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Abstract 

 

The study and understanding of Alzheimer’s disease on protein level is fundamentally 
important in the search for its treatment and there is a demand for proteins that can be used 
together with candidate drugs in crystallography trials. The refolding time reaching up to 
three weeks for beta-site APP cleaving enzyme 1 (BACE1), the proposed disease-generating 
protein, is presently not optimal and new protein constructs are needed. In attempts to shorten 
the refolding time the six cysteins in BACE1 were substituted to hydrophobic valine or 
alanine residues. The proteins, both wild type and mutant BACE1, were expressed in 
Escherichia coli, refolded for one week and purified by ion exchange chromatography and gel 
filtration. The final products were characterised by measuring stability, homogeneity and 
enzyme activity. There was significantly lower protein yield for the mutants compared to the 
wild type BACE1, indicating that generation of the disulphide bonds are important for 
correctly folded and stable BACE1. Also, it was found that the three different disulphide 
bonds are not equally important during refolding, with Cys278-Cys443 being the most important 
and Cys216-Cys420 and Cys330-Cys380 being of less importance. The present work shows that 
one week of refolding is enough for a sufficient protein yield of wt BACE1 and that the 
current refolding time for wt BACE1 can be shortened. Furthermore the disulphide bridges in 
BACE1 are important for forming an active protein with correct fold. 

 

 
 



Sammanfattning 

Studie och förståelse för Alzheimer’s sjukdom på proteinnivå är grundläggande i sökandet 
efter en behandling och det är ett behov av protein som kan användas tillsammans med 
potentiella läkemedel i kristallografiska experiment. En återveckningstid på upp till tre veckor 
för beta-site APP cleaving enzyme 1 (BACE1), det troliga sjukdomsgenererande proteinet, är 
inte optimalt och nya proteinmodeller är nödvändiga. Försök där de sex cysteinerna i BACE1 
ersattes av de hydrofoba aminosyrorna valin eller alanin utfördes för att förkorta 
återveckningstiden. Protein, både vildtyp och mutant BACE1, uttrycktes i Escherichia coli, 
återveckades en vecka och renades med jonbyteskromatografi och gelfiltrering. Produkterna 
karakteriserades genom mätning av stabilitet, homogenitet och enzymaktivitet. Proteinutbytet 
var avsevärt mindre för mutanterna jämfört med vildtypen, vilket tyder på att bildandet av 
disulfidbryggorna är viktigt för korrekt veckat och stabilt BACE1. Dessutom upptäcktes att de 
tre disulfidbryggorna inte är lika viktiga för återveckningen. Cys278-Cys443 är viktigast medan 
Cys216-Cys420 och Cys330-Cys380 är mindre viktiga. Detta arbete visar att en veckas 
återveckning ger tillräcklig mängd protein av vildtypen av BACE1 och att den nuvarande 
återveckningstiden kan förkortas, samt att disulfidbryggorna i BACE1 är viktiga för att bilda 
ett aktivt protein med korrekt veckning. 

 

 

 

 

 

 

 

 

 

 

 

  



Abbreviations 

Aß amyloid-ß 

APP amyloid precursor protein 

BACE1 beta-site APP cleaving enzyme 1 

Bis-Tris Bis (2-hydroxyethyl) imino-tris (hydroxymethyl) methane-HCl 

BME beta-mercaptoethanol 

CCD charge-coupled device 

CSF cerebrospinal fluid 

CV column volume 

DNase I deoxyribonuclease I 

DLS dynamic light scattering 

DTT dithiotreitol 

E. coli Escherichia coli 

Eu europium 

FAD familiar Alzheimer’s disease  

FPLC fast protein liquid chromatography 

HRP horseradish peroxidase 

IEX ion-exchange chromatography 

IPTG isopropyl β-D-1-thiogalactopyranoside 

MOPS 3-(N-morpholino) propane sulfonic acid 

MQ Milli-Q 

MWCO Molecular weight cut-off 

LDS lithium dodecyl sulfate 

PVDF polyvinylidene difluoride 

pI isoelectric point 

Q quaternary ammonium 

RT-PCR real-time polymerase chain reaction 

SAD sporadic Alzheimer’s disease  
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis  

Tm midpoint of melting temperature 

T-PBS tween-phosphate buffered saline 

TRF time-resolved fluorescence 

wt wild type 
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1. Introduction 

 

1.1 Background 

With the rise in life expectancy follows a growing number of individuals developing 
neurodegenerative disorders [Jakob-Roetne and Jacobsen 2009]. With more individuals being 
in the risk of these common diseases, there are many people not being able to take care of 
themselves and living a normal life when getting older. Therefore, great expectations for 
prevention and treatments of these neurodegenerative changes lie on the researchers, not only 
for the possibility for old people to have a decent life, but also for the great savings that can 
be achieved within public health. One major determinant for succeeding with finding a 
treatment for dementia is to be able to discover the cause of the disease and to develop disease 
models in vitro and find a way to prevent its development in vivo. In order to achieve this, the 
models have to be simple, time-efficient and reproducible.  

1.2 Alzheimer’s disease 

Alzheimer’s disease (AD) is the most common reason for dementia, with 24 million patients 
worldwide, and can be explained as progressive memory impairment in the late life [Jakob-
Roetne and Jacobsen 2009]. The cause of dementia is an immense loss of synapses and 
neuronal death, occurring in the cortical region of the brain, including cerebral cortex, 
enthorinal cortex and hippocampus [Vassar 2002]. These areas are crucial for establishing 
long-term memory [Jakob-Roetne and Jacobsen 2009]. At worst, the disease leads to 
disableness and death [Vassar 2002]. The hallmark of AD is formation of amyloid plaques 
(aggregated amyloid-ß (Aß)) consisting of mainly the two peptides Aß40 and Aß42. Both 
Aß40 and Aß42 play an important role in AD [Chiang et al. 2008], but AD patients have a 
larger amount of Aß42 in the plaques, which is more amyloidogenic [Stockley and Neill 
2008] and has been shown being more inclined to form plaques than Aß40 [Jakob-Roetne and 
Jacobsen 2009]. 

There are both familiar and sporadic cases of AD. Familiar Alzheimer’s disease (FAD) is 
caused by autosomal dominant mutations in genes important for the formation of Aß42, e.g. 
amyloid precursor protein (APP) [Vassar 2002]. These mutations result in early-onset of AD 
by either greater amount of Aß-peptide or Aß42 produced, often before the age of 65 [Jakob-
Roetne and Jacobsen 2009]. The mutated genes described above are rare, and the more 
common form of AD is sporadic (SAD), dependent of both genetic and environmental factors. 

Diagnosing AD is difficult, while there are no symptoms when the neurons are initially 
degrading in the entorhinal cortex as a result of plaque formation [Jakob-Roetne and Jacobsen 
2009]. It is not until the damage is spread in the entorhinal cortex, with memory loss as one of 
the early symptoms, that AD can be seen clinically. At this stage, the damage of the brain is 
so far advanced that it is too late to delay the symptoms [Lyketsos et al. 2008]. After death, 
AD can always be confirmed with examination of the brain and findings of plaques [Irvine et 

al. 2008]. In a living patient it is harder, and there is no defined test for AD. The wish is to 
find biomarkers that can detect AD before the symptoms appear [Hampel et al. 2008]. 
Biomarkers in cerebrospinal fluid (CSF) or in plasma are the most promising, with Aß42 as 
one example with potential. 
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There is today no treatment for AD, the only available drugs treat the symptoms [Irvine et al. 
2008]. These symptomatic drugs are safe but are not changing the progression of the disease. 
There is a need for new drugs that can alter or prevent the disease manifestation [Back et al. 

2008]. Many of the drugs under development are targeting inhibition of secretases and Aß 
aggregation, or aiming to increase the removal of Aß peptides [Jakob-Roetne and Jacobsen 
2009]. 

 

Figure 1. The amyloid cascade and the cleavage sites for the different secretases. Cleavage of 
APP by β-secretase and γ-secretase generates Aβ. In the non-amyloidogenic pathway the APP is 
cleaved by α-secretase and γ-secretase, which prevents the formation of Aß. The cleavage sites are 
indicated by arrows. 

1.3 Amyloid cascade 

Aß is a product from the enzymatic cleavage of amyloid precursor protein (APP) by ß-
secretase, also known as ß-site APP Cleaving Enzyme 1 (BACE1), and by γ-secretase [Vassar 
2002]. More detailed (fig. 1) the amyloid cascade begins with that BACE1 cleaves APP 
extracellularly and give rise to the N-terminally end of Aß [Stockley and Neill 2008]. 
Following BACE1 cleavage, the membrane bound part of APP is intramembranous cleaved 
by γ-secretase, generating the C-terminal end of Aß.  This generates the short peptides Aß40 
and Aß42, with only small amounts of Aß42 [Vassar 2002]. Aß is secreted out of the cell, and 
in AD it can be found accumulated extracellularly as plaques. There is also a non-
amyloidogenic pathway (fig. 1), where APP is proteolysed by α-secretase and γ-secretase, and 
the formation of Aß is prevented [Stockley and Neill 2008]. 

1.4 Beta-site APP cleaving enzyme 1 (BACE1) 

1.4.1 Aspartic proteases  

BACE1 is a member of the aspartic proteases family, a family with 15 members in the human 
genome [Eder et al. 2007]. Aspartic proteases are buildup of an N-terminal and a C-terminal 
 

N 

C
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γ-secretase 

α-secretase 
Aß 

APP 



3 

 

domain, connected by a six-stranded anti-parallel ß-sheet. The N- and C-terminal each 
contribute with one aspartic acid for the active site, where the cleavage of peptide bonds  
in the substrate occurs. This is an acid-base catalytic reaction, mediated by a water molecule. 
One group of the aspartic proteases, including BACE1, has six conserved cysteins forming 
three disulphide bonds [Stockley and Neill 2008].  

 

Figure 2. Crystal structure of BACE1. The three disulphide bonds are shown (Cys216-Cys420, Cys278-
Cys443 and Cys330-Cys380), together with the two aspartic acids, Asp93 and Asp289. Figure kindly 
provided by Katarina Jansson, Medivir. PDB accession code: 3ELT. 

1.4.2 Structure and location 

BACE1 is 501 amino acid residues long and contains five different domains (Appendix A) 
[Sardana et al. 2004]. The precursor of BACE1 has a signal sequence at the extracellular N-
terminal, amino acids 1-21, and a pro-sequence, amino acids 22-45. The signal sequence is 
removed in the ER where also the three disulphide bonds in BACE1 are formed [Fischer et al. 
2002]. The pro-sequence is cleaved by the enzyme furin in the Golgi apparatus to give rise to 
the mature BACE1 [Sardana et al. 2004, Wolfe 2008]. In the Golgi four asparagines in the 
catalytic domain are N-glycosylated [Fischer et al. 2002, Tomasselli et al. 2008]. The 
glycosylation is important for correct folding and enhancement of solubility for the protein 
[Charlwood et al. 2001]. The last amino acids in the C-terminal are forming the 
transmembrane segment and the intracellular domain [Sardana et al. 2004]. Between the N- 
and C-terminal domains is the globular catalytic domain [Kopcho et al. 2003], where the 
catalytic site is formed by the two aspartic acids Asp93 and Asp289 (fig. 2) [Stockley and 
Neill 2008].  

BACE1 contains six cystein residues (Cys), which form the three disulphide bonds Cys216-
Cys420, Cys278-Cys443 and Cys330-Cys380 (fig. 2) [Stockley and Neill 2008]. These disulphide 
bonds are important for the correct folding and orientation of the protein [Eder et al. 2007]. 
The disulphide bonds are all in the catalytic domain, albeit not in the active site [Fischer et al. 

2002]. 

BACE1 activity can be found in almost every cell of the body [Jakob-Roetne and Jacobsen 
2009], with the highest expression in the brain and in neural tissue [Wolfe 2008]. BACE1 is 
bound with its transmembrane domain to the membrane in the endosomes of the neuronal 
cells [Jakob-Roetne and Jacobsen 2009]. This acidic environment fulfills the requirement that 
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 BACE1 has for maximal activity (pH-optimum 4-4.5). Since γ-secretase is also found here, 
and APP is re-internalized from the cell membrane by endosomes, this seems to be the 
organelles where Aß peptides are formed. 

1.4.3 BACE1 as a drug target 

BACE1 is the main target in the development of drugs that inhibit the accumulation and 
aggregation of Aß [Ghosh et al. 2008]. This is due to its importance at the initial development 
of AD as the first step, and also the rate-limiting protease, in the pathological formation of 
amyloid plaques. Furthermore, BACE1 seems to have only a few substrates [Back et al. 
2008], making it an attractive drug target without major risks for side effects. BACE1 
knockout mice have considerable lower amounts of Aß deposited in the brain and do not seem 
to suffer from pathological consequences, neither neuropsychological nor physical, due to the 
deficiency of BACE1 [Roberds et al. 2001, Luo et al. 2001]. This also makes BACE1 a 
highly promising drug target for AD [Jakob-Roetne and Jacobsen 2009]. So far, the 
development of drugs against BACE1 is however slow. The major problem with the drug 
design is that the drugs need to penetrate the blood-brain barrier and therefore has to be small, 
but the current candidates are too large [Wolfe 2008].  

 

 

 

 

 

 (b) 

 

 

(a) 

Figure 3. Substitution of a disulphide bond to valine-alanine in BACE1. (a) Whole protein 
structure, and (b) close-up of the interactions, valine-alanine bond (left) and disulphide bond (right). 
Figures kindly provided by Katarina Jansson, Medivir. PDB accession code: 3ELT. 

1.4.4 Refolding time 

In the search for inhibitor drugs, it is essential to have access to large amounts of active 
enzyme that can co-crystallize with drug candidates [Tomasselli et al. 2008]. When producing 
recombinant BACE1 in Escherichia coli (E. coli) one major problem is the long refolding 
time of BACE1 which can require up to three weeks. In the long term this is not acceptable 
and a shorter refolding time would save both time and money in the search for drug 
candidates. 

Normally, proteins refold in a time of milliseconds [Kubelka et al. 2004]. The problem with 
the refolding time is thought to be the formation of disulphide bonds, where the time limiting 
step would be formation of wrong disulphide bonds and the energy it takes to break these 
bonds and form the correct ones [Kim and Baldwin 1990]. In order to avoid this problem, the 
disulphide bonds are substituted to the hydrophobic amino acids valine and alanine (fig. 3 and 
Table I) [Stryer et al. 2002]. The idea is that these amino acids, after formation of the 
secondary structure, will find each other with the help of their inclination for hydrophobic 
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interactions [Pace et al 1996], a much weaker interaction than the covalent disulphide bond, 
and in this way reduce the refolding time considerably.  

 

Table I. Location of the mutations in the different mutants. 

Mutant Mutated disulphide bond 

M1 C216A/C420V 

M2 C330A/C380V 

M3 C278V/C443A 

M213 C216A/C420V, C330A/C380V, C278V/C443A 

1.4.5 BACE1  

In these experiments, a truncated form of BACE1 (Appendix A) was used, consistent of 390 
amino acids (amino acids 57-446) with the isoelectric point (pI) 5.26 and molecular weight 
43.56kDa. The first 56 amino acids have been removed according to Tomasselli et al. (2008), 
to get the mature form of BACE1 [Sardana et al. 2004]. Expressing BACE1 in E. coli with 
the transmembrane domain makes the protein insoluble and the protein yield very low 
[Cunningham and Deber 2007]. Therefore, these last amino acids are cleaved and removed 
according to Back et al. (2008). When expressed in E. coli there is no glycosylation of the 
normally highly glycosylated BACE1 [Tomasselli et al. 2008], resulting in BACE1 expressed 
as inclusion bodies (misfolded, aggregated protein) in the bacteria [Charlwood et al. 2001]. 
Even though the catalytic site normally is glycosylated at four sites, this is not affecting the 
activity of the protein, and a non-glycosylated and truncated catalytic domain expressed in E. 

coli is a good substitute to the mature, full-length BACE1 for studying the interaction between 
inhibitors and active site [Kopcho et al. 2003].  

1.5 Purpose 

The purpose of this Master’s thesis was to demonstrate if mutated forms of truncated BACE1, 
where disulphide bonds had been substituted to valine-alanine, have shorter refolding time 
than the wild type (wt) BACE1. The mutants were investigated after refolding, and the aim 
was to see if the mutations were affecting the time of refolding, the yield of protein and the 
homogeneity. By substitution of disulphide bonds to hydrophobic amino acids, the tertiary 
structure should form due to hydrophobic interactions rather than stabilisation by disulphide 
bonds. This might affect the refolding time. The hope is also that these mutants can be used in 
crystallography trials in the search for new drug candidates. 

1.6 Method 

Starting with an by Medivir already prepared refolding and purification protocol, it was 
investigated if the current refolding time of 25 days for wt BACE was necessary, or if it could 
be shorten, by purifying protein after three different refolding times (7, 15 and 22 days). This 
experiment was called ’Refolding efficiency’. The four different mutants were later set on a 
refolding time decided on the basis of the results for wt BACE.  
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More detailed the mutant plasmids were transformed into E. coli and colonies were, from the 
result from electrophoresis and western blot, chosen for protein expression. The protein was 
expressed as inclusion bodies, refolded and purified. The refolded protein was purified using 
ion exchange chromatography (IEX) and gel filtration, where the purity was investigated 
using electrophoresis. For structure and property analysis time-resolved fluorescence assay 
(TRF), Dynamic Light Scattering (DLS) and Thermofluor were used.  

1.7  Structure 

The thesis is divided into introduction (chapter 1), a general view over the techniques used 
(chapter 2), the experimental details (chapter 3), results and discussion (chapter 4) and 
conclusion (chapter 5), concluded with suggestions for further experiments. In the thesis 
occurs references to appendices, and these can be found in the end. A summary with 
explanations for abbreviations can be found in the very beginning of the thesis.  
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2. Techniques 

 

2.1 Transformation 

Transformation of E. coli can be achieved in two different ways, heat-shock or electroporation 
[Taylor 2004b]. Here the heat-shock method has been used where competent cells are mixed 
with the plasmids containing the target DNA and the plasmids adhere to the cell wall. The 
cells are thereafter heat-shocked, and the plasmids enter the cells. By allowing the cells grow 
in selective medium (containing antibiotic), antibiotic resistance proteins encoded by the 
plasmid are synthesized and thus only cells containing the plasmid survives.   

2.2 Protein expression 

The E. coli strain BL21 (DE3) is one of the most commonly used host for the expression of 
proteins, with the DNA insert in a pET vector [GE Healthcare 2007]. Positive aspects with E. 

coli are their fast doubling time, high protein yield and that it is inexpensive [Taylor 2004a]. 
One negative aspect is that when expressing normally glycosylated proteins in E. coli they are 
incorrectly folded and insoluble due to the non-existing glycosylation, resulting in inclusion 
bodies [GE Healthcare 2007]. The advantages with inclusion bodies are that the recombinant 
protein is usually highly expressed and it can be isolated to high purity [GE Healthcare 2007]. 
Some aspects that has to be taken into consideration is the washing steps of the inclusion 
bodies [Cunningham and Deber 2007], and the refolding step [GE Healthcare 2007].  

Alternative hosts for expressing recombinant proteins are mammalian cells, with complete 
glycosylation of the protein, [Bennett et al. 2000] or insect cells, with partial glycosylation of 
the protein [Harrison and Jarvis 2006]. Both these hosts therefore express soluble protein. 
Problems with expression in insect and mammalian cells are that it can be time-consuming, 
expensive and often the protein yield is too low for further structural experiments 
[Cunningham and Deber 2007]. Weighing the pros and cons, E. coli is a good alternative to 
insect and mammalian cells. 

2.3 Cell lysis and wash of inclusion bodies 

When recombinant proteins are expressed in E. coli as inclusion bodies they have to be 
washed with denaturants to obtain pure protein that can be refolded in its active form [GE 
Healthcare 2007]. The inclusion bodies are normally formed in the cytoplasm of the bacterial 
cell, and the bacterial cells are therefore lysed with a cell disrupter [Taylor 2004a]. To the 
disrupted cells are Deoxyribonuclease I (DNase I) and MgCl2 added to reduce viscosity by 
degradation of contaminating DNA [GE Healthcare 2007].  

The aggregates are collected by centrifugation, but the pellet also contains cell wall, 
remaining intact cells and soluble proteins from E. coli, and other contaminants that might co-
sediment with inclusion bodies at centrifugation due to their same size-range [Taylor 2004a, 
GE Healthcare 2007]. The inclusion bodies need to be isolated, and the aggregates are 
therefore washed with wash buffer to remove the contaminants [Taylor 2004a]. In the wash 
buffer is Triton X-100 added, reducing the amount of membrane material associated with the 
inclusion bodies, and NaCl, to increase the washing efficiency [GE Healthcare 2007]. With 
these steps and centrifugation in between, the inclusion bodies can be separated from the 
cellular components and generate almost pure soluble protein. 
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2.4 Denaturation and refolding 

After the wash the aggregates are solubilized, using strong protein denaturants, e.g. urea 
[Taylor 2004a], and detergents, e.g. Triton X-100 [GE Healthcare 2007]. If the protein 
contains disulphide bonds, the reducing agents dithiotreitol (DTT) or beta-mercaptoethanol 
(BME) are added in the denaturation buffer to break all disulphide bonds, both correctly and 
not correctly formed. 

After complete denaturation of the proteins the denaturing agents are removed thus allowing 
the proteins to start refolding. The disulphide bonds are formed with the help of oxidized and 
reduced L-glutathione [Taylor 2004a]. In addition to the formation of correctly folded protein, 
aggregates might form [GE Healthcare 2007]. Important factors for refolding are protein 
concentration, temperature, reaction time, disulphide exchange reagents and buffer additives, 
e.g. urea (suppresses aggregation) and salt (enhances folding). To further improve the yield of 
correctly folded proteins and prevent denatured proteins to aggregate during refolding, 
additives like the detergent NDSB256 can be added [Sigma Aldrich].  

2.5 Protein purification 

To purify protein samples, different chromatography techniques have been developed that 
separate them according to differences in their characteristics [GE Healthcare 2004]. Fast 
protein liquid chromatography (FPLC) is designed for purification of proteins, and includes 
both IEX and gel filtration [Taylor 2004a]. FPLC is developed to separate proteins in their 
native active form. The result of a chromatography is a chromatogram, where the 
concentration of the eluted proteins is demonstrated as UV absorbance at 280nm [GE 
Healthcare 2002a]. 

2.5.1 Ion exchange chromatography (IEX) 

IEX separates proteins and other molecules on the basis of differences in net surface charge, 
and is so specific that it can separate two proteins with a difference of one charged amino acid 
[GE Healthcare 2004]. The ion exchange column has a medium consisting of spherical 
particles with covalently bound charged groups that interact with oppositely charged groups 
on the surface of proteins.  Depending of the net surface charge different proteins will interact 
differently with the column.  

The charge of a protein depends on the environmental pH [Taylor 2004a]. The pH where the 
net charge is zero, where the number of positive and negative charges is equal, is called 
isoelectric point (pI). When the environmental pH is above pI, the protein will have a net 
negative charge and bind to an anion exchange column, which is positively charged. Vice 
versa, when the protein has a net positive charge it will bind to a cation exchange column, 
which is negatively charged. 

The sample is loaded onto the column, and the pH and ionic strength of the buffer are chosen 
so that protein of interest bind and as many contaminants as possible do not bind (fig. 4) [GE 
Healthcare 2004]. When the sample has been loaded onto the column, the column is washed 
with start buffer so that all non-binding proteins are eluted and the UV signal is at the 
baseline. Thereafter the proteins are eluted using a gradient of increasing salt concentration 
(gradient elution). With increasing salt concentration, the salt ions, e.g. Na +  or Cl − , will 
compete with the bound molecules for the charged groups on the column, and bound particles 
will begin to elute. When increasing ionic strength of the elution buffer, the elution order of 
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the molecules in the bound sample is dependent on the net surface charge; the higher charge  
the stronger retention. Molecules with low net surface charge are therefore eluted first, and 
molecules with high net surface charge are eluted last. The elution buffer may at initial 
purification steps contain denaturing agents, e.g. urea, to solubilize proteins during separation.  

Bound proteins often begin to dissociate from the column of around 0.5 pH units from pI and 
at an ionic strength around 0.1M [GE Healthcare 2004]. The pH of the start buffer should be 
at least 0.5-1 pH unit above pI of the protein of interest. If the protein is most stable above pI, 
should an anion exchanger be used, and vice versa. The eluting salts are almost exclusively 
Na +  for cation exchange or Cl −  for anion exchange. In addition, sodium chloride makes 
water less polar and thereby increases the solubility for hydrophobic proteins during elution. 
After elution, the column is washed at very high ionic strength to remove molecules with 
strong binding.  

 

 

 

Figure 4. Illustration of the binding and elution of proteins at IEX. a) The column is equilibrated 
with start buffer. b) The sample is loaded onto the column, where oppositely-charged groups are 
binding and neutral or particles with the same charge as the charged group of the medium are eluted. 
At c)-e) the ionic strength is increased and the proteins are eluted according to their net surface charge. 
At f) the column is washed with high ionic strength to remove tightly bond particles. (GE Healthcare 
2004) 

2.5.2 Gel filtration 

Gel filtration is a chromatography method that separates on the basis of differences in size 
[GE Healthcare 2002a]. With gel filtration, correctly folded monomeric protein can be 
separated from aggregates. The medium in the column consists of spherical particles, where 
the liquid inside the pores are the stationary phase and the buffer passing outside is the mobile 
phase. As sample is loaded onto the column, the size of the proteins determines how much 
they diffuse between the stationary and mobile phase. The smaller protein, the longer it stays 
inside the column. The proteins are therefore eluted in decreasing order of size (fig. 5).   

2.6 Electrophoresis 

Electrophoresis in polyacrylamide gels is used to separate protein mixtures, determine the 
purity and homogeneity of the sample and estimate physical characteristics, like size [Taylor 
2004a]. In a polyacrylamide gel the proteins migrate, due to an applied electrical field, 
through pores in the gel. Running buffer, that contains a trailing ion, is added in the gel 
chamber and leading the way for the proteins migration on the gel [Invitrogen 2003]. The 
migration rate for a protein is dependent on pore size of the gel, and charge, size and shape of 
 

a b c d e f 
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Figure 5. Illustration of the elution of proteins at gel filtration. a) The sample is loaded onto the 
column. b)-c) Small proteins diffuse between the stationary and mobile phase, and are therefore eluted 
later than big proteins that do not diffuse between the stationary and mobile phase. (GE Healthcare 
2002a)  

the protein [Taylor 2004a]. Smaller and more compact proteins will migrate faster in the gel 
[Invitrogen 2003]. Molecular weight markers, containing proteins with known masses (fig. 6) 
are usually used as external references. After the electrophoretic separation, the proteins are 
detected using staining methods, e.g. Coomassie blue staining [Taylor 2004a]. 

2.6.1 Denaturing electrophoresis 

Denaturing electrophoresis, or sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE), is the most common gel method for investigate protein samples [Invitrogen 
2003]. The sample buffer, mixed with the protein sample, contains a strong detergent, e.g. 
SDS, which denature the proteins. In the sample buffer reducing agent is added, e.g. BME, to 
reduce the disulphide bonds and ensure complete unfolding of the protein samples [Invitrogen 
2003]. The detergent binds to the protein, resulting in a strong negative charge of the proteins 
[Taylor 2004a]. The separation of the proteins in the gel is based on the mass of the 
polypeptide chain. Before the samples are loaded onto the gel, the proteins are heated to 
ensure complete denaturation. The running buffer also contains the detergent SDS. With 
denaturing electrophoresis the molecular mass can be estimated from the size by comparison 
with the molecular weight marker [Taylor 2004a].  

2.6.2 Native electrophoresis 

Native electrophoresis, or native PAGE, is performed in the same way as SDS-PAGE 
electrophoresis, but sample buffer and running buffer contains no detergent or reducing agent 
[Taylor 2004a]. The sample buffer is mixed with the protein samples and the samples are 
loaded onto the gel without pre-heating. The samples are differently separated by native 
electrophoresis compared to denaturing electrophoresis, due to that the proteins sustain 
activity, charge, size and conformation. With native electrophoresis it can be determined if 
there are monomeric proteins or if the proteins have polymerized and aggregated.  

a b c 
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Figure 6. Invitrogen See-Blue Plus 2 Molecular weight markers for SDS-PAGE and native-
PAGE. From the molecular weight marker an apparent molecular weight can be estimated by SDS-
PAGE. In native PAGE the molecular weight cannot be estimated, due to the influence on migration 
by secondary structure. In SDS-PAGE wt BACE1, with a molecular weight of 43.56 kDa, should be 
found between the two bands 39 kDa and 51 kDa of the molecular weight marker. In native-PAGE the 
band for wt BACE1 can be found around 64kDa.  

2.7 Western blot 

The protein samples are separated in an SDS-PAGE gel [Taylor 2004a]. After the run the gel 
is placed together with a transfer membrane, e.g. polyvinylidene difluoride (PVDF), to which 
the samples from the SDS-PAGE gel will be transferred [Invitrogen 2006]. On both sides of 
the gel and transfer membrane are filter papers that contain the transfer buffer. The stack of 
filter papers, transfer membrane and the SDS-PAGE gel are placed in the blotting apparatus 
where a voltage is applied perpendicular to the stack. After the samples have been transferred 
to the membrane, non-specific binding sites of the transfer membrane are blocked followed by 
incubation with primary antibody [Invitrogen 2008]. The membrane is thereafter incubated 
with secondary antibody. Finally the detection reagents, substrate for the horseradish 
peroxidase (HRP) covalently bound to the secondary antibody, are loaded onto the membrane 
and the resulting chemiluminescence can be measured at 428nm [GE Healthcare 2006]. 

2.8 Thermofluor 

Thermofluor is a method for measuring protein stability by increase of temperature, based on 
the binding of a hydrophobic fluoroprobe to exposed hydrophobic surfaces of an unfolded 
protein (fig. 7) [Ericsson et al. 2006]. The fluoroprobe is quenched in its free form, but when 
bonded to the protein it fluoresces, and the fluorescence is increasing with unfolding. When 
the fluoroprobe has reached the maximum of fluorescence the intensity decreases, probably 
because of aggregation of the unfolded proteins [Lo et al. 2004]. The emission can be 
measured in a real-time polymerase chain reaction (RT-PCR) equipment, represented as 
melting curves [Ericsson et al. 2006]. A protein is more likely to crystallize if it is stable, and 
the measurement of the midpoint of melting temperature (Tm), the equilibrium between the 
folded and unfolded state, is an indication of the protein stability. 
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39 kDa 

28 kDa 

19 kDa 

14 kDa 

250 kDa 

148 kDa 

98 kDa 
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50 kDa 
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 The higher Tm, the more stable is the protein. The data are collected, and from a graphing and 
statistics software (e. g. GraphPad Prism) Tm can be calculated.  

 

Figure 7. The interaction between fluoroprobe and unfolding protein at thermofluor. When the 
protein is unfolding due to increased temperature, the fluoroprobe binds to exposed hydrophobic 
surfaces, and it fluoresces. The Tm can be calculated, and gives an indication of protein stability. 
(Structural Biology group 2008) 

2.9 Dynamic light scattering (DLS) 

Dynamic light scattering (DLS) is a method to study protein polymerization [Haass 1999]. 
Laser light is passing through the sample in a quartz cuvette were the particles are undergoing 
Brownian motion, random movement. The molecules change their position with time, and 
because of these movements, the laser light is scattered and the intensity is fluctuating [Wyatt 
Technology Corporation 2005]. Small molecules can move quickly, and this results in signals 
that are fluctuating rapidly, compared with large molecules that generate signals that fluctuate 
slowly due to their slow motions. These fluctuations are collected by fiber optics [Wyatt 
Technology Corporation 2005], measured by a photomultiplier and auto correlated [Haass 
1999]. The result can be converted into a hydrodynamic radius, the assumed spherical radius 
of an aspherical particle [Wyatt Technology Corporation 2005]. The larger fluctuations the 
larger particle and hydrodynamic radius, which in turn can be related to the molecular weight 
of the protein [Kopcho et al. 2002]. DLS can also be used to conclude if the sample is 
monomeric and likely to crystallize [Wyatt Technology Corporation 2005]. This is also called 
polydispersity; the lower polydispersity, the more homogeneous sample and the more likely 
that the protein crystallizes.  

2.10 Time-resolved fluorescence (TRF) assay 

The enzyme activity of BACE1 is measured using a peptide substrate that corresponds to the 
cleavage sequence for BACE1 in APP with the Swedish mutation. When comparing wt APP 
with APP containing the Swedish mutation, it was showed that BACE1 enzymatic activity is 
increased when the substrate contains the Swedish mutation [Andrau et al. 2003], and 
therefore this substrate is a better choice for an improved activity measurement. 

The substrate in the TruPointTM Beta-secretase assay kit is a peptide consisting of ten amino 
acids, with a fluorescent europium (Eu) bound to one end and a quencher bound to the other 
end [Perkin Elmer 2009]. When BACE1 is active, it will cleave the substrate and the 
fluorescent and quencher will be separated (fig. 8). This results in an increased fluorescent 
signal as more substrate is cleaved. The signal can be measured with time-resolved 
fluorescence (TRF), where the increase in fluorescence is an indication of the activity by 
BACE1. Each well in the 96-well plate is measured for nanoseconds many times, and the 
increase in fluorescence with time can be followed. Excitation is at 340nm and emission at 
615nm. 
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Figure 8. Cleavage of the substrate by BACE1. When the fluorescent and quencher are separated, 
fluorescence is not longer quenched and the signal can be detected. (PerkinElmer 2009) 
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3. Experimental details 

 

3.1 Materials 

3.1.1 Vectors and reagents 

An expression vector (pET21a) containing the cDNA coding for wt BACE1 was available 
from Medivir AB. This vector was used as template to create the cDNA encoding mutant 
BACE1, using the QuikChange method. All the cystein devoid mutants were prepared by 
Kristina Bäckbro at Uppsala University, Sweden. Glycerol stocks with E. coli expressing wt 
BACE1 was available from Medivir. 
 

Milli-Q (MQ) water with a resistivity of 18.2 MΩ·cm was obtained from a Millipore system 
(Millipore, USA) with a 0.22µm filter. ELIX water with a resistivity over 5 MΩ·cm was 
obtained from a Millipore system (Millipore, USA). All other reagents used are listed in 
Appendix B.  

3.2 Transformation 

The expression vectors containing cDNA encoding mutated BACE1 were added to competent 
One Shot® cells (BL21 (DE3) star), one vial per construct. To each vial was 0.5µl of the 
vectors added (M1; 78.5ng, M2; 12.5ng, M3; 65ng, M213; 76ng). The vectors were 
introduced into the E. coli by heat-shock. The vials were incubated on ice for 30 minutes, 
followed by incubation in 42°C water bath for exactly 30 seconds. Thereafter the vials were 
quickly placed on ice. 250µl S.O.C. medium (from the One Shot® kit) was added to each vial, 
after which the vials were placed in a shaking incubator (225 rpm) at 37°C for 1 hour. 50µl 
from each vial were spread on Lb/amp agar plates and incubated overnight at 37°C.    

3.3 Test expression 

From each of the agar plates four colonies were picked and each colony was dissolved in 3ml 
Terrific Broth with 50µg/ml carbenicillin. The cultures were placed in a shaking incubator 
(220 rpm) at 37°C until the cell density reached OD600~0.5. 1ml of the cultures was moved to 
new tubes and protein expression was induced with 1mM isopropyl β-D-1-
thiogalactopyranoside (IPTG). The non-induced cultures were refilled to 3ml. After 3 hours in 
the shaking incubator, the cells were harvested and 50µl from both induced and non-induced 
cultures were centrifuged in eppendorf tubes at 16 000xg for 10 minutes at 4°C. The pellets 
were stored at -20°C and the remaining cultures at 4°C.  

3.3.1 Denaturing electrophoresis 

The pellets were dissolved in 65µl 1x sample buffer (lithium dodecyl sulfate (LDS) sample 
buffer with 2% BME). The samples were placed in 95°C heat block for 5 minutes, and 
thereafter loaded onto a SDS-PAGE gel (4-12% Bis-Tris (Bis (2-hydroxyethyl) imino-tris 
(hydroxymethyl) methane-HCl) with MOPS (3-(N-morpholino) propane sulfonic acid)  SDS 
Running buffer. As molecular weight marker SeeBlue® Plus2 was used. The proteins were 
separated by running at 200V for 50 minutes. The gel was stained with Instant Blue for 60 
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minutes. It was then washed with ELIX water, incubated in gel drying solution (4% glycerol, 
20% ethanol in water) and left to dry between wetted cellophane membranes.  

The clones chosen were based on the results from the SDS-PAGE comparing the IPTG-
induced samples with non- induced samples (fig. 10).  

3.3.2 Preparation of glycerol stocks 

100µl of the non-induced cultures stored over night at 4°C were diluted with 3 ml Terrific 
Broth with 50µg/ml carbenicillin. The tubes were placed in a shaking incubator (220 rpm) at 
37°C, and after 5 hours the cells were harvested and prepared for long term storage. 225µl 
100% glycerol was pipetted into cryo vials, to which 1ml culture from each of the bacterial 
cultures were added (two glycerol stocks per construct). The cryo vials were vortexed, and 
stored at -80°C.  

3.3.3 Western blot 

To confirm the result from SDS-PAGE, western blot was carried out (fig. 10). The samples 
were separated on an SDS-PAGE gel as described above, and transferred with an iBlotTM Gel 
Transfer Device (Invitrogen) to a PVDF membrane (Invitrogen) during 7 minutes at 20 volt. 
After the samples had been transferred to the membrane, the membrane was washed in T-PBS 
(1x Phosphate buffered saline and 0.05%Tween®20). The further steps of blocking, washing 
and binding of antibodies used were as described in Invitrogen (2008), with some 
modifications. Non-specific binding sites were blocked with 2% milk T-PBS for 1 hour. 
Thereafter the membrane was incubated in 2% milk T-PBS with the primary polyclonal 
antibody; BACE (D16) goat (1:1000) for 1 hour. The membrane was washed three times 5 
minutes with T-PBS, and incubated with 2% milk T-PBS with the secondary polyclonal 
antibody;  rabbit anti-goat IgG (1.3:10000), conjugated with HRP for 30 minutes. The 
membrane was finally washed 3 times 5 minutes with T-PBS. The two detection reagents 
Lumigen PS-3, solution A and B, were mixed (1:0.025), loaded onto the membrane and 
incubated for 5 minutes. Chemiluminescence was measured at 428nm in a ChemiDocTM XRS 
(BioRad, USA). 

3.4 Protein expression 

Glycerol stocks with E. coli cells (BL21 (DE3) star) expressing human BACE1 (wt or 
mutants) were grown overnight in Terrific Broth with 50µg/ml carbenicillin added in a 
shaking incubator (220rpm) at 37°C. The overnight cultures were diluted in Terrific Broth 
with 50µg/ml carbenicillin added, and when cell density reached OD600~3, 0.5mM IPTG was 
added and the growth was continued for 3 hours. The cells were harvested by centrifugation at 
6000xg for 15 minutes, and the cell pellet was stored at -20°C. 

3.5 Cell lysis and wash of inclusion bodies 

The cell pellet was solubilized in 65ml lysis buffer (50mM Tris-HCl (pH 7.6), 50mM MgCl2, 
0.1% Triton X-100) with DNase I added, and disrupted in a cell disrupter (Constant Systems 
Ltd, UK) at 1.7kbar. The mixture was divided equally in centrifuge tubes and incubated on a 
rolling mixer for 15 minutes. The inclusion bodies were collected from the lysate by 
centrifugation at 30 000xg for 10 minutes at 4°C.  

The inclusion bodies were resuspended and washed twice in 65ml wash buffer (50mM Tris- 
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HCl (pH 7.6), 100mM NaCl) with 0.5%Triton X-100 added using a glass homogenizer. This 
was repeated twice with 65ml wash buffer without Triton X-100. In between the washes, and 
after the last wash, the inclusion bodies were incubated on a rolling mixer for 10 minutes, and 
collected by centrifugation at 30 000xg for 10 minutes at 4°C. The washed inclusion bodies 
were stored at -80°C. 

3.6 Denaturation and refolding 

The inclusion bodies were dissolved in denaturing buffer ((50mM Tris, 8M urea, 0.1mM 
BME, 10mM DTT), 2.8ml buffer/g cell pellet) using a glass homogeniser, and centrifuged at 
75 000xg for 1h at 4°C. The supernatant was diluted with dilution buffer (8M urea, 0.2mM 
oxidized glutathione, 1mM reduced glutathione) to a protein concentration of ~2mg/ml. The 
sample was further diluted 1:20 in refolding buffer (20mM Tris, 10mM NDSB256) at room 
temperature under fast stirring. The final volume was 5000ml (except for M2 (4000ml) and 
the refolding efficiency experiment (3300ml)). The sample was stirred at 4°C for 7 days, 15 
days or 22 days for wt BACE1, and for 7 days for mutated BACE1. 

3.7 Protein purification 

The total volume of refolded protein samples were taken for purification (except for the 
purification of protein from the refolding efficiency experiment where 1100ml was taken each 
time).  

All chromatography steps were performed at 4°C on an ÄKTATMFPLCTM (GE Healthcare 
Biosciences AB, Sweden). 

The anion exchange columns used in the experiments were made of polypropylene with 
quaternary ammonium (Q), CH2N

+(CH3)3, as charged groups [GE Healthcare 2002b]. Tris 
was used as buffer ion, and sodium chloride as eluting salt.  

All samples were filtered through a 0.8/0.2µm filter before loading onto the columns. All 
buffers were filtered through a vacuum filter (0.45 µm) before use.  

Protein concentration was measured with NanoDrop (ND1000, NanoDrop Technologies, US) 
at 280 nm using molar extinction coefficient of 64870. 

In the first step, the purification step (Q1-1), contaminants and aggregates binds to the 

column and BACE1 passes through. The refolded sample was loaded overnight onto a 5ml 
HiTrap Q sepharose column (GE Healthcare Biosciences AB, Sweden), equilibrated with A 
buffer (20mM Tris-HCl (pH 7.6), 0.4M urea). The column was washed with A-buffer at a 
flow rate of 5ml/min until the absorbance was low and stable. The bound aggregates were 
eluted with a gradient of 0-50% B-buffer (20mM Tris-HCl (pH 7.6), 0.4M urea, 1M NaCl) 
over 20 column volumes (CV). The flow rate was 5ml/min and 5ml fractions were collected. 

  In the next step, the capture phase (Q1-2), BACE1 binds to the column. The pH of the 
sample in the flow through from Q1-1 was adjusted to 6.8 with HCl, about 1.5 pH unit above 
the pI for BACE1. BACE1 is more stabile at a pH above than below pI. The pH-adjusted 
sample was loaded overnight onto a new 5ml HiTrap Q sepharose column (GE Healthcare 
Biosciences AB, Sweden), equilibrated with A-buffer. The column was washed with A-buffer 
at a flow rate of 5ml/min until the absorbance was low and stable. The bound BACE1 was 
eluted with a gradient of 0-50% B-buffer over 20 CV. The flow rate was 5ml/min and 5ml 
fractions were collected.   
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In the third step, gel filtration, larger aggregates of BACE1 are separated from monomeric 

BACE1. The fractions at the protein peak from the Q1-2 were pooled, concentrated to 
maximum 8ml (maximum 8ml can be loaded onto the column) in a 20ml Vivaspin 
concentration cell (molecular weight cut-off (MWCO) 10 000; Sartorius Stedim Biotech) and 
loaded onto a HiLoad Superdex 200 16/60 prep grade column (GE Healthcare Biosciences 
AB, Sweden), previously equilibrated with buffer (20mM Tris-HCl (pH 7.6)). The flow rate 
was 1ml/min and 2ml fractions were collected.  

The last step, Q2, is a polishing step. Fractions from the gel filtration were analysed by SDS-
PAGE and native electrophoresis. The fractions containing monomeric BACE1 were pooled 
and loaded onto an equilibrated 1ml HiTrap Q Sepharose column (GE Healthcare Biosciences 
AB, Sweden). This step separates two differently folded components of BACE1, one with 
correct fold and the other fold resulting in a faster migration on native gel, but also to get 
purer samples. The column was washed with A-buffer (20mM Tris-HCl (pH 7.6)) until the 
absorbance was low and stable, and 1ml fractions were collected. Elution was made with a 
gradient from 0-10% B-buffer (20mM Tris-HCl (pH 7.6), 1M NaCl) over 28CV, 10% B-
buffer for 27CV followed by a gradient from 10-25% B-buffer over 20 CV. The flow rate was 
1ml/min and 1ml fractions were collected.  

Cleaning and storage of the columns. After the purification, the ion exchange columns were 
washed with 1M NaCl, 1M HCl and 1M NaOH, and finally with ethanol. The gel filtration 
column was washed with ethanol. 

3.8 Electrophoresis 

3.8.1 Denaturing electrophoresis 

920µl LDS Sample Buffer (4x) and 80µl BME was mixed. 10µl of the sample buffer and 30µl 
sample was mixed in eppendorf tubes with a vortex and were placed in 95°C heat block for 5 
minutes. The samples were loaded onto a SDS-PAGE gel (Invitrogen, USA) with MOPS SDS 
Running Buffer. As molecular weight marker SeeBlue® Plus2 was used. The proteins were 
separated by running at 200V for 50 minutes. The gel was stained with Instant Blue 
(Expedeon, UK)) for 60 minutes. It was then washed with ELIX water, incubated in gel 
drying solution (4% glycerol, 20% ethanol in water) and left to dry between wetted 
cellophane membranes.  

3.8.2 Native electrophoresis 

15µl Tris-Glycine Sample Buffer (2x) and 15µl sample was mixed in eppendorf tubes with a 
vortex. The samples were loaded onto a native gel (4-20% Tris-Glycine) (Invitrogen, USA) 
with native running buffer. As molecular weight marker SeeBlue® Plus2 was used. The 
proteins were separated by running at 125V for 100 minutes. The gel was stained with 
InstantBlue for 60 minutes. It was then washed with ELIX water, incubated in gel drying 
solution (4% glycerol, 20% ethanol in water) and left to dry between wetted cellophane 
membranes.  

3.9 Thermofluor 

Protein samples from the refolding efficiency experiment were measured with thermofluor. 
The samples with concentration below 0.5mg/ml were concentrated in 500µl Vivaspin 
concentration cells (MWCO 10000; Sartorius Stedim Biotech, France). The final 
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concentration of the fluoroprobe SYPRO Orange should be 1:1000 of the original 
concentration (5000x). The final concentration of BACE1 should be 1µM (or 10.89µg/25µl). 
See appendix C for preparation of solutions and samples. 

The prepared samples were added to the wells of a 96-well PCR plate (Applied Biosystems, 
USA), and the melting temperature (Tm) was measured in a 7500 Real Time PCR system 
(Applied Biosystems, USA). The measurement started at 25°C for 5s, followed by an 
increment of 2°C/min up to 95°C, where the fluorescence was measured for 5s. The 
wavelengths for excitation and emission were 470 and 570 respectively, and the fluorescence 
changes in the wells were monitored simultaneously with a charge-coupled device (CCD) 
camera. See appendix C for the resulting melting curves. 

3.10 DLS 

Analysis of the protein samples of wt and mutated BACE1 were performed in a DynaPro 
Titan instrument (Wyatt Technology Co., USA), with a 60-mW laser operating at 828.85nm 
and a temperature controlled unit. The samples were centrifuged at 13 000xg for 30 minutes 
to avoid interference from dust particles. A special quartz cuvette was washed with 20% 
ethanol and MQ water. 20µl sample was pipetted into the cuvette, and the samples were 
measured between 10-20 times, 10 seconds for each data set. The data were fitted using the 
manufacturer’s software. This allowed determination of protein mean hydrodynamic radius, 
from which molecular weight was extrapolated versus globular protein standards, and the 
polydispersity of the sample could be indicated. The cuvette was washed with the detergent 
Hellmanex® II, MQ water and 20% ethanol. 

3.11 TRF assay 

The samples with wt and mutated BACE1 were held on ice prior to the experiment. The 
samples analysed were the different fractions from the purification procedure, see appendix D 
for preparation of the samples. After loading the solutions into the Costar® 96-well half-area 
assay plate (Corning Inc., USA), the plate was placed in the fluorescence plate reader Wallac 
1420 Victor01 (PerkinElmer, USA). Each well was measured 30 times, with excitation at 
340nm and emission at 615nm, and fluorescence intensity was compared with the reference 
enzyme.  
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4. Result and discussion 

 

4.1 Refolding efficiency of wt BACE1– comparing refolding time 

4.1.1 Protein yield 

Cell pellet was taken from 400ml of bacterial culture, and the amount of protein and the final 
yield of BACE1 can be seen in Table II and Table III, respectively. Protein concentration was 
measured with NanoDrop ND 1000 Spectrometer (NanoDrop Technologies, US). 

 

Table II. Yield of cell pellet and inclusion bodies, and total protein yield from the bacterial culture.  

Cell pellet 
(g) 

Inclusion 
bodies (g) 

Total protein yield 
(mg) 

6.0 1.44 357 

 

Table III. Yield of wt BACE1 after purification. 

Sample Protein yield (mg) 

 upper band (u.b) lower band (l.b) 

7 days refolding  0.27 NA 

15 days refolding 0.255 0.05 

22 days refolding 0.27 0.186 

 

The amount of protein from the lower band (from its position in the native gel after Q2 (fig. 
11)) from Q2 increases with refolding time (fig. 9). It was suggested that this lower band was 
a truncated form of BACE1, since it moves faster at gel electrophoresis than the upper band 
(from its position in the native gel after Q2). However, with N-terminal sequencing it has 
been shown that this protein was not truncated. More likely, the lower band is another type of 
folded BACE1, produced with time. This protein has previously been shown not to crystallize 
as the protein from the upper band does. The results point to that long refolding time is not 
crucial for the total protein yield but rather generates more of the unwanted form of BACE1. 

4.1.2 Thermofluor 

The thermofluor experiments shows that BACE1 from the upper bands are more stable than 
BACE1 from the lower bands when comparing the Tm (Table IV). However, when comparing 
the Tm for the upper bands from different refolding times there are no distinct differences in 
stability. If an inhibitor had been used in the experiments this could stabilize the proteins and 
possibly made it easier to see if there were any differences in stability between the proteins. 
The experiments here show that the refolding time seems not to be important for the stability. 
 



20 

 

7d refolding   
 Manual run 5:1_UV1_280nm  Manual run 5:1_Conc

-20

  0

 20

 40

 60

 80

mAU

0.0 20.0 40.0 60.0 80.0 ml  

 

15d refolding 
 Manual run 4:1_UV1_280nm  Manual run 4:1_Conc

-40.0

-20.0

0.0

20.0

40.0

mAU

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 ml  

 

22d refolding 
 Manual run 7:1_UV1_280nm  Manual run 7:1_Conc

-50

  0

 50

100

150

mAU

0.0 20.0 40.0 60.0 80.0 ml  

Figure 9. Q2 chromatograms for the refolding efficiency experiment. With longer refolding time 
more of the incorrectly folded protein is formed (red arrow) compared with the amount of correctly 
folded protein (green arrow). On the y-axis is the intensity of UV-absorbance at 280nm, and on the x-
axis eluted volume (ml). The green curve shows the increasing ion gradient. 
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Table IV. Temperature midpoint for wt BACE1 in the refolding efficiency experiment.  

Sample Tm (°C) 

 upper band (u.b) lower band (l.b) 

7 days refolding  52.92 NA 

15 days refolding 54.04 46.77 

22 days refolding 51.89 46.71 

4.1.3 DLS 

Measuring the polydispersity for the upper bands from the different refolding times shows 
that there is no bigger difference between the samples. Also it is shown that the greater 
fraction of the protein samples is monomer (Table V). This means that the soluble part of the 
samples is homogenous and likely to crystallize. However, with longer refolding time more 
protein appears to be more prone to aggregate or producing larger aggregates (Appendix E). 
This is also in agreement with the thermofluor experiments and thus speaking for a short 
refolding time. However, it has to be taken into consideration that the samples were frozen 
prior to the experiment, which might have contributed to that there were aggregates in the 
samples, and that the low concentrations make the results inconclusive.  

The results from both the thermofluor and DLS experiments indicates that the lower band has 
another folding, making it more prone for aggregation. This suggests that the proteins in the 
two bands have a different fold, and therefore have different distribution of electrostatic 
charge. This can explain the results from the purification procedure where they bind with 
different strength to the ion exchange column and are eluted at different concentration of 
buffer, but with gel filtration they cannot be separated since they have the same size.  

 

Table V. Result from DLS.  

Days of 
refolding 

Polydispersity 
(%) 

% monomer 

7 (u.b) 16.1 99.9 

15 (u.b) 19.4 99.9 

15 (l.b)* NA NA 

22 (u.b) 13.4 99.8 

22 (l.b)* NA NA 

*15 days (l.b) and 22 days (l.b) could not be measured, due to heavy aggregation in those samples. 

4.1.4 TRF assay 

With longer refolding time for wt BACE1, activity seems to increase (Table VI). This speaks 
for a longer refolding time.  
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Table VI. Result from the activity measurement with the different refolding times for wt BACE1. 

Days of refolding Enzyme activity* (%) 

 Upper band (u.b.) Lower band (l.b.) 

7 days. 64 NA** 

15 days 71 36 

22 days 93 43 

* Calculated as percentage of reference (wt).  

** No protein from the lower band after 7 days refolding was collected, due to the low concentration. 

4.1.5 Implication for further experiments 

There appears to be no difference in final protein yield (upper band) when comparing 
different refolding times. The result from thermofluor also shows that the length of refolding 
time is not important for stability. Indeed analysis by DLS showed that short refolding time is 
better in terms of BACE1 being less prone to aggregate. However, results from the TRF assay 
indicate that longer refolding time is better in terms of enzyme activity. Since BACE1 from 7 
days of refolding is enzymatically active and the shorter refolding time gives sufficient 
amount of protein it was decided to use this procedure for the following experiments with the 
cystein devoid mutants. For comparison wt BACE1 was purified using the same volume and 
refolding time as the mutants. 

 

             

Figure 10. SDS-PAGE gel and western blot membrane after test expression for the cystein 
devoid mutants. The arrow indicates the position of recombinant BACE1 in the gel and on the WB 
membrane. The lanes marked with a star are induced with IPTG. The lower bands seen at WB are 
decomposition products of BACE1. The molecular weight marker (SeeBlue Plus 2) has been cut-in at 
the western blot membrane. 

4.2 wt BACE1 and mutants 

           M1  M1*  M2   M2*   M3    M3* M213* M213              M213  M213*    M3      M3*      M2       M2*       M1       M1*                                          
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4.2.1 Test expression for the mutants 

The expression level of the different mutants was investigated with SDS-PAGE and western 
blot (fig. 10). All BACE1 cystein devoid mutants showed similar expression levels.  

4.2.2 Protein yield 

Cell pellet was taken from 800ml of bacterial culture (except M2 were some were lost and 
total volume was 650ml), and the protein yield can be seen below (Table VII). The yields 
from purification of the mutants M1 and M2 are only fractions of the yield from the purified 
wt BACE. From both BACE1 mutants M3 and M213 only aggregates are produced.  

 

Table VII. Yield of cell pellet and inclusion bodies, total protein yield from the bacterial cultures and 
protein yield after purification.  

Protein Cell pellet (g) Inclusion 
bodies (g) 

Total protein yield 
from bacterial 
cultures (mg) 

Protein yield after 
purification (mg) 

wt 8.15 3.0 249.6 5.71 

M1 10.47 2.97 603 0.15 

M2 8.15 2.27 340.2 0.032 

M3 8.65 2.53 669.5 - 

M213 9.41 2.29 535.6 - 

4.2.3 Protein purification 

In Figure 11 representative results can be seen of the gels used to analyse the fractions from 
the different purification steps during purification of wt BACE1. 

In the Q1-1 step the proteins that bind and then subsequently elute with the B-buffer are 
aggregates, compared to Q1-2 where both monomeric and aggregated protein bind. In the gel 
filtration step aggregates are separated from monomers. In fig. 12 it is shown that wt BACE1 
(dark blue) contains no aggregate as only one peak is seen. For M3 (green) aggregates are 
eluted earlier and in different forms due to the larger size than monomeric protein. This is also 
the case for M213 (light blue). M1 (red) contains some aggregates after Q1-2 that can be 
separated from monomer, seen as one small peak eluted before the large peak. M2 (pink) is 
eluted as only one peak, a monomer. 

M1 protein from gel filtration could not be loaded onto the Q2 column since the protein 
amount was too low, but judging from the elution volume in the gel filtration step it was 
mostly monomeric protein (fig.12). M2 could be purified with all the purification steps, and 
monomeric protein was eluted at Q2, around 0.1M buffer B. However, this is later compared 
to wt BACE1 (fig. 13). This indicates that M2 is exposing other charged groups and binds 
stronger to the column. For M3 the purification was discontinued after gel filtration since all 
the eluted proteins were aggregates. The experiment with loading M213 onto Q2 showed that 
it was aggregates and eluted very late, around 0.1M buffer B, much later than wt BACE1 
elutes (fig. 13). 
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Figure 11. Native-PAGE and SDS-PAGE gels demonstrating the purification steps. In Q1-1 (a) 
contaminants and a small amount of aggregates are removed. Aggregates can be seen as band with a 
“stripe” at the top of the native gel, but can mistakenly be taken for monomeric protein in an SDS-
PAGE gel (b). When pH is adjusted to 6.8 BACE1 binds to the column in Q1-2 (c-d), both monomeric 
and aggregated. The monomeric protein (marked with a yellow ring) is then purified from the 
aggregates in the gel filtration step. This can be seen in a native gel (e). The protein (marked with a 
yellow ring) is further purified at Q2 (f) where the correctly and incorrectly conformations of wt 
BACE1 are separated. The correctly folded form is eluted first and is seen as the upper band (marked 
with a green ring) at the native gel, and the incorrectly folded form is eluted later and is the lower band 
(marked with a red ring). The lowest band (marked with a black ring) that follows through all the 
purification steps has by N-terminal sequencing been shown to be a cleaved product of wt BACE1. 
The gels in the upper row are native, and in the lower row denatured. 

 
 pMSE140 Superdex200 16 60  090305 EL001:10_UV  pMSE140 Superdex200 16 60  090305 EL001:10_UV
 pMSE140 Superdex200 16 60  090305 EL001:10_UV  pMSE140 Superdex200 16 60  090305 EL001:10_UV
 pMSE140 Superdex200 16 60  090305 EL001:10_UV  pMSE140 Superdex200 16 60  090305 EL001:10_UV
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Figure 12. Chromatograms for wt BACE1 and the cystein devoid mutants from gel filtration. 
Gel filtration was carried out to separate aggregates from monomers. wt BACE1 (dark blue); M3 
(green); M213 (light blue); M1 (red); M2 (pink). The y-axis shows the intensity of UV-absorbance at 
280nm, and eluted volume on the x-axis. 

From the native gels in Figure 14a it can be concluded that the active mutant protein M1 
contains more aggregates than wt BACE1. Also the contaminating lower band appears to 
migrate different in the two samples. The wt BACE1 sample contains at this step both the 
upper and lower band. For mutant M1 the active band migrates in the gel similarly as the band 
from wt BACE1. 

(a) 

(b) 

(c) 

(d) 

(e) (f) 
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Figure 13. Chromatograms for wt BACE1, M2 and M213 in the Q2 step. Correctly folded form of 
wt BACE1 (blue) was eluted much earlier compared to both monomeric M2 (pink) and aggregated 
M213 (red). The y-axis shows intensity of UV-absorbance at 280nm, and eluted volume on the x-axis. 

 

 

Figure 14a. Native gels for wt BACE1 (a) and M1 (b) after gel filtration. The active fractions of 
the protein eluted are marked by a green ring.  

 

 

Figure 14b. Native gels for wt BACE1 (a) and M2 (b) after Q2. The active fractions of the protein 
eluted are marked by a green ring.  

Compared to the upper band from wt BACE1 (fig. 14b) the active proteins from mutant M2 
consists of two different bands, and it is not clear which one of these bands that is the active 
 

(a) (b) 

(a) (b) 
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protein. One explanation to the different behaviour of M2 could be that the bands represent 
other types of folding species, of which at least one is enzymatically active. The 
contaminating lower band seen in the wt BACE1 sample is not visible in the M2 sample, 
possibly due to the low protein concentration. In addition the mutant M2 does not seem to 
contain any aggregates. 

4.2.4 DLS for the mutants 

The polydispersity for M1 and M2 (Table VIII) indicate that the soluble part of the sample is 
homogenous and likely to crystallize. However, the M1 sample also contains aggregate. This 
might be due to that the sample was not completely purified and contains monomeric protein 
in addition to shorter fragments of the protein. 

For M2 the measurement with DLS was inconclusive, probably because of its low 
concentration.  

 

Table VIII. Result from DLS. 

Mutant Polydispersity 
(%) 

% monomer 

M1 13.6 99 

M2 11 100 

4.2.5 TRF assay for the mutants 

For mutants M3 and M213 no enzyme activity could be detected with TRF (data not shown). 
This confirms the result seen in native PAGE, where only aggregated protein could be 
detected (data not shown). For mutants M1 and M2 different degree of enzyme activity was 
seen (Table IX). One interesting observation is that the enzyme activity for M1 is higher than 
the reference wt BACE1. The mutant M2 has lower activity than wt BACE1 and this could be 
due to that M2 is less stable than both M1 and wt BACE1 as indicated by the much lower 
protein yield for M2.  

 

Table IX. Result from the enzyme activity measurement with mutants M1 and M2. 

Mutant Enzyme activity* (%) 

M1  119 

M2 58 

*Calculated as percentage of reference (wt).  

4.2.6 Final discussion 

The location of the disulphide bond Cys330-Cys380 is preserved among the aspartic proteases 
containing disulphide bonds [Fischer et al. 2002]. The other two disulphide bonds in BACE1, 
Cys216-Cys420 and Cys278-Cys443, connect the C-terminal with the transmembrane domain, 
 



27 

 

whereas in the other aspartic proteases the disulphide bonds are small and located near the 
catalytic aspartic acids. 

The triple mutant M213 is exclusively forming aggregates, as does M3 with the mutation 
located at Cys278-Cys443. As this mutation connects two parts of BACE1 at great distance from 
each other, and is a characteristic for BACE1, the results shown here indicates that it is 
important for the correct folding of the protein. This is also reflected in the triple mutant, 
M213, were no correct structure with all three disulphide bonds substituted was formed. M1 
also contains a mutation that disturbs the connection between two distal parts in the protein, 
Cys216-Cys420. However, since M1 forms monomeric protein, this disulphide bond does not 
seem to be that important for the protein structure, even though the bond is a characteristic for 
BACE1. Finally, M2 contains the mutation located at Cys330-Cys380, the bond conserved 
within the aspartic protease family. M2 also forms monomeric protein, indicating that this 
disulphide bond is also not that important for the protein structure. Since both M1 and M2 
shows enzyme activity this indicates that these disulphide bonds are not crucial for activity. 
 

In a study made by Fischer et al. (2002) the cysteins in BACE1 were substituted to serines 
and the activity was measured intracellularly of mammalian cells. Here it was shown that the 
conserved disulphide bond Cys330-Cys380 is most important for the folding and activity, and 
the other two bonds less important. The results are however not comparable with the result in 
this study as the experiment procedure was completely different. For instance, BACE1 was 
expressed as full length and membrane bound protein and the activity measurement was 
studied in vivo. In this study BACE1 was expressed as inclusion bodies, purified and the 
activity measurement was carried out in vitro. 
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5. Conclusion 

 

The result of this study proofs the contrary to the hypothesis that refolding time would be 
decreased due to the substituted disulphide bonds. The final yield of monomeric protein for 
the different mutants at this short refolding time is very low compared with wt BACE1 
demonstrating that refolding is made difficult due to the mutations. However, in this study it 
is shown that both the mutants M1 and M2 are enzymatically active, showing that these 
proteins are forming active, monomeric BACE1. It is especially interesting that M2 showed 
activity, since Cys330-Cys380 is a conserved disulphide bond within the family of aspartic 
proteases and implies that it also has a crucial function in BACE1. Both the M1 and M2 
mutations show that these disulphide bonds are not absolutely important for the final 
conformation, but rather influences the folding so that the resulting total protein yield is 
lower. The lack of functional BACE1 from the mutant M3 shows that the disulphide bond 
Cys278-Cys443 is crucial for a correct folding of BACE1. This study therefore proposes that 
some disulphide bonds seem to be more crucial for the correct folding and activity than 
others, independent if the disulphide bond is conserved or not between the aspartic proteases.  

During the course of purification it was obvious that the different mutants did not form 
homogenous preparations. The M1 mutant was not as homogeneous as M2 was. However, 
this shows that some homogeneous protein from both mutants can be obtained, and it 
increases the chances that the proteins will crystallize. So far no crystallisation studies have 
been carried out and as the result from the present study is very limited, further analysis of the 
mutated proteins is necessary for a more precise evaluation. 

This study shows that 7 days of refolding is sufficient for wt BACE1; this is a significant 
decrease of the refolding time used previously. The final yield of monomeric BACE1 is 
almost the same irrespective of refolding time. The enzyme activity of BACE1 refolded for 7 
days is in the same range as BACE1 refolded for three weeks, albeit the specific activity 
appears to be lower. It is interesting that the amount of incorrectly folded BACE1 (lower 
band) is lower with decreased refolding time, but already after 7 days refolding is all 
purification steps needed and no step can be excluded to shorten the purification process. 

To further investigate the findings from this study, future experiment could try to answer 
which variables are most important for the refolding efficiency such as prolonged refolding 
time, more diluted protein during refolding or using buffers with lower polarity and/or higher 
ionic strength. In addition, complementary studies, such as structural evaluation of the wt 
BACE1 with different refolding times would clarify if there are any structural differences 
between them, having the results from TRF and DLS in mind. Finally, it would be interesting 
to investigate if the mutants M1 and M2, as well as wt BACE1 refolded for 7 days, can be 
used in crystallography trials in the search for drugs that will improve the life of the patients 
struck by Alzheimer’s disease. 
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 Appendix A – Amino acid sequence for wt BACE1 and truncated BACE1 

 

Red boxes indicate cysteins, green glycosylated asparagines and blue aspartic acids. The large box 
indicates the prosequence, and the methionine in BACE1 is marked as grey. 
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Appendix B – Reagents 

 

 

Reagent Supplier  

Ethanol 99.7% (CH3CH2OH) Solveco AB, Stockholm, Sweden 

Carbenicillin, Disodium Salt (C17H16N2O6SNa2) 
422.4g/mol 

Invitrogen, Carlsbad, USA 

Isopropyl β-D-thiogalactopyranoside (IPTG), 
Dioxane Free, High Purity (C9H18O5S) 238.3g/mol 

Calbiochem (Merck), Darmstadt, Germany 

Terrific Broth II (capsules) MP Biomedicals, Illkirch, France 

pET21a  Novagen (Merck), Darmstadt, Germany  

OneShot® BL21 StarTM (DE3) kit Invitrogen, Carlsbad, USA 

Deoxyribonuklease (DNase I) Invitrogen, Carlsbad, USA 

3-(Benzyldimethylammonio)-propanesulfonate 
(NDSB256) (C12H19NO3S) 257.35g/mol 

Sigma Aldrich, St. Louis, USA 

Tris-HCl pH 7.6 1M Sigma Aldrich, St. Louis, USA 

Magnesium chloride (MgCl2) 203.31g/mol Calbiochem (Merck), Darmstadt, Germany 

Triton® X-100 Alfa Aesar, Karlsruhe, Germany 

Beta-merkaptoethanol (C2H6OS) Scharlau, Barcelona, Spain 

Hydrochlorid acid (HCl) 12M Calbiochem (Merck), Darmstadt, Germany 

Sodium hydroxide (NaOH), pellet 40g/mol Calbiochem (Merck), Darmstadt, Germany 

Sodium chloride (NaCl) 58.44g/mol Sigma Aldrich, St. Louis, USA 

Tris-(hydroxymethyl)-aminomethan 
(NH2C(CH2CH)3) 121.14g/mol  

(Fluka) Sigma Aldrich, St. Louis, USA 

Urea 60.06g/mol Sigma Aldrich, St. Louis, USA 

DL-Dithiothreitol (DTT) (C4H10O2S2) 154.25g/mol Sigma Aldrich, St. Louis, USA 

L-Glutathione reduced (C10H17N3O6S) 307.33g/mol Sigma Aldrich, St. Louis, USA 

L-Glutathione oxidized (C20H32N6O12S2) 
612.6g/mol 

Sigma Aldrich, St. Louis, USA 

InstantBlue Expedeon Protein Solutions Ltd, Cambridgeshire, 
UK 

SeeBlue Plus2 Pre-Stained Standard Invitrogen, Carlsbad, USA 

NuPage MOPS SDS Running Buffer (20x)  Invitrogen, Carlsbad, USA 
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NuPage LDS Sample Buffer (4x) Invitrogen, Carlsbad, USA 

Novex Tris-Glycine Native Running Buffer (10x) Invitrogen, Carlsbad, USA 

Novex Native Tris-Glycine Sample Buffer (2x) Invitrogen, Carlsbad, USA 

Native gel: 4-20% Tris-Glycine Gel 1.0mm x 
12well 

Invitrogen, Carlsbad, USA 

SDS-PAGE gel: NuPAGE® 4-12% Bis-Tris Gel 
1.0mm x 12well 

Invitrogen, Carlsbad, USA 

LB/amp Agar (powder) Invitrogen, Carlsbad, USA 

Phosphate buffered Saline 10x Sigma Aldrich, St. Louis, USA 

Tween® 20 Sigma Aldrich, St. Louis, USA 

Milk powder Semper AB, Sundbyberg, Sweden 

Primary antibody: BACE (D16) goat polyclonal IgG 
200µg/ml 

Santa Cruz Biotechnology, Santa Cruz, USA 

Secondary antibody: polyclonal  rabbit anti-goat 
IgG, horseradish peroxidase conjugated 

Pierce, Täby, Sweden 

Amersham ECL PlusTM Western Blotting Detection 
Reagents (LumigenTM PS-3 detection reagent 
(solution A and B)) 

GE Healthcare Biosciences AB, Uppsala, Sweden 

TruPointTM BACE1 Assay kit384 (substrate (400nm), 
reaction buffer (pH 4.5) 

PerkinElmer Life Sciences Inc., Boston, USA 

SYPRO® Orange protein gel stain 5000x 
concentrate in DMSO 

Invitrogen, Carlsbad, USA 

Hellmanex® II Hellma GmbH, Müllheim, Germany 

Virkon (powder) Antec International, Suffolk, UK 

Glycerol (C3H8O3) 92.09g/mol Sigma Aldrich, St. Louis, USA 
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Appendix C – Thermofluor for the refolding efficiency experiment 

 

 

Samples prepared for thermofluor analysis. 

Sample Sample 
concentration 

(µg/µl) 

Sample volume 
(µl)* 

Buffer volume 
(Tris-HCl pH 

7.6 (µl)) 

SYPRO volume 
(of 50x solution 

(µl)) 

7d refolding u.b 2.38 4.6 17.9 2.5 

15d refolding u.b 0.61 17.9 4.6 2.5 

15 refolding l.b 0.51 21.4 1.1 2.5 

22d refolding u.b 0.90 12.1 10.4 2.5 

22d refolding l.b 0.62 17.6 4.9 2.5 

blank - - 22.5 2.5 
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The resulting melting curves from the refolding efficiency experiment. Tm is the temperature where 
half of the maximal intensity is reached (the equilibrium between folded and unfolded protein). As 
example, the arrow indicates Tm for 15 days refold u.b. 
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Appendix D – TRF 

 

Substrate (stock solution (400nM)) 

- 150µl reaction buffer + 0.5µl substrate (120µM) 
 

Blank 

15µl reaction buffer + 15µl substrate (400nM) 
 

Reference enzyme (stock solution (20nM)) 

- 500µl reaction buffer + 1.5µl enzyme (0.71mg/ml) 
 

Preparation of wt BACE1 samples for TRF. 

 

Samples prepared and added into Costar® 96-well half-area plate. 

Sample Conc. 
(µM)* 

10x 
dilution 
(µM) 

Volume diluted to 
100µl stock 

solution (µl)** 

Conc. stock 
solution (nM) 

Final conc. 
in wells 

(nM) 

Reference - - - 20 10 

wt BACE17 days refolding (u.b) 6.19 0.619 3.2 20 10 

wt BACE115 days refolding (u.b) 11.7 1.17 1.7 20 10 

wt BACE115 days refolding (l.b) 2.3 0.23 8.7 20 10 

wt BACE122 days refolding (u.b) 20.6 2.06 0.97 20 10 

wt BACE122 days refolding (l.b) 14.2 1.42 1.4 20 10 

 

Preparation of mutant samples for TRF. 
 

Fractions of the samples prepared and added into Costar® 96-well half-area plate. 

Sample**** Conc. 
(µM)* 

10x 
dilution 
(µM) 

Volume 10x diluted to 
100µl stock solution 

(µl)** 

Conc. stock 
solution (nM) 

Final conc. in 
wells (nM) 

reference - - - 20 10 

M1C11-C12, D10-D12*** 16.53 1.65 1.2 20 10 

M1C8 2.30 0.23 8.7 20 10 

M1C9 6.43 0.64 3.1 20 10 

M1C10 20.89 2.09 1.0 20 10 
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Sample Conc. 
(µM)* 

10x dilution 
(µM) 

Volume 10x diluted to 100µl stock 
solution (µl)** 

Conc. stock 
solution (nM) 

Final conc. in 
wells (nM) 

M2F3-F5 4.36 0.44 4.6 20 10 

M2F2 4.59 0.46 4.4 20 10 

M2F1-G1*** 3.67 0.37 5.4 20 10 

M3B12 7.58 0.758 2.6 20 10 

M3B11 8.49 0.849 2.4 20 10 

M3B10 6.20 0.62 3.2 20 10 

M3B9 7.81 0.781 2.6 20 10 

M3B8 8.72 0.872 2.3 20 10 

M3B7 11.02 1.102 1.8 20 10 

M3B6 12.63 1.263 1.6 20 10 

M3B5 9.87 0.987 2.0 20 10 

M3B4 9.18 0.918 2.2 20 10 

M3B3 8.49 0.849 2.4 20 10 

M3B2 2.75 0.275 7.3 20 10 

M3B1 17.22 1.722 1.2 20 10 

M3c1 48.67 4.867 0.4 20 10 

M3C2 19.74 1.974 1.0 20 10 

M213F4-F7 1.61 0.161 12.4 20 10 

M213F1-F3 4.36 0.436 4.6 20 10 

M213G1-G3 2.98 0.298 6.7 20 10 

*** Fractions of the protein eluted with activity. 

**** The mutant samples, with the different eluted fractions subscripted. 
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The samples are first diluted 10 times in reaction buffer, and thereafter further diluted with reaction 
buffer to a concentration of 20nM (stock solution). Into the wells is 15µl sample and 15µl substrate 
each loaded (from stock solution), giving a final concentration of 10nM and 200nM respectively. 
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Appendix E – DLS for the refolding efficiency experiment 

 

7 days refolded sample. 

  

15 days refolded sample. 

 

22 days refolded sample. 

 

 

 

 

 

 

 

 

 

Soluble, monomeric wt BACE1 is marked with a green ring and aggregates with red rings. The 
amount of monomeric protein was almost 100% for the 7 and 15 days refolding samples and there 
were not much aggregates. In the 22 days refolding sample much more aggregates are present 
resulting in low intensity of the monomeric signal due to the amount and size of the aggregates, even 
though most of the sample is monomeric. The broader peak, the more polydisperse is the sample and 
the more red peaks, the more different types of aggregates. On the y-axis is the signal intensity, on the 
x-axis the compounds radius. 
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