, denaturation and refolding procedures 

may be required at the downstream processing stage of production, to produce an active and 

correctly folded molecule. E. coli contain endotoxins, which are among the many impurities found 

upon the production stage, which must be removed as they are ubiquitous pathogenic molecules. 

Nevertheless, it is clear that E. coli is, and will probably remain, the expression host of choice for 

most proteins, simply because of the clear advantages it presents and probably due to financial 

constraints involved in modifying or upgrading production facilities.  

2.2.1 Gram-Negative Bacterial Cell Membrane Structure  

On the basis of cell wall structure and its ability with Gram stain, bacteria can be divided 

into two general categories: Gram-positive and Gram-negative. Gram-positive bacteria have 

thick, multilayered peptidoglycan cell wall that is exterior to the membrane. This peptidoglycan 

layer is covalently linked to teichoic acid (major cell surface antigen). Gram-negative bacteria, a 

representative of which is E. coli, present a complex multilayered structure called cell envelope 

that serves to protect organisms from their unpredictable and often hostile environment. This cell 

envelope consists of two distinct membranes, the inner cytoplasmic or plasma membrane and 

the outer membrane, both of which demonstrate the usual bilayer appearance. The peptidoglycan 

layer is located between the two membranes in what is called the periplasmic space. In contrast 
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to Gram-positive cells, the peptidoglycan layer of Gram-negative cells is thin and, thus, the cells 

are more susceptible to physical damage. Figure 2.1 is a generalised diagram of the structure of 

the Gram-negative cell envelope and its components. 

 

 

 

As mentioned before, periplasm is the region between the inner and outer membrane of 

Gram-negative bacteria. Estimates of its size vary considerably, but combining data from electron 

microscopy, know amounts of proteins present in the periplasm and electron transfer rates, Van 

Wielink and Duine argue that the periplasm constitutes about 30% of the total cell volume of E. 

coli, having a width of about 50 nm (Van Wielink and Duine, 1990). It is a gel-like structure and 

houses both proteins and the peptidoglycan (murein) layer. The periplasm contains a number of 

proteins essential for nutrient binding, degradative enzymes (proteases, endonucleases), 

detoxifying enzymes (β-lactamase), peptidoglycan synthesis enzymes, cytochromes (electron 

transport) and chemotaxis or chemosensing proteins. E. coli periplasmic proteins are synthesised 

on membrane-bound ribosomes in precursor forms with an NH2-terminal amino acid sequence 

(signal sequence) and subsequently are processed and secreted through the inner membrane 

(Randall and Hardy, 1977). In the periplasm, the environment is non-reducing allowing disulphide 

bridges to be formed (Wülfing and Plückthun, 1994).  

The cytoplasmic membrane, with 4 nm wide (Briegel et al., 2009), retains the cytoplasm 

and separates it from the periplasmic layer. This membrane also serve as a selectively permeable 

barrier, allowing particular ions and molecules to pass, either into or out of the cell, while 

preventing the movement of others. It is the location of a variety of crucial metabolic processes, 

such as respiration and the synthesis of lipids and cell wall constituents. Finally, the membrane 

contains special receptor molecules that help bacteria detect and respond to chemicals in their 

surroundings. Based on protein diversity, the cytoplasmic membrane is by far the largest and 

most complex compartment of the envelope and it consists mostly of hydrophobic phospholipids.  

The peptidoglycan (murein) layer, a significant part of the periplasmic space where 

numerous lipoproteins are anchored to create a rigid cell wall, has a width of 1.5-2 nm, making 

Figure 2.1 - Left: General structure of E. coli bacterium with emphasis on the multilayered membrane. Website 

1. Right: E. coli cell envelope structure showing prominent membrane proteins.  
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40-90% of the cell wall mass (Seltmann and Holst, 2002). The higher levels of peptidoglycan (up 

to 90%) are found in Gram-positive cells, where this layer is relatively thick (15-50 nm). Its rigid 

structure provides a macromolecular network responsible for the shape, strength and structure of 

the cell wall working as an osmotic barrier. When peptidoglycan levels run low, spheroplasts can 

form, which are stable and may even be able to multiply. Thus, the presence of spheroplasts in a 

fermentation broth can indicate an unhealthy culture. Furthermore, the murein layer is the target 

of many antibiotics including penicillin, showing its importance in the maintenance of the cell. The 

peptidoglycan layer is an elaborate polymeric mesh of alternating N-acetylglucosamine (GlcNAc) 

and N-acetylmuramic acid (MurNAc) glycan units cross-linked via peptidyl “bridges”. These 

features presumably allow for the structural rigidity required to preserve cellular integrity against 

osmotic forces but, at the same time, allow the necessary fluidity to adapt to changes in bacterial 

cell shape during various stages of growth, division, and infection. The biosynthesis of 

peptidoglycan is a complex process involving, approximately, 20 enzyme reactions, that it will not 

be discussed here.  

2.2.2 Outer Membrane Proteins 

Starting from the outside and proceeding inward, the first layer encountered in Gram-

negative bacteria is the outer membrane (OM). The OM consists of phospholipids, membrane 

proteins, lipoproteins and lipopolysaccharide (LPS). This double leaflet membrane is unlike a 

typical phospholipid bilayer as it has phospholipids on the internal leaflet and lipopolysaccharide 

on the outer leaflet.  

LPS (Figure 2.2) consists of a polysaccharide region that is anchored in the outer bacterial 

membrane by a specific carbohydrate-bound lipid moiety termed lipid A. The polysaccharide 

region is composed of a terminal O-specific chain and a core region most proximal to lipid A. In 

LPS from most Gram-negative bacteria, the O-specific chain consists of up to 50 repeating 

oligosaccharide units formed of 2-8 monosaccharide moieties in a highly species- and strain-

specific manner. 

 

 

Figure 2.2 - General chemical structure of LPS from Gram-negative enterobacteria. Alexander and 

Rietschel, 2001. 
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LPS act as extremely strong stimulators of innate or natural immunity in diverse 

eukaryotic species ranging from insects to humans. Thus, this major outer surface membrane 

component is a highly potent activator of the innate immune system and as such constitutes a 

major marker for the recognition of intruding Gram-negative pathogens by the host. 

The major outer membrane protein (OMP) is Lpp (Braun, 1975), that links the outer 

membrane to the peptidoglycan layer. E. coli has at least 90 lipoprotein species, but Lpp is the 

most numerically abundant, with more than 750,000 copies/cell (Cowles et al., 2011). Assuming 

an E. coli cell with radius, diameter and width equal to 0.4 × 10−6, 0.8 × 10−6 and 2 × 10−6 m, 

respectively, a cell surface area of 6 µm2 is calculated. So, as result, in an E. coli cell, the Lpp 

abundance is about 1.3 × 105copies/µm2. This protein has, approximately, 78 amino acids, 7.2 

kDa (Piovant and Lazdunski, 1982) and 76 × 10−10 m in length (Goldman and Green, 2008), 

being coded by a 237 bp gene. In vivo, Lpp interacts with the peptidoglycan both covalently and 

noncovalently. The “bound-form” is covalently attached to the peptidoglycan layer by its carboxyl-

terminal domain lysine and the “free-form” is not attached. In the cell, the free and bound forms 

of this protein exist in an approximate 2:1 ratio with 5 × 105 and 2.5 × 105copies/cell, respectively 

(Inouye et al., 1972). This interaction with the peptidoglycan layer contributes to the maintenance 

of the structural and functional integrity of the cell envelope. Cowles et al. (2011) demonstrated 

that the free-form Lpp spans the outer membrane and is surface-exposed, whereas the bound 

form Lpp resides in the cytoplasm. Thus, they concluded that Lpp represents a single lipoprotein 

that is able to occupy distinct subcellular locations, in which the free and bound forms are 

assumed to be associated with each other. 

Gram-negative bacterial lipoproteins, like Lpp, are synthetized from a three-step 

biosynthetic pathway which includes three different enzymes: preprolipoprotein diacylglyceryl 

transferase (Lgt), prolipoprotein signal peptidase (Lsp) and apolipoprotein N-acyltransferase (Lnt) 

(Sankaran and Wu, 1994). Lipoproteins are initially translated as preprolipoproteins (Figure 2.3), 

with an N-terminal signal peptide possessing a characteristic consensus sequence of the lipobox. 

During lipoprotein maturation, the thiol group of the invariant cysteine in the lipobox is modified 

by a diacylglyceryl moiety by Lgt, which serves as a membrane anchor. Lpp is expressed as 

prolipoprotein with a 20 amino acid signal sequence extending from its amino terminus. After 

lipidation, Lsp cleaves the signal peptide, leaving the cysteine as the new amino-terminal residue 

forming the mature lipoprotein in Gram-positive bacteria. In Gram-negative and in some Gram-

positive bacteria, the mature protein will be obtained after the addition of an amide-linked fatty 

acid at the N-terminal cysteine residue attached by Lnt. After this N-acylation, the lipoprotein may 

then be covalently bound to the peptidoglycan, presenting 78 amino acids.  
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Figure 2.3 - Three-step biosynthetic pathway in Gram-negative bacteria.  Kovacs-Simon et al., 2011.  

 

Mutants lacking this lipoprotein have been generated, resulting in the leakage of 

periplasmic enzymes outside the cells into the supernatant, without necessarily damaging cell 

viability, although hypersensitivity to toxins is observed (Hirota et al., 1977). 

The permeability or traffic of molecules, especially larger proteins, is more controlled by 

membrane proteins. Generally, proteins found in the outer membrane or periplasmic space, are 

synthesized in the cytoplasm as premature proteins that contain a short (15-30) specific amino 

acid sequence (signal sequence) that allows proteins to be exported outside the cytoplasm. 

Different signal sequences have been used for efficient secretory production of recombinant 

proteins in E. coli, including PelB, OmpA, PhoA, endoxylanase, and StII.  

Figure 2.4 outlines some of the most important membrane proteins that can be exploited 

in producing genetically modified (GM) E. coli to secrete its recombinant product into the media. 

The amino acid sequence is also listed next to each named membrane protein. One of the 

membrane proteins present in this figure, Lpp has been used in previous research projects to 

explore its capacity for extracellular secretion, adapting antisense technology.  
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Figure 2.4 – Representative signal sequences used for the secretory production of recombinant proteins 

in E. coli. The signal sequence is composed of N-, H- and C-domains. The N-domains of signal sequences 

are shown in bold and the C-domains are underlined. Choi and Lee, 2004. 

 

Any of the proteins listed can be targeted with antisense technology to obtain full secretion 

of recombinant proteins into the media. Antisense RNA complementary to the mRNA of a target 

protein will inhibit the translation and production of it and therefore the membrane of the cell will 

lack this protein. It is hoped that this feature will lead to leakage of the recombinant product into 

the media from the periplasm.  

2.2.3 Gram-Negative Secretion Pathways  

Distinct secretion systems (Figure 2.5) have been shown to mediate protein export 

through the inner and outer membranes of Gram-negative bacteria. These systems vary widely 

in complexity and in terms of number of components involved (Fronzes et al., 2009). 

 

 

Figure 2.5 - Schematic overview of the major protein secretion systems in Gram-negative bacteria.  

Fronzes et al., 2009.  
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The type I secretion system (T1SS) allows the secretion of proteins with different sizes 

and functions from the cytoplasm to the extracellular medium, without a stable periplasmic 

intermediate and it is Sec-independent. E. coli normally uses this pathway for the secretion of 

high-molecular-weight toxins and exoenzymes.  

T1SS machinery involves three different proteins localized in the cell envelope. In the 

cytoplasmic membrane are localized two of these proteins. First, it is present an ATP-binding 

cassette protein (ABC) that couples ATP hydrolysis to the export of the substrate. The substrate 

is recognise via its secretion signal (not cleaved during secretion), responsible for the specificity 

of the secretion system and usually located at the C-terminal end of the secreted protein. Besides 

the ABC protein, it is also possible to find a membrane fusion protein (MFP) in the inner membrane 

(IM) that possesses a large periplasmic domain. The third component is a general OMP and 

displays several characteristic features. It is a trimeric protein that forms a channel throughout the 

outer membrane and the periplasm largely open towards the extracellular medium.  

Although T1SS is capable of exporting the target protein to the culture medium, it has two 

significant drawbacks. Firstly, the secreted peptide remains attached to the signal sequence and 

therefore an additional cleavage step is required to obtain the intact native protein. Secondly, 

coexpression of the components of this system is often necessary to increase transport capacity. 

As in all coexpression systems, several proteins will compete for E. coli native protein transport 

system and this can cause a severe production bottleneck. Very low protein translation rates must 

be used to not saturate the transport machinery. Overall, T1SS provides a versatile secretion 

mechanism for recombinant proteins.  

         

 

Figure 2.6 – Model of the T2SS in Gram-negative bacteria. Douzi et al., 2012.  

 

Gram-negative bacteria use the type II secretion system (T2SS) to transport a large 

number of secreted proteins from the periplasmic space into the extracellular environment, 

namely, for the secretion of major virulence factors in plants and animals (Cianciotto, 2005). 

T2SS, also known as the secreton-dependent pathway, is a two-step process (Figure 

2.6), in which proteins are first expressed with signal peptides that target them to the Sec 

(secretory pathway) machinery for translocation across the IM. The signal peptide is then cleaved 

and the mature protein is released into the periplasm. This first series of events is called the 

general export pathway (GEP). In a second step, the mature protein is recognised and transported 

across the OM by components of the T2SS and this last step is considered to be an extension of 
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the GEP, called general secretory pathway (GSP). It should be noted that it is now demonstrated 

that the type II secreton can also be supplied with substrates by another IM translocation 

apparatus, known as the Tat (twin-arginine translocation) system (Voulhoux et al., 2001). T2SS 

allows a product to be secreted into the extracellular environment whilst it has the opportunity to 

fold into its functional structure in the periplasm. Being able to stimulate this machinery actively 

will offer a great opportunity to achieve high levels of secreted product via this route. It can be 

more advantageous for those products that require a time in the periplasm in order to fold 

correctly.  

The type III secretion system (T3SS) is used by several pathogenic Gram-negative 

bacteria to inject virulence effector proteins into target eukaryotic cells with the capacity to 

modulate a variety of cellular activities. This type of system plays an important role not only in 

pathogenic but also in symbiotic interactions. T3SS consists of a secretion apparatus made of 25 

structural proteins and an array of proteins released by this apparatus. Some of these released 

proteins are “effectors,” which are delivered into the cytosol of the infected cell and, as a result, 

they are the virulence factors that trigger the changes in the host cells, enabling the colonization 

and multiplication of the pathogen. Most of the effectors act on the cytoskeleton or on intracellular-

signaling cascades. The other proteins are called “translocators,” which help the effectors to cross 

the membrane of the eukaryotic cell.  

 

Figure 2.7 - The T3SS apparatus. Coburn et al., 2007. 

 

The T3SS apparatus (Figure 2.7) consists of two rings that provide a continuous path 

across the inner and outer membranes, including the peptidoglycan layer. Between the two 

coaxial rings, the IM ring is the larger and the OM ring is composed of the secretin protein family 

(also known to be involved in T2SS). A needle-like structure associates with the OM ring and 

projects from the bacterial surface. The transportation of the “effectors” proteins are made from 

the hollow tube-like needle into the host cell through the pores formed in the host cell membrane 

by the “translocator” proteins. It is observed that the “translocators” are usually conserved among 

the different pathogens possessing a T3SS and show functional complementarity for secretion 

and translocation. On the other hand, the “effectors” are most often distinct, having unique 

functions suited to a particular pathogen’s virulence strategy. Although T3SS is technically a 

secretion pathway for proteins to travel from the cytoplasm across the membrane bilayer and into 

the extracellular environment, it offers very limited capacity and it holds a complex structure. This 
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system will not be a target for biotechnologists to exploit complete secretion of recombinant 

products.  

Unlike most secretion systems, type IV secretion system (T4SS) is exceptionally versatile 

because it is found in both Gram-negative and Gram-positive bacteria. T4SS is a large protein 

complex which crosses the cell envelope of bacteria, containing a channel through which proteins 

or protein-DNA complexes can be translocated. Similar to T3SS, T4SS carries out specific 

transportation function: some virulence factors that are released via this secretion system can 

infect animal or plant cells and genetic information can be secreted on form of a plasmid. The 

genetic material is transported from one bacterium to the other via T4SS, allowing bacteria to 

spread their resistance genes amongst each other. In fact, this is one of the ways that bacteria 

develop antibiotic resistance (Wallden et al., 2010). As mentioned before for T3SS, T4SS is also 

not attractive for biotechnologists to explore its function in recombinant protein production.  

The type V secretion system (T5SS) is one of the simplest protein secretion mechanisms 

and includes the autotransporter family (type Va), the two-partner system (type Vb) and finally the 

recently described family is called AT-2 (type Vc). The secreted proteins have similarities in their 

primary structures and modes of biogenesis. Similar to the T2SS, the secretion with T5SS is a 

two-step process, involving first the translocation of the precursor through the IM and then its 

translocation through the OM via a pore formed by a β-barrel. T5SS seems very attractive for 

exploitation and production of recombinant proteins. It offers many ports and routs to carry out 

the target product. High levels of extracellular secretion may be possible utilising this secretion 

system in combination with other approaches. 

Type VI secretion system (T6SS; not shown in the Figure 2.5) have been described 

recently and it is considered an evolutionarily developed secretion system. T6SS is a multi-

component system composed of 15-20 proteins related to phage proteins and is again a secretion 

system adapted for release of virulence factors to infect eukaryotic cells. T6SS are found in 

several pathogens such as P. aeruginosa, enteroaggregative E. coli, S. Typhimurium, Vibrio 

cholerae and Yersinia pestis. A number of prominent Gram-negative bacteria use the T6SS to 

transport proteins across the bacterial envelope.  

2.2.4 Periplasmic Location and Novel Synthetic Secretion Systems 

The periplasmic location provides several advantages over extracellular and cytoplasmic 

locations. First, the protein of interest is protected from proteolytic attack because the periplasmic 

space contains only 7 out of the 25 known cellular proteases (Swamy and Goldberg, 1982). 

Secondly, the final processing volume is reduced due to the fact that the target protein is 

compartmentalised. Finally, the contamination by intracellular proteins and other cellular 

components is reduced because periplasm comprises only 4-8% of the total cell protein 

(Beacham, 1979). 

In E. coli, heterologous proteins can be secreted to the periplasm if they present a 

precursor with a cleavable amino-terminal signal sequence. Once they reach the periplasm and 

after signal sequence cleavage, periplasmic proteins may encounter many proteins, such as 

http://www.ncbi.nlm.nih.gov/sites/entrez?db=genomeprj&cmd=Retrieve&dopt=Overview&list_uids=12303
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disulphide isomerases (Dsb), which catalyse disulfide-bond formation. The formation of disulfide 

bonds is essential for the oxidative folding, activity and stability of many proteins exported from 

the cytoplasm.  

The translocation of most exported proteins occurs by the Sec pathway, which is a 

primary route. Tat pathway can act as an alternative route and may offer a number of advantages. 

Depending on the size and type of the protein, Tat can be similar, better or worse than Sec in 

terms of yield. For small and correctly folded proteins, Tat and Sec were shown to have similar 

yields. Proteins that had gone through cytoplasmic folding yielded higher via the Tat pathway 

relative to Sec. However, for larger and soluble fusion proteins, Sec had much higher yields. 

Moreover, Tat was shown to offer relatively pure and highly active proteins in one step in cases 

where it was more advantageous than Sec (Fisher et al., 2008).  

Tat system offers a potentially important alternative export pathway and can be modified 

as desired to an extent (DeLisa et al., 2002), allowing over delivery of product to the periplasm. 

Further modification of the OM can be researched in combination with Tat optimization to achieve 

high secretion of protein into the medium.  

A prominent difference between the Tat and the Sec systems is that the latter transports 

the protein to the periplasm in an unfolded state, whereas the Tat system is responsible for the 

folded product transportation. However, Tat has its limitations such as inability to transport 

proteins that have disulphide bonds as these are usually acquired in the periplasm. To overcome 

this Tat limitation, a study has been carried out to investigate novel strains that can actually 

perform disulphide bonds oxidation in the cytoplasm (Matos et al., 2014). With this methodology, 

higher yields were achieved from primary recovery steps. However, cell lysis is still required as 

the products are in the periplasm. Complete secretion of the recombinant protein into the medium 

would still be very attractive, although combined technologies (Tat and antisense) may lead to 

very high levels of complete secretion.  

Previous studies have shown that the Tat secretion system is capable to transport high 

levels of recombinant product into the periplasm. A novel approach was studied, where E. coli 

expressing Bacillus subtilis TatAdCd system was analysed in place of the native TatABC system.  

Mature proteins were mostly found in the medium during fermentation, proving that the outer 

membrane became leaky and the cells were intact (Albiniak et al., 2013). This novel approach 

offers a means of producing recombinant protein in E. coli and of harvesting it directly from the 

medium, facilitating the subsequent purification downstream processes. However, when talking 

about industrial-type fermentations, the capacity and robustness of the Tat system must be 

demonstrated. Matos et al. (2012) used this system under industrial conditions with great potential 

and application.  

As mentioned before, in combination with synthetic modifications in the general secretion 

systems, bacterium OM can be engineered such that its function will be enhanced to our desired. 

The OM structure can be modified to promote non-specific release of periplasmic proteins.  

Besides Tat system modification, there are some commercially available methods for 

protein secretion from E. coli. One of these methods is the Wacker ESETEC® Secretion System 
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(website 2) that, in compliance with current good manufacturing practices (cGMP), was designed 

especially to transfer recombinant products during fermentation in very high yields into the culture 

medium. This system is based on a two-step export mechanism. First, the protein of interest is 

transported across the IM of the cell to the periplasm using the sec-pathway already mentioned 

in previous sections. During this first step, the signal peptide present in the protein, necessary for 

the cytoplasmic membrane translocation, is cleaved off, releasing the native product. In the 

second and final step, the Wacker Secretion Strain has a unique mode of action to transport the 

target protein across the OM into the culture broth. The target protein can therefore be isolated in 

a soluble, native and active form from the culture broth by a simple cell-separation step. The 

company reports high purity and yields as high as 10 g/L. The Wacker Secretion System is based 

on an E. coli K-12 strain that is extremely stable during fermentation and is routinely employed in 

commercial-scale production using fermenters with capacities of up to 4 m³. This secretion system 

uses a series of highly expressive plasmids with the tac promoter system, different origins of 

replication and signal sequences such as PhoA, OmpA or PelB. The system can also provide 

helper elements to optimize expression, folding, solubility or release, through the use of 

chaperones and disulphide bridge formation factors.  

Overall, the Wacker Secretion System enables expression of correctly folded proteins 

directly to the culture medium in high fermentation titers, with lower costs of goods by lowering 

the amount of downstream processing steps. This secretion system was successfully applied for 

the efficient secretion of an Anticalin® into the culture medium (Muecke and Leonhartsberger, 

2009). Anticalins® are engineered proteins that specifically bind targets, such as small molecules, 

peptides and proteins, and are derived from protein scaffolds of natural lipocalins. Like antibodies, 

Anticalins® have structurally conserved (constant) and variable regions that are responsible for 

target binding. Anticalins® are an interesting alternative to antibodies, because they penetrate 

tissue more efficiently, can be easily produced by microbial expression due to their simpler 

biochemical characteristics and are generally well tolerated by the human immune system. They 

obtained secretion yields up to 5 g/L. 

2.2.5 E. coli Strains  

In this subsection, some details about the two E. coli strains used in this project, 

BL21(DE3) and W3110 (see section 3.1), will be discussed. E. coli K-12 strains are by far the 

most frequently used host strains for production of recombinant proteins in biotech industry, due 

to the following advantages: (i) they represent the genetically best understood living organism, (ii) 

they are easily modified by many genetic methods and (iii) they are classified as biologically safe 

vehicles for the propagation of many efficient gene cloning and expression vectors in all major 

national and international guidelines on biological safety for work with recombinant DNA 

technology. The K-12 lineage is therefore considered to be a prototype of safe and non-

pathogenic bacterial strains.  

One of the common K-12 derivatives used in biotech industry is E. coli W3110. This strain 

has been used to create a database of the expression levels of E. coli proteins under different 
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growth conditions (VanBogelen et al., 1992), for construction of a physical map of the E. coli 

chromosome (Kohara et al., 1987) and for systematic chromosome sequencing (Yura et al., 

1992). W3110 contains several point mutations, as well as an inversion of a considerable 

chromosome segment (Jensen, 1993).  

E. coli B has been a model strain for studying recombinant protein expression in 

laboratories as well as in the biotech industry. B strain and its derivatives have several advantages 

such as low acetate accumulation under high glucose concentration, specific protease 

deficiencies and high OM permeability, making them desirable hosts for expression of protein 

therapeutics. Since its original use, the B strain has been modified and engineered to create 

additional strains, such as BL21(DE3). E. coli BL21(DE3) in combination with T7 based vector 

expression is applied for recombinant protein production (Hoffman et al., 1995). This strain has 

been investigated in detail using DNA microarray, transcriptomic and proteomic analysis with a 

view of improved future process design and operations based on this host (Marisch et al., 2013). 

On the other side, this strain has often been used as whole-cell biocatalyst expressing different 

enzymes for useful biotransformations and generation of important molecules including 

nucleotide sugars (Ryu and Lee, 2013). The BL21(DE3) cells are designed for high-level protein 

expression and easy induction using T7 promotor constructs. These strains are lysogens of 

bacteriophage DE3, a lambda derivative containing the gene for T7 RNA polymerase under 

control of the lacUV5 promotor. Induction with IPTG allows production of T7 RNA Polymerase, 

which then directs the expression of the target gene located downstream of the T7 promotor in 

the expression vector.  

2.3 Fermentation  

To produce recombinant proteins in large quantities, fermentation technology is generally 

applied to increase cell density and protein productivity. Fermentation provides control over key 

chemical, physical and biological parameters that affect cell growth, as well as recombinant 

protein production. These include (but are not limited to) temperature, dissolved oxygen (DO) 

level, pH and nutrient supply. A robust industrial fermentation process would also need to consider 

the composition and cost of the media, feeding strategies and scale-up process.  

2.3.1 Cultivation Techniques 

Different cultivation strategies can be used depending on the purpose of the target 

protein. The simplest way to produce moderate amounts of a recombinant protein is through 

cultivation in shake flasks. Since E. coli is a simple organism, it is also highly amenable for growth 

in 96-deep-well block format. Cultivation for industrial production of a pharmaceutical protein 

product is more preferably performed in a large reactor chamber, a fermenter, where temperature, 

pH, concentration of DO, substrate feed and growth rate can be readily controlled. Three modes 

of process operation  exist for fermenters: batch, fed-batch and continuous (Figure 2.8) (Enfors 

and Häggström, 2000).  
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Figure 2.8 – Three modes of process operation for cultivation of E. coli cells: A – Batch cultivation, B – 

Continuous fermentation and C – Fed-batch fermentation. Hedhammar, 2005.  

 

In batch cultivation, all nutrients required are added to the bioreactor in the beginning of 

the process. After initial adaptation, the cell growth will be exponential until one substrate or other 

compound becomes inhibiting or limiting. The cells are exposed to an ever changing environment 

with decreasing substrate concentrations and enrichment of excreted by-products. The 

unrestricted growth commonly leads to unfavourable changes in the growth medium, such as 

oxygen limitation and pH changes. With this mode, high growth rates are the priority, rather than 

achieving high final concentrations or steady state conditions.   

On the other hand, a continuous culture is fed with complete medium at a constant feed 

rate. Cultivation medium is withdrawn at the same rate as the added medium, to keep a constant 

volume. This mode of process is rarely used for E. coli cultivation in industry.  

When the fed-batch technique was developed in the end of the 19th century, it opened up 

possibilities to reach higher cell densities and, thus, increased productivity. Fed-batch 

fermentation can be considered in two formats: fixed volume or variable volume. In the former, a 

limiting substrate is fed to the culture without diluting the batch, either by use of a high-

concentration liquid or gas (e.g. oxygen), or as part of a dialysis or cyclic fed-batch culture, where 

part of the culture is extracted at a particular time (e.g. when growth conditions cannot be 

maintained any longer) and dilution occurs, reducing the biomass concentration and the 

remainder of the culture is used to restart the growth for another cycle. Variable volume fed-batch 

fermentations see the fermentation volume rising over time due to the application of a substrate 

feed (section 2.3.3), which depends on the objectives of the fermentation. If none of the culture is 

removed until the end of the fermentation this will mean that not all of the volume of the fermenter 

vessel will be used during the whole fermentation and the batch itself will be limited by the 

fermenter volume. 

For industrial bioprocesses, the fed-batch technique is the most commonly used and has 

achieved some of the highest cell concentrations reported in the literature. Knorre et al. (1991) 

developed a high cell density fermentation process that was able to produce E. coli (on a 

glucose/mineral salt medium) up to more than 100 gDCW/L in a fed-batch mode. This cultivation 

strategy prevented oxygen limitation and hence the accumulation of acetate and other metabolic 

by-products. Hu et al. (2004) studied the production of recombinant insulin-like growth factor-2 in 

E. coli BL21(DE3) using fed-batch cultures to achieve a high cell density culture, obtaining a cell 

concentration of 183 gDCW/L after 30 hours of cultivation.  
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Fed-batch fermentations offer many advantages over batch and continuous cultures. The 

removal of volume for product recovery and subsequent dilution in fixed-volume fermentation 

decreases viscosity, which can be especially useful with viscous products. Also, the production 

of toxic by-products that may result from high levels of certain substrates can be avoided. 

Additionally, certain compounds necessary for a successful fermentation can also be supplied in 

this manner. The presence of recombinant strains with an antibiotic marker can be ensured if the 

antibiotic is also supplied in a feed, where otherwise the plasmid may be titrated out or the 

antibiotic efficacy may decrease over time. Where a product expression is induced with a 

compound that itself may be metabolized throughout the fermentation (e.g. lactose), the inducer 

itself can also be fed and may require feeding. On the other hand, others inducers, such as 

isopropyl β-D-1-thiogalactopyranoside (IPTG), can be used to give a one-shot induction. These 

induction systems are described in more detail in section 2.3.6.   

2.3.2 Growth Media 

The fermentation media forms the chemical environment for the cultivation and is 

comprised of a mixture of substrates essential for the cell growth and formation of the desired 

biosynthetic products. The media used to cultivate E. coli usually require several essential 

components, such as a carbon and nitrogen sources, essential salts, minerals and some growth 

factors, in order to reach an optimal cell density.  

In general, three types of media, chemically defined (CD), complex medium and semi-

defined, are used to support bacteria growth. With CD medium, the concentrations of the specific 

nutrients are known and so can be used to control the fermentation. This type of medium is usually 

used when it is important to control the concentration of the various nutrients during the 

fermentation in order to maximise cell growth. Complex media contain nutrients that can vary in 

their make-up, such as peptone or yeast extract. These substrates are not particularly soluble 

which also may limit their inclusion in the initial batch, in favour of being fed in. Semi-defined 

medium is constituted of mostly defined components with very few complex components. 

Additionally, minimal medium is a defined medium with just a minimum amount of chemicals and 

it is commonly used for recombinant protein production in a lab-scale and also production scale 

fermentations (Enfors and Häggström, 2000). Typical minimal medium for recombinant protein 

production fermentation contains mineral salts, trace elements, glucose as a carbon source and 

ammonia as a nitrogen source.  

Currently, semi-defined and complex media are popularly used in industry because they 

offer flexibility and enable both high cell density and protein yields in most production processes. 

The use of protein hydrolysate and yeast extract in the semi-defined and complex media can also 

significantly reduce the cost of raw material when compared to CD medium. Some studies 

demonstrated that these components also help cells to utilise acetic acid during carbon limitation 

and enhance recombinant protein production, particularly during high cell density fermentation 

(Tripathi et al., 2009). However, fermentation using complex ingredients can show inconsistent 

performance that affects product yield and quality because of the lot-to-lot variation associated 
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with poorly defined components. This issue is highly undesirable for protein therapeutics because 

processes are considered an integral part of product definition. In this case, CD medium for 

commercial fermentation becomes a practical alternative.  

Different media compositions result in higher or lower yields depending on the E. coli 

strain, expression system, type of product and physical conditions of running the fermentation. 

So, the composition of the cell growth medium must be carefully formulated and monitored, 

because it may have significant metabolic effects on cells, protein production and its location. For 

example, it is known that the translation of different mRNAs is differentially affected by changes 

in the culture medium (Corisdeo and Wang, 2004). Nutrient composition can affect proteolytic 

activity, secretion and production levels (Bird et al., 2004). Specific manipulations of the culture 

medium have been shown to enhance protein release into the medium. It was found that 

supplementation of the growth medium with glycine enhances the release of periplasmic proteins 

into the medium without causing significant cell lysis (Aristidou et al., 1993). Addition of glycine to 

the growth media in moderate amount (concentration below 0.7%) was observed to enhance 

significantly the release of periplasmic proteins from the cell to the culture broth in a 2.0 L working 

volume fermenter and, thus, to increase the extracellular activities of model enzymes. 

Supplementation of the medium with glycine or Triton X-100 retarded formation of inclusion 

bodies in the periplasm and increased the extracellular production efficiency of recombinant 

proteins (Jang et al., 1999; Kaderbhai et al., 1997; Yang et al., 1998). Glycine has been found to 

induce morphological changes, such as an enlarged spheroidal morphology in E. coli, as it is 

incorporated into peptidoglycan. Glycine supplementation may slightly disrupt peptidoglycan 

cross-linkages and cell membrane integrity. Yang et al. (1998) reported that adding 2% (w/v) 

glycine increases one-hundred seventy-fold the extracellular production of sFV/TNF-α and β-

glucosidase. Li et al. (2010) found that supplementation of 1% glycine at the middle of the 

exponential growth phase of E. coli could promote extracellular secretion of a recombinant α-

cyclodextrin glycosyltransferase (α-CGTase) from Paenibacillus macerans JFB05-01 strain 11-

fold higher than that of the culture in regular terrific broth medium . More recently, Dehghani et al. 

(2014) study the effects of different concentrations of glycine and tween20 (non-ionic detergent) 

on protein leakage from periplasmic space into culture medium. Supplementation of the medium 

with 1.5% (v/v) tween20 and 0.75% (w/v) glycine was show to increase the release levels to the 

culture medium of a recombinant L-asparaginase in E. coli BL21. 

In the course of optimizing the production of various recombinant proteins, Broedel et al. 

(2001) demonstrated that the level of accumulation of a given protein is medium composition-

dependent. They developed a simple media screening based on statistical methods to rapidly 

identify the best available medium for any given recombinant protein in E. coli.  

2.3.3 Feeding Strategies 

The feed strategy used will not only affect the maximal biomass levels attainable, but also 

the specific productivity of the cell. Strategies for the feed can include a linear, stepwise, 

exponential and pH-stat feeding. The linear feed provides a constant flow of certain concentrated 
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nutrients at a predetermined rate, which will stay at the same level despite the increase in overall 

bioreactor volume as the fermentation continues. Stepwise additions of highly concentrated 

nutrients can maintain exponential growth rates as long as the feed rate is increased alongside 

the cellular growth. This is similar to the exponential feeding strategies, where the methodology 

is used to keep the cells growing at a constant, specific growth rate. Exponential feeding is based 

on the principle that as the biomass increases, so do the nutrient requirements and so the feed 

increases at a proportionate rate. Additionally, Kim et al. (2004) suggested a new feeding strategy 

in fed-batch culture to avoid the accumulation of substrate in culture broth. This strategy involves 

the combination of exponential and pH-stat feeding strategies. In this case, 

exponential feeding was stopped whenever a predetermined amount of limiting substrate was 

supplied and then pH change was observed. When pH rose above an upper limit due to the 

depletion of substrate, feeding was restarted. With this new feeding strategy, recombinant E. coli 

could be grown to 101 gDCW/L by controlling the specific growth rate at 0.1 h-1.  

Much work is done on how to determine the addition of the growth-limiting carbon, often 

glucose. This is important as underfeeding will lead to some productivity loss and starvation. 

Overfeeding leads to carbon nutrient accumulation or by-product formation, as acetate. Korz et 

al. (1995) developed a mathematical expression (Eq. 1) for the C substrate feed rate given a 

desired specific growth rate and biomass concentration.  

 

MS(t)=F(t)SF(t)= (
μSet

YX S⁄
+m) X(tF)V(tF)eμSet(t-tF)   1 

 

 

MS: Carbon source mass flow rate (g/h) 

F: Feed flow rate (L/h) 

SF: Substrate concentration in feed solution (g/L) 

μSet: Specific growth rate at a set rate during the feeding (h-1) 

YX S⁄ : Biomass/substrate yield coefficient (gDCW/g) 

m: Specific maintenance coefficient (g/(gDCW.h)) 

X: Cell concentration (gDCW/L) 

V: Culture volume (L) 

tF: Time when feeding begins (h) 

 

 In fed-batch culture, which often is the preferred mode of operation, the feed rate of the 

carbon source can be manipulated to restrict formation of acetate. Typical constraints on the feed 

rate are illustrated in Figure 2.9. 
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Figure 2.9 – Example of restrictions on the carbon source feed rate in a fed-batch cultivation. Akesson et 

al., 2001.  

 

In the early stage of the cultivation, the cell density is low and, thus, the glucose feed rate 

must remain low to avoid overfeeding and acetate production from overflow metabolism. As the 

cells grow, the feed rate can be increased without causing production of acetate, but this implies 

increased oxygen consumption and eventually the maximum oxygen transfer capacity of the 

fermenter may be reached. This will impose another limitation on the feed rate, since it will lead 

to anaerobic conditions if the resulting oxygen consumption exceeds the maximum oxygen 

transfer capacity. Consequently, by keeping the feed rate sufficiently low it is possible to avoid 

accumulation of acetate. On the other hand, choosing a feed rate that is unnecessarily low will 

give a low growth rate and hence a long cultivation time and low productivity. The challenge is to 

keep a high feed rate while avoiding overflow metabolism and anaerobic conditions. 

On-line detection of acetate formation can avoid overflow metabolism using feedback 

control of the glucose feed rate (Akesson et al., 2001). A simple feedback algorithm was 

developed to achieve feeding when the specific glucose uptake rate exceeds a critical value, that 

is, the highest glucose uptake without acetate formation. Dissolved oxygen was controlled by 

manipulation of the stirrer speed. To ensure that aerobic conditions were maintained when the 

maximum oxygen transfer capacity of the fermenter was reached, they try to develop a strategy 

to manipulate the feed rate to maintain a constant DO concentration. However, changes in the 

cell metabolism cannot be distinguished from variations in oxygen transfer. For instance, a 

reduced metabolic activity is interpreted as an improved oxygen transfer and leads to an increase 

feed rate. This can cause overfeeding and acetate formation. As a result, they combined the two 

kinds of feeding strategies. So, even if overflow metabolism is not limiting, no feed increments 

were allowed when the stirrer speed approached its maximum, as the oxygen demand then would 

exceed the oxygen transfer capacity. Between the feedings, when the stirrer speed was 

controlling DO, the feed rate was decreased as long as the stirrer speed was at or close to its 

maximum. In this way, aerobic conditions were assured and, at the same time, overflow 

metabolism can be detected and avoided.  

According to Riesenberg (1991), the theoretical maximum value of total possible biomass 

within fermentation is about 100 gDCW/L for cells growing at a rate of one doubling per hour, which 
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would contain 1.25 × 1015 cells/L. These levels of biomass could not be realistically achieved with 

a normal stirred-tank reactor (STR) and lower values of biomass are often seen in the literature, 

where dialysis reactors have been used to remove acetic acid by-product. The substrate feed rate 

has a direct influence on the biomass concentration in the fermenter. By solving a mass balance 

for fed-batch fermentation, it’s possible to obtain the theoretical maximum value of total possible 

biomass that can be achieved (Eq. 2)  (Strandberg et al., 1994).  

Xmax=
FS

m
      2 

 

Xmax: Maximum possible biomass (gDCW/L) 

FS: Substrate feed rate (L/h) 

m: Specific maintenance coefficient (g/(gDCW.h)) 

2.3.4 Fermentation Conditions 

Temperature, pH and other relevant parameters can affect proteolytic activity, production 

and secretion levels during a fermentation process. E. coli has the maximum specific growth rate 

at 37 °C but in many industrial processes lower temperatures are used to prevent protein 

aggregation and to decrease protease activity. However, growing the culture at a lower 

temperature will significantly slow the growth of E. coli and nutrient uptake, as well as the heat 

produced by the metabolism of the cells. Thus, a longer induction period (e.g. overnight) may be 

necessary to obtain a sufficient amount of recombinant protein. Additionally, a lower temperature 

will slow the rate of protein synthesis, possibly keeping recombinant proteins from saturating 

cellular folding machinery and from aggregation. The optimal temperature for growth is often 

several degrees higher than the optimal temperature for protein production, which may 

necessitate a shift in temperature during the production phase in a fed-batch fermentation. 

In addition to temperature, pH has been noted to have an effect on the optimal production. 

A pH of 7.0 is not always the preferential condition with E. coli. In one study, β-galactosidase 

controlled by the promoter of the bacteriophage λ (λPL), was overexpressed and shifting the pH 

from 7.0 down to 5.4-5.8 resulted in a ten-fold increase of active β-galactosidase accumulation 

(Horiuchi et al., 1994).  

The key to optimising any fermentation process will often lie in the monitoring capability 

of the bioreactor and the software involved. Typically, at production-scale, few on-line 

measurements can be made, as manufacturers will try minimise the number of ports on the 

fermenter to avoid any chance of contamination arising through them. Ideally, an industrial control 

device will be simple, robust and will be based on non-invasive measurements, such as DO (e.g. 

optical and fiber optic oxygen sensors). Of all the fermentation parameters, oxygen uptake rate 

(OUR), carbon dioxide production rate (CPR) and amounts of acid/ base used for pH control can 

be measured on-line at production scales. 

More recently, Process Analytical Technology (PAT) has become more important for 

process development (Read et al., 2010). PAT is a system for the analysis and control of 
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manufacturing processes based on timely measurements of critical quality parameters, 

performance attributes of raw materials and in-process materials. Generally speaking, PAT aims 

to replace the more formal fixed standard operating procedures with a more risk-based 

assessment procedure, which takes into account the importance of each separate aspect of a 

process and their effects upon the quality of the product. Any process improvement that takes 

place during an operation has a risk attached to it and the risk can only be determined if the 

influence of the change on product quality is well understood. As quality of a recombinant 

therapeutic protein cannot be determined on-line, it must therefore be “built in” to the process. 

2.3.5 By-product Acetate Formation 

E. coli cells produce acetic acid as an extracellular co-product of aerobic fermentation 

and which is in the ion acetate form at the neutral pH used in E. coli fermentations. The rate at 

which acetate forms is directly related to the rate at which the cells grow or the rate at which they 

consume the usual substrate (glucose). Acetate is produced when the uptake of the primary 

carbon source is greater than its conversion to biomass and CO2. The rate-limiting aspect of 

metabolism contributing to acetic acid formation by E. coli has been attributed to the electron 

transport system (El-Mansi and Holms, 1989), the tricarboxylic acid cycle (Holms, 1986) or a 

combination of both (Konstantinov et al., 1990). It is known that the amount of acetate produced 

is strain dependent and more than a 3-fold difference in acetate concentrations may occur 

between different strains grown in batch fermentations under identical conditions (Luli and Strohl, 

1990). Additionally, the amount of this acidic by-product is also influence by the growth rate of the 

culture and the composition of the medium. In chemostat experiments, acetate is produced only 

after the growth rate reaches a threshold value (Figure 2.10) that is dependent of the type of 

growth medium (Meyer et al., 1984). The specific production rate of this by-product also changes 

with the growth rate and E. coli cultures produce acetate at a lower growth rate when grown in a 

nutrient-rich medium than in a defined medium (Han et al., 1992).  

 

 

Figure 2.10 – Threshold specific growth rate for acetate production and its relation to oxygen 

consumption. Eiteman and Altman, 2006. 
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 Acetate formation is related to the rate of oxygen comsuption. E. coli can only consume 

oxygen up to a maximum rate and this plateau in oxygen consumption corresponds to the 

threshold growth rate at which acetate formation begins (Figure 2.10). Generally speaking, it is 

important to keep the growth rate (μ) below the critical growth rate (μcrit) level at which acetate will 

form. The value of the threshold growth rate depends on the strain but has been reported in 

defined media to be in the range of 0.14-0.17 h-1 for fed-batch processes (Korz et al., 1995). In 

fed-batch fermentations, the production of acetate is more significant than in batch fermentations 

because of the extended growth phase that allows the acetate to attain higher concentrations. In 

a batch culture growing on glucose, approximately 15% of the carbon input is typically excreted 

as acetate (Holms, 1986). The medium glucose concentration for which acetic acid production 

occurs is 1.5 mM (Kleman et al., 1991).  

 Acetate production is a major limitation as the accumulation of this acidic by-product 

during recombinant E. coli fermentations retards growth even at concentrations as low as 0.5 g/L 

(Nakano et al., 1997) and inhibits protein formation (Koh et al., 1992). Moreover, acetate 

production represents a diversion of carbon that might otherwise had generated biomass or the 

protein product. Acetate becomes more inhibitory to recombinant protein-producing cells than to 

wild-type cells (Koh et al., 1992) and the threshold growth rate for the onset of acetate formation 

is lower (specific growth rate decreased from 0.25 to 0.11 h-1) for cells that are induced to generate 

a recombinant protein (Akesson et al., 1999).  

Several process approaches have been used to reduce acetate formation in E. coli 

bioprocesses, such as the removal of acetate from culture as it is formed, the use of select amino 

acids in medium, the use of a carbon source other than glucose in medium, etc. Regarding the 

first approach mentioned, it is worth of note that the acetate removal does not prevent the 

formation of this by-product and “loss” of carbon. The use of specific amino acids can be strain 

dependent and, thus, this method requires optimisation. The simplest way to reduce acetate 

formation is through the use of glycerol as the carbon source, even at relatively high levels 

(Holms, 1986). Co-utilization of glycerol alongside glucose can also prevent acetate formation 

(Martínez et al., 2008).  

2.3.6 Induction Systems 

When the best conditions for cell growth are different from those for recombinant protein 

production, inducible systems are preferred. The cell machinery is switched onto the production 

of the recombinant protein after the growth phase has finished and, at this time, the induction is 

performed. This happens through the use of promoters and operons embedded within the 

plasmids.  

The first inducible promoter was derived from the lac operon and is called the lac promoter 

(Gronenborn, 1976). In the absence of an inducer, the lac repressor binds to its operator situated 

immediately downstream from the promoter. The lactose analogue, IPTG, inactivates the lac 

repressor that thereby dissociated from its operator and enables binding of the RNA polymerase 

to the promoter and subsequent transcription. The pET system is the most powerful system yet 
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developed for the cloning and expression of recombinant proteins in E. coli and also exploits IPTG 

induction, being tightly regulated (Studier and Moffatt, 1986). The pET plasmid (commercial 

plasmid) has a T7 promoter that endogenous RNA polymerases of E. coli do not recognise. Thus, 

transcription of the gene is therefore not accomplished as long as the plasmid is propagated in 

normal E. coli cells. The plasmid needs to be transformed into a strain (e.g. BL21(DE3)) that 

carries a chromosomal T7 RNA polymerase gene under the control of a lac promoter (Studier and 

Moffatt, 1986). Further suppression of transcription in non-induced cells can be obtained by 

inclusion of a plasmid encoding a T7 lysozyme that degrades T7 RNA polymerase (Studier, 1991). 

Thus, this enzyme can reduce basal activity from an inducible gene for T7 RNA polymerase and 

allow relatively toxic genes to be established in the same cell under control of a T7 promoter. Low 

levels of T7 lysozyme are sufficient to stabilise many target plasmids and yet allow high levels of 

target protein to be produced upon induction of T7 RNA polymerase. Higher levels of lysozyme 

reduce the fully induced activity of T7 RNA polymerase such that induced cells can continue to 

grow and produce innocuous target proteins indefinitely. 

The most common expression systems are the lac and tac promoter systems, being 

induced with IPTG with a concentration in the medium of up to 1 mM. This concentration can be 

dropped down as low as 0.1 mM for the same or better effectiveness.    

One advantage of IPTG is that, since it cannot be metabolised by E. coli, its concentration 

remains constant and it’s easier to assess the effect of the inducer concentration on the 

expression levels achieved. The main drawback of the use of IPTG is simply the cost, far greater 

than that of other potential inducers such as lactose (carbon source) which can also be used with 

lac and lac-derived promoter systems.  However, for the expression of high-value products, the 

cost of the inducer is less of a problem. IPTG can be toxic to humans and may therefore not be a 

good choice in productions of therapeutic proteins. 

In addition to the type of inducer, its concentration, the induction temperature, point of 

induction and duration of induction are factors that affect the production of heterologous proteins. 

A reduced inducer concentration may improve the yield of functional protein, being this achieved 

by reducing the rate at which the protein is formed, which is essential in order to avoid 

overwhelming the export pathway of the host. A reduction in temperature during induction appears 

to improve protein expression by the same mechanism. Short duration induction is favourable 

when product is located in the periplasm and leakage into supernatant, being the ratio of product 

found in insoluble fractions enhanced with induction time (Verma et al., 1998).  

When different recombinant products are desired to be co-expressed, different inducers 

can be used to induce different promoters at desired times. Some promoter systems and 

associated recombinant product can be synthesised via molecular biology techniques.  

2.4 Protein Recovery from the Periplasm 

As mentioned before, numerous recombinant proteins of industrial and pharmaceutical 

importance are secreted to the periplasmic space of E. coli and further transport out of the cell 

rarely happens. Consequently, steps must be taken to release and recover the protein from within 



25 

 

the cell. Many methods were developed for the recovery of proteins from the periplasmic space, 

such as mechanical, physical, chemical, enzymatic and genetic engineering based. 

2.4.1 Mechanical Methods 

The current industrial method of attaining protein release is mechanical disruption that 

leads to cell fragmentation. Mechanical methods such as homogenisation and bead milling offer 

a number of advantages and disadvantages. Advantages include high throughput and, most 

importantly, 100% product release. However, these methods are unable of selective release and 

the cell breakage to fine and small particles creates difficulties in recovery and purification of the 

product. Host cell proteins, DNA, and other undesired contaminants, are very difficult to remove 

and prove that it have been removed, which leads to regulatory difficulties and process validation 

may become less probable.  

High-pressure homogenisation is the commonly used mechanical method at moderate or 

large process volumes. The high-pressure homogeniser is essentially a positive-displacement 

pump that forces cell suspension through a valve. Operating pressures range up to 1500 bar. 

Normally, it is not possible to achieve complete cellular disruption with one single homogeniser 

pass and multiple passes are often employed. Using this technique, cells are subjected to shear, 

turbulence and a rapid pressure drop and cavitation. Since this process generates considerable 

heating of the suspension (typically 2.5 ºC per 10 MPa of operating pressure), the equipment is 

jacketed and cooled at 5 ºC (Desai, 2000). Additionally, heat-transfer capacity can be obtained 

by including internal cooling coils or an in-line heat exchanger, but with considerably more 

difficulty in final cleaning.  

The bead mill consists of either a vertical or a horizontal grinding chamber containing 

rotating discs or impellers mounted on a motor driven shaft to keep the added glass or plastic 

beads moving to supply a grinding action. Normally, a cooling jacket is required to dissipate the 

heat generated. Horizontal units are preferred for cell disruption as the grinding action in the 

vertical units may be reduced by the fluidising effect of the upward fluid flow on the beads. 

2.4.2 Physical Methods  

There are a number of different physical methods used for periplasmic release, such as 

osmotic shock, freeze/thaw and heat treatment.  

The osmotic shock treatment involves suspending cells in a concentrated solution of 

sucrose and ethylenediamine tetraacetic acid (EDTA), and then shifting them to a low osmotic 

pressure medium. The mechanism of selective release may involve the sudden expansion of the 

cytoplasmic membrane against the OM, allowing the release of periplasmic enzymes into the 

external medium. A two-stage process can induce the release of extracytoplasmic enzymes, 

mostly at levels of 90-100%, along with minor levels of usual cytoplasmic enzymes (Anraku and 

Heppel, 1967). This technique was developed for stationary cells, but for cultures in the 

exponential phase where the cells are still regularly dividing, less EDTA is required to 

permeabilise the membranes and less sucrose required for stabilisation (Nossal and Heppel, 
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1966). Osmotic shock is one of the existing methods most widely used for periplasmic release, 

working well on a laboratory scale, but involves too many steps for an efficient large-scale 

recovery process.  

 Johnson and Hecht (1994) developed a method for isolation of recombinant proteins from 

E. coli cells by repeated cycles of freezing and thawing that damage the cell envelope by 

disrupting the integrity of the membranes, leading to the formation of transient pores. This 

technique liberated recombinant proteins from the cytoplasm without causing total destruction of 

the cell, but did not release the bulk of endogenous E. coli proteins, presenting yields ≈50% of 

the recombinant protein in relatively pure form. The freeze/thaw treatment described by Johnson 

and Hecht (1994) is inefficient compared to others methods commonly used to release proteins 

from bacterial cells because it neither releases the entire contents of the cell as in the case for 

total lysis, nor is it limited to the selective release of proteins from periplasm as is the case for OM 

disruption. 

Destruction of the OM permeability by heat treatment is another technique that can be 

used to release periplasmic proteins from E. coli. The cell surface of intact cells of normal wild-

type strain of E. coli has been generally known to be hydrophilic. Rosenberg et al. (1980) showed 

that a LPS-deficient strain of E. coli has a slightly hydrophobic conversion of the cell surface to 

hydrophobicity. Some level of OM proteins in LPS-deficient mutants of E. coli is lost by a 

deficiency in the saccharide chain of LPS molecules, and instead, lipid molecules, which are 

virtually absent in the outer leaflet of the OM of normal cells, appear on the outer leaflet of the 

bilayer. This change may be responsible for the increase in hydrophobicity of the cell surface of 

these mutants. Heat treatment of E. coli cells might also induce a similar disturbance of the OM 

structure, Tsuchido et al. (1985) examined the hydrophobicity of a wild-type E. coli strain surface 

and the release of lipoprotein A (LPA) and alkaline phosphatase from heated (55 ºC) cells. The 

release of part of the OM by heat treatment resulted in the disorganisation of this membrane 

structure and, as a result, in the partial disruption of its permeability barrier function.  

2.4.3 Chemical Treatment 

One alternative to mechanical disruption is to utilise chemicals which interact with the cell 

structure in a manner which causes it to become permeable. Some advantages of this chemical 

process over mechanical disruption include avoiding extensive fragmentation of the cells and 

retainment of nucleic acids inside the cell structure. Normally, this chemical treatment is designed 

for specific systems and is generally unsuitable as large-scale method. The chemicals used in 

chemical disruption of cells are not inert and may have detrimental effects on many recombinant 

protein products or subsequent purification procedures. 

 One example of a chemical method applied to recover a periplasmic protein is the one 

developed by Hettwer and Wang (1989) who examined the potential of guanidine-HCl and Triton 

X-100 to release proteins from E. coli K-12. Guanidine-HCl is a chaotropic agent with the ability 

to solubilise hydrophobic compounds, being responsible for the disruption of the OM, exposing 

the IM to attack by Triton X-100 that is capable to solubilise proteins from this membrane but not 
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from the OM. Consequently, guanidine-HCl and Triton X-100, by interacting with the E. coli cell 

structure, could lead to an effective permeabilisation method. They obtained a yield of proteins of 

40-50% in 0.12 M guanidine-HCl and 2% Triton X-100 with a little release of RNA and DNA. The 

cells remained whole after treatment.  

Following the work of Hettwer and Wang (1989), Naglak and Wang (1990) applied the 

same technique of protein release by chemical permeabilisation to recover a β-lactamase in the 

active form from the periplasm of E. coli C-600. In their experimental work, they used the two 

same agents, guanidine-HCl and Triton X-100, with different modes of action, demonstrating that 

treatment of E. coli cells by guanidine alone could result in 94% recovery and 40-fold purification 

of β-lactamase, which is periplasmically expressed.  

 Novella et al. (1994) showed the extraction of a periplasmic penicillin acylase with 

guanidine and EDTA. They found that 95% of the enzyme was extracted after a 10 mM EDTA 

plus 10 mM guanidine treatment at room temperature for 10 h. 

Some years later, Zhao and Yu (2001) found that a combination of K2HPO4 and Triton X-

100 could be used to release a periplasmic L-asparaginase from ATCC E. coli 11303 cells. They 

used K2HPO4 because is cheaper than guanidine-HCl and does not cause protein denaturation. 

The high level of salt is used to weaken the interactions in LPS on the outer surface, allowing the 

2% (w/v) Triton X-100 to act on the lipid molecules on the inner layer. In addition, this study 

showed that the cells were not physically disrupted, with a release of 60-80% of the cytoplasmic 

membrane proteins.  

Another method developed by Ames et al. (1984) uses chloroform to provide greater 

release levels of periplasmic proteins. However, due to the hazardous nature of this chemical it 

is not suitable for scale-up, as even short exposures can lead to dizziness, fatigue, and 

headaches, whilst higher exposure levels can cause damage to body organs.  

2.4.4 Enzymatic Treatment 

The most widely used enzymatic recovery method is lysozyme/EDTA treatment. 

Lysozyme is the usual component of enzymatic lysis mixtures for E. coli and catalyses the 

degradation of N-acetylmuramic acid-N-acetylglucosamine (NAM-NAG) bonds in the rigid cell 

wall peptidoglycan. Lysozyme penetrates the OM only when E. coli cells are exposed to a mild 

osmotic shock in the presence of EDTA. This agent chelates Mg2+ ions of the OM, destabilising 

it, whilst the lysozyme attacks the peptidoglycan itself, hydrolysing the NAM-NAG bonds. This 

causes the cell wall peptidoglycan to break up and spheroplasts to be formed releasing the 

contents of the periplasm.  

 French et al. (1996) developed a simple enzymatic method to recover a recombinant 

periplasmic α-amylase from E. coli. This method involves the resuspension of the cells in a 

fractionation buffer followed by recovery of the periplasmic fraction and it was viable in scales of 

up to 5 L. The extraction buffer that they used contains 20% sucrose that was necessary during 

the permeabilisation to stabilise the cells and prevent total lysis from occurring. There are some 

disadvantages associated with the use of this method. First, the cost of the pure enzyme has 
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challenged the use of lysozyme in large scale for periplasmic release. Additionally, at large scale, 

the presence of sucrose and lysozyme can have an adverse effect on subsequent downstream 

processing. Sucrose increases the viscosity of the processing stream, reducing the efficiency of 

centrifugation or microfiltration, and lysozyme contaminates the process stream increasing the 

demand on subsequent purification steps. Therefore, to implement this recovery technique, a 

reduction of the amount of used enzyme per unit mass of cells and its removal from the 

periplasmic fraction after lysis are necessary.  

2.4.5 Other Methods of Periplasmic Recovery 

Target proteins can be fused to a carrier protein that is often a native extracellular or OM 

protein. The mechanism by which the fusion passes through this membrane is unknown and host 

factors that influence the transport are not identified. The mechanism of translocation through the 

OM for many fusion proteins is largely unknown, but this strategy is often quite effective. 

Additionally, it is worthy to note that the use of the right fusion partners is very important as it 

determines the efficiency of secretion. Using a carrier protein is a versatile method. However, it 

is often necessary to cleave the fusion partner after secretion to obtain authentic and functional 

proteins. Additionally, the size of the fusion could be a limiting factor of this method because larger 

proteins are, in general, more difficult to pass though the OM.  

The expression of kil gene can alter permeability in the outer cell membrane and, as a 

result, the release of periplasmically expressed proteins into the medium.  As an example, it was 

investigated the effect of kil coexpression on E. coli periplasmic penicillin amidase (PA) (Ignatova 

et al., 2003). It was noticed an increase in both extracellular and total PA activity after 6 h of 

induction.   

Another method explores mutants with defects in OM structures as hosts. Recombinant 

proteins in the periplasm escape into the medium due to increase permeability from defects in 

OM structure. In one extreme case, wall-less E. coli strain or so-called L-forms were used, 

although this type of mutant may be of limited use for large-scale applications due to extreme 

fragility of cells and sensitivity to environmental stresses typical of a larger fermenter (Gumpert 

and Hoischen, 1998). The potential negative effects of membrane mutations on cell growth are a 

possible disadvantage if the target of the mutation is not carefully selected. Interestingly, a single 

lpp gene deletion can significantly increase the OM permeability without eliciting cell lysis (Ni et 

al., 2007). lpp deletion had no significant effect on cell growth, carbon metabolism and fatty acid 

composition, although enhanced permeability of various small molecules. A difference in growth 

pattern was found toward the end of the cultivation. The final cell density was about 20% lower 

than the control strain without deletion. Significantly higher excretion of recombinant protein was 

observed with the lpp deletion mutant. Despite the weakened OM in the mutant strain, cell lysis 

did not occur and increased recovery of periplasmic protein was not due to cell lysis.  

Another method involves the shift of temperature in a culture in order to activate or repress 

a gene. Plasmid pPLc28K1 was constructed containing the gene kil for release of a colicin that 

causes cell death (Steidler et al., 1994). A temperature shift from 28ºC to 42ºC allowed the release 
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of 80% of the periplasmic proteins. Furthermore, whilst a periplasmic marker (β-lactamase) was 

released readily, there was no release of the cytoplasmic marker enzyme β-galactosidase. 

2.5 Antisense Modulation of Gene Function in Microorganisms 

The antisense technology was discovered more than 25 years ago, when Zamecnik and 

Stephenson (1978) reported that an oligonucleotide complementary to the 3’ end of the Rous 

sarcoma virus (RSV) could block viral replication in chicken fibroblasts. With this study, they 

demonstrated that a short chain of synthetic DNA complementary to a defined sequence of 

nucleotides on a targeted mRNA could bind specifically to that mRNA and selectively inhibit 

translation into protein. The result was effectively to block gene expression. 

Despite the novelty and potential implications of these results, they received little attention 

in the scientific community. A key question had to be answered before others would begin to take 

notice: how would these synthetic oligonucleotides get inside cells and where could they trigger 

this antisense mechanism? This remains a topic of active discussion even today.  

The recognition that it would be possible to selectively supress a foreign gene without 

affecting the host cell machinery re-energised the field of antisense in the mid-1980s. A series of 

articles appeared from Zamecnik's group and the antisense mechanism of gene silencing became 

the basis for new avenues of research, therapeutic drug discovery and an industry sector focused 

on producing synthetic oligonucleotides with chemical modifications to enhance their function, 

stability and delivery.  

2.5.1  Antisense Technology Concepts 

Antisense inhibition involves a single-stranded chemically modified DNA-like molecule 

that is designed to be complementary to a selected mRNA. This binding forms an RNA dimer in 

the cytoplasm and halts protein synthesis. This occurs because the mRNA no longer has access 

to the ribosome and because dimeric RNA is rapidly degraded in the cytoplasm by ribonuclease 

H. Therefore, the introduction of short chains of DNA complementary to mRNA will lead to a 

specific diminution, or blockage, of protein synthesis by a particular gene. In effect, the gene will 

be turned off. The specificity of the antisense approach is based on the fidelity of Watson-Crick 

hybridisation and on estimates that a particular sequence of 17 bases in DNA occurs only once 

within the human genome. The majority of antisense RNAs (asRNAs) are complementary to the 

ribosome binding site (RBS) and also encompasses the Shine-Dalgarno sequence, thereby 

physically blocking binding of the ribosome and the translation that would usually follow 

(Good,2003). The antisense inhibition mechanism is described in Figure 2.11, where a plasmid 

was modified with an antisense insert.  
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Figure 2.11 - Overview of the general antisense inhibition mechanism. Gibbons, 2012. 

 

According to Re (2000), sufficient amounts of antisense oligonucleotide must be 

administered to the vicinity of target cells and, more importantly, must be taken up by those cells. 

Additionally, the antisense oligonucleotide should have a long enough half-life within the cell to 

successfully impair mRNA translation into protein over a significant period of time and must also 

be non-toxic and sufficiently specific to not interfere with other cellular functions. In many 

applications, these hurdles have been overcome and antisense technology has developed into a 

productive branch of biology. 

2.5.2 Naturally Occurrence of Antisense RNAs  

Naturally occurring asRNAs are found in all three kingdoms of life, but most examples are 

found in bacteria. The first natural asRNAs were discovered in 1981, when it was found that small 

plasmid-encoded RNA regulators control the copy numbers of the E. coli plasmids ColE1 and R1, 

respectively (Tomizawa et al., 1981) (Stougaard et al., 1981). Antisense RNAs are small, 

diffusible, highly structured RNAs that act via sequence complementarity on target RNAs called 

sense RNAs. In the classical case, asRNAs are encoded in cis, i.e., they are transcribed from a 

promoter located on the opposite strand of the same DNA molecule, and are, therefore, fully 

complementary to their target RNAs. However, over the past years, a number of asRNAs were 

detected that are encoded in trans, reveal only partial complementarity to their target RNA and 

have more than one target. Naturally occurring asRNAs are between 35 and 150 nucleotides long 

and comprise between one and four stem-loops. In prokaryotes, asRNA regulated systems have 

been mostly detected in so-called accessory DNA elements like plasmids, phages or transposons 

and only few have been found to be of chromosomal origin (Tomizawa et al., 1981) (Stougaard 

et al., 1981).  
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2.5.3 Synthetic asRNAs and Construction 

Synthetic antisense sequences are a way to explore the natural mechanisms and 

translate them to the laboratory. RNA sequences can be designed (artificial mRNA-interfering) to 

be expressed and inhibit a particular complementary mRNA sequence. The first use of such 

antisense technology was by Coleman et al. (1984), using as target the lpp gene. This was the 

work that first put forward the idea that avoid contact with the RBS would provide the most 

effective inhibition (Stefan et al., 2003).  

Artificial asRNAs have been synthesised for applications in two general areas. The first 

is in fundamental research where the introduction of antisense oligonucleotides can help 

determine the role of a specific gene in a specific physiological process. A second application of 

this technology, and one that is potentially of more immediate relevance to the practicing 

physician, is the use of this technology in therapy.  

The most effective manner for blocking mRNA expression involves blocking the 5’ end of 

a gene, in particular the Shine-Dalgarno sequence and the RBS. These regions can be cloned in 

the antisense orientation by reversing and complementing their direction. These sequences can 

then be placed onto a plasmid with a suitable promoter. This allows for the expression of the 

antisense RNA to be switched on by induction of the promoter when it is deemed necessary 

during the growth of the cell culture hosting such plasmid. At this point, the antisense RNA 

generated forms a duplex with the mRNA and stops the translation of the target gene. 
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3 Materials and Methods 

Chemicals, enzymes, media and antibiotics were supplied by Sigma-Aldrich, Invitrogen, 

Merck, VWR International, Fisher Scientific and New England BioLabs. Sterilisation of materials 

and media was achieved through autoclaving at 121 ºC for 20 min. Some solutions, such as 

antibiotics, were filtered through a 0.2 µm sterile filters (Millipore).  

3.1 Bacterial Strains and Plasmids 

The E. coli strains W3110 (F- λ- rph-1 INV(rrnD, rrnE)) and BL21(DE3) (F- ompT gal dcm 

lon hsdSB(𝑟𝐵
−𝑚𝐵

−) λ(DE3 [lacI lacUV5-T7 gene 1 ind1 sam7 nin5])) were used in this study and 

were obtained from the UCL Department of Structural and Molecular Biology. The plasmids used 

were pQR187, pMMB66EH and pJ411. 

The plasmid pQR187 is used for the production of the recombinant α-amylase and is a 

derivative of the plasmid pQR126. The plasmid pQR126 (7.8 kb) itself is the ColE1-derived 

pBGS19- with the addition of a 3.4 kb HindIII/PstI fragment encoding the Streptomyces 

thermoviolaceus amy gene excised from pQR300 (Figure 3.1).  

 

 

Figure 3.1 – Linear map of plasmid pQR126, showing its construction from pQR300 and including 

diagrammatic arrows that represent the direction of transcription from the lacZ promoter and orientation of 

the α-amylase gene. French et al., 1996.  

 

It is known that the gene coding for the protein, carried by a 5.7 kb BamHI chromosomal 

DNA fragment isolated from S. thermoviolaceus strain CUB74, was previously cloned into E. coli 

JM107 using, as cloning vector, the high-copy-number plasmid pUC8 and that pQR300 is 

resulting from the combination of the pUC8 plasmid and the insert (amy gene) (Bahri and Ward, 

1990).  

In pQR126 construction, a 150 bp region of DNA upstream of the amy gene, which 

encoded the nature α-amylase promoter, was removed. So, the distance between the lacZ 

promoter of the vector and the translational site of the α-amylase gene was reduced, increasing 

the production of this protein by 5-fold compared to the original construct pQR300 (French et al., 

1996). This constructed plasmid encodes kanamycin resistance and the α-amylase expressed 

has a molecular weight of 47 kDa.  
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The plasmid pQR187, used in this project, was constructed by Professor John Ward 

(UCL) and derives from pQR126. However, additionally, contains a PstI/EcoRI 200 base cer 

fragment of pKS450 (derivative of pUC9 containing the fragment cer) (Summers and Sherratt, 

1984). The cer fragment imparts segregational stability to the plasmid (French and Ward, 1995) 

so that antibiotics are not needed to ensure stable carriage of the plasmid by the E. coli strain.  

The plasmid vector selected for the insertion of antisense sequences was pMMB66EH 

(8807 bp). The plasmid and some of the key features are illustrated in Figure 3.2. This plasmid is 

an expression vector that contains a RSF1010 replicon, tac promoter, lacIq repressor and bla 

gene for antibiotic selection with ampicillin. The RSF1010 replicon allows pMMB66EH to be used 

alongside plasmids with other replicons such as the pQR plasmids (like the pQR187). The EH 

suffix of this plasmid refers to the orientation of the EcoRI and HindIII lac Z restriction sites in the 

multiple cloning site (MCS). 

 

 

Figure 3.2 – Map of the PMMB66EH plasmid. Some key features include: 8807 bp, ampicillin promoter 

(482 – 510) and ampicillin bla gene (552 – 1412), lacIq repressor (8437 – 7347), tac promoter (8737 – 

8765), multiple open reading frames (ORF) and the MCS, starting with EcoRI at 8805 and ending with 

HindIII at 28. Website 3.  
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The Lpp antisense was ordered to be made by the company DNA 2.0 by Professor John 

Ward (UCL), being carried in the pJ411 vector. The plasmid and some of the key features are 

illustrated in Figure 3.3. The gene of Lpp antisense (LppA) will be digested and ligated into 

pMMB66EH for purpose of this study. Plasmid pJ411 encodes for kanamycin resistance and has 

no further application in this project and simply served as a carrier of the LppA antisense from the 

manufacturing company to the university. This plasmid with the antisense fragment will be used 

later in the process of antisense plasmid construction.  

 

 

Figure 3.3 – Map of pJ411 vector with Lpp antisense. Picture provided by John Ward (UCL). 

 

3.2 E. coli Cultures 

 Strains were maintained on LB agar plates supplemented with 20 µg/mL kanamycin or 

100 µg/mL ampicilin. Starter cultures were prepared by inoculating 50 mL sterile complex medium 

with 2-3 colonies from a fresh agar plate and incubated overnight (17 h) at 37 ºC and 250 rpm. In 

shake flask cultures, 100 mL complex media was inoculated at 10% (v/v) and shaken (250 rpm) 

in 1 L shake flask for 3 h at 37 ºC. Then, 500 mL defined media was inoculated at 10% (v/v) and 

shaken (250 rpm) in 2 L shake flask and left overnight (17 h).  
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3.2.1 Fermentation in New Brunswick bioreactors 

The New Brunswick bioreactors (Figure 3.4) (4 L working volume) were used to culture 

E. coli W3110 and BL21(DE3) with and without the production plasmid pQR187. Bioreactor 

cultures were inoculated with a 10% (v/v) shake flask culture and grown at 32 ºC (growth 

temperatue) or 28 ºC (production temperature) in defined media. The defined medium 

composition and fermentation conditions are present in Table 3.1 and Table 3.2. 

                                  

Figure 3.4 – New Brunswick 7 L bioreactor and control system. 

 

Table 3.1 – Defined medium composition used in New Brunswick 4 L fermentations for growth profiles and 

α-amylase production studies (Bowering et al., 2002). 

Element Concentration (g/L) 

(NH4)2SO4 5.0 

Citric acid 5.0 

KCl 3.9 

NaH2PO4 3.3 

MgSO4. 7H2O 0.7 

Fe𝐶𝑙3. 6H2O 9.7 × 10−2 

CaCl2. 6H2O 5.0 × 10−2 

CoSO4. 7H2O 4.0 × 10−2 

ZnSO4. 7H2O 2.5 × 10−2 

MnSO4. 4H2O 2.0 × 10−2 

CuSO4. 75O 5.0 × 10−3 

H3BO3 3.0 × 10−4 

NaMoO4 2.4 × 10−4 

  

Polypropylene glycol (PPG, 25% v/v) 1.0 mL/L 

Glycerol  3.0% (w/v) 

Kanamycin 20 μg/mL 
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Table 3.2 – Running conditions of the New Brunswick 4 L fermentations for growth profiles and α-amylase 

production studies. 

 

 

 

 

 

 

 

 

 

3.3 Cell Growth Measurement 

To measure cell growth, the optical density of 1 mL samples was measured in triplicate at 

600 nm (OD600). For levels of growth in excess of absorbance equal 1, samples were diluted with 

distilled water. Distilled water was also used to provide a blank measurement. For DCW 

measurements, triplicate 1 mL Eppendorf tubes were placed in the incubator at 100 ºC for 24 h, 

to achieve maximum dryness. The weight of the empty dried tubes was measured and recorded. 

1 mL sample was added to the dried test tubes and centrifuged at 13000 g for 10 min. The 

supernatant was discarded and the tubes were placed in the incubator in the same set conditions 

for more 24 h. Finally, the weight of the tube plus pellet was measured and recorded. The DCW 

is obtained subtracting the weight of tube plus pellet to the dried tube weight.  

3.4 Cell Fractionation (Periplasmic Extraction) 

From fermentation samples, 1 mL was reserved for cell fractionation purposes. These cells 

were transferred to sterile microfuge tubes and centrifuged at 13000 g for 5 min. The supernatant 

was removed and transferred to clean microfuge tubes, referred to as the supernatant fraction. 

The pellet was resuspended in 200 µL of cold extraction buffer, containing 20% sucrose, 1mM 

Na2EDTA, 200 mM Tris.HCl and 500 µg/mL lysozyme (French et al. 1996). Lysozyme was added 

to the extraction buffer immediately before its use. After vortex and incubation at room 

temperature (25 ºC) for 15 min, 200 µL of distilled water were added to the extract, vortex and left 

another 15 min at the same temperature. The mixture was vortex again and centrifuged in the 

same set conditions for more 10 min and the resulted supernatant was collected for later analysis, 

referred to as the periplasmic fraction. To resuspend the remaining pellet, 500 µL of 50 mM cold 

Tris.HCl previously prepared was added, mixed under vortex and placed on ice. Samples were 

taken for sonication using a small probe with 5 cycles of 10 s sonication and 10 s cooling before 

final centrifugation with the previous settings for 10 min. The supernatant was collected into a 

clean tube and referred to as the cytoplasmic fraction. 

Running Conditions  

pH: 7.0  

Aeration of the vessel: 1 vvm (without O2 enrichment) 

Dissolved oxygen tension (DOT): 35% 

Stirrer speed:  500 - 1200 rpm 

IPTG final concentration: 1 mM 

Semi fed-batch 120 mL 80% glycerol added after induction 

(constant flow rate) 
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3.5 α-amylase Activity Assay 

α-amylase activity was measured by monitoring the rate of decrease of a coloured 

starch/iodine complex using a modified version of the Blanchin-Roland and Masson (1989) assay. 

A solution of 0.25% (w/v) soluble starch in 15 mM Na3PO4 buffer (pH 5.8) was heated to boiling 

point and filtered whilst hot through No. grade 1 filter paper (Whatman, Kent, UK) before being 

incubated in a 50 ºC water bath. For each sample to be measured for amylase activity, 950 µL of 

the starch solution were transferred to microfuge tubes within the water bath before the addition 

of 100 µL of the clarified cell fractions with stirring. Aliquots (50 µL) were removed at various time 

points over a 90 min period and transferred to cuvettes containing 1 mL iodine solution, thereby 

stopping any reaction. The iodine solution was freshly prepared by adding 200 µL 2.2 % I2/4.4 % 

KI (w/v) into 100 mL of 2% (w/v) KI solution. One unit of enzyme activity corresponds to the 

hydrolysis of 143 µg/min of soluble starch at 50 ºC.   

3.6 Transformation of Plasmids 

Competent cells (50 µL from -80 ºC cell bank) were thawed on ice. Two microliters of 

plasmid DNA (pDNA) (usually 20 ng – 100 ng of the target pDNA) were added to the cells and 

incubated on ice for 30 min. Cells were incubated in a water bath at 42 ºC for 60 s and put back 

on ice for more 5 min. LB (900 µL) was added and the mixture was incubated for 2 h at 37 ºC and 

250 rpm. In order to increase colony number, a concentration step was performed where the cells 

were centrifuged at 13000 g for 45 s. After centrifugation, 600 µL of LB were removed and the 

solution was resuspended. In the end, 100 µL of the transformed cells were spread onto one LB 

agar plate with the appropriate antibiotic (ampicilin or kanamycin) for colony selection and were 

left to grow overnight at 37 ºC.  

3.7 Plasmid Extraction (Mini and Maxipreparation) 

For the minipreparation procedure, 5 mL of cells (containing the pDNA) were grown in LB 

overnight at 37 ºC and 250 rpm before being pelleted by centrifugation. The standard protocol of 

the QIAprep Spin Miniprep Kit (cat. nos. 27104 and 27106) (annex section 7.1.1) was followed 

and, to complete the procedure, the pDNA was eluted into 50 µL of buffer EB (Elution buffer, 10 

mM Tris-Cl pH 8.5). For the maxipreparation procedure, with low-copy number plasmids, 250 mL 

shake flask cultures were grown up overnight and samples pooled together to process 500 mL 

samples simultaneously following the low-copy number QIAGEN-tip 500 protocol (annexes 

section 7.1.2). Elution of pDNA was performed into 15 mL of the Buffer QF (1.25 M NaCl, 50 mM 

Tris.HCl pH 8.5, 15% (v/v) isopropanol) provided with the kit, before being precipitated with 

isopropanol. Then, the pDNA was dissolved into 200 μL of TE buffer (10 mM Tris.Cl, pH 8.0, 1 

mM EDTA) provided with the maxipreparation kit (cat. nos. 12162, 12163 and 12165).  
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3.8 DNA Concentration Measurements 

To determine the amounts of DNA present in samples containing plasmids or other DNA 

sections, the Nanodrop (Thermo Scientific, Massachusetts, USA) spectrophotometer was used. 

The stage of the Nanodrop sampler was first washed with sterile distilled water before 2 µL of 

buffer EB were added to the sampler to provide a blank baseline. The absorbances were 

measured at 260 nm and the Beer-Lambert equation was used to convert this to nucleic acid 

concentration (single or double stranded nucleic acids) in terms of ng/µL.  

3.9 Restriction Digests 

Restriction digests have been carried out to check for the presence of a specific piece of 

DNA (analytical digests) or to obtain larger amounts of DNA for subsequent work processes (bulk 

digests). Analytical digests were performed with the following mixture: 

 

 2 μL pDNA 

 1 μL Restriction enzyme EcoRI 

 1 μL Restriction enzyme HindIII 

 1 μL 10 x Reaction buffer 

 Up to 5 μL TE buffer 

  

This gave a total volume of 10 μL. The mixture was then incubated for up to 3 h at 37°C. 

Bulk digests were also performed for a total of 50 μL and the components scaled up accordingly. 

Restriction enzymes EcoRI and HindIII were heat inactivated at 80 ºC for 20 min.  

3.10 Agarose Gels Electrophoresis and DNA Extraction 

Electrophoresis was performed using 1% (w/v) agarose gels in Tris/Borate/EDTA (TBE) 

buffer, already prepared and available in the laboratory. Agarose powder was dissolved in TBE 

by boiling and, after cooling, ethidium bromide was added to a final concentration of 0.5 µL/mL. 

The pre-gelified solution was poured into a casting tray containing a comb which provided wells 

of the required size. When the gel had set, the comb was removed and the gel submerged in TBE 

buffer. Electrophoresis was performed at 100 V for 1 h. The gel was visualised using a short wave 

UV light transilluminator and photographer with UVband software. For DNA extraction from 

agarose gel, the standard QiaQuick Gel Extraction Kit (cat. nos. 28704 and 28706) protocol 

(annexes section 7.1.3) was followed. The DNA fragment was excised from the agarose gel and 

was eluted with 30 µL of Buffer EB (10 mM Tris.Cl, pH 8.5). 

  



40 

 

3.11 Dephosphorylation  

To minimize recircularization of the cloning vector, dephosphorylation of pDNA was 

performed using the Thermo Scientific kit (Catalog number: EF0654, annexes section 7.1.4). 

FastAP is a novel alkaline phosphatase that dephosphorylates all types of DNA ends in 10 min 

at 37°C and is inactivated in 5 min at 75°C. One unit of FastAP Thermosensitive Alkaline 

Phosphatase was added to the digest for every pmol of pDNA with 3 kb. Generally, this translated 

to 1 μL of enzyme stock for 10 min for every 3 kb of plasmid. Thus, with a 9 kbp plasmid, the 

solution was safely left for 30 min to dephosphorylate, before inactivation of the enzyme at 75°C. 

3.12 Ligation 

3.12.1 Quick DNA Ligation 

For fast DNA ligations, these were performed using the quick ligation kit (New England 

Biolabs - NEB, catalogue number M2200S, annexes section 7.1.5). For a 10 μL ligation mixture, 

0.5 μL of the quick T4 DNA ligase and 5 μL of 2 x quick ligation reaction buffer were added to a 

mixture of both DNA insert and plasmid vector. Ligations were performed with a 2-fold molar 

excess of insert (insert:vector 3:1 molar ratio), considering 50 ng of vector. The precise masses 

of insert and vector to be used were ascertained using equation 3. 

 

        Insert mass (ng) = Molar Ratio ×
Insert length (bp)

Vector length (bp)
× Vector mass (ng)                  3  

 

With the insert length of 237 bp and the vector length 8.8 kbp, the amount of insert 

required to be added in the correct proportion to the vector was calculated. After the addition of 

the insert and vector, the mixture volume was increased to a total of 10 μL with nuclease-free 

water in a sterile tube. After mixing, the solution was left to incubate at room temperature (25 ºC) 

for 5 min before cooling on ice. Ligase heat inactivation was performed at 80 ºC for 20 min.  

3.12.2 Overnight DNA Ligation 

These ligations were performed using T4 DNA ligase (NEB, catalogue number M0202S, 

annexes section 7.1.6). For a 10 μL ligation mixture, 0.5 μL of the T4 DNA ligase and 1 μL of 10 

x T4 DNA ligase buffer were added to a mixture of both insert and plasmid vector. Ligations were 

performed with a 2-fold molar excess of insert (insert:vector 3:1 molar ratio), considering 50 ng of 

vector. After the addition of the insert and vector in the right quantities, the mixture volume was 

increased to a total of 10 μL with nuclease-free water in a sterile tube. After mixing, the solution 

was left to incubate at 37 ºC overnight instead of being incubated at 16 ºC as recommended by 

the ligation kit protocol. Ligase heat inactivation was performed at 65 ºC for 10 min.  
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4 Results and Discussion 

4.1 Production and Quantification of α-amylase within E. coli 

4.1.1 Introduction  

The experimental work developed in this project began with the investigation of α-amylase 

production within E. coli W3110 and BL21(DE3) strains. For production of this protein, the two 

used E. coli strains were transformed with pQR187 plasmid (section 3.6). The aim was to grow 

these strains at levels varying from shake flasks to fermenters and fractionated different culture 

samples (section 3.4) into cytoplasmic, periplasmic and extracellular fractions, to provide a way 

of comparing the α-amylase activity (section 3.5) in each fraction.  

Before α-amylase production studies, the growth characteristics of the two used E. coli 

strains were obtained and they are shown in the next section.  

4.1.2 Growth Profile of E. coli W3110 and BL21(DE3)  

The growth characteristics of E. coli W3110 and BL21(DE3) strains were determined by 

running 4 L (working volume) fermentations without any transformed plasmid. The seed chain 

prior to inoculation of the fermenter and fermentation conditions are described in sections 3.2 and 

3.2.1, respectively. To determine the growth profiles of the two used strains, samples were taken 

from the two bioreactors at different times followed by OD measurement at 600 nm. The growth 

profiles after 60 h of culture are illustrated in Figure 4.1. 

 

 

 

 

The two working strains show similar growth profiles with minor differences that are 

important to refer. One relevant difference is the drop in cell density after the exponential phase, 

being this drop higher for BL21(DE3) in comparison with W3110 that has an insignificant drop. 

Additionally, both strains reach the OD peak at almost the same time (after ≈ 22 h post 

inoculation). The alternation of the type of nutrient may be responsible for the slight increase of 

OD600 after the cell density drop. The medium carbon source (glycerol) is the initial nutrient and, 

Figure 4.1 - Growth profiles of E. coli W3110 (left) and BL21(DE3) (right) strains cultured in 4 L 

fermentation for 60 h. Data points are average of triplicate samples. 
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later, the bacteria started to synthesise enzymes to break down proteins that may be present after 

death of other cells for growth. Another observation is that, in the end of the 60 h of culture, the 

OD600 is slightly higher for the W3110 strain.  

4.1.3 α-amylase Expression in E. coli W3110-pQR187 

Growth of E. coli W3110 transformed with pQR187 was studied in 4 L fermentation during 

50 h. The seed chain prior to inoculation of the bioreactor and fermentation conditions were similar 

to that described in the previous section with the exception that, in this particular case, the defined 

medium used was supplemented with kanamycin. To determine the growth profile of E. coli 

W3110-pQR187, samples were taken from the fermenter at different times followed by OD 

measurement at 600 nm and DCW analysis (section 0). Results are illustrated in Figure 4.2.  

 

 

 

 

The point of induction occurred at DOT spike which is after 24 h of culture. This point was 

selected for induction because it the highest cell density that can be achieved with the given 

amount of nutrients in the media. Therefore, in order for the metabolism and protein production 

carry on, a shot of glycerol was added to the bioreactor immediately after induction (section 3.2.1), 

being responsible for the prominent “dip and rise” observed in the cell growth profile. 

At this point, it is interesting to compare the growth profile of E. coli W3110 with and without 

the plasmid pQR187 (Figure 4.3). As expected, E. coli W3110-pQR187 shows a growth profile 

different from the one obtained for the non-transformed strain. Considering that both inoculums 

were in exponential phase, a smaller lag phase and OD peak are observed for the transformed 

strain. While plasmid presence was shown to have minor influence on the final OD (OD600 ≈ 37), 

induction led to a marked reduction of the cell growth. Possibly, the cells still had substrate and 

growth potential, but induction leads to nutrient consumption for α-amylase production instead of 

cell growth.  

Figure 4.2 - Growth profile (left) of E. coli W3110-pQR187 cultured in 4 L fermentation for 50 h and DCW 

analysis (right).  Induction was performed with 1 mM IPTG after 24 h of culture as indicated by the arrow.  

Data points are average of triplicate samples. 
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Figure 4.3 – Comparison of the growth profiles of E. coli W3110 with and without the production plasmid 

pQR187 cultured in 4 L fermentation. Data points are average of triplicate samples. 

  

All the samples taken from the fermenter during E. coli W3110-pQR187 culture were 

fractionated and assayed for α-amylase activity. The results are present in Figure 4.4.  

 

 

  

 

In Figure 4.4 (left), the enzyme production profile can be seen with emphasis on its location 

for the main accumulation. It is absolutely key to be able to show that a periplasmically expressed 

protein accumulates in the periplasm because any E. coli strain modification aiming to release 

periplasmically accumulated products can therefore be confidently illustrated. Figure 4.4 (right) 

shows that most of the product accumulates in the periplasm and not much of it is secreted into 

the medium. Furthermore, it shows that minor amylase activity was achieved even prior to 

induction which suggests that the plasmid is transcribed and translated from the beginning of the 

culture. The amount of amylase activity post induction in cytoplasm and supernatant remains 

relatively constant and equal to 100 (18%) and 25 U/OD600 (5%), respectively, as opposed to the 

activity observed in the periplasmic fraction that increases significantly and progressively with 

cultivation time. By the end of the fermentation, the total amylase production was ≈ 550 U/OD600, 

wherein ≈ 425 U/OD600 (77%) of it was present in the periplasmic fraction. Longer cultivation times 

should be investigated in the future.   

Figure 4.4 – Specific amylase activity (left) and respective comparative levels (right) in the 3 fractions of 

E. coli W3110-pQR187 cultured in 4 L fermentation for 50 h. Induction was performed with 1 mM IPTG 

after 24 h of culture as indicated by the arrow.  Data points are average of triplicate samples. 
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4.1.4 α-amylase Expression in E. coli BL21(DE3)-pQR187 

For study of the α-amylase production within E. coli BL21(DE3) transformed with pQR187, 

the same experimental work was developed. The growth of this strain was also studied in 4 L 

fermentation during 50 h, where the seed chain prior to inoculation and fermentation conditions 

were similar to that described for E. coli W3110-pQR187 culture. To determine the growth profile 

of E. coli BL21(DE3)-pQR187, samples were taken from the fermenter at different times followed 

by OD measurement at 600 nm. The growth profile and DCW analysis are illustrated in Figure 

4.5.  

 

 

 

 

Interestingly, there is no “dip and rise” in the cell growth profile after induction as was seen 

with the E. coli W3110-pQR187 strain. This last strain goes to stationary and death phase after 

running out of nutrients more alertly than transformed E. coli BL21(DE3) that takes longer time to 

switch mode when there are no more glycerol. Thus, when more glycerol is added at 

induction/DOT spike, no change in pattern of growth profile was notable.  

The growth profiles of the two transformed strains are different after ≈ 30 hours of culture. 

For E. coli W3110-pQR187 it is rather steady and continues with a slight upwards trend and for 

BL21(DE3)-pQR187 it is starting to continue downwards.  

Comparison of the growth profile of E. coli BL21(DE3) with and without the plasmid 

pQR187 is present in Figure 4.6. As expected, E. coli BL21(DE3)-pQR187 shows a growth profile 

different from the non-transformed strain. Considering that both inoculums were in exponential 

phase, a smaller lag phase and a higher OD peak are observed for the transformed strain, being 

this last behaviour opposite to that observed for the transformed E. coli W3110 (Figure 4.3). 

Additionally, by the end of the fermentation, the OD is higher for the transformed strain.  

 

 

Figure 4.5 - Growth profile (left) of E. coli BL21(DE3)-pQR187 cultured in 4 L fermentation for 50 h and DCW 

analysis (right).  Induction was performed with 1 mM IPTG after 24 hours of culture as indicated by the arrow.  

Data points are average of triplicate samples. 
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Figure 4.6 - Comparison of the growth profiles of E. coli BL21(DE3) with and without the production 

plasmid pQR187 cultured in 4 L fermentation. Data points are average of triplicate samples. 

 

 All the samples taken from the fermenter during E. coli BL21(DE3)-pQR187 culture were 

fractionated and assayed for α-amylase activity. The results are present in Figure 4.7. 

 

 

 

 

As observed in Figure 4.4 for transformed E. coli W3110, most of the product accumulates 

in the periplasm of transformed E. coli BL21(DE3) and not much of it is secreted into the medium 

(Figure 4.7). Once again, it can be observed that amylase activity was achieved even prior to 

induction which shows that the plasmid is transcribed and translated from the beginning of the 

culture. By the end of the fermentation, the total amylase activity obtained was ≈ 575 U/OD600, 

wherein ≈ 375 U/OD600 (9%) of it was present in the periplasmic fraction. Post induction, the 

activity observed for the periplasmic fraction increases significantly and continues to rise. 

However, in the end of the fermentation, this activity seems decelerate. The amount of amylase 

activity post induction in supernatant remains relatively constant and equal to ≈ 50 U/OD600. 

Comparing the results obtained for the two transformed strains, the amylase activity in the 

supernatant of E. coli BL21(DE3)-pQR187 is notably higher. This may be interpreted such that 

this strain is more willing to allow periplasmically expressed products to escape into the medium. 

Figure 4.7 – Specific amylase activity (left) and respective comparative levels (right) in the 3 fractions of E. coli 

BL21(DE3)-pQR187 cultured in 4 L fermentation for 50 h. Induction was performed with 1 mM IPTG after 24 

hours of culture as indicated by the arrow.  Data points are average of triplicate samples. 
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4.2 Creation of Antisense Strains 

4.2.1 Introduction  

In the previous chapter, the levels of the periplasmic protein α-amylase in E. coli were 

examined to determine the activity of the enzyme within the supernatant, periplasm and 

cytoplasm. A vast majority of the protein was retained within the periplasmic space, rather than 

being release into the supernatant.  

This section describes the creation of an antisense plasmid to go alongside with the α-

amylase production plasmid within E. coli and to inhibit the synthesis of the major outer membrane 

protein, Lpp, increasing the membrane permeability and allowing extracellular release of the 

periplasmic protein.  

4.2.2 Strategy for Antisense Development 

The strategy for developing the antisense constructs aims to create a plasmid with a region 

of around 200 bp encoding the antisense region that can be activated with a suitable inducing 

agent such as IPTG. In order to achieve this, the antisense region must be obtained and inserted 

into an appropriate plasmid vector. The Lpp antisense fragment was already designed and 

supplied in the pJ411 vector at the start of the present work. In general, the plan was to digest 

the antisense-Lpp DNA from the carrier plasmid pJ411 and ligate it into pMMB66EH before E. 

coli TOP 10 transformation for pMMB66EH-Lpp stocks production. The series of processes 

required to obtain the final antisense plasmid is described in Figure 4.8. 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

Figure 4.8 – Flow chart depicting the sequence of experiments required to obtain the antisense plasmid. 
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 For antisense plasmid development, the experimental work began by culturing overnight 

E. coli TOP10-pJ411-Lpp and TOP10-pMMB66EH. These strains were obtained from glycerol 

stocks created by John Ward (UCL) and available for use. 

Plasmid pMMB66EH has a low copy number and, consequently, generating sufficient 

levels of the pDNA was difficult with low yields resulting from cultures. Initial minipreparation 

procedures (section 3.7) and subsequent Nanodrop (section 3.8) examinations showed 

concentrations of, at most, 20 ng/µL with little no bands visible on agarose gels. Thereby, pDNA 

was obtained by a maxipreparation procedure (section 3.7) and digested with EcoRI and HindIII 

(section 3.9). The gel of DNA digests is present in Figure 4.9. 

 

 

 

 

 

 

 

 

 

 

  

 

The Lpp fragment and the pMMB66EH open vector were extracted from the gel (section 

3.10) and before subsequent ligation, plasmid DNA dephosphorylation (section 3.11) was 

performed to minimise recircularization of the linearized vector. The quick ligation was then 

allowed to proceed (section 3.12.1). Although it is prudent to carry a gel after ligation for 

confirmation, this was not done and the ligation mixture was directly used for E. coli TOP10 

transformation (section 3.6). For ligation confirmation, 3 Petri dishes with LB-agar supplemented 

with ampicilin were analysed (Figure 4.10).  
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Figure 4.9 – 1% AGE resulting from EcoRI and HindIII restriction of pJ411-Lpp and pMMB66EH. The two ladders, 

100 bp and 1 kb, are presented in the first and last wells, respectively. The gel shows the presence of the antisense 

Lpp fragment (237 bp) and  pMMB66EH plasmid (8.8 kbp). 

pJ411-Lpp 

Duplicates 

10 kbp 

 8 kbp 

Figure 4.10 – Plates resulting from E. coli TOP10 transformation with the ligation mixture (left), the 

non-transformed cells (middle) and the plasmid pMMB66EH uncut (right).  
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As expected, in the plate with non-transformed cells, cell growth was not observed 

because the plasmid conferring the resistance to ampicilin was no present. However, 

unexpectedly, in the plate with the cells containing the plasmid uncut, no colonies were observed. 

The E. coli TOP10 cells used were obtained from cell banks previously prepared and stored at -

80 ºC. The real conditions of competent cells preparation, storing and handling, were not known 

and cell competence could be compromised. More importantly, no colonies were observed in the 

plate resulting from transformation of the pDNA resultant from the ligation step. The non-

competence of the cells was afterwards confirmed by a pUC18 transformation test (small 

commercial plasmid with greater transformation ability). 

Given these observations and the inexistence of more competent E. coli TOP10 cells, it 

was chosen to perform transformation in competent E. coli W3110 and BL21(DE3) strains also 

obtained from cell banks previously prepared and stored at -80 ºC. It should be noted that all the 

competent cells used in this work were already prepared and available for use in the laboratory. 

In this new attempt, the same 2 controls were made and growth was observed in the plate with 

the uncut plasmid, confirming the cells competence. In the plate with the competent E. coli W3110 

transformed with the ligation mixture, it seems that only one cell colony was observed (Figure 

4.11, left). 

      

Figure 4.11 – Plate resulting from agar medium propagation of E. coli W3110 transformed with the ligation 

mixture containing plasmid pMMB66EH with the antisense insert (left) and 1% AGE of the pure plasmid 

DNA recovered from 4 different samples of the E. coli W3110 transformant colony (right). 

 

 Just one viable transformant was obtained. One explanation for obtaining this low 

transformants number can be associated with the rapid ligation protocol used (section 3.12.1). 

Following the ligation procedures indicated in the protocol used in the laboratory, it was chosen 

to perform the heat inactivation of the T4 DNA ligase at 80 ºC for 20 min. Normally, T4 DNA ligase 

inactivation, when performed, is made at 65 ºC for 10 min. Probably, the conditions used for 

inactivation caused parcial pDNA destruction. According to Ribeiro et al. (2009), when DNA 
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solutions are heated, DNA denaturation and depurination can occur. Although the obtained 

transformant could be result of a possible contamination, it still could contain just the plasmid 

pMMB66EH or this plasmid with the antisense fragment inserted. For analyse of this transformant, 

it was chosen to culture 4 different parts of the observed colony and subsequently extract and 

digest their DNA.  

Figure 4.11 (right) shows an agarose gel where the purified pDNA samples 

(maxipreparations), cut with the restriction enzymes EcoRI and HindIII, were analysed by 

electrophoresis to determine the possible presence of the antisense fragment within the plasmid 

pMMB66EH. In this figure, 4 bands can be observed with about 9 kbp corresponding to the 

pMMB66EH weight (8.8 kbp). Taking into account this observation, it can be concluded that, 

possibly, the viable transformant previously obtained only contain the plasmid religated without 

the antisense fragment, because no smaller band (between 300 and 200 bp) is observed. 

However, some speculations can be made. First, it cannot be ensured that the bigger fragment 

observed is not the result from contamination with a laboratory strain containing also resistance 

to ampicilin. This strain (could also be E. coli) could contain the pMMB66EH plasmid or even 

another plasmid that confers ampicilin resistance with a similar weight or even bigger than 

pMMB66EH but not contains restriction sites for the restriction enzymes used in this work (EcoRI 

and HindIII). Secondly, the antisense Lpp fragment can be present but it is not visible due to the 

small pDNA amounts used for running the gel. As it can be observed, the 4 bigger bands observed 

for the 4 samples taken are faded bands. If for a bigger fragment the bands are faded, it can be 

speculated that a smaller band is present but we simply cannot see it.  

 Taking into account these results, there are two possible solutions: increase the pDNA 

amounts used for running the gel to try to see the smaller antisense fragment or repeat the ligation 

procedure. At this point, it was chosen to do the ligation step again and the confirmation gel was 

made right after this step. As conclude before, possibly, the rapid ligation procedure was not 

successful. Just one viable transformant was obtained and, apparently, with just the plasmid 

religated. The bigger problem was maybe the low number of transformants obtained. 

Nevertheless, it can be speculated that the ligase and/or the ligation buffer could be in not so 

good conditions, compromising the experimental results, because the ligation kit was available in 

the laboratory and had been used a few times.  

In the end, with no time to order a new rapid DNA ligation kit or to test ligase activity, it 

was decided to repeat the ligation step but performing the typical ligation protocol with T4 DNA 

ligase (section 3.12.2). This protocol was followed with the exception that the incubation overnight 

was made at 37 ºC (according with the laboratory protocol) instead of 16 ºC (recommended by 

the ligase manufacturer) to try to enhance ligation and further transformation yields. Figure 4.12 

shows the gel run for the ligated samples before transformation. 
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Figure 4.12 - 1% AGE showing the insert and vector have not been ligated. 

 

In Figure 4.12, a band with approximately 9 kb (plasmid + Lpp) was supposed to be seen, 

confirming the presence of the ligated vector. However, no band is visible, showing the absence 

of the ligated vector in the samples. A possible explanation for this result is associated with the 

incubation overnight conditions. Probably, incubation at 37 ºC during a long period of time causes 

pDNA thermal destruction. Even if the ligation procedure was not successful and the incubation 

conditions did not lead to pDNA destruction, some bands corresponding to the plasmid religated 

could appear. The pDNA was destructed or pDNA amounts used for gel running were again not 

adequate to allow seeing some bands. The uncut sample should have been run in the gel.  

 Due to lack of time, it was not possible to continue with this experimental work but some 

considerations are pertinent. Although, insert:vector molar ratio of 3 is normally sufficient for 

efficient ligation, this ratio can be optimised conducting different ligations with various ratios of 

recipient plasmid to insert. Total amounts of pDNA used to run AGE of samples must be better 

evaluated beforehand, because otherwise the fragments that we are looking for may be present 

but in quantities too low for detection. The pDNA samples should be previously concentrated 

using, for example, an evaporating concentrator  system. Additionally, enzyme incubation and 

heat inactivation conditions are very important because they could affect the AGE results and 

thus must be improved. 

 A final and important speculation is associated with the fact that the antisense plasmid 

could be toxic for the cells. Even without induction, the plasmid could have some activity leading 

to cell death in case of being toxic. If such toxicity is associated with the loss of their integrity from 

inhibition of the synthesis of their major outer membrane protein, Lpp, would have to be 

investigated. At this point, cannot be known if the induction of the antisense plasmid has some 

negative effect upon the growth of the cells. This toxicity is not however expected because 

pMMB66EH is a low-copy number plasmid and because lpp has a weak promoter.  
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 Gibbons (2012) (section 7.2) showed that this toxicity does not exist. He followed a 

different approach to design and create the antisense plasmid (Figure 7.7). The antisense region 

was designed and inserted into an appropriate plasmid vector using PCR to amplify the region. 

These PCR products were blunt-ended and they were inserted into the subsequent intermediate 

vector in either orientation. The intermediate plasmid vector allowed the PCR product to be 

excised using restriction sites either side of the insert, so the construct was then inserted into the 

final plasmid vector of choice (antisense plasmid pMMB66EH) using the same restriction sites. 

From this study, it was observed an increase in α-amylase release levels to the extracellular 

medium with the antisense plasmid during both 250 mL shake flasks cultures and 9 L 

fermentations of E. coli W3110-pQR187, being this a significant improvement comparing to the 

typical non-antisense release levels.  

 During shake flask cell cultures (section 7.2.6), the amount of α-amylase released was 

increased from the low basal levels of around 6% to as much as 57% when the antisense plasmid 

pDGALPP1 was added to the same cells alongside the production plasmid pQR187 (Figure 7.12 

and Figure 7.13). In contrast, basal levels of around 14% α-amylase were present in the 

supernatant during the non-antisense fermentations, increasing to approximately 46% with the 

addition of pDGALPP1 (Figure 7.16 and Figure 7.17). While this does not provide a consistent 

majority of amylase released into the supernatant, this is a significant improvement on the typical 

non-antisense release levels. In all cultures, the induction of the antisense plasmid did not result 

in any negative effect upon the growth of the cells. However, (Gibbons, 2012) observed that, in 

fermentation cultures, the presence of the two plasmids being induced resulted in the growth rate 

being slowed down (Figure 7.18).  

 Gibbons (2012) also observed that the pDGALPP1 culture without induction shows a 

similarly high level of release into the supernatant (Figure 7.14). Both the uninduced and induced 

antisense cultures showed greater level of specific activity within the supernatant. This suggests 

that the antisense RNA was being produced to some extent and affecting the release of the cells, 

even without the presence of an inducer. The amylase itself was produced in the uninduced cells 

at around 35% of the levels found in the induced cells. 
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5 Conclusions and Future Work 

 The main aim of this thesis was to create an antisense plasmid to hinder the expression 

of the major outer membrane protein of E. coli, Lpp, to increase the membrane permeability for 

extracellular production of recombinant periplasmic α-amylase.   

The initial experiments performed on the two E. coli strains, W3110 and BL21(DE3), with 

amylase-producing plasmid (pQR187) showed that the reporter enzyme amylase was efficiently 

translocated to the periplasm, providing the greatest level of activity with little release outside the 

cells into the supernatant fraction. By the end of the fermentation process, around 5 and 9% of 

the total amylase produced was in the supernatant fraction of E. coli W3110 and BL21(DE3), 

respectively. The results were in line with previous similar studies. Gibbons (2012) studied 

amylase expression from E. coli W3110-pQR187 in 2 L fermentations using a different media 

(Nutrient Broth Nr. 2) and similar running conditions. He observed that the vast majority of activity 

was within the periplasmic fraction and a small proportion of activity was found within the 

supernatant (roughly 9% by the end of the fermentation). Overall, the similarities found were in 

terms of product accumulation location and their evolution trend during fermentation. This shows 

that the experiment was relatively robust and reproducible. 

In a second part of this work, the construction of the antisense plasmid (pMMB66EH-Lpp) 

was attempted. Some experimental problems were encountered and it was not possible to 

complete the intended work during the internship time. In the section 4.2.2, these problems were 

discussed and was concluded that, in the future, caution should be taken when choosing the 

ligase heat inactivation and incubation conditions related to the ligation procedure. Possibly, the 

heat inactivation step is not necessary and may be avoided. Additionally, the pDNA amounts used 

to run AGE of samples are extremely important and must be optimal because otherwise some 

false negative results are possible. 

An alternative experimental work that can be followed to create this antisense plasmid is 

described in section 7.2. (Gibbons, 2012). In this work, the antisense plasmid was successfully 

created and used to study the influence of the antisense technology in the release levels of 

periplasmic α-amylase. Despite the higher release levels observed, antisense inhibition was not 

able to provide the release of the majority of the target protein and downstream processing steps 

would still be required to obtain the proteins contained within the periplasm. Further refinements 

of the system are required, which could range from modifying the antisense system itself to 

optimising the production systems and fermentation regimens.  

While some success was observed with the increased release levels of Gibbons (2012) 

antisense system, the system still contained a significant drawback. The target protein α-amylase 

and the antisense Lpp were both induced with IPTG, meaning that one could not be induced 

without simultaneously inducing the other. Antisense Lpp should be expressed whilst the cells 

are reproducing and undergoing division to create subsequent cells generations with the 

production of the targeted cell membrane component blocked. As such, it is necessary to develop 

a dual-plasmid induction system, so that the antisense plasmid can be activated during the growth 
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of the cell culture, while the production plasmid can be activated later on in the fermentation cycle. 

This will be one aim of future work.  

This project primarily examined the use of antisense Lpp to increase levels of protein 

release, but other constructs can be developed besides the ones studied by Gibbons (2012), Pal 

and TolB, that showed potential for periplasmic protein release. There are also many other 

potential antisense targets that could be examined in the future. One first example of potential 

antisense target is the IM lipoprotein, nlpA, which is one of the very few envelope components 

that have been characterised and found to have a dominant effect on outer membrane vesicles 

(OMV) production. It was previously established that nlpA is not essential for growth and its loss 

caused decreased OMV production (McBroom et al., 2006). It is important to say that the target 

does not necessarily need to be a membrane protein. Many proteins involved in the transport 

across membranes, such as chaperone proteins, could be a potential target. One important 

chaperone protein is LolA, an OM lipoprotein carrier responsible for the transport of Lpp to the 

OM after the release of this lipoprotein to the periplasm. E. coli lolA gene can be modified to impair 

the cells ability to localise Lpp in the OM, increasing the leakiness of the cells.   

Besides E. coli, there are alternative host systems that can be used for antisense studies, 

such as other prokaryotic systems like yeast.  While the systems would require a lot of additional 

work before any potential use in yeast, there are other bacterial systems that could also make 

use of antisense technology, such as Pseudomonas species, since the bacterium shares some 

characteristics with E. coli, including being Gram-negative, and so shares a similar outer cell 

membrane composition. 

This project was not concluded and it was not yet possible to study the influence of the 

antisense technology in the release levels of the periplasmic α-amylase. However, its continuation 

is in perspective and the recent study developed by Gibbons (2012) will be taken into account, 

considering the potential modifications and additions that can be implemented to his experimental 

work. With additional research, the antisense technology could provide a methodology to 

drastically reduce the time and resources required for the recovery of industrially-relevant proteins 

during downstream processing.  
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7 Annexes 

7.1 Annex A1: Protocols Sheets 

7.1.1 QIAprep® Spin Miniprep  

 

Figure 7.1 - QIAprep® Spin Miniprep protocol. Website 4. 

 

7.1.2 QIAGEN® Plasmid Maxi  

 

Figure 7.2 - QIAGEN® Plasmid Maxi protocol. Website 5. 
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7.1.3 QiaQuick® Gel Extraction 

 

Figure 7.3 - QIAQuick® Gel Extraction protocol. Website 6. 

 

7.1.4 FastAP Thermosensitive Alkaline Phosphatase 

 

 

 

Figure 7.4 - FastAP Alkaline Phosphatase protocol for DNA desphosphorylation. Website 7. 
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7.1.5 Quick LigationTM Protocol  

 

Figure 7.5 - Quick LigationTM protocol. Website 8. 

 

7.1.6 T4 DNA Ligase 

  
Figure 7.6 - Traditional T4 DNA Ligase protocol. Website 9. 
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7.2 Annexe A2: Towards complete release from E. coli periplasm for improved 

manufacturing (Gibbons, 2012) 

7.2.1 Introduction  

Gibbons (2012) investigate the possibility of increasing the levels of release of specific 

periplasmic proteins during E. coli fermentations. His aim was also to developed antisense 

constructs to further increase this release levels and he studied various “model proteins” besides 

Lpp. Taking into account the work done in this present project, it will be analysed only the 

experimental work developed by Gibbons (2012) with the Lpp protein. 

7.2.2 Creation of Antisense Constructs 

The strategy for developing the antisense constructs was also to create a plasmid with a 

region of around 200 bp encoding the antisense region that can be activated with a suitable 

inducing agent such as IPTG. In order to achieve this, the antisense region was designed and 

inserted into an appropriate plasmid vector using the polymerase chain reaction (PCR) to amplify 

the region. These PCR products were blunt-ended and they were inserted into the subsequent 

intermediate vector in either orientation. The intermediate plasmid vector allowed the PCR 

product to be excised using restriction sites either side of the insert, so the construct was then 

inserted into the final plasmid vector of choice (pMMB66EH) using the same restriction sites. This 

series of processes and experiments made to obtain the final product is described in Figure 7.7. 

 

 

 

 

Figure 7.7 - Flow chart depicting the sequence of experiments required to obtain sections of 

antisense-encoding DNA in the final plasmid vector pMMB66EH. Gibbons, 2012. 
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7.2.3 Design of Primers and PCR Reaction 

Suitable primers for the 5’ end and the 3’ were designed in order to create appropriate 

lengths of DNA for encoding the antisense region using PCR. For this design it is important to 

have in consideration the nucleotide sequence of the lpp gene: 

 

AGGGTATTAATAATGAAAGCTACTAAACTGGTACTGGGCGCGGTAATCCTGGGTTCTACC

TGCTGGCAGGTTGCTCCAGCAACGCTAAAATCGATCAGCTGTCTTCTGACGTTCAGACTC

TGAACGCTAAAGTTGACCAGCTGAGCAACGACGTGAACGCAATGCGTTCCGACGTTCAG

GCTGCTAAAGATGACGCAGCTCGTGCTAACCAGCGTCTGGACAACATGGCTACTAAATAC

CGCAAGTAA 

Having in consideration this sequence, two different primers were design: 

 

PRIMER 1: N-term + HindIII: 
AAGCTTAGGGTATTAATAATGAAAGCT 

PRIMER 2: C-term + EcoRI: 

GAATTCAGACGCTGGTTAGCACGAGCTG 

 

First, it is important that the primers encompass the RBS existing upstream of the lpp 

gene (underlined section) in order to be possible to block the expression of the sense strand by 

the antisense construct. The RBS and 5’ start codon (gray highlighted section) for the lpp gene 

were identified allowing the design of primers of around 20 bp.  The 5’ primer end and covering 

the RBS was given a hexanucleotide restriction enzyme (HindIII). The second primer was 

selected from a point downstream of the start point of the gene by around 200 bp. To create this 

primer, this downstream region was reversed and complemented, before the addition of a second 

hexanucleotide restriction enzyme site (EcoRI). The bold portion represented in the nucleotide 

sequence is the section that the antisense construct encoded. In general, the strategy for the 

antisense construct design is highlighted for antisense Lpp construct in Figure 7.8.  

 

Figure 7.8 - Design strategy of the Lpp antisense construct (not drawn to scale). At 237 bp in size, the 

antisense construct encompasses most of the lpp gene, including the RBS at the start of the gene. 

Gibbons, 2012. 

 

Primers were designed and PCR was used to create and amplify the lengths of DNA before 

PCR product purification. 

RBS 5’ START CODON 
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7.2.4 TOPO® Cloning and DNA Excision  

The PCR products were inserted into the TOPO® cloning vector and the plasmid vector 

pCR®-Blunt II-TOPO® was transformed into chemically competent One Shot® Top10 cells. After 

growth, plating and selection of transformants, plasmids were extracted. Figure 7.9 (left) illustrates 

the 1% gel run showing the original samples alongside samples digested with EcoRI and HindIII. 

In this figure, the undigested samples indicate DNA-supercoiled plasmid DNA, followed by the cut 

form, which produced bands around the 3.5 kbp region corresponding to the size of the TOPO 

vector. All of these digested samples show very faint bands of around 200-300 bp which indicated 

the presence of the PCR DNA insert. Their presence was confirmed by sequencing. In order to 

obtain enough DNA for the creation of the antisense plasmid, bulk amounts of the TOPO® 

plasmid were generated and the DNA was digested with EcoRI and HindIII. The total amount of 

DNA obtained from the bulk extraction was run on the agarose gel in Figure 7.9 (right). The 300 

bp bands were then excised and the DNA extracted. 

 

 

Figure 7.9 - Left: 1% agarose gel of the digests of TOPO® plasmid DNA with each piece of DNA inserted. 

Bands at sizes of 200 – 300 bp were expected from restriction digests of TOPO vector containing PCR 

inserts. Right: 1% agarose gel showing bulk digests for extraction and inserted into pMMB66EH vector. 

Digested bands at 300 bp appear distorted due to large sample volume added to wells. Gibbons, 2012. 

     

7.2.5 Generation of pMMB66EH, Ligation and Sequencing 

Cultures of E. coli HB101 and Top10 cells with the pMMB66EH plasmid were used and 

pDNA was extracted. To allow for the insertion of the antisense fragment, the vector was digested 

with EcoRI and HindIII and gel of DNA digests was made for extraction. Figure 7.10 (left) shows 

the gel run for the ligated and non-ligated control samples. The antisense plasmid was 

transformed in E. coli W3110 and extracted for sequencing.  
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The ligated vector was transformed into Top10 and cells culture in the presence of 

ampicilin. Clones containing the pMMB66-based plasmid were observed and selected for DNA 

extraction before digestion with EcoRI and HindIII to determine the presence of the insert. Figure 

7.10 (right) shows the gel obtained to analyse the presence of the antisense fragment.  Sample 

W3110 pMMB66alpp4 is represented diagrammatically in Figure 7.11. The DNA either side of the 

restriction sites is the same sequence as for pMMB66EH, as expected since it was the vector 

used for the insertion of the antisense fragment. The lpp gene is present in the reversed and 

complemented orientation to provide RNA generated in the antisense direction when encoded. 

 

 

Figure 7.11 - Representation of sample pMMB66alpp4, containing EcoRI and HindIII restriction sites, the 

RBS and a portion of the lpp gene in reverse and complemented orientation. The antisense sequence was 

inserted into pMMB66, which was confirmed on either side of the restriction sites. Gibbons (2012). 

Figure 7.10 - Left: 1% agarose gel showing ligation of the vector pMMB66EH with Lpp. Right: 1% agarose 

gel of Lpp-antisense inserts after restriction digests, to confirm presence of the antisense insert. Gibbons, 

2012. 
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7.2.6 Effect of Antisense Murein Lipoprotein on Amylase Release in E. coli W3110-

pQR187 Shake Flasks 

Gibbons (2012) investigated whether the presence of the antisense Lpp had an effect on 

the release of the periplasmic protein α-amylase. For this study, the plasmid pDGALPP1 

(pMMB66 with antisense Lpp) was first transform into E. coli W3110 strain containing already the 

amylase production plasmid pQR187. Four studies were carried out in 250 mL shake flasks 

concurrently with E. coli W3310-pQR187 and  E. coli W3310-pQR187-pDGALPP1. Figure 7.12 

shows the production, activity and release of α-amylase in E. coli W3310-pQR187 with and 

without the antisense plasmid when the cells were induced.  

 

 

Figure 7.12 - Specific activity of amylase in E. coli W3110-pQR187 (left) and E. coli W3110-pQR187 with 

pDGALPP1 (right) grown in 1 L shake flask. Both cultures were induced with 1 mM IPTG prior to the 

stationary phase, as indicated by the arrows. Gibbons, 2012. 

 

 

In Figure 7.12 (left), it can be observed an increase in the amylase activity after induction, 

being this activity confined almost entirely to the periplasmic fraction. The levels of activity within 

the supernatant did not increase in comparison to the periplasmic fraction, which comprised 

almost all of the activity. When the cells had the antisense plasmid (Figure 7.12, right), the 

amylase activity increased greatly after induction as before, but, in this case, the activity within 

the extracellular fraction began to rise after some generations of growth. By the time the cells 

were within the stationary phase, a majority of the specific activity was within the supernatant. 

The comparative levels of specific amylase activity are illustrated in Figure 7.13, observed a 10-

fold increase of activity within the supernatant in cultures with the induced antisense plasmid 

compared to the regular E. coli W3110-pQR187 cultures. 
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Figure 7.13 - Comparison of amylase activity within E. coli W3110-pQR187 with and without pDGALPP1, 

in 250 mL LB media grown in 1 L shake flask and induced with 1mM IPTG. The arrows reflect the 

difference between the levels of release of the reporter protein into the supernatant of the induced 

antisense strain as compared to the typically low activity without antisense. Gibbons, 2012. 

  

Gibbons (2012) also collected another data that showed that the pDGALPP1 culture 

without induction shows a similarly high level of release into the supernatant (Figure 7.14). In the 

cultures with the Lpp antisense plasmid, both the uninduced and induced cultures showed a much 

greater level of specific activity within the supernatant. This suggests that the antisense RNA was 

being produced to some extent and affecting the release of the cells, even without the presence 

of an inducer.  

 

 

Figure 7.14 - Specific activity of α-amylase found within cultures of E. coli W3110-pQR187 in 250 mL LB 

media grown in 1 L shake flasks, with/ without pDGALPP1 and/ or induction. Gibbons, 2012. 

  

 

7.2.7 Effect of Antisense Murein Lipoprotein on Amylase Release in E. coli W3110-

pQR187 Fermentations 

Fermentations (9 L working volume) were performed using cultures of E. coli W3110-

pQR187 with and without the antisense plasmid pDGALPP1. A picture of the primary fermentation 

vessel can be seen in Figure 7.15 and the fermentation running conditions are illustrated in Table 

7.1.  
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Table 7.1 - Running conditions of the 9 L fermentations developed for antisense studies. 

 

Figure 7.16 shows the specific activity of α-amylase for the two fermentations. In this 

figure, it can be observed that the fermentation without antisense plasmid grew up to give an 

absorbance of 140 at OD600, while the fermentation with pDGALPP1 achieved OD600 of 120, 

although both fermenters gave a similar growth profile. Thus, Gibbons (2012) concluded that the 

presence of two plasmids being induced to express their constituent genes/antisense RNA may 

result in the growth rate being slowed down.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.15 - Applikon 20 L fermentation 

vessel. Sensors are found at the bottom of the 

vessel with addition ports at the side and top. 

Gibbons, 2012. 

 

Running Conditions 

Temperature: 32 ºC 

pH: 7.0 (automatic addition of 25% 

Ammonia/NaOH and 8.5% (w/w) H3PO4) 

Aeration of the vessel: 1.5 vvm 

35% dissolved oxygen levels 

Stirrer speed:  1200 rpm 

3 mL PPG/L batch medium (added before 

the start of fermentation and when 

necessary) 

Inoculum: 2.7% 

Linear feed with 60% glycerol (plus 6% 

ammonium sulphate): 25g/h 

IPTG final concentration 0.2 mM 

Figure 7.16 - 9 L fermentation of E. coli W3110-pQR187 without antisense Lpp plasmid (left) and with the 

antisense plasmid pDGALPP1 (right). Protein levels determined using the Bradford assay. Arrows show the 

induction with 0.2 mM IPTG and the start of fed-batch phase. Gibbons, 2012. 
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The subcellular distribution of the α-amylase can be seen in Figure 7.17. In terms of 

specific activity, the fermenter without antisense Lpp produced a total of just over 6000 U/mg of 

specific α-amylase activity after 56 hours of fermentation, whilst the fermenter with pDGALPP1 

produced a total of just under 4800 U/mg α-amylase activity. Another observation taken from this 

figure is that, after 56 hours of culture, the vast majority of α-amylase activity is detected within 

the periplasm when the antisense plasmid was not present. However, in the presence of the 

antisense plasmid, after the same amount of culture time, the supernatant has the greatest level 

of specific amylase activity.  

 

 

The two fermentations are compared in Figure 7.18. The specific activity within the 

supernatant consistently increased slowly during the fermentation without the antisense plasmid 

to around 850 U/mg protein. However, with the antisense Lpp present, the specific activity found 

within the supernatant after 56 hours had risen to around 2200 U/mg protein. This shows that the 

culture with the antisense plasmid had a greater proportion of the induced periplasmic protein 

being released from the cells, although it still required a lengthy production phase, with 40 hours 

passing after the induction of the antisense plasmid and the amylase.  

 

 

Figure 7.17 - Distribution of α-amylase specific activity within E. coli W3310-pQR187 without the antisense Lpp 

plasmid (left) and with the antisense plasmid pDGALPP1 (right) from 9 L fed-batch fermentations. Gibbons, 2012. 

  

Figure 7.18 - 9 L fermentation of E. coli W3110-pQR187 and E. coli W3110-pQR187- pDGALPP1. 

Gibbons, 2012. 

  


