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derived from Ab precursor protein (AbPP), is the major component of amyloid plaques in AD brains. Familial British and Danish dementias (FBD 
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Bri2 interacts with AbPP and its BRICHOS domain has been shown to delay Ab40 and Ab42 fibril formation and toxicity in vitro and in vivo. This 
makes Bri2 BRICHOS a promising anti-amyloid chaperone and a potential treatment strategy for AD. Furthermore, Bri2 BRICHOS possesses a 
general chaperone activity as it suppresses non-fibrillar aggregation of destabilized citrate synthase (CS). Recent findings show that Bri2 BRICHOS 
produced in E.coli can form different molecular weight assemblies, ranging from monomers to dimers and poly-disperse oligomers. The oligomers 
inhibit CS aggregation, whereas the monomers and dimers are more efficient against Ab42 fibrillation and neurotoxicity, respectively. 
 
The work in this thesis shows that similar Bri2 BRICHOS quaternary structures are formed in eukaryotic cells as in E.coli. Larger BRICHOS 
oligomers were found in cell media, derived from proteolytically processed endogenous Bri2 in SH-SY5Y cells, as well as in human embryonic 
kidney (HEK293) cells transfected with a Bri2 BRICHOS construct. Recombinant human Bri2 BRICHOS mutants with one or none of the two 
strictly conserved cysteine residues were studied. All mutant monomers become proteolytically degraded during purification, but form stable 
oligomers. Single Cys to Ser mutants form stable disulfide-dependent dimers that differ in ability to prevent Ab42 fibrillation, the most stable 
mutant (C164S) being even more efficient than the wildtype Bri2 BRICHOS dimer. This result suggests that intra or intermolecular disulfide(s) and 
oligomerization affect Bri2 BRICHOS stability and activity towards Ab42 fibril formation. 
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Abstract 
 
 
Alzheimer’s disease (AD), the most common form of dementia is associated with fibril 
formation of amyloid-b peptides (Ab). Ab, proteolytically derived from Ab precursor protein 
(AbPP), is the major component of amyloid plaques in AD brains. Familial British and 
Danish dementias (FBD and FDD) share pathological and clinical characteristics with AD, 
and the underlying mechanisms are associated with amyloid formation of mutant peptides 
released from the Bri2 protein.  
 
Bri2 interacts with AbPP and its BRICHOS domain has been shown to delay Ab40 and Ab42 
fibril formation and toxicity in vitro and in vivo. This makes Bri2 BRICHOS a promising anti-
amyloid chaperone and a potential treatment strategy for AD. Furthermore, Bri2 BRICHOS 
possesses a general chaperone activity as it suppresses non-fibrillar aggregation of 
destabilized citrate synthase (CS). Recent findings show that Bri2 BRICHOS produced in 
E.coli can form different molecular weight assemblies, ranging from monomers to dimers and 
poly-disperse oligomers. The oligomers inhibit CS aggregation, whereas the monomers and 
dimers are more efficient against Ab42 fibrillation and neurotoxicity, respectively. 
 
The work in this thesis shows that similar Bri2 BRICHOS quaternary structures are formed in 
eukaryotic cells as in E.coli. Larger BRICHOS oligomers were found in cell media, derived 
from proteolytically processed endogenous Bri2 in SH-SY5Y cells, as well as in human 
embryonic kidney (HEK293) cells transfected with a Bri2 BRICHOS construct. Recombinant 
human Bri2 BRICHOS mutants with one or none of the two strictly conserved cysteine 
residues were studied. All mutant monomers become proteolytically degraded during 
purification, but form stable oligomers. Single Cys to Ser mutants form stable disulfide-
dependent dimers that differ in ability to prevent Ab42 fibrillation, the most stable mutant 
(C164S) being even more efficient than the wildtype Bri2 BRICHOS dimer. This result 
suggests that intra or intermolecular disulfide(s) and oligomerization affect Bri2 BRICHOS 
stability and activity towards Ab42 fibril formation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

Sammanfattning 
 
 
Alzheimers sjukdom, den vanligaste typen av demens är associerad med fibrillbildning av 
amyloid-b peptiden (Ab). Ab klyvs från Ab prekursor proteinet (AbPP) och är den 
huvudsakliga beståndsdelen i senila plack. Familjär brittisk och dansk demens är två sällsynta 
amyloidsjukdomar med liknande patologiska och kliniska kännetecken som Alzheimers 
sjukdom. Dessa sjukdomar orsakas av fibrillering av mutanta peptider från Bri2 proteinet.  
 
Bri2 interagerar med AbPP och dess BRICHOS domän har visat sig minska Ab40 och Ab42 
fibrillbildning och toxicitet både in vitro och in vivo. Bri2 BRICHOS är således ett lovande 
anti-amyloid chaperon och en potentiell behandlingsstrategi mot Alzheimers sjukdom. Bri2 
BRICHOS kan också fungera som ett traditionellt molekylärt chaperon såtillvida att den 
effektivt förhindrar aggregering av termo-denaturerat citrat syntas (CS). Senaste data visar att 
Bri2 BRICHOS producerat i E.coli kan bilda assembler av flera olika molekylvikter, allt från 
monomerer till dimerer och oligomerer. Oligomeren inhiberar CS aggregering medan 
monomeren och dimeren är mer effektiva mot neurotoxicitet respektive Ab42 fibrillering. 
 
Den här studien visar att liknande Bri2 BRICHOS kvartärstrukturer bildas i eukaryota celler 
som i E.coli. Bri2 BRICHOS oligomerer detekterades i cellmedia från endogent proteolytiskt 
processat Bri2 i SH-SY5Y celler, samt från HEK293 celler som blivit transfekterade med ett 
Bri2 BRICHOS konstrukt. Rekombinant Bri2 BRICHOS med en eller ingen av dem två strikt 
konserverade cysteinerna studerades. Alla mutanta monomerer blir proteolytiskt nedbrytna 
under reningen, dock bildas det stabila oligomerer. Enkelmutanterna bildar stabila 
disulfidbundna dimerer som skiljer sig åt i förmåga att inhibera Ab42 fibrillering, där den 
mest stabila mutanten till och med är mer effektiv än Bri2 BRICHOS vildtyps-dimeren. De 
här resultaten indikerar att både intra och intermolekylära disulfider samt oligomerisering 
påverkar Bri2 BRICHOS stabilitet och aktivitet gentemot Ab42 fibrillbildning. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

Abbreviations 
 
 
Ab Amyloid-b 
AbPP Amyloid-b precursor protein 
AD Alzheimer’s disease 
AICD AbPP intracellular domain 
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1 Introduction 
 
 
Amyloidosis, identified in more than 40 human diseases is characterized by amyloid fibrils 
with cross b-sheet structure (Sipe, et al., 2016). Alzheimer’s disease (AD), the most prevalent 
form of dementia is associated with formation of amyloid plaques and neurofibrillary tangles 
(NTFs). The plaques mainly contain fibrillated amyloid-b (Ab) peptides derived from Ab 
precursor protein (AbPP), while NTFs contain hyper-phosphorylated tau proteins.  
 
Familial British and Danish dementias (FBD and FDD) show similar pathobiology as AD. 
They are caused by mutations in the Bri2 gene, which leads to release of amyloidogenic 
peptides (Cantlon, et al., 2015). Bri2 interacts with AbPP processing and is found at increased 
levels in AD brains (Matsuda, et al., 2008; Del Campo, et al., 2014). Bri2 contains a 
BRICHOS domain, which has been shown to suppress Ab40 and Ab42 fibril formation and 
toxicity in vitro and in vivo (Willander, et al., 2012b; Poska, et al., 2016; Dolfe, 2016). 
 
The BRICHOS domain has been identified in more than 300 proteins found as secretory or 
type II transmembrane (TM) proteins (Sánchez-Pulido, et al., 2002; Hedlund, et al., 2009). 
The name BRICHOS is derived from Bri2, Chondromodulin-1 and surfactant protein-C (SP-
C). Recombinant human prosurfactant protein-C (proSP-C) BRICHOS reduces Ab42 fibril 
formation but is less efficient than Bri2 BRICHOS, which targets both secondary nucleation 
and elongation pathways (Arosio, et al., 2016). Bri2 BRICHOS has also been shown to 
possess a general chaperone activity since it inhibits non-fibrillar aggregation of thermo-
destabilized citrate synthase (CS) (Poska, et al., 2016). These findings suggest that Bri2 and 
essentially its BRICHOS domain might be linked to the development of AD, by acting as an 
endogenous anti-amyloid chaperone under physiological conditions, the activity of which 
may be impaired at ageing or for other reasons.   
 
It was recently found that recombinant, E.coli produced, human Bri2 BRICHOS forms dimers 
and poly-disperse oligomers (Poska, et al., 2016). The oligomers inhibit aggregation of CS, 
while the monomers and dimers are much more efficient in suppressing neurotoxicity and 
Ab42 fibril formation. This data suggests that the activities against Ab42 fibrillation and CS 
aggregation are decoupled. Monomer to oligomer conversion was promoted in serum, 
suggesting that the quaternary structure of Bri2 BRICHOS is environmentally regulated 
(Chen, et al., to be published). 
 
The aim of this thesis is to produce and characterize human Bri2 BRICHOS produced in a 
eukaryotic expression system. Proteins expressed in bacteria lack many posttranslational 
modifications (PTMs) e.g. glycosylation and the structure might therefore be different 
compared to in mammalian cells. In this study, large Bri2 BRICHOS oligomers were found in 
cell media of transfected human embryonic kidney (HEK293) cells and of non-transfected, 
i.e. generated by endogenous production, SH-SY5Y cells. Bri2 BRICHOS produced in 
HEK293 cells was also found to be glycosylated. These findings support that the oligomers 
found in bacteria are not artifacts of bacterial overexpression.  

 
The role of the two strictly conserved cysteine residues in all known BRICHOS domains 
(Cys164 and Cys223 in Bri2 BRICHOS) was investigated using recombinant mutants with 
Cys to Ser substitutions. All mutants produced non-covalent oligomers with similar secondary 
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structure as the wild type. Single cysteine to serine mutants formed stable disulfide-linked 
dimers with different abilities to prevent Ab42 fibrillation. The intermolecular disulfides had 
different stability, measured as the ability to get reduced by b-mercaptoethanol, dependent on 
the position of the mutation. C164S dimer (i.e. Cys223-Cys223 interaction) gave the most 
stable disulfide and was even more efficient than the wild type dimer in suppressing Ab42 
fibril formation. Furthermore, the single mutants could undergo disulfide bond rearrangement, 
as heterodimers were found upon mixture of the mutants with different Cys to Ser mutations. 
No stable monomers were found, probably due to that the absence of an intramolecular 
disulfide bond results in insufficiently stable protein. This data suggests that the Bri2 
BRICHOS dimer require at least one disulfide bond in order to suppress Ab42 fibril 
formation.  
 
Structure determination of recombinant human Bri2 BRICHOS using electron microscopy 
(EM) or nuclear magnetic resonance (NMR) has so far failed. Eukaryotic Bri2 BRICHOS can 
provide new structural data that together with the cysteine to serine mutants give new insights 
of the different quaternary structures and their potential as treatment strategy for AD.  
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2 Aim of thesis 
 
 

• The aim of the thesis is to clone and express human Bri2 BRICHOS in eukaryotic 
cells (HEK293 cells), purify it from cell media and characterize the quaternary 
structure, glycosylation and activity towards Ab42 fibril formation and CS 
aggregation.  

 
• Purify and characterize endogenous Bri2 using a neuronal cell line. 

 
• Produce recombinant cysteine to serine mutants of Bri2 BRICHOS and characterize 

them regarding secondary and quaternary structure, suppression of Ab42 fibrillation 
and ability to form homo- or heterodimers by different intermolecular disulfide bonds. 
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3 Theoretical background 
 
 
3.1 Protein folding 
 
A protein consists of amino acid residues connected with peptide bonds. Each protein obtains 
a unique sequence of 20 naturally occurring amino acids. Linear chains of residues are 
defined as the primary structure, and when hydrogen bonds are formed between polypeptide 
backbone CO and NH groups, a-helices or b-sheets – the two secondary structure elements – 
are formed. The secondary structure elements can then assemble into a tertiary, three-
dimensional (3D) structure. The 3D structure is held together by hydrophobic, electrostatic 
and disulfide-linked interactions that involve both the polypeptide backbone and the side-
chains of the amino acid residues. A quaternary structure is formed by assembly of two or 
more polypeptide chains. 
 
Proteins need to fold into their 3D structure in order to function. The folding process can 
occur through different steps before the polypeptide chain reaches the native state. Partially 
folded or intermediate states can be adopted on the way, but the native state is normally the 
most stable and energetically favorable conformation under physiological conditions 
(Dobson, 2003). An energy landscape is used to visualize an unfolded protein’s way towards 
a native structure. This funnel-like profile plots free energy against protein conformation (Fig. 
1). The driving force is to obtain the lowest energy state (Jahn and Radford, 2005).  
 
Protein folding takes place in a crowded cellular 
environment with high concentration of 
macromolecules (Ellis and Minton, 2003). This 
can lead to formation of non-native structures 
resulting in aggregation of misfolded proteins. 
The quality-control system consists of a 
machinery of proteins that assists the cellular 
folding, promotes refolding of incorrectly folded 
intermediates, and degrades irreversibly 
misfolded proteins. Some proteins can, however, 
pass the quality control and form aggregation-
prone intermediates at even lower energy states. 
The forces that drive conversion from a stable 
and functional protein into a lower global free 
energy minimum (amyloid fibrils) is still not 
defined (Jahn and Radford, 2005). 
 
 
3.2 Amyloid and disease 
 
Around 40 proteins are known to cause amyloid disease in humans e.g. Parkinson’s disease 
(PD), AD and transthyretin (TTR) amyloidosis (Sipe, et al., 2016). They are all characterized 
by extracellular fibrillar deposits, caused by misfolding of proteins, but the fibril formation 
process might start intracellularly. All fibrils share the same morphology of b-strands running 
perpendicularly to the fibril axis (Eanes and Glenner, 1968). The classical definition of an 

Figure 1. Protein folding energy landscape. A 
polypeptide is searching for the native state on a rugged 
surface. The native state is reached via intramolecular 
contacts whereas amyloid fibrils can be formed via 
intermolecular interactions. From Jahn and Radford 
2005. 
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amyloid includes tissue deposits, Congo red staining and exhibition of green, yellow or 
orange birefringence (Sipe, et al., 2016). The amyloid diseases can be divided into local or 
systemic amyloidoses. The local amyloidoses appear in one organ e.g. central nervous system 
(CNS) in AD and the amyloidogenic proteins are synthesized in the same organ as they 
deposit. The systemic amyloidoses, in contrast, affect several organs and tissues e.g. 
lysozyme amyloidosis, and the site of synthesis differs from the sites of deposition.  
 
The amyloid proteins show no size, sequence or structural identities. Some of them are 
derived from pro proteins like AbPP in AD and proSP-C in interstitial lung disease (ILD). 
The pro proteins can be processed by enzymes, which results in release of peptides that 
eventually get converted into amyloid fibrils.  
 
It is not clear whether amyloids in general have any physiological function in humans. 
Several functions have been suggested like storage of misfolded proteins (Chiti and Dobson, 
2006). Functional amyloid structures can be found in bacteria e.g. in the production of biofilm 
(Sipe and Cohen, 2000). One functional amyloid structure has been found also in 
mammalians in terms of Pmel17, which is a protein that forms biopolymers important for 
melanin formation (Fowler, et al., 2006). Data suggests that it is not a loss of function of 
misfolded proteins that cause amyloid disease, but rather a gain of toxicity (Winklhofer, et al., 
2008). This is different from the traditional view of protein misfolding diseases, like cystic 
fibrosis and emphysema secondary to mutations in α1-antitrypsin, where loss of the 
corresponding protein function (ion transport for cystic fibrosis transmembrane regulator and 
protease control for α1-antitrypsin) results in disease. 
 
 
3.3 Alzheimer’s disease (AD) 
 
3.3.1 Overview of AD 
 
AD is a neurodegenerative disease and the most common form of dementia in elderly. 
Clinical manifestations involve loss of episodic memory followed by decline in cognitive 
functions as the disease progress. A diagnosis can today only be made post mortem by exam 
of the brain’s neuropathology. Old age is the primary risk factor but other factors like high 
cholesterol levels, diabetes and lack of psychosocial activities will also increase the risk of 
developing AD (Winblad, et al., 2016).  
 
Familial Alzheimer’s disease (FAD) occurs in younger patients and is caused by mutations, 
most of which are found in the genes for AbPP, presenilin-1 (PSEN1) or presenilin-2 
(PSEN2). Most of the inherited mutations of FAD increase the Ab42 to Ab40 ratio (Tanzi, 
2012). Sporadic late-onset AD (LOAD) presenting after 65 represents the vast majority of AD 
cases. It is a multifactorial disease caused by a combination of genetic and environmental 
factors. Several risk-associated genes involved in inflammation, lipid metabolism and Ab 
aggregation have been identified. One of them, the e4 allele of apolipoprotein E (APOE) 
increases the risk of developing AD if inherited in one or two copies. APOE is part of the 
cholesterol metabolism and is thought to have a role in clearance of Ab, but the exact 
mechanism underlying its role in AD remains to be established (Tanzi, 2012). 
 
The main hallmarks of AD, extracellular neuritic plaques and intracellular NTFs were 
described in 1906 by Alois Alzheimer (Alzheimer, et al., 1995). The building blocks, Ab-
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peptides and hyper-phosphorylated tau proteins were identified eighty years later (Glenner 
and Wong, 1984; Grundke-Iqbal, et al., 1986). Neuritic plaques are surrounded by dystrophic 
neurons whereas diffuse plaques are not surrounded by such neurons. Both neuritic and 
diffuse plaques consist of fibrillated Ab42, but other peptides e.g. Ab40 and Ab43 can also be 
found in neuritic plaques (Welander, et al., 2009). Ab-peptides of different lengths are 
continuously produced in the brain of healthy individuals, where Ab40 stands for the majority 
of all secreted Ab. There is no known unequivocal function of the Ab-peptide. Different roles 
have been suggested like transcription factor, signaling molecule or anti-microbial agent. It 
has also been argued that Ab is necessary for memory function and synaptic plasticity (Puzzo 
and Arancio, 2013).  
 
The NFTs consist of hyper-phosphorylated tau proteins. The biological function of tau is to 
maintain the structure of microtubules. Hyper-phosphorylation results in dissociation from 
microtubules, which might lead to its aggregation and eventually to loss of synapses and 
axonal transport (Grundke-Iqbal, et al., 1986).  
 
There are a number of possible mechanisms for the cause of AD. The Ab amyloid cascade 
hypothesis postulates that Ab aggregation is responsible for the pathogenesis causing 
downstream events like tau hyper-phosphorylation, inflammation, cognitive decline and 
neuronal loss. Other hypotheses are based on NFTs being the causing agent. The amount of 
NFTs correlates better with the cognitive decline than the plaque load (Terry, et al., 1991). 
However, mutations in tau do not cause AD and NFTs can also be found in other 
neurodegenerative diseases (Goedert and Jakes, 2005). 
 
There is no disease modifying treatment available for AD or the majority of the amyloid 
diseases. Some symptomatic treatments for AD, e.g. acetylcholinesterase inhibitors (AChEI) 
can improve memory temporarily but have no long-term effect on the disease progress 
(Ankarcrona, et al., 2016). 
 
 
3.3.2 Processing of AbPP 
 
Aβ-peptide is cleaved from AβPP. AβPP is a type I TM protein, with its N-terminal in the 
endoplasmic reticulum (ER) lumen that can be found in different splice variants. AβPP695 
(i.e. containing 695 residues) is the main isoform in the CNS, referred to AβPP in this thesis. 
The family of AβPP proteins is well conserved. AβPP seems to have evolved together with 
the nervous system as it can be found in vertebrates and invertebrates but not in plants, yeast 
and prokaryotes (Shariati and De Strooper, 2013). The N-terminal extracellular region is the 
largest part of AβPP, but the intracellular C-terminal part is most conserved. The function of 
the protein is not clear but it is believed to be involved in intracellular signaling and synaptic 
maintenance (van der Kant and Goldstein, 2015). The gene for AbPP is located on 
chromosome 21, and patients with Down syndrome will therefore develop AD at a young age 
due to their trisomy 21.  
 
AbPP can be processed in either an amyloidogenic or a non-amyloidogenic pathway, see Fig. 
2. The amyloidogenic pathway includes processing by β-secretase and g-secretase enzymes. 
β-secretase cleaves AβPP, generating a soluble ectodomain called APPsb and a C-terminal 
fragment CTFb. The TM region is then further cleaved by g-secretase releasing Aβ-peptides 
of different lengths (De Strooper, et al., 2010). 



 

 7 

In the non-amyloidogenic pathway, AbPP is cleaved by a-secretase at another position than 
β-secretase cleavage. This generates a soluble AbPP ectodomain APPsa and a C-terminal 
fragment CTFa. These fragments can be further processed by g-secretase into a non-
amyloidogenic p3 peptide and an AbPP intracellular domain AICD (De Strooper, et al., 
2010). AICD is generated in both the amyloidogenic and non-amyloidogenic pathway (van 
der Kant and Goldstein, 2015). 
 
 

 
 
Figure 2. Schematic overview of AbPP processing. (A) a-secretase cleaves AbPP in the non amyloidogenic 
pathway generating an APPsa and a CTFa fragment. g-secretase cleaves the intramembrane region releasing p3 
and AICD. (B) The amyloidogenic pathway starts with β-secretase cleavage into APPsb and CTFb fragments, 
and g-secretase is then generating Ab and an intracellular domain (AICD). From O’Brien and Wong 2011. 

 
3.3.3 Aggregation mechanism  
 
The aggregation of Ab starts with a primary nucleation event. Ab monomers form oligomers, 
a rate-limiting step that is determined by the concentration of monomers. Fibrils are formed 
and elongated by addition of monomers. The secondary nucleation step occurs when already 
existing fibrils catalyze generation of oligomers from monomers at the fibril surface (Fig. 3). 
Both elongation and secondary nucleation are monomer-dependent steps (Cohen, et al., 
2013).  
 
The mechanism behind the proteotoxicity is not clear. It is suggested that exposure of 
hydrophobic surfaces of oligomers leads to formation of pores in membranes causing toxicity 
(Caughey and Lansbury, 2003). Another idea is that the cellular homeostasis is disrupted due 
to accumulation of misfolded proteins and general decline in protein quality control (Balch, et 
al., 2008).  
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Figure 3. Schematic overview of Ab aggregation mechanism. Monomers form oligomers and fibrils that can 
be fragmented or elongated by additional monomers. Oligomers can also be formed at the fibril surface 
(secondary nucleation). From Dolfe 2016. 

 
3.4 Molecular chaperones  
 
Many proteins harbor segments that are able to form amyloid fibrils in vitro. The fact that 
only a fraction of them result in human disease suggests that the cell has evolved strategies to 
prevent amyloid aggregation (Goldschmidt, et al., 2010). One such strategy is mediated by the 
molecular chaperones that assist the folding of other proteins, promote refolding and 
degradation of misfolded proteins. The eukaryotic cell contains a network of chaperones and 
other factors that maintain the protein homeostasis e.g. the unfolded protein response (UPR), 
ER associated-degradation (ERAD) pathway and ubiquitin proteasome system (UPS) (Amm, 
et al., 2014; Walter and Ron, 2011). 
 
Heat shock proteins (Hsps) are a large group of chaperones that get induced upon cellular 
stress, initially after heat shock. They prevent misfolding of proteins but have also been 
shown to be neuroprotective as they accumulate around deposits in AD and PD (Muchowski 
and Wacker, 2005). Hsps are also able to reduce proteotoxicity in neuronal cells (Magrane, et 
al., 2004). 
 
Extracellular chaperones e.g. clusterin inhibits aggregation of several proteins, including 
amyloid forming proteins (Humphreys, et al., 1999). The BRICHOS domain in Bri2 and 
proSP-C is another anti-amyloid chaperone believed to bind aggregation prone segments in 
their own pro proteins (Knight, et al., 2013). 
 
 
3.5 The BRICHOS domain 
 
The name BRICHOS is derived from three different BRICHOS-containing families; Bri2, 
Chondromodulin-1 and surfactant protein-C (SP-C) (Sánchez-Pulido, et al., 2002). The 
BRICHOS domain is found in secretory or type II TM proteins divided in 12 human protein 
families. Some of the families are associated with dementia, cancer and respiratory distress. 
The predicted secondary structures of BRICHOS domains from different families are 
remarkably similar but their pairwise amino acid sequence conservation is low (15-25%). 
Only one aspartic acid and two cysteines are generally conserved (Hedlund, et al., 2009; 
Sánchez-Pulido, et al., 2002). 
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BRICHOS proteins contain a cytosolic N-terminal segment, a TM or signal peptide (SP) 
region, a linker and a BRICHOS domain (Fig. 4). The BRICHOS domain faces the ER lumen. 
A C-terminal part with high β-sheet propensity is found in all BRICHOS proteins except for 
proSP-C, which instead has an extremely high b-sheet propensity in its TM region (Hedlund, 
et al., 2009). The two conserved cysteine residues form an intramolecular disulfide bond in 
proSP-C BRICHOS, which is likely the case for other BRICHOS domains (Willander, et al., 
2011). 

 
 
Figure 4. Schematic overview of the BRICHOS domain in proSP-C (upper graph) and other BRICHOS-
containing proteins (lower graph). The N-terminal is shown in yellow, TM/SP part in purple, linker in grey, 
BRICHOS domain in blue and the C-terminal region in orange. Aggregation prone segments are marked with 
dashed lines. From Willander et al, 2011. 

 
The crystal structure of proSP-C BRICHOS is the only BRICHOS structure available.  
However, homology studies show that the structure is compatible with the amino acid 
sequence of the other BRICHOS-containing proteins. The structure consists of five β-strands 
flanked by two α-helices, one at face A and one at face B, see Fig. 5. Molecular dynamics 
simulations show that conformational changes and movement of α1 result in exposure of the 
surface of face A, suggesting that this site binds target peptides (Willander, et al., 2012a).   
The proSP-C BRICHOS forms a trimer, probably due to capping of its hydrophobic regions, 
but the monomer is likely the active form (Biverstål, et al., 2015).  
 
Mutations in proSP-C BRICHOS result in ILD due to 
amyloid formation of the extremely aggregation-prone TM 
region. The BRICHOS domain is therefore believed to act as 
a molecular chaperone that prevents aggregation of the SP-C 
TM part and assists its insertion into the membrane 
(Willander, et al., 2012a). 
 
The physicochemical properties of the face A of different 
BRICHOS domains are complementary to the properties of 
the β-sheet regions of the respective protein, e.g. the face A 
of proSP-C BRICHOS is nonpolar like the conceived target 
peptide – the TM part of SP-C. This observation together 
with the presence of a BRICHOS domain in another disease-
associated pro protein - Bri2 – that can generate amyloid 
forming peptides, suggests that a common function of the 
BRICHOS domain is to bind potentially amyloidogenic 
regions in their pro proteins and promote their correct folding 
(Knight, et al., 2013). 
 
Interestingly, both proSP-C and Bri2 BRICHOS have anti-
amyloid activity towards Aβ40 and Aβ42, associated with AD (see above). The BRICHOS 
domains efficiently inhibit Ab40 and Ab42 fibrillation in vitro but are also able to suppress 

Figure 5. Crystal structure of proSP-C 
BRICHOS domain. The structure contains 
five β-strands and two α-helices. Face A is 
believed to be the binding site for target 
peptides. The region between α1 and α2 is 
shown as a dashed line since it was not 
defined in the crystal structure. From 
Willander et al, 2012a. 
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Ab42 fibril formation and toxicity in vivo using a Drosophila melanogaster model (Willander, 
et al., 2012b; Hermansson, et al., 2014; Poska, et al., 2016). 
 
 
3.6 Bri2 
 
Bri2 is a type II TM pro protein (intracellular N-terminal) expressed in many organs and 
tissues, including the brain, placenta, pancreas and heart, with a significant expression in 
neurons of the cerebellum and hippocampus (Vidal, et al., 1999). It is encoded by the gene of 
integral transmembrane protein 2B (ITM2B) and share 27% amino acid identity with Bri1 and 
Bri3. The full-length Bri2 consists of 266 amino acids including the BRICHOS domain 
approximately spanning residues 130-231 (Sanchez-Pulido, et al., 2002; Willander, et al., 
2012a). Bri2 has an N-glycosylation site at asparagine 170. The glycosylation is believed to 
be important for trafficking of Bri2 to the plasma membrane but does not interfere with the 
proteolytic processing (Tsachaki, et al., 2011). 
 
Bri2 undergoes proteolytic cleavage by several proteases through the secretory pathway (Fig. 
6). Furin or other pro protein-like convertases (PPCs) generate a membrane bound mature 
Bri2 (mBri2) by release of a soluble 23-residue C-terminal peptide (Bri23) (Kim, et al., 1999). 
The mBri2 is then further processed by ADAM10 that sheds the BRICHOS domain into the 
extracellular space. The remaining N-terminal part (TM region) is cleaved by signal peptide 
peptidase-like (SPPL) proteases releasing an intracellular domain and a secreted C-domain 
(Martin, et al., 2008).  
 
Mutations in the ITM2B gene result in 11-residue extended C-terminal peptides (ABri and 
ADan) causing two rare amyloidoses, FBD and FDD. Elongated ABri and ADan peptides of 
34 residues are released due to a single base substitution (FBD) or a reading-frame shift 
(FDD) (Vidal, et al., 1999; Vidal, et al., 2000). FBD and FDD show similar pathobiology as 
AD, which suggests a possible link between the diseases (Cantlon, et al., 2015). It has been 
suggested that it is not the amyloid peptides that cause the diseases, but rather a loss of Bri2 
function (Tamayev, et al., 2010). 
 
 

 
 
 
Figure 6. Schematic overview of the Bri2 processing. The N-terminal region is shown in orange, TM in green, 
linker in grey, BRICHOS in purple and the C-terminal regions in beige. Cleavage by enzymes is marked with 
scissors. From Dolfe 2016.  
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3.7 Bri2 BRICHOS and Ab aggregation 
 
Recombinant human Bri2 BRICHOS delays Ab42 aggregation in vitro by inhibiting both 
secondary nucleation and elongation pathways (Arosio, et al., 2016). It therefore presumably 
binds to the surface and ends of Ab42 fibrils, which leads to a decrease in oligomer formation 
and growth of the fibril, respectively. Bri2 BRICHOS is more efficient than proSP-C 
BRICHOS against both Ab40 and Ab42, probably due to its two-step inhibition compared to 
proSP-C BRICHOS that only inhibits secondary nucleation (Willander, et al., 2012b; Cohen, 
2015; Arosio, et al., 2016). 
 
Bri2 BRICHOS efficiently reduces Ab42 aggregation and toxicity in vivo in a Drosophila 
model (Poska, et al., 2016). It is apparently more efficient than proSP-C BRICHOS and its 
expression in the brain makes it interesting for AD treatment. Bri2 is localized to the same 
cell membranes as AbPP, while proSP-C is exclusively expressed in alveolar type II epithelial 
cells. Bri2 has been found to deposit with Ab plaques and can be found at increased levels in 
AD brains (Del Campo, et al., 2014). Bri2 also reduces aggregation and toxicity in mice 
expressing a fusion protein of Bri2 and Ab42, but the underlying mechanisms remain to be 
established (Kim, et al., 2013). Interestingly, a mouse model of FDD shows that the ADan- 
and Ab-peptide lack codeposition, although they share downstream pathophysiology 
(Coomaraswamy, et al., 2010). 
 
Bri2 is suggested to be involved in proteastasis of AbPP and Ab. It is able to bind AbPP and 
affect its interaction with processing enzymes. A decrease in Ab secretion was found both in 
vitro and in vivo using a mouse model, suggesting a restricted access of secretases. The loss of 
wild type Bri2 in FBD and FDD might affect AbPP levels resulting in a similar pathology as 
for AD (Matsuda, et al., 2008). 
 
Recombinant Bri2 BRICHOS possesses a general chaperone activity as it was found to 
prevent aggregation of destabilized CS (Poska, et al., 2016). The activity against Ab 
fibrillation and CS aggregation, interaction with AbPP and increased levels of Bri2 in AD 
brains suggest that Bri2 BRICHOS acts as an endogenous anti-amyloid chaperone in the 
brain. These findings make Bri2 BRICHOS interesting as a potential treatment strategy for 
AD. 
 
 
3.8 Bri2 BRICHOS quaternary structure 
 
3.8.1 Oligomer formation 
 
Our group has recently shown that recombinant human Bri2 BRICHOS monomer form 
dimers and large poly-disperse oligomers, see Fig. 7. The oligomers are held together by a 
combination of intermolecular disulfide bonds (formed by Cys164 and Cys223) and non-
covalent interactions. Quantification of free thiols shows that the monomer contains an 
intramolecular disulfide. This indicates that an exchange from an intra to intermolecular 
disulfide bond occurs when the monomer assembles into dimers and oligomers (Chen, et al., 
to be published). 
 
The oligomers were shown to efficiently inhibit the aggregation of thermo-destabilized CS, 
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whereas the dimers and monomers were inefficient in this regard. Conversely, the monomers 
and dimers are more potent in suppressing Ab42 fibril formation and neurotoxicity, measured 
as g-oscillation reduction from neurons of mouse hippocampus. The dimer is the most 
efficient species towards Ab42 fibrillation, but the monomer shows a stronger g-oscillation 
rescuing effect. Bri2 BRICHOS molecular chaperone and anti-amyloid activities are thus 
decoupled as they are mediated by different quaternary structures. Oligomerization was 
promoted by addition of glutathione and incubation of monomers in mouse serum, which 
indicates that the activity of Bri2 BRICHOS is environmentally regulated (Chen, et al., to be 
published). 
 
 
 

 
 
Figure 7. Quaternary structure of Bri2 BRICHOS. (A) Size exclusion chromatogram of Bri2 BRICHOS 
oligomers (denoted p1), dimers (denoted p2) and monomers (denoted p3). Native PAGE of the oligomer peak 
and structural models are shown inset. (B) Fractions from each peak were collected and analyzed by SDS-PAGE 
under reducing (left) and non-reducing (right) conditions. From Chen et al, to be published.  

 
Whether the same quaternary structures are formed in mammalian cells are not known. PTMs 
e.g. glycosylation at position 170 and differences in folding between bacteria and eukaryotic 
cells might affect the oligomerization. The quaternary structure of Bri2 BRICHOS expressed 
in eukaryotic cells should therefore be studied in order to confirm that oligomers are formed 
in mammalian cells and not as an artifact of bacterial expression and purification.  
 
 
3.8.2 Strictly conserved cysteine residues 
 
One aspartic acid and two cysteine residues are strictly conserved within all BRICHOS 
families (Sánchez-Pulido, et al., 2002). Cysteine residues are able to form covalent bonds in 
terms of intra and intermolecular disulfide bonds. Such bonds might be crucial for a protein’s 
quaternary structure, stability and function. An intramolecular disulfide bond is present in 
proSP-C (Willander, et al., 2012a) and unpublished data show that a corresponding disulfide 
bond is found also in Bri2 BRICHOS (Chen, et al., to be published).  
 
Recent findings described above suggest that Bri2 BRICHOS oligomers are formed by a 
combination of disulfides and non-covalent linkages, and the even number of subunits found 
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for the oligomers suggest that oligomer formation occurs by assembly of disulfide linked 
dimers (Chen, et al., to be published).  
  
Bri2 BRICHOS has two cysteine residues at position 164 and 223. The disulfide pattern is 
unknown due to lack of structural information, but in a covalent dimer three different 
disulfide bonds are possible in theory; Cys164-Cys164 (homo), Cys223-Cys223 (homo) or 
Cys164-Cys223 (hetero). The cysteine residues might have different roles regarding 
quaternary structure, interaction with target peptides and activity towards Ab fibril formation 
and CS aggregation. Further characterization of the properties of Cys164 and Cys223 using 
cysteine to serine mutants can therefore provide new insights of the BRICHOS structure and 
its dependency of strictly conserved cysteine residues. 
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4 Methods 
 
 
4.1 Eukaryotic construct 
 
Human Bri2 BRICHOS domain and part of the linker (position 113-231 of Bri2) was fused 
with a SP, His6-tag and thrombin cleavage site in the N-terminal region. The SP is derived 
from surfactant protein-B (SP-B) (position 1-23). This SP has shown to provide well 
overexpressed BRICHOS from HEK293 cells. The endogenous Bri2 SP is part of the mBri2 
(and eventually of the TM region) and might therefore interfere with the cleavage processing. 
The BRICHOS domain is elongated with a C-terminal AU1 tag in order to be able to differ 
between endogenous and recombinant proteins by antibodies towards the AU1 tag. The 
construct has a molecular weight of 19 349 Da and a pI of 5.4. 
 
pcDNA3.4-TOPO is a mammalian expression vector that enables high protein yields from 
HEK293 cells. It contains a cytomegalovirus (CMV) promoter, woodchuck 
posttranscriptional regulatory element (WPRE), TOPO cloning site, neomycin resistance gene 
and a pUC origin. The vector is a high copy plasmid with a SV40 promoter and ampicillin 
resistance. 
 
 
4.2 Eukaryotic cells 
 
4.2.1 HEK293 cells 
 
The original HEK293 cell line was derived from a kidney of an aborted human embryo. The 
cells were transfected with fragments of adenovirus type 5 DNA and adapted to tissue culture 
generating a stable HEK293 cell line. The cell line is widely used for protein expression in 
biology and biotechnology since it is easy to transfect and grow in culture, see Fig. 8A. 
HEK293T has a SV40 Large T-antigen, which allows replication of transfected plasmids 
containing the SV40 origin of replication (Thomas and Smart, 2005). 
 
4.2.2 Expi293 cells 
 
Expi293 cells are derived from the HEK293 cell line but generate higher protein yields than 
the original HEK293 cells. The cells can grow in suspension, are highly transfectable and 
exhibit high culture viability and growth rate (Jones, et al., 2012).  
 
4.2.3 SH-SY5Y cells 
 
SH-SY5Y cells are derived from SK-N-SH cells that were isolated from bone marrow biopsy 
material of a four-year-old girl with neuroblastoma in 1973. The cells were sub cloned several 
times to produce the SH-SY5Y cell line in 1978. The cells are adrenergic neuronal cells and 
commonly used as in vitro models of neuronal function and differentiation (Fig. 8B) 
(Kovalevich and Langford, 2013). 
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Figure 8. HEK293 cells (A) and SH-SY5Y cells (B). From Yin et al, 2014 and Kovalevich and Langford 2013. 

 
4.3 Immunoprecipitation 
 
Immunoprecipitation enables isolation of proteins from a complex mixture e.g. cell media. 
The media is incubated with an antibody specific for the protein of interest. The antibody-
protein complex gets immobilized with a solid support (protein A or protein G agarose beads) 
and separated from the rest of the sample by centrifugation. The immune complexes found in 
the pellet can then be dissociated using denaturation or low pH. Both the captured protein and 
specific antibody are present in the final sample. The IgG heavy and light chains might be 
visible at a Western blot image, which can cause problem if the target protein has the same 
molecular mass. Alternative methods have been developed based on crosslinking between 
antibodies and beads (Kaboord and Perr, 2008). 
 
 
4.4 Western blot 
 
Western blot also called immunoblot was introduced in 1979. It is widely used in cell and 
molecular biology for identification of a protein of interest. The protein gets separated from a 
mixture of proteins that has been extracted from bacteria, cells or homogenates, as described 
in a review by Mahmood and Yang 2012. 
 
The first step includes separation according to size using gel electrophoresis. Proteins are 
moved through a polyacrylamide gel by an electric current resulting in bands at particular 
migration distances. The bands are transferred to a second matrix by blotting onto a 
nitrocellulose or polyvinylidene difluoride (PVDF) membrane. The electrophoretic transfer 
uses an electric field to move proteins from the gel onto the membrane surface. The 
membrane is blocked with bovine serum albumin (BSA) or nonfat dried milk in order to 
prevent unspecific binding of the detecting antibodies. The membrane is incubated with a 
primary antibody specific for the protein of interest. 
 
The method includes several wash steps for reduction of background signal and removal of 
unbound reagents. Tris buffered saline (TBS) and phosphate buffered saline (PBS) are 
commonly used, often with addition of a detergent such as Tween 20. A secondary antibody 
that recognizes the primary antibody is added for detection. The detection can be based on 
chromogenic products or emission of light, which can be captured using a film, charge-
coupled device (CCD) camera or phosphorimager. The primary antibody can also be labeled 
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(direct detection) but this is not so commonly used as the indirect method. The most common 
labels are biotin, rhodamine, fluorescein and enzyme conjugates e.g. horseradish peroxidase 
and alkaline phosphatase. 
 
A successful western blot should result in one clear band for the protein of interest. The 
staining intensity corresponds to the amount of proteins in the original sample, but 
quantification is complicated by different antibody affinities to different protein forms, 
staining saturation etc. Western blot can provide both qualitative and semi quantitative data 
about a protein of interest. 
 
 
4.5 N-glycosidase F 
 
N-glycosidase F cleaves N-linked oligosaccharides from mammalian glycoproteins. 
Glycoproteins are found on the extracellular surface of the cell membrane where they interact 
with components in the cellular vicinity. The oligosaccharides can be present as several 
isoforms, with different effects on protein stability, activity and solubility. N-glycosidase F, 
with a pH optimum of 7-9, hydrolyzes at glycosylamine linkages resulting in cleavage of 
asparagine N-linked glycans. Ammonia, aspartic acid and the oligosaccharide are released as 
reaction products. The released glycans can be further analyzed by mass spectroscopy 
(Tarentina, et al., 1985).  
 
 
4.6  N-ethylmaleimide (NEM) 
 
NEM is a sulfhydryl-alkylating agent, see Fig. 9, used to covalently 
modify cysteine residues. NEM reacts rapidly with thiols at acidic 
and natural pH. The reaction includes a Michael addition of a 
thiolate to the double bond of NEM. The Michael addition can be 
reversible if base-catalyzed but is mainly shifted towards the adduct 
formation. NEM is permeable to cell membranes and therefore 
widely used to quench thiols in mammalian cells (Winther and 
Thorpe, 2013).  
 
 
4.7 Cysteine to serine mutant constructs 
 
Three different Bri2 BRICHOS mutants were generated, two single mutants (C164S and 
C223S) and one double mutant (C164SC223S), see Fig. 10. All constructs include human 
Bri2 BRICHOS and part of the linker (position 113-231) fused with an N-terminal His6-tag, 
NT* tag and thrombin cleavage site. NT* is a solubility tag derived from a designed mutant 
of the N-terminal of the spider silk protein, which has shown to increase recombinant protein 
production (Kronqvist, et al., 2017). The NT* tag can be cleaved off with thrombin resulting 
in release of Bri2 BRICHOS. The cysteine mutants have a pI of 4.8 and a molecular weight of 
14 063 Da (single mutants) and 14 047 Da (double mutant). 
 

Figure 9. NEM molecule. 
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Figure 10. Mutant C164S (A), C223S (B) and C164SC223S (C). Cys223 residue shown in blue and Cys164 in 
green. Visualized with PyMol. Model from Knight et al, 2013 and Willander et al, 2012a.  
 
 

4.8 Immobilized metal ion affinity chromatography (IMAC) 
 
Immobilized metal ion affinity chromatography (IMAC) is widely used for isolation of 
histidine-tagged proteins. The protein sample is loaded onto a column of immobilized metal 
ions e.g. nickel ions. Interactions between the target protein and the metal ions cause retention 
on the column. The proteins are eluted by changing the pH or increasing the imidazole 
concentration (Hage, et al., 2012).  
 
HisTrap excel, 1 x 1 ml is an IMAC column optimized for eukaryotic protein purification. 
This column is prepacked with Ni Sepharose that binds proteins with a His6-tag. Cell media 
can be loaded directly after collection and the column can be operated with Äkta systems.  
 
 
4.9 Size exclusion chromatography (SEC) 
 
SEC, or commonly referred to as gel filtration, is used for separation of biomolecules 
according to size. Molecules are separated as they move through a column of porous beads. 
Large molecules move quickly compared to smaller ones that diffuse into the pores. Gel 
filtration is a common method for separation of proteins and peptides, salt removal or analysis 
of molecular size. The difference in retention depends on the mass and 3D shape of the 
protein (Hong, et al., 2012). 
 
The separation can be performed with high performance liquid chromatography (HPLC) or 
fast performance liquid chromatography (FPLC) e.g. Äkta systems. Äkta is a FPLC system 
introduced by Pharmacia in 1982. The system consists of a pump, injection valve, UV 
detector, conductivity meter, pH meter, fraction collector and an outlet valve. The sample can 
be injected into a sample loop or loaded automatically on the column. Äkta systems can be 
used for separation and quantification of biomolecules (Hong, et al., 2012).  
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4.10  Thioflavin T (ThT) 
 
ThT is a fluorescent probe that shows an increased fluorescence as well as a red shift of 
excitation (from 385 to 450 nm) and emission maximum (from 445 to 482 nm) when bound to 
amyloid fibrils. Tht is a benzothiazole dye of 319 Da first described in 1959, and now widely 
used for identification of fibril formation both in vitro and 
in vivo.  
The increase in fluorescence can be recorded under 
different conditions in parallel using a microplate-reader, 
e.g. how addition of anti-amylogenic chaperones affect 
the fibrillation (Biancalana and Koide, 2010). 
 
 
4.11  Circular dichroism (CD) 
 
CD is a common method for determination of protein 
secondary structure and stability. It is defined as the 
differential absorption of left and right-handed circularly 
polarized light. Proteins are chiral molecules that absorb 
different quantities of left and right circular light 
depending on the secondary structure and environment. 
The far UV region provides characteristic absorption 
spectra of secondary structural elements. A helical 
protein obtains a double minimum at 208 and 222 nm 
whereas antiparallel b-sheets show a negative absorption 
at 218 nm. Random coil or disordered structures have a 
minimum at 195 nm (Fig. 12). The contents of α-helices, 
β-sheets and random coil can be calculated from the 
amplitudes at different wavelengths compared to 
reference spectra of proteins with known secondary 
structures. Protein stability can be measured by recording 
changes in CD signal at different wavelengths when 
increasing the temperature or adding denaturing agents 
such as urea. (Greenfield, 2006). 
 
 
4.12  Luminescent conjugated oligothiophenes (LCOs) 
 
LCOs constitute a group of hypersensitive fluorescent probes used for imaging of Ab 
plaque maturation. The molecules have been shown to bind different Ab conformers with 
a unique fluorescence signature both in vitro and in vivo. Two LCO molecules, quadro-
formylthiophene acetic acid (qFTAA) and hepta-formylthiophene acetic acid (hFTAA) 
differ in structure and amyloid binding properties. qFTAA, which has an emission peak 
at 500 nm, binds mature Ab fibrils, whereas hFTAA binds both mature and pre-fibrillar 
Ab (emission maximum at 540 nm). Since qFTAA and hFTAA produce different spectra 
they can be used for simultaneous staining of plaque maturation. By using a mixture of 
qFTAA and hFTAA an age-dependent rearrangement of Ab plaque conformation could 
be seen in transgenic mice (Nyström, et al., 2013).  

Figure 11. ThT molecule. 

Figure 12. CD spectra of characteristic 
secondary structures. From Greenfield 2006. 
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Figure 13. qFTAA and hFTAA molecules. 
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5 Experimental procedures 
 
 
5.1 Eukaryotic Bri2 BRICHOS 
 
5.1.1 Cloning 
 
A pcDNA3.4-TOPO vector (Thermo Fisher Scientific, Waltham, USA; A14697) including 
the gene of human Bri2 BRICHOS (position 113-231 including part of the linker) fused with 
a single chain antibody (transthyretin) was digested with BamH I 10 U/µl 4000 U. The 
antibody fragment was removed and the linear vector DNA was sent for sequencing and re-
ligated to obtain a construct of; SP, His6-tag, thrombin cleavage site, Bri2 BRICHOS domain 
and AU1-tag. The construct was transformed in Nova Blue cells, plated on agar plates and 
incubated overnight. Selected clones were grown in LB media containing 15 µg/ml ampicillin 
at 37 °C overnight. The DNA was purified using miniprep or maxiprep kits (QIAGEN) 
according to the manufacturers protocol.  
 
 
5.1.2 Expression 
 
HEK293 cells (700 000 cells/flask) were cultured with Dulbecco’s modified Eagle’s medium 
(GibcoTM DMEM, high glucose, GlutaMAXTM; Thermo Fisher Scientific, Waltham, USA; 
61965-026), supplemented with 10% fetal bovine serum (FBS) (GibcoTM; Thermo Fisher 
Scientific, Waltham, USA; 10500-064) in T75 flasks until 90% confluence. The cells were 
transfected with 1.0 µg plasmid DNA using 0.03 mg/ml Lipofectamineâ2000 (Thermo Fisher 
Scientific, Waltman, USA; 11668-027). Cells without plasmid transfection were used as 
control. The cells were incubated with FBS free media for 28 h, detached and lysed in lysis 
buffer (100 mM Tris-HCl, 200 mM NaCl, 2 mM EDTA, 2% Triton-X). Total protein 
concentration was determined using Bradford protein assay (Bio-Rad, München, Germany; 
500-0006). 
 
Cells were incubated with 50 mM NEM (Sigma Aldrich, Darmstadt, Germany; E3876) 
diluted in PBS pH 7.4 at RT for 10 min prior to collection. Additional 50 mM NEM was 
added to the lysis buffer.  
 
N-glycans of Bri2 BRICHOS were removed by incubation with 5 Units N-glycosidase F 
(Roche, Mannheim, Germany; 11365193001) overnight at 37 °C.  
 
Expi293 cells (20 mvc/ml) cultured with Expi293TM Expression Media (Thermo Fisher 
Scientific, Waltham, USA; A1435101) were transfected with 250 µg plasmid DNA using 1 
mg/ml polyethylenimine (PEI) as transfection agent (Sigma Aldrich, Darmstadt, Germany; 
408727). 
 
All cell lysate samples were heated to 96 °C, loaded on 12% sodium dodecyl sulfate (SDS) 
gels (25-50 µg total protein) and analyzed by Western blot.  
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5.1.3 Immunoprecipitation 
 
Cell media was collected and residual cells were removed by centrifugation. Protein A 
Sepharose (GE Healthcare, Amersham, UK; 17-0780-01) was added and the sample was 
incubated for 1 h at 4 °C prior to immunoprecipitation in order to remove unspecific binding. 
The sample was incubated with polyclonal rabbit anti-AU1 antibody (1:1000) (Abcam, 
Cambridge, MA, USA; ab3401) for 1 h at 4 °C, followed by incubation with Protein A 
Sepharose for 2 h at 4 °C for capture of the antibody complex. The sample was washed with 
PBS and heated to 96 °C, loaded on a 12% SDS gel and analyzed by Western blot.  
 
 
5.1.4 Western blot 
 
The samples were separated on a 12% SDS gel and transferred to a Nitrocellulose membrane 
(GE Healthcare Life sciences, Amersham, UK) at 100 V for 1 h. The membrane was blocked 
with 5% milk in PBS for 30 min at RT, and incubated with polyclonal goat anti-Bri2 (1:250) 
or polyclonal rabbit anti-AU1 (1:1000) antibodies in buffer (5% milk in PBS, 0.01% Tween-
20) overnight at 4 °C. The membrane was washed with PBS-Tween and incubated with a 
secondary antibody (1:5000) (polyclonal rabbit anti-goat IgG/HRP (Thermo Fisher Scientific, 
Waltham, USA; 61-1620) or polyclonal donkey anti-rabbit IgG/HRP (GE Healthcare, 
Amersham, UK; NA934)) for 1 h at RT. ECLTM Western Blotting detection kit (GE 
Healthcare, Amersham, UK; RPN2209) was added after four times washing, and images were 
established by a charge-coupled device (CCD) camera (Fujifilm LAS-3000; Japan).  
 
 
5.1.5 HisTrap excel 1 x 1 ml 
 
The cell media was loaded on a HisTrap excel 1 x 1 ml column (GE Healthcare, Amersham, 
UK; 29-0485-86) connected to an Äkta prime system. The protein was eluted with 20 mM 
Tris-HCl, 300 mM imidazole, pH 7.4.  

 

5.2 Endogenous Bri2 BRICHOS 
 
SH-SY5Y cells (700 000 cells/flask) were cultured in DMEM/F-12 medium (GibcoTM 

DMEM/F-12, GlutaMAXTM; Thermo Fisher Scientific, Waltham, USA; 31331-028) with 
additional 10% FBS in T25 flasks until 60% confluence. The cells were grown in FBS free 
media for 24 h, incubated with 100 mM NEM diluted in PBS pH 7.4 for 10 min at RT. Cells 
with equal amounts of PBS were used as control. The immunoprecipitation and western blot 
were performed as described previously, using a polyclonal goat anti-Bri2 (1:250) antibody 
for both immunoprecipitation and western blot.  
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5.3 Cysteine to serine mutants 
 
5.3.1 Expression and purification 
 
The gene encoding His6-tag, NT* tag, thrombin cleavage site and human Bri2 BRICHOS 
(position 113-231 including part of the linker) had been inserted into a modified PET7 vector. 
The construct was transformed in Shuffle T7 competent cells. The cells were incubated at 30 
°C in LB media containing 15 µg/ml kanamycin until OD600 reached 0.7-0.9. The 
temperature was lowered to 20 °C and 0.5 mM isopropyl-thiogalactoside (IPTG) was added 
to induce protein expression overnight. The cells were harvested by centrifugation at 5000 
rpm, and resuspended in 20 mM Tris-HCl pH 8.0. The cells were sonicated for 5 min on ice 
(2 s on, 2 s off, 65% of max power) and the lysate was centrifuged at 4 °C for 30 min. The 
supernatant was loaded on a Ni-NTA column and the proteins were eluted with 300 mM 
imidazole, unbound proteins were washed away. The proteins were dialyzed against 20 mM 
Tris-HCl pH 8.0 and cleaved with either 1:250 or 1:1000 thrombin w/w ratio at 4 °C 
overnight. The released His6-tag-NT* part was removed by running an additional Ni-NTA 
column.  
 

5.3.2 SEC 
 

Different species of NT*-Bri2 BRICHOS were separated by Superdex 200 26/600 PG (GE 
Healthcare, Amersham, UK; 28989335). Bri2 BRICHOS was separated by Superdex 200 
10/300 GL increase (GE Healthcare, Amersham, UK; 17517501). The columns were operated 
with an Äkta prime system using 20 mM sodium phosphate buffer pH 8.0.  
 

5.3.3 Activity towards Ab42 fibril formation 
 
Purified monomeric Ab42 was used for kinetic analysis of fibril formation. A solution of 20 
µl containing 5 µM Ab42, 10 µM ThT and different concentrations of Bri2 BRICHOS (0.5, 
2.5 and 5 µM) were added to each well in a 96-well polyethylene glycol-coated polystyrene 
plate (Corning Glass, 3881). The samples were prepared in quadruplicate. The plate was 
incubated at 37 °C and fluorescence was recorded using a 440 nm excitation and 480 nm 
emission filter (FLUOStar Galaxy; BMG Labtech, Offenberg, Germany).  
 

5.3.4 CD analysis 
 
CD spectra were recorded in 20 mM sodium phosphate buffer pH 8.0 between 195 and 280 
nm at 20 °C using Chirascan (Applied photophysics). A 1 mm path length quartz cuvette was 
used and the wavelength step was set to 1 nm, averaging time 0.5 s and bandwidth of 1 nm. 
The spectra are average of ten consecutive scans.  
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5.3.5 Hetero dimer formation 
 
Dimers of single cysteine to serine mutations C164S and C223S were mixed to a final 
concentration of 5 µM, incubated at 37 °C overnight and analyzed by Western blot at time 
point 0 and 24 h. Dimers with and without a NT* tag were used in order to allow 
differentiation between homo and hetero dimer formation. A set of six different samples was 
prepared, see Table 1.  
 
 
Table 1. Mixture schedule of C164S and C223S dimers.  

1. NT*-Bri2 BRICHOS C164S + Bri2 BRICHOS C164S 
2. NT*-Bri2 BRICHOS C164S + Bri2 BRICHOS C223S 
3. NT*-Bri2 BRICHOS C223S + Bri2 BRICHOS C223S 
4. NT*-Bri2 BRICHOS C223S + Bri2 BRICHOS C164S 
5. NT*-Bri2 BRICHOS C164S + NT*-Bri2 BRICHOS C223S 
6. Bri2 BRICHOS C164S + Bri2 BRICHOS C223S 

 
 
5.4 LCOs 
 
A solution of 50 µl containing 5 µM Ab40 fibrils, 0.2 µM hFTAA or qFTAA and different 
concentrations of Bri2 BRICHOS (2.5, 5, 10, 15 and 20 µM) were added to each well in a 96-
well polyethylene glycol-coated polystyrene plate (Corning Glass, 3881). The plate was 
incubated at 37 °C and fluorescence was recorded using a 440 nm excitation and 480 nm 
emission filter (FLUOStar Galaxy; BMG Labtech, Offenberg, Germany). The samples were 
diluted in 20 mM sodium phosphate buffer pH 8, and each condition was prepared in 
triplicate. 
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6 Results and discussion 
 
 
6.1 Eukaryotic Bri2 BRICHOS 
 
6.1.1 Cell lysate 
 
Oligomers were detected in the cell lysate of eukaryotic cells. HEK293 cells were transfected 
with human Bri2 (position 113-231, corresponding to the BRICHOS domain and part of the 
linker) and grown for 28 hours in FBS free media. The cell media was incubated with 50 mM 
NEM for 10 min prior to collection, control cells were incubated with equal amounts of PBS. 
The cells were lysed with lysis buffer including 50 mM NEM. A total protein amount of 25 
µg was loaded in each well and analyzed by Western blot using an anti-Bri2 antibody. E.coli 
produced Bri2 BRICHOS and non-transfected cells were used as controls and treated under 
the same conditions. 
 
The lysate of transfected cells shows a band around 20 kDa under reducing conditions for 
both NEM treated and non-treated cells (Fig. 14A). The construct has a molecular mass of 16 
354 Da without the SP, plus an additional 2-3 kDa if glycosylated. The fact that the protein 
has an N-glycosylation site at position 170 suggests that most of the protein (around 20 kDa) 
is glycosylated. The NEM treated sample displays a band slightly above the non-treated one, 
suggesting that Bri2 BRICHOS adopts a less compact structure in presence of NEM. NEM 
might affect the intramolecular disulfide bond or interact unspecifically with other parts of the 
protein.  
 
SDS-PAGE under non-reducing conditions shows several bands for the transfected cells, both 
with and without NEM treatment (Fig. 14A). Monomers, dimers and tetramers are present 
together with higher molecular weight structures trapped at the upper part of the gel. The fact 
that the same bands appear in both NEM treated and non-treated samples confirms that 
oligomers are formed prior to sample preparation, i.e. in the cells, rather than a result of 
inadvertent disulfide formation during laboratory manipulation, which is prevented by 
addition of NEM. No Bri2 BRICHOS was found in the control cells.  
 
 
6.1.2 Cell media 
 
Proteins found in the cell lysate have not been secreted from the cell, and have consequently 
not passed the quality controls in the secretory pathway. Incorrectly folded proteins might be 
present in the cell before degradation.  
 
If oligomers are formed extracellular they should be detected in cell media. Purification of 
cell media from transfected Expi293 cells resulted in detection of monomers, dimers, 
tetramers and larger oligomers.   
 
Highly viable Expi293 cells were transfected with a vector for expression of human Bri2 
BRICHOS (position 113-231 including part of the linker) and incubated for 9 days. The cell 
media was collected and purified using a HisTrap excel 1 x 1 ml column. The His6-tag should 
bind to the column and thereby allow isolation of Bri2 BRICHOS from the complex cell 
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media. Elution with 20 mM Tris-HCl, 300 mM imidazole, pH 7.4 resulted in a single peak of 
800 mAU, see Fig. 14B.  
 
Western blot shows monomeric bands at 20 kDa for fractions 1-4 corresponding to the highest 
amplitudes of the eluted peak (Fig. 14C). Dimers, tetramers and higher molecular weight 
structures were found for all fractions under non-reducing conditions, which indicate that 
oligomers found intracellularly can also exist and remain in the extracellular environment. 
 
The initial aim was to obtain high yields of pure Bri2 BRICHOS produced in eukaryotic cells 
for biophysical measurements and functional characterization. Unfortunately, after 
purification several bands appeared on a SDS gel under reducing conditions (Appendix II), 
showing that other proteins were still present. An anti-His antibody was used to confirm that 
the His6-tag was intact and not cleaved off during passage through the secretory pathway. The 
expression and purification protocol needs to be optimized in order to obtain higher levels of 
eukaryotic expressed Bri2 BRICHOS. The design of the construct should also be considered, 
e.g. the location of the His6-tag might not be optimal for HisTrap purification. 
 
Purification from HEK293 cell media was also performed using either immunoprecipitation 
or HisTrap purification. Bri2 BRICHOS was detectable under reducing but not under non-
reducing conditions, probably due to too low protein concentration compared to Expi293 
cells.  
 
Overall, these results confirm that the oligomers found for E.coli produced Bri2 BRICHOS 
are formed also in eukaryotic cells and pass the quality controls of the secretory pathway, and 
are thus not likely artifacts formed due to bacterial overexpression. 
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6.1.3 Endogenous Bri2 BRICHOS 
 
Large oligomers of Bri2 BRICHOS were detected in cell media of a neuronal cell line that 
expresses endogenous Bri2. 
 
SH-SY5Y cells were incubated with 100 mM NEM and immunoprecipitated using an anti-
Bri2 antibody, control cells were incubated with equal amounts of PBS. Endogenous Bri2 
BRICHOS was detected with Western blot using an anti-Bri2 antibody.  
 
A monomeric band around 25 kDa was found under reducing conditions, whereas large 
oligomers appeared under non-reducing conditions (Fig. 15A). The bands at 50 kDa 
correspond to protein A Sepharose that is left from the immunoprecipitation due to 
insufficient separation of the antigen. Bri2 BRICHOS dimers might be present but are not 
possible to detect due to a similar molecular weight as protein A Sepharose. The fact that the 
NEM treated cell media results in the same bands as the non-treated one confirms that the 
oligomers are formed in the media prior to immunoprecipitation. This result suggests that SH-
SY5Y cells secrete Bri2 BRICHOS mainly as large oligomers, or that oligomers are rapidly 
formed once Bri2 BRICHOS is secreted. 
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Figure 14. Oligomers in cell lysate 
and cell media of HEK293 and 
Expi293 cells expressing Bri2 
BRICHOS. (A) Lysate of HEK293 
cells treated with (+) and without (-) 
NEM. Non-transfected cells denoted 
C. (B) HisTrap excel 1 x 1 ml cell 
media purification. (C) Fractions 1-4 
corresponding to the eluted peak 
from HisTrap purification. FT = 
Flow through, W = Wash. All 
samples were analyzed by Western 
blot under reducing and non-
reducing conditions. 
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6.1.4 Deglycosylation experiment 
 
The functionality of the predicted glycosylation site at position 170 was confirmed using N-
glycosidase F treatment. This enzyme cleaves off N-glycans, which can be detected as a shift 
in SDS-PAGE migration between treated and non-treated samples. Both control and 
transfected cells were incubated with N-glycosidase F and 50 µg total protein was analyzed 
by Western blot using an anti-Bri2 antibody. The difference in migration distance between N-
glycosidase F treated and non-treated samples confirms the presence of N-linked glycans, 
with a calculated mass difference around 3.1 kDa. The removal of the N-glycan was observed 
both in cell lysate and cell media, see Fig. 15B. No bands were found for non-transfected cells 
(not shown).  
 

 
 
Figure 15. Endogenous oligomers and glycosylation. (A) SH-SY5Y cell media incubated with (+) or without 
NEM (-). Media without cells (denoted M) was used as control. (B) Cell lysate and cell media of transfected 
HEK293 cells expressing Bri2 BRICHOS incubated with (+) or without N-glycosidase F (-). Analyzed by 
Western blot under reducing and non-reducing conditions.  

 
6.2 Cysteine to serine mutants 
 
Recombinant mutants of human Bri2 BRICHOS (position 113-231 including part of the 
linker) were used to investigate the importance of strictly conserved cysteine residues. Two 
single mutants (C164S and C223S) and one double mutant (C164SC223S) were produced in 
E.coli. Single mutants form stable disulfide dependent dimers with different binding strengths 
(i.e. stability of the disulfide in presence of b-mercaptoethanol) and ability to prevent Ab42 
fibril formation. The dimers could rearrange the disulfides as heterodimers were formed upon 
mixture of the mutants. All mutants form larger non-covalent linked oligomers independently 
of what cysteine residue(s) is/are mutated. The monomers get partially degraded in absence of 
one or two cysteines suggesting that an intramolecular disulfide bond is crucial for the 
monomer’s stability.  
 
All constructs are fused with a mutated spider silk protein N-terminal domain (NT*) to obtain 
higher yields of soluble proteins. The cells were sonicated and the fusion protein was purified 
on a Ni-NTA column. Mutated NT*-Bri2 BRICHOS, with a molecular mass around 30 kDa 
was well overexpressed and soluble after sonication. All constructs resulted in essentially 
pure proteins after the Ni-NTA purification (Fig. 16). About 115 and 124 mg fusion protein 
were obtained per liter culture for C164S and C223S mutants. The double mutant purification 
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resulted in 70 mg fusion protein per liter culture. A disulfide dependent dimer around 60 kDa 
is found for both single mutants. The double mutant is not able to form any disulfide 
dependent dimers due to absence of cysteine residues. 
 

 

Figure 16. Purification of mutant NT*-Bri2 BRICHOS fusion proteins. Sonication and Ni-NTA purification. 
SDS gels of C164S (A), C223S (B) and C164SC223S (C). SN = Supernatant, P = Pellet, FT = Flowthrough, W 
= Wash, 500 = regenration with 500 mM imidazole, NR = Non-reducing conditions. 

 
Different size species of NT*-Bri2 BRICHOS were separated by Superdex 200 26/600 PG gel 
filtration column corresponding to oligomers, dimers and monomers, denoted p1, p2 and p3 
(Fig. 17A). The oligomer and monomer peaks elute at the same volume for all mutants, but 
the dimer peak is slightly shifted for the double mutant. C223S gives the largest oligomer and 
dimer peak but shows the poorest separation. All monomer peaks have low amplitudes 
compared to the wild type monomer (not shown). Fractions of each peak were collected and 
analyzed by SDS-PAGE and native PAGE. 
 
 
6.2.1 Fusion protein NT*-Bri2 BRICHOS (C164S) 
 
SDS-PAGE shows that the oligomer peak contains NT*-Bri2 BRICHOS monomers and 
disulfide dependent dimers (Fig. 17E). The second peak contains exclusively dimers. No 
disulfide-linked oligomers were formed, in accordance with the presence of only one cysteine 
per molecule.  
 
Oligomers are seen under native conditions since higher molecular weight structures held 
together by non-covalent interactions are trapped at the upper part of the gel (Fig. 17B). 
Native PAGE shows that the dimer peak contains dimers plus two additional bands. The 
upper bands correspond to higher molecular weight assemblies e.g. tetramers but this cannot 
be further defined due to the lack of native PAGE molecular markers.  
 
Both SDS-PAGE and native PAGE show that NT*-Bri2 BRICHOS dimers are mainly held 
together by intermolecular disulfide bonds. The presence of non-covalent oligomers confirms 
that the oligomerization seen in the wild type protein does not require disulfide linkages. The 
monomer peak shows a weak band with the size of a monomer and faster migrating bands are 
present, suggesting that the proteins have been partially degraded. This can be seen already in 
the chromatogram considering the low amplitude of the NT*-Bri2 BRICHOS (C164S) 
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monomer peak. The absence of Cys164 seems to affect the stability of the monomer, making 
the structure less compact and more accessible to proteases. 
 
 
6.2.2 Fusion protein NT*-Bri2 BRICHOS (C223S) 
 
The oligomer peak shows a similar composition as for the corresponding C164S construct. 
Monomers and disulfide dependent dimers are seen in SDS-PAGE (Fig. 17F) together with 
larger oligomers observed by native PAGE (Fig. 17C). 
 
The dimer peak shows both dimers and monomers upon SDS-PAGE, while for the C164S 
construct exclusively dimers were seen. This can be explained by difference in disulfide 
strength between the two single mutants. The presence of monomers for C223S suggests that 
a weaker disulfide bond is formed, or that the monomer has a less accessible conformation for 
dimer formation. This results in a less stable dimer compared to C164S, in which Cys223 
forms a stronger intermolecular disulfide.  
 
The monomer peak contains cleaved fragments, probably due to increased accessibility for 
proteases as described for C164S. Both the small shoulder (denoted p1*) and the dimer peak 
contain disulfide linked dimers and large non-covalent oligomers. The dimer peak of C223S 
contains more oligomeric species compared to C164S, which contains mainly dimers.  
 
 
6.2.3 Fusion protein NT*-Bri2 BRICHOS (C164SC223S) 
 
The double mutant is not able to form any disulfide dependent dimers or oligomers due to 
lack of cysteine residues (Fig. 17G). The native gel shows monomers and larger oligomers for 
the first and second peak, see Fig. 17D. The oligomers are formed by hydrophobic and non-
covalent interactions. The monomer peak displays similar bands as for the two single mutants, 
which suggests that a structure with lack of cysteines easily gets degraded. This further 
confirms the importance of cysteine residues for monomer stability. 
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Figure 17.  Purification of mutant NT*-Bri2 BRICHOS fusion proteins. (A) Size exclusion chromatography 
of C164S (blue), C223S (red) and C164SC223S (green). (B-D) Native gels of C164S, C223S and C164SC223S 
respectively. (E-G) SDS gels of C164S, C223S and C164SC223S. Oligomer peak denoted p1, shoulder p1*, 
dimer peak p2 and monomer peak p3. 

 
6.2.4 Single mutant dimers 
 
The dimer fractions of NT*-Bri2 BRICHOS (C164S) and NT*-Bri2 BRICHOS (C223S) were 
cleaved and purified further. Both fractions contain disulfide dependent dimers of NT*-Bri2 
BRICHOS.  
 
The proteins were cleaved with 1:250 thrombin w/w ratio and the NT* tag was removed by 
Ni-NTA purification. SDS-PAGE and native PAGE show that both single mutants of Bri2 
BRICHOS (with a molecular mass of 14 063 Da) contain disulfide dependent dimers (Fig 
18A-B). Larger oligomers are formed under native condition, the lowest bands correspond to 
dimers, see Fig. 18C. There is a shift in ratio between dimers and higher molecular assemblies 
between the two mutants. Monomers are found for C223S, as observed before.  
 
Bri2 BRICHOS dimers were separated by Superdex 200 10/300 GL increase gel filtration 
column and three peaks resolved; p2-1, p2-2 and p2-3 (Fig. 18D). The second and third peak 
of C164S differs in size, while for C223S the two peaks have similar amplitudes. There is a 
small shift in elution volume between the mutants. This can be explained by structural 
differences between the two homodimers, likely a more compact conformation of C223S, 
which leads to larger elution volume compared to C164S. 
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Fractions were collected from all peaks and analyzed by SDS-PAGE and native PAGE. Both 
mutants contain stable disulfide dependent dimers in the second and third peak, see Fig. 16E. 
Monomers are present for C223S under non-reducing conditions, whereas C164S forms 
exclusively dimers. This result shows that covalent homodimer formation of C223S is not 
complete, which further supports the presence of a weaker disulfide compared to C164S.  
 
All fractions of C164S show dimer bands upon native PAGE (Fig. 18F-G). C223S displays a 
weak band in the second fraction but whether this is a dimer or not cannot be confirmed. A 
higher amount of proteins need to be loaded for visualization in native PAGE. 
 
Overall this confirms that the single mutant Bri2 BRICHOS dimers are mainly held together 
by intermolecular disulfide bonds, just like the NT*-Bri2 BRICHOS dimers. Both mutants 
stay stable upon thrombin cleavage and SEC. The third dimer fractions were chosen for 
further experiments as they resulted in well-resolved peaks and dimer bands. A western blot 
was run for both thrombin cleaved and non-cleaved dimer fractions to confirm that the bands 
indeed correspond to Bri2 BRICHOS (Appendix IV). 
 
 

 
 
Figure 18. Purification of Bri2 BRICHOS single mutant dimers. Cleavage and Ni-NTA purification. SDS 
gels of C164S dimer (A) and C223S dimer (B). (C) Native gel of C164S dimer (left) and C223S dimer (right). 
(D) Size exclusion chromatogrphy of C164S dimer (blue) and C223S dimer (red). (E) SDS gel of separated 
dimer fractions of C164S (left) and C223S (right). (F-G) Native gels of dimer fractions of C164S (left) and 
C223S (right). AC = After cleavage, FT = Flow through, NR = Non-reducing conditions.  
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6.2.5 The C164SC223S double mutant 
 
The fusion protein of the double mutant oligomer, dimer and monomer peak were cleaved 
with 1:1000 thrombin w/w ratio. Samples were collected before and after removal of the NT* 
tag (Fig. 19A-B). Unfortunately, the samples still contain a lot of uncleaved proteins after Ni-
NTA purification, suggesting that the amount of thrombin was insufficient. The oligomer and 
dimer fraction contain monomers whereas larger oligomers are found under native condition. 
The monomer peak contains partially degraded monomers. 
 
The oligomer, dimer and monomer peak were separated by Superdex 200 10/300 GL increase 
gel filtration column. Two larger peaks denoted p1-1 and p2-1 were eluted followed by 
several smaller peaks, see Fig. 19C. Separation of the monomer peak (not shown) resulted in 
small peaks in the range between 15 and 20 ml.  
 
Analysis by SDS-PAGE and native PAGE show that p1-1 and p2-1 are the only fractions that 
contain Bri2 BRICHOS protein (Fig. 19D-F). No bands were visible for the monomeric 
species (not shown). Larger oligomers were formed under native conditions. Some fractions 
contains the NT* tag due to inefficient removal by Ni-NTA purification. This can be seen in 
the chromatogram as NT* is eluted far away from the Bri2 BRICHOS containing peaks. 
 

 

Figure 19. Purification of Bri2 BRICHOS C164SC223S. Cleavage and Ni-NTA purification. SDS gels and 
native gels of C164SC223S oligomer, dimer and monomer peak (A-B). (C) Size exclusion chromatography of 
oligomer rich samples (p1 and p2) (D-F) SDS gels and native gels of separated fractions. AC = After cleavage, 
FT = Flow through, NR = Non-reducing conditions. 
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6.2.6 CD analysis 
 
CD spectroscopy was used to analyze the secondary structure of single mutant Bri2 
BRICHOS dimers. The double mutant was also included using both the Bri2 BRICHOS-
containing peaks (p1-1 and p2-1). 
 
The overall secondary structure is similar between all mutants, see Fig. 20. The minimum at 
208 nm is slightly blue-shifted compared to the wild type dimer, which points towards more 
unstructured mutant proteins with influence of random coil. The wild type dimer should in 
theory be able to form two intermolecular disulfide bonds generating a compact and stable 
structure. The mutants are limited to one or none disulfide bond which might result in a less 
structured protein.  
 
C164S and C223 show similar CD spectra as the Bri2 BRICHOS wild type monomers, the 
most unstructured wild type species (not shown). This can be explained by absence of one 
cysteine, but also by presence of monomers, especially for C223S. The double mutant 
fractions contain both monomers and larger oligomers resulting in a structure similar to the 
wild type oligomer (not shown).  
 
In summary, all mutants show CD spectra with characteristic helical contents (minimum at 
208 and 222 nm), with slightly differences in shape and amplitude. This result supports that 
the mutants are folded and stable although a bit more unstructured than the wild type dimer. 
However, difference in secondary structure does not have to correlate with differences in 
tertiary or quaternary structures. 
 

 
 
Figure 20. CD spectra of dimer (single mutants) and oligomer (double mutant) rich samples. The spectra 
are averages of ten consecutive scans. 

 
6.2.7 Activity towards Ab42 fibril formation 
 
All mutant Bri2 BRICHOS dimers suppress Ab42 fibril formation, seen as a prolonged lag 
phase and slower rate. The effects of the single mutants are dose dependent and differ in 
efficiency, see Fig. 21. C223S shows a similar inhibition as the wild type dimer at low 
concentrations but is less efficient at high concentrations. Surprisingly, C164S is even more 
efficient than the wild type at all concentrations. 
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The wild type dimer has been shown to be more efficient than the monomer and oligomer (not 
shown). The stable and structured wild type dimer was therefore believed to be the most 
efficient species. Difference in dimer structure between the wild type and single mutants may 
affect the ability to prevent Ab42 fibrillation, making C164S more advantageous than both 
the wild type and C223S. The presence of monomers might also explain the less efficient 
inhibition for C223S. 
 
 

 

Figure 21. Suppression of Ab42 fibril formation dimer rich samples (single mutants).  5 µM Ab42 was 
incubated at 37 °C alone or in presence of 0.5, 2.5 or 5 µM C164S or C223S dimer rich fractions. The spectra 
are averages of three consecutive scans. 

 
The double mutant fractions obtain low amplitudes with no dose dependency suggesting that 
unspecific effects are observed, e.g. an incorrectly folded double mutant may interfere with 
Ab42 fibril formation in multiple ways (Fig. 22). This may be related to the different 
secondary structure of the double mutant compared to the single mutants (Fig. 18), but this 
needs further investigations. 
 
 

 

Figure 22. Supression of Ab42 fibril formation oligomer rich samples (double mutant).  5 µM Ab42 was 
incubated at 37 °C alone or in presence of 0.5, 2.5 or 5 µM C164SC223S oligomer rich fractions. The spectra are 
averages of three consecutive scans. 
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6.2.8 Hetero dimer formation 
 
The formation of homo dimers between Cys164-Cys164 and Cys223-Cys223 was observed in 
all purification steps. Bri2 BRICHOS dimers of C164S and C223S mutants were mixed to 
investigate if they can form heterodimers between two different cysteine residues. 
 
The mutants were mixed and analyzed by Western blot after 0 and 24 hours incubation using 
an anti-Bri2 antibody. Both NT*-Bri2 BRICHOS and Bri2 BRICHOS were used in order to 
distinguish between formation of homo and hetero dimers. Dimerization between one fused 
and one cleaved off mutant should appear as a band at 44 kDa (29 587 Da + 14 063 Da). 
Shown in Table 1, samples 1-4 consist of a combination of NT*-Bri2 BRICHOS and Bri2 
BRICHOS whereas samples 5 and 6 contain either fused or cleaved off target proteins, used 
as controls. Hetero dimers with unique masses can be theoretically formed in sample 2 and 4, 
the last two samples will generate hetero dimers but within the same molecular masses as the 
homodimers.  
 
Western blot after 0 h incubation indicates again that C164S is hard to reduce since dimer 
bands are present under reducing conditions. The bands between 25 and 35 kDa consist of 
Bri2 BRICHOS dimers (upper band) and NT*-Bri2 BRICHOS monomers (lower band). The 
NT*-Bri2 BRICHOS dimer appears at 60 kDa. The result suggests that the disulfide between 
two Cys223 residues is stronger than the one between Cys164 residues. This is in line with 
previously observation that mainly dimers are formed for C164S compared to C223S, which 
contains both dimers and monomers. The monomer leakage for C223S mutant can be seen 
under non-reducing conditions (Fig. 23A).  
 
Double bands between 40 and 50 kDa were found for sample 2-5. The bands for sample 2 and 
4 appear as a consequence of heterodimer formation between C164S and C223S. No bands 
should be visible for sample 5 since only fusion proteins were used in this mixture. The 
appearance of these bands might be due to thrombin remnants in the column used for 
purification. 
 
The result after 24 h incubation show additional bands with strong intensities, see Fig. 23B. 
Double bands between 40 and 50 kDa are found for all samples except number 6. This result 
confirms the hypothesized formation of heterodimers, even if thrombin contamination results 
in unexpected bands for sample 5.  
 
Native condition shows a similar pattern (Appendix IIIA). The membrane at 24 hours was 
incubated with anti-NT* antibody to confirm that the NT* tag is intact and not cleaved off by 
contaminating thrombin. Unfortunately, NT* tags are present in most of the samples 
(Appendix IIIB). However, the result does still confirm that formation of heterodimers take 
place between the two mutants.  
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Figure 23. Hetero dimer formation between dimer rich fractions (single mutants). (A) Mixture after 0 h. (B) 
Mixture after 24 hours. All samples were analyzed by Western blot under reducing and non-reducing conditions.   
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7 Future perspectives 
 
The work in this thesis shows that Bri2 BRICHOS form dimers and oligomers in 
eukaryotic cells. Similar quaternary structures have been found for E.coli produced 
protein. Large oligomers were also secreted from neuronal cells, suggesting that the 
oligomeric species might have a physiological function.  
 
Recombinant E.coli produced oligomers possess a general chaperone activity while 
monomers and dimers are efficiently inhibiting Ab42 fibril formation. Bri2 BRICHOS 
activity towards Ab42 and destabilized proteins is thus mediated by different quaternary 
structures. It would be interesting to see whether this decoupling is seen also for 
eukaryotic Bri2 BRICHOS. Purification of Bri2 BRICHOS from HEK293 cells resulted 
in low amounts of proteins with poor purity. The purification needs further improvements 
to enable biophysical measurements.  
 
In terms of treatment strategy, one idea is to use a small molecule that binds endogenous 
BRICHOS and activates it towards Ab42 fibrillation. Such molecule can affect already 
active monomers in CNS by increasing their target towards Ab fibrils. Another idea is to 
find a molecule or change the microenvironment resulting in dissociation of large 
oligomers into dimers and monomers, and thus switch the activity as a general chaperone 
towards an Ab42 fibril inhibiting chaperone. One problem with this strategy can be 
disruption of proteastasis if the oligomers have a crucial function inside or outside the 
cell. The mechanism as a general chaperone therefore needs further investigations. One 
can also up-regulate transcription factors, modulate the Bri2 processing or use viral gene 
transfer to target endogenous Bri2 BRICHOS.  
 
One treatment strategy is to use BRICHOS as a drug to inject in patients. In vivo studies 
have been performed using Drosophila melanogaster and mice expressing a fusion 
protein of Bri2 and Ab42. Both these studies showed inhibition of fibril formation and 
associated toxicity (Poska, et al., 2016; Kim, et al., 2013). A more realistic situation 
would be to deliver recombinant Bri2 BRICHOS in the circular system of transgenic AD 
mice. It is a challenge to get proteins to cross the blood brain barrier (BBB) but recent 
data from our group indicates that recombinant Bri2 BRICHOS can cross the BBB of 
wild type mice (Tambaro, et al., 2017). A second challenge is to get enough Bri2 
BRICHOS to pass, in order to affect the toxicity in AD brains. Methods that facilitate 
passage can be used e.g. design a construct that bind receptors in the BBB and thus 
increase the transport.  
 
The goal with AD treatment would be to administer drugs after the onset of disease. Most 
of the in vitro and in vivo studies have used Ab peptides that have not yet been converted 
to fibrils. BRICHOS effect on already existing fibrils needs further investigations if used 
as AD treatment. Also the molecular mechanism of the interaction between Bri2 
BRICHOS and Ab needs to be considered. The physiological role of Bri2 in Ab’s life 
cycle is worth continuous studies e.g. the relevance of Bri2 deposits in AD brains. 
 
The presence of cysteine residues is crucial for the monomer to stay stable in the cellular 
environment. Cysteine to serine mutants used in this thesis confirm the formation of an 
intramolecular disulfide bond in the wild type protein. Different quaternary structures are 
formed in the cell by rearrangement of disulfide bonds and assembly via non-covalent 
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interactions. The disulfide bond Cys223-Cys223 creates a stable dimer with a remarkable 
high efficiency against Ab42 fibril formation, especially in the absence of Cys164. The 
presence of one disulfide might result in a more flexible structure that targets a larger 
surface of the fibrils. The C164S mutant should therefore be considered in further studies 
of Bri2 BRICHOS as a potential treatment strategy. 
 
Overall, the work in this thesis supports that Bri2 BRICHOS acts as an anti-amyloid 
chaperone. The fact that BRICHOS is present in a large variety of proteins in different 
organs suggests that it functions as a natural endogenous amyloid inhibitor. The ability to 
delay Ab42 fibril formation and toxicity both in vitro and in vivo makes it a potential 
treatment tool for AD. The BRICHOS domain has also been found to inhibit fibrillation 
of other amyloid proteins (Nerelius, et al., 2009). These findings suggest that the 
BRICHOS domain is a promising pharmaceutical against AD but also other amyloid 
diseases.  
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8 Conclusions 
 
 

• Bri2 BRICHOS forms oligomers in cell lysate and cell media of transfected HEK293 
cells 

 
• Endogenously produced Bri2 gives rise to large secreted oligomers of Bri2 BRICHOS 

 
• Bri2 BRICHOS is glycosylated  

 
• Oligomer formation is not dependent on intermolecular disulfide bonds  

 
• Single mutants can form homo and hetero dimers of different disulfide strength, with 

an equal or even higher anti-Ab42 activity than the wild type dimer 
 

• At least one cysteine residue is required for dose dependent suppression of Ab42 fibril 
formation 

 
• Both cysteine residues are required for the monomer’s stability 
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Appendix 
 

                   
Figure I. Bri2 BRICHOS partially competes with hFTAA and qFTAA binding to Ab40 aggregates. 
Increasing Bri2 BRICHOS concentrations (0-20 µM) lower the hFTAA (A) and qFTAA fluorescence (B). The 
decrease in hFTAA fluorescence at 540 nm (C) and qFTAA fluorescence at 500 nm (D). 

 

 
 
Figure II. Fractions 1-4 of eluting peak from Expi293 cell media. SDS gel under reducing conditions. FT = 
Flow through, W = Wash. 
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Figure III. Hetero dimer formation between dimer rich fractions (single mutants). (A) Native conditions 
after 24 h (left) and 0 h (right). (B) Incubation with a polyclonal anti-NT antibody. Analyzed by Western blot.   

 
 

 
 

Figure IV. Western blot of cysteine to serine mutants. Single mutant NT*-Bri2 BRICHOS and Bri2-
BRICHOS dimer rich fractions and single mutant NT*-Bri2 BRICHOS monomer fractions. All under reducing 
conditions.  
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