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“If we knew what it was we were doing, it would not be called research, 
would it?”  
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Abstract 
 

Surface expression has attracted much recent interest, and it has been suggested 
for a variety of applications. Two such applications are whole-cell biocatalysis 
and the creation of live vaccines. For successful implementation of these 
applications there is a need for flexible surface expression systems that can yield 
a high level of expression with a variety of recombinant fusion proteins. The aim 
of this work was thus to create a surface expression system that would fulfil 
these requirements. 
  
A novel surface expression system based on the AIDA-I autotransporter was 
created with the key qualities being are good, protein-independent detection of 
the expression through the presence of two epitope tags flanking the 
recombinant protein, and full modularity of the different components of the 
expression cassette. To evaluate the flexibility of this construct, 8 different 
model proteins with potential use as live-vaccines or biocatalysts were expressed 
and their surface expression levels were analysed. 
 
Positive signals were detected for all of the studied proteins using antibody 
labelling followed by flow cytometric analysis, showing the functionality of the 
expression system. The ratio of the signal from the two epitope tags indicated 
that several of the studied proteins were present mainly in proteolytically 
degraded forms, which was confirmed by Western blot analysis of the outer 
membrane protein fraction. This proteolysis was suggested to be due to protein-
dependent stalling of translocation intermediates in the periplasm, with 
indications that larger size and higher cysteine content had a negative impact on 
expression levels. Process design with reduced cultivation pH and temperature 
was used to increase total surface expression yield of one of the model proteins 
by 400 %, with a simultaneous reduction of proteolysis by a third. While not 
sufficient to completely remove proteolysis, this shows that process design can 
be used to greatly increase surface expression. Thus, it is recommended that 
future work combine this with engineering of the bacterial strain or the 
expression system in order to overcome the observed proteolysis and maximise 
the yield of surface expressed protein. 
 
Keywords: AIDA-I, autotransport, biocatalysis, E. coli, live vaccines, surface 
expression 
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Sammanfattning 
 

Ytexpression är ett forskningsområde som har visats stort intresse på senare tid. 
Två användingsområden som föreslagits för ytexpression är framställning av 
celler som fungerar som biokatalysatorer eller vaccin. För att kunna 
implementera ytexpression för detta behövs flexibla ytexpressionssystem som 
kan ge höga expressionsnivåer för proteiner med varierande egenskaper. Målet 
med den här avhandlingen var att skapa ett ytexpressionssystem som uppfyller 
detta. 
 
För att uppnå detta skapades ett nytt ytexpressionssystem baserat på 
autotransportören AIDA-I. Huvudegenskaperna för detta system är att det finns 
goda möjligheter att detektera ytuttrycket baserat på två epitoptaggar på vardera 
sidan om det rekombinanta proteinet, samt att expressionskassetten är modulär 
vilket möjliggör utbyte av enskilda komponenter. Åtta olika proteiner med 
potential att anvädas som vaccin eller biokatalysatorer klonades in i den nya 
vektorn för att utvärdera dess förmåga att uttrycka proteiner med olika 
egenskaper. 
 
Alla åtta proteinerna kunde detekteras på cellytan med hjälp av flödescytometri-
mätning av celler märktamed antikroppar mot de två epitoptaggarna, vilket visar 
att expressionssystemet är funktionellt. Förhållandet mellan signalerna från de 
två taggarna indikerade dock att flera av proteinerna framförallt förekom i delvis 
proteolytiskt nedbrutna former, vilket bekräftades med Western blot-analys av 
yttermembranproteinfraktionen. Proteolysen föreslogs bero på att dessa 
proteiner fastnar i periplasman under transporten till cellytan, och det fanns 
indikationer på att större storlek och högre cysteininnehåll negativt påverkar 
ytexpressionsnivåerna. Processdesign med sänkt pH och temperatur under 
odlingen fanns vara en framgångsrik strategi för att öka ytexpressionen för ett av 
modellproteinen. Med denna strategi ökades uttrycksnivån för modellproteinet 
med 400 % med samtidig minskning av andelen proteolytiskt nedbrutna former 
med en tredjedel. Även om detta inte helt avlägsnade proteolysen så visar det att 
processdesign kan användas för att starkt öka ytexpressionsnivåerna. Därför 
rekommenderas att framtida studier kombinerar detta med modifiering av 
bakteriestammen eller ytexpressionssystemet för att avlägsna proteolysen och 
maximera ytuttrycksnivåerna. 
 
Nyckelord: AIDA-I, autotransport, biokatalys, Escherichia coli, live vaccines, 
ytexpression 
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1 Introduction 
 

The use of enzymes for biocatalytic production of enantiomerically pure 
compounds is advantageous compared to traditional chemical catalysis, 
mainly due to the high catalytic efficiency and enantioselectivity of 
enzymes. These properties enable greener, less energy consuming 
processes that yield purer products of high quality [1]. However, the cost 
of the enzymatic catalyst is often a concern for overall process economy 
[2]. Thus, there is a demand for improvements leading to more 
economical production processes of enzymes, which should preferably be 
reusable. Reusability typically demands enzyme immobilisation on a solid 
support, which adds extra downstream steps and increases the cost. 
Ideally, whole cells should be directly usable as biocatalyst, since this 
removes the majority of the downstream steps and enables simple 
separation and subsequent reuse of the catalyst through centrifugation or 
filtration. However, the cell envelope presents a potent mass transfer 
barrier that slows or completely prevents the entry of reaction substrates 
into the cell, where the enzyme can catalyse the desired reaction [2,3]. 
Furthermore, the cell interior contains a multitude of enzymes that may 
catalyse undesired side reactions. An a possible way to avoid these 
drawbacks is the expression of enzymes on the surface of the host cell. 

 
Another application for proteins expressed on the cell surface is the 
creation of live vaccines [4]. Non-pathogenic bacteria expressing vaccine 
epitopes on the surface may serve as a cheap, edible vaccine. As an added 
benefit, surface proteins and oligosaccharides of bacteria are antigenic and 
may therefore act as adjuvants, leading to an increased immune response 
to the displayed antigens [5]. 
 
There is currently much research directed towards expression of proteins 
on the surface of different cells. However, few reports have focused on 
surface expression from a protein production point of view, a perspective 
that is crucial for the realisation of the use of surface expression in 
applications such as whole-cell biocatalysis or live vaccine development. In 
this work, the aim was to create a surface display system in the bacterium 
Escherichia coli using the autotransporter adhesin involved in diffuse 
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adherence (AIDA-I) [6] and to evaluate the suitability of this system for 
protein production, based on stability of expression, protein yield, and 
flexibility regarding the properties of the surface-expressed fusion protein. 
 
This thesis will begin by briefly describing the structure of the bacterial 
cell envelope and subsequently describe different ways that have been 
exploited for anchoring recombinant proteins on the surface of this 
structure. Then, a mechanistic description of autotransporter-based 
protein secretion will be given, with a focus on how autotransporters can 
be used for surface expression. Finally, the findings of the present work 
will be described. 

 

2 The bacterial cell envelope 
 

2.1 Structure of the bacterial cell envelope 
 
Bacteria are divided into two groups, Gram-positive and Gram-negative, 
based on the structure of their cell envelope. Gram-positive bacteria have 
an envelope consisting of a cytoplasmic phospholipid membrane, 
surrounded on the outside by a thick cell wall made up of cross-linked 
peptidoglycan [7]. This thick peptidoglycan layer provides mechanical 
stability to the cell, and is responsible for keeping its shape [7,8]. The 
peptidolycan consists of mixed polymers of N-acetyl glucosamine (NAG) 
and N-acetyl muramic acid (NAM), where NAM forms cross-links 
between different peptidoglycan polymers [8]. The cytoplasmic membrane 
is made from a mixture of phospholipids and forms a diffusion barrier 
into the cell. In addition, up to 70% of the mass of the membrane is 
proteins [8]. 

 
Gram-negative bacteria differ from Gram-positive, in that they have two 
cell membranes, aptly named the cytoplasmic or inner membrane (IM), and the 
outer membrane (OM). The volume located between the IM and OM is 
called the periplasm and contains a relatively thin layer of peptidoglycan [7]. 
This peptidoglycan layer is connected to the OM through covalent bonds 
made by an outer membrane lipoprotein, which is the most abundant 
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protein in E. coli with 700 000 copies per cell [8]. The IM is a typical lipid 
bilayer made up of phospholipids, while the OM is made up of both 
phospholipids and lipopolysaccharides (LPS) [9]. Due to the polar sugar 
moieties of LPS, the OM forms a diffusion barrier not only for 
hydrophilic molecules, but also hydrophobic ones [7,8]. However, small 
molecules (< 600 Da) can cross the OM through channels formed by 
pore-forming proteins (porins). These are a class of membrane-bound, β-
barrel forming proteins found in Gram-negative bacteria. These porins 
form trimeric complexes in the outer membrane, and are typically present 
in the order of 105 copies per cell [7]. Figure 1 shows a comparison 
between the Gram-positive and Gram-negative cell envelope. 
 

 
 

 
 

 
 

 
 

  

Figure 1: Comparison of the Gram negative (A) and Gram-positive 
(B) cell envelope. LPS: lipopolysaccharide, C: core oligosaccharide, 
CM: cytoplasmic membrane, LA: lipid A, OM: outer membrane, LPP: 
lipoprotein, PP: periplasm, TMP: transmembrane protein, IM: inner 
membreane  
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2.2 Outer membrane protein (OMP) biogenesis 
 
Gram-negative outer membrane proteins (OMPs) are synthesised in the 
cytoplasm, with an N-terminal signal peptide that targets them for 
secretion to the periplasm through the Sec system [10,11]. Following 
secretion, this signal peptide is proteolytically cleaved. Finally, the OMPs 
are inserted into the OM. This insertion is aided by several periplasmic 
and membrane-bound proteins, which will be discussed in the following 
sections. 
 

2.2.1 The Sec system 
 
The Sec system is an inner membrane protein complex responsible for 
transporting the majority of the secreted proteins from the cytoplasm into 
the periplasm, as well as inserting proteins in the IM [12]. The main 
component of Sec is the heterotrimeric complex SecYEG. SecYEG is an 
integral inner membrane protein that forms a translocation channel, 
through which unfolded proteins can be transported to the periplasm [12]. 
Proteins that are destined for secretion through Sec are tagged by N-
terminal signal peptides. Depending on the properties of this signal 
peptide, secreted proteins may interact with cytosolic helper proteins such 
as the signal recognition particle (SRP), DnaK or SecB. 
 
Sec-mediated transport is dependent on the ATP hydrolase SecA, which is 
associated to SecYEG. Upon ATP hydrolysis, SecA undergoes a 
conformational change, reaching into the channel formed by SecYEG. 
Since SecA also binds to the polypeptide to be secreted, this leads to the 
polypeptide being pulled into the SecYEG channel at approximately 20-25 
amino acids (aa) at a time [13]. An additional complex, SecDF is also 
needed for translocation. SecDF is an inner membrane protein with loops 
protruding into the periplasm. It has been suggested that these loops 
undergo a conformational change, driven by the simultaneous transport of 
protons, which helps translocation by pulling the polypeptide out of the 
SecYEG channel into the periplasm [12]. Figure 2 shows an overview of 
Sec-mediated translocation. 
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2.2.2 The β-barrel assembly machinery 
 
The β-barrel assembly machinery (BAM) is a complex of 5 separate 
proteins (BamA-BamE) located at the OM [14]. BamA is an integral 
membrane protein that forms a β-barrel in the OM and is the central part 
of the complex [14], while BamB-BamE are lipoproteins that are 
associated to the BamA β-barrel [15]. The exact mechanism of the BAM 
complex is currently unknown, but it has been implicated in the assembly 
of most outer membrane proteins [16]. 

 

2.2.3 Periplasmic chaperones 
 
Upon release into the periplasm, OMPs interact with several periplasmic 
chaperones. These include SurA, Skp and DegP [10]. SurA is a peptidyl-
prolyl isomerase that also displays general chaperone activity [17]. DegP 
fills dual roles, as it acts as both a general chaperone and a protease 
involved in degradation of misfolded proteins in the periplasm [17]. 
Finally, Skp is a general chaperone that interacts with unfolded peptides as 
they exit the Sec system and prevents their periplasmic aggregation [11]. 
SurA, Skp and DegP are all thought to be involved in delivering OMPs to 

SecYEG SecDF

SecA
ATP

ADP+Pi

SecB

Cytoplasm

Periplasm

N

C

Figure 2: Overview of Sec-mediated transport. 
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the BAM-complex [11] for subsequent OM insertion. This is divided in 
two pathways: the SurA pathway, and the Skp and DegP pathway. This is 
evidenced by the fact that Skp and DegP can make up for the lack of 
SurA, but knock-out of SurA in combination with either Skp or DegP 
prevents growth [18]. 

3 Surface expression 
 
Surface expression, or surface display, is the expression of a recombinant 
protein of interest on the surface of a host. This is achieved by genetically 
fusing the protein of interest with a surface protein of the host cell, and 
was initially reported in 1985 by Smith and co-workers who fused peptides 
to coat proteins of filamentous phages [19]. Shortly after the report by 
Smith et al., surface expression was adapted for use in bacteria [20,21], and 
later for yeast [22]. The use of cells has several advantages compared to 
phage display: cells replicate independently as opposed to phages; cells are 
comparably large, enabling easy separation through filtration or 
centrifugation as well as analysis and sorting using flow cytometry [23]; 
nevertheless, phage display have been used extensively for library 
screening purposes. However, the applications that are the aim of the 
present study benefit greatly from the improved separation associated with 
the larger size of cells compared to phages, and cell surface display will 
thus be the focus of this thesis. 

 

3.1 Gram-positive surface expression 
 
Gram-positive bacteria have been suggested advantageous for surface 
display because of high structural stability due to their thick peptidoglycan 
cell wall [4,24]. Many Gram-positive surface proteins are covalently linked 
into this cell wall [24], leading to a firm attachment to the cell surface. 
Others instead link to the cytoplasmic cell membrane [4]. The most 
studied cell-wall binding protein is the Staphylococcal protein A from S. 
aureus. It consists of an N-terminal signal peptide for inner membrane 
transport, 4-5 functional, IgG-binding domains and a cell-wall anchoring 
domain (X) [4]. The anchoring domain X has been exploited for surface 
display by fusion to recombinant proteins of interest. Using this fusion, it 
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has been possible to surface-express proteins in Staphylococcus xylosis [25], 
Staphylococcus carnosus [26] and Lactococcus lactis. Other cell-wall anchoring 
proteins that have been used for surface display include the Streptococcus 
pyogenes protein M6 [27] and S. aureus fibronectin binding protein B  [28]. 
 
Another class of Gram-positive proteins that have been studied for 
surface expression is spore coat proteins. For example, fusion of an ω-
transaminase to Bacillus subtilis coat protein cotG resulted in spores with a 
30-times increased transaminase activity [29]. Another example is display 
of a tetanus-toxin fragment by fusion to B. Subtilis protein CotB [30]. 
 
Finally, cell membrane anchored proteins have been used for protein 
display in Gram-positive bacteria, for instance using the lipoprotein DppE 
[4]. However, this strategy required the removal of the peptidoglycan cell-
wall to achieve surface-exposure of the recombinant fusion protein [4]. 

 

3.2 Gram-negative surface expression 
 
A complication of surface expression in Gram-negative bacteria compared 
to Gram-positive is the structure of the cell envelope. Surface expressed 
proteins need to traverse two membranes, as compared to only one in 
Gram-positive bacteria, in order to reach the cell surface. To complicate 
things further, there is generally no ATP present in the periplasmic space, 
and neither is there a proton gradient across the OM to drive this 
translocation. Thus, the motive force for the OM translocation has to be 
supplied in another way if the secretion proceeds through a periplasmic 
intermediate [31]. Nevertheless, Gram-negative surface display has 
advantages as well, not the least in the well studied and widely used host 
organism E. coli. Both physiological and genetic properties of E. coli are 
relatively well known, and there are a wide variety of knockout mutants 
available. Furthermore, E. coli grows well on cheap, defined growth media, 
making it an excellent choice for large-scale processing. It is also easily 
manipulated using standard transformation methods. 

  



 8 

Several different strategies have been developed for Gram-negative 
surface expression. The first reports utilised a sandwich fusion strategy, 
where a small peptide was inserted in an extracellular loop between two of 
the β-strands of the OMPs LamB and OmpA [21,32]. This strategy has 
later been used with different OMPs, such as E. coli OmpC [33], 
Pseudomonas aeruginosa OprF [34], and Vibrio cholerae  OmpS [35]. OmpA is 
an interesting choice as an anchoring protein, since it has been shown to 
be expressed at high levels (105 copies per cell [36]). However, fusion to 
outer membrane β-barrel protein loops has a disadvantage in that only 
relatively small proteins can be expressed without disrupting the structure 
of the β-barrel. Improved results have been seen after further 
development of the system by fusing a truncated OmpA with the 
lipoprotein Lpp, and inserting the recombinant protein at the truncated 
OmpA C-terminus [37]. Using this chimera, termed Lpp-OmpA’, 
expression of large proteins (EGFP, 60 kDa [38] and cyclodextrin, 74 kDa 
[39]) have been reported, though the expression of cyclodextrin was only 
demonstrated using membrane fractionation and never using any whole-
cell analysis [39].  
 
A different strategy has been to fuse the protein of interest to either 
fimbrial (FimA and FimH) [40,41] or flagellar subunits (FlicC) [42]. The 
use of surface-appendage-based display is advantageous for vaccine 
development due to the high immunogenicity of fimbriae and flagella [24]. 
Additionally, fimbrial display promises the possibility of very high copy-
numbers per cell (approximately 500 fimbriae exist on a single cell, and 
each is made up of 1000 subunits). However, only small peptides up to 30-
odd amino acids have been successfully displayed using such systems [43]. 
 
Lipoproteins have also been used for Gram-negative surface display. Out 
of the different lipoproteins that have been used, the Pseudomonas syringae 
ice nucleation protein (INP) [44,45] is the most successful example. It has 
been used for surface expression of for instance enzymes [45,46] and 
vaccine epitopes [47], with sizes of up to 119 kDa [48]. A convenient 
feature of INP is that it contains of two small domains at the N- and C-
terminus, and a central core domain consisting of repeats of 48 aa. This 
core domain can be varied in length by simply changing the number of 
repeats that are included, thus providing a variable-length spacer for 
presentation of recombinant proteins.  
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The final class of proteins that have been used for Gram-negative surface 
expression is the autotransporter (AT) family. In their mature form, ATs 
consist of a membrane-anchored β-barrel and a surface-expressed passenger 
domain [49]. This passenger domain can be substituted with a 
recombinant protein, which will then be displayed on the cell surface [50]. 
Since ATs are the main focus of this thesis, their transport mechanism and 
recombinant uses will be discussed in more detail in chapter 4. 
 

3.3 Applications for surface expression 
 
Cell surface expression has been suggested for a variety of applications, 
including peptide library screening, whole-cell biocatalysis, live vaccine 
development, biosensors, bioremediation, and biofuel production. These 
different applications will be described in some detail in following 
sections. 
 

3.3.1 Library screening 
 
A major application for surface display is creation and screening of protein 
or peptide libraries.  Initially, phage display was used extensively for library 
screening, but as cell display systems have advanced their use has become 
more common [51]. The main advantage of cell display over phages is that 
cells can be propagated independently from a host. Furthermore, the 
larger size of cells compared to phages enables using whole-cell labelling 
methods coupled with fluorescence activated cell sorting (FACS) for rapid 
selection of cells displaying protein with the desired properties for further 
studies [23]. The beauty of phage and cell surface display for library 
screening is the direct connection between the phenotype of the displayed 
protein to the genotype stored inside the displaying cell or phage. 
Several systems for prokaryotic library display has been reported, mainly 
for E. coli [52-54] and Staphylococci [55,56]. In addition to bacterial display, 
yeast surface display has been used extensively for library screening 
[22,57,58]. 
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3.3.2 Live vaccine development 
 
Another application of surface expression that has gathered much interest 
is the creation of live vaccines by expressing epitopes on the surface of 
non-pathogenic cells [4]. Live vaccines have several advantages over 
attenuated pathogens or purified protein subunits. Compared to 
attenuated vaccines, the most obvious advantage is increased safety. There 
is always a risk that attenuated strains may revert to their pathogenic form, 
which is not present if non-pathogenic strains expressing epitopes from 
the pathogenic strain is used instead. Surface proteins and 
lipopolysaccharides of live vaccines may also act as adjuvants, giving an 
increased immune response when compared to purified subunit vaccines 
[5,23]. Furthermore, downstream processing of the vaccine is greatly 
simplified compared to purification of a subunit vaccine. Also, the 
intended administration route for a live vaccine is either nasally or orally, 
removing the need for injection by trained personnel [59]. Finally, if the 
vaccine strain can colonize the recipient it is possible to increase the time 
of exposure, resulting in a stronger immunisation [5]. 

 

3.3.3 Bioremediation 
 
Surface expression has also been studied for use in bioremediation. Two 
different approaches have been suggested. The first is the display of 
enzymes that can degrade pollutants of interest. This is suitable if the 
target pollutant consist of organic compounds [60]. An example of this is 
the use of organophosphorous hydrolase for degradation of pesticides. 
Surface expression of the organophosphorous hydrolase was found to 
give seven times higher degradation rate for two tested pesticides 
compared to intracellular expression [61].  
 
The second strategy for bioremediation using surface expression is the 
expression of peptides that are capable to bind pollutants to the cell 
surface. This approach is mainly intended for removal of non-degradable 
pollutants, such as heavy metals [62-64]. A similar approach has been 
investigated with intracellular binders, where the idea is that the host cell 
can take up the heavy metals. In this case the main use of the chelating 
peptides is to protect the cell from the toxic effects of the heavy metals 
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[65]. Usage of surface expression is advantageous compared to this 
approach due to the easier removal of the pollutants from the cell, 
enabling desorption of the pollutants and subsequent reuse of the 
expressing cells. 
 

3.3.4 Biocatalysis 
 
The use of surface expression has also been suggested for biocatalysis. 
The idea is to create whole-cell biocatalysts displaying the enzyme or 
enzymes of interest. Whole-cell biocatalysts are often preferable over 
purified enzymes. One of the bigger advantages is the cost of preparing 
the biocatalyst, which can often be crucial for the total cost of the process 
[2]. The use of enzyme catalysts typically requires cell disruption followed 
by at least partial purification of the enzyme of interest. After purification 
it is also often preferable to immobilise the enzyme on a carrier to 
facilitate its separation from the reaction medium and enable its reuse 
[2,3]. This further adds to the cost of preparing the catalyst. The use of 
whole-cell biocatalysts reduces the required purification to simple 
centrifugation and washing of the cells. However, traditional whole-cell 
biocatalysts have a major disadvantage in the mass-transfer barrier 
associated with substrate diffusion over the cell membrane(s) [2,3]. By 
displaying the enzyme on the surface of the cell, one gets the typical 
advantages associated with whole-cell biocatalysis without any mass-
transfer barrier, since the enzyme has free access to the reaction medium 
[4,24].  
 
There are a number of reports of surface display of enzymes that have 
been used for catalysing a variety of syntheses in laboratory scale. This has 
been achieved using yeast, Gram-negative and Gram-positive bacteria, and 
even Bacillus spores. Some examples are the expression of sorbitol 
dehydrogenase using the AIDA-I autotransporter [66], expression of a 
lipase on the surface of Saccharomyces cerevisiae [67] and display of another 
lipase on the surface of S. carnosus [28]. 
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3.3.5 Biosensors 
 
Another application for surface-expressed enzymes is biosensors. The idea 
is to surface-express an enzyme that can catalyse a reaction where the 
molecule that is to be detected is converted with a resulting colour, pH or 
redox change. Thus, if the cells expressing the enzyme are exposed to a 
sample containing the compound of interest there will be a measurable 
change. There are several examples where this has been achieved, 
including the use of the same organophosphorous hydrolase mentioned 
above [68]. 
 

3.3.6 Biofuel production 
 
Production of ethanol and other fuels through fermentation of 
lignocellulose waste is a much-studied method for biofuel production. In 
contrast to starch-based fermentation (such as corn starch fermentation), 
production of ethanol and other value-added compounds from 
lignocellulose-derived sugar does not compete with food production. 
However, yeast, a commonly used ethanol producer, is incapable of 
directly utilising cellulose as a carbon source [69]. Instead, several steps of 
pre-treatment of the cellulose is needed in order to release fermentable 
monosaccharides [70].  
 
Cellulolytic fungi, such as Trichoderma reesei produce enzymes that are 
capable of degrading cellulose polymers. This requires a combination of 
endogluconases, cellobiohydrolases, and β-glucosidases. These are 
secreted and associated to binding proteins on the cell surface, forming 
cellulolytic complexes known as cellulosomes [71]. An elegant way of 
removing the need for enzymatic cellulose hydrolysis prior to ethanol 
fermentation is the transfer of these enzymes into ethanol-producing yeast 
or bacteria. Indeed, it has been shown that it is possible to produce 
ethanol through direct fermentation of cellulose, without separate 
enzymatic pre-treatment, using yeast cells displaying these three 
cellulolytic enzymes on the surface, at least in laboratory scale [72].  
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4 Autotransport 
 
Autotransporters (ATs) are a class of secreted proteins used by pathogenic 
Gram-negative bacteria to export various virulence factors. The first AT 
to be discovered was the IgA1 protease of Neisseria gonorrhoea, and its 
discovery was reported in 1987 [73]. Since then, a large number of ATs 
with diverse functions have been reported; at the time of writing, 8209 
autotransporters are listed in Pfam [74]. This makes ATs the largest family 
of secreted proteins in Gram-negative bacteria [75]. Among the 7 different 
protein secretion families in Gram-negative bacteria, [76,77], 
autotransporters are classified as members of the type V family [78]. In 
addition to the classical autotransporters (type Va) that are the focus of 
this thesis, the type V secretion family also contains the two partner 
secretion system (type Vb) and the trimeric autotransporter adhesins (type 
Vc) [49].  
 

4.1 Structure of autotransporters 
 
Autotransporters are synthesised as single molecules with three main 
components. These are an N-terminal signal peptide, a C-terminal 
domain, denoted the translocation unit (TU), and a passenger domain that is 
responsible for the functionality of each specific autotransporter [49]. This 
organisation was originally proposed by Pohlner et al. [73] and has since 
been confirmed both by sequence analysis and protein crystallisation [77]. 
Figure 3 shows an overview of the domain layout of a typical 
autotransporter. 
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4.1.1 The AT translocation unit 
 
As mentioned above, the translocation unit consists of the C-terminal part 
of the autotransporter [79]. This domain forms a β-barrel that integrates 
into the outer membrane of the host cell [73,80,81]. This β-barrel fulfils 
two main functions: firstly, it anchors the autotransporter to the outer 
membrane, and secondly it forms a pore that is believed to be responsible 
for transporting the passenger to the cell surface [73]. The mechanism for 
this transport will be further discussed below. While the sequence of the 
translocation unit is not conserved among different autotransporters, the 
β-barrel structure is. Typically, it consists of 12 antiparallel, amphiphilic β-
strands, forming a hydrophobic exterior that is exposed to the lipid bilayer 
of the outer membrane, and a hydrophilic interior, forming a pore through 
the OM. This is consistent in all AT translocation units that have been 
crystallised so far [81-85]. The pore has been predicted and later 
confirmed by crystal structures to be filled by an α-helix, referred to as the 
”linker” [49,86,87]. Here, it will be considered as being a part of the 
translocation unit domain as defined by Maurer et al. [79] and references to 
the translocation unit will thus be considered to include the α-helical 
linker. Figure 4 shows crystal structures of 3 AT translocation units. 

Passenger

Translocation
unit

Signal
peptide

C-terminal

N-terminal

A) B)

Figure 3: The structure of ATs. A) 
Overview of the domain layout of a 
typical AT. B) Structure of the AT 
Hpb, recreated from individual 
structures of the C-terminal 
translocation unit and the N-terminal 
passenger domain. 
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4.1.2 The passenger domain 
 
Compared to the translocation unit, the passenger domains of different 
ATs are much more diverse, with sizes ranging from at least 20 to 400 
kDa and low sequence homology [88,89]. The reason for this diversity is 
that the passenger domains are responsible for the functionality of each 
individual autotransporter. There are examples of passengers with many 
different functions, including adherence, toxins, proteases, and serum 
resistance [89]. Table 1 shows a few ATs and their passenger functions. 
 

 
Table 1: Selected ATs and their passenger functions. 

Passenger 
Size 

[kDa] Organism Function Reference 
AIDA-I 132 E. coli Adhesin [90] 

BrkA 103 Bordetella pertussis Serum resistance [91] 

Hbp 148 E. coli Haemoglobin protease [92] 

IcsA 116 Shigella flexneri Intercellular spread [93] 
IgA1 

protease 169 N. gonhorroea Protease [73] 

Pertactin 60 B. pertussis Adhesin [94] 

Pet 100 E. coli Protease [95] 

	   	   	   	   	  

NalPEspPHbp

Figure 4: Crystal structures of the translocation units of the ATs Hbp, EspP and 
NalP. 
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To date, the structure of at least 6 autotransporter passenger domains 
have been determined: the adhesin Hap from Haemophilus influenzae [96], 
the haemoglobin-binding serine protease Hbp from E. coli [92], the IgA 
protease (IgAP) of H. influenzae [97], pertactin from Bordetella pertussis [94], 
the vacuolating cytotoxin (VacA) of Heliobacter pylori [98], and the 
Pseudomanas aeruginosa esterase A (EstA) [83]. Out of these 6 structures, all 
but EstA share a common structural fold: a right-handed β-helix with 
three β-strands per turn (Figure 5). Despite the low sequence similarity 
between different passengers, sequence analysis of over 500 
autotransporters by Junker et al. estimated that more than 97% of the 
analysed passengers contained this β-helix structure [99] , and Kajava et al. 
made similar predictions [100]. Such β-helix structures are relatively scarce 
in nature. Thus it seems unlikely that this uncommon structure would be 
so conserved among AT passengers unless it was of significance to the 
secretion mechanism. Indeed, it has been proposed that this structure 
plays an important role in AT biogenesis [99], as will be discussed in 
section 4.2.  
 
 

 
 

 
 

Hbp Hap Pertactin

Figure 5 Crystal structures of the β-helical passenger domains of the 
ATs Hbp (left), Hap (center), and pertactin (right). 
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The C-terminal part of the β-helical passenger, termed the ”junction” 
region [101], has a significantly more stable fold than the rest of the β-
helix [99,102]. It has been shown that the junction is necessary for correct 
transport and folding of several ATs [101,103]; hence it has also been 
referred to as an autochaperone domain [103]. The proposed mechanism 
is that the higher stability of the junction region means that it will form a 
stable fold on the cell surface, and subsequently acts as a scaffold for the 
folding of the rest of the passenger β-helix. 
  

4.1.3 Autotransporter signal peptides 
 
The N-terminal part of ATs consists of a signal peptide that targets the 
protein for export to the periplasm via the Sec system. Generally, AT 
signal peptides are 20-30 aa in length, as is typical for signal peptides of 
proteins passing through the Sec system [77]. They have low sequence 
homology but follow a general pattern with a positively charged domain 
(N) followed by a hydrophobic (H) domain and, finally, a C domain that is 
recognized and cleaved by the signal peptidase [77]. However, a portion of 
the known autotransporters exhibit unusually long signal peptides, 
stretching from around 50 to 60 aa in length [49]. These so called 
extended signal peptides (ESPs) are characterized by the presence of a 
highly conserved extension in the N-terminal. This extension consists of 
an N-terminal charged region followed by a second hydrophobic region 
[49]. Bioinformatic analysis has shown that this ESP region is a feature 
unique to the type V protein secretion family [104].  
 
The role of ESPs is not known. Initially it was suggested that it targets the 
AT to be assisted by signal recognition particle (SRP) during Sec-mediated 
translocation [105,106]. However, later evidence indicates that the ESPs in 
fact do not influence the targeting of the protein, but rather has an effect 
on the inner membrane translocation kinetics [107-109]. 
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4.2 The AT transport mechanism 
 
In the classical AT transport mechanism, originally described by Pohlner et 
al. [73], the AT polypeptide contain all components required for its own 
secretion to the cell surface, hence the term autotransporter. However, 
results in recent years have shown that this is likely a simplification of 
reality, and the biogenesis of ATs is more complex than initially suggested. 
This section will describe the classical AT mechanism, with the following 
sections dealing with the more recent additions. 
 
Like all E. coli proteins, ATs are synthesised in the cytoplasm. Next, the 
N-terminal signal peptide targets the protein for secretion to the periplasm 
through the Sec system. The signal peptide is then cleaved from the 
protein by a signal peptidase and the protein is released in the periplasm. 
Following this secretion, the C-terminal β-barrel folds and inserts into the 
outer membrane, forming a pore, as described in section 4.1.1. Next, the 
helical linker and passenger are believed to form a hairpin structure 
through the β-barrel pore. The passenger is then believed to pass through 
the pore in a C-to-N-terminal direction and finally fold on the cell surface 
with the N-terminal of the passenger facing away from the cell [77]. In 
many cases, such as the ATs AIDA-I [90] and EspP [110], there are 
protease cleavage sites present on the C-terminal side of the passenger 
protein. Passengers containing such cleavage sites are ultimately cleaved 
off from the anchoring β-barrel and thereby released to the medium.  
 
This model of translocation is supported by experimental evidence 
showing that the C-terminal part of the passenger is indeed the first part 
that becomes exposed on the cell surface [111]. Furthermore, the 
crystallized β-barrel structures mentioned in section 4.1.1 show that the 
TU pore is large enough to accommodate two peptide chains 
simultaneously, which is required for the hairpin model [81]. An overview 
of this mechanism is shown in Figure 6. 

 
Though elegant, the AT mechanism implies some limitations. The 
proposed mechanism requires the passenger to remain in an unfolded 
conformation in the periplasm, as it would otherwise be unable to fit 
through the narrow pore formed by the TU. This can be seen from the 
previously mentioned crystal structures of TUs of different ATs [81-85]. 
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Furthermore, the finding that cysteine-containing passengers generally are 
difficult to express using ATs, due to the promotion of disulphide-
formation in the oxidative environment of the periplasm, further supports 
the requirement of the passenger maintaining an unfolded conformation 
[112-114]. In fact, it has been shown that it is possible to selectively stall 
translocation at specific positions by introduction of cysteines in the 
passenger domain [111]. 
 

 
 
 
 
 
 
 
 
 

  

Figure 6: The classical AT transport mechanism. A) Overview of the 
transport. The protein is synthesised in the cytoplasm and translocated 
through the Sec system. Next, the TU inserts into the OM and transports the 
passenger to the surface, where it may be realeased through autoproteolysis. B) 
Detailed view of the surface translocation. Passenger secretion is initiated by 
the formation of a hairpin structure pulling the passenger thrugh the pore to 
the surface, where it subsequently folds. 
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Results for the AT pertactin show that the β-helical passenger structure 
folds slowly [115]. It has been suggested that the slow folding that this 
structure imposes is the reason that so many passengers adopts a β-helical 
fold. The rationale for this hypothesis is that the slow folding of the β-
helix means that the passenger is kept in an unfolded conformation in the 
periplasm. Upon translocation to the surface the stable junction region 
folds and forms a scaffold that accelerates the folding of the rest of the 
passenger on the surface, as mentioned in section 4.1.2. This folding on 
the surface would also prevent the passenger from sliding back through 
the pore, leading to the suggestion that vectorial folding of the passenger 
on the cell surface leads to a directed diffusion through the pore, and 
thereby provides the driving force for passenger translocation [111,116].  

 
Finally, it has been suggested that the N-terminal extension of some AT 
signal peptides also assist in keeping the passenger in a translocation-
competent conformation in the periplasm. It has been shown that the 
extended signal peptides are processed by the signal peptidase at a slower 
rate compared to regular signal peptides, resulting in a slower release to 
the periplasm. This is believed to prevent premature folding of the 
passenger before translocation through the TU pore has been initiated 
[77]. 

 
 

4.3 Auxiliary proteins involved in AT biogenesis 
 
In contrast to the initial model proposed by Pohlner et al. [73], it is now 
known that the AT mechanism is more complex and dependent on 
additional proteins. There is evidence indicating the involvement of both 
periplasmic chaperones and the BAM complex. 
 

4.3.1 Influence of the β-barrel assembly machinery 
 
It has recently been shown that the β-barrel assembly machinery (BAM) is 
involved in the insertion of the AT β-barrel. This is not surprising, 
considering that most known OMPs are dependent on the BAM complex, 
as discussed in section 2.2.2. Of the subunits making up the BAM 
complex, BamA and BamD has been shown to be required for secretion 
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of the ATs Pet and Ag43 [16], and BamA is required for secretion of the 
AT Hbp [117].  Furthermore, cross-linking experiments have shown that 
the AT EspP interacts with BamA during OM insertion[118,119].  
 

4.3.2 Influence of periplasmic chaperones 
 
As mentioned in section 2.2.3, the main periplasmic chaperones involved 
in assisting OMPs are SurA, DegP and Skp. They are believed to keep 
OMPs from misfolding and aggregating in the periplasm, target them to 
the BAM complex, and protect them from periplasmic proteases [77]. ATs 
are no exception, as was initially indicated by the fact that disulphide-
containing proteins are more readily expressed in the absence of the 
periplasmic disulphide-bond-forming chaperone DsbA [113], which 
suggested that ATs indeed can interact with chaperones during 
periplasmic transit. More recent studies have confirmed that DsbA is not 
an exception. Rather, AT passenger domains seem to also interact with the 
general chaperones present in the periplasm. This is exemplified by results 
showing that the passenger of Hbp accumulates in the periplasm of SurA 
mutant strains [117].  It has also been shown that the AT EspP is 
expressed at lower levels in SurA and Skp mutants, and that the unfolded 
EspP passenger interacts with SurA and DegP in binding assays [120]. 
SurA, DegP and Skp seem to not be required for correct folding of the 
TU, at least not for the ATs AIDA-I and EspP [120,121]. However, these 
results are in contrast with results for the TU of the AT NalP, which has 
been shown to interact with Skp in vitro [122]. 

 

4.4 Recombinant surface expression using ATs 
 
Soon after the first autotransporter was discovered, the potential of using 
autotransporters for recombinant surface expression was realised. The 
first successful use of an autotransporter for recombinant expression was 
reported by Klauser et al., who used the N. gonorrhoeae IgA1 protease to 
secrete cholera toxin B [123]. Initial work on recombinant surface 
expression using autotransporters was mainly focused on the previously 
mentioned IgA1 protease and the E. coli AT adhesin involved in diffuse 
adherence (AIDA-I) [80,113,123,124]. More recently, a variety of different 
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ATs have been explored for recombinant uses, including haemoglobin 
protease (Hbp) [125], antigen 43 (Ag43) [126], and IcsA [127]. 
Nevertheless, AIDA remains the most studied AT for recombinant 
expression, and some examples of its uses include display of enzymes 
[128], enzyme inhibitors [129], protein libraries [130]  and antigens [131]. 
Table 2 shows a small selection of proteins that have been expressed using 
ATs. 
 

 
Table 2: Selection of recombinant passenger proteins that have been expressed using 
ATs. 

Recombinant Function Size AT Reference 

passenger   (kDa)     

Aprotinin Enzyme inhibitor 7 AIDA-I [129] 

Cholera toxin B Toxin 13 
IgA1 protease/ 

AIDA-I [124] 

ESAT6 Antigen 6 Hbp [125] 
Sorbitol 

dehydrogenase Enzyme 28 AIDA-I [66] 

β-lactamase Enzyme 29 IcsA [127]  

    	   

4.4.1 Adhesin involved in diffuse adherence (AIDA-I) 
 
The adhesin involved in diffuse adherence (AIDA-I) is an AT found in 
enteropathogenic E. coli. It was initially isolated from weaning pigs 
suffering from diarrhoea [6]. Its function is to confer the ability for the 
host cell to adhere to intestinal epithelial cells [6]. It was one of the first 
AT that was used for recombinant surface expression [124]. Compared to 
the previously used N. gonorrhoeae IgA1 protease [123] it was considered 
advantageous due to being an E. coli native protein transporter [124]. 
 
AIDA-I consists of a functional passenger domain that is flanked by an 
N-terminal signal sequence and C-terminal TU. The passenger domain is 
84.7 kDa and responsible for the adherence activity [6,90], while the TU 
domain, denoted AIDAc, is 47.5 kDa [132]. AIDAc is in turn divided into 
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three parts: two β-domains (β1 and β2) connected by an α-helix. β2 forms 
the typical autotransporter β-barrel pore, while β1 forms the junction 
region [89]. This domain structure is shown in Figure 7. Following 
translocation to the cell surface, AIDA-I is proteolytically cleaved to 
release the mature passenger protein [90]. This cleavage is autocatalysed by 
two aa residues (Glu897 and Asp878) in the junction region [133]. The 
cleavage site has been identified and marks the border between the mature 
passenger and AIDAc [134]. Following proteolytic cleavage, the passenger 
remains associated to the outer membrane of the host cell, rather than 
being released to the medium [132]. However, it is possible to dissociate 
the cleaved passenger from the cell membrane by brief heat-treatment 
[90]. The identification of the autoproteolytic cleavage site has enabled the 
use of AIDA-I for recombinant surface expression by disruption of the 
cleavage through point mutation of this site.  
 
The function of the AIDA-I passenger is dependent on O-glycosylation 
by the cytoplasmic autotransporter heptosyl transferase [135,136]. The aah 
gene encoding the heptosyl transferase is located directly upstream from 
the aidA gene encoding AIDA-I, and the two proteins are transcribed as 
bis-cistronic mRNA [137]. In addition, the gene for AIDA-I has its own 
promoter aidA [137]. These promoters are expressed constitutively, but 
there expression levels are influenced by environmental factors such as 
nutrition, oxygen and temperature. The mechanism behind this regulation 
is presently unknown [137]. 
 

Figure 7: A: Domains structure of 
AIDA-I. AIDA-I consists of an N-
terminal signal peptide, a passenger 
domain, a junction region (β1) and a TU 
(β2). B: Structure of AIDAc, showing the 
two β domains and the α-helical linker 
spanning the β2 pore. The structure was 
modelled using the Phyre2 online tool 
[138]. 
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5 Present investigation 
 

5.1 Aim and strategy 
 
The aim of the present work was to design a system for surface expression 
in E. coli and evaluate its suitability in whole-cell biocatalysis and live 
vaccine applications. Such a system needs to be flexible in regards to 
accepting a variety of passenger proteins, and give high, homogenous 
yields of protein expression on the cell surface.  
 
The study was divided in three main parts. In the first part, expression of 
three proteins was evaluated using a pre-existing AIDA-I surface display 
system (papers I and II) in order to gain understanding of the expression 
and develop analytical methods. Based on the results from this evaluation, 
an improved surface display system was created (paper III), with the main 
improvements being better possibilities for detection of the expressed 
proteins, more flexibility for changes in the expression construct and 
improved control of the expression by the use of an inducible promoter. 
Finally, the improved surface display construct was used to express 8 
different model proteins in order to evaluate the influence of the 
recombinant passenger protein, as well as the cultivation conditions 
(papers IV-VI). 

 

5.2 Model proteins 
 
Six different model proteins were used in this study. They include two 
Salmonella surface proteins with potential for use as live vaccines, one 
transaminase, which is of interest for biocatalytic chiral amine synthesis, 
two tyrosinases that can be used for melanin or L-DOPA synthesis, and 
the synthetic protein Z. In addition, two engineered variants of the 
Salmonella proteins, and one engineered tyrosinase were created and 
studied. Together, these represent proteins with different properties and 
potential applications, which makes them interesting for this study. Table 
3 shows a summary of the model proteins. 
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Table 3: Model proteins used as recombinant passengers in this study. 

Passenger 
 

Size 
[kDa] 

Number of 
cysteines 

Wild-type passengers   
SefA 14.5 0 

H:gm 53.2 0 

AcωTA 53.2 3 

B. megaterium tyrosinase 34.2 0 

R. etli tyrosinase 67.2 2 

   
Engineered passengers   

Z 6.7 0 

H:gmd 11.0 0 

H:gmd-SefA 25.4 0 

R. etli core tyrosinase 35.9 2 

 
 

5.2.1 Protein Z 
 
Protein Z is the synthetic B-domain of staphylococcal protein A (SpA), 
and forms a compact three-helix bundle. It was chosen as a model protein 
due to its small size, stable fold and due to it being a naturally secreted 
protein [139]. Z is highly soluble, minimizing the risk of inclusion body 
formation and lacks disulphide bonds. Together, these factors suggest that 
Z should be a comparatively easy protein to express and export to the 
periplasm. Therefore, using Z as a model enables isolating effects related 
to the AT-based translocation of the passenger to the cell surface, since 
other limitations due to expression and Sec-mediated secretion are 
minimized. The functionality of Z is to bind to the Fc domain of IgG 
antibodies, which is an added advantage since it enables easy detection 
without specific antibodies. Furthermore, this can be used to assess the 
functionality of surface-expressed Z, since only cells displaying correctly 
folded Z will bind to the antibody Fc region.  
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5.2.2 Salmonella epitopes 
 
As described in section 3.3.2, development of live vaccines is an area 
where surface expression has a big potential. It is of particular interest in 
poor regions of the world where expensive vaccines can not be afforded, 
since expensive purification steps can be avoided. Salmonella enterica serovar 
Enteritidis (SE) is, together with S. enterica serovar Typhimurium, a major 
cause of Salmonella infections [140]. SE is unique among Salmonella 
serovars by being the only human pathogen that routinely infects eggs 
[141]. This infection can occur without the egg-laying hen showing any 
symptoms [142]. Therefore, the prevention of SE infection of eggs is of 
high interest. One strategy to achieve this is to immunize chicken against 
SE. However, large-scale immunisation of chicken would require an 
efficient, low-cost vaccine. To this end, the expression of the SE surface 
proteins SefA [143] and H:gm [144] were expressed on the surface of E. 
coli using the AIDA-I surface expression system, as a step towards 
constructing a live vaccine against SE. 
 
The proteins SefA and H:gm are surface proteins from S. enterica serovar 
Enteritidis (SE). SefA is a fimbrial subunit protein and H:gm is a flagellar 
subunit. Being surface proteins that are specific for SE they are both 
interesting as potential epitopes for immunization against SE. SefA and 
H:gm are valuable as model proteins since they, like Z, are naturally 
expressed on the cell surface. Compared to Z they are larger and more 
complex proteins than the three-helix bundle of Z. 

 

5.2.3 ω-transaminase 
 
Transaminases (EC 2.6.1.18) are enzymes catalysing the transfer of an 
amino group from one substrate (the amino donor) to a keto group on the 
second substrate (the amino acceptor), resulting in the formation of a new 
ketone and a new amine [145]. Figure 8 shows an example amine synthesis 
reaction using a transaminase. In nature, transaminases are often involved 
in amino acid metabolism, with substrates consisting of amino acids and 
keto acids. A subclass of transaminases, the ω-transaminases, accepts 
substrates lacking the acid moiety present in amino acids. The ω-
transaminases are of industrial interest due to their ability to catalyse the 
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synthesis of chiral amines with high enantiomeric purity, a task that is 
difficult using traditional chemistry [146]. Thus, whole-cell transamination 
is an interesting application for surface expression. 

 
In this study, an engineered Arthrobacter citreus ω-transaminase (Ac-ω-TA) 
variant [147] was used. Ac-ω-TA is large (53 kDa) and contains three 
cysteine residues. In addition, transaminases are cofactor-dependent 
enzymes - requiring the cofactor pyridoxal-5’-phosphate (PLP) - and also 
need to form homodimers in order to be active. Together, these factors 
make Ac-ω-TA a good model for proteins that can be expected to be 
difficult to express. 
 
 

 
 
 
 

5.2.4 Tyrosinases 
 
Tyrosinases are copper-dependent enzymes that are classified as 
monophenol oxidases (EC 1.14.18.1), but also catalyse the reaction of 
diphenol oxidases (EC 1.10.3.1) [148], as shown in Figure 9. In nature, 
tyrosinases fill several functions, including production of melanin, 
detoxification of plant phenols in symbiotic bacteria and production of 
amino-acid-based antibiotics [149]. Tyrosinases are of interest for several 
biotechnological applications, such as production of L-DOPA [150], 
removal of phenolic compounds from waste water [151], and as 
biosensors for phenolic compounds [152]. Surface expression of 
tyrosinases could provide an economically competitive alternative to 
purified enzymes for all of these applications, and it is thus of interest. 
 

O
NH3

+ O
NH2

transaminase

Amino-
acceptor

Amino-
donor Product amine Product ketone

Figure 8: Transaminase-catalysed chral amine synthesis, exemplified 
by production of (S)-methylbenzylamine from acetophenone and 
isopropylamine. 
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Two tyrosinases were expressed in this study: one from Bacillus megaterium 
[153] and one from Rhizobium etli [154]. These tyrosinases where 
interesting models since they are enzymes, meaning it is simple to evaluate 
whether they are expressed in a functional form using activity assays. They 
had also both been expressed in E. coli previously [153,154]. Furthermore, 
the R. etli tyrosinase is a large protein and also contains 5 cysteines, leading 
to the prediction that it might be the most difficult of all the proteins 
studied. However, its structure suggested that it might be possible to 
engineer a more suitable recombinant passenger based on this tyrosinase, 
which will be discussed further. 
 
 

5.3 Methods 
 

5.3.1 Bacterial cultivation and protein expression 
 
Unless otherwise stated, E. coli expressing the various AIDA fusion 
proteins have routinely been cultivated at 37 °C in a defined mineral salt 
medium with glucose as carbon source. With the exception of papers I 
and II where a constitutive promoter was used, protein expression has 
been induced by addition of isopropyl β-D-1-thiogalactopyranoside 
(IPTG) to 0.2 mM in the early exponential phase, and the cultures have 
typically been harvested after four generations of induction. 
 
 

OH OH

OH

O

O
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Figure 9: Reactions catalysed by tyrosinases. 
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5.3.2 Analysis of surface expression 
 
In this study, two main methods have been employed for evaluation of 
expression of the different model proteins. These are analysis of antibody-
labelled whole cells using flow cytometry, and fractionation of cellular 
protein followed by SDS-PAGE and Western blot analysis. 
 
Cell protein fractionation into soluble, IM and OM protein fractions, 
followed by electrophoretic separation, has been used mainly as a 
qualitative analysis of the expression. This method enables the evaluation 
of the localisation of the target protein within the host cell, which can be 
used as an indication for problems during protein secretion. This would 
be seen by the presence of the fusion protein in the IM or soluble 
fractions. Western blotting of the protein fractions also reveals the 
presence of proteolytic degradation products. 
 
Quantification and verification of the surface exposure has been done by 
flow cytometric analysis of cell samples labelled with fluorescent 
antibodies against detection tags present in the surface expression 
constructs. Flow cytometry is a single-cell analysis, giving as output a 
histogram showing the fluorescence distribution in the studied cell 
population. The mean fluorescence intensity of this population is 
proportional to the amount of protein present on the surface of the 
average cell. In other words, the mean fluorescence intensity corresponds 
to the yield of product per cell, given in mean fluorescence intensities. 
This has been used to compare the expression of the different proteins, as 
well as the influence of different expression conditions on the same 
protein. An overview of the flow cytometric analysis can be seen in Figure 
10.  

  

Figure 10: Flow cytometric 
analysis of cells labelled with 
antibodies against a surface-
expressed protein. Red: negative 
cells without the target protein, 
blue: cells expressing the target 
protein. 
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5.4 Evaluation of an existing AT system  
 

5.4.1 Expression vectors 
 
As a starting point for the work, the pre-exiting AIDA surface display 
vectors pMK90 [155] and its derivative pDT1 were used. These plasmids 
encode a construct based on wild-type AIDA-I with a truncated passenger 
domain. The expression cassette consists of the N-terminal signal peptide 
of AIDA-I, a multiple cloning site for recombinant passenger insertion, a 
linker consisting of the first 54 aa of the native AIDA-I passenger and the 
AIDAc translocation unit, under control of the native promoter aidA 
[137]. The two plasmids differ only by the inclusion of a His6-tag in the 
multiple cloning site of pDT1. This tag can be used together with anti-
His6 antibodies to detect the expression of the passenger protein. pMK90 
and pDT1 were used for an initial evaluation of the expression system 
(papers I and II). 

 

5.4.2 Selection of a suitable expression host (II) 
 

A common problem during protein expression is proteolytic degradation, 
and surface expression is no exception. For instance, it has previously 
been shown that the outer membrane protease OmpT can degrade 
proteins that are surface-expressed using ATs [124]. As such, OmpT 
negative strains are typically used, with the strain UT5600 being prevalent, 
along with BL21(DE3). However, both these strains have disadvantages 
for production. UT5600 is auxotrophic for several amino acids, leading to 
inability to grow in simple, defined salt media. BL21(DE3) grows readily 
on defined media, but has another disadvantage: usage of IPTG-induced 
expression plasmids leads to the simultaneous synthesis of T7 RNA 
polymerase. This diverts cellular resources from synthesis of the protein of 
interest. Thus we looked for an alternative E. coli strain without any of 
these drawbacks, but with an available OmpT-deletion mutant. E. coli K12 
strain 0:17 [156] was a promising candidate, and after a preliminary study 
of growth in defined media it was chosen as the surface expression host 
for this work.  
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The plasmid pMK90-Z, carrying a fusion of the AIDA-I-based surface 
display system and Z, was cloned into the wild-type and OmpT-deletion 
mutant of 0:17 (0:17ΔOmpT) and the expression levels of Z on the 
surface was evaluated using flow cytometry of cells labelled with human 
IgGs binding to Z, and Western blotting with anti-AIDAc antibodies 
(Figure 11).  As seen in the figure, both of the bacterial strains gave strong 
fluorescence signals, showing that the combination of the 0:17 strain and 
the AIDA system has a great potential for surface expression. A stronger 
fluorescence signal was found when the construct was expressed in the 
OmpT-mutant, indicating that OmpT degraded Z in the wild-type strain, 
which was expected. This was confirmed by the Western blot, where a 
weaker band corresponding to full-length AIDAc-Z fusion protein was 
present in the wild-type strain. A second band with a slightly higher 
molecular weight than the empty vector could also be seen in the wild-
type sample indicating that the fusion protein was partially degraded. Z 
contains a known OmpT-cleavage site close to its C-terminus, and the size 
of the fragment on the Western blot conforms to the expected if Z was 
cleaved at this site. Together these results show that 0:17 is a suitable 
strain for surface expression using the AIDA-I-autotransporter and 
highlight the importance of using OmpT-negative hosts when expressing 
proteins on the cell surface. Thus 0:17ΔOmpT was subsequently used as 
an expression host in the present work. 
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5.4.3 Surface expression of Salmonella epitopes (I) 
 
To challenge the expression system with more complex protein, the 
proteins SefA and H:gm where cloned into the surface expression vector 
pDT1. pDT1 was chosen due to the presence of a His6-tag that enables 
antibody-based detection of the surface-expressed protein. The two 
Salmonella proteins were cloned with the His6-tag on their N-terminal side 
in order to ensure good exposure of the tag to the external environment.  
 
Expression of the two fusion proteins in the correct cellular compartment 
was evaluated by protein fractionation, and the resulting protein fractions 
were analysed using Western blotting, as described above. This showed 
the presence of both AIDAc-SefA and AIDAc-H:gm in the outer 
membrane protein fraction. While H:gm was found exclusively in this 

Figure 11: Comparison of surface expression of protein Z in the wild type and in 
the OmpT negative E. coli strain 0:17. (A): Western blot of the outer membrane 
protein fraction, developed using antiserum against AIDAc. Lane 1: Marker, Lane 
2: 0:17, Lane 3: 0:17ΔOmpT, Lane 4: 0:17 with pMK90, Lane 5: 0:17ΔOmpT 
with pMK90, Lane 6: 0:17 pMK90-Z, Lane 7: 0:17ΔOmpT with pMK90-Z. (B): 
Cells analysed by flow cytometry. Red: 0:17 with empty expression vector, Blue: 
0:17 with pMK90-Z, Green: 0:17ΔOmpT with pMK90-Z.  
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protein fraction, trace amounts of SefA could be visualised in the soluble 
and inner membrane fractions (Figure 12). However, H:gm appeared only 
in degraded forms. Several bands corresponding to degradation products 
were also found in the OM fraction of cells expression AIDAc-SefA. Since 
the degradation was detectable using the AIDAc antiserum, the likely 
scenario is that the protein was degraded from the N-terminal end. This 
would mean that the proteolysis had to happen after translocation to the 
periplasm, due to the requirement of the N-terminal signal peptide for 
secretion through the Sec system. 
 

  

Figure 12: Western blot of protein fractions from cells 
expressing H:gm-AIDAc and SefA-AIDAc, respectively. OM: 
outer membrane protein fraction, IM: inner membrane protein 
fraction. 
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Although the presence of the fusions proteins was confirmed in the OM 
fraction, there was still the possibility that they were facing the periplasmic 
side instead of being correctly translocated to the cell surfaces. To 
investigate this, cells were labelled using fluorescent anti-His6 antibodies 
and subsequently analysed using flow cytometry. The resulting 
fluorescence histograms showed a clear increase in fluorescence for cells 
expressing AIDAc-SefA compared to the negative control (Figure 13). In 
contrast, no fluorescence was detected from cells expressing AIDAc-
H:gm. Since H:gm was only present in degraded forms, we hypothesised 
that the lack of fluorescence was due to cleavage of the N-terminal His6-
tag. This would explain the lack of fluorescence, since there would be no 
tag for the antibody to bind.  

 
 
To assess whether the His6-tag was indeed missing from H:gm, a second 
Western blot analysis of the OM protein fraction was performed with 
anti-His6 antibodies. The results confirmed our hypothesis, as full length 
AIDAc-SefA was clearly visible while no band could be detected from 
cells expressing AIDAc-H:gm (Figure 14). Thus, it could be concluded 
that both SefA and H:gm were transported to and incorporated in the E. 
coli OM. Additionally, SefA was correctly oriented towards the cell 
exterior, as confirmed by flow cytometric analysis, while the orientation of 
H:gm remained unknown due to the cleavage of the detection tag. 

Figure 13: Fluorescence histograms for cells expressing AIDAc fused to SefA and 
H:gm, respectively. 
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5.5 Design of an improved surface display 
vector (III) 

 
Based on the previous results (I,II) it was evident that some 
improvements needed to be made to the existing surface display system. 
From (II) it could be concluded that the control of expression from the 
wild-type AIDA-I promoter was unsatisfactory, and the results in (I) made 
clear the disadvantage of relying on a single tag for detection of passenger 
translocation. Consequently, the existing display vector was modified to 
add the desired functionality. Three main design criteria had to be fulfilled 
by the improved display vector: 
  

i. Good possibilities for detection had to be provided, both for full-
length and partially degraded passenger proteins.   

ii. Protein production had to be under the control of an inducible 
promoter in order to obtain stable expression levels. Also, an 
inducible promoter would enable tuning of expression in order to 
avoid overloading the transport capacity of the cell. 

iii. The expression cassette had to be modular, enabling simple 
exchange of any of the major parts (i.e. the signal peptide, 
passenger, linker and translocation unit). 

His$tagged$SefA-AIDAC$64$

His-tagged$Lipase$A$(ref)$19$

kDa$

51$ His$tagged$AIDAC$

His$tagged$H:gm-AIDAC$missing!$

Figure 14: His6-tag Western blot of OM fraction of 
cells expressing SefA and H:gm. 
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The new surface display construct was designed using the plasmid pMK90 
[155] as a starting point. First, the entire cloning region for passenger 
insertion was stripped from the sequence and replaced with only two 
restriction sites. Then, two small epitope detection tags (His6 and Myc 
[157]) where inserted flanking the passenger protein on the N- and C-
terminal sides, respectively. Additionally, recognition sequences for two 
highly specific proteases from human rhinovirus (3C protease) and 
tobacco etch virus (TEV protease) where also inserted in flanking 
positions around the passenger. These protease sites were included to add 
the possibility to release the recombinant passenger from the cell surface 
by whole-cell treatment with TEV. This would in turn enable absolute 
quantification of the surface-expressed protein by combining His6-tag 
purification followed by conventional protein quantification assays.  
 
Finally, a total of eight unique recognition sites for common restriction 
enzymes where inserted between the major components of the construct. 
The construct was cloned into a pACYC184 vector backbone under the 
control of the LacUV5 promoter [158]. pACYC184 was chosen since it 
has a low-copy-number pA15 ori, giving approximately 20 copies per cell 
[159]. It was reasoned that a too high expression level would be 
deleterious to successful surface expression, since it has been shown that 
overexpression of high levels of membrane proteins is toxic to the cell, 
due to overloading of the capacity of the Sec translocon [160]. The new 
surface expression vector, denoted pAIDA1, is shown in Figure 15. 
 
The Salmonella proteins SefA and H:gm that where used in the initial study 
(section 5.4.3, paper I) were used as model proteins for the evaluation of 
the new display vector. They were chosen as they represent one protein 
(SefA) that was readily expressed and detected in the old vector and one 
that was not (H:gm). This enabled the comparison of expression levels 
between the two vectors based on SefA, as well as confirmation that the 
new vector enables detection of proteolytically degraded proteins on the 
cell surface (using H:gm). 
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After cultivation, cells harbouring pAIDA1-SefA and pAIDA1-H:gm were 
labelled using fluorescent antibodies against the two detection tags and 
analysed using flow cytometry. Figure 16A shows a comparison of the 
fluorescence histograms obtained from cells expressing SefA using the old 
and new vector, respectively. The histograms show a clear fluorescence 
signal corresponding to the His6-tag for both of the constructs. The signal 
from the new vector was approximately 50% higher than for the old 
vector. Furthermore, the signal from the construct pAIDA1-SefA showed 
a single, uniform cell population, while pDT1-SefA where divided into 
one expressing and one non-expressing population. The reason for this is 
presently unknown, but is speculated to have arisen due to heterogeneous 
induction of the aidA promoter in cells containing pDT1-SefA. Finally, 
cells harbouring pAIDA1-SefA had a strong signal from the Myc tag as 
well, showing that this tag could successfully be probed using the 
fluorescent antibodies. Notably, the Myc fluorescence histogram shows a 
population that is similar to the one obtained from the His6-tag. 

pLacUV5 His6 3C site Passenger Linker AIDAcTEV site Myc

p15A oripAIDA1
5560 bp

CmR

LacI

Surface expression cassette

SP
HindIII SalINdeI KpnI SacI XbaI NotI

His6

Myc

AIDAc

N

His6

AIDAc

N

pAIDA1

pDT1

Passenger

Passenger

Figure 15: Overview of the novel vector pAIDA1, and comparison of the detection 
tags present in pAIDA1 and pDT1. 
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Having confirmed that the detection tags worked for SefA, the next step 
was analysing the expression of H:gm from the new vector (Figure 16B). 
Compared to SefA, the His6-tag fluorescence obtained for both H:gm 
constructs was very low, as expected from our previous results. Notably, 
the signal was slightly higher from pAIDA1-H:gm, consistent with the 
comparison of the expression of SefA from the two vectors. Even though 
no signal was obtained from the His6-tag, probing cells expressing 
pAIDA1-H:gm produced a clear signal with a mean of approximately 50% 
of that obtained from pAIDA1-SefA. This confirmed our previous 
hypothesis that the degraded forms of H:gm were indeed expressed facing 
outwards on the cell surface, although the His6-tag was missing.  

 

Figure 16: A: Surface expression of SefA using pDT1 (green) and pAIDA1 
(blue), detected using His6-tag antibodies (left) and Myc-tag antibodies 
(right). Red: Negative control (E. coli without surface expression vector). B: 
Surface expression of H:gm using pDT1 (green) and pAIDA1 (blue), 
detected using His6-tag antibodies (left) and Myc-tag antibodies (right). Red: 
Negative control (E. coli without surface expression vector). 
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Protein from cells expressing the two new constructs was fractionated into 
soluble, inner membrane and outer membrane fractions. The resulting 
fractions were analysed using Western blot with antibodies against the 
His6- and Myc-tag, respectively (Figure 17). The resulting His6-tag blots 
showed similar results to the ones obtained previously with the old vector, 
confirming a similar surface expression. These results also correspond well 
with the ones obtained using flow cytometry: clear bands are present at 
the expected molecular weight for pAIDA1-SefA, showing that it was 
expressed as full-length protein, while no bands could be detected for 
either of the two H:gm constructs. The Myc-tag blots also confirmed that 
the SefA fusion was present as full-length protein, while only a very weak 
band could be found for H:gm. As expected H:gm was instead present in 
degraded forms. It should also be noted that all of the expressed SefA and 
H:gm was found in the correct protein fraction, i.e. the OM, and none was 
present in the IM or soluble fractions. These results indicate that the 
combination of a pA15 ori and the LacUV5 promoter leads to expression 
levels of the AIDAc fusion proteins do not overload the Sec translocon. 
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Figure 17: Western blots of protein fractions from cells expressing AIDAc-SefA 
and AIDAc-H:gm fusions from the new vector pAIDA1. Left: Detection using 
anti-His6. Lanes 1 and 6: Size marker. Lanes 2 and 7: Outer membrane fraction of 
pAIDA1 without passenger (positive control). Lane 3: pAIDA1-SefA soluble 
fraction. Lane 4: pAIDA1-SefA inner membrane fraction. Lane 5: pAIDA1-SefA 
outer membrane fraction. Lane 8: pAIDA1-H:gm soluble fraction. Lane 9: 
pAIDA1-H:gm inner membrane fraction. Lane 10: pAIDA1-H:gm outer 
membrane fraction. Right: Detection using an anti-Myc antibody. Lanes 1 and 6: 
Size marker. Lane 2: pAIDA1-SefA soluble fraction. Lane 3: pAIDA1-SefA inner 
membrane fraction. Lane 4: pAIDA1-SefA outer membrane fraction. Lane 5 and 
10: Outer membrane fraction of pAIDA1 without passenger (positive control). 
Lane 7: pAIDA1-H:gm soluble fraction. Lane 8: pAIDA1-H:gm inner membrane 
fraction. Lane 9: pAIDA1-H:gm outer membrane fraction. 



 40 

5.6 Surface expression of ω-transaminase (IV) 
 
Having shown that the system could express the Salmonella epitopes it was 
of interest to investigate if it could also express a functional enzyme. Thus,  
the gene for an engineered variant of Arthrobacter citreus ω-transaminase 
(Ac-ω-TA) was cloned into the surface expression vector pAIDA1. The 
resulting AIDAc-Ac-ω-TA was expressed in the surface expression strain 
0:17ΔOmpT. Surface expression of the fusion protein was assayed using 
flow cytometry and Western blotting of outer membrane protein 
isolations. Labelling of cells expressing Ac-ω-TA resulted of a detectable 
fluorescence signal for the c-Myc tag, while the signal from the His6-tag 
was relatively weak and almost comparable with the negative control 
(Figure 18).  
 
Western blotting with His6-antibodies confirmed that full-length 
transaminase was present exclusively in the outer membrane fraction 
(Figure 19). Probing identical Western blots with c-Myc antibodies again 
showed full-length transaminase in the outer membrane fraction, but also 
revealed large amounts of degraded forms of the transaminase (Figure 19). 
Nevertheless, since the transaminase was present in the OM, and to some 
degree present on the cell surface, it was deemed fruitful to assay the cells 
for activity. 
 

 
 
 

 

Figure 18: Surface expression of Ac-ω-TA, measured using 
flow cytometry.  
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An activity assay based on the conversion of a substituted (S)-
aminotetraline to the corresponding tetralone was used to test whether the 
cells expressed active transaminase. This is a simple and rapid assay for 
detection of transaminase activity, where spontaneous oxidation of the 
formed tetralone into a coloured product indicates the presence of an 
active transaminase. 
 
Using this method, whole cells and cellular protein were analysed for the 
presence of active transaminase. After 4 days at 37 °C a brown colour had 
developed in the wells containing the OM protein fraction (Figure 20, 
confirming that the transaminase detected using Western blotting was 
active. Neither the IM or soluble protein fractions, nor the whole cells 
showed activity. Thus it could be concluded that the transaminase was 
expressed in the correct compartment but where not active while still 
attached to the cells. This is likely due to a too low degree of dimerization 
on the cell surface, especially since the probability of two full-length 
transaminases encountering each other is severely reduced due to the 
abundance of degraded forms. 
 

Figure 19: Western blot of proteim fractions from 
cells expressing Ac-ω-TA. 
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5.7 Engineering H:gm for improved expression 
(VI) 

 
As discussed in section 5.5, use of the novel surface display vector 
pAIDA1 enabled verification that both SefA and H:gm were present on 
the cell surface. However, H:gm was mainly present in proteolytically 
degraded forms. Based on the expression results for H:gm and the A. 
citreus transaminase, it was hypothesized that it might be the large size of 
H:gm that lead to its low expression level. In addition to its size, the 
structure of H:gm, with its N- and C-terminals in close proximity (Figure 
21), suggests that H:gm might be prone of folding into a hair-pin-like 
structure in the periplasm, which would prevent its C-terminal to enter the 
TU pore and trap H:gm in the periplasm, where it could subsequently be 
degraded. This would explain the size of the observed degradation 
products. 
 
 

Figure 20: Colourimetric transaminase activity assay. -: 
Negative control, Sol: soluble protein fraction, IM: inner 
membrane protein fraction, OM: outer membrane protein 
fraction, AcωTA: purified transaminase (positive control). 
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Based on these hypotheses, a smaller variant of H:gm, denoted H:gmd, 
was engineered. H:gmd consisted amino acid residues 254 to 351 of H:gm, 
giving a smaller size of approximately 11 kDa, compared to 53 kDa for 
the full H:gm. This was slightly smaller than the readily expressed SefA 
(14.5 kDa), which suggested that H:gmd had a good potential for 
successful expression, at least from a size perspective. Furthermore, 
H:gmd lacks the part of the H:gm structure that was predicted to be 
problematic for expression, which further suggested that it could be a 
good candidate. Finally, a previous study had shown that chicken exposed 
to SE develop antibodies against the H:gmd fragment, showing that it is 
antigenic and thereby suggesting its potential as a vaccine epitope [161].  
In addition to expressing H:gmd, a fusion of H:gmd and SefA was made, 
with the rationale that the combined antigens might give rise to an 
enhanced immune response, which would be beneficial for creating a live 
vaccine. Furthermore, up to this point SefA was the protein that had given 
the highest expression. Thus it was reasoned that a fusion to SefA might 
assist in driving the secretion of H:gmd. 
 
Cells expressing the different Salmonella proteins were grown and 
subsequently analysed. Flow cytometric analysis of H:gmd and H:gmd-
SefA revealed that both proteins were expressed on the cell surface as full-
length protein (Figure 22), in contrast to H:gm that was previously shown 
in paper III to give only a weak signal for the His6-tag (Figure 16). Thus, 
engineering the shorter H:gmd was a success from a surface expression 

Figure 21: Crystal structure of full-length H:gm, with the 
H:gmd fragment highlighted in cyan. 
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perspective. Surprisingly, both H:gmd and the H:gmd-SefA fusion showed 
significantly higher expression based on the His6-tag fluorescence 
compared to SefA, even though H:gmd-SefA was nearly twice the size of 
SefA alone.  
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
This indicates that H:gmd possesses some properties that enhance the 
expression of the H:gmd-SefA fusion compared to SefA alone. At this 
point, the properties causing the increased expression are unknown. 
However, looking at Figure 21, the H:gmd fragment appear to have a 
rather loose fold, which can be assumed to not be very stable in the 
absence of the rest of H:gm. It is thus proposed that the enhanced 
expression of SefA when fused to H:gmd comes from a destabilisation 
due to the low stability of H:gmd, which prevents premature folding in the 
periplasm. This would be analogous to the proposed role of the slow-
folding β-helical structure that most AT passengers adopt, as discussed in 
section 4.2. This hypothesis is supported by the recent finding by Renn et 
al. that reducing the folding stability of the passenger domain leads to an 
approximately linear increase in surface expression using the AT Pet [116]. 
Nevertheless, this hypothesis needs to be tested, for instance by studying 
the folding stability of SefA and the H:gmd-SefA fusion, respectively. 
Disregarding the exact mechanism, the increased expression of the 
H:gmd-SefA fusion is encouraging, since it implies that fusion to H:gmd, 
or other polypeptides with similar properties, might be a potential strategy 
for enhancing the surface expression also for other proteins than SefA. 

Figure 22: Surface expression of the engineered passengers 
H:gmd (blue) and H:gmd-SefA (purple), compared with the 
previously used SefA (green). Red: negative control. 
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5.8 Surface expression of tyrosinases 
 
In addition to transaminases, tyrosinases were considered interesting 
models for whole-cell biocatalysis. As mentioned in section 5.2.4, they 
have potential fro use in synthesis of for L-DOPA and melanin, as well as 
degradation of phenolic pollutants. Furthermore, their ability to form 
melanin enables easy detection of their activity based on the dark colour 
developed. Two bacterial tyrosinases were chosen, one from B. megaterium 
and one from R. etli, since they have been expressed in E. coli before in 
active forms.  
 
The R. etli tyrosinase was the largest of the model proteins, and 
additionally contained 5 cysteines, which suggested that it might be 
difficult to express. However, this tyrosinase belongs to a family of 
tyrosinases with a specific domain structure. This structure consists of a 
core domain with tyrosinase activity and a C-terminal extension. This is 
typical in mushroom tyrosinases, where the extension is proteolytically 
cleaved, yielding a mature protein with increased activity [162]. It was 
recently demonstrated that engineering of a tyrosinase from the bacterium 
Verrucomicrobium spinosum by removing the extension resulted in increased 
activity, suggesting that the extension fills a similar role as in the 
mushroom tyrosinases [162]. It was thus reasoned that a similar 
engineering of the R. etli tyrosinase might yield an enzyme that is not only 
easier to express due to the smaller size and three fewer cysteines than its 
wild-type, but might also be more active. Homology modelling of the 
sequence of this core tyrosinase resulted in an almost identical structure as 
the crystallized B. Megaterium tyrosinase, suggesting that this was a feasible 
strategy (Figure 23). 
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The genes for the B. megaterium and R. etli tyrosinases, as well as the 
engineered R. etli core tyrosinase, were cloned into pAIDA1 and their 
expression was evaluated using flow cytometry (Figure 24). All three 
constructs showed similar fluorescence based on the Myc tag, while the 
His6-tag differed greatly. Both the B. megaterium and the R. etli core 
tyrosinase gave positive signals for His6-tag, while the full-length R. etli 
tyrosinase gave fluorescence comparable to the negative control. Thus it 
appeared that the large, cysteine-rich R. etli tyrosinase was not expressed as 
full length protein on the cell surface, while the other two tyrosinases 
were. 

 
The catalytic activity of cells expressing the three tyrosinases was assayed 
by streaking the cells on minimal medium agar plates, additionally 
substituted with copper, tyrosine and IPTG (Figure 25) as previously 
described [154]. This resulted in a brown colour development of the 
colonies over time, indicating the conversion of tyrosine into melanin, 
which confirmed that the tyrosinases were expressed in active forms.  

B. megaterium R. etli

Figure 23: Crystal structure of the 
B. megaterium tyrosinase (left) and 
homology model of the R. etli 
tyrosinases (right). The parts 
removed to create R. etli core 
tyrosinase are coloured grey. 
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R. etli core R. etli Negative controlB. megaterium

Figure 25: Tyrosinase activity assay. Cells expressing active tyrosinase 
develop a dark brown colour due to formation of melanin from tyrosine. 

Figure 24: Surface expression of the studied 
tyrosinases (blue) compared to a negative control (red). 
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5.9 Influence of cultivation conditions (V) 
 
Having found degraded forms of several of the studied passengers, an 
attempt was made to increase protein yield by lowering this proteolysis. It 
has previously been reported that periplasmic proteases (for instance 
DegP, which has been shown to degrade AT passengers that prematurely 
fold in the periplasm), are inhibited by pH below 6 [163]. It was thus 
hypothesised that decreasing the pH below this value during protein 
production would result in an increased yield of full-length protein on the 
cell surface. In addition to pH, the effects of temperature [163] and IPTG 
concentration on surface expression yield were studied. In order to obtain 
the maximum information from the experiments, a factorial design of 
experiments (DOE) approach was used to study the influence of the 
different factors. The use of DOE enabled studying interaction effects 
between the three parameters, in addition to their individual effects. 
 
The resulting surface expression levels were measured using flow 
cytometry, and models for surface expression yield, ratios of full-length to 
degraded protein, and cell growth rate were created using the software 
MODDE (Umetrix, Sweden). The model of the data shows a clear 
tendency of increased yield as pH and temperature decreases (Figure 26). 
In fact, the highest yield was obtained at the lower extreme of the studied 
conditions. Not surprisingly, the growth rate decreased markedly under 
these conditions, which was expected. Since no maximum for surface 
expression was found in the model, a second set of experiments were 
performed, where pH and temperature was decreased to 5.0 and 18 °C, 
respectively.  From these data a second model was made. This model 
showed the same trend as the first one, with increasing yield at the lowest 
values for pH and temperature. However, these conditions led to very 
slow growth, and it was thus not considered realistic to further decrease 
the pH and temperature, especially since E. coli does not grow below pH 5 
[164]. 
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Finally, the expression at the optimum conditions (pH 5.0, 18 °C, 1250 
µM IPTG) was compared to our previous standard conditions (pH 7.0, 37 
°C, 200 µM IPTG). The resulting fluorescence histograms (Figure 27) 
showed a fourfold increase in yield of full-length protein, based on the 
His6-tag signal. At the same time, the fluorescence from the Myc-tag 
increased threefold. This indicates that the total expression increased, and 
that the level of degraded forms of SefA decreased by approximately one 
third relative to full-length protein. Nevertheless, there were still 
degradation products present in the OM fraction under all conditions, as 
seen by Western blots (data not shown). In other words, while process 
optimisation could reduce the relative abundance of degraded protein by a 
third, it is insufficient to completely remove the degradation. It is 
suggested that it is combined with engineering of either the expression 
host strain or the recombinant passenger for maximum effect. 

 
 
 
 
 
 
 
 
 
 
 

Figure 26: Models of cell growth rate (A), surface expression of full-length SefA 
based on His6-tag fluorescence (B) and the ratio of full-length to total fusion protein 
on the cell surface (C). All models represent values predicted with an IPTG 
concentration of 1250 µM. 
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5.10 Influence of the recombinant passenger 
protein (III, IV, V) 

 
The presence of the His6- and Myc-tags in the new surface expression 
vector pAIDA1 enables detection of surface expression, independent of 
the chosen recombinant passenger. In contrast to using specific antibodies 
for each passenger, the usage of standard antibodies against the detection 
tags lead to fluorescence signals that are directly comparable, as the 
binding affinity of different antibodies is removed. Thus, the expression of 
the different model proteins in this study could be compared and used to 
estimate their relative expression levels. 
 
In order to evaluate the influence of the properties of the different 
passengers on surface expression, mean fluorescence intensities for the 
expressing populations were recorded for the 8 model proteins, excluding 
protein Z. To compensate for daily variance in the measurements, the 
mean fluorescence intensities were all normalised against a common 
positive control, which was chosen as cells expressing the AIDAc-SefA 
fusion protein. A diagram showing the resulting relative fluorescences for 
all of the model proteins is shown in Figure 28.  

  

Figure 27: Comparison of surface expression at pre-optimised 
conditions (37 °C, pH 7.0, 200 µM IPTG, Blue) and the best 
condition found in this study (18°C, pH 5.0, 1250 µM IPTG, Green). 
Red: E. coli without plasmid (negative control). 
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From the figure it is evident that the two H:gmd fusions were expressed 
to the highest levels of all the studied proteins. Furthermore, it can be 
seen that Ac-ω-TA, the B. megaterium tyrosinase, H:gm and the R. etli 
tyrosinase have significantly lower normalised fluorescences for the His6-
tag than the Myc-tag, indicating that they are not present on the cell 
surface as full length protein to any greater degree, which can also be seen 
on the Western blots of Ac-ω-TA and H:gm. The engineered core 
tyrosinase, on the other hand, is also only weakly expressed, but has a 
reversed proportion of fluorescence from the two tags compared to the B. 
megaterium tyrosinase, which has a similar size and fold. This indicates that 
the R. etli core tyrosinase either has a much lower total expression level in 
the cell but a very high efficiency of translocation to the cell surface, or 
that it is expressed to higher levels than expected because the Myc-tag is 
shielded by the tyrosinase, preventing the antibody from binding. Further 
investigation is needed to confirm which of these cases is true, but if it is 
the first case, then the engineered core tyrosinase would be very 
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Figure 28: Surface expression of the different model proteins, determined by 
mean fluorescence intensities normalised against SefA. White bars: relative 
His6-tag fluorescence; grey bars: relative Myc-tag fluorescence. 
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interesting to study further to elucidate the mechanism behind its high 
secretion efficiency. The two H:gmd constructs also show significantly 
higher relative fluorescences from the His6-tag, with the same implications 
as the core tyrosinase. Finally, it is notable that the three proteins 
containing cysteines (Ac-ω-TA and the two R. etli tyrosinase variants) all 
show very low expression levels. This is in line with previous reports that 
have shown cysteine-containing proteins difficult to express. That the 
cysteines negatively affects the expression of Ac-ω-TA was confirmed by 
growing cells expressing the transaminase in the presence of β-
mercaptoethanol, which lead to somewhat increased His6-tag fluorescence, 
although at the cost of significantly impaired cell growth (data not shown). 
 
Based on the early result from expression of Z, SefA, H:gm and Ac-ω-TA 
it was hypothesised that increased passenger size might have a negative 
impact on surface expression levels. To check whether this hypothesis was 
valid, mean fluorescences from the different model proteins were plotted 
versus the size of the protein (Figure 29). It was decided to include the 
detection tags and TEV and 3C protease sites in the calculation of the size 
of the respective passengers. The rationale behind this decision was that 
everything on the C-terminal side of the linker region was non-native to 
AIDA-I and could thus potentially have a negative impact on the 
expression levels. The plot of the Myc-tag fluorescences show a trend of 
decreased fluorescence as protein size increases. Notable exceptions are 
the B. megaterium tyrosinase and the core tyrosinase domains located at 
approximately 40 kDa, which are expressed at significantly lower levels 
than expected based on the other model proteins, and SefA (second 
leftmost data point) which also lies lower than the projected line. Whether 
this is due to low expression of SefA or exceptionally high expression of 
the two H:gmd fusion proteins is unknown. The trend is not as evident 
for the expression of His6-tag on the cell surface, but the tendency is the 
same, with the smallest proteins having the highest expression and a very 
sharp drop to the levels of the B. megaterium and core tyrosinases. 
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6 Concluding remarks 
 

The aim of this study was to create a flexible system for surface expression 
of proteins in E. coli, with a focus on expression of enzymes and vaccine 
epitopes. A total of 5 unique proteins and 3 of their engineered derivatives 
were expressed using the novel vector. The presence of two generic, 
protein-independent detection tags in the expression system allowed 
quantitative analysis of the relative expression levels of the different 
proteins. To the authors’ knowledge, this makes the present work the 
largest comparative study of expression of different proteins using ATs to 
date. 
 
A key criterion for use of surface expression technology for the suggested 
applications is that the selected system is flexible in regard to the 
properties of the passenger protein. Unfortunately, the data from this 
study shows that the expression levels obtained using the AIDA-I 
autotransporter vary greatly for different recombinant passengers. There is 
thus more work needed before the desired flexibility can be obtained. 
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Figure 29: Surface expression as a function of recombinant passenger 
protein size. 
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All of the studied proteins could be detected either by Western blot 
analysis of OM protein fractions or directly on the cell surface using 
whole-cell labelling with fluorescent antibodies. As mentioned, the 
expression levels of individual proteins varied, and several of the proteins 
were present to a large extent in proteolytically degraded forms. In fact, 
even the passengers that expressed well were found to contain degradation 
products. This is not unique for this study, but has been seen in several 
other reports where ATs are used [127,131,165,166]. This indicates that 
proteolysis is a common occurrence when using ATs, and needs to be 
more thoroughly investigated. This is of particular importance since there 
is limited room for protein over expression in the OM, and for 
applications such as whole cell biocatalysis it is critical to maximise the 
yield of protein per cell in order to achieve a whole-cell catalyst with 
sufficient activity.  
 
A tempting solution to solve this proteolysis would be to perform knock-
out of different periplasmic proteases. However, it could be argued that 
the proteolysis is not the main problem, but rather a symptom of another 
underlying problem. The general belief is that ATs transport their 
passenger through the pore formed by the TU, as discussed in section 4.2. 
This pore is too small to accommodate folded passengers, which has been 
demonstrated by the difficulty of expressing cysteine-containing proteins. 
Thus, the conclusion is that if a passenger forms a stable fold in the 
periplasm it will get trapped. This has in turn been shown to lead to 
proteolytic degradation of the passenger by, for instance DegP 
[111,113,167]. Therefore, trying to increase expression levels by deleting 
periplasmic proteases might just result in an increase of misfolded 
passenger protein stuck in the periplasm. 
 
In the author’s opinion, a better approach would be to either engineer the 
host cell to increase the expression of the periplasmic chaperones 
discussed in section 2.2.3, or to further engineer the surface expression 
construct. Interesting parts of the surface expression cassette could be the 
signal peptide, and the linker region. ESPs have been suggested to assist in 
surface translocation through decreased rates for transport through the 
Sec system and signal peptide cleavage. This has been proposed as a 
mechanism to prevent aggregation or misfolding of the AT in the 
periplasm (section 4.2).  
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Modification of the linking region could be done by including native AT 
passengers on the C-terminal side of the recombinant passenger. Most 
native passengers consist of β-helical structures, which strongly suggest 
that this fold has a central role in AT biogenesis. In fact, it has recently 
been shown that the inclusion of the native passengers of the ATs IcsA 
and Hbp promote surface expression of recombinant proteins using these 
two ATs [125,127]. This is an encouraging finding that might lead to 
increased protein yields even for more difficult recombinant passengers. 
Finally, a surprising, yet encouraging, finding of the present study is that 
the H:gmd fragment appears to promote the expression of SefA if fused 
on the N-terminal side of SefA (paper V). An increase of the His6-tag-
based fluorescence signal, corresponding to full-length protein on the cell 
surface, of approximately 50 % was detected in this fusion when 
compared to SefA alone. This shows that there is great potential in this 
kind of modifications that is yet to be realised.  
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