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Abstract 

Ephrin type-B receptor 2 (EphB2) is a receptor tyrosine kinase that phosphorylates proteins and 

thereby regulates cell migration, vascular development, axon guidance, synaptic plasticity and 

formation of borders between tissues. It has been seen overexpressed in several cancers, which 

make it an interesting protein to study. In this thesis EphB2 kinase domain (KD) and 

juxtamembrane segment with kinase domain (JMS-KD) have been expressed, purified and studied 

using analytical ultracentrifugation to evaluate the oligomerization of the KD and how the double 

mutation S677/680A affects this. A program for data analysis have been written and used for 

analysis of the acquired data. The determined values of the dissociation constants were 2.94±1.04 

mM for KD wild type and 3.46±2.26 mM for JMS-KD wild type. Due to varied problems with the 

measurements almost no data was acquired on the double mutant, and therefore no conclusions 

could be drawn regarding that construct. Additional experiments will be needed to understand the 

oligomerization of this intriguing protein. 
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Abbreviations 

AUC – analytical ultracentrifugation 

E. coli – Escherichia coli 

EphB2 – ephrin type-B receptor 2 

JMS – juxtamembrane segment 

Ka – association constant 

Kd – dissociation constant 

KD – kinase domain 

Mw – Molecular weight 

RTK – Receptor Tyrosine Kinase 

S677/680A – the double mutant where serines 677 and 680 are replaced by two alanines 

SAM – Sterile alpha motif 

SDS-PAGE – Sodium dodecyl sulphate polyacrylamide gel electrophoresis  

wt – wild type 
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1 Introduction 

1.1 Background 

1.1.1 Ephrin receptors 

Ephrin type-B receptor 2 (EphB2) is one of sixteen ephrin receptors, fourteen of which have been 

found in humans. Ephrin receptors are the largest known family of receptor tyrosine kinases 

(RTKs). Tyrosine kinases phosphorylate tyrosine residues of proteins, thus acting as an on or off 

switch, and are often involved in signalling pathways. The first ephrin receptor was found 1987 

while searching for tyrosine kinases involved in cancer [1].  Since then a large number of articles 

have been published regarding ephrin receptors describing their structure and function. Ephrin 

receptors are divided into two subclasses, called EphA and EphB. This division is made on the basis 

of sequence similarity and their affinities to two classes of ligands, called ephrin-A and ephrin-B. 

EphAs bind preferentially ephrin-As and EphBs have a preference towards ephrin-Bs. Both ligand 

types are membrane bound, although ephrin-A is bound to the membrane by a 

glycosylphosphatidylinositol linker while ephrin-B is a transmembrane protein. Ephrin receptors are 

unique among receptor tyrosine kinases in that they can also act as ligands to ephrins, inducing 

phosphorylation of the cytoplasmic part of the ephrin and thus activating signal pathways in the cell 

to which the ephrin is bound. The fact that both the ephrin and the ephrin receptor can get activated 

due to them binding to each other is usually called bidirectional signalling and may be part of the 

reason why ephrin receptors are involved in so many cellular functions. [1, 2] 

1.1.2 Functions of EphB2 in the cell 

EphB2 is a transmembrane protein, which binds to ephrins of type B. Binding of the ephrin ligand, 

is necessary for activation of the receptor. An important aspect is that interaction between EphB2 

and its ligand requires cell-cell contact. This is because both are membrane bound proteins. 

Activation can for example give rise to repulsion of the two cells, or in some cases, attraction. By 

these interactions between cells EphB2 regulate a wide variety of functions during embryonic 

development. These functions include cell migration, vascular development, axon guidance and 

synaptic plasticity, and formation of borders between tissues. [2] EphB2 also has some important 

roles in adults. One example of its involvement in adults is in the kidney. EphB2 and its ligand 

ephrin-B1 have been shown to regulate the cytoarchitechture and spatial organization of tubule cells 

in the kidney. It is believed that EphB2 might therefore affect the reabsorption of the kidneys. [3] 

EphB2 is most highly expressed in thyroid and colon, but is present in lower concentrations in 

brain, lung, heart, pancreas, kidney, placenta, liver and skeletal muscle. It is the most prevalent Eph 

receptor in the intestine. When the ephrin binds to EphB2 it leads to changes in the JMS and KD, 

which will be discussed below, activating what is called forward signalling. The binding of the 

ephrin also induces similar changes in the cytoplasmic part of the ephrin, including 

phosphorylations of tyrosine residues, giving rise to reverse signalling into that cell. This 

bidirectional signalling means that EphB2 can act as both a receptor and a ligand. To assess the 

importance of this bidirectional signalling Dravis et al. generated a mutated form of ephrin-B2 from 

mouse where the mutation specifically stops the reverse signalling. This led to hypospadias and 

failed cloacal septation showing how important the reverse signalling can be. [2, 4]  

Overexpression of EphB2 has been correlated to several kinds of cancer. It has been seen 
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overexpressed in around one third of the human tumour cell lines examined. Overexpression has 

been found in gastrointestinal cancers and the protein is present in neural cancers, lung cancer, 

sarcomas, ovarian cancer, renal carcinomas and oesophageal cancers. As was mentioned above, 

many of EphB2's functions in the cell are related to cell growth. This is the basis for the proposed 

mechanism for how EphB2 can be a factor in cancer. Unusual expression levels would then lead to 

imbalance in the growth of the cell, which may lead to tumourigenesis and metastasis. [5] 

1.1.3 Structure and mechanism of activation of EphB2 

The structure of parts of EphB2 has been solved by the use of x-ray crystallography. EphB2 consists 

of several domains and the domain composition is highly similar to other ephrin receptors. The 

extracellular part has an ephrin binding domain, a cysteine rich domain and two fibronectin type III 

domains. A transmembrane segment traverses the cell membrane. Inside the cell there are a 

juxtamembrane segment (JMS), a tyrosine kinase domain (KD), a sterile alpha motif (SAM) and a 

PDZ binding motif. See figure 1 for a schematic picture of the domains of EphB2. This structure is 

highly conserved in organisms as different as worm and human [6]. The fragments for which there 

exist a structure is the SAM domain [7], the ligand binding domain bound to antagonist SNEW (a 

short peptide showing affinity and specificity for EphB2 that inhibits the signalling pathway) [8] 

and the kinase domain, both with [9] and without the JMS [10]. No structure of the full-length 

protein is available because the protein is large and is a transmembrane protein, both of which make 

it much harder to solve the structure. The protein consists of 1055 amino acid residues, out of which 

the first 18 residues comprise a signal peptide. The processed protein thus comprises 1037 amino 

acids residues with a molecular weight of 117.5 kDa. [11] Many of the studies on EphB2 focus on 

the KD and JMS-KD, since it is hard to purify full length EphB2 and the kinase domain is the 

catalytically active domain. KD is an about 32 kDa domain that performs the phosphorylation, 

while the JMS is a small domain of about 3 kDa whose task it is to regulate whether the KD is 

active or not. JMS together with KD has a molecular weight of around 35 kDa. A crystal structure 

of JMS-KD is shown in figure 2.  
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Figure 1: a) Schematic picture showing two EphB2 proteins and two ephrinB proteins and their positioning in the cell 

membranes. The different domains of EphB2 are labelled. b) Dimerization of two EphB2 while binding two ephrinB. [2] 

 

 

Figure 2: Crystal structure of EphB2 JMS-KD (1JPA). JMS is shown in red, KD is blue (n-lobe) and green (c-lobe), 

helix αC is magenta and the activation segment is orange. The electron density of the activation segment is missing, 

probably due to high dynamics or disordering. [6, 9] 

 

Since EphB2, like other RTKs, is an important part in signalling cascades in the cell, the mechanics 

of this regulation have been well studied. The regulation needs to be strict to prevent problems in 

the cell. A too active EphB2 would lead to imbalances in the cell by activating the signal pathways 

more than it should. Low regulation could also result in signals entering the cell without any stimuli 

from outside the cell. Both these problems could result in diseases. The inactive form of the protein 

a) b) 
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is autoregulated by the JMS [12]. In this autoinhibited state the JMS is positioned closely to the KD. 

It is mainly in contact with helix αC and the β4-strand. This positioning of the juxtamembrane 

segment disrupts the ordering of the activation segment in the kinase domain and changes the 

conformation around the active site, and thereby inactivates it. Helix αC is kinked in this 

conformation. These effects from the JMS hinder EphB2 from phosphorylating target proteins, 

thereby making it inactive. [6, 9] The binding of the ephrin ligand to the extracellular ligand-

binding domain leads to the activation of the protein through changes inside the cell. The JMS 

becomes disordered and dissociates from the KD, followed by trans autophosphorylation, where 

two EphB2 phosphorylate each other, at two positions in the JMS, Tyr604 and Tyr610, and 

oligomerization. Bins el al. showed that those two positions are crucial for activation of EphB2 

[12]. The Tyr604 and Tyr610 phosphorylations induce changes very similar to those that are found 

when comparing JMS-KD to only KD, according to Wiesner et al. [6]. This can be explained by the 

dissociation and disordering of the JMS. There was also seen a significant increase in dynamics 

mainly in helix αC, the catalytic loop, the activation segment and the loop connecting helices αE 

and αF. The dynamics in the helix αC is especially intriguing, because the crystal structure of active 

EphB2 KD shows a kink in that helix, just like the autoinhibited JMS-KD. Other similar tyrosine 

kinases that have a kink in their corresponding helix show straightening of the kink at activation. 

The dynamics of EphB2 helix αC in the active state suggest that it will only have the catalytically 

active conformation part of the time, potentially because that conformation is not as stable as when 

helix αC is kinked. [6] 

1.1.4 Methods used for studies on EphB2 

Most experiments performed on EphB2 have used one of the following three methods: NMR [6], x-

ray crystallography [6] and AUC [Ahlner, unpublished][13].  

NMR is a versatile method made possible because of how the spins of nuclei are affected by 

external magnetic fields and their environment. By the use of isotopes with spin not equal to zero, 

which thus have an angular momentum their magnetization can be manipulated through the use of 

specific pulse sequences. The most well used isotopes for NMR analysis of proteins are 1H, 15N and 
13C. A great variety of experiments are available based on differences in the pulse sequence used, 

giving different kinds of information, like structure, dynamics and ligand binding. [14]  

X-ray crystallography is a method for determining the structures of molecules too small for visible 

light, such as proteins. The protein solution is first crystallized and it is on this crystal that the 

experiment is performed. A beam of x-rays is aimed at the crystal, and the pattern of its diffraction 

is recorded. This diffraction pattern depends on the structure and arrangement of molecules in the 

crystal. From the diffraction pattern the electron density of molecules in the unit cell can be 

determined, with the help of Fourier transforms. There are multiple methods available for finding 

this electron density, like molecular replacement, multiple isomorphous replacement and anomalous 

x-ray scattering. [15]  

Analytical ultracentrifugation (AUC) is a method where the sample is centrifuged at very high 

speeds, yielding sedimentation of molecules depending on their properties. The positions of the 

solutes are determined by for instance absorbance or refraction. There are two main kinds of 

experiments used, sedimentation velocity and sedimentation equilibrium. Information that can be 

gained includes molecular weight, degree of oligomerization and dissociation constants. AUC is the 

main method used in this project and will be described in more detail in the method theory section. 
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[16, 17] 

1.1.5 Earlier studies on EphB2 

The generally accepted theory about EphB2 oligomerization is that the SAM domain that is the 

most important part of the protein for the association. For example AUC measurements have been 

made to determine the association constants of this dimerization. These values, when converted to 

dissociation constants, were 6.13 mM at 10 °C, 3.05 mM at 27 °C and 2.53 mM at 32 °C. [13, 18] A 

conflicting view is held by Lundstöm’s research group at Linköping University. They have shown 

that EphB2 KD dimerizes with a far lower dissociation constant, see below. [Ahlner et al. 

unpublished] 

One study by Wiesner et al. on EphB2 analysed the KD and JMS-KD using x-ray crystallography, 

NMR and mutational analysis. They studied autoinhibited JMS-KD and several variants mimicking 

the active form of the protein. The active fragments they used were KD without the JMS, JMS-KD 

with mutation Tyr750Ala and JMS-KD phosphorylated on Tyr604 and Tyr610. They found that 

compared to JMS-KD the changes in structure was almost identical for all three models of the 

active EphB2. In their x-ray structure they found that the kink in helix αC was still there even after 

dissociation of the JMS. This was surprising, since in similar kinases the corresponding helix 

straightened upon activation. However, in their NMR studies there was shown to be significant 

exchange in and around helix αC in the active protein, suggesting that the active state of EphB2 

may involve dynamics in helix αC, which lets the protein sample a catalytically favourable 

conformation. [6]  

Unpublished relaxation dispersion experiments were performed by the Lundström research group. 

These experiments, also called Carr-Purcell-Meiboom-Gill (CPMG), reveal millisecond dynamics, 

and showed that there are dynamics present in the protein for KD, but not for JMS-KD. This was 

true for both wild-type (wt) and a double mutant serine 677 to alanine and serine 680 to alanine 

(S677/680A). The double mutant was designed under the hypothesis that it would stabilise the 

catalytically active conformation. These dynamics support that the active state of EphB2 may be an 

excited form and not the ground state. However no conclusions about the morphology of helix αC 

could be drawn.  

To further examine the properties of the protein, nanosecond dynamics experiments were performed 

by Lundström’s research group. R1, R2 and nuclear Overhauser effects (NOE) were measured for 

KD and JMS-KD S677/680A mutants. The most interesting of these was the R2 measurements, 

which showed that KD had about twice as high R2 as JMS-KD. Since R2 is approximately 

proportional to tumbling rate, which is proportional to molecular weight this indicates that KD 

dimerizes but not JMS-KD. Low concentrations of KD lowered the values of R2 and thus the 

molecular weight, which backs up the hypothesis of KD forming dimers, since dimerization 

increases with concentration. These results were confirmed by measurements with analytical 

ultracentrifugation (AUC), quite similar to the experiments in this thesis. The oligomerization of 

KD wt and JMS-KD wt was examined and the dissociation constant (Kd) for dimerization was 

calculated. The acquired average values of Kd were for KD 0.091 mM, at 4 °C, and for JMS-KD 1.8 

mM, at 25 °C. These values show that KD is more prone to dimerization than JMS-KD, which is 

consistent with the results of the R2 measurements described above. [Ahlner et al. unpublished] 

These Kd-values for KD are much lower than those acquired by Behlke et al., which ranged from 

6.13 mM at 10 °C to 2.53 mM at 32 °C [13]. This would imply that EphB2 KD is much more 
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important for the oligomerization than SAM.  

1.1.6 The focus of this project  

No AUC experiments had been done on the double mutants S677/680A, either for KD or JMS-KD. 

These were the main experiments planned for this project, and in addition some complementary 

experiments on the wild type variants of EphB2 were planned, to verify the earlier results. Figure 3 

shows the KD and the JMS, with the positions for the mutations in S677/680A marked. The 

question this project tried to answer through these experiments was how the kinase domain of 

EphB2 oligomerizes and what factors that impact this. The planned process for doing this was to 

express and then purify the proteins, one or two at a time. Measurements were then to be done with 

AUC, the main method of analysis. The plan was to repeat this about four times, depending on the 

available time.  

 

 

Figure 3: Structure of the EphB2 constructs used. KD is red, JMS-KD is blue, serines 677 and 680 are green (those that 

are mutated in two of the constructs). 

 

To help simplify the data analysis a more user-friendly program than the one used previously was 

written and benchmarked. 

No measurements were made on the full-length protein. This was due to several reasons. The 

protein in its full length is very large, about 117 kDa, which complicates expression and 

purification. Similar problems with acquiring pure protein come from that EphB2 is a membrane 

protein, which for example most likely makes it insoluble in water. Therefore two fragments of the 

protein were used, KD and JMS-KD. Another reason to not use the full-length protein was that 

these fragments are good enough models for the active and inactive forms, respectively. No other 

measurement technique other than AUC were used because of time constraints and also since there 

was enough information to be gained without adding other techniques. 

1.1.7 Today’s technical challenges 

The Beckman Optimum XL-A/XL-I data analysis software, version 4.0 that is used at the 

department today is very impractical, for several reasons. The program runs under an out-dated 
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operating system on an old computer. It is only possible to fit one data set at a time leading to time 

consuming and repetitive work. The file handling is impractical and it is not possible to redo things 

done wrong, instead the only solution is to start again on that data set. There exist a few other 

programs for fitting AUC data, but none that the department has access to [19-21]. Therefore it 

would be useful with a new and more user-friendly program, which is why a major part of this 

project was to write a better program. 

Another challenge related to this project is the fact that the AUC cuvettes often leak during runs, 

leading to loss of sample and therefore also experimental data. The cuvettes are assembled and 

disassembled before and after each run. This is so that they can be thoroughly cleaned between each 

experiment. The problem then is that even small dirt particles can lead to the pieces not fitting onto 

each other well enough which means that sample will leak. Often two cuvettes with the same 

sample is run to minimise the risk of losing data from the experiment, but sometimes this is not 

enough, when both cuvettes are leaking. 

1.1.8 Relevance for the society 

Studies on EphB2 have lots of potential relevance for the society. Since receptor tyrosine kinases is 

such a large family of proteins and they have very conserved catalytic domains and often a similar 

overall domain structure meaning that any studies on EphB2 have implications for the 

understanding of many important proteins in the body. EphB2 is an important part of many vital 

cellular mechanisms as described earlier and is also connected to several diseases, including cancer. 

Therefore, understanding of how EphB2 and other receptor tyrosine kinases work could lead to the 

development of treatments to those diseases. It is also useful with a general knowledge of how the 

body works which is given by studies on proteins. The whole field of biochemistry gives insight 

into the workings of the body and how to fix it when it does not work properly. [22, 23] 

1.2 Aim of the thesis 

Studies on the oligomerization of EphB2 KD is useful, especially because earlier the hypothesis 

was that the SAM domain was responsible for this, but now the KD is believed to be most 

important. Since these two hypotheses are potentially contradictory, unless both are important, 

studies on the oligomerization may help reveal what is the true mechanism. [13, 18] 

The aim of this project was to examine the oligomerization of EphB2's kinase domain and try to 

determine which parts of the protein that are important for this association. For example the double 

mutation S677/680A is believed to stabilise the catalytically competent conformation. If this 

hypothesis is true this mutation in JMS-KD should lead to an increased amount of oligomerization 

and lowered dissociation constant compared to JMS-KD wt. This is intriguing to study because 

oligomerization is a crucial part of the activation of EphB2 and a better understanding of it will lead 

to better understanding of how this protein works. Knowledge about EphB2 can also be applied to 

other kinases which is interesting since kinases is a very large family of proteins, making up almost 

2% of all human genes [24]. The fact that overexpression of Eph receptors and ephrins give rise to 

tumour genesis related to cancer [5] makes it even more interesting to learn more about EphB2. 

There is a possibility that the findings in this thesis could be part of understanding the mechanisms 

behind cancer.  

The other part of this project was to write a new program for analysis of data from AUC. This was 
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needed because the one used at the department was old and impractical. The new program was 

aimed to be easier to use and lead to time savings for the user.  

The process for fulfilling these aims was to first express five different EphB2 constructs in E. coli. 

Then the protein would be purified, one or two constructs at a time, and then analysed with 

analytical ultracentrifugation. This would then be repeated several times, with programming in 

between and during downtime in purification. A more detailed description of this process, along 

with a discussion of what worked and what did not, can be found in Appendix I. 
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2 Materials and Methods 

2.1 Method Theory 

2.1.1 Protein expression in E. coli 

Protein expression is done by introducing foreign DNA into a culture of Escherichia coli (E. coli) 

bacteria. This is achieved by the use of a vector, usually a plasmid that is a circular DNA molecule, 

into which the new DNA is ligated. The vector is introduced into the bacteria by, for example, 

electroporation. This process is called transformation. To ensure efficient expression of the DNA the 

vector needs to contain certain important elements. These are a promoter, which shows where the 

transcription of the gene should begin, a terminator, where the transcription ends, and a ribosome 

binding site, where the ribosome attach to the mRNA. To be able to control the expression of the 

protein the T7 promoter is often used. This promoter is recognized by T7 RNA polymerase, 

transcription of which is switched off until it is induced by isopropyl β-D-1-thiogalactopyranoside 

(IPTG). Thus, no protein is produced until IPTG is added to the culture. This is useful since as long 

as the gene is turned off the bacteria can use all their energy on growing which leads to a high 

number of copies of the vector. One or more genes encoding antibiotic resistance proteins are also 

included in the vector, for selection purposes. During bacterial growth antibiotics are added, 

corresponding to the resistances provided by the vector. This means that only bacteria that have 

taken up the vector can grow. The advantage with this is that any bacteria not containing the vector, 

either by virtue of not taking it up or possibly bacteria from the environment, will die, yielding a 

very good selection towards transformed cells.  

There can be several problems connected to expressing proteins in E. coli that may need to be 

addressed. One possible problem is differences in how the DNA sequence is translated, leading to 

either incorrect protein sequences or lowered expression levels. Other complications include 

incorrect processing of the protein or that the protein cannot be folded as intended. Erroneous 

folding often leads to the formation of insoluble inclusion bodies. Refolding of protein from 

inclusion bodies can often be difficult. For an example of one way to do refolding, see section 2.2.2. 

[25] 

2.1.2 Collection and solubilisation of inclusion bodies, and refolding 

The inclusion bodies are collected mechanically by disruption of the bacterial cell walls through 

sonication. Solubilisation is then achieved by the use of a chaotropic agent, like guanidinium 

chloride (GdHCl) or urea. In addition a reducing agent is usually needed, to prevent the formation 

of intermolecular disulphide bonds. To acquire native protein from inclusion bodies refolding of the 

protein is necessary. There are many possible ways to do the refolding, but they all involve the 

removal of the denaturant in some way. One way of doing that is dialysis, which depends on using a 

membrane through which small molecules can pass, but large ones cannot. In the case of refolding 

there is a high concentration of GdHCl inside the dialysis tube together with the protein, with lower 

concentration outside the tube. After enough time the buffer inside the tube will be equal to the one 

outside, with the protein still inside. Then the buffer outside is changed to a lower denaturant 

concentration and at last to no denaturant, at which point the protein has refolded. During refolding 

it is important to consider that the protein might refold into a non-native structure. Therefore the 

right conditions for refolding need to be found, which can be both hard and time consuming. [26] 
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2.1.3 Immobilized metal affinity chromatography (IMAC) 

In immobilized metal ion chromatography (IMAC) metal ions are immobilized in a column and a 

sample is run through the column. A histidine (His)-tag, often on the N-terminal part of the protein, 

then binds to the metal ions in the column, while proteins lacking a His-tag flow through. A His-tag 

contains four to six consecutive histidine residues. Several different metal ions can be used, like 

Ni2+, Co2+, Zn2+, and Cu2+. The His-tagged protein is then eluted by applying buffer containing at 

least around 100 mM imidazole, which competes out the His-tag binding to the metal ions. 

However, there are some proteins that bind unspecifically to the nickel column, usually because 

they contain numerous histidine residues. In E. coli, examples of these are superoxide dismutase, 

with six histidine residues, and chloramphenicol acetyltransferase, with twelve histidine residues. 

Thus an additional, reverse, IMAC purification step is useful. This is done after proteolytic cleavage 

of the His-tag (see below). In this step the previously His-tagged protein will pass through the 

column, while proteins with unspecific binding as well as the removed His-tag and the protease 

(provided that it is His-tagged) will bind to the column. Therefore, this dual IMAC purification 

leads to removal of a very large percentage of contaminants from the sample, since both proteins 

not binding to and ones binding to the column are separated from the desired protein. [27, 28] 

2.1.4 TEV cleavage 

The His-tag, used for selection in the nickel column, may interfere with later measurements and 

usually needs to be removed before analysis of the protein. This is most easily done using a protease 

and one that is commonly used is the tobacco etch virus (TEV) protease. The main advantage of 

TEV compared to other proteases, like thrombin, is its remarkable specificity leading to it only 

cleaving the desired linker and leaving the protein intact. The TEV protease has an optimal 

recognition sequence of Glu-Asn-Leu-Tyr-Phe-Gln-(Gly/Ser), which is genetically engineered to be 

positioned between the His-tag and the target protein. Cleavage occurs between Gln and the Gly or 

Ser. The active site of TEV is similar to those of serine proteases, such as chymotrypsin. The 

difference is that the serine is replaced by a cysteine, giving a catalytic triad of Cys-Asp-His. [29, 

30] 

2.1.5 Gel filtration 

Gel filtration, also known as size exclusion chromatography, is a method for separating molecules 

according to their size. The gel filtration column is packed with a porous matrix consisting of inert, 

spherical particles. The separation is achieved by the fact that smaller molecules can enter more of 

the pores and thus travel a longer way through the column. This leads to a separation where larger 

molecules are eluted first, and then smaller molecules follow in decreasing order. Molecules larger 

than the largest pores all elute together and can therefore not be separated; the same is true for 

molecules small enough to be able to enter all pores in the matrix. Because of this it is important to 

choose a matrix with suitable pore sizes, based on the molecular weight range in which separation is 

desired. Gel filtration offers a good separation of molecules, although the exact resolution depends 

on the gel matrix of choice. One advantage compared to other methods is that gel filtration can be 

performed in a wide variety of conditions, depending on what is required for the protein that is 

analysed. This includes detergents, high or low ionic strength and varying temperatures. [31] 
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2.1.6 Analytical ultracentrifugation 

Analytical ultracentrifugation (AUC) is an analysis method, which uses centrifugation at high 

speeds to obtain information about the solutes of a sample. It can be used to find the purity of a 

sample, the molecular weight and different hydrodynamic and thermodynamic properties of 

molecules in the sample. It is possible to determine the molecular weight of molecules from a few 

hundred Dalton (Da) to several million. This large range of molecular weights that can be separated 

is unique for AUC. The limiting factor for small molecules is the maximum speed of the rotor, 

while the limiting factors for large molecules are the stability of the rotor at low speeds as well as 

the width of the meniscus. Another advantage is that small sample volumes, 20-120 µl, and low 

concentrations, 0.01-1 g/l, are possible to analyse.  

Sedimentation of macromolecules in the sample is acquired by centrifugation at high and exact 

speeds. Depending on the properties of the molecules in the solution they will sediment to different 

positions in the cuvette. Their positions are measured either with absorbance or refraction.  

There are two main experiments run on the analytical ultracentrifuge, sedimentation velocity and 

sedimentation equilibrium. In sedimentation velocity experiments the sample is spun at a high 

enough angular velocity to give rise to sedimentation in the cuvette. This creates a boundary 

between the part of the cell closest to the rotor, which has a low concentration, and the part farthest 

from the rotor, with high concentration. The movement of this boundary over time gives the 

sedimentation coefficient, while the rate of spreading gives the diffusion coefficient. This leads to 

information about the particles in the solution, for example the molecular weight is given by the 

ratio of the sedimentation coefficient to the diffusion coefficient. 

Sedimentation equilibrium experiments differ from the velocity experiment in that the sample is 

centrifuged long enough for formation of equilibrium between the sedimenting and diffusional 

forces. The sedimentation, which increases with distance from centre of rotation, and the diffusion, 

which increases with the concentration, are opposing forces that at equilibrium cancel out at all 

positions in the cell. The centrifugation is done at a somewhat lower angular velocity compared to 

velocity experiments. At equilibrium the concentration distribution of the solute increases 

exponentially away from the centre of rotation and is also constant over time. Then there is no net 

movement of molecules in the sample. Formation of equilibrium is often a slow process, and 

depends on the square of the cell length in the radial direction. In a 3 mm solution column 18 hours 

of centrifugation is needed to reach equilibrium. For a smaller cell the time is much lower and vice 

versa. Large molecules will have a higher concentration closer to the cell bottom compared to 

smaller molecules, while the opposite is true for the top of the cell. In a heterogeneous solution a 

plot of the logarithm of concentration versus radius squared will give what is called the weight-

average molecular weight (Mw). This weight is an average of the weights of the molecules in the 

solution, given by equation 1.  
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where Mi is the molecular weight of molecule i and ci is the concentration of molecule i in g/l. From 

the weight-average molecular weight the number-average molecular weight (Mn) can be calculated 

as in equation 2. 
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ni is the number of moles of molecule i. The ratio of Mw/Mn gives an indication of the degree of 

heterogeneity in the sample. For a homogeneous sample the ratio is equal to one, the more 

heterogeneous the sample is the greater the ratio is. AUC can also be used to examine 

oligomerization of the solute. Due to the law of mass action the degree of association is 

proportional to the concentration. This means that at low concentrations the average molecular 

weight is close to that of the monomer, while at higher concentrations it increases towards the 

weight of the oligomer, due to the larger proportion of oligomer. [16, 17] 

2.1.7 Fitting AUC data 

The data from the AUC experiments were fitted to two different models, one for monomer and one 

for dimer. Both models are exponential, because at equilibrium the concentration depends 

exponentially on the distance from the centre of the rotor. The concentration distribution of a 

monomer behaving close to ideally is given by equation 3. 
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            (eq. 3) 

 

where A is absorbance at radius r, Amonomer,F is the absorbance at reference position F, ω is the 

angular velocity of the rotor, R is the gas constant in JK-1mol-1, M is the molecular weight, ν is the 

partial specific volume and ρ is the solvent density. Amonomer,F and M are the variables that are fitted. 

ω is varied for each speed. For a dimer the concentration distribution is instead given by equation 4. 
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  (eq. 4) 

 

where Ka is an association constant dependent on the extinction coefficient (ε), the actual Ka is 

found by multiplying Ka by the extinction coefficient and the path length and dividing it by two. 

The extinction coefficients used were, for KD at wavelength 295 nm ε=15 500 l*mol-1*cm-1, at 300 

nm ε=8180 l*mol-1*cm-1 and at 305 nm ε=3680 l*mol-1*cm-1, for JMS-KD at 295 nm ε=16700 

l*mol-1*cm-1, at 300 nm ε=8780 l*mol-1*cm-1 and at 305 nm ε=3950 l*mol-1*cm-1. Ka is fitted 

instead of M, and all other parameters are the same as for equation 3. [17] 

Fitting to equations 3 and 4 was done by using the Levenberg-Marquardt method, which is a 

combination of the Gauss-Newton algorithm and the method of gradient descent. The Levenberg-

Marquardt method is used to fit non-linear least square problems, i.e. to minimize the sum of the 

squared residuals. Thus it finds the optimal values of the parameters to describe the experimental 

data with the chosen function. The Levenberg-Marquardt algorithm is an iterative method, meaning 

that it starts on a user provided guess and then in each iteration a step is calculated that moves in the 

direction that minimises the sum of the squares of the deviations. The method acts more like the 

gradient descent method when far from optimum and more like the Gauss-Newton method when 

close to optimal values for the parameters. The method can usually find a solution, even if the initial 

guess if far from the correct answer. However, it is still important that the guess is as good as 

possible, since otherwise the algorithm risks getting stuck in a local minimum, thus not giving the 

correct answer. [32] 

2.1.8 Statistical analysis 

A statistical analysis of the results was done with the use of calculated χ2-values and an F-test for 

comparison of the models for monomer and dimer. χ2 is a value that describes how much a fit 

differs from the experimental data. It is calculated using the formula shown in equation 5. 
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where σ2 is the variance, O is the observed value and E is the theoretical value. Thus, χ2 becomes 

larger the more the observed values differ from the calculated ones, regardless of whether it is 

higher or lower. It is useful to calculate the reduced chi square statistic, which is χ2 divided by the 

number of degrees of freedom (ν), which is calculated as number of data points minus number of 

fitted parameters. If this statistic approaches a value of one the model fits well to the observed data, 

while large deviations from one indicate a worse fitting.  

For comparison of two different models for fitting the same data an F-test can be done. For this test 

to be applicable the models need to be nested, which means that the simpler model has to be a 

special case of the more complex model. Usually the complex model has one or more additional 
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parameter terms, which if set to zero would yields the simpler model. This is true for the models 

shown in equations 3 and 4 for fitting AUC data to monomer and dimer, except that for monomer 

the Mw is fitted, but not for dimer. Therefore a change in the model was made for the calculation of 

the F-value, the molecular weight was held constant for both models. This model is close enough to 

the real one to still give a useful statistical analysis. The test statistic is calculated as follows in 

equation 6. 
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This test statistic can be converted into a p-value; a measure of how unlikely this F-value is if the 

simpler model is correct. Thus a low p-value means that the more complex model is better and the 

simpler model is rejected if p is less than a previously chosen value. In this project p<0.01 is used 

for rejection of the simpler model. [17, 33] For calculation of mean values of Kd the formula shown 

in equation 7 was used: 

 

 


n

i iX
n

X
1

1
                 (eq. 7) 

 

where Xi is observed value number i and n is the number of observed values. For the uncertainty of 

measurements the standard deviation of the mean is calculated using equation 8.  
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where Xi is observed value number i, n is the number of observed values and X is the mean value. 

Thus an average value is presented as X ±δX. 

2.2 Experimental 

2.2.1 Expression of EphB2 in bacteria 

Protein expression was done in Escherichia coli. For the JMS-KD constructs the E. coli-strain 

BL21(DE3) codon+ RIPL (Stratagene) was used and for the KD constructs the strain BL21(DE3) 

gold (Stratagene) was used. BL21 (DE3) codon+ RIPL are used since they have extra tRNAs to 

make the expression of EphB2, which is a human gene, more optimal. The KD constructs have been 

codon optimized for E. coli, so they can be expressed in the bacteria effectively without need for 

codon+ cells. Plasmids containing the gene for the desired construct were transformed into the 
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bacteria using electroporation in an electroporator (Bio-Rad). Also included in the constructs was a 

TEV protease cleavable N-terminal His-tag and the plasmids also contained genes encoding 

antibiotics resistance proteins. The bacteria where then grown, first on agar plates, then in liquid LB 

medium (lysogeny broth medium) at 37 °C, shaking at 100 rpm. The plates and media had 

antibiotics added to select for transformed bacteria. Depending on the plasmids different antibiotics 

were used, for the KD constructs kanamycin was used and for the JMS-KD constructs ampicillin 

and chloramphenicol were used. The bacteria culture were grown to high enough optical density, 

about 0.8, EphB2 expression was then induced by addition of 1 mM IPTG over night at 16 °C. 

Figure 4 shows a schematic picture of the expressed protein variants.  

 

 

Figure 4: A schematic picture of the expressed construct, showing KD in red, JMS-KD in blue and the His-tag in green. 

The positions of the two mutations in S677/680A are marked. 

 

2.2.2 Purification of protein 

All buffers are shown in Appendix II. A flowchart of the purification protocol is shown in figure 5.  

 

 

Figure 5: A flowchart of the purification process. 

 

The cells were harvested through centrifugation and dissolved in lysis buffer A. The first step of the 

purification is sonication, which is a method for lysing the E. coli cells. Between each sonication 

step the cells were centrifuged and the pellet resuspended in lysis buffer A. The last resuspension 

was done in lysis buffer B, which contains 6 M guanidinium chloride (GdHCl) to break up the 

inclusion bodies containing EphB2. Sonication was performed three times. First to break the cell 

walls, then to wash the inclusion bodies and finally to dissolve the inclusion bodies.  

Next the supernatant containing protein was run on a 5 ml HisTrapTM HP column (GE Healthcare). 
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His-tagged EphB2 bound to the column while other proteins flowed through. The column was 

washed with lysis buffer B, followed by wash with lysis buffer B with an additional 15 mM 

imidazole. Then the bound proteins were eluted using elution buffer, a buffer containing 350 mM 

imidazole.  

Dialysis was used for refolding the protein. Four different dialysis buffers, named dialysis buffer 1 

to 4, were used. The first one had 0.75 M GdHCl, the second one had 0.375 M and the last two had 

0 M. The last buffer changed the buffering agent from Tris to HEPES. The sample was dialysed for 

two hours or overnight, and then the buffer was changed to a new one of the same kind. This was 

repeated four times, once for each of the buffers. Protein that did not refold correctly aggregated 

and precipitated. Therefore the dialysed sample was centrifuged and filtered to remove the 

precipitate.  

The sample was then incubated with TEV protease to cleave of the His-tag. The cleavage was 

checked with SDS-PAGE, comparing before and after TEV cleavage. To remove the His-tag, TEV 

and proteins that bind unspecifically a second HisTrapTM Ni2+-column was run. EphB2 was eluted 

during loading, while the His-tag and TEV bound to the column.  

The sample was concentrated and filtered before being applied to a Superdex 75 16/60 gel filtration 

column on an ÄKTA purifier, both from GE Healthcare. This step increased the purity by separating 

the contents of the sample according to size. An SDS-PAGE gel was run to confirm the purity, and 

then the buffer was changed to a new one with the differences being pH from 8.0 to 7.2, 5% 

glycerol to 2% and TCEP as reducing agent instead of DTT. The last step of the purification was 

concentration of the sample to a suitable volume for analytical ultracentrifugation. The 

concentration of purified protein was calculated by measuring the absorbance and using Beer-

Lambert law, A = cεl. The measurement was done with an Implen NanoPhotometerTM P330 at a 

wavelength of 280 nm, where a lid factor was used for virtual dilution of either 10 or 50 times. 

2.2.3 Analytical ultracentrifugation (AUC) 

For the AUC experiment the sample was prepared in three different concentrations relative to the 

concentration acquired from the purification, no dilution, 2.5 times dilution and 10 times dilution. 

The AUC cuvettes were thoroughly cleaned and then assembled. The three concentrations of sample 

were loaded into three of the cells in the cuvettes together with three references in the other three 

cells. An additional cuvette with the same sample in the same concentrations was prepared and run 

as a back-up to minimise the damage from leakage. The experiments were performed in a Beckman 

Coulter OptimaTM XL-I Analytical Ultracentrifuge. The experiment was set up so that the centrifuge 

spun the samples for a long time at one speed, until equilibrium was reached. Then the distribution 

of molecules was measured using absorbance, followed by centrifugation at the next speed. First it 

was spun at 3000 rpm for 1 hour, which is a test run to see that the cuvettes are not leaking and that 

everything seemed all right. Then the real equilibrium runs were done, at speeds 3000 rpm, 7000 

rpm, 11000 rpm, 17000 rpm, 24000 rpm and 32000 rpm, all for 20 hours. The experiment was run 

at 4 °C, there were 5 replicates of each measurement and absorbance was measured at three 

wavelengths, 295 nm, 300 nm and 305 nm, once 280 nm instead of 305 nm, because of lower 

concentration in the sample.  
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2.2.4 Methods of analysis 

The program for analysing data from AUC experiments has several problems. For example it is 

unintuitive and if mistakes are made it cannot be undone, instead the analysis has to be started from 

the beginning again. Therefore one part of this project was to make a new program for analysis of 

AUC data. The main program was written in C++, and a script that runs the program was written in 

UNIX c-shell script. The program takes the raw data files from one run as indata. These data files 

have three columns, radius from rotor, absorbance and deviation between measurements. The 

program can handle up to 7 cuvettes, any number of different run speeds and three wavelengths of 

absorbance measurement. The limits on cuvettes and wavelengths are based on that those are the 

maximum number allowed in the AUC. The beginning and end of each cell in the cuvettes are 

entered manually as well as whether to fit to a model describing a monomer or a dimer. Then the 

program reorganises the data, so that it can analyse data from all six speeds for one cell and one 

wavelength together. It then fits the data to an exponential function and creates a result file 

containing information about the fitted parameters, and a file with graphs of the indata and the fitted 

curve. When the monomer model is chosen Mw is fitted, while when dimer is chosen Mw is kept 

constant and instead the association constant, Ka, is varied. Several factors were taken into account 

when deciding what data was useful. Any data point with an absorbance value lower than 0.00 or 

higher than 1.25 was removed. This is to ensure that Lambert-Beers law is linear. Only datasets 

containing four or more speeds were used, and naturally only data from cuvettes not leaking were 

analysed. Then the graphs generated by the program were analysed. If the shape differed too much 

from the expected exponential curve the data was removed. Reasons for this deviation could be for 

example dirt on the cuvette or leakage from the cell. Also, if the fitted molecular weight was below 

25 kDa the data was deemed unreliable, possibly because of impurities. χ2-values was calculated as 

a measure of how close the fitted curves were to the acquired data points and F-tests were done to 

determine whether the model fitting to dimer was better than for monomer. For p-values lower than 

1 % the simpler monomer model was rejected and it was decided that dimerization was likely. This 

means that the Kd-value was only calculated for fits where the F-test gave p<0.01. To control that 

the fitting in the program works as intended synthetic data sets were generated with correct 

distributions for the two models used. These were then fitted using the program. 

  



22 

 

3 Results 

3.1 Protein expression 

During the thesis protein expression was done twice. First one construct, EphB2 KD S677/680A, 

was expressed. The second time four constructs were expressed in parallel; those were EphB2 KD 

wt, JMS-KD wt, JMS-KD S677/680A and JMS-KD Y750A. However, JMS-KD Y750A was never 

used in this project, because of time constraints. The success of the protein expression was 

evaluated by the use of sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

where differences between the proteins in the E. coli cells before and after IPTG induction can be 

compared. The first expression, of KD S677/680A, was a successful. However, it was not easy to 

see the bands corresponding to EphB2 on the gel. This is not unusual for this protein, according to 

experiences from this project and other work on EphB2 done in this research group. A faint band 

could be seen in the well containing post induction just below 35 kDa, which was not present before 

induction. This shows that the expression had been successful, however the exact amount of 

expressed protein is not known, since SDS-PAGE only give general information about the amounts, 

based on how strong the bands are. For the second expression it could again be seen on the SDS-

PAGE that all the constructs were expressed successfully, with faint bands just like the first time.  

3.2 Protein purification 

In total six protein batches were purified, two constructs twice, KD S677/680A and JMS-KD 

S677/680A, and two once, KD wt and JMS-KD wt. Overall it worked well, except for a few 

setbacks, including some incomplete TEV cleavages and problems during the first IMAC of the last 

purification. To show the results of the purifications selected SDS-PAGE analyses are shown for 

each purification, together with the calculated amount of protein in the final sample.  

The first purification was of KD S677/680A. Figure 6 a) shows an SDS-PAGE gel where before and 

after TEV cleavage can be compared. Since the difference between pre and post TEV cleavage is 

about the same as the weight of the His-tag the cleavage seem to have been complete. The 

chromatogram from the gel filtration is not shown, but was similar to the one shown for the last 

purification. The purity of the gel filtration fractions containing EphB2 is shown in an SDS-PAGE 

in figure 6 b). The gel filtration gave pure protein in all analysed fractions. Just before making the 

AUC samples the concentration was calculated by measurement of the absorbance. The 

measurement was done using first lid 50 and then lid 10, giving two different absorbance values, 

6.8 and 2.21 respectively. Because of this it was hard to know what the true concentration was. 

When calculating from A=6.8 the concentration was 0.166 mM and from 2.21 the concentration 

was 0.054 mM. When preparing the AUC samples three different dilutions was made from this 

sample, one with no dilution, one with 2.5 times dilution and one with 10 times dilution. Thus the 

concentrations run in the AUC were 0.166 mM, 0.0664 mM and 0.166 mM or 0.054 mM, 0.0216 

mM and 5.4 µM.  
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Figure 6: Results from the first purification. a) SDS-PAGE 

comparing before and after TEV cleavage of KD S677/680A. 

In well 11 there is pre TEV cleavage and in well 12 there is 

post TEV cleavage, wells 6 and 8 is pre induction (two 

different loading volumes) and well 7 and 9 is post induction 

(two loading volumes). The relevant bands are shown in the red ellipses. In well 11 the band is at a slightly higher 

molecular weight than the band in well 12, indicating that the His-tag had been cleaved off. The image and all similar 

images have been cropped at approximately the 10 kDa marker band. b) SDS-PAGE of fractions D1 to D8 from gel 

filtration of KD S677/680A in wells 2 to 9, with sample from before gel filtration in well 10. Marked in the red ellipse 

are the bands corresponding to EphB2 KD. The gel filtration gave pure protein, since no other bands are seen. The 

smear in the central wells comes from high amounts of protein, not impurities.  

 

In the second purification JMS-KD S677/680A was the construct of choice. The result from the 

TEV cleavage was complete cleavage, picture not shown. The chromatogram from the gel filtration 

is not shown, but was similar to the one shown for the last purification. Figure 7 show the results of 

the gel filtration in an SDS-PAGE gel. Pure EphB2 JMS-KD S677/680A were detected in all 

analysed fractions except D1. The absorbance of the sample just before the AUC experiment was 

measured to 1.58, which equals to a concentration of 0.039 mM. After dilution for the AUC 

samples, as described earlier, the concentrations were 0.039 mM, 0.015 mM and 3.9 µM.  

 

 

Figure 7: SDS-PAGE showing the result of the gel filtration. Well 1 is post TEV and well 12 is pre gel filtration, for 

comparison. In wells 3 to 11 are fractions D1 to D9 from the gel filtration. The ellipse shows the bands containing 

EphB2 JMS-KD and it can be seen that the fractions are pure. No protein was detected in fraction D1.  

 

Next came a purification of two constructs simultaneously, KD wt and JMS-KD wt. The result of 

the TEV cleavage is shown in figure 8 a). Comparison between before and after cleavage for JMS-

KD wt shows that either the cleavage had started before addition of TEV or an almost fully failed 

cleavage. Based on the molecular weight ladder it seems more likely with the first possibility, since 

JMS-KD wt should weigh about 35 kDa and when the His-tag is still linked to it should weigh a 

b) a) 

b) a) 
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few kDa more which is what the gel shows. However, it is not possible to be sure, since the ladder 

does not give exact molecular weights, only approximate. For KD wt an incomplete cleavage is 

shown. There is still some protein with the higher molecular weight present in the sample after 

cleavage. These results made an additional TEV cleavage necessary and the results of this are 

shown in figure 8 b). Here it can be seen that the second cleavage was successful and it seems like 

JMS-KD was cleaved already after the first cleavage, since no difference was seen after adding 

more TEV. The chromatogram from the gel filtration is not shown, but was similar to the one shown 

for the last purification. The results are shown in an SDS-PAGE gel shown in figure 8 c). It can be 

seen that the fractions are almost pure, except some low molecular weight impurities, for both 

constructs. Because of those impurities only fractions containing much more EphB2 than 

contaminating protein were pooled. The absorbance of the samples before the AUC measurement 

was 6.45 for KD wt and 18.1 for JMS-KD. This gives the concentrations 0.158 mM for KD wt and 

0.442 mM for JMS-KD. After dilutions the concentrations were for KD wt 0.158 mM, 0.063 mM, 

0.0158 mM and for JMS-KD wt 0.442 mM, 0.177 mM and 0.044 mM.   
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Figure 8: Results from the third purification. a) SDS-PAGE of TEV cleavage of KD wt and JMS-KD wt. Well 1 contains 

pre induction, well 2 is post induction, well 3 is pre TEV cleavage and well 4 is post TEV cleavage, all JMS-KD wt. 

Wells 6 to 9 are the same for KD wt. In wells 8 and 9 an incomplete cleavage of KD wt is seen, since there is still a band 

at the same level in well 9 as in well 8. For JMS-KD wt it looks like either the His-tag had started to be cleaved off 

before addition of TEV or that almost no cleavage had been taking place, in which case the top band in well 3 could be 

an impurity. b) SDS-PAGE of the second TEV cleavage for KD wt and JMS-KD wt. Well 2 is pre TEV JMS-KD wt, well 

3 is after first TEV cleavage attempt for JMS-KD wt and well 4 is post TEV 2. In wells 6 to 8 KD wt is loaded in the 

same way. Wells 4 and 8 show an almost complete cleavage of the His-tag. The slightly lighter band most clearly visible 

in wells 4 and 8, but also in wells 3 and 7, is the TEV protease. c) SDS-PAGE of gel filtration of KD wt and JMS-KD wt. 

In the red ellipses are shown some of the EphB2 containing fractions for both constructs, they are quite pure. Some 

impurities can be seen at low molecular weights, so only fractions with a high ratio of EphB2 to impurity were pooled. 

 

The last purification was with two different constructs, KD S677/680A and JMS-KD S677/680A. 

During this purification something happened during the first IMAC leading to no detection of 

protein during the elution where it was expected. Therefore an extra SDS-PAGE was run to find out 

where the protein was, after dialysis against distilled water overnight on a small sample to remove 

the guanidinium chloride and make SDS-PAGE possible to perform. This is shown in figure 12 a). 

Flow through from loading, wash one (with lysis buffer B) and wash two (lysis buffer B with 20 

mM imidazole instead of 5 mM), and elution fractions one and two (elution buffer, 5 ml fractions), 

were compared with pre and post induction. EphB2 was found mainly in wash one and two and 

elution one and two, so those were pooled together for continued purification. It was surprising to 

find protein in the elution fractions, since absorbance measurements of them gave no result, but no 

satisfactory explanation has been found. The TEV cleavage was unsuccessful, since no cleavage 

was detected on the SDS-PAGE gel, picture not shown. Therefore more TEV was added for another 

attempt at cleavage of the His-tag. The result of this TEV cleavage as well as the following IMAC 

step is shown in figure 12 b). This gel showed a successful TEV cleavage and also quite pure 

protein after the IMAC step, with some contaminations. Figure 12 c) shows the result of the gel 

filtration in the form of a chromatogram. In figure 12 d) the SDS-PAGE gel of the fractions from 

a) 

c) 

b) 
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the gel filtration is shown. This time the analysed fractions were chosen at the edges of where 

EphB2 were thought to have eluted, so several of the wells show impurities. Only the fractions 

showing pure protein were used. The absorbance was measured as 15.59 for KD S677/680A and 

7.49 for JMS-KD S677/680A. This gave concentrations, for KD S677/680A, before dilution as 

0,380 mM and after dilution 0,152 mM and 0,038 mM. For JMS-KD S677/680A the concentrations 

were 0.180 mM, 0,072 mM and 0,018 mM. 

 

 

Figure 12: Results from the fourth purification. a) SDS-

PAGE for finding where the protein eluted in the first 

IMAC during the fourth purification. Wells 5 and 6 were 

pre and post induction, wells 7 to 11 were flow through 

loading, wash 1, wash 2, elution fraction 1 and elution 2, 

all KD wt. Wells 13 to 15 were flow through loading, 

elution fraction 1 and pre induction, all JMS-KD. Protein 

was found in most of the analysed fractions, as can be seen 

in the two red ellipses. b) Wells 2 to 5 are KD S677/680A, well 2 is pre TEV, well 3 is post TEV one, well 4 is post TEV 

two and well 5 is post ni-column. Wells 7 to 10 are JMS-KD S677/680A, well 7 is pre TEV, well 8 is post TEV one, well 

9 is post TEV two and well 10 is post ni-column. The red ellipses show that the TEV cleavage was successful, although 

KD S677/680A seems to only have been partially cleaved. The green ellipses show the flow through from the ni-column 

after concentration. Both were quite pure, but JMS-KD S677/680A seemed to have a low concentration. c) The resulting 

chromatogram from the gel filtration of KD S677/680A. The blue line shows absorbance at 280 nm. The large peak is 

where EphB2 KD eluted, centred on fraction D4. The very small peaks on both sides are probably some other protein 

with slightly higher and lower molecular weight respectively. This is an example of a gel filtration that seems to have 

yielded pure protein. d) SDS-Page gel showing the result of the gel filtration. The fractions to analyse were chosen at 

the edges of the peak of elution, so many of the fractions contain contaminations. The fractions that contain suitably 

pure protein are marked with the red ellipses. 

 

In total these purifications gave pure protein for four AUC measurements. Each construct was 

prepared in three different concentrations and with a duplicate of each, yielding six samples per 

purification (or twelve when two constructs were purified at the same time). Since measurements 

were done at three wavelengths the total amount of data sets should be 108, but as will be seen the 

c) 

b) 

a) 

d) 
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number of analysed ones are much fewer, only 24 were good enough for analysis. This is due to 

leakages, but also unreliable data from for example dirt interfering with the measurements.  

3.3 Development of software for fitting AUC data 

The program for fitting AUC data have been finished and can be used to fit data. Figure 13 shows a 

flowchart of how the program works. It takes in raw data files and rearranges the data so that all 

speeds for the same wavelength and cell are together. Then the data is fitted to an exponential curve, 

using the Levenberg-Marquardt algorithm to find the least square solution for best fit. The functions 

for the fitting algorithm are taken from Numerical Recipes [34].  

 

 

Figure 13: A flowchart showing how the program works. First it reads the data, then reorganises it and fits it to the 

chosen function. The fitted parameters and χ2 is written to a result file and graphs of the data and fitted curves are 

made. 

 

When starting the program it can be chosen whether to fit to a model describing monomer or dimer. 

Other things that can be customised is removal of bad data by removing data points from copies of 

the raw data files, the initial guesses for the fitted parameters Mw and Ka and the boundaries of the 

three cells in the cuvette. These choices are done in a parameter file, an example of which is shown 

in Figure 14.  
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Figure 14: An example of how the parameter file can look for a run. The first three 

lines are definitions on the boundaries of the three cells in the cuvette. The next 21 

lines define what cuvettes, wavelengths and whether all cells should be used. The #-

sign means that a line is ignored, so here only cuvettes one and three are used (seen 

from the first number in each line). The next number is the wavelength and the other 

three are one if a cell should be fitted and zero if not. Thus, 1 0 0, from line four, 

means that cuvette one, wavelength 295 nm, should be fitted for cell one and two, 

but not three. The last three lines show that the data should be fitted to the model 

describing a dimer (n-mer=2), that the molecular weight is set to 32.3281 kDa and 

the initial guess for Ka is 0.1 M-1. 

 

 

 

 

 

 

 

 

 

 

 

After the fitting, the program generates files which will be used for plotting and then plots them 

using the software xmgrace [35]. This gives a file with all graphs from the run. The program 

produces a file containing the results of the fits, like the fitted parameters, χ2-values and degrees of 

freedom, see figure 15 for an example of a result file. Another result file that is quite similar is 

generated for the data sets that could not be fitted due to bad data or poor choices of starting values 

for the fitting parameters.  

 

 

Figure 15: An example of a result file generated by the program. The first line informs about which parameters are 

shown (the order is correct, but they are not always right over the corresponding number). Then comes a line 

describing what the origin of the data set is, next is the results of the fits. Those two lines are then repeated for all data 

sets fitted. 
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Since bad data is removed manually and the boundaries of the cuvette cells are chosen by the user 

the program may need to be run multiple times to ensure a satisfactory result. Thus, the procedure 

for analysing data with this program can often be iterative and could follow these steps: 

 

1) Modify the parameter file to fit the data you will be using.  

2) Provide raw data files and run the program. 

3) Evaluate the results through the plots and result files, and find out if the parameter file needs 

to be changed. 

4) Change the parameter file according to the findings in 3.  

5) Run the program again and if needed repeat step 3 and 5 until the analysis is satisfactory.  

6) If desired, repeat from step 1 changing which model to fit the data to.  

 

The time for a single run of the program is in the time scale of 10 to 30 seconds, depending on the 

amount of data that is analysed. To control that the fitting works as intended synthetic data sets were 

generated with correct distributions for the two models used. This yielded good fits, both 

graphically and numerically, Figure 16 shows that the fitted curve follows the generated data set 

very well.  

 

 

Figure 16: A graph showing synthetic data generated with a distribution equal to the theoretical one for dimers 

(points), and the curve from the fit made by the program (solid lines). Blue is 3 000 rpm, beige is 7 000 rpm, black is 11 

000 rpm, red is 17 000 rpm, green is 24 000 rpm and magenta is 32 000 rpm.  

 

3.4 AUC-measurements 

To study whether EphB2 KD and EphB2 JMS-KD dimerize and if that is the case to calculate 

dissociation constants AUC measurements were performed. The idea was to fit the data to a 

monomeric model as well as to a model incorporating monomer-dimer equilibrium. Evaluation of 

which model that fits best would then be performed with the help of statistical tests.  

In total four AUC experiments were done, two with one construct each and two with two constructs 
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simultaneously. For each construct three concentrations of AUC sample were prepared, one with no 

dilution relative to the purified protein and two diluted 2.5 times and 10 times. These three samples 

were then loaded in the three cells in one cuvette. A duplicate of these samples were loaded in 

another cuvette. Since absorbance was measured at three wavelengths, each construct gave 18 data 

sets. This means that the total amount of data sets from all experiments should have been 108. 

However, as have been described earlier leakage from the cuvettes can be a significant problem in 

AUC. Thus, from the first AUC run only two out of six cells kept both sample and the 

corresponding reference, the data from the others were lost. The result from the second run was 

even worse, since all cells leaked. After this, changes were made to the procedure, yielding much 

better results. See appendix I for a description of the changes made. In the last two AUC runs no 

data loss was caused by sample leakage. In total 78 data sets were acquired, which means that 30 

were lost. An example of how raw data can look in graphical form is shown in figure 17, where two 

cells containing sample and one where leakage has occurred can be seen. The data is from the first 

run, when EphB2 KD S677/680A was analysed.  

 

 

Figure 17: An example of raw data from an AUC experiment. Around 6 cm, 6.5 cm and 7 cm the three cells in the 

cuvette are positioned. Between them are cuvette walls that give rise to the choppy curve. Cells one and two had sample 

in them, note the exponential shape of the graph. The third cell has had leakage, which is why the graph is flat. This run 

was EphB2 KD S677/680A at 32 000 rpm and the absorbance was measured at 300 nm. 

 

Not all of the data that was actually acquired from the AUC measurements were useful, so some of 

it had to be excluded. In method of analysis in the experimental section the criteria for which data to 

use was explained. The wavelengths used for the measurements where data sets were acquired were 

295 nm, 300 nm and 305 nm. A disproportionate number of data sets from 295 nm had to be 

excluded due to having an absorbance over 1.25, which is explained by the higher extinction 

coefficient of the protein at that wavelength, resulting in a higher absorbance. Therefore, more of 

the analysed data sets are measured at 300 nm or 305 nm than at 295 nm. After these selections 24 

data sets could be used for analysis, see table 1.  

The data was fitted using the program developed during this thesis. The procedure for this has been 



31 

 

described in detail earlier in the thesis. In short initial parameters are chosen and then the program is 

run, using raw data files as indata. Then it is usually necessary to run the program one or more 

additional times with new parameters to get a satisfactory fit. The models to which the data were 

fitted to are shown in equations 3 and 4. These models describe how the concentration distribution 

in the AUC cuvettes should look if the sample has no oligomerization and if the molecules form 

dimers respectively. In the monomer model the molecular weight was optimised. This gave 

information about how good the data was, since to be useful for analysis this molecular weight 

should be close to or higher than the theoretical one, 32.3 kDa for KD and 35.3 kDa for JMS-KD. 

In the dimer model the molecular weight was kept constant at the known values for EphB2 KD and 

JMS-KD, while the association constant Ka was optimised. From this the dissociation constant Kd 

could then be retrieved.  

A χ2-value was calculated for each fit and then this value divided by the number of degrees of 

freedom was used to evaluate the fitting of the model to the data was accurate. The way this 

describes the fit is that a value much higher than one indicates a poor fit, while a value at or close to 

one indicates a good fit. For analysis of if the dimerization model fits better than the monomer 

model an F-test was made. However, since this requires the models to be nested (the simpler is a 

special case of the more complex) a modification of equation 3 was used to describe the monomer, 

where the molecular weight was fixed. This F-test gave a p-value which if low enough indicate that 

dimer formation has occurred in the sample.  

The fitted molecular weight, χ2 divided by the number of degrees of freedom, both for fitting to 

monomer and dimer, and the p-value from the f-test of the models is shown in table 1. For those that 

had a p-value<0.01 the fitted Ka dependent on the extinction coefficient and from that calculated Kd 

are shown, since that p-value was the significance level chosen for the test.  
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Table 1: Results from the AUC measurements.  

Protein 

variants 

Conc. (mM) Run 

date 

λ 

(nm) 

Mw 

(kDa) 

χ2/ν 

(monomer) 

χ2/ν 

(dimer) 

p-value1 Ka 

(M-1) 

Kd 

(mM) 

KD 

S677/680A 

0.0664/0.0216 140210 295 25.9 26.88 122.11 1 - - 

KD 

S677/680A 

0.166/0.054 140210 300 31.2 16.71 17.54 1 - - 

KD 

S677/680A 

0.0664/0.0216 140210 300 26.4 28.49 57.65 1 - - 

KD 

S677/680A 

0.166/0.054 140210 305 29.7 19.68 21.47 1 - - 

KD wt 0.0158 140417 295 33.2 15.29 15.5 110-85 0.068 1.90 

KD wt 0.063 140417 295 30.2 10.55 22.88 1 - - 

KD wt 0.0158 140417 300 32.8 8.19 8.21 1 - - 

KD wt 0.063 140417 300 30.6 14.24 19.17 1 - - 

KD wt 0.158 140417 300 30.2 14.83 34.96 1 - - 

KD wt 0.158 140417 305 30.3 20.43 23.17 1 - - 

KD wt 0.0158 140417 295 33.3 18.59 19.28 910-8 0.032 3.98 

KD wt 0.158 140417 305 31.2 17.52 18.17 1 - - 

JMS-KD wt 0.177 140417 300 29.9 22.43 53.3 1 - - 

JMS-KD wt 0.044 140417 300 36.0 20.14 19.74 110-55 0.102 2.23 

JMS-KD wt 0.442 140417 305 33.8 37.76 39.66 1 - - 

JMS-KD wt 0.177 140417 305 31.0 39.16 144.12 1 - - 

JMS-KD wt 0.044 140417 305 34.7 12.05 12.33 1 - - 

JMS-KD wt 0.044 140417 295 40.8 30.19 22.68 110-199 0.389 0.31 

JMS-KD wt 0.044 140417 305 36.1 16.46 16.54 0.83 - - 

JMS-KD wt 0.177 140417 305 33.7 54.96 55.48 10-39 0.065 7.84 

JMS-KD wt 0.442 140417 305 26.8 80.81 124.63 1 - - 

KD 

S677/680A 

0.380 140516 305 31.15 9.47 9.37 0.02 - - 

JMS-KD 

S677/680A 

0.180 140516 300 26.58 0.82 2.75 1 - - 

JMS-KD 

S677/680A 

0.180 140516 305 25.63 3.195 4.33 1 - - 

1The p-value was assigned the value 1 if χ2/ν for monomer was lower than χ2/ν for dimer, which should not be possible 

theoretically. Thus, a p-value of unity shows that the f-test did not work. 

 

The only two constructs for which their Kd was calculated were KD wt and JMS-KD wt. The mean 

values were calculated as described in the models section in materials and methods. For KD wt the 

mean was 2.94±1.04 mM and for JMS-KD wt it was 3.46±2.26 mM.  



33 

 

An example of data from an AUC run together with the fitted curves is shown in figure 21, where 

the fit to the monomer model (figure 18 a) can be compared with the fit to monomer-dimer 

equilibrium (figure 18 b). This is from the third experiment, JMS-KD wt, 295 nm, concentration 

0.044 mM. This data set was the one that showed the best fit to the model describing a dimer, since 

it had the lowest p-value from the F-test and also the lowest Kd-value. It can also be seen in the 

graph, where the curves in b) are closer to the data points than in a).  

 

 

Figure 18: The data from the third AUC run, JMS-KD wt at 295 nm with concentration 0.044 mM. The four different 

colours are different speeds, red is 3000 rpm, blue is 7000 rpm, black is 11 000 rpm and green is 32 000 rpm. The 

circles are data points, the solid lines are fitted curves. Error bars are shown for each data point, but can be hard to see 

when the error is small. The data was fitted to a monomer model (a) and to a monomer-dimer equilibrium model (b). 

 

4 Discussion 

The expression and purification of EphB2 went well, as was shown in the results section. The 

protocol mostly gives pure protein, although it takes lots of time for each purification, around two 

weeks. Therefore a misstep resulting in loss of protein can lead to a severe loss of time. All the steps 

are needed, so it is hard to make the protocol shorter. One possibility is to perform TEV cleavage 

during dialysis to shorten the time for purification. However, this was not tried in this thesis. In the 

last purification something happened leading to partial elution of the protein earlier than it should 

have and the reason of this is not known, Figure 12 in section 3.2 shows the SDS-PAGE gel of this 

elution. Possible explanations could be problems with the binding capabilities of the column, too 

high concentration of imidazole in the buffer or that some of the protein lacked the His-tag. It would 

probably be useful to at least evaluate how well the Ni2+-column work before the next time it is 

used in purification.  

Earlier experiments done in Patrik Lundström’s research group on EphB2 KD and JMS-KD 

constructs with AUC were described in the introduction. The resulting dissociation constants from 

AUC measurements were 1.8 mM for JMS-KD wt and 0.091 mM for KD wt (31). In this thesis 

measurements were done on those same constructs, to confirm results, and on KD S677/680A and 

JMS-KD S677/680A, to get new data. The double serine to alanine mutation is designed to stabilise 

a conformation thought to be catalytically favourable. This might mean that the JMS-KD 

S677/680A mutant would be more likely to form oligomers, which would be shown by lower values 

of Kd compared to JMS-KD wt. The KD double mutant would then act as a control. The results on it 

a) b) 
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could be compared with results for both KD wt and JMS-KD S677/680A, to figure out if the 

mutations change something unexpected in the protein. Hopefully it would get Kd-values similar to 

or lower than KD wt did. Sadly, the AUC measurements in this project had unexpected problems 

and yielded significantly less data then was hoped for. Two of the runs had major leakages leading 

to almost no obtained data, while the last experiment had unusually noisy data and comparatively 

large error bars. This led to a general suspiciousness toward the data, as well as worse fits of the 

data, including molecular weights much lower than the known weight of the constructs in 

monomeric form. This leads to much less data than would have been optimal, which of course 

makes it harder to draw any conclusions. Since any data set with a fitted molecular weight lower 

than 25 kDa were deemed unreliable, due to the difference in molecular weight compared to the 

expected of 32 kDa for KD and 35 kDa for JMS-KD, even less data was analysed.  

4.1 Goodness of fit analysis 

χ2 divided by the number of degrees of freedom (ν) was calculated to show how much the fitted 

model differs from the data. A value close to one indicates a good fit and that the uncertainties in the 

data points are correctly estimated. Table 1 show that most data sets had much higher values. Most 

values are more than ten, which is not a good fit. There can be several reasons for getting bad 

values of χ2/ν, for example the measurements could be bad, meaning that the data is differing from 

the true values, or the model might be bad, which generally means that another model ought to be 

used. [36] There is certainly a possibility that the model is the problem. It could be that an 

oligomeric model of a higher order than dimer would be better. If dimer has a much higher χ2-value 

than monomer it seems likely that the protein is present in monomeric form in the sample. 

However, since there were some problems with the AUC measurements in this thesis I find it quite 

possible that it is the measurements that are responsible for the high χ2-values. It also seems 

unlikely that almost none of my data sets could be fitted well to the model describing a dimer, while 

this model seemed like a good fit in the earlier AUC measurements done on EphB2 KD and JMS-

KD wt. However, the reduced χ2-statistic was not calculated then, so one possibility could be that 

those data were fitted worse than was believed. What all this means is that many of the analysed 

data sets are a bit unreliable since their fit is not as good as could be wished for, which is likely 

because of errors of measurement. Evaluation of the data with the old program would have been 

useful as a comparison, but there was not enough time for that. Also, additional experiments would 

be necessary to conclude if the old or new results are most likely true.  

4.2 F-test and Kd calculations 

From the χ2-values an f-test was made to find out if the more complex dimer model was better than 

the simpler monomer model. For this test a value of p<0.01 was chosen as a cut-off. Only data sets 

with that low p-value had their Kd-value calculated from the fitted Ka-value. After all these criteria 

for removing unreliable data there were only 5 data sets for which Kd was calculated. Sadly, all 

these were from the wild type variants that had already been measured on earlier, so no new data 

was acquired on KD S677/680A or JMS-KD S677/680A. The mean values were calculated to 

2.94±1.04 mM for KD wt and 3.46±2.26 mM for JMS-KD wt. This can be compared to the mean 

values obtained at the prior experiments by Lundström’s group, 0.091±0.04 mM for KD wt and 

1.8±0.6 mM for JMS-KD. As can be seen, my values are higher, but this might be explained by that 

my purifications yielded lower protein concentrations, which should lead to less oligomerization 

and thus lower Kd. This might also explain so few of my data sets fitted well to the model 
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describing dimerization. Also, JMS-KD wt has a standard deviation of the mean large enough so 

that there is no statistically significant difference between its Kd and the Kd for either my 

measurement of KD wt or the other measurement of JMS-KD wt. It is important to remember that 

only two and three values respectively have been used to calculate the means, and that their values 

vary quite a lot, which gives the unusually high standard deviations. Because of this it is hard to 

draw any conclusions from these values. For example the difference between the Kd-values from 

my measurements are lower than either of their standard deviations of the mean, which means that 

it cannot be said to be a statistically significant difference between them.  

4.3 Concentration dependence 

It is also interesting to examine if there is any correlation between the concentration and the Kd. 

This is useful since oligomerization increases with the concentration, so a decrease in Kd is 

expected with increasing concentration. However, this does not seem to be the case for the five data 

sets where Kd was calculated. For JMS-KD wt the two data sets with the lowest concentration, 

0.044 mM, have Kd = 2.23 mM and 0.31 mM, while the one with higher concentration, 0.177 mM, 

have Kd = 7.84 mM, which is higher. The two KD wt constructs have the same concentrations, 

0.0158 mM, so no comparison can be made there. This means that there is an almost inverse 

correlation to the expected one, where any analysis could be done, for JMS-KD wt. I think this is 

likely due to the problems discussed earlier with the AUC experiments. It is also likely that the low 

amount of data and the large standard deviation of the mean play an important role in these 

surprising results. One reason for failing to detect dimerization with high affinity may also be due to 

that too low concentrations of the protein were used.  

4.4 The data analysis program 

The program as it is now is not completed. Right now it is working, and is a clear improvement 

compared to the program used before this thesis. For example it is much simpler to use and can 

analyse many data sets in one run, leading to much faster analyses than before. Still, there is much 

that could be improved. The coding could probably be improved given more time. A more 

generalised program would reduce the risk for bugs related to, for example, differences in the 

format of the data sent into the program. Other things that would be useful is a choice of fitting the 

data to models describing association of more than two molecules and more choices of things to 

change for each run of the program. Another thing that would be very useful is if it would be 

possible to figure out a way to have the program automatically remove bad data, like disturbances 

in the middle of a curve from dirt or remove entire data sets if they are unusable. However, this is 

probably quite hard to manage. A risk would be that useful data could be removed and the user 

would not even notice this. To mitigate these risks it could be possible to let the user make a run that 

shows all data or show in some way what data has been removed, and then let the user somehow 

choose to include some of the removed data in the next run. To improve the program I believe the 

best way is to use the program and in that way find out what features would make it simpler and 

more effective. 

4.5 Ethical issues 

There are not too many ethical issues in this project, but there are some things to consider. One 

thing is that the proteins are expressed in bacteria that are genetically altered, both for increased 
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protein expression and through the introduction of a plasmid containing DNA encoding nonbacterial 

protein. Thus there could be a risk of releasing bacteria that are altered in a way that might be 

dangerous, although it is unlikely that this would happen in this project. To protect against this risk 

all work with bacteria are done sterile and great care is taken to avoid spreading of the used 

bacteria. For example, all instruments and materiel that have come in contact with bacteria are 

autoclaved for 20 min at 121°C, which kills them.  

Also, antibiotics are used for selecting for bacteria that have taken up the desired plasmid. 

Extensive use of antibiotics is making more and more of the wild bacteria resistant to antibiotics. 

However, in this project the amount of antibiotics is so low that the impact is negligible, and all 

used antibiotics are also degraded by heating. Therefore there should be no problems with the 

antibiotics used in this study.  

Another ethical issue that is sometimes spoken about relating to biotechnology and biochemistry is 

that the scientists are interfering with nature. However, one could make that point about almost any 

kind of technological advance, from agriculture to electronics. As long as the risk for harming 

people or nature is low the gains seem to outweigh the possible problems. One can also consider 

that a deeper understanding of how nature works can be used to preserve it, not only to harm it.  

5 Conclusions and future prospects 

Due to some problems in the AUC measurements this thesis did not yield as much data as would 

have been convenient. The data that was acquired was not very consistent with earlier results. This 

is believed to be the result of the experimental problems, but could also mean that the earlier 

conclusions are incorrect. This project was not able to answer the question that was the main aim, to 

examine the oligomerization of EphB2 and find out how for example the double mutation 

S677/680A impacts this. To be able to draw any conclusions about this more experiments are 

needed. Since the AUC measurements have a significant risk for problems, like leakage and noisy 

data, optimisation of the experimental process might be necessary. The work in this thesis made 

significant improvements in this area.  

Something that would be useful for understanding EphB2 even better is to perform experiments on 

larger constructs or even the full-length protein. This is because there is always a risk of getting 

artificial results when partial constructs of a protein is used, since the interactions surrounding 

proteins in vivo are so much more complex than the ones examined in vitro. However, this might be 

too much work for the potential information that could be gained, especially with the full-length 

protein. A more realistic set up is to draw conclusions from the smaller constructs that are used 

today before any larger are investigated.  

The data analysis program is in an early version right now. It fits the data and does it much easier 

and faster than the old program, but if it is supposed to be used in the future some improvements, as 

described in the discussion, are likely necessary.  

Since the questions defined in the aim could not be answered no actual value for the society was 

generated. However, if these questions would be answered at a later point in time it could of 

significant value for the society, based on that EphB2 is involved in several severe diseases, like 

cancer. Also, if the analysis program continues to be developed it could be of significant help for 

future analytical ultracentrifugation experiments, as well as the improvements for minimisation of 

cuvette leakage. 
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Appendix I - System and Process 

A.1.1 Time plan 

At the start of the master thesis the project was outlined, including a preliminary time plan. The 

plan was to start early with expression of one of the constructs, followed by purification and AUC 

measurement on that protein. This could be seen as a chance to learn the protocols and get used to 

being in the lab. After the first AUC experiment was started expression of all the other constructs 

was planned to be done, and then followed by purification and measurement on another construct. 

After this the plan was to purify two constructs at the same time and then measure on them, this 

should be done twice. Programming of the data analysis program was to be done when there was 

time during lab work. There is quite a lot of waiting time during all parts of the work which is why 

this was deemed enough time. When the program is done it will be used to analyse the data from the 

experiments. The writing of the thesis should be started as early as possible, by writing parts like 

introduction even before any results have been obtained. The reason for this is to lessen the burden 

of work at the end of the project when the writing needs to be finished.  

The main goals of the project are the analysis of the results, the finished program, the presentation 

and the written report. There are also several sub targets, each individual AUC experiment and the 

halftime presentation. For a graphical representation of this plan and the goals, see Figure A1. 

A.1.2 GANTT chart 

 

 

Figure A1: GANTT chart describing the time plan of the project. 
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A.1.3 Plan for systematic follow-up 

The systematic process for follow-up during the project was to evaluate after each important step 

how well it went and if the plan can be continued or if some changes need to be considered. For 

each cycle of protein expression, purification and analysis with AUC there are many steps after 

which evaluation is needed. First, after the expression of protein, it is important to assess if it was 

successful, which can be done using gel electrophoresis, see the protein expression part of results. If 

expression yielded enough protein the purification is begun, otherwise a new try of expression is 

needed. Depending on what is a probable reason for the failure the procedure might have to be 

changed for the second try. After many of the purification steps small tests are done to examine if 

the step was successful. Usually this is done either with gel electrophoresis or absorbance 

measurements. For some steps a discovered failure would only need a rerun of that step, but other 

times a new expression could be necessary, resulting in a severe loss of time. However, restarting 

from the beginning would still be much better than realising the mistake during the main 

experiment. After the AUC experiment a plan for the next purification needed to be made, to figure 

out if any changes would be useful and also which construct should be used. It is also good to 

evaluate how well the experiment went. In the case of AUC the cuvettes are prone to leakage. If this 

happens it will be needed to find a plan to prevent it. Since the purification and experiment together 

take almost three weeks it is very bad if most of the sample is lost and do not yield any data. 

A.1.4 Process analysis and discussion 

The overall process of the project was done roughly as planned beforehand, described above. First 

one construct, KD S677/680A, was expressed, and since the expression went well purification of 

that protein was begun. This was successful and yielded enough pure protein to start an AUC 

measurement. Programming of the data analysis program was started already during one of the first 

days of expression and continued when there was time. In the AUC measurement there was 

considerable leakage from the cuvettes, only two cells out of six gave any usable data. However, 

this is quite usual, and it was also thought that my inexperience with the AUC was contributing. 

Thus it was decided to not change the procedures for the next measurement and if it still was not 

working better something would need to be changed.  

Since each AUC measurement takes around 125 hours the next expression was started during the 

run. This time four constructs were expressed at the same time, to save time and since the last one 

went without problems, so this seemed likely to succeed. It did, and a new purification was started, 

this time with the JMS-KD S677/680A construct. This construct was chosen because it seemed like 

a good idea to be able to compare the results between the two constructs with the same double 

mutation. This purification was successful and another AUC measurement was performed. During 

this measurement time was spent programming and preparing for the coming half time presentation. 

No new purification was started until after the presentation.  

The second AUC experiment had a similar result as the first one; five of the six cells lost their 

sample. Therefore some work was put into trying to stop this from happening again. This was done 

after the half time presentation, which went well, although not as many results could be presented as 

had been hoped, due to the leakages. The first step in avoiding leakage in the AUC was that all 

seven cuvettes were assembled and a test run was made to show which ones were leaking. This 

gave three cuvettes that held both sample and the corresponding reference in at least one cell and 

those were kept assembled for the next try. They were cleaned and loaded without disassembling 
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them. The other four cuvettes were disassembled, cleaned and assembled again. To try to make 

them hold sample better a thin layer of silicone vacuum grease was applied to make the parts fit 

better together. The difference in volume between sample and reference was lowered from 15 µl to 

5 µl, since that was said in the instruction manual to lower the risk of leakage [37].  

The tool used for screwing together the cuvettes was at the beginning only fastened with a few 

clamps, which made it almost impossible to manage the screwing alone, and it was still complicated 

when two persons worked together. When the fastening was changed to a vice it became much 

easier and there were no problem at all for one person to screw the cuvettes alone. Also, the force 

used to screw together the cuvettes was increased slightly.  

The next test run went much better, almost no cuvettes showed any leakage and there was still 

sample left in those that leaked. This was seen as a clear success.  

During the time that these tests were performed a third purification was started. This time two 

constructs were purified simultaneously. The reasons for this choice was that the last two times 

went without setbacks and a wish to actually get some data to be able to analyse, since most of the 

sample was lost in the first two experiments. The constructs chosen was KD and JMS-KD wild 

type, to compare with the earlier experiments, and also to try and confirm the earlier measurements 

done in the research group, described in the introduction. This purification was successful and 

yielded enough protein to perform the AUC experiment. The only complication was that not all 

protein was cleaved by TEV during the first try, so more TEV protease was added and this resulted 

in fully cleaved protein. The third AUC measurement was much more successful than the prior two; 

none of the cuvettes leaked any sample. This was thought to be because of the work done earlier 

and meant that the time spent was well worth it.  

After this a final purification and measurement was made. Again two constructs were purified at the 

same time, this time it was KD and JMS-KD S677/680A, since both those measurements got almost 

no data in the first half of the project. Therefore this choice made it more likely to actually be able 

to compare the results of the mutants with the wild type. It is also useful to have replicate 

measurements of the same experiment to be able to make more informed conclusions. During this 

purification something unusual happened. When the absorbance was measured at elution from the 

first IMAC no protein was detected. Thus, a SDS-PAGE was run to figure out where the protein 

went, with a dialysis step first to remove the guanidinium chloride. This gel showed bands at the 

expected positions for EphB2 KD and JMS-KD in both flow through from the wash and in the 

eluate where it was supposed to leave the column, so those were pooled together. It is not known 

what caused the protein to elute before it was supposed to. The purification was continued with the 

dialysis after the IMAC, the IMAC step was not rerun, because of time constraints, but also because 

it was not known what caused the problems in the IMAC. It was decided to watch out for possible 

impurities during later steps and also be a bit conservative when analysing the results from this run. 

The last AUC measurement went well, except for unusually noisy data with large error bars. The 

cause of the noise is unknown.  

During all this time almost nothing had been written on the report, since the time when not doing 

laboratory work was spent programming. The program was also not really finished, so most of the 

time from then went into getting a working program. Thus the writing was behind schedule, which 

made it much more tiring when it was actually written. The problem was probably that not enough 

time was set aside for the programming part, and because of that it was finished later than expected.  
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I believe that the initial planning of the project was pretty good, except that it included less time 

than needed for the programming. Thus the process was not optimal for the completion of the 

program. It did work nevertheless, so it was not too bad, but could have been better. If I would do 

this project again I would plan more time for the programming, maybe at the cost of one 

experiment, although that would not be optimal either. Since the AUC cuvettes sometimes leak, 

fewer experiments could lead to almost no data being obtained. The plan for the experiments went 

well, because there was time for four experiments, as was planned, even though some time had to 

be used for finding ways to avoid leaking from the cuvettes. It would probably have been better to 

spend some time on minimising cuvette leakage in the beginning of the project, instead of doing 

that after two measurements had been done with significant loss of data.  
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Appendix II - Buffers used for purification 

Lysis buffer A:  

20 mM NaPi pH 8.0 

0.5 M NaCl 

Fresh 1 mM TCEP 

Fresh DNase 

Lysis buffer B:  

20 mM NaPi pH 8.0 

0.5 M NaCl 

6 M GdHCl 

5 mM imidazole 

Fresh 1 mM TCEP 

Elution buffer:  

20 mM NaPi pH 8.0 

0.5 M NaCl 

6 M GdHCl 

350 mM imidazole 

Fresh 1 mM TCEP 

Dialysis buffer 1:  

50 mM Tris pH 8.0 

20 mM NaCl 

80 mM KCl 

5 % glycerol 

0.75 M GdHCl 

Fresh 4 mM DTT 

Fresh protease inhibitor tablet 

Dialysis buffer 2:  

50 mM Tris pH 8.0 

20 mM NaCl 

80 mM KCl 

5 % glycerol 

0.375 M GdHCl 

Fresh 4 mM DTT 

Fresh protease inhibitor tablet 

Dialysis buffer 3:  

50 mM Tris pH 8.0 

20 mM NaCl 

80 mM KCl 

5 % glycerol 

Fresh 4 mM DTT 
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Fresh protease inhibitor tablet 

Dialysis buffer 4:  

20 mM HEPES pH 8.0 

150 mM NaCl 

5 % glycerol 

Fresh 10 mM β-mercaptoethanol 

Fresh protease inhibitor tablet, 

AUC buffer:  

20 mM HEPES pH 7.2 

150 mM NaCl 

2 % glycerol 

1 mM TCEP 
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