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Abstract 
The myc family of proteins (c-, N- and L-myc) are transcription factors (TFs) 

responsible for maintaining the proliferative program in cells. 28% of tumours exploit 

these properties through deregulation of myc in various ways, which aids cancer 

through faster growth rates. Structural and biochemical knowledge of c-myc is 

lacking, with even less studies performed on N-myc, which is one of the main drivers 

of paediatric tumours. N-myc tumourigenic functions are mediated via intrinsically 

disordered transactivation domain (TAD), which makes N-myc TAD a suitable 

candidate for nuclear magnetic resonance (NMR) studies. NMR collects in-solution 

data on per-residue basis and can handle a dynamic ensemble of structures. Firstly, 

N-myc TAD backbone assignment was obtained, with the spectral resonant 

frequencies assigned to individual residues within primary amino acid sequence of N-

myc TAD. Chemical shift index analysis, computer modelling and relaxation data 

revealed that N-myc TAD has two regions with helical propensity: one region within 

residues W77–W88 and the second between A122–E132. Myc is rapidly degraded 

following mitogen signalling, through a hierarchy of post-translational modifications 

(PTMs). This work recreated these PTMs in vitro using NMR and confirmed that 

phosphorylation of T58 and S62 enhances N-myc binding to the Fbw7–Skp1 complex, 

the substrate-recognition element of E3 ubiquitin ligase, which mediates myc 

degradation. By employing various biochemical methods, putative partners of N-myc 

TAD were interrogated, which revealed that N-myc and c-myc do not have the same 

interactome. For example, N-myc TAD was found to not interact with TAF1-TBP or 

pTEFb. N-myc TAD interacts with Plk1 through its polo-box domain in the capacity of 

a binding partner. The novel data presented in this work underline the necessity for 

tailored research towards N-myc, as N-myc and c-myc might differ in their modality 

of interactions with binding partners, despite a degree of conservation between the 

two proteins. This fundamental research will aid our understanding of the mechanism 

by which the TAD and other intrinsically disordered protein regions utilise 

transient/latent structures to bind a wide range of partners, despite lacking a stable 

3D structure. 
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1 Introduction 
1.1 Myc family of transcription factors 

1.1.1 Brief history of myc discovery 

Myc was first discovered in the late 70s, when it was demonstrated that three avian 

tumour-causing retroviruses have an additional element, apart from the commonly 

seen pol, gag and env viral genes. This gene, following its sequencing in 80’s was 

named v-myc (Sheiness and Bishop, 1979; Roussel et al., 1979; Vennstrom et al., 

1982; Nair and Burley, 2003). The discovery that this virus can be carcinogenic fed 

into discussion at the time, whether carcinogenesis is brought about by genetics, 

infectious agents or environmental factors. Soon it was discovered that humans also 

carry an orthologue of v-myc, which was named c-myc. v-myc was most likely 

acquired by viruses from their hosts during the course of their evolution (Roussel et 

al., 1979; Bister, 1986; Conacci-Sorrell et al., 2014). Comparative sequence analysis 

of C-terminal regions between c-myc and other known oncogenes, such as fos, jun 

and yeast regulatory protein, GCN4, revealed that c-myc is a transcription factor (TF) 

– a protein characterised by its ability to recognise and bind specific DNA sequences 

and control transcription of genes (Vogt et al., 1987; Landschulz et al., 1988a). 

Further research has identified an obligatory partner of c-myc named myc associated 

factor X (Max) which is necessary for binding to DNA sequences (Blackwood and 

Eisenman, 1991). The employment of the southern blotting technique identified n-

myc and l-myc genes within human genome, as highly amplified c-myc gene 

homologues in neuroblastoma cell lines and small cell lung cancer cell lines, 

respectively (Schwab et al., 1983; Nau et al., 1985; Kohl et al., 1983). Collectively, c-

myc and N-myc will be referred to as myc, with L-myc omitted in this work due to there 

being very little research available on this protein. 

1.1.2 Overview of structure of myc proteins 

c-myc and N-myc are mostly intrinsically disordered, i.e. they lack a stable tertiary 

structure and are able to assume multiple conformations within short time scales 

(Wright and Dyson, 2015). At the N-terminus myc proteins are characterised by the 

presence of five conserved stretches of ~20 residues known as Myc boxes (MBs) 0, 

I, II, IIIa, IIIb and IV (Figure 1.1.A). Myc proteins also possess a nuclear localisation 

signal (NLS) which spans residues K348 – K349 – I350 – K351 in N-myc. Another common 

motif is the PEST sequence, which is rich in proline, glutamic acid, serine and 

threonine residues. In c-myc this domain occupies residues T226 – K270 (Gregory et 
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al., 2003b), however, this region is poorly conserved between the two paralogues and 

thus establishment of the exact position of this domain in N-myc, whose sequence is 

abundant in these residues, is challenging. The role of this sequence is not fully 

understood, albeit it is commonly seen in proteins with a short half-life such as myc, 

thus it has been speculated that it mediates degradation of proteins (Rogers et al., 

1986). The C-terminal region of myc proteins comprises of DNA binding domain 

(DBD) and it heterodimerises with Max. 

 
Figure 1.1. The organisation of myc domains. 
A. Full-length N-myc. Green boxes at the N-terminus signify MBs I – IV, the dark grey 
box is the nuclear localisation signal (NLS), helix I is composed of the basic region 
(blue), loop region (wheat), and helix II contains a leucine zipper (pink). Light grey 
represents a sequence of N-myc which is not conserved in c-myc and has unknown 
function. Colours correspond to the structure in C. B. The positioning of MBs (green) 
with N-terminal portion of N-myc protein and their relation to TAD. C. Crystal structure 
of c-myc DBD (multicolour) with Max (light green) and DNA (grey). The colour scheme 
corresponds to the elements listed in A. D. Leucine zipper between c-myc (pink) and 
Max (light green). Leucines and other hydrophobic residues participating in the 
leucine zipper are highlighted in orange. (Nair and Burley, 2003). The boundaries for 
the conserved regions and domains presented in A and B are not to scale and are 
the estimates.
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1.1.2.1 Transactivation domain 

The N-terminal portion, spanning MB0 – MBII (Figure 1.1.B), is a transactivation 

domain (TAD), an essential domain of transcription factors which regulates 

transcription through the recruitment of other transcription factors, various regulators 

and transcriptional machinery. N-myc’s TAD is localised to the first N-terminal 137 

amino acids and contains three MBs (MB0, MBI and MBII). This region is critical for 

myc regulation of transcription, its stability and transforming abilities (Kato et al., 

1990). Truncation of this region causes myc to lose its ability to transform cells, as 

evidenced by the impaired ability of MycS – a naturally occurring c-myc version 

lacking first 100 amino acids, to induce transformation (Xiao et al., 1998). Although 

MB0 is a site of multiple myc interactions, including Aurora A, Bin and Pin1, amongst 

others, very little is known about its structure and functional significance (Andresen 

et al., 2012; Helander et al., 2015; Richards et al., 2016; McMahon et al., 1998). MBI 

is an important site for regulating myc stability as it contains a phospho-degron 

sequence, which when phosphorylated in sequential fashion, signals for myc 

degradation (Sears et al., 2000; Yeh et al., 2004; Henriksson et al., 1993; Pulverer et 

al., 1994; Lutterbach and Hann, 1994). Lastly, MBII, similar to MB0 is a site of 

important interactions and it directly interacts with Transformation/transcription 

domain-associated protein (TRRAP complexes; McMahon et al., 1998). Apart from 

the MBs, there is an important region of interaction with Aurora A, which falls between 

MBI and MBII (Richards et al., 2016). This region is partially conserved in c-myc and 

it controls the interaction with TATA binding protein (TBP) and TBP-associated factor 

1 (TAF1; Wei et al., 2019). 

1.1.2.2 DNA-binding domain 

Through its DBD, c-myc heterodimerises with its obligatory partner, Max, and 

recognises canonical E-box sequences (5′-CACGTG-3′) which are abundant in 

enhancer regions of the human genome (one per every 28 nucleotides; Figure 1.1 C; 

Vogt et al., 1987; Landschulz et al., 1988b; Blackwood and Eisenman, 1991; 

Prendergast et al., 1991; Nair and Burley, 2003; Desbarats et al., 1996; Chang et al., 

2015). The basic helix-loop-helix leucine zipper (bHLH LZ) motif is commonly seen in 

other TFs and is composed of two helices joined by the linker (Figure 1.1 C). The N-

terminal helix (helix I), which binds DNA, is rich in basic residues, which allows myc 

to interact with acidic DNA backbone (Brown et al., 1985; Landschulz et al., 1988a; 

Nair and Burley, 2003). The second helix (helix II) interacts with Max in the form of 
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two intertwined helices associated through a leucine zipper (pink; Figure 1.1.C).  

 

This is a common motif seen in TFs, with a heptad repeat of leucines which aids 

dimerisation through the formation of a hydrophobic core (Nair and Burley, 2003). 

While the crystal structure is of a c-myc:Max dimer, there is evidence suggesting that 

N-myc uses the same mechanism of heterodimerisation and E-box recognition. The 

bHLH LZ region of c- and N-myc is highly homologous, displaying nearly 50% 

sequence identity, indicating that the same interactions regulate the two myc proteins. 

Secondly, site-directed mutagenesis of the heptad-repeat leucine residues in the 

leucine zipper abrogates N-myc transforming abilities (Nakajima et al., 1989). 

 

The half-life of Max in cells is relatively long (about 24 h) whereas c-myc is 

characterised by a short half-life of around ~20 min, indicating that myc’s life span is 

rate-limiting in Max-myc binding to DNA (Ayer et al., 1993; Hurlin et al., 1997; 

Blackwood et al., 1992a; Blackwood et al., 1992b; Hann and Eisenman, 1984). In the 

absence of c-myc, Max can heterodimerise with other proteins that belong to the 

bHLH LZ family, namely Mnt, Mad, Mga and Miz-1, and they share a lot of 

characteristics with myc, with DBDs, short half-lives and poor homodimerisation 

properties (Brubaker et al., 2000; Ayer et al., 1995). Lastly, Max can homodimerise, 

forming a weak dimer, which readily dissociates in the presence of other myc partners 

(Nair and Burley, 2003; Ayer et al., 1993). 

1.1.3 The evolutionary origins of myc proteins  
 

Myc was initially discovered in retroviruses (v-myc), however, Southern blotting later 

revealed that the sequence was evolutionarily acquired from their host (Roussel et 

al., 1979; Vennstrom et al., 1982; Bister, 1986). Evidence suggests that myc is 

present in primitive metazoans, such as diploblastic cnidarian and species closely 

related to metazoans - choanoflagellate, and is not present in fungi or plants, 

indicating that myc appeared in the genome following the divergence from these 

kingdoms (Mahani et al., 2013). The C-terminal bHLH LZ, present in primitive species, 

has the ability to recognise E-boxes, suggesting that this part of the protein has 

evolved first (Young et al., 2011; King et al., 2008; Mahani et al., 2013). The N-

terminal region of myc proteins is much more versatile, less conserved and appears 

later in the evolutionary pathway (Mahani et al., 2013; Young et al., 2011). MBI is well 

conserved across mammals, insects and other distant metazoans and even primitive 

marine species, such as Cnidaria, but not in species like C.owczarzaki which is a 
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primitive unicellular eukaryote (Mahani et al., 2013; Young et al., 2011). MBII and 

MBIIIb are also well-conserved between species, appearing in vertebrae, insects, and 

cnidarian (Young et al., 2011). MBIV appears to be a vertebrae-specific motif, present 

in Zebrafish, but absent in lower complexity species such as insects and tunicatas 

(Cowling and Cole, 2006; Mahani et al., 2013). Other MBs were not investigated. To 

summarise, myc originates in primitive metazoans, as a simple DNA binding protein, 

acquired the N-terminal MB-containing region during later evolution, and is well-

established in higher metazoans. 

1.2 Myc degradation pathway 

1.2.1 Skp-Cullin-F-box proteasomal system  

Myc is targeted for proteasomal degradation by Skp-Cullin-F-box (SCFFbw7), a 

complex composed of several proteins, each working in concert to recognise the 

phosphodegron substrate, activate and conjugate ubiquitin for ligation and catalyse 

the ubiquitination of a recognised substrate (Weissman, 2001). There are three main 

components of this system: E1 (ubiquitin-activating enzyme), E2 (ubiquitin-

conjugating enzyme) which generates ubiquitin chains, and E3 which is a ubiquitin 

ligase, responsible for adding ubiquitin chains onto a recognised substrate (Zhou et 

al., 2015; Hershko and Ciechanover, 1998). In addition, the complex features 

scaffolding proteins, which form bridges between different enzymes and substrates 

and a ubiquitin-substrate recognition element (Jia et al., 2011; Zheng et al., 2002).  

 

The largest component of SCFFwb7 is Cullin 1 protein, which is the main scaffolding 

protein within the complex (grey; Figure 1.2 A; Hao et al., 2007). It contains three rigid 

five-helix cullin repeats acting as a ‘stalk’. Its C-terminus forms a globular Cullin-

homology domain with a single b sheet, used to bind Ring box 1 (Zheng et al., 2002; 

Hao et al., 2007). Rbx1 is a small, ~100 amino acid globular zinc-binding protein with 

Ring-H2 domain and its role is to recruit E2 conjugating enzyme (Petroski and 

Deshaies, 2005; Hao et al., 2007). The exact E2 conjugating enzyme that 

ubiquitinates Myc is not known, however RING-Cullin complexes often recruit cdc34, 

UBC4/5 or UBC12, and so it is likely to be determined by tissue type and physiological 

factors (Petroski and Deshaies, 2005; Hao et al., 2007). 

 

At the N-terminus, Cullin 1 interacts with Skp1 through its first cullin repeat (grey; 

Figure 1.2 A). Skp1 is 163 amino acids folded into eight helices and three b-turns 

forming a b-sheet and it interacts with F-box and WD repeat domain containing 7 
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(Fbw7) protein through its two C-terminal helices (Schulman et al., 2000; Hao et al., 

2007). Fbw7 possesses a WD40 repeat domain, which is rich in positively charged 

residues, that mediate interaction with multiple phospho-motifs (Figure 1.2 C; 

Schulman et al., 2000).  

 

The gap between the substrate recognition part of the complex and the ubiquitin-

conjugating parts of the complex is estimated to be 50 Å (Petroski and Deshaies, 

2005). Once the substrate is positioned in the proximity, activated ubiquitin chains on 

the E2 enzyme are conjugated onto the side chain of a specific lysine residue through 

an isopeptide bond, with K52 suggested for both c-myc and N-myc (Zheng et al., 2002; 

Jaenicke et al., 2016).  

 
 

 

Figure 1.2. SCFFbw7 complex. 
A. Schematic representation of SCFFwb7 complex. Myc is marked in pink and stars 
symbol the phosphorylation sites. Cullin1 is the major scaffolding protein, which at its 
N-terminus interacts with Skp1 (green). Skp1 then recruits Fbw7 (red) which is 
responsible for recognizing the ubiquitin substrate. At the C-terminus, Cullin1 
interacts with Rbx1 (light green), the main role of which is to recruit E2 ubiquitin 
conjugating enzyme (blue) and adds ubiquitin (light blue) onto the Fbw7-anchored 
substrate. B. Crystal structure of Fbw7-Skp1 complex. Colour scheme is as per panel 
A (Hao et al., 2007). C. Front view of the Fbw7 WD40 domain which recognises the 
substrate (in this case the phosphodegron of cyclin E, marked in orange). D. 
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Sequence alignment of N-myc, c-myc and cyclin E phosphodegrons. Conserved 
residues are highlighted in black and residues with the similar chemistry are 
highlighted in grey. The putative ubiquitination site (K52) is highlighted in red (Hao et 
al., 2007; Petroski and Deshaies, 2005).  
 

1.2.2 Regulation of N-myc protein stability through PTMs  

Substrates of SCFFbw7 E3 ligase are recognised by a sequence known as a 

phosphodegron, which is recognised by Fbw7, and must thus first be phosphorylated. 

In both, c- and N-myc this sequence spans residues P57TPPLSP63 (Figure 1.2 D).  For 

recognition by Fbw7, phosphorylation is required on both T58 and S62 or just T58 alone, 

with reports conflicting on this issue (Sears et al., 2000; Yeh et al., 2004; Hao et al., 

2007). 

 

The first modification is phosphorylation of S62 (p-S62; Figure 1.3; Sears et al., 2000) 

and it is often referred to in the literature as stabilising phosphorylation, as an S62A 

mutant is characterised by a shorter than normal half-life and the lack of transforming 

ability (Sears et al., 2000; Yeh et al., 2004; Henriksson et al., 1993; Pulverer et al., 

1994). As this site has a sequence p-[S/T] – [P], (where p stands for phosphorylated 

residue) proline-directed kinases extracellular signal-regulated kinase 1 (ERK1) and 

the cyclin-dependent kinase 1 – cyclin B complex (Cdk1:cyclin B) have been 

proposed to phosphorylate c-myc and N-myc in vivo, respectively (Sears et al., 2000; 

Sjostrom et al., 2005). Cdk2:cyclin A, JNK or Cdk5:cyclin G1 have also been shown 

to phosphorylate S62 in c-myc in vitro (Helander et al., 2015; Seo et al., 2008; Sjostrom 

et al., 2005). The selectivity of kinases towards their substrates is often dictated by 

factors other than just the consensus site, thus their in vivo abilities to phosphorylate 

this site might be restricted by expression profiles, subcellular localisations, signalling 

and different patterns of gene expression, amongst others. 

 

Priming phosphorylation of S62 is a prerequisite for phosphorylation of T58 by the 

glycogen synthase kinase 3 (GSK3) family of kinases, with both a and b isoforms 

being suggested in the literature as the kinase for this site (Figure 1.3; Sears et al., 

2000; Cohen and Frame, 2001; Pulverer et al., 1994; Lutterbach and Hann, 1994; 

Gregory et al., 2003b). GSK3, unlike most other kinases, lacks an activatory 

(‘priming’) phosphorylation residue within its activation loop. For example, in Plk1 this 

residue is T210 and it requires a phosphorylation by Aurora A to achieve its full catalytic 

activity (Macůrek et al., 2008; Seki et al., 2008). The structural basis for GSK3 priming 

has been resolved by obtaining a crystal structure, which features a HEPES molecule 
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(pink, Figure 1.3) with its sulphonate group coordinated by R96, R180, K205 and V214 

residues (yellow, Figure 1.3). In physiological conditions, this molecule sits in place 

of the phosphorylated +4 residue of a substrate and is coordinated by the same 

residues (Dajani et al., 2001; Bax et al., 2001).  

 

GSK3 kinase recognises the consensus site [S/T] – [X] – [X] – [X] – p-[S/T] (where X 

stands for any amino acid type; Sutherland, 2011; Doble and Woodgett, 2003) and 

both c- and N-Myc fit this consensus site with a P57TPPLpSP63 phosphodegron.  The 

expression of kinase-dead GSK3b leads to c-myc accumulation (Sears et al., 2000). 

GSK3b is still able to coimmunoprecipitate with c-MycS62A better than with c-mycWT, 

suggesting that T62 phosphorylation is not critical for GSK3b binding per se but helps 

the kinase to assume its active conformation (Gregory et al., 2003b). 

Subsequent steps of the degradation pathway, occurring post T58 phosphorylation are 

less well-defined and disputed. Peptidyl prolyl cis/trans isomerase NIMA-interacting 

(Pin1) isomerises the peptidyl-prolyl bond between S62 and P63 from the cis to the 

trans isoform, however, the role of Pin1 is controversial (Yeh et al., 2004; Helander 

et al., 2015; Sears et al., 2000; Welcker et al., 2022). The PTMs that are required for 

Pin1 recognition of myc substrate are not very clear. Studies of fibroblasts have 

indicated that T58 phosphorylation is critical for the interaction between c-myc and 

Pin1 (Yeh et al., 2004). This is in opposition to in vitro studies performed between c-

myc1-88 and Pin1, where T58 phosphorylation was dispensable for binding (Helander 

et al., 2015). In addition, the role of pS62 is not clear. Biolayer interferometry data 

suggest that phosphorylation of this site reduces the binding of Pin1 to c-myc1-88, 

although Pin1 is a phosphorylation-directed isomerase (Yeh et al., 2004; Helander et 

al., 2015; Lu and Zhou, 2007). In addition, the catalytic context of this enzyme is not 

fully known, with conflicting reports indicating that it catalyses cis-to-trans, trans-to-

cis or both types of isomerisations (Helander et al., 2015; Zhou et al., 2000; Guito et 

al., 2014). 
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Figure 1.3. Structure of GSK3b.  
GSK3b requires a priming phosphorylation at position +4. In myc protein, this site 
corresponds to the S62 residue. The crystal structure of the kinase revealed that 
GSK3b lacks an activatory phosphorylation site. Instead, this site is filled with the 
phospho-group at the +4 position of the substrate. In the crystal structure above, R96, 
R180, K205 and V211 (yellow) coordinate a HEPES molecule (pink), which possesses a 
sulfonate group, mimicking the phospho-residue (Dajani et al., 2001). 
 
Peptidyl-prolyl bond isomerisation primes c-myc for the dephosphorylation of S62 by 

protein phosphatase 2A (PP2A; Figure 1.4). PP2A is a proline-directed phosphatase 

that has been reported to prefer a trans- conformation of the proceeding peptide bond, 

however 90 – 95% of the prolyl-peptidyl bonds within proteins are already in this 

isoform (Yeh et al., 2004). Mono-phosphorylated p-T58 Myc is then directed for 

ubiquitin conjugation through SCFFwb7 (Weissman, 2001). 

 

The recently published crystal structure of Fbw7 recognising a di-phosphorylated c-

myc47-66 peptide, suggests that both Pin1 and PP2A are dispensable in the c-myc 

degradation pathway (Welcker et al., 2022). Similar to the recognition of cyclin E, 

Fbw7 binds at two phospho-sites within each of the phosphodegrons, spaced apart 

by four residues. Fbw7 also dimerises and recognises the second c-myc 

phosphodegron localised to residues c-myc235-265, which is poorly conserved in N-myc 

(Welcker et al., 2022). This will be further explored in Chapter 5. 
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Figure 1.4. Myc degradation pathway.  
S62 is phosphorylated by CDK1:cyclin B (N-myc) or ERK (c-myc). This is a priming 
event for the phosphorylation of T58 by the GSK3 family of kinases. Pin1 isomerises 
the peptidyl-prolyl bond from the cis to trans isoform on position S62-P63, which allows 
PP2A to dephosphorylate S62 (Sears et al., 2000; Yeh et al., 2004; Welcker et al., 
2022; Helander et al., 2015).  

1.2.3 The role of S62 phosphorylation 

Data from multiple sources agree that phosphorylation of T58 is a necessary step for 

Fbw7 binding and that abrogation of phosphorylation on this site abolishes the 

interaction and prolongs myc protein half-life (Sears et al., 2000; Welcker et al., 2022; 

Yeh et al., 2004). The role of p-S62 is less clear with the modification being known to 

both stabilise myc and propel myc protein on its path to degradation (Sears et al., 

2000; Welcker et al., 2022; Yeh et al., 2004). 

 

The presence of p-S62phosphorylation greatly enhances the affinity of c-myc to Fbw7 

by 150-fold according to competition assays, performed with either mono- (p-T58) or 

di-phosphorylated c-myc peptides (Welcker et al., 2022). This is in agreement with 

data from Yada and colleagues, which demonstrates that di-phosphorylation is critical 

for the binding of Fbw7, and their substitutions to alanine impair c-myc interaction with 

Fbw7 in vitro (Yada et al., 2004). The S62A mutation prolongs c-myc’s half-life in U2OS 
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cells, however, this mutation would also abrogate T58 phosphorylation, thus it was 

impossible to tease apart the individual role of these two modifications (Welcker et 

al., 2022). This is in contrast to the data demonstrated by Sears, which indicates that 

S62A has a half-life similar to c-mycWT, most likely due to the lack of S62 phosphorylation 

(Sears et al., 2000). This mutant would not be phosphorylated on T58 which most likely 

causes its enhanced stability. Phosphorylation of S62 is also necessary for c-myc 

degradation as co-transfection with either S62A or T58A S62A c-myc prevents Fbw7-

mediated degradation (Welcker et al., 2004). S62 mutation is not a mutation hot spot 

in cancers, as observed with T58A mutations, indicating that the presence of 

phosphorylation of S62 is necessary for cell transforming ability (Tate et al., 2019). A 

picture that emerges is that S62 has a nuanced role in both myc stability and 

transforming abilities. 

1.3 Roles of myc in cells 

1.3.1 Myc’s role in differentiation and proliferation 

Myc is a pleiotropic TF that regulates multiple functions within cells. An exhaustive 

review of all its functions is beyond the scope of this work. To name a few, myc is 

involved in metabolism, angiogenesis, apoptosis, cell cycle, amongst many others 

(Meyer and Penn, 2008; Dang, 2012). Myc is able to promote seemingly opposite 

processes, such as differentiation and proliferation, indicating that its functions are 

context dependent.   

 

The seminal work conducted in 2006 by Takashi and Yamanaka cemented the critical 

role c-myc plays in proliferation of cells. c-myc was one of four factors, in addition to 

Klf4, Oct4 and Sox2, necessary for de-differentiation of fibroblasts into induced 

pluripotent stem cells (Takahashi and Yamanaka, 2006). Depletion of c-myc in de-

differentiating fibroblasts arrested the process, which was rescued by c-mycWT or a c-

mycT58A mutant (Takahashi and Yamanaka, 2006). Fibroblasts induced with Klf4, 

Oct4 and Sox2, but not c-myc were still able to reprogram, albeit the phenotype took 

longer to manifest, indicating lower rates of cell division (Wernig et al., 2008). This 

indicates that c-myc brings a specific role to the stem cell-like phenotype through 

promotion of cell proliferation and cell division, rather than through reprogramming 

per se (Wernig et al., 2008; Cowling et al., 2007; Jaenicke et al., 2016).   

 

On the other hand, there have been studies showing that overexpression of c-myc 

can lead to an increase in cell mass, without driving proliferation. This effect was 
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observed in B lymphocytes and the P493-6 B-cell line, as well as in Drosophila d-myc 

(Iritani and Eisenman, 1999; Schuhmacher et al., 1999; Johnston et al., 1999). The 

mechanism through which myc triggers biomass accumulation, without propelling cell 

cycle progression is unclear.  

 

N-myc has an indispensable role in the early embryogenesis in mice. Complete and 

global N-myc knock-out causes murine embryos to develop normally until 10.5 days 

old, followed by sudden embryo death on the subsequent day (Sawai et al., 1993; 

Stanton et al., 1992). Prior to their death, they displayed normal physiology and 

development, suggesting the importance of N-myc in a post-blastocyst stage. Murine 

embryos also displayed a similar phenotype with a global knock-out of c-myc, with 

normal development up until day 10.5 of gestation when embryonic lethality ensued 

(Davis et al., 1993). This embryonically lethal phenotype in mice lacking c-myc can 

be rescued with N-myc, but not vice versa (Malynn et al., 2000). c-myc role in 

proliferation has long been known (Takahashi and Yamanaka, 2006; Schmidt, 1999). 

N-myc has been less well investigated, however data indicate that it is both important 

for proliferation and differentiation in neuronal progenitor cells and murine lung 

progenitor cells (Knoepfler et al., 2002; Okubo et al., 2005). In lung cell progenitor 

cells, N-myc is essential in maintaining pluripotency of epithelial cells and its 

overexpression inhibits differentiation (Okubo et al., 2005). This indicated that the 

level of N-myc protein determines whether a cell will proliferate or undergo 

differentiation. This demonstrates a functional difference between N- and c-myc, 

where c-myc acts as a propeller of the cell cycle, regardless of its expression levels, 

whereas N-myc can regulate both proliferation and differentiation, depending on its 

cellular concentration. 

 

During gestation, both proliferation and differentiation play important roles and are 

finely regulated. It has not been assessed whether myc knock-out caused the sudden 

pause in proliferation which induces lethality. It is also plausible that despite the 

similar phenotype (death on day 10.5 of gestation), c- and N-myc are causing 

embryonic lethality through different mechanisms. c-myc expression is more global 

and is a necessary factor for proliferation (Takahashi and Yamanaka, 2006). N-myc 

expression is more restricted and N-myc has been known to drive differentiation of 

neural tissue. 
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1.3.2 Myc in normal cells 

1.3.2.1 Control of global transcription levels 

Myc proteins as general TFs are thought to regulate around ~15% of all genes in 

humans, whether it is gene repression or gene activation (Zeller et al., 2006). Mycs 

are devoid of any catalytic activity, rather they act as a versatile platform that 

assembles transcriptional machinery. The methods used to measure the levels of 

transcription, often rely on RNA read-outs and these suffer from two major issues. 

Firstly, enhanced levels of mRNA do not necessarily translate to an increase in 

protein levels. Secondly, these methods usually standardise pre-myc levels of mRNA, 

disregarding subtle differences in basal transcription levels between different genes 

(Patange et al., 2022). Models have been developed that attempt to describe how 

myc regulates transcription globally within a cell, however, the research is technically 

challenging. It is beyond the scope of this review to describe the competing theories; 

however, the two most prominent ones are briefly outlined.  

 

The first model states that myc is an amplifier of global transcription and it recruits 

transcriptional machinery to all active loci, both within tumours and healthy cells 

(Kress et al., 2015; Chandriani et al., 2009). This leads to the amplification of a 

specific cell signature when myc levels are high (Figure 1.5; Kress et al., 2015). 

Recent studies by Patange and colleagues, revealed that myc increases the dwell 

time of general TFs within active loci, which leads to an increase in expression levels 

(Patange et al., 2022). Myc has been known to globally increase the levels of Serine 

2 phosphorylation of Polymerase II C-terminal domain (CTD), a marker of global 

transcriptional activation (Lu et al., 2015). 

 

The second model, dubbed ‘selective’, states that myc has its own signature 

expression pattern, which leads to the activation of other TFs (Figure 1.5 B). Meta-

analysis of myc expression patterns showed very little overlap in myc-driven gene 

expression across multiple tissues (Rahl and Young, 2014; Kim et al., 2006; 

Chandriani et al., 2009). Proponents of this model argue that this is not a direct result 

of myc activity. Instead myc acts as a master TF acting on its downstream TF targets, 

which then execute their specific programs (Leone et al., 2001).  

 

Myc not only binds to canonical E-box sequences but can also target sub-optimal E-

box sequences, usually when it reaches higher-than-normal physiological levels 

(Allevato et al., 2017). This phenomenon can be explained by both of amplifier and 
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selective models. In the ‘amplifier’ model, occupation of non-canonical E-boxes is 

dependent on whether these loci are activated within this specific tissue. In the 

‘selective’ model, occupation of low-affinity sites at super-optimal c-myc 

concentrations, leads to activation of downstream TFs that are usually not regulated 

by c-myc at physiological levels. In addition, c-myc can recruit histone 

acetyltransferases (HATs) which activate various gene loci through relaxation of 

chromatin, again in support of both of the models (Neri et al., 2012). 

 

 
 

Figure 1.5. Models of myc transcriptional regulation. 
A. At normal physiological conditions, myc (pink triangle) regulates the transcription 
of cell-specific gene signature (different coloured circles). As myc concentration 
increases due to its deregulation, myc starts amplifying the gene signature specific 
for a given cell. B. At low concentrations, myc promotes the transcription of cell-
specific genes. As its levels rise past normative, myc triggers the expression of its 
specific gene signature. Adapted from Kress et al., 2015. 
 
1.3.2.2 Transcriptional repression by myc 

Myc regulates a plethora of antagonistic processes; cell proliferation, apoptosis and 

differentiation, to name a few (Kalkat et al., 2018). For example, in the presence of 
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mitogenic signals, myc can suppress apoptosis by activating the transcription of 

genes that downregulate this process. A more direct mechanism is association with 

myc interacting zinc finger 1 (Miz1) which has the ability to heterodimerise with Myc 

and represses the transcription of cell-cycle inhibitors (Staller et al., 2001; Peukert et 

al., 1997). For example, c-myc displaces p300, another partner of Miz1, and 

represses the transcription of p15Ink4b (Staller et al., 2001). In a similar mechanism, 

Myc-Miz1 can also abrogate the expression of p21Cip1 (Wu et al., 2003). The exact 

nature of this repressive mechanism is not known (Herold et al., 2002). 

1.3.3 Mechanism of myc involvement in transcription 

1.3.3.1 Histone modification 

The initial stages of transcription require significant chromatin modifications leading 

to the formation of open chromatin, which is characterised by less coiling and is 

partially devoid of nucleosomes. This important step allows the accessibility of 

transcriptional machinery to promoter regions. Histones are mainly disassembled by 

a change in their PTM signatures. In particular acetylation of lysines masks their 

positive charge and causes dissociation from the negatively charged backbone of 

DNA (Venkatesh and Workman, 2015). Both N- and c-myc expression have been 

correlated with hyperacetylation of histone 3 and histone 4, which is a hallmark of 

euchromatin (Knoepfler et al., 2006). c-myc recruits TRansformation/tRanscription 

domain-Associated Protein (TRRAP; McMahon et al., 1998; Saleh et al., 1998; 

Cowling and Cole, 2006), a large scaffolding protein for multiple histone acetylase 

(HATs) complexes, modifying the acetylation pattern on histones, leading to 

transcriptional activation (Saleh et al., 1998; Martinez et al., 2001). TRRAP 

participates in a few HATs, SPT/ADA/GCN5/Acetyltransferase (STAGA) HAT and 

TAT-interacting protein 60 kDa (TIP60), GCN5, SPT3, ADA and TAF5L, amongst 

others (Martinez et al., 2001; Bouchard et al., 2001; Frank et al., 2001). The 

abrogation of c-myc interacting with TRRAP causes c-myc to lose its ability to 

transform cells, albeit c-myc still retains the ability to regulate basal gene expression 

(McMahon et al., 1998). c-myc interacts with WD40-repeat containing protein 5 

(WDR5) through its MBIIIa, which is also conserved in N-myc. WDR5 forms part of 

multiple chromatin regulatory protein complexes, such as H3K4 methyltransferases 

which are responsible for methylation of H3K4, an epigenetic modification associated 

with the transcriptional activation (Thomas et al., 2015; Lu et al., 2018). WDR5 is a 

core component of mixed-lineage leukaemia 1-5 (MLL1-5) H3K4 methyltransferase, 
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thus it is possible that through the interaction of c-myc, WDR5 is recruited to the 

promoter regions to enhance the activity of MLL1-5 (Lu et al., 2018).
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1.3.3.2 Transcription initiation 

Transcription initiation is characterised by recognition of core promoters by the 

transcriptional machinery and is often triggered and aided by TFs, including myc. The 

pre-initiation complex (PIC) for RNA polymerase II (PoI II) is a mega-Dalton complex 

that consists of Pol II and general TFs A-H (TFIIA – H) that assemble within the 

promoter region (Sainsbury et al., 2015). One of the first events is the recognition of 

a TATA box sequence by TATA-binding protein (TBP), which is located ~30 bps 

upstream of the transcription start site (TSS). TBP, together with TATA-associated 

factors (TAFs) forms part of TFIID and is an essential component of transcription in 

vitro (Nogales et al., 2017; Sainsbury et al., 2015). TBP through its saddle-like 

structure binds DNA and bends it by 90°, necessary for DNA strand melting. c-myc 

binds to the TBP-TAF1 complex through a short helical segment spanning residues 

Q98 – V111, in a way that prohibits DNA binding (Figure 1.6 B; Wei et al., 2019). TBP 

is known to bind DNA through hydrophobic interactions with high affinity and it is 

thought that c-myc aids in the loading of TBP onto DNA (Wei et al., 2019). 

1.3.3.3 Elongation of transcription 

The elongation stage of transcription is characterised by release of Pol II from a 

promotor proximal region of the gene into the gene body. Pol II becomes stalled ~50 

bps downstream of the TSS in a regulatory process known as promoter proximal 

pausing (Gilmour and Lis, 1986). It is stalled by negative elongation factor (NELF) 

and 5,6-dichloro-1-β-D-ribofuranosylbenzimidazole (DRB)-sensitivity inducing factor 

(DSIF). Positive transcription elongation factor B (pTEFb) is a complex of cyclin-

dependent kinase 9 (Cdk9) and cyclin T. It phosphorylates NELF and DSIF, causing 

the dissociation of the former and change in the conformation of the latter to become 

elongation-permissive (Cramer, 2019) In addition, pTEFb phosphorylates S2 of the 

heptad repeats of CTD, which further relieves the inhibitory mechanism and Pol II 

moves into the elongation stage of transcription (Cramer, 2019). 

 

The role of c-myc in relieving promoter proximal pausing has been well documented 

using cell and systems biology approaches. However, the structural and molecular 

biology mechanisms underpinning this are less well-defined. c-myc interacts with 

cyclin T through MBI and potentially MBII and recruits pTEFb to Pol II (Kanazawa et 

al., 2003; Rahl et al., 2010; Eberhardy and Farnham, 2002) and a functional knock 

out of pTEFb through genetic manipulation or pharmacological intervention abrogates 

the expression of c-myc-regulated genes (Eberhardy and Farnham, 2002; Gargano 
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et al., 2007; Kanazawa et al., 2003). Inhibition of c-myc transactivation activity by 

dissociation of c-myc from Max causes a marked reduction in Serine 2 

phosphorylation, but not Serine 5, indicating that c-myc recruits pTEFb to Pol II and 

alleviates promoter proximal pause (Figure 1.6 B; Rahl et al., 2010). This suggests 

that c-myc is responsible for the recruitment of pTEFb. However, whether this is done 

via a direct interaction between pTEFb and myc or through an intermediary remains 

to be determined. c-myc also recruits Spt5, a subunit of DSIF. Although initially 

involved in promoter proximal pausing, DSIF has also emerged as an important factor 

that enhances Pol II processivity and prevents backtracking of Pol II on DNA (Figure 

1.6 B; Shetty et al., 2017).  

 

c-myc has also been shown to interact with Pol II-associated factor 1 (PAF1) complex. 

In humans, the PAF1 complex consists of Paf1, Cdc73, Leo1, Ctr9 and Rtf1 and its 

role in regulating transcription is broad and dependent on the physiological state of 

the cell, and ranges from activating of transcription to inhibition of transcription (Zhu 

et al., 2005; Jaenicke et al., 2016). PAF1 recruitment usually marks the transition from 

proximal pause to productive elongation (Jaenicke et al., 2016). c-myc interacts with 

Cdc73 through MBI in a phosphorylation-dependent manner and is thought to load 

PAF1 onto pTEFb, promoting phosphorylation of S2 and transition into a productive 

elongation (Jaenicke et al., 2016). A similar role has been established for Drosophila 

d-myc and Leo1, however, in this case, the interaction is not restricted to conserved 

MBs but takes place over a broad central region within myc (Gerlach Jennifer et al., 

2017). The role of this interaction is unknown; however it is speculated that it serves 

to recruit entire PAF1 complex to transcription sites and the knock-out of this 

interaction leads to a modest decrease in expression of myc-regulated genes 

(Gerlach Jennifer et al., 2017; Ehara et al., 2017; Baluapuri et al., 2019).   

 

Myc also recruits topoisomerases 1 and 2 (TOP1 and TOP2, respectively), which are 

the enzymes that uncoil supercoiled DNA. This is especially important during 

transcription bursts, where heavy Pol II load causes unwinding of DNA strands and 

introduces coils downstream of the transcription bubble. Topoisomerases nick a 

strand of DNA and reduce the coiling, preventing DNA transcription stalling and 

potential DNA strand breaks (Figure 1.6 B; Das et al., 2022). 
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Figure 1.6. Myc involvement in transcription. 
A. Myc participates in disassembly of histones, through the recruitment of TRRAP, 
which in turn recruits various HATs. These enzymes acetylate lysine residues of 
histones, resulting in dissociation from DNA. c-myc has also been shown to interact 
with the TBP-TAF1 protein complex, in a manner that prevents TBP from recognising 
TATA boxes. B. Myc is involved in multiple stages of transcription through the 
recruitment of various factors. Myc directly interacts with TBP protein which is an 
essential co-factor for Pol II recruitment, Myc also recruits pTEFb and PIC-1 during 
promoter proximal pause, which allows Pol II to move into productive elongation. c-
myc also recruits Spt5 which forms a part of DSIF, however following pTEFb-
mediated phosphorylation of CTD, is an essential factor that enhances Pol II 
processivity and prevents back-tracking. Lastly, c-myc and N-myc are able to recruit 
TOP1 and TOP2 to active transcription bubbles to prevent super-coiling downstream 
of the transcription start sites (Das et al., 2022; McMahon et al., 1998; Gerlach 
Jennifer et al., 2017; Ehara et al., 2017; Baluapuri et al., 2019; Rahl et al., 2010).  
 
1.4 Myc and cancer 

1.4.1 Myc deregulation mechanisms 

In normal tissues myc is tightly regulated protein with very short half-life of ~20 min 

(Hann and Eisenman, 1984; Gregory et al., 2003b; Dani et al., 1984). Tumour cells 

can evolve multiple strategies to bypass the short half-life of myc and maximise its 

proliferative capabilities (Figure 1.7).   
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Figure 1.7. Mechanisms of myc deregulation. 
Overexpression is the most common mechanism and can happen either through gene 
amplification or through translocation of the myc gene to active promotes, e.g., heavy 
immunoglobulin chain promoter. This usually happens in B-cell type malignancies. 
Myc can also be deregulated by enhanced protein stability. Mutations can be acquired 
in the proteasomal degradation pathway, but also within the myc sequence itself. A 
hotspot for mutations in haemotopoietic cancers is T58, frequently mutated to alanine 
(Bahram et al., 2000; Pugh et al., 2013; Tate et al., 2019).  
 
1.4.1.1 Copy number gains 

The amplification of a gene results in multiple copies of a protein being made during 

a single transcription cycle. This is usually the result of genome doubling or tandem 

duplication (Kalkat et al., 2018; Burrell et al., 2013). Increased copy numbers of myc 

are the most common mechanism of myc deregulation. 

 

c-myc gene amplification was first identified in B-cell lymphomas, where it is seen in 

8-20% of patients (Figure 1.7; Xia and Zhang, 2020). An in-depth analysis of cancer 

type vs. myc amplifications is beyond the scope of this work, however, an increase in 
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myc copy numbers has been seen in breast, ovarian, prostate and lung cancers, 

medulloblastoma and NB (Kalkat et al., 2018). In breast cancers, c-myc amplification 

and/or protein overexpression is detected in ~70% of untreated high-grade breast 

cancer samples (Blancato et al., 2004). This speaks to the pervasiveness of this 

mechanism in one of the most common cancers and suggests an urgency to research 

pharmacological interventions. More so, myc amplification is a marker of poor 

prognosis, regardless of cancer type, however, myc amplification does not always 

correlate with an increased level of the protein (Kalkat et al., 2018; Chrzan et al., 

2001). Gene amplification of N-myc, as typically seen in NB, can vary between 3 and 

300 times, often leading to abnormally high levels of the protein within cells, and is 

correlated with low survival rate (Seeger et al., 1985; Brodeur et al., 1984). 

1.4.1.2 Constitutive expression  

Constitutive expression of proteins results in a constant supply of new protein that is 

not degraded rapidly enough, assuming that physiological degradation mechanisms 

are intact. In haematopoietic cancers, the most common mechanism driving this 

phenotypic effect is chromosomal translocation. This results in the transposition of 

the c-myc gene to the proximity of, for example, heavy or light chain immunoglobulin 

promoter loci, which results in a constitutive expression (Küppers, 2005; Küppers and 

Dalla-Favera, 2001). One of the most studied examples of this mechanism is in 

Burkitt’s lymphoma patients where the chromosomal translocation occurs between 

loci of the c-myc coding region (chromosome 8) and a locus of an enhancer for 

immunoglobulin heavy chain (Tzankov et al., 2014). The resulting abnormal 

karyotype (t(8;14)(q24;q23)) is characterised by abnormally high transcriptional 

output, normally reserved for this highly expressed antibody chain (Tzankov et al., 

2014). 

1.4.1.3 Resistance to degradation 

Temporal regulation of PTMs in the myc phosphodegron region causes its rapid 

turnover to ensure that myc activation is timed, adequate and in response to 

proliferative signalling. Resistance to degradations can occur indirectly through 

dysregulation of proteasomal machinery, or more rarely, through mutations within the 

phosphodegron sequence (Figure 1.7). In comparison to other mechanisms of myc 

deregulation, this is seen relatively rarely, perhaps speaking to its reduced 

effectiveness in sustaining myc signalling. An analysis of cell lines derived from 

Burkitt’s lymphoma, AIDS-related lymphoma and B-cell acute lymphoma has 

indicated that T58A substitution is the most common mutation in both c- and N-myc 
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(Bahram et al., 2000; Pugh et al., 2013). T58 phosphorylation is a critical step in myc 

degradation and is critical for the myc turnover (Welcker et al., 2004; Sears et al., 

2000).  

 

Another point mutation seen in roughly ~1.7% of N-myc amplified NB cases is the N-

mycP44L substitution. Proline 44 is positioned after T43, raising a possibility of 

abrogating activity of proline-directed kinase against T43, however, no kinase that 

phosphorylates this site has been identified. There have been reports that N-mycP44L 

have higher expression levels than WT N-myc, however, this has not been confirmed 

in any other studies and the functional significance of this site remains a mystery 

(Pugh et al., 2013). 

1.4.2 Myc as a cancer driver 

Central nervous system-associated tumours are one of the most prevalent paediatric 

cancers after leukaemias, and overall are characterised by relatively good survival 

rates (Siegel et al., 2012; Northcott et al., 2012). The price of these good outcomes 

comes in the form of aggressive treatment which includes risky surgery, intense 

chemotherapy and prolonged radiation, which often leaves the paediatric patient with 

severe treatment-induced disabilities, including retarded physiological and psycho-

social development, amongst others (Siegel et al., 2012; Northcott et al., 2012). 

 

N-myc was first discovered in NB – a neuroectodermal-origin tumour, most commonly 

seen in children (Schwab et al., 1983; Kohl et al., 1983). NB broad pathophysiology 

ranges from spontaneous regression in pre-18 months old children to a severely 

malignant phenotype with poor prognosis. N-myc overexpression is estimated to 

occur in ~20% of all NB cases and is associated with poor cellular differentiation and 

poor survival outcomes, thus N-myc is the most reliable prognostic marker of this 

disease (Petroni et al., 2011; Irwin and Park, 2015). 

 

Other types of central nervous system (CNS) tumours with N-myc involvement are 

medulloblastoma and glioblastoma. In medulloblastoma, N-myc is overexpressed in 

the most common subtype of this cancer and similarly to NB, its amplification is linked 

to poor survival outcomes (Northcott et al., 2012). Glioblastoma is another N-myc-

driven cancer, however N-myc deregulation in this tumour occurs indirectly, mainly 

through mutation in histone H3 (glycine is substituted to valine on position 34), which 

loosens the stringent control over N-myc expression, leading to its overexpression 
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(Bjerke et al., 2013). N-myc deregulation has also been seen in other CNS tumours, 

such as astrocytoma and retinoblastoma (Garson et al., 1985; Lee et al., 1984). 

 

N-myc can be upregulated in other types of cancer, such as rhabdomyosarcoma, 

breast cancer, prostate cancer and small cell lung cancer (SCLC; Jung et al., 2005; 

Rickman et al., 2018). In one study of rhabdomyosarcoma, N-myc gene amplification 

was seen in all 15 studied cases of this rare childhood cancer (Williamson et al., 

2005). In SCLC, N-myc amplifications were the most significant deregulations, 

following L-myc amplifications (Peifer et al., 2015). In triple-negative breast cancer, 

N-myc amplification is seen in ~10% of cases and carries the most dismal prognosis 

for patients, with limited targeted therapy options, high recurrence rates, and 

resistance to chemotherapy (Schafer et al., 2020). Even more peculiar is the case of 

neuroendocrine prostate cancer (NEPC), arising as a secondary tumour due to de-

differentiation of prostate adenocarcinoma in response to androgen-deprivation 

therapy (Beltran et al., 2011). N-myc is overexpressed in ~40% of NEPC cases, owing 

to gene amplification, and it contributes to the development of neuroendocrine 

features in these cells, leading to poor clinical outcomes (Beltran et al., 2014). 

Although limited, these studies show a correlation between N-myc deregulation and 

poor clinical outcomes and highlight the necessity for the development of 

pharmacological interventions. 

1.5 Intrinsically disordered proteins 

1.5.1 Structure-function paradigm 

The second half of the 20th century brought on the development of structural biology 

as a powerful tool in biological research. The use of X-ray crystallography, and more 

recently cryo-EM, as methods for macromolecular structure determination, solidified 

the idea that protein function is dependent on its 3D structure, only marginally 

changing upon binding of a partner (Uversky et al., 2000; Schlessinger et al., 2011; 

Wright and Dyson, 2015; Babu, 2016). However, as both X-ray crystallography and 

cryo-EM select for proteins with stable structures and little heterogeneity, the number 

and the importance of intrinsically disordered proteins (IDPs), which lack a stable 

tertiary structure and thus are not amendable for classical structural studies, have 

been underestimated.  
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Figure 1.8. Revised structure-function paradigm. 
Amino acid sequence determines the presence of secondary and tertiary structures, 
or lack of thereof, in a protein. Even well-folded globular proteins have multiple 
conformational states with dynamics determining interconversion between them. A 
specific function is determined by a single conformation from the ensemble of 
possible conformations. The function also feeds back into primary amino acid 
sequence through the process of evolution. Structures taken from (accession code: 
2RUK; Okuda and Nishimura, 2014). 
 
Advances in the analysis of the human genome which started in the mid-90’s have 

revealed a large proportion of proteins that defy this paradigm as they do not possess 

temporally stable 3D structure, but instead are flexible and assume a diverse 

ensemble of conformations (Chebaro et al., 2015). This has given a rise to the idea 

that proteins, instead of fitting into discreet conformational categories, fall on a 

continuum, displaying degrees of plasticity modulated by various factors (Figure 1.8; 

Chebaro et al., 2015). The amino acid sequence determines both an overall fold and 

dynamics and the conversion between different states results in protein function 

(Figure 1.8). A protein can be globular with minimal conformational plasticity, can be 

a molten globule lacking a 3D shape but retaining secondary structures connected by 

intrinsically disordered regions (IDRs). Alternatively, a protein can be an IDP, with 

elements of stable or transient secondary structures (Figure 1.8; Dyson and Wright, 

2005). This additional layer of complexity arises from observations that some proteins 

can fold upon binding or possess domains with various degrees of order/disorder in 

them. 

1.5.2 Features of IDPs 

The structural and functional flexibility of IDPs is context-dependent, which makes 

them particularly beneficial in processes of cell signalling, translation, transcription 
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and other cell cycle processes, where the rapid assembly of diverse protein 

complexes is essential in response to intra- and extracellular signalling (Wright and 

Dyson, 2015; Iakoucheva et al., 2002; Galea et al., 2008). Not surprisingly, IDPs are 

abundant in classes of proteins such as TFs (myc, p53), nucleic acid binding proteins, 

chromatin binding proteins, amongst many others which integrate multiple and 

nuanced signalling to generate physiological outcomes (Deiana et al., 2019; Wright 

and Dyson, 2015). 

 

IDPs have high degrees of local and global motions and can sample a range of 

transient conformations. This conformational plasticity allows them to interact with 

multiple binding partners within short time scales (interaction promiscuity) and for a 

finely tuned regulation of cellular processes (Dyson and Wright, 2005). These 

interactions tend to be high specificity, with high dissociation constants and relatively 

low affinity and with an ability to fold into secondary structures upon binding, through 

small recognition elements (Tompa et al., 2015; Wright and Dyson, 2015; Uversky, 

2015; Uversky, 2013; Iakoucheva et al., 2002). Although IDPs lack the ability to 

catalyse biological reactions, which usually require the presence of a stable 

hydrophobic active site, the importance of IDPs in health and disease has become 

progressively clear in recent decades (Wright and Dyson, 2015; Uversky, 2015; 

Uversky, 2013; Iakoucheva et al., 2002). Unable to assume self-inhibitory 

conformations, IDPs are often regulated either through PTMs which increase the 

possible number of binding partners even more (Dyson and Wright, 2005). This also 

provides a fast and reversible way for potential interactions, shifting equilibrium 

between different conformations, as a signal for stabilisation, localisation or 

degradation, amongst others (Gibbs et al., 2017).  
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Figure 1.9. Energy landscape of conformational states. 
Folded proteins only have one or a small number of energetically favourable states, 
which drives their folding. This is mainly driven by the presence of a hydrophobic core, 
which needs to be shielded from the aqueous environment to minimise free energy. 
IDPs are rich in polar and charged residues and can assume many conformational 
states, each with low energy. Molten globules are intermediate states between folded 
and unfolded states characterised by the presence of secondary structures but 
lacking tight 3D organisation of tertiary structures (Dyson and Wright, 2005). Adapted 
from (Chong and Ham, 2013). 
 
To achieve their conformational plasticity, IDPs have a lower frequency of bulky 

hydrophobic amino acids than globular proteins (which drive protein folding through 

entropically-favourable burying of hydrophobic side chains) and higher net charge 

driven by a large number of polar and charged residues (Wright and Dyson, 2015; 

Tompa et al., 2015; Gibbs et al., 2017; Lins and Brasseur, 1995; Uversky, 2015). This 

allows IDPs and intrinsically disordered regions (IDRs) free movement in the aqueous 

cellular environment. High proline content is also a common occurrence in IDPs, as 

the cyclic side chain and a lack of protonated backbone amide, make secondary 

structures unfavourable. 

 

The proportion of IDPs within genomes is positively correlated with the complexity of 

an organism, and in eukaryotes ~30% of all proteins are either IDPs or possess a 

significant level of disorder (Dyson and Wright, 2005; Dunker et al., 2001). IDPs can 

cater to many binding partners, owing to their conformational plasticity and ability to 

form ‘fuzzy’ complexes, which can be loosely defined as a disorder on binding (Tompa 

and Fuxreiter, 2008). IDPs can take many interconverting conformations on the 

surface of a binding partner and form transient secondary structures upon binding 

and in general are classified as ‘dynamic’, i.e., undergoing rapid changes in a short 



 28 

time-frame on a proteins surface (Gibbs et al., 2017; Wright and Dyson, 2015; Jensen 

et al., 2013). From an energy landscape point of view, folded proteins usually only 

have one global energetically favourable state which helps drive the formation of an 

ordered state. The energy landscape for IDPs is remarkably flat, therefore they can 

assume many low-energy conformations, most being equally thermodynamically 

favourable, even in the context of protein binding (Figure 1.9; Papoian, 2008). 

1.5.3 N-myc as an IDP 

An analysis of the primary amino acid sequence of N-myc1-137 (hereafter referred to 

as the N-myc TAD) reveals a typical IDP amino acid composition (Figure 1.10). The 

sequence is abundant in order-disfavouring amino acids. N-myc TAD possesses 17 

prolines within its 137 amino acids and this introduces a certain level of rigidity 

(Campen et al., 2008). The chemical structure of proline disfavours a-helices for 

several reasons. Firstly, a lack of backbone amide proton prevents proline from 

participating in H-bond network, necessary to maintain a-helices (Li et al., 1996b). 

Covalent incorporation of a pyrrolidine cyclic ring side chain into its backbone causes 

the f angle of the proline to be fixed at a value of -60° resulting in the lack of the 

required flexibility to maintain a-helix (Li et al., 1996b; Li et al., 1996a). Glycine is the 

smallest of amino acids and when incorporated into a polypeptide chain is flexible to 

the point that it is unable to hold the rigidity of secondary structures (Imai and Mitaku, 

2005). In addition, it lacks a side chain and instead features two Ha protons. Although 

classified as hydrophobic, due to the lack of side chain, the hydrophobicity of glycine 

is more akin to those of polar residues, such as asparagine and glutamine (Zhu et al., 

2016). 

Further analysis of the amino acid sequence of N-myc TAD reveals the relatively 

equal number of hydrophobic residues and residues that are either polar or charged 

(Figure 1.10 A), suggesting that there are not enough bulky hydrophobic residues that 

could drive the formation of the hydrophobic core. Comparison with amino acid 

sequence of a protein of similar size which is folded, such as pig myoglobin, reveals 

a stark contrast in amino acid composition (Figure 1.10 B). Myoglobin is a globular 

protein composed of ten a-helices (Krzywda et al., 1998). It has a high alanine content 

which is an a-helix-promoting residue (9.2% of overall sequence vs. 3.6% in N-myc 

TAD). Myoglobin sequence possesses 4 prolines and 15 glycine residues. The 

content of polar residues is much lower in myoglobin in comparison to N-myc TAD, 

and there is a drastic difference between the isoelectric points of the proteins (4.16 

vs. 6.83, respectively). Myoglobin has more +ve charged residues which serve to form 
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H-bond lattice within a-helices (Krzywda et al., 1998). In N-myc TAD, the overall 

charge is not balanced due to high content of acidic aspartate and glutamate with low 

content of basic lysines and arginines and allow N-myc TAD to interact with aqueous 

environment (Figure 1.10 A, green).  

 

 
Figure 1.10. Comparison of amino acid sequence of N-myc TAD and myoglobin. 
A. Sequence of N-myc TAD. B. Sequence of pig myoglobin. Amino acids that are 
hydrophobic are highlighted in grey, including glycines and prolines. Residues that 
are +ve charged (arginine, lysine) are highlighted in blue, residues that are -ve 
charged (glutamic acid and aspartic acid) are highlighted in red and polar residues 
are highlighted in green. 

1.5.4 Structural methods to study IDPs 

The lack of structure makes IDPs challenging candidates for structural studies, as 

they do not produce crystals for analysis by X-ray crystallography, due to high 

dynamics of intra- and intermolecular movements (Uversky, 2002; Dunker et al., 

2001). Crystal structures that do feature IDPs with a binding partner, only present one 

of many possible conformations of that IDP. Cryo-EM is also a challenging technique 

for use with IDPs since it requires a high degree of homogeneity of the sample to 

allow for averaging different particle views into a 3D map of the protein (Thompson et 

al., 2016). The most appropriate and informative technique to study IDPs is NMR 

spectroscopy. NMR, in contrast to cryo-EM and X-ray crystallography is a ‘bottom-up’ 

approach where, instead of obtaining a model of the entire structure, information is 

collected for each residue separately in form of chemical shifts and chemical shift 

perturbations, relaxation rates and spatial restraints and from these the ensemble of 

tertiary structures can be calculated. 
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1.6 NMR as a tool to study IDPs 

1.6.1 Basic principles of NMR 

NMR, as a spectroscopic method, is the study of transitions between energy states 

of spins. Spin is an intrinsic property of every nucleus and can be defined as the 

intrinsic angular momentum of a nucleus, i.e., rotation of particle around its own axis 

(Levitt, 2013). The nuclei motion induced by spin causes nucleus to also possess a 

magnetic moment and interact with a magnetic field. When placed in strong uniform 

magnetic field, nuclei behave like mini bar magnets, aligning their magnetic moment 

along (+Z) or against (-Z) the direction of B0 (Figure 1.11; Levitt, 2013). This causes 

small and detectable differences in energy states between these two orientations for 

nuclei that have spin of ½, such as 1H, 15N and 13C (Figure 1.12; Levitt, 2013). Through 

the influence of spin, these magnetic moments do not remain stationary, instead 

rotate around the Z axis in a motion called Larmor precession, a variable 

characteristic to nucleus type. The Larmor frequency (𝜔!	) is expressed as 

 

	𝜔! =	−𝛾𝐵!,	

 

where −𝛾 is the gyromagnetic ratio, specific to each nucleus type, and B0 is a sum of 

magnetic fields generated by both the magnet and local environment (Levitt, 2013).  

 

 
Figure 1.11. Schematic representation of spins behaviour in the absence and 
presence of an external magnetic field B0. 
In the absence of magnetic field (left), the distribution is isotropic, i.e., all dimensions 
and directions are equally possible. The application of constant magnetic field B0, 
causes spins to align either along Z axis or against it. As the lower energy state is in 
the +Z direction, slightly more spins occupy this direction than in the -Z direction. Due 
to their magnetic moments, spins precess around the Z axis with a frequency called 
the Larmor frequency. At this state, spins are in a thermal equilibrium (Levitt, 2013). 
 
This state of thermal equilibrium can be perturbed by the application of radio-

frequency (r.f.) pulses that are in resonance with the Larmor frequencies. This causes 

spins to align and precess within the transverse or XY plane perpendicular to the Z 

axis (Figure 1.12; transverse plane). 
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Figure 1.12. Schematic representation of spins perturbed by an r.f. pulse 
R.f. pulse is applied in resonance with precessing magnetisation vectors (left panel, 
curly arrow). This disrupts thermal equilibrium and forces the magnetisation vector 
onto the XY plane (right panel). Initially spins process in the XY dimension in 
coherence with each other (Levitt, 2013). 
 
NMR experiments use r.f. pulses, which vary in length and strength to perturb the 

equilibrium state of different nuclei and to manipulate couplings between nuclei (the 

magnetisation of one nucleus causes changes in magnetisation of nearby nuclei). 

Coupling allows for the observed nucleus to be impacted by neighbouring nuclei and 

thus provides information about the environment of that nucleus (Levitt, 2013). 

 

 
 
 
Figure 1.13. Relaxation. 
Following the perturbation, net magnetisation preceeses in the XY plane in a coherent 
way (left panel; rotations of individual magnetic vectors are synchronised). After some 
time, the magnetisation vectors lose their coherence, and the bulk magnetisation 
vector decreases in the XY direction (middle panel). This process of losing coherence 
and magnetisation in the XY plane is called transverse relaxation. At the same time, 
magnetisation vectors return to their thermal equilibrium along the Z axis in a process 
called longitudinal relaxation (right panel). For clarity, only a single magnetisation 
vector is shown to show the trajectory of its return to the equilibrium state (Levitt, 
2013). 
 

If no further r.f pulses are applied, bulk magnetisation eventually returns to the state 

of thermal equilibrium (alignment along the Z axis) in the process called longitudinal 

relaxation (Figure 1.13, right panel). Relaxation is also driven by the loss of coherence 

and loss of bulk magnetisation in the XY plane, a process called transverse relaxation 
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(Figure 1.13; middle panel). Transverse relaxation, described using the time T2, is, by 

necessity, always the same as or shorter than longitudinal relaxation (T1) and in 

proteins in ranges between 10s and 100s of ms. Longitudinal relaxation typically 

occurs within 100s of ms to 1 s, but it is determined by factors such as protein size 

and rotational correlation constant (tc,), defined as the time needed for a molecule to 

rotate by one radian. 

 

NMR experiments are carried out by applying a series of r.f. pulses, tuned to various 

NMR-active nuclei, which manipulate the positioning of magnetisation vectors and 

coherences between magnetisation vectors arising from the same type of nuclei 

(homonuclear) or different types of nuclei (heteronuclear). Pulses are repeated many 

times, with free induction decays (FID) collected following each pulse sequence. T1 

provides a measure of the length of time required for the return of magnetisation 

vectors to the equilibrium and thus it determines how soon the next set of pulses can 

be applied. The FID signal (Figure 1.14) detected along the X or Y axis, is a function 

that encodes the measured frequencies and has an intensity envelope that decays 

over time with a rate R2 (𝑅" =
#
$!
). The FID is Fourier transformed into the frequency 

domain and a spectrum is generated with peaks at the measured frequencies (Figure 

1.14). The spectrum can be from one- or multi-dimensional, with the same or different 

nucleus types serving as resonant dimensions or various nuclei used as dimensions. 

Peak intensity (its height) in the spectrum is inversely related to the width of the 

(Lorentzian) peak, which can be described using:  

 

∆𝑣 = %!		
&

, 

 

where ∆𝑣 is the linewidth at half the maximum intensity of the peak and R2 is the 

transverse relaxation rate for the nucleus. Thus, the intensity of the peak is directly 

correlated with T2, which is a critical parameter in protein NMR. The faster the 

transverse relaxation, the longer the R2 and the broader the peak, which makes 

interpretation of spectra challenging, especially if there is peak overlap from nuclei 

resonating at similar frequencies. There has been a lot of focus on developing 

techniques that optimise T2, which will be further discussed in Chapter 3. 
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Figure 1.14. The processing of an FID in NMR experiments. 
The detected signal in NMR is the free-induction decay (FID) which is a dissipating, 
oscillating signal in the XY plane (undergoing transverse relaxation). The individual 
components of FID are disentangled and converted into the frequency domain via 
Fourier transformation 
 

1.6.2 NMR observables 

The peaks seen on spectra are the resonant frequencies of observed nuclei. These 

resonant frequencies, which are measured as a chemical shift (d), are the result of 

the local and global magnetic ‘shielding’ experienced by a nucleus. For instance, the 

electrons surrounding a nucleus shield it from the magnetic field. d is an arbitrary unit 

which, for the purposes of eliminating differences between spectrometers of different 

magnetic strengths, is calibrated with respect to resonances within a ‘standard’ inert 

compound such as tetramethylsilane (TMS) or sodium trimethylsilylpropanesulfonate 

(DSS). In contrast to other spectroscopic methods, NMR utilises low energies to 

manipulate spin energy levels. The differences in energy levels between spins mostly 

average out and only 1 in million spins contribute to the signal observed, thus the 

units used are parts-per-million (ppm; Levitt, 2013). 

1.6.3 1H-15N HSQC 

1H-15N heteronuclear single quantum coherence (HSQC) experiment is one of the 

most basic experiments used in protein NMR and it serves as a foundation for most 

of protein NMR experiments. In a 1H-15N HSQC experiment, magnetisation is 

transferred from an amide proton onto the nitrogen and back onto the proton for 

detection, which results in a 2D heteronuclear spectrum correlating 1H and 15N 

resonances (Figure 1.15). The ease of interpretation stems from the fact that most 

amino acids have only one proton-nitrogen pair, thus producing a single peak on the 

spectrum. A few exceptions to this rule are the side chain amines of asparagine and 

glutamine which are usually visible as a pair of peaks with the same 15N frequency 

and different 1H frequencies. Tryptophan has an NH group positioned within its indole 

side chain (He1-Ne1) that also resonates at downfield 15N positions (i.e., higher 
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chemical shift in both 1H and 15N). Arginine and lysine also possess an extra nitrogen 

– proton pairs in their side chain (e.g. Arg He-Ne) that can be observed upfield in 15N 

depending on conditions (Higman, 2012). 

 

 
Figure 1.15. Schematic representation of the 1H-15N HSQC experiment. 
Magnetisation is generated initially on amide proton and then transferred onto the 
directly bonded nitrogen. The chemical shift is evolved on the nitrogen and the 
magnetisation is transferred again onto amide proton for detection. Generated 
spectrum has 1H and 15N as dimensions (Higman, 2012). 

1.6.4 Chemical exchange 

Chemical exchange is an interconversion between two or more states that causes a 

change in the chemical environment of nuclei studied (Vallurupalli, 2009). The 

interconversion can take the form of changes between conformations, between 

bound and free protein or between monomeric and dimeric/oligomeric protein states, 

amongst many others. NMR can capture the resonant frequency of two states 

(dA and dB,) and all transitional states in-between. When interconversion follows slow 

chemical exchange, the rate of exchange (kex) is slower than the difference in 

chemical shift caused by the changed chemical environment (Dd) and occurs on 

longer time-scale than data acquisition in NMR experiment (kex<< Dd; bottom panel, 

Figure 1.16). This leads to two observable peaks  with the intensities representing the 

population of nuclei in each of the states (Higman, 2012). As the rate of chemical 

exchange shifts towards an intermediate regime (kex» Dd), observable nuclei will 

undergo chemical exchange multiple times during NMR experiment, and thus whilst 

the data is being acquired some nuclei populations will have dA or dB. but also 

chemical shifts of the transitional states between A and B. This results in the 

broadening of the Lorentzian peak, as multiple chemical shifts contribute to the overall 

signal acquired (middle panel; Figure 1.16). This effect is even more pronounced in 

a fast chemical exchange regime (kex>> Dd), where nuclei exchange multiple times 

between the two states whilst data is being acquired. In this case, only a single peak 
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will be observed, which is a population-weighted average of the dA or dB chemical 

shifts (top panel; Figure 1.17; Higman, 2012).  

 
Figure 1.16. Chemical exchange and NMR. 
NMR spectroscopy measures the frequency of resonating nuclei. If there is a change 
in the chemical environment of nuclei it will cause a change in their resonating 
frequencies. In slow chemical exchange (kex << Dd; bottom), the exchange occurs at 
a slower rate than the difference in frequencies (Dd) between chemical shifts of two 
states (dA or dB). This results in the observation of two separate peaks, each 
representing the population of nuclei resonating at dA or dB. As the chemical exchange 
changes towards intermediate (kex ≈ Dd; middle), nuclei interchange between dA or dB 
at the same time as the NMR experiment is being acquired. The chemical shift of 
these two states is neither dA nor dB, albeit it is a population-weighted d of all states 
between A and B. Once kex >> Dd, the interchange between A and B states occurs at 
a much faster scale and multiple times within the duration of the experiment. This 
results in a single peak which is population-weighted average of dA or dB (top panel). 
Adapted from (Elster, 2021). 

1.6.5 Challenges in studying IDPs 

Solution NMR is a way of studying IDPs in an aqueous environment, without the need 

to obtain an array of homogenous conformations. Structure generation requires a 

collection of various types of NMR experiments, each providing a specific set of 

information. There are several drawbacks using NMR. The size of the protein impacts 

the rotational correlation constant tc, which in turn determines R2 relaxation and thus 

the sensitivity of the experiment. In large proteins tc is high due to their slow tumbling 

(Williamson, 2009). This shortens their R2 as, as their slow global motions prolong 

their interaction with other spins, allowing them to cross-relax with other spins nearby 

more effectively (Williamson, 2009). This results in low peak intensities and large ∆𝑣, 

evidenced by broad linewidths in spectra. Inversely, smaller molecules and molecules 

with fast global dynamics, such as IDPs, experience slow relaxation rates which in 
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return translates to sharper linewidths in spectra. An indirect way to enhance the 

strength of the signal is to increase the number of scans in each experiment to 

improve the signal-to-noise ratio, however, this is restricted by T1, which increases as 

a protein size increases. 

 

Larger proteins also contain more residues and thus the number of peaks present in 

the spectrum increases, potentially leading to peak overlap. If a protein is folded, then 

peaks in a 1H-15N HSQC spectrum are typically well dispersed, since residues 

experience distinct chemical environments. In IDPs, each residue samples many 

local chemical environments on rapid timescales leading to homogenisation of their 

chemical environment due to the motional averaging (Zhang et al., 2003; Bermel et 

al., 2012; Kjaergaard and Poulsen, 2011). This is realised in poor dispersion, 

particularly in the 1H dimension, causing spectral overlap. This may be amplified by 

low sequence complexity in an IDP or the presence of common motifs within the 

sequence, which causes similar local chemical environments for some of the 

residues, complicating the assignment process (Figure 1.17). 

 

The intrinsic flexibility of IDPs also causes their susceptibility to proteasomal 

degradation, due to the lack of structural shielding of protease-sensitive sites. This 

results in peak shifting over the course of data collection, usually combined with a 

decrease in peak intensity or disappearances of the peaks (Figure 1.17). The 

flexibility of the IDP also contributes to more efficient proton exchange with the 

solvent, as almost all amides are exposed to the solvent, leading to magnetisation 

dissipation and peak broadening (Williamson, 2009). Solvent exchange is increased 

at higher temperatures. In addition, some IDPs may contain regions with a propensity 

to form transient secondary structures, which are subjected to chemical exchange 

between structured and unstructured conformers. If the timescale of these exchanges 

is in an intermediate exchange regime, this leads to broadening of the peak and low 

intensity (Li and Palmer, 2010).  
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Figure 1.17. NMR challenges when interrogating an IDP. 
The middle represents a typical IDP 1H-15N HSQC spectrum with blue peaks in the 
middle. Poor 1H dispersion is caused by motional averaging, meaning that residues 
experience a homogenous average of all sampled environments with similar chemical 
shifts. IDPs also have low sequence complexity with repeating motifs that further the 
problem of low dispersion. NMR experiments can last from hours to days, usually at 
ambient temperatures, during which IDPs can undergo proteolytic cleavage, thus 
changing resonant frequencies of residues as scans are being acquired. IDPs are 
highly dynamic but can contain regions that exchange between different 
conformations and transient secondary structures. This can lead to peak broadening 
and low signal intensity, especially if it occurs on an intermediate time scale. 

1.6.6 Advantages of IDPs in NMR 

Despite many properties that make IDPs challenging candidates for NMR-based 

interrogation, they also possess properties that can be exploited to enhance 

observable spectra.  

 

IDPs lack tertiary structures which makes it possible to optimise the length of the 

construct without compromising a structure, as it is absent in IDPs. This can improve 

the interpretability of the spectra in a few ways. Firstly, through the reduction of T2, 

which enhances the sharpness of observable peaks. Secondly, truncation results in 

the reduction of the number of peaks which makes the process of assignment easier 
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as it eliminates multiple potential alternative connectivities between peaks. A well-

designed construct can also limit the number of proteolytic sites, expanding the 

longevity of the sample in the spectrometer. The lack of tertiary structure makes IDPs 

less sensitive to extreme pH or temperature and allows to manipulate these two 

parameters. Lower pH and lower temperatures can slow down the rate of proton 

amide exchange and can be used to enhance the intensity of observable peaks 

(Zerbe and Bader, no date). 

 

To summarise, NMR is the most appropriate tool to study the dynamic nature of IDP, 

as it only requires a protein in solution of appropriate concentration and relatively high 

purity, instead of obtaining a homogenous conformational arrangement. However, the 

experimental set-up requires optimisation and protein isotope labelling which might 

be time- and protein-consuming. However, once the technical limitations are 

overcome, NMR opens a door to a wide range of data that can be obtained, ranging 

from dynamics and structural studies to interrogation of interactions. 

1.7 Introduction to thesis 

Despite the prevalent role of myc in cancer, detailed structural, biochemical and 

biophysical knowledge of this family of proteins is lacking. Due to the lack of studies 

on N-myc specifically, a lot of assumptions are extrapolated from research performed 

on c-myc, which due to differential expression patterns, physiological triggers, 

regulatory mechanisms and a different panel of interactors, is not always an 

appropriate assumption on N-myc functional and structural mechanisms. This project 

aims to address some of these lacking data. Previously, our group has published an 

X-ray crystal structure of an N-myc TAD fragment bound to Aurora A kinase which 

revealed an important myc interaction sequence that is not contained within 

conserved MBs (Richards et al., 2016). This served to solidify the idea that not all 

mechanisms are conserved between N- and c-myc and thus dedicated research is 

required for each protein. 

1.7.1 Structural studies of the whole N-myc TAD 

NMR is employed as the main tool to study the dynamics and structural propensity of 

the N-myc TAD. Chapter 3 describes in detail multiple approaches undertaken in the 

assignment of the N-myc TAD backbone and an analysis of N-myc TAD in the context 

of its intrinsically disordered structure. These approaches range from standard 1H-

detected triple resonance spectra collection, utilising spatial correlations between 
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nearby nuclei, utilisation of 13C- and 15N-detected spectra, as well as further truncating 

N-myc TAD to reduce spectral complexity and improve spectral quality.  

 

Chapter 4 focuses on the structural and dynamics characteristics of the N-myc TAD. 

HN, N, C’, Ca and Cb chemical shift index was utilised to determine the structural 

propensity of the TAD. This aspect was analysed in further detail using relaxation 

experiments to determine both global and per-residue dynamics of the entire protein. 

This is put in context with structural predictions, which utilise chemical shifts and PBD 

entries (CS-Rosetta), as well as theoretical prediction models, such as AlphaFold. 

Chapter 4 also interrogates the two populations of peaks corresponding to residues 

forming a-helix with complex with Aurora A (Richards et al., 2016). Circular dichroism 

(CD) experiments were also employed to investigate the secondary structure of W77-

W88 region. 

1.7.2 Interaction studies of N-myc TAD 

To further probe the functional characteristics of N-myc TAD, various biochemical 

interaction studies were performed to (a) test whether N- and c-myc have similar 

interaction profiles and (b) test the interaction of N-myc with its putative partners. We 

focus solely on recombinant proteins to simplify the system used and to be able to 

capture and characterise specific interactions. We interrogate N-myc’s TAD in the 

context of its binding partners and potential kinases that might target some of its sites. 

1.7.3 N-myc as a kinase substrate 

N-myc TAD is a phosphoprotein and, as an IDP, is subjected to PTMs which modify 

its functionality. Chapter 5 is dedicated to interrogating a degradation pathway in N-

myc, using NMR to monitor PTMs. We recreated the degradation steps in vitro using 

ERK1, and two GSK3 isoforms to obtain di-phosphorylated N-myc. Then we 

interrogate less well-investigated steps of the pathway, which is the peptidyl-prolyl 

bond isomerisation between p-S62-P63 and dephosphorylation of p-S62 residue. 

 

Selected kinases, such as Aurora A and Plk1 have also been implicated to regulate 

N-myc stability in an indirect fashion and these were also tested to see if they target 

N-myc as a substrate. 

1.7.4 N-myc as a binding partner 

Chapter 6 explores the TAD of N-myc in the context of established and putative 

interactions, utilising recombinant proteins. Many binding partners for c- and N-myc 



 40 

have been established using in vivo assays involving immuno-precipitation and 

immuno-detection approaches. This limits the characterisation only to species that 

are probed but potentially omits a number of proteins that contribute to the interaction. 

This leads to the overestimation of the number of direct interactions that myc proteins 

have. We employ a range of biophysical and biochemical techniques, including NMR, 

isothermal titration calorimetry (ITC), pull-down assays and homogenous time-

resolved fluorescence assays to characterise these interactions both qualitatively and 

quantitatively, with a focus on recombinant proteins. 
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2 Methods 
 
Table 2.1. Buffers and reagents used in the experiments 

Name Composition 

Analytical SEC buffer 1x TBS, 2 mM b-mercaptoethanol (BME), 5% v/v glycerol 

Base buffer 100 mM KH2PO4, 10 mM Tris, 300 mM NaCl, 2 mM 
BME, pH 7.5 

Buffer B 1x TBS, 2 mM tris(2-carboxyethyl)phosphine (TCEP), pH 
6.9 

Circular dichroism (CD) 
buffer 

10 mM NaCl, 10 mM sodium phosphate 
(Na2HPO4/NaH2PO4), pH 7.4 

Cdk9 lysis buffer 300 mM NaCl, 50 mM Tris-HCl pH 7.5, 2 mM 
dithiothreitol (DTT) 

Cdk9 size-exclusion buffer 300 mM NaCl, 50 mM Tris-HCl pH 7.5, 2 mM DTT, 10% 
v/v glycerol 

Dialysis buffer  TBS, 2 mM BME, pH 7.4 

Homogeneous Time 
Resolved Fluorescence 
(HTRF) buffer 

PBS, 0.005% v/v Tween-20 

Glutathione resin pull-
down buffer 

300 mM NaCl, 50 mM Tris-HCl pH 7.5, 5 mM MgCl2, 2 
BME, 0.02% v/v Tween-20 

Kinase assay buffer 50 mM HEPES pH 7.5, 500 mM NaCl, 2 mM MgCl2, 10% 
v/v glycerol, 5 mM BME 

Lysis buffer 1x TBS (Melford), 2 mM TCEP, 0.01% v/v NP-40 

Luria Bertani (LB) medium  1% w/v tryptone, 1% w/v NaCl, 0.5% w/v yeast extract 

M9 Minimal Media (MM) 0.194% w/v 15NH4Cl, 0.4% w/v 13C glucose, 1% v/v 100x 
MEM Eagle vitamin mix (Lonza Group AG), 1% v/v 
1000x micronutrient mix, 2 µM MgSO4, 0.2 µM CaCl2, 
0.01 µM FeSO4 • 7H2O, 50 mM Na2HPO4, 25 mM 
KH2PO4, 20 mM NaCl 

Micronutrient solution 
(x1000 stock) 

1 µM ZnSO4, 400 µM H3BO3, 30 µM CoCl2, 10 µM 
CuSO4, 80 µM MnCl2, 2.4 µM ZnSO4, 3 µM (NH4)2MoO4 

NMR buffer 1x TBS, 2 mM TCEP, pH 6.9 

Phosphorylation buffer 150 mM NaCl, 25 mM Tris pH 7.5, 0.25 mM TCEP, 10 
mM MgCl2, 0.5 mM ATP  

PBS - Phosphate Buffered 
Saline 10x solution 
(Melford) 

1.37 M NaCl, 27 mM KCl, 119 mM phosphate buffer, pH 
7.4 
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PBST - Phosphate Buffer 
Saline + Tween  

PBS, 0.1% v/v Tween-20  

Plk113-345 T210V ion 
exchange buffer 

25 mM HEPES pH 7.5, 100 mM NaCl, 2 mM MgCl2, 5% 
v/v glycerol, 2 mM BME 

Plk113-345 T210V kinase 
buffer 

50 mM HEPES pH 7.5, 150 mM NaCl, 2 mM MgCl2, 5% 
v/v glycerol, 5 mM BME 

Plk113-345 T210V dialysis 
buffer 

50 mM HEPES pH 7.5, 500 mM NaCl, 2 mM MgCl2, 10% 
v/v glycerol, 2 mM BME 

Plk113-345 T210V SEC buffer 20 mM HEPES pH 7.5, 150 mM NaCl, 2 mM MgCl2, 10% 
v/v glycerol, 2 mM BME 

Ponceau S stain 0.1% w/v Ponceau S, 5% v/v acetic acid, MilliQ water 

Protease inhibitor buffer 
(100x stock) 

4x c0mpleteTM Mini EDTA-free Protease Inhibitor 
Cocktail tablets (Roche) dissolved in 2 mL of NMR buffer 

Cdk9:cyclin T1 pull-down 
buffer 

50 mM Tris-HCl pH 7.5, 300 mM NaCl, 5 mM MgCl2, 2 
mM b-mercaptoethanol, 0.02% v/v Tween-20 

Running buffer NuPAGEÒ MES SDS Running Buffer (20X), MilliQ water 

6x SDS-PAGE loading 
buffer 

0.375 M Tris-HCl pH 6.8, 60% v/v glycerol, 12% SDS, 
0.6 M DTT, 0.06% w/v Bromophenol Blue 

TAF1-TBP pull-down buffer 20 mM HEPES pH 7.2, 150 mM NaCl, 1 mM TCEP, 10% 
v/v glycerol, 2 mM MgCl2, 0.02% v/v Tween 

TAF1-TBP buffer B 20 mM Tris pH 7.5, 10% v/v glycerol, 100 mM NaCl, 5 
mM MgCl2, 2 mM BME 

TAF1-TBP SEC buffer 20 mM Tris pH 7.5, 5% v/v glycerol, 100 mM NaCl, 5 mM 
MgCl2, 2 mM BME 

TBS – Tris Buffered Saline 

10x Solution (Melford) 

250 mM Tris base, 27 mM KCl, 1.37 M NaCl, pH 7.4 

Tris-acetate-EDTA (TAE) 
buffer 

40 mM Tris base pH 8.3, 20 mM acetic acid, 1 mM 
EDTA 

Wash buffer 150 mM NaCl, 25 mM Tris pH 7.5, 0.1% v/v NP-40 

Western blot transfer 
buffer 

25 mM Tris pH 7.5, 192 mM glycine, 10% v/v 
methanol 

Western blot blocking 
buffer 

5% (w/v) powdered milk dissolved in PBST 

 
All of the buffers and reagents listed were prepared using Milli-Q water, purified to 

18.2 W by Milli-Q® Reference Water Purification System. Buffers were degassed 

using 0.2 µM filtered using Nalgene™ Rapid-Flow™ Sterile Disposable Bottle Top 

Filters (ThermoFisher Scientific) and a vacuum pump unless otherwise specified. 
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Table 2.2. Plasmids and antibiotic concentration used  

Plasmid Antibiotic resistance gene Concentration 

pETM6T1 Kanamycin 50 µg/mL 

pET30TEV Kanamycin 50 µg/mL 

pACEBAC1 Gentomycin 50 µg/mL 

pACYC Chloramphenicol 35 µg/mL 

pCDF Spectinomycin 100 µg/mL 

 
 
 
 
Table 2.3. Primers used in construct cloning 
 
N-Myc64-137 Forward: 5′ CAT CAT CCA TGG GCA GCC GTG GCT TCG 

CGG AGC AC 3′ 
Reverse: 5′ CAT CAT GAA TTC TCA GCC GTG CTG CAG CTT 
CTC GCT 3′ 

N-myc64-137 L82G L87G Forward: 5′ ACG GAGATG CTG GGT GAG AAC GAG GGG 
TGG GGC AGC CC 3′ 
Reverse: 5′ GGG CTG CCC CAC CCC TCG TTC TCA CCC 
AGC ATC TCC GT 3′ 
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Table 2.4. List of antibodies used in Western blotting 

Epitope Dilution Type of 
antibody 

Manufacturer 

Goat anti-Gst (#27-4577-01) 1:1000  Primary Sigma Aldrich 

Mouse anti-FLAG (#F1804) 1:1000  Primary Sigma Aldrich 

Donkey anti-goat IgG HRP- 
conjugated (#sc-2020) 

1:5000  Secondary Santa Cruz 

Sheep ECL™ anti-mouse IgG 
HRP-conjugated (#NA931V) 

1:5000  Secondary GE Healthcare 
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Table 2.5. Peptide sequences used in experimental procedures 

Peptide Sequence 

N-myc28-89  Ac-YPDEDDFYFGGPDSTPPGEDIWKKFELLPTPP 
LSPSRGFAEHSSEPPSWVTEMLLENELWGS-NH2 

N-myc28-89 pT58 Ac-YPDEDDFYFGGPDSTPPGEDIWKKFELLPpTPP 
LSPSRGFAEHSSEPPSWVTEMLLENELWGS-NH2 

N-myc28-89 p-S62 Ac-YPDEDDFYFGGPDSTPPGEDIWKKFELLPTPP 
LpSPSRGFAEHSSEPPSWVTEMLLENELWGS-NH2 

N-myc28-89 p-T58 p-S62 Ac-YPDEDDFYFGGPDSTPPGEDIWKKFELLPpTPP 
LpSPSRGFAEHSSEPPSWVTEMLLENELWGS-NH2 

N-myc62-89 Ac- AEHSSEPPSWVTEMLLENELWGS-NH2 

N-myc73-89  Biot-EPPSWVTEMLLENELWG-NH2 

N-myc73-89 L82G L87G Biot-EPPSWVTEMGLENEGWG-NH2 

N-myc1-25 Biot-MPSCSTSTMPGMICKNPDLEFDSLQ-NH2 

N-myc26-50 Biot-PCFYPDEDDFYFGGPDSTPPGEDIW-NH2 

N-myc51-75 Biot-KKFELLPTPPLSPSRGFAEHSSEPP-NH2 

N-myc76-100 Biot-SWVTEMLLENELWGSPAEEDAFGLG-NH2 

N-myc101-125 Biot-GLGGLTPNPVILQDCMWSGFSAREK-NH2 

N-myc117-141 Biot-WSGFSAREKLERAVSEKLQHGRGPP-NH2 

Ac: acetylation, p: phosphorylation, biot: biotynylation, underlines residues indicate either 
post-translational modifications or mutated residues 
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Table 2.6. Amino acid sequence of protein constructs used experimental procedures 

Construct Sequence 

N-myc TAD  GAMMPSCSTSTMPGMICKNPDLEFDSLQPCFYPDEDDFYFGGPDSTPPGED
IWKKFELLPTPPLSPSRGFAEHSSEPPSWVTEMLLENELWGSPAEEDAFGL
GGLGGLTPNPVILQDCMWSGFSAREKLERAVSEKLQHG 

N-myc64-137 GAMGSRGFAEHSSEPPSWVTEMLLENELWGSPAEEDAFGLGGLGGLTPNPV
ILQDCMWSGFSAREKLERAVSEKLQHG 

N-myc64-137 L82G L87G GAMGSRGFAEHSSEPPSWVTEMLGENEGWGSPAEEDAFGLGGLGGLTPNPV
ILQDCMWSGFSAREKLERAVSEKLQHG 

N-myc TAD S7A GAMMPSCSTATMPGMICKNPDLEFDSLQPCFYPDEDDFYFGGPDSTPPGED
IWKKFELLPTPPLSPSRGFAEHSSEPPSWVTEMLLENELWGSPAEEDAFGL
GGLGGLTPNPVILQDCMWSGFSAREKLERAVSEKLQHG 

TAF1-TBP MHHHHHHSSGLVPRGSGMKETAAAKFEENLYFQGAMADIGSMSSGENLYFQ
GSHMGKTNLANEDEAYEAIFGGEFGSLEIGSYIGGDEARNSKDYTEHLPDA
VDFEDEDELADDDDDLPGGGSGGGSGGGSMSGIVPTLQNIVATVTLGCRLD
LKTVALHARNAEYNPKRFAAVIMRIREPKTTALIFASGKMVVTGAKSEDDS
KLASRKYARIIQKIGFAAKFTDFKIQNIVGSCDVKFPIRLEGLAFSHGTFS
SYEPELFPGLIYRMVKPKIVLLIFVSGKIVLTGAKQREEIYQAFEAIYPVL
SEFRKM 

Aurora A122-403 C290A 
C393A 
 

GAMESKKRQWALEDFEIGRPLGKGKFGNVYLAREKQSKFILALKVLFKAQL
EKAGVEHQLRREVEIQSHLRHPNILRLYGYFHDATRVYLILEYAPLGTVYR
ELQKLSKFDEQRTATYITELANALSYCHSKRVIHRDIKPENLLLGSAGELK
IADFGWSVHAPSSRRTTLAGTLDYLPPEMIEGRMHDEKVDLWSLGVLCYEF
LVGKPPFEANTYQETYKRISRVEFTFPDFVTEGARDLISRLLKHNPSQRPM
LREVLEHPWITANSSKPSNAQNKESASKQS 

Plk1326-603 H538A K540M 
 

GAMAPSSLDPSNRKPLTVLNKGLENPLPERPREKEEPVVRETGEVVDCHLS
DMLQQLHSVNASKPSERGLVRQEEAEDPACIPIFWVSKWVDYSDKYGLGYQ
LCDNSVGVLFNDSTRLILYNDGDSLQYIERDGTESYLTVSSHPNSLMKKIT
LLKYFRNYMSEHLLKAGANITPREGDELARLPYLRTWFRTRSAIILHLSNG
SVQINFFQDATMLILCPLMAAVTYIDEKRDFRTYRLSLLEEYGCCKELASR
LRYARTMVDKLLSSRSASNRLKAS 

Plk113-345 T210V 
 

LEAPADPGKAGVPGVAAPGAPAAAPPAKEIPEVLVDPRSRRRYVRGRFLGK
GGFAKCFEISDADTKEVFAGKIVPKSLLLKPHQREKMSMEISIHRSLAHQH
VVGFHGFFEDNDFVFVVLELCRRRSLLELHKRRKALTEPEARYYLRQIVLG
CQYLHRNRVIHRDLKLGNLFLNEDLEVKIGDFGLATKVEYDGERKKVLCGT
PNYIAPEVLSKKGHSFEVDVWSIGCIMYTLLVGKPPFETSCLKETYLRIKK
NEYSIPKHINPVAASLIQKMLQTDPTARPTINELLNDEFFTSGYIPARLPI
TCLTIPPRFSIAPSSLDPSNRKPLTVLNK 

Plk13-326 T210D GAMAAVTAGKLARAPADPGKAGVPGVAAPGAPAAAPPAKEIPEVLVDPRSR
RRYVRGRFLGKGGFAKCFEISDADTKEVFAGKIVPKSLLLKPHQREKMSME
ISIHRSLAHQHVVGFHGFFEDNDFVFVVLELCRRRSLLELHKRRKALTEPE
ARYYLRQIVLGCQYLHRNRVIHRDLKLGNLFLNEDLEVKIGDFGLATKVEY
DGERKKDLCGTPNYIAPEVLSKKGHSFEVDVWSIGCIMYTLLVGKPPFETS
CLKETYLRIKKNEYSIPKHINPVAASLIQKMLQTDPTARPTINELLNDEFF
TSGYIPARLPITCLTIPPRFS  

Gst-Cdk9:cyclin T1 MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLE
FPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDI
RYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDF
MLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQ
GWQATFGGGDHPPKSDLEVLFQGPAKQYDSVECPFCDEVSKYEKLAKIGQG
TFGEVFKARHRKTGQKVALKKVLMENEKEGFPITALREIKILQLLKHENVV
NLIEICRTKASPYNRCKGSIYLVFDFCEHDLAGLLSNVLVKFTLSEIKRVM
QMLLNGLYYIHRNKILHRDMKAANVLITRDGVLKLADFGLARAFSLAKNSQ
PNRYTNRVVTLWYRPPELLLGERDYGPPIDLWGAGCIMAEMWTRSPIMQGN
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TEQHQLALISQLCGSITPEVWPNVDNYELYEKLELVKGQKRKVKDRLKAYV
RDPYALDLIDKLLVLDPAQRIDSDDALNHDFFWSDPMPSDLKGMLST  
 
MEGERKNNNKRWYFTREQLENSPSRRFGVDPDKELSYRQQAANLLQDMGQR
LNVSQLTINTAIVYMHRFYMIQSFTQFPGNSVAPAALFLAAKVEEQPKKLE
HVIKVAHTCLHPQESLPDTRSEAYLQQVQDLVILESIILQTLGFELTIDHP
HTHVVKCTQLVRASKDLAQTSYFMATNSLHLTTFSLQYTPPVVACVCIHLA
CKWSNWEIPVSTDGKHWWEYVDATVTLELLDELTHEFLQILEKTPNRLKRI
WNWR  
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2.1 DNA cloning techniques 

2.1.1 Bacterial transformation 

E. coli DH5a were used for plasmid amplification and BL21-CodonPlus®(DE3)-RIL 

(Agilent Technologies) were used for protein expression unless otherwise specified. 

The DH5a strain is characterised by high plasmid stability, they are devoid of 

endonuclease activity that targets exogenous plasmids (Hanahan, 1983). Frozen 

chemically competent DH5a bacteria glycerol stocks were thawed on ice and 1 µL of 

the plasmid of interest (Table 2.2) was added to 50 µL of bacteria and incubated on 

ice for 15 mins. Bacteria were then heat shocked at 42 °C for 45 s, followed by a 

recovery on ice for further 2 mins. 200 µL of sterile LB media was supplemented to 

the bacteria and the transformation reaction was placed at 37 °C for 1 hr, shaking at 

200 rpm to allow antibiotic resistance gene expression. 100 µL of transformed 

bacteria were plated out on agar plates with an appropriate combination and 

concentration of antibiotics (Table 2.2). Agar plates were incubated overnight at 37 

°C. 

2.1.2 Isolation of plasmid DNA from E. coli 

A single colony of E. coli DH5a bacteria carrying the plasmid of interest were 

inoculated in a sterile 50 mL Falcon tube with 5 mL of autoclaved LB media, in addition 

to plasmid-specific antibiotics (Table 2.2). Cultures were grown at 37 °C overnight in 

an orbital incubator set for 200 rpm. Bacteria were first pelleted by centrifugation at 

2200 x g for 10 mins at RT and the LB was decanted. Plasmids were extracted from 

bacteria cells using QIAprep Spin Miniprep Kit (QIAgen Inc.) and the manufacturer’s 

instructions. with UltraPure™ DNase/RNase-Free Distilled Water (InvitrogenTM) was 

used to elute the DNA. 

2.1.3 Estimation of plasmid concentration 

To test the amount of the plasmid extracted, DeNovix DS-11 spectrophotometer, set 

to ‘ds DNA’ mode was utilised. This setting measures the absorbance at 260 nm, but 

also informs of RNA and carbohydrate impurities (230 nm absorption) and protein 

impurities (280 nm absorption) in form of 260/230 ratio and 260/280 ratio, 

respectively. >1.0µL of extracted plasmid was loaded onto the sample surface and 

the absorbance at 260 nm was measured. The plasmid stocks were kept frozen at -

20 °C. 
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2.1.4 Polymerase chain reaction  

To generate N-myc64-137, polymerase chain reaction (PCR) was used. The reaction 

contained 2.5 µL of 10 µM forward and reverse primers (Table 2.3), 1 µL of petM6T1 

N-myc TAD, 12.5 µL of Q5® High-Fidelity 2X Master Mix (New England BioLabsÒ, 

Inc.) and topped up to 25 µL with UltraPure™ DNase/RNase-Free Distilled Water 

(Invitrogenä). All components were gently mixed and placed in a thermal cycler with 

the following settings: 

1. Activate the polymerase by heating to 98 °C for 2 mins.  

2. Denaturing at 98 °C for 5 secs 

3. Annealing at 72 °C for 2 mins 

4. Extending at 72 °C for 2 mins, 

with steps 2 – 4 repeated 30 times. The reaction was then held at 4 °C on an ‘infinite’ 

setting. PCR reactions were analysed through DNA electrophoresis. 

2.1.5 Site-directed mutagenesis 

To generate N-myc TADL82G L87G, mutagenesis was performed using the Stratagene 

QuikChange protocol with primer sequences listed in Table 2.3. The total volume of 

the reaction was 50 µL, with 2.5 µL of 10 µM primers (0.5 µM), 1 µL of petM6T1 N-

myc64-137 template, 1.5% v/v DMSO and 5 µL of x10 Pfu Reaction buffer (Promega), 

50 µM of each dNTPs and 1 µL of Pfu DNA polymerase (Promega) added as a final 

reagent and topped up with with UltraPure™ DNase/RNase-Free Distilled Water 

(Invitrogenä). The PCR reactions were performed in Techne Prime Full size thermal 

cycler with the following settings: 

 

1. Activate the polymerase by heating to 95 °C for 30 secs  

2. Denaturing for at 95°C for 30 secs 

3. Annealing for at 55 °C for 1 min 

4. Extending for at 68 °C for 5 mins 

with the last three steps repeated 18 times. The PCR reaction was tested through 

DNA agarose gel electrophoresis to establish predicted size of the construct (Chapter 

2.1.8).  
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2.1.6 Restriction DNA digest 

All of the restriction digest reactions were carried out as a multiple of 20 µL final 

reaction volume, by mixing 2 µL of UltraPure™ DNase/RNase-Free Distilled Water 

(Invitrogenä), 2 µL of 10x CutSmartÒ buffer (New England BioLabsÒ, Inc.), 14 µL of 

extracted plasmids and 1µL of respective enzymes, added to the reaction as last 

reagents and the reaction were incubated 37 °C for ~ 1 hr. The restriction enzymes 

were sourced from New England BiolabsÒ, Inc. and, when available, in High-Fidelity 

form. 

2.1.7 DNA electrophoresis 

2.1.7.1 Preparation of 1% w/w agarose gel 

1 g of powdered UltraPure agarose (Promega) was dissolved in 100 mL of 1x TAE 

buffer (Table 2.1), briefly mixed and dissolved for ~2 min in a microwave until agarose 

powder was completely dissolved. Following a brief cooling period on a bench, 

SYBRÒ Safe DNA gel stain (Invitrogen Inc.) was added to agarose in dilution of 1:10 

000 and mixed thoroughly by swirling. The agarose was poured into a gel cast, with 

a well cone inserted to mould wells for sample loading. When the gel was firm, the 

cone was taken out, and the gel was placed in a DNA agarose gel tank and 

submerged in 1x TAE buffer (Table 2.1). Samples were prepared by mixing 5 parts 

of the sample with 1 part of 6x DNA loading dye (New England BioLabsÒ, Inc.) and 

loaded carefully into the wells. To monitor the electrophoresis, either 1 kb DNA Ladder 

Plus or 100 bp DNA Ladder (New England BioLabsÒ, Inc.) was used, depending on 

the size of DNA investigated. The electrophoresis was set to run at constant voltage 

of 120 V for ~1 hr or until the blue dye in the sample reached the bottom of a gel. 

DNA was visualised on TruBlueTM Blue Light Transilluminator box (EdvotekÒ) which 

excites SYBRÒ Safe DNA gel stain in the blue spectrum of 509 nm and imaged using 

G:Box XT4 and GeneSnap Image Acquisition Software (SYNGENE), set to 

‘Transilluminator’ with exposure times in the millisecond range. 

2.1.7.2 DNA band purification following DNA electrophoresis 

Bands of interest were identified using the TruBlueTM Blue Light Transilluminator box 

and then were excised using a sterile scalpel. The gel was placed in a sterile 1.5 mL 

Eppendorf tube and the DNA was extracted using QIAquick Gel Extraction Kit 

(QIAgen) kit and protocol. with UltraPure™ DNase/RNase-Free Distilled Water 

(Invitrogenä) was used to elute the DNA. 
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2.1.8 Ligation reaction 

The ligation reactions were performed in accordance with T4 ligation kit (New England 

BioLabs). Vector and insert were mixed in 3:1 molar ratio, with 2 µL of 10x Buffer for 

T4 DNA ligase (New England BioLabs) and 1 µL of T4 DNA ligase (New England 

BioLabs). The reaction was topped up to 20 µL with UltraPure™ DNase/RNase-Free 

Distilled Water (Invitrogenä). Negative control was set-up by substituting the insert 

with UltraPure™ DNase/RNase-Free Distilled Water (Invitrogenä). The ligation was 

incubated at RT for a minimum of 1 hr and a maximum overnight. Following the 

ligation reaction, 2 µL of the ligation reaction was transformed in E. coli DH5a strain 

as described in chapter 2.1.2.  

2.1.9 Plasmid amplification and sequencing 

If the reaction plate yielded a noticeably higher number of colonies than the negative 

control, few individual colonies were selected and inoculated in 10 mL of sterile LB 

medium, amplified overnight and plasmids were extracted as per section 2.1.2. The 

successful ligation reaction was validated by sending 15 µL of extracted plasmid for 

automated Sanger Sequencing using TubeSeq service provided by Eurofins 

Genomics. T7 and T7 term primers were used for sequencing of petM6T1 and 

petTEV30 vectors. 

2.2 Insect cell techniques 

2.2.1 Insect cells 

Insect cells are used for production of proteins that require extensive folding and 

significant PTMs. They can also be used when recombinant protein is toxic to bacteria 

cells. Protein expression using insect cells requires a generation of bacmid, which 

was done according to the Grenoble manual (Berger et al., 2019). The virus was then 

used to infect Spodoptera frugiperda (Sf9) cells and to induce protein production.  

2.2.2 Bacmid generation 

pABEBAC1 plasmids containing Cdk91-330 and cyclin T11-259, under the control of the 

same promoter, were transformed into Multibac expression system (courtesy of 

Richard Heath). The bacmid was generated in the following way. 10 µg of pABEBAC1 

plasmid was transformed into 100 µL of DH10MultiBacTM cells via electroporation, 

followed by recovery in 900 µL of SOC media for 4 hr at 37 °C and 220 rpm. 

DH10MultiBacTM were then plated on agar containing 7 µL/mL gentamycin, 10 µL/mL 
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tetracyclin, 50 µL/mL kanamycin, 100 µL/mL 5-bromo-4-chloro-3-indolyl-β-D-

galactopyranoside (X-Gal), 40 µg/mL isopropyl β-D-1-thiogalactopyranoside (IPTG) 

and incubated at 37 °C for 24 hr. White colonies were selected for further incubation 

in 10 mL of LB containing same set of antibiotics as in the SOC media, at 37 °C and 

200 rpm overnight in an orbital shaker. The bacmids were extracted using QIAprep 

Spin Miniprep Kit (QIAgen) and the manufacturer’s protocol with the following 

changes. Following the addition of 350 mL of neutralising Buffer N3 (Chapter 2.1.2), 

the centrifugation proceeded for 15 mins at 16 000 x g, to remove cell debris. DNA 

was then precipitated by addition of 700 µL of isopropanol, then 200 µL of 70% v/v 

ethanol, with supernatant being aspirated gently following each step. 50 µL of 70% 

v/v ethanol was then added to the pellet and the pellet was frozen at -20 °C, ready for 

Sf9 cell transfection.  

2.2.3 Insect cell transfection 

4 hr prior to the transfection, Sf9 cells, cultured in Sf-900™ II SFM media containing 

1x Antibiotic-Antimycotic (GibcoTM), were diluted to 0.33x 106/mL cells in a final 

volume of 6 mL in 25 mL Corning™ Cell Culture Treated Flasks (Sigma-Aldrich) and 

placed for 4 hr at 28 °C, for adhesion. In a sterile hood, all ethanol was removed from 

extracted bacmid and left to air dry. 36 µL of sterile H2O was added to the bacmid 

pellet and mixed thoroughly. 300 µL of Sf-900™ II SFM media was added then to 

each bacmid and left to incubate for 10 min. Transfection reagent mix was prepared 

with 10 µL of X-treme GENEä HP DNA Transfection Reagent (Sigma Aldrich) diluted 

10-fold with Sf-900™ II SFM media. 105 µL of the transfection reagent mix was added 

to each bacmid and incubated for another 10 min. Subsequently, the bacmid reagent 

was pipetted gently into pre-diluted SF9 cells. After 24 hr, the media containing the 

transfection reagent mix was replaced with Sf-900™ II SFM media. Cells were grown 

at 28 °C for five days with no agitation, shielded from the light. 

2.2.4 Virus propagation, amplification and protein expression 

250 µL of Sf-900™ II SFM media (GibcoTM) from transfected SF9 cells, was added to 

50 mL of freshly amplified 1.7x 106/mL SF9 cells, which were then grown for a further 

three days at 28 °C at 120 rpm. The scaled bacmid-containing media was harvested 

by centrifugation 250 x g for 10 min. 30 mL of the bacmid-containing supernatant (P1) 

was then used to infect 300 mL of 1.7 x106/mL SF9 cells and incubated in the dark 

for three days. The 300 mL cell suspension was centrifuged at 700 x g for 30 min. 

The supernatant was decanted, and pelleted cells were washed with 150 mL of chilled 
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PBS, followed by another spin. The pellets were either frozen at -80 °C until needed 

or lysed for protein purification. 

2.3 General protein techniques 

2.3.1 Protein expression in E.coli 

BL21-CodonPlus®(DE3)-RIL Competent Cells (Agilent Technologies) were used for 

protein expression in bacteria. This strain has been modified to also include extra 

plasmids encoding genes for rare prokaryotic codons, such as argU, ileY, and leuW 

tRNA genes (BL21-CodonPlus Competent Cells Instruction Manual, Agilent 

Technologies). Plasmid encoding a protein of interest were transformed into BL21-

CodonPlus®(DE3)-RIL Competent Cells as described in chapter 2.1.1, with the 

inclusion of 35 µg/mL chloramphenicol to agar plates and in subsequent steps. Single 

colonies were grown overnight at 200 rpm at 37 °C and used as started cultures for 

large scale expression. 

 

10 mL of starter culture was used to inoculate 1 L of LB broth (containing same 

selection of antibiotics). Cultures were grown at 200 rpm at 37 °C until they reached 

O.D of ~0.6, at which point the temperature was reduced to 20 °C and cultures were 

induced with 0.6 mM IPTG followed by overnight incubation. The following morning 

pellets were harvested at 4000 rpm (JLA 8.100, Beckman Coulter) for 20 mins at 4 

°C. Pellets were either frozen at -80 °C or further processed. 

2.3.2 Expression of isotope-labelled protein for NMR 

2.3.3 Preparation of M9 minimal media 

All laboratory glassware and equipment used for preparation of M9 minimal media 

(MM) were autoclaved or sterilised with ethanol prior to media preparation. 250 mL of 

minimal media was prepared for every 1L of LB (Table 2.1). 0.01 g/mL of 13C glucose 

and 0.002 g/mL of 15NH4Cl were dissolved first in 10 mL of autoclaved MilliQ water 

by vigorous vortexing. This was supplemented with 250 µL of 1000x micronutrient 

solution (courtesy of Mark Richards), 2 µM MgSO4, 0.2 µM CaCl2, 0.01 mM 

FeSO4•7H2O, 1x BME vitamin solution (BME vitamins 100x solution, Sigma-Aldrich). 

This solution was filtered through 0.2 µm Minisart® Syringe Filter Polyethersulfone 

membrane filter (Sartorius) and was topped up to 250 mL with sterile MilliQ water. 

MM was sealed to avoid airborne contamination.  
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2.3.3.1 15N- and 13C- isotope labelling of proteins 

Initial stages of isotope-labelled protein expression were the same as for non-labelled 

protein, up until reaching the O.D. of 0.6 (described in chapter 2.3.1).  Cultures were 

then pelleted at 2500 x g at 20 °C for 20 min. LB media was decanted and the pellets 

were resuspended in ~500 mL of autoclaved PBS buffer (Table 2.1) to remove 

residual LB. Bacterial cultures were centrifuged again as described above, PBS was 

decanted, and the pellets were resuspended in 250 mL of MM, transferred to 

autoclaved 2.5 L Erlenmeyer flasks and incubated at 20 °C for further 2 hrs at 200 

rpm. Following this incubation period, protein expression was induced with 0.6 mM 

IPTG as a final concentration. Bacteria were then returned to the incubator for 

overnight growth and expression and were harvested on the following day as 

described in section 2.3.1. 

2.3.4 Protein purification 

All buffers were prepared a day prior to purification, degassed and chilled overnight. 

All purification steps were performed on ice or in the cold room, unless otherwise 

specified. Each step of protein purification described in this chapter was followed by 

analysis through SDS-PAGE, as described in Chapter 2.5.2. 

2.3.4.1 Purification of N-myc TAD and N-myc64-137 

Standard N-myc TAD and N-myc64-137 constructs used was cloned into pETM6T1 

plasmid which contains a NusA solubility tag (Table 2.6). Pellets were either 

harvested immediately prior to the purification or thawed in cold water following -80 

°C storage. Bacterial pellets were resuspended using buffer B (Table 2.1) 

supplemented with 2 c0mpleteTM Mini EDTA-free Protease Inhibitor Cocktail tablets 

(Roche) and 10% w/v lysozyme. Samples were sonicated on slushy ice at 10 s - on/ 

20 s - off pulses at 40% amplitude for 3 mins using Sonics VibraCellTM sonicator. The 

lysate was then clarified using pre-chilled high-speed centrifuge (Avanti J-26XP, 

Beckman Coulter JA-25.50 rotor) set for 50 000 x g for 1 hr at 4 °C. ~2 mL bed volume 

of slurry cobalt resin (HIS-SelectÒ Cobalt Affinity Gel, Sigma; hereafter referred to as 

cobalt gel resin) was applied to onto Glass Econo-Pac® Chromatography Columns 

gravity flow column (BioRAD), washed with 50 mL of Milli-Q water and equilibrated 

with 50 mL buffer B (Table 2.1). The resin was drained and clarified lysate was added 

onto the capped column and incubated on a rotatory shaker for 30 mins at 4 °C. Flow-

through was applied twice to maximise protein binding. Elution was done in batch with 

increasing imidazole concentrations of 0 mM, 5 mM, 10 mM, 100 mM, 150 mM and 

500 mM, added to buffer B. Both N-myc constructs (TAD and 64-137) eluted over a 
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wide range of imidazole, between 5 mM – 150 mM, and these fractions were pooled 

together and concentrated to the volume of >50 mL, using 3 kDa or 10 kDa Vivaspin 

Turbo 15 centrifugal concentrators (Sartorius), for N-myc TAD and N-myc64-137, 

respectively. 1:50 mg ratio of TEV-Nia protease-to-protein (courtesy of Amelia Lesiuk) 

to the substrate was added to remove the 6xHis-NusA tag. The concentrated protein 

was loaded onto pre-soaked SnakeSkinâ Dialysis Tubing 3,500 MWCO 

(ThermoFisher Scientific) and dialysed in 4 L of buffer B (Table 2.1) at 4 °C overnight.  

 

Dialysed protein was loaded onto HiTrap Q FF 5 mL anion exchange column (GE 

Healthcare), pre-equilibrated with Buffer B (Table 2.1) and eluted using Äkta Pure 

system with NaCl gradient increasing to 500 mM, applied over 20 mins at 3 mL min-1 

flow. N-myc TAD and N-myc64-137 eluted at flow-through and low salt concentrations. 

Fractions were resolved through SDS-PAGE gel and fractions containing N-myc 

protein were applied onto Glass Econo-Pac® Chromatography Columns gravity flow 

column (BioRAD), with 2 mL bed volume of 50% slurry cobalt gel resin and incubated 

on a rotatory shaker for 30 mins at 4 °C. Column was washed with buffer B with either 

no imidazole or supplemented with 5 mM, 10 mM and 150 mM imidazole, and the 

proteins eluted at flow-through, 0 mM and 5 mM imidazole concentrations. Fractions 

containing N-myc protein were pooled together and volume was reduced to > 5 mL 

using 5 kDa Vivaspin Turbo 15 centrifugal concentrators or 1 kDa VivaspinÒ 

centrifugal concentrators (Sartorius) for N-myc TAD and N-myc64-137, respectively.  

Proteins were subjected to size-exclusion chromatography (SEC) using Superdex 

16/60 75pg column (GE Healthcare), pre-equilibrated with buffer B, and purified using 

Äkta Pure system with 5 mL loop and 1 mL min-1 flow rate. The eluted proteins were 

concentrated again post-SEC as described above to achieve an appropriate final 

concentration. Proteins were aliquoted, snap frozen in liquid nitrogen and stored at -

80 °C until further processing. 

2.3.4.2 N-myc TAD expression into inclusion bodies 

For the purposes of obtaining N-myc TAD (Table 2.6) which is less prone to 

proteolytic degradation, N-myc was cloned into a pETTEV30 vector (courtesy of Mark 

Richards) which contains a TEV-cleavable 6xHis tag but lacks the NusA solubility tag. 

The protein was purified from inclusion bodies using the protocol of Eoin Leen. In 

brief, bacterial pellets were resuspended in base buffer (Table 2.1) supplemented 

with 10% w/v of lysozyme and 1 µg/mL final concentration of DNaseI. Cells were 

sonicated on slushy ice for 2 mins 30 secs with 15 s - on/ 15 s - off pulses at 40% 

amplitude and the lysate for clarified at 30 000 x g for 30 mins at 4 °C. Pellets were 



 56 

resuspended using 30 mL of 1 M urea buffer made fresh (1 M urea dissolved in base 

buffer, Table 2.1) and sonicated for 2 mins with 15 s  - on/ 15 s - off pulses at 40% 

amplitude and spun for 20 mins at 30 000 x g at 4 °C. This was repeated three more 

times, each time increasing the concentration of urea to 2 M, 4 M and 6 M, 

respectively. Fractions were resolved on SDS-PAGE (Chapter 2.4.2) and the solution 

containing N-myc TAD was diluted 4 fold with dialysis buffer (Table 2.1, with TCEP 

replaced by 2mM BME) to the total volume of 80 mL and the lysate was incubated 

with 2 mL bed volume of pre-washed and pre-equilibrated cobalt gel resin for 50 mins 

on a rotatory shaker at 4 °C. Protein was eluted with base buffer supplemented with 

increasing imidazole concentrations (0 mM, 5 mM, 10 mM, 100 mM, 150 mM and 500 

mM). Fractions containing N-myc TAD were loaded onto pre-soaked SnakeSkinâ 

Dialysis Tubing 3,500 MWCO (ThermoFisher Scientific) with 1:50 mg of TEV-Nia 

protease-to-protein ratio (courtesy of Amelia Lesiuk) to protein and dialysed overnight 

in 4 L of pre-chilled dialysis buffer (Table 2.1).   

 

Dialysed protein was subjected to subtractive affinity chromatography, using 25 mL 

volume of elutions with 0 mM, 5 mM, 10 mM and 150 mM imidazole dissolved in 

dialysis buffer. N-myc TAD was present in flow-through fractions, which were pooled 

and concentrated on 5 kDa Vivaspin Turbo 15 (Sartorius) centrifugal concentrators to 

>5 mL volume. The final purification step was performed on SEC Superdex 16/60 

75pg column (GE Healthcare) as described in chapter 2.3.4.1. The peak fractions 

were pooled, concentrated, snap-frozen in liquid nitrogen and stored at -80 °C. 

2.3.5 Purification of N-myc partners 

2.3.5.1 Cdk9:cyclin T1 

All protein variants of Cdk9:cyclin-T1 (Table 2.6) were expressed in, and purified from 

insect cells. Cdk9 was N-terminally tagged with glutathione S-transferase (Gst) 

followed by 3c PreScission Protease site. The pellets were resuspended in ~30 µL of 

Cdk9 lysis buffer (Table 2.1) supplemented with one c0mpleteTM Mini EDTA-free 

Protease Inhibitor Cocktail tablet (Roche) per ~30 mL of lysis buffer. Cells were 

sonicated with 10 s - on/ 20 s - off pulses at 40% amplitude for 2 mins total sonication 

time. Lysates were clarified at 50 000 x g for 45 mins at 4 °C. Protein was bound to 

1.5 mL bed volume of freshly equilibrated Gst-sepharose 4B (GE Healthcare) resin 

for 2 hrs at 4 °C in Econo-Pac® Chromatography Columns gravity flow column 

(BioRAD). Flow-through was applied twice to maximise protein binding. The protein 

was then washed three times with 10 bed resin volumes Cdk9 SEC buffer (Table 2.1) 
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and eluted with 15 mL of 10 mM glutathione pH 8.0 and 20 mM glutathione pH 9.0. 

Fractions containing Cdk9:cyclin T1 were concentrated below 5 mL volume using 

Millipore Amicon Ultra-15 Centrifugal Filter Units and purified further using Superdex 

16/60 200 column (GE Healthcare), pre-equilibrated with Cdk9 SEC buffer, and eluted 

using Äkta Pure system with 5 mL loop and 1 mL min-1 flow rate with 1 mL fractions. 

Peak fractions were concentrated as described above using 10 kDa Amicon Ultra-15 

Centrifugal Filters and protein was aliquoted into appropriate volume fractions, snap 

frozen in liquid nitrogen and stored at -80 °C. 

2.3.5.2 Plk113-345 T210V 

Plk113-345 T210V was expressed as a fusion protein with 6x His tagged monomeric 

ultra-stable GFP (muGFP) at its N-terminus (Table 2.6), with TEV-Nia site between 

the two proteins. This construct was expressed in insect cells (courtesy of Eoin Leen). 

The harvested pellet was resuspended in Plk113-345 T210V kinase buffer (Table 2.1) 

and sonicated for 10 s - on/ 20 - s off for 5 mins at 40% amplitude. The lysate was 

clarified at 40 000 x g for 20 mins at 4 °C and it was mixed with 5 mL pre-equilibrated 

HIS-SelectÒ Cobalt Affinity Gel (Sigma) in Glass Econo-Pac® Chromatography 

Columns gravity flow column (BioRAD) and rotated for 50 mins at 4 °C with agitation. 

Recombinant protein was eluted using Plk113-345 T210V kinase buffer (Table 2.1), 

supplemented with increasing concentration of imidazole (0 mM, 5 mM, 10 mM, 100 

mM, 150 mM and 500 mM). Fractions containing muGFP-Plk113-345 T210V were 

pooled together, supplemented with 1:50 mg of TEV-NIa protease-to-protein rato and 

dialyses overnight using 4 L of pre-chilled PLK113-345 T210V dialysis buffer (Table 2.1). 

On the following day, the protein was dialysed again against 4 L of pre-chilled Plk113-

345 T210V ion exchange buffer (Table 2.1) for 2 hrs at 4 °C.  The dialysed protein was 

loaded onto HiTrap Q-FF 5 mL anion exchange column (GE Healthcare) and eluted 

at 2 mL min-1 over 30 mins with 100 to 500 mM NaCl gradient. Peak fractions were 

pooled together and applied to a HisTrap HP 5 mL column (GE Healthcare), pre-

equilibrated with Plk113-345 T210V kinase buffer. Plk113-345 T210V eluted at low 

imidazole concentrations. These were concentrated with a 10 kDa Vivaspin Turbo 15 

(Sartorius) to > 5 mL and this was further purified on pre-equilibrated on Superdex 

16/60 75pg column (GE Healthcare) as described above, using Plk113-345 T210V SEC 

buffer. Peak fractions were snap frozen at ~200 µM final concentration and stored at 

-80 °C.  
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2.3.5.3  TAF1 - TBP 

TAF1-TBP protein construct is a fusion protein between TAF16-71 and TBP61-240 with a 

triple GSSS linking the two proteins (Table 2.6). TAF1 was also 6x His-tagged for the 

ease of purification. Bacterial pellets were thawed as described above and were 

resuspended in 30 mL of chilled TAF1-TBP buffer B (Table 2.1), supplemented with 

10% w/v lysozyme, 0.1% v/v NP-40 and 1 µg/mL DNase I final concentration. The 

pellets were sonicated for 5s - on/ 10 s - off for 3 mins at 40% amplitude. The lysate 

was clarified by centrifugation at 50 000 x g for 1 hr at 4 °C, and the supernatant was 

applied onto clean Glass Econo-Pac® Chromatography Columns gravity flow column 

(Bio-RAD), with 2 mL bed volume cobalt gel resin, pre-equilibrated with TAF1-TBP 

buffer B, and incubated on a rotatory shaker for 30 mins at 4 °C. Flow-through was 

re-applied to the column twice to maximise protein binding. Elution was done in batch 

with TAF1-TBP buffer B supplemented with an increasing imidazole gradient of 0 mM, 

5 mM, 10 mM, 100 mM, 150 mM and 500 mM. The protein eluted over a wide range 

of imidazole concentrations, between 5 mM – 150 mM, and these fractions were 

pooled together and concentrated to the volume of >50 mL, using 10 kDa Vivaspin 

Turbo 15 centrifugal concentrators (Sartorius). The concentrated protein was dialysed 

overnight using SnakeSkinâ dialysis Tubing 3,500 MWCO (ThermoFisher Scientific) 

against 4 L of TAF1-TBP buffer B (Table 2.1). Dialysed protein was subjected to Q-

FF anion exchange 5 mL column (GE Healthcare) and eluted using an increasing salt 

gradient from 150 mM to 500 mM NaCl, with 2 mL min-1 flow rate over the course of 

30 mins. TAF1-TBP eluted in flow-through and the low salt concentration fractions 

and these were pooled together, and the volume was reduced below 5 mL using 10 

kDa Vivaspin Turbo 15 (Sartorius) centrifugal filters. The protein was loaded onto 

Superdex 16/60 75pg column (GE Healthcare) and purified using Äkta Pure system 

as described in Chapter 2.4.1. Peak fractions containing TAF1-TBP were 

concentrated using 10 kDa Vivaspin Turbo 15 (Sartorius), snap frozen in liquid 

nitrogen and stored at -80 °C. 

2.3.6 Protein analysis tools 

2.3.6.1 Determination of protein concentration using A280 

Protein concentration was measured at 280 nm wavelength, using DeNovix DS-11 

spectrophotometer set for ‘Protein A280’. The instrument was blanked with 1.2 µL of 

matching buffer. Various protein dilutions were prepared to obtain a reading within 

the instrument reading range. The theoretical extinction coefficient was calculated 
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using ProtParam web server (Swiss Prot group) and the final protein concentration 

was established using Beer-Lambert law: 

A = εcl, 

Where A is the absorbance in g L-1, l is the length of the path measured at 10 mm, ε 

is the molar extinction coefficient and c is the concentration in units related to ε. 

2.3.6.2 Protein analysis through Sodium Dodecyl Sulfate – Polyacrylamide Gel 
Electrophoresis (SDS – PAGE) 

All of the samples subjected to SDS-PAGE analysis were diluted 1:2 with 6x SDS 

loading buffer (Table 2.1), boiled at 90 °C for ~2 min and briefly centrifuged using a 

bench-top centrifuge unless otherwise specified. 19 or 24 µL volume samples were 

loaded onto pre-cast 10- or 15-wells NuPAGE Bis-Tris 10% pre-cast SDS-PAGE gels 

(Invitrogen), respectively with the gels generously submerged in running buffer (Table 

2.1). The gels were run for ~45 mins at a constant voltage of 200 V, or until the 

appropriate separation was achieved, as observed by the migration of the protein 

ladder (SeeBlue Plus2 Pre-stained standard, Invitrogen). Protein bands were 

visualised by staining with InstantBlue® Coomassie Protein Stain (Expedeon) 

overnight, to ensure adequate visualisation, and then destained in deionised water 

and gentle agitation. 

2.3.6.3 Western blotting 

If SDS-PAGE gel was subjected to Western blotting, then no staining procedure was 

performed. Instead, the gel was briefly washed in Western blot transfer buffer (Table 

2.1) to wash off the running buffer. The gel was sandwiched in the following order 

starting from a negative electrode plate: two sponges, two layers of a blotting paper, 

SDS-PAGE gel, 0.2 µm Nitrocellulose Blotting Membrane (AmershamTM ProtranTM 

0.2 µm NC, GE Healthcare), two blotting papers, four sponges and a positive 

electrode plate. All air bubbles were removed and all components were generously 

soaked in transfer buffer. Transfer took place over 1 hr at 30 V at room temperature. 

Alternatively, slow transfer was used where proteins were transferred for 16 hrs at 4 

°C at 16 V. Complete transfer was confirmed by brief staining of the membrane with 

Ponceau stain (courtesy of Amelia Lesiuk, Table 2.1) for 5 mins. The membrane was 

then blocked for 20 mins in Western blot blocking buffer (Table 2.1). The primary 

antibody incubation was either performed overnight at 4 °C, or for 1 hr at RT, with 1° 

antibody added directly to the blocking buffer (Table 2.1) at the appropriate 

concentration (Table 2.3). The membrane was washed for 20 mins at RT in PBST 
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(Table 2.1), with the buffer changed every ~5 mins. 2° antibody incubation was also 

done at RT for 1 hr, with the antibody dissolved in the blocking buffer at the 

appropriate concentration (Table 2.3). The membrane was then subjected to the 

same washing procedure as above. The signal was developed using Pierce™ ECL 

Western Blotting Substrate (ThermoFisher Scientific) as per protocol. In brief, one 

part of Detection Reagent 1 was mixed with one part of Detection Reagent 2, briefly 

mixed and directly applied onto NC membrane. The reaction was allowed to proceed 

for ~1 min. The excess of the reagent was removed and the membrane was enclosed 

in a clear plastic envelope and the signal was detected using G:Box XT4 and 

GeneSnap Image Acquisition Software (SYNGENE), using 30 sec, 1 min, 2.5 mins 

and 5 mins exposure times, depending on strength of the signal. 

2.3.6.4 Circular dichroism (CD) 

CD was performed on Chirascan Plus (Applied Photophysics) spectrophotometer 

using 0.1 cm-1 length quartz cuvette path. The measurements were collected at 

duplicates, every 2 nm at 20 °C. The peptides were diluted from their lyophilised form 

into CD buffer (10 mM NaCl, 10 mM NaH2PO4) at 100 µM final concentration and the 

pH was adjusted to ~7.0 with 0.01 M NaOH. Both 15% v/v and 30% v/v TFE buffers 

were dissolved in CD buffer initially to the concentration of 30.75% v/v to achieve the 

final concentration of 30% v/v with 0.1 mg/mL of peptide as a final concentration. The 

mean residue molar ellipticity was calculated using formula: 

∆𝜀	 = 	
[𝜃]

10	𝑥	𝑙	𝑥	𝑀
 

, where 𝜃 is raw ellipticity is milidegrees, l is a path length which is 0.1 cm-1 and M is 

concentrations expressed in molarity. The graphs were plotted using Excel software. 

2.3.6.5 Mass spectrometry 

To confirm the molecular weight of purified proteins, 20 µM protein samples were 

submitted to University of Leeds Biomolecular Mass Spectrometry centre for intact 

mass analysis through time-of-flight mass spectrometry (courtesy of Rachel George). 

The expected protein size was obtained by computing in primary amino acid 

sequence into Prot Param (Expasy) web server (Swiss Prot group). 

2.4 Protein – protein interaction assays 

This chapter describes the experimental techniques employed to interrogate N-myc 

TAD interactions with various binding partners, described in this work. 



 61 

2.4.1 Homogenous Time Resolved Fluorescence (HTRF) assay 

HTRF assay is a Förster resonance energy transfer (FRET)-based assay which 

detects the fluorescence emitted between donor (Terbium-FLAG) and the acceptor 

(Streptavidin-XL655), based on the proximity of components of the complex.  

Biotinylated N-myc peptides phosphorylated at different positions (Table 2.5) were 

prepared in 12 different concentrations in 96-well plate using 1:2 serial dilutions. 40 

µL of 8000 nM N-myc peptides were first diluted 1:2 with HTRF buffer (Table 2.1) to 

the final volume of 60 µL. Then 20 µL of Cdk9:cyclin T1 or cyclin T1 was added to 

each of these wells in the final concentration of 60 nM. These were incubated for 1 hr 

at RT and 10 µL of each of the wells were transferred to a black opaque 384-well 

plate in duplicates. 100 µL of 1:1000 of Terbium-FLAG (Anti-FLAG® (M2 clone)-Tb, 

Cisbo) was mixed with freshly-thawed dye Streptavidin-XL655 (Cisbo) at the final 

concentration of 250 nM and 10 µL of this reaction was added to each of the wells 

containing N-myc peptides and Cdk9:cyclin T1. The reactions were incubated for 1 hr 

at RT, shielded from the light. The plate was read using a PHERAstar FS plate reader 

(BMG LABTECH) and MARS software, set for detection of fluorescence emission for 

a donor at 620 nm and fluorescence emission for an acceptor at 665 nm and the 

HTRF ratio was calculated using the following equation.  

𝐻𝑇𝑅𝐹	𝑟𝑎𝑡𝑖𝑜 = 	 '(()*+,-	)/0110,2
3,2,-	)/0110,2

 . 

HTRF ratio was plotted as a function of N-myc peptide concentration using Excel. 

2.4.2 Kinase assay with SDS – PAGE as a detection method 

Various N-Myc28-89 peptides (phosphorylation at various positions (Table 2.5) were 

diluted in phosphorylation buffer (Table 2.1) to the final concentration of 10 µM in 100 

µL final volume. 0.5 µM of the following kinases were added separately into each of 

the peptides: Cdk9:cyclin T1, Cdk1:cyclin B, Cdk2:cyclin A and Cdk4:cyclin D3 

(courtesy of Richard Heath), followed by incubation at 37 °C for 2 hrs. The reactions 

were terminated by incubation at 4 °C. 15 µL of each of the reactions was mixed with 

5 µL of 4x Laemmli sample buffer, (BioRAD) buffer and samples were analysed on 

SDS-PAGE gel as described in chapter 2.3.6.2. 

2.4.3 Kinase assay using ADPsensorTM Universal Kinase Activity Assay Kit 

This assay detects fluorescence when ADP is generated and interacts with two 

sensors provided in the kit. The reactions were performed in 384-well black opaque 
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plates in the total volume of 20 µL. 4 µL of ADPsensor™ kinase buffer (provided in 

the kit) and 4 µL of the enzyme, in the final concentration of 200 nM in 20 µL, were 

mixed and aliquoted into wells. The remaining part of the reaction consisted of 400 

ng/mL of the substrate, 100 µM ATP, 0.8 µL of ADP sensor I and sensor II (pre-made), 

1.6 µL of probe (pre-made), and 4 µL of ADPsensor™ kinase assay buffer. MilliQ 

water was used to bring the final reaction volume to 20 µL. The blank was also 

included and consisted of all reagents apart from the enzyme, which was substituted 

with MilliQ water. The fluorescence was read on Tecan Infinite 200 Pro plate reader 

set to 535 nm excitation wavelength and 590 nm emission wavelength, set for 50 

cycles. The experiment was performed three times. Excel was used to calculate the 

average emission signal of each cycle with the blank signal subtracted. The emission 

at 535 nm was plotted as a function of cycle numbers using Excel. 

2.4.4 Pull-down assay with biotin–binding resin 

Each reaction was performed in 450 µL total volume. 80 µL of Strep-tactinÒ 

SepharoseÒ 50% suspension resin (IBA Lifesciences) was thoroughly washed and 

equilibrated with appropriate pull-down buffers, depending on interrogated complex 

(described in detail in the Results chapters). Biotinylated N-myc peptides (Table 2.5), 

which were used as bait, were added to equilibrated resin at final concentration of 10 

µM and incubated for 1 hr at 4 °C, with gentle agitation. To control for non-specific 

binding, the prey was incubated with the resin as well, with no addition of bait. The 

resin was thoroughly washed. First, the reactions were centrifuged for 2 mins at 

16,000 x g. The supernatant was then aspirated carefully to avoid the removal of resin 

beads (the washing procedure). This was repeated two more times. 15 µM final 

concentration of bait was then added to the reactions, apart from the negative control, 

and incubated further for 2 hrs at 4 °C, with gentle agitation and 10% of reaction 

volumes was saved for input analysis. The reactions were subjected four times to the 

washing procedure. In the final step, the maximum amount of supernatant was 

aspirated, and the reaction was eluted by the addition of 80 µL of 6x SDS-PAGE 

loading buffer and resolved on SDS-PAGE as described in Chapter 2.3.6.2. 

2.4.5 Pull-down assay with glutathione resin 

50 µL of Glutathione SepharoseTM 4B (GE Healthcare) was equilibrated with 

Cdk9:cyclin T1 pull-down buffer (Table 2.1) and incubated for 2 hrs at 4 °C with 

agitation with 50 µg Gst3C Cdk9:cyclin T1 (Gst-pTEFb ; courtesy of Richard Heath). 

Non-specific binding of Gst-pTEFb was reduced by washing the resin three times with 
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500 µL of pull-down buffer, each time followed by centrifugation at 16,000 x g for 2 

mins with pull-down buffer aspirated gently to avoid resin loss. 50 µg of various N-

myc peptides were added to the reactions and the volume was brought up to 150 µL 

with pull-down buffer. 20% of reaction volume was taken for the input analysis. The 

peptides were incubated with Gst-pTEFb for 1 hour at 4 °C with gentle agitation, 

followed by washing with pull-down buffer as described above. With the final wash, 

maximum volume of supernatant was taken out and the reaction was topped up to 

120 µL with 4x Laemmli Sample Buffer (BioRad). 30 µL of the reaction was taken for 

pull-down analysis and both input and pull-down were analysed on SDS-PAGE. 

2.4.6 Isothermal titration calorimetry (ITC) 

To minimise the heat of dilution signals, all proteins interrogated were dialysed 

overnight using GeBAFlex dialysers of varying molecular weight cut-offs (MWCO) to 

suit the molecular weight of proteins and using a buffer suitable for ITC and protein 

stability. The dialysis buffers matched the buffers of titrants. Specific concentrations 

used in ITC experiments are listed in the Results chapter, however concentrations 

aimed were 15 µM for titrand and 150 – 200 µM for titrant, depending on protein loss 

during the dialysis. The programme was set to 2 µL volume injections, every 2 mins, 

for 45 mins at 25 °C and 750 rpm, using MicroCal ITC200 Calorimeter (Malvern). The 

heat changes were recorded as a thermogram and the area under each peak was 

integrated using ORIGIN software and Wiseman plot was generated. Manual 

corrections of baselines were performed when necessary, using the same software. 

2.4.7 Analytical size – exclusion chromatography (analytical SEC) 

Analytical SEC is a method of testing complex formation without the need for affinity 

tags, which can obscure or impact interaction sites. To interrogate N-myc TAD’s 

ability to form a complex with Fbw7-Skp1, N-myc TAD was first phosphorylated either 

at S62 or at T58 S62 positions a day prior, and these modifications were monitored using 

NMR, as described in 2.5.5. Unphosphorylated N-myc TAD, unphosphorylated N-myc 

TADS7A, N-myc TADp-S62, and N-myc TADp-T58 p-S62 were initially run individually to 

establish their specific elution volumes. Identical proteins were incubated with pre-

formed Fbw7-Skp1 complex in equimolar amounts of the final concentration of 86.9 

µM in the total volume of 100 µL, for two hours prior to analytical SEC, with gentle 

agitation at 4 °C. These reactions were then manually loaded onto SuperoseTM 12 

10/300 GL which was pre-equilibrated with two column volumes of analytical SEC 

buffer (Table 2.1), with the loop volume of 56 µL and the flow rate of 0.5 mL min-1. 
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Collected fractions were 0.2 mL in volume. Peak fractions were analysed by SDS-

PAGE to test complex formation.  

The elution volumes of proteins interrogated were compared against the molecular 

weight of standard (BioRAD), a composition of proteins of known molecular weights. 

These were plotted in Excel as molecular weight in kDa vs. KAV parameter and the 

regression line was plotted. The molecular weights of interrogated complexes were 

then calculated using the regression line equation. 

2.5 NMR methodologies 

2.5.1 NMR experimental set-up 

1H-15N HSQC was the most used NMR experiment in this work and it formed a 

foundation of all other experiments, including N-myc TAD backbone assignment. The 

experiments were collected using 120 µM of uniformly isotope-labelled N-myc TAD 

topped up with NMR buffer (Table 2.1) to either 500 µL total volume (5 mm NMR 

tubes) or to 320 µL in 3 mm Shigemi® tubes. The sample was supplemented with in-

house made x100 stock of cOmpleteTM Mini EDTA-free Protease Inhibitor Cocktail 

tablets (Roche; Table 2.1) and 5% v/v D2O for lock. Bubbles were removed from the 

sample by hand centrifuge adapted for NMR tubes.  

 

Typical 1H-15N HSQC was collected using hsqcetfpf3gpsi pulse program from Bruker 

library, using 320 t1 points and 1028 t2 points. The sweep width was set to 11.9961 

ppm in the 1H dimension (indirect) and 22.0001 ppm in the 15N dimension (direct). 

Most experiments were acquired at 283 K (10 °C). Tuning, shimming, locking and 

manual optimisation of 90° pulses was done utilising Bruker TopSpin v3.1 software 

package. The number of scans was typically set to 4 and was adjusted accordingly, 

depending on the signal strength. All experiments were collected using States-TPPI 

acquisition mode. NMR data were processed using NMRpipe (Delaglio et al., 1995) 

and analysed with CCPNmr Analysis version 2.5.0 (Vranken et al., 2005).  

 

The assignment was performed using 1H-detected 3D spectra (HNCO, HNcaCO, 

HNCA, HNcoCA, HNCACB and HNcoCACB) which were recorded on Bruker 750 MH 

Oxford NMR magnet equipped with a 5 mm TCI cryoprobe, with 1H-15N HSQC 

collected following every experiment to monitor sample changes. The assignment of 

N-myc64-137 was done using the same experimental set-up, however, the data were 

collected using non-uniform sampling (NUS) with 25% sampling regiment. NUS data 
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were processed using NMRbox platform using NMRPipe (Maciejewski et al., 2017; 

Delaglio et al., 1995). Data was reconstructed using NMRDraw using following 

functions: solvent filter SO, cosine bell, zero fill and Fourier Transform. Phasing was 

adjusted for each dimension separately and XY, XZ and YZ projections were 

checked. NUS reconstruction was performed using NMRpipe (Delaglio et al., 1995).  
15N- and 13C-detected experiments (CON, CaN, CaCO, CanCO) were collected on a 

950 MHz Bruker Ascend AeonTM NMR spectrometer equipped with a 5 mm TXO 

cryoprobe, collected at 10 °C, with 768, 72 and 72 real and imaginary points, 

respectively. The partial assignment was transferred from 1H-15N HSQC of N-myc 

TAD and HNCO, HNCA and HNcoCA experiments using CCPNmr Analysis version 

2.5.0 (Vranken et al., 2005). 

 

NOESY experiments (NOESY 15N-HSQC and 15N HSQC NOESY 15N HSQC) were 

collected on Bruker 750 MH Oxford NMR magnet equipped with a 5 mm TCI 

cryoprobe. Similarly, to 1H-15N HSQC, N-myc TAD concentration was kept at 120 µM, 

with 5% D2O used for lock purposes and in-house made x100 stock of cOmpleteTM 

Mini EDTA-free Protease Inhibitor Cocktail tablets (Roche) to minimise proteolytic 

degradation. The spectra were recorded at 10 °C, processed using NMRpipe 

(Delaglio et al., 1995) and analysed with CCPNmr Analysis version 2.5.0 (Vranken et 

al., 2005). 

 

The Z-Z exchange experiment (hsqcexf3gpwgph pulse modified by Theo Karamanos) 

was collected on Bruker 750 MH Oxford NMR magnet equipped with a 5 mm TCI 

cryoprobe using 300 µM N-myc64-137 labelled with 15N. The mixing time was set to 0.5 

ms. The experiment was collected at 10 °C. Tuning, shimming and locking was 

performed as described above. The data was processed using Bruker TopSpin v3.1 

software package. 

2.5.2 Secondary chemical shifts 

13Ca secondary chemical shifts is defined as a difference between experimental and 

theoretical chemical shifts for random coil (Schwarzinger et al., 2001). The 

experimental chemical shifts were obtained from Ccp Nmr Analysis package v.2.5.0 

(Vranken et al., 2005) following NMR backbone assignment. The reference random 

coil values for 13Ca N-myc protein sequence were calculated using ‘Random Coil 

Chemical Shift calculator for IDPs’ web server (Department of Biology, n.d.) and were 
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adjusted for 10 °C and pH of 6.9. 13Ca secondary chemical shift was calculated using 

Excel software. 

2.5.3 Prediction of an overall structure 

CS-Rosetta web server was utilised to predict the overall structure o N-myc TAD, 

using chemical shift of 1HN, 15N, 13CO, 13Ca and 13Cb from the backbone assignment 

(Shen et al., 2008). The files were loaded onto the CS-Rosetta web server in STAR 

format (Shen et al., 2008). Overall, there were 3000 structures generated, with low 

convergence scores, indicating low confidence of the accuracy of the structures. The 

best model was selected based on its lowest root mean squared deviation (RMSD) 

vs. energy. 

2.5.4 Relaxation experimental set-up 

The R1, R2 and 1H-15N-nOe were collected on 600 MHz Oxford Instruments, equipped 

with QCI-P-cryoprobe (5mm). The data were collected at 20 °C with N-myc TAD final 

concentration of 150 µM. In all experiments, the pseudo-3D pulses were utilised with 

flip-back pulses for water suppression, shorter CPMG cycle and interleaved FIDs to 

account for sample changes. 1H-15N-nOe was collected using 15N_HETNOE 

customised programme from Bruker library. Spectral widths were set to 11.9777 ppm 

and 22.0 ppm in 1H and 15N dimensions respectively. The number of scans was set 

to 32, preceded by 64 dummy scans. The recycle delay was set for 5 sec to allow the 

magnetisation to return to thermal equilibrium before subsequent pulsing. 

 

T1 and T2 experiments were run using 15N_T1_HSQC and 15N_T2_HSQC pulse 

program, respectively, using 2048, 320 and 11 points set in F3, F2 and F1 dimensions. 

The number of scans was set to 8 for both experiments, with 32 dummy scans for the 

collection of T1 and 64 dummy scans for the collection of T2. Ten delay times were 

selected from the set of 0, 9, 19, 19, 29, 39, 59, 59, 79, 119 and 159 ms and 2, 4, 6, 

6, 8 10, 12, 14, 14, 16, 20 and 24 ms for T1 and T2 experiments, respectively. The 

recycle delay for both experiments was set for 2.5 s.  

 

The data was processed using NMR Pipe (Delaglio et al., 1995) and analysed with 

the Ccp Nmr Analysis package (v2.5; Vranken et al., 2005). The backbone 

assignment of N-myc TAD was transferred to 1H-15N-nOe, T1 and T2 spectra, with 

overlapping peaks and ambiguous peaks omitted in the data analysis. PINT v 2.1.0 

was used to calculate R1 and R2 relaxation rates by integrating peak volumes and 
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fitting the exponential decay rate functions (Ahlner et al., 2013). Standard errors were 

calculated using PINT software and the graphs were plotted using Excel. 

2.5.5 Phosphorylation studies 

NMR was selected as the main method of studying N-myc TAD phosphorylation, 

where 1H-15N HSQC are collected prior- and post- addition of kinases (Selenko et al., 

2008). Data was acquired on 600 MHz Oxford NMR spectrometer, equipped with 

QCI-P-cryoprobe (5 mm). 15N-labelled N-myc TAD was added to a 5 mm standard 

NMR tube at a final concentration of ~120 µM. The reaction was supplemented with 

5% v/v D2O, in-house made x1 cOmpleteTM Mini EDTA-free Protease Inhibitor 

Cocktail tablets (Roche; Table 2.1), 4 mM MgCl2 and 1 mM ATP and topped up to 

520 µL final volume with NMR buffer (Table 2.1). NMR parameters were set up 

manually as described in chapter 2.5.1 and the reference spectrum was collected. 

0.3 µM final concentration of kinase was added to the reaction tube, spun briefly and 

the sample was returned to the spectrometer and subsequent 1H-15N HSQCs were 

acquired. The data was processed using NMR Pipe (Delaglio et al., 1995) and the 

peaks were integrated with CCPNmr Analysis version 2.5.0 (Vranken et al., 2005). 

Chemical shift perturbations (CSPs) were calculated using the formula: 

 

𝐶𝑆𝑃 = 	F(1𝐻𝛿%45 − 1H𝛿678)" + ((15𝑁𝛿%45	 	− 	15𝑁𝛿678)/6.5)"
#
!, 

 

where dREF and dOBS is chemical shift of the reference and altered frequencies. The 

graphs were analysed and plotted using Excel, with error bars signifying standard 

deviation (SD), calculated from three biological repeats. 
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3 N-myc TAD backbone assignment 
3.1 Introduction 

The unique benefits of NMR stem from its ability to provide a plethora of structural 

and dynamic data collected in-solution at residue and sub-residue resolution. 

However, a meaningful interpretation of that data requires an assignment of the peaks 

in the NMR spectra. In particular, peaks observed in the 1H-15N HSQC spectrum are 

assigned to specific residues within the amino acid sequence (Figure 3.1). This is 

achieved by collecting a series of 1H-detected 3D spectra, which correlate the HN 

peak to 13C’, 13Ca and 13Cb resonances for i and i –1 residues, thus allowing us to 

sequentially connect peaks from neighbouring residues. Additionally, some 13Ca and 
13Cb chemical shifts are specific to the amino acid type, and thereby allow the 

identification of specific residues within a sequence. For example, alanine is the only 

residue for which the 13Cb resonates at ~18 ppm, making it an easily identifiable 

residue in 13Cb-detected experiments.  

 
Figure 3.1. The process of NMR assignment.  
Peaks of unknown amino acid identity and unknown sequential order (left) are 
analysed for their 13C’, 13Ca and 13Cb chemical shifts to establish their possible amino 
acid type (middle panel). Looking at correlated resonances between i and i –1 peaks 
allows the sequential order of these residues to be established (right). 
 

So far, NMR data available on myc paralogues encompasses the assignment of c-

Myc1-88 in its apo state and when interacting with Bin (Andresen et al., 2012). Whereas 

this region contains MB0 and MBI, which are conserved across myc paralogues, there 

are only around 20 residues within c-Myc1-88 that exactly match the sequence of N-

myc, therefore it was impossible to utilise that assignment beyond a few short 

stretches of residues. In this study, several approaches were taken to achieve the full 

assignment of N-myc TAD. A suite of standard 1H-detected 3D resonance 

experiments was collected (HNCO, HNcaCO, HNcoCA, HNCA, HNcocaCB and 

HNcaCB; (Grzesiek and Bax, 1992). Note, the lower-case nomenclature signifies 

spins where magnetisation is evolved but not detected. This approach allowed the 

assignment of ~60% of the entire protein. However, due to the disordered nature of 
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N-myc TAD, collected spectra were characterised by peak overlap and crowding. 

There were also instances of peaks characterised by broad linewidths, which is in 

contrast to sharp and narrow peaks that usually characterise IDPs. The region 

particularly afflicted by this was  the region of documented interaction with Aurora A 

within S76-W88 (Richards et al., 2016). Peak broadening within IDPs is a characteristic 

of the regions which experience a degree of structure or undergo an intermediate 

chemical exchange due to some other processes. This will be explored further in 

Chapter 3.  

 

IDPs are characterised by sensitivity to proteolytic degradation. To shorten the data 

acquisition, all experiments had BEST pulse sequence. Poor dispersion in the 1H 

dimension was addressed by also collecting 13C- or 15N- detected experiments. These 

experiments also allowed resonances for all 17 proline residues present within the 

sequence to be assigned, which due to their lack of an amide proton, are undetectable 

through 1H-detected spectra. Due to the failure of the correlation of sequential 

resonances through J-couplings, through-space dipole-dipole interactions were 

utilised as means to aid the backbone assignment. Lastly, peak crowding had to be 

addressed by reducing the complexity of spectra through protein truncation. The suite 

of 1H-detected 3D resonance experiments was then repeated on the truncated N-myc 

TAD (N-myc64-137), but this time the data was collected through non-uniform sampling 

(NUS) which aims to improve both the sensitivity and the resolution of experiments. 

 

This chapter describes in detail each of the approaches taken, the rationale behind 

them, and the outcome. The challenge in the assignment of the N-myc TAD is 

reflected in the number of different approaches that were taken, that went beyond the 

routine methods used for assigning an equivalent-sized globular protein. 

3.2 Results 

3.2.1 Generating N-myc recombinant proteins 

A significant amount of time was dedicated to optimising the expression system for 

N-myc TAD and included screening of various expression systems, temperature, 

media and solubility and affinity tags. 

 

Multiple E. coli and insect cell constructs were made, some of which were test-

expressed and some of which were scaled up for protein production. The pET-3d 

system was the vector of choice for bacterial expression due to the ease of cloning 
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and high copy number (Agilent Technologies, n.a.). Bacterial constructs were 

expressed in RosettaTM (DE3) Competent cells (Novagen) for the purposes of protein 

expression, however other strains were also used, including ArcticExpress (DE3) and 

SoluBL21TM Competent cells. Bacteria cultures were grown in LB media with either 

25 ºC or 18 ºC induction temperature. Alternatively, auto-induction media (AIM) was 

used, which does not require constant monitoring of O.D. AIM contains glucose and 

lactose, with the former being utilised first in the initial growth phase and then the 

metabolism is switched to lactose, which causes the induction of transcription of T7 

polymerase and subsequent recombinant protein expression (Rosano and Ceccarelli, 

2014).  

 

The baculovirus–insect cell expression system is a eukaryotic system that utilises 

cells extracted from moth species Spodoptera frugiperda cells (SF9; Smith et al., 

1983). As eukaryotic cells, their protein translation and post-translational machinery 

is much more akin to mammalian than bacterial systems and can be used to stabilise 

recombinant proteins with chaperones or through PTMs. However, this system was 

labour-intensive with little enhancement to recombinant N-myc TAD stability or 

quantity produced (data not shown). 

 

Various N-myc protein lengths were tested in bacterial expression systems, based on 

the structural data available for myc paralogues. The fragment N-myc28-89 has been 

crystallised with Aurora A, however, the only region visible in the crystal structure is 

N-myc61-89 (Richards et al., 2016). Both 28-89 and 61-89 fragments were used in the 

expression studies, with the rationale that these would be more stable constructs for 

recombinant protein expression, than the full-length TAD fragment. N-myc1-89 was 

also tested in protein expression trials, as it is the fragment equivalent to c-myc1-88, 

which has previously been characterised by NMR (Andresen et al., 2012; Helander 

et al., 2015). All of the truncated TAD fragments were sensitive to proteolytic 

degradation.  

 

Solubility and affinity protein tags are useful tools that can aid expression and 

purification and limit proteolysis at the N- and C-terminus. Streptavidin-binding protein 

(SBP), glutathione-binding protein (Gst) and 6x His were tested, with tags added 

either at the N- or C- terminus. Apart from their usefulness in the purification process, 

they did very little to reduce the level of proteolytic degradation or enhance the 

amount of protein made. N-myc TAD expression was also tested using a PelB 

sequence that directs protein into the periplasmic space which is devoid of 
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intracellular proteases, however this approach did not yield any detectable protein 

(Yoon et al., 2010).  

 

None of the conditions tested were successful to produce the soluble protein of 

sufficient quantities and purity. N-myc, regardless of the expression system, length of 

construct or solubility tag used, was either insoluble or expressed poorly, in addition 

to substantial degradation during purification. In the end, pETM6T1 6x His-NusA-

TEV-N-myc1-137 was used for large-scale expression in BL21-CodonPlus (DE3) RIL 

Chemically Competent cells (Agilent; courtesy of Mark Richards) and purification was 

performed according to a protocol from Eoin Leen. The yield of the construct was 

modest and averaged around 0.5 mg per 1 L of bacterial cultures, however with 

multiple rounds of purification it was sufficient to generate enough protein for 

biochemical characterisation 

3.2.2 Selection of NMR conditions 

Apart from interaction studies, most NMR experiments were performed at 10 °C. 

Temperature titrations indicated that higher temperatures lead to a decrease in peak 

intensities and peak broadening, most likely due to the enhancement of amide proton 

exchange with bulk water (Figure 3.2; Uversky, 2009). At higher temperatures the 

rate of this exchange increases, leading to the greater signal loss (Uversky, 2009). 

 
Figure 3.2. 1H-15N HSQC spectra of N-myc TAD. 
1H-15N HSQC spectrum at 10 °C (green) and 35 °C (blue). The data was collected on 
a 600 MHz actively shielded Oxford Instruments NMR magnet equipped with a QCI-
P-cryoprobe (5 mm). Only the most crowded central part of the spectra are shown. 
Increase in temperature causes loss of peak intensities (e.g. red arrows) and peak 
broadening (e.g. black arrows). Arrows of the same colour indicate the peaks of the 
same residues on the 10 °C and 35 °C spectra. 
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For the purposes of most experiments, a simple-composition buffer was selected, 

containing a reducing agent to prevent aggregation via cysteine residues and Tris-

buffer saline (TBS) with pH adjusted to 6.9. Tris possesses an NH2 group, which can 

become protonated depending on pH, and gave 1H resonances at 3.5 ppm. However 

this did not significantly impact the 1H-detected spectra collected since they appear 

upfield from backbone amide proton resonant frequencies of interest. The pH (6.9) 

was selected as a mid-point of what is considered physiological pH, ranging between 

6.5 and 7.5. Interaction studies included binding partners which tend to be more 

sensitive to pH due to their globular nature, thus it restricted use of lower pH. 

However, the pH was still low enough to limit solvent exchange of backbone amide 

protons and thus avoid loss in signal intensity (Kukic et al., 2013). 

3.2.3 NMR backbone assignment 

3.2.3.1 1H-detected triple resonance experiments 

The initial approach in the assignment of N-myc TAD was the collection of 1H-

detected 3D experiments: HNCO, HNcaCO, HNcoCA, HNCA, HNcaCB, HNcoCACB. 

These utilise through-bond J couplings for magnetisation transfer and correlate 

resonances of i and i –1 residues which allows sequential linking to be established 

(Kay et al., 1990). They were selected as a first choice for a few reasons. Each 

experiment correlates the resonances of three different nuclei (thus three 

dimensions), which allows 1H–15N correlation peaks that overlap to be resolved using 

one of three 13C frequencies. 1H is used for both magnetisation and detection which 

provides high sensitivity due to its high 1H g ratio. After each 1H-detected 3D 

experiment a 1H-15N HSQC spectrum was recorded to monitor the sample integrity, 

with the initial 1H-15N HSQC used as a reference spectrum. 

 

The HNCO and HNcaCO pair of experiments is used to assign the backbone carbonyl 

carbon (C’) and is one of the most commonly utilised tools in protein backbone 

assignment. In the HNCO experiment, 1Hi and 15Ni are correlated to the 13C’i-1 

resonance through J-couplings (Figure 3.3 A; Kay et al., 1990). HNcaCO experiment 

correlates Hi, Ni and C’i, however it also correlates Hi, Ni and C’i-1, which overlaps with 

the peak generated by HNCO (1Hi,15Ni, 13C’i; Figure 3.3 B). This provides a means to 

link C’ resonances of sequential residues (Kay et al., 1990; Clubb et al., 1992). The 

two experiments that correlate 1H and 15N to 13Ca are HNCA and HNcoCA. Both 

HNcoCA and HNCA experiments provide inter-residual correlations of 1Hi and 15Ni to 

the preceding 13Ca i-1 (Figure 3.3 C and D; Kay et al., 1990; Grzesiek and Bax, 1992; 
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Farmer et al., 1992). In the HNCA experiment there is also an additional, stronger 

intra-residual correlation between 1Hi and 15Ni to 13Cai (Figure 3.3 D; Bax and Ikura, 

1991). The final set of experiments correlates 13Cb with 1H and 15N. In the HNcocaCB 

experiment 1Hi and 15Ni are correlated with 13Cbi-1 (Figure 3.3 E; Grzesiek and Bax, 

1992) . To provide a sequential link, this experiment is complemented with HNcaCB, 

where again two peaks are often observed, one correlating 1Hi and 15Ni with 13Cbi-1 

thus overlapping with the same peak in the HNcocaCB (Figure 3.3 E). The additional 

intra-residual link is characterised by correlated 1Hi, 15Ni and 13Cbi chemical shifts 

(Figure 3.3 F; Grzesiek and Bax, 1992). Each two-experiment set described above 

allows for the establishment of sequential links by matching 13C resonances and using 

the intra-residue correlations. Identification of amino acid ‘marker’ residues in the 

sequence is achieved using 13Ca and 13Cb resonances that occur at specific 

frequencies. 
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Figure 3.3. Schematic representation of magnetisation transfer in 1H-detected 
3D experiments. 
A. In the HNCO experiment, magnetisation is transferred from 1HN onto the 15N and 
then onto 13C’ on the i –1 residue, resulting in a single peak. B. In the HNcaCO 
experiment two peaks are generated as magnetisation from 1HN is transferred onto 
15N and onto two neighbouring 13Ca from i and i –1 residues. C. In the HNcoCA 
experiment magnetisation is transferred from 1HN to 15N and then onto neighbouring 
13Ca of the preceding residue. D. In the HNCA magnetisation is transferred from 1HN 
onto the 15N and then onto neighbouring 13Ca, resulting in the generation of two 
peaks, with correlations for 1HN

i, 15Ni and 13Cai-1 and 1HN
i, 15Ni and 13Cai resonant 

frequencies. E. In the HNcocaCB experiment magnetisation is transferred from 1HN 
to N and then onto the preceding 13Ca and then onto 13Cb of that residue, generating 
a single peak with resonant frequencies for 1HN

i, 15Ni and 13Cbi-1. F. In the HNcaCB, 
magnetisation is transferred from 1HN onto 15N and onto two neighbouring 
13Ca residues but chemical shift is not developed. Then magnetisation is transferred 
onto 13Cb, resulting in two peaks with resonant frequencies of 1HN

i, 15Ni and 13Cbi-1 

and 1HN
i, 15Ni and 13Cbi. Nuclei where chemical shifts are developed are highlighted 

in green and nuclei where chemical shifts are transferred but not recorded are 
highlighted in blue. Adapted from (Higman, 2012). 
 
The N-Myc TAD displays a typical IDP 1H-15N HSQC spectrum, characterised by 

narrow dispersion in the 1H dimension and high chemical shift degeneracy (Figure 

3.4; Kosol et al., 2013; Chhabra et al., 2018). Some peaks are characterised by 

narrow line-widths and some are characterised by broad line-widths, with varying 

degree of overlap, localised in the centre of the spectrum (pink rectangle; Figure 3.4). 

For clarity, peaks from asparagine and glutamine side chain NH2 groups were omitted 

from the 1H-15N HSQC spectrum. These groups appear as a pair of peaks per residue, 

displaying the same 15N resonance and different 1H shifts. 
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Figure 3.4. 1H-15N HSQC spectrum of N-myc TAD. 
Top panel shows completely assigned 1H-15N HSQC spectrum. Arginine, glutamine 
and tryptophan side chain resonances were omitted for clarity. The centre of the 
spectrum (pink rectangle) is characterised by a high degree of peak overlap 
(especially resonating with high 1H degeneracy). This region is magnified in the panel 
at the bottom. 
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The utilisation of 1H-detected 3D experiments enabled the assignment of ~60% of the 

N-myc TAD sequence. A few regions however were particularly challenging to assign 

and had a high level of ambiguity. Regions D18 – F37 and S76 – W88 were characterised 

by peak broadening and peak overlap and most of them were positioned within 

regions of high 1H degeneracy within the 1H-15N HSQC spectrum (Figure 3.4). Low 

primary amino acid sequence complexity, with multiple repeating patterns, such as 

TS or PT made it difficult to unambiguously identify and assign subsequent residues. 

There were also multiple prolines present and three PP motifs which break sequential 

linking, due to their lack of amide protons. 

 
3.2.3.2 13C- and 15N-detected experiments 

To remedy some of the issues encountered with using the suite of standard 1H-

detected 3D experiments, 15N- and 13C- detected experiments were employed, which 

can offer much better dispersion of peaks. Historically, these experiments were not 

feasible due to the low g ratio of these nuclei, causing poor sensitivity and low signal-

to-noise ratio (Takeuchi et al., 2010; Chhabra et al., 2018). The advent of cryo-probes 

allowed these nuclei to be used for detection by minimising noise generated from 

electronic circuits within the spectrometer. 15N and 13C have slower transverse 

relaxation rates, which also enhances the intensity of the signal detected (Takeuchi 

et al., 2010; Chhabra et al., 2018). We collected 2D spectra using three 13C-detected 

experiments: CON, haCACO and haCAnCO and one 15N-detected experiment, 

haCAN (Takeuchi et al., 2010). All of these experiments correlate resonant 

frequencies of nuclei within or between i-1 and i residues, thus allowing multiple 

strings of connectivity to be established between residues. haCAN and CON 

experiments correlate heteronuclei by pairing the amide nitrogen with either 13Ca 

(haCAN; Cai and Ni) or 13C’ (CON; Ci-1 and Ni) resonances (Figure 3.5 A and B; 

Takeuchi et al., 2010) . In addition, haCAN also correlates intra-residue: 13Ca with the 

amide nitrogen of the following residue, thus providing a sequential link (Cai-1 and Ni; 

Figure 3.5 B).  
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Figure 3.5. Schematic representation of 15N- and 13C-detected experiments. 
A. In the CON experiment magnetisation is generated on 13C’i-1 and transferred onto 
15Ni providing an inter-residue link. B. In the haCAN experiment magnetisation is 
transferred from 13Ca onto the amide nitrogen on the same or the following residue, 
providing intra- and inter-residue correlations. C. In the haCAnCO experiment, 
magnetisationis initiated on Ha (but the chemical shift is not recorded) transferred to 
13Ca, then onto neighbouring amide nitrogen nuclei and then transferred onto 13C’ of 
the preceding residue for the detection, providing an inter-residual link. The 
magnetisation is also transferred to the 15Ni+1 for the detection of 13C’i. D. haCaCO 
provides inter-residual link by transferring magnetisation between 13C’ and a 
neighbouring 13Ca atom. Adapted from (Higman, 2012). 
 

To provide extra C’–Ca resonance correlations we also collected haCAnCO and 

haCOCA. In the 2D haCOCA experiment, the transfer of magnetisation starts at 13C’i 

and finishes on intra-residue Cai (Bertini et al., 2004). In 2D haCAnCO magnetisation 

is transferred between 13Cai onto 15Ni and then onto 13C’i-1. A sequential link is also 

provided via a second peak that correlates 13Cai with 13C’i-1 via 15Ni (Bertini et al., 

2004; Sahu et al., 2014).  

 

Figure 3.6 illustrates the sequential linking of D98 – A100 using all four spectra. The 

CON spectrum was selected as a reference, owing to its excellent resolution and 

sensitivity (Figure 3.6 orange). In the CON spectrum, peaks correlate the 13C’ 

frequency of the i – 1 residue and the amide 15N frequency of the i residue (Figure 3.6 

orange). CON peaks share the resonant frequencies of 15N nuclei for both major and 

minor peaks within the haCAN spectrum (green, Figure 3.6). The major peak in 

haCAN experiment correlates 15Ni and 13Cai (green, Figure 3.6). The smaller haCAN 
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peak correlates (between residues) the resonant frequencies of 13Cai -1 and 15Ni 

(Figure 3.6 green). CON peaks also share C’ resonances with the haCAnCO 

spectrum, which is characterised by two peaks, one major and one minor, with 

resonant frequencies of 13C’i and 13Cai+1 and 13C’i and 13Ca, respectively (Figure 3.6 

pink). Lastly, haCAnCO minor peak has the same resonant frequency of haCACO 

(13C’i and 13Cai+1; Figure 3.6 blue). 

 
Figure 3.6. Sequential linking using CON, haCAN, haCAnCO and haCACO 
spectra of N-myc TAD. 
CON peaks (graphite) correlate the 13C’ resonant frequency of residue i –1 with the 
amide 15N resonant frequency of residue i. The haCAN spectrum (green) has two 
peaks, one major with resonant frequencies of 15Ni, 13Cai and a minor peak with 
resonance frequencies of 15Ni, 13Cai–1. The CON shares a 13C’ resonance with the 
haCACO spectrum (blue) which exhibits only one peak with a frequency of 13Cai and 
13C’i. This peak overlaps with one peak from the haCAnCO spectrum (pink) that has 
the same resonant frequencies. The other haCAnCO peak (pink) provides extra 
correlation of 13C’i-1 with 13Cai which can be used with the haCAN and CON spectra. 
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B. Schematic representation of the resonant correlation between CON (orange), 
haCAN (green), haCACO (blue) and haCAnCO (pink). 13C’ frequencies are marked in 
grey, 13Ca frequencies are marked in yellow and 15N frequencies are in blue. 
 
The utilisation of the 15N- and 13C- detected experiments corroborated the assignment 

obtained through the collection and the analysis of 1H-detected 3D experiments. In 

addition, the 15N, 13C’ and 13Ca resonant frequencies of all 17 proline residues were 

also assigned. These occupy a characteristic region of the CON spectrum, downfield 

in the 15N dimension (132–142 ppm) and C’ between 178 - 170 (Figure 3.7 B). Glycine 

residues (not shown) were also assigned, however as they occupy an upfield region 

in 15N (107–111 ppm) they were omitted in Figure 3.7 for clarity. 
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Figure 3.7. CON spectrum of N-myc TAD. 
A. The main region of the CON spectrum with resonant frequencies of 13Ci-1 and 15Ni. 
Residues labelled in red text are the artefacts of cloning and the TEV-NIa protease 
site. The glycine region, residing upfield in the 15N dimension, is omitted for clarity. B. 
Region representing peaks resonating at 13Ci-1

 and15NPro
i frequency of prolines. C. 

Enlarged overlap region highlighted in red rectangle in A. 
 
The drawbacks of these experiments are issues with their resolution and sensitivity. 

The haCACO spectrum is characterised by low resolution with broad peaks (blue, 

Figure 3.6). haCAN and haCAnCO spectra are both affected by sensitivity issues, 

especially with minor peaks which are often not seen (pink and green; Figure 3.6). 

Despite their enhanced peak dispersion, 15N- and 13C-detected experiments were still 

plagued by similar issues as the 1H-detected 3D experiments, i.e. peak overlap and 

peak crowding. Some peaks were later shown to be characterised by low intensity 

(E80) or were broadened beyond detection or overlapped with other peaks (L82 - L83 – 

M84), thereby still preventing the complete assignment of this region of importance. 

 
3.2.3.3 Collection of local constraints through NOEsy 

The establishment of sequential linking based on J-couplings has proven challenging 

for some residues in the more crowded regions of the 1H-15N HSQC spectrum, 

therefore nuclear Overhauser effect (nOe) spectroscopy (NOEsy) was utilised. nOe 

is the effect whereby spins experience cross-relaxation through dipole-dipole 

interactions due to the perturbation of spins nearby with radiofrequency pulses 

(Overhauser, 1953). This effect has an r6 dependence on distance and is restricted 

to a maximum distance of about 5 Å, thus it provides information on conformational 

restraints (Overhauser, 1953; Williamson, 2009; Keeler, 2004). In random coils, the 

distances between adjacent backbone amide 1H do not exceed the length of 5 Å and 

thus allow the user to identify sequential residues (Zerbe and Bader, no date). The 

spectrum generated in a heteronuclear 3D NOESY 15N HSQC experiment is 

characterised by the presence of diagonal peaks that correspond to the 1H-15N HSQC. 

Cross-peaks appear as a result of magnetisation transfer onto adjacent backbone 

amide protons (or side chain protons) and are thus can used to identify neighbouring 

spins. 

 

Initially, 3D NOESY 15N HSQC was collected, where homonuclear NOESY pulse 

sequence was applied, in which the magnetisation is transferred between all protons, 

and then finished with 1H-15N HSQC pulse element that transfers magnetisation onto 

neighbouring nitrogen and then onto its amide proton (Higman, 2012; Marion et al., 

1989; Zuiderweg and Fesik, 1989). This results in a 3D spectrum in which cross-
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peaks are characterised by resonances of (1Hi, 15Ni+1, 1Hi+1 or 1Hi, 15Ni-1, 1Hi-1) and the 

diagonal represents 1H-15N HSQC. In the case of the N-myc TAD, the majority of 

amide-to-amide cross-peaks overlapped with the diagonal, or the cross-peaks were 

not detectable at all, thus it was impossible to resolve without ambiguities (Figure 3.8 

A). To remedy this problem, 15N HSQC NOESY 15N HSQC was collected which 

utilises two 15N dimensions for better peak dispersion. The cross peaks have resonant 

frequencies of 15Ni+1, 15Ni, 1Hi. or 15Ni-1, 15Ni, 1Hi.  The initial 1H-15N HSQC pulse 

generates magnetisation on the amide proton with the F1 dimension, determined by 

amide frequency. This is followed by a fixed mixing time in which 1H-1H nOes are 

generated through cross-relaxation. The second 1H-15N HSQC pulse element is then 

applied in which indirect frequencies are detected with F2 as a nitrogen frequency and 

F3 as a direct proton dimension (Frenkiel et al., 1990). The diagonal peak arises from 

magnetisation that remains on the same nucleus during the mixing time and will have 

a frequency of 15Ni, 15Ni, 1Hi thereby corresponding to 1H-15N HSQC (Frenkiel et al., 

1990; Diercks et al., 1999). As cross peaks are determined by two nitrogen 

frequencies, and IDPs have good dispersion in the 15N dimension, this spectrum 

offers better resolution and eliminated some of the overlap of cross peaks with 

diagonal peaks (orange vs blue; Figure 3.8 A and B). With the aid of this spectrum, 

the resonant frequencies of residues S76 to W88 were provisionally identified. With 

through-space correlations, L82 and L83 were more easily distinguishable, and these 

were tentatively assigned (Figure 3.8 B). Nevertheless, despite the better dispersion, 

there were still regions that remained ambiguous, such as D31 – F38. Most of these 

peaks occur in the crowded region of 1H-15N HSQC, with a high degree of peak 

overlap which made the assignment of this region challenging.  
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Figure 3.8. NOESY – type spectra of N-myc TAD. 
A. NOESY-15N HSQC of residues S75 - G89. Strong peaks at the bottom of the 
spectrum lie on the diagonal and correspond to peaks in 1H-15N HSQC. The peaks 
resonating at 0–6 ppm in 1H dimension are Ha and Hb peaks of preceding residues. 
B. 15N HSQC NOESY 15N HSQC spectrum. The diagonal peaks are well-defined 
peaks at the bottom of the spectrum with resonant frequencies of 15Ni, 15Ni, 1H, 
corresponding to the 1H-15N HSQC spectrum. Red dotted lines join cross-peaks of 
preceding residue with the diagonal. The number at the top is 15N resonances. Both 
spectra were set at the same frequencies of 1Hi and 15Ni, for the comparison of the 
peak intensities. 

 
3.2.3.4 The assignment of N-myc64-137 

The N-myc TAD includes 137 residues, with three extra residues at the N-terminus 

that come as a result of construct cloning and TEV protease cleavage. This makes 

N-myc TAD ~17 kDa in size which for NMR purposes is a large protein with a high 

number of peaks in 1H-15N HSQC spectrum.  N-myc TAD sequence is also 

characterised by high number of amino acids that have similar Ca and Cb resonant 

frequencies, thus finding sequential links is challenging. For example, glutamine and 

glutamate resonate at ~57 ppm and ~29 ppm for 13Ca and 13Cb, respectively. 

Phenylalanine and tyrosine both resonate at ~58 ppm and ~39 ppm for 13Ca and 13Cb, 

respectively. Methionine and lysine have very similar 13Cb resonant frequencies at 

~32 ppm. Leucine 13Cb nuclei resonate at ~42 ppm which is a quite distinctive 
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resonant frequency, however, a problem arises due to the high content of this amino 

acid in N-myc TAD (14 residues altogether). 

 

To reduce the number of possible matches in sequential links, N-myc TAD was 

truncated to N-myc64-137. The shorter construct has more favourable dynamics with 

faster rotational tumbling rates (tc), longer transverse relaxation rates, causing a 

decrease in linewidths and resulting in sharper peaks (Foster et al., 2007). To 

minimise the problems of peak broadening and poor signal-to-noise ratio, NUS was 

also employed as a means of data collection. A 2D experiment is a series of 1D 

experiments repeated, with each repetition differing by an increase in increment time 

(Dt1) in which magnetisation is transferred between heteronuclei (Figure 3.9 A). The 

resolution of a spectrum is positively correlated to the number of increments collected, 

as well as a number of scans (Delaglio et al., 2017; Barna et al., 1987). NUS omits 

collection of data for certain t1 increments, however as the longest t1 is still sampled, 

the resolution is preserved. In addition, more scans can be accommodated in a given 

instrument time, which also can positively impact the resolution (Figure 3.9 B; Barna 

et al., 1987). The sampling schedule can also be set in a way to sample more points 

at the initial stages of FID in t1 and t2 dimensions, where the signal-to-noise ratio is the 

highest (Barna et al., 1987) contributing to the sensitivity of the experiment. 

 
Figure 3.9. Schematic representation of different sampling approaches. 
A. In uniformly sampled data every Dt1 is collected. The resolution is dependent on 
the collection of the longest Dt1. B. In non-uniform sampled (NUS) certain Dt1 are 
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skipped, however the longest Dt1 is still collected to preserve the resolution. Enhanced 
sensitivity stems from the collection of data where signal-to-noise is the highest. In 
addition, if the acquisition time is shortened, this allows for an increasing number of 
scans in a given instrument time (Facey, 2016). 
 
NUS sampled 1H-detected 3D experiments were repeated, with uniformly sampled 
1H-15N HSQC recorded following every 1H-detected 3D experiment. A 25% sampling 

schedule was selected, and the data was reconstructed using NmrPipe (Delaglio et 

al., 1995). The combination of the shorter construct with fewer peaks, with more 

favourable dynamics, together with NUS data collection generated spectra of 

enhanced sensitivity and resolution in comparison to N-myc TAD spectra (Figure 3.10 

A). This approach resolved the peaks that were overlapping in the uniformly sampled 

data, either by reducing the total number of peaks or by enhancing the signal-to-noise 

ratio and narrowing the linewidths of the existing peaks (Figure 3.10 A).  

 
Figure 3.10. Uniform sampling vs. non-uniform sampling. 
A. The comparison of D114 peaks of uniformly sampled N-myc TAD(UN; left) and non-
uniformly sampled N-myc64-137 (NUS; right) in 1H-detected 3D spectra. Looking from 
left to right: HNCO is in blue and brown, HNcaCO is in purple and gray, HNCO is in 
green and lime green, HNcoCA is in pink and violet, HNcaCB is in orange and 
HNcocaCB is in blue. The numbers in the top squares indicate 15N resonant 
frequencies. B. Overlay of 1H-15N HSQC of N-myc TAD (blue) and N-myc64-137 (red). 
Glycine peaks, and tryptophan, asparagine and glutamine side chain peaks are 
omitted for clarity. 

 
 
Comparison of the 1H-15N HSQC spectrum of N-myc TAD (blue) and the 1H-15N HSQC 

spectrum of N-myc64-137 (red) indicated that the peaks overlap very well, apart from 
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the first few N-terminal residues which in the shorter construct have a different 

sequence to the full-length TAD (Figure 3.10 B). Small uniform differences in peak 

resonant frequencies can be explained by using different batches of NMR buffer. 

Regions of increased overlap and peak broadening in N-myc64-137 were easily 

assigned, and this assignment was transferred onto overlapping peaks in the full-

length N-myc1-137 construct (Figure 3.10). As the number of resonances in 1H-15N 

HSQC was reduced by half, it eliminated some ambiguities in possible sequential 

assignment. For example, L82 and L83 were now completely resolved as separate 

peaks and the assignment from NOESY was confirmed to be correct. NUS 

reconstruction of data can sometimes result in spectral artifacts; however careful 

analysis of the overlaid spectra did not reveal any outliers. 
 

3.2.3.5 The assignment of Ha and Hb of N-myc64-137 

Backbone assignment is usually limited to the 1HN, NH, C’, Ca and Cb. However, the 

assignment of 1Ha and 1Hb can be later used in secondary structure propensity 

calculations.  

 

The assignment of 1Ha and 1Hb of N-myc1-137 was performed using a HBHAcoNH 

experiment which transfers magnetisation from 1Ha and 1Hb onto their respective 
13C. From 13Ca the magnetisation is then transferred onto 13C’ of the proceeding 

residue, and then onto 15N and 1HN of this residue (Figure 3.11; Grzesiek and Bax, 

1992). Because the HBHAcoNH experiment does not provide a means for 

sequential linking, the resonant frequencies observed in HBHAcoNH have to be 

correlated back to the 1H-15N HSQC for full 1Ha and 1Hb assignment. Initially, the 

HBHAcoNH experiment was sampled in a uniform fashion, following the collection 

of 1H-detected 3D experiments on N-myc TAD (Grzesiek and Bax, 1992; 

Muhandiram and Kay, 1994). The downside of this experiment is that it takes 

several hours to record, resulting in protein that was degraded, apparent from 

observation of peak shifting, broadening and ultimately signal loss (data not shown). 

Observations from the N-myc64-137 assignment indicated that NUS significantly 

improves the resolution and shortens the data collection time, thus minimising the 

effect of proteolytic degradation. A 25% sampling regimen was employed, with 1H-
15N HSQC spectra collected prior to and after the HBHAcoNH. 
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Figure 3.11. HBHAcoNH of N-myc TAD. 
A. In HBHAcoNH 3D experiment the magnetisation is transferred from 1Ha and 1Hb 
onto their respective carbons (13Ca and 13Cb, respectively). Then the magnetisation 
is transferred onto 13C’ and then onto 15N and 1H of the following residue (Grzesiek 
and Bax, 1992). B. Amide strips of HBHAcoNH experiments showing Q113 – D114– 
C115 assignment. Purple is uniformly sampled data and blue is NUS-sampled data. 
Numbers at the top left corner of each amide strip indicate 15N resonant frequencies. 
(Higman, 2012). 

 
The utilisation of NUS resulted in peaks with high intensity and narrow linewidths, in 

comparison to the uniformly sampled data (compare purple and blue, Figure 3.11 B). 

Using this approach all of the 1Ha and 1Hb were assigned. Due to the differences in 

side chains, amino acids have characteristic numbers and chemical shift ranges for 
1Ha and 1Hb resonances, e.g. glycine has two Ha and no Hb, whereas alanine has 

one Ha and three Hb, all with the same resonant frequency as they experience the 

same chemical environment.  All other naturally occurring amino acids are 

characterised by a single Ha, however, their numbers of Hb may vary. Isoleucine and 

threonine have one Hb whereas many other residue types have two. Similar to other 
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1H-detected 3D experiments, proline 1Ha and 1Hb resonances can be accessed via 

the following residue, apart from the N-terminal proline in PP motifs. The assignments 

of 1Ha and 1Hb  resonances granted yet another means to confirm that the 

assignment obtained was correct through the patterns shown based on amino acid 

type. 

3.3 Discussion 

3.3.1 c-myc1-88 backbone assignment 

The 1H-15N HSQC spectrum of the N-myc TAD reflects the IDP nature of this protein, 

with low 1H dispersion, low sequence complexity and an abundance of prolines 

(Dyson and Wright, 2005). Usually, IDPs have fast rotational correlation times, 

resulting in slow R2, which is realised in the form of sharp peaks and this was apparent 

in the N-myc TAD 1H-15N HSQC spectrum (Gibbs et al., 2017). However, there were 

a few regions within N-myc TAD that were characterised by broader peaks and low 

signal intensity (e.g. W77 – M84) indicating regions of less disorder. This will be 

explored further in Chapter 4.   

 
The related protein c-myc1-88

 has previously been assigned, and a comparative 

analysis of c-myc and N-myc 1H-15N HSQC spectra was performed (Andresen et al., 

2012). However, due to the majority of this sequence lying outside the bounds of the 

conserved MBs, there were only 14 residues in total (highlighted in red, Figure 3.12 

A) that are characterised by the same chemical environment and thus resonate at the 

same frequency (red crosses, Figure 3.12 B). These residues overlaid almost 

perfectly, with slight differences that could be attributed to different lengths of the 

constructs and different experimental conditions. Residues in MB0 were not 

conserved, but share similar chemical properties, thus they did not overlay on 1H-15N 

HSQC. Similar to the 1H-15N HSQC spectrum of N-myc TAD, the spectrum of c-myc1-

88 was also characterised by heterogeneity in the intensities of peaks, a feature that 

was attributed by the authors to structural heterogeneity and chemical exchange. 



 88 

(Andresen et al., 2012).  

 
Figure 3.12. Comparison of N-myc TAD and c-myc1-88 assignment. 
A. Sequence alignment of TAD domains of N-myc1-80 (top) and c-myc1-88 (bottom). 
Residues highlighted share similar chemical properties (grey) or are conserved 
(black). The stretch of residues in bold font are fully conserved and their assignment 
was compared between the two paralogues. B. Overlay of the 1H-15N HSQC spectra 
of N-myc TAD (blue) and conserved residues in c-myc1-88 (red crosses) which were 
highlighted in A. The black crosses are the N-myc TAD equivalent residues. The 
glycine region, and arginine, glutamine and tryptophan side chain were omitted for 
the clarity.  
 

The assignment of c-myc1-88 also required multiple approaches, including NUS data 

sampling, the utilisation of multiple 1H-detectred 3D experiments (HNCA, HNCO, 

HBHAcoNH, CBCAcoNH) and through-space 15N-NOESY-HSQC, indicating similar 

issues encountered during the backbone assignment. Despite its smaller size, and 

more favourable dynamics, the authors were not able to assign all residues (Andresen 

et al., 2012). They also utilised 15N- and 13C-correlated TOCSY and 13C-NOESY-

HSQC. This was complemented with high concentration of c-myc1-88 sample (600 µM) 

and lower temperatures to limit amide proton exchange with bulk water.  
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To achieve the full assignment, many approaches were taken that utilised the latest 

developments in the field of NMR. There has been an advancement in the field of 

optimising NMR acquisition parameters through targeting the longitudinal and 

transverse relaxation enhancement techniques, either by adjustment of pulsing 

and/or data collection. In this work we utilised Band-selective Excitation Short-

Transient (BEST) technique. BEST-based pulse sequences significantly shorten the 

acquisition times, which can be a critical parameter in proteolysis-prone proteins such 

as IDPs (Schanda et al., 2006). The main parameter determining the total length of 

the experiment is the rapidness of subsequent pulses, which is determined by the 

length of the time it takes for the magnetisation along the Z axis (usually 67%) before 

the next set of pulsing, which is determined by T1. In IDPs T1 is negatively impacted 

by the exposure of amide protons to bulk water, which causes slower magnetisation 

recovery not only on amide protons but also on all surrounding protons in water. BEST 

pulse sequences selectively target amide protons within the excited spectral window 

without excitation of the remaining protons, thus amide protons relax faster through 

cross-relaxation with aliphatic protons and water, whose magnetisation has been held 

at equilibrium (Schanda et al., 2006; Solyom, 2017). We decided to use this approach 

in our data collection to minimise the time our sample spends in the spectrometer 

during subsequent experiments.  

 

The advent of cryoprobes reduced the intrinsic noise from the spectrometer’s 

electronic circuits, making it possible to utilise nuclei with lower gyromagnetic ratios, 

i.e. 15N and 13C, for the purpose of detection (Takeuchi et al., 2010; Chhabra et al., 

2018). Utilisation of 15N- and 13C- detected experiments can remedy some of the 

issues associated with intrinsic disorder. They offer much better dispersion in both 

dimensions, and thus are able to better resolve peaks that overlap in the 1H 

dimension. Secondly, with no dependence on H–N correlations, they record 

resonances directly for proline residues, thus allowing this important and frequently 

occurring amino acid to be assigned. 15N- and 13C- detected experiments also allow 

for the data to be acquired at higher temperatures when needed, which in the case of 
1H-detected experiments for IDPS can cause line broadening due to the 

enhancement of proton exchange with bulk water (Gibbs and Kriwacki, 2018). 

 

The greatest obstacle in 13C- and 15N- detected experiments is their intrinsic low 

sensitivity in comparison to 1H-detected experiments. This can be overcome by using 

a more concentrated sample, however IDPs are notorious for expressing at lower 

yields. Use of HN as the initial source of polarisation, has advantages in terms of 
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enhances sensitivity due to high gyromagnetic ratio of this nucleus. The developing 

field of 13C- and 15N- detected NMR has sought to harvest this advantage and 

incorporated 1Ha as sources of polarisation, thus providing sensitivity without signal 

loss (Felli and Pierattelli, 2022).  

 

In this work, low sensitivity was particularly pronounced for the minor peaks of the 

haCAN experiment (13Cai,15Ni+1). Low resolution in the haCACO spectrum was also 

problematic, however this is the result of having a restricted number of collected 

points to prevent the evolution of the Ca–Cb coupling (Felli and Pierattelli, 2022). 

Faced with these challenges it was imperative that four different experiments were 

employed, which provided ample correlations across nuclei within and between 

adjacent residues. The utilisation of 13C- and 15N- detected experiments had a 

moderate contribution to the assignment of N-myc TAD, apart from the assignment 

of prolines. 

 

The major impact on the full N-myc TAD assignment was the collection of 1H-detected 

3D experiments for a truncated fragment with NUS. A generous NUS regime of 25% 

was sufficient to generate high-resolution data that resolved overlapped peaks in the 

centre of 1H dimension, without the introduction of artefacts. Reducing the number of 

residues through protein truncation also simplified overcrowded regions of the 

spectra. 

3.3.2 Conclusions 

Here, we present the full backbone and partial side-chain assignment of N-myc TAD. 

Prolines were assigned to the extent that it was experimentally possible with C’, N, 

Ca, Cb, Ha and Hb assigned. The process required multiple experimental 

approaches, utilising both through-bond and through-space correlations. It became 

apparent that each of the approaches taken contributed to the progression of the 

assignment, however none of them alone were able to eliminate all the problems 

arising from the inherent nature of the IDP and only through the combination of 

approaches was the full assignment completed. The assignment presented many of 

the hallmark difficulties of investigating IDPs through NMR and may serve as an 

exemplar for approaching the backbone assignment of other IDPs.  
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4 Structural and dynamics studies of N-myc TAD 
4.1 Introduction 

Thus far, there has been very little structural information available regarding myc 

paralogues, despite the devastating prevalence of their deregulation in cancer (Kalkat 

et al., 2018). Most published articles interrogating the oncogenic properties of myc 

paralogues are in vivo studies of cells or animal models, and thus we lack a good 

understanding of the structural and functional mechanisms that N-myc protein 

participates in. 

 

The collection of structural data for IDPs has been plagued with challenges. IDPs are 

prone to proteolytic cleavage, as they lack the hydrophobic cores that could protect 

sensitive sites from proteolysis (Wright and Dyson, 2009). By their very nature, they 

are dynamic even on short timescales, thus obtaining a crystal with an isotropic 

conformational arrangement is nearly impossible. To partially address these 

difficulties, minimal fragments of IDPs have been crystallised with larger binding 

partners. There are three available structures that feature an N-terminal peptide of 

either c-myc or N-myc in complex with a larger folded protein (Figure 4.1).  

 
Figure 4.1. Available crystal structures of N-terminal region of myc protein 
Crystal structures of A. c-myc51-61, B. N-myc61-89 (pink), C. c-myc96-125 (green), D. c-
myc241-248 (yellow) and E. c-myc260 – 267 (orange). Binding partners are grayed out. F. 
The colour-coded myc fragments were mapped onto a schematic representation of 
the N-terminal regions of myc proteins (black). Lines converging indicates regions of 
conservation between c- and N-myc (MBs) whereas non converging lines indicate 
lack of homology in amino acid sequence between the two proteins (Welcker et al., 
2022; Richards et al., 2016; Wei et al., 2019; Thomas et al., 2015). 
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The first structure features the phosphodegron sequence of c-myc (residues 51-61) 

in complex with Fbw7-Skp1 (teal; Figure 4.1; Welcker et al., 2022). Two phosphosites, 

p-T58 and p-S62 forming polar contacts with Fbw7 WD40 domain (Welcker et al., 

2022). The second structure (Figure 4.1 B) features N-myc61-89 in complex with Aurora 

A and this structure will be described in more details below. The third structure is of 

a small partially-conserved segment of c-myc95-111 (A95DQLEMVTELLGGDMV111) 

interacting with TBP and TAF1, two essential cofactors of the PIC (Figure 4.1 C; 

accession code: 6E16; Wei et al., 2019). c-myc interacts with these proteins in a 

fashion that excludes DNA binding, which raises questions regarding the biological 

significance of this interaction. The fourth structure (Figure 4.1 D) is that of c-myc 

(H241EEp-TPPp-T248) with Fbw7-Skp1. This is the second phosphodegron within c-

myc sequence and it is positioned N-terminally of a conserved MBIIIb and it is not 

entirely dissimilar from the equivalent N-myc sequence (S254GEDTLSDS262), raising 

a possibility that the mechanism of regulating myc protein stability is similar between 

c- and N-myc and both interact with Fbw7 is a similar fashion (Welcker et al., 2022). 

The fifth structure features a seven-residue MBIIIa peptide (E260EIDVVSV267) of c-

Myc binding to a shallow hydrophobic pocket of the WD40 domain of WDR5, part of 

multiple complexes involved in chromatin modification (Figure 4.1 E; Thomas et al., 

2015). There is an additional structural study through NMR of c-myc with Pin1, 

however it does not provide the structure of the complex, it maps the interaction sites 

on c-myc sequence and provides the dynamics data of the interaction (Helander et 

al., 2015). 

 

The only available crystal structure containing N-myc in the PDB is that of N-myc28-89 

with Aurora A122-403 C290A C393A (hereafter referred to as Aurora A; Figure 4.2 A ; 

Richards et al., 2016). Although the N-myc construct used for crystallisation spans 

residues 28-89, only residues 62-89 are visible in the crystal structure, implicating 

that residues 18 – 61 might be intrinsically disordered. N-myc interacts with the N-

lobe of Aurora A, then drapes itself on the top of the cleft between the N- and C-lobe 

of the kinase. There is a small helix seen from A68 to S71, and a larger helix composed 

of residues S77 to W88, which sits on top of the C-lobe of Aurora A (Figure 4.2 B). In 

this structure Aurora A shows hallmarks of an activated kinase, with the salt bridge 

between K162 of b3-sheet region and E181 within a-helix is formed which positions aC 

helix in an ‘in’ conformation, towards from the active site (Roskoski Jr, 2016) with the 

regulatory and catalytic spines assembled and the DFG motif in an ‘in’ conformation 

(Modi and Dunbrack, 2019; Kornev et al., 2006; Palmieri and Rastelli, 2013). 
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Figure 4.2. Crystal structure of N-myc62-89 with Aurora A. 
X-ray crystal structure of N-myc (magenta) with Aurora A (light green; accession 
code: 5G1X; Richards et al., 2016). The red rectangle indicates a close-up of residues 
participating in the S77  - W88a-helix with their side chains of the residues that point 
away from the Aurora A surface.  
 

This ‘divide-and-conquer’ approach of obtaining structural data using small fragments 

of myc protein does provide some structural insight into myc paralogues, however 

this ensemble-averaged view fails to address the conformational range of myc in the 

context of meaningful length of protein fragment. NMR is the only technique geared 

towards studying conformational ensembles of IDPs, without the necessity for a 

conformationally homogenous protein sample, and provides in-solution residue and 

sub-residue resolution.  
  
This chapter covers the work associated with establishing the structure of N-myc 

TAD. As an IDP, the scope for obtaining a classical structure is limited, however NMR 

was employed instead to establish individual residues dynamics and structural 

propensity. In this part of the work, the secondary structure propensity of N-myc TAD 

was interrogated through 13Ca secondary chemical shifts and chemical shift index 

(CSI). This was compared against secondary structure predictions based on primary 

amino acid sequence. NMR relaxation data that was collected informs of local 

motions of individual residues in comparison to overall global motions of a protein and 

are thus a useful probe of major motions that govern dynamics of specific residues. 

Finally, two structure modelling approaches were utilised. AlphaFold and CS-Rosetta 

were used to confirm the predictions of secondary structure propensities. The helicity 

of S76 – G89 region was further probed using CD spectroscopy. 
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This chapter also explores the origin of two distinct chemical environments 

experienced by S76 – G89 and observed in N-myc64-137 1H-15N HSQC spectrum, 

realised in the presence of major and minor population peaks. Three possible 

mechanisms were interrogated, using a variety of tools: Z-Z chemical exchange 

experiment, R2 relaxation data, intact mass spectroscopy, amongst others.  

 

This work establishes IDP nature of N-myc TAD, however we have also established 

regions of a-helical propensity within residues S76 – G89 and previously unreported 

A125–A132. Notably, both regions have been documented to be involved in interactions 

with important binding partners.  

4.2 Results  

4.2.1 Secondary chemical shift 

The observable parameter of NMR is chemical shift, which is a sensitive probe of 

chemical environment and thus is reflective of differences in average structural 

geometries. NMR backbone assignment of the N-myc TAD provided chemical shifts 

for HN, N, C’, Ca, Cb, Ha and Hb nuclei for almost all N-myc TAD residues. Secondary 

chemical shift index (CSI) is an easy method of predicting secondary structure 

propensity that, unlike many NMR experiments, does not require advanced 

processing and collection of experimental data above what is necessary for the 

backbone assignment. 13Ca chemical shifts are particularly useful in detecting 

secondary structures, as these shifts are heavily influenced by backbone dihedral 

angle propensities (Buck, 1998; Schwarzinger et al., 2001).  

 
13Ca secondary shifts for N-myc TAD were obtained from the backbone assignment 

and the predicted random coil secondary shifts were calculated using Random coil 

chemical shifts for intrinsically disordered proteins from the University of Copenhagan 

(Department of Biology, n.d.). Secondary chemical shift data for N-myc TAD (Figure 

4.3 A) indicates that the N-terminal portion of N-myc TAD is a random coil, with erratic 

values between adjacent residues. There are two regions that reflect helical 

propensity and these are W77 – E86 and A122 – E132, with consistent positive values of 

secondary chemical shifts. As part of the backbone assignment was aided by 

collecting spectra for the truncated N-myc64-137 construct, a 13Ca secondary shift 

analysis was also performed for this smaller construct. The pattern of the 13Ca 

secondary shifts is very similar to that of the full-length construct with consecutive 

positive secondary shift values shown between V78–N85 and A122–E132 (Figure 4.3.B). 
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Figure 4.3. 13Ca secondary shifts for N-myc TAD 
A. 13Ca secondary shifts for N-myc TAD were plotted against N-myc TAD sequence, 
were calculated using reference coil values generated by ‘Random Coil Chemical 
Shift calculator for IDPs’ (Department of Biology, University of Copenhagen, n.a), and 
a difference between the observed chemical shift and the reference chemical shift 
was calculated. B. 13Ca secondary shifts for N-myc64-137 plotted against N-myc64-137 
sequence, calculated as in A. Positive values indicate a-helices, negative values 
indicate b-sheets and values nearing 0 or variation in consecutive values indicate a 
lack of structure. 

4.2.2 Prediction of secondary structures from primary amino acid sequence 

It is possible to predict the secondary structures from the analysis of the primary 

sequence alone, without any experimental data. Servers such as JPred4 (Drozdetskiy 

et al., 2015) and PSIPRED v 3.2 (Jones, 2022) interrogate sequential strings of amino 

acids against structures already deposited in PDB. The predictions based on a 

primary amino acid sequence of N-myc TAD agree on the presence of a-helix at the 

C-terminus (R123–K133 and A122–L134, for Jpred4 and PSIPRED, respectively). Jpred4 

does not predict any other secondary structures, in contrast to PSIPRED, which 

places a-helices at residues I49–F53, P75–L82, A93–F97 and P109–M116 (Figure 4.3). P75–

L82 and P109–M116 a-helices have N-terminal proline, which is commonly seen in other 

structures. The remaining residues are predicted to be a random coil. 

4.2.3 Chemical shift index  

Secondary chemical shifts can be transformed into a chemical shift index (CSI) by 

assigning an integer value of +1, 0 or -1 to chemical shifts for downfield, no shift, or 

upfield deflection from random coil values, respectively (Wishart et al., 1992). 13Ca 

are characterised by +1 chemical shifts in a-helices and -1 chemical shifts in b-

strands, whereas 13Cb displays the opposite trend (Higman, 2012). This analysis is 

extended towards HN, N, C’ and Ha chemical shifts also. CSI is commonly used in 

conjunction with predictors of secondary structures based only on amino acid 

sequence. We employed CSI 3.0 and Torsion Angle Likeliness Obtained from Shift 

and Sequence (TALOS-N; Shen and Bax, 2013; Hafsa et al., 2015) to test N-myc 
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TAD secondary structures. TALOS-N calculates torsion angles from CSI of HN, N, C’, 

Ca, Cb, Ha and Hb by looking at strings of polypeptides matching the sequence of 

interest and the previously deposited structures (Shen and Bax, 2013). It then 

generates Ramachandran plots, together with the probability of a given structure 

(random coil, a-helix or b-sheet; Shen et al., 2009a).  

 

CSI 3.0 utilises TALOS-N in its prediction calculations (Hafsa et al., 2015). Both CSI 

3.0 and TALOS-N predict the majority of N-myc TAD to be a random coil. CSI 3.0 

only predicts two a-helical regions, spanning residues T79–L83 and A122–S131, whereas 

TALOS-N places two a-helices at W77–L83 and A122–E132. In addition, TALOS-N 

predicts four b-turns, at M1, M11–C14, F28–Y29 and at Y36, however without consecutive 

strings of similar predictions it is unlikely that these are accurate estimations of 

secondary structure (Figure 4.4 B). N-myc TAD within this region is prone to 

proteolytic degradation, causing changes to resonant frequencies in observed HNCA 

peaks. This could result in abnormal CSI values and the prediction of single-residue 

b-sheets. Calculated psi (y) and phi (j) angles for the predicted helical regions show 

typical tight clustering between -150° to -20° and -100° to -45 of Ramanchandran plot, 

indicating torsion angles are in agreement with a-helix (Hovmöller et al., 2002; Chong 

and Ham, 2013).  

 

TALOS-N also calculates Random Coil Index (RCI) S2 order parameter which is a 

measure of the rigidity of individual residues compared the overall tumbling of a 

molecule. Residues with high S2 order parameter are characterised by lower 

frequency of local motions than the overall tumbling of a molecule, indicating a 

presence of secondary structure (Berjanskii and Wishart, 2007). RCI S2 varies across 

the molecule (Figure 4.4 B), indicating that despite N-myc TAD classification as an 

IDP, it possesses a lot of variety in its internal motions. Higher (RCI) S2 values are 

seen for the predicted helices in W77–L83 and A122–E132, but also residues L55 – S62, 

which is an area of N-myc phosphodegron. This region is particularly rich in prolines, 

which might explain the reduced level of fast internal motions for these residues. 
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Figure 4.4. Secondary structure propensity of the N-Myc TAD based on primary 
sequence analysis and CSI predictions from experiment. 
A. Secondary structure propensities were analyses based on the primary sequence 
(Jpred 4 and PSEPRED) or based on primary amino acid sequence and the 
experimentally-derived CSI values obtained through the NMR assignment. Arrows 
indicate the presence of predicted b-sheets/turns and ribbons indicate the presence 
of predicted a-helices. B TALOS-N predicted structures with blue bars corresponding 
to b-sheets, green bars corresponding to a-helices and the regions that lack the bars 
indicate random coil or unstructured elements. Red circles plotted are the predicted 
S2 Random Coil Index. 

4.2.4 Relaxation measurements on the N-myc TAD 

To investigate further the behaviour of the N-myc TAD in the context of local and 

global structure, a set of three relaxation measurements, 1H-15N-nOe, R1 and R2, was 

employed to measure the dynamics on ps–ns timescale to probe local dynamics of 

the protein. 1H-15N-nOe values inform whether individual residue dynamics is 

determined by overall rotational of the molecule (tC) and are thus ‘fixed’ or rigid in 

nature, or whether their dynamics is faster than tC, thus indicating a degree of 

flexibility (Kay et al., 1989). Negative nOe values indicate large amplitude motions on 

short timescales which are seen at the N- and C- termini of N-myc TAD (Figure 4.5) 

as these regions experience the highest degree of freedom in their motions (Yao et 

al., 2001). Regions with restricted local movements result in increasingly positive nOe 

values as their rotational motions approach tC. Most of the N-myc TAD residues are 

characterised by 1H-15N-nOe values in the range 0.2–0.4, indicating that most of the 

TAD is flexible in nature on the picosecond to nanosecond time scale (Figure 4.5). 

The average nOe values of N-myc TAD, excluding M1, P2 and G137 is 0.18, but within 
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the sequence are stretches of residues which are characterised by higher nOe values 

(~0.4). These regions: W50–F53, W88–S90 and S118–S121 are likely to experience more 

restrictive motions of the N–H vectors (Figure 4.5;  Estrada et al., 2011). Some 

residues were excluded from the analysis either due to peak overlap or peak 

broadening where it was impossible to confidently follow peak intensities for 

independent residues.  

 

R1 and R2 measurements were performed to probe longitudinal and transverse 

relaxation rates, respectively, which depend on the level of internal motions, as well 

as other factors, and can be related to the structural propensity of a residue. Both R1 

and R2 measurements report ps – ns motions but R2 is also impacted by µs – ms 

timescales (Hellman et al., 2014; Batchelor et al., 2019). R1 values remain consistent 

for residues throughout the length of N-myc TAD and average 1.6 s-1, except for the 

termini of the protein (Figure 4.5), indicating that at ps-ns time scale all residues are 

similar in their dynamics. R2 values increase with slower tumbling and are impacted 

by µs – ms time-scales dynamic processes, which signifies more ‘global’ 

conformational motions such as protein folding, oligomerisation, or chemical 

exchange between different conformers (Kovermann et al., 2016). For N-myc TAD R2 

range between 2.0 s-1 and 8.0 s-1 and average at 4.9 s-1, however they vary across 

the sequence. The regions of increased R2 values are W50–F53, L87 and G89 and I111–

E132 and this was observed in the regions of latent helicity (Figure 4.5). 
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Figure 4.5. Relaxation measurements for the N-myc TAD domain. 
1H-15N nOe (A), R1 (B) and R2 (C) of N-myc TAD. The first three residues in the protein 
sequence are artifacts of cloning and TEV-Nia protease cleavage and are omitted 
from this analysis for clarity. Missing residues are either prolines, not observable in 
1H-detected experiments, or from overlapping peaks which were omitted in the data 
analysis due to ambiguities in peak intensity measurements. 
 

4.2.5 Spectral density mapping  

Whereas 1H-15N-nOe, R1 and R2 are valuable source of dynamics information, they 

are largely descriptive and difficult to relate to any parameter of dynamic metric. 

Relaxation data can be further processed to obtain the read-out of behaviour of 

individual vectors at specific frequencies. Model-free analysis, which is a first type of 

analysis, assumes that a molecule tumbles isotropically with a single correlation time. 

Due to intrinsically disordered nature of N-myc TAD, its vectors are anisotropic and 

their motion is independent of one another.  Spectral density mapping is used instead, 

which looks at each 1H-15N vector individually and calculates the probability of its 

motions at a particular frequency (w; Farrow et al., 1995).  Spectral density mapping 

is described by three equations: 

 

𝑅# = 	3𝐴𝐽(𝜔9) 	+ 	𝐴𝐽(𝜔: 	− 	𝜔9) 	+ 	6𝐴𝐽(𝜔: 	− 	𝜔9) 	+ 	𝐵𝐽(𝜔9)   (1) 
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𝜎 = 	−𝐴𝐽(𝜔: 	− 	𝜔9) 	+ 	6𝐴𝐽(𝜔: 	+ 	𝜔9)     (3) 

 

Where J is a spectral density function, 𝜔9	is a 15N frequency, 𝜔: is 1H frequency. 

Ideally, to solve spectral density functions, 1H-15N-nOe, R1 and R2 are collected at two 
1H frequencies. However, if the data is collected at only one frequency, reduced 

spectral density function can be used instead using few assumptions. As wH exceeds 

wN significantly, it can be assumed that J(wH+wN) » J(wH–wN) » J(wH) are similar and 

the frequencies that need to be calculated are J(wN), J(wH) and J(0). J(0) describes 

the probability of motions at ps–ns time scales, whereas J(wH) is more sensitive to 

the slower motions (µs–ms) and J(wH-wN) is sensitive to all time-scale motions 

(Hellman et al., 2014). The analysis of frequencies for N-myc TAD is shown in Figure 

4.6. The full analysis of this data is beyond the scope of this work, however few 

observations can be made. Residues with helical propensity (W77 – G89 and P109 – 

G137), which are highlighted in red in Figure 4.6, are characterised by motions at 

slower frequencies (µs) which could correspond to chemical exchange. There is also 

another region (Figure 4.6, green rectangle) that is characterised by ps-ns timescale 

of motions (calculated by scripts generated by Theodoros Karamanos). 

 
Figure 4.6. Reduced spectral density mapping for N-myc TAD. 
Reduced spectral density mapping is the analysis applied to relaxation data, when it 
was collected only at one spectrometer frequency. It aims to quantitatively establish 
the probability of motion of ps-ns timescale plotted as a function of residue number. 
Time-scales of detected motions are indicated in green (ps-ns) or red (ms). Rex refers 
to relaxation. Courtesy of Theodoros Karamanos. 
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4.2.6 Modelling of N-myc TAD structure 

We utilised two structure-prediction tools to model the overall structure of the N-myc 

TAD. AlphaFold is one of the latest developments which uses deep machine learning 

to model protein structures (Jumper et al., 2021). The structure generated shows the 

N-Myc TAD as mainly disordered, however due to the limited number of N-myc (and 

c-myc) PDB entries, the confidence levels of predictions are low or very low (Figure 

4.7 A). The ‘pLDDT’ value shown is a derivative of lDDT – Ca metric (local Distance 

Difference Test), which measures how well local atomic interactions are recreated in 

the model in comparison to the reference protein (Mariani et al., 2013). AlphaFold 

indicates that all predictions with pLDDT < 50 have ribbon-like appearance and are 

implied to be intrinsically disordered (Jumper et al., 2021; Varadi et al., 2022). The 

regions of predicted a-helices are: D48–E54 (70 > pLDDT > 50), S76–E86 (70 > pLDDT 

> 50 for most of the residues); P109– L112 (70 > pLDDT > 50) and A122– Q135 (90 > 

pLDDT > 70; Figure 4.7 A).  

 

To incorporate the experimental data into structure modelling, we utilised the 

chemical shift-Rosetta (CS-Rosetta) server, which predicts the overall structure 

based on 1HN, 15N, 13C’, 13Ca, 13Cb, 1Ha and 1Hb assignment to generate a de novo 

model (Lange Oliver et al., 2012; Shen et al., 2010; Shen et al., 2009b; Shen et al., 

2008). In tandem, the depository is searched for similar polypeptides and the lowest 

energy models are selected and refined. Meshing this two-prong approach results in 

the generation of accurate 3D structures (Shen et al., 2008). CS-Rosetta has 

predicted 3000 structures for N-Myc TAD based on its CSI and derived torsion angles 

generated by TALOS-N, however the predictions are characterised by low 

convergence and structures score high energy with high mean root square deviations 

(Ca-RMSD; Figure 4.7 C), indicating a large discrepancy between predicted 

structures. The best model, characterised by 10.2863 RMSD-Ca against the lowest 

energy, predicts two a-helices, in positions E83–L86 and A125–A132 (Figure 4.7 B) and 

one single-residue b-turn surrounding position W120 (Figure 4.7 B). 

 

The predicted structures of AlphaFold and CS-Rosetta are in agreement with 

secondary chemical shift, CSI and relaxation data which all predict helical propensity 

in regions of W77 – G89 and A122–A132 and assigns the majority of N-myc TAD as 

unstructured. 
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Figure 4.7. N-myc TAD structure predictions. 
A. Structure prediction using AlphaFold. Four helices predicted by AlphaFold are D48–
E54; S76–E86; P109–L112 and A122–Q135. The colours of the structure reflect the structure 
prediction confidence levels measured as local Distance Difference Test (pLDDT). 
Full-length N-myc protein was used as an input however, everything apart from N-
myc TAD was omitted for clarity. B. Structure prediction using the CS-Rosetta web 
server. The N-terminus is highlighted in red, a-helix E83–L86 in green, b-turn around 
W120 in magenta and a-helix A122–A132 in yellow. C. Each crosshair represents one of 
3000 structure predictions generated by CS-Rosetta, scored against their relative 
energy and Ca-RMSD. (Lange Oliver et al., 2012; Shen et al., 2010; Shen et al., 
2009b; Shen et al., 2008; Jumper et al., 2021; Varadi et al., 2022). 

4.2.7   Helical propensity of the N-myc75-89 fragment 

The crystal structure of N-myc28-89 with Aurora A and NMR experimental data 

collected in this work on N-myc TAD indicates helical propensity within residues W77 

– W88. To interrogate whether this helix formation is in response to Aurora A binding 

or whether this region is helical in apo state, synthetic peptides of N-myc73-89 were 

designed. Apart from a wild type N-myc73-89 peptide (Figure 4.8 A), two mutations were 

also introduced into this region in position L82 and L87 (N-myc73-89 DM). Leucines 

promote helix formation, therefore to reduce helix propensity of this region, these 

were mutated to glycines, which are known helix-breakers (Imai and Mitaku, 2005; 

Chakrabartty et al., 1994). In addition, L82 and L87 point away from the surface of 
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Aurora A in the crystal structure, thus allowing to decouple interaction-promoted 

helicity from intrinsic helicity of the peptide (Figure 4.1 B and C; Richards et al., 2016). 

 

The helicity of N-myc73-89 and N-myc73-89 DM was assessed using far-UV circular 

dichroism (CD) with or without the addition of 2,2,2-fluoroethanol (TFE), a known helix 

promoter (Cammers-Goodwin et al., 1996). In the absence of TFE, N-myc73-89 WT and 

N-myc73-89 DM display a typical far-UV absorbance of a random coil, with 

characteristic single minimum in the mean molar residue ellipticity (MRE) at 200 nm 

(light blue and ligh green traces; Figure 4.8 A; Greenfield, 2006). N-myc73-89 WT 

ellipticity scores overall slightly more negative values within the region 197 – 228 nm. 

In the presence of 30% v/v TFE, differences between the helical propensity of these 

two peptides becomes more apparent. N-myc73-89 WT absorbs positively at 193 nm 

and negatively at 208 nm and 222 nm, which is characteristic of helical propensity 

(dark blue trace, Figure 4.8 A; Woody, 1995). The introduced substitution of two Leu 

to Gly in N-myc73-89 DM is detrimental for the helical propensity of this region. The far-

UV CD profile still resembles that typical for an a-helix, however the MRE values at 

208/222 nm are far less negative in comparison to N-myc73-89 WT (dark green; Figure 

4.8 B). To interrogate the impact of TFE on N-myc73-89 WT helical propensity, the 

peptide was diluted into CD buffer containing 15% TFE. The far-UV CD profile 

indicates an intermediate MRE profile between a-helical and random coil profile in 

the presence of 15% v/v TFE (Figure 4.8 C). The data indicates that N-myc73-89 WT 

has much higher helical propensity than N-myc73-89 DM, which is only moderately 

helical at 30% v/v TFE. Helix formation of N-myc73-89 WT depends on the presence of 

TFE and positively correlates with the concentration of this compound, which is in 

agreement with NMR data which predicts a region of increased helical propensity 

within W77 – G89 region. 
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Figure 4.8. Far-UV circular dichroism (CD) of N-myc73-89 WT and N-myc73-89 DM 
peptides 
A. Two N-myc73-90 peptides used for secondary structure investigation through CD. 
The top peptide is N-myc73-90 WT and the bottom peptide is a double mutant referred 
to as N-myc73-90 DM. Mutated residues are underlined. B. The comparison of N-myc73-

89 WT and N-myc73-89 DM mean molar residue ellipticity (MRE) in the presence of 30% 
v/v TFE (dark blue and dark green traces, respectively) and in the absence of TFE 
(light blue and light green traces, respectively). C. MRE of N-myc73-89 WT in increasing 
concentrations of TFE. Trace with no TFE present in beige, trace with 15% v/v TFE 
is pink and the trace with 30% TFE is in dark red. All data was collected at 20° C in 
CD buffer (Table 2.1). 

4.2.8 Interrogation of divergent chemical environments of S76 – G89  

The assignment performed on N-myc64-137 resulted in collection of 1H-15N HSQC 

spectrum with better signal-to-noise ratio and revealed two distinct chemical 

environments for the residues that are involved in the a-helix formation when bound 

to Aurora A (Figure 4.9 A, blue letters). Residues S76 - G89 are characterised by two 

peaks, one larger (major population) and one smaller (minor population). This stretch 

is preceded by a ProPro motif and is capped at position 91 with another Pro (Figure 

4.9 B). 
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Figure 4.9. Major and minor population of peaks. 
A. Primary amino acid sequence of a fragment of N-myc TAD seen in the crystal 
structure with Aurora A. Blue letters correspond to residues forming a helix and pink 
letters correspond to the residues seen in the crystal structure as a random coil 
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(Richards et al., 2016). B. Panel showing regions of the N-myc64-137 1H–15N HSQC 
spectrum and H–N correlations for residues participating in the formation of a helix 
when bound with Aurora A. Major and minor peaks are highlighted. C. Panel showing 
regions of the N-myc64-137 1H–15N HSQC spectrum from residues C-terminal from P91. 
Major and minor peaks are highlighted.  
 

In NUS 1H-detected triple detected spectra, it was possible to sequentially link minor 

population peaks (Figure 4.11). 

 
Figure 4.10. Sequential linking of minor population peaks of C’, Ca and Cb. 
H(N)–C plane strips through H–N correlations for minor population peaks of residues 
S76–W88. A series of 1H-detected triple resonance experiments recorded on a 750 
MHz Bruker spectrometer were used in the assignment: HNCO (brown), HNcaCO 
(gray), HNCA (green), HNcoCA (purple), HNcocaCB (orange) and HNcaCB (navy). 
Data were collected using NUS with 25% sampling. 15N frequencies for the H(N)–C 
plane are shown at the top of each strip. 
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We calculated the relative amount of major and minor protein conformers by 

quantifying ratio of height of major-to-minor H-N correlation peaks for residues within 

S76 – S90 region, using CcpNMR Analysis v2.5 software (Vranken et al., 2005). 

Residues M81, E84, L87, G89 and S90 were omitted in the quantification due to peak 

overlap. The quantified ratio varied between residues and was between 1.7 – 3.0 

(Figure 4.11 A). To test if this effect is concentration-dependant, 1H-15N HSQC was 

collected again with doubled concentration of N-myc64-137 (300 µM) and the major-to-

minor H-N correlation peaks were calculated again. The height ratio of these peaks 

was smaller in comparison to 150 µM concentration, but only moderately (Figure 4.11 

A). If the effect resulting in major and minor peak population was concentration-

dependent, the ratio of peak heights would change by half, most likely pushing the 

equilibrium between these two states towards minor population peak population. 

 

To control for the change in height across entire construct, peaks unrelated to this 

region were also quantified in the same fashion (A92–G98, N108, V110, C115 and W117; 

Figure 4.11 B). These peaks are also characterised by minor and major population, 

as they lie within the proximity of proline residue. Most of the peaks involved in the 

formation of the helix experience a slight decrease in the ratio for 300 µM vs. 150 µM 

concentration, whereas the peaks outside the helix region experience slight increase 

in the ratio, i.e. their major peak heights increase with an increase in the concentration 

(Figure 4.11 B). 

 

 
Figure 4.11. Major-to-minor peak height ratio of N-myc64-137 construct. 
A. Quantification of peak height ratio for the residues in the S75–W88 region. B. 
Quantification of peak heights for selected residues of the N-myc64-137 construct that 
are not involved in helix formation on binding to Aurora A. Red bars correspond to 
150 µM and green bars correspond to 300 µM. 
 
The ratio of major-to-minor peak fell within the same range of 2:1 for all of the residues 

at both concentrations, indicating that this effect is not concentration-dependent 

(Figure 4.11 A and B), thus the process driving these two distinct chemical 
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environments is not concentration-dependent either. This excluded the possibility of 

a chemical equilibrium between major population which is a random coil and minor 

population which is a a-helix, being likely. We also quantified 13Ca secondary 

chemical shifts for minor peak population, and they did not indicate an increase in 

secondary shift value, implicating that a-helix formation is not the cause of the 

difference in chemical environment.  

 

To interrogate this observation further, chemical exchange was probed using Z-Z 

exchange experiment was used to measure the exchange of transverse relaxation 

between major and minor peaks as a function of time. Indication of chemical 

exchange within the set mixing time would show as two cross-peaks on 1H-15N-HSQC 

spectrum, with one cross-peak labelled with F1 of major and F2 of minor frequencies 

and the second cross peak would be labelled with F1 of minor and F2 of major 

frequency (Figure 4.12 A; Vallurupalli, 2009; Mittermaier and Meneses, 2013). Good 

signal-to-noise ratio was ensured by using 300 µM N-myc64-137 sample, however no 

cross-peaks were detected for S76-G89 residues, or A92 – W117 residues (Figure 4.12 

B). The long mixing time (0.5 s) used shows a lack of interconversion between major 

and minor populations, indicating that they belong to a separate species or that the 

exchange rate occurs at much slower timescale.  
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Figure 4.12. Z-Z exchange experiment of N-myc TAD. 
A. Z-Z experiment was set up with 0.5 ms mixing time using 300 µM N-myc64-137. The 
experiment was collected on 750 MHz Oxford NMR magnet, equipped in TCI-
cryoprobe (5 mm). The presence of any chemical exchange would be realised in the 
presence of two extra cross peaks for the highlighted residues labelled with F1 of 
major and F2 of minor peak frequency and the second cross peak would be labelled 
with F1 of minor and F2 of major peak frequency. B. Z-Z experiment performed on 300 
µM N-myc64-137 sample. Residues experiencing peak splitting are highlighted.  
 
 
To further investigate the differences in dynamics of these two populations, R2 

relaxation measurement was performed with the ten delays randomly selected 

between 50 ms – 100 ms. The peaks of minor populations relaxed 50–60% slower 

than the peaks of major population, as indicating by the smaller relaxation rates 

(Figure 4.13). M81, E84, N85, E85 and L86 were excluded from the analysis due to peak 

overlap. 
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Figure 4.13. R2 of major and minor peaks of N-myc64-137. 
R2 was measured on 300 mM N-myc64-137 sample using ten delays selected between 
50 ms – 100 ms. Major peaks R2 rates are shown in blue and minor peaks R2 rates 
are indicated in yellow. 
 
To analyse the composition of the protein sample used in NMR, intact mass 

spectrometry analysis was performed on 20 µM of N-myc64-137, with the sample 

incubated at RT for 24 hrs without the presence of protease inhibitors, to mimic the 

degradation occurring within NMR spectrometer during the collection of 1H-detected 

triple resonance experiments. Intact mass spectrometry analysis indicates N-myc64-

137 as a single species of an expected weight of 8485.00 Da as predicted (Figure 

4.14). 

 
 
Figure 4.14. Intact mass spectroscopy analysis of N-myc64-137. 
The analysis was obtained following the incubation of thawed protein at room 
temperature, without the presence of protease inhibitors, to replicate the conditions 
during NMR experiment. The spectrum shows a single species which correlated with 
the expected molecular weight of 8485.00 Da. 
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4.3 Discussion 

4.3.1 Helical propensity 

Although obtaining structural data for IDPs is technically challenging, the employment 

of NMR allows for assessment of secondary structural propensities and the overall 

dynamics of a protein. We documented the presence of two transient/latent a-helices 

within positions S76–W88 and A122–E132 in otherwise unstructured N-myc TAD protein, 

using secondary chemical shift, CSI, NMR relaxation data, computer modelling and 

CD data. Establishing the exact boundaries of these regions is difficult. Each 

technique employed (secondary chemical shift, CSI, relaxation data, computer 

modelling) interrogates different aspects relating to structure and dynamics which 

results in slightly different positioning of these structures within the protein sequence. 

 

N-myc75-89 WT is unstructured when interrogated by far-UV CD, however upon 

addition of a-helix-promoting agent (TFE) the latent/potential helicity of this region 

becomes apparent. This suggests a propensity for ‘folding – upon – binding’ that is 

typical of IDPs and is observed in N-myc TAD in the context of Aurora A interaction 

or in the presence of the helicity-promoting region. This agrees with 13Ca secondary 

chemical shifts that indicate helical propensity, and the NMR relaxation data (1H-15N-

nOe, R1 and R2), which indicates a reduced degree of freedom in motions of S76–W88 

residues. 1H-15N-nOe values fall between 0.2 and 0.4, which is typical for a protein 

with conformational plasticity (Konrat, 2014). The relaxation data for N-myc’s closest 

paralogue – c-myc1-88 and c-myc1-88 phosphorylated on serine 62 (pS62-c-myc1-88) are 

consistent with 1H-15N-nOe values shown for the N-myc TAD, confirming that these 

two proteins are both IDPs (Andresen et al., 2012; Helander et al., 2015). For 

comparison, a protein of similar size to the N-myc TAD (17 kDa) but globular in nature, 

such as VirB7 which forms part of the bacterial secretion system, has 1H-15N-nOe 

values that average well above 0.5 (Souza et al., 2011). 

 

The presence of secondary or tertiary structure restricts anisotropic environment of 

individual residues and thus enhances cross-relaxation which leads to faster 

relaxation rates (Konrat, 2014). R2 values for the N-myc TAD are in the range of 4.0–

6.0 s-1 whereas for c-myc1-88 and pS62-c-myc1-88 they are in the range of 15–20 s-1, 

with the difference in the rates being attributed to the difference in the molecular 

weight of these two proteins (Helander et al., 2015). A variation in R2 values for 

different residues in the sequence points to regions of restricted local mobility, such 
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as regions of transient secondary structure. W50–F53, L87 and G89 and I111– E124 all 

have higher R2 rates in comparison to their neighbouring residues. In apo c-myc1-88, 
regions 1–28 and 50–62 show high values for R2 in comparison to neighbouring 

regions. Whereas we did observe some differences within W50–P57, there was no 

increase in R2 rates for the very N-terminal part of the N-myc TAD (Andresen et al., 

2012). This is particularly striking as this region encompasses part of MB0 (R10–E28 

in c-myc) which is conserved between N- and c-myc.  

 

The majority of residues within the S76–W88 region with helical propensity are missing 

from relaxation data analysis. W77–N85 peaks diminish in intensity for longer delays in 

the relaxation experiments, thus they cannot be reliably used to obtain R2 value. In 

IDPs this is typical of transient secondary structure regions, which undergo chemical 

exchange on intermediate timescale between folded and unfolded state, making 

these residues difficult to detect (Helander et al., 2015; Konrat, 2014). As this region 

is known to have helical propensity in N-myc TAD and is predicted to be an a-helix, 

it is consistent with an intermediate chemical exchange of two conformers. 

 

We also demonstrated the presence of a second, previously unreported, region with 

helical propensity at the C-terminus of the N-myc TAD, encompassing residues A122–

E132 and falling within the region of MBII, with the predictions of TALOS-N, AlphaFold, 

CSI and dynamics for this region are more confident than the predictions for S76–W88. 

4.3.2 Secondary structures in the context of partner binding 

The regions with IDPs with secondary structural propensities are often involved in 

interaction with the binding partners (Wright and Dyson, 2009). The N-terminal a-

helix, featured in the crystal structure when bound to Aurora A, is transient in nature, 

as documented by our far-UV CD data, and is predicted with low confidence for this 

region in the modelling data. The sequence identity is not conserved in myc 

paralogues, however a proximal region of c-myc is observed to be an a-helix in the 

crystal structure of c-myc96-125 in complex with TAF1-TBP (Richards et al., 2016; Wei 

et al., 2019). The second site, spanning residues A122–E132 has not been featured in 

any crystal structures, however, together with MB0, is has been implicated in the 

interaction with TRRAP which recruits multiple histone acetyltransferases through 

such as GNC5, responsible for histone acetylation (McMahon et al., 1998; Kalkat et 

al., 2018). 
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The mechanism by which IDPs bind to their targets through transient secondary 

structures has received a lot of attention recently, and these regions have been 

named molecular recognition elements (MoRFs; Radivojac et al., 2007; Garner et al., 

1999). The regions S76–W88 and A122–E132 both fit the criteria of a MoRF, with the 

presence a-helix promoting amino acids (alanine, glutamate, arginine, leucine; Pace 

and Scholtz, 1998). MoRFs often exist as random coils in solution and become folded 

upon interacting with a binding partner, most commonly assuming an a-helical 

conformation (Radivojac et al., 2007; Garner et al., 1999; Wright and Dyson, 2009). 

The transition from unstructured to structured is advantageous, as it allows 

conformational flexibility and binding affinities that are low with fast on and off rates. 

This grants IDPs binding promiscuity and allows rapid modulation of the signal which 

is critical in the processes that IDPs regulate, such as mitogenic responses, gene 

expression and cell cycle (Wright and Dyson, 2009).  

 

The mechanisms by which IDPs bind to their interacting partners through MoRFs is 

poorly understood, however two alternative theories have been proposed. In ‘induced 

folding’ theory, an IDP binds to its target protein in disordered form, initially forming 

non-specific hydrophobic interactions (Figure 4.15, top panel). Gradual interaction 

with the binding partner ‘molds’ secondary or tertiary structure on an IDP. In the 

‘conformational selection’ model the IDP exists in a state of equilibrium between its 

folded and unfolded state. The target protein selects for and interacts with the folded 

population of the IDP (Figure 4.15, bottom panel; Wright and Dyson, 2009). The initial 

binding event seems to be mainly driven by hydrophobic interactions; however it has 

been reported that initial matching can also be mediated by electrostatic interactions 

and then hydrophobic interactions drive folding (Wright and Dyson, 2009; Arai, 2018). 

 

Whether either of the MoRF sites on the N-myc TAD are examples of ‘induced fit’ or 

‘conformational selection’ models remains to be answered. The helical propensity 

present within these two regions could drive both processes. Increased helical 

propensity lowers the entropic barrier to forming an a-helix upon binding but could 

also indicate a minor population of N-myc with a helical conformation, working in 

favour of both ‘induced fit’ or ‘conformational selection’ models. It has also been 

demonstrated that the two mechanisms are not mutually exclusive (Arai, 2018). Either 

models can be correct and be utilised within the N-myc TAD, depending on which site 

is driving the interaction or the cellular and physiological context. 
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Figure 4.15. 'Induced folding’ vs. ‘conformational selection’ model for an IDP 
binding to its binding partner. 
In the ‘induced fit’ model (top row) an IDP interacts with a binding partner first in 
unfolded/random coil form (middle panel). The initial interaction has low affinity, 
mainly stabilised by hydrophobic interactions. As binding occurs an IDP assumes a 
stable conformation, often with secondary structure (right panel). In the 
‘conformational selection’ model (bottom row) the IDP exists as an equilibrium 
between folded and unfolded states. A binding partner selects for and binds to a minor 
conformation of folded IDPs. Adapted from (Wright and Dyson, 2009). 

4.3.3 The accuracy of model predictions 

As CS-Rosetta utilises TALOS-N dihedral angle predictions based on the CSI, it is 

expected that the predictions generated by both algorithms would predict similar 

secondary structure (Shen et al., 2008; Shen et al., 2009b; Shen et al., 2010). The 

two models generated indicated that CS-Rosetta is more conservative in its 

estimation of secondary structures as it not only utilises dihedral angles to guide the 

model building process, but also scans N-myc TAD-identical polypeptide strings in 

the depositories. For example, the CS-Rosetta model predicts an a-helix in the 

position E81–L86, whereas TALOS-N places an a-helix from W77–E84. For the C-

terminal a-helix the prediction from CS-Rosetta spans A122–A128, whereas for TALOS-

N the prediction is between residues A122–E132.  

 

Models generated by AlphaFold and CS-Rosetta are characterised by low 

confidence, which is mostly the reflection of the lack of N-myc or similar structures 

deposited in the database. There are many other structure prediction tools, all of them 

depend on utilising previously deposited structures to learn and to predict de novo 

structures. This introduces a significant bias against IDPs, firstly restricting the 
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machine learning of model algorithms and secondly, reducing the confidence in 

predictions for these proteins. The C-terminal a-helix structure is not featured in any 

deposited structures, and it has high confidence scores, mainly due to its primary 

amino acid sequence, often seen in PBD as a-helix. An a-helix for the sub-set of 

residues S75–W88 is predicted by both algorithms because it is featured in the 

depository, however its confidence score is lower, reflecting the small number of 

structures that feature this sequence. 

4.3.4 Distinct chemical environment of S76 – W88  

This work interrogated extensively the presence of two distinct chemical 

environments for residues participating in the a-helix S76–W88, which was apparent in 
1H-15N HSQC of N-myc64-137 construct. No definite conclusion could be drawn 

regarding the nature of these two distinct chemical environments. The effect of proline 

isomerisation, oligomer-formation and slow exchange between random coil and a-

helical structure within this region could all contribute to this phenomenon, in non-

mutually exclusive manner. 

 

Proline is characterised by the incorporation of the side chain imino ring into its main 

backbone through a covalent bond. This rigidity causes a small energy difference 

between cis and trans peptidyl-prolyl bond conformations, making proline far more 

likely than other amino acids to exchange spontaneously between these two isomers 

on the seconds to minutes timescale (Eyles, 2001; Lu and Zhou, 2007). Native 

proteins usually favour the trans isomer, which forms 95% of all peptidyl-proline bonds 

seen in crystal structures (Weiss et al., 1998). The isomeric heterogeneity of peptidyl-

prolyl bond cause neighbouring residues to experience two distinct chemical 

environments, resulting in two observable peaks per residue with a minor population 

representing a local cis- isomer and the major population representing a local trans- 

isomer of peptidyl-prolyl bond (Weiss et al., 1998; Lu and Zhou, 2007). With prolines 

capping S76–S90, an increased proportion of the cis-isomer in one or more of these 

Pro residues could give rise to two distinct chemical environments through the entire 

length of the a-helix region. In addition, examination of other residues which 

neighbour prolines (e.g. A92–G98) reveal a similar pattern of major and minor 

population peaks, confirming that proline isomerisation is a possible mechanism 

behind this effect. 
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Another possible mechanism that could cause two distinct chemical environments is 

localised dimerisationof N-myc TAD or formation of higher order oligomer. The 

sequence of the S76–S90 region contains a number of hydrophobic amino acids: Leu, 

Met, Trp and Val which could drive dimerisation through water expulsion mechanism 

(Radivojac et al., 2007). The visual inspection of N-myc64-137 following the collection 

of NMR data of 300 µM sample did not reveal precipitation which could indicate 

aggregation.  There is no evidence in the literature that N-myc TAD can dimerise or 

oligomerise, apart from forming dimer of heterodimers with its partner Max, through 

its C-terminal DNA binding domain (Nair and Burley, 2003). Recording 1H–15N HSQC 

spectra for N-myc64-137 at two different concentrations (300 µM vs 150 µM) and the 

comparison of major-to-minor H-N correlated peak heights indicate the mechanism 

driving these two distinct chemical environments is not concentration-dependent. Z-

Z exchange experiment showed no chemical exchange between the two species, 

indicating any oligomerisation taking place would be a very slow process exceeding 

seconds timescale. Slow oligomerisation processes can occur and are not 

uncommon and is seen for example in the formation of a-synuclein fibres (Ghosh et 

al., 2018).  

 

Chemical exchange between random coil and a-helix, was a hypothesised 

mechanism behind the presence of two distinct chemical environments, since it is 

commonly seen in IDPs and the region affected has been shown to have helical 

propensity (Dyson and Wright, 2005). The data collected however does not support 

this hypothesis either. Z-Z exchange mechanism shows no signs of chemical 

exchange. The analysis of R2 data of minor peaks reveal a species that relaxes more 

slowly, implicating that this species is smaller in size. This could be explained either 

by the presence of monomer – dimer, or by the presence of smaller N-myc construct 

in NMR reaction. Z-Z exchange experiment indicates no exchange at time scales 

where oligomerisation usually takes place. In addition, the intensity of the peaks was 

independent of the concentration. Mass spectrometry of N-myc64-137 indicating that 

there is only a single species present. 

 

The phenomenon observed behind the presence of these two species requires further 

investigation. Careful analysis of 1H-15N HSQC of N-myc TAD features minor 

population peaks for some of the residues, e.g. W77, V78, T79, however for the majority 

of the peaks participating in the helix, the second minor population are not observed. 

The shorter construct has more favourable NMR dynamics with longer T2 and this 
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translates into better signal-to-noise ratio, allowing to observe the minor population 

peaks. The N-myc TAD, due to its size, has less favourable signal-to-noise ratio and 

thus the resonant frequencies of the minor population peaks are practically 

undetectable. If this is the case, this would likely indicate that these peaks experience 

the dual chemical environment, which could be associated with the helical propensity 

and not the result of proteolytic degradation. 

 

Whichever mechanism gives a rise to these two distinct chemical environments, it is 

possible that it is occurring on longer time scales, than the ones probed through NMR. 

To exclude the possibility of a-helix formation, NOESY experiment could be 

conducted. a-helix would give a raise to cross-peaks of non-neighbouring residues, 

arising from the presence of this secondary structure. To observe the behaviour of 

prolines, 13C- and 15N-detected spectra could be used to directly establish the 

presence of cis and trans peptidyl prolyl bonds in this smaller construct. It is likely that 

each of the processes interrogated (proline isomerisation, oligomerisation and 

chemical exchange between a-helix and a random coil) are not mutually exclusive 

and can all contribute to the distinct chemical environment experienced by these 

residues. 
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5 N-myc TAD as a kinase substrate 
5.1 Introduction 

5.1.1 Methods to study phosphorylation 

PTMs are very important in the context of IDPs. PTMs can alter interactome profile, 

induce profound conformational changes within the IDP, signal for different functional 

outcomes, modulate signalling, amongst other mechanisms (Bah and Forman-Kay, 

2016). Myc proteins are subjected to extensive PTMs that lead to protein degradation, 

however the hierarchy and the importance of these PTMs is still an open debate in 

the field. Phosphorylation of serines/threonines is one of the most common and most 

studies PTM, and it features heavily in regulating myc protein stability (Ramazi and 

Zahiri, 2021). This chapter interrogates known and putative phosphorylation 

mechanisms that regulate the stability of N-myc protein.  

 

There are several methods to study phosphorylations. Universal kinase assays 

measure the amount of phosphorylation product, the amount of ATP used, or the 

amount of ADP formed, and detection is usually coupled with signal amplification, for 

example through fluorescence. While this approach quantifies kinase activity 

regardless of the type of the enzyme and substrate used, it is limited in determining 

modification sites and the number of modifications. Detection of specific phospho-

sites through immunoblotting requires highly specific antibodies, which are costly and 

may be impacted by cross-reactivity, especially if phospho-sites are proximal to each 

other. Immunoblotting techniques also become labour-intensive if multiple 

modifications are investigated. Mass spectrometry can provide in-depth analysis of 

phosphorylation of respective sites. Intact mass spectrometry can inform of the 

number of modifications, and protease digest allows peptide mapping of these 

phospho-sites. The drawback of the technique is the identification relies on the 

presence of the protease sites, and if multiple samples are analysed, the cost of this 

experiment can become prohibitive. NMR spectroscopy allows for real-time 

observation of phosphorylation reaction. In 1H-15N HSQC, each residue has a single 

peak of specific resonant frequencies of correlated amide and amide protons (apart 

from prolines, asparagines, glutamines and tryptophans). Phosphorylation of serines, 

threonines and tyrosines brings about very characteristic changes in the resonant 

frequency of these peaks, with 1H d of ~9.2 and 15N d of 118 – 119, referred to in this 

work as phospho-species region (Bienkiewicz and Lumb, 1999). The complete 

backbone assignment of the N-myc TAD allows us to analyse enzymatic reactions on 

per-residue basis. In addition, in contrast to other spectroscopic methods, NMR 
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delivers a very small energy to induce transition between the energy states, and thus 

a sample remains intact, allowing for multiple reactions to be interrogated in a 

sequential fashion. 

5.1.2 Myc proteins and PTMs 

As described in detail in the introduction, the main PTM that govern N-myc stability is 

hierarchical phosphorylation of S62 and T58 by Cdk1:cyclin B and GSK3, respectively 

(Sears et al., 2000; Yeh et al., 2004), however other sites have also been suggested 

as potential phospho-sites. One other residue that is listed in PhosphoSitePlus® 

database, documenting phospho-sites and is coming from phosphoproteomic data, 

is S64, putatively phosphorylated by Aurora A kinase (Zhou et al., 2013). S64 lies within 

the conserved MBI region, close to well-characterised S62 site. Another less 

interrogated putative phospho-site is T43, phosphorylated by Plk4 (Byrne et al., 2020). 

This site is positioned immediately next to P44 site, which is mutated in a sub-set of 

N-myc-driven cancers (P44L; Williamson et al., 2005; Tate et al., 2019). As Plk4 is a 

proline-directed kinase, it is possible that this mutation abrogates Plk4-specific 

phosphorylation which might be tumour-suppressive in nature. 

5.1.3 Signalling network involved in myc stability 

Upon undergoing a series of phosphorylations and other PTMs, c-myc is subjected 

to rapid degradation by SCFFbw7 complex, to prevent uncontrolled myc-driven 

signalling. To bypass this regulatory mechanism cancer cells commonly harbour 

mutations in the myc degradation pathway, that either directly or indirectly prevents 

myc protein degradation.  

Two kinases, Aurora A and Plk1, are both known to be important in preventing the 

degradation of myc protein. Aurora A becomes activated in late G2 with its activity 

peaking in mitosis, performing pleiotropic functions including centrosome separation, 

mitotic entry, bipolar-spindle assembly, chromosome alignment, amongst others 

(Marumoto et al., 2005). The full activation of Aurora A is complex and depends on 

subcellular context and cell cycle time point. However, likewise to other kinases, the 

phosphorylation of T288 within the activation segment in cis enhances catalytic activity 

of Aurora A by 15 fold (Tavernier et al., 2021). Active Aurora A then phosphorylates 

Plk1 on position T210, contributing to its activation (Combes et al., 2017). Plk1 has an 

N-terminal bilobal kinase domain and a C-terminal PBD, composed of two highly 

homologues polo box motifs (Seong et al., 2002). The PBD is important for phospho-

peptide recognition of Plk1 substrates and directing Plk1 subcellular localisation (Elia 
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et al., 2003). Humans have four paralogues of Plk: Plk1, Plk2, Plk3 and Plk4. 

Whereas the three former ones share a similar architecture of PBD, Plk4 is 

characterised by pseudo-PBD with only one polo box present (Park et al., 2010).  

Plk1 is controlled both spatially and temporarily and its expression peaks at M stages 

of cell cycle. Similarly to Aurora A, Plk1 has pleiotropic functions within M stage of 

cell cycle, including centrosome maturation, bipolar spindle formation, mitotic entry 

and cytokinesis, amongst others (Park et al., 2010; Archambault and Glover, 2009). 

5.1.4 Hierarchy of N-myc degradation prevention 

Interactions between N-myc, Aurora A, Plk1 and Fbw7, reveals a complex network of 

N-myc regulation. From the literature, Aurora A antagonises the binding of Fbw7 to 

N-myc, thus reducing the probability of SCFFbw7- mediated degradation, by binding to 

the region just C-terminal of the phosphodegron in phospho-independent manner 

(Figure 5.1; Richards et al., 2016). There is also another layer of signalling in which 

Aurora A, acting together with Plk1, contributes in an indirect fashion to the stability 

of N-myc. Plk1 is activated by phosphorylation of T210 residue by Aurora A:Bora 

complex (Macůrek et al., 2008). In this mechanism Bora brings together Aurora A and 

Plk1 within the proximity of each other. Plk1 then phosphorylates Fbw7 and promotes 

its autoubiquitination and proteasomal degradation, however the authors did not 

assess the ability of Plk1 to bind to N-myc (Xiao et al., 2016). Plk1 phosphorylates 

[D/E] – [X] – [p-S/T] – [Φ] – [X] – [D/E] motifs and this sequence is absent from N-myc 

TAD (Alexander et al., 2011; Dou et al., 2011; Hegemann et al., 2011; Nakajima et 

al., 2003; Heinrich et al., 2013; Kettenbach et al., 2011) and therefore this region is 

unlikely to be a Plk1 substrate. This simplified network illustrates intricate 

dependencies that regulate myc protein stability and gives an idea how cancer cells 

could potentially synergistically enhance myc protein stability indirectly, through 

disruption of any of these components (Figure 5.1). It highlights the necessity of 

studying these interactions both independently and in tandem, to pharmacologically 

target myc protein stability. 
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Figure 5.1. Proposed model of mechanism enhancing myc protein stability. 
Aurora A and Polo box domain kinase 1 (Plk1) work in concert to enhance stability of 
myc protein. Aurora A competes with Fbw7 for the binding to the region close to the 
phosphodegron region of N-myc. In addition, Aurora A, together with scaffolding 
protein Bora, also phosphorylates Plk1 on its activation loop which activates Plk1. 
Plk1 then phosphorylates Fbw7 causing its autoubiquitination and degradation. 
Yellow stars indicate phosphorylation (Richards et al., 2016; Xiao et al., 2016; Seki et 
al., 2008; Macůrek et al., 2008). 
 
5.2 Results 

5.2.1 Myc degradation pathway 

5.2.1.1 N-myc as a substrate of Cdk’s 

Cdk1:cyclin B, which becomes activated at G2/M transition, has been shown to 

phosphorylate S62 in vivo in N-myc (Sjostrom et al., 2005). To test this reaction in a 

simpler system, an in vitro phosphorylation assay was utilised. The assay was 

performed at 35 °C for 1 hour in 96-well plate with the reactions terminated by the 

addition of SDS-PAGE loading dye. The modification was monitored by observing the 

changes in the SDS-PAGE mobility between treated vs. untreated peptides. The 

addition of phosphate group causes retarded electrophoretic mobility and produces 

distinctive higher-molecular weight bands. 
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From the previous work performed in our group, 28-89 fragment of N-myc TAD was 

a sufficient region to form a stable crystallizable complex with Aurora A, therefore a 

panel of N-myc28-89 peptides was used in the kinase assay. The peptides were 

phosphorylated at different positions: N-myc28-89, N-myc28-89 p-T58, N-myc28-89 p-S62, 

N-myc28-89 p-S64, N-myc28-89 p-T58 p-S62 (referred to as WT, p-T58, p-S62, p-S64 and p-

T58 p-S62, respectively; Richards et al., 2016) to monitor any phospho-site depended 

phosphorylations by Cdks. For example, Cdk1 is a proline-directed kinase involved in 

cell cycle progression and regulation and its phosphorylation of S62 acts as a priming 

event for phosphorylation of T58 by GSK3 (Sears et al., 2000; Yeh et al., 2004). The 

objective of this experiment was to assess the specificity and thus viability of in vitro 

studies and test other Cdk’s ability to phosphorylate other sites surrounding a 

phospho-degron or other sites. In total three cell cycle-related kinases (Cdk1:cyclin 

B, Cdk2: cyclin A, Cdk4:cyclin D3) and a single transcription-related kinase 

(Cdk9:cyclin T1) were tested.  The analysis of potential Cdk sites within N-myc 

sequence reveals in total of three [S/T] – [P] sites (T43, T58 and S62) and four additional 

phosphoryable residues that are not followed by proline in the sequence (S64, S71, S72 

and S75).  

 

The three Cdks involved in the cell cycle phosphorylated N-myc to varying degrees. 

Cdk1:cyclin B readily phosphorylated N-myc peptides in vitro, regardless of pre-

existing phosphorylations (left panel, Figure 5.2 A, + depicts kinase added and – 

depicts no kinase added). The phosphorylation was not limited to the S62 site, as 

evidenced by extra bands seen in p-S62 peptide. Cdk1:cyclin B targets the S62 site, 

however p-S62 peptide was also phosphorylated, highlighting the potential issue with 

the specificity of these kinases under the experimental conditions. Among all peptides 

treated with Cdk1:cyclin B, p-S64 peptide was the species that showed the most 

phosphorylation-related bands and with highest levels of motility retardation (two; 

Figure 5,2 A  left panel).  

 

Treatment of the peptides with Cdk2:cyclin A produces less phosphorylation than with 

Cdk1:cyclin B, albeit all of the peptides tested were still modified to some extent, even 

the p-T58 p-S62 peptide (Figure 5.2 A middle panel). The least efficient phosphorylation 

of the peptides is seen with Cdk4:cyclin D3 with very little difference in band 

appearance between treated (+) and untreated (-) peptides (Figure 5.2 A, right panel). 

Without the presence of positive control in place it is difficult whether this is a kinase-

specific effect or whether it is due to its low intrinsic catalytic activity.  
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An interaction between c-myc and Cdk9:cyclinT (pTEFb) has been documented in 

the literature, and it is thought to be mediated through cyclin T (Eberhardy and 

Farnham, 2003). It has not been determined whether this interaction exists in the 

context of myc acting as binding partner or as a substrate for this complex. Similar to 

Cdk1:cyclin B, the most substantial phosphorylation is seen on is p-S64, indicating  the 

addition of bulky negatively charged phosphates, makes other sites more accessible 

for kinases or it acts a priming event for both of the kinases, however literature 

documents no such case and the function of this site is obscure. S64, which belongs 

to a conserved MBI, has been listed as a non-frequent missense mutation in blood 

cancers (Baluapuri et al., 2020; Bahram et al., 2000). The remaining peptides are 

phosphorylated to the similar extent, implicating multiple sites that can be targeted by 

this kinase. 

 
Figure 5.2.  N-myc TAD phosphorylation by Cdk:cyclin complexes. 
A. SDS-PAGE of N-myc28-89 peptides treated with Cdk1:cyclin B, Cdk2:cyclin A and 
Cdk4:cyclin D3. N-myc28-89 peptides with different phospho-sites were treated in vitro 
with Cdks. Phosphorylation alters the motility of peptides, retarding their migration 
through polyacrylamide gel. B. SDS-PAGE of N-myc28-89 peptides treated with 
Cdk9:cyclin T1 (pTEFb). - and + indicate untreated and treated peptides, respectively. 
 
The lack of discrimination of phosphorylation events in this assay raises the questions 

of specificity of this assay in vitro. According to the literature, Cdk1:cyclin B should be 

phosphorylating all peptides apart from p-S62 and p-T58 p-S62, as per in vivo data, 

however it appears that all peptides are phosphorylated by Cdk1 to some extent. 

Another drawback of this approach is lack of correlation between number of bands 
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observed and number of phosphorylated sites, which prohibits any quantitative 

analysis. Overall, the assay indicated the lack of kinase specificity in in vitro studies, 

where kinases can phosphorylate sites that are sub-optimal. 

5.2.1.2 Phosphorylation of S62 by ERK1 

The above study has revealed the need to use a phosphorylation assay that would 

inform which sites specifically are targeted. and the relative efficiency of 

phosphorylation at each site. NMR is the best-suited technique for this, and the N-

myc TAD backbone assignment allows to monitor the modifications in real time. Due 

to de-shielding caused by electronegative oxygens in phosphate groups, 

phosphorylated residues have characteristic resonant frequencies on 1H-15N HSQC 

spectrum, usually at ~9 ppm in 1H dimension and ~120 ppm at 15N dimension 

(Selenko et al., 2008; Bienkiewicz and Lumb, 1999). In addition, phosphorylation 

alters the chemical environment of neighbouring residues which is realised in the 

changes in peak intensities or in chemical shift perturbations (CSPs) of neighbouring 

residues (Selenko et al., 2008). CSP is calculated using the formula  

𝐶𝑆𝑃 = 	F(1𝐻𝛿%45 − 1H𝛿678)" + ((15𝑁𝛿%45	 	− 	15𝑁𝛿678)/6.5)"
#
!, 

 

where dREF and dOBS is chemical shift of the reference and altered frequencies. The 

reference spectra were collected at 10 °C using a standard 5 mm NMR tube, prior to 

the addition of 0.3 µM of desired enzymes, after which the reactions were incubated 

for varying amount of time at 25 °C and 1H-15N HSQC spectra was recorded at 10 °C 

to achieve optimal signal-to-noise ratio. NMR buffer was supplemented with 4 mM 

MgCl2 and 1 mM ATP added freshly into the reaction. All enzymes were either made 

in-house or obtained commercially from MRC PPU Reagents and Services. 

 

The goal of this segment of work, was to establish the degradation pathway in vitro 

and to monitor these reactions in real time. The second objective was to obtain di-

phosphorylated N-myc (p-T58 and p-S62) to be used in the interaction studies with 

Fbw7. Because of the previous data indicating the lack of specificity of Cdk1:cyclin B 

towards N-myc in vitro, ERK1 was used instead. ERK1 is a proline-directed kinase 

which becomes stimulated by mitogenic signals and it phosphorylates specifically S62 

in c-myc, both in vivo and in vitro (Sears et al., 2000; Yeh et al., 2004). Figure 5.3 A 

illustrates 1H-15N HSQC of S62 and the residues surrounding this site, prior to the 

addition of the kinase (pink) and post-incubation with ERK1 (brown). Only the 

residues that undergo a significant CSP (above 0.05) were shown in the Figure 5.3 
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A. S62 becomes fully phosphorylated within 45 mins (time needed for ERK1 incubation 

and the collection of the spectrum). S62 undergoes CSP and its resonant frequencies 

change to the frequencies that are characteristic of phosphorylated residues 

(downfield shift in the 1H dimension of 1H-15N HSQC spectrum). Residues surrounding 

this site: L61, S64, R65 and G66 experience significant CSPs, indicating that their 

chemical environment has changed, due to the addition of the phosphorylation on the 

nearby residue (Figure 5.3 B). There were some other observable CSPs that were 

not associated with ERK1 activity directly and were positioned closely to histidine 

residues (H70 and H136, Figure 5.3 B). These changes are most likely due to changes 

in protonation of histidines as pH in the reaction decreases due to ATP hydrolysis.  

 
Figure 5.3. Phosphorylation of N-myc TAD with ERK1. 
A. Overlay of N-myc TAD 1H-15N HSQC of reference spectrum (pink) and N-myc TAD 
spectrum following 45 min incubation with ERK1 (brown). B. Average CSPs of 
residues spanning W50 – S90, calculated from 4 experiments. The remaining residues 
within N-myc TAD sequence did not experience significant CSPs. Error bars indicate 
standard deviation, which was calculated from four biological replicates. 
 

There are five sites within N-myc TAD that either meet the criteria for the ERK1 

minimal consensus site (p[S/T] – [P]) or ERK1 optimal consensus site ([P] – [L] – 

p[S/T] - [P]), where p stands for the residue targeted for phosphorylation by ERK1 
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(black boxes; Figure 5.4 A;  Gonzalez et al., 1991). We therefore examined if these 

sites were targeted. CSPs and changes to peak intensities suggest that sites T43, T58 

and T103 were also partially phosphorylated, albeit at slower time scales. Unlike the 

p-S62 site, which was characterised by CSPs of neighbouring residues, T43 underwent 

diminishing of the peak intensities over the course of 3 hours 30 mins with 

concomitant resurgence of a new peak localised in the phospho-species region of 1H-
15N HSQC (Figure 5.4 B and C). The neighbouring residues underwent modest CSPs 

and peak intensity diminishing (Figure 5.4). 

 
Figure 5.4. Phosphorylation of T43 site of N-myc TAD. 
A. Amino acid sequence of N-myc TAD with the highlighted consensus sites for ERK1 
(black rectangles). Residues in blue indicate sites with observable CSPs or 
diminishing peak intensities. B. Overlay of the reference (pink) and endpoint (grey) 
1H-15N HSQC of ERK phosphorylating Y36 – G46 of N-myc TAD. The endpoint was 
collected after 3 hrs 30 mins of the incubation with ERK1. C. Quantified peak intensity 
of each time-points (reference – pink, brown– 45 mins, green – 1 hrs 30 mins, blue – 
2 hrs 30 mins, grey – 3 hrs 30 mins). 
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From visual inspection of 1H-15N HSQC it was evident that T106 was also 

phosphorylated. The quantification of CSP or changing peak intensity for this site was 

not possible due to peak overlap with other residue (data not shown), however the 

quantification of these two parameters of residues G98 – I111 indicates changes in their 

chemical environment (Figure 5.5 A). These peaks are not characterised by uniform 

diminishing of the peak intensities as T43 site, but they undergo moderate CSP over 

the time course investigated (Figure 5.5 B).  

 
Figure 5.5. Phosphorylation of T106 site. 
A. Overlay of the reference (pink) and end-point (grey, following 3 hrs 30 mins 
incubation) 1H-15N HSQC of ERK1 phosphorylating G98 – I111 of N-myc TAD. B. Peak 
height quantification at each time-point investigated (reference – pink, brown – 45 
mins, green – 1 hrs 30 mins, blue – 2 hrs 30 mins, gray – 3 hrs 30 mins).  
 
5.2.1.3 Phosphorylation of N-myc TAD by GSK3 

The next step in the myc degradation pathway is phosphorylation of T58 by GSK3 

family of enzymes. As discussed previously, GSK3 is unique amongst kinases, as it 

requires a priming phosphorylation in +4 residue to achieve its full activation (Fiol et 

al., 1987). In the context of myc proteins, GSK3 phosphorylates T58, following S62 

phosphorylation by mitogen-stimulated kinases (Sears et al., 2000; Yeh et al., 2004). 
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Initial reports of GSK3 targeting this site came out in the late 80’s and early 90’s when 

recombinant protein techniques where not commonly used, and enzymes were 

extracted from tissues, often cross-contaminated with other isoforms (Sears et al., 

2000; Cohen and Frame, 2001; Pulverer et al., 1994; Lutterbach and Hann, 1994; 

Gregory et al., 2003b). To address the question which specific isoform of GSK3 

targets this site in vitro, we used recombinant GSK3a and GSK3b separately.  In vitro 

phosphorylation of T58 was done by addition of 0.3 µM of  GSK3b to a sample of N-

myc TAD that was first phosphorylated on S62 by ERK1, and the subsequent reaction 

was monitored using NMR. Figure 5.6 shows the overlay of 1H-15N HSQCs, with p-

S62 spectrum used as the reference spectrum (brown). It was impossible to analyse 

the behaviour of T58 peak due to its overlap with S7 residue, however the analysis of 

the neighbouring residues (W50, K51, K52, F53, E54, L56, L61) revealed modest CSP, 

apart from L56 residue, which experienced moderate CSP (Figure 5.6 A and B). As 

ERK1 continues its catalytic activity, it was difficult to discern whether the changes 

observed were the result of ERK1 or GSK3 activity. 

 
Figure 5.6. Chemical shift perturbations (CSPs) as the result of GSK3b activity. 
A. Overlay of reference 1H-15N HSQC spectrum (brown, following N-myc TAD 
phosphorylation by ERK1) and the spectrum following GSK3b phosphorylation (teal). 
B. Average of CSPs calculated from three biological repeats of residues W50 – S90. 
Error bards indicate standard deviation. 
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It was apparent that even if this site was being phosphorylated by GSK3b, the level 

of phosphorylation is less in comparison to ERK1 and no other sites were targeted by 

GSK3b. Even with longer incubations times (5 hrs) there was no further changes to 

the spectrum, apart from phosphorylation by ERK1, as evidenced by CSPs observed 

which very similar to CSPs observed with ERK1 only. Due to the technical limitations 

of this assay, ERK1-mediated phosphorylation could not be quenched during the 

incubation with GSK3b, thus it was likely that ERK1 continued its catalytic activity on 

N-myc TAD. 

 

To address the peak overlap of S7 and T58, a new N-myc TAD construct was designed 

and purified that incorporated an S7A mutation. 1H-15N HSQC of N-myc TADS7A 

overlapped with N-myc TAD, except for the mutation site and its surrounding residues 

(Figure 5.7 A). N-myc TADS7A was subjected to the same experimental procedures, 

however GSK3a was used instead as means to phosphorylate T58. T58 underwent a 

significant CSP of T58 with the change of its resonant frequencies into the region of 

phospho-species (Figure 5.7 B). The new peak is broad and has a low signal-to-noise 

ratio, however the site seems to be completely phosphorylated as T58 peak 

completely disappears from the spectrum. Unlike in the case for the phosphorylation 

of S62 by ERK1, neighbouring residues (W50, K51, K52, F53, E54, L56, L61) displayed very 

little change in their resonant frequencies or peak intensities (Figure 5.7 B and C) and 

were very similar in magnitude to calculated CSPs when GSK3b isoform was used. 

Considering similarity of CSPs in neighbouring residues, it is conceivable that GSK3b 

was also phosphorylating T58, however due to the peak overlap with S7A this was not 

clearly observed. It is also possible that GSK3b was less catalytically active than 

Gsk3a, or that the modest changes in the resonant frequencies could be caused by 

the abundance of proline residues surrounding T58, making it sterically more distant 

than the residues surrounding S62 site. 
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Figure 5.7. Phosphorylation of N-myc TAD by GSK3a 
A. Overlay of 1H-15N HSQC spectrum of N-myc TAD (brown) and N-myc TADS7A 
(pink). The resonant frequencies are similar between two protein constructs with the 
exception of the residues surrounding the mutated site. B. Overlay of 1H-15N HSQC 
reference spectrum, following ERK1 phosphorylation of S62 (brown) and spectrum 
following GSK3a phosphorylation (blue). C. Quantification of CSPs following 
GSK3a phosphorylation. Error bars are standard deviation calculated from three 
biological repeats. T58 CSP is 0.45 but was clipped for the purposes of clarity. 
 
To confirm that GSK3b requires priming S62 phosphorylation, phosphorylation 

reactions were set up in 96-well plates using unphosphorylated N-myc TAD as a 

substrate and the data was analysed using intact mass spectrometry. The data 

confirms that GSK3b is reliant on phosphorylation of S62 site for the efficient 

phosphorylation of T58 (Figure 5.8). There is low level of phosphorylation present after 

3 hrs 30 mins, with a species of molecular weight 80 Da higher than unphosphorylated 

N-myc TAD. After 7 hrs there is no increase in the abundance of this phosphorylated 

species, indicating that the reaction has reached its limit, most likely to do exhaustion 

of ATP, as there is still some unphosphorylated species left. The low level of 
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phosphorylation is consistent with overexpressed GSK3b being able to phosphorylate 

T58 in vivo, when S62A mutation is present (Welcker et al., 2022). 

 
Figure 5.8. Intact mass spectrometry analysis of N-myc TAD phosphorylated 
with GSK3b. 
Unphosphorylated N-myc TAD was incubated with GSK3b without prior 
phosphorylation of S62 and samples were incubated at 25 °C for a period of time. 
Specific time points which matched time points observed in NMR experiments (t=0, 
after 1hr 20 mins, 2 hrs 30 mins, 7 hrs and following overnight incubation) were 
interrogated by intact mass spectrometry. Courtesy of Rachel George. 
 
 
5.2.1.4 Further steps in the N-myc degradation pathway 

The subsequent PTMs in the myc degradation pathway are poorly understood. 

According to Yeh et al. (2004), following GSK3 phosphorylation of T58, p-S62-P63 bond 

becomes isomerised by Pin1, a prerequisite event to the dephosphorylation of S62 by 

trans-favouring PP2A (Sears et al., 2000; Yeh et al., 2004). To assess these PTMs in 

vitro, we generated di-phosphorylated N-myc TADS7A using the protocol used to 

monitor p-S62 and p-T58 phosphorylation using NMR. All enzymes were added to the 

final concentration of 0.3 µM, incubated at 25 °C and the spectra were collected at 10 

°C. In-house made Pin1 (courtesy of Eoin Leen) was added first with 1H-15N HSQC 

recorded pre-and post Pin1 addition (purple and green, respectively; Figure 5.9 A). 

Although prolines are undetectable in 1H-15N HSQC spectrum, the conformational 

change caused by the bond isomerisarion would cause observable CSPs in 

neighbouring residues, in particular p-S62. There was very little change between the 

two spectra (Figure 5.9 A). Pin1 might be catalytically inactive, all of the bonds present 

are in trans isoform already, or that this site is not the substrate for this enzyme. 
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Without appropriate controls it was impossible to determine which of these 

hypotheses were correct. 

 

We then sought to dephosphorylate p-S62 site. The literature indicates PP2A as the 

enzyme targeting this site, however as PP2A was not commercially available, we 

resorted to using its closest paralogue – PP1. Both enzymes belong to the same 

family of phosphatases, with three subunits: structural, regulatory and catalytic, 

named A, B and C, respectively (Moorhead et al., 2007). Each of these subunits have 

multiple splice variants and substrate specificity is conferred by the combination of 

those, therefore establishing a consensus site for these enzymes is very challenging 

(Virshup and Shenolikar, 2009) .  

 
Figure 5.9. Further modifications of N-myc TAD. 
A. Overlay of 1H-15N HSQC of ERK1 - and GSK3a-phosphorylated N-myc TADS7A 
(purple) and spectrum collected following the addition of Pin1 (green). B. Overlay of 
1H-15N HSQC of ERK1 - and GSK3a-phosphorylated N-myc TAD (purple) and 
spectrum following the incubation of PP2A (orange). Following Pin1 or PP2A addition, 
the protein was incubated at 25 °C for 30 mins and the spectra were acquitted at 
10 °C for 42 mins using 600 MHz Oxford Instruments, equipped with QCI-P-cryoprobe 
(5mm). 
 
The addition and incubation with PP1 rendered an atypical spectrum, with some peak 

intensities lost, distorted and broadened with a uniform upfield shift in both of the 

dimensions (Figure 5.9 B orange). This loss of sensitivity and signal usually indicates 

problems with a sample, albeit no precipitation within the NMR tube was observed in 

this instance. Detailed quantitative analysis of this spectrum was not possible, and it 

was difficult to assess the CSPs or changes in peak intensities. Overall, this approach 

was difficult as it required a series of PTM reactions with all the enzymes catalytically 

active at the end of the experiment. For example, enzyme cross-reactivity could be 

an issue. Our data indicates that ERK1 is a promiscuous enzyme in in vitro context, 
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that could not only phosphorylate N-myc TAD, but could also target Pin1 and PP2A, 

rendering them inactive. Ideally, following each PTM, the specific enzymatic reaction 

should be quenched either by using a specific inhibitor or by removing the enzymes 

using SEC.  

5.2.1.5 The impact of phosphorylation on the interaction with Fbw7-Skp1 

Fbw7 has been demonstrated to be responsible for recognition of c-myc and N-myc 

phospho-degrons and mediate their ubiquitination and targeting them for proteosomal 

degradation (Yada et al., 2004; Sjostrom et al., 2005). The utilisation of NMR to 

monitor N-myc TAD PTMs was a reliable and reproducible system to obtain a di-

phosphorylated N-myc TAD, which was required to test the interaction with Fbw7-

Skp1. To establish the importance of individual PTMs, unphosphorylated, N-myc TAD 

p-S62 and N-myc TAD p-S62 p-T58 were generated. The reactions were stopped by 

snap freezing in liquid nitrogen. Analytical SEC was employed to test the ability of N-

myc species to form a complex with Fbw7-Skp1. Analytical SEC was a method of 

choice because it does not involve the presence of any tags and the size of Fbw7-

Skp1 is beyond the technical capabilities of NMR. Prior to analytical SEC, N-myc TAD 

phosphorylated at different residues was mixed in equivalent molar ratio with 

recombinant Fbw7-Skp1 (courtesy of Mohd Syed Ahanger) to the total volume of 100 

µL. The proteins were incubated, by slow rotation in at 4 °C for two hours prior to SEC 

to allow for the equilibrium to be reached. Fractions were collected every 0.5 mL and 

analysed using SDS-PAGE. 

 

Unphosphorylated N-myc TAD, N-myc TADp-S62 and N-myc TADp-T58 p-S62, as well as 

Fbw7-Skp1, were analysed through analytical SEC without the addition of the second 

part of the complex to establish their normal elution profiles (Figure 5.10). Due to 

limited availability of the N-myc TAD samples, N-myc TADS7A was used in one of the 

runs instead of N-myc TAD. Fbw7-Skp1 is a large complex, prone to dimerisation, 

that elutes at 10.5 mL (Figure 5.10, blue trace). N-myc TAD and N-myc TADS7A have 

very similar elution profiles (Figure 5.10 pink vs. green trace) indicating that the amino 

acid substitution does not impact the volume of elution. The di-phosphorylated N-myc 

TAD (gray) elutes at lower elution volume and could be the reflection of change in a 

size of the protein (Figure 5.10). There was also an extra elution peak at ~17.3 mL 

elution volume, which was undetectable on SDS-PAGE gel. As the samples were 

snap frozen following the phosphorylation reactions, this is likely to be ATP that also 

absorbs strongly at 280 nm.  
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Figure 5.10. Control runs of analytical size exclusion chromatography 
(analytical SEC). 
The colour of the traces correspond to the colours of SDS-PAGE images. Proteins 
were run individually on Superose 12 10/300 GL column. Peak fractions were 
collected at 0.5 mL and resolved on SDS PAGE and stained with Coomassie blue. 
 
We then incubated N-myc TAD, N-myc TADS7A, N-myc TADp-T58 p-S62 with Fbw7-Skp1 

and tested their elution profiles (Figure 5.11). Unphosphorylated N-myc TAD does not 

form a stable complex with Fbw7-Skp1 (Figure 5.11 A, light green trace). Despite long 

incubation time, these proteins elute separately in analytical SEC, at exactly same 

elution volumes as individual proteins, which is also confirmed by their respective 

SDS-PAGE. 

 

We then incubated N-myc TADp-S62 and Fbw7-Skp1 together. The chromatogram 

indicated these two species do not form a stable complex (Figure 5.11 B). There is a 

moderate shift in N-myc TADp-S62 elution profile (light blue) to lower elution volumes 

in comparison to N-myc TAD (pink), however Fbw7-Skp1 does not shift towards 

higher elution volumes (blue), indicating that there is no complex formation between 

the two species. This was confirmed by SDS-PAGE analysis where there was little 

overlap in fractions of elutions between N-myc TADp-S62 and Fbw7-Skp1. The 

interaction between the two species becomes apparent when N-myc TAD is di-

phosphorylated on T58 and S62 (Figure 5.11 C) with N-myc peak almost completely 

disappearing (Figure 5.11 C, grey) and co-eluting with Fbw7-Skp1 (Figure 5.11 C, 

red). Interestingly, the complex between Fbw7-Skp1 and N-myc TADp-T58 p-S62 elutes 

later than the Fbw7-Skp1 complex alone, suggesting that the interaction with N-myc 

TAD makes the complex more compact despite an increase in its molecular weight.  
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Figure 5.11. The impact of N-myc TAD phosphorylation on its interaction with 
Fbw7-Skp1. 
A. Overlay of chromatograms of Fbw7-Skp (blue), N-myc TADS7A (teal) and N-myc 
TADS7A in complex with Fbw7-Skp1 (light green). Peak fractions were analysed by 
SDS-PAGE. B. Overlay of chromatograms of Fbw7-Skp1 (blue), N-myc TAD (pink) 
and N-myc TAD p-S62 in complex with Fbw7-Skp1 (light blue) with the corresponding 
SDS-PAGE of peak fractions, seen below. C. Overlay of chromatograms of Fbw7-
Skp1 (blue), N-myc TADp-T58 p-S62 (grey) and N-myc TADp-T58 p-S62 in complex with 
Fbw7-Skp1 (red). All proteins were incubated together in equimolar amounts for two 
hours prior to analytical SEC. 
 
To determine the molecular weight of the complexes formed, analytical SEC 

standards (BioRAD) were run on the column using the same buffer and experimental 

set up. The elution profile of the standard is shown in Figure 5.12 A. The elution 

volumes of the standards, as well as protein complexes, were converted to average 

distribution constant (KAV) according to the formula: 

𝐾<= 	= 	
𝑉)	 −	𝑉!
𝑉( 	− 	𝑉!

 

where Ve is the volume of elution specific to each protein, V0 is the void volume, 

specific to the column used and Vc is the total bed volume (Size Exclusion 

Chromatography, Principles and Methods, Cytvia, 2020). KAV was plotted against the 

molecular weight in kDa and the regression line was plotted using Excel: Trendline 

operation (Figure 5.12 B, green dotted line). KAV of investigated species was also 

plotted on the graph. Their molecular weight was then established using interpolation 

and the regression equation (Figure 5.12 B).  
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Figure 5.12. Molecular weights of Fbw7-Skp1:N-myc TAD complexes. 
A. Chromatogram of analytical SEC of protein standards (BioRAD), with elution 
volume plotted against A280 absorbance. B. Calibration curve of protein standard 
plotted as log molecular weight against KAV parameter (green) with the regression line 
equation. KAV of the investigated species are also plotted and their molecular weights 
were calculated using the equation. 
 

All of the N-myc species have similar molecular weight, estimated to be around 35 

kDa, which is significantly higher than the expected weight of 17 kDa (Figure 5.12 B). 

This is typical for IDPs, as due to their lack of structure they are able to move faster 

through the stationary phase and elute at lower elution volumes (Graether, 2019). 

The molecular weight calculated from the regression line equation for the Fbw7-

Skp1:N-myc TADpT58 pS62 complex was estimated to be 122 kDa, whereas the 

calculated molecular weight of Fbw7-Skp1 is 163 kDa (Figure 5.12 B, red triangle and 

blue square). The actual molecular weight of the species should be 69 kDa for Fbw7-

Skp1 alone and 84 kDa for Fbw7-Skp1:N-myc TAD, assuming a 1:1:1 stoichiometry. 

  

 

Molecular weight standards are globular proteins; thus they are less geared for 

estimating weights of IDPs which have different hydrodynamic properties, and they 
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escapes a typical SEC elution profile. In addition, the elution volumes of analytical 

SEC are the resultants of not only molecular weights but a hydrodynamic radius – 

thought of as a radius of the protein, caused by its shape, molecular weight and its 

hydration shell (La Verde et al., 2017). N-myc forms extended conformations with 

impact the elution profiles of protein that form a complex with it, which explains the 

discrepancy between the estimated molecular weight of Fbw7-Skp1:N-myc TAD 

complex and its weight following the estimation from the experimental data. 

5.2.2 The regulation of N-myc degradation through phosphorylation 

5.2.2.1 N-myc TAD as a substrate for Aurora A 

Both Plk1 and Aurora A has been suggested as kinases that stabilise N-myc against 

proteasomal degradation. The crystal structure of Aurora A with N-myc indicates that 

Aurora A competes with Fbw7 for the binding to N-myc TAD in phosphorylation-

independent manner and prolongs N-myc half-life (Richards et al., 2016). The 

consensus site for Aurora-A phosphorylation is [R/K/N] – [R] – [X] – [p-S/T] - Φ, where 

X is any amino acid and Φ is any hydrophobic amino acid apart from prolines (Ferrari 

et al., 2005) and this consensus sequence is not present in the N-myc TAD. The 

curated database of phosphorylation sites (PhosphoSitePlus®) indicates that S64 is 

phosphorylated by Aurora A, as evidenced by large scale proteomics data from 

cancer cells (Zhou et al., 2013; Wu et al., 2010). The co-crystal structure of Aurora-A 

and N-myc lacks electron density for this region, we therefore tested this putative 

phosphorylation using Aurora A122-403 (courtesy of Selena Burgess and Matt 

Batchelor) using the same protocol as for N-myc TAD degradation pathway 

interrogation. 

 
1H-15N HSQC data indicates that Aurora A does not phosphorylate this site, or any 

other site on N-myc TAD (Figure 5.13). Visual analysis of 1H-15N HSQC revealed no 

significant CSPs between the reference (black) and the spectrum recorded post-

Aurora A addition (teal; Figure 5.13) and prolonged incubation for 3 hrs did not result 

in any changes in peak intensities or CSPs. The exact same batch of kinase was 

shown to be catalytically active by phosphorylation of TACC3 using a similar, NMR-

monitored, kinase assay (unpublished data, Matt Batchelor).  
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Figure 5.13. Investigating N-myc TAD as a substrate of Aurora A. 
Overlay of 1H-15N HSQC reference spectrum (black) and the spectrum collected after 
1 hr incubation with Aurora A (teal). Th spectrum was collected on 600 MHz Oxford 
Instruments, equipped with QCI-P-cryoprobe (5mm) with 120 µM of N-myc TAD and 
0.3 µM of Aurora A at 10 °C. 
 
Aurora A is a basophilic kinase which requires R/K residue in -4 position, the criteria 

not met by S64 site. This indicates that N-myc is not a substrate for Aurora A which is 

in agreement with the studies by (Richards et al., 2016). 

 
5.2.2.2 N-myc TAD as a substrate for Plk1 

Plk1 is another kinase implicated in the regulation of N-myc and myc protein stability, 

thus we tested whether Plk1 has an ability to phosphorylate N-myc TAD, despite a 

lack of its consensus sites within TAD sequence ([D/N/E/Y] –[X] – [S/T] – [F/ Φ; no P] 

– [Φ /X]; Alexander et al., 2011; Dou et al., 2011; Hegemann et al., 2011; Kettenbach 

et al., 2011; Nakajima et al., 2003). Plk1 has also been proposed to phosphorylate 

S62 site in c-myc, demonstrated by in vivo assays (Tan et al., 2013). We utilised in-

house Plk113-345 T210V construct of Plk1 (courtesy of Eoin Leen). Despite the 

presence of non-phosphoryable valine in its activatory site, this construct remains 

catalytically active in comparison to WT levels (Kothe et al., 2007). NMR was utilised 

to monitor this reaction with 1H-15N HSQC recorded pre- and post-kinase addition. 

There was no apparent phosphorylation of any of the residues, as observed in 1H-15N 

HSQC experiments and the reference spectrum (black) and the spectrum collected 

following 1 hour incubation (red) were similar (Figure 5.14 A). Incubation for longer 
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periods of time did not yield positive results and N-myc TAD remained 

unphosphorylated (data not shown). A few observable differences affected residues 

that are histidines or are in their proximity (data not shown), which is likely to be due 

to the change in histidine protonation following a change in buffer pH due to ATP 

hydrolysis.  

To confirm the results using orthogonal techniques, we utilised ADPSensorTM 

Universal Kinase Activity Assay Kit (BioVision Inc.) which detects fluorescence when 

its probes interact with ADP, indicating catalytic reaction. We tested the same batch 

of in-house Plk1 together with a well-characterised substrate of Plk1, casein and 

against N-myc TADS7A (Figure 5.14 B; Park et al., 2010). Plk113-345 T210V 

phosphorylates casein (blue circles; Figure 5.14), and the fluorescence recording 

after cycle 31 was above the detection range of the equipment (Figure 5.14 B, blue 

trace). We also observed fluorescence emission for Plk113-345 T210V with N-myc 

TADS7A, however the trace was flat and did not increase with the time of the reaction 

(red squares, Figure 5.14). The analysis of the raw data revealed high basal signal of 

the background control (no kinase present), which likely was due to the hydrolysis of 

ATP to ADP which occurs with time even without the presence of enzymatic reactions. 

Taken together with the negative results of NMR data and the lack of Plk1 consensus 

sites in N-myc TAD sequence makes N-myc TAD an unlikely candidate as a substrate 

for Plk1. The inclusion of the negative control (a protein that is not a target of Plk1) in 

the kinase assay would eliminate the possibility that an increase in emission in Figure 

5.14 B is caused by the promiscuity of the kinase. Overall, the data suggests that if 

there is a phosphorylation taking place, it is at a low level in comparison to the positive 

control.  
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Figure 5.14. Investigating N-myc TADS7A as a substrate for Plk1. 
A. Overlay of the reference 1H-15N HSQC (black) and the spectrum following the 
addition of Plk1 and the incubation for 1 hr (red). B. Kinase assay of Plk1 with casein 
(blue) and Plk1 with N-myc TADS7A (red). Error bars indicate standard deviation 
calculated from three biological repeats. 
 

5.3 Discussion 

5.3.1 N-myc TAD degradation signalling 

Our data indicates that ERK1 phosphorylates S62 site of N-myc. The N-myc TADp-S62 

residue resonates at an unusual frequency, rarely seen in other phosphorylated 

species, however the analysis of c-myc1-88 p-S62 reveals a highly similar positioning of 

the resonance peak in 1H-15N HSQC spectrum (Helander et al., 2015). S62 is known 

as stabilizing phosphorylation and at the same time is a pre-requisite to the 

phosphorylation of T58. The juxtaposition of proline residue following S62 makes this 

site a likely substrate for proline-directed kinases. Indeed, multiple kinases have been 

proposed including: ERK1, ERK2, c-Jun N-terminal Kinase (Jnk), Cdk2:cyclin E, 

Cdk2:cyclin 2A and Cdk1:cyclin B (Sears et al., 2000; Hydbring and Larsson, 2010; 

Noguchi et al., 1999; Helander et al., 2015; Sjostrom et al., 2005). We decided to use 
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ERK1 to phosphorylate this site, partially due to the difficulties in obtaining 

Cdk1:cyclin B and partially because it is a well-established kinase that targets this site 

in c-myc (Sears et al., 2000). 

 

The number of putative kinases listed as potential enzymes targeting this site raises 

the question of specificity. In physiological conditions, the activity of kinase to 

substrates is controlled in various ways, through spatial-temporal manner, differential 

expression patterns, distal docking motifs on substrates and through different binding 

partners, scaffolding proteins, to name a few. In vitro studies are limited in their ability 

to assess all of these, as they work on a very simplified system that does not exist in 

the physiological context. For example, the ERK family of kinases recognise their 

substrates through a DEF motif, which is localised away from the targeted phospho-

sites. The general consensus sequence of a DEF motif is R/K2-3 - X1-6 – Φ – X – Φ 

and in c- and N-myc this consensus site can be met by K55 – K – F – E – L – L – P57 

and R65 – R – S – G – L – C70 however the latter is not conserved in N-myc (Jacobs 

et al., 1999). It is not known how ERK1 recognises either of these proteins in vivo. 

 

The data presented here begins to answer a long-standing question of which isoform 

of GSK3 phosphorylates T58 site. GSK3a and b have both been suggested 

(Lutterbach and Hann, 1994; Pulverer et al., 1994). Studies done in tumour models 

and cancer cell lines do not distinguish between the two isoforms and knock-out 

studies using pharmacological agents rarely discriminate between the two isoforms 

(Kazi et al., 2018). Our data indicates that both GSK3a and GSK3b are able to 

phosphorylate T58 position of N-myc TAD. Our analysis also indicates that p-S62 is 

indeed a pre-requisite for the phosphorylation by GSK3 as previously reported 

(Lutterbach and Hann, 1994). The abrogation of T58 phosphorylation prolongs c- and 

N-myc half-life substantially from ~13 mins to 63 mins, indicating the role of this 

modification in myc protein degradation (Sears et al., 2000). However, an S62A 

mutation also prolongs c-myc half-life in proliferating cells, which indicates that the 

main function of S62 phosphorylation is propagation of myc along its degradation 

pathway. This would also fit the data which shows that phosphomimic mutation of S62 

do not occur frequently in cancer, as potentially they could be detrimental to myc 

protein stability. 

 

Cis-trans p-S62-P63 peptidyl prolyl isomerisation bond has been proposed as the next 

step in c-myc degradation pathway in vivo (Yeh et al., 2004). Due to proline amino 
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acid structure, isomerisation induces global conformational change in proteins (Lu 

and Zhou, 2007). Prolines are undetectable in a 1H-15N HSQC, however any 

isomerisation would be apparent from CSPs of neighbouring residues. We could not 

detect such changes in our experiment, in residues surrounding p-S62- P63 site or any 

other sites. The structural basis of Pin1 interaction with myc proteins remains 

controversial. It was demonstrated that Pin1 interacts with higher affinity with 

unphosphorylated c-myc1-88 than with c-myc1-88 p-S62 (Helander et al., 2015). This is 

in contrast to in vivo studies where p-S62 phosphorylation is a pre-requisite for the 

binding of Pin1 (Yeh et al., 2004). Pin1 can interact both with N-myc T58A and S62A 

mutants however these mutations have no impact on N-myc degradation (Sjostrom 

et al., 2005).   

 

The dephosphorylation of S62 has been implicated as the final step, necessary for the 

ubiquitination of myc protein by SCFFbw7 complex. Our data shows that N-myc TAD 

can be phosphorylated by ERK1 and then by either of GSK3 isoforms and the doubly 

phosphorylated species on T58 and S62 form a complex with Fbw7-Skp1. Whereas N-

myc TAD phosphorylated on S62 shows weak affinity to Fbw7-Skp1, the addition of 

phosphorylation on T58 allows these two components to form a stable species. This 

is in agreement with (Yada et al., 2004), where c-mycT58A S62A was resistant to binding 

to Fbw7, resistant to ubiquitination and resistant to proteasomal degradation. This is 

also in agreement with data obtained from the crystal structure of Fbw7 with a 

phospho-degron sequence of cyclin E and with structural and biochemical data on 

the c-myc:Fbw7 interaction, published as the data in his work was just collected (Hao 

et al., 2007; Welcker et al., 2022). Both cyclin E and c-myc have two phosphodegrons 

within their sequences, with each phosphodegron possessing two residues spaced 4 

amino acids apart, that when phosphorylated, allow a high affinity interaction with 

Fbw7 WD40 domain. The overlay of these phosphodegrons indicate a very similar 

mode of binding. The N-terminal phospho-residue (+1) of each phospho-degron 

interacts with R465, R479, R505, and Y519 within WD40 domain and the second phospho-

residue (+4 position) nestles within S462, T463, R441 and R478 Figure 5.15 A (Hao et al., 

2007; Welcker et al., 2022).   

 

The N-terminal phosphodegron of c-myc is conserved in N-myc (Figure 5.15 B) which 

makes it likely that is interacts with WD40 domain in a similar fashion. The C-terminal 

phosphodegron of c-myc is only partially homologous (Figure 5.15 B), however the 

important residues are conserved either in their identity or chemistry. In the c-myc 

structure, the residue immediately preceding first phospho-site is negatively charged 
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E243, which mediates an important interaction with R689 on Fwb7. In N-myc the 

equivalent residue is D257 (Figure 5.15). The subsequent residue, which is a phospho-

site, is conserved between c- and N-myc. The second phospho-site in N-myc is S362, 

in contrast to threonine in c-myc (T248). The site-directed mutagenesis revealed that 

c-myc T248S is still able to bind to Fbw7 (Welcker et al., 2022). Based on this analysis, 

and the data from analytical SEC, it is likely that both phophodegron sites of N-myc 

interact with Fbw7 in a similar fashion to c-myc. All of the data gathered in this work 

and in this field raises questions if Pin1 isomerisation and S62 dephosphorylation is 

required in the degradation pathway as has been orthodoxy in the field for decades. 

 
Figure 5.15. Interaction of myc protein phosphodegrons with Fbw7-Skp1 
complex. 
A. Fbw7-Skp1 (surface, with red indicating +ve charged residues and blue indicating 
-ve charged residues) with phosphodegrons: cyclin E (S58 – K65; lime green), cyclin E 
(L374 – G385; teal), c-myc (K51 – S62; red) and c-myc (H241 – T248; yellow). B. Sequence 
alignment of c-myc and N-myc N- and C- phosphodegrons. Conserved residues are 
highlighted in black and residues with similar chemistry are highlighted in grey. 
Residues which are not conserved are highlighted in white. Blue rectangles indicate 
the positioning of both of the phosphodegrons withing c- and N-myc protein 
sequences. 
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6 N-myc interactions 
6.1 Introduction 

6.1.1 N-myc known and putative interactions 

Multiple binding proteins have been shown to interact with myc proteins, however, 

very little data is available on the structural basis of these interactions (Kalkat et al., 

2018). The difficulty in studying interactions by structural biology lies in the intrinsically 

disordered nature of myc and the dynamic nature of the interaction of myc with its 

non-constitutive binding partners. This dynamism is expressed in two ways. Firstly, 

affinities tend to be relatively low (>1 µM), and secondly, at least in one case (Pin1), 

myc has been shown to form a highly dynamic fuzzy complex with its binding partner 

(Helander et al., 2015).  

 

This chapter presents a preliminary interaction data that has been collected for 

pTEFb, Plk1 and TAF1-TBP proteins, using recombinant proteins. It is often the case 

that myc “interactions” are determined in cells, using myc immuno-precipitation 

coupled to identification by immunoblotting or mass-spectrometry approaches. This 

approach can be prone to false positives as many “interactions” are indirect. Two of 

the interactors chosen for the work (Plk1 and pTEFB) outlined below have been 

shown to interact with either myc or N-myc by other groups using such an approach 

(Büchel et al., 2017; Kalkat et al., 2018; Gargano et al., 2007). The final interactor, 

the TAF1-TBP complex, had been shown to interact in vitro with c-myc, and during 

the course of this PhD a crystal structure of c-myc with TBP:TAF1 was determined. 

Three main assays used in this work were pull-down assays, ITC and NMR titrations, 

selected to test the feasibility of the study, assess the quantitative nature of the 

interaction with minimal number of tags present and lastly to obtain per-residue 

resolution of the interaction, respectively. 

6.2 Results 

6.2.1 Interaction of N-myc TAD with TAF1-TBP 

The crystal structure published under the accession code: 6E16 (Wei et al., 2019) 

indicated that TAF1-TBP interacts with c-myc96-125 in the manner that excludes DNA 

binding (Figure 6.1 A; Wei et al., 2019), raising a possibility that this interaction might 

have a regulatory role. The region of c-myc seen in the crystal structure falls outside 

the conserved MBs, however more detailed analysis of the aligned fragments of N- 

and c-myc revealed a low level of identity between the two sequences (Figure 6.1 B). 



 146 

Both fragments are known to form an a-helix when bound to Aurora A and TAF1-

TBP, for N- and c-myc, respectively (Richards et al., 2016; Wei et al., 2019). In 

addition, Piskacek and colleagues documented a 9 amino acid motif within this region 

which is reasonably well conserved across the four Yamanaka transcription factors 

(Oct3/4, Sox2, Klf4, and c-myc) which are required for induced pluripotency, possibly 

suggesting shared mechanism of transactivation between these factors (Piskacek et 

al., 2020).  If it is that the myc-TAF1-TBP is a critical interaction conserved across TF 

families, we reasoned that it should be conserved within the myc family of TFs. 

  

To test whether N-myc has an ability to interact with TAF1-TBP, we utilised a  strategy 

that was successful in obtaining the crystal structure of c-myc and TAF1-TBP (Wei et 

al., 2019). We used a recombinant TAF1-TBP construct, in which TAF16-71 was fused 

to TBP6-240 through a triple GSSS linker (Table 2.7). The construct used in obtaining 

the crystal structure was TAF19-40-c-myc96-125-TBP61-240, however we decided to use 

TAF16-71-3x(GSSS)-TBP6-240 which was used in NMR titrations and biolayer 

interferometry with an affinity of 4.7 µM (Wei et al., 2019). In the cloning of our 

construct, two TEV-NIa protease sites were mistakenly introduced into the fusion 

proteins and following the TEV-NIa protease cleavage, three different species were 

generated (uncleaved or cleaved at either of the sites).   

 

To interrogate the interaction of N-myc with TAF1-TBP, a biotin-based pull-down 

assay was used (Chapter 2.4.4). Biotinylated-N-myc 25-meric TAD peptides (Table 

2.5) were used as a bait on Strep-TactinÒ, in final concentration of 10 µM. Peptides 

were incubated for 2 hrs with 15 µM of TAF1-TBP (prey), prior to the elution with 6x 

SDS-PAGE loading dye. Aurora A was also incubated with N-myc68-89 peptide as 

positive control and His-GFP was used as negative control. We also incubated TAF1-

TBP with no bait present to control for non-specific binding of the prey to the resin. 

Qualitative analysis of de-stained SDS-PAGE gel did not reveal any N-myc TAD 

region that would strongly interact with TAF1-TBP, beyond non-specific interaction 

observed between TAF1-TBP and Strep-Tactin® resin (Figure 6.2 C).  
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Figure 6.1. N-myc TAD interaction with TAF1-TBP. 
A. Crystal structure of a fusion protein of TAF11-41 (green), c-myc96-125 (blue) and 
TBP61-240 (yellow) linked by 3x(GSSS) linkers (not shown). B. Sequence alignment of 
fragments of c- and N-myc forming a-helix as seen in crystal structures (Wei et al., 
2019; Richards et al., 2016). Green and red box indicate the extent of a-helix as 
observed in the crystal structures of c- and N-myc, respectively. C. Biotin-Strep-
Tactin® pull-down assay of N-myc TAD 25-meric biotinylated peptides and TAF1-
TBP used as a bait with input (left) and pull-down (right) shown. 
 
To eliminate the issue of three different sizes of TBP-TAF1 construct in the assays, 

TAF1-TBP was expressed and purified again, omitting TEV-Nia cleavage of 6x His-

tag from the purification protocol. We assumed that the presence of this small flexible 

tag should not impact the affinity studies. We employed ITC, to qualitatively assess 

weaker interactions, using N-myc TAD as a titrand and TAF1-TBP as a titrant. To 

ensure that saturation was achieved in the case of low binding affinity, the 

concentration of TAF1-TBP was over 10-fold more concentrated (200 µM) than N-

myc TAD (15 µM). To minimise artefacts due to the heat-of-dilution, both proteins 

were dialysed overnight into the same buffer (1x TBS, 1 mM TCEP). Raw data was 

integrated and thermograms were plotted for heat-of-dilution reaction (with the buffer 

used as a titrand) and the three repeats. There was no signal observed that would 
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indicate any interaction between the two proteins, and the magnitude of the signal of 

each of the repeats was similar to heat transferred during heat-of-dilution (Figure 6.2).  

 
Figure 6.2. ITC data of N-myc TAD (titrand) and TAF1-TBP (titrant). 
A. Heat-of-dilution control. TAF1-TBP was injected into the cell containing the buffer 
to control for the heats associated with the dilution of higher-concentrated species. B. 
Three replicates of ITC titration between N-myc TAD (titrand) and TAF1-TBP (titrant) 
with the concentration as 15 µM and 200 µM, respectively. 
 
Strong interactions can give ‘weak’ ITC signal, when endo- and exo-thermic 

components of the interaction are similar in magnitude. To ensure that this was not 

the case with N-myc TAD and TAF1-TBP, NMR titrations were used as on orthogonal 

technique to monitor any potential interaction on per-residue basis. NMR titrations 

rely on collecting consecutive 1H-15N HSQC spectra, with an increasing molar ratio of 

unlabeled binding partner-to-15N-labelled N-myc TAD. Interaction is reflected in 

changes to the spectrum as the concentration of a titrant is increased, usually realised 

in CSPs or diminishing peak intensities of affected residues. To achieve full saturation 

of the signal, 1H-15N HSQC spectra were recorded at 0, 0.5, 1.0, 1.5 and 2.5 molar 
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ratio of TAF1-TBP-to-N-myc TAD. The spectra were recorded at 25 °C, which was 

selected based on temperature used for TAF1-TBP titrations published in Wei et al. 

(2019) but was associated with the loss of observable N-myc TAD peaks (Figure 6.3 

A). 

 
Figure 6.3. NMR titration of 15N N-myc TAD and TAF1-TBP. 
A. 1H-15N HSQC reference spectra (pink) and of various points of N-myc TAD and 
TAF1-TBP titration points, blue (middle) 1.5 molar ratio of TAF1-TBP to N-myc and 
black (right) 2.5 molar ratio of TAF1-TBP to N-myc B. Peak height quantification of 
N-myc TAD residues equivalent to the residues in c-myc96-125 and randomly selected 
N-myc TAD peaks (D41, K51, M116 and L126), not associated with TAF1-TBP interaction. 
Numbers indicate molar ratio of TAF1-TBP-to-N-myc TAD. 
 

The analysis of spectra obtained following each titration point indicated no presence 

of CSPs, however there was an overall dampening of the signal in the mid-titration in 

comparison to the end-point (blue vs. black, Figure 6.3 A). We quantified the heights 

of the peaks of W77-W88 residues, which were thought to potentially interact with 

TAF1-TBP. We also did the same analysis on the peaks selected from different 

regions of the N-myc TAD sequence that were thought not to participate in the 

interaction (D41, K51, M116 and L126). The quantitative assessment of all of the peaks 

showed an overall decrease in the signal intensity with the increasing molar ratio of 

TAF1-TBP-to-N-myc TAD, possibly due to peak broadening (Figure 6.3 B). This effect 

was much more pronounced for W77-W88 residues in comparison to the random 

residues of N-myc TAD (Figure 6.3 B). The reduction of peak intensities as the 

concentration of TAF1-TBP increased could be explained by few different factors. The 

titration of increasing concentrations of TAF1-TBP causes dilution of 15N N-myc TAD, 
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leading to a decrease in the signal intensities. The interaction between two partners 

that falls within the intermediate chemical exchange could also result in the peak 

intensity loss, however, in this case the signal should return upon reaching the 

saturation at higher titration points (Helander et al., 2015). This could be further 

complicated by N-myc forming latent secondary structures upon binding to TAF1-

TBP, which causes the W77-W88 region to exist in two different conformations (a-

helical and random coil), thus splitting the signal amongst fractional populations. 

 

We employed three different orthogonal techniques to interrogate this interaction and 

none of the data generated was unambiguously positive evidence for an interaction 

between N-myc and TAF1-TBP. It is possible that the TAF1-TBP construct used is 

incompatible with N-myc TAD binding. The crystal structure only features the N-

terminal region of TAF1 (residues 9 - 40; Wei et al., 2019), whereas in our construct, 

TAF1 is extended to the residue 71. The lack of appropriate positive controls with c-

myc96-125 limits the scope of analysis that can be performed on the data. However, 

given that the none of the data were indicating the interaction N-myc TAD and TAF1-

TBP we decided that this interaction was not a priority for further work.   

6.2.2 Interaction of N-myc TAD with Plk1 

Plk1 has been repeatedly shown to interact with both c-myc and N-myc by immuno-

precipitation approaches (Kalkat et al., 2018; Büchel et al., 2017; Popov et al., 2010; 

Koch et al., 2007). Plk1 has also been shown to prevent N-myc degradation through 

promoting autoubiquitination of Fbw7 (Xiao et al., 2016). Although the previous data 

presented in this work has indicated that N-myc is not a substrate of Plk1, the question 

whether Plk1 and N-myc interact as direct binding partners remains unanswered. This 

sub-chapter demonstrates the challenging nature of studying IDP interactions. To 

study the interaction between N-myc TAD and Plk1, a ‘reductive approach’ was 

undertaken, in which the individual proteins were broken down into smaller 

subcomponents to identify specific sites driving the interaction.   

 

To first test the feasibility of this study using recombinant proteins, a biotin-Strep-

Tactin® pull-down assay was set up using biotinylated N-myc 25-meric peptides as a 

bait (Table 2.5) and untagged full-length Plk13-603 as prey (courtesy of Eoin Leen). N-

myc TAD fragments: 25-50, 62-89 and 75-100 all pulled down Plk1 (Figure 6.4). To 

control for the unspecific binding of Plk1 to the resin, Plk1 was incubated with the 

resin and no bait (background; Figure 6.4 A and B). ImageJ was utilised to quantify 

band intensities and the ratio of intensities of Plk1-to-Strep-Tactin® was calculated, 
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with three biological replicates performed. This experiment confirmed that Plk1 

interacts significantly with N-myc25-50 and N-myc62-89 (Figure 6.4 A and B). 

 
Figure 6.4. N-myc interacts with Plk1 FL. 
A. Pull-down assay of biotinylated N-myc 25-meric peptides (bait) and untagged full-
length Plk1 (Plk1 FL; prey). N-myc peptides were immobilised on Strep-Tactin® resin 
and incubated with Plk1 FL. Background indicate Plk1 FL incubated with the resin 
only. B Quantification of biotin-Strep-Tactin® pull-down assay of biotinylated N-myc 
25-meric peptides and Plk1 FL. ImageJ was used to quantify the intensity of the prey 
and Strep-Tactin® bands in pull-down assay and the ratio of prey-to-Strep-Tactin® 
was quantified. Errors indicate standard deviation calculated from three biological 
repeats. 
 
To further test which Plk1 domain is contributing to this interaction, biotin-based pull-

down assays were repeated, this time using recombinant Plk13-330 (Plk1 Kinase 

domain - KD) and Plk1326- 603 (Plk1 Polo box domain – PBD). Both proteins were 

generated in-house, courtesy of Dr Eoin Leen. To minimise protein demands, only 

25-meric N-myc peptides that showed to interact with Plk1 FL were used as prey (N-

myc26-50, N-myc62-89 and N-myc76-100) and N-myc51-75 was used as a negative control. 

We also included the background controls which were Plk1 domains incubated with 

the resin only. As a positive control, N-myc26-50 was incubated with Plk1 FL. Visual 

inspection of SDS-PAGE gels indicated the level of signal, comparable to a non-

specific binding of the negative control (Figure 6.5 A). The pull-down quantification 

using ImageJ and the band intensities did not yield consistent results, characterised 

by a high standard deviation (Figure 6.5 B). Notably, the PBD showed equal binding 

to the negative control peptide (N-myc51-75), consistent with non-specific binding to all 

peptides. 
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Figure 6.5. N-myc pull-down with Plk1 PBD 
A. Coomassie staining of pull-down between biotinylated N-myc 25-meric peptides 
(bait) and Plk1 PBD (prey). The bait was immobilised on Strep-Tactin® resin, 
incubated extensively with Plk1 PBD and washed thoroughly. Plk1 PBD background 
indicates the reaction where the protein was incubated with the resin only. B.  ImageJ 
was used to quantify the intensity of Plk1 PBD bands and Strep-Tactin® bands and 
the ratio of Plk1 PBD bands-to- Strep-Tactin® band was calculated. Error bars are 
standard deviation calculated from four biological repeats. 
  

Pull-downs indicated that Plk1 PBD was not the main domain mediating the 

interaction between N-myc TAD and Plk1, thus Plk1 KD was investigated next using 

same pull-down set-up as above. Unlike Plk1 PBD, Plk1 KD showed a clear, 

reproducible enrichment with N-myc28-89 and N-myc25-50, and much weaker interaction 

with the negative control peptide (N-myc51-75), consistent with the finding reported for 

Plk1 FL (Figure 6.6 A). Band intensity quantification of the pull-down fraction showed 

high Plk1 KD-to-Strep-Tactin® ratio, comparable to the interaction between Plk1 FL 

and N-myc26-50 (Figure 6.6 B).  

 

Figure 6.6. N-myc pull-down with Plk1 KD. 
A. Pull-down of biotinylated N-myc 25-meric peptides and Plk1 KD. The peptides 
were immobilised on Strep-Tactin® resin and incubated with Plk1 KD. B. 
Quantification of biotin-Strep-Tactin® pull-down fractions between biotinylated N-myc 
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25-meric peptides and Plk1 KD. Error bards are standard deviation calculated from 
three biological repeats. 
 
To quantitatively assess this interaction, we utilised ITC with N-myc TAD as titrand 

and Plk113-345 T210V as a titrant (courtesy of Eoin Leen). As Plk113-345 T210V 

expressed at much higher yields than Plk13-330, it was used in ITC, which requires 

high amounts of titrant to reach binding curve saturation, especially in the context of 

IDP interactions, which are characterised by lower affinities. IDP interactions are also 

characterised by high avidity, i.e., possessing multiple binding sites, where many 

residues mediate weak interactions that cumulatively give a raise to biologically- 

relevant binding (Dyson and Wright, 2005; Uversky, 2013). To assess if this is the 

case for N-myc and Plk1 KD, recombinant N-myc TAD was utilised, instead of N-myc 

peptides. To ensure the saturation of the signal in a case of weak interaction, 15 µM 

of N-myc TAD and 180 µM of Plk113-345 T210V was used. A day prior to the 

experiment, the proteins were dialysed overnight into the same buffer (20 mM HEPES 

pH 7.2, 150 mM NaCl, 1 mM TCEP, 2 mM MgCl2, 10% v/v glycerol). We did not 

manage to observe a binding curve between the two binding partners, with heat 

signatures similar to the heat-of-dilution control (Figure 6.7). Due to the signal 

corresponding to the noise, it was not possible to fit the binding curve to the 

thermogram. 
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Figure 6.7. ITC of N-myc TAD (titrand) and Plk145-345 T210V (titrant). 
A. Heat-of-dilution control of the buffer (cell) and Plk145-345 T210V (syringe). B. Three 
biological repeats of ITC titrations between N-myc TAD, used as titrand in the final 
concentration of 15 µM and Plk145-345 T210V (titrant) in the final concentration of 180 
µM. 
 
To probe this interaction further, ITC experiment was set-up using N-myc TAD or N-

myc64-137 as a titrand in concentrations of 13 and 15 µM, respectively and His-SUMO 

Plk1367-603 H538A K540A (referred to as His-SUMO Plk1 PBD), used as a titrant in 

final concentration of 160 µM (Figure 6.8). H538A K540A are important residues 

mediating phospho-peptide motif recognition with PBD, and the crystal structure of 

Plk1 PBD has been obtained by mutating these residues to alanines (Elia et al., 

2003).  The proteins concentrations used in this assay were low, due to a protein loss 

that occurred during the dialysis into ITC buffer (1x TBS, 5 % v/v glycerol, 1 mM 

TCEP, 5% v/v DMSO) that occurred a day prior to the ITC experiment. We observed 

large heat signatures and number of erratic points in the thermograms when 

performing heat-of-dilution control, which was likely caused by a mismatch of DMSO 
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between the cell and the syringe. It appears there is some saturation being reached 

in the thermogram of full-length N-myc TAD (Figure 6.8 C), however the isotherm 

following the data integration is ambiguous. 

 

 

 
Figure 6.8. ITC titrations of N-myc TAD and N-myc64-137 and N-myc TAD with His-
SUMO Plk1367-603 H538A K540A (His-SUMO Plk1 PBD). 
A.  Heat-of-dilution control with His-SUMO Plk1 PBD titrated into the matching buffer 
(1x TBS, 5% v/v glycerol, 1 mM TCEP, 5% v/v DMSO). Large heat signatures are 
likely a result of the presence of 5% v/v DMSO in the buffer. B. Titration of His-SUMO 
Plk1 PBD (titrand) into N-myc64-137 (titrant). C. Titration of His-SUMO Plk1 PBD 
(titrand) into N-myc TAD (titrant). All experiments were performed at 25 °C, using 2 
µL injection volumes. Each titration was performed with only one biological repeat, 
due to the protein loss during overnight dialysis. 
 
To further probe the interaction between Plk1 PBD and N-myc TAD, NMR titrations 

were utilised as means to follow the interaction on per-residue basis with 0.73, 1.0 

and 2.0 molar ratio of Plk1 PBD-to-15N N-myc TAD. To achieve the best signal-to-

noise ratio, all the experiments were recorded at 10 °C. Despite that, 1H-15N HSQC 

spectra were characterised by low signal-to-noise ratio, with signal dissipating even 

at low molar ratios (Figure 6.9 A). The visual inspection of the sample following data 

collection revealed no precipitation, indicating that this effect was not due to sample 

instability. There was some evidence that Plk1 PBD interacts with N-myc TAD at 2:1 

molar ratio. This suggests that even at the end point of the NMR titration (2.0 molar 

ratio) with the signal-to-noise ratio significantly diminished, only half of the sites on N-

myc TAD were saturated. Plk1 PBD is also known to dimerise, thus potentially 

increasing the size of the complex to ~70 kDa, which exceeds the technical 

capabilities of routine NMR (Raab et al., 2022; Cordeiro et al., 2020; Elia et al., 2003). 
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High molecular weight complexes are characterised by slow molecular tumbling times 

which decreases R2 and prolongs R1. This causes FID to dissipate quickly and limits 

the number of subsequent pulsing, which makes it challenging to collect a data with 

high signal-to-noise ratio and high resolution.  

 
Figure 6.9. N-myc TAD NMR titrations with Plk1 PBD. 
A. Overlay of 1H-15H HSQC spectra of 15N N-myc TAD with no Plk1 PBD present 
(pink) and Plk1 PBD at various Plk1 PBD-to-N-myc TAD ratios (teal, black and blue 
for 0.73, 1 and 2 molar ratio, respectively). B. Overlay of 1H-15H HSQC spectra of 15N 
N-myc64-137 with no Plk1 PBD present and present at 0.2, 0.3, 0.5, 1.5 and 2.5 molar 
ratio of Plk1 PBD-to-N-myc64-137 (blue, light blue, brown, gray, teal and red, 
respectively). C. Quantification of peak height of N-myc64-137 for three titration points 
(no Plk1 PBD, 0.2 and 0.3 molar ratios). Peak heigh of the reference spectrum (blue) 
was normalised to 100%. Reference peak height at 0% indicate that peak intensity 
was too weak for quantification. 
 

Based on the data gathered from pull-downs between N-myc peptides and Plk1 FL, 

we speculated that the interaction resembles the interaction with Aurora A, with two 

binding sites, one localised to MB0 and the second one localised to W77-W88 

(Richards et al., 2016). To remove one of the binding sites on N-myc TAD, we 

resorted to using a shorter N-myc64-137 construct, to reduce the size of the putative 

complex formed. Titration points were selected at smaller molar ratio increments to 

observe and record the initial stages of binding reaction, with 0.2, 0.3, 0.5, 1 and 1.5 

molar ratio of Plk1 PBD to N-myc64-137 selected (Figure 6.9 B). Similarly to the titration 



 157 

with full-length N-myc TAD, there was an overall signal dissipation starting at higher 

molar ratio of 0.5, thus peak heights were quantified for no Plk1 PBD, 0.2 and 0.3 

molar ratio for all residues. Peak heights were normalised with reference spectrum 

peak heights set to 100% (Figure 6.9 C). Following a careful analysis of individual 

peaks, we did not observe any CSPs in response to Plk1 PBD binding. There was an 

overall decrease in peak heights across all the residues, with peak heights of W77-

W88 particularly afflicted by the drop of intensity, with M81, L82, L83, E86, L87 and W88 

disappearing completely, either at 0.2 or 0.3 molar ratio. It is possible that it is caused 

by the interaction with Plk1 PBD, however this region is also characterised by low 

peak intensities prior to the addition of any binding partners. This pattern of signal 

dissipation was very similar to the NMR titrations performed with TAF1-TBP, where 

even low molar ratio titration causes loss of signal-to-noise and is commonly observed 

in NMR of IDPs with the combination of factors contributing to this phenomenon. IDPs 

often form secondary structures within their MoRFs regions, which in itself can lead 

to a decrease in peak intensities (Sharma et al., 2019).These regions usually also are 

the source of interactions, which also leads to decrease in peak intensities, especially 

if the interaction fall into intermediate chemical exchange.  

 

The work presented in this chapter highlights the challenges in studying IDP 

interactions. To characterise the interaction in detail, one might have to use a 

simplified system of recombinant proteins, which strips the interaction of many other 

auxiliary proteins that might support the interaction. Using more simple approach with 

small peptides can also result in lack of interaction observed, due to removal of other 

important sites within protein. Our pull-down assay results with the peptides indicated 

that Plk1 KD is the major source of interaction between N-myc TAD and Plk1. 

However, we could not confirm this binding event using ITC. There might be few 

reasons behind this. Firstly, the version of pull-down assay used in this work would 

not only show the interacting protein, but also the protein that precipitated on the 

Strep-Tactin® beads. Peptides N-myc25-50 and N-myc62-89 are hydrophobic in nature 

and particularly prone to precipitating on the beads. In addition, it is likely that N-myc 

interacts with both domain and potentially at their interface and reducing the 

interaction to individual domains reduced the avidity of the entire interaction and thus 

can give false negative results. 
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6.2.3 Interaction of N-myc TAD with pTEFb 

The interaction between myc proteins and pTEFb has pursued for decades however 

so far, no study has measured the binding affinity or characterised the structural basis 

of the interaction. The previous chapter explored the possibility that N-myc TAD is a 

substrate for pTEFb and this chapter explores the putative complex formation 

between the two species.  

 

A HTRF® assay was utilised to assess the binding affinity of this putative interaction.  

HTRF® assays requires two different tags. The proximity of these two species causes 

the donor and the acceptor to come in close contact and allows FRET-based transfer 

of energy. Biotinylated N-myc62-89 peptides phosphorylated at different positions 

(Table 2.5) were utilised, as well as either FLAG-tagged Cdk9:cyclin T1 (hereafter 

referred to pTEFb) or FLAG-tagged cyclin T1. Streptavidin-conjugated dye 

(Streptavidin-XL665) and anti-FLAG antibody-conjugated terbium were added as the 

acceptor and donor, respectively (Cisbio). Upon the recognition of the species, anti-

FLAG antibody-conjugated terbium emits a fluorescence at 620 nm which is 

transferred onto the donor (Streptavidin-XL665), which in turn emits fluorescence at 

665 nm. The ratio of 665-to-620 is then calculated and high HTRF ratio is indicative 

of high 665 nm emission, due to donor and acceptor being brought into proximity of 

each other. To eliminate the possibility of unbound acceptor and donor interacting, 

their concentration was kept at equimolar ratio to their respective interactors.  

 

Both pTEFb and cyclin T1 were tested for the interaction with biotinylated N-myc28-89 

peptides, however they did not indicate any measurable interaction (Figure 6.10 A 

and B, respectively). AFF4, which is known to interact with pTEFb, was used as a 

positive control (Schulze-Gahmen et al., 2013). Whereas AFF4 produced a high HTRF 

ratio, none of the N-myc peptides produced significant HTRF ratio, apart from N-

myc28-89 p-T58 interacting with cyclin T1, which has shown high standard deviation (teal 

circle, Figure 6.10 A).  
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Figure 6.10. HTRF assay of biotinylated N-myc28-89 peptides. 
A. HTRF assay of biotinylated N-myc28-89 peptides and cyclin T1. AFF4 was used as 
a positive control. B. HTRF assay between biotinylated N-myc28-89 peptides and 
pTEFb. The concentration of pTEFb and cyclin T1 was varied to achieve a saturation 
in case of weak binding. Error bars are standard deviation calculated from three 
biological repeats. 
 

As a HTRF assay requires two different tags, it could be that either tag obscures the 

interaction site or that the interaction itself was preventing binding of donor and 

acceptor antibodies to bind to their respective tags. To remedy this issue, pull-down 

assays using either FLAG or glutathione resins were employed. We utilised 

recombinant 3x FLAG N-myc TAD and Gst-tagged pTEFb. 

 
Figure 6.11. Pull-down assays of 3x FLAG N-myc TAD and Gst pTEFb. 
A. Glutathione resin pull-down assay with Gst pTEFb used as bait and 3xFLAG N-
myc TAD used as prey. B. FLAG resin pull-down assay with and 3x FLAG N-myc 
TAD immobilised on the resin as a bait and Gst pTEFb used as a prey. In both pull-
down prey and bait were incubated for two hours prior to the extensive washing 
procedure. The elutions were performed by the addition of 4x SDS loading dye. 
 
None of the pull-downs indicated an interaction between N-myc TAD and pTEFb 

(Figure 6.11 A and B). There was no enrichment of prey in any of these pull-downs 

as observed through extensive Coomassie staining. To complete the investigation, 

immunoblotting was performed against FLAG- and Gst tags, respectively, however 

no signal was observed for the presence of the baits in the respective pull-downs 
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(data not shown).  

 

To confirm the negative findings regarding N-myc TAD and pTEFb interaction, a final 

set of pull-down assays was conducted, this time utilizing FLAG-tagged recombinant 

N-myc proteins spanning different lengths of TAD (Figure 6.12 A). Following the 

incubation of 10 µg of Gst pTEFb (bait) with 20 µg of Gst FLAG N-myc TAD proteins 

(prey) and an extensive washing, there was no enrichment of the beads with FLAG-

tagged N-myc recombinant proteins. The utilisation of anti-FLAG immunoblotting did 

detect the enrichment of N-myc22-137, N-myc64-137 and N-myc TAD on the beads 

(Figure 6.12 B). N-myc48-89 and N-myc1-64 were not detected in the pull-down (Figure 

6.12 B), indicating that the C-terminal region of TAD is critical for the interaction. The 

binding to N-myc64-137 was very weak, indicating that the N-terminal region, potentially 

harbours a second site.  

 
 
Figure 6.12. Pull-down assays of Gst pTEFb and FLAG-tagged N-myc proteins 
spanning the length of TAD. 
A. Schematic representation of FLAG-N-myc TAD (pink) recombinant proteins and 
FLAG-tagged TAD truncations used in the assay. B. Coomassie staining of pull-down 
assay (top) with input (left) and pull-down (right) fractions. Gst pTEFb was 
immobilised on glutathione resin as a bait, and FLAG-tagged N-myc recombinant 
proteins were used as prey. Anti-FLAG Western blotting (bottom) of the stained 
fractions. 
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6.3 Discussion 

6.3.1 Study of N-myc TAD interactions 

This chapter has interrogated a range of putative interactions which have been 

implicated either for N-myc, or have been characterised in the context of c-myc. We 

utilised a broad range of biophysical techniques to investigate the binding both 

qualitatively and quantitatively. NMR was employed to study N-myc TAD interactions. 

Apart from its difficulty in data processing and analysis, we encountered typical 

problems that are associated with IDP interaction plasticity. In this work NMR titration 

suffer from poor signal-to-noise ratio even at low titration points, which is a common 

feature of both TAF1-TBP and PLK1 PBD titrations (Helander et al., 2015; Andresen 

et al., 2012). IDPs are characterised by increased interaction surface and high avidity 

of interactions, with multiple binding sites collectively contributing to stable binding 

(Uversky, 2013; Wright and Dyson, 2015). In addition, when studying the interactions 

through NMR, IDPs are usually isotopically labelled and thus observed. In the case 

of interaction with larger binding partner, the favourable properties such as fast 

tumbling rates and fast R2 rates are foregone, as an IDP becomes incorporated into 

a larger complex through the interaction (Uversky, 2013). Ultimately, the study of IDPs 

in the context of a single binding partner, although necessary for drug design, is even 

less physiologically relevant than the study of globular folded proteins. IDPs tend to 

bind multiple partners at the same time on short time scales, which raises the 

possibility that a lot of these interactions are occurring due to the presence of auxiliary 

proteins (Tompa and Fuxreiter, 2008; Uversky, 2013).    

 

Unsurprisingly, that there are only a handful of available myc structures, with only a 

single structure of N-myc, obtained using crystallography. These interactions were 

obtained following extensive research of observed myc properties in cells, giving 

these phenomena a structural basis. For example, the positive correlation between 

destabilisation of N-myc and Aurora A inhibition was long recognised, albeit only 

explained in molecular detail through the crystal structure of the complex of these two 

proteins (Otto et al., 2009; Richards et al., 2016). This example serves to underline 

that complex cellular system studies must act in concert with basic structural and 

biophysical research to fully comprehend myc biochemistry. 
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6.3.2 TAF1-TBP interaction 

The region of c-myc interaction with TBP and TAF1 seen in the crystal structure lies 

outside the conserved region of MBs, however the alignment of a short region of N- 

and c-myc indicated some level of homology (Wei et al., 2019). c-myc residues that 

were directly implicated in the interaction were L99, M101, V102, T103, L105, L106. 

Especially, the four  C-terminal c-myc residues were important for the interaction and 

these are retained in N-myc sequence (equivalent residues: V78, T79, L82 and L83; Wei 

et al., 2019). Three orthogonal techniques used in this study did not confirm this 

interaction between N-myc TAD and TAF1-TBP.  

 

As we have used a marginally different construct to the one used in the 

crystallography studies, with TAF1 elongated from 9-40 to 46-71, it was possible that 

the extra C-terminal residues of this protein could obstruct the binding between N-

myc and TAF1-TBP. However, the analysis of the overlay of the crystal structures of 

TAF19-40-c-myc96-125-TBP61-240 and TAF19-71- TBP61-240 indicated that residues 46-71 of 

TAD point away from c-myc surface and thus should not impact the binding between 

N-myc TAD and TAF1-TBP (not shown). 
 
NMR titrations showed overall decrease in peak intensities, for all the residues, with 

this effect pronounced for W77 - W88 residues. Helander and colleagues (2015) and 

Andresen and colleagues (2012) observed the interaction between c-myc1-88 and Pin1 

and c- myc1-88 and Bin, respectively through a combination of diminishing peak 

intensities and modest CSPs (Helander et al., 2015). Their conclusions were the 

result of c-myc assuming the dynamics of c-myc1-88-Pin1 complex and continuously 

exchange between free and bound state (Helander et al., 2015; Uversky, 2013). The 

lack of signal recovery seen is their work, as well as ours, is consistent with the 

formation of the fuzzy complex, however without a further investigation this remains 

a hypothesis. This region is subjected to chemical exchange, either due to 

interchange between monomeric and dimeric state or due to exchange between 

folded and unfolded states. Without any orthogonal techniques confirming the 

interaction between N-myc TAD and TAF1-TBP, we concluded that withing the scope 

of reagents interrogated, there is no interaction between these two partners. The data 

could be improved by the incorporation of a positive control in form of c-myc96-125 

peptide in ITC and pull-down assay to assess that TAF1-TBP construct used is an 

appropriate choice.  
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The analysis the sequences of known transcription factors indicated most of them 

feature a stretch of 9 amino acids which are sufficient to trigger transcription (Piskacek 

et al., 2020). This sequence is also present in Yamanaka factors (Oct4, Klf1 and 

Sox2; Takahashi and Yamanaka, 2006). In c-myc (E100MVTELLGG109) mediates the 

interaction with TAF1-TBP and in N-myc the equivalent region (S76WVTEMLLE83), 

was found not to interact with TAF1-TBP. It is possible that N-myc utilises different 

mechanism of transcriptional regulation to c-myc, to trigger similar physiological 

outcomes. For example, ‘TBP-free’ transcription can occur, with TAF11 proteins 

associating in different combinations and forming different TFIID fractions without the 

presence of TBP (Wieczorek et al., 1998). The substitution of c-myc gene sequence 

for N-myc gene sequence allows mice to grow into adulthood and reproduce normally, 

with no apparent developmental abnormalities, indicating that N-myc can functionally 

replace c-myc in mice (Malynn et al., 2000; Zimmerman et al., 1986). On the other 

hand, a knock-out of either c- or N-myc leads to the embryonic lethality at the early 

murine embryonic development stage, indicating that functional redundancy of these 

two TFs in vivo is not possible, at least at developmental stage (Davis et al., 1993).  

6.3.3 Interaction with Plk1 

This work focused on interrogating the interaction between N-myc TAD and Plk1 

further by including the interaction analysis of the full length Plk1, as well as 

interrogation of the individual domains in binding to N-myc TAD. Pull-down assays 

using individual domains showed at least two binding sites for Plk1 on N-myc TAD 

and indicated that Plk1 KD is the main source of interaction with N-myc TAD, however 

these results were not reproduced through other orthogonal techniques, with the 

conflicting data on the main domain driving this interaction. It is possible that the Plk1 

KD is a site of a single interaction site, which is mainly mediated by MB0 and thus it 

gives positive results when appropriate length N-myc peptides are used. Regarding 

the Plk1 PBD, it is possible that the entire interaction is mainly avidity driven, with 

each individual residue contributing little affinity and collectively giving rise to overall 

interaction. This would explain why the interrogation of Plk1 PBD with the peptides 

does not indicate a strong level of interaction, but the full-length N-myc TAD with Plk1 

PBD does indicate interaction.  

 

Further characterisation of the interactions should rely on establishing the binding 

parameters between N-myc TAD and the full-length Plk1. This could be achieved 

through ITC, or to mitigate this protein-demanding technique, through biolayer 

interferometry. The pull-down assay indicated the sites of the interaction to be MB0 
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and the fragment of N-myc spanning residues 62-89, and this strongly resembles the 

interaction between N-myc TAD and Aurora A (Richards et al., 2016). Competition 

studies would help to establish qualitatively that these sites are indeed involved in 

binding both kinases.  

 

NMR, which is a technique most suited to studying the behaviour of IDPs, was not 

able to provide a definitive answer as to the interaction between N-myc TAD and Plk1 

PBD. Due to the nature of an IDP, the observed signal dissipation could be a result 

of different dynamic processes occurring at different time scales and contributing to 

the diminishing of the signal in 1H-15N HSQC spectra. The decrease in the peak 

intensities could be minimised by a careful design of the experimental parameters. 

We already employed low temperature at data collection to minimise proton exchange 

with bulk water and minimised the concentration of glycerol in the sample buffer, to 

enhance the overall tumbling rate of the putative complex. Further steps could include 

sample deuteration to minimise spin diffusion and reduce the relaxation rates of 15N 

(Sattler and Fesik, 1996), To mitigate poor signal-to-noise ratio due to a chemical 

exchange, TROSY-based pulse sequences can be implemented (Pervushin et al., 

1997). The signal recorded in NMR is the average of T2 of different components 

contributing to the relaxation (Pervushin et al., 1997). In a normal experiment, R2 of 

these components is averaged out through decoupling, however in large molecules, 

this can lead to attenuation of the signal or complete signal disappearance if one of 

these components has fast R2 and the other one has slow R2 (Fernández and 

Wüthrich, 2003). In TROSY, instead of averaging the R2 relaxation components, only 

the signal with slow R2 is considered. Although these halves the signal collected, 

enhanced signal-to-noise compensates for the loss (Fernández and Wüthrich, 2003; 

Pervushin et al., 1997). Whereas this approach was not necessary for N-myc TAD 

backbone assignments, due to its already slow relaxation rates, TROSY could help 

to overcome the poor signal-to-noise ratio when N-myc is bound to a larger protein. 

 

Lastly, the most challenging aspect to study would be obtaining the crystal structure 

of the complex. This would require establishing whether the interaction between N-

myc TAD and Plk1 is ‘fuzzy’ in nature, and which regions specifically form such 

interactions and which regions are the minimal-interacting regions, as a common 

approach to crystallising these proteins is to remove more dynamic regions that are 

not seen in electron density maps. Another difficulty is crystallising full-length Plk1 

and thus far, only one crystal structure is available which features KD and PBD 
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expressed separately in Danio rerio and Drosophila melanogaster, respectively (Xu 

et al., 2013).  

6.3.4 Interaction with pTEFb 

The literature documents the interaction between c-myc and cyclin T1, which was 

demonstrated through pull-down assay between Gst-tagged c-myc TAD fragments 

as a bait and cyclin T1 as a prey, immunoprecipitated from HeLa lysates (Eberhardy 

and Farnham, 2002). Further validation of interactions was also performed using co-

immunoprecipitation method and lysates from various cell lines (Kanazawa et al., 

2003; Gargano et al., 2007). Although no further biochemical and structural data has 

been presented thus far, the correlation between c-myc and pTEFb function has been 

well-established. c-myc impacts the proximal pause release, through the recruitment 

of pTEFb, as evidenced by co-immunoprecipitation experiments in murine embryonic 

stem cells. The pharmacological abrogation of c-myc-Max heterodimer with reduces 

c-myc occupancy at the active genes, concomitant with a reduction of serine 2 

phosphorylation of CTD (Rahl et al., 2010). c-myc turnover has also been shown to 

be important for the recruitment of pTEFb to active promoter sites (Jaenicke et al., 

2016). 

 

The main limitation of previous interaction studies of myc protein, was the utilisation 

of immunoblotting as means of detection, Protein-specific antibodies (anti-cyclin T1 in 

this case) only capture their epitope and any other potential factors that may facilitate 

or even mediate the interaction. The remaining literature evidence linking c-myc to 

transcriptional elongation through the regulation of pTEFb, does not probe directly 

the nature of this interaction (Rahl et al., 2010) (Kanazawa et al., 2003; Gregory et 

al., 2003a).   

 

In contrast to these data, our work focused on using recombinant proteins to directly 

probe the interaction between N-myc and pTEFb. The data collected indicate no or 

very weak interaction between N-myc TAD and pTEFb or cyclin T1. FRET-based 

HTRF assay and an array of pull-downs did not indicate any interaction between the 

two proteins, apart from immunoblotting detection. pTEFb was a challenging complex 

to express and purify, with high levels of precipitation. The complex required glycerol 

in its buffer, which due to its increased viscosity, negatively impacts R1 and R2 and 

diminishes signal-to-noise ratio in NMR studies. Due to negative preliminary data and 

challenges in obtaining recombinant proteins, further investigation was not 

undertaken.  
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7 Final remarks 
7.1 Summary of the thesis 

N-myc is a potent oncogene in multiple cancers, but thus far there is no 

pharmacological intervention that would target its oncogenic properties. This work 

was focused on addressing some of the gaps in our understanding of N-myc TAD 

function and structure. We utilised NMR, which we deemed to be the most appropriate 

technique to study this IDP, to probe the dynamics and interactions of N-myc TAD. A 

substantial amount of work was put towards the backbone assignment of N-myc TAD, 

which is a foundation for all NMR-related experiments.  

 

The backbone assignment confirmed that the N-myc TAD is an IDP, with narrow 1H 

dispersion, peak overlap due to low sequence complexity and averaging out of 

chemical environment of due to fast dynamics. Using the backbone assignment and 

CSI, we confirmed the presence of a-helix spanning residues W77 – W88. We also 

characterised previously unreported a-helix present at the C-terminus of TAD (A122 – 

E132). The former a-helix participates in binding of N-myc TAD to Aurora A (Richards 

et al., 2016). The significance of the latter a-helix is not known, however it lies within 

MBII, the region which is implicated in the interaction with TRRAP (McMahon et al., 

1998). The relaxation experiments performed on the N-myc TAD, revealed a degree 

of flexibility, however there were regions of restricted local motions, which 

corresponded to the presence of the a-helices. The assignment of a shorter TAD 

fragment, N-myc64-137 revealed that the residues participating in W77-W88 helix 

experience two distinct chemical environments. Following the extensive interrogation, 

we could not definitely confirm the mechanism behind these chemical environments. 

It is likely that multiple processes which undergo chemical exchange contribute to this 

phenomenon. 

 

The second part of the work focused on investigating N-myc TAD in the context of its 

interactions, both as a substrate and as a binding partner. We reconstituted part of 

the N-myc degradation pathway including two sequential phosphorylation events in 

vitro, as demonstrated through changes in the chemical shifts. N-myc TAD was 

phosphorylated on S62 by ERK1 and then on T58 by GSK3 kinases. Further steps, 

which included isomerisation of the p-S62-P63 bond by Pin1 and the dephosphorylation 

of p-S62 by PP1, were not observed. In agreement with the recently published data, 

Fbw7-Skp1 complex can bind p-S62 N-myc TAD, however the addition of phospho-

group on T58 greatly enhances the interaction and leads to the formation of a stable 
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complex, as per analytical SEC results.  

 

The studies of the interactions of N-myc TAD yielded interesting results. The data 

gathered demonstrated the lack of interaction between N-myc TAD and both TAF1-

TBP and pTEFb, in the context of reagents used for the work. N-myc TAD interacts 

with the full-length Plk1, as well as both of the domains – PBD and KD. Initially, the 

data from the pull-down assays indicated Plk1 KD as a major site of interaction with 

Plk1, however further data revealed that Plk1 PBD is as likely to participate in this 

interaction. It underlines the importance of utilising multiple orthogonal techniques to 

study interactions. In particular, IDPs are characterised by a high avidity of binding, 

where each low-affinity site contributes to biologically significant interaction in additive 

manner. To study interactions mediated by high avidity, full proteins domains should 

be used to obtain strong enough binding for biochemical and structural studies. 

 

Throughout the duration of this PhD, a few crystal structures of c-myc were published, 

c-myc96-125 with TAF1-TBP, c-myc58-64 with Fbw7, and c-myc260 – 267 with Fbw7 (Wei et 

al., 2019; Welcker et al., 2022). No NMR structure of c-myc or N-myc has been 

published thus far and the only available data on BRMB, is the assignment of c-myc1-

88. This work addresses the bottleneck in the study of N-myc through NMR by 

providing a complete backbone assignment and allow further studies to commence. 

For example, experiments probing slower dynamic processes (µs – ms) could be 

performed. Structural studies, for example residual dipolar couplings can also be 

collected which would provide information of special orientation of individual vectors 

and may lead to the elucidation of structure/ensemble of N-myc TAD structures in 

solution. 

7.2 Outlook of N-myc – based cancer therapies 

Two major obstacles in drug design are the lack of fundamental understanding of 

biochemistry, and the technical difficulty in designing a molecule that will interact 

stably with an IDP. The bulk of our understanding into N-myc biochemistry and 

interactions is derived from the studies in cells. Although helpful in guiding target 

selection, they lack the resolution that is required to design pharmacological agents. 

The only known pharmacological intervention targeted against myc protein is 10058-

F4 and its derivatives, which disrupts the c-myc:Max heterodimer and prevents c-

myc-related transcription (Yin et al., 2003). However, this inhibitor suffers from poor 

tumour penetration, lack of specificity and rapid in vivo metabolism (Wang et al., 

2013). Due to its lack of 3D structure, the most likely mechanism to inhibit myc 
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function is to target its upstream or downstream targets, of which some promising 

ones are kinases that regulate myc stability. It has been demonstrated that Aurora A 

inhibitors which distort its active site, reduce N-myc half-life (Otto et al., 2009; 

Richards et al; 2016). ERK1 inhibitors are at clinical or pre-clinical trial stages 

however thus far none of them have been FDA approved (Kidger et al., 2018). It is 

not known whether such as inhibitor would shorten N-myc half-life, however as often 

with kinase inhibitors a multiagent treatment would be advantageous as tumours often 

develop further mutation to mitigate the pharmacological effects of the inhibitors. The 

Plk1 kinase inhibitor that has made it the closest to the clinic is Volasertib, which 

showed a lot of promise in the I/II phase of clinical trials but did not manage to show 

the same success in the III phase (Gutteridge et al., 2016). Ultimately, patient 

stratification will be important in administering of these drugs to maximise their 

effectiveness and provide rational combinational therapies. 

 

Research into fundamental functions of N-myc will propel the discovery of successful 

therapies. This work addresses part of these foundations in the form of complete 

backbone assignment, studies of the dynamics and preliminary data on several 

potential N-myc interaction partners. 
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