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Abstract 
 

The rise of biotechnology has provided a toolbox to deal with major 
challenges related to pollution and health. Microbial enzymes constitute 
powerful macromolecules with applications in environmental technology, 
and industrial and medical production. The display of enzymes on cellular 
surfaces promotes external access to reactants, thereby simplifying 
production and cost-effectiveness of bioprocesses. To this end, a system for 
the surface display of the oxidative enzyme tyrosinase was developed, 
optimized and implemented. The first part of the thesis focused on 
developing tyrosinase surface-display via autotransport-based secretion in 
Escherichia coli. Initially, the presence of active surface-displayed 
tyrosinase, catalyzing the oxidation, of L-tyrosine was verified. Next, the 
components of the surface expression system were systematically 
engineered to yield an optimized tyrosinase-displaying strain with five 
times higher biomass-specific tyrosinase activity. The second half of the 
thesis applied the surface-displayed tyrosinase for wastewater treatment 
and biosensor development. It was found that the catalyzed oxidation of L-
tyrosine resulted in the deposition of melanin at the E. coli cell surface. The 
resulting melanized cells were used in a membrane bioreactor for 
adsorption of the pharmaceutical chloroquine from an aqueous solution, 
with a specific binding capacity of 140 mg/g cells and allowed simple cell 
regeneration by lowering the pH. In a second application, the tyrosinase-
display system was integrated into a genetic circuit with regulated 
oxidation and production of L-tyrosine in response to specific toxins. By 
employing the resulting cells in an electrochemical cell, the circuit 
generated a means to directly and selectively link biological information to 
an electrical output. Overall, the results in this thesis highlight the 
functionality of the surface expression methodology and demonstrates its 
versatile applicability.  
  
Keywords: tyrosinase, surface display, recombinant protein production, 
metabolic engineering, synthetic biology, Escherichia coli, membrane 
proteins 
  



 

  



Sammanfattning 
 

Forskning och utveckling inom bioteknologi har gett det moderna 
samhället en rad unika biologiska verktyg för att hantera problem inom 
miljö och folkhälsa. Enzymer är kraftfulla makromolekyler som kan nyttjas 
inom både miljöteknik och läkemedelsproduktion. Strategier för att 
presentera proteiner på cellytor kan användas för att utveckla smartare och 
mer kostnadseffektiva bioprocesser. I denna avhandling utvecklas, 
optimeras och tillämpas ett system för bakteriellt ytuttryck av enzymet 
tyrosinas. I den första delen av avhandlingen hanteras metoder för 
tyrosinas-ytuttryck i Escherichia coli. Studierna visade att man kunde 
uttrycka ett aktivt yttermembran-förankrat tyrosinas, som kan oxidera 
aminosyran L-tyrosin till polymeren melanin. För att förbättra det 
utvecklade uttryckssystemet, med avseende på aktivitet, optimerades de 
olika komponenterna i expressionsvektorn systematiskt. I slutändan 
resulterade detta i en E. coli stam med fem gånger högre specifik aktivitet. 
Den andra delen av avhandlingen är mer fokuserad på att implementera 
det bakteriella enzymsystemet i miljötekniska situationer. I den etablerade 
bioprocessen skapades melanintäckta bakterier genom oxidering av L-
tyrosin vid cellytan. De melanintäckta bakterierna nyttjades i ett 
membran-bioreaktorsystem för att, via adsorption, rena vatten från ett 
läkemedel. En annan applikation som testades var att nyttja tyrosinas-
ytuttryck som en sensor mot utvalda toxiner och bekämpningsmedel. 
Generna för tyrosinas-ytuttryck integrerades i en krets för att både 
producera och oxidera tyrosin. Denna ”genetiska krets” skapade ett system 
för att sammanlänka, vanligtvis otillgänglig, biologisk information till en 
elektrisk kvantifierbar signal. Sammanfattat så har denna avhandling 
etablerat nytänkande idéer och koncept som demonstrerar värdet och 
flexibiliteten i att kunna presentera enzymer på cellytor, samt hur detta 
kan nyttjas mot både miljöinriktade och industriella användnings-
områden. 



 



List of appended papers 
 
Paper I. 
Martin Gustavsson*, David Hörnström*, Susanna Lundh, Jaroslav 
Belotserkovsky & Gen Larsson (2016) “Biocatalysis on the surface of 
Escherichia coli: melanin pigmentation of the cell exterior” Scientific 
Reports (2016) 6:36117 (doi: 10.1038/srep36117 ) 
 
Paper II. 
David Hörnström, Gen Larsson, Antonius J.A. van Maris & Martin 
Gustavsson (2019) ”Molecular optimization of autotransporter-based 
tyrosinase surface display” Biochimica et Biophysica Acta (BBA) – 
Biomembranes 1861:486-494 (doi: 10.1016/j.bbamem.2018.11.012) 
 
Paper III. 
Magnus Lindroos, David Hörnström, Gen Larsson, Martin Gustavsson 
& Antonius J.A. van Maris (2019) “Continuous removal of the model 
pharmaceutical chloroquine from water using melanin-covered 
Escherichia coli in a membrane bioreactor” Journal of Hazardous 
Materials 365:74-80 (doi: 10.1016/j.jhazmat.2018.10.081) 
 
Paper IV. 
Eric VanArsdale*, David Hörnström*, Gustav  Sjöberg, Ida Järbur, 
Gregory F. Payne, Antonius J.A.  van Maris & William E. Bentley 
“Development of a tyrosine-tyrosinase electrochemical genetic circuit for 
connecting cellular communication with electronic networks” 
Manuscript for submission 
 
*Equal contribution 
  



 

Author contributions 
 
Paper I. 
Designed and performed a majority of the experiments with MG, wrote 
the manuscript with GL, revised the manuscript. 
 
Paper II. 
Designed and performed all experiments, wrote the manuscript with 
TvM, revised the manuscript. 
 
Paper III. 
Contributed to the design and planning of experiments with ML, minor 
experimental contribution, revised the manuscript with ML. 
 
Paper IV. 
Designed and performed most experiments together with EV, wrote and 
revised the manuscript with EV. 
  



Table of Contents 
1	 Introduction ............................................................................................................. 1	
1.1	 Biotechnology for a sustainable society .................................................................... 1	
1.2	 Proteins in biotechnology .......................................................................................... 2	
1.3	 Metabolic engineering ............................................................................................... 5	
1.4	 Hosts for protein expression or -production .............................................................. 6	
1.5	 Enzyme engineering approaches .............................................................................. 8	
1.6	 Molecular tools and engineering strategies ............................................................. 10	
1.7	 Biocatalysis, cell cultivations and biotransformations ............................................. 13	
2	 Decorating microbes ............................................................................................ 15	
2.1	 Applications of surface-display ................................................................................ 16	
2.1.1	 Bioremediation ................................................................................................................. 16	
2.1.2	 Live vaccine production ................................................................................................... 17	
2.1.3	 Peptide libraries ............................................................................................................... 17	
2.1.4	 Whole-cell catalysts ......................................................................................................... 17	
2.1.5	 Biosensors ....................................................................................................................... 17	
2.2	 Microorganisms for surface display ......................................................................... 18	
2.3	 Biogenesis of outer membrane protein in E. coli ..................................................... 20	
2.3.1	 Membrane proteins .......................................................................................................... 21	
2.3.2	 Cytoplasmic transport of membrane proteins .................................................................. 22	
2.3.3	 Periplasmic transport and control .................................................................................... 24	
2.3.4	 Outer membrane translocation ........................................................................................ 26	
2.4	 Strategies for E. coli surface display ....................................................................... 27	
2.5	 Autotransport, Type V-based surface display ......................................................... 28	
3	 Tyrosinases ........................................................................................................... 32	
3.1	 Mechanisms, structure and natural functions. ......................................................... 32	
3.2	 Applications of tyrosinases ...................................................................................... 34	
4	 Present investigation ............................................................................................ 35	
4.1	 Aims of the thesis .................................................................................................... 35	
4.2	 Methods used in this thesis ..................................................................................... 36	
4.2.1	 Media and cultivation modes ........................................................................................... 36	
4.2.2	 Colorimetric tyrosinase activity assay .............................................................................. 36	
4.2.3	 Analysis of surface expression ........................................................................................ 36	
4.2.4	 Hollow fiber membranes .................................................................................................. 38	
4.2.5	 Electrochemical measurements ....................................................................................... 38	
4.3	 Development of a tyrosinase display system in E. coli using autotransport ............ 39	
4.3.1	 Surface display of an active tyrosinase (Paper I) ............................................................ 39	
4.3.2	 Molecular optimization of tyrosinase-based surface display (Paper II) ........................... 43	
4.4	 Tyrosinase display applied to environmental technology ........................................ 48	
4.4.1	 Removal of chloroquine from water using melanin-covered E. coli (Paper I & III) .......... 49	
4.4.2	 Development of mediator-free tyrosinase/tyrosine genetic circuits for detection of 
 superoxide generating substances by electrochemical methods (Paper IV) ................... 53	
5	 Conclusions and future perspectives ................................................................. 59	
6	 Acknowledgements .............................................................................................. 61	
7	 References ............................................................................................................. 63	
 
 

 
  



 



Introduction | 1 

1 Introduction 

1.1 Biotechnology for a sustainable society 

In 1981, biotechnology was defined as “any technological application that 
uses biological systems, living organisms, or derivatives thereof, to make 
or modify products or processes for specific use” [1]. This definition is still 
valid today, but the power of biotechnology has been greatly enhanced by 
recent advances in genetic engineering and improved molecular biology 
methods. The broad definition of biotechnology reveals that it is a multi- 
and interdisciplinary field, which over the last century has given rise to a 
range of products including medicines, improved crops and livestock, and 
new efficient production processes for commodity chemicals. Further 
integration of biotechnology into society will be crucial to alleviate, counter 
and solve challenges correlated to the impact that the increasing human 
population and welfare has on sustainability. As such, the fields of medical, 
environmental and industrial biotechnology are all aiming to mitigate 
these challenges.  

Medical biotechnology allows the design of new protein-based 
drugs and vaccines to treat and diagnose existing and emerging diseases. 
However, this thesis will focus on the use of biotechnology for sustainable 
industrial production and the environment.  

Wastewater treatment systems are outstanding examples of how 
environmental biotechnology can be used to solve ecological problems 
related to industrial and human waste (e.g eutrophication). Despite this, 
only 20 % of the used freshwater is currently being treated [2, 3]. Future 
developments in environmental biotechnology are expected to play an 
important role in the remediation of waters and soils, through microbial 
degradation of hazardous compounds [4, 5].  

Industrial biotechnology can prevent pollution, ideally with better 
resource utilization and cost reduction compared to traditional chemical 
industries. The societies of today are to a large extent dependent on the use 
of finite non-renewable resources, such as fossil oil. Industrial 
biotechnology can allow the development of a bio-economy, where fuels 
and chemicals can be derived from renewable resources such as starch and 
lignocellulose. Additionally, industrial biotechnology based on sustainable 
agriculture has the potential to reduce and eventually eliminate the (net) 
release of greenhouse gases, such as CO2, to the atmosphere. Besides the 
production of traditional bulk chemicals (e.g. ethanol & lactic acid), genetic 
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engineering and molecular biology have allowed the bio-based production 
of a variety of new products, including materials and fuels [6, 7].  

1.2 Proteins in biotechnology 

Proteins are essential components for all living organisms and therefore 
constitute an important part of biotechnology. Biotechnology applies both 
proteins that perform a catalytic function, i.e. enzymes, and non-enzymatic 
proteins that demonstrate functionality by affinity-based interactions with 
molecules or other proteins, such as an antibody [6]. Focusing on 
industrial and environmental biotechnology, enzymes are today used in 
various commercial applications (Fig. 1). For such applications, the 
demand for enzymes is continuously increasing, reaching a market value 
of about 4.2 billion USD in 2014. By 2020, the world market for industrial 
enzymes is anticipated to increase to about 6.2 billion USD [7]. To 
efficiently produce enzymes, to introduce enzymes with new or improved 
functionality to the market, or to apply enzymes in genetically engineered 
microbial cells, it is important to know how to obtain the desired structure 
and folding of the target proteins. 
 

Fig. 1.  Examples of products and product ion processes that use enzymes. 
Enzyme structure: Candida antarct ica l ipase B (PDB: 4K6G) [8] .  
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Fig. 2.  Different levels of  protein structure .  A.  Pr imary structure, the 
sequence of amino acids. B.  Secondary structure, the formation of hel ixes 
and sheets due to local  interact ions. C.  Tert iary structure, the interact ion 
between secondary structure elements to create an overal l  fo ld of  the protein.  
D.  Quaternary structure, a protein consist ing of several  fo lded subunits.  

 
All proteins are produced by a chain of cellular processes that commonly 
are described as the central dogma of molecular biology [9], which 
describes how information is transferred sequentially from an organism’s 
genome, DNA, by transcription to RNA and by ribosomal translation to a 
peptide sequence [9]. Regulation of genetic expression can occur at the 
DNA level, but can also be impacted post-transcriptionally, such as 
through interactions with mRNA or during the translation process [10]. 
Understanding these aspects of protein expression, as well as protein 
stability, is essential for efficient production or use of a protein.  

The structure of a protein is essential for its function. Proteins 
typically have four levels of structure – primary, secondary, tertiary and 
quaternary (Fig. 2) [11]. The primary structure is the specific sequence of 
amino acids that together form a polypeptide chain. The amino-terminal 
of a peptide is referred to as the N-terminal side, while the carboxyl-
terminal end is called the C-terminal side. The secondary structure is 
caused by interactions (e.g. hydrogen bonds) between the amino acids 
generating secondary structures such as a-helixes and b-sheets. The 
tertiary structure is the overall three-dimensional structure of the protein 
and includes interactions between secondary structure elements. 
Examples of these interactions are disulfide bridges, ionic- and 
hydrophobic interactions between amino acid side chains. The general 
architecture of a protein is commonly referred to as “the fold”. Quaternary 
structure refers to the interactions between folded protein subunits, which 
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together build up a protein complex. The subunits may be identical or 
different, constituting a homomer or a heteromer, respectively (Fig. 3).  

To get from the freshly translated peptide sequence to the final 
tertiary and/or quaternary structure, a protein goes through a process 
called folding. Without the correct fold, an enzyme cannot catalyze its 
targeted reaction, consequently becoming useless to the cell. In vivo 
protein folding can sometimes require the aid of folding assistants, so-
called chaperones, to obtain or maintain the fold [12]. Chaperones act as 
catalysts and are normally not part of the final protein structure. 
Misfolded, non-functioning and old proteins within a cell must eventually 
be degraded in order to recycle resources and maintain regulatory 
functions. These processes are referred to as proteolysis (executed by 
proteases) and target proteins that are non-essential or no longer of use to 
the cell.  

 

 
Fig. 3.  Crystal  structures of two proteins. A .  Baci l lus megater ium  tyrosinase, 
homomeric dimer (PDB: 3NM8 [13]) .  B .  Immunoglobul in,  heteromer (ant ibody; 
PDB: 1IGT [14]) .  

 
Protein overexpression causes a significant deviation from the natural 
protein homeostasis in the cell. This overproduction can constitute an 
element of stress for the host cell, which may affect the performance of the 
bioprocess. In bacteria, different types of stresses (e.g. heat, pH, protein 
misfolding) can trigger the expression of different transcription factors, so-
called sigma-factors. Sigma factors are needed for transcriptional initiation 
and are responsible for recruiting RNA polymerase in the transcription 
process [15]. Triggering one of these sigma-factors typically changes the 
transcriptional profile of the cell, including a switch to tune the expression 



Introduction | 5 

of chaperones and proteases [16]. This can cause lowered expression and 
sometimes proteolysis of the protein of interest. There are several types of 
sigma-factors (e.g. E. coli s32,sE) that each upregulates a different set of 
genes depending on the type of stress [17-19]. The ability of a bioprocess to 
resist alterations in process conditions are referred to as its robustness. As 
protein production is a dynamic process, it is important to consider what 
consequences certain deviations in the environment might have on the 
protein targeted for overproduction. Besides the environmental 
conditions, there are additional features that contribute to the 
performance of a bioprocess. These include the reactions that occur within 
the cell, which can be altered using metabolic engineering principles 
(section 1.3). Additionally, the use of alternative production organisms can 
be considered (section 1.4), or the protein of interest could be engineered 
to meet the process requirements (section 1.5).  

1.3 Metabolic engineering  

“Microbial metabolism has unfortunately not evolved to suit the practical 
outcomes desired by humankind” [20]. 
 
As soon as the first recombinant genes were introduced into a bacterial cell 
in 1972, it was evident that cells could be reprogrammed to become 
microbial cell factories [21]. While naturally occurring microbes can 
produce a wide range of protein or metabolic end products, the idea of 
metabolic engineering is to improve desired cellular activities by 
manipulation of enzymatic, transport and regulatory functions using DNA 
technology [22]. A new range of non-inherent products (e.g. isoprene and 
isobutanol) have been produced by the introduction of recombinant genes 
in common fermentation organisms [20]. Furthermore, through the 
expression of completely new metabolic pathways non-natural products 
(e.g. styrene [23] and 1,4 butanediol [24]) can now be produced using 
microbial hosts [25].  

Additionally, the concept of metabolic engineering also aims to 
optimize the selected bioprocess, especially with aspect to three main 
parameters: titer, productivity, and yield [26]. Even though expressing a 
full genetic pathway for the production of a few milligrams of a product can 
already be complex, full optimization of a bioprocess to commercial scale, 
let alone to success, is far more challenging [26]. For instance, additional 
parameters such as robustness and product toxicity/tolerance have to be 
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considered. Complete optimization requires a systems metabolic 
engineering approach, which integrates all aspects of a microbial metabolic 
process. In Fig. 4 the most common strategies for metabolic engineering 
are summarized. It should be realized that the ‘best performing’ 
microorganism differs depending on the imposed boundary conditions. 
Hence, it is important to set the final product specification, process choices 
and end-product purification requirements before the design of the 
microbial cultivation process. As such, the lab-scale fermentations and 
microorganisms should be designed to reflect the upscaled process, to 
predict future problems in up-scaling. Additionally, the product market 
and substrate prices have to support the commercialization of the process 
itself [27]. 

 
Fig. 4 .  System metabol ic engineer ing strategies v isual ized as a cont inuous/ 
i terat ive process.  1.  Project design. 2.  Host screening and select ion. 3.  
Metabol ic pathway design. 4.  Increasing product to lerance.  5.  Ident i fy ing and 
removing regulatory c ircui ts.  6.  Opt imizing cofactors,  precursors,  metabol ic 
f luxes and cul ture condit ions. 7.  System-wide genet ic manipulat ion. 8.  
Opt imizing scale-up fermentat ion. Adapted from “Systems strategies for 
developing industr ia l  microbial  stra ins”  [28].  

1.4 Hosts for protein expression or -production  

Although protein production takes place in all living organisms, 
application-specific hosts might be preferred or required for the expression 
of a particular protein. Industrial production requires efficient protein 
production, which favors specific host microorganisms. In the case of 
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(heterologous) protein production as part of metabolic engineering 
strategies, the host microorganism is determined by the overall process 
constraints. As an example, host organisms for pharmaceutical proteins 
should, amongst other requirements, support the desired post-
translational modifications (e.g phosphorylation and glycosylation 
patterns) to obtain functional proteins, while minimizing the formation of 
toxic by-products. Consequently, protein expression platforms include 
both eukaryotic (e.g yeast, filamentous fungi, and mammalian cells) and 
prokaryotic hosts (e.g. Gram-positive and Gram-negative bacteria).  

Among the eukaryotic organisms, yeasts are used for both the 
production of proteins and commodity chemicals. Yeasts can express 
proteins that typically misfold in bacteria or require simple glycosylation 
for correct function. The two most well-used yeasts are Saccharomyces 
cerevisiae and Pichia pastoris. These strains are simpler and more robust 
to work with compared to mammalian and human cell lines and have a 
long history in industrial fermentation processes. Additionally, yeasts, 
especially P. pastoris, also have efficient protein excretion systems [29-31]. 
This thesis will differentiate between secretion (i.e. movement of material 
within an organism) and excretion (i.e. movement of material to the 
extracellular milieu separated from the cell). 

Filamentous fungi (e.g Aspergillus and Trichoderma) are the 
dominant industrial producers for a range of organic acids (e.g citric acid, 
gluconic acid) and secondary metabolites (e.g penicillin) [32]. Concerning 
protein production, filamentous fungi have different protein glycosylation 
patterns compared to mammalian cells. However, their efficient natural 
excretion systems (up to 100 g/L) have made these organisms common 
industrial enzyme production hosts, as these industrial enzymes normally 
have less requirements on post-translational modifications [33]. 
Disadvantages of these organisms include excretion of undesired 
proteases, complex molecular biology and high-viscosity cultures (related 
to the morphology of mycelium) [34]. 

Mammalian cell lines, such as Chinese hamster ovary (CHO) or 
human embryonic kidney (HEK) cells, are used in pharmaceutical 
production. Their advanced glycosylation systems are similar to the human 
glycosylation patterns, which is crucial for high-end therapeutic drugs 
(especially eukaryotic proteins) [35]. The complexity of production with 
mammalian cells includes slow growth, high contamination risks, 
extensive nutrient requirements and low tolerance towards variations in 
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cultivation conditions [33, 36]. This limits the range of products to high-
value pharmaceutical proteins. 
Prokaryotic hosts are typically excellent expression hosts when proteins 
are not required to be glycosylated otherwise modified post-
translationally. Bacteria typically have low media costs and shorter process 
time (e.g. high growth- and production rates) [37]. Gram-positive bacteria, 
such as Bacillus species, have well-documented protein excretion systems 
that have been utilized for recombinant protein production [38]. However, 
drawbacks using Gram-positive organisms include a high excretion of 
proteases [39, 40]. 

 The Gram-negative bacterium Escherichia coli has for a long time 
been the gold standard for protein production, especially for single subunit 
proteins. The benefits of using this organism include simple cultivation 
conditions, potential to reach high expression levels and, most notably, 
well-established protocols for genetic modification and recombinant 
expression [41, 42]. However, laboratory E. coli strains have limited 
options for protein excretion, which implies that cell disruption is required 
for the release of soluble protein. Additionally, the outer membrane of 
Gram-negative bacteria contains lipopolysaccharides (endotoxins), which 
could be problematic for therapeutic protein (toxic if not properly 
removed) [43]. In the end, the choice of the host cell system is a tradeoff 
between the cost/ease of growth, yields and required properties of the 
produced protein. 

1.5 Enzyme engineering approaches 

“In the past, an enzyme-based process was designed around the 
limitations of the enzyme; today, the enzyme is engineered to fit the 
process specifications” [44] 
 
Over the past decades, techniques have been developed that allow the 
detailed design of proteins and enzymes. Nowadays, a seemingly useless 
enzyme can through a few rounds of engineering be improved to have a 
completely new set of catalytic properties. Examples of engineered 
properties include increased activity in natural and unusual (e.g. organic 
solvents) environments, improved activity towards non-native substrates 
(i.e. promiscuity), enhanced thermostability and altered enantioselectivity 
[45]. By alterations in the amino acid architecture of the active site, 
enzymes can be made to catalyze new reactions. Depending on the level of 
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understanding with regards to the link between the structure and function 
of a protein, different engineering strategies can be applied. Below three 
commonly used enzyme engineering strategies are described briefly.  

Rational design is a common knowledge-driven protein 
engineering strategy. As indicated by the name, this strategy refers to 
selectively altering the target protein, based on a knowledge-based model, 
such as a crystal structure or an in silico prediction of the structure. 
Examples of rational design include site-directed mutagenesis, amino acid 
deletions or removal of parts of the protein. A common target for rational 
design is the enzyme active site, to modify activity or promiscuity [46]. The 
biggest benefit of rational design approaches is the increased probability of 
beneficial mutants within a limited set of protein variants [46]. However, 
the relationship between structure and function can be hard to predict, 
which has given rise to more aspecific methods [45]. 

 
Fig. 5.  Directed evolut ion of enzymes .  1.  Random mutat ions are introduced 
into a targeted enzyme gene. 2.  The result ing genes are inserted into 
microorganisms, which produces the new mutated enzymes. 3.  Enzymes 
var iants are tested/screened. The most ef f ic ient mutants are selected.  
4.  New mutat ions are introduced, and the cycle begins again. Attr ibute to  
© Johan Jarnestad, The Royal Swedish Academy of Sciences. 
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Another commonly used approach for protein engineering is directed 
evolution (Fig. 5). In contrast to the rational design approach, random 
mutations are introduced in the DNA sequence. This can be done, for 
instance, by error-prone PCR or DNA-shuffling techniques [47]. This 
creates a library of enzyme variants. Thereafter, by using an efficient 
screening or selection method, designed to reflect the desired feature of the 
protein, a few candidates are isolated, and the process is repeated 
iteratively for further improvement of the enzyme. This is the method used 
by the 2018 Nobel prize winner Frances H. Arnold, who by these 
techniques in the 1990s created the first pipelines for evolutionary enzyme 
design [48]. 

Semi-rational approaches can also be applied, which combines the 
rational design and directed evolution strategies, for instance by 
introducing random mutations within a limited region of the enzyme. For 
this strategy, the library that is created is normally smaller, compared to 
directed evolution, which can make the screening effort smaller. 

A critical step for enzyme engineering strategies is the functional 
screening of the created enzyme mutants or variants. From the late 1980s 
to the mid-1990s, systems for high throughput screening were developed, 
initially mainly for drug-discovery purposes [49]. Today, high-throughput 
screening allows the evaluation of large libraries of enzyme mutants, 
organism clones or drug candidates, using robust test systems and 
advanced (robotized) instrumentation. These systems allow rapid 
generation of large amounts of data, enabling thorough statistical 
identification of enzymes with improved properties. Such methodology 
highlights the importance of reproducible, precise and accurate screening 
assays. It is anticipated that these types of high-throughput screening 
technologies will become an even more used technique for a wide range of 
research applications, including drug screening, strain development, and 
pharmaceutical science [50]. 

1.6 Molecular tools and engineering strategies  

Genetic engineering for either protein production or metabolic engineering 
requires efficient molecular tools. To efficiently recruit/produce a protein, 
it is important to understand all aspects of its expression, including (1) the 
location of the gene, (2) available engineering tools and (3) the different 
elements of the expression cassette. In the following paragraphs, these 
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aspects of protein expression are addressed with a specific focus on the 
bacterium E. coli, which is the target microbial host for this thesis. 

In bacteria, genes can be expressed either from the genome or a 
plasmid (Fig. 6). The use of plasmids for overexpression of genes is 
standard for research purposes, as plasmids are easy to modify and 
transfer between strains. Plasmids commonly replicate as autonomous 
units in the cytoplasm, where they exist in multiple copies. Plasmid 
stability (i.e the ability of the host to maintain the plasmid over 
generations) and metabolic burden (i.e resources diverted to maintain 
plasmids and express recombinant proteins) are critical parameters for 
plasmid-based expression [51-53]. This becomes evident during longer 
cultures, sometimes evident by decreased productivity. Alternatively, 
recombinant expression cassettes can be integrated into the chromosome. 
This approach is more common for metabolic engineering purposes and it 
is generally the preferred method in the biochemical production industry 
due to increased robustness and genetic stability [54]. The bacterial 
artificial chromosome (BAC) presents a middle-way between the two 
strategies. BAC is an exceptionally large plasmid with a copy number 
similar to the genome [55]. However, examples of applications of BAC 
within metabolic engineering are still limited [55-58]. To precisely regulate 
and express genes, efficient tools for genetic engineering (of both plasmids 
and genome) are essential. 

Fig. 6.  Genetic regulatory elements .  A.  Expression cassette,  including 
r ibosomal binding si te (RBS), promoter sequence and targeted gene (with 
start /stop codons).  B.  Plasmid map with expression cassette,  select ion 
marker and or ig in of  repl icat ion (or i ) .   
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A range of genetic editing tools exists that are specific to genomic or DNA 
editing. If the desired change is a genomic alteration, such as a gene 
insertion or knockout, λ-red “recombineering” or CRISPR-Cas9 based 
techniques can be used. λ-red recombineering is the most well-used 
technique for genomic editing in E. coli and is based on the bacteriophage 
λ red homologous recombination systems, allowing deletions, insertions 
and point mutations on the genome [59]. CRISPR-Cas9 methods are based 
on specific RNA-guided recognition and DNA cleavage that allows for 
parallel genomic deletions and insertions [60]. Furthermore, through 
modification of the Cas9-protein into-non catalytic forms (dCas9) genetic 
activation, repression and/or epigenetic modifications can be performed 
[60]. Excellent reviews on λ-red “recombineering” and CRISPR-Cas9 exist 
elsewhere [59-61]. DNA fragment assembly using restriction enzymes and 
DNA-ligases has traditionally been the most well-used method for plasmid 
modifications. However, two additional techniques are currently very 
popular: Gibson assembly [62, 63] and Golden gate cloning [64]. Both 
techniques are capable of in vitro assembly of multiple DNA fragments to 
form a plasmid. These techniques allow rapid creation of new plasmids, or 
modification of the elements within, over a single day.  

The expression cassette of a gene (Fig 6A.) includes multiple 
elements for genetic regulation including promoter system, ribosomal 
binding site (RBS) and codon usage of the expressed gene. Hence, the 
expression cassette is frequently an engineering target. The promoter 
sequence is responsible for recruiting RNA-polymerase for gene 
transcription. Promoters can either be constitutive (continuously 
transcribed) or regulated. Regulated (inducible) promoters are sequences 
that with the help of a protein transcription factor (for example the lac 
operon repressor, LacI) can tune gene expression by the presence of a 
stimulus, usually a small molecule, acting as either an inducer or a 
repressor. Promoters differ in strength, basal expression (i.e residual 
activity in the absence of inducer) and dynamic range (i.e. the ratio of 
promoter activity in the on and off states) [65]. Some promoters have been 
claimed to function in a low dynamic range (e.g. the lac promoter), while 
other promoters allow broader regulation of the genetic expression (e.g 
rhaBAD, araBAD). Another element that determines the expression level 
is the ribosomal binding site (RBS), located upstream of the start codon in 
the mRNA transcript. This specific sequence regulates the rate at which 
ribosomes are recruited to translate the mRNA, and thereby impact the 
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translation initiation frequency. Today, efficient design tools allow for the 
(approximate) design of RBS sequences (e.g Emopec [66]). When 
translating an mRNA to a protein several codons can be translated into the 
same amino acid. For each codon, a tRNA is recruited (except stop codons). 
Due to differences within the tRNA pools between organisms, rare codons 
that are uncommon in the host organism’s tRNA pool can occur when 
expressing a heterologous protein. This can impair, or even halt, the mRNA 
translation process. Modifying the individual codon usage of a gene can be 
another useful strategy for regulating or optimizing genetic expression. 
Codon optimization is a technique for adapting recombinant DNA 
sequences to new hosts. This works by adapting the individual codon 
frequencies to match the tRNA pool of the targeted expression organism. 
The most common way to completely change the codon usage of a custom-
designed DNA sequence, that can include the above-described elements, is 
gene synthesis, which is available from many suppliers at relatively low 
costs.  

By use of the above-mentioned engineering targets/strategies, it is 
possible to efficiently tune microbes for both protein production and 
metabolic engineering purposes. However, an engineered protein or 
organism also needs to efficiently operate in the larger context, under the 
desired process conditions, for efficient industrial applications. 

1.7 Biocatalysis, cell cultivations and biotransformations 

The application of enzymes in an industrial setup constitutes a bioprocess. 
In general, bioprocesses usually fall into one of the following three 
categories: biocatalysis processes, cell cultivations or biotransformation 
processes, where the latter two are dependent on the use of 
microorganisms (or microbes). Contrary, a biocatalytic process is typically 
performed with purified enzymes or enzymes in a crude-extract (Fig. 7A).  

A biocatalytic process can provide several advantages over 
traditional chemical synthesis. The biggest is selectivity (i.e regio-, chemo-
, diastereo- and enantioselectivity) [67, 68], which leads to decreased 
requirements of protecting groups and minimized side reactions [68, 69]. 
Moreover, enzyme biocatalysis can be carried out in mild reaction 
conditions (i.e pH, temperature, pressure, solvent) and can be subjects of 
protein engineering, if improved enzymatic features are desired [70]. 
Biocatalysis processes are, generally, relying on the use of purified/isolated 
enzymes, which can increase preparation time and costs [70, 71]. A cheaper 
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alternative is to use cell cultivations or biotransformation processes; 
however, these are typically less specific and may result in by-product 
formation. 

Cell cultivations use the host cell’s metabolic network to convert a 
substrate (commonly a sugar) to produce metabolites and biomass (Fig. 
7C). Compared to isolated enzymes, cell cultivations tolerate a larger range 
of (low cost/simple) substrates, that are significantly different from the 
targeted end-product, ranging from waste streams (could require pre-
treatment) to pure sugars. This is a big advantage since isolated enzymes 
or bioconversions are limited to the substrate-specificity of the selected 
enzyme(s). Metabolic and genetic engineering strategies of the cell can be 
applied to increase yield and titer of the desired end-products. A cell 
cultivation process needs to use a fraction of the substrate to support the 
growth of the biomass. However, the formation of the biomass includes the 
production of selected enzymes. Cultivations can be performed both in the 
presence (aerobic) or absence (anaerobic) of oxygen. 

 

 
Fig. 7.  Examples of b iocatalysis processes.  A.  Biocatalysis react ions 
exempl i f ied by a transester i f icat ion react ion carr ied out by Candida antarct ica  
l ipase B (PDB: 4K6G [8]) .  B.  Biotransformations, the same react ions carr ied 
out by an intracel lu lar ly expressed enzyme. C. Cell  cul t ivat ions, consumption 
of sugar y ie lds biomass and a metabol ic product (exempli f ied by succinic 
acid).   
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Biotransformation processes use the microorganisms to express the target 
enzyme, but supply the substrate for the enzyme, rather than produce the 
substrate from intermediates of central metabolism (Fig. 7B). One or 
several enzymes can be expressed intracellularly and produced within the 
host organism. The cell membrane protects the intracellular enzymes from 
a degrading or denaturing environment [70], but can also constitute a 
mass-transfer barrier for substrate and products. Intracellular protein 
expression may support co-factor and redox regeneration circuits, as long 
as the cell's metabolic network is still operating [67, 70]. A successful 
example of biotransformation is the production of terephthalic acid, a 
precursor for the manufacturing of polyethylene terephthalate (PET), from 
p-xylene by a metabolically engineered Escherichia coli system [72].  

The largest benefit of using whole-cell biocatalysts, whether it is a 
bioconversion or cell cultivation, is related to a reduction in cost related to 
the catalyst. This is because of the simultaneous production/immob-
ilization of the catalyst and the reduced need for enzyme purification. 
However, traditional whole-cell catalysts also provide a few limitations 
compared to the use of the isolated enzyme biocatalyst. The major 
limitations include (1) mass-transfer limitations due to the cell membrane 
and (2) undesired by-product formation due to native enzymatic 
promiscuity within the cell [67, 70]. These limitations can be overcome by 
positioning the enzyme on the surface of the host cell, a process called 
surface display, made possible by hijacking the endogenous display and 
secretion systems. The remaining part of the introduction will give an in-
depth description of surface display and explain how it can be applied for 
a range of applications, with the main focus on the Gram-negative 
bacterium Escherichia coli. Additionally, a candidate enzyme “passenger”, 
tyrosinase, will be discussed with regards to cellular surface expression. 

 
2 Decorating microbes  

Surface display is the presentation of recombinant proteins and peptides 
on the surface of cells. In the upcoming sections, surface display will be 
discussed in a more general perspective, covering possible applications of 
surface display and the range of organisms that can be used. This will be 
followed by a more detailed description of the mechanism of surface 
display in Gram-negative organisms, with a focus on E. coli and the 
autotransporter-type display systems.  



| Decorating microbes 16 

2.1 Applications of surface-display 

Modification of the surface properties of a host organism is interesting for 
a range of industrial and medical applications. Key areas that can benefit 
from the use of surface display are described in the following sections 
(2.1.1-2.1.5) and are summarized in Fig. 8. 

2.1.1 Bioremediation 

Surface display can be used to create biological adsorbents for the removal 
of harmful substances. This can be accomplished by e.g. expressing 
peptides or proteins that have an affinity for chemical compounds or 
metals (e.g. mercury [73], cadmium [74, 75], nickel [74, 75], copper [76] 
and lead [76]).  

The same principles can be employed for adsorption of bacterial 
cells to metal particles or surfaces. An example is the surface expression of 
gold binding peptides and subsequent immobilization of the cells to gold 
surfaces [77].  

 
Fig. 8.  Appl icat ions of microbial  surface display. Picture adapted from [78, 
79].  
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2.1.2 Live vaccine production 

By expressing antigens on the surfaces of bacteria, it is possible to create 
live vaccines. There are several examples of vaccine candidates based on 
surface-displayed antigens [80-83]. A bacterial-based live vaccine is easy 
to manufacture and distribute. The administration of an attenuated 
bacterial vector that expresses recombinant antigens could facilitate 
recognition by the immune system and give rise to an immunoadjuvant 
effect. However, despite promising research in the field, no vaccine based 
on surface display has yet been tested in humans [84].  

2.1.3 Peptide libraries 

Surface display of peptide and protein libraries provides an easy method to 
create a link between phenotype and genotype. By using methods such as 
fluorescent-activated cell sorting (FACS) it is possible to screen and select 
populations for protein affinity, stability, and enzymatic activity [78, 85-
87]. The most common organism used for this purpose is yeast, due to its 
efficient display system and large size, but E. coli is also a promising 
candidate due to high transformation efficiency, making it possible to 
generate libraries of with sizes equal to phage display [88]. 

2.1.4 Whole-cell catalysts 

As previously discussed, surface display can also be applied to whole-cell 
catalysis. A whole-cell catalyst, based on surface display of an enzyme, can 
provide several advantages compared to its intracellular counterpart since 
the surface displayed enzymes are not limited by any mass transfer barrier 
(the cell envelope) nor intracellular side reactions [70, 78]. Additionally, it 
is easier to manipulate the environment of the surface-expressed enzyme, 
in contrast to its intracellular version.  

2.1.5 Biosensors 

A biosensor is a device, with a biological component, that generates a signal 
proportional to the concentration of an analyte in a solution [89]. An 
enzyme displayed on the surface of a cell provides a means for direct 
interaction with the local environment. Therefore, surface display is a 
useful tool for presenting reporter (or receptor) proteins, which could 
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provide means for facilitated detection by electrochemical or fluorescent 
methodology, depending on the characteristics of the protein displayed 
[90-93].  

2.2 Microorganisms for surface display 

The native expression of surface proteins by microbes, as well as the 
composition of the surface itself, varies depending on the selected host 
organism. This section will focus on the mechanisms of protein display on 
microorganisms that are commonly used within the field, such as yeasts 
and bacteria (i.e. Gram-positive and Gram-negative). In general, surface-
expression systems rely on the fusion of a target protein to an anchoring 
domain/protein, which varies depending on the selected organism [94]. 
The specific strategies used vary depending on the available protein 
transport systems in the host organism.  

In yeasts, the most well-established strategy for surface-display of 
peptides and enzymes is the glycosylphosphatidylinositol (GPI)-anchoring 
system [94]. The protein of interest is fused between a C-terminal GPI 
anchoring domain, such as the Aga2p anchor protein, and an N-terminal 
secretion signal peptide (Fig. 9A) [85, 94, 95]. The fusion protein is 
secreted by vesicle transport to the membrane, where the fusion-protein 
detaches from the GPI-moiety and is immobilized via covalently linked 
glycans in the cell wall [94, 95]. Another method for surface display in yeast 
is “C-terminus free display”, where the N-terminal of the targeted protein 
is fused with the C-terminal of the anchoring protein [94]. This creates an 
inverted fusion protein compared to the GPI anchoring system (Fig. 9B) 
[94]. The choice of system is dependent on the desired location of the active 
site or binding site of the targeted enzyme or protein [94, 95]. As the yeast 
S. cerevisiae is one of the most common microorganisms for ethanol 
production, a substantial effort has been made to surface express 
hydrolytic enzymes for direct ethanol production from starch and 
lignocellulosic sources [96-98].  
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Fig. 9.  Expression cassette for yeast surface display .  A.  GPI-based display. 
B.  C-terminus free display.  

 
Surface display in Gram-positive bacteria is based on similar principles to 
those in yeast. Proteins are commonly fused to an anchor protein located 
in the membrane or the cell wall. Many of the Gram-positive cell-wall-
associated proteins share some conserved features, needed for cell wall 
anchoring, including an N-terminal signal peptide and a C-terminal cell 
wall sorting signal (e.g. the motif LPXTG) [99, 100]. Depending on the 
purpose of the surface display, two different strategies can be used: (1) use 
of a cell wall integrated protein as an anchor or (2) use of a membrane-
integrated protein as an anchor [99]. The most commonly-used strategy is 
the cell wall protein anchor since the cell wall can be an obstacle that limits 
surface exposure when a membrane-integrated anchor is used [99]. As 
with yeast, Gram-positive surface display has been used to display enzymes 
for an extended substrate uptake range. An example of this is the display 
of a-amylase at the Corynebacterium glutamicum surface, for efficient 
degradation of starch as a substrate for glutamate production [70, 101, 
102]. Additional organisms used for Gram-positive surface display include 
Bacillus and Staphylococcus spp [103]. Certain Gram-positive bacteria can 
form spores under harsh environmental conditions, which have been 
utilized for recombinant display on the spore surface [104]. A bottleneck 
for the progress of Gram-positive surface display has been the lack of 
established efficient molecular protocols, such as are available for E. coli 
and other Gram-negative bacteria. An additional challenge of Gram-
positive bacteria are that many species have high endogenous protease 
secretion, causing degradation of heterologous proteins [39, 40].  
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The basic mechanisms for surface display in Gram-negative 
bacteria, which have two cell membranes, can differ substantially from the 
ones discussed for yeast and Gram-positive bacteria. Surface display in 
Gram-negative bacteria involves fusions to proteins associated with the 
outer membrane, since it exposes the recombinant protein to the 
extracellular milieu. Most surface-displayed research has been performed 
in E. coli, as it one of the most well-used organisms within biotechnology. 
Limited attention has been given to other Gram-negative organisms, and 
therefore the remaining parts of this chapter will focus on surface display 
in E. coli. 

2.3 Biogenesis of outer membrane protein in E. coli  

Most surface display in E. coli is based on membrane proteins. This section 
covers the basics of membrane proteins and their transport processes, 
ranging from cytoplasmic membrane transport over the periplasm and 
their integration into the outer membrane.  

 
Fig. 10.  Crystal  structures of b -Barrel  and a-hel ical  membrane proteins .  
Yel low r ibbon indicates b-sheets.  Pink indicates a-hel ix domains. A.  Outer 
membrane protein,  AIDA-I t ransporter domain, PDB: 4MEE [105].  B. Inner 
membrane protein,  Cytochrome-C oxidase, PDB: 1EHK [106].  
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2.3.1 Membrane proteins 

Roughly 20-30% of all genes, among both prokaryotes and eukaryotes, 
code for membrane proteins [107, 108]. In addition, about 70% of all drugs 
act upon membrane proteins [108, 109]. Hence, extensive research has 
been put into understanding the underlying mechanisms of membrane 
protein production and transport. In Gram-negative bacteria, there are two 
distinct structural classes of integral membrane proteins: a-helix bundles 
and b-barrels (Fig. 10). The a-helical bundle proteins can be found in most 
organisms, while the b-barrel proteins are typically limited to the outer 
membranes of Gram-negative bacteria, mitochondria, and chloroplasts 
[110]. The latter two organelles originated from bacterial species according 
to the endosymbiotic theory [110, 111]. In general, the protein fraction of 
the Gram-negative outer membrane is dominated by b-barrel proteins, 
whereas the cytoplasmic membrane protein fraction consists of 
transmembrane a-helical proteins [110, 112] The absence of a-helical 
membrane proteins in the outer membrane is explained by the 
hydrophobic characteristics of the a-helical bundle proteins, which causes 
them to be retained in the inner membrane [112] 

The b-barrel structure is a very stable fold, which suits proteins 
that are exposed to the environment. About 3% of the Gram-negative 
bacterial genome has been proposed to code for b-barrel proteins [113]. 
Given their location in the outer membrane, b-barrel proteins naturally 
have key regulatory functions, including nutrient uptake, virulence and 
signal reception [114]. It is possible to divide b-barrel proteins into six 
classes based on their function: (1) porine proteins, (2 & 3) passive & active 
transporters, (4) enzymes, (5) defensive/virulence proteins, and (6) 
structural proteins [115].  
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2.3.2 Cytoplasmic transport of membrane proteins 

Any protein targeted for either the inner or outer membrane must be 
processed and transported to reach the targeted destination. After 
synthesis by a ribosome in the cytoplasmic space, E. coli membrane 
proteins can be targeted for transport through the inner membrane by 
three distinct mechanisms: by the general Secretion (Sec) pathway, either 
in a co-translational or a posttranslational fashion, or through the twin-
arginine translocation (TAT) system/pathway (Fig. 11) [116]. The TAT and 
the Sec systems are both complex multiprotein pore structures located in 
the inner membrane of E. coli. A review by Merdanovic et al. states that E. 
coli has around 420 proteins targeted for the Sec pathway, whereas the 
corresponding number for the TAT system is 30 proteins [117].  
 

 
Fig. 11. Crossing the inner/cytoplasmic membrane.  1.  Co-translat ional 
pathway, using signal recognit ion part ic le (SRP) and interact ions with FtsY 
and SecYEG. 2. Post- translat ional pathway, af ter t ranslat ion SecB interacts 
with the pept ide pr ior t ranslocat ion through the SecYEG protein complex by  
SecA involvement.  3.  TAT-pathway, mainly t ranslocate fo lded proteins, with 
co-factors already integrated in the cytoplasm.  
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The Sec system transports proteins over the bacterial inner membrane in 
an unfolded conformation, since the machinery does not tolerate any 
secondary structures [116]. The membrane-spanning part of the Sec 
system consists of three proteins: SecY, SecE, SecG (the SecYEG channel 
complex) [116]. The Sec system is responsible for translocation of proteins 
that are involved in a diverse range of functionalities, e.g. metabolism, 
substrate uptake, secretion and cell structure [116]. Translocation via the 
Sec can occur by two different mechanisms, either by a post- or co-
translational transportation pathway (Fig. 11).  

Proteins targeted for the Sec system’s post-translational pathway 
are upon translation released into the cytoplasmic space. General 
chaperone systems (e.g. GroEL [118], DnaK [119]) and specific chaperones 
(e.g. SecA, SecB) prevent the protein from folding and aggregating in the 
cytoplasm [120]. The protein is transported to the peripheral membrane 
protein SecA, which drives the translocation of itself and the protein 
through the membrane-spanning SecYEG protein-complex pore, at the 
cost of ATP [121].  

The Sec system’s co-translational pathway, in contrast to the post-
translational pathway, never allows the newly translated peptide to 
interact with the cytoplasm. Instead, a highly hydrophobic signal peptide 
is recognized by the signal recognition particle (SRP) already during its 
synthesis at the ribosome [120, 121], halting the translation process by 
repressing the binding of elongation factors to the ribosome [122, 123]. The 
SRP-ribosome complex is then transported to the inner membrane, where 
SRP docks with the FtsY membrane receptor protein. Thereafter, the 
ribosome-protein complex is transferred to the SecYEG complex in such a 
way that the ribosomal translational exit site is close to the SecYEG pore. 
The translation of the protein is then resumed, and the resulting peptide is 
directly translocated through the SecYEG pore. The translation of the 
peptide itself provides the energy for translocation [120]. In general, 
proteins targeted for the periplasmic space tend to be translocated by the 
post-translational pathway, while inner membrane proteins (such as a-
helix bundles) are often translocated by the co-translational mechanism. 

The fundamental difference between the TAT and the Sec system 
is that the TAT system allows translocation of proteins that have already 
obtained a folded structure (Fig. 11). Peptides targeted for TAT-based 
translocation are characterized by a signal peptide with a specific 
consensus amino acid sequence [124]. The translocation system itself 
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consists of two or three integrated subunits (TatA-C) that together form a 
receptor and a translocation channel [116]. Most proteins targeted to this 
pathway have specific co-factors that are inserted into the protein upon 
initiation of the TAT translocation process, in the cytoplasm. The energy 
for translocation is provided by the proton motive force [116].  

All newly synthesized proteins that are to be translocated by the 
Sec/TAT system are equipped with a signal peptide (also known as signal 
sequence) [125]. These signal peptides have typically three distinct regions: 
A positively charged N-terminal region, a hydrophobic region and a signal 
peptidase cleavage site, which allows the signal peptide to be cleaved (by 
signal peptidase) from the protein upon translocation through the inner 
membrane. A peptide that has not yet been processed by signal peptidase 
is referred to as pre-peptide. The signal peptide has been shown to impact 
the biogenesis, stability, and folding of the targeted protein [120]. 
However, due to the complex nature of these signal peptides, optimization 
of their efficiency is currently best achieved by screening the largest 
possible signal peptide library, generated either by site-directed or random 
mutagenesis [120].  

2.3.3 Periplasmic transport and control 

After transport across the inner-membrane through either the Sec or TAT-
system, the translocated peptide is facing the environment of the bacterial 
periplasm. The periplasm is the space between the inner and outer 
membrane of a Gram-negative bacterial cell. It contains a peptidoglycan 
layer, which provides rigidity and shape to the cell [117]. Contrary to the 
cytoplasm, the periplasmic space provides an oxidative environment that 
enables the formation of disulfide bridges (S-S) in proteins (or between 
proteins) containing cysteine residues [117, 126]. In contrast to the ATP-
dependent inner membrane translocation-systems, the transport through 
the periplasmic space and translocation of the proteins across the outer 
membrane (section 2.3.4) is performed without involvement of ATP [126, 
127]. Additionally, the mechanisms for protein quality control and transfer 
over the periplasmic space are far less understood, than the corresponding 
protein control systems in the cytoplasm [117].  

After translocation of the pre-peptide to the periplasmic space by 
the Sec/TAT system and subsequent cleavage of the signal peptide by 
signal peptidase [128], the newly processed peptide can now either; (1) fold 
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spontaneously (if its structure allows it), (2) interact with folding factors to 
fold (or maintain a denatured confirmation) or (3) misfold (Fig. 12).  
In the periplasmic space, the translocated peptides can interact with two 
types of folding catalysts, peptidyl-prolyl isomerases (PPIases), which 
catalyze cis-trans isomerization of peptidyl bonds (e.g SurA and FkpA), 
and disulphide isomerases (Dsb proteins), which assist in disulfide-bond 
formation (e.g DsbA) [128]. These two types of enzymes are typically 
involved in the rate-limiting steps for protein folding [128]. Additionally, 
chaperones (or “folding factors”) may act upon the peptide chain to 
maintain an unfolded confirmation or to prevent misfolding, e.g Skp and 
Spy [127-129]. 

Gram-negative bacteria treat misfolded proteins in one of the 
following three ways: repair, degradation or if the latter fails, aggregation. 
Aggregation of proteins in the periplasm can cause a severe threat to the 
bacterial cell and is potentially lethal. To prevent this, the E. coli periplasm 
has evolved sophisticated control and degradation systems. The main 
transcriptional regulator for this is sE, which is induced in response to 

exocytoplasmic stress [128]. Common periplasmic proteases regulated by 
the sE-response include DegP and DegS [127, 128].  

 
Fig. 12 .  The fate of  a translocated pept ide in the per ip lasmic space. 1.  The 
target protein can spontaneously fo ld without chaperones. 2. The target 
protein can fo ld or remain in an unfolded state with the help of  per ip lasmic 
chaperones (e.g.  SurA, FkpA).  3. The  target protein can misfold,  and 
thereafter be repaired (e.g.  by chaperones),  become degraded (proteolysis) 
or aggregate (potent ia l ly toxic).   
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2.3.4 Outer membrane translocation  

A peptide that has recently entered the periplasmic space can either stay in 
the periplasm, if this is the protein’s targeted destination, or undergo 
further transit for exposure to the extracellular milieu. As the amount of 
endogenous excreted proteins by E. coli laboratory strains are limited, 
most peptides targeted for outer membrane translocation are outer 
membrane integrated proteins (b-barrel structures). 

Four major chaperones have been found responsible for 
periplasmic transit of outer membrane proteins: SurA, Skp, DegP, and 
FkpA [130]. SurA is considered to be the main periplasmic chaperone, 
while Skp/DegP act as a backup pathway [130, 131]. The chaperones guide 
the native peptide to the b-barrel assembly machinery (BAM), a 
membrane-spanning protein complex (consisting of the subunits BamA-
E), which facilitates the insertion of the outer membrane proteins into the 
outer membrane [126, 132]. Two different models for outer membrane 
insertion have been suggested: the BAM-buddying model and the BAM-
assisted model [132-134].  

The BamA-assisted model is based on the suggestion that some 
proteins can/may spontaneously fold into the outer membrane [132, 133]. 
The folding and insertion of outer membrane proteins are further 
facilitated in regions with thinner or destabilized regions of the outer 
membranes [133, 135, 136]. BamA (the membrane-spanning subunit of 
BAM) has been found to generate such destabilized regions, suggesting 
that the nascent peptide may only have to be located to such a “primed” 
membrane region to spontaneously fold and insert into the membrane 
[126].  

The BamA-buddying hypothesis is based on the observation that 
some outer membrane proteins do not fold spontaneously. It has therefore 
been suggested that the membrane-spanning subunit BamA “secretes” the 
protein using a lateral gate into the outer membrane. Further information 
regarding both models can be found elsewhere [132-134]. 
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2.4 Strategies for E. coli surface display 

Most recombinant surface display systems in Gram-negative bacteria 
involve fusion of the recombinant peptide or protein to a core protein. The 
most common strategies are based on protein sandwich fusions, the 
Pseudomonas syringae ice nucleation protein (INP) or the native secretion 
systems of Gram-negative bacteria (Fig. 13). The earliest strategies for 
surface display were “sandwich fusions”, which is based on the 
introduction of recombinant peptides into the exposed loops of native 
outer membrane b-barrels (e.g OmpC) [79]. The size of the peptide or 
protein insert is limited due to larger passenger sizes interfering with the 
inherent characteristic of the core protein (e.g size and fold) [79].  

Fig. 13.  Examples of surface display strategies in Gram-negat ive bacter ia.  
The heterologous passenger protein is represented by the orange symbol. 

 
The Pseudomonas syringae ice nucleation protein (INP) has frequently 
been used for surface display in E. coli as it is more tolerant towards larger 
recombinant structures (up to about 120 kDa [137]) and has a high 
expression efficiency [79, 93]. Furthermore, it can display proteins with 
both co-factors and disulfide bridges [138]. In similarity with yeast surface 
display, the INP anchors to the outer membrane with a 
glycosylphosphatidylinositol anchor [138, 139]. The original function of 



| Decorating microbes 28 

the native INP is to nucleates ice formation in supercooled water, to induce 
frost damage to plants [79]. However, as INP lacks a (known) signature 
signal peptide, the mechanism of translocation and integration into the 
outer membrane remain unknown [140]. Hence, the success and efficiency 
of surface display with INP can only be estimated experimentally [140]. To 
the author’s knowledge, no extensive comparative study of INP to other 
surface display systems has been performed to date. Gram-negative 
bacterial strains that natively express flagella or fimbriae (or pili) can also 
be used for surface display [79, 141]. By replacing certain subunit 
structures of the flagella or fimbriae, it is possible to surface express 
recombinant proteins, which easily can evoke immunogenic responses - a 
desirable feature of a live vaccine [83]. Additionally, the bacterial flagellar 
secretion system has been utilized for protein secretion to the extracellular 
space [142-144]. However, the recombinant protein secretion by E. coli 
strains based in this system remains (mg/L scale) far from the efficient 
protein secretion systems of Pichia pastoris (g/L scale) [145]. 

Most surface display systems are based on hijacking native 
secretions systems. The secretion systems in Gram-negative bacteria have 
been classified into seven different classes (Types I-VII) with each system 
depending on a specific subset of proteins for secretion [146, 147]. None of 
the secretion systems I-VII are constitutively active [114]. Most of these 
systems (I,III, IV, VI and VII) include proteins that span both of the 
membranes, while Type II & Type V only span across the outer membrane 
(two-step secretion) [114]. The Type V system is constituted of a single 
polypeptide that drives its own secretion (into the outer membrane) and 
therefore the type V class proteins are commonly referred to as 
autotransporters [148]. This dissertation will only cover Type V secretion 
in detail, as this system has been more extensively used for recombinant 
protein display. Extensive reviews of the other systems can be found 
elsewhere [114, 146].  

2.5 Autotransport, Type V-based surface display 

The bacterial Type V-based secretion system (or autotransporters) is by far 
the most well-known and used surface display system in E. coli. In this 
section, the underlying knowledge regarding autotransport based surface 
display is covered. 

The Type V secretion is claimed to be the “simplest” protein 
secretion mechanism, compared to the other secretion systems [149]. 
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Since the discovery of the type V-based secretion system, the number of 
proteins belonging to this group has steadily increased and autotransport 
is at present the largest group of known secretion proteins in Gram-
negative bacteria [149]. Currently, the Type V based secretion system has 
five subdivisions (type Va-Ve), which are used to distinguish organization 
and transport mechanisms [148, 149].  

 

Fig. 14. The  general  principles of  an  autotransporter.  A.  Overview of a 
compartmental ized autotransporter pre-pept ide. B.  A pept ide that has been 
processed by signal pept idase is guided through the per ip lasm by per ip lasmic 
chaperones (e.g Skp, SurA).  The pept ide is t ransported an outer membrane-
bound BAM complex, that faci l i t ies translocat ion of the autotransporter 
t ranslocat ion uni t  (b-barrel  domain).  

 
The Type Va systems correspond to classical autotransporters, first 
described in 1987 (IgA1 protease) [150]. The classical autotransporter is 
characterized by its signature pre-peptide that is synthesized in the 
cytoplasm with a compartmental structure featuring: an N-terminal signal 
peptide, a passenger protein (e.g protease, lipase, adhesin) and a C-
terminal translocation domain (b-barrel) [151]. A distinguishing feature of 
Type V secretion systems is that the translocation unit (the b-barrel 
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domain) is part of the same polypeptide chain as the effector, or 
“passenger”, targeted for excretion (Fig. 14A) [147]. This feature makes the 
autotransporter systems simple in terms of protein primary structure and 
consequently easy to engineer. For recombinant surface display, the 
passenger protein gene is replaced with the nucleotide sequence 
corresponding to the protein of interest. 

The fact that this transport mechanism seemed independent, gave 
rise to the term “autotransporter”. However, current insight has shown 
interaction of autotransporters with various other proteins. For instance, 
BamA has been shown to interact with both autotransporters Hbp and 
EspP, and depletion of BamA impaired integration of AIDA and IscA 
autotransporters [152-154]. However, many aspects of the involvement of 
BAM in the biogenesis of autotransporters remain, to a large extent, 
unknown. In addition to BamA, various chaperones (SurA, Skp, DegP, 
FkpA) have been shown to be involved in the periplasmic translocation 
process (Fig. 14B) [154-156].  

As autotransporters are expressed as single polypeptides that 
originate in the cytoplasm, their initial translocation over the inner 
membrane does not differ significantly compared to any other proteins 
targeted for the periplasm. However, a few autotransporters (e.g. AIDA, 
Hbp), have extended signal peptides [157]. The function of this extended 
region is still debated, but it has been shown that it is not crucial for the 
outer membrane protein biogenesis [158, 159]. It has been suggested that 
the extended region could slow down the translocation processing at the 
Sec system [148, 160]. Additionally, the type of Sec pathway (post/co-
translational) seems to be specific to the selected autotransporter (e.g Hbp 
translocate in a co-translational fashion) [161].  

After translocation into the periplasm, further integration into the 
outer membrane awaits. The generally accepted model for outer 
membrane integration of autotransporters is the “hairpin model”[148, 
150]. In this model, the C-terminal side of the autotransporter peptides 
forms the b-barrel in the membrane while the N-terminal side remains 
unfolded. Once the pore has been formed, the N-terminal end translocates 
through the barrel structure, forming a hairpin (Fig. 15). Since the b-barrel 
pore is too small to tolerate any folded structures, the translocated 
passenger (at the N-terminal) has to remain (at least partially) unfolded 
until facing the extracellular milieu [162, 163]. It has been hypothesized 
that the extracellular folding of the native passenger proteins (typically 
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large b-helix type proteins) in the extracellular milieu actually could drive 
the translocation of larger native passenger proteins [164]. Once 
translocated into the outer membrane, the native passenger either remains 
attached to the cell or could be auto-processed and cleaved for release to 
the extracellular space [165].  

Other type V systems (Vb-Vd) have hitherto not been used as 
extensively for surface display, but have potentially interesting features for 
specific display applications [166]. For instance, the Type Vb system (two-
partner secretion) has a secretion mechanism, where the passenger protein 
is synthesized and translocated separately from the b-barrel unit [149, 
166]. The Type Ve secretion system (inverse autotransporters) allows for 
inverse surface display, meaning that the N-terminal of the passenger is 
fused with the C-terminal of the b-barrel (comparable with the C-terminus 
free display system in yeast)[167]. The type Ve display system could be 
useful for scenarios where traditional autotransport would sterically 
hinder access to the active site of an enzyme.  

Fig. 15. The hairpin model of  autotransporter integrat ion into the outer 
membrane. After the formation of the translocat ion uni t  (b -barrel  domain),  
passenger secret ion is in i t iated by the formation of a hairpin intermediate. 
The hairpin pul ls the unfolded passenger through the translocat ion domain 
(b -barrel) ,  which fo lds once i t  has reached the cel l  surface. Depending on the 
nat ive propert ies of  the autotransporter,  the passenger protein may be auto-
processed and cleaved to release to the passenger protein to the environment 
(not shown in f igure above).   
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3 Tyrosinases 

After the first description of the autotransport mechanism, strategies for 
recombinant surface display were soon developed [168]. For recombinant 
enzyme display, the group of tyrosinase enzymes have interesting features, 
including simple co-factors that are easily incorporated, activity in a 
monomeric state, and analytically and industrially relevant catalytic 
properties. For that reason and in view of the relevance for this thesis, 
mechanisms, structure and natural function (3.1) as well as applications 
(3.2) of tyrosinases are discussed below.  
 

 
Fig. 16. Character ist ic react ions of tyrosinase .  A.  Monophenolase react ion. 
B. Diphenolase react ion.  

3.1 Mechanisms, structure and natural functions.  

Already in 1895 the first biochemical study was conducted on the 
tyrosinase of the mushroom Russula nigricans, whose cut flesh turns 
pigmented black and red upon exposure to air [169]. This early discovery 
inspired many studies into the mechanisms and functions of various 
tyrosinases. Tyrosinases (EC 1.14.18.1) are copper-containing enzymes that 
are well distributed throughout nature. Tyrosinases use molecular oxygen 
to carry out two types of reactions (Fig. 16), (1) the ortho-hydroxylation of 
monophenols to diphenols (monophenolase, cresolase acticity) and (2) the 
oxidation of ortho-diphenols to ortho-quinones (diphenolase, catecholase 
activity) [169, 170]. 

In plants and arthropods, tyrosinases have functions within 
wound healing and the immune response [171]. In mammals, tyrosinases 
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are commonly found in melanocytes in the skin and retina [172]. Plant 
tyrosinases often lack the monophenolase activity and are referred to as 
catechol oxidases [173]. Human tyrosinases, responsible for pigmentation 
of skin and hair, are membrane-bound glycoproteins (13% glycans) present 
in melanocytes [174].  

No generic tyrosinase structure exists and tyrosinases differ in 
size, structure, glycosylation patterns and activations characteristics [175]. 
The most conserved features are the histidine residues surrounding the 
active sites, coordinating the copper ions. So far, only a single mammalian 
tyrosinase related protein has been crystallized (TYRP1). Crystallization of 
mammalian tyrosinases is hampered by inherently low concentrations (as 
purified from natural sources), contaminations with pigments, occurrence 
of isoenzymes and post-translational modifications [172]. Hence, most 
biochemical conclusions related to the structure-function has been 
deduced from bacterial or fungal sources [176, 177]. Additionally, some 
tyrosinase require “caddy” proteins (basically chaperones) to obtain 
correct folding, copper incorporation and enzymatic activity (e.g 
tyrosinases from Streptomyces casstaneoglobisporus and Streptomyces 
antibioticus) [175, 178, 179].  

 
Fig. 17. Outl ine of the formation of eumelanin by oxidat ion of L-tyrosine by 
tyrosinase. 



| Tyrosinases 34 

3.2 Applications of tyrosinases 

The properties of tyrosinases have resulted in a range of applications, 
including melanin production, food bioprocessing, environmental and 
pharmaceutical technologies [175].  

The most well-preserved function among tyrosinases is the 
polymerization of L-tyrosine to melanin (Fig. 17). This occurs by enzymatic 
oxidation of tyrosine to the diphenol levodopa (L-dopa) and to the quinone 
dopachrome, which is further oxidized towards a number of intermediates 
and eventually the pigment melanin [180, 181]. Melanin produced solely 
from tyrosine, is called eumelanin. Besides the natural biological 
properties of melanin (e.g. virulence, radiation protection), this pigmented 
polymer has a range of industrially interesting properties, especially within 
the bioelectronics, medical and environmental technology fields [182-184].  

In addition to melanin production, tyrosinases are also used in a 
number of other industrial applications. In the food industry, tyrosinases 
are used for their melanogenic reaction (e.g in tea production [185]), but 
also because of its cross-linking activity that can be used to alter food 
structure and texture (e.g chicken meat and bread) [186, 187].  

Tyrosinases have been used in the treatment of contaminated 
waters that contains phenolic compounds, from various industrial origins 
(e.g coal, plastic manufacturing, petroleum refineries, pulp and paper 
production), as they selectively are capable of oxidizing the cyclic 
structures [186, 188, 189]. Because of its catalytic properties against 
phenols, tyrosinases have also been used in biosensor assays for 
electrochemical detection of phenolic compounds [186, 190].  

In the medical industry, tyrosinase can be used for production of 
levodopa (L-dopa). The difficulty with this process is to prevent further 
oxidation of the L-dopa, which can be done by the addition of a reducing 
agent (e.g. ascorbate) or use of a catechol oxidase (lacking the diphenolase 
activity) [191, 192]. L-dopa is a high-value product used in the treatment of 
symptoms related to Parkinson’s disease [186]. L-dopa is a natural 
precursor to dopamine and is converted as it is crossing the blood-brain 
barrier [193].  

The myriad of potential applications and the enzyme structural 
properties make tyrosinase an interesting candidate for surface display. 
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4 Present investigation 

4.1 Aims of the thesis 

The aims of this thesis were to investigate if a whole-cell catalysis system 
could be developed based on surface-displayed tyrosinase and whether 
such whole-cell catalyst could be used in environmental applications, such 
as for removal of micropollutants in water bodies or as a bio-based sensor.  

Accordingly, this thesis will be divided into two parts, where one 
part (Papers I-II) concerns the molecular features of designing and 
optimizing recombinant surface-display of tyrosinase using an 
autotransport based secretion-system in Escherichia coli. The other part 
(Papers I, III-IV) of the dissertation relates to studies where the 
tyrosinase-displayed cells are implemented in the field of environmental 
technology, exemplified by pharmaceutical removal in water (Paper I-III) 
and as a biosensor towards redox-active drug substances (Paper IV). 
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4.2 Methods used in this thesis 

In this section, the most important techniques and methodologies applied 
to the work in this thesis will be described concisely, in order to provide the 
reader with a basic understanding of the methods underlying the data in 
the present investigation. 

4.2.1 Media and cultivation modes 

Cell growth, for surface expression, in this thesis was performed in batch 
cultivations with minimal media and glucose as the main carbon source, at 
30°C unless otherwise specified. In general, protein expression was 
induced with the required inducer molecule (isopropyl β-D-1-
thiogalactopyranoside (IPTG) or L-rhamnose in Papers I-III) during  3 
hours in early exponential growth phase.  

4.2.2 Colorimetric tyrosinase activity assay 

An assay was developed to obtain quantitative data regarding the 
tyrosinase activity. Cells with surface expressed tyrosinase were 
centrifuged and washed in phosphate buffered saline prior to the start of 
the assay. The tyrosinase diphenolase and monophenolase activity were 
determined in a 50 mM Tris-HCl buffer, 1 g/L L-tyrosine and 10 µM of 
CuSO4, by measuring the increase in absorbance at 400 nm. Absorbance 
at 400 nm is a common wavelength to use when measuring tyrosinase 
activity, as this corresponds to the melanogenic oxidation products after L-
dopa, including melanin (Fig. X). The assay was modified from a previous 
study where the isolated Bacillus megaterium tyrosinase had been 
characterized [194]. 

4.2.3 Analysis of surface expression 

In this thesis, two techniques were used to evaluate cell surface expression 
of the tyrosinase: Flow cytometry of culture samples and Western blot on 
isolated bacterial membrane fractions.  

A flow cytometer is an instrument that has the ability to measure 
optical and fluorescence characteristics of a single cell or any particles in a 
fluid stream that passes through a light beam (Fig. 18). In this thesis, 
fluorescently labelled antibodies recognizing the peptide tag sequences 
(Myc or His6) genetically fused to the tyrosinase were used. Thereby, the 
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amount of fluorescence emission can thereby be indirectly connected to the 
number of epitopes on a bacterial surface. In this thesis, the median 
fluorescent intensity (MFI) has been used to evaluate a population.  

Surface expression was also evaluated based on Western blot of 
outer membrane fraction isolates. The membrane isolation protocol used 
in the Papers I & II, involves cell fractionation, centrifugation and use of 
selected detergents to separate the inner and outer membranes. Membrane 
fractions were then separated by SDS-PAGE and analyzed using Western 
blot, with horseradish peroxidase conjugated (HRP) antibodies with 
affinity for either Myc or His6 epitopes.  

 
Fig. 18. Principles of a f low cytometer.  A sample containing cel ls (of  any sort)  
is  in jected into the instrument.  Ideal ly,  the sample is focused so that one cel l  
at  a t ime passes through a laser beam. The l ight scatter ing and f luorescence 
character ist ics of  each cel l  are recorded by a detector.  Large numbers of  
cel ls (10 000 – 100 000 cel ls with in minutes) are analyzed to gain information 
on a populat ion basis.   
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4.2.4 Hollow fiber membranes 

Cell retention devices can be used for cell harvest, product concentration 
or buffer exchanges. In Paper III, a hollow fiber membrane was used in 
order to achieve a continuous flow of chloroquine-enriched water over a 
bioreactor system (containing cells), without the loss of biomass 
(analogous to buffer exchange). A hollow fiber membrane is a type of 
tangential flow filtration system, which functions by applying a stream of 
liquid that flows parallel to a membrane surface (Fig. 19). A part of the 
liquid will pass through the membrane, while the remainder of the liquid 
is recirculated back to a reservoir.  

 
Fig. 19. Tangent ia l  f low f i l t rat ion (exempl i f ied by a hol low f iber membrane).  
An input feed f low (e.g.  cel l  broth) is fed through a hol low f iber membrane. 
The f low of the feed is paral le l  to the membrane f i l ter  surface, a l lowing 
tangent ia l  f i l t rat ion.  

4.2.5 Electrochemical measurements 

Cyclic voltammetry can be used to monitor electron transfer in chemical 
solutions. Basically, a change in current is monitored as the potential is 
altered at the electrode surface, using a potentiostat instrument. More 
details on the basics of cyclic voltammetry can be found in a review 
elsewhere [195]. Since the oxidation of L-tyrosinase involves the creation 
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of a range of redox active intermediates (e.g. L-dopa and 
leukodopachrome), tyrosinase activity can be electrochemically monitored 
using cyclic voltammetry (Paper IV) Cells with surface expressed 
tyrosinase were harvested and put into an electrochemical glass cell (Fig. 
20) and monitored using a potentiostat.  

 
Fig. 20. Typical  e lectrochemical  cel l  setup and a cycl ic vol tammetry diagram.  
The electrochemical cel l  typical ly contains a reference electrode (e.g.  
Ag/AgCl,  yel low),  a working electrode (e.g.  gold,  b lue) and a counter 
electrode (e.g.  p lat inum, red). 

4.3 Development of a tyrosinase display system in E. coli using 
autotransport 

4.3.1 Surface display of an active tyrosinase (Paper I)  

The specific aim of the research project was to carry out a biocatalytic 
reaction pathway on the surface of the cell, which could carry out the 
oxidation of L-tyrosine towards melanin. To accomplish this, surface 
expression of tyrosinase on E. coli via fusion to the AIDA autotransporter 
protein was applied. 

The expression system is a crucial part of surface display. Amongst 
the different types of surface display strategies, an expression system based 
on the autotransporter (Type Va) adhesin involved in diffuse adherence 
(AIDA) was selected [196]. The AIDA autotransporter is one of the more 
characterized and applied autotransporters for recombinant enzyme 
display [197], as also exemplified by work from our lab by the display of 
both epitopes and enzymes [82, 198, 199].  
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Previous research had shown that improved detection and 
expression of surface-displayed AIDA fusion-proteins could be 
accomplished by genetic removal of outer membrane protease T (ompT) in 
the E. coli host [198, 200], integration of antibody tags [201] and overall 
vector improvements [201, 202]. Additionally, process conditions had 
been proven to affect surface-expression of several fusion proteins [203].  

With this knowledge in mind, a previously developed expression 
vector (pAIDA1) was selected for surface display of tyrosinase (Fig. 21) 
[201]. pAIDA1 had previously been developed to facilitate detection surface 
displayed peptides and proteins by flow cytometry and Western blot. All 
surface expression experiments were conducted in an ompT mutant K12 
0:17 strain.  

The surface-display of a selected enzyme is a delicate process 
where the enzyme of choice has to be evaluated based on several features 
(e.g. size, fold) [162]. A selection of potentially suitable tyrosinases was 
made based on several factors such as previous cytoplasmic expression in 
E. coli, size, number of cysteine residues and independency of auxiliary 
caddy proteins. The selected tyrosinases were from the genes of Bacillus 
megatherium (Tyr1) and Rhizobium etli (Tyr2). The genes of the 
corresponding enzyme were cloned in the vector pAIDA1 and transformed 
in a K12 0:17 DompT strain. Initial screening of tyrosinase activity was 
performed with minimal media agarose plates supplemented with L-
tyrosine, copper sulfate and inducer isopropyl β-D-1-
thiogalactopyranoside (IPTG). Furthermore, the strains were evaluated by 
flow cytometry after treatment with fluorescently labelled antibodies with 
Myc and His6 affinity.  

 

Fig. 21.  Strategy for tyrosinase surface display on E. col i .  Schematic of  the 
expression cassette of  the pAIDATyr1 vector,  based on the AIDA 
autotransporter system. Size of gene fragments is not to scale.   
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Fig. 22. Evaluat ion of the surface displayed tyrosinase.  A. Histograms from 
the f low cytometr ic analysis.  Cel l  expressing Tyr1-AIDA were label led with 
f luorescent ant ibodies with af f in i ty for His6 and Myc epi topes, respect ively.  
Red: Negat ive control  (no surface expression),  Blue: cel l  expressing with 
Tyr1-AIDA, Green: Posi t ive control  for expression (cel ls expressing the AIDA 
autotransporter without the tyrosinase passenger).  B. Schematic 
representat ion of the surface expressed tyrosinase-AIDA protein in the outer 
membrane. Note the posi t ion of the His6 (af ter the tyrosinase) and Myc 
(before the tyrosinase) epi topes. C. Western blot  analysis (Myc speci f ic  
ant ibody) of  the cel lu lar protein fract ions: S = soluble fract ion, I .M. = inner 
membrane fract ion, O.M. = outer membrane fract ion.  

 
The fusion protein based on the Bacillus megaterium tyrosinase (Tyr1), 
showed both significant activity on the agarose plate as well as promising 
flow cytometer data (Fig. 22), indicating that active surface display was 
successful. For further verification of fusion protein integration into the 
outer membrane, the cellular compartments were isolated (soluble 
fraction, inner membrane, outer membrane) and the corresponding 
protein composition was evaluated using Western Blot. The Western blot 
analysis, with Myc-HRP antibodies, indicated that the AIDA translocation 
unit (TU) fused with the tyrosinase enzyme (Tyr1) was present only in the 
outer membrane fraction. Besides the full-length protein (corresponding 
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to a band of about 90 kDa in Fig. 22D) several degraded forms of the AIDA-
Tyr1 fusion protein were detected, indicating proteolysis activity 
(addressed in Paper II). In addition to the B. megaterium tyrosinase, also 
a tyrosinase from Rhizobium etli (Tyr2) was expressed. However, the Tyr2 
fusion protein lacked activity on the initial activity screen, showed poor 
responses on the flow cytometry data and was therefore excluded from the 
study.  

Fig. 23. Evaluat ion of surface expressed tyrosinase in a bioreactor 
cul t ivat ion. A .  Overview of the batch process in a bioreactor cul t ivat ion. 
Biomass (green),  L-tyrosine (red) and pigment formation (blue, A4 0 0) .  The 
dotted l ine (at  about 10 hours) represents sugar deplet ion and L-tyrosine 
addit ion. B-C. Time ser ies of  samples taken dur ing the cul t ivat ion (B.  
cul t ivat ion samples, C.  supernatants).  

 
After verification of surface display of a functional Tyr1 tyrosinase, the E. 
coli strain was grown in a bioreactor for further evaluation. Besides the 
obvious advantage of process control that a bioreactor provides, it is 
important to emphasize that all tyrosinase activity and the subsequent 
melanin formation (independent of enzymatic origin) are highly 
dependent on temperature, pH, aeration and buffer conditions [180]. The 
dynamic nature of the tyrosinase enzyme suggests that the enzymatic 
activity could be reduced if the cultivation were to be carried out in a shake 
flask (this is addressed in more detail in Paper IV). The bioreactor allowed 
accurate monitoring of biomass, product formation and tyrosine 
consumption (Fig. 23A). The cultivation was divided into two phases, 
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where the first phase involved biomass propagation and tyrosinase 
production. As the carbon source (glucose) was depleted, the second phase 
(L-tyrosine oxidation phase) was initiated by the addition of L-tyrosine. 
During the second phase, the cultivation broth developed a dark pigmented 
color (Fig. 23B-C). The broth and cell-associated pigments were extracted, 
precipitated and dried prior to evaluation by Fourier-
transform infrared spectroscopy, which verified similarities with synthetic 
melanin. A significant fraction of the melanin seemed to remain cell-
associated. Cells coated in melanin might provide a suitable platform for 
micropollutant removal. This aspect is further evaluated in the second part 
of the present investigation (Paper III). 

4.3.2 Molecular optimization of tyrosinase-based surface display   
(Paper II) 

As shown in the first study, the use of the pAIDA1 vector had successfully 
allowed expression of an active tyrosinase on the surface on E. coli. 
However, some of the most common problems of surface display were 
evident from the study, including lower-than-expected activity and 
degradation of the fusion protein. A number of studies have previously 
faced the same issues of degradation [199, 204]. For any bioprocess based 
on enzyme display, it is desirable to reach a high number of (non-
degraded) active fusion proteins on the surface of the cell. An increase in 
the number of active enzymes per cell yields an increase in the biomass 
specific activity, an important parameter to consider for any future 
industrial process. To investigate if changes in the vector design could have 
an impact on the amount of active surface-displayed enzyme, the influence 
of the different regions of the autotransporter vector were evaluated based 
on activity assays and flow cytometric measurements (Fig. 24). 
 

 
Fig. 24. Overview of the engineer ing targets in the expression vector.  
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Fig. 25. Rational design appl ied to the pAIDA1Tyr1 vector.  A.  Schematic of  
the twelve engineered constructs.  Purple and red tr iangles  represent 
the  His6-tag and  Myc-tag, respect ively.  The black (1.)  and white (2.)  t r iangles 
represent the detected cleavage si tes, respect ively.  B-C .  Tyrosinase act iv i ty 
assays of cel ls expressing constructs in A .  (b io logical  t r ip l icates.) .  D-E. Flow 
cytometr ic analysis of  the corresponding strains marked with Myc and His6 
f luorescent ant ibodies. Data the median f luorescent intensi ty (MFI) of  three 
independent bio logical  populat ions. Flow cytometr ic analysis with in each 
graph measured dur ing the same day. 
 
Protein engineering is one of the most efficient and established strategies 
to minimize proteolytic degradation. It was reasoned that the observed 
cleavage was either due to an intermolecular mechanism (e.g. proteases) 
or intramolecular interactions (e.g. autoproteolysis) [151, 205]. As distinct 
degradation sites had been detected towards the C-terminal side of the 
recombinant tyrosinase, a natural starting point was to remove the 
postulated cleavage sites. In parallel, additional protein engineering 
strategies were applied that had previously been proven to increase 
expression for other enzymes [204, 206, 207]. These included specific 
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deletions related to non-catalytic regions between the enzyme and the 
autotransporter barrel (in the case of autoproteolysis), and removal of C-
terminal regions of the tyrosinase, in order to facilitate the translocation of 
a smaller passenger protein. The complete set of twelve constructs was 
evaluated by measurement of biomass-specific tyrosinase activity, as well 
as flow cytometric analysis of the His6-tagged full-length protein and the 
Myc-tagged surface-displayed protein (Fig. 25). 

As hypothesized, the removal of a predicted autochaperone region 
did not interfere with the translocation of the tyrosinase enzyme. This 
indicates that the role of the autochaperone region might be limited to the 
translocation of the native AIDA passenger protein. The deletions of 
smaller and larger regions in correlation to the C-terminal regions of the 
enzyme did not result in any significantly improved surface-display but 
drastically decreased or completely abolished the enzymatic activity. 
Furthermore, removal of the detected cleavage site did not solve the issue 
of protein degradation patterns, but rather altered the detected cleavage 
patterns. Overall, although the protein engineering did cause some minor 
variations in biomass specific activity and flow cytometric signals, no clear 
conclusions could be made regarding increased surface display. In line 
with similar observations in previous studies [203, 208-210], it was 
concluded that the degradation was due to premature folding in the 
periplasm, rather than due to protease specific recognition sites.  

The number of proteolysis-prone intermediates in the periplasmic 
space is depending on (1) the number of AT-peptides that are being 
translocated by the Sec-system and (2) the rate of integration into the outer 
membrane. To investigate the impact of the rate of transport (factor 1) for 
a specific AT-system (factor 2), a number of variables correlated to the 
plasmid vector were modulated. The variables were: i) mRNA levels, as 
regulated by a titratable promoter system (PrhaBAD). ii) Rate of mRNA 
translation, through the use of five different codon-adaptation indexes. iii) 
Evaluation of both a post-translational and a co-translational translocation 
pathway over the inner membrane determined by the type of signal peptide 
used (AIDA for post-translational and Hbp for co-translational 
translocation). The combination of a co-translational pathway with 
different mRNA levels and CAI should, in theory, be able to modulate the 
number of occupied Sec systems, in addition to the rate of translocation 
through a specific Sec system. The different constructs were evaluated by 
biomass-specific activity and flow cytometer analysis (Fig. 26). 
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Fig. 26. Engineering of the expression cassette,  to target inner membrane 
translocat ion parameters.  A. Schematic representat ion of the di f ferent 
constructs.  B. Flow cytometr ic analysis of  the strains with the di f ferent 
constructs,  showing the relat ive s ignal compared to the signal obtained from 
the or ig inal  pAIDA1Tyr1 construct.  C-D. Tyrosinase act iv i ty assays of the 
tyrosinase-expressing strains. The f i t ted l ine represents a model based on 
saturat ion k inet ics,  based on the three sample points.  Data points represent 
the mean and standard deviat ion of three biological  repl icates.  

 
The concentration of inducer (L-rhamnose) had the most dramatic effect 
and the optimization of this parameter resulted in the highest activity. 
Varying the codon adaptation index (CAI) between the least (0.49) and 
most effective (0.85) resulted in an average 2.5-fold increase over all 
rhamnose-induction levels. Both signal peptides managed to successfully 
translocate the tyrosinase autotransporter system. However, the choice of 
signal peptide had a drastic effect upon measured activity. The co-
translational signal peptide did not show any significant difference 
between CAI and seemed to become saturated at the higher induction 
levels. Overall, all of the three investigated parameters impacted the 
measured activity, and the highest measured activity (pAIDA2-
Tyr1CAI0.85) showed about 5-fold higher activity compared to the original 
pAIDA1Tyr1 construct. 
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Fig. 27.  Impact of  d i f ferent t ranslocat ion domains.  A.  Schematic overview of 
the translocat ion uni ts (b-barrels)  used in the study. Tyrosinase act iv i ty assay 
(B.) and f low cytometr ic analysis (C-D.)  of  the corresponding strains. Relat ive 
His6 and Myc signal the average MFI of  three populat ions relat ive to a 
negat ive control .  Data represent the mean and standard deviat ion of three 
biological  repl icates. 

 
The impact of the translocation unit (TU) upon successful translocation 
had still not been evaluated. Hence, the last experiment was designed to 
determine the impact of different TUs upon activity and measured flow 
cytometric signals. Six different autotransporter based translocation units 
were selected, based on a phylogenetic tree, and subsequently evaluated 
(Fig. 27).  

Surprisingly, only a single TU (EstA) showed significantly lower 
activity than the other ones. In comparison to the activity-based analysis, 
the Myc-based signal showed large variations between the different TUs, 
while the His6-signal variations were more subtle. Even if this 
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investigation did not directly indicate that there is an optimal TU system 
for tyrosinase display, it proved that surface-display could be achieved by 
a number of different autotransporter systems. The low variation in 
activity (1.6-fold change), might indicate that there the TU system is of less 
importance for active surface display, and that the structure of the 
passenger protein might be of higher importance for enhanced surface-
expression.  

Overall, the flow cytometric measurements did not always 
correlate with the activity measurements. While this is reasonable to 
expect from the TUs comparison, due to differences in biogenesis, it’s hard 
to completely disregard the His6-signal/activity non resemblance from the 
other experiments. Possible explanations include differences in activity 
between dimeric and monomeric states of tyrosinase, the flexibility of the 
TU-tyrosinase linker region, intermolecular distance or steric orientation 
of the passenger-TU region. In addition, incorrect folding of the full-length 
passenger-TU protein could yield lower than expected activities.  

Future improvement to the tyrosinase surface display system 
might include knockout of already existing outer membrane proteins, in 
order to create more space in the membrane. However, based on 
observations in this study, the number of full-length tyrosinase (His6-
signal) seemed independent of the total number of TUs (Myc-signal), 
which might indicate a limit or bottleneck in periplasmic chaperones or 
beta barrel assembly machinery. Therefore, a complete engineering of the 
chaperone landscape, such as Skp, FkpA, SurA, might also be beneficial for 
increase full-length expression of tyrosinases.  

Compared to the final construct in Paper I, the optimization of 
promoter and CAI (Paper II), resulted in a 5-fold improvement in activity. 
The best construct in this study (pAIDA2-Tyr1CAI0.85) was the basis for 
biosensor development in Paper IV. 

4.4 Tyrosinase display applied to environmental technology 

In Paper I & II, a process for tyrosinase surface-display was established 
and optimized from a molecular point of view. These two papers provided 
the foundation for the surface-displayed tyrosinase system, which in the 
upcoming part of the thesis was applied to the field of environmental 
technology. Paper I already provided a proof of concept study, where the 
melanin producing cells were used for pharmaceutical removal from an 
aqueous solution. This is further established in Paper III, where the 
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melanized cells are evaluated in a continuous process setup for 
pharmaceutical removal. Paper II provided the constructs needed to 
create an effective reporter gene and are further evaluated as an 
electrochemical biosensor system in Paper IV. 

4.4.1 Removal of chloroquine from water using melanin-covered E. coli 
(Paper I & III) 

The increasing release of pharmaceuticals and personal care products 
(PPCP) into the environment is a global concern in view of increased 
ecotoxicological effects [211]. Principally, this is more critical in developing 
countries where the majority of wastewater remains completely untreated 
[2, 212-214]. However, even in countries with established treatment 
facilities, the current wastewater treatment technology is not designed to 
handle degradation, or removal, of PPCP [215, 216]. In order to deal with 
this increasing problem, both conventional and new technologies have to 
be considered. Active carbon adsorption and ozone treatment are 
techniques that have been investigated. However, both of these techniques 
have drawbacks, with aspect to cost, regeneration and the creation of 
unstable by-products, in the case of ozonation [217-220]. With these 
drawbacks in mind, new specific technologies are desired to fill the gap as 
adsorbents or removal agents for PPCPs [221]. Additionally, no current 
technology can on its own solve the complete spectrum of micropollutants 
present in wastewater streams, making it likely that a combination of 
techniques is required.  

In Paper I, it was found that a significant fraction of the produced 
melanin remained cell-associated. To test if the melanized cells were 
suitable for micropollutant removal, an experiment was designed where 
the melanized cells were added to phosphate buffered saline (PBS) spiked 
with the drug compound chloroquine. It should be noted that chloroquine 
is a drug that easily adsorbs to the melanin multi-aromatic structure and 
has previously described ecotoxicological implications [222]. The melanin-
covered cells were then separated from the solution and the residual 
amount of chloroquine was analyzed. It was shown that the melanized cells 
were able to adsorb a significant fraction of the chloroquine (Fig. 28). 
Furthermore, it was verified that the melanin-chloroquine interaction was 
pH dependent. This could allow for a desorption process, where the release 
of the drug compound could be regulated by a decrease in pH. Since the 
data showed promising results at low chloroquine concentrations, the cells 
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were further evaluated in a continuous process. The economic feasibility of 
such process is dependent on many factors, including removal efficiency, 
process design, scalability, reusability and the possible regeneration of the 
cell-melanin adsorption interface. These parameters were further 
evaluated in Paper III, as described in the upcoming paragraphs.  

 

 
Fig. 28. Appl icat ion of the melanin covered cel ls for adsorpt ion.  A. Glass-
bioreactor containing the melanin producing cel ls,  af ter washing the cel ls in 
PBS. B. Adsorpt ion of the malar ia drug chloroquine to the melanin-cel ls at  
d i f ferent pH. 

Fig. 29. Schematic of  the cont inuous adsorpt ion process. 
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Fig. 30. Adsorpt ion of chloroquine onto melanin-covered E. col i .  A. Change 
in chloroquine concentrat ion over t ime ( three cycles) with melanized cel ls.  B. 
Amount of  chloroquine bound per gram of melanized cel ls (b lack) compared 
to a non-melanized reference (white).  C-D. Cumulat ive amount of  chloroquine 
bound to cel ls compared to the outf low, C. melanized cel ls,  D.  reference cel ls  
(expressing only the AIDA without tyrosinase).  Overal l ,  sol id l ine = 1s t  
adsorpt ion cycle,  dashed l ine = 2n d cycle,  dotted l ine = 3r d cycle.   
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In order to create a continuous flow-process (Paper III), where the 
melanized cells were to be used as adsorbent, a cell-retention device had to 
be applied. One commonly used retention device within water technology 
is ultrafiltration [223, 224]. Based on this, and existing expertise within the 
field of cell retention devices, it was decided to use an external hollow fiber 
membrane that was connected to a bioreactor (Fig. 29). This allowed the 
introduction of a chloroquine solution to the reactor, without the loss of 
biomass.  

To study the kinetics of chloroquine binding in a continuous setup, 
cells expressing the surface-expressed tyrosinase (Tyr1-AIDA) were 
compared to a strain only containing the autotransporter barrel (AIDA). 
Both strains were grown in a bioreactor setup, in the same process as 
established in Paper I, washed and integrated into the setup (Fig. 29). The 
binding profiles of the continuous-flow experiments, containing both the 
melanized cells (Tyr1-AIDA) and the reference cells (AIDA), were recorded 
for 48 hours. 

The initial rates of removal in the setups were high as the 
chloroquine was removed below the limit of detection of the assay (0.001 
mM), indicating > 98 % removal. The effluent concentration in the reactor 
setup containing melanized cells remained low for about 20 hours (Fig. 
30). After 25 reactor volumes the concentration of chloroquine started to 
increase, until about 31 hours at which point the chloroquine concentration 
had reached 10 % of the ingoing concentration (10 % breakthrough). The 
experiment was continued until the outgoing concentration was equal to 
the ingoing concentration of chloroquine, which occurred at about 47 
hours. At this point 140 (+/- 7) mg of chloroquine per gram of cells had 
been adsorbed. In contrast to the previous study in Paper I, where the 
reference (AIDA) lacking tyrosinase had adsorbed about 15-20 % of the 
amount chloroquine bound to the melanized cells, a continuous operating 
mode allow a higher binding to the reference cells also, allowing adoption 
corresponding to about 50% of the melanized cells (Fig. 30). 

An essential parameter for the economic feasibility of this process 
is the regeneration (reusability) of the melanized cells. This allows the cells 
to be used in several cycles, each cycle allows for additional adsorption 
using the same batch of cells. In situ regeneration of the cells were 
performed by lowering the pH in the reactor to 3, using citric acid. The 
amount of released chloroquine was comparable over three cycles (1st: 133 
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mg/g, 2nd: 142 mg/g, 3rd: 146 mg/g). Complete regeneration was achieved 
after washing with 16 % (+/- 6 %) of the previously treated reactor volumes.  

Additionally, the chloroquine/melanin binding was characterized 
using the Langmuir and Freundlich adsorption isotherms. Fitting the data 
to the two common isotherms showed a better fit towards the Freunchlich 
isotherm (R2 > 0.90) compared to the Langmuir isotherm (R2 < 0.83). This 
indicates that the melanin-chloroquine display a (mostly) heterogenous 
type of adsorption.  

Overall the study shows that using the melanin-covered E. coli in 
a membrane bioreactor setup has potential for continuous removal of 
pharmaceuticals. The maximum capacity for chloroquine binding (140 
mg/g) was surprisingly high compared to the previously 45 mg/g in Paper 
I. It is possible that the type of continuous operational mode allows for a 
more optimal use of the heterogeneous binding sites, than previously 
realized. In this study, a quite low cell concentration (10 g/L) was used. 
Future application will likely require higher cell loading, thus allowing 
process intensification and the possibility to treat larger volumes of water, 
prior cell regeneration. Melanin has previously been shown to have affinity 
for a range of chemicals [225-227], but this study demonstrates the first 
use of a self-replication melanin-production system as an adsorbent in a 
continuous setup, with an application towards wastewater purification.  

4.4.2 Development of mediator-free tyrosinase/tyrosine genetic circuits 
for detection of superoxide generating substances by 
electrochemical methods (Paper IV) 

Devices to monitor chemical reactions in biological systems have over the 
last decades been developed for the detection of molecular cues in various 
medical and environmental applications. There is a growing interest in 
integrating electronics with biology, since this can offer means to both 
monitor and regulate biological cell systems. Such molecular networks 
have already been engineered to yield more efficient metabolic engineering 
processes [228, 229], gene regulators [230, 231] and cell-based therapeutic 
systems [232, 233]. 

Extraction of information from biological systems requires a 
conversion of specific molecular information into an electronically 
accessible format. Redox communication, which is common within 
biological systems [234], is a convenient way to bridge biology and 
electronics, but the information is often inaccessible without added 
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engineering [235]. A strategy used to access such redox biology 
electronically is the addition of a redox-active electron mediator, that can 
accept, store and donate electrons to an electrode (for instance in an 
electrochemical cell). In order to obtain molecular specificity, the mediator 
is often linked with enzymatically catalyzed reactions. The mediators can 
thereafter be analyzed by electrochemical methods, such as cyclic 
voltammetry, to generate a measurable signal that is dependent on the 
characteristics and concentrations of the redox mediator [235].  

To further enhance the biological recognition of electrochemical 
sensors, it is possible to integrate engineered “sensor” cells. Additionally, 
if designed appropriately, engineered cells could produce their own 
metabolic redox mediators. The aim of this study was to create a biological 
sensor system that was independent of externally added redox mediators. 
To create such a system, transcriptional regulators were linked to the genes 
responsible for the production and enzymatic oxidation of L-DOPA, an 
electrochemically detectable oxidation product of L-tyrosine. 

Fig. 31 .  Concept and evaluat ion of the sensor cel ls.  A. Schematic over the 
proposed sensor cel l  populat ion. The sensor cel ls are act ivated by 
superoxide generat ing compounds (paraquat,  pyocyanin),  which tr iggers 
translat ion of the tyrosinase-AIDA fusion protein by the soxRS  promoter.  The 
presence of the enzyme is analyzed by a tyrosinase assay, where L-tyrosine 
oxidat ion intermediates (e.g.  L-dopa) are detected by an electrochemical  
setup. B-C. Evaluat ion of the performance of the sensor populat ion towards 
B .  pyocyanin and C. paraquat.  Peak current was measured after 16 hours 
incubat ion in a tyrosinase assay buffer.  Points represent the mean and 
standard deviat ion of three biological  repl icates. 
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As a starting point, it was investigated whether L-dopa and 
leukodopachrome (Fig. 17, section 3.2), the oxidation products of L-
tyrosine, could be detected electrochemically. These two unstable 
intermediates can redox cycle with a biased gold electrode to generate an 
electrochemical signal [236, 237]. Using cyclic voltammetry, synthetic L-
dopa concentrations were analyzed and compared it to tyrosinase 
oxidation by isolated mushroom tyrosinase (Agaricus bisporus). L-dopa 
showed a concentration dependent peak current at a potential between 
0.25-0.35 V vs Ag/AgCl (using a gold standard electrode). The oxidation of 
L-tyrosine by tyrosinase displayed a similar response as the L-dopa 
voltammogram and it was thereby possible to connect the amount of 
tyrosinase to a distinct electrochemical response (enzyme specific).  

In order to create bacterial sensor cells, the optimized tyrosinase 
surface-display system from Paper II was the ideal reporter gene. A 
surface-expressed tyrosinase can directly interact with extracellular 
tyrosine (and the co-factor copper), enabling direct L-dopa diffusion to the 
analytical electrodes and eliminating the membrane-mass transfer barrier. 
For genetic regulation of the tyrosinase expression, the soxRS promoter 
system was used. The soxRS promoter is involved in the native E. coli 
oxidative stress response and is activated by superoxide (O2-) generating 
compounds, including certain herbicides and toxins (e.g. paraquat, 
pyocyanin) [238-240]. A schematic of the proposed “sensor cells” is 
visualized in (Fig. 31). By mid-log induction, with pyocyanin and paraquat, 
the performance of the sensor cells was evaluated. The cells were harvested 
and resuspended in tyrosinase assay buffer, prior to incubation in 30°C for 
16 hours. The electrochemical profile for each sample was characterized 
using cyclic voltammetry. A linear correlation between the concentration 
and the peak current was found for both compounds (Fig. 31). The linear 
ranges for pyocyanin and paraquat were 0.1-0.6 µM and 0.1-0.8 µM, 
respectively. The same experiment was repeated to compare the surface 
expressed tyrosinase with a cytosolic tyrosinase. It was found that only the 
surface expressed tyrosinase produced a redox signal within the time frame 
(16 hours) of the experiment (Fig. 32).  

To further advance the system for transfer of molecular- to 
electronic information, a mediator-independent genetic circuit was 
designed. In practice, this meant that a L-tyrosine producing strain was to 
be constructed (to eliminate the addition of synthetic L-tyrosine). Based on 
literature, vectors were constructed for the overexpression of genes tyrA*, 
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aroE and aroG* (mutations (*) were introduced in two genes, to 
circumvent feedback inhibition) [241]. One vector was regulated by the 
araBAD promoter, while a second was regulated by the soxRS promoter. 
Both vectors were evaluated in a DtyrR, DsoxRS mutant. Only the vector 
(with araBAD promoter) was capable of regulating L-tyrosine production 
based on inducer concentration. In contrast, the strain containing the 
soxRS promoter system showed no regulation of the L-tyrosine titer based 
on inducer concentration (induction seemed toxic). Yet, this strain 
produced about 1 g/L of L-tyrosine without induction. Therefore, the 
soxRS strain was used as a constitutive L-tyrosine producer. 

 
Fig. 32 .  Cycl ic vol tammetry  measurement of  L-DOPA oxidat ion current for 
AIDA-Tyrosinase and cytosol ic Tyrosinase. The peak current presented is the 
maximal peak for each data set,  occurr ing roughly ~2hrs post incubat ion in 
the L-tyrosine solut ion. The cel ls expressing AIDA-tyrosinase have a larger 
magnitude of response (1.48 µA – 3.21 µA) than an equivalent cytosol ic 
var iant (1.03 – 1.38 µA) when assayed according to our descr ibed method. 

 
In theory, the tyrosine producing vectors could be combined with the 
tyrosinase-surface display vector into a strain that could both produce 
tyrosine and tyrosinase. However, in practice this was difficult due to low 
growth rates and production yields. Instead, a more robust consortium 
culture (co-culture) system was investigated. Compared to a monoculture, 
the co-culture provided more robust production conditions, where each 
strain contributes with a portion of the overall function (either tyrosinase 
or L-tyrosine production). Briefly described, producer cells convert glucose 
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into biomass and L-tyrosine, either based on a constitutive (soxRS) or 
regulated (araBAD) expression (Fig. 33A). Separately, targeted activator 
compounds (paraquat) are added to sensor cell cultures to induce 
tyrosinase surface-display. After 3 hours of induction, the sensor cells were 
added to the producer cell cultures, and samples for cyclic voltammetry 
measurements were taken regularly.  

In Fig. 33B, a co-culture containing sensor cells (induced at 
different paraquat concentrations) and constitutive producer cells was 
monitored for 60 hours. It was found that the peak current was dependent 
on paraquat concentration and saturation of the signal occurred after 
about 36 hours.  

 
Fig. 33. Evaluat ion of the genet ic c ircui t  in a co-cul ture consist ing of L-
tyrosine cel ls and tyrosinase producing cel ls.  A. Schematic of  the co-cul ture. 
Producer cel ls consume glucose and produce L-tyrosine. L-tyrosine 
product ion was ei ther expressed const i tut ively (soxRS )  or regulated (araBAD )  
on a genet ic level .  B. Co-culture with producer cel ls with const i tut ive (soxRS )  
product ion of L-tyrosine. Sensor cel ls were regulated by di f ferent 
concentrat ions of paraquat ( top r ight corner).  Samples were taken over 60 
hours and analyzed by cycl ic vol tammetry.  C.  Co-cul ture with producer cel ls 
with regulated (araBAD )  product ion of L-tyrosine. Sensor and producer 
cul tures were regulated by di f ferent concentrat ions of paraquat and L-
arabinose, respect ively.  Cultures were analyzed after 24 hours by cycl ic 
vol tammetry.  
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To determine if co-regulation of both L-tyrosine and the enzyme tyrosinase 
could allow AND logic communication, the arabinose-regulated L-tyrosine 
production vector was used. Cells were cultivated as in the previous co-
culture experiment, but with different concentrations of L-arabinose 
added to the producer cells. The co-cultures were allowed to incubate for 
24 hours before sample analysis with cyclic voltammetry (Fig. 33C). It was 
found that the peak current generated was dependent on both L-arabinose 
and paraquat concentration. Encouragingly, no signal (only baseline) were 
obtained in the absence of both inducer components. 

In this study, a simple, robust and user-friendly system was 
developed for harvesting biological molecular information and converting 
this to an interpretative signal that could be electrochemically measured. 
Additionally, the use of a co-culture system eliminated the need for 
artificially added redox mediators. The signals generated by the cellular 
genetic circuit were concentration dependent towards the targeted 
molecules present in the local environment. The work done in this study 
can contribute to advance research regarding information transfer 
between biology and electronics.  
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5 Conclusions and future perspectives 

The aim of this thesis was to investigate if a surface display-based 
tyrosinase whole-cell catalyst could be developed and integrated into 
environmental technology applications.  

Initial efforts (Paper I & II) were focused on understanding and 
optimizing the molecular aspects of tyrosinase surface display. Altogether, 
the studies performed yielded an improved tyrosinase-display system. It 
can be concluded that improving the surface display of a targeted enzyme 
is a complex task. It seems like the most critical factor may be the choice of 
passenger protein/enzyme, and its inherent properties (as seen in Paper 
I & II). The studies also indicated that the choice of specific 
autotransporter system (translocation unit) is less critical, while other 
genetic elements such as promoter, signal peptide and codon optimization 
could improve the overall tyrosinase activity. However, further potential 
for optimizing the tyrosinase display-system still remains. For instance, 
the issue with proteolytic degradation of the passenger was not fully 
understood or solved. The degradation may be caused by prolonged 
translocation times in the periplasmic space, which increases the risk of 
premature folding and exposure to proteases. This could potentially be 
prevented by extensive engineering of the chaperone or protease landscape 
in the periplasmic space, or by overexpression of certain components in the 
b-barrel assembly machinery (BAM), even if the involvement of the latter 
is less understood. Furthermore, no effort has so far been put on finding 
an optimal E. coli strain for autotransport (besides an ompT mutant). 
Screening strains that have knockouts in the cell envelope regulatory 
networks (e.g. chaperones, translocation systems, and proteases) might be 
beneficial for further improvement. Additionally, directed evolution can be 
applied to regions of the surface expression system itself. However, for 
these purposes, a more sensitive and selective screening methodology is 
required. Additionally, no study has evaluated surface-display 
systems/strategies between different organisms (yeast or Gram-positive 
surface-display).  

Paper III & IV were directed towards applying the developed 
tyrosinase displaying strains in environmental settings. This was initially 
directed towards the removal of micropollutant drugs from wastewater. 
Melanin-coated cells were capable of removing 98.2 % of the ingoing 
chloroquine concentrations for up to 20 hours in a membrane bioreactor 
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setup. Furthermore, the melanin-coated cells demonstrated a high binding 
capacity (140 mg/g), which did not decrease during the over three 
adsorption/desorption cycles. The study demonstrated that the melanin-
covered cells in a membrane bioreactor-setting have potential for the 
continuous removal of pharmaceuticals from wastewater. However, any 
real-life scenario should be evaluated at a higher biomass density to 
maximize the treatment capacity. The number of regeneration cycles is an 
essential factor in making the process sustainable from an economical 
perspective. Additionally, before moving on towards the treatment of real 
wastewater, the binding capacity and competitive binding 
towards/between other types of drug micropollutants should be 
investigated.  

The second environmental application of the tyrosinase surface 
display system was towards the detection of certain herbicides and toxins. 
The properties of the tyrosinase were suitable for linking the oxidation of 
L-tyrosine to an electrochemical detection system, a desirable feature for 
analytical purposes (e.g portable devices). This “sensor cell population” 
was combined with an L-tyrosine production strain (i.e. producer cells) to 
create a co-culture system that was capable of operating without any added 
redox-mediators. The separate regulation of L-tyrosine production allowed 
for an AND type logic gate, which in practice can be used to harvest 
information regarding two separate compounds in a solution. This study 
can further advance the field of biological communication devices. 
Furthermore, other electrochemically active enzymes can be expressed and 
utilized in similar ways. The surface display of enzymes as biological sensor 
systems is an interesting application that should be evaluated/advanced 
further, with other target molecules and reporters. Future research should 
be put into developing user-friendly sensors, which allows easy integration 
into smart devices, such as single-cell analysis/microfluidics technology.  

Overall, the thesis contributes to the area of applied enzymatic 
surface-display and is valuable for any future research within the field of 
recombinant surface display and applied whole-cell catalysis. In the future, 
this thesis constitutes a solid foundation for the development of new smart 
bio-based sensors, environmental bioremediation systems and membrane 
protein production strategies. 
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