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Once I received a piece of poetry from a friend, saying: 

Your home country is in the heart of people who love you 
and you love them back. 

thus

To my home country 
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Abbreviations

BCAR-1&2 Breast Cancer Antiestrogen Resistance-1&2
BRCA-1 Breast Cancer protein-1 
Cas Crk Associated Substrate 
Cas-SBD Src Binding Domain of Cas 
Cas-SD Substrate Domain of Cas 
Cas-SRR Serine-Rich Region of Cas 
CrK Chicken tumor virus10 Regulator of Kinase 
ECM Extra Cellular Matrix 
Efs Embryonal Fyn-associated Substrate 
FAK Focal Adhesion Kinase 
Grb2 Growth factor Receptor-Bound protein 2 
HEF-1 Human Enhancer Factor-1 
Lck Lymphoid Cell Kinase 
SFK Src Family Kinase 
Src SaRComa virus protein 
SH2 Src Homology 2 
SH3 Src Homology 3 



They asked a drop; what is your wish? 
To join others and become a brook, he replied. 

They asked a brook; what is your wish? 
To join others and become a river, he replied. 

They asked a river; what is your wish? 
To join others and become a sea, he replied. 

They asked a sea; what is your wish? 
Nothing, he replied. But it would have been nice if I were a drop of dew 
sitting by the side of a beautiful rose, unaware of rest of the world, he added. 

Samad Shekhai 

Interpretation of poetry is of course up to each reader, but in the Persian 
poetry: 
Sea symbolizes certain kind of wisdom since it has many shores in different 
countries and thereby has seen/experienced much. 

Rose symbolizes love.  
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1. General background of the disease 

1.1 What is cancer?
Our body consists of millions of cells with different specialties for a variety 
of functions. Normal cells can die by physical forces or by aging through 
apoptosis (programmed cell death), which refers to a process that decides 
when a cell should commit suicide. This program can be activated for 
different reasons to stop the abnormal/damaged cells from proliferating. 
New cells are produced all the time through cell division in order to replace 
the cells that have died by aging. The production of new cells will stop when 
all the dead cells are replaced by new ones [1]. 
Cancer develops when a normal cell ignores apoptosis signals and becomes a 
transformed cell (converted to the cancerous state) that will proliferate 
without any restriction. Non-stop production of cells give rise to a tumor that 
will continue growing and differentiating until it can break into neighboring 
tissues (termed as invasive tumor) and finally find its way to the lymph 
nodes and blood stream where tumors can spread throughout the body 
(metastasis stage) [1]. 
Cancer cells differ from normal cells in several ways. Normal cells stop 
growing when they touch each other (contact inhibition) whereas cancer 
cells proliferate uncontrollably. Cancer cells divide with much higher rate 
then normal cells, are immortal (does not go through the aging process) and 
have a rounded shape as a result of a less organized cytoskeleton. 

1.2 What causes cancer? 
Carcinogens, radiation and viruses are known causes of cancer. Most cancers 
are caused by synthetic or naturally occurring substances termed chemical 
carcinogens. They can cause cancer by interfering with repair or replication 
of the DNA or just by simply damaging it. Any kind of radiation, which is 
strong enough to break chemical bonds, can also cause cancer. 
Viruses can transform normal cells to cancer cells by producing proteins that 
mimic the cellular proteins involved in cell proliferation. These proteins are 
slightly different from their normal cellular analogs in order to stimulate the 
cell proliferation without obeying the cellular regulations. 
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1.3 What is breast cancer? 
Breast cancer is a malignant tumor that starts from breast cells. A woman’s 
breast is composed of milk glands (lobules), small tubes to transport milk 
(ducts), blood vessels, lymph vessels, fatty and connective tissues [2] (Figure 
1)

Figure 1. Anatomy of breast. The figure is borrowed from American Cancer Society 
web page at: http://www.cancer.org

The type of breast cancer is distinguished by the cell type the tumor has 
originated from and if it has been invasive or not at the time of discovery. 
Invasive Ductal Carcinoma (IDC) constitutes almost 80% of the breast 
cancers while Invasive Lobule Carcinoma (ILC) stand for about 10% of 
them [3]. The disease occurs mostly in women, but men can get breast 
cancer as well. Breast Cancer in men originates mainly in the small amount 
of ducts existing in the breast after the puberty. The number of male patients 
diagnosed with breast cancer is increasing at an alarming rate [2].

1.4 How many women get breast cancer? 
Breast cancer is the most common cancer among women and it is also the 
second leading cause of cancer death in women after lung cancer [3]. More 
than 200.000 women in the United States will be found to have breast cancer 
in 2004 and more than 40,000 of them will die from the disease [2]. 
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Breast cancer stands for 25 % of all the cancer types in women in Sweden. 
More than 6000 people are diagnosed with breast cancer every year and 
more than 1500 of them cannot survive it [1]. Breast cancer death rates are 
decreasing as a result of earlier detection and improved treatment. 

1.5 Etiology 
In spite of intensive research in this field the main cause of breast cancer is 
still unknown. In the search for genes responsible for breast cancer 
development, several breast cancer susceptibility genes (genes that can cause 
cancer if they are mutated) have been discovered and it is estimated that 
approximately 7% of the general population are the carrier of the mutated 
form of these genes [4]. The two most important breast cancer susceptibility 
genes Breast Cancer-1 and 2 (BRCA-1 and BRCA-2) have been identified 
and mutations in these genes confer high risks of breast and ovarian cancer.
BRCA-1 is a classic tumor suppressor gene [5] (products of these genes 
regulate cell proliferation) and can potentially influence the regulation of the 
cell cycle through proteins such as p21, an inhibitor of cyclin-dependent 
kinase [6], and p53, a transcription activator [7]. 
Mutations in BRCA-1 seem to be more prevalent and are predicted to be 
responsible for approximately 65% of breast cancer caused by BRCA
mutations while BRCA-2 stands for less than 45% of them [8]. BRCA-1 gene 
product associates with proteins involved in the repair system of double-
stranded DNA during the cell cycle suggesting a role in regulation of 
genome integrity [9]. Mutations in other breast cancer susceptibility genes 
such as p53 [10], which is the most common cause in human cancer [11], 
PTEN [12] and HRAS [13] are responsible for other breast cancer 
syndromes although all the known cancer susceptibility genes together can 
only explain less than 25% of the familial risk (mother or sister have had it) 
for breast cancer [14]. 

Beside the known molecular basis for breast cancer, there are a few risk 
factors associated with it, such as gender (simply being a woman), age 
(above 50), genetic/family history (mutations in susceptibility genes/close 
blood relatives have this disease), earlier radiation treatment, early start of 
menstrual periods or late menopause (women who began having periods 
before 12 years of age or who went through menopause after the age of 50), 
hormone replacement therapy (HRT) and hormonal treatments for birth 
control [3]. 
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2. Methods 

2.1 X-ray Crystallography 
X-ray crystallography is a method used for determining the three-
dimensional structure of biological molecules (here proteins) in a crystalline 
state. A protein crystal is composed of many copies of the same macro-
molecule in an ordered manner. When an X-ray beam hits a protein crystal, 
the electrons in the molecule will scatter the ray which will be enhanced in 
certain directions (reflection) because of constructive interference of the 
scattered light. The enhanced ray can be detected and the collected 
reflections give rise to a diffraction pattern. The intensity of the scattered 
light on the detector is correlated with the electron density in the protein 
molecule, which can be calculated. To be able to solve the 3D-structure the 
phase of each detected reflection is also needed. There are several strategies 
to solve the phase problem. In this study we have used molecular 
replacement, a method that is based on using phases calculated from a model 
of known structure similar to the unknown structure. 

2.2 Nuclear Magnetic Resonance Spectroscopy, 
NMR
NMR spectroscopy is another method that can be used to determine the 
three-dimensional structure of a macro-molecule but in a solution state. 
Nuclear magnetic resonance is basically a phenomenon, which occurs when 
the nuclei of certain atoms are immersed into a static magnetic field and 
exposed to a second oscillating magnetic field. NMR spectra are generated 
by placing a sample in a magnetic field and applying radio-frequency pulses, 
which perturb the equilibrium nuclear magnetization of those atoms with 
nuclei of nonzero spins. Transient time domain signals are created when the 
particles which have moved to a higher energy level through the pulses falls 
back into their normal state and release the previously gained energy. 
Fourier transformation of these signals into a frequency domain yields a one-
dimensional NMR spectrum, which is a series of resonances from the 
various nuclei at different frequencies, so called chemical shifts [15]. 
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The 1H atoms are normally the only atoms present in proteins that can be 
observed by NMR, although the low natural abundance of the 13C atoms can 
be used to some extent. In addition 13C and 15N atoms can be incorporated 
into the protein during its biosynthesis. The information about protein 
conformation that is present in NMR spectra arises from the interactions 
between hydrogen atoms that occur through the covalent bonds (J coupling) 
or through space (the Nuclear Overhauser Effect, NOE). The three-
dimensional structure can be calculated using this data provided that the 
observed shifts are connected to the individual 1H atoms of the molecule. 

2.3 Dynamic Light Scattering, DLS
Dynamic light scattering is a technique for detecting the presence of high 
order aggregates in solutions of small particles. The principle of DLS is 
simple as it is based on intensity fluctuation of scattered light. When a laser 
beam passes through a protein solution, the particles in the solution will 
scatter light in all directions. The scattered light can be detected by a 
photomultiplier capable of counting the number of photons (light intensity) 
scattered. The fluctuations arise from the fact that the particles are small 
enough to undergo random thermal motion and the distance between them is 
therefore constantly varying. Constructive and destructive interference of 
light scattered by neighboring particles within the illuminated zone gives rise 
to the intensity fluctuation at the detector plane. Analysis of the time 
dependence of the light intensity fluctuation can therefore yield the diffusion 
coefficient of the particles which in turn can be used as basis for calculation 
of the diameter and thereby the size of the present particles in the solution. 

2.4 Circular Dichroism, CD 
Circular dichroism spectroscopy is an optical technique that can provide 
information about the secondary structure of polypeptides/proteins. The 
principle of CD is based on the fact that chiral molecules absorb left- and 
right-circularly polarized light differently. The real power of CD is in the 
analysis of structural changes in a protein upon some perturbation, or in 
comparison of the structure of an engineered protein with the parent protein. 
In this study we have used heat as a tool to disrupt the protein conformation 
and followed the conformational changes in the molecule. 
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3. Background of the project 

3.1 Introduction 
Different environmental signals enter cells through a variety of cell surface 
receptors and extracellular matrix (ECM) receptors in order to maintain the 
physiological condition in multicellular organisms. Cell surface receptors 
such as G-protein coupled receptors and cytokine receptors are responsible 
for signals received through soluble ligands like hormones while integrin 
receptors transmit signals from extracellular matrix proteins.  

Integrins constitute the major family of cell surface receptors for ECM 
proteins such as collagen, fibronectin, vitronectin and laminin [16, 17] and 
serve as a bridge between ECM and the actin cytoskeleton within the cell. 
Integrins are heterodimers consisting of a  and  subunit, both of which are 
build up as a large extracellular part for ligand binding, a transmembrane 
part and an intracellular domain, responsible for interacting with numerous 
proteins inside the cell [17]. Upon receptor stimuli, integrins frequently form 
adhesive clusters called focal adhesions (FAs), and initiate complexes with 
signaling proteins. Focal adhesion sites, where cytoplasmic domains of 
integrins associate with structural and signaling proteins have been shown to 
be very important for transmitting signals that will influence a variety of cell 
events such as migration, differentiation and apoptosis [16]. 

It is known that cell shapes are mainly determined by the internal actin 
cytoskeletal architecture, which is under influence of different external or 
internal stimuli causing rearrangement of the network. These are important 
for processes such as cell migration, differentiation and anchorage 
dependency [18, 19]. Integrins establish direct and indirect contact with a 
wide range of signaling molecules such as kinases (e.g. focal adhesion 
kinase FAK, integrin-linked kinase ILK) and adaptor proteins that contain 
multiple domains but lack enzymatic activity.

Many studies indicate that FAK plays a critical role in integrin signaling. 
FAK is a cytosolic protein that can localize at the focal adhesion site and 
becomes activated through tyrosine phosphorylation in response to integrin 
stimuli [16, 20, 21]. It associates with many signaling proteins such as the 
Src family kinases (SFKs) [22, 23], adaptor proteins Cas (Crk associated 
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substrate) [24], Grb2 (growth factor receptor bound protein 2) [25], paxillin 
[26], pI3 kinase [27], and the cytoskeletal protein talin [28], thus mediating 
signals in integrin dependent signal transduction.  

Crk-associated substrate (Cas) is a docking protein from a newly discovered 
family. Cas contains multiple protein-protein interaction domains and 
transmits signals mainly via interaction with Src homology 2 and 3 (SH2 and 
SH3) domains of a number of signaling proteins (Figure 2). Cas was first 
identified as a highly phosphorylated 130 kD protein (p130 Cas) in cells 
transformed by the oncogenes v-Src or v-Crk [29]. Cas plays a central role in 
regulation of the actin cytoskeleton [24, 30-34] cell migration [24, 30, 35, 
36], growth [37, 38], apoptosis [39-41], microbial pathogenesis [42-45], and 
cancer [46-48]. Two other members of this family have so far been identified 
as Efs (embryonal Fyn-associated substrate) [49] / Sin (Src interacting 
protein) [50] and HEF-1 (human enhancer factor-1) [51] / Cas-L (Cas like 
protein) [52] (Figure 3). Efs expression is limited mainly to muscle, brain, 
placenta and embryo [49] while HEF-1 is expressed in epithelial cells [51, 
53], B and T cells [54, 55]. Cas however, is expressed in all cells [56], which 
may reflect a vital role for Cas also in normal cells. 

Figure 2. Schematic picture of different domains and regions in p130Cas.
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Figure 3. A schematic picture demonstrates different domain and regions of Cas in 
comparison with other family members in human. The actual amino acid sequence 
of SH2 and SH3 domain binding motifs of Cas are also compared between family 
members. HEF-1 lacks the SH3 binding motif PXXP while SH2 binding motif is 
highly conserved.

The recently isolated BCAR-1 (Breast Cancer Anti-estrogen resistant-1) gene 
in human has been identified as the homologue of Cas in rat [57] and shows 
more than 90% protein sequence identity to p130Cas (Figure 4). This protein 
causes resistance to antiestrogen drugs in breast cancer cells and a high level 
of BCAR-1 is also associated with recurrence of the disease in primary 
breast tumor cells [46, 57]. Cas consists of different domains and regions 
that interact with other proteins affecting different cell responses (Figure 5). 
The most established part of Cas in SH2 signaling is its substrate domain 
(SD) which contains 15 SH2 binding motifs pYXXP (X correspond to any 
residue and pY correspond to a phospho-tyrosine) and several of them are 
considered as SH2 binding sites to Crk (chicken tumor virus 10 regulator of 
kinase) [56]. Cas-Crk interaction has been suggested to influence cell 
survival and migration.  
Src kinase binds to the Src binding domain of Cas (Cas-SBD) through its 
SH2 and SH3 domains. Cas-SBD is located in C-terminal part of the protein 
and it consists of a type II SH3 binding motif PXXP in the 733RPLPSPP739 

sequence and an SH2 binding motif pYXX  (  stands for a hydrophobic 
residue) within the 761DYDYVHL767 sequence. Any disruption of the Src and 
Cas interaction has been shown to result in a drastic reduction of Cas 
phosphorylation and consequent interruption of downstream signaling. 
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Figure 4. Sequence comparison between p130 with BCAR-1 shows 91 % identity. A
* represents identical residues. 

A serine-rich region (SRR) is located between the SD and SBD region of 
Cas and it contains several known motifs for binding to 14-3-3 family 
proteins [58] (The 14-3-3 proteins received their names based on the fraction 
number after DEAE –cellulose chromatography and the position after 
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subsequent gel electrophoresis). 14-3-3 proteins bind to discrete phospho-
serine containing motifs present in many signaling proteins [59, 60] and are 
proposed to influence apoptosis, cell growth [61, 62]. 
Cas also contains an SH3 domain that binds proteins such as FAK [24, 63], 
Cas interacting zink finger protein (CIZ) that influences the level of 
expression of metalloproteinases [64], a few protein tyrosine phosphatases 
that may work as a negative feedback for tyrosine phosphorylation levels 
[65, 66], and several other proteins. It has also been suggested that the SH3 
domain interacts with its SBD and keeps the molecule inactive in the cytosol 
by burying the Cas-SD inside (K. Vuori, personal communication).
The very C-terminal part of Cas protein has been shown that it can interact 
with Cas/HEF associated signal transducer (Chat) and potentially influence 
cell migration[67].  
The association of FAK-Src-Cas has been shown to be essential for 
phosphorylation of Cas and downstream signaling. The fact that Cas binds 
both to Src and FAK and also that Src binds to both FAK and Cas with its 
SH2 domain adds to the complexity of how they work together. Many 
models have been suggested but none of them can provide a definite answer 
to this enigma. A recent study compares different available models and 
rejects the models representing the signaling through direct phosphorylation 
of Cas by FAK [68]. 

Many studies provide evidence that Cas functions as a key protein involved 
in many important processes in transformed cells and also that it works as a 
point of convergence of many extracellular signals through different cell 
surface receptors. Up to now, there has not been any structural information 
for Cas or any member of the family. Structural information about this 
protein will potentially provide valuable information about the molecule and 
how it interacts with other proteins. In this project we have isolated two 
protein fragments Cas-SRR and Cas-SBD, which have been investigated by 
different analytical tools to retrieve new biochemical and structural 
information. We have succeeded to solve the solution structure of Cas-SRR 
by NMR and also to define its specific binding site to 14-3-3 family proteins. 
We have also been able to solve the structure of Lck, a Src family kinase in 
complex with a nine residue long peptide of Cas–SBD that is responsible for 
binding to SH2 domains of SFK’s. We have also demonstrated that Lck 
binds to any of the three phospho-tyrosines in the SH2 binding region, even 
to phospho-tyrosine 751, which has been considered as a part of the Grb2 
binding site. 
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Figure 5. Cas interacts with many signaling proteins and is involved in multiple 
signaling pathways, resulting in different cell events.

3.2 Biological relevance of this research: 
The breast cancer antiestrogen resistance gene, a homologue to the rat gene 
p130 Cas, encodes a protein causing resistance to antiestrogen drugs in 
breast cancer cells. The steroid hormone estrogen interacts with nuclear 
estrogen receptors (ERs) in breast epithelial cells and activates target genes 
increasing the cell proliferation and differentiation in cancer cells [69, 70]. 
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Tamoxifen, one of the widely used antiestrogen drugs induces an aberrant 
conformation of the estrogen receptors, resulting in inhibition of estrogen 
response. Tamoxifen generally induces a moderate response in half of the 
ER positive patients (patients who still have functional ERs) while the other 
half shows intrinsic resistance [71]. In a more recent study two thirds of the 
ER positive patients with high level of BCAR-1/p130Cas has shown 
resistance towards tamoxifen [46]. Development of resistance is not always 
associated with loss of ER in tumor cells [72, 73] and high level of BCAR-1 
in ER positive tumor cells that show a poor response to tamoxifen may 
indicate an alternative pathway to bypass ER-mediated cell proliferation.  

A relatively high expression of BCAR-1 has been associated with rapid 
recurrence of the disease and also poorer response to first line tamoxifen 
treatment in primary breast tumor cells. Rapid recurrence of the disease and 
poorer overall survival for patients with high level of BCAR-1 can be 
explained by involvement of Cas in cellular migration and invasion [74-76]. 
Retrieving structural information on this protein will provide us a better 
understanding of its role in cancer cells. The goal of this project has been to 
define the domain boundaries and retrieve structural and biochemical 
information of these domains in interaction with their biological counter 
parts.

As interacting partners to Cas we have chosen two proteins namely Lck, an 
Src family kinase and the 14-3-3 protein that are involved in crucial events 
in the cell. 
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4. Results 

4.1 Defining two functional domains in p130Cas 
(paper I) 
We started to design different constructs in order to establish the possible 
domain boundaries of Cas-SRR and Cas-SBD. To achieve the best result we 
used information from previous studies of this molecule in our lab and also 
the secondary structure prediction based on the sequence. 

4.1.1 Serine-rich region, SRR 
The first construct in the serine-rich region had been made by deletion 
mapping, a technique used for locating a target region by deleting 
surrounding parts of the target gene. This had resulted in a fragment 
corresponding to residues 520–712 in Cas that could still bind to the 14-3-3 
protein. This fragment showed good solubility (~ 50 mg/ml) and appeared 
monodisperse in dynamic light scattering, but it also turned out to be 
susceptible to proteolytic digestion at room temperature, producing a ~ 3 kD 
smaller fragment. Proteolytic digestion analyses of this fragment using 
trypsin, chymotrypsin, elastase, thermolysin and endoproteinase glu-c, 
resulted in no degradation or complete degradation of the fragment into 
smaller pieces. We designed and produced three new constructs (SRR-B, 
SRR-C, SRR-D). The expression and purification of the constructs showed 
that SRR-B (residues 548-708) had a high solubility of ~ 85mg/ml, stability 
and could be easily purified in contrast to the other fragments. SRR-B 
showed high yield (1-2 mg of pure protein / gram cells), and a monodisperse 
quality. One-dimensional NMR data confirmed the well-structured nature of 
this fragment, indicating it to be an optimal candidate for structural studies.  

In the initial crystallization screens, a systematic search using a wide range 
of organic and inorganic precipitants available in the lab and pre-made 
crystallization kits such as Hampton research crystal screen kits I & II and 
Emerald wizard I & II kits were used in both sitting and hanging drop 
system. Crystallization trials were performed at 295 K and 277 K. In the 
search for a crystallization condition we tried a variety of protein 
concentrations (up to 60mg/ml), pH’s (3-10), temperature and additives, 



24

which resulted in a range of precipitations and phase separations but no 
protein crystals were observed from these screens. 

The protein was also tested in trials at the high throughput crystallization 
facility at the Hauptman-Woodward Institute [77]. High throughput 
experiments screened 1536 distinct mixtures in micro-assay plates in batch 
mode under paraffin oil at 295 K and 277 K. The ‘cocktails’ tested were 
designed to screen a broad range of conditions to induce super-saturation. 
The crystallization trials failed to produce any hint of crystals after more 
than a year of crystallization trials. Since this molecule had behaved well in 
one-dimensional NMR experiments and also had a suitable size for NMR 
studies, we decided to solve the structure by NMR Spectroscopy.  

4.1.2 Src binding domain of Cas, Cas-SBD 
The domain binding in Cas to SFK SH3-SH2 domains is located in the 
predicted disorder region of this molecule (Figure 6). The region contains a 
proline rich region (733–739) with a type II SH3 binding motif 734PXXP737, a 
Grb2 binding motif 751YXNX754, a caspase 3 cleavage site 745DXXD748 and a 
SH2 binding site 762YDYV767. Of these motifs, the SH2 binding site is most 
strongly conserved (Figure 7). Many studies have shown that SH2 domains 
bind strongly to a phosphorylated tyrosine with a hydrophobic residue 
located three residues down from it (pY +3 / pYXX ). In this case the 
residue 762 has been shown by many studies to be one of the essential 
residues for binding the SH2 domain and promoting phosphorylation of 
tyrosines in the substrate domain [33]. Based on the secondary structure 
prediction of Cas we made four new constructs (SBD-A, SBD-B, SBD-C, 
SBD-D). All four constructs followed the same procedure of expression and 
purification, which showed that only one construct (SBD-D, residues 548-
812) could produce stable and soluble protein. This construct showed good 
stability and solubility (~ 35 mg/ml) but low polydispersity, which could be 
explained by a contaminant that had carried through the purification. 
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Figure 6. Amino acid sequence of Cas and predicted secondary structure. The part 
of the Cas, which has been studied in this thesis is listed on the top line and the 
numbers are based on p130Cas in rat. The secondary structure prediction is listed 
under the sequence using four individual structure prediction algorithms (indicated 
on the left of each prediction summary) and the consensus prediction that is listed on 
the bottom line The secondary structure prediction was executed using the Network 
Protein Sequence Analysis (NPS@).
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Figure 7. A sequence alignment of Cas with different family members in rat and 
other species highlights the conserved regions and residues. The sequence similarity 
is indicated by different shades. Numbers indicated in the alignment is based on Cas 
from Rattus norvegicus
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4.2 NMR structure of serine-rich domain of Cas 
(paper II) 
The protein fragment SRR-B, which had shown excellent quality for 
structural studies failed to produce crystals but it showed to be suitable for 
NMR spectroscopy. 
The solution structure of the serine-rich domain reveals a four-helix bundle 
arranged in an anti-parallel manner burying hydrophobic residues inside and 
mainly exposing hydrophilic and charged residues to the environment 
(Figure 8). The four well-defined helical regions consist of the residues 554–
579 ( 1), 599-624 ( 2), 634-659 ( 3) and 671–702 ( 4), which leaves 
relatively long loops between them. These loops exhibit considerable 
conformational flexibility as concluded from the very weak or absent signals 
from residues in these regions.  

Figure 8. Serine-rich region  consists of a four-helix bundle with two unusually long 
loops. 

A four helix bundle seems to be a common feature among proteins located in 
focal adhesion sites such as the C-terminal part of FAK [78, 79] vinculin 
[80, 81] and talin [82]. Despite limited sequence similarity, SRR-B shows a 
structural similarity by having similar length and orientation of some of the 
helixes. The unique differences between SRR-B and other similar four-helix 
bundles are the kink and a bend in 4 and the unusually long loop between 

1 and 2. The kink is due to a proline at position 685 and the bend by an 
asparagine at position 698. These residues are highly conserved and seem to 
stand for a special feature in the Cas family (Figure 9). The C-terminal part 
of 4 shows highly conserved surface residues indicating a potential 
interaction site with other molecules yet to be identified. This region is 
located on the opposite site of the potential 14-3-3 binding site and might 
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indicate a possible binding to this site while SRR-B is interacting with the 
14-3-3 proteins. 

Figure 9.The fourth helix in the serine-rich domain ( 4) contains a kink at proline 
685 (right) and a bend at asparagine 698 (left). 

A study based on random peptide library screening has suggested two 
optimal binding sites for 14-3-3 proteins [60]. The motifs are known as I & 
II, which have the RSXpSXP respective RXXXpSXP sequences (pS stands 
for phospho-serine). Two potential binding sites for 14-3-3 proteins are 
located in the 1- 2 loop and in the end of the 2 helix extended into the 
loop 2- 3 (Figure 10). Our docking study using two peptides 
corresponding to the potential binding sites in SRR suggest the site located 
in the 1- 2 loop as the most favorable candidate for binding to 14-3-3 
protein. The docking of the entire domain of SRR also indicates a much 
higher probability of this site as the 14-3-3 binding site. The motif in the 2-

3 loop seems to be less favorable since it is partially located in the helix 
and it most likely will require conformational changes prior to the binding. 
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Figure 10. 14-3-3 proteins binds to serine-rich motifs. There are two serine-rich 
motifs in SRR that are located between helix 1 &2 and 3&4 respectively (marked 
black). Our results suggest the motif located between helix 1 & 2 (left) is the 14-3-3 
binding motif. The second motif, which is partially located in the helix seems less 
likely to be the binding site (right). 

4.3 The Cas SBD and Lck SH2-SH3 (paper IV) 
In order to produce a protein complex of CasSBD-D with Lck SH2-SH3 we 
purified each protein separately and mixed them together afterwards. 
Residues 64-226 of human Lck were cloned and expressed which resulted in 
a soluble protein. Crystallization of the pure protein produced good quality 
crystals as expected, which also confirmed that the fragment was suitable for 
this study. 

The Src binding domain of Cas is required to be phosphorylated at specific 
tyrosine sites for binding to the SH2 domain of Lck. In order to 
phosphorylate the tyrosine at residue 762 we employed TKX1 Epicurian 
cells that harbor a plasmid-encoded, inducible tyrosine kinase gene. The 
vector encoding Cas-SBD was transformed into the TKX1 cells and 
expressed in the presence of the kinase that would phosphorylate it. The 
phosphorylated protein was purified and did bind to Lck as predicted. To 
obtain the pure complex we had to develop a unique purification protocol. 
The yield of the produced complex was low (0.4mg protein/gr cells) and the 
procedure took ~ 10 days for every batch.  
Crystallization trials did not give us any hint in almost two years of 
experiment. Our later finding that shows how these proteins interact with 
each other could potentially explain our failure. 
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4.3.1 Growing quality crystals from malformed 
crystals of Lck SH2-SH3 in complex with Cas SH2 
binding peptide using the seeding technique (paper 
III)
There have been many studies to show the specificity of SH2 domains 
towards its binding domains [83]. One study that uses a phosphopeptide 
library to recognize the SH2 specific binding sequence, identifies the pYEEI 
motif as a high affinity binding site for SH2 domains [83]. The crystal 
structure of Src-SH2 with a peptide containing this motif explains 
structurally how they interact [83, 84]. A crystal structure of the Lck SH2 – 
SH3 domains with a 10 residue peptide from the Lck tail (501-510) that was 
predicted to regulate the open and closed form of Lck showed high binding 
affinity as well [85]. 

A nine residues long peptide (759MEDpYDYVHL767) from Cas, containing 
phosphotyrosine 762 was synthesized and co-crystallized with the Lck SH2-
SH3 domains. Our crystallization trials failed to produce good quality 
crystals from the previously known conditions where Lck SH2-SH3 in 
complex with its tail peptide had produced crystals. The result from the high 
throughput crystallization facility at the Hauptman-Woodward in New 
York/Buffalo directed us to a new crystallization condition, which produced 
small but good crystals (judging from their shape) in batch crystallization. 
Repeating the condition in a vapor diffusion system produced low quality 
crystals and attempts to optimize the condition were not successful. Seeding, 
however, showed to be the only way to obtain crystals suitable for structural 
studies
At first micro, macro and streak seeding were utilized but streak seeds 
showed the best results. 

One crystal with a malformed shape was crushed in the protein drop and was 
used as seed stock. Different parameters such as concentration, pH, and also 
four different protein : peptide ratios were tried. Four series of drops were 
seeded with four different equilibrating times: immediately, after 6hrs, after 
12hrs and after 24hrs. This set of experiments resulted in many malformed 
and tiny crystals in drops with zero equilibration time. One of these drops 
that contained small but well shaped crystals was used as the new seed stock 
for the next round of seeding. In the second round we obtained bigger 
crystals but in cluster form. For the third round we washed one cluster and 
crushed it into 6µl of reservoir solution followed by centrifugation at 10K 
rpm for 5 min before seeding. This set resulted in few single crystals of 1-
3µm. One such crystal was picked and the same procedure as previously was 
used. As the result single crystals with diffracting quality up to 2.7Å were 
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produced repeatedly. The crystals formed in five days and could geow to a 
length of 0.7 mm (Figure 11). 

Figure 11. The pictures show three different stages through the seeding process 
where crystals with diffracting quality (right) have been formed from small 
malformed crystals(left). 

The crystals were passed through a cryoprotectant solution series containing 
1.2M K2HPO4 and 5%. 10%, 15%, 20%, 25%, 30% glycerol with 1.5 
minutes incubation time in each prior to being flash frozen. Our experiment 
had shown that the crystals were sensitive to direct transfer to 
cryoprotectants containing 20%-30% glycerol. Crystals suitable for x-ray 
diffraction formed in space group P212121 with unit-cell parameters a = 77.4, 
b = 107.3 and c = 166.4 Å, and diffracted to 2.7 Å resolution (Table 1). The 
solvent content of these crystals was 55%, with six complexes per 
asymmetric unit.

Table 1

Data collection statistics 
Source     ESRF ID14-1 
Temperature (K)   100 
Wavelength (Å)    0.934 
Resolution range (Å)  30 - 2.7 
Space group   P212121
Unit-cell parameters (Å) a = 77.4, b = 107.3, c = 166.4 
Total no. reflections   128725 
Unique reflections  34665 
Completeness (%)   96.8 (96.0) 
Redundancy   3.5 (3.5) 
Rmerge (%)    7.3 (48.2) 
Average I/ (I)   7.2 (1.5)     
*Values in parentheses are for the outer resolution shell (2.85 –2.70Å). 
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4.3.2 Defining the specific binding site of Cas to Lck 
SH2-SH3 (paper IV) 
Many studies have pointed out different residues in Cas as essential for 
binding to SFKs. Our in-vitro study shows clearly what residues are crucial 
for the interaction between Cas and Lck. This result, however, might be in 
contradiction with other studies where they have identified different residues 
as major binding site for interaction to Src family kinases [33]. 

In the SH2 binding site of Cas there are two tyrosines in position 762 and 
764, with the pY +3 motif and another tyrosine at position 751 that has been 
identified as a possible Grb2 binding site with a YXNX motif [86]. The 
751YENS754 sequence contains a polar residue at the +3 position from the 
phosphotyrosine, which makes it a potentially weak binding site for Lck. 
This motif is not conserved throughout the family members, although there 
is a tyrosine located in this region in Efs. The location of the tyrosine in Efs 
with an isoleucine at the +3 position makes the motif to be more prominent 
for SH2 binding site than for binding to Grb2. 

Our previous work had shown that non-phosphorylated Cas did not bind to 
Lck, thereby excluding the SH3 binding site in Cas as a crucial binding site 
to Lck SH2-SH3. In order to make a complete binding study, we inserted 
mutations into the SH2 binding region by replacing tyrosines to 
phenylalanines in single, double and triple mutations. All the mutations were 
transformed into TKX1 Epicurian cells where tyrosines become 
phosphorylated. The purified protein was mixed with Lck attached to Ni2+

resins for 30 minutes, washed thoroughly by washing buffer and run on 
SDS-PAGE. The result showed that Lck could bind to all the tyrosines 
including the one at position 751, and only a triple mutation could abolish 
the binding completely. This result can also be a good argument for why we 
failed to crystallize the Cas/Lck complex. Since Lck can interact with any of 
the phosphotyrosines in Cas-SBD, it will therefore produce three different 
complex forms. This will introduce heterogeneity in the protein solution and 
will most likely inhibit crystal growth.  

4.3.3 Crystal structure of Lck SH2-SH3 in complex 
with SH2 binding domain of Cas (paper IV) 
Lck SH2-SH3 in complex with Cas SBD-D failed to produce crystals but it 
produced crystals in complex with a nine residue long peptide 
(759MEDpYDYVHL767) corresponding to the SH2 binding domain of Cas. 
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The crystals had the space group P212121, formed six complexes in the 
asymmetric unite and diffracted to 2.7Å (Table 2). 

Table 2

Scaling and refinement statistics 

Resolution    2.7 
R-factor    0.2456 (0.3261) 
R-free     0.3140 (0.3793) 
Number of solvent molecules  55 
Outliers in Ramachandran plot % 0.0 

The conformation of individual complexes are very similar but not identical 
and the overall packing is very similar to the previously solved Lck structure 
[85]. The asymmetric unit mainly consists of three head-to-tail Lck dimers 
that compose a hexamer with a three-fold axis and perpendicular two-fold 
axis (Figure 12). 

Figure 12. The asymmetric unite contains six complexes that are ordered in three 
head-to-tail dimers with a three-fold axis (right) and perpendicular two-fold axis in 
the sides (left) 

A few of the peptide residues were not visible and the density map did vary 
among the molecules, which restricted us from straightforward interpretation 
of the binding. It is clear that the phospho-tyrosine in the peptide binds to 
SH2 domain of Lck which is a conserved region in many other SFK kinases 
[83, 85, 87-89]. The phospho-tyrosine fits into the pocket and hydrogen 
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bonds to Arg 134 and Arg 154 in Lck (Figure 13). Another feature for high 
affinity binding to SFK is the hydrophobic nature of the third residue from 
the phospho-tyrosine (pYXX ) which will be inserted into a hydrophobic 
pocket and establish a van der vals contact with Ile 193. The hydrophobic 
pocket is structurally conserved in Src and Hck kinase [89, 90] and Ile 193 is 
stongly conserved in SFKs.  

Figure 13 .Two different views in how the peptide (759MEDpYDYVHL767) binds to 
Lck SH2 domain. The phospho-tyrosine dives into a pocket between the helices and 
across the edge of -sheet while valin locates itself on a hydrophobic surface. .  

Cas binds to Lck in the same manner as high affinity peptides containing 
pYEEI as the recognition site [83, 84, 87], but it differs by having a smaller 
residue (valine) at the pY+3 position [85, 89]. 
A recent structural study shows the binding between platelet-derived growth 
factor (PDGF) -receptor to Src through a doubly phosphorylated tyrosine 
[91]. In this structure, phospho-tyrosines are separated by only one residue 
and the peptide bind Src almost in the same manner as the Cas peptide does. 
The second phospho-tyrosine in PDGF -receptor binds with a hydrogen 
bond to an Arg in Src, which is equivalent to Arg 184 in Lck. The tyrosine 
764 in our peptide could potentially establish hydrogen bond to Arg 184 if it 
was phosphorylated. 
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Summary in Swedish: 

Denna avhandling presenterar biokemiska och struktuella studier av ett 
protein som är involverat i bröstcancer. Vi har valt ut och isolerat två 
domäner i detta protein. Syftet har varit att få fram struktuell och biokemisk 
information för att kunna förstå proteinets funktion bättre. 

Celler är omgivna av en extracellulär matrix (ECM) som håller cellerna på 
plats och möjliggör för celler att kommunicera med omgivningen. Signaler 
skickas in i celler genom olika cellyte-receptorer som kopplar cellernas 
insida till dess utsida. Integriner är en stor familj av cellytereceptorer i 
extracellulara matrixen och är involverad i många viktiga processer inom 
cellen som migration, celltillväxt och celldöd.  
Crk-associerat Substrat (Cas) är ett protein som aktiveras vid 
integrinsignalering genom fosforylering av seriner och tyrosiner i proteinet. 
Detta gör det möjligt för proteinet att kunna binda till andra 
signaleringsmolekyler. Cas består av många intressanta delar som kan 
samverka med andra signaleringsproteiner. Det kan bland annat binda till 
kinaser i Src-familjen (SFK), proteiner inom 14-3-3-familjen och 
fosfotyrosinfosfataser (PTP). 

Proteinet BCAR-1 (Breast cancer anti estrogen resistance) hos människan är 
homologt till Cas i råtta och har nyligen upptäckts i bröstcancerceller som 
har visat resistens mot Tamoxifen, den mest använda antiestrogenmedicinen. 
Höga nivåer av BCAR-1/Cas har visat stark korrelation med hög dödlighet 
och hög grad av återfall. 

I denna studie har vi fokuserat på en serinrik region (SRR) och på en Src-
bindande domän of Cas (SBD). SRR binder till proteiner inom 14-3-3 
familjen. Många studier har klargjort att kinaser inom Src familjen binder till 
Cas och leder till tyrosinfosforylering av dess substratdomän (SD). 
Molekyler från olika signaleringsvägar kan då binda till den fosforylerade 
substratdomänen och leda signaler vidare. Alla sorts mutationer som 
inhiberar Src/Cas-interaktionen leder till drastisk lägre fosforylering av Cas-
SD och därmed försämrad signalering. Detta bevisar att Src/Cas-complexet 
har en väsentlig roll i reglering av integrinsignalering. 
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I detta projekt har vi lyckats framställa två proteinfragment som innehåller 
repektive SRR och SBD. Vi har identifierat de viktiga bindningsställerna i 
Cas som ansvarar för SRR/14-3-3 bindningen samt har vi löst strukturen av 
SRR med hjälp av NMR-teknik. Strukturen består av fyra helixar som är 
kopplade till varandra genom ovanligt långa slingor. Slingan mellan helix 1 
och 2 innehåller ett serinrikt motiv och har identifierats som bindingsstället 
for proteiner i 14-3-3 familjen.  
En nio aminosyor lång peptid som motsvarar den mest troliga 
bindingsdomänen av Cas till kinaser i Src familjen har kristalliserats med 
Lck, en medlem av SFK familjen. Strukturen har lösts med hjälp av 
röntgenkristallografi till en upplösning av 2.7Å och har rymdgruppen 
P212121. Asymmetriska enheten består av sex molekyler och utgör en 
hexamer innehållande tre dimerer. Strukturen visar att peptiden binder till 
Lck med hög affinitet och liknar en del tidigare strukturer av SFK-familje 
medlemmar. Vi har också identifierat de aminosyror som är ansvariga för 
bindningen av Cas till Src (in vitro), genom att mutera tyrosiner i SH2-SH3-
bindningsdomänen i Cas till fenylalanin. Resultatet visade att alla de tre 
tyrosiner som finns i SBD kan binda till Lck samt att ett SH3 bindingsmotiv 
i denna region inte är väsentlig för bindningen, eftersom bindningen 
upphörde först när alla tre tyrosinerna hade byts ut.  
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