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Abstract 
Cancer is the main cause of death in economically developed countries and the second leading cause 

of death in developing countries. Along with today’s knowledge that more than two hundred different 

diseases lies in the category of this prognosis there is an urge for more detailed and case-specific 

treatments to replace the dramatic actions of radiation therapy and the chemotherapy available today. 

The main threat of these treatments is that they in many cases does not make a difference between 

healthy and cancer cells. 

The transcription factor and onco-protein c-Myc has after extensive studying during the past decades 

become a prognostic marker for its involvement in almost all cancer forms known. There are still 

many questions regarding how c-Myc interacts with its many different target proteins involved in cell-

cycle regulation, proliferation and apoptosis.  

The current field of research states that one of the regulating proteins, hPin1, interacts with c-Myc in a 

phosphorylation dependent manner which appears to direct the correct timing of c-Myc activation and 

degradation through the ubiquitin/proteasome-pathway. The critical phosphorylation sites, T58 and 

S62, are located in the Myc-Box-I (MBI) region, a highly conserved sequence strongly coupled to 

aggressive tumourigenesis by hotspot mutations. Interestingly, the same sequence was found (residue 

46-69) not to bind hPin1, which suggest that hPin1 target a site distal from the residues to be 

phosphorylated.  

Our results from Surface Plasmon Resonance (SPR) together with Nuclear Magnetic Resonance 

(NMR)  show that the docking domain of hPin1 (WW-domain) bind unphosphorylated c-Myc at a 

region distal from the phosphorylation site, namely residues 13-34. Furthermore, SPR experiments 

revealed that hPin1 bind unphosphorylated c-Myc with apparently greater affinity and with much 

slower kinetics than to phosphorylated c-Myc. 

In conclusion, hPin1 recognition and interaction with c-Myc is not dependent on phosphorylation of c-

Myc prior to binding, contradictory to earlier studies. The newly identified binding region of c-Myc, 

located N-terminal of MBI, may further increase the understanding of protein degradation control and 

c-Myc function. The studies presented in this thesis provide a brick in the puzzle of c-Myc and hPin1 

coupled oncogenesis for further development of new therapeutic strategies.  
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Abbreviations 

 

CDK Cyclin Dependent Kinase 

c-Myc c-Myc oncoprotein 

DNA Deoxyribonucleic acid 

ERK Extracellular signal-regulated kinase 

hPin1 human Protein Interacting with NIMA (Never In Mitosis A)1 

HSQC Heteronuclear Single Quantum Coherence 

IDP Intrinsically disordered protein 

IMAC  Immobilized Metal Affinity Chromatography 

kDa kilo Dalton 

MAPK Mitogen activated protein kinase 

NMR Nuclear Magnetic Resonance 

PPI peptidyl-prolyl isomerase (domain) 

RNA Ribonucleic acid 

SDS-PAGE Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

SPR  Surface Plasmon Resonance 

WW tryptophan- tryptophan (domain) 
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1. Introduction 

Cancer is the foremost cause of death in economically developed countries and the second leading 

cause of death in developing countries (Jemal et al, 2011). Even though the understanding of the many 

ways cancer cells hijack the different biochemical routes of healthy cells is expanding fast, there is still 

an urgent need to target these diverse processes with more specificity than today’s treatments can 

offer.  

 

1.1 Cancer research 

The large set of cytotoxic drugs initially used in chemotherapy shared one common aspect, which was 

their lack of capability to satisfactorily discriminate between normal and tumor cells. Cell-killing was 

only performed in the sense that these agents targeted rapidly replicating cells (Blanco et al, 2011). 

 

The richness in biochemical signalling spanning from genome fragments to active proteins offers 

many different approaches to map and hinder the critical steps of cancer initiation. Studies of genome 

instability, toxic stress, protein-DNA and protein-protein interactions are some examples of what 

cancer research largely has encompassed over the past decades. This has created a huge map of the 

many oncogenic signalling pathways known. Further interactional studies between proteins, in regard 

to regulating modifications such as post-translational modifications, structural rearrangements and the 

nature of interactions will expand our understanding for how health can develop into disease.  

Classification of protein functions related to their structure has contributed to a deeper understanding 

of the many routes biochemical pathways can take, but to find the true action behind every signal 

possible, detailed protein-protein interaction investigation of each combination of proteins known are 

required. The different ways healthy cells can develop into cancer cells are intriguingly dissimilar and 

the gaps to fill with further knowledge about them are certainly many (Hanahan and Weinberg, 2011; 

Chial, 2008). 

 

1.2 Proteins in cancer 

Common for all signals sent throughout our cells in the body is the involvement of proteins, directly 

and indirectly. They are the major acquisition for maintenance of balance on all levels of 

communication, by interacting with other proteins, RNA and DNA. Proteins are dynamic, both in their 

structure and function. Some proteins are more commonly involved in different diseases, possibly 

depending on their higher number of different interaction partners. This in turn has been argued to 

largely depend on the different structural and dynamic features they can adapt. These properties are 

well suited for multifaceted proteins, such as transcriptions factors, cell-cycle regulators and the 

commanders of programmed cell-death (apoptosis), which are indeed key characteristics of proteins 
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which lack three-dimensional structure. These proteins are often called intrinsically disordered 

proteins (IDPs). The different binding modes and disguises IDPs can adapt also involve risks for 

misidentification, which may be a major reason to their common feature of disease correlation 

(Uversky et al, 2008). 

 

1.3 Insights in protein communication 

Clues about how proteins act and how they interact with different partners have largely been gained 

from structure biological methods. The structure of a biological macromolecule can be significantly 

affected by mutations, the surrounding environment and the interaction partner. Every protein has an 

exclusive amino acid sequence with different arrangements, resulting in particular functions. 

Determining the structure of a protein may thus improve understanding of its functions.   

1.3.1 Structure biology 

A three dimensional fold of a protein is probably the classical view of a well functioning protein. That 

is not always the case, but it is necessary for structure determination. The structure of proteins is 

mainly dependent on the primary structure, or in other words, the amino acid sequence. The properties 

and amino acid composition can build up secondary structure with defined α-helices and β-sheets, 

which are compact and stabilized by hydrogen bonds. Turns and random coils are more flexible and 

connect helices and sheets, which allows folding of the polypeptide backbone back onto itself. With 

methods such as x-ray crystallography and nuclear magnetic resonance (NMR) the three-dimensional 

structure of a protein can be solved. Both methods have pros and cons, but the general difference 

between these methods are that x-ray crystallography requires crystallization of proteins thus 

generating a more rigid picture of the structure. NMR on the other hand allows determination of 

protein structure in solution and gives a much more detailed view of the dynamic and flexible parts of 

a protein structure (Berg et al, 2007). 

1.3.2 Protein interaction mapping 

A wide range of methods are available in order to increase understanding of the complexity of protein 

interactions such as at what rate (kinetics) and how tightly proteins are binding their targets (affinity). 

Surface Plasmon Resonance (SPR) is one of these. The method is extremely sensitive which is why 

low concentration samples can be used.  It is robust when optimised conditions have been found, thus 

allowing both kinetic and affinity studies between two or sometimes more interacting molecules 

(BIACORE AB, 1998). 

1.4 Aim of this thesis  

The work of this thesis aimed for characterizing a critical interaction which is located upstream of the 

ubiquitin/proteasome-pathway in order to ensure time dependent degradation of the c-Myc 
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oncoprotein. The c-Myc oncoprotein is an intrinsically disordered protein and has become a prognostic 

marker for its involvement in almost all cancer forms known.  

The current field of research states that hPin1 interacts with c-Myc in a phosphorylation-dependent 

manner, which appears to direct the time dependent onset of c-Myc activation and degradation through 

the ubiquitin/proteasome-pathway (Sears, 2004). The critical phosphorylation sites, T58 and S62, are 

located in the Myc-Box-I (MBI) region, a highly conserved sequence strongly coupled to aggressive 

tumourigenesis by hotspot mutations, but which alone (residue 46-69) does not bind hPin1 

(unpublished data, group of Maria Sunnerhagen, Linköping University). This suggested that hPin1 

bind to a distal region from the phosphorylation site in order to enable the catalysis of peptidyl-prolyl 

isomerisation. Specific mapping c-Myc interaction with its regulating proteins is of great importance 

in order to expand the understanding of the plethora of interactions leading to cancer formation when 

deregulated.  

2. c-Myc oncoprotein 

2.1 The c-myc gene  

The cell cycle is highly controlled by a wide range of proteins in order to maintain a perfect balance 

between cell-cycle progression, proliferation and the apoptosis program. One of the central and highly 

critical regulators of these processes is the transcription factor and oncoprotein c-Myc. The discovery 

of the many features and functions of this multifaceted actor started back in the 1980´s and the 

numbers of cellular target genes that are both directly and indirectly controlled by c-Myc are 

increasing fast (Meyer and Penn, 2008). A c-Myc target gene database has been set up by Zeller and 

co- workers at Johns Hopkins University School of Medicine & Johns Hopkins Health System which 

in May 2009 concluded that a number of 1697 Myc target genes had been found (Zeller et al, 2003). 

Expression of the c-myc gene results in the 48 804 Da nuclear phosphoprotein, with a length of 439 

amino acids.  Mitogenic- and growth inhibitory signals together adjust the levels of c-Myc production 

in the cell along with post-transcriptional control (stability of mRNA and translation) as well as post-

translational (stability of protein) control (Sears, 2004).  

The c-myc gene is a part of cell growth, cell-cycle progression, metabolism, programmed cell-death 

and genomic instability. A lot of cells progressing into cancer cells are primarily dependent on c-Myc 

expression levels, activity and its communications with other proteins as well as DNA which makes c-

Myc a very compelling therapeutically target (Oster et al, 2003). 

Many different transcription factors are parts of the steering of c-Myc expression. One of the most 

important is NF-κB, which acts as a transcriptional regulator of the c-myc promoter in both human and 
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murine B-cells (Boxer and Dang, 2001). Furthermore, c-myc expression is induced by multiple 

mitogenic signaling pathways, which consist of Wnt, Notch, STAT, receptor tyrosine kinases (RTKs) 

such as PDGFR, EGFR and IGFR, as well as hormone receptor pathways (Larsson and Arsenian 

Henriksson, 2010).  

2.1.1 The myc gene family 

Failing regulation of c-Myc expression is highly associated with many cancers forms. Over-expression 

of c-Myc occurs in most human cancers where the most common are breast cancers, colon cancers and 

gynecological cancers (Nesbit et al, 1999). The functional divergence as well as some common 

features in vivo of the MYC gene family of oncoproteins, inducing c-Myc, L-Myc, N-Myc, S-Myc 

and B-Myc has lead to a deeper understanding of how the conserved sequence segments that the myc 

genes share play different roles in the function of these proteins. For example, several Myc mutants 

that were designed as repressors of gene transcription kept the ability to activate gene transcription of 

some transcripts (Oster et al, 2003).  

In particular the conserved sequence segments constituting of the Myc homology box regions I and II 

(MBI and MBII) in the N-terminal transactivation domain, and the C-terminal DNA binding domain, 

will be further discussed below in regard to their main actions. 

2.2 c-Myc and Burkitt´s lymphoma 

Several types of cancers show a translocation between chromosome 8, where the c-myc gene is 

located, and chromosomes holding genes coding for regulatory elements of immunoglobulins, namely 

on chromosome 14, 22 or 2 (Hollis et al, 1984). This can be seen in about 80 % of the cases of 

Burkitt´s lymphoma, which result in constitutive c-myc expression. The same disease arises due to a 

mutated Thr-58, a major phosphorylation site in c-Myc and a commonly found mutation in MBI and a 

so-called hot-spot mutation. The mutation results in increased stability of the c-Myc protein, which in 

turn results in an abnormally low level of proteolysis. This suggests that phosphorylation of T58 is 

important for sufficient degradation of c-Myc protein through the ubiquitin/proteasome-pathway. 

Another sequence in the central region of c-Myc called PEST (226-270) has been found to be required 

for rapid degradation but not for ubiquitination, thus believed to take part in between ubiquitination 

and the following degradation by the proteasome (Gregory and Hann, 2000).  

In fact, overexpression of c-Myc is observed in more than 70% of human cancers, which can involve 

amplification or translocation of the c-myc gene. However, these genetic abnormalities are observed 

only in a minority of the cases, suggesting that other mechanisms, such as a change in c-Myc protein 

stability, may play a substantial role in tumorigenesis (Escamilla-Powers and Sears, 2007). 
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2.3 c-Myc structure and function 

The c-Myc oncoprotein consists of partially folded, transiently structured and intrinsically disordered 

regions with different functional features. The variety of functions for c-Myc may reasonably be due 

to the many regulation steps of expression, protein turnover, degradation and the wide set of 

interaction partners. The latter has, in regard to today’s knowledge about c-Myc, led to the hypothesis 

that it is the lack of an overall three-dimensional structure that gives c-Myc its multitasking skills.  

2.3.1 The protein class IDP 

The typical feature of the protein class intrinsically disordered proteins (IDPs) is that they exclusively 

or partly lack a unique 3D structure in their apo-form, but may gain secondary or tertiary structure 

when binding to interaction partners. The induced structure upon binding may take several different 

routes and an extensive and excellent report of some of the most intriguing examples can be found in 

(Dyson and Wright, 2002). 

Not only do IDPs provide a larger interaction surface area compared to globular proteins of 

comparable length, they are also targets of various post-translational modifications that assist 

regulation of their function and stability in the cell. This advantageous function allows stringent 

control of the thermodynamics of the binding as well as many different conformational possibilities to 

bind structurally different target proteins. This does often lead to binding with high specificity and low 

affinity, which has been proposed to allow fast association to start an explicit signaling process and 

simultaneously dissociate simply as the mission is accomplished. These properties of disordered 

regions are supreme for proteins involved in coordination of regulatory events in space and time 

through specific recognition of interaction partners. Furthermore, disordered regions commonly occur 

in proteins involved in regulatory and signaling functions, such as transcription factors and signaling 

proteins (Babu et al, 2011). 

2.3.2 c- Myc homology regions 

The arrangements of the homology regions mentioned above are described in Figure 1. The C-

terminal domain, CTD (residue 263-439) of c-Myc holds a basic Helix-Loop-Helix-Leucine-Zipper 

(bHLHLZ) motif which forms a heterodimer together with the Max protein, which also contains a 

bHLHLZ, in order to bind the consensus sequences 5´-CACGTG-3´, also called Enhancer boxes (E-

boxes) to activate transcription of target genes (Boron & Boulpep, 2009). This co-operation is believed 

to be dependent on the rate of c-Myc expression. This might be explained by that Max is able to 

recognize E-boxes in homodimers but is not regulated in the cell-cycle and seems to be in this form in 

quiescent cells. But when c-Myc levels are increased as cell-cycle entrance takes place, Max starts to 

dimerize with c-Myc, which also suggests a possible repression of the Myc-Max complex by the Max 

homodimer. The Myc-Max heterodimer has been shown to be essential for Myc transformation. N-
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terminal to the bHLHLZ motif the nuclear localization signal- region (NLS; 320- 328) is found which 

primarily encode sub-cellular localization to the nucleus (Meyer and Penn, 2008). 

 

Figure 1. The full length sequence of c-Myc and its conserved homology boxes MBI, MBII, MBIIa, MBIIv 

and MBIV as well as the basic region (BR) and HLH-LZ motif. The residues 1-88 constitute the fragment of c-

Myc used for studies in this work, in which MBI is located with the phosphorylation sites T58 and S62 

highlighted (Picture originates from: Andrésen et al, 2012).   

MBI, II and III were at first rather defined by conservation, but do also consist of distinguished key 

functional features regarding c-Myc activity. The MBIV (304- 324) has been found to induce 

apoptosis and MBIIIa (188-199) inhibits apoptosis and has been stated to take part in transformation 

(Boxer and Dang, 2001). MBIIIb (259-270) is named by sequence conservation, but no particular 

function has been allocated to this sequence yet (Meyer and Penn, 2008). A lot of the interactions take 

place in MB I, II and III and they are also regions of common cancer causing mutations. MBII (128-

143) is vital for gene activation, transformation, proliferation and inhibition of differentiation. c-Myc 

interacts with a lot of different regulatory proteins, such as TRRAP and TBP through this specific 

region. The MBII together with MBI constitutes the transactivation domain, TAD (1-143), which can 

activate gene transcription through a heterologous DNA-binding domain. The N-terminal MBI (45-63) 

is essential for gene activation and interacts with a wide range of proteins, for example the tumor 

suppressor Bin1 (Andrésen et al, 2012; Boxer and Dang, 2001). 

Today’s knowledge of the C-terminal domain of c-Myc and its structure-function relationship is 

extensive compared to its the N-terminal TAD-domain. Both parts are essential for c-Myc functions, 

but it is yet not known if and how these domains collaborate in any biophysically or functional way. 

Even though many different interactions partners have been found to target the TAD domain of c-

Myc, there is today only one structure deposited to the Protein Data Bank of this c-Myc region, 

namely two short peptides of MB1 and Bin1 in a complex (PDB entry: 1MVO). Indeed, this addresses 

the need for further investigation of the N-terminal of c-Myc. The surrounding residues of MBI 
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namely 1-88 which is highlighted in the (Figure 1, Andresén et al, 2012) is the part of c-Myc which 

this thesis work has been based on. 

2.3.3 Phosphorylation regulates activity and stability of c-Myc 

Within the MBI region two phosphorylation sites are located: T58 and S62. T58 and S62 are both 

highly conserved throughout a wide range of species within c-Myc family members. Extracellular 

Receptor Kinase (ERK) targets S62 and T58 is a target of Glycogen Synthase Kinase (GSK-3β), 

which makes the two of them part of the Ras- activated signaling pathways. These include the 

Raf/MEK/ERK kinase cascade and the Phosphatidylinositol-3-OH kinase (PI3K)/Akt pathway. 

Regarding the stability of c-Myc protein linked to the phosphorylation sites it has been found that 

phosphorylation of S62 is required to take place before T58 phosphorylation and that S62 

phosphorylation both stabilize c-Myc and is critical for transformation, while phosphorylation on T58 

destabilizes c-Myc. This happens in the early G1 phase; the PI3K/Akt pathway phosphorylates and 

inhibits GSK-3β, facilitating stabilization of c-Myc. As Akt activity declines later in the G1 phase, 

GSK-3β becomes active and phosphorylates c-Myc on Thr 58, which is important for c-Myc turnover 

(Yeh et al, 2004). 

In further regard to c-Myc degradation, hPin1 have been suggested to bind double phosphorylated c-

Myc, which in turn would trigger dephosphorylation of S62 by protein phosphatase 2A (PP2A) 

(Vervoorts et al, 2006). The way hPin1 specifically targets c-Myc has been suggested in different 

ways. Yeh and co-workers have proposed a mechanism for hPin1, which involves the specific 

targeting of phosphorylated T58 in order to enable dephosphorylation of S62 by PP2A (Yeh et al, 

2004). Sears have published a review on c-Myc stability control that suggest that hPin1 recognize 

phosphorylated T58 and S62, in order to catalyze a cis to trans isomerization at the S62-P63 peptide 

bond. The following dephosphorylation of S62 by PP2A is proposed to be dependent on trans 

configuration of this bond (Sears, 2004). Recruitment of SCF- Fbwx7 to the phosphorylated T58 is 

followed by polyubiquitination and degradation mediated by the ubiquitin/proteasome-pathway. 

Phosphorylation of S62 can also be carried out by mitogen-activated protein kinase (MAPK), c-Jun N-

terminal kinase (JNK) and cyclin- dependent kinase 1 (CDK1) which have been suggested to control 

different signal transduction pathways as well as specific cell-cycle regulation through S62 (Vervoorts 

et al, 2006). Furthermore, Cyclin E/cyclin-dependent kinase 2 (CDK2) were recently found to repress 

senescence through phosphorylation of S62 in c-Myc, revealing a unique role for the complex as a 

transcriptional co-factor (Hydbring et al, 2010). The main regulatory steps are simplified and 

concluded in Figure 2 below. 
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Figure 2. Short summary of degradation pathway for c-Myc. Phosphorylation of S62 can be carried out by 

ERK/MAPK/JNK/CDK1 and CDK2, followed by phosphorylation of T58 through GSK3β (Yeh et al, 2004). 

Pin1 targets double phosphorylated c-Myc in order to perform a cis/trans- isomerisation (Vervoorts et al, 2006) 

or only pT58 (Yeh et al, 2004) and/or pS62 (Sears, 2004) in order to enable dephosphorylation through PP2A 

(Sears, 2004; Yeh et al, 2004). SCF-Fbwx7 is recruited to pT58 and which is followed by polyubiquitination and 

ultimately degradation (Vervoorts et al, 2006). 

3.  Human Pin1 (hPin1)                                     

hPin1 is an 18.2 kDa cis/trans isomerase, essential in the G2/M transition of the eukaryotic cell cycle 

and generally known to interact with a wide range of substrates through recognition of a phospho-

serine and/or threonine- proline motif(s). In humans, one of the major substrates is RNA polymerase 

II, which is essential for eukaryotic transcription. Additionally, hPin1 also targets signaling proteins 

involved in for example cell cycle regulation and transcription such as CDC25C, p53, NFκB, cyclin 

E1, cyclinD1, tau, SRC-3, the retinoic acid receptor and c-Myc.  Overexpression of hPin1 is strongly 

coupled to formation of some of the most common types of cancers such as prostate, breast, brain, 

lung and colon cancer and its overexpression level correlates with high tumor grades and poor clinical 

outcomes. hPin1 is frequently localized to nuclei. Findings indicate that hPin1 act by 

increasing transcription and stability of the cell cycle progression regulator cyclin D1, controlling the 

activity of the transcription factors p53, c-Jun and regulating c-Myc oncoprotein degradation through 

the ubiquitin/proteasome-pathway. All of the transcription factors mentioned above are central “gate- 

keepers” in multiple oncogenic signaling pathways. A map of some of the most important targets of 

Pin1 is displayed below (Figure 3) (Bayer et al 2003; Yeh and Means, 2007; Zhang et al, 2012). 



17 

 

                 

Figure 3. Functional targets of hPin1. Human Pin1 (hPin1) is regulating a wide range of target proteins, 

involved in cell cycle progression, transcription, protein degradation, protein stabilization, programmed cell-

death (apoptosis), checkpoints in the cell cycle and facilitate RAF activation. Picture is developed from: Yeh and 

Means, 2007. 

3.1 hPin1 structure 

hPin1 consists of two domains, both of which bind pSer/pThr-Pro motifs. The carboxy- terminal 

PPIase domain (aa 50- 163) which reversibly catalyze cis/trans- ismomerization and a amino-  

terminal WW domain (1-39), named after two invariant Trp residues) which has been proposed as a 

substrate recognizing motif  (Figure 4). The two domains are coupled by a flexible linker, that 

together with the different roles of these two domains has given hPin1 unique interaction possibilities, 

which will be discussed in more detail 

below (Bayer et al 2003; Mercedes- 

Camacho and Etzkorn, 2010; (Namanja 

et al 2011). 

 

 

 

 

Figure 4. Crystal structure of 

human Pin1: WW-domain (res 

1- 39, turquose) and PPI-ase 

domain (res 50- 163, purple) are 

joined by a flexible 6-amino-

acid- long liker. Conserved 

residues (surface) catalyse cis-

trans isomerization in pThr/Ser-

Pro-motifs (grey: proline 

isomerization, yellow: basic 

cluster). PDB entry: 1PIN 

(Ranganathan et al, 1997) 
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3.2 The PPIase domain class 

3.2.1 The importance of cis/trans isomerization  

To retain appropriate biological activity most proteins need both to fold into their native structure and 

maintain their well-designed functional integrity as parts of the proteome. Due to this, many 

pathological abnormalities such as malignant cancer have been found to modify fold-mediated 

signaling pathways. Foldases are a group of folding helper enzymes, involved in many important 

pathways, which have been proposed to have important contribution for normal protein function as 

well as malignant outcome. The backbone of a protein can adopt cis/trans isomerism of specific 

peptide bonds, which in turn result in functional variety through a slowly inter- converting 

conformational polymorphism. The importance of foldases is remarkable in the example of the plant 

immune system, where a specific foldase increase protease activity >>10 
5 
fold. Along with other 

examples of the action of foldases, they together suggests their action as a molecular “switch” for 

biological activity (Theuerkorn et al, 2011).  

3.2.2 The enzymatic action of Pin1 as a PPIase 

Peptidyl prolyl-cis/trans isomerases (PPIases) was initially discovered as a ubiquitously distributed 

enzyme class with the capability to speed up slow steps in the refolding of denatured proteins. 

Subfamilies such as cyclophilins, FK506-binding proteins (FKBPs) and parvulins are all classified as 

PPIases. Belonging to the parvulin subfamily, hPin1 is the only PPIase known to recognize 

phosphorylated Pro-directed Ser/Thr peptide sequences. This finding led to the hypothesis of a new 

signaling mechanism where hPin1 catalytically would regulate the conformation of phosphorylated 

substrates in order to control their function (Lu and Zhou, 2007).  

Remarkably, the structural difference between hPin1 and the functionally related FKBPs and 

cyclophilins is the absence of a fully developed WW domain, compared to hPin1, which has been 

suggested to contribute to the lack of recognition of phosphorylated Thr/Ser-Pro (Bayer et al, 2003).   

These unique structural and functional features of hPin1, along with the knowledge of how its 

ancestral PPI-class members function, further studies may also reveal an important difference between 

the proposed modes of action. If it acts as a “switch” or gradually carrying out isomerization in a time 

dependent manner, downstream signaling cascades to come, or if it encompasses both the features 

depending on whether the substrate is phosphorylated or not, remains to be further evaluated.  
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3.3 The WW-domain  

WW-domains form one of several families of binding modules that mediate protein-protein 

interactions in cell signaling networks. The ability of recognizing substrates are attributed to the amino 

acid moieties “proline-rich” and phospho-serine/phospho-threonine-proline (pSer/pThr-Pro) motifs 

(Aragón et al, 2011; Lu et al, 1999; Verdicia et al, 2000). The structure is characterized by a general 

three-stranded anti-parallel β-sheet fold and two conserved invariant tryptophans which in turn are 

divided into five different subclasses (I-V). These classes are based on variances in binding 

preferences for different proline-containing motifs (Aragón et al 2012). 

4. The interaction between c-Myc1-88 and hPin1 

Due to the commonly stated phospho-threonine/phosho-serine recognition motif in both the PPIase 

domain and in the WW-domain of hPin1, many studies have focused on the phosphorylation status of 

hPin1 substrates. This may also be due to the belief that hPin1 is an evolutionary more evolved protein 

compared to its PPIase family members cyclophilins and FKBPs because of the additional WW 

domain and the specific recognition of phosphorylated Ser/Thr-motifs.  

Has the proline-rich motif been put in the shadow, while full light has been cast on the 

phosphorylation status in the investigation of hPin1 target proteins? An example of how 

unphosphorylated substrates in many ways have been neglected in studies of hPin1 function, is when 

an unphosphorylated peptide, mimicking the sequence of c-Myc phosphorylation site (residue 56- 64; 

Ac- LPTPPLSPS-NH2) was used as a control in order to map selectivity and affinities for different 

peptides against Pin-WW. The peptide was shown not to bind Pin-WW, as expected according to the 

extensive amount of literature stating that Pin1regulatory function is phosphorylation dependent. In 

the specific case of c-Myc, hPin1 is known to regulate turn over of c-Myc in a phosphorylation 

dependent manner, especially targeting the phosphorylation site of c-Myc (Mercedes- Camacho and 

Etzkorn, 2010).  Binding of unphosphorylated substrates has although been seen for hPin1 (Stanya et 

al, 2008 and data presented in this thesis work) and the use of small peptides in order to mimic a 

substrate should be evaluated with great care in the aspect they are used (Dyson J. and Wright P.E, 

2002).      

Many important questions arise when the words dependent and regulatory are mentioned. Is the 

regulatory function equal to binding possibilities? Is it only the isomerization cathalysis of Pin1 that is 

dependent on phosphorylation? What direct and indirect factors govern this phosphorylation 

dependent regulation? And how well does a peptide of simply nine residues actually mimic a true 

substrate? 
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Stanya and co-workers have studied hPin1 together with the transcriptional co- repressor SMRT and 

revealed interesting binding modules for hPin1 in order to regulate SMRT protein stability, hence 

affecting SMRT-dependent transcriptional repression. They have shown that the WW-domain was 

crucial for the interaction but also state that phosphorylation of SMRT was required for the interaction, 

contradictory results presented in the same report. This was concluded through the drastic action of 

deletion of several phosphorylation sites of SMRT, which when all of them were gone the binding was 

abrogated. On the other hand, binding was still possible to hPin1 when these residues were intact but 

SMRT was unphosphorylated (Figure 3D; Stanya et al, 2008). 

Since focus has been put on studying phosphorylated substrates of hPin1, there might be relevant but 

hidden gaps in the map of how the regulatory events are determined indirectly. Importantly however, 

information about how protein-complexes act might be revealed. By shedding further light on 

interactions with unphosphorylated hPin1 substrates, important clues of how both hPin1 and its target 

proteins act in between crucial regulatory events may be unravelled.  

4.1 A new approach to characterize the hPin1-c-Myc1-88 interaction 

The work of this thesis has focused on characterizing the first 88 amino terminal residues of Myc, both 

in its phosphorylated and unphosphorylated state. Current cell biology states that hPin1 interacts with 

c-Myc in a phosphorylation-dependent manner, which appears to direct the correct timing of c-Myc 

activation and degradation through the ubiquitin/proteasome-pathway. The critical phosphorylation 

sites, T58 and S62, are located in the Myc-Box-I (MBI) region, a highly conserved sequence strongly 

coupled to aggressive tumourigenesis by hotspot mutations. The group of professor Maria 

Sunnerhagen (Linköping University) recently discovered that hPin1 can bind unphosphorylated Myc1-

88 but a peptide holding the phosphorylation site residues (46-69) does not bind hPin1 (unpublished 

data). This suggested that hPin1 bind to a distal region from the phosphorylation site in order to enable 

the catalysis of peptidyl-prolyl isomerisation. 

In order to investigate the interaction between hPin1 and N-terminal c-Myc, full length (FL) hPin1 as 

well as the isolated WW-domain and PPIase-domain together with unphosphorylated 

(Ø)/phosphorylated (P) c-Myc (residues 1-88) were studied with SPR and NMR to gain further 

knowledge about:  

•  How each domain of hPin1 participates when interacting with c-Myc  

•  If and how phosphorylation may affect the affinity and nature of interaction 

•  If and how these domains co-operate in binding to c-Myc  

The use of SPR in this sense provides a picture on the aspects of binding on a larger molecular scale- 

in terms of hPin1 sub-domains. The information given from these studies are affinity- the strength of 
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the binding, and a view of the kinetic profile, which describes the rate of the binding and release in the 

two protein variants. In order to gain further knowledge about the interaction, NMR experiments 

zooms in to a residue specific view, which shows what residues in particular that are affected during 

the interaction. This is of great importance in order to expand the understanding of the plethora of 

interactions inducing cancer formation. 

5. Methodologies used in this thesis  

5.1 Expression vector  

Recombinant proteins can be expressed in Escherichia coli (E.coli) using an expression vector which 

is a widely used system for cloning and expression of proteins. The gene encoding the protein of 

interest is digested by restriction enzymes and the fragment is by careful design inserted into the 

vector followed by enzymatic ligation using a DNA ligase of choice. The vectors bear a sequence 

encoding antibiotic resistance which is used for selection of the cells that have been transformed by 

the plasmid (Brown, 2006).   

The expression system of the pET vector (Novagen) is designed for gene expression in E.coli. There 

are several different subtypes but the main features are that they use a T7 promoter, a lac operator, a 

T7 terminator and a variety of restriction sites for controlled large-scale over expression of proteins. 

Transcription of the enzyme β-galactosidase, converting lactose to glucose, is controlled by the lac 

operator. A repressor molecule is constantly expressed, which halts production of lactose. This enables 

the repressor to bind with high affinity to the lac operator, downstream from the promoter site. The 

result is that the gene encoding β- galactosidase cannot be transcribed since the RNA polymerase is 

unable to bind the promoter because the repressor blocks the site. When lactose is present the RNA 

polymerase can bind the repressor and the gene is transcribed because the repressor is unable to bind 

the operator. By using a glucose analogue, isopropyl- β-D-thio-galactoside (IPTG), which is not 

recognized by β- galactosidase, the gene coding for T7 RNA polymerase can be transcribed ensuing 

transcription of the inserted gene in the vector and the following translation will result in the preferred 

protein (Brown, 2006; Novagen 2003). 

5.2 Competent cells 

The uptake of deoxyribonucleic acid (DNA) in E.coli is restricted during normal conditions and the 

transfer of plasmids into cells for protein expression needs physical or chemical pre-treatment for 

efficient transformation. This will result in increased uptake of DNA and cells are then competent for 

future use in either cloning or expression.  

Different strains have been developed for increased protein expression and the BL21-CodonPlus 

(DE3) and BL21- pLysS (DE3) have been used within this thesis work. BL21-CodonPlus (DE3) 
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utilizes the T7 RNA polymerase promoter and according to the principles mentioned above (5.1 

Expression vector) and induction with IPTG will produce the protein of interest. In addition, the strain 

has been engineered to avoid degradation of recombinant proteins through deletion of ompT protease 

and is naturally lacking Lon protease (Novagen, 2003).  

When using the BL21(DE3)pLysS and BL21-CodonPlus (DE3) host strain, the overnight culture must 

contain chloramphenicol at a final concentration of 50 μg/ml in addition to the antibiotic required to 

maintain the expression plasmid. The BL21(DE3)pLysS strain holds an additional pACYC-based 

plasmid carrying a T7 lysozyme gene derivative, and by maintaining this with the addition of 

chloramphenicol the result will be a more selective expression (Stratagene, 2006). 

The cells used in this thesis work were kindly pre-transformed and received by supervisor Sara 

Helander.  

5.3 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

SDS- PAGE is a method used for purity control and verification of proteins in regard to their 

molecular weight. Prior loading the proteins to the wells of the gel, they are denatured through heating 

and addition of sodium dodecyl sulphate (SDS). The addition of a reducing agent such as β- 

mercaptoethanol is also appropriate if reduction of disulfide bridges is wanted. SDS is anionic and 

bind to the protein, rupture intramolecular interactions, resulting in loss of their quaternary, tertiary 

and secondary structure. The proteins obtain a uniform negative charge and when placed in an electric 

field, the SDS-protein complex achieves elecrophoretic properties- in other words will migrate 

towards the anode. The size of a protein is inverse proportional to its mobility, which makes small 

molecules to run faster through the pores of the gel compared to larger molecules (van Holde K.E. et 

al, 2006). 

A molecular weight standard is used as reference, which constitutes of a cocktail of substrates with 

known molecular weight.  To detect the peptides or proteins after running a polyacrylamide gel, an 

organic dye is common of use, such as Commassie brilliant blue (Creighton, T.E., 1997). 

5.4 Protein expression 

After transformation of plasmids, encompassing the gene to produce the protein of interest, into the 

competent expression strain, proteins can be expressed. The competent, transformed cells used in this 

project were stored in glycerol stocks (-80°C).  A start culture of small scale is culture is commonly 

prepared, including proper media, pre-transformed cells and proper antibiotics to incubated over- night 

at 37°C. The following morning the over- night culture is transferred to a large scale media batch and 

grown until the optical density (O.D) at 600 nm reach a value around 0.7- 1.0. Induction with IPTG is 

then added and the expression would be allowed to carry on at a room temperature over-night, 

followed by harvesting through centrifugation the following morning. 
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5.4.1 Media for protein expression 

The media of choice is depending on the protein construct and further analyses planned. Common for 

all media used are their composition of nutrients including amino acids, trace elements, vitamins and 

minerals.  The media as well as antibiotics are sterilized through autoclavation and sterile filtering 

respectively prior use. Antibiotic is added to select for cells containing the plasmid holding the 

corresponding resistant gene.  Two common media used when expressing recombinant proteins are 

Luria-Bertani (LB) medium and Terrific Broth (TB) medium. The difference between the two is that 

TB contains more nutrients together with additional phosphate and potassium. Bacteria produce acid 

from glucose respiration, but the addition of the basic additives phosphate and potassium in TB 

maintain a physiological pH during exponential growth. Another advantage over LB is that bacteria 

grow longer and lyse more slowly resulting in higher levels of plasmid DNA recovered. For 

production of NMR samples in order to perform a structural analysis with NMR (Nuclear Magnetic 

Resonance), proteins must be isotopically labeled by growing E.coli in a medium containing 
2
H, 

13
C or 

15
N. In brief, this is performed by growing bacteria on isotope-labelled media such as  Minimal9 (M9) 

media, which uses single sources of 15N and 13C  (Murray et al, 2012).  

5.5 Protein purification 

The purification process includes a range of sub- steps, but have in this thesis work mainly consisted 

of Immobilized Metal Affinity Chromatography (IMAC) and size exclusion chromatography (SEC), 

where the latter is carried out on a gel matrix and often called gel filtration. 

5.5.1 Lysis- preparation of cell free extract 

Before the protein purification process can start, after harvesting the cells through centrifugation, 

gentle lysis of the E.coli is an essential step. Firstly, the cell walls must be disrupted and this is 

initiated through mixing the bacteria with a lysis buffer containing lysozyme, protease inhibitor and 

DNaseI. Lysozyme is a digestion enzyme which partly destroys the petidoglucan of the wall of gram 

negative E.coli. The digestion process causes release of proteases, enzymes that hydrolyze the peptide 

bonds in between amino acids in the peptide chain. Consequently, a protease inhibitor is crucial to 

avoid digestion of the wanted recombinant protein. In order to remove the DNA templates from RNAs 

produced by in vitro transcription, DNaseI is added. It is an endonuclease that cleaves both single-and 

double stranded DNA nonspecifically to generate release of di-, tri-, and oligonucleotide products with 

5´- phosphorylated ends. By vortex shaking the cells in the lysis buffer, the cells will lyse more 

efficient. The chemical treatment of lysozyme, protease inhibitor and DNaseI is followed by 

mechanical treatment through sonication, which breaks the cells and the DNA. Sonication is achieved 

by applying ultrasound energy through a vibrating probe that causes the sample particles in the 

suspension to agitate. The mechanical energy from the probe forms a microscopic shock wave 

initiating small vapor bubbles to implode and break the cells open. The energy released during this 

process is enough to cause water to boil, why keeping samples on ice during sonication is of particular 
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importance to not cause damage to the proteins. By centrifugation, the cell debris is forced to form a 

pellet at the bottom of the tube, while protein is collected in the supernatant for further selective 

purification (Rosenberg, 2005; Peti and Page, 2007).  

 

5.5.2 Immobilized Metal Affinity Chromatoghraphy (IMAC) 

By incorporating a sequence for an affinity tag in direct relation to the protein coding sequence when 

designing protein constructs, a great deal of effort is saved for selective protein purification. By using 

metal coated beads, commonly coated with Co
2+ 

or Ni
 2+

 integrations, purification and capture of 

proteins linked to an affinity tag can be executed. Cobalt coated resins (TALON) do have a higher 

specificity towards His6- tagged proteins compared to nickel- based resins, because of a more uniform 

three- dimensional structure for the His6- tag to bind to. The nickel- based resins form a less 

homogenous structure, consisting of two different coordination complexes; one three-dimensional 

similar to that of the TALON ligand and a second that forms a planar structure. On this flat structure 

each nickel ion is only capable of binding two carboxyl groups and one nitrogen atom, which result in 

lower affinity compared to TALON pockets. These do instead contain three carboxyl groups and one 

nitrogen atom, which bind each cobalt ion more tightly and in turn can bind two adjacent histidine 

residues (Clontech, 2012).  Therefore, cobalt beads were used for protein purification within this thesis 

work. 

5.5.2.1 Affinity tag His6 

The affinity tag is commonly either six histidine residues (His6-tag) or a glutathione-S-transferase 

(GST) fusion protein. Because the His6-tag is small and uncharged at pH 8.0, it is usually not affecting 

either the folding or interferes with the function of the fused protein. The amino acid histidine contains 

an imidazole ring which will bind to the metal ions and are immobilized by surrounding the pockets of 

the matrix described above. Imidazole itself, in any histidine, is also able to bind to the resins, but 

since His6-tags usually encompass more imidazole that non- tagged proteins they will partly 

participate in disruption of non-specific binding. Further prevention of background proteins to bind to 

the resin can be done by addition of low concentration imidazole to the washing buffer. After proper 

washing, the bound His6-tagged proteins can be eluted, preferably step wise, through increasing the 

imidazole concentration in the elution buffer (Rosenberg, 2005). 

5.5.2.2 Affinity tag and fusion protein glutathione-S-transferase (GST)  

Glutathione-S-transferase (GST)-tag is a 26 kDa fusion protein which can be expressed either N- or C-

terminal of the target protein. It is often used to protect against intracellular protease cleavage and can 

also stabilize recombinant protein. Purification can be performed with IMAC, and specific GST-beads 

have been established. By adding a His6-tag to the GST-protein construct conventional nickel or cobolt 

beads can also be used (Terpe, 2003).  
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5.5.3 Dialysis 

The main purpose of dialysis is to change the buffer conditions for the protein of interest. Dialysis can 

for example be used for removing imidazole from the protein elution, since many proteins irreversibly 

precipitate in the presence of imidazole. Dialysis is also a good way of adjusting pH, salt or other 

conditions for proteins. The protein solution to dialyse is placed in a semi-permeable dialysis tubing 

with suitable pore-size followed by dialysis against the preferred buffer (Berg et al, 2007; Macherey-

Nagel L GmbH & Co. KG, 2002).     

5.5.4 Cleavage of fusion protein and/or affinity tag 

As mentioned earlier, the activity and fold of a recombinant protein is usually not affected by a fused 

His6-tag. But for future studies such as structural analysis through X-ray crystallography or NMR, 

neither a His6-tag nor a GST-tag is desirable. A cleavage site is most often incorporated in the 

constructs and His6- tag and GST-tags are specifically recognized by either thrombin (36kDa) or 

TEVsh (27kDa monomer, often forms a ~50 kDa dimer)(Terpe, 2003; Waugh, 2010).  

5.5.5 Gel filtration chromatography (size- exclusion chromatography, SEC) 

Gel filtration can be used as a purification method through separation of proteins according to their 

size by molecular exclusion. The separation is performed on a column, which is packed with static, 

porous beads. Through the pores of the beads, small proteins can enter and their migration throughout 

the column will therefore take longer time compared to larger proteins. These will instead be forced to 

pass through the gaps in between the beads and thus come faster (Twyman, 2004). 

Because the method is not based on binding to the matrix of the column, it offers a broad range of 

buffer conditions such as pH and ionic strength to be used. This is especially suitable for proteins that 

may be sensitive to changes in pH, metal ions or co-factors and stringent buffer conditions. The eluted 

sample components are shown in a chromatogram with accordance to their concentration (typically in 

terms of absorbance in ultra violet (UV) light at 280 nm for proteins) and time of elution, which 

corresponds to molecular mass and can be read out of the well position implied on the plate used for 

collection of eluate. Molecules that do not enter the matrix will be eluted in the void volume, VO, 

whereas the small ones (such as salt) that enter the pores of the matrix will elute just before one total 

column volume Vt, of buffer has flown trough the column. A theoretical chromatogram of high-

resolution fractionation can be seen in Figure 5 (GE Healthcare, 2010).   



26 

 

 

Figure 5. Theoretical chromatogram of a high-resolution fractionation (Picture originates from: GE 

Healthcare, 2010).   

5.5.6 Determination of protein concentration 

All proteins used in this study were concentration determined with a Nanodrop®ND-1000 

spectrophotometer that can measure between 220-750 nm with high accuracy and reproducibility. It is 

a cuvette-free system which instead uses the surface tension of the sample droplet. A droplet, about 

two microliter, of the sample is applied to a receiving fiber while a source fiber is placed on top of the 

droplet, through which a pulsed xenon flash is sent. A sensor or a charged coupled device (CCD) 

receives and analyze the incoming light. The instrument is controlled by PC based software, where the 

data is logged and analyzed (NanoDrop (Thermo Scientific), 2007). 

The calculation of absorbance into concentration is based on Lambert Beers law: 

Absorbance =  c x ε x l 

where A is the absorbance represented in absorbance units, c is the concentration in moles/liter (M), ε 

is the wavelength-dependent molar absorptivity coefficient (exctinction coefficient) with units of 

liter/mol
-cm

 and l is the path length in cm. The path length is usually set to 1 in cuvettes, why one can 

calculate the concentration of a protein measured on a NanoDrop device by simply dividing the 

absorbance with the exctinction coefficient for the protein (NanoDrop (Thermo Scientific), 2007). 
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5. 6 SPR  

Surface Plasmon Resonance (SPR) is a physical process that can arise when plane-polarized light hits 

a metal film (plasmon) under total internal reflection conditions, a collective oscillation of the 

electrons with respect to the nuclei near the surface of specific metals such as gold, silver and 

aluminum. The surface plasmon oscillation can be considered as an optical wave that is driven by an 

external light source.  This wave is sharply localized and travels between the metal and the 

surrounding media (buffer or biofluid) and is extremely sensitive to changes in the refractive index 

near the metal surface, which may be caused by binding of biomolecules to the surface. In other 

words, the mass of the particles adsorbed to the surface is proportional to the shift in angle of reflected 

light, which is presented as reflective units (RU) (Liedberg, et al, 1993). Figure 6 briefly describes the 

principles of SPR and how biomolecular interaction analysis can be performed. 

Figure 6. Brief representation of the principles of Surface Plasmon Resonance. Picture is developed and 

influenced by description from BIACORE AB Handbook (BIACORE AB, 1998). 

5.6.1 BIACORE 

BIACORE is an optical biosensor that uses SPR which enable real-time examination of 

macromolecular interactions. The technique has a wide range of applications such as concentration 

determinations, identification of proteins according to molecular weight, unknown substrates for 

proteins/anti-bodies and protein-protein interaction studies (BIACORE AB, 1998). 

5. 6.2 Experimental preparations 

Buffer optimization for both ligand and analyte is essential prior experiments are conducted. When 

choosing these conditions, the buffers should if possible be the same or closely related in terms of 

ionic strength, pH and reducing agents for both analyte and ligand. The reason is that the ligand will 

be in contact with the analyte buffer because it is used as running buffer during the experiment. In 

order to reduce the risk of non- specific binding the addition of the non- ionic detergent Tween 20 in 
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the running buffer is a must, and a concentration of 0.05% is recommended for recent BIACORE 

systems. Tween 20 should not be used in the ligand buffer since this will reduce chances of successful 

immobilization. Prior immobilization of a novel ligand a pH-scouting procedure is recommended, a 

procedure which is well described in the BIACORE Technology Handbook (BIACORE AB, 1998). 

5.6.3 Experimental setup 

At the very beginning of the procedure one of the interactants- the ligand is immobilized to the chip. 

This can be performed both in the form of a covalent bond or transient, where the former was used in 

these experiments. The covalent coupling is stable and needs in general no modification of the ligand. 

It does although require a reactive group in the ligand (NH2- , SH- or COH-). The sensor ship surface 

used in most SPR experiments constitutes of gold. The gold surface is covered with a hydrophilic, 

carboxymethylated dextran matrix in order to enable attachment of the ligand. Prior immobilization, 

the surface is activated with NHS (N-hydroxylsuccinimide) and EDC (1-[3-(Dimethylamino)propyl]-

3-ethylcarbodiimidine hydrochloride)) which modifies the carboxyl groups of the dextran, resulting in 

an active group which couples to the ligand. This is followed by injection of the ligand over the 

activated surface until a sufficient ligand is bound. The immobilization level, RL, of ligand needed to 

cover the surface is estimated by the formula: 

 

 

 

 

 

Rmax describes the maximum binding capacity of the surface (response level when completely 

saturated). This depends on the immobilization level and different applications require different 

immobilization levels.  The assumption of only one binding site is usually done, which can result in 

difficulties in finding appropriate immobilization levels when a novel interaction is tested. For kinetic 

and steady-state analyses an Rmax of 150 RU is desirable. After coupling the ligand to the surface a 

blocking solution such as ethanolamine is injected, which quenches the remaining activated sites and 

the immobilization procedure is done (BIACORE AB, 1998). 

The other interactant- the analyte is flown over in a running buffer with a constant flow and a 

determined time of injection. The running buffer has a suitable content and pH with respect to folding 

and solubility for both proteins involved in the interaction study, but the main adjustments of the 

Rmax= maximum binding capacity 

RL= Response level (RU) of immobilized ligand 

Mw = Molecular weight 

s= number of binding sites per ligand/ stochiometric ratio 
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running buffer are done with respect to the analyte. This enables determination of affinity, association 

and dissociation rates (Liedberg, B et al, 1993; BIACORE AB, 1998). 

5.6.4 Regeneration 

To be able to re-use the sensor chip surface the analyte must be removed after each injection, still the 

ligand must stay undamaged. The procedure is called regeneration and has to be evaluated empirically 

due to the often unknown combination of physical forces responsible for the binding. Commonly a 

low pH- buffer such as 10mM Glycine, pH 1.5-2.5 is used, and is believed to work because most 

proteins become partly unfolded and positively charged at low pH. This will make the binding sites 

repel each other and the unfolding will bring the molecules further apart. Other regeneration 

approaches such as the use of high pH, high salt or specific chemicals can also be used, but the 

importance of choosing mild regeneration conditions which still completely dissociate the complex 

should always be kept in mind when making the choice (Andersson, K et al 1999). 

5.6.5 Interpreting data 

Affinity of an interaction can be determined according to dependence of steady-state binding levels on 

analyte concentrations. This is more suitable for measurements of weak to moderate interaction. For 

strong interactions kinetic measurements are generally more suitable, from which affinity can be 

calculated as the ratio between the kinetic rate constants. 

The affinity is generally explained as the equilibrium dissociation constant KD and is determined by 

measurements of free interactants vs. the complex formed at equilibrium. The use of the term 

equilibrium in a steady-state measurement should although be used with great care, since the analyte is 

continuously added and removed from the surface by flow and regeneration, which makes the 

situation more a steady-state rather than equilibrium.    

 

The binding event is described by the association constant KA (1/M), but should be avoided to be used 

in this sense, seen as a “loose” constant which seldom accurately explains the real association affinity. 

KD is the dissociation constant explained in (M), which as mentioned above describes the binding at 

“equilibrium”, but not the dynamics of the interaction. This is preferably done by the on and off-rates 

(ka and kd respectively).  
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When interpreting data from SPR experiments several criteria should be fulfilled in order to get 

reliable results: 

 If non-specific binding occurs, it should be <5% of Rmax  

 Baseline should not differ more than 10 RU 

 The binding levels should be determined over a range of analyte concentrations,                  

covering at least 20-80% saturation of the surface. 

 At least five different analyte concentrations should be used  

 Calculation of KD: it should have a lower value than 50% of the maximum 

concentration used 

 Include at least two blanks 

 Include at least one duplicate  

 The response must be close to steady-state 

(BIACORE AB, 1998) 

5.6.6 Special considerations for immobilizing c-Myc 

It should be kept in mind that the formula for immobilization leves is very generalized and mainly 

suitable for immobilizing antibodies. In the case of c-Myc, a much higher immobilization level is 

required to cover the surface properly and in order to reduce risk of non- specific binding.  As an 

example, if Pin FL is used as analyte (Mw ~ 18 200 Da) and c-Myc 1-88 is used as ligand (Mw ~ 11 100 

Da), assuming a stochiometric ratio of 1, the immobilization level should be around 91 RU. This have 

prior this thesis work been found to be too little in the case of c-Myc1-88 (Andrésen et al, 2012). Instead 

an immobilization level between 800-1000 RU is suitable for c-Myc.  

5.7 Nuclear Magnetic resonance Spectroscopy 

By using NMR spectroscopy proteins can be studied in solution, which provides great opportunities 

for structure determination at atomic resolution, mapping of protein-ligand and protein-protein 

interactions. The dynamic parameters of proteins offered by NMR, ranging from micro- to millisecond 

timescale are a good complement to the B-factors gained from x-ray crystallography and the 

crystallization process itself is not compatible for all proteins. Needless to say, NMR is somewhat 

limited to smaller proteins (generally <40 kDa) but overall a fantastic way to shed light on the 

molecular mysteries beyond the flexibility in and between interacting macromolecules. 
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5.7.1 Protein-protein interaction analysis using NMR  

Chemical shift mapping is an appropriate method for analysis of protein-ligand or protein-protein 

interaction that can be employed using a two dimensional (2D) heteronuclear correlation spectrum. By 

applying existing protein backbone assignments, 
1
H and 

15
N chemical shifts are identified for each 

residue. Heteronuclear Single Quantum Coherence (HSQC) is a common experiment for this purpose, 

as well as HNCO, which is a three dimensional (3D) triple resonance spectra. HNCO experiments are 

even more useful if there is spectral overlap in the HSQC.  

5.7.1.1 HSQC 

All of the 20 essential amino acids, apart from proline, have an amide proton coupled to the nitrogen 

in the peptide bond of the backbone. HSQC experiments records all protons bound to nitrogen and 

their correlations can be graphically viewed in a spectrum, where one signal is shown for every proton 

in the protein. Due to this, the number of signals may vary because some side chains contain protons 

bound to nitrogen, as in the case for Arginines and Lysines for example, and in some cases signals can 

be invisible.   

 Two proteins interacting can give rise to chemical shifts or different peak intensity compared to 

spectra with one of the proteins studied in its apo-form. Chemical shift perturbations (CSPs) can be 

calculated from the difference in the 
1
H and 

15
N chemical shifts by the equation: 

  

CSP=             

(Mulder et al, 1999)  

where Rscale is the scaling factor, usually set to 6.5 due to ratio of average variances in amide nitrogen 

and proton chemical shifts observed from the common 20 amino acid residues in proteins (Schumann 

et al, 2007).  

Studying peak intensities in order to study protein- protein interaction is performed by calculation of 

the ratio between bound protein and free protein. Residues with a value below 1 indicate participation 

in interaction while unaffected residues equals one. Differences in chemical shift and intensities show 

diverse patterns for slow, intermediate and fast exchange upon interaction. In slow exchange, chemical 

shift differences are commonly large and intensity ratios small and if rapid exchange occurs this is 

seen by small chemical shift changes and large intensity ratios (Hore, 1995).  A basic drawing of what 

a HSQC spectra looks like and how to interpret interaction between a protein and ligand is found in 

Figure 7 A and B.  
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Figure 7 A. and B. A.) Basic presentation of HSQC spectra. A recorded HSQC experiment results in 2D 

hetereonuclear 
1
H

15
N NMR spectra with 

15
N-labeled protein, firstly in its apo-form (red), followed by addition of 

ligand (blue). If a peak is not affected, it looks like the one in the upper left corner. If a cross- peak show 

chemical shift perturbations (CSPs), it “moves” in the spectra which indicates interaction between the protein 

and its ligand. B.) Cross- peak resonances (peak) can also loose intensity upon binding between the protein and 

ligand or be broadened, which also can imply interaction by perturbations. 

Broadened signals can also be seen in a spectra recorded for apo-proteins if the structure is not 

ordered, as seen when recording an HSQC spectra of c-Myc1-88 (Figure 8). HSQC spectra of an ordered 

protein can be found in Results, NMR (hPin1 and c-Myc1-88), Figure 28. 

 

 

Figure 8. HSQC spectra of apo c-Myc1-88. 
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5.7.1.2 NMR- HNCO 

The 3D HNCO experiment is designed to correlate crucial sequence backbone connections between 

the 
15

N-
1
H pair of one residue with the carbonyl (

13
CO) resonance of the preceding residue. Compared 

to HSQC experiment HNCO experiment offer an additional 
13

CO dimension which makes it possible 

to analyze resonances that overlap in the two-dimensional experiment.    

5.7.2 NMR sample preparation  

Overexpression of the protein in bacteria is preferable in order to enable studies by NMR. Proteins can 

be uniformly labeled with the correct isotope by growth in 
13

C-labelled glucose (glucose, acetate, or 

pyruvate) and/or 
15

N-labelled sources (ammonium chloride or sulphate). The concentration of protein 

required depends on the experiment, ranging from 50 μM (one-dimensional (1D) spectra) to 3mM 

(two-dimensional (2D) spectra). It is also preferable to find conditions in which the protein can retain 

stability for a long period of time. The buffer composition is thus of great importance, where pH, ionic 

strength, presence of detergents and temperature all influence the stability of the protein. When 

studying proteins by NMR all experiments are carried out in aqueous solution, using water (H2O) or 

deuterium oxide (D2O). The latter can be used in order to reduce water signals for less “fuzzy” spectra 

(Harding & Chowdhry, 2001). 

5.8 Secondary structure prediction with DPM 

A secondary structure predicition of c-Myc1-88 was performed with the online available software 

Double Predicition Model (DPM), available on the web site of Network of Protein Analysis, Pôle 

Bioinformatiqe in Lyonnais. It is based on an algorithm taken into account the predicted class of the 

proteins along with the secondary structure prediction from the primary sequence.  In brief, it uses 

parameters of the type described by Chou and Fasman and the amino acid composition (Deléage G. 

and Roux B, 1987). 

6. Materials and Methods 

6.1 Protein expression and cell preparation 

c-Myc1-88 was kindly expressed in E.coli, and purified by supervisor Sara Helander as described earlier 

(Andrésen, et al 2012).  Phosphorylation of c-Myc1-88 was also performed prior receiving the protein, 

with CDK 2. 

Pre-transformed cells with the hPin1 constructs were received by supervisor Sara Helander. hPin1 

sequence was expressed in BL21(DE3) pLys S and CodonplusRIL (Stratagene). Expression of this 

vector generates a fusion protein linked to N-terminal poly- His tag for purification and a thrombin site 

to enable cleavage of the tag prior use in analysis.  
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Truncated PPI sequence (50-163) was expressed in BL21(DE3)pLysS (Novagen). The gene for Pin-

PPIase is preceded by a sequence encoding a His6-tag, but lacks cleaving site. 

 

The WW truncated sequence was expressed in BL21(DE3) pLysS and Codonplus RIL (Novagen). 

This gene is preceded by a sequence coding for gluthathione-S-transferase protein (GST), followed by 

a His6-tag and a tobacco etch virus (TEV) protease cleavage site.  

 

TB (Terrific Broth) medium was prepared by adding 47.6 g TB media and 8 g glycerol to 1 liter Milli-

Q water. Solutions were autoclaved and antibiotics added (1:1000) when the solution had been cooled 

down. The appropriate antibiotic was chosen dependent of the plasmid design (Ampicillin: 100 μg/ml, 

Chloramphenicol: 34 μg/ml, Kanamycin: 30 μg/ml). 

 

Pre-transformed cells were incubated at 37°C in a small scale over-night culture (10 ml TB media), 

transformed to 1L TB media and incubated until OD600 reached a level of 1.3. At this point, the cells 

were induced by 1mM IPTG at 37°C followed by expression at 22°C for ~16 hours and harvested at 3 

000 g for 45 min, 4°C (Damon/IEC DPR-6000). The pellet was resuspended in lysis buffer (50mM 

NaH2PO4, 300mM NaCl, 10 mM Imidazole, 2mM β-mercaptoethanol supplemented with Complete™, 

EDTA- free protease inhibitor tablet (1 tablet / 60 ml of buffer) pH 8.0).  

 

Cells were sonicated on ice (amplitude 30%, 20 sec on/60 sec off pulses; 4 min active time in total), 

centrifuged at 18 000 g, 30 min at 4°C (Sigma 3-18 K). Supernatant was purified through IMAC and 

gel filtration (following sections).  

 

6.1.1 
15

N- labeled hPin1 

For expression of 
15

N-labeled hPin1, the small scale over-night culture was centrifuged, supernatant 

discarded and pellet resuspended in the M9 minimal media which to be transferred to for protein 

production. 

 

M9 (Minimal 9) media was prepared by starting out with the making of a 1L (10x) stock of salt 

solution with the following components: Na2HPO4: 60 g, KH2PO4: 30 g, NaCl: 5 g. Adjustment to pH 

7.0 of 100 ml stock solution was performed, followed by autoclavation. 

900 ml de-ionized, autoclaved, H2O was added to the 100 ml salt solution in a 2.5 L flask after 

addition of the following components right before addition of over-night culture: 1M CaCl2 (50 μl), 

1M MgSO4 (1ml), 1g 
15

N-H4Cl, 3g glucose, 10 ml of Gibco vitamin solution (Biochrom AG) and 

antibiotics proper for the specific plasmid (Chloramphenical: 34 μg/ml, Kanamycin 30 μg/ml). 
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Incubation was performed until OD600 reached a level of 0.5, otherwise the same procedure was carried 

out as for unlabeled protein expression and purification. 

6.2 Protein purification 

6.2.1 Immobilized metal affinity chromatography (IMAC) 

Proteins expressed with either a 6x His-tag or a GST-fusion protein (glutathione S-transferase) can 

easily and efficiently be purified by IMAC, through binding to metal ion covered beads followed by 

elution with a concentration gradient of imidazole. In this study Co
2+

-beads (TALON ® Metal 

Affinity Resin, Clontech) were used for all hPin1 variants.  

Beads are stored in EtOH, which were removed by centrifugation, as explained below, prior 

equilibration with wash buffer. 

Beads were equilibrated with wash buffer (50mM NaH2PO4, 300mM NaCl, 10 mM Imidazole, pH 

8.0) “on batch”; in a 50 ml Falcon tube of which 10% contained beads re-suspended in the buffer for 

30 min at 4°C prior binding of proteins, followed by centrifugation at 500g for 5 min in order to 

remove the buffer (Sigma 3-18 K). Supernatant from cell lysis was added to the beads and incubated 

(rotating board) for 60 min at 4°C, centrifuged as mentioned previously and washed twice on batch 

with wash buffer. After the second wash the beads was applied to column for step- wise elution with 

the same buffer content as wash buffer but differing with a concentration gradient of imidazole with 

following gradients; 20 mM, 50 mM, 100 mM and finally 250 mM. Elution was performed at 25°C 

and directly transferred on ice.  All fractions were checked for purity and concentration through SDS-

PAGE. 

6.2.2 Dialysis with thrombin and TEVsh protease cleavage  

The appropriate fractions containing protein were pooled together.  2 U (enzyme unit; μmole/minute) 

of thrombin per gram hPin1 was used and 3 U TEVsh / gram Pin-WW were added  to the protein and 

dialyzed together using Spectra/Pore® molecular porous dialysis membrane (Spectrum Laboratories, 

Inc., USA) against dialysis buffer for approximately 16 hours. Efficient cleavage of the 6xHis-tag and 

/ or GST-tag was inspected by SDS-PAGE analysis. 

6.2.3 Sodium-dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

Proteins were mixed with SDS-loading buffer (1:3, SDS- loading buffer: sample) (Appendix 1) and 

loaded onto the gel (200 V, approximately 30 min) which is placed in the gel-cassette surrounded by 

and filled with SDS-running buffer (Appendix 1). All proteins where confirmed pure and identified 

with respect to molecular weight by  SDS-PAGE (Mini-PROTEAN
®

TGX
TM

, 4-20%, Bio-Rad 

Laboratories, USA) compared to Amersham Low Molecular Weight standard (GE Healthcare, 

Sweden).  
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6.2.4 Gel Filtration Chromatography  

Protein samples were concentrated to 5 or 10 ml of volume on a 1000 or 3000 MWCO Ultrafiltration 

Membrane (Amicon Ultra, Millipore) depending on the protein size, in a concentration cell driven by 

N2-gas (Amicon Ultra, Millipore). The column was washed with two column volumes of degassed 

Milli-Q water followed by equilibration with two column volumes of fresh dialysis buffer prior 

separation (see Appendix 2 for buffers used for each protein). The buffer was filtered on a SCFA 

Bottle Filter, 2μm pore size (Thermo Scientific) and degassed prior usage. The protein was loaded into 

a 5 or 10 ml loop on an ÄKTA FPLC size exclusion system (GE Healthcare, Sweden). A HiLoad
TM 

16/60 SuperdexTM 75 prep grade column (GE Healthcare, Sweden) by using flow 1.0 ml/min and 

collected in 1.5 ml fractions on a 96-well plate. Fractions containing protein was examined by SDS-

PAGE gel as previously described. The fractions with highest purity were pooled and chosen for 

further analysis. 

6.2.5 Protein concentration 

After gelfiltration and purity confirmation with SDS-PAGE protein samples were concentrated on a 

1000 or 3000 MWCO Ultrafiltration Membrane (Amicon Ultra, Millipore) depending on the protein 

size, in a concentration cell driven by N2-gas (Amicon Ultra, Millipore). Protein concentrations were 

determined using a NanoDrop ND-1000 spectrophotometer at 280 nm. Pure fractions were frozen in 

aliquots with 10% autoclaved glycerol and stored in -20°C. 

6.3 SPR 

c-Myc1-88 (unphosphorylated and phosphorylated in different experiments) was used as ligand and 

attached to the activated surface to which the analyte (hPin1, hPin-PPI or hPin-WW) was added to the 

ligand in a running buffer with a constant flow and a determined time of injection.  

The surface plasmon resonance (SPR) measurements were performed using a Biacore 3000 instrument 

at 25 °C along with sensor chip CM5 research grade (GE Healthcare). Ligand and reference channels 

were activated by newly mixed EDC/NHS solution (Amine coupling kit, GE Healthcare) (injection 

time 7 min, flow; 10 μl/min). c-Myc1–88 was diluted in acetate buffer pH 4.5 to final concentration of 3 

μM and immobilized on the ligand channel to 900-3200 RU (exact setup for each experiment can be 

seen in Appendix 4) by amine binding (flow 10 μl/min) followed by ethanolamine (GE Healthcare) 

deactivation (injection time 7 min, flow; 10 μl/min). 

6.3.1BIACORE buffers  

All protein variants were dialyzed in a 1:100 ratio of protein and buffer, with at least 4 buffer changes. 

hPin1 buffers were used as running buffer in the corresponding experiments, see Appendix 3. 

6.3.2 Experimental conditions and regeneration 

Due to difficulties in finding the same immobilization level of c-Myc even though injected amount 

and flow rates were kept intact, different parameters were used for each experiment. This might be due 
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to the characteristics of c-Myc as a partly IDP. See Appendix 4 for parameters used for each 

experiment.  

 

6.4 NMR-spectroscopy of hPin1, Pin-WW and c-Myc1-88 

The experiments were performed on a Varian INOVA 600 MHz spectrometer. The hPin1 experiment 

together with c-Myc1-88 was conducted at a temperature of 25°C and the experiment of c-Myc1-88 

together with Pin-WW was conducted at a temperature of 15°C. 

6.4.1 NMR samples 

All protein samples were concentrated on a 1000 or 3000 MWCO Ultrafiltration Membrane (Amicon 

Ultra, Millipore) depending on the protein size, in a concentration cell driven by N2-gas (Amicon 

Ultra, Millipore). Protein concentrations were determined using a NanoDrop ND-1000 

spectrophotometer at 280 nm. 
15

N- labeled hPin1 was concentrated to which 10% D2O was added, 

resulting in a final concentration of 133 uM.  Unlabeled Myc1-88 was recieved from supervisor Sara 

Helander and 10% D2O was added resulting in a final concentration of 443.7 uM.  

15
N 

13
C- labeled Myc1-88 was also received from supervisor Sara Helander with a final concentration 

(with 10% D2O) of 98 uM. Unlabeled WW was concentrated and after addition of 10% D2O the final 

concentration of WW was 137.51 uM.  

6.4.2 NMR buffers 

See Appendix 5. 

6.4.3 Data analysis 

Spectra were processed with the software NMRpipe (Delaglio et al, 1995) and visualized using 

SPARKY (Goddard & Kneller). 

  



38 

 

7. Results  

7.1 SPR- BIACORE experiments 

Steady-state measurements were performed with full-length Pin1 (PinFL), the truncated WW-domain 

(Pin WW) and the truncated PPIase-domain (Pin PPI) together with unphosphorylated (Ø) as well as 

phosphorylated (P) Myc1-88. The main experiments (after testing appropriate immobilization level and 

regeneration conditions) that were conducted are presented in Figure 9 and the results used for this 

thesis are presented in green. The order in which they are presented in, in Figure 9, are the same as 

follows in the report. 

 

Figure 9. Flow scheme for main SPR experiments (steady- state (or kinetic experiments, not used) conducted 

during this thesis work. 
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Figure 10. Steady-state experiment of immobilized unphosphorylated Myc1-88 together with analyte Pin-FL. 

From fitted sensorgram the KD was approximated to 44 uM. 

The experiment performed with PinFL and unphosphorylated Myc1-88 did unfortunately not contain 

any double samples. The reason for this was difficulties in finding constant regeneration conditions 

applicable on all concentrations. This resulted in exclusion of response curves dissociating below 0 

RU, and the five concentrations left resulted in the data presented in Figure 10. The KD was calculated 

to 44 μM which is just above half of the maximum concentration used and almost reaches steady state 

as can be seen in the fitted steady-state curves presented in Figure 11 and Figure 12 (logarithmic 

curve).  

 

 
       Figure 12.  Steady- state fit of Myc1-88                                                

      unphosphorylated as ligand and Pin full-  

l    length as analyte. Concentrations of Pin are                                 

  displayed in log-values. 

 

    Figure 11.  Steady- state fit of Myc1-88                                                

     unphosphorylated as ligand and Pin full-  

l   length as  analyte. Concentrations of Pin                         

a     are displayed in molar. 

 



40 

 

 

Figure 13. Steady-state experiment of immobilized unphosphorylated Myc1-88 together with analyte Pin-WW. 

From fitted sensorgram the KD was approximated to 21 uM. 

The steady- state experiment with unphosphorylated Myc1-88 together with Pin-WW did only result in 

4 concentrations left to present in the histogram and the KD approximated to 21 μM, which is indeed is 

too high to be fully reliable, but can still represent an approximation of how tight the binding between 

the two proteins is, presented in Figure 13. Neither did this experiment reach steady- state as can be 

seen in the steady- state fitted curves in Figure 14 and Figure 15 (logarithmic presentation of 

concentrations), since the curves did not reach a plateau. This could be due to the low maximum 

concentration of Pin-WW. 

 

 

 

 

    Figure 14.  Steady- state fit of Myc1-88                                                

    unphosphorylated as ligand and Pin WW               

a  as analyte. Concentrations of Pin are dis- 

isplayed  in molar. 

 

       Figure 15.  Steady- state fit of Myc1-88                                                

       unphosphorylated as ligand and Pin WW as analyte. 

  Concentrations of Pin are displayed in log-values. 
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Figure 16. Steady-state experiment of immobilized unphosphorylated Myc1-88 together with analyte Pin-PPI. 

From fitted sensorgram the KD was approximated to 51 μM. 

From the steady-state experiment performed on unphosphorylated Myc1-88 together with Pin-PPI an 

approximated KD of 51 μM could be calculated (Figure 16). Furthermore, the experiment revealed 

that the interaction almost reached steady state (seen in Figure 17 and Figure 18), but a higher 

concentration of Pin-PPI might be needed in order to do so. Double samples were used for three 

concentrations. 

 

 

 

    Figure 17.  Steady- state fit of Myc1-88                                                

    unphosphorylated as ligand and Pin-PPI  as analyte.      

CConcentrations of Pin are displayed in molar. 

 

    Figure 18.  Steady- state fit of Myc1-88                                                

    unphosphorylated as ligand and Pin-PPI    

a  as analyte. Concentrations of Pin are dis-    

laplayed in log-values. 
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Figure 19 . Steady-state experiment of immobilized phosphorylated Myc1-88 together with analyte Pin-FL. 

From fitted sensorgram the KD was approximated to 197 uM. 

The experiment performed on phosphorylated Myc1-88 together with Pin-FL was investigated based on 

the data from the steady- state fitted sensorgram (Figure 19) and revealed that the interaction did not 

reach steady state (Figure 20 and Figure 21). This might be due to that the concentration of Pin FL 

was too low or the immobilization level of Myc was too high (2800 RU). The approximated KD of 197 

μM is too high to be fully reliable, but can as explained previously still function as a rough calculation 

of the affinity of this interaction.  

 

 

 

   Figure 20.  Steady- state fit of Myc1-88 

    phosphorylated as ligand and Pin FL as analyte. 

Concentrations of Pin are displayed in molar. 

 

      Figure 21.  Steady- state fit of Myc1-88 

            phosphorylated as ligand and Pin FL as analyte.       

       Concentrations of Pin are displayed in log- values. 
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Figure 22. Steady-state experiment of immobilized phosphorylated Myc1-88 together with analyte Pin-WW. 

From fitted sensorgram the KD was approximated to 64 uM. 

From the interaction studies based on steady- state measurements of phosphorylated Myc1-88 together 

with Pin-WW the approximated KD of 64 μM did not either ful fil the criteria of a value below half of 

the maximum concentration used (Figure 22). The concentration of Pin-WW was likely too low 

because immobilization level of Myc was close to 900 RU, which is desirable in the case of Myc. 

Steady-state was not fully reached in this interaction, as can be seen in Figure 23 and Figure 24.   

 

    Figure 23.  Steady- state fit of Myc1-88 

       phosphorylated as ligand and PinWW as analyte. 

Concentrations of Pin are displayed in molar. 

 

Figure 24.  Steady- state fit of Myc1-88 

phosphorylated as ligand and PinWW as analyte.             

Concentrations of Pin are displayed in log-values. 
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Figure 25. Steady state experiment of immobilized phosphorylated Myc1-88 together with analyte Pin-PPI. 

From fitted sensorgram the KD was approximated to 88 uM.  

The steady- state experiment performed on phosphorylated Myc1-88 together with Pin-PPI was 

performed with 157 μM Pin- PPI as maximum concentration, but calculation of the KD resulted in a 

value of ~240 μM, why this concentration was excluded and re- calculated to the approximate value of 

88 μM (Figure 25). The steady- state fit and the logarithmic fit are displayed in Figure 26 and Figure 

27 respectively.  

 

 

 

 

   Figure 26.  Steady- state fit of Myc1-88 

     phosphorylated as ligand and PinPPI as analyte. 

Concentrations of Pin are displayed in molar. 

 

Figure 27.  Steady- state fit of Myc1-88 

phosphorylated as ligand and PinPPI as analyte.  

Concentrations of Pin are displayed in log-values. 
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In summary, the KD values between unphosphorylated Myc and the three different Pin-variants are 

lower, in other words- a greater affinity is accomplished in these interactions, compared to the 

interactions when Myc is phosphorylated (Table 1). The Pin-WW variant displays the highest affinity 

of the three in both Myc cases and the kinetic nature of the interaction between Pin1 and Myc is much 

more rapid when Myc is phosphorylated.  

 

Table 1. Summary of dissociation constants estimated from BIACORE steady-state experiments. 

Values displayed: equilibrium dissociation constant KD (M)                           

 Pin FL Pin WW Pin PPI 

Myc 1-88 Ø 44 x 10
-6 

 

23 x 10
-6 

 

51 x 10
-6 

 

Myc 1-88 P                197 x 10
-6

 64 x 10
-6 

 

88 x 10
-6 
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7.2 Results NMR 

The investigation was carried out in two ways, based on the interesting finding that hPin1 binds 

unphosphorylated c-Myc1-88 and that Pin-WW binds c-Myc1-88 without much support from the PPIase 

domain in terms of affinity. 

NMR was chosen as a complementary method to SPR in order to achieve a more detailed view than 

per domain. More specifically, we wanted to find out what residues of hPin1 that are involved in the 

interaction with unphosphorylated Myc (Myc1-88 Ø). This was achieved by 
15

N-HSQC experiments, 

where unlabeled c-Myc1-88 was titrated to 
15

N-labeled hPin1 (7.2.1. hPin1 and c-Myc1-88) from which 

CSPs were calculated. CSPs are extremely sensitive for changes in geometry, local charge effects and 

the binding and breakage of hydrogen bonds. The result of this is that the most potential binding 

events and sites in the protein structure will be measurable with chemical shift changes of amide- 

protons.  

An HNCO experiment was also performed with the truncated WW-domain together with 

unphosphorylated  
15

N 
13

C-labeled c-Myc1-88, from which CSPs as well as peak intensity ratio between 

WW-bound and free c-Myc were calculated in order to map what residues in c-Myc that are involved 

in the interaction and to see how the disordered c-Myc behaves when binding the folded, mainly beta-

sheet containing, WW-domain of Pin1 (7.2.3. c-Myc1-88 and Pin1-WW).  

7.2.1 HSQC of hPin1 and c-Myc1-88  

An HSQC of 
15

N-labeled apo-Pin1 was first recorded and the full 2D-spectra is presented in Figure 

28, which also represent a well ordered spectra. This was the spectra used to compare with upon 

titration of c-Myc. Titration spectra were over-laid onto this in order to distinguish possible 

differences in chemical shifts and cross- peak intensities from the addition of c-Myc. An example of 

what such spectra looks like is shown in Figure 29 A, representing spectra recorded on 2 equivalents 

of c-Myc over-laid on the spectra for apo-hPin1. Figure 29 B illustrates different features the 

resonances in hPin1 adapted upon c-Myc interaction, depending on proximity to the ligand and 

tumbling of the interacting molecules.   
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Figure 28. The whole HSQC-spectra recorded on 
15

N-labeled apo-hPin1.  

Figure 29 A. The whole HSQC-spectra recorded on 
15

N-labeled apo-hPin1(red) over-laid with 2 

equivalents c-Myc (green). 
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Figure 29 B. The whole HSQC-spectra recorded on 
15

N-labeled apo-hPin1 (red) over-laid with 2 

equivalents c-Myc (green). 

Residues Trp 34 and Glu 35 in hPin1 exhibited changes in chemical shift that was clearly seen in the 

2D spectra upon titration. When a molar ratio of 1:1 was reached, the peak was not seen to change in 

shift, which indicates that the complex was saturated. The movement of peak corresponding to Val 34 

(annotated Trp 54 in picture) in hPin1 can be seen in Figure 30, below. 

 

Figure 30. Overlay of 2D- HSQC spectra show chemical 

shift changes of residue Trp 34 in hPin1 upon titration 

with c-Myc 1-88 Ø in steps of 0.25 equivalents up to a 

molar ratio of 1:1 and two further titrations up to a 1:2 

molar ratio, by a color schemes as follows: red= apo 

hPin1, orange= 0.25 equivalents c-Myc, yellow, 0.50 eq., 

purple= 0.75 eq., blue= 1.0 eq., light green= 1.5 eq., 

green= 2 eq.). The cross marks the peak for apo-hPin1, 

which strongly indicates that this residue is effected by the 

nearness of c-Myc (the residue is named Trp54N-H in 

picture due to the peak assignment file used, which have 

numbered residues (x+20)).  
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7.2.2 What residues in hPin1 are affected by c-Myc?  

Titration of c-Myc 1-88 Ø onto 
15

N-labeled hPin1 was performed in order to map the effects on the 

folded hPin1 from the interaction with disordered c-Myc.  A CSP cut- off value of 0.02 was calculated 

(as previously described in Schumann et al, 2007), indicating that residues located in the WW- 

domain, namely Val 22, Phe 25, Ser 32, Trp 34, Glu 35 interacts with c-Myc as well as residues Ser 

58, Ser 72, Cys 113, Lys 117, Leu 122, Ala 124, Ser 126, Gly 128, Ala 140 and Ile 159, positioned in 

the PPIase-domain of hPin1 (Histogram 1; “Chemical shift propensities from HSQC; hPin1 in 

complex with c-Myc1-88 Ø”). These residues have been marked yellow in the solution structure of 

hPin1 (Illustration 1, corresponding to Histogram 1) and Figure 34 and 35 A). 

  

 

 

Histogram 1, with corresponding Illustration 1.HSQC experiment of hPin1 in the absence and presence of 

c-Myc 1-88 Ø. Excluded histogram bars equals missing or overlapped residues and prolines. These are residues 

Pro 8, Pro 9, Ser 19, Pro 37, Pro52, Pro 70, Gln75, Glu76, Pro133, Glu 145 and Pro 149 of hPin1, and were not 

assigned in the file used, marked in black in Histogram 1 .  CSPs at a Pin:Myc ratio of 1:2. Significant CSPs are 

marked with the cut- off value, calculated as described in Schumann et al, 2007 and viewed as a red line. 

Assignment of hPin1 residues was performed previously by Bayer and colleagues (Bayer et al, 2003) and kindly 

deposited in the BioMagResBank. Experiment was recorded 25 °C. Illustration 1 represents the experimental 

data in graphic form (PDB entry:1NMV), yellow residues are CSPs, pink residues show active site of hPin1 and 

orange residues are conserved residues in hPin1, which also were affected by 2 molar equivalents of c-Myc. 

 

 

 

 

CSPs 

Active site 

Conserved residues affected by 

c-Myc  
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Peak intensity ratio from HSQC-experiment for the Pin:Myc complex at a molar ratio of 1:2 was 

investigated and revealed some residues with lowered peak intensity, namely: Ser 16, Lys 63, Arg 80, 

Ser 115, Lys 117, Gly 120,  Leu 122, Gly 128,  Gln 129, Met 130, Glu 135, Ser 147, Gly 148, Val 

150, Phe 151 and Ile 155 (Histogram 2, an arbitrary cut-off is marked with red line). 133 uM and 

83.13 uM was start and end concentration respectively which resulted in a dilution upon titration with 

c-Myc, why peak intensities for the 1:2 complex were calculated with a dilution factor of 1.6. The 

residues are marked turquoise in the solution structure of hPin1 in Illustration 2, corresponding to 

Histogram 2 (and Figure 35 A). These residues are not concentrated to either of the domains of 

hPin1. This overall decrease in peak intensity ratio for the complex implies that hPin1 is tumbling with 

c-Myc, rather than that one of the domains can move freely without dependence of the other domain. 

 

 

Histogram 2, with corresponding illustration 2. Peak intensity ratios from HSQC recorded on hPin1 in a 

1:2 complex of c-Myc1-88 Ø. An arbitrary cut- off value is marked with red line. Values below cut- off suggest 

interaction. Excluded histogram bars equal missing or overlapped residues and prolines. These are marked in 

black and are residues Pro 8, Pro 9, Ser 19, Pro 37, Pro52, Pro 70, Gln75, Glu76, Pro133, Glu 145 and Pro 149 

of hPin1, which were not assigned in the file used. Illustration 2 represents the experimental data in graphic 

form (PDB entry:1NMV), yellow residues are CSPs, pink residues show active site of hPin1, orange residues are 

conserved residues in hPin1, which also were affected by 2 molar equivalents of c-Myc and turquoise residues 

got decreased peak intensity ration upon addition of 2 molar equivalents of  c-Myc . 

 

 

 

  

Reduced peak intensity ratio 
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7.2.3 HNCO-experiment of c-Myc1-88 and Pin-WW 

From the HNCO-experiment it was found that residues 13- 14, 16-24 and 27 got distinguishable lower 

peak intensity when titrated to a 1:1.5 complex with WW compared to the rest of the structure of apo 

Myc1-88 Ø, displayed in Histogram 3. 

 

Histogram 3. The peak intensity ratio between free apo c-Myc1-88 Ø and c-Myc:WW complex mirrors 

where interaction between the two proteins are likely in the c-Myc sequence due to shielding in the backbone 

amide- protons/carbonyl protons. An arbitrary cut-off value is shown as a red line. Residues 13-14, 16-24(17 and 

21 unassigned) and 27 have distinguishable lower values compared to the rest of the structure. Residues with 

intensity ratio <0.01 and marked with black equals unassigned peaks.  

 

 



52 

 

 

Histogram 4. CSPs calculated from HNCO experiment recorded on the interaction between apo c-Myc 

and the 1:1.5 complex of c-Myc and WW. Residues affected are 12-16, 18, 22, 27, 32, 39 plus the outliers S64 

(close to the phosphorylation sites) and T78. Unassigned peaks are the same as explained in the picture above 

(Histogram 3), which equals residues with intensity ratio <0.01 and which are marked with black. An arbitrary 

cut- off value is shown as a red line. 

The residues of c-Myc that experienced CSP during the recorded HNCO experiment at 1:1.5 molar 

equivalents of WW were mainly located in the N-terminal half, in specific the residues affected 12- 

16, 18, 22, 27, 32, 39 plus the outliers S64 (close to the phosphorylation sites) and T78 (Histogram 4). 

  



53 

 

7.2.4 Secondary shift propensities and WW-affected residues of c-Myc 

In Figure 31 the secondary shift propensities for β-sheet containing regions are marked above the 

corresponding residues as blue arrows and the probable α-helix containing regions with green boxes. 

Light red residues (T58 and S62) indicate the conserved phosphorylation sites. In order to map how c-

Myc was affected upon titration with Pin-WW different behaviors of peak resonances were divided 

into three different categories. Green labelling indicates chemical shift changes with remaining 

intensity, orange equals residues exhibiting chemical shift change but with lowered intensity, grey 

marks residues with lowered intensity and dark red indicates the peaks that disappeared. The orange 

category is exemplified by S18 in Figure 35 from HNCO spectra of c-Myc and Pin-WW and the dark 

red category is presented in Figure 36 from the same experiment. 

 

Figure 31.  Secondary shift probabilities, secondary shift propensities and WW-domain interaction with 

unphosphorylated c-Myc1-88 is presented as a summary of peak intensity ratios and CSPs, together with 

investigation of spectra from the HNCO experiment recorded. Residues marked in green, orange, grey and dark 

red corresponds to four categories respectively, which reflects their behaviour upon titration with Pin-WW from 

HNCO experiment conducted at 1:1.5 molar equivalents of free c-Myc1-88 compared to complex with WW. 

Green= chemical shift changes, Orange= chemical shift change and lowered intensity, Grey= lowered intensity, 

Dark red= peak disappear.  Secondary shift probabilities were calculated for c-Myc1-88 calculated with the DPM 

method where probable β-sheet containing regions are marked above the corresponding residues as red arrows 

and the probable α-helix containing regions with red boxes. Secondary shift propensities have been measured 

with NMR spectroscopy by Andrésen (Andrésen et al, 2012). Bold letters indicate residue number corresponding 

to the numbers above the sequence. Letters marked with black dots above (T58 and S62) indicates the conserved 

phosphorylation sites.  
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Figure 32. Cut-out from spectra recorded during HNCO-experiment of unphosphorylated c-Myc 

titrated with Pin-WW. The spectra for apo c-Myc is shown in red.  S18 in c-Myc is one of the residues 

both losing resonance intensity and shows chemical shift of Pin-WW cross- peak upon 1:1.5 molar 

equivalents of WW (black spectra). 

Figure 33. Cut-out from spectra recorded during HNCO-experiment of unphosphorylated c-

Myc titrated with Pin-WW. The spectra for apo c-Myc is shown in red.  F23 and Y24 in Myc are 

both residues losing all resonance intensity of Pin-WW cross-peak upon 1:1.5 molar equivalents of 

WW (black spectra). F7 on the other hand is not affected by titration of Pin-WW. 
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8. Discussion 

The discussion has been divided into two separate sections for SPR and NMR, followed by a 

summarizing conclusion for the whole thesis project. Pictures of protein structures shown with a black 

background from here on are not only based on experimental data from this thesis, but is also 

simulations performed with software tools in PyMol to clarify the discussion. Simulations embrace a 

discussion of the possible positioning the WW-domain, which also is explained in the corresponding 

figure text.   

8.1 SPR experiments 

The comparison of the interactions between unphosphorylated c-Myc and the three different hPin1- 

variants revealed that a greater affinity is accomplished in these interactions, compared to the 

interactions when c-Myc is phosphorylated, while the latter have a much more rapid kinetic nature 

than the former. Higher affinity of the Pin-WW domain and full- length hPin1 compared to the Pin-

PPI domain when binding phosphorylated substrates has been seen before (Verdicia et al, 2000). 

Previous studies of Pin-WW domain binding to unphosphorylated substrate-mimicking peptides have 

experienced difficulties to determine binding constants or a binding to Pin-WW at all (Lu et al, 1999; 

Mercedes-Camacho and Etzkorn, 2010). Our results clearly show binding of unphosphorylated c-

Myc1-88 to all hPin1- variants. This suggests that the use of small peptides in order to mimic substrates 

should be used and evaluated with great caution. Furthermore, it opens up for new insights in the 

critical control of c-Myc and how c-Myc interacts with its regulating client protein hPin1. Each SPR 

experiment was conducted at least once, but the data presented are only for single experiments and 

were chosen according to the best match in as close agreement as possible with the criteria mentioned 

before. The overall binding nature was similar (fast or slow kinetics) for each protein- protein pair 

investigated. Variances in KD values were the criteria that excluded most data not presented, which 

likely was due to difficulties of immobilizing c-Myc.  

Prior the experiments conducted on phosphorylated c-Myc, the position of phosphorylation was 

examined through comparison of spectra corresponding to a sample with spectra of a formerly 

phosphorylated c-Myc, known to have been phosphorylated at T58 and S62. The control sample was 

verified with MALDI-MS-MS and the phosphorylated samples used in all experiments were verified 

through investigation of NMR spectra by supervisor Sara Helander. HSQC spectra of c-Myc1-88 can 

be, as previously mentioned, quite challenging to interpret and assign due to broadening of peak 

resonances. Although inspection of each spectra for the phosphorylated samples used was 

accomplished and interpreted to have the same appearance as the control spectra (pT58 and pS62), the 

phosphorylated samples used during this thesis work might have had another phosphorylation status 

than both T58 and S62.  In addition, all experiments need to be repeated for higher accuracy in 

equilibrium binding constants. Changing salt concentration in buffers should also be stressed, in order  

to out rule participation of ionic interactions in the binding of each experimental setup, which have 
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been recognized to affect affinity between Pin1-WW domain and pThr-peptides scrutinized by 
1
H 

NMR (Wintjens et al, 2001). In addition, binding constants are preferentially also measured with an 

additional method than SPR only and can be calculated from the experimental data gained from 

HSQC-NMR experiments. This applies on the data gained from the HSQC-NMR experiments in this 

study as well and was unfortunately not calculated due to lack of time. 

 However, the interesting finding that hPin1 binds unphosphorylated c-Myc 1-88 and that Pin-WW 

binds c-Myc 1-88 without much support from the PPIase domain in terms of affinity opened up for a 

great opportunity to investigate these interactions in more detail, and NMR studies were performed. 

8.2 NMR experiments 

Comparing by NMR (HSQC) what residues were affected in hPin1 upon titration with unlabeled c-

Myc both residues in the WW-domain and around the active site of Pin1 were affected, which 

suggested, interaction with both domains at the same time. These residues were manifested in two 

ways; some experienced CSPs while others mainly decreased in c-Myc cross-peak intensity. The 

residues affected by c-Myc in the Pin-WW domain mainly revealed CSPs, except for Ser 16 which is 

located in a flexible loop. This is a well-conserved residue among WW-domains as well as Trp 34, 

which revealed chemical shifts upon addition of Myc (Verdicia et al, 2000). Cys 113 is a well-

conserved amino acid trough PPIases and is part of the catalytic triad in the active site together with 

His 59 and His 157 (Bayer et al, 2003).  The peak resonances for this residue also experienced 

chemical shift changes when c-Myc participated in the sample.  

Regarding the activity of hPin1 and the contribution of the two domains respectively in this aspect, no 

such studies have been performed within this thesis study. Fortunately, the work of other groups has 

and what Lu and co- workers have shown may give this interaction new perspective on this point (Lu 

et al, 1999). Already back in 1999, they showed that even thought the WW-domain itself in a 

truncated variant did not encompass any PPIase activity at all, this domain still increase it with 10% 

when attached by the flexible linker to the PPIase domain compared to the truncated PPIase domain. 

Even more importantly, this 90% PPIase activity of the PPIase-domain was not consistent with in vivo 

studies. In order to out-rule what residues in the WW-domain that could be participating in this boost 

of activity and actual cell function, they performed good old fashion site-specific mutagenesis. 

Interestingly, the mutated residues investigated were, among a few others, S16A and W34A of full-

length hPin1. Both mutations decreased PPIase activity compared wild-type hPin1, with the difference 

that S16A could still bind phosphorylated substrates and maintained in vivo function, while W34A 

was not able to do either of these actions. The same was seen when substituting Phe for Tyr 23, upon 

which a proposed importance for the hydroxyl group in Tyr 23 in order to mediate pSer and pThr 

binding was drawn as conclusion (Lu et al, 1999). The three residues have earlier been stated to be 

located on three different β-sheets, which together have been proposed to be in close contact with 
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PEG-molecules used for crystallization, and additionally be part of a hydrophobic cluster as a 

conserved protein-protein interaction patch (Lu et al, 1999; Ranganathan et al, 1997). Inspecting the 

position of these in the solution structure, one will find that only Tyr 23 is located on a β-sheet (the 

middle one) and Ser 16 and Thr 34 are located in the flexible loops between the β-sheets. Taken 

together with the residues interacting with unphosphorylated c-Myc, the loops in the WW- domain 

might be what decide on the next action with respect to catalysis.  

Considering the position of the WW-domain with respect to the PPIase-domain upon binding a 

substrate, or a substrate mimicking peptide, is also important to take into account to understand the 

function and binding abilities of hPin1. In crystal structures of hPin1, the addition of PEG 400 has 

been needed in all cases except one to make crystallization possible. This PEG-molecule is then 

localized close to the WW-domain, while the WW-domain is positioned as shown in Figure 34 and 

35 B, colored in blue “below” the PPIase-domain  (purple) and the PEG-molecule in between these 

two domains (PEG-molecule not shown). 

8.2.1 How do the domains in hPin1 communicate? Modelling of WW-domain positioning  

Looking at the residues affected in the PPIase-domain (Figure 34), the position of the WW-domain 

lies in an outward fashion (colored blue). This could be possible but when comparing the ten different 

assemblies of the hPin1 solution structure solved by Bayer and co- workers, this position of WW is not 

seen in any of the structures and may as well be a result of the crystallization process.    

In order to investigate the probability of the WW-domain to fold over the active site, with respect to 

the residues recognized as affected by titration of unphosphorylated c-Myc (CSPs revealed by HSQC 

experiment, explained in Results 7.2.1) an in-situ fusion of the NMR structure of the WW-domain 

(1I8G) was made onto the crystal structure (3TDB) (Figure 34) in PyMOL DeLano Scientific. The 

NMR- solved WW-domain was then rotated and placed inwards the active site to clarify the possible 

rotation of the WW-domain in contact with c-Myc based on the chemical shift changes observed in the 

hPin1 structure from HSQC experiment with c-Myc.   
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Figure 34. Crystal structure of hPin1 (PDB entry: 3TDB, PPI-domain in purple and WW-domain in blue, 

phospho-Thr peptide in red). This structure is shown together with the WW-domain solved by NMR (PDB 

entry: 1I8G, colored in magenta) in complex with another mono-phosphatethreonine peptide (EQPLpTPVTDL), 

derived from the Cdc25 phosphatase of Xenopus leavis, coloured in light blue. Active site residues His 59, His 

157 are colored in white. The catalytic triad also include Cys 113 but which is colored in yellow. The residues 

marked with yellow are affected upon titration with unphosphorylated c-Myc (see Histogram 1, CSPs from 

HSQC hPin1 and c-Myc1-88). The NMR solved WW-domain (1I8G) was placed and rotated inwards the active 

site to clarify the possible orientation of the WW-domain in contact with c-Myc, when the WW-domain is linked 

to the PPIase-domain as in wild-type hPin1. The picture was made with software PyMOL DeLano Scientific.  

Based on what is seen in crystal structures, both with and without peptides bound close to the WW and 

PPIase-domain, there is still a wide range of possible dynamic schemes for hPin1. Based on where 

chemical shift differences are located in the WW-domain of Pin1 upon titration with c-Myc together 

with the differences between the solution structure of hPin1 (Figure 35 A) and crystal structures of the 

same protein, with respect to the positioning of the WW-domain, the modeling of a truncated WW-

domain solved with NMR and a pThr-peptide was performed (Figure 35 B) in PyMOL DeLano 

Scientific. Distance mapping was also performed with the same software in order to predict the longest 

and shortest distances between the probable c-Myc interacting residues Val22 and Cys113 in hPin1, 

comparing the 10 assemblies constituting the solution structure of hPin1. This can be used for further 

investigations of different transitions of folding that would be possible for c-Myc in this partnership. 

The maximum distance was found to be 81.1 Å and the shortest 24.8 Å (Figure 35 A).  
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Figure  35 A. and B. A) The 10 assemblies constituting the only solution structure of full-length apo hPin1 

(PDB: entry 1NMV) Distance between Val22 and Cys113 were calculated using the distance command in 

PyMOL DeLano Scientific. The PPIase domain ensemble was fitted (residues 50-163, purple), the linker 

(residues 40-49) is marked in grey and the WW-domain (6-39) is marked in magenta. Yellow residues are 

affected upon titration with c-Myc to a molar ratio of 1:2 and turquoise residues lost intensity upon binding. B.) 

The crystal structure of hPin1 (3TDB) with a pThr peptide (red), PPIase-domain purple, WW-domain blue. 

The NMR-solved WW-domain from (1I8G) is aligned on top the crystal structure in a similar orientation of the 

solution structure of full-length hPin1 as seen in A). 

 

It has been discussed whether a PEG-molecule is mimicking a substrate or not, as described previously 

and according to the hydrophobic patch in the WW-domain (Ranganathan et al, 1997). The only 

structure of hPin-WW solved without a PEG-molecule or a PPIase domain is in fact the NMR-

structure presented in Figure 34 and Figure 35 B (the WW-domain colored in magenta and fused on 

top of a crystal structure of full-length hPin1). That is also a case where the PPIase domain was not 

present during the structure determination. This might reveal one of the weaknesses with crystallizing 

proteins in order to get a view of one of the most important issues in this aspect- where the domains 

are positioned relative each other in that second of a glimpse that these structures offer. If the PPIase-

domain and/or a PEG molecule is needed during crystallization of WW-domain in hPin1 together with 

a substrate mimicking peptide, might give an important clue to why the NMR-solved structure of the 

truncated WW-domain together with only a peptide was possible. The PEG molecules in the crystal 

structures solved indeed seem to need the close proximity of the PPIase-domain to stabilize the hPin1 

protein structure enough for crystallization. When investigating the one and only solution structure of 

full-length hPin1 (PDB entry: 1NMV) solved by Bayer and co- workers (Bayer et al, 2003), the 

orientation of the WW-domain “below” the active site, as explained in most crystal structures of hPin1 

A B 
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with peptides (Ranganathan et al, 1997; Potter
1
et al, 2010), the peptides are either located in the 

PPIase-domain, or an additative, such as PEG or dodecaethylen glycol (P12) is located between the 

WW-domain and the PPIase-domain. One exception from this occurs. That is where the crystal 

structure of hPin1 together with a peptide has been solved without a compound stuck between the 

domains. This is shown in the work done by Potter and colleagues (PDB entry: 3KAF) where 8 

different α-amino acid-derived hPin1 inhibitors where investigated and structure determined together 

with hPin1 (Potter
2
 et al, 2010). In the latter work mentioned of Potter and colleagues the peptide is 

located close to the active site (in the PPIase domain of hPin1) and it is still not sure if the position of 

the WW-domain would have been the same in a solution structure or if this position is a result of the 

crystallization process. Additionally, the resolution of the 3KAF structure is 2.3 Å, which possibly 

could be too low to reveal if a PEG molecule is located in between the domains. Of the 8 structures 

presented by Potter and colleagues, only one other structure with as low resolution as 3KAF is solved 

(PDB entry: 3KAH) revealed to have an additional molecule in between domains, which in this case 

was a P12 compound.  

On the other hand, there are no crystal structures of hPin1 where the WW-domain is located elsewhere 

(Zhang et al, 2012). As discussed above, this orientation cannot be found in any of the 10 different 

structures which together constitutes the ensemble structure of hPin1 in solution (Bayer et al). With 

this in mind, we wanted to investigate this with respect to how c-Myc is interacting with Pin1. The 

Figure 34 as well as Figure 35 A and B was arranged to clarify the hypothesis about how the WW-

domain may be orientated in interaction with unphosphorylated c-Myc, based on the chemical shift 

changes observed in the hPin1 structure from HSQC experiment with c-Myc. 

Inspecting both NMR structures of the WW domain (full-length hPin1, Figure 35 A and truncated 

WW with a pThr-peptide modeled in the same rotation as is represented in the full- length solution 

structure of hPin1, Figure 35 B) it is facing the opposite direction to the active site in relation to the 

peptide bound and with respect to the full- length solution structure. This orientation may represent a 

possible action by hPin1, in order to block the active site for other proteins when bound to its target c-

Myc. It may also represent a conformation prior a twist of the WW domain inwards the active site. 

The distance between Cys 113 and Val 22 in hPin1 was calculated by the distance command in 

PyMOL DeLano Scientific, also shown in Figure 35 A, in order to map the longest theoretical 

distance between c.Myc intercting residues, which was found to be 81.1 Å. Since the c-Myc variant 

used in these experiments was 88 amino acids long, even the most outstretched conformation of hPin1 

would, according to this structure be, be short enough for c-Myc to bind the both sites at the same time 

which also highly likely to occur due to the CSPs mapped with HSQC. This reasoning is in accordance 

with the 10 assemblies of structures of the solution structure of hPin1 (PDB:entry 1NMV), where none 

of these assemblies have been found to represent a structure where the WW-domain localized “below” 

the PPIase domain and the fact that a stabilizing compound such as a PEG-molecule or,  in the only 
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exception from this- a CDC25 peptide, is present between the two domains in all crystal structures of 

hPin1 solved (Zang et al, 2012). But to resolve the true picture of how the WW domain is orientated in 

respect to the PPIase domain together with both unphosphorylated and phosphorylated c-Myc a full 

structure determination of the two proteins together would be required.    

After resolving how c-Myc possibly is interacting with Pin1 we also wanted to see where the 

mysterious action of WW- takes place on c-Myc in specific, which was performed by recording an 

HNCO experiment. From the HNCO experiment it was found that residues 13+ 14, 16-24 and 27 got 

distinguishable lower peak intensity when titrated to a 1:1.5 complex with WW compared to the rest 

of the structure of unphosphorylated apo c-Myc1-88, displayed in Histogram 3. None of the residues C-

terminal of residue 27 explored these intensity differences, which points in the direction of an 

interaction site located distal from the phosphorylation site. The same target site was indicated when 

comparing the residues of Myc that experienced CSP during the recorded HNCO experiment at 1:1.5 

molar equivalents of WW. These were mainly located in the N-terminal half; specifically the residues 

affected were 12- 16, 18, 22, 27, 32, 39 plus the outliers S64 (close to the phosphorylation sites) and 

T78 (Histogram 4). 

What property of these residues makes them a target for Pin-WW?  In terms of recognition of proline-

rich sequences, a specific “PY- box” or PPxY motif have been found as a target motif for several WW 

domains, which include the proteins YAP, Smurf1 and Nedd4L. These have in common with hPin1 

that they all bind to a linker in Smad proteins, when phosphorylated by MAPK and cell division 

CDKs, in response to mitogens and to hold back TGF-β and BMP signals. A PY- box in Smads is 

located near the CDK/ GSK3β phosphorylation sites in the linker region.  But the recognition site 

hPin1 targets in Smads have been stated to consist of a phospho-Ser-Pro motif instead of a PY- box. In 

summary, Smad proteins consists of a globular N-terminal Mad homology domain 1 (MH1) with 

DNA-binding activity, a C-terminal MH2 domain which mediate protein-interactions and an 

interdomain linker with the conserved cluster of phosphoylation sites flanking a PY- motif (Aragón, 

2012). In addition, Mad1 is also a bHLHZ containing protein, known to interact with Max and the 

formation of Mad1-Max complex competes for the same target site as c-Myc (Ayer et al, 1993). hPin1 

has also shown ability to recognize and catalyze cis/trans isomerization of both unphosphorylated and 

phosphorylated  PY- containing peptides (Yaffe et al, 1997). With this in mind, along with that the fact 

that a PY- motif is present in c-Myc, at a position where Pin-WW interacts suggest that this motif is of 

relevance for the interaction between hPin1 and unphosphorylated c-Myc.   

In conclusion, our data reveals a novel target site for hPin1 in c-Myc (13-27) which is recognized by 

Pin-WW. The domain also interacts with a few residues in close proximity to the residues to be 

phosphoryled, suggestingthat it encompass features with relevance for catalysis performed by the 

PPIase domain. In addition, our results show that c-Myc interacts with the two domains of hPin1 
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simultaneously and cooperation between these is highly likely. Taken into account that hPin1 

isomerase activity is dependent on the WW domain for hPin1  in vivo functioning (Lu et al, 1999) the 

targeting of residues 13-27 as well as S64 and R66 by Pin-WW could be the answer for how the 

possible cooperation between the two domains are directed, in order to twist the correct peptide bond. 

If this is the start of how the signaling cascade for recruiting kinases is performed, in order to sense the 

unphosphorylated site remains to be further investigated. The targeting of Pin-WW at residue S64 may 

also be either an interaction causing wrong signaling or an important residue in aspect of 

phosphorylation sites. The findings presented here suggest new aspects to investigate when studying 

how c-Myc stability is controlled in the future.  

 

9. Future prospects 

Drug design against the active site of proteins is a widely used attempt to find cancer inhibitors, but 

which often result in lack of specificity of the outcome, since many proteins interact with a plethora of 

different target proteins for a variety of actions in dynamic motions.  Even more importantly, many 

proteins do not have an ordered three-dimensional structure which have for a long time made both 

them self and their interaction partners hard to catch with structure-based drug design.  As mentioned 

before, many of these disordered proteins are involved in transcriptional regulation, cell- cycle control 

and cell-programmed death, of which cancer is largely dependent upon due to key- regulators with 

exceptional responsibilities.  But after the increased understanding about how IDPs can accumulate 

binding upon folding for example, some IDPs interacting with folded soluble proteins have lately been 

found as very promising drug-targets. Characteristically the folded partner’s surface has a groove to 

which the disordered region shapes a hydrophobic face that snuggles up into the grove. This is 

observed between the transcription factor and tumour-suppressor p53 interacting with Murine double 

minute 2 protein (Mdm2) (Uversky et al, 2008). 

 

In order to investigate if this might be a likely scenario in the case for c-Myc interacting with hPin1, 

circular dichroism (CD) measurements can be performed, which would give an overall picture of 

secondary structure is more gained during the interaction. Chemical shifts of 
15

N, 
1
HN and 

13 
CO

 
from 

NMR experiments can also be used for such prediction, which would give a sequence specific view on 

that matter (Yao et al, 1997).  

 

CD measurements were planned in the work of this thesis but due to problems with buffer 

optimization as well as instrumental problems this was unfortunately not possible. Instead a secondary 

structure prediction of c-Myc alone was performed with the online software tool Double predicition 

Method (DPM) which was used to compare were the WW-interacting residues are located. This 

comparison does not say anything about the structure of c-Myc during the interaction with Pin-WW 
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but what can be seen is that WW mainly targets residues in c-Myc which were both predicted with 

DPM and measured by NMR (Andrésen et al, 2012) to not constitute ordered regions compared to apo 

c-Myc1-88. This region is located between two probable β-sheet containing regions of the structure in c-

Myc. HSQC spectra of 
15

N-labeled c-Myc1-88 together with full-length hPin1 do not reveal any clear 

differencies of CSPs, but some loss of peak resonance intensity has been seen at residues 20-30 

(unpublished data, group of Maria Sunnerhagen, Linköping University). NMR HNCO experiment is a 

more robust in terms of investigation of protein-protein interactions due to the additional dimension of 

how the amide proton coupled the carbonyl bond in the backbone of proteins are affected. The HNCO 

experiment of 
15

N 
13

C-labeled c-Myc1-88 together with WW revealed both CSPs and loss of intensity 

for cross- peaks in this region. A folding upon binding event in Myc is hence still an opportunity and 

needs to be further investigated in order to get a deeper understanding of the dynamics of the 

important regulation of c-Myc oncoprotein.  

 

Considering the recognition of the pSer/pThr-Pro motif for hPin1, it was compared with its PPIase 

relatives Cyp18 and FKBP already back in 1997 by Yaffe and co- workers, where they show how 

catalysis of this motif in several peptides is extraordinary fast catalyzed by hPin1. In contrast to hPin1, 

Cyp18 and FKBP12 prefer catalysis of pYP/YP and pYPY/YPY-motifs in peptides. Common for the 

three is PPIases are that they share the features of recognizing both unphosphorylated and 

phosphorylated Ser/Thr-Pro motifs just as (Y)PY- motifs in the peptides tested. It was also found that 

hPin1 could catalyze one of the unphosphorylated PY-containing peptides more efficiently than 

Cyp18.  In order to further define sequence specificity of hPin1, it was found that hPin1 selected Arg 

or aromatic residues at the -1 and +1 positions of the p-S-P motif. This resulted in the finding that the 

most efficient catalysis performed by hPin1 was seen for the WFYpSPR-pNA peptide (Yaffe et al, 

1997).   

Interestingly, and as mentioned previously, a PY- motif is also found in c-Myc1-88 along with a similar 

SPR- motif (as found in the efficiently cathalyzed phosphorylated peptide tested by Yaffe and 

colleagues) and a TPF- sequence (also seen in hPin1-catalyzed peptides) is also found in c-Myc1-88 

(Figure 36). The SPR- like motif in c-Myc is, just as the PY-motif, located at residues where Pin-WW 

was found to interact which was revealed by HNCO experiments performed in within this thesis work. 

The conserved phosphorylation sites T58 and S62 are marked in red and the sequence 62- SPSRRS is 

marked in grey along with the TPF- sequence and green residues are a simplified note of the affected 

residues in c-Myc by interaction with Pin-WW, as seen from HNCO-experiment and further clarified 

in Figure 31. 
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    1 MPLNVSFTNR NYDLDYDSVQ PYFYCDEEEN FYQQQQQSEL QPPAPSEDIW KKFELLPTPP 60 

  61 LSPSRRSGLC SPSYVAVTPF SLRGDNDG 88 

 

Figure 36. Identified interaction sites in c-Myc1-88 together with Pin-WW (green) from HNCO-experiments 

performed within this thesis work (simplified overview, see section 7.2.2 and 7.2.3. Results NMR for more 

details). A PY-motif (yellow) is a common target for several PPIases. The conserved phosphorylation sites in c-

Myc are marked in red. Shared target sequences of hPin1 peptides and corresponding sequence present c-Myc1-88 

are shown in grey. 

Regarding the definition of “near” the phosphorylation site in the case of c-Myc is not trivial, due to 

the lack of a well-ordered structure, giving more to the possibilities of closeness in the structure itself 

rather than discussing closeness in the sequence. By comparing where this PY motif is located in the 

c-Myc sequence in relation to where Pin1- WW interact as seen from HNCO- experiments, both the 

PY- motif and the sequence 62- SPSRRS are affected, where the latter is located close to the 

conserved phosphorylation sites T58 and S62. The binding of the surrounding residues of the PY- 

motif in c-Myc (13-27) to Pin1-WW together with the affected residues S64 and R66 may therefore 

explain how hPin1 recognize unphosphorylated c-Myc.  

By comparing full- length hPin1 with unphosphorylated c-Myc and phosphorylated c-Myc as well as 

the phosphorylated c-Myc together with both the truncated Pin-WW and full-length hPin1, could 

possibly elucidate important aspects of this interaction. To study how the interaction between hPin1 

and c-Myc would be affected when adding a c-Myc targeting kinase would indeed be an interesting 

step in future investigation. SPR would be a possible method to consider for investigation of more 

than one interaction partner at a time.  

The interaction between other target proteins of hPin1 when unphosphorylated as well as for 

unphosphorylated c-Myc with other client proteins does indeed seem necessary, considering the data 

presented in this work. Our results have put the ´phosphorylation dependence´ in regulation of c-Myc 

in a new context and opens up for a wide range of future studies to consider.    
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10. Conclusion 

c-Myc is an intrinsically disordered protein with multifaceted roles and involved in almost all cancer 

forms known. The stability and degradation of c-Myc is a critical regulation in order to maintain 

homeostasis in cell- cycle regulation, transcription of target genes and programmed cell- death. 

 

We have identified a novel interaction region in the N-terminal of c-Myc transactivation domain, distal 

from the conserved phosphorylation sites, where one of its degradation regulating proteins binds, 

namely hPin1. The interaction is remarkably different depending on phosphorylation status of c-Myc, 

which sheds new light on the control and recognition of c-Myc and possibly other disordered proteins 

for signalling in order to degradation. Furthermore, the targeting of c-Myc by hPin1 suggests that 

hPin1 share more features with its ancestral PPIases and WW-domain than has been discussed 

previously. The widely stated phosphorylation of substrates prior binding and targeting of pSer/Thr-

Pro motifs are from the results presented in this work suggested to be set in context with 

unphosphorylated substrates and to be considered with respect of an additional PY-motif when further 

investigating the critical function of both hPin1 and c-Myc.   

 

In a bigger perspective, promising advances are one its way in regard to the expanding knowledge of 

disordered proteins. Molecular fingerprinting of each separate tumour along with customized therapy 

has been reasoned to become one of the most promising approaches to overcome cancer (Larsson et al, 

2010). Through further investigation of critical interactions as the ones studied within this thesis work, 

every finding about them is a step closer to making cancer therapy safer and more efficient.  
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Website references and online softwares used 

 Secondary structure prediction (Pôle Bio- Informatique in Lyonnais): 

http://www.bioinf.manchester.ac.uk/dbbrowser/bioactivity/NPS2.html 

 Pictures and modeling of hPin1 3D structure: 

www.pdb.org 

 Information of protein properties:  

web.expasy.org/protparam 

 Myc target gene databse(Zeller et al, 2003: ( http://genomebiology.com/2003/4/10/R69 ) : 

http://www.myccancergene.org/site/myctargetDB.asp 

PyMol DeLano Scientific 

NMRipe  

http://www.bioinf.manchester.ac.uk/dbbrowser/bioactivity/NPS2.html
http://www.pdb.org/
http://genomebiology.com/2003/4/10/R69
http://www.myccancergene.org/site/myctargetDB.asp
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Appendix 1 

Buffers used for SDS- PAGE 

 

Appendix 2 

Buffers used for cleavage of affinity tags and gelfiltration     

Protein [HEPES]mM [NaCl]mM [DTT]mM Glycerol 

% 

Tween 20 

% 

pH 

Pin FL 40 300 5 5 0.05  7.0 

 Pin WW 40 100 5 5 0.05 6.6 

 Pin PPI 40 300 5 5 0.05 8.0 

 

Appendix 3 

BIACORE buffers 

Protein [HEPES]mM [NaCl]mM [TCEP]mM Glycerol 

% 

Tween 20 

% 

pH 

Pin FL 40 200 5 5 0.05  7.0 

 Pin WW 40 200 5 5 0.05 6.6 

 Pin PPI 40 100 5 5 0.05 8.0 

c-Myc  20 100 2 5 None 7.0 

 

  

Buffer Contents and amounts 

SDS-loading buffer (x7) 10 ml, aliquoted 

in 1 ml tubes. 

84 mM Tris-HCl (pH 6.8), 7 ml glycerol 50 

%, 28 ml SDS 10 %, 14 mg Bromophenol 

Blue. If reduced conditions are appropriate, 

1.5 ul β- mercaptoethanol can be added to 

each 1 ml aliquot. 

SDS running buffer (x5) 1 l 15 g Tris, 72 g Glycine, 5 g SDS 10 % (25 ml 

20%)  

Coomassie Gel Stain 1 l  1 g Coomassie Blue R-250, 450 ml Methanol, 

100 ml Glacial acetic Acid 
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Appendix 4 

Setup for BIACORE experiments 

Experimenta

l setup 

Immobilizatio

n level (RU) 

Amount 

Myc 

immobilize

d (μM) 

Injectio

n time 

(min) 

Flow 

rate 

(μl/min

) 

Regeneratio

n [NaOH], 

time in sec 

Dissociatio

n allowed 

after 

injection 

stop (min) 

Myc Ø + Pin 

FL 

3200  3 8.33 30 2 mM, 70  None 

Myc Ø+ Pin 

WW 

1400 3 8.33 10 2 mM, 70 None 

Myc Ø+ Pin 

PPI 

1200 3 8 30 2 mM, 70  15 

Myc P+ Pin 

FL 

2800 3 6.5 10 4 mM, 30  5  

Myc P+ Pin 

WW 

920 3 8 30 4 mM, 30  5  

Myc P+ Pin 

PPI 

1020 3 8 30 2 mM, 120  15  

 

Appendix 5 

Buffers used in NMR-spectroscopy experiments 

hPin1 and c-Myc1-88  N  Pin-WW and c-Myc1-88 

20mM HEPES, 100 mM NaCl, 5 mM DTT, 5% 

glycerol, pH 7.0 

 

40mM HEPES, 100mM NaCl, 5mM DTT, 5% 

glycerol, pH 7.0 
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Supplementary Information 

General information of proteins used 

Protein hPin1 full- length PPI WW c-Myc 1-88 

Molecular weight 

(Dalton) 

18243 12861 4023 10156.1 

 

Theoretical pI 8.95 8.01 10.41 4.19 

Extinction 

coefficient 

(reduced) 

20970 6990 13980 14565 

Values were calculated from the Prot Param tool in ExPASy Bioinformatics resource Portal from 

UniProt IDs:  human Myc (P01106), human Pin1 (Q13526) (Gasteiger E. et al, 2005) 

 

 

 

http://www.pdb.org/pdb/search/smartSubquery.do?smartSearchSubtype=UpAccessionIdQuery&accessionIdList=Q13526
http://www.pdb.org/pdb/search/smartSubquery.do?smartSearchSubtype=UpAccessionIdQuery&accessionIdList=Q13526

