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Abstract 
Alzheimer’s disease is a progressive neurodegenerative disease characterized primarily by 
memory impairment and cognitive decline. As of 2020, an estimated 50 million people 
suffer from Alzheimer’s disease or related dementia and no disease-modifying treatment 
options are yet approved for clinical practice. A major pathological feature of Alzheimer’s 
disease is the presence of cerebral senile plaques with aggregated amyloid beta (Aβ) peptides 
as the main constituent. In this thesis, Aβ is used in five separate studies either as a target 
for the development of potential biotherapeutical interventions or as a tool in 
biotechnological research. 

In the first study, a high-throughput screening method was developed that enables function-
driven selection of protein-based aggregation inhibitors from combinatorial libraries. The 
method employs a reporter protein consisting of Aβ42 fused to the N-terminus of green 
fluorescent protein (GFP). The reporter protein misfolds due to the aggregating nature of 
Aβ42. Following protein expression in Escherichia coli a low whole-cell GFP fluorescence 
signal was detected using flow cytometry. However, when co-expressed with an affibody-
based aggregation inhibitor, the reporter protein was rescued from aggregation and an 
increased whole-cell GFP fluorescence signal was detected in flow cytometry. By combining 
the screening method with flow cytometric cell sorting, the aggregation-inhibiting affibody 
molecule could successfully be enriched from a large background of non-inhibiting affibody 
molecules. The results thus demonstrated that the developed method enables high-
throughput screening and sorting of combinatorial protein libraries based on the Aβ 

aggregation inhibiting ability.  

The second study explored a strategy to increase the uptake of a biotherapeutical candidate 
protein into the central nervous system (CNS) via receptor-mediated transcytosis across the 
blood-brain barrier (BBB). The affibody-based candidate ZSYM73 binds monomeric Aβ and 
inhibits Aβ aggregation. Here, ZSYM73 was fused to the C-terminus of a single-chain variable 
fragment (scFv8D3) binding the transferrin receptor (TfR); a receptor expressed on the 
BBB. An engineered albumin-binding domain (ABD) was fused to ZSYM73 to extend the 
circulatory half-life of the fusion protein. In a mouse study, the tri-specific fusion protein 
scFv8D3-ZSYM73-ABD exhibited increased cerebrospinal fluid (CSF) bioavailability 
compared to the control protein ZSYM73-ABD, indicating an active transport mechanism into 
the CNS. 

In the third study, a novel method for combinatorial protease engineering was developed 
and applied to generate highly proteolytic active variants of the coxsackievirus 3C protease. 
The method is based on the findings form the first study and employs a reporter protein 
consisting of Aβ42 fused to the N-terminus of GFP via a peptide linker containing a protease 
substrate sequence. The reporter protein misfolds upon expression in E. coli, which resulted 
in a low whole-cell GFP fluorescence signal detected in flow cytometry. Co-expression of a 
protease with activity on the substrate sequence led to proteolytic separation of the 
aggregation-prone Aβ42 peptide from GFP and restored whole-cell fluorescence. This 
method was used in combination with flow cytometric cell sorting to isolate highly 
proteolytic active variants from a randomly mutated 3C protease library.  
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The aim of the fourth study was to evaluate the potential of the newly developed method 
from the third study to engineer the substrate specificity of proteases. A semi-rational 
tobacco etch virus (TEV) protease library was screened for variants with proteolytic activity 
on a novel target substrate. The target substrate differed substantially from the wild-type 
TEV consensus substrate and exhibited high sequence similarity to the aggregation-inducing 
hydrophobic core region of Aβ. After three rounds of flow cytometric cell sorting, a set of 
TEV protease variants was enriched that exhibited proteolytic activity on the novel substrate.  

In the fifth study, a methodology employing flow cytometric sorting of multiprotein 
aggregates was developed to investigate the protein interactome related to Aβ plaques. It 
was demonstrated that in human serum or human CSF, Aβ aggregates bound to a fluorescent 
probe can be detected and isolated using flow cytometry. Quantitative mass spectrometry 
analysis was performed on Aβ aggregates isolated from human CSF. The abundances and 
functional features of proteins found in the isolated aggregates were investigated, and a 
hypothetical model of the layered architecture of Aβ aggregates was proposed.  

In conclusion, this thesis describes the development of new concepts and methods that will 
hopefully contribute to increasing the understanding and improving the therapy of 
Alzheimer’s disease and other diseases associated with protein aggregation. 

Keywords: Alzheimer’s disease, amyloid beta, blood-brain barrier, green-fluorescent 
protein, intracellular assays, proteases, protease substrate specificity, protein aggregation, 
protein engineering. 
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Sammanfattning  
Allt liv som vi känner till är till högsta grad beroende av proteiner. Proteiner utför nästan 
alla biologiska processer inom alla livsdomäner. Proteiner ger struktur till våra celler, 
transporterar syre i vårt blod, förser oss med energi genom att bryta ner socker och dessutom 
skyddar de oss från smittsamma sjukdomar, för att bara nämna några exempel. Proteiner 
består av kedjor av sammanlänkade aminosyror. De flesta proteiner består av ett unikt antal 
och en specifik ordning av 20 olika aminosyror. Aminosyrakedjorna veckas oftast till 
tredimensionella proteinstrukturer som gör att de kan utföra sina biologiska funktioner. 
Följaktligen kan det vara skadligt när veckningsprocessen går fel och proteiner inte antar 
deras funktionella struktur. Felveckade proteiner associeras med en rad olika sjukdomar. 
Ett sådant exempel är Alzheimers sjukdom, en irreversibel, progressiv hjärnsjukdom som 
gradvis leder till försämrat minne och mental förmåga. Psykiska och andra neurologiska 
symtom är även mycket vanliga och sjukdomen leder ofta till en för tidig död. I hjärnorna 
hos patienter med Alzheimers sjukdom bildas små klumpar, så kallade senila plack, som 
består av felveckade och aggregerade proteiner. Huvudbeståndsdelen i dessa klumpar är ett 
protein som kallas amyloid beta (Aβ).  

Protein engineering beskriver processen att generera proteiner med förbättrade eller nya 
funktioner anpassade efter önskade egenskaper. Idag används såna proteiner inom olika 
områden, till exempel jordbruk- och livsmedelsindustri, diagnostik- och läkemedelsindustri 
och biobränsleproduktion. Affinitetsproteiner och proteaser är två typer av proteiner som 
har varit centrala för studierna i den här avhandlingen. Deras förmåga att specifikt binda till 
respektive klyva andra målproteiner har lett till en utbredd användning som bland annat 
forskningsreagens men även som molekyler för terapeutiska ändamål.  

I studierna som ligger till grund för den här avhandlingen har amyloid beta dels använts som 
ett målprotein för att utveckla potentiella terapeutiska proteiner, men även som ett 
molekylärt verktyg för utveckling av nya metoder för protein engineering, och slutligen för 
att studera sammansättningen av patologiska proteinaggregat från Alzheimerpatienter.  

Den första studien i denna avhandling beskriver utvecklingen av en ny metod för protein 
engineering för att effektivisera utvecklingen av aggregeringshämmare. Hämningen av Aβ-
aggregering och följaktligen bildning av senila plack är en potentiell mekanism för att 
behandla Alzheimers sjukdom. I den andra studien konstruerades ett bioterapeutiskt 
kandidatprotein, som binder till Aβ, för att förbättra upptaget till centrala nervsystemet. 
Ökat läkemedelsupptag i centrala nervsystemet, platsen där amyloid beta aggregerar, har en 
stor sannolikhet att öka läkemedlets terapeutiska effekt. I den tredje studien utvecklades en 
ny metod för att generera proteinklyvande proteaser med förbättrade eller nya funktioner. 
Denna metod är baserad på aggregering av Aβ-peptiden och genererade ett antal nya 
proteasvarianter med förbättrad förmåga att klyva ett målprotein. I den fjärde studien 
användes samma metod för att generera proteasvarianter som klyver ett nytt målprotein 
som är väldigt likt Aβ. De nya varianterna har potential att vidareutvecklas till proteas-
baserade läkemedelskandidater i framtiden. Den femte studien beskriver utvecklingen av en 
metod för att undersöka sammansättningen av tidigare nämnda senila plack. Den nya 
kunskapen om sammansättning av plack kan bidra till att förstå sjukdomens patologi, och 
utveckling av potentiella nya terapier.  
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Sammanfattningsvis så kommer resultaten som presenteras i denna avhandling 
förhoppningsvis att bidra till ökad förståelse och förbättrad behandling av Alzheimers 
sjukdom och andra sjukdomar som associeras med proteinaggregering.  
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Chapter 1 

 

Preface 
On November 25, 1901, Mrs. Auguste Deter was admitted to a mental asylum; the 
Community Hospital for Mental and Epileptic Patients in Frankfurt am Main, Germany. The 
51-year-old woman exhibited an unusual clinical picture with loss of short-term memory and 
strange behavioral symptoms. At the asylum, she was observed and investigated by 
psychiatrist Dr. Aloysius (Alois) Alzheimer. Beside memory disturbances, her symptoms 
included sleeping disorders, aggressiveness, crying, and progressive confusion. Alzheimer 
developed special interest for the case of Mrs. Deter and followed her fate even after leaving 
the Frankfurt Hospital [1]. Auguste Deter died on April 8, 1906. After her passing, brain 
autopsy was carried out and the material was sent to Dr. Alzheimer, then working in Munich, 
for neuropathological examination. Alzheimer noted that the brain had been 
morphologically atrophic and decided to apply a recently developed silver staining method 
to histological sections of the brain [2]. When examining the brain sections under the 
microscope, Alzheimer observed for the first time what he described as “dispersed over the 
entire cortex […] miliar foci, which are due to storage of a peculiar matter into the cortex” 
(Figure 1.1A) and “fibrils […] on the inside of an otherwise still normal appearing cell” 
(Figure 1.1B) [3]. In autumn of 1906, Alzheimer presented these neuropathological 
observations and Mrs. Deter’s clinical records at a congress of German psychiatrists [4]. In 
1910, the diagnostic term Alzheimer’s disease (AD) was introduced for the condition 
observed in Auguste Deter. 

The histological alterations described by Alzheimer as “miliar foci” and “fibrils within cells” 
would later become known as senile plaques and neurofibrillary tangles, respectively [5]. 
These features became the hallmark of Alzheimer’s disease, and are used in post-mortem 
diagnosis of AD until today. The biochemical composition of what Alois Alzheimer had 
described as “miliar foci of a peculiar matter” remained unknown for almost 80 years. In the 
1980’s, two research groups unveiled the identity of the main constituent of senile plaques, 
a peptide that is now known as amyloid beta [6], [7].  

Amyloid beta is the recurring theme in the work presented in this thesis either as a target for 
the development of biotherapeutics or as a tool in biotechnological research. While reading 
this book one should keep in mind that, if Auguste Deter would be alive today, more than 
110 years after her death, we would still not be able to offer her, or the currently 50 million 
estimated Alzheimer’s disease patients, an effective treatment that changes the progression 
of this terrible disease. 
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Figure 1.1: The neuropathological hallmarks of Alzheimer’s disease. A) Silver staining of 
senile plaques in the cerebral cortex of a person with Alzheimer’s disease (image reference I). B) 
Silver staining of neurofibrillary tangles in the hippocampus of a person with Alzheimer’s disease 
(image reference II). Different scales apply in A) and B). 
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Chapter 2 

 

Proteins 
Essentially all biological processes throughout all domains of life are carried out by proteins. 
We can thank proteins in plants for the oxygen we breathe. Proteins in our body allow us to 
experience our environment through senses and make us conscious. Proteins in 
microorganisms, like yeast, help us enjoy an occasional glass of wine or beer, which makes 
us feel unconscious.  

On a molecular level, proteins are a class of macromolecules consisting of linear polymers of 
amino acids (aa). The vast majority of naturally occurring proteins consists of a combination 
of 20 different amino acids. Amino acids share a common architecture with a basic amino 
group (-NH2), an acidic carboxyl group (-COOH) and a unique side chain. Amino groups and 
carboxyl groups of individual amino acids form peptide bonds, leading to the formation of a 
polymer known as polypeptide. The peptide bonds form the “backbone” of a polypeptide. A 
polypeptide containing more than 50 aa is usually referred to as a protein, while shorter 
polymers are referred to as peptides. The respective side chain is unique for each of the 20 
amino acids and exhibits specific physicochemical properties. Side chain functionalities can 
span from a simple hydrogen atom, over hydrophilic or hydrophobic organic molecules, and 
positively or negatively charged organic molecules, to aromatic molecules. The remarkable 
diversity of proteins is owed to the unique side chains of each amino acid building block. As 
an example, an imaginary peptide of 5 aa length can possess 3.2 million (205) possible amino 
acid sequences. The information how individual amino acids are combined to form proteins 
is stored in the sequence of nucleotides of another macromolecule, the deoxyribonucleic acid 
(DNA). Biosynthesis of proteins is a process involving the transcription of a specific DNA 
sequence into a specific ribonucleic acid (RNA) sequence, which in turn gets translated into 
a specific sequence of amino acids by the ribosome complex. A unit of three consecutive 
nucleotides, a codon, within the DNA, and consequently the RNA, specifies which amino 
acid is linked to the growing polypeptide chain by the ribosome. The storage of information 
in DNA is not perfect and the DNA sequence can become altered, a process called mutation. 
An altered DNA sequence can give rise to an altered amino acid sequence in the protein. The 
natural world as we know it was shaped by evolution, the process of over a billion years of 
random DNA alterations and preferential selection of the resulting altered proteins. 

Following its biosynthesis, the polypeptide can undergo a variety of post-translational 
modifications (PTM), adding another layer of protein diversity. Examples for PTMs are 
cleavage of the protein resulting in one or more individual polypeptides, or decoration of 
amino acids with chemical functionalities (e.g. phosphorylation or glycosylation). However, 
the protein’s amino acid sequence, and post-translational modifications alone cannot 
explain how proteins are capable of performing the array of diverse functions needed in 
biological processes. 
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2.1 Protein structure 
The explanation to this lies in the protein structure. A protein’s biological function is 
determined by its three-dimensional native structure, which in turn is encoded in its one-
dimensional amino acid sequence [8], [9]. The primary structure of a protein is defined as 
the sequence of amino acids connected via peptide bonds. Following translation, stretches 
of the unstructured polypeptide chain rapidly fold into structural elements known as alpha 
helices and beta sheets. These structures are stabilized by intramolecular hydrogen bonds 
within the peptide backbone and are referred to as the secondary structure of a protein. 
Other secondary structure elements, like beta turns and omega loops, occur less common. 
With secondary structure elements in place, a water-soluble protein typically rearranges in 
a way that hydrophilic elements of the protein are exposed to the aqueous environment and 
hydrophobic elements are facing towards the hydrophobic core of the protein. This protein 
fold, defined as the tertiary structure of a protein, is stabilized mainly by hydrophobic 
interactions. At this point, disulfide bonds can form between oxidized cysteine residues 
within a polypeptide chain or between oxidized cysteine residues within separate 
polypeptide chains. The native conformation of some proteins requires interaction of two or 
more folded polypeptide chains. The individual polypeptides are referred to as subunits, and 
an assembly of subunits is defined as the quaternary structure of a protein (Figure 2.1).  

 

 

Figure 2.1: The four distinct levels of protein structure. A) The primary structure of a 
protein refers to the sequence of amino acids in the polypeptide chain. B) The three-dimensional fold 
of local segments of proteins is referred to as the secondary structure. The most common secondary 
structure elements are alpha helices and beta sheets. C) The tertiary structure describes the three-
dimensional shape of the entire polypeptide chain (PDB: 1FCC). D) The assembly of several 
individual polypeptide chains is described as the quaternary protein structure (PDB: 1ILP). 
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A central question of the “protein-folding problem”, postulated more than 50 years ago, is 
which physical forces, encoded in the amino acid sequence, dictate the native folded state of 
a protein. As mentioned above, intramolecular hydrogen bonds drive the formation of α-
helices and β-sheets and hydrophobic interactions assist in shaping the fold of a protein. 
Other physical forces are the close-ranged van der Waals interactions working on the tightly 
packed atoms within a folded protein and electrostatic interaction between negatively and 
positively charged side chain residues. Moreover, the physicochemical composition of 
individual amino acids dictates the backbone torsion angles of the polypeptide chain. The 
transition from an unstructured polypeptide chain into a compact native fold is reflected in 
a loss of entropy [9]. 

All physical forces considered, the native conformation of a protein should be energetically 
favored and consequently possess the lowest free energy state possible. Based on this, the 
concept of a funnel-shaped energy landscape was proposed to describe the protein-folding 
process (Figure 2.2) [10]. The native conformation represents a narrow minimum in the 
energy landscape. At higher energy states the landscape is broad, meaning the protein can 
adopt many unfolded structures. During the folding process a protein moves downhill in the 
energy landscape. On the downhill way to its native conformation, the protein populates 
areas of local minima in the energy landscape, representing intermediate folding states. At 
these intermediate folding states, local α-helices and β-sheets structures are developed in 
the chain. Due to the funnel shape of the landscape, individual molecules of the same protein 
can take different folding pathways to the native conformation. 

 

 

 

Figure 2.2: Schematic diagram of a folding funnel energy landscape. The width of the 
funnel represents the configurational entropy, while the depth of the funnel represents the change 
in free energy. Many high-energy, unfolded states of a protein populate the top of the landscape. 
The native state of a protein is represented as a narrow area of entropy at a low level of free energy. 
Protein folding occurs via alternative trajectories, in which the protein can populate different 
folding intermediates. Misfolded proteins, represented as an amyloid fibril, can be energetically 
favored over the native state.  
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There are areas of low free energies in the protein-folding landscape that do not represent 
intermediate folds or the native conformation of a protein. Those areas can be energetically 
favored and the proteins populating those areas do not fold into the correct three-
dimensional conformation that is needed for proper function. Proteins populating those 
areas are considered misfolded [11]. Under physiological conditions, the free energy 
difference between the native, biologically active conformation of a protein and the 
misfolded state is often very small [12].  

It should be noted that some proteins or regions of proteins seemingly oppose the rules of 
protein folding and are largely unstructured in solution. These intrinsically disordered 
proteins (IDP) and intrinsically disordered protein regions (IDPR) can be described as 
natively unfolded. However, it is believed that IDPs and IDPRs are functional by folding into 
defined structures when interacting with other proteins [13].  

The total number of protein molecules in a yeast cell has been estimated to be 4.2 x 107, and 
this number is even far exceeded by an estimated 10 x 109 protein molecules existing in each 
human cell [14], [15]. Given the large amount of protein molecules in cells, it is not surprising 
that all living organisms have evolved quality control machineries that ensure proper folding 
and function of proteins; the proteostasis network [16]. In healthy human cells the 
proteostasis network consists of approximately 2000 proteins, including ribosomal 
proteins, molecular chaperones, and the proteasome [17]. These proteins assist in 
biosynthesis of new proteins, their correct folding, and the removal of misfolded proteins, 
respectively [18].  

While correctly folded, functioning proteins perform all the biological processes that are the 
fundaments of life, the persistence of misfolded proteins can be detrimental to human life. 
The next chapter will focus on protein misfolding associated with human diseases. 
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Chapter 3 
 

Protein misfolding and disease 
Due to the crucial role proteins play in biological processes, imbalance in protein 
homeostasis can contribute to or cause diseases in a variety of ways [19], [20]. For the scope 
of this work, this chapter will focus only on human diseases involving protein misfolding and 
aggregation, a family of diseases commonly referred to as proteinopathy or proteopathy. 

Protein misfolding describes the folding of a protein or peptide into a structure that is 
different from its native conformation. Misfolding of a soluble protein often results in 
surface exposure of hydrophobic elements, which in the native conformation would face 
towards the core of the protein. By that means, a misfolded protein can bind to another copy 
of the same protein via hydrophobic interactions, which subsequently leads to the formation 
of insoluble protein aggregates.  

Protein misfolding and aggregation can contribute to disease in two ways: a loss-of-function 
mechanism or a toxic gain-of-function mechanism [21]. Proteopathies characterized by a 
loss-of-function mechanism are associated with protein misfolding resulting from 
mutations. The proteostasis network in the cell degrades the misfolded proteins, resulting 
in reduced levels of functional protein. An example for a loss-of-function proteopathy is 
Cystic Fibrosis (CF). CF is caused by mutations in the gene encoding the cystic fibrosis 
transmembrane conductance regulator (CFTR) protein. Mutated CFTR proteins aggregate 
and are degraded, leading to loss of normal protein function and disease [22].  

In proteopathies associated with a gain-of-toxic function mechanism, mutated or unmutated 
proteins misfold and are not degraded by the proteostasis network. Those misfolded 
proteins accumulate into aggregates which often (but not always) reorganize to form well-
defined, thread-like structures called amyloid fibrils [23]. As of 2017, 56 peptides or proteins 
have been linked to human disease by means of misfolding and aggregation, and a toxic gain-
of-function mechanism [23]. Aggregation of some of these proteins has been linked to 
several diseases, as exemplified by aggregation of the protein tau and its association with a 
family of diseases, called tauopathies [24]. Structurally, these 56 proteins contain examples 
of intrinsically disordered proteins (e.g. tau and the islet amyloid polypeptide (IAPP)), 
native-like folded proteins (e.g. transthyretin and lysozyme), and proteins with intrinsically 
disordered regions (e.g. the mammalian cellular prion protein). In some cases, proteolysis 
of large, natively folded proteins generates IDPs that are prone to aggregate (e.g. amyloid 
beta).  

The first step in the aggregation process is the formation of clusters of a relatively small 
number of protein molecules, referred to as oligomers. The structure of the oligomer 
generally reflects the structure of the monomer forming it. Consequently disordered, 
partially disordered, or fully structured oligomers exist [23]. Early in the aggregation 
process, oligomers are typically formed by weak intermolecular interactions of monomers, 
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rendering them unstable. With proceeding aggregation, the oligomers can structurally 
reorganize to form conformations rich in β-sheet elements. The conformational transition 
to β-sheet-rich species allows for hydrophobic interactions, resulting in the more stable, late 
oligomers. β-sheet-rich oligomers can grow in size through addition of monomers or 
association with other oligomers. Further structural reorganization of the growing oligomers 
leads to the formation of well-defined fibrils with high β-sheet content and high structural 
order; the amyloid fibril. Amyloid fibrils are thread-like structures that can be several 
micrometers in length and are typically 7-13 nm in diameter. They generally consist of 2-8 
protofilaments that are twisted around each other or associated side-by-side. On an atomic 
level, amyloid fibrils are characterized by a cross-β structure, with β-strands orientated 
perpendicularly to the fibril axis, that are assembled into β-sheets spanning the length of the 
fibril [25]. The aggregation of most of the proteins or peptides associated with toxic gain-of-
function proteopathies ultimately leads to the formation of amyloid fibrils and those diseases 
are typically referred to as amyloidoses. In some proteopathies however, the associated 
proteins or peptides aggregate into amorphous, unstructured deposits or deposits 
resembling the native structure of the monomer. 

The formation and deposition of amyloid fibrils can occur in a variety of organs. Some 
amyloidoses are characterized by amyloid deposition in one specific organ like the brain (i.e. 
Alzheimer’s disease), or the pancreas (i.e. type II diabetes). In systemic conditions amyloid 
fibril depositions can be found in several organs. An example is ApoAI amyloidosis, which is 
characterized by amyloid fibril depositions in kidney, liver, and heart [26].  

From a cellular perspective, amyloid fibril deposition can be observed both in the 
extracellular and intracellular spaces. Most proteins or peptides are secreted from the cell 
and form extracellular amyloid depositions and only a few proteins or peptides have been 
associated with the formation of intracellular inclusions with amyloid-like characteristics 
[23]. However, some of the proteins forming intracellular inclusions, like the 
aforementioned tau protein, are associated with several diseases. 

It should be noted that protein depositions usually not only consist of a single aggregating 
protein and that the sequestration of other components, including e.g. different proteins, 
lipids, and carbohydrates, can result in a pathologic loss-of-function mechanism [27], [28]. 
The pathological mechanisms of how protein depositions gain a toxic function is an active 
field of research which will be addressed for Alzheimer’s disease and the underlying 
aggregation of amyloid beta in chapter 3.1.1. Chapter 8.5. of the present investigation 
describes the development of a method to study protein interactions associated with amyloid 
depositions. 

 

3.1 Alzheimer’s disease 
Alzheimer’s disease (AD), first described by Alois Alzheimer more than 110 years ago, is a 
progressive neurodegenerative disease characterized by initial memory impairment and 
cognitive decline. With disease progression, AD can also affect behavior, speech, visuospatial 
orientation and the motor system [29]. Patients suffering from AD typically lose abilities to 
perform instrumental and basic activities of daily life and die within 3 to 9 years after 
diagnosis [30], [31]. With 60 to 80% of dementia cases diagnosed with AD, the disease 
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represents the most common form of dementia [32]. As of 2019, global estimations suggest 
that nearly 50 million people suffer from Alzheimer’s disease or related dementia. The global 
cost of dementia healthcare is estimated to be more than USD 1 trillion annually. It is 
estimated that 135 million people globally will live with dementia by 2050 [33], [34]. There 
is currently no cure for Alzheimer’s disease. 

Diagnosing Alzheimer’s disease by its clinical presentation is difficult mainly due to two 
reasons. Firstly, AD is characterized by a long asymptomatic preclinical phase before clinical 
symptoms manifest (Figure 3.2) [35]. Secondly, AD is often associated with 
neurodegenerative co-pathologies, such as Lewy body dementia, vascular dementia, 
frontotemporal dementia, and more [36].  

Neuropathological characteristics of Alzheimer’s disease can be observed at macroscopic 
and microscopic level. At the macroscopic level, brains from AD patients are characterized 
by atrophy of the cerebral cortex, amygdala, and hippocampus. These features are suggestive 
but not specific for Alzheimer’s disease [32]. The definitive diagnosis of AD requires staining 
of post-mortem brain sections and microscopic examination. At the microscopic level, AD is 
characterized by the presence of senile plaques and neurofibrillary tangles (NFT).  

Senile plaques are formed by extracellular aggregation of amyloid ß peptides, primarily Aβ40 
and Aβ42 peptides. Different types of amyloid depositions have been described in AD, with 
the two most-commonly observed types being diffuse plaques and neuritic plaques [37]. 
Diffuse plaques are formed of amorphous, primarily nonfibrillar Aβ aggregates. Neuritic 
plaques contain a core of fibrillar Aβ arranged in a β-pleated conformation [35]. The dense 
amyloid core of neuritic plaques can be surrounded by radiating Aβ fibrils interacting with 
dystrophic neurites and activated microglia. Five phases of Alzheimer’s disease progression 
can be discriminated utilizing the brain regions in which senile plaques form temporally 
[38]. The neocortex is affected in Thal Phase 1, expanding to the allocortex (Thal Phase 2), 
subcortical nuclei, including striatum (Thal Phase 3), brainstem (Thal Phase 4) and 
ultimately to the cerebellum (Thal Phase 5). 

Neurofibrillary tangles, the second microscopic feature of Alzheimer’s disease, are composed 
of aggregated tau protein. The tau proteins in those intracellular inclusions are 
hyperphosphorylated, misfolded, and have lost their normal function of binding and 
stabilizing microtubules in axons [39]. Aggregation of tau in AD leads to the formation of 
two species of highly structured, amyloid-like filaments, the paired helical filaments (PHF) 
and straight filaments (SF). Different species of neurofibrillary tangles can be observed. 
Pretangles in the cell body and dendrites of neurons contain abnormal conformations of tau, 
but no filaments. These undergo structural reorganization to form deposits of aggregated 
tau filaments, the matured tangles, in the perikarya and proximal cell processes. Different 
types of neurons give rise to different morphologies of matured tangles, e.g. “flame-shaped 
tangles” in pyramidal neurons and “globoid tangles” in neurons of the substantia nigra. 
Eventually, matured tangles displace vital components of the neuron, leading to cell death, 
and the formation of “ghost tangles” [40]. Similar to senile plaques, the formation of NFTs 
temporally occurs in different brain regions and can be utilized to stage the disease [41].  

The presence of both senile plaques and neurofibrillary tangles is required for a 
neuropathologic diagnosis and these features are still considered the hallmarks of 
Alzheimer’s disease. If, or which of, the aggregated protein depositions are the primary, 
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causative event in Alzheimer’s disease leading to synaptic loss, neurodegeneration, and 
subsequent macroscopic atrophy of the brain, is an active field of research and will be 
addressed in chapter 3.1.1.  

Since the discovery of senile plaques and NFTs by Alzheimer in 1906, advances in staining 
methods facilitated their characterization. Notably, the discovery of Congo Red and 
Thioflavin T, both staining amyloid structures, and the development of 
immunohistochemical methods specific for different species of aggregated proteins [42]–
[44]. In recent years, the development of Alzheimer’s disease biomarkers helped diagnosing 
patients in earlier, presymptomatic stages of the disease [45]. Notable examples are assays 
quantifying soluble Aβ, phosphorylated and total tau in cerebrospinal fluid (CSF), the use of 
positron emission tomography (PET) to visualize Aβ and tau aggregates in the brain, and 
magnetic resonance imaging (MRI) visualizing brain atrophy (Figure 3.2) [46], [47]. A study 
published earlier this year, demonstrated that plasma levels of phosphorylated tau can be 
used as a noninvasive diagnostic and prognostic biomarker of Alzheimer’s disease [48].  

Based on the patients’ age of the disease onset, Alzheimer’s disease can be divided into late-
onset AD (LOAD) and early-onset familial AD (EOFAD) [49]. LOAD is usually characterized 
as AD with disease onset at age 65 years or older and, as it lacks a clear pattern of inheritance, 
is considered sporadic. The vast majority (> 95%) of AD cases can be described as LOAD 
[50]. Some genetic risk factors have been associated with LOAD, most notably the 
apolipoprotein E gene, but the major risk factor seems to be age. It has hence been suggested 
that age-related decline of the proteostasis network leads to the pathological accumulation 
of protein aggregates [18]. Early-onset familial AD is characterized by autosomal dominant 
inheritance within affected families, and onset ages typically younger than 65 years [49]. The 
dominant mutations causing EOFAD affect three proteins; amyloid precursor protein (APP), 
presenilin 1, and presenilin 2. All three proteins are involved in the generation of Aβ 
peptides. 

 

3.1.1 The amyloid hypothesis 

The amyloid hypothesis (also known as amyloid cascade hypothesis or Aβ hypothesis) 
assumes that the pathologic accumulation and aggregation of amyloid beta peptides is the 
causative event driving the pathology of Alzheimer’s disease. Since it was first proposed in 
1991, a growing body of evidence supporting the hypothesis has emerged from genetic 
analysis, laboratory experiments, and AD biomarker studies in human subjects. Today, the 
amyloid hypothesis, although still sometimes debated, is the dominant model of AD 
pathogenesis and the focus of development of potential therapeutic interventions for 
Alzheimer’s disease [51], [52]. 

Amyloid beta peptides are generated by sequential proteolytic cleavage of the amyloid 
precursor protein (APP) (Figure 3.1). APP is a transmembrane protein expressed in a variety 
of tissues, including the nervous system. The physiological function of APP is not fully 
understood, but it is thought to be involved in neurodevelopment, synapse formation, cell 
adhesion, and memory formation [53]–[55]. Mice in which APP expression has been 
reduced or knocked out exhibit only subtle phenotypic alterations including reduced size, 
reduced grip strength and locomotor activity [56]. In a nonamyloidogenic pathway, APP is 
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first cleaved by the enzyme α-secretase, resulting in the formation of two protein fragments; 
secreted APPα and membrane-bound C83. C83 is subsequently cleaved by γ-secretases to 
form a soluble intracellular protein (AICD) and p3 fragment (Figure 3.1). The proteins 
generated via the nonamyloidogenic pathway are thought to increase neurite outgrowth, 
promote learning and memory, and to be overall neuroprotective [57]. In an amyloidogenic 
pathway, APP is first cleaved by the enzyme β-secretase to produce secreted APPβ and 
membrane-bound C99. C99 is subsequently cleaved by γ-secretases to generate AICD and 
Aβ peptides, typically 40 or 42 amino acids in length (Figure 3.1). In physiological 
concentrations, soluble Aβ is thought to have multiple functions, including modulating 
synaptic activity, memory formation, neuronal survival, antioxidant activity, calcium ion 
transport, and maintenance of the blood-brain barrier (BBB) [58]. 

 

 

Figure 3.1: Schematic diagram depicting the amyloidogenic and non-amyloidogenic 
pathway of proteolytic APP processing.  

 

Initial genetic evidence supporting the amyloid hypothesis came from the observation that 
APP, the substrate for the formation of Aβ, is encoded by a gene on human chromosome 21. 
Indeed, Down’s syndrome patients with trisomy 21 often develop symptoms of Alzheimer’s 
disease by about 40 years of age [59]. In rare cases, only duplications of the APP locus, but 
not the rest of chromosome 21, have been observed and these individuals also develop early-
onset AD [60]. Presenilin 1 and presenilin 2, the proteins affected by autosomal dominant 
mutations in EOFAD, constitute the active site of γ-secretase [61]. It was demonstrated that 
mutated γ-secretase preferably produces the longer Aβ42 and Aβ43 peptides over Aβ40. These 
longer species are more hydrophobic and highly aggregation-prone [62], [63]. The 
production of longer Aβ peptides can also be favored by dominant mutations within the APP 
sequence. Mutations within the Aβ sequence specifically seem to increase the aggregation 
propensity of the produced peptides [51]. Interestingly, one mutation within APP has been 
shown to decrease the cleavage efficiency by β-secretase. Individuals affected by this 
mutation exhibit reduced amyloid deposition and a reduced risk to develop AD [64]. 

In laboratory experiments it was shown that transgenic AD mouse models first accumulated 
Aβ depositions and formed neurofibrillary tangles subsequently [65]. This temporal 
sequence of pathogenic events was more recently confirmed in stem-cell derived human 
neurons from individuals with EOFAD [66]. ApoE, the main genetic risk factor of LOAD, has 
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been shown to be involved in the clearance of soluble Aβ peptides in transgenic mouse 
models [67]. A number of animal model studies has shown that Aβ oligomers impair both 
the function and structure of synapses [51]. In humans it could be shown that the 
concentration of oligomeric Aβ, but not the number of plaques, in post-mortem brain tissue 
correlated with severity of dementia in the studied individuals [68]. Bilousova et al. 
demonstrated in human brain specimen, that soluble Aβ oligomers are abundantly present 
in early stages of AD, while phosphorylated tau did not increase until late stages of the 
disease [69]. 

Recent advances in Alzheimer’s disease biomarker development shed light on the temporal 
sequence of pathological events in living subjects. Based on biomarker abnormalities in 
humans, a hypothetical temporal model of Alzheimer’s disease was proposed (Figure 3.2) 
[70]. It can be observed that first Aβ42 levels in CSF decrease before fibrillar amyloid deposits 
appear in the brain, CSF tau levels notably increase, and the brain becomes atrophic.  

The evidence available today indeed suggests that Aβ oligomers are the causative agents 
driving the pathology of Alzheimer’s disease. With that said, the influence of other agents 
like the proteostasis network, neuroinflammation, and the tau protein on this multifactorial 
syndrome should not be underestimated. In chapter 6, I will return to the amyloid 
hypothesis and how it guides the development of potential therapeutic interventions for 
Alzheimer’s disease.  

 

Figure 3.2: A hypothetical temporal model integrating Alzheimer’s disease biomarker 
changes. The threshold for the detection of pathophysiological biomarker changes is depicted by a 
horizontal line. The grey area depicts the zone in which abnormal pathophysiological biomarker 
changes are below the detection threshold. In this model, the first detectable biomarker abnormality 
is a change (i.e. decrease) in CSF Aβ42 levels (purple line). Aβ deposition, detected through amyloid 
PET, follows thereafter (red line). This induces acceleration of tauopathy with levels of tau in CSF 
rising above the threshold (light blue line). Subsequently, brain atrophy can be detected through 
MRI and FDG PET (dark blue line). Finally, cognitive impairment becomes evident (green line), 
with a range of cognitive responses that depend on the individual’s risk profile (light green area). 
The depicted temporal sequence of biomarker changes is thought to occur over many years, possibly 
decades [35], [71]. FDG, fluorodeoxyglucose; MCI, mild cognitive impairment. (Adapted from [51], 
[70]). 
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3.2 Frontotemporal dementia 
Frontotemporal dementia (FTD) is the second most common form of primary degenerative 
dementia after Alzheimer’s disease, accounting for up to 20% of presenile dementia cases 
[72]. FTD describes a group of neurodegenerative diseases that is primarily characterized by 
progressive deficits in behavior, executive function, and language. However, the clinical 
presentation of FTD often overlaps with neurodegenerative diseases exhibiting motor 
deficits, such as amyotrophic lateral sclerosis (ALS) [73]. Generally, there are three distinct 
clinical syndromes of FTD; behavioral-variant frontotemporal dementia (bvFTD), semantic-
variant primary progressive aphasia (svPPA), and non-fluent variant PPA (nfvPPA) [74]. At 
the time of writing there are no disease-modifying drugs available for the treatment of 
frontotemporal dementia. 

The neuropathology of FTD is described as frontotemporal lobar degeneration (FTLD). The 
predominant macroscopic neuropathological feature of FTLD is atrophy of the frontal and 
temporal lobes, primarily in the frontoinsular region. The affected brain regions vary for the 
distinct FTD syndromes and neuroimaging can assist in the differential diagnosis of FTD 
[74]. At a microscopic level, FTLD is characterized by neuropathologic intracellular 
inclusions constituting mainly of one of three aggregated proteins; transactive response 
DNA-binding protein of 43 kDa (TDP-43), tau, or fused in sarcoma (FUS). TDP-43 is a 
nuclear protein involved in transcription regulation [75]. In about half of all patients with 
FTLD, TDP-43 becomes aberrantly localized from the nucleus to the cytoplasm, where it 
forms cytoplasmic inclusions. It is believed that both the toxic gain-of-function of 
cytoplasmic TDP-43 aggregates and the loss of nuclear TDP-43 function contribute to 
neurodegeneration and pathology. About 40% of FTLD cases are associated with neuronal 
and glial aggregation of tau, and about 10% of FTLD cases are characterized by pathologic 
intracellular FUS inclusions [74]. 

There is a strong genetic component to frontotemporal dementia, with up to 40% of patients 
having a family history of dementia. FTD-related mutations predominantly affect the genes 
C9orf72 and GRN, as well as genes encoding the proteins forming intracellular inclusions 
(MAPT, TARDBP, FUS) [76], [77].           

The next chapter will cover correctly folded proteins and their importance in therapy, 
diagnosis, and research. 
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Chapter 4 
 

Proteins in therapy, diagnosis, and research 
In the broadest sense, the medical use of proteins originated in the late 18th century. The 
English physician Edward Jenner observed that milkmaids infected with cowpox would later 
become immune to infection with the smallpox virus. Jenner inoculated healthy individuals 
with material from individuals infected with cowpox. He then challenged inoculated persons 
with smallpox virus and proved their immunity to infection. We now know that these people 
acquired immunity to smallpox by producing antibody proteins that recognize and 
neutralize the virus. 

One of the first examples of biopharmaceutical proteins dates back to 1922, when Frederick 
Banting and coworkers used insulin isolated from dog pancreas for the treatment of 
diabetes. For years to come, insulin isolated from animal pancreas, primarily cows and pigs, 
was used to treat diabetes. However, the therapeutic use of animal-derived insulin was 
hampered mainly by short therapeutic windows, and difficulties in production [78]. 
Advances in recombinant DNA technologies, most notably DNA sequencing and molecular 
cloning, led to the production of human insulin in bacteria in 1978 [79]. In 1982, 
recombinant human insulin, marketed as Humulin, became the first recombinant protein 
approved for therapy by the US Food and Drug Administration (FDA) [78]. Today, a wide 
variety of recombinant proteins are used in the diagnosis and treatment of diseases, and as 
viable tools in research laboratories. The following chapter covers proteins that are 
important for the work presented in this book. 

 

4.1 Antibodies 
Antibodies, also referred to as immunoglobulins (Ig), are a family of proteins physiologically 
produced by B cells in vertebrates in response to invasion of a foreign molecule or cell (i.e. 
the antigen). Antibody proteins can be described as bifunctional, due to their ability to 
recognize a respective antigen, and activate effector or bystander functions of the immune 
system. The bifunctionality of antibodies makes them key players in the immune system and 
can be explained by their unique structure. The structure of antibody molecules is here 
exemplified for the most common isotype in humans, IgG, and resembles the shape of the 
letter Y (Figure 4.1). The two “arms” of the antibody molecule are responsible for the 
recognition of antigens and are hence referred to as the antigen-binding fragment (Fab). The 
“stem” of the letter Y, the fragment crystallizable (Fc) region, interacts with immune cells, 
such as T cells and NK cells, and proteins of the complement system. Activation of these 
bystander functions typically results in elimination of the antigen.  

On a molecular level, the Y-shaped IgG typically represents a heterodimeric protein 
composed of two heavy (H) and two light (L) chain polypeptide subunits. Each heavy chain 
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binds one light chain and the two heavy chains are bound together by noncovalent 
interactions and the formation of disulfide bonds. The light chains are composed of one N-
terminal variable domain (VL) and one C-terminal constant domain (CL). Two different 
classes of light chains exist in humans, kappa light chains and lambda light chains. In the 
heavy chain, one N-terminal variable domain (VH) is followed C-terminally by three or four 
constant domains (CH). There are five main classes of heavy chain molecules and their 
presence within the antibody molecule defines different isotypes of immunoglobulins (IgG, 
IgM, IgD, IgA, and IgE). IgM and IgE contain heavy chains with four CH domains, while the 
other isotypes contain heavy chains with three CH domains. Heavy chains in IgG, IgA, and 
IgD contain a flexible hinge region between the first CH (CH1) and the second CH (CH2) 
domains [80]. 

A typical IgG molecule contains two Fab fragments and consequently two antigen binding 
sites. Each Fab fragment is composed of one light chain, and the VH and CH1 domain of one 
heavy chain. The VL and VH domains each contain three regions of high sequence variability, 
the complementarity determining regions (CDR). Structurally, the paired CDRs of heavy and 
light chain form loops on the surface of the antibody molecule that can bind to the antigen. 
The binding is typically characterized by interactions of specific amino acids within the CDR 
of the antibody and specific amino acids within the protein sequence of the antigen. The 
incredible ability of antibodies to recognize and bind to virtually any antigen is rooted in the 
amino acid sequence variability in the CDRs.  

This diversity of the antigen binding region of an antibody can be explained from a genetic 
perspective. Each VL and VH protein domain is encoded by a pool of separate DNA sequence 
segments. Combinatorial joining of different DNA segments during biosynthesis of the VL 

and VH polypeptides constitutes the first layer of diversification, a process referred to as 
V(D)J recombination. Errors can occur when gene segments join to form the coding genes 
for VL and VH proteins. Junctional diversification describes the deletion or insertion of 
nucleotides during V(D)J recombination and adds another layer of diversity. The third layer 
of diversification is generated through the pairing of different combinations of heavy and 
light chain subunits in the complete antibody molecule. These three mechanisms of antibody 
binding site diversification occur during B cell development. A fourth diversification 
mechanism, somatic hypermutation, occurs when B cells are stimulated by a foreign antigen 
and generally leads to production of high affinity antibodies [80], [81].         

An interesting deviation from the immunoglobulin structure described above can be 
observed in a subset of antibodies in camelids and nurse sharks. These antibodies lack light 
chain subunits and their antigen binding is obtained only via variable regions in the heavy 
chain polypeptide [82], [83].  

The remarkable ability of antibodies to recognize virtually any antigen and stimulate effector 
functions to eliminate pathogens, is the crucial element of the immune system in vertebrates. 
The generation of novel antibody molecules directed against desired antigens relied on 
animal immune systems for a long time. Traditionally, antibodies were generated by 
immunizing an animal with the antigen and subsequently purifying antibodies from the 
blood of the animal. This typically results in a collection of antibody molecules that are 
secreted from different B cells and recognize different epitopes on the antigen (i.e. polyclonal 
antibodies). The development of the hybridoma technology facilitated the reliable 
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production of monoclonal antibodies by fusing B cells from an immunized animal with 
immortal myeloma cancer cells [84]. The therapeutic use of antibodies generated through 
animal immunization was hampered due to their non-human origination [85]. The 1990s 
saw two major developments that facilitated the generation of fully human monoclonal 
antibodies. Firstly, the development of antibody phage display technology enabled the in 
vitro selection of human antibodies [86]. The phage display technology will be covered in 
more detail in chapter 5.3.1. Secondly, transgenic mouse strains were developed, in which 
the genes encoding for mouse immunoglobulins were exchanged with genes encoding for 
human immunoglobulins [87], [88].  

Today, monoclonal antibody molecules are a viable treatment modality for various 
conditions, most notably cancer, inflammation, and infectious diseases and make up the 
largest class of biopharmaceuticals. As of January 2020, more than 80 therapeutic 
antibodies have been approved for clinical use [89]. The development of therapeutic 
antibodies for the treatment of Alzheimer’s disease will be the focus of chapter 6. Antibodies 
are moreover widely used in the diagnosis of diseases. Two AD-related examples are 
enzyme-linked immunosorbent assays (ELISA) for the quantification of blood- and CSF-
based biomarkers (e.g. Aβ and tau) and immunohistochemical staining of brain sections. 

 

 

Figure 4.1: Schematic structural diagrams of an IgG molecule, and the classic 
antibody fragments Fab and scFv. Heavy chain domains and light chain domains are depicted 
in blue and orange, respectively. IgG is a heterodimeric protein composed of two heavy chains and 
two light chains. Both the heavy chain and the light chain comprise a variable and a constant region. 
The variable domains are responsible for binding of a specific antigen, while the constant domains 
of the Fc region (CH2 and CH3) are responsible for effector functions and half-life extension. 
Approximate molecular weights of the three molecules are depicted. 

 

4.1.1 Antibody fragments 

The ability of antibodies to recognize pathogens and stimulate effector functions to eliminate 
them, is the crucial element of the immune system in vertebrates. However, full-length 
antibody molecules are large proteins, that rely on the formation of a complex disulfide bond 
pattern and glycosylation of the Fc domain. This can pose challenges for recombinant 
protein production and in certain fields of applications [90]. The majority of therapeutic 
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antibodies rely on intravenous administration, as a relatively large protein mass has to be 
administered to reach stoichiometric target neutralization. Moreover, their tissue 
distribution, especially the penetration into solid tumors, is generally poor [89]. These 
drawbacks led to the generation of smaller antibody fragments that typically only retain the 
antigen binding functionality of antibodies, such as fragment antigen binding (Fab) and 
single chain fragment variable (scFv) (Figure 4.1).  

Fab can be derived from full-length antibody molecules through proteolytic digestion with 
the enzyme papain. Most commonly it is produced recombinantly by expression of the VL-
CL polypeptide and the VH-CH1 polypeptide in eukaryotic or prokaryotic cell hosts [91]. A 
scFv comprises only the variable domains of the light chain (VL) and heavy chain (VH) 
connected by a flexible polypeptide linker and is solely produced recombinantly. The 
orientation, i.e. VL- VH or VH- VL, and the composition of the linker can vary between different 
scFvs. While retaining the ability to bind antigens with high specificity and affinity, the 
smaller, less complex antibody fragments offer several advantages over full-length antibody 
molecules. They are typically cheap and easy to produce at high yields using prokaryotic 
hosts, their small size is thought to allow access to challenging epitopes and high tumor 
penetration, and they exhibit reduced immunogenicity and no activation of effector 
functions [92], [93]. Strikingly, antibody fragments can be recombinantly linked to other 
proteins to generate multi-specific or multifunctional fusion proteins. An example for this 
will be presented in chapter 8.2. of the present investigation. It should be noted that a 
multitude of antibody derivatives can be created by recombinant modular rearrangement of 
antigen binding domains, exceeding the classical Fab and scFv molecules covered in this 
section [90]. 

 

4.2 Affibody molecules 
Driven by the inherent drawbacks of the large and complex antibody molecule, and advances 
in recombinant gene technologies, the late 1990s gave rise to a novel class of binding 
proteins derived from non-immunoglobulin scaffold proteins. These binding proteins are 
commonly referred to as alternative scaffold proteins or non-immunoglobulin affinity 
proteins. Today this protein class spans a plethora of different scaffolds, with some of the 
most widely studied examples being affibodies, adnectins, anticalins, and DARPins. These 
scaffolds typically share common features such as small size, monomeric nature, high 
folding stability, and high protein production yield in prokaryotic host cells. Most 
importantly, all these scaffolds are amenable to protein engineering campaigns to generate 
binding functionality to virtually any target protein [89].  

The affibody scaffold is derived from staphylococcal protein A (SpA), a membrane-anchored 
protein on the surface of Staphylococcus aureus. SpA is thought to function as a mediator 
in immune escape mechanisms via binding of immunoglobulins [94]. Affinity for 
immunoglobulins is provided through five homologues extracellular domains that all exhibit 
binding to Fc and Fab domains of antibodies [95], [96]. For one of those domains, domain 
B, the crystal structure in complex with the IgG Fc region was resolved [97]. Domain B of 
SpA is a three-helical protein binding to Fc via helix 1 and 2. This domain was mutated to 
facilitate molecular cloning and confer resistance to chemical treatment resulting in the 
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synthetic Z domain [98]. The Z domain is a monomeric, three-helical protein comprising 58 
amino acids with a molecular weight of approximately 6.5 kDa (Figure 4.2A). It is naturally 
devoid of cysteine residues, rapidly folding, highly soluble and can be produced at high yields 
in prokaryotic hosts or by chemical peptide synthesis. Affibody molecules are derived from 
the Z domain typically through randomization of 13 surface-exposed amino acid residues on 
helix 1 and 2 [99]. Target specific affibody molecules can then be isolated from combinatorial 
protein libraries using various selection platforms, most notably phage display and 
staphylococcal display. Since the first affibody library was generated more than 25 years ago, 
affibody molecules towards more than 40 different target proteins have been selected. These 
target proteins include receptors (e.g. HER2), cytokines (e.g. IL-17A), intracellular proteins 
(e.g. HRAS), intrinsically disordered proteins (e.g. tau), peptides (e.g. Aβ), and large 
multimeric proteins (e.g. complement factor 5) [100].  

Affibody molecules have been extensively studied for the potential use as in vivo imaging 
tracers in diagnosis and stratification of cancer. Due to their small size, they generally exhibit 
rapid tumor penetration and fast blood clearance of unbound tracers, resulting in high-
contrast imaging shortly after administration of the tracer [101]. One promising candidate 
is the HER2-targeting affibody molecule ABY-025. ABY-025 labeled with the radionuclide 
111In was able to discriminate breast cancer metastases with high- and low HER2 expression 
in a first-in-human study. This study also concluded that using affibody molecules in 
humans is safe and well tolerated, as no adverse drug-related events were observed [102]. 
ABY-025 labeled with 68Ga is currently under investigation in a Phase II/III clinical study 
for non-invasive quantification of HER2-expression in advanced breast cancer patients 
[103], [104].   

Affibody molecules are also being explored as potential biopharmaceutical agents, for 
example by blocking protein-protein interactions or by delivering cytotoxic payloads [105], 
[106]. To increase the therapeutic window of the small, rapidly cleared affibody domain, 
therapeutic candidates are generally fused to an albumin-binding domain (ABD). Binding 
to serum albumin has been shown to prolong the circulatory half-life of affibody molecules, 
due to reduced renal filtration and indirect recycling via the neonatal Fc receptor [107], 
[108]. An IL-17A specific affibody molecule in fusion with ABD is currently investigated in a 
Phase II clinical trial for the treatment of moderate to severe plaque psoriasis [109]. 

Of particular interest for the work presented in this book are affibody molecules targeting 
the Aβ peptide. ZAβ3, an affibody molecule binding monomeric Aβ40 and Aβ42 peptides, was 
selected using phage display [110]. Interestingly, structural investigation of ZAβ3 revealed 
substantial differences to the general structure of the Z domain described above. ZAβ3 binds 
Aβ as a homodimer stabilized via formation of a disulfide bond involving a cysteine residue 
in the second helix of each subunit (Figure 4.2B). The structure of the dimeric affibody is 
characterized by two β-strands and four α-helices. The β-strands originate from destabilized 
helices 1 of each subunit. The distinct fold of ZAβ3 forms a large hydrophobic, tunnel-like 
cavity in which Aβ peptides can bind in a β-hairpin structure [111]. ZAβ3 has been shown to 
inhibit Aβ aggregation in vitro and in an in vivo fruit fly model [111], [112]. Subsequent 
genetic optimization and affinity maturation of ZAβ3 resulted in the generation of a dimeric 
affibody molecule denoted ZSYM73. In a preclinical study using APP/PS1 double transgenic 
mice, treatment with ZSYM73 led to prevention of the amyloid burden build up in both cortex 
and hippocampus as well as prevention of decline in cognitive function [113]. 
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Figure 4.2: Structural models of affibody molecules. A) The classical affibody molecule is a 
monomeric, three-helical bundle protein of 58 aa (PDB: 2KZJ). B) The homodimeric ZAβ3 (blue) is 
shown in complex with Aβ40 (pink) (PDB: 2OTK). The intermolecular disulfide bond is depicted in 
orange. 

 

4.3 Proteases 
Proteases, also referred to as proteinases or peptidases, are a family of enzymes that catalyze 
the hydrolysis of peptide bonds within proteins. The importance of their biological function 
is highlighted by the fact that all living organisms, from viruses to humans, have evolved 
proteases [114]. In humans, 2% of all genes encode proteases, some of which have already 
been mentioned through the course of this book, like the proteasome of the proteostasis 
network and proteases involved in the cleavage of APP [115].   

The large protease family can be subclassified into aspartic proteases, cysteine proteases, 
glutamic proteases, metalloproteases, serine proteases and threonine proteases, based on 
their catalytic mechanism and the presence of amino acid residues in the active site of the 
enzyme. The proteolytic reaction in aspartic, glutamic and metalloproteases relies on an 
activated water molecule that acts as nucleophile and attacks the peptide bond. The other 
classes utilize a catalytic triad within their active site in which either serine, cysteine, or 
threonine act as the nucleophile attacking the peptide bond [116].  

Proteases are moreover characterized by their substrate specificity. The substrate specificity 
of a protease is determined by interactions between amino acids in the binding cleft of the 
protease and amino acids on the cleavable peptide (i.e. the substrate). Amino acid side 
chains of the substrate peptide bind into predefined subpockets of the protease (Figure 4.3). 
A nomenclature describing the substrate specificity of proteases has been developed by 
Schechter and Berger [117]. The scissile, i.e. hydrolyzed, bond of the substrate peptide is 
located between residue P1 (N-terminal) and P1’ (C-terminal). Moving N-terminally from 
the scissile bond the substrate residues are named P1, P2, P3, etc. Substrate residues C-
terminal of the scissile bond are named P1’, P2’, P3’, etc. The subpockets on the protease that 
complement the substrate residues are named S1, S2, S3 and S1’, S2’, S3’, accordingly [118]. 
Depending on the number of amino acid residues interacting between substrate and 
protease, proteases can be described as promiscuous (i.e. few interactions) or specific (i.e. 
many interactions).  
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Figure 4.3: Schematic diagram of a protease cleavage site and substrate binding 
pocket. The residues within the protease that accommodate the substrate are denoted with the 
letter S. The residues of the substrate protein involved in recognition and proteolytic cleavage are 
denoted with the letter P. The scissile bond between residues P1 and P1’ is depicted by a dashed line. 
Substrate residues N-terminal of the scissile bond constitute the nonprime side, while substrate 
residues C-terminal of the scissile bond constitute the prime side.  

 

Proteases involved in protein recycling in cells or digestion of food protein are generally 
more promiscuous [115]. An example is the serine protease trypsin, found in the digestive 
system of many vertebrates. Trypsin hydrolyzes any peptide with an arginine or lysine 
residue in the P1 position and no proline residue in the P1’ position [119]. In humans, highly 
substrate specific proteases are generally involved in complex catalytic cascades, like 
thrombosis, complement activation or apoptosis [115]. Many viruses encode their entire 
genome as a single polyprotein that is subsequently cleaved into functional protein units by 
highly substrate specific proteases, such as tobacco etch virus (TEV) protease or 3C 
proteases found in picornaviruses. 

The list of biological functions relying on proteolysis is immense. Proteases regulate the fate, 
localization, and activity of many proteins. They are involved in protein-protein interactions, 
generation of new bioactive proteins, and the processing of cellular information. Molecular 
signals are generated, transduced and amplified by proteases. Consequently, imbalance of 
proteolytic activity contributes to several disease conditions, such as cancer, 
neurodegenerative disorders, as well as cardiovascular and inflammatory diseases [120]. 
Proteases also act as virulence factors for many viruses, bacteria, and parasites in infectious 
diseases [121]–[123]. Several proteases and protease inhibitors have been developed and 
approved as therapeutic agents predominantly for the treatment of hemophilia, 
cardiovascular diseases and infectious diseases [124], [125]. 

The ability of proteases to hydrolyze proteins is moreover widely used in industrial and 
research applications. In research laboratories, highly substrate specific viral proteases, 
notably TEV protease and 3C protease, are used for e.g. processing of recombinant fusion 
proteins or manipulation of native protein function in living cells [126]–[128]. The more 
promiscuous trypsin protease is used in the sample preparation for proteomic mass 
spectrometry of complex protein mixtures [129]. 3C protease (chapter 8.3.), TEV protease 
(chapter 8.4.), and trypsin (chapter 8.5.) have been used in the work presented in this book. 
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4.4 Green fluorescent protein 
While studying the bioluminescent properties of the jellyfish Aequorea victoria in the early 
1960s, Osamu Shimomura and colleagues isolated a complex of two proteins: aequorin and 
green fluorescent protein (GFP). Aequorin is a luminescent protein that produces blue light 
in the presence of calcium ions. Luminescent energy transfer from the blue light emitted by 
aequorin to GFP produces the green fluorescence, which is characteristic for A. victoria 
[130].  

The gene encoding GFP was cloned and sequenced in 1992 [131]. At that time Martin Chalfie 
was investigating the gene regulation of the development of touch-sensitive cells in the 
roundworm Caenorhabditis elegans. His idea was to use fluorescent markers to visualize 
gene expression and protein localization in the optically transparent worm [132]. In 1994, 
Chalfie and coworkers created green-glowing bacteria and C. elegans by expressing a 
truncated version of GFP in these organisms [133]. This study was remarkable as it 
demonstrated that the GFP sequence is inherently able to form a chromophore and exhibits 
intrinsic fluorescence at room temperature without the need for exogenous cofactors from 
the jellyfish. In 1995, the first derivative of GFP was created by a research group around 
Roger Y. Tsien by introducing a S65T point mutation into the sequence. This mutation 
resulted in a single excitation peak at 488 nm and enabled the use of readily available 
fluorescein filter sets to study GFP [134], [135]. Another mutation, F64L, was introduced 
into the GFP sequence shortly thereafter, which led to improved folding efficiency at 37°C 
and allowed the practical use of GFP in mammalian cells [136].  

The crystal structure of GFP was resolved in 1996. GFP consists of eleven β-sheets, forming 
a characteristic cylindrical beta barrel structure, and one α-helix spanning the center of the 
barrel (Figure 4.4). The chromophore of GFP is formed by cyclization and oxidation of the 
Ser65-Tyr66-Gly67 tripeptide located on the α-helix, where it is inaccessible to the solvent. 
Guided and random mutagenesis of the GFP chromophore have led to the generation of 
yellow, blue, and cyan fluorescent proteins by Tsien’s group [132]. Additionally, homologous 
proteins emitting light at yellow and red wavelengths have been identified in Anthozoa sp. 
and Discosoma sp. [137], [138].  
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Figure 4.4: Crystal structure of the green fluorescent protein from Aequorea victoria. 
GFP forms a cylindrical barrel consisting of eleven β-sheets (PDB: 4KW4). The Ser65-Tyr66-Gly67 
tripeptide chromophore is located on an α-helix spanning the center of the barrel. 

 

While all this research did not help us understand the evolutionary function of 
bioluminescence and fluorescence in jellyfish, which is still not well understood, it gave rise 
to one of the most valuable tools in biological research. Today, GFP, its derivatives, and 
homologs are used in a wide variety of applications. For example, fluorescent proteins are 
used to investigate gene expression and regulation, they assist in imaging of cells and tissues, 
and function as biosensors to quantify ions, molecules, and proteins or detect protein-
protein interactions [133], [139]–[142]. Osamu Shimomura, Martin Chalfie and Roger Y. 
Tsien were jointly awarded the Nobel prize in chemistry in 2008 for the “discovery and 
development of GFP”, acknowledging the impact this protein has on molecular biology.  

The use of GFP as a reporter protein to measure Aβ aggregation is of particular interest for 
the work presented in this book. To this end, the Aβ42 peptide has been genetically fused to 
the N-terminus of GFP. It could be demonstrated that upon expression of the fusion protein, 
the Aβ42 peptide misfolds and aggregates, preventing the GFP portion from forming its 
native fluorescent structure. This screening method has been employed to investigate 
mutations that reduce or increase the aggregation propensity of Aβ42, and to isolate 
molecules inhibiting Aβ42 aggregation [143]–[145]. In the work presented later in this book, 
the Aβ-GFP reporter protein has been adapted for combinatorial protein engineering 
purposes to create novel affibody-based aggregation inhibitors and proteases. 
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Chapter 5 
 

Protein engineering 
Proteins are the quintessential molecules of life. The diversity of life was shaped by evolution 
through natural selection of organisms. All living organisms express proteins adapting them 
to their environment, and consequently these proteins give rise to the phenotype of an 
organism. The phenotype is encoded by the genes within the organism; the genotype. Some 
10.000 years ago, humans began to select phenotypes and organisms that they deemed 
useful. Breeding, also known as artificial selection or domestication, of plants and animals 
for human consumption is thought to have given rise to modern civilization. Artificial and 
natural selection are slow processes, that proceed over the timescale of years, but more 
typically hundreds of years [146]. 

Protein engineering describes the effort to generate proteins with improved or novel 
functionalities adapted for human needs. This effort was empowered by developments in 
recombinant DNA technologies made during the 1980s, most notably methods to amplify, 
recombine, and sequence genes and to express recombinant proteins in host systems. Today, 
engineered proteins are used in a variety of areas, for example agriculture and the food 
industry, diagnostic and pharmaceutical industries, and biofuel production, to just name a 
few [147].  

Due to the features described in the previous chapters, antibodies, affinity proteins and 
proteases are viable candidates for protein engineering campaigns. Protein engineering of 
antibodies and affinity proteins is most-commonly applied to generate novel proteins that 
specifically bind desired target proteins, which are usually related to medical or research 
applications. Moreover, protein-protein interactions can subsequently be engineered for 
increased affinity, or sensitivity to pH and other environmental factors [148]–[151]. Affinity 
proteins are also commonly engineered to make them more stable, easier to produce, less 
immunogenic, and well-suited for the delivery of cargo molecules [152]. Moreover, they can 
be redesigned into multi-specific or multifunctional molecules [153]. Proteases are 
traditionally engineered for activity in non-physiological conditions required in industrial 
processes, such as high temperature, various pH, and organic solvents [154]–[156]. 
Biopharmaceutical proteases are commonly engineered towards improved circulatory 
serum half-life [157]. Protease engineering also aims to redesign protease activity and 
substrate specificity, and to investigate protease inhibitor resistance [158]. A concept was 
put forward that suggests using proteases with precisely engineered substrate specificities 
as alternatives to antibodies. Those therapeutic proteases could catalytically inactivate 
numerous target proteins at a small dose, which would provide a potential advantage over 
antibodies, as their therapeutic application does not depend on stoichiometric addition to a 
targeted antigen [115]. Affinity proteins and proteases have been engineered in a variety of 
ways and the examples presented above are by far not exhaustive.  
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Generally, novel or improved functions are installed into proteins by mutating the genes 
encoding the primary protein structure. Two different protein engineering approaches can 
be described by the utilization of different mutagenesis strategies. In rational design, 
structural information or computational structure predictions guide protein alterations that 
are needed to achieve the desired functionality. On the other hand, combinatorial protein 
engineering generally relies on the construction of libraries of different protein variants, 
followed by screening and selection procedures to isolate proteins with desired 
functionalities. Rational design and combinatorial protein engineering are not exclusive, 
and usually a combination of both approaches is employed. 

 

5.1 Rational design 
A growing number of high-resolution structural models of proteins generated through X-ray 
crystallography, nuclear magnetic resonance spectroscopy (NMR), and cryo-electron 
microscopy is stored in readily available databases today [159]. Detailed knowledge of the 
structure and function of proteins allows to install improved or novel functions into a protein 
via hypothesis-driven modifications. Even when only little or no structural information is 
available, rational design can be used to combine protein units with defined functions (i.e. 
domains) to engineer fusion proteins with novel functionalities. A basic example for this is 
the scFv antibody fragment presented earlier in this book. From the structure of the antibody 
molecule we know that antigen binding function is conferred via the VL and VH domains. 
This information allows us to rationally design a protein with the desired features of retained 
antigen binding and small size. Recombinant fusion of the VL and VH domains, in any 
orientation, via a flexible polypeptide linker results in a protein exhibiting the desired 
features; the scFv. In the work presented later in this book, we have created a tri-specific and 
multifunctional biotherapeutic candidate consisting of a scFv, an affibody, and ABD via 
rational design. 

In cases when high resolution structural data is available, rational design can be used to 
create novel functionalities by mutating proteins at the amino acid residue level. Resolving 
the crystal structure of GFP allowed for mutagenesis of amino acids involved in the 
chromophore formation, which resulted in the generation of yellow fluorescent proteins 
[160]. Structure-guided mutagenesis of only a few amino acids within the substrate-binding 
pocket has been successfully employed to alter the substrate specificity of proteases [161]–
[163]. Effector functions and serum half-life circulation of antibodies have been modulated 
by introducing structure-guided mutations into the Fc region [164].   

Recent advances in computational, ab initio protein structure prediction methods have 
facilitated rational design of proteins without using structural information [165]. Strikingly, 
de novo protein design on the basis of physical principles led to the generation of novel 
proteins with sequences unrelated to those in nature. De novo designed proteins have been 
engineered to adopt a variety of structures, but the ability to design novel functionalities is 
still limited [165], [166].  

While rational design has shown some success in altering protease specificity and 
engineering affinity proteins, it remains challenging to precisely predict which mutations 
improve or alter proteolytic activity, or are involved in protein binding interactions. In 
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addition to hypothesis-driven modifications, rational design campaigns of both proteases 
and affinity proteins have often been shown to require multiple unpredictable mutations to 
achieve the desired substrate specificity or target protein affinity, respectively [119], [167], 
[168]. In the case of proteases, these mutations may structurally be located far from the 
active site of the enzyme. The observation that the success of rational design campaigns often 
relies on unpredicted protein mutations leads to the second approach to protein 
engineering; combinatorial protein engineering. 

 

5.2 Combinatorial protein engineering 
Proteins with tailored functionalities are also widely engineered using an approach 
described as combinatorial protein engineering or directed evolution. This approach mimics 
the processes of natural evolution and artificial selection on the level of proteins. As such, 
combinatorial protein engineering relies on diversification of proteins to generate protein 
mutant libraries, and subsequent selection of protein variants exhibiting desired traits using 
high-throughput screening methods. This approach does not require functional predictions 
from a protein’s structure, as is often the case for rational design, and can hence be employed 
to engineer a wider variety of protein scaffolds. However, structural information can be 
beneficial when designing a synthetic protein library.  

Protein mutant libraries can be encoded by synthetic genes or genes isolated from natural 
sources. The latter can for example be used in combinatorial antibody engineering. In this 
case, genes encoding antibody domains are isolated from B cell pools of naïve, or immunized 
animals, including humans [169], [170]. The antibody diversification mechanisms described 
in chapter 4.1 account for the diversity of such protein libraries.  

Synthetic libraries are generated through diversification of the protein-encoding template 
gene in vitro. Synthetic library generation provides flexibility and control over the library 
design, ranging from blind incorporation of any amino acid at any position, to incorporation 
of a defined set of amino acids at defined positions.  

A common technique to achieve random mutagenesis of a protein library is error-prone PCR 
(ep-PCR). In ep-PCR, the parent gene sequence is amplified using low-fidelity DNA 
polymerases under mutagenic reaction conditions [171], [172]. Under these conditions, point 
and multiple mutations are blindly introduced into the parent gene, thus creating diversity 
in the encoded protein sequences. Ep-PCR is a quick and cost-efficient method to generate 
randomly mutated protein libraries. A major advantage of randomly mutated protein 
libraries is the mutagenesis, and subsequent identification of important amino acid residues 
that cannot be predicted from structural information [119], [167]. Drawbacks of ep-PCR are 
the incorporation of stop codons and biases for certain amino acids that are overrepresented 
in the genetic code, as well as the lack of control over where the mutations are incorporated.  

Precise control over the synthetic library design can be achieved using site-directed 
saturation mutagenesis. Site-directed saturation mutagenesis enables incorporation of a 
defined mix of amino acids at specific positions within the protein sequence. This approach 
can be described as semi-rational, as it allows mutagenesis of predefined protein regions, 
like the binding site of affinity proteins or the substrate binding pocket of proteases. 
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Traditionally, site-directed diversification was achieved by synthesizing library genes using 
site-specific degenerate NNN or NNK codons. Today, trinucleotide phosphoramidites are 
widely used to synthesize DNA libraries. To this end, trinucleotide codons covering the 
desired amino acid diversity are incorporated into defined positions during DNA synthesis 
[173], [174].  

The likelihood of discovering desired proteins variants in combinatorial protein engineering 
campaigns is directly related to the quality and complexity of the starting library. It is 
therefore favorable to generate either very diverse synthetic libraries or synthetic libraries 
with a high potential of containing functional proteins [175]. Using highly diverse libraries 
poses challenges for the selection system. Considering the imaginary 5 aa peptide from 
chapter 2, which could possess 3.2 million possible amino acid sequences, it is easy to 
understand that fully randomizing 10 or even more residues of a protein gives rise to 
incredibly diverse protein libraries. Ideally, the selection system must be able to express all 
protein candidates and screen them for the desired function. 

To select proteins with desired functionalities, protein mutant libraries are expressed in a 
host or cell-free system. These systems must provide a physical link between the phenotype, 
i.e. a protein variant with the desired function, and the genotype, i.e. the gene encoding for 
that protein. Moreover, they must be compliant with a screening method that is able to assay 
the protein function and physically isolate proteins with desired traits. Usually, several 
iterative rounds of screening and selection are carried out, during which desired phenotype-
genotype couples enrich and amplify. The phenotype-genotype coupling also enables 
investigation of enriched proteins via DNA sequencing of its encoding gene. 

 

5.3 Selection systems 
The desired trait in affinity protein engineering is usually the binding of a target protein, 
while proteases are selected based on the activity to proteolyze a substrate sequence. This 
chapter will give a brief overview, focusing on common examples of high-throughput 
screening and selection methods applied in combinatorial engineering of affinity proteins 
and proteases. 

 

5.3.1 Selection systems for affinity protein engineering 

A wide variety of selection methods has been developed that allow high-throughput 
screening of library candidates for target protein specificity and affinity, and isolation of 
desired affinity proteins. Generally, the size and complexity, e.g. PTMs, of the engineered 
affinity protein, and the diversity of the protein library dictate which selection method is 
feasible [176]. 

The most common selection system used to generate novel affinity proteins is phage display. 
Out of the clinically approved antibodies, nine have been generated using phage display 
selection, including adalimumab (Humira), the biopharmaceutical product with the highest 
sales figures recorded [177]. The vast majority of affibody molecules has been selected using 
phage display [100]. 
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In phage display, affinity protein libraries are displayed on the surface of bacteriophages, 
viruses that infect and replicate within bacteria [178]. Each phage particle displays a protein 
library candidate on the surface and encapsulates the encoding gene, thereby coupling the 
phenotype to the genotype. Affinity selection for a desired target protein is carried out in a 
process referred to as biopanning, which is briefly described below (Figure 5.1). The pool of 
library-displaying phage particles is added to target proteins, which are immobilized on a 
solid support (e.g. plastic surface or beads). Phage particles displaying a desired candidate 
protein bind to the immobilized target. The solid support is washed to remove phages bound 
by unspecific or low affinity interactions. Captured phages are subsequently eluted from the 
solid support by e.g. proteolytic trypsin cleavage or pH-shift. The eluted, target-binding 
phage particles are used to infect bacteria, in which they amplify. At this point, DNA 
extracted from the bacteria can be used to analyze enriched genes via DNA sequencing. Most 
commonly, the selected phage particles are recovered from the bacteria and subjected to 
several repeated cycles of affinity selection for the desired target protein.  

Phage display is an attractive selection system in affinity protein engineering, as it is 
relatively inexpensive and compatible with highly diverse protein libraries. Typical phage 
display libraries contain 109 – 1011 unique protein variants [179]. A major drawback of the 
phage display technology is the lack of accurate control over selection parameters, as protein 
variant discrimination is generally only based on target protein concentration and washing 
stringency [180], [181].   

 

 

Figure 5.1: Schematic diagram of a phage display biopanning cycle for the selection 
of affinity proteins. 
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Cell surface display selection technologies have emerged as an alternative to phage display. 
Here, protein variants are anchored to the surface of cells, while the encoding gene is 
encapsulated inside the cell. A variety of host cells has been employed for cell surface display, 
including prokaryotic organisms; like E. coli and Staphylococcus carnosus, or eukaryotic 
organisms; like yeast, and human cell lines [182]–[185]. The size of the cells and high copy 
number of surface-anchored proteins enables flow cytometric analysis of target protein 
binding properties. The process of affinity protein selection using cell surface display 
generally involves the following steps (Figure 5.2A). Firstly, cells displaying the protein 
library are mixed with the target protein. The target is either directly labeled to a fluorophore 
or includes a tag, which allows for detection using a fluorophore-labeled secondary reagent. 
Next, physical separation of cells displaying proteins with desired affinity properties is 
achieved via flow cytometric cell sorting (Figure 5.2B). Isolated cells are grown in media to 
amplify. At this point, DNA can be isolated to analyze the selection using DNA sequencing. 
Generally, the amplified cells are subjected to repeated cycles of labeling, sorting, and 
amplification until proteins with desired affinity properties are isolated.  

 

 

Figure 5.2: Schematic diagram of cell surface display and flow cytometric cell sorting. 
A) A schematic cell surface display selection cycle for the generation of affinity proteins. B) The 
sample (e.g. cells, beads, or protein aggregates) is injected into a stream of sheath fluid. A line of 
single cells is generated by hydrodynamic focusing of the sheath fluid. Each cell passes through an 
interrogation zone, where its light scattering and fluorescence properties are assessed. Nozzle 
vibration creates droplets containing a single cell. A droplet containing a cell exhibiting desired light 
scattering and fluorescence properties is electrostatically charged and deflected into a collection 
tube.  
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Clonal separation via flow cytometric sorting offers a number of advantages over 
biopanning, including real-time, direct, and precise quantification of binding affinity, 
accurate control over selection parameters, normalization of library candidate expression 
levels, and the possibility to separate clones based on multiple parameters [180], [181]. A 
major drawback of flow-cytometric screening and sorting is the throughput of the 
instrument, which typically does not exceed 70,000 cells per second. This makes screening 
and sorting of very diverse protein libraries a time-consuming endeavor. In these cases, 
library preselection using phage display or magnetic cell sorting can be applied [186], [187].  

A flow cytometric screening technology is presented in chapter 8.1 that enables the selection 
of affinity proteins based on their ability to inhibit aggregation. 

 

5.3.2 Selection systems for protease engineering 

A variety of selection methods has been developed to isolate tailormade proteases by 
screening protease libraries for e.g. proteolytic activity, resistance to inhibitors, or altered 
substrate specificity. Protease variants have been successfully screened in microtiter plates 
to isolate proteases with altered substrate specificities. These approaches are however 
limited to screening of relatively small, rationally designed protease libraries [188]. Cell-
based screening and selection methods are compatible with large protease libraries, which 
increases the likelihood to isolate protease variants with novel activities and selectivities. 
Here, cells act as vessels for the proteolysis reaction, and create a physical link between 
phenotype and genotype. These cell-based methods typically couple protease activity to a 
fluorescent readout, enabling flow cytometric screening and sorting. Moreover, proteolytic 
activity can be linked to e.g. cell growth and propagation. Some notable examples of cell-
based selection systems for protease engineering are briefly described below and 
summarized in table 1. 

Varadarajan et al. developed a screening system in which protease library candidates are 
displayed on the surface of E. coli [189]. The cells are incubated with fluorescence-labeled, 
electrostatic substrate peptides. Desired activity of surface-displayed protease variants leads 
to differential retention of fluorescent reaction products on the cell surface. The authors used 
this system in combination with flow cytometric screening and sorting to isolate an OmpT 
protease variant with altered substrate specificity for the P1 residue. The same research 
group developed a screening method which relies on sequestering the protease library 
candidates and substrate peptides within the endoplasmic reticulum (ER) of yeast cells. This 
method is referred to as yeast ER sequestration screening (YESS). Cleavage of a desired 
substrate peptide leads to the display of an antibody epitope on the yeast cell surface. The 
cells are incubated with fluorescence-labeled antibodies recognizing the displayed epitopes 
and protease variants with desired activity can be isolated using flow cytometric sorting. 
Application of YESS led to the isolation of TEV protease variants with altered substrate 
specificities for the P1 residue [190]. In both selection methods, counterselection substrates 
can be used to increase the selection pressure for substrate selectivity. Protease evolution 
via cleavage of an intracellular substrate (PrECISE) utilizes a reporter protein consisting of 
a target substrate peptide flanked by the fluorescent proteins CyPet and YPet, which are 
capable of Förster resonance energy transfer (FRET). The reporter protein and a protease 
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library are co-expressed in the ER of yeast. Protease activity on the target substrate abolishes 
intracellular FRET and increases fluorescence of the cells in the cyan spectrum. PrECISE in 
combination with flow cytometric cell sorting has been used to isolate human kallikrein 7 
(hk7) protease variants with altered substrate specificity for the P1 residue [191]. A bacterial-
based screen was developed by Carrico et al., which links proteolytic activity on a target 
substrate to antibiotic resistance and cell growth [192]. Here, cleavage of a positive selection 
substrate leads to translocation of a β-lactamase protein from the cytoplasm to the periplasm 
of E. coli. In the periplasm, β-lactamase becomes active and renders the bacteria resistant to 
the antibiotic carbenicillin. Cleavage of a counterselection substrate leads to sequestration 
of β-lactamase in the cytoplasm, reducing bacterial growth in the presence of carbenicillin. 
This method has been used to engineer TEV protease variants with altered substrate 
specificity for the P6 residue. Lastly, protease-activated phage assisted continuous evolution 
(PA-PACE) is a method linking protease activity on a target substrate to phage survival and 
propagation. In PA-PACE, phage particles carry evolving protease candidates. Protease 
candidates with activity on the target substrate activate T7 RNA polymerase, which in turn 
leads to biosynthesis of a protein that enables infection of E. coli. Phage particles carrying 
inactive protease variants are unable to infect the bacteria and are consequently washed out 
of the bacterial “lagoon”. Mutagenic conditions induce continuous diversification of an input 
protease gene or input protease library. PA-PACE has been used to isolate hepatitis C virus 
protease (HCVp) variants that are resistant to protease inhibitors [193]. Strikingly, this 
method has also been applied to isolate TEV protease variants cleaving a substrate within 
IL-23, a therapeutically relevant cytokine [194].  

In chapters 8.3 and 8.4 an alternative screening and selection method for protease 
engineering is presented, which was applied to engineer highly active protease variants, and 
protease variants with altered substrate specificity. 
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Table 1: Cell-based methods for protease engineering. Bold letters indicate the changed residue(s) 
from the wild-type consensus substrate. (Adapted from Table 1 in [158]). 

System Host Screening Protease Substrate Result 

Surface 
display 
[189] 

E. coli Flow 
cytometry OmpT A↓R 

3,000,000-fold greater 
selectivity for A at P1 
compared to wt OmpT 

YESS [190] Yeast Flow 
cytometry TEVp 

ENLYFE↓S 
5,000-fold greater 
selectivity for E over Q at 
P1 

ENLYFH↓S 
1,100-fold greater 
selectivity for H over Q at 
P1 

PrECISE 
[191] Yeast Flow 

Cytometry hK7 KLVF↓F↓AED 
4-fold greater selectivity 
for F over Y at P1 
residues 

Antibiotic 
resistance 
[192] 

E. coli Cell growth 
on antibiotic TEVp PNLYFQ↓G 12-fold greater selectivity 

for P over E at P6 

PA-PACE 
[193], [194] E. coli Phage 

propagation 

HCVp TEDVVCCSMSY 
30-fold resistance to 
inhibition by danoprevir 
and asunaprevir in vitro 

TEVp HPLVGH↓M 

Cleaves novel substrate 
with ∼15% of the 
catalytic efficiency with 
which wt TEVp cleaves 
its native substrate 
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Chapter 6 
 

Alzheimer’s disease drug development 
As of 2020, treatment options to slow down or prevent cognitive decline in Alzheimer’s 
disease remain a large unmet therapeutic need. Four drugs have been approved by the U.S. 
Food and Drug Administration (FDA) to treat cognitive symptoms of Alzheimer’s disease. 
Donepezil, rivastigmine, and galantamine belong to the class of acetylcholine esterase 
(AChE) inhibitors. Their mechanism of action is to increase the available levels of 
acetylcholine, which is associated with memory and learning, during synaptic transmission. 
Memantine, a glutamatergic NMDA receptor antagonist, is a treatment option especially for 
patients who are intolerant to AChE inhibitors [195]. This drug blocks the effects of 
glutamate, a neurotransmitter involved in neuronal excitability and excessive stimulation in 
AD [196]. Although these drugs address symptoms rather than the underlying cause, one 
study showed that donepezil significantly preserved hippocampal and whole brain volume 
in subjects with mild cognitive impairment (MCI) [197]. 

A large body of late stage clinical trials (e.g. Phase II and Phase III) has explored potential 
disease-modifying agents aiming to improve cognitive function in AD patients at different 
disease stages. Several different therapeutic strategies have been or are currently tested in 
clinical trials. These strategies generally focus on different mechanisms of action, including 
enhancement of neurotransmission, reduction of Aβ production and Aβ aggregation, 
enhancement of Aβ clearance, prevention of tau aggregation, anti-inflammatory agents, or 
enhancement of microglial phagocytosis [198]. At the time of writing, none of those disease-
modifying agents has reached regulatory approval, mostly due to failure to reach efficacy 
endpoints and/or due to adverse side effects.  

To date, the majority of drug candidates that have reached late stage clinical trials focus on 
the amyloid hypothesis, aiming to improve cognitive function through modulation of 
production, aggregation, and clearance of Aβ [198]. Generally, the tau protein is considered 
less druggable, which is in part due to the intracellular nature of NFTs. Nevertheless, a few 
agents targeting tau phosphorylation and aggregation have reached late stage clinical trials. 
For the scope of work presented in this book, this section will provide a brief overview of 
notable agents targeting Aβ. Late stage clinical trials targeting Aβ as well as tau are moreover 
summarized in table 2. 

Agents aiming to inhibit the pathogenic production of Aβ peptide target the proteases 
involved in APP cleavage, i.e. γ-secretase and β-secretase (BACE) (Figure 3.1). Early 
examples of clinical trials using γ-secretase inhibitors and BACE inhibitors were suspended 
often due to serious adverse effects, and sometimes even acceleration of cognitive decline 
[199], [200]. It is believed that accumulation of abnormal APP fragments and nonselective 
inhibition of protease activity account for these effects. For example, BACE1 has more than 
40 known substrates, many of which have been associated with neuroprotective functions 
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[201]. The majority of clinical trials focusing solely on inhibition of Aβ production are 
discontinued, however protease inhibitors are assessed in combination therapies with 
agents targeting different pathogenic mechanisms [202].  

Active and passive immunotherapy drugs have been developed to modulate aggregation or 
clearance of Aβ, and have entered late stage clinical trials. Active immunization is an 
attractive strategy, as it results in long term in vivo antibody production and is hence 
relatively inexpensive. First generation vaccines using fibrillar Aβ, e.g. AN1792, led to 
serious adverse side effects in patients and clinical trials were terminated [203]. Second 
generation vaccines generally utilize short stretches of the Aβ peptide, e.g. CAD106 and ACI-
24, and are currently investigated in late stage clinical trials [204]. Passive immunotherapy 
on the other hand allows for controlled treatment with a specific antibody at consistent 
levels. Monoclonal antibodies specifically targeting different subsets or conformations of Aβ 
have been or are investigated in late stage clinical trials. The monoclonal antibodies 
solanezumab and gantenerumab which selectively bind soluble, monomeric Aβ, and Aβ 
fibrils respectively, have failed to reach efficacy endpoints in several late stage clinical trials 
[204], [205]. Many monoclonal antibodies which entered late stage clinical trials followed 
the same fate [206]. However, the two monoclonal antibodies aducanumab and BAN2401 
met their efficacy endpoints in respective late stage clinical trials. Aducanumab, a human 
monoclonal antibody selectively binding Aβ soluble oligomers and fibrils, demonstrated 
modest but significant reduction in clinical decline and the amyloid burden in patients of a 
Phase III clinical trial. At the time of writing, aducanumab undergoes regulatory approval 
for the treatment of early Alzheimer’s disease [207]. BAN2401 is a humanized monoclonal 
antibody selectively binding oligomeric and protofibrillar conformations of Aβ. In a Phase 
IIb clinical trial, BAN2401 demonstrated potential disease modifying effects on both clinical 
function and clearance of amyloid beta from the brain. A Phase III clinical trial investigating 
BAN2401 was started in May 2019 [208].  

The high failure rate of Alzheimer’s disease clinical trials led to the critical evaluation of the 
trial designs. The majority of clinical trials to date were performed in patients with mild to 
moderate AD, likely presenting a considerable extent of neuronal damage. It is believed that 
agents modulating production, aggregation, and clearance of Aβ cannot compensate the 
evident neuronal loss in these patients. To date, the antibodies solanezumab and 
gantenerumab are hence evaluated in a prevention trial in subjects without clinical 
symptoms at high risk of developing AD [205]. AD clinical trial success is moreover 
hampered due to subjective evaluation scales, which can lead to variations in evaluating 
therapeutic efficacy especially in multicenter trials [198]. It is believed that the recent 
advances in AD biomarker development described in chapter 3.1 will benefit the success of 
clinical trials. Biomarkers targeting specific disease pathologies in asymptomatic patients 
can assist in identifying eligible patient populations by improving the inclusion criteria and 
provide objective tools for monitoring drug efficacies in clinical trials. It is widely believed 
that the success of AD clinical trials is hampered by the failure of potential disease modifying 
agents to reach the site of action in the brain. The presence of the blood-brain barrier (BBB), 
and the inability of drug candidates to cross it, leads to low brain bioavailability and small 
therapeutic effects [209]–[212].  
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Table 2: Late stage clinical trials of potentially disease-modifying treatments targeting the proteins 
Aβ and tau. A4, ApoE4; ARIA, amyloid-related imaging abnormalities; BACE, beta secretase; MCI, 
mild cognitive impairment; PET, positron emission tomography. (Adapted from Table 3 in [198]). 

Drug Treatment/Target Clinical Trial Information Results 
Etazolate α-secretase Phase II (mild to moderate AD) No significant differences 

between treatment groups 
during 3 months of treatment 

Atabecestat BACE inhibitor Phase II/III (asymptomatic people 
at risk of developing AD) 

Liver toxicity, worsening of 
cognitive function 

CNP520 BACE inhibitor Phase II/III (cognitively normal, 
homozygous ApoE4 carriers) 

Worsening of cognitive function 

Elenbecestat BACE inhibitor Phase III (biomarker-confirmed 
MCI due to AD/prodromal AD) 

Unfavorable risk-benefit ratio 

Lanabecestat BACE inhibitor Phase III (early AD; mild 
dementia) 

Lack of efficacy 

LY3202626 BACE inhibitor Phase II (mild AD) 
Phase II (early AD) in combination 
with LY3002813 

Lack of efficacy 
Terminated (results not 
published) 

Verubecestat BACE inhibitor Phase III (mild to moderate AD) 
Phase III (prodromal AD) 

Lack of efficacy in both mild to 
moderate AD and in prodromal 
patients; dermatological and 
behavioral side effects 

Scyllo-inositol 
(ELND005) 

Aβ aggregation Phase II (mild to moderate AD) Serious adverse events at higher 
doses 

Avagacestat γ-secretase inhibitor Phase II (mild to moderate AD) Serious side effects 
r-flurbiprofen 
(Flurizan) 

γ-secretase inhibitor Phase III (mild to moderate AD) Lack of efficacy, poor 
bioavailability 

Semagacestat γ-secretase inhibitor Phase III (mild to moderate AD) Increased risk of skin cancer 
and infections; lack of efficacy 

Aducanumab Aβ fibrils and soluble 
oligomers 

Two Phase III (MCI due to AD or 
mild AD ascertained by a positive 
amyloid PET scan) 

One of the studies (EMERGE) 
met its primary endpoint to 
significantly reduce clinical 
decline; dose-dependent 
reduction in brain amyloid 

BAN2401 Soluble Aβ 
oligomers/protofibrils 

Phase IIb 
Phase III (MCI due to AD) 

Potential disease-modifying 
effects on both clinical function 
and Aβ clearance from brain 

Bapineuzumab  Aβ clearance Phase III (mild to moderate AD) Lack of efficacy; ARIA vasogenic 
edema in ApoE4 carriers  

Crenezumab Aggregated Aβ Phase III (prodromal to mild AD) 
Phase II (prevention trial in 
presymptomatic mutation carriers) 

Terminated due to lack of 
efficacy 
Ongoing 

IVIg (Gammagard) Aβ clearance Phase III (mild to moderate AD) Lack of efficacy 
Gantenerumab Aβ clearance Phase II/III (prodromal AD) 

Phase II/III (asymptomatic and 
mildly symptomatic mutation 
carriers) 
Phase III (mild AD) 

Reduction in brain amyloid, lack 
of efficacy, ARIA 
Higher dose Phase III trial and 
prevention trial are ongoing 

LY3002813 Aggregated Aβ Phase II (early AD; mild dementia) Ongoing 
Solanezumab Soluble Aβ Three Phase III (mild AD) 

Phase III (prodromal AD) 
Two Phase II/III prevention trials 

Lack of efficacy 
Lack of efficacy 
A4 trial completed (results not 
published) 

CAD106 Active vaccination 
(Aβ1-6) 

Phase III (asymptomatic ApoE4 
carriers) 

Ongoing 

ACI-24 Active vaccination 
(Aβ1-15) 

Phase I/II Ongoing 

BIIB092 Tau  Phase II (MCI due to AD or mild 
AD, positive amyloid PET scan) 

Ongoing 

C2N 8E12 Tau Phase II (early AD) Ongoing 
AADvac-1 Tau (active 

vaccination) 
Phase II (mild to moderate AD) Met primary endpoint (safety); 

suggested disease-modifying 
effect 

LY3303560 Soluble Tau aggregates Phase II (early AD) Ongoing 
Methylene Blue 
(LMTM) 

Tau Phase III (mild to moderate AD) Lack of efficacy 

RO7105705 Tau Phase II (prodromal to mild AD) Ongoing 
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Chapter 7 
 

The blood-brain barrier and ways to cross it 
Signal generation and transmission in brain neurons relies on a precisely regulated local 
environment, i.e. the brain homeostasis. Nutrients and other essential molecules are 
delivered to the human brain through the brain microvasculature, a network of capillaries 
spanning over 600 km. The total surface area of the human brain microvasculature is about 
15-25 m2. In humans, and many other species, the blood-brain barrier maintains brain 
homeostasis across the large surface area of the brain microvasculature. The BBB regulates 
the exchange of ions and molecules such as water, amino acids, hormones, and 
neurotransmitters. It moreover prevents the entry of toxins and pathogens, and regulates 
immune cell transport [209].  

The barrier function is mediated by brain capillary endothelial cells (BCECs) that form the 
lumen of brain capillaries. Individual adjacent BCECs are linked together through adherens 
junctions and tight junctions. On a protein level, these junctions are mainly formed by the 
extracellular domains of cadherin, claudin, and occludin [213], [214]. The junctions 
connecting adjacent BCECs form a physical barrier which effectively eliminates paracellular 
transport into the brain. BCECs moreover express proteins forming efflux pumps, that are 
capable of transporting molecules back to the circulatory system [215]. Passive and active 
transcellular transport of nutrients and other essential molecules across BCECs is carried 
out by channels, pumps, or mediated transport systems [209]. Small molecules, such as 
glucose, amino acids, and nucleosides rely on carrier-mediated transport systems to cross 
the BBB. Large molecules, such as proteins and peptides, are typically transported into the 
brain via receptor-mediated transcytosis (RMT) across the BCECs [216]. 

Brain capillary endothelial cells are partially surrounded by pericytes and almost completely 
covered by the end-feet of astrocytes. A thin layer of basement membrane separates BCECs 
from pericytes and astrocytes. Functional interactions of these cells with glial cells and 
neurons give rise to the neurovascular unit; the cellular assembly forming the blood-brain 
barrier.  

While a functional blood-brain barrier is crucial for maintaining brain homeostasis, it poses 
a major obstacle for the development of effective treatment- and diagnosis agents targeting 
the central nervous system (CNS). The brain bioavailability of systemically administered 
secretase inhibitors or therapeutic anti-Aβ antibodies is poor, due to the inability to cross 
the BBB [212], [217], [218]. For example, a number of studies reports that only around 0.1-
0.2% of systemically administered antibodies enter the brain [219]–[222]. It is generally 
thought that an increased brain bioavailability of drugs targeting brain disorders would 
benefit their therapeutic efficacy.  

Different noninvasive strategies are being explored to increase the BBB permeability for 
therapeutic and diagnostic agents and can be grouped into physical, chemical, and biological 
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methods [223]. An example of a physical method is focused ultrasound-mediated drug 
delivery, which transiently increases the permeability of the BBB [224]. Chemical methods 
typically aim to improve passive brain uptake of small molecular drugs, e.g. by increasing 
their lipophilicity [223]. Biological methods generally exploit the physiological process of 
receptor-mediated transcytosis to shuttle therapeutic or diagnostic cargo molecules into the 
brain.  

To this end, a complex between the cargo molecule and a receptor-binding entity is 
generated. Different receptor-binding entities are being explored, including the endogenous 
receptor ligand, peptide ligand mimetics, antibodies, antibody fragments, and alternative 
scaffold proteins [210], [225]. The cargo molecule and the receptor-binding entity can be 
linked chemically or genetically. Moreover, cargo molecules can be encapsulated by 
liposomes or nanoparticles displaying the receptor binding entity on their surface [210]. A 
number of cellular receptors has been studied for their potential to deliver proteins via RMT, 
most notably the transferrin receptor (TfR), the low-density lipoprotein receptor (LDLR), 
and the insulin receptor (IR). All of these receptors have been targeted in preclinical studies 
where they have demonstrated to successfully enhance the CNS delivery of cargo proteins 
[226]–[228]. Proteomic analysis of mouse BCECs identified CD98hc as a potential RMT 
target. In a preclinical study, antibodies targeting CD98hc demonstrated increased brain 
accumulation after systemic dosing [222]. 

In chapter 8.2 we explore a strategy to enhance CNS uptake of a biotherapeutic affibody 
candidate via transferrin receptor-mediated transcytosis. 
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Chapter 8 
 

Present investigation 
Amyloid beta is the recurring theme in the work presented in this thesis, either as a target 
for the development of biotherapeutics or as a tool in biotechnological research. The first 
two papers utilize Aβ as a target for future biotherapeutical intervention. Paper I describes 
the development of a high-throughput screening method for combinatorial protein 
engineering, which assesses protein library candidates for their capacity to inhibit protein 
aggregation. Paper II explores a possibility to increase the CNS bioavailability of an Aβ-
targeting affibody molecule via transferrin receptor-mediated transcytosis. In the three last 
papers, Aβ is used as a tool for biotechnological research, although the two areas intersect 
in paper IV. In paper III, a high-throughput screening method for combinatorial protease 
engineering is developed, which uses a reporter protein based on the fusion of Aβ and GFP. 
The system was subsequently applied to engineer 3C protease variants with improved 
proteolytic activity. Paper IV utilizes the protease engineering system to generate TEV 
protease variants with altered substrate specificity. The generated protease variants cleave a 
novel substrate, exhibiting high sequence similarity to Aβ. Finally, in paper V amyloid beta 
is used as a tool to investigate the structural organization of multiprotein amyloid 
aggregates. 

 

8.1 Paper I – Flow-cytometric screening of aggregation-inhibitors 
using a fluorescence-assisted intracellular method 

Protein engineering of affinity proteins using combinatorial approaches relies primarily on 
affinity-driven screening and selection systems. The generation of affinity proteins intended 
as biotherapeutic agents for protein misfolding diseases might benefit from a screening and 
selection system that is based on functional assessment of library candidates to inhibit 
aggregation of a target protein or peptide.  

It has previously been demonstrated that GFP can be used as a reporter protein to monitor 
the aggregation capacity of the Aβ peptide [143]–[145]. Fusion of the aggregation-prone Aβ42 

peptide to the N-terminus of GFP prevents proper folding of GFP and thereby decreases its 
fluorescence signal upon intracellular expression in E. coli.  

Here, we aimed to adapt this principle for a high-throughput selection system of protein-
based aggregation inhibitors for aggregation-prone target proteins. The concept of the 
system is based on the co-expression of a GFP reporter protein and an aggregation inhibitor 
in the cytoplasm of E. coli. The reporter protein consists of an aggregation-prone peptide or 
protein (AP) which is fused to the N-terminus of GFP. The reporter protein misfolds upon 
expression in E. coli, leading to a low whole-cell GFP fluorescence signal detected in flow 
cytometry. Co-expression of an aggregation-inhibiting protein rescues the reporter protein 
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from misfolding and restores the GFP fluorescence signal (Figure 8.1A). To enable cell-to-
cell normalization of inhibitor protein expression levels in future selection campaigns, we 
genetically fused the inhibitors to the fluorescent protein mCherry. Potent aggregation 
inhibitors can hence be enriched from protein variant libraries using two-color flow 
cytometric sorting based on high GFP signal (i.e. strong inhibition of aggregation) 
normalized to the mCherry signal (i.e. expression level) (Figure 8.1B). 

 

 

 

Figure 8.1: Schematic illustration of the intracellular two-color expression method for 
flow-cytometric identification of aggregation-inhibitors. A) Genetic fusions of the 
aggregation-prone peptide (AP) to the N-terminus of GFP causes a fluorescent collapse of the GFP-
reporter through aggregation of the peptide, resulting in a low fluorescence signal. However, rescue 
from aggregation by an inhibitor (AI) restores the fluorescence. B) In future combinatorial 
applications, the expression levels between inhibitor candidates might differ and can thus lead to 
biases in the selection procedure since cells with higher expression levels might be enriched instead 
of cells with more efficient aggregation-inhibition capacity. Fusion of the inhibitor/library to 
fluorescent mCherry provides a tool to normalize the inhibition data against differences in 
expression levels on a cell-to-cell basis, which also allows discrimination between strong and weak 
inhibitors. 
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We first evaluated the system using a reporter consisting of the Aβ42 peptide fused to the N-
terminus of enhanced GFP (EGFP) and the dimeric (ZAβ3)2 affibody molecule, which is a well-
studied inhibitor of Aβ42 aggregation [111], [112]. A non-inhibiting affibody molecule (ZHER2) 
was included as a negative control. We decided to express the reporter proteins and the 
aggregation inhibitor proteins from two separate vectors. The rationale behind a two-vector 
system is, that it would provide flexibility over expression conditions, such as induction time 
points and inducer concentrations. In order to promote correct folding of the disulfide-
bonded (ZAβ3)2 affibody molecule, we used an E. coli strain with engineered oxidizing 
cytoplasmatic environment (BL21 Shuffle T7) for all expression experiments. 

In a proof-of-concept experiment we co-expressed the Aβ42-EGFP reporter protein with 
(ZAβ3)2-mCherry or ZHER2-mCherry respectively and analyzed the cells using flow cytometry 
(Figure 8.2A). As intended, we observed low whole-cell GFP fluorescence upon co-
expression of the reporter protein with ZHER2. Cells co-expressing the reporter protein and 
(ZAβ3)2 displayed an increased fluorescent signal, indicating that the affibody molecule 
inhibited aggregation and rescued the reporter protein from misfolding.  

We then aimed to improve the dynamic range of the method. To this end, we explored 
different vectors for the expression of the reporter protein and a range of cultivation 
conditions. The largest dynamic range was observed using an IPTG-inducible T7 promoter 
for the expression of the reporter protein, and an arabinose-inducible araBAD promoter for 
the expression of the aggregation inhibitor. Cultivation at 37°C, and induction of (ZAβ3)2 with 
0.6% arabinose 4 h prior to induction of the Aβ42 reporter protein with 0.05 mM IPTG 
resulted in 13-fold higher EGFP signal compared to cells expressing the reporter protein and 
a non-inhibiting protein (Figure 8.2B). Next, we investigated if the improved system is 
suitable to monitor the sequestration of other aggregation-prone proteins. A reporter 
protein harboring the aggregation-prone protein α-synuclein, which is associated with 
Parkinson’s disease, was co-expressed with the previously described β-wrapin aggregation 
inhibitor (AS69)2 [229]. Flow cytometric analysis demonstrated that the inhibitor could 
efficiently rescue α-synuclein from aggregating (Figure 8.2B).  

 

Figure 8.2: Flow-cytometric analysis of intracellular co-expression of aggregation-
inhibitors and aggregation-prone targets. Representative histograms from flow-cytometric 
analysis of cells co-expressing mCherry-fused aggregation inhibitors and EGFP-fused aggregation-
prone peptides. A) EGFP-fluorescence from cells expressing the dimeric ZAβ3 Affibody-inhibitor 
(paraBAD[(ZAβ3)2-mCherry]) together with Aβ42-EGFP. ZHER2-mCherry and EGFP are included as 
controls. B) Cell cultivation using improved parameters for co-expression of Aβ42-EGFP/(ZAβ3)2-
mCherry and Aβ42-EGFP/ZHER2-mCherry. Co-expression of the aggregation-prone Parkinson’s-
related α-synuclein protein and a dimeric aggregation-inhibiting β-wrapin scaffold (AS69)2. 
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Finally, we investigated the potential of the screening method to select aggregation 
inhibitors from a background of non-inhibitors. We generated a mock library by spiking 
bacteria co-expressing Aβ42-EGFP/(ZAβ3)2 -mCherry into bacteria co-expressing Aβ42-
EGFP/ZHER2 -mCherry at a 1:10,000 ratio. The cells were subjected to one round of flow 
cytometric cell sorting, in which the top <0.01% fraction of the whole cell population was 
gated for collection (Figure 8.3). Flow cytometric analysis of the recovered and amplified 
cells revealed approximately 3,500-fold enrichment of cells expressing the aggregation 
inhibitor (ZAβ3)2. 

 

Figure 8.3: Flow cytometric cell sorting of aggregation-inhibitors from spiked 
library. Representative dot plot from flow-cytometric sorting of mock library containing a 
1:10,000 mix of cells harboring Aβ42-EGFP/(ZAβ3)2-mCherry in a background of Aβ42-EGFP/ZHER2-
mCherry. Leftmost plot shows the cell mixture before sorting, with the sorting gate indicated in the 
plot. The rightmost plot shows the enriched population after sorting and overnight growth. The 
percentage (mean) of events in the upper right quadrant (UR) is indicated in the dot plots. 

 

Concluding remarks 

The results presented in this study demonstrate that the developed method enables 
function-driven selection of protein-based aggregation inhibitors from combinatorial 
libraries. The system presents several attractive feature over conventional display-based 
screening and selection technologies, e.g. it obliviates the need to produce and purify target 
proteins, which is typically challenging for aggregation-prone proteins, and there is no need 
for bioconjugation or other additional labeling, as it relies on genetically encoded fluorescent 
proteins.  

We are planning to apply the system to generate aggregation inhibitors for the protein TDP-
43, which in aggregated form is involved in the conditions amyotrophic lateral sclerosis 
(ALS) and frontotemporal dementia (FTD). To this end, we used the GFP-fusion system to 
identify aggregation-prone stretches of the 414 aa human TDP-43 protein. A 26 aa peptide 
spanning the residues 318 to 343 of full length human TDP-43 (TDP-43318-343) demonstrated 
the highest capacity to disrupt GFP fluorescence signals and has previously been reported to 
be the amyloidogenic core of TDP-43 aggregation [230]. We are generating a protein-based 
aggregation inhibitor library based on (ZAβ3)2, which will be screened for potent TDP-43318-

343 aggregation inhibitors using the method described above. 
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8.2 Paper II – An affibody molecule is actively transported into the 
cerebrospinal fluid via binding to the transferrin receptor 

An affibody molecule (ZAβ3) binding monomeric Aβ40 and Aβ42 peptides has previously been 
generated by our research group [110]. ZAβ3 has been shown to inhibit Aβ aggregation in vitro 
and in an in vivo fruit fly model [111], [112]. Subsequent genetic optimization and affinity 
maturation of ZAβ3 resulted in the generation of a dimeric affibody molecule denoted ZSYM73. 
In a preclinical study using APP/PS1 double transgenic mice, treatment with ZSYM73 led to 
prevention of the amyloid burden build up in both cortex and hippocampus as well as 
prevention of decline in cognitive function with no signs of side effects [113]. It is evident, 
that the presence of the blood-brain barrier limits biotherapeutical drugs like affibody 
molecules from entering the brain. Indeed, the preclinical study reported that the 
cerebrospinal fluid (CSF) bioavailability of the affibody molecule in rats, expressed as the 
ratio between CSF and plasma concentrations, was only 0.13% over the study period [113].  

In this study, we explored a strategy to increase the uptake of ZSYM73 into the central nervous 
system (CNS). It has previously been demonstrated that receptor-mediated transcytosis 
mechanisms on the BBB can be exploited to shuttle proteins into the brain [210]. The 
transferrin receptor (TfR), which physiologically delivers iron across the BBB, is an 
extensively studied target protein for this purpose. Transferrin receptor-mediated 
transcytosis using different receptor-binding entities has successfully been used to transport 
proteins into the brain [231]. It has been shown that the affinity and valency of the 
transferrin receptor-binding entity influence transcytosis efficiency, which is generally 
favored by moderate affinity and monovalent binding [221], [232], [233]. Previous studies 
demonstrated that the rat monoclonal antibody 8D3 binding mouse TfR is capable of 
passaging the BBB in mice [226], [234].  

Here, we genetically fused a single-chain variable fragment of the 8D3 antibody (scFv8D3) 
to the N-terminus of ZSYM73. An engineered albumin-binding domain (ABD), which was also 
included in the preclinical therapy study, was fused to the C-terminus of ZSYM73 (Figure 8.4A-
B).  The resulting tri-specific scFv8D3-ZSYM73-ABD fusion protein incorporates monovalent 
TfR binding for BBB transcytosis, the therapeutic candidate ZSYM73 with affinity for 
monomeric Aβ, and the serum albumin-binding ABD for prolonged in vivo circulation at 
less than a third the molecular weight of a standard antibody (44 kDa compared to 150 kDa). 
The scFv8D3-ZSYM73-ABD fusion protein and a control protein (ZSYM73-ABD) were produced 
in Chinese hamster ovary cells and recovered to high purity (Figure 8.4C). 



Present investigation 

46 
 

 

Figure 8.4: Schematic overview of the investigated proteins. A) Schematic representation 
of the tri-specific scFv8D3-ZSYM73-ABD and the control protein ZSYM73-ABD. B) Schematic diagram 
of the structure of scFv8D3-ZSYM73-ABD with linkers between the subunits as amino acid sequences. 
The schematic structure is composed of following PDB IDs: scFv: 1KTR Zsym:2OTK and ABD: 1GJT. 
C) SDS-PAGE analysis of purified proteins. Purified scFv8D3-ZSYM73-ABD and ZSYM73-ABD appear 
as a single band of the correct size. 

 

We first evaluated the retained binding functionality of each of the domains in the scFv8D3-
ZSYM73-ABD fusion protein using SPR-based biosensor assays. ScFv8D3-ZSYM73-ABD or 
ZSYM73-ABD were injected over a surface on which Aβ40 was immobilized, followed 
subsequently by mouse TfR, and mouse serum albumin (MSA). The results indicated that 
scFv8D3-ZSYM73-ABD is capable to simultaneously bind Aβ40, TfR, and MSA (Figure 8.5A-
B). Moreover, this observation confirmed that both the N-terminus and C-terminus of ZSYM73 

tolerate conjugation to fusion partners. Kinetic analysis of the interaction between mouse 
TfR and scFv8D3-ZSYM73-ABD revealed a binding affinity (KD) of approximately 5 nM (Figure 
8.5C). Binding of scFv8D3-ZSYM73-ABD to TfR in a cellular context was investigated using 
mouse brain endothelial cells (bEnd.3). We observed a concentration-dependent binding of 
scFv8D3-ZSYM73-ABD to bEnd.3 upon flow-cytometric analysis. Moreover, the interaction 
between scFv8D3-ZSYM73-ABD and bEnd.3 could by blocked by co-incubation with a molar 
excess of the parental monoclonal antibody 8D3. The results from the flow cytometry 
experiments thus indicated that scFv8D3-ZSYM73-ABD specifically binds TfR on cells of the 
BBB.  
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Figure 8.5: SPR-based biosensor assays. A) Representative sensorgram showing the results 
from a triple co-inject assay. Aβ40 is immobilized on the surface, and scFv8D3-ZSYM73-ABD, mTfR, 
and MSA are injected subsequently. B) Representative sensorgram showing the results from a triple 
co-inject assay. Aβ1-40 is immobilized on the surface, and ZSYM73-ABD, mTfR, and MSA are injected 
subsequently. Respective start points of injections are marked with a dashed line and the injected 
protein is stated over respective part of the sensorgram. C) Representative sensorgram from the 
kinetic analysis of the interaction between mTfR and scFv8D3-ZSYM73-ABD. 

 

The CNS bioavailability of the two proteins scFv8D3-ZSYM73-ABD and ZSYM73-ABD was 
investigated in a mouse study using CSF as a surrogate. Male NMRI mice received a single 
87.8 nmol/kg intravenous dose of either scFv8D3-ZSYM73-ABD or ZSYM73-ABD. CSF and 
serum samples were obtained from mice terminated after 3 h, 24 h, and 48 h. The specific 
concentrations of the two proteins in the biological samples were determined in an ELISA.  

We first evaluated the pharmacokinetic profile of scFv8D3-ZSYM73-ABD and ZSYM73-ABD in 
serum over the time-course of 48 h (Figure 8.6A-B). By fitting the data using a one phase 
decay model, we estimated a serum half-life of around 26 h for ZSYM73-ABD, which is in 
accordance with the 28.8 h serum half-life of MSA in mice [235]. We observed a faster serum 
clearance for scFv8D3-ZSYM73-ABD, resulting in an estimated serum half-life of around 7 h. 

Next, we determined the absolute concentrations of the two proteins in CSF at 3 h, 24 h, and 
48 h. The CSF concentration of scFv8D3-ZSYM73-ABD doubled from 0.75 nM to 1.66 nM 
between 3 h and 24 h post injection. We determined a mean concentration of 0.65 nM 
scFv8D3-ZSYM73-ABD in the CSF samples after 48 h. The CSF concentrations of ZSYM73-ABD 
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steadily declined over the observed time course, with concentrations of 1.74 nM, 1.19 nM, 
and 0.85 nM at 3 h, 24 h, and 48 h, respectively (Figure 8.6C-D).  

Based on this data, we determined CSF bioavailability, expressed as CSF-to-serum ratios, of 
the two proteins over the time-course of 48 h. We observe a steep increase in CSF 
bioavailability of scFv8D3-ZSYM73-ABD between 3 h and 24 h, with CSF-to-serum ratios of 
0.09% and 1.43%, respectively. At 48 h post injection, the CSF-to-serum ratio of scFv8D3-
ZSYM73-ABD was 1.94%. The CSF bioavailability of the control protein ZSYM73-ABD was 0.12%, 
0.16%, and 0.29% at 3 h, 24 h, and 48 h, respectively (Figure 8.6E). The CSF bioavailability 
of ZSYM73-ABD is in accordance with the abovementioned numbers in rats and reflects values 
reported for passive protein uptake into the CNS [236]. The scFv8D3 modification led to a 
9-fold increase in CSF bioavailability after 24 h indicating an active transport mechanism 
into the CNS. 

 

Figure 8.6: Concentrations of ZSYM73-ABD and scFv8D3-ZSYM73-ABD in NMRI mouse 
serum and CSF at 3 h, 24 h, and 48 h post administration. A) Pharmacokinetic profile of 
ZSYM73-ABD in mouse serum. (B) Pharmacokinetic profile of scFv8D3-ZSYM73-ABD in mouse serum. 
C) Pharmacokinetic profile of ZSYM73-ABD in mouse CSF. D) Pharmacokinetic profile of scFv8D3-
ZSYM73-ABD in mouse CSF. E) Bioavailability in CSF, expressed as CSF-to-serum ratio, of ZSYM73-ABD 
and scFv8D3-ZSYM73-ABD at 3h, 24 h, and 48 h post administration. ***, P ≤ 0.001; ****, P ≤ 
0.0001. 
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Concluding remarks 

In this study we demonstrated that fusion to a BBB receptor-binding antibody fragment led 
to active transport of a therapeutically relevant affibody-ABD fusion protein into the CSF. 
The CSF bioavailability of the tri-specific scFv8D3-ZSYM73-ABD was 1.43% at 24 hours post 
injection, compared to a CSF bioavailability of 0.16% for the control protein lacking TfR-
binding. However, it should be noted that the absolute concentration of the scFv8D3-ZSYM73-
ABD protein was approximately 2-fold lower at 3 h p.i., and only moderately higher (1.4-
fold) at 24 h p.i. compared to the control protein ZSYM73-ABD. The fast serum clearance of 
scFv8D3-ZSYM73-ABD observed in this study is likely due to binding to TfR expressed in 
peripheral tissues such as liver and kidney [237]. We believe that absolute CNS 
concentrations could be increased by using a lower affinity TfR-binding entity and/or 
different dosing regimens in future studies.  

The use of CSF as surrogate for brain interstitial fluid concentrations is controversial. CSF 
is separated from blood by a distinct barrier which is formed by the choroid plexus 
epithelium. It has been reported that the blood-CSF barrier is leaky and that plasma proteins 
distribute into CSF inversely related to their molecular weights [238]. However, we here 
observed similar absolute CSF concentrations for scFv8D3-ZSYM73-ABD compared to a 
control protein of less than half the molecular weight. The active transport mechanism can 
occur across the choroid plexus epithelium, which expresses TfR, or across the blood-brain 
barrier, followed by bulk flow into the CSF [238], [239]. A preclinical target engagement 
study using scFv8D3-ZSYM73-ABD could i) provide better evidence of brain bioavailability 
and ii) elucidate the affibody’s mechanism of therapeutic action. 

 

8.3 Paper III – Directed evolution of the 3C protease from 
coxsackievirus using a novel fluorescence-assisted intracellular 
method 
Due to their ability to catalytically cleave proteins and peptides, proteases present unique 
opportunities for the use in industrial, biotechnological, and therapeutic applications [124], 
[240], [241]. The development of methods to engineer proteases with tailor-made 
properties, such as selectivity, activity, and stability has the potential to expand the scope of 
practical applications of this enzyme class.  

In this study, we describe the development of a label-free, high-throughput method for 
quantitative assessment of proteolytic activity in the cytoplasm of E. coli. We applied the 
method to engineer highly proteolytic active variants of the 3C protease from coxsackievirus 
B3 (CVB3 3Cpro). 

The concept of this screening method relies on linking protease activity to the solubility and 
correct folding of a fluorescent reporter protein. We designed a reporter protein consisting 
of N-terminal Aβ42, followed by a protease substrate sequence, and enhanced green 
fluorescent protein (EGFP) at the C-terminus. Upon expression in E. coli, the reporter 
protein would misfold, resulting in a low whole-cell EGFP fluorescence signal detected in 
flow cytometry. Co-expression of a protease with activity on the substrate sequence would 
result in proteolytic separation of the Aβ42 peptide from EGFP, proper folding of EGFP, and 
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restored whole-cell fluorescence (Figure 8.7A). Fusing the protease to mCherry would 
potentially improve the solubility of proteases expressed in the cytoplasm of E. coli, and 
allows to monitor the expression levels of protease variants [242]. Potent protease variants 
can hence be enriched from protein mutant libraries using two-color flow cytometric sorting 
based on high EGFP signal (i.e. high proteolytic activity) normalized to the mCherry signal 
(i.e. protease expression level) (Figure 8.7B). The protease and reporter protein would be 
expressed from two separate plasmids, each containing titratable promoters allowing to 
fine-tune the selection stringency. We reasoned that a two-plasmid system would facilitate 
the cloning of different protease/substrate combinations.  

 

 

 

Figure 8.7: Schematic diagram of the intracellular method for flow-cytometric 
screening of protease activity and protease substrate profiling. A) Genetic fusion of Aβ42 
to the N-terminus of GFP prevents the GFP portion of the fusion protein from forming its native 
fluorescent structure, resulting in a low fluorescence signal. Protease substrate sequences are 
introduced into the linker between Aβ42 and GFP. Co-expression of a corresponding protease results 
in proteolysis of the substrate and separation of Aβ42 from GFP and the fluorescence signal is 
restored. B) In combinatorial applications, different expression levels of protease candidates can 
lead to biases in the selection procedure. Fusion of the protease/library to fluorescent mCherry 
allows normalization of proteolysis data against differences in expression levels on single cell basis. 
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We first tested the principle of the method in a proof of concept experiment using tobacco 
etch virus protease (TEVpro). A rhamnose-inducible reporter plasmid was generated 
harboring a reporter protein in which Aβ42 is fused to the N-terminal of EGFP via a peptide 
linker containing the consensus TEVpro cleavage sequence ENLYFQ↓G. The gene encoding 
TEVpro was subcloned into a protease plasmid as N-terminal fusion to mCherry under 
control of an arabinose-inducible promoter. Both plasmids were co-transformed into E. coli 
and cells were analyzed by flow cytometry upon expression of the fusion proteins. Cells in 
which only the reporter protein was expressed exhibited low whole-cell fluorescence, 
indicating that the introduction of a peptide linker containing the protease substrate did not 
interfere with aggregation of the fusion protein. We observed a 2-fold increase in whole cell 
EGFP fluorescence upon co-expression of TEVpro, demonstrating that the principle of the 
method functioned as intended (Figure 8.8A). 

We next aimed to increase the sensitivity of the method by expanding its dynamic range. To 
this end, we explored a variety of cultivation conditions and reporter proteins containing 
different (i.e. more aggregation-prone) Aβ42 mutants. The largest dynamic range was 
observed after cultivation at 37°C and induction of the protease plasmid with 0.2% L-
arabinose 8 h prior to induction of the reporter plasmid with 12 mM L-rhamnose, 
corresponding to a 6.5-fold increase in EGFP-fluorescence signal in cells expressing both 
reporter protein and TEVpro, compared to cells expressing the reporter protein only. 
Introduction of the two aggregation-enhancing single amino acid substitutions Q15L and 
E22G into the Aβ42 sequence within the reporter protein further expanded the dynamic 
range of the system [145]. A 9-fold increase in EGFP fluorescence was observed for cells co-
expressing TEVpro and the Q15L/E22G reporter protein, compared to cells expressing the 
Q15L/E22G reporter protein only (Figure 8.8B). We mutated the TEV cleavage site within 
the reporter protein (P1-G to P1-P) to generate a non-cleavable reporter [243]. No increase 
in EGFP signal was observed upon co-expression of TEVpro and the non-cleavable reporter, 
demonstrating that the method relies on specific protease cleavage within the substrate of 
the reporter protein (Figure 8.8B). 

We then carried out a mock selection experiment using flow cytometric cell sorting to 
investigate the potential of the screening method for combinatorial protein engineering. To 
this end, E. coli cells were transformed with a plasmid encoding TEVpro-mCherry and a 
reporter plasmid encoding either the non-cleavable sequence ENLYFQ↓P (subP) or the 
consensus TEVpro substrate ENLYFQ↓G (subG). For the mock selection, cells expressing 
TEVpro-mCherry/Aβ42(Q15L/E22G)-subG-EGFP were spiked into cells expressing TEVpro-
mCherry/Aβ42(Q15L/E22G)-subP-EGFP at a 1:100,000 ratio. One round of cell sorting was 
performed in which cells exhibiting high EGFP fluorescence signals were collected. 
Sequencing of the reporter plasmids of the sorted cells revealed that 6.25% contained the 
consensus TEVpro substrate ENLYFQ↓G, corresponding to a 6,250-fold enrichment in only 
one round of cell sorting. 
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Figure 8.8: Flow-cytometric analysis of intracellular protein expression in E. coli. A) 
Representative histograms from flow-cytometric analysis of cells over-expressing only Aβ42-EGFP 
or Aβ42-ENLYFQG-EGFP are shown in purple and red, respectively. Cells co-expressing Aβ42-
ENLYFQG-EGFP and TEVp-mCherry are represented by the green histogram. B)  Flow-cytometric 
analysis of intracellular protein expression after optimization of the dynamic range. A 
representative histogram of cells over-expressing only Aβ42(Q15L/E22G)-ENLYFQG-EGFP 
(negative control) is shown in red. Cells co-expressing Aβ42(Q15L/E22G)-ENLYFQG-EGFP and 
TEVp-mCherry are represented by the green histogram and cells co-expressing Aβ42(Q15L/E22G)-
ENLYFQP-EGFP and TEVp-mCherry are represented by the blue histogram. 

 

We lastly applied the developed screening method in a directed evolution campaign aiming 
to engineer 3C protease variants with improved proteolytic activity and high levels of soluble 
protein expression. To this end, we created a randomly mutated 3C protease library by 
performing three consecutive rounds of error-prone PCR on the 3C protease gene from 
coxsackievirus B3. The CVB3 3Cpro library was subcloned into the protease plasmid as N-
terminal fusion to mCherry. A reporter plasmid was generated in which the TEV cleavage 
site was substituted for the 3C protease substrate sequence LEVLFQ↓GP. E. coli cells 
containing the LEVLFQ↓GP reporter plasmid were co-transformed with the CVB3 3Cpro 
library, resulting in a diversity of approximately 2.3 x 107 unique clones. Three consecutive 
rounds of flow cytometric cell sorting with increasing stringency were carried out to collect 
cells exhibiting both high EGFP and mCherry fluorescence signals (Figure 8.9).  
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Figure 8.9: Flow-cytometric sorting of CVB3 3Cpro library. Representative dot plots of the 
three rounds of flow-cytometric sorting are shown. The cells were cultured using the optimal 
conditions (37°C, 220 rpm, 0.2% L-arabinose, 8 h incubation, 12 mm L-rhamnose, 16 h incubation) 
and analyzed by flow-cytometry. The leftmost plot shows cells before sorting. The middle and 
rightmost plots show cells after one and two rounds of sorting, respectively. The sorting gates with 
percentages of collected cells of the three sorting rounds are indicated in the plots. 

 

After three rounds of sorting, we chose to analyze five enriched protease variants as well as 
wild-type CVB3 3Cpro for proteolytic activity on the LEVLFQ↓GP substrate (Table 3). Single 
clones expressing the respective protease and the LEVLFQ↓GP reporter protein were 
cultured according to the optimized protocol and whole-cell EGFP fluorescence signals were 
measured using flow cytometry. All analyzed clones showed larger (up to 5-fold) shifts in 
EGFP fluorescence signals upon expression of the protease variant, compared to the shift 
observed for wt CVB3 3Cpro. The five enriched variants and wt CVB3 3Cpro were expressed as 
soluble proteins with a N-terminal hexahistidine tag in E. coli. SDS-PAGE analysis of the 
soluble fractions of lysed E. coli cells indicated higher expression levels of soluble protein for 
the majority of selected protease variants compared to wild-type. The proteolytic activity of 
the purified proteases was characterized using a commercially available in vitro assay, which 
is based on the cleavage of a chromogenic peptide substrate to release a chromophore. The 
engineered protease variants showed a 1.8-3.7-fold increase in protease activity compared 
to wt CVB3 3Cpro (Table 3). 

 

Table 3: Overview of the properties of evolved CVB3 3Cpro variants. 

  
Number of 
mutations 

Prevalence in 
sort output 

Relative 
EGFP shifta, b 

Relative activitya, c, d 
(U/mg) 

wild-type 0 3/76 1.0 1.0 ± 0.10 

A03 5 3/76 3.0 2.1 ± 0.16 

A04 3 5/76 5.1 1.8 ± 0.32 

A05 5 9/76 3.1 3.3 ± 0.37 

A09 3 5/76 3.7 1.9 ± 0.28 

B06 4 3/76 3.4 3.7 ± 0.32 
a Normalized to wild type 
b Based on intracellular GFP signals as analyzed by flow cytometry 
c Based on results from 3C protease activity assay on soluble proteases 
d One unit (U) is defined as the amount of enzyme which can cleave 1 nmol of substrate per minute under assay conditions 
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Concluding remarks 

In this study we report the development of a novel label-free, high-throughput, and whole-
cell method for directed evolution of protease activity and protease substrate profiling in E. 
coli. It could be demonstrated that the method is amenable to quantitively assay proteolytic 
activity of the two widely used viral proteases TEVpro and 3Cpro [126], [128], [244]. The high 
transformation efficiency of E. coli and the compatibility with high-throughput flow 
cytometric cell sorting makes this method a viable alternative for the screening of highly 
diverse protein libraries. Using this method, randomly mutated libraries or rationally 
designed libraries, for proteases with solved structures, can be screened for substrate 
cleavage without exogenous reagents or labeling steps We believe that these features 
facilitate protease engineering efforts to e.g. improve proteolytic activity, alter substrate 
specificity, or study protease-inhibitor resistance mechanisms. Here, we applied the 
screening method to enrich variants with improved proteolytic activity and solubility from a 
randomly mutated 3Cpro library. It should moreover be possible to adapt the GFP solubility 
reporter system to mammalian cells and to introduce counterselection substrates by utilizing 
different genetically encoded fluorescent reporter proteins. 

 

8.4 Paper IV – Engineering the substrate specificity of TEV protease 
towards an Aβ-cleaving enzyme 
Currently approved therapeutic proteases rely on their native function to cleave a naturally 
evolved substrate. For example, the bacterial protease botulinum neurotoxin A is approved 
for therapeutic applications in diseases related to muscle physiology [245]. Supplementation 
of natural proteases is a treatment option for a number of human diseases caused by 
deficiencies or abnormalities in protease activity. The proteases urokinase (uPA), tissue 
plasminogen activator (tPA), Factor IX, and Factor VIIa are approved drugs for the 
therapeutic modulation of blood clotting in stroke, heart attack, or hemophilia [124]. The 
possibility to engineer proteases with tailormade activities towards disease-relevant 
substrates could greatly expand the scope of therapeutic applications of this enzyme class. 
The catalytic nature of therapeutic proteases provides a potential advantage over for 
example antibodies, as their application does not depend on stoichiometric addition to a 
targeted antigen, which could reduce dosage and cost of treatment.  

In the previous chapter, we described a method for combinatorial engineering of protease 
activity and showed that it is efficient for improving the catalytic activity of a protease. The 
screening method relies on linking protease activity to the solubility of a fluorescent reporter 
protein in the cytoplasm of E. coli (Figure 8.10A). The aim of this present study was to 
evaluate the potential of the method for engineering the substrate specificity of TEV protease 
to recognize and cleave a novel substrate that substantially differs from the TEV consensus 
cleavage site. As a target substrate, we chose a peptide sequence within the aggregation-
inducing hydrophobic core region of the Aβ peptide (Figure 8.10B) [246].  
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Figure 8.10: Schematic diagram of the protease activity assay, choice of target 
substrate, and activity profiling of wild-type TEV protease. A) Genetic fusion of Aβ42 to the 
N-terminus of GFP prevents the GFP portion of the fusion protein from forming its native 
fluorescent structure, resulting in a low fluorescence signal. Protease substrate sequences are 
introduced into the linker between Aβ42 and GFP. Co-expression of a corresponding protease results 
in proteolysis of the substrate and separation of Aβ42 from GFP and the fluorescence signal is 
restored. B) Amino acid sequence comparison between Aβ42 and the consensus wt TEVp site. The 
stepping stone substrates are represented progressing towards the final substrate. Residues 
depicted in red contain the wild-type amino acids, while residues depicted in green contain the 
amino acid of the final substrate. C) Substrate specific activity of wt TEVp was measured by the 
aforementioned method, wherein the five different substrates were expressed in the reporter 
construct. For each substrate, 200,000 cells were analyzed and the increase in EGFP shift was 
normalized to the consensus TEV site ENLYFQG. 

 

The target peptide QKLVFFA differs in five out of seven positions from the TEV consensus 
substrate sequence ENLYFQG [243]. Hence, we anticipated that it would be difficult to 
directly enrich TEV protease variants with activity on the final substrate from a 
combinatorial library. Instead, a stepwise combinatorial protease engineering approach was 
used, in which we first screened for protease variants with activity on an intermediate 
“stepping stone” substrate. Potential enriched protease variants could then assist in the 
design of a second-generation library, which would be screened for activity on the final 
substrate. 
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We first evaluated the activity of wild-type TEV protease (wt TEVp) on a set of intermediate 
substrates and the final Aβ substrate. To this end, we generated reporter proteins containing 
the consensus TEV site (ENLYFQG), intermediate substrates EKLYFQA, EKLVFQA, 
QKLVFQA, and the final Aβ substrate QKLVFFA, respectively (Figure 8.10B). Plasmids 
encoding the five different reporter proteins were co-transformed into E. coli with a plasmid 
encoding wt TEVp, respectively. The proteolytic activity was evaluated through co-
expression of the reporter proteins and wt TEVp in the cytoplasm of E. coli, followed by flow 
cytometric analysis of the whole-cell EGFP signals. The relative activities of wt TEVp for the 
EKLYFQA, EKLVFQA, QKLVFQA, and QKLVFFA substrates were determined to be around 
29%, 5%, 2%, and 1%, respectively, compared to the activity of wt TEVp on its consensus 
substrate ENLYFQG (Figure 8.10C). The stepping stone substrate EKLVFQA, which differs 
at three of seven positions from the TEV consensus substrate and only differs at two of seven 
positions from the final Aβ substrate, emerged as a target sequence for a first TEVp substrate 
specificity engineering campaign.   

We generated a semi-rational TEV protease library denoted Supersteve (Substrate 
specificity by rational study of the TEV enzyme). Investigation of the crystal structure of TEV 
protease in complex with a peptide substrate led to the identification of TEVp residues 
forming interactions with the mutated residues on the substrate peptide (Figure 8.11A). Six 
residues were subjected to full amino acid randomization, excluding cysteine, via 
trinucleotide gene synthesis. The resulting active-site library was subcloned into the TEVp 
gene and one round of error-prone PCR was carried out on the full-length TEVp genes to 
introduce potentially beneficial random mutations, that are difficult to predict from 
structural data. The Supersteve library was subcloned into an intracellular expression 
plasmid as N-terminal fusion to the fluorescent protein mCherry. Fusion of the library to 
mCherry enables cell-to-cell normalization of the protease activity, i.e. EGFP signal, to the 
protease variants expression level, i.e. mCherry signal, in two color flow cytometry. E. coli 
cells containing the reporter plasmid encoding for Aβ42(Q15L/E22G)-EKLVFQA-EGFP were 
co-transformed with the Supersteve library. Three consecutive rounds of flow cytometric cell 
sorting with increasing stringency were carried out to collect cells exhibiting high whole-cell 
EGFP signal, normalized to mCherry signals (Figure 8.11B). After two rounds of flow 
cytometric cell sorting, we observed an overall increase in whole-cell EGFP fluorescence 
signals for the cell population, which indicated enrichment of protease variants cleaving the 
target substrate sequence. 
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Figure 8.11: TEV protease library design and flow-cytometric sorting of Supersteve 
library towards activity on the EKLVFQA substrate. A) TEV protease residues depicted in 
purple form interactions with the residues on the substrate peptide. Residues depicted as X were 
subjected to full amino acid randomization, excluding Cys, and Ser at position 170 was substituted 
for Ala. The library was moreover randomly mutated via error-prone PCR. B) Representative dot 
plots of the three rounds of flow-cytometric sorting are shown. The leftmost plot shows cells before 
sorting. The middle and rightmost plots show cells after one and two rounds of sorting, respectively. 
The sorting gates applied in the three sorting rounds are indicated in the plots. 

 

Sequencing of the enriched cells after three rounds of sorting revealed a broad panel of new 
TEV protease mutants with relatively high sequence diversity, which can assist in the design 
of a second-generation library for future screening of protease activity on the final Aβ 
substrate QKLVFFA. We screened single clones from the sort output for proteolytic activity 
on the EKLVFQA substrate using the intracellular assay. Based on this screening, their 
amino acid distribution, and sequence prevalence in the sort output, we chose three TEVp 
variants for characterization of their proteolytic activity in an in vitro assay (Table 4). To this 
end, we generated a soluble reporter fusion protein consisting of an N-terminal maltose 
binding protein (MBP) and the Z domain of staphylococcal protein A and an albumin 
binding domain (ABD) at the C-terminal. The substrate sequence EKLVFQA was inserted 
between the MBP and ZABD domains (MBP-EKLVFQA-ZABD) (Figure 8.12A). The three 
selected protease variants, as well as wt TEVp, and MBP-EKLVFQA-ZABD were expressed 
as soluble proteins. The respective soluble proteases and MBP-EKLVFQA-ZABD were mixed 
in a 1:50 molar ratio, incubated at 37°C, and the cleavage reaction was analyzed over a five-
hour time period through SDS-PAGE (Figure 8.12B-E). We observed only minimal cleavage 
of the EKLVFQA substrate by wt TEVp after 5 h (Figure 8.12B). All three evolved TEV 
variants exhibited significant EKLVFQA cleavage already after 30 minutes, with almost 
complete substrate protein turnover for variants A01 and C03 after 5 h (Figure 8.12C-E).  
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Figure 8.12: In vitro soluble protein cleavage assay evaluating TEVp variant activity. 
A) Schematic representation of the MBP-EKLVFQA-ZABD reporter protein and its cleavage 
products B-E) MBP-EKLVFQA-ZABD and the respective protease were mixed in a 1:50 molar ratio 
and incubated for 5 hours at 37°C. Samples were taken at the indicated time points and the 
proteolytic digest was analyzed through SDS-PAGE. 
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Table 4: Sequence prevalence in sort output and mutations of investigated TEVp variants. 

Variant Prevalence in sort output  Mutations 

A01 1/46 D148F, S170A, N174G, N176T, N177Y 

C03 2/46 D148P, S170A, N174S, N176T, N177M, N192D 

E05 3/46 T146V, D148Q, S170A, N174G, N176R, N177W, Q193L 

 

Concluding remarks 

The results presented in this study demonstrate that the previously developed intracellular 
protease activity screen can be used to engineer the substrate specificity of proteases. A 
combinatorial protease engineering campaign led to enrichment of TEV protease variants 
exhibiting high proteolytic activity on a substrate sequence that substantially differs from 
the TEV consensus cleavage site. This target substrate is not cleaved by the wild-type TEV 
enzyme at a significant rate. At this point, it cannot be ruled out that the engineered TEV 
variants exhibit an overall broadened substrate specificity. However, we believe that the 
variants indeed selectively cleave the new substrate, as we did not observe host toxicity 
during the selection process due to off-target cleavage of E. coli proteins, and  the variants 
specifically cleave the substrate in the large MBP-EKLVFQA-ZABD reporter protein (Figure 
8.12C-E). We intend to further evolve the panel of TEV mutants for proteolytic activity on 
the hydrophobic core region of the Aβ peptide, which only differs at two of seven positions 
from the EKLVFQA substrate targeted in this study. 

 

8.5. Paper V – Dissecting the structural organization of multiprotein 
amyloid aggregates using a bottom-up approach 

The aggregation and deposition of amyloid beta in senile plaques is a hallmark of 
Alzheimer’s disease (AD). However, senile plaques, neurofibrillary tangles and other 
disease-related protein inclusions not only contain a single amyloid-forming protein [27], 
[28]. These deposits usually contain a range of different components, including many other 
proteins. The identification of human proteins that interact with Aβ aggregates is essential 
for the understanding of the disease pathology and can assist the discovery of new 
biomarkers and drug targets. The protein composition of senile plaques derived from brain 
autopsy of AD patients can be studied using e.g. immunohistochemistry, laser 
microdissection proteomics or spatially targeted optical microproteomics approaches 
[247]–[249]. However, these methods are thought to be incapable of distinguishing between 
components that are integral parts of the plaques and those that are more loosely associated 
with the deposits. Moreover, they do not provide information about the dynamics of the 
plaque formation. 

In this paper, we describe the development and application of a method to isolate, identify, 
and quantitatively evaluate the components of the multiprotein aggregates associating with 
Aβ fibrils in human cerebrospinal fluid (CSF). The concept of the method relies on mixing 
an amyloid core component (i.e. Aβ fibrils) with a biological matrix (i.e. human CSF), and a 
structure specific amyloid probe. Multiprotein aggregates can then be isolated via flow 
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cytometric sorting, and the protein components of the aggregates can be identified and 
quantified using mass spectrometry (MS). The results from this analysis would provide 
functional signatures of the sequestered proteins and assist in the development of structural 
models of multiprotein aggregates (Figure 8.13). 

 

 

 

Figure 8.13: Schematic overview of the presented approach. A) The experiments are 
designed by selecting different combinations of amyloid core component (i.e. fibrils from different 
peptides or with specific morphologies), biological matrix, and structure specific amyloid probes. 
B) The selected components are mixed and multiprotein aggregates are isolated by flow cytometry. 
The components of these aggregates are then identified and quantified using MS. C) We 
demonstrate how the results can be used for quantitative comparison of the components selected in 
the experimental design, provide functional signatures of the assembled complexes, and constitute 
the basis for a building a structural model of the multiprotein aggregates. 

 

We first verified that Aβ amyloid aggregates bound to Thioflavin S (ThS) in human serum 
can be detected by flow cytometry. To this end, fibrillar amyloid aggregates containing either 
Aβ40 or Aβ42 were prepared and mixed with human serum and ThS. Upon flow cytometric 
analysis, we observed a distinct change in light scattering parameters for serum samples 
containing Aβ aggregates compared to human serum only (Figure 8.14A). Moreover, the Aβ-
containing samples exhibited a distinct increase in ThS-fluorescence signals (Figure 8.14B). 
This allowed us to isolate multiprotein aggregates by flow cytometric (FC) sorting based on 
ThS-fluorescence signals.  
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Figure 8.14: FC detection of Aβ aggregates in human serum. A) Density plots from FC 
analysis of human serum only (left) and serum with added Aβ aggregates. Forward scatter 
intensity (FSC) is on the x-axis and side scatter intensity (SSC) on the y-axis. B) Overlay of ThS 
fluorescence intensity histograms from FC analysis of samples with ThS (same runs as in panel A). 
The blue and green horizontal lines indicate the sorting gates used to isolate samples for MS 
analysis. 

 

MS identification of the isolated aggregates revealed 126 and 125 human serum proteins 
binding to Aβ40 and Aβ42 fibrils, respectively (Figure 8.15C-D). As a comparison, we 
performed a previously described pull-down experiment to isolate human serum proteins 
binding to Aβ fibrils [250], [251]. Using this approach, we identified 122 and 107 human 
serum proteins binding to Aβ40 and Aβ42 fibrils, respectively. The overlap between the 
proteins identified with FC sorting and the pull-down isolation is only about one third, 
indicating that the two methods provide complementary results. 76% (i.e. 108 proteins) of 
the total number of proteins identified using FC sorting were found in both Aβ40 and Aβ42 

samples, while the corresponding number for the pull-down method was 25% (Figure 8.15A-
B). Out of these 25% (i.e. 44 proteins), 84% (37 proteins) were also found in control 
experiments using glycine-coated beads (Figure 8.15A), indicating that a large number of 
isolated proteins using the pull-down approach bind Aβ unspecific. To validate the 
reproducibility of the methods, we repeated the experiment three times with the same serum 
sample in separate analyses. With the FC method, 65% of the identified proteins were found 
in all three samples, while 20% were only found in one sample. For the pull-down approach, 
37% were found in all three samples and 34% were only found in one sample. These results 
indicated that the reproducibility of the FC method is higher than for the previously 
described pull-down method.  
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Figure 8.15: Comparison between pull-down and FC isolation of multiprotein 
aggregates. A) Venn diagrams showing the number of proteins identified with the pull-down 
method for Aβ40, Aβ42 and glycine (control) coated magnetic beads, respectively. B) Venn diagrams 
showing the number of proteins identified with the FC sorting of Aβ40 and Aβ42 spiked samples, 
respectively. C-D) Comparisons of the proteins identified in association with Aβ40 and Aβ42 with the 
two methods. 

 

We next aimed to improve the sensitivity of the FC method by utilizing newly developed 
luminescent conjugated oligothiophene (LCO) amyloid probes. To this end, the LCOs p-
FTAA, q-FTAA-CN, and bTVBT2 were mixed with preformed amyloid aggregates, 
containing either Aβ40 or Aβ42, and human serum, respectively. We observed an improved 
separation between amyloid aggregates and the serum background in the fluorescence 
distribution profiles for both p-FTAA and q-FTAA-CN, compared to ThS (Figure 8.16). 
Based on these results, we decided to use p-FTAA as a probe for further experiments with 
human CSF samples.   

The formation of multiprotein aggregates was investigated in 14 human CSF samples from 
AD patients and non-AD control subjects using the FC method. Preformed amyloid 
aggregates, containing either Aβ40 or Aβ42, were mixed with the respective CSF sample, and 
the amyloid probe p-FTAA. Following flow cytometric sorting, we performed quantitative 
MS on the aggregates isolated from CSF through tandem mass tag (TMT) labelling. From 
this analysis we detected and quantified in total 128 unique proteins, including Aβ. The 
majority of these proteins (at least 82%) had previously been identified in senile plaques 
using microdissection techniques on post-mortem tissue, supporting our hypothesis that the 
developed method provides information about Aβ plaque assembly [248], [252]. Among 
these 128 proteins we identified several known amyloid precursor proteins, e.g. 
transthyretin, β2-microglobulin, gelsolin and apolipoproteins, and proteins that have been 
suggested as CSF biomarkers for AD, e.g. chitinase-3-like protein 1, osteopontin, cystatin C, 
hemopexin, and zinc α-2 glycoprotein. Apolipoprotein E (apoE) and clusterin (apoJ), which 
both are recognized genetic risk factors of AD, were found among the most abundant 
proteins [31], [253]–[255]. 
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Figure 8.16: Overlay of LCO fluorescence intensity histograms from flow cytometry 
analysis of human serum only and serum with added Aβ aggregates. A) p-FTAA probe. 
B) q-FTAA-CN probe. C) bTVBT2 probe. 

 

We then compared the abundances of the proteins isolated from AD patients CSF samples 
to control CSF samples. Statistical analysis revealed one protein that was significantly 
enriched in the AD samples with Aβ40 added (pyruvate kinase, p = 8.8 ·10-5) and two 
proteins that were significantly enriched in the AD samples with Aβ42 added (alpha-2-HS-
glycoprotein with p = 0.030 and prothrombin with p = 0.024). Increase in pyruvate kinase 
activity has been observed in the frontal and temporal cortex of AD brains [256]. Plasma 
levels of alpha-2-HS-glycoprotein has been found to be lower in AD patients than controls, 
potentially suggesting that the protein is sequestered in amyloid inclusions [257]. 
Prothrombin and its final product, thrombin, seem to be central in neurodegenerative 
processes associated with brain injury or disease [258].  

We moreover performed an analysis of the functional characteristics of the list of proteins 
bound to Aβ aggregates in terms of gene ontology (GO) annotations (see attached article).  

Finally, we investigated if the generated data could provide information about how the early 
plaque particles are assembled structurally. We hypothesized that for a protein that interacts 
directly with Aβ fibrils we should detect a correlation between the observed abundance of 
this protein and the abundance of Aβ in the investigated sample. Hence, we computed the 
coefficient of determination (R2) for the correlation with Aβ abundance for all binding 
proteins. We found that about one third of the proteins had R2 values above 0.7, while one 
third had values below 0.1, suggesting that it is unlikely that all identified proteins bind 
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directly to Aβ (Figure 8.17A). We computed the pair-wise correlations for all the identified 
proteins and found that all proteins (but one) displayed at least one correlation with a R2 
value higher than 0.69 and 0.64 for Aβ40 and Aβ42, respectively. Using the values 0.69 and 
0.64 for Aβ40 and Aβ42, respectively, as cut-offs, we constructed models for a layered 
architecture of the multiprotein aggregates (Figure 8.17B). In this hypothetical model, 
proteins with high correlations with Aβ were assumed to interact directly with Aβ in the first 
layer. Then all proteins with a high correlation to at least one protein in the first layer were 
defined to constitute the second layer and so on. With the employed cut off values, 53 and 
59 proteins were found to bind directly (i.e. the first layer) to Aβ40 and Aβ42, respectively and 
all proteins, except one, can be included within five layers. We observed that all proteins 
annotated with amyloid-β binding in GO molecular function are found in the first layer. 
Concerning the layer compositions of Aβ40 and Aβ42 fibrils, we noted some differences, 
mostly reflected by moving a protein from one layer to the adjacent layer. A change from the 
directly binding layer to layers further out could indicate processes that may be of 
pathological relevance. We noted, for instance, that the complement-related proteins seem 
to have a higher degree of direct binding to Aβ42 than for the Aβ40 fibrils.  

 

 

 

Figure 8.17: A hypothetical model of the layered architecture of Aβ aggregates. A) 
Distribution of R2-values for the correlations between the binding proteins and Aβ (in all analyzed 
CSF samples). B) Model for the architecture of the multiprotein aggregates based on pair-wise 
correlations between all proteins. The numbers indicate how many proteins that are found in each 
“layer”. All 14 samples for each Aβ variant were included in the analysis. 
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Concluding remarks 

We here used and further developed a methodology to investigate protein-protein 
interactions related to Aβ fibrils, which is based on flow cytometric sorting of multiprotein 
aggregates. It could be demonstrated that the method is applicable to quantitative proteomic 
analysis of the composition of multiprotein aggregates based on different Aβ variants and 
origins of CSF samples. Moreover, the obtained results could be used to build hypothetical 
models of the architecture of multiprotein amyloid aggregates. The developed method can 
be adopted to a variety of experimental setups using different amyloid proteins, biological 
samples, fluorescence probes, and incubation conditions, and thereby help to improve our 
understanding of the biochemical processes leading to the formation of pathological protein 
aggregate depositions. We believe that this method complements previously described 
techniques in that it provides information about loosely associated protein components and 
the dynamics of plaque formation in biological matrices. 

 

8.6 Future perspectives 
The Alzheimer’s disease-related amyloid beta peptide is the common thread in the studies 
presented above. However, protein misfolding and the formation of pathologic aggregates is 
associated with a number of human diseases. The methods and concepts presented in this 
thesis were designed to be amenable with a variety of aggregation-prone target proteins.  

The method presented in the first paper was used to investigate the aggregation of TDP-43, 
a protein forming cytoplasmic inclusions in the majority of FTD patients. Furthermore, it 
will be applied to screen protein libraries for potent inhibitors of TDP-43 aggregation. The 
second paper described a strategy to increase the uptake of an Aβ-targeting biotherapeutical 
candidate into the central nervous system. Many neurodegenerative diseases are associated 
with protein aggregation and the described concept can be applied to shuttle other protein-
based drugs into the CNS. The method presented in the third and fourth paper can be applied 
to generate highly active proteases that recognize and cleave novel target substrates. It is 
currently used to engineer Aβ-cleaving proteases. Such engineered proteases can potentially 
be used as research reagents or even in medical applications. In the fifth paper, a method 
was presented that can be used to investigate the composition of pathological protein 
deposits. The method can be applied to study protein deposit formation of a variety of 
aggregation-prone core proteins in different biological matrices.  

In conclusion, the work presented in this thesis will hopefully contribute to increasing the 
understanding and improving the therapy of Alzheimer’s disease and other diseases 
associated with protein aggregation. 
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