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ABSTRACT 

Many cellular activities rely on interactions between cells and the extracellular matrix 

(ECM) and these attachments are mediated by the integrin family of transmembrane 

receptors. Talin, a cytoplasmic adapter protein, activates integrin by binding to the 

cytoplasmic tails and ultimately couples integrin to the actin cytoskeleton. Once the 

adhesion has formed, talin can act as a mechanosensitive signalling hub and recruit 

additional proteins in a force-dependent manner. 

KANK proteins, via direct interaction with talin and with the kinesin KIF21A, mediate the 

connection of these integrin-based adhesions with dynamic microtubules. A complex of 

proteins termed the cortical microtubule stabilising complex (CMSC) is recruited upon 

talin-KANK interaction which stabilises microtubules in the vicinity of adhesions. The 

talin-KANK connection results in mechanosensitive crosstalk between the actin and 

microtubule cytoskeletons, contributes to microtubule polarity, and provides a 

mechanism for turnover of adhesions during cell migration. 

In this thesis, a combination of structural, biochemical and biophysical approaches were 

used to broaden our understanding of KANK proteins. With a recurring focus on 

identifying similarities and differences between the four mammalian KANK isoforms, 

particularly within specific domains, we discover some key isoform-specific differences 

in terms of the ankyrin repeat domains including dimeric propensity that is unique to 

KANK4, characterise a novel interaction between the KN and ankyrin repeat domains of 

KANKs and narrow down on the required binding surface on the KN domain, and  identify 

a novel interaction between DYNLL2 and an intrinsically disordered region in KANK1. 

Additionally, as part of this work, two novel crystal structures of KANK ankyrin repeat 

domains were solved and solution NMR data providing structural information for 

DYNLL2 was collected. Ultimately, the work in this thesis explores some novel properties 

of KANKs and provides the foundations for an array of further study into this family of 

proteins, allowing the deduction of their structures and functions ς either related to 

their role as linkers between actin filaments and microtubules or potentially in other 

unrelated and yet undiscovered cellular contexts.   
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DD     Dimerisation domain 

DNA     Deoxyribonucleic acid 

DTT     Dithiothreitol 

DYNLL1    Human dynein light chain 1 

DYNLL2    Human dynein light chain 2 

ECM     Extracellular matrix 

FA     Focal adhesion 

FP     Fluorescence polarisation 

g, mg     Gram, milligram  

GFP     Green fluorescent protein 

HSQC     Heteronuclear single quantum spectroscopy 

IDR     Intrinsically disordered region 

IPTG     LǎƻǇǊƻǇȅƭ ʲ-D-1-thiogalactopyranoside 

KANK     Kidney ankyrin repeat-containing protein 



Kd     Dissociation constant  

KN     KANK KN domain 

L, mL, ˃L    Litre, millilitre, microlitre 

LB     Lysogeny broth 

LC8 family    Dynein light chain protein family  

LD motif    Leucine-aspartic acid motif 

M, mM, ˃ M    Molar, millimolar, micromolar 

MgCl2     Magnesium chloride 

MT     Microtubule 

N-terminal    Amino terminal  

NaCl     Sodium chloride 

nm     Nanometre  

NMR     Nuclear magnetic resonance 

PBS     Phosphate-buffered saline 

PCR     Polymerase chain reaction 

PDB     Protein Data Bank 

pI     Isoelectric point 

rpm     Rotations per minute 

RT     Room temperature 

SDM     Site-directed mutagenesis 

SDS-PAGE Sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis 

SEC-MALS Size exclusion chromatography-multiangle light 

scattering 

TBS     Talin-binding site 

TCEP     Tris(2-carboxyethyl)phosphine 

TEV     Tobacco etch virus 

TROSY     Transverse relaxation optimised spectroscopy 

VBS     Vinculin-binding site 

WT     Wildtype  
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CHAPTER 1: INTRODUCTION 

1.1 Cell adhesion  

Cell adhesion is the tightly controlled process by which cells can form dynamic 

attachments with each other and with the surrounding extracellular matrix. This process 

allows cells of multicellular organisms to detect biological signals and translate them 

into appropriate biological outputs, dictating the cellular activity.  

Specific transmembrane proteins at the cell surface, cell adhesion molecules (CAMs), 

are required for the formation of different adhesive structures. CAMs can be divided 

into four major families: selectins, cadherins and immunoglobulin superfamily, which 

are all primarily involved in cell-cell adhesion, and integrins which are primarily involved 

in cell-extracellular matrix adhesion (Figure 1.1). The range of structures formed by 

these CAMs contributes to a range of signal transduction pathways with links to an 

extensive list of cellular processes, including tissue development, cell polarity and cell 

migration (Gumbiner, 1996). 

Disruption of cell adhesion can have a broad range of consequences, with loss of tight 

regulation resulting in a variety of disease phenotypes. This most notably includes 

cancer, where cancer progression and dysregulated epithelial-mesenchymal transition 

can be driven by the loss of adhesion regulation, causing abnormal cell migration (Witz, 

2008; Desgrosellier & Cheresh, 2010; Hamidi & Ivaska, 2018). Other pathological states 

linked to aberrant cell adhesion include rheumatoid arthritis, associated with the 

migration of dendritic cells as part of the immune response (Worbs et al, 2017), and 

ƴŜǳǊƻǇŀǘƘƛŜǎ ƛƴŎƭǳŘƛƴƎ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ (Nielsen & Wennström, 2012). 

Additionally, a variety of pathogens have been identified which target adhesion sites by 

mimicking components of adhesive structures, enabling their invasion into the host cell. 

Examples include the Shigella flexneri invasion, IpaA (Izard et al, 2006), and Chlamydia 

caviae effector protein, TarP (Whitewood et al, 2018).  
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Figure 1.1: The four major families of cell adhesion molecules.  
Integrins, selectins, cadherins and the immunoglobulin superfamily proteins are the major CAMs and 
allow for the formation of different adhesive structures. These can be further grouped by whether they 
form heterophilic or homophilic interactions. 

1.1.1 Cell-cell adhesion 

Selectins are heterophilic CAMs which mediate transient cell-cell adhesions between 

leukocytes and endothelial cells or platelets via binding to carbohydrates on the surface 

of another cell. The three members of the selectin family are L-selectin, expressed on 

leukocytes, E-selectin, expressed on endothelial cells, and P-selectin, expressed on 

leukocytes and platelets. Each of the selectins possesses a Ca2+-dependent lectin domain 

at the N-terminus, highly conserved between species, which is responsible for 

carbohydrate binding. The most well-characterised function of selectins is their role in 

leukocyte extravasation: the process by which leukocytes migrate towards the site of 

infection (Muller, 2013). Selectins bind their ligands with very fast on and off rates (Alon 

et al, 1995)Σ ŜƴŀōƭƛƴƎ ǘƘŜ ƛƴƛǘƛŀƭ ŎŀǇǘǳǊŜ ƻŦ ŀ ƭŜǳƪƻŎȅǘŜ ŀƴŘ ǇǊƻƳƻǘƛƴƎ ƛǘǎ άǊƻƭƭƛƴƎέ ŀƭƻƴƎ 

a blood vessel wall in the direction of the blood flow. E-ǎŜƭŜŎǘƛƴ ƛǎ ƛƴǾƻƭǾŜŘ ƛƴ άǎƭƻǿ 

ǊƻƭƭƛƴƎέΣ ŀƭƭƻǿƛƴƎ ǘƘŜ ƭŜǳƪƻŎȅǘŜ ǘƻ ǎƭƻǿly arrest before it strengthens its adhesions and 

spreads, ultimately facilitating diapedesis (Ley et al, 2007).  
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Cadherins are homophilic CAMs involved in the formation of cell-cell adhesive structures 

including adherens junctions and desmosomes. Like selectins, cadherins also function in 

a calcium-dependent manner and all members of the cadherin superfamily share an 

extracellular Ca2+-binding domain. Based on sequence similarity, several subfamilies of 

cadherins exist, including classical, desmosomal and proto-cadherins (Hulpiau & van 

Roy, 2009). Type I and type II classical cadherins were named according to the tissues in 

which they were initially identified and include E-cadherin (first identified in epithelial 

tissue), N-cadherin (first identified in neural tissue), and VE-cadherin (first identified in 

vascular epithelial tissue) though expression is not limited to these tissues (Saito et al, 

2012). Desmosomal cadherins, comprising desmogleins and desmocollins, are primarily 

expressed on epithelial cells and cardiac muscle cells (Kowalczyk & Green, 2013). 

Adherens junctions, where classical cadherins mediate the adhesion, are formed via 

linking cytoskeletal actin. This is facilitated by the high affinity, 1:1 interaction of 

cytoplasmic cadherin with ̡-catenin which, in turn, forms a weaker-affinity bond with 

-hcatenin (Hartsock & Nelson, 2008). This complex can interact with the actin 

cytoskeleton, directly through h-catenin itself or indirectly via actin-binding proteins 

such as vinculin (Seddiki et al, 2018). These adhesions are dynamic, mechanosensitive 

structures that respond to environmental changes, including force. Alternately, 

desmosomes, the junction formed by desmosomal cadherins, link adjoining cells via 

intermediate filaments. Here, intracellular desmoplakin directly links 

desmogleins/desmocollins to the intermediate filaments (Delva et al, 2009). 

The immunoglobulin superfamily (IgSF) proteins are the most diverse group of CAMs, 

but all members possess at least one immunoglobulin-like extracellular domain: two 

antiparallel ̡ -sheets stabilised by the presence of a disulphide bridge (Lesk & Chothia, 

1982; Ioerger et al, 1999). Unlike selectins and cadherins, IgSF proteins function in a 

calcium-independent manner and have a more diverse range of ligands ς they can be 

involved in both homophilic and heterophilic modes of binding, the latter of which 

occurs less frequently but typical ligands include carbohydrates and integrins (Barclay, 

2003). The range of proteins belonging to the IgSF of course have quite diverse roles, 

and many review articles cover these ς of note, these include the roles of IgSF proteins 
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in neuronal development, inflammation, and metastasis ό[ŜǎƘŎƘȅƴǎΩƪŀ ϧ {ȅǘƴȅƪΣ нлмсΤ 

Golias et al, 2011; Wai Wong et al, 2012). 

1.2 Integrin-mediated cell-extracellular matrix adhesions  

1.2.1 The extracellular matrix 

The extracellular matrix (ECM) is a complex, non-cellular scaffold which is present in all 

tissues to provide structural and biochemical support for the surrounding cells. ECM 

components are secreted by cells and generally consist of water, proteoglycans and 

fibrous proteins including elastins, fibronectins, laminins and collagens, the latter of 

which are typically the most abundant (Theocharis et al, 2016). While all these 

components are usually present, the dynamic surrounding microenvironment leads to 

unique, tissue-specific ECM compositions and topology, and this is determined during 

embryonic development (Rozario & DeSimone, 2010). In addition to the physical 

scaffold provided by the ECMs, anchoring cells in precise locations or providing a 

platform along which they can migrate, they also have vital roles in regulating a plethora 

of major cellular activity including tissue development, proliferation and wound healing 

in addition to migration. The reliance upon the ECM to regulate myriad essential cellular 

processes means that disruption can lead to a range of disease states ς this is most 

commonly a result of the consequent disruption to adhesion itself, but conditions 

including angiogenesis and fibrosis can also occur due to changes in ECM composition 

(Vong & Kalluri, 2011; Liakouli et al, 2018).  

1.2.2 Cell-extracellular matrix adhesions 

In order to allow highly coordinated directional movement, and for adhesion itself, cells 

need to adhere to and detach from the ECM in perfect synchrony: as the cell crawls 

forward along the ECM via adhesion formation at the front, adhesions underneath the 

cell body and at the rear of the cell undergo tightly regulated disassembly. The 

directional migration of a cell thus requires coordination of cytoskeletal rearrangement 

and cellular polarity, a highly complex process allowing the force generation required to 

drive dynamic remodelling of adhesions connecting the cell to the ECM.  

A range of integrin-based cell-extracellular matrix adhesion complexes are discussed in 

further detail in Section 1.4.  
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1.3 Integrin 

1.3.1 Integrins overview 

Whilst the concept of a cell being adherent to the substratum had been recognised for 

many years (Abercrombie, 1961), integrins, as the receptors mediating links between 

the cell and the ECM, were first characterised in the decades later (Tamkun et al, 1986) 

and have since been widely, continually researched. Integrins engage in bidirectional 

ǎƛƎƴŀƭƭƛƴƎΥ άƻǳǘǎƛŘŜ-ƛƴέ ǎƛƎƴŀƭƭƛƴƎ refers to the sensing and response to the extracellular 

environment via extracellular integrin ligands triggering large conformational changes 

(Du et al, 1991; Mehrbod et al, 2013)Σ ǿƘŜǊŜŀǎ άƛƴǎƛŘŜ-ƻǳǘέ ǎƛƎƴŀƭƭƛƴƎ ǊŜŦŜǊǎ ǘƻ ǘƘŜ 

sensing of intracellular ligands, resulting in binding of talin and kindlin to the -̡

cytoplasmic tail and activation of the integrin (Shen et al, 2012).   

1.3.2 Integrin structure  

¢ƘŜ ƛƴǘŜƎǊƛƴ ŦŀƳƛƭȅ ƻŦ ǇǊƻǘŜƛƴǎ Ŏƻƴǎƛǎǘǎ ƻŦ ǘǊŀƴǎƳŜƳōǊŀƴŜΣ ʰκʲ-heterodimeric cell 

ǎǳǊŦŀŎŜ ŀŘƘŜǎƛƻƴ ǊŜŎŜǇǘƻǊǎΦ Lƴ ǾŜǊǘŜōǊŀǘŜǎΣ му ʰ- ŀƴŘ у ʲ-subunits have been identified 

which form non-covalent links in different combinations to generate 24 integrin 

heterodimers (Hynes, 1992).  

Figure 1.2Υ LƴǘŜƎǊƛƴ ʰ-ʲ ƘŜǘŜǊƻŘƛƳŜǊǎΦ  

The 24 ƛƴǘŜƎǊƛƴ ƘŜǘŜǊƻŘƛƳŜǊǎ ǘƘŀǘ ŦƻǊƳ ŦǊƻƳ ŘƛŦŦŜǊŜƴǘ ŎƻƳōƛƴŀǘƛƻƴǎ ƻŦ ʰ- ŀƴŘ ʲ-integrin subunits. These 
can be categorised by their target extracellular ligands. Based on figure from Hynes, 2002. 

¢ƘŜ ʰ- ŀƴŘ ʲ-subunits differ in size, at ~1000 residues and ~750 residues respectively 

(Luo et al, 2007). While each subunit generally consists of a similar overall structure ς a 
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large ectodomain, a single transmembrane domain and a short cytoplasmic tail domain 

ς the specific domains vary (Figure 1.3b).  The ectodoƳŀƛƴ ƻŦ ǘƘŜ ƭŀǊƎŜǊ ʰ-subunits 

Ŏƻƴǘŀƛƴǎ ŜƛǘƘŜǊ ŦƻǳǊ ƻǊ ŦƛǾŜ ǎǳōŘƻƳŀƛƴǎ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ƛǎƻŦƻǊƳΣ ǿƘŜǊŜŀǎ ǘƘŜ ʲ-

ǎǳōǳƴƛǘǎ Ŏƻƴǘŀƛƴǎ ǎŜǾŜƴ ǎǳōŘƻƳŀƛƴǎ ƛƴŎƭǳŘƛƴƎ ŀ ʲ-I domain which is homologous to the 

-hL ŘƻƳŀƛƴ ƻŦ ǘƘŜ ʰ-subunit (Campbell & Humphries, 2011). TypicallyΣ ǘƘŜ ʲ-subunit is 

considered to be more flexible (Xie et al, 2010). Each subunit possesses a highly 

conserved transmembrane domain, typically consisting of a single helix, linking to a 

short cytoplasmic tail. The exception to this is ̡4 wherein the cytoplasmic domain is 

much larger (Suzuki & Naitoh, 1990) and facilitates its preference for interacting with 

the intermediate filament network in contrast to other ̡-chains which preferentially 

interact with the actin network (Mercurio et al, 2001). The cytoplasmic tails appear to 

be extremely flexible and extended when there is no ligand bound, enabling their ability 

to form hub interactions (Wegener & Campbell, 2008) and, for both subunits, the 

cytoplasmic tails can bind a range of proteins. Of note, the -̡cytoplasmic tail contains 

two NPxY-like motifs (Asn-Pro-x-Tyr), crucial for binding ligands containing 

phosphotyrosine-binding (PTB) domains which induce integrin activation (Calderwood 

et al, 2002; Uhlik et al, 2005). Ultimately, this results in huge protein complexes 

coalescing onto the cytoplasmic tails to give rise to large signalling complexes upon 

integrin activation.  

This intricate structure facilitates the characteristic bidirectional signalling ability of 

integrins wherein signals that regulate countless crucial cellular activities can be 

transmitted across the plasma membrane.  

1.3.3 Integrin activation 

The concept of integrin activation has been discussed for decades, with the initial 

publication observing regulation of integrins via conformational changes being 

published in 1990 (Frelinger et al, 1990)Φ LƴǘŜƎǊƛƴǎ Ŏŀƴ ōŜ ŀŎǘƛǾŀǘŜŘ Ǿƛŀ άƛƴǎƛŘŜ-ƻǳǘέ ƻǊ 

άƻǳǘǎƛŘŜ-ƛƴέ ǎƛƎƴŀƭƭƛƴƎ ƳŜŎƘŀƴƛǎƳǎΦ IŜǊŜΣ άƛƴǎƛŘŜ-ƻǳǘέ ŀŎǘƛǾŀǘƛƻƴΣ ǘǊƛƎƎŜǊŜŘ ōȅ 

cytoplasmic signals, will be discussed. 

Integrins have three major conformations: a bent, closed (autoinhibited) form, an 

extended form with the headpiece of the ectodomain still closed, and an extended form 
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ǿƛǘƘ ǘƘŜ ƘŜŀŘǇƛŜŎŜ ƻǇŜƴ ŀƴŘ ǘƘŜ ʰ- ŀƴŘ ʲ-cytoplasmic tails a greater distance apart 

(active) (Shimaoka et al, 2002; Li et al, 2017) (Figure 1.3).  

Figure 1.3: Integrin activation states.  
(A) The ǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ ŎƻƳǇƭŜȄ ōŜǘǿŜŜƴ ǘƘŜ ǘǊŀƴǎƳŜƳōǊŀƴŜ ŘƻƳŀƛƴǎ ƻŦ ƛƴǘŜƎǊƛƴ ʰLLō ŀƴŘ ʲо ώt5. L5Υ 
2K9 (Lau et al, 2009)] showing the salt bridge formed which maintains the integrin in the autoinhibited 
state. (B) The three activation states of integrin: the inactive, autoinhibited form, the partially active form 
with unstable affinity for extracellular ligands, and the fully active form which has a high affinity for 
extracellular ligands.  

Autoinhibition of integrins is maintained via an electrostatic interaction between the 

two cytoplasmic tails: for example, in hIIb̡ 3 integrin, Arg995 in the hIIb tail binds 

Asp723 in the ̡3 tail (Figure 1.3a) (Anthis & Campbell, 2011). This crucial salt bridge 

maintains the low-affinity state, holding the legs of each subunit together and 

A 

B 
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preventing their separation (Hughes et al, 1996; Vinogradova et al, 2002; Kim et al, 2009; 

Lau et al, 2009).  

The process of activation, relieving autoinhibition, causes extensive structural changes 

in integrin conformation resulting in the extended, open conformation wherein the 

ectodomains are subject to large-scale reorganisation (Ye et al, 2012) and both the 

transmembrane regions and cytoplasmic tail domains are further separated (Kim et al, 

2003). This relief of integrin autoinhibition and driving of tail separation is induced by 

ƛƴǘŜǊŀŎǘƛƻƴǎ ōŜǘǿŜŜƴ ƛǘǎ ʲ-cytoplasmic tail and the head domain of the adaptor protein 

talin (see section 1.5) (Calderwood et al, 1999). The crystal structure of the region of 

talin containing a PTB-like domain interacting with the cytoplasmic tail of integrin 1̡d 

(PDB ID: 3G9W (Anthis et al, 2009)) indicates that, in addition to this talin-mediated 

activation breaking the salt bridge between the two cytoplasmic tails, an alternate salt 

bridge is formed via a conserved basic residue in talin. Thus, with some involvement of 

the FERM domain-containing protein kindlin as a co-activator (Moser et al, 2008; 

Calderwood et al, 2013), active talin is able to relieve integrin autoinhibition and drive 

conversion to the active conformation, exposing surfaces containing cryptic binding sites 

for further integrin ligands, including ECM components (Harburger & Calderwood, 

2009).  

1.3.4 The consensus integrin adhesome 

Despite the structural and functional differences in integrin adhesion complexes (IACs) 

that can form, the composition of the majority of these structures overlap significantly. 

The integrin adhesome, the total network of structural and signalling components 

involved in the regulation of cell-extracellular matrix adhesions, contains greater than 

200 proteins and, of these, a consensus integrin adhesome of 60 proteins have been 

identified to form the core of the integrin adhesion machinery (Thomson, 1992; Horton 

et al, 2015). With the crucial roles played by integrin adhesome components in tissue 

organisation and cellular activity, mutations in these key proteins are involved in various 

disease states, with 32 of the 60 core consensus integrin adhesome proteins involved in 

development and progression of cancer (Winograd-Katz et al, 2014). 
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1.4 Integrin adhesion complexes 

Within cells, a variety of adhesion complexes have been identified. These complexes can 

vary in protein composition, morphology and cellular location and form in response to 

the specific cellular requirements ς for example, whether the cell is forming cell-cell 

adhesions or forming cell-extracellular matrix adhesions for cell migration. Integrins are 

crucial for sensing the dynamic biophysical and biochemical properties of the 

extracellular environment which can differ significantly between tissues. To allow the 

highly coordinated, directional movement required for efficient cell migration, for 

example, the dynamic progression of adhesive structures formed is crucial. Here, some 

of the more widely studied types of IACs will be briefly introduced (Figure 1.4).   

Figure 1.4: Integrin adhesion complexes.  
Nascent adhesions form within the lamellipodium at the leading edge of the cell and either rapidly 
disassemble or mature into focal complexes. Focal complexes further mature into more stable focal 
adhesions or into fibrillar adhesions, and these structures are localised more centrally within the cell. 
Podosomes also form within this region. At the trailing edge, the disassembly of integrin-based adhesions 
allows for retraction at the rear, facilitating forward migration of the cell. 

1.4.1 Nascent adhesions 

Nascent adhesions are small, rounded, transient structures which form at the leading 

edge of a migrating cell (Zaidel-Bar et al, 2003), caused by rapid actin polymerisation 

that drives protrusion at the lamellipodium (Theriot & Mitchison, 1991; Webb et al, 

2002; Ponti et al, 2004). These structures have been shown to consist of integrin and 

talin at the core, with involvement of other signalling proteins including focal adhesion 
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kinase (FAK) and p130Cas (Vicente-Manzanares & Horwitz, 2011; Changede et al, 2015). 

Although the majority of these rapidly disassemble (Parsons et al, 2010), nascent 

adhesions can mature into larger, more stable adhesive structures including focal 

complexes and focal adhesions. This maturation relies on mechanical forces (Choi et al, 

2008; Han et al, 2019). 

1.4.2 Focal complexes and focal adhesions 

While nascent adhesions themselves form independently of mechanical cues, 

maturation and focal complex formation has been shown to be highly dependent on 

contractile force generated from crosslinking of actin by myosin II (Choi et al, 2008). 

Focal complexes share the dot-like morphology of nascent adhesions; however, focal 

complexes are larger with a diameter of ~1 m˃ and are localised further towards the 

back of the lamellipodium. As increased mechanical force is experienced by the cell, the 

transient focal complex matures further into a focal adhesion (FA), a larger, more 

elongated structure with increased stability (Anderson et al, 2014). FAs are located close 

behind the leading edge, typically at the ends of actin bundles or stress fibres, and 

contain a broader range of proteins than NAs and focal complexes. These components 

have been proposed to organise into an integrin signalling layer including FAK and 

paxillin in addition to integrin itself, an intermediate force-transduction layer including 

talin and vinculin, and an actin-regulatory layer including zyxin, vasodilator-stimulated 

phosphoprotein (VASP) and h-actinin (Figure 1.5) (Kanchanawong et al, 2010). This 

Figure 1.5: The nanoscale architecture of focal adhesions (Kanchanawong et al, 2010).  
The signalling components of focal adhesions can be organised into distinct functional layers. The integrin 
signalling layer is located at the membrane and the force transduction layer, where talin is the key 
mechanosensitive component that helps to recruit further adhesion proteins, allows attachment to 
cytoskeletal actin. 
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nanoscale organisation and the mechanosensitive components of FAs allow response to 

force, translating and integrating mechanical forces into intracellular signals which can 

dictate cellular activity (Liu et al, 2015).  

1.4.3 Fibrillar adhesions  

Fibrillar adhesions are specialised structures in fibroblasts which have been reported to 

develop from mature FAs and are more actively involved in ECM organisation due to 

their role in promoting fibronectin remodelling (Zamir et al, 2000; Sottile & Hocking, 

2002). This subsequently drives deposition of other components of the ECM including 

collagens and fibrillin (McDonald et al, 1982; Sabatier et al, 2009; Barber-Pérez et al, 

2020). Located more centrally in the migrating cell, these adhesions are even larger, 

ranging in length from ~1-10 m˃, and vary from FAs in their protein composition. 

Characteristically, fibrillar adhesions dominantly contain integrin isoform ʰрʲмΣ 

otherwise known as the fibronectin receptor, and contain tensin and zyxin (Katz et al, 

2000; Pankov et al, 2000).  

1.4.4 Podosomes  

Podosomes are dot-like structures, often clustered behind the leading edge of the cell, 

which contain many of the typical proteins associated with cell-matrix adhesion but have 

distinct structural and functional differences compared to other integrin adhesion 

complexes (Linder & Kopp, 2005; Murphy & Courtneidge, 2011). Most notably, 

podosomes contain a unique actin-rich core comprised of filamentous actin and other 

actin-associated proteins, around which the adhesion proteins localise. Podosomes can 

form in a variety of cell types but are most prominently found in cells derived from 

monocytes including macrophages, dendritic cells and osteoclasts. In addition to 

adhesion, it has been suggested that the primary role of podosomes is to assist with 

ECM degradation via recruitment of specific proteases (Burgstaller & Gimona, 2005). In 

osteoclasts, specialised migratory cells found in the bone, podosomes play a key role in 

facilitating tightly regulated bone resorption, forming a sealing zone which defines the 

area of resorption (Luxenburg et al, 2007; Geblinger et al, 2010; Takito et al, 2018). 

1.4.5 Reticular adhesions 

Reticular adhesions are a newly characterised, distinct class of adhesion complex which 

form during interphase and persist throughout mitosis, allowing the attachment 
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between the cell and the extracellular matrix to be maintained during the crucial steps 

of cell rounding, spreading and cytokinesis. These structures differ to other IACs: 

mediated by h Ǿʲр ƛƴǘŜƎǊƛƴǎΣ ǊŜǘƛŎǳƭŀǊ ŀŘƘŜǎƛƻƴǎ ƭŀŎƪ Ƴŀƴȅ ŎƻƳǇƻƴŜƴǘǎ ƻŦ ǘƘŜ ŎƻƴǎŜƴǎǳǎ 

integrin adhesome (see Section 1.3.3),  are able to form independently of talin and 

filamentous actin, and proteomic analysis highlights an enrichment in PIP2-binding 

proteins (Lock et al, 2018). Many of the proteins identified overlap with the clathrin 

interactome, indicating that reticular adhesions possess a unique composition of both 

IAC and clathrin-mediated endocytosis components, with greater similarity to the latter 

which also forms independently of talin (Lock et al, 2019). 

1.5 Talin 

Talins are ~270 kDa mechanosensitive adaptor proteins involved in integrin-mediated 

adhesions and were first discovered in adhesion plaques in fibroblasts (Burridge & 

Connell, 1983). Key to cell-ECM adhesions, talin directly links integrin with cytoskeletal 

actin, the basis of nascent adhesions, and facilitates the recruitment of additional 

proteins which allow the adhesion to stabilise (Klapholz & Brown, 2017). Additionally, 

talin has been shown to determine the geometry of focal adhesions (Liu et al, 2015) and 

undergoes tightly regulated, force-dependent conformational changes that dictate 

which ligands are able to bind at which time (Yan et al, 2015; Goult et al, 2018).  

1.5.1 Talin structure 

The two talin isoforms, talin1 and talin2, are encoded by separate genes (Senetar & 

McCann, 2005) but have 76% sequence identity and the same domain structure 

(Debrand et al, 2009; Gough & Goult, 2018). This consists of a non-canonical linear FERM 

(4.1 protein, ezrin, radixin, moesin) domain (F0-F3) (Elliott et al, 2010) connected, via a 

ƭƛƴƪŜǊΣ ǘƻ ŀ ǊƻŘ ŘƻƳŀƛƴ ŎƻƳǇǊƛǎŜŘ ƻŦ мо ʰ-helical bundles (R1-R13) followed by a C-

terminal dimerisation domain (DD) (Calderwood et al, 2013; Goult et al, 2013b) (Figure 

1.6a). The FERM domain, otherwise known as the head, is considered non-canonical due 

to its composition of four subdomains arranged in a linear conformation as opposed to 

the classical FERM domain which contains three subdomains arranged in a compact 

cloverleaf-like conformation. This FERM domain of talin contains the integrin-activating 

PTB-like domain in the F3 region, termed integrin-binding site 1 (IBS1), in addition to 

binding sites for PIP2, RAP1 and RIAM (Goult et al, 2010; Yang et al, 2014; Zhu et al, 2017) 
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in addition to various further membrane-associated ligands. The series of 4-helix (R2, 

R3, R4 and R8) and 5-helix (R1, R5, R6, R7, R9, R10, R11, R12, R13) bundles which 

comprise the 13 regions of the rod domain of talin can behave like individual 

mechanochemical switches (Goult et al, 2018), stretching and unfolding at specific levels 

of applied mechanical force. The rod domain contains binding sites for many talin ligands 

(Figure 1.6B) including two actin-binding sites (ABS), ABS2 spanning from R4-R8 and 

ABS3 at R13-DD, in addition to 11 vinculin-binding sites and three RIAM-binding sites. 

Within the rod domain, the R7-R8 fold has the greatest number of known ligands, with 

R8 in its folded state being particularly active as a scaffold. Folded R8 has binding sites 

for some of the most well-categorised talin ligands including actin, RIAM and DLC1 

(Hemmings et al, 1996; Li et al, 2011; Goult et al, 2013b; Zacharchenko et al, 2016; 

Gough & Goult, 2018). This is interesting due to the very particular structure of this 

region: while the rest of talin adopts a linear arrangement when fully unfolded, R8 is 

held out of this path as a result of being inserted into a loop that emerges and terminates 

in R7 (Figure 1.6a) (Gingras et al, 2010). R7, in addition to being part of ABS2, contains a 

binding site for the microtubule-associated adapter protein KANK. The talin-KANK 

interaction allows microtubules to target adhesion sites and stimulate adhesion 

turnover (Bouchet et al, 2016; Sun et al, 2016a). This is discussed in further detail in 

Sections 1.7-1.8. 

Figure 1.6: Talin structure and ligands.  
(A) Talin consists of a non-canonical FERM domain linked to a rod domain comprised of a series of helical 
bundles (R1-R13). At the C-terminus is a single helix, the dimerisation domain (DD). (B) A summary of the 
binding sites of some of the most well-characterised talin ligands. Based on figure from Gough & Goult, 
2018.  

A 
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1.5.2 Talin autoinhibition and activation  

Like integrin, talin exists in an autoinhibited conformation prior to activation. The 

autoinhibited, cytosolic talin has a globular conformation which primarily occurs via an 

interaction between F3 of the FERM domain and R9 of the rod (Goult et al, 2009b). This 

compact structure is facilitated by the formation of a talin homodimer (Molony et al, 

1987; Goult et al, 2013a), formed via the dimerisation domain (DD) at the very C-

terminal helix (Gingras et al, 2008). The crystal structure of the complex between F2F3 

and R9 (PDB ID: 4F7G (Song et al, 2012)) and the recent cryo-EM structure of the 

autoinhibited form of talin (Dedden et al, 2019) have provided atomic detail of this 

primary autoinhibitory interface and confirmed the key role of a particular residue, 

Glu1770 (in murine talin1 R9), in mediating autoinhibition via a buried salt bridge with 

Lys318 of F3 (Figure 1.7). Mutations to Glu1770 have been shown to impair the 

autoinhibitory interaction (Goult et al, 2009b) and these mutants, particularly a 

Glu1770Ala mutant in talin1, have allowed detailed analysis of talin uncoupled from the 

upstream signalling pathways in a range of biological systems (Kopp et al, 2010). For 

example, the equivalent mutation in Drosophila melanogaster results in various defects 

due to adhesions of greater maturity and stability (Ellis et al, 2013) and impaired wound 

healing has been observed in mouse models (Haage et al, 2018).  

R9 and integrin bind to the same site on F3, indicating that the autoinhibitory interaction 

of talin and its integrin binding are mutually exclusive (Goult et al, 2009b) and that 

integrin activation by talin cannot occur until its autoinhibition has been relieved. The 

mechanisms involved in activating talin and driving its localisation to the plasma 

membrane are not yet fully understood, though interactions with various ligands appear 

to be involved. The most well-categorised talin activator is Rap1-interacting adapter 

molecule (RIAM) (Han et al, 2006; Lee et al, 2009, 2013), though interactions with PIP2 

(Goksoy et al, 2008a) and Gh 13 switch region 2 (Schiemer et al, 2016) have also been 

shown to have roles in the relief of talin autoinhibition. 
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Figure 1.7: Talin autoinhibition.  
F3 of the FERM domain and R9 of the rod are the primary interacting domains in talin autoinhibition. K318 
and E1770 are the primary residues required for this interaction to take place via the formation of a key 
buried salt bridge. Crystal structure adapted from PDB ID: 4F7G (Song et al, 2012). 

1.5.3 Talin as a mechanosensitive signalling hub 

The central role of talin in cell adhesion, driving integrin activation and coupling the 

active integrin to the cytoskeleton, is largely facilitated by its mechanosensitive 

properties. Actomyosin force is applied and acts on the talin rod upon coupling to 

cytoskeletal actin, and the linear arrangement of the rod, with the exception of R8, 

creates a force transmission pathway that can withstand and respond to this tension 

(Yao et al, 2016). 11 vinculin-binding sites have been identified in nine of the 

subdomains of the rod (Gingras et al, 2005) and, although cryptic and buried within a 

helical core under a lack of tension, are exposed in response to sequential unfolding of 

the rod domain under mechanical force. Vinculin binding to talin promotes maturation 

into more stable adhesive structures. While vinculin is only able to bind to unfolded talin, 

other talin ligands are only able to bind to folded talin. A well-studied example of this is 

RIAM: where RIAM binding to talin is required for talin activation, this interaction is not 

required for adhesion maturation. For R3, the least stable of the rod subdomains due to 

a threonine belt in its hydrophobic core (Goult et al, 2013b), a relatively small amount 

of mechanical force (~5 pN) is sufficient to drive RIAM-bound, folded R3 to an unfolded 

conformation (Yan et al, 2015), causing RIAM to dissociate and exposing the cryptic 

vinculin binding site (Yao et al, 2014). Thus, talin behaves as a mechanosensitive 

signalling hub (Goult et al, 2018) where, as individual subdomains of the talin rod 

respond and unfold at specific levels of tension, this resembles a series of 

mechanochemical switches that dictate which ligands can bind at any particular time 

according to the requirements of the cell. 
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1.6 Microtubules in cell adhesion and migration 

1.6.1 Microtubules   

In mammals, the major tracks for vesicular transport are microtubules: these are highly 

dynamic structures with hollow, tube-like morphology and an outer diameter of ~25 nm. 

Microtubules have key roles in a range of cellular processes including mitosis, wherein 

the microtubule network is re-organised and facilitates the orientation of chromosomes 

for the separation of daughter cells in anaphase, in addition maintenance of cellular 

structure and integrity and transportation of cargo. The primary component of 

microtubules is tubulin, a heterodimer comprised of -h and ̡ -tubulin subunits, which 

polymerises and arranges into long head-to-tail arrays to form protofilaments. 13 of 

these protofilaments assemble laterally to form the cylindrical structure of one 

microtubule.  

Microtubules are intrinsically polar structures with two structurally and functionally 

distinct ends ς a minus end at the free h-subunit which grows slowly, and a rapidly 

growing plus end at the exposed ̡-subunit ς and this polarity facilitates directional 

movement. The polymerisation of tubulin dimers allows microtubules to grow (rescue), 

such as their depolymerisation causes microtubules to shrink (catastrophe). A tubulin 

dimer, GTP-bound at the ̡ -subunit, is added to a growing microtubule and is followed 

by hydrolysis of the GTP to GDP. Microtubule growth will continue in the presence of a 

high concentration of GTP-bound tubulin, which can continue to be added and retain a 

GTP-cap at the growing end. If, however, GTP hydrolysis occurs more rapidly than the 

addition of new subunits, this will result in a GDP-bound tubulin dimer at the end of the 

microtubule. This will lead to disassembly of the more weakly bound terminal 

heterodimers, resulting in shrinkage ό9ǊƛŎƪǎƻƴ ϧ hΩ.ǊƛŜn, 1992; Howard & Hyman, 2009) 

(Figure 1.8). Microtubules stochastically switch between rescue and catastrophe in rapid 

cycles as part of a phenomenon referred to as dynamic instability (Mitchison & 

Kirschner, 1984).  

The minus ends of microtubules are anchored in and stabilised by microtubule-

organising centres (MTOCs), typically the centrosome and the Golgi in mammalian cells. 

MTOCs contain ɹ-tubulin which nucleates new microtubules (Paoletti & Phong, 2007). 

In many mammalian cells, secretory trafficking thus occurs most widely towards the plus 
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ends. Preferentially, in migrating cells, the plus ends ς and thus traffic ς are directed 

towards the leading edge of the cell (Schmoranzer et al, 2003).  

Microtubule structure and function is regulated by microtubule-associated proteins 

(MAPs), of which several groups exist. The two predominant types of motor are kinesins 

which transport cargo along microtubules in a plus end-directed manner and dyneins 

which travel in the opposite direction towards the minus end.  

 

 

1.6.2 Microtubule-mediated focal adhesion turnover 

While actin is widely considered to be the primary cytoskeletal element associated with 

cellular adhesion, microtubules have been identified as associated with directional 

migration for many years (Vasiliev et al, 1970) and have more recently emerged as key 

regulators of adhesions. A proteomics-based study has shown enrichment of 

microtubule-associated components at active integrin complexes (Byron et al, 2015), 

supporting the observation that there is a dependence upon activation state, with a 

preference for active integrin and more mature adhesions, for cross-talk between 

dynamic microtubules and FAs (Hotta et al, 2010). 

Figure 1.8: The dynamic instability of microtubules.  
Microtubules exhibit dynamic instability, a process allowing them to grow via polymerisation of tubulin 
(rescue) and shrink via the depolymerisation of tubulin (catastrophe). This activity is driven by the 
ƘȅŘǊƻƭȅǎƛǎ ƻŦ ǘƘŜ D¢t ōƻǳƴŘ ǘƻ ǘƘŜ ʲ-subunit of a tubulin heterodimer. In the presence of GTP-bound 
tubulin, microtubules will continue to grow as a result of maintaining a GTP cap. If GTP-bound tubulin in 
absent, GDP-tubulin will dissociate from the microtubule. Figure adapted from Akhmanova & Steinmetz, 
2015.  
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In contrast to the direct coupling of actin to FAs, microtubules instead associate with cell 

membrane sites in proximity to FAs. Microtubules have various FA-associated roles, 

including local regulation of signalling molecules such as Rho GTPase, with many 

functions serving to regulate FA dynamics via the role of microtubules in adhesion 

disassembly (Stehbens & Wittmann, 2012). For example, by their involvement in 

clathrin-dependent and clathrin-independent microtubule-mediated endocytosis, vital 

for integrin recycling (Caswell & Norman, 2006), in addition to serving as tracks for 

delivery of exocytic carriers (Stehbens et al, 2014), microtubules are crucial for adhesion 

turnover ς an essential aspect of cellular migration.  

For efficient forward migration of a cell across the ECM, spatial and temporal regulation 

of adhesion disassembly beneath the cell body and at the rear of the cell is required to 

facilitate appropriate responses to extracellular signals. While there are likely many 

components involved in the complex process of turnover, knowledge of the role played 

by dynamic microtubules in adhesion turnover has increased in prominence and 

research focus in recent years. 

Individual microtubules have been shown to repeatedly target FAs, first observed using 

live cell microscopy to investigate migrating goldfish fibroblasts (Kaverina et al, 1998), 

and this repetitive targeting correlates to promotion of FA turnover (Kaverina et al, 

1999). Compared to elsewhere in the cell, a seven times higher probability of 

microtubule catastrophes has been observed in the vicinity of FAs (Efimov et al, 2008). 

Various proteins have been identified to be involved in the attachment and stabilisation 

of microtubules in the vicinity of FAs. Notably, this includes microtubule plus end-

tracking proteins (+TIPs), which are highly conserved, specialised MAPs that specifically 

accumulate at the growing plus ends of microtubules. +TIPs have significant roles in 

many cellular processes, where they can perform both structural and signalling roles 

(Akhmanova & Steinmetz, 2008). Examples of +TIPs include adenomatous polyposis coli 

protein (APC) (Matsumoto et al, 2010), actin crosslinking family protein 7 (ACF7) 

(Kodama et al, 2003), and cytoplasmic linker-associated proteins (CLASP1/2) (Mimori-

Kiyosue et al, 2005; Drabek et al, 2006; Stehbens et al, 2014) which are recruited to 

microtubule tips by proteins from the end binding protein (EB) family. EB1 and EB3 

jointly function to regulate microtubule dynamics by supressing catastrophe and 



 
INTRODUCTION 19 

promoting growth, and potentially act to counteract the functions of factors that 

destabilise microtubules (Komarova et al, 2009). Conversely, EB2 does not seem to have 

a direct role in dictating dynamic instability of microtubules but, importantly, has been 

shown to recruit mitogen-activated protein kinase kinase kinase kinase (MAP4K4), a 

microtubule-dependent disassembly factor of FAs. The knockout of MAP4K4 causes the 

stabilisation of microtubules and causes defects in cell migration (Yue et al, 2014). 

APC, ACF7 and the CLASPs function to guide growing microtubules to the cell periphery 

in the vicinity of FAs, where the cortical microtubule stabilising complex anchors the 

microtubule plus end in the cell cortex.  

1.6.3 The cortical microtubule stabilising complex 

Microtubules target to and interact with FAs via a cortical microtubule stabilising 

complex (CMSC), comprised of a network of scaffolding proteins that capture 

microtubules in the vicinity of adhesions and ultimately prevent their depolymerisation 

and their overgrowth (van der Vaart et al, 2013; Bouchet et al, 2016). Microtubules, 

CLASP-bound at the tips and anchored in the vicinity of FAs, can serve as tracks for 

transporting exocytic, Rab6-positive vesicles (Grigoriev et al, 2007). Membrane type 1-

matrix metalloprotease (MT1-MMP) is delivered to the cell membrane as a result of 

secretory trafficking of these vesicles, allowing the degradation of ECM components 

(Wang & McNiven, 2012). This can lead to detachment of integrins from the ECM, no 

longer allowing contractile force to be withstood, ultimately leading to FA turnover 

(Stehbens et al, 2014; Akhmanova & Noordstra, 2017). 

CLASPs at the tip of the growing microtubule can interact with the cell cortex in the 

ǇǊŜǎŜƴŎŜ ƻŦ [[рʲΣ ŀ ǇƘƻǎǇƘŀǘƛŘȅƭƛƴositol 3,4,5 trisphosphate (PIP3)-interacting protein. 

¢Ƙƛǎ ƛƴǘŜǊŀŎǘƛƻƴ ōŜǘǿŜŜƴ /[!{tǎ ŀƴŘ [[рʲ ƛǎ ŘƛǊŜŎǘ ŀƴŘ ƛǎ ƛƴŦƭǳŜƴŎŜŘ ōȅ tLо ƪƛƴŀǎŜ 

activity (Lansbergen et al, 2006). Prominent components of the CSMC include the 

adapter proteins liprin-ʰм ŀƴŘ ƭƛǇǊƛƴ-ʲм ǿƘƛŎƘ ŦƻǊƳ ƘŜǘŜǊƻŘƛƳŜǊǎ Ǿƛŀ ǘƘŜƛǊ {!a ŘƻƳŀƛƴ 

repeats and are involved in synaptic vesicle exocytosis (Asperti et al, 2009; Astro et al, 

2014), ELKS family proteins which are predominantly coiled coil structures that do not 

directly interact with microtubules but are required for vesicle trafficking in exocytosis 

(Lansbergen et al, 2006; Held & Kaeser, 2018), and KIF21A which is a kinesin-4 that 

inhibits microtubule polymerisation and depolymerisation at the cell cortex (van der 
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Vaart et al, 2013). Each of these proteins are known to have other roles in addition to 

their involvement in the CMSC. For example, liprin-ʰ ǇǊƻǘŜƛƴǎ ƛƴǘŜǊŀŎǘ ŘƛǊŜŎǘƭȅ ǿƛǘƘ 9[Y{ 

(Ko et al, 2003) and these are integral components of the cytomatrix at the active zone 

(CAZ), the site at which neurotransmitters undergo exocytosis at a neuronal junction in 

a Ca2+-dependent manner (Gundelfinger & Fejtova, 2012). Further, various CMSC 

components have been observed to concentrate at podosomes (Proszynski & Sanes, 

2013)Σ ǿƛǘƘ [[рʲ- and CLASP-containing complexes shown to promote the delivery of 

acetylcholine receptor-containing vesicles at neuromuscular junctions (Kishi et al, 2005; 

Basu et al, 2015). Moreover, liprin-ʰм Ƙŀǎ ōŜŜƴ ƛŘŜƴǘƛŦƛŜŘ ŀǎ ŀ ŎŜƴǘǊŀƭ ŎƻƳǇƻƴŜƴǘ ƛƴ 

driving endothelial cell polarity via its role in the internalisation of fibronectin and 

ǘǳǊƴƻǾŜǊ ƻŦ ƛƴǘŜƎǊƛƴ ʰрʲм (Mana et al, 2016). 

The CMSC is observed as distinct patch-like clusters at the cell cortex which are often 

enriched at the leading edge of a migrating cell and are localised in very close proximity 

to, but do not overlap with, FAs (Lansbergen et al, 2006; van der Vaart et al, 2013; 

Bouchet & Akhmanova, 2017).  

In various studies, it has been demonstrated that crosstalk between FAs and the CMSC 

is signifiŎŀƴǘΦ CƻǊ ŜȄŀƳǇƭŜΣ [[рʲ ŀƴŘ /[!{tǎ ƘŀǾŜ ōŜŜƴ ǎƘƻǿƴ ƛƴ ƘǳƳŀƴ ƪŜǊŀǘƛƴƻŎȅǘŜǎ 

to have important roles in FA turnover and ECM degradation, with targeted delivery of 

MMPs to the vicinity of FAs being promoted by the stabilisation of microtubule tracks 

by CLASPs (Stehbens et al, 2014), which we can now also attribute to the action of the 

CMSC as a whole.  

More recently, KANK proteins have been identified as essential for FA-CMSC crosstalk, 

providing the link between the actin and microtubule cytoskeletal networks. In addition 

to directly binding both liprin-ʲм ŀƴŘ YLCнм! ŀƴŘ ǇŀǊǘƛŎƛǇŀǘƛƴƎ ƛƴ ǘƘŜ ŎƭǳǎǘŜǊƛƴƎ ƻŦ /a{/ 

components at the cell cortex (Figure 1.9) (van der Vaart et al, 2013), KANK proteins also 

directly bind to the rod domain of talin (Bouchet et al, 2016; Sun et al, 2016a). This is 

discussed in further detail in section 1.8.3. 
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1.7 KANK proteins 

1.7.1 An introduction to KANK proteins 

The human KANK1 gene (KANK1) was originally identified as a potential tumour 

suppressor gene for renal cell carcinoma, hence its given name (kidney ankyrin repeat-

containing protein) (Sarkar et al, 2002), and is mapped to chromosome 9 at p24. Two 

types of KANK1 protein have been identified as a result of alternative first exons of the 

KANK1 gene: KANK-{ ƛǎ ǘƘŜ άǎƘƻǊǘέ ǇǊƻǘŜƛƴΣ ǿƘƛƭŜ Y!bY-[ ƛǎ ǘƘŜ άƭƻƴƎέ ǇǊƻǘŜƛƴ ǘƘŀǘ Ƙŀǎ 

an additional 158 residues at the N-terminus. While KANK-S was the initially identified 

form in renal cell carcinoma cell lines, it was also shown to express in a broad range of 

tissues and cell lines, seemingly with low-level, non-specific expression. KANK-L, 

alternatively, exhibits much more tissue-specific expression with notably increased 

levels in heart and kidney tissues. Interestingly, KANK-L expression was reduced in many 

renal cancer cell lines, leading to a hypothesis of its involvement in oncogenesis (Wang 

et al, 2005). Reduced expression of KANK-L has also more recently been linked to driving 

progression in other cancer types, including gastric cancer (Chen et al, 2017) and lung 

cancer (Gu & Zhang, 2018) wherein upregulation of the KANK1 gene has been shown to 

ƛƴƘƛōƛǘ ǇǊƻƎǊŜǎǎƛƻƴΦ IŜƴŎŜŦƻǊǘƘΣ άY!bYмέ ǿƛƭƭ ōŜ ǳǎŜŘ ƛƴ ǊŜŦŜǊŜƴŎŜ ǘƻ Y!bY-L.  

In mammals, there are 4 isoforms (KANK1-KANK4) that comprise the KANK family of 

proteins (Zhu et al, 2008). Each of these proteins contains a characteristic N-terminal 

ƳƻǘƛŦ όάYb ŘƻƳŀƛƴέύΣ ŎƻƛƭŜŘ-coil domains towards the centre, and 5 ankyrin repeats 

Figure 1.9: The cortical microtubule stabilising complex.  
The cortical microtubule stabilising complex is comprised of a range of proteins which act to capture 
microtubules in proximity to adhesions. Upon binding of KANK with liprin-ʲмΣ /a{/ ŎƻƳǇƻƴŜƴǘǎ ƛƴŎƭǳŘƛƴƎ 
9[Y{Σ [[рʲ ŀƴŘ /[!{tǎ ŀǊŜ ǊŜŎǊǳƛǘŜŘΣ ǳƭǘƛƳŀǘŜƭȅ ǊŜǎǳƭǘƛƴƎ ƛƴ ƳƛŎǊƻǘǳōǳƭŜ ŎŀǇǘǳǊŜ Ǿƛŀ YLCнм!Φ  
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όάŀƴƪȅǊƛƴ ǊŜǇŜŀǘ ŘƻƳŀƛƴέύ ŀǘ ǘƘŜ /-terminus, with all of these regions typically linked by 

unstructured regions (Kakinuma et al, 2009) (Figure 1.10). While the KN domain and the 

ankyrin repeat domain of each KANK is highly conserved between isoforms and species, 

the more central unstructured and coiled-coil regions show greater variability.  

Figure 1.10: The KANK family of proteins.  
Domain structure of the four human KANK proteins. KN = KN motif, CC = coiled coil region, ANK = ankyrin 
repeats. 

1.7.2 KANK proteins in disease 

In addition to their role in inhibiting cancer progression, KANKs have been linked to a 

variety of pathologies. The genomic deletion of the KANK1 gene in humans, at 

chromosome position 9p24.3 and thus deleting both splice variants, is associated with 

neurodevelopmental disorders including a form of congenital cerebral palsy that is 

characterised by intellectual disability and quadriplegia (cerebral palsy with spastic 

quadriplegia, type 2). While this was originally hypothesised as a maternal imprinting 

inheritance pattern (Lerer et al, 2005), a further study indicates that there may be 

additional complexity and raises the possibility of random monoallelic expression or that 

aberrations in just one of the two different transcripts of the KANK1 gene could be 

causing the neurodevelopmental disease phenotypes (Vanzo et al, 2013). 

Further, various disease-causing point mutations in KANKs have been identified (Figure 

1.11). A homozygous missense mutation in the KANK2 gene in humans resulting in 

Ala670Val has been linked to palmoplantar keratoderma and woolly hair, characteristic 

symptoms of Naxos and Carvajal syndromes (Ramot et al, 2014). Moreover, recessive 

mutations in KANK1, KANK2 and KANK4 have been identified to cause a steroid-resistant 

form of nephrotic syndrome, the most common primary glomerular disease in children 

which results in end-stage kidney disease and requires dialysis or a kidney transplant 

(Gee et al, 2013). The mutations identified result in Glu454Lys in KANK1, Ser181Gly and 

Deleted in KANK-S 



 
INTRODUCTION 23 

Ser684Phe in KANK2, and Tyr801His in KANK4 (Gee et al, 2015). This study highlights 

that KANK proteins are involved in podocyte function and nephrotic syndrome 

pathogenesis, roles that are evolutionarily conserved in humans, cultured human 

podocytes, D. melanogaster and zebrafish.  

Figure 1.11: Disease-causing mutations in KANK.  
Positions of disease-causing point mutations in KANKs. A670V in KANK2 and Y801H in KANK4, present 

within the ankyrin repeat domain of the respective isoform that they are associated with, are of particular 

interest. Data from Ramot et al, 2014 and Gee et al, 2015.  

1.8 KANK links focal adhesions to cortical microtubules  

1.8.1 KANK proteins and the cytoskeleton 

For several years, the involvement of KANK proteins in the regulation of the actin and 

microtubule cytoskeletons has been observed. An orthologue of KANK1 in C. elegans, 

VAB19, was the subject of the earliest of some of this work. VAB19 functions, in 

conjunction with integrin INA1-/PAT-3, as a regulator of basement membrane gap 

formation (Ihara et al, 2011), an activity observed during development to facilitate tissue 

remodelling, cell migration and tumour invasion (Srivastava et al, 2007; Clay & 

Sherwood, 2015). It was found that, while VAB19 was not required for attachment 

structures to assemble, it was required for the localisation of attachment structures to 

muscle-adjacent epidermal regions during development and plays a crucial role in the 

regulation of epidermal actin (Ding et al, 2003). In the same study, mutants of VAB19 

were shown to ultimately result in an embryonic lethal phenotype as a result of aberrant 

actin cytoskeletal organisation and defective muscle attachment to the epidermis. EPS-

8, a PTB domain-containing and actin-binding adaptor protein in C. elegans, colocalises 

with and binds directly to the ankyrin repeat domain of VAB19, and it was suggested 

that this could be facilitating epidermal actin organisation (Ding et al, 2008).  

The D. rerio KANK3 homologue, Numb-binding protein (NBP), was found to be essential 

in embryonic development, particularly during gastrulation and neurulation where the 
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protein is likely involved in the crucial role of establishing and maintaining cell polarity. 

NBP interacts with the PTB domain of Numb via a NGGY sequence that is required for 

Numb binding and is highly conserved amongst the majority of KANK proteins (Boggetti 

et al, 2012). The NGGY sequence is in accordance with the canonical NXXY motif that is 

found in many sequences known to bind PTB domains (Uhlik et al, 2005). NBP was shown 

to have non-redundant function, with its deficiency causing serious consequences for 

embryonic development that result in lethality within 48 hours (Boggetti et al, 2012).  

In D. melanogaster, dKANK is the sole KANK orthologue. dKANK localises predominantly 

to sites of attachment between muscles and tendons. Similar to the aforementioned 

roles of C. elegans and D. rerio KANK proteins in embryonic development, dKANK has 

been suggested to have a role in D. melanogaster development, particularly in 

neurogenesis (Hong et al, 2013). A direct interaction between dKANK and end binding 

protein 1 (EB1) has been identified, an interaction which occurs via a SxIP motif in dKANK 

which, interestingly, is not evolutionarily well-conserved (Clohisey et al, 2014). This 

interaction is essential for the localisation of dKANK to microtubule plus ends. In 

contrast to the role of KANK in other the other species mentioned, knockdown of dKANK 

does not cause severe developmental defects and is compatible with life (Clohisey et al, 

2014). However, dKANK knockdown has been shown to cause impaired function of 

cardiac nephrocytes (Gee et al, 2015) and disrupted  neural phenotypes have been 

identified as a result of dKANK using RNAi (Sepp et al, 2008).  

Studies in mammalian cells have highlighted the role of KANK proteins in the regulation 

of both actin and microtubule cytoskeletal architecture. Typically, the PI3 kinase-Akt 

signalling pathway, stimulated by insulin and growth factors such as epidermal growth 

factor, regulates various cellular functions including migration, growth and division 

(Engelman et al, 2006; Hopkins et al, 2020). KANK has been indicated to negatively 

regulate actin stress fibre formation by inhibiting the activation of the small GTPase 

RhoA, essential for stress fibre formation and for cell migration, resulting from the 

binding of KANK to 14-3-3 proteins during PI3 kinase-Akt signalling.  This interaction 

between KANK and 14-3-3 occurs as a result of phosphorylation of one or both of two 

14-3-3-binding motifs (RXRXX(S/T)) in KANK by Akt, with an indication that the site at 

Ser167 in KANK-S is dominant (Kakinuma et al, 2008). This is consistent with the 
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significantly reduced actin stress fibre formation observed in murine NIH3T3 cells 

expressing each KANK family protein (Zhu et al, 2008). Additionally, KANK1 directly binds 

to insulin receptor substrate p53 (IRSp53), inhibiting the interaction between IRSp53 

and active Rac1 (Roy et al, 2009). This subsequently inhibits downstream Rac1 activity, 

including Rac1-dependent development of lamellipodia, but does not affect filopodia 

formation which relies on Cdc42 (Scita et al, 2008). Further, overexpression of KANK1 in 

NIH3T3 cells in this study inhibited both insulin-induced membrane ruffling and  

integrin-dependent spreading on fibronectin and the outgrowth of neurites induced by 

IRSp53 (Roy et al, 2009). It is important to note that many of the studies in mammalian 

cells mentioned here focused on the KANK-S form of KANK1 which does not include the 

first 158 residues, thus excluding the KN domain. It would be interesting to repeat the 

work and approaches used in these studies to investigate whether the roles of KANK-L 

(full-length KANK1) and KANK2, KANK3 and KANK4 in these systems are identical or 

display differences.  

1.8.2 The role of KANK proteins in the cortical microtubule stabilising complex 

As discussed briefly in section 1.6.3, KANK proteins have been increasingly highlighted 

in recent years to play integral roles in the cortical microtubule stabilising complex 

(CMSC). The first of the three coiled-coils towards the centre of KANK1 has been shown 

to bind directly to liprin-ʲм (van der Vaart et al, 2013), which then forms a heterodimer 

with liprin-ʰмΦ [ƛǇǊƛƴ-ʲм Ƙŀǎ ōŜŜƴ ƻōǎŜǊǾŜŘ ǘƻ ŀǎǎƻŎƛŀǘŜ ǎǘǊƻƴƎƭȅ ǿƛǘƘ ōƻǘƘ Y!bYм ŀƴŘ 

KANK2 and binds via its N-terminus (Luo et al, 2016). In addition to the involvement of 

the coiled-coil domain of KANK, the ankyrin repeat domain is also involved: the ankyrin 

repeat domain recruits KIF21A (Kakinuma & Kiyama, 2009), a kinesin-4, to the CMSC 

where it serves to inhibit microtubule catastrophe and suppress growth at the cell edge 

(Figure 1.12) (van der Vaart et al, 2013). The ankyrin repeat domain of KANK2 has also 

since been identified to interact with KIF21A via residues that are conserved between 

the two isoforms, while the corresponding residues in KANK3 and KANK4 include 

variations which appear to prevent their binding (Weng et al, 2018; Guo et al, 2018). 

Notably, heterozygous missense mutations in KIF21A which relieve its autoinhibtion are 

linked to congenital fibrosis of the extraocular muscles types 1 (CFEOM1), a genetic 

disorder with an autosomal dominant inheritance pattern (Heidary et al, 2008). 
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CFEOM1-associated mutations in KIF21A were shown to enhance KANK1 translocation 

to the membrane and induce alterations in microtubule dynamics, potentially a key 

element that drives the pathogenesis of CFEOM1  (van der Vaart et al, 2013; Kakinuma 

& Kiyama, 2009).  

 

 

 

 

 

 

1.8.3 KANK proteins interact with talin to allow FA-CMSC crosstalk 

Alongside the central role of KANKs within the CMSC, it has been discovered in recent 

years that KANK proteins are linked with FAs via a direct interaction with talin. For this 

interaction, an invariant leucine-aspartic acid motif (LD-motif) (Alam et al, 2014; 

Zacharchenko et al, 2016) within the KN domain of each mammalian KANK binds to the 

rod domain R7 of talin (Bouchet et al, 2016; Sun et al, 2016a; Yu et al, 2019), and it is 

likely that KANKs of other species will also exhibit this property (see section 1.8.1). This 

binding occurs via helix addition, a binding mode wherein the KANK KN domain packs 

against the 5-helix bundle that comprises R7 (Goult et al, 2018). Where R7 is included 

within actin-binding site 2 (ABS2, R4-R8) in talin, F-actin binding to the talin rod has been 

shown to be interrupted by KANK binding to talin, causing subsequent suppression of 

force transmission across the adhesion and ultimately resulting in a reduction in cell 

migration speed due to adhesion sliding (Sun et al, 2016a).  Following the binding of 

KANK1 to talin1 within an integrin-based adhesion, further CMSC components (see 

sections 1.6.3 and 1.8.2) are recruited and cluster around the FA (Bouchet et al, 2016). 

In support of this model, KANK proteins and other CMSC proteins are continuously 

Figure 1.12: KIF21A interacts with the ankyrin repeat domain of KANK1.  

A KIF21A peptide spanning 22 residues (purple) is sufficient for binding to the ankyrin repeats of KANK1 
(grey) and to the ankyrin repeats of KANK2 (not pictured). A helical conformation is adopted by the 
peptide upon binding. Crystal structure adapted from PDB ID: 5YBU (Guo et al, 2018). 
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observed to localise at the periphery of FAs and not the FA core (Bouchet et al, 2016; 

Rafiq et al, 2019; Stubb et alΣ нлмфΤ tŀǊŀŘȌƛƪ et al, 2020).  

 

 

 

 

Disruption of the KANK1-talin1 interaction in HeLa cells causes perturbed organisation 

of microtubule plus ends at the cell periphery ς microtubule plus end growth occurs 

more rapidly and becomes less perpendicular to the cell edge in orientation compared 

to normal conditions (Figure 1.13). A single point mutation in murine talin1, Gly1404Leu 

(Figure 1.14), was sufficient to induce this perturbation of CMSC macromolecular 

assembly and thus microtubule dynamics and organisation at the cell periphery in 

proximity to FAs, without interfering with FA formation (Bouchet et al, 2016). 

 

 

 

 

 

 

 

More recently, it has been shown that KANK1 and KANK2 localise around podosomes in 

addition to FAs. This same study also suggests that the coupling by KANKs of 

Figure 1.13: CMSC perturbation causes defective microtubule organisation.  
A representation of the pattern of microtubule growth observed in HeLa cells and in cells where the CMSC 
is perturbed. Adapted from Bouchet et al, 2016. 

Figure 1.14: Structural model of the interaction between talin R7 and KANK1 KN (Bouchet et al, 2016). 
Trp1630 and Tyr1389 (blue), two bulky residues, appear to hold two talin1 R7 helices apart to generate 
the binding surface for the KANK KN domain (green). Glu1404 creates a hydrophobic pocket which allows 
Tyr48 of the KN domain to dock. 
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microtubules to integrin adhesions ς both podosomes and FAs, in this case ς limits the 

ability of GEF-H1, a microtubule-associated Rho-GEF known for many years to mediate 

cross-talk between the actin and microtubule cytoskeletons (Krendel et al, 2002), to 

release from microtubules (Rafiq et al, 2019). This suppression of GEF-H1 release and 

thus its activation causes low Rho-GTP levels and low activity of Rho-associated coiled-

coil containing kinases (ROCKs), resulting in low levels of myosin IIA filaments and 

therefore limited actomyosin contractility in proximity to the adhesions ς a condition 

that restricts FA growth (Seetharaman & Etienne-Manneville, 2019). This has been 

proposed as a negative feedback loop which prevents excessive actomyosin-induced 

forces at adhesion sites (Rafiq et al, 2019). 

Collectively, these studies highlight that KANK proteins have various essential roles in 

linking focal adhesions to the cortical microtubule network by directly binding to the 

core adhesion protein, talin, and the microtubule-capturing kinesin-4, KIF21A, in 

addition to also causing downstream effects in signalling pathways that impact 

actomyosin contractility at adhesion sites. Ultimately, KANK proteins are key for 

mediating the attachment and cross-talk between two core cytoskeletal elements: actin 

filaments and microtubules (Figure 1.15).  

Figure 1.15: KANK proteins directly facilitate crosstalk between focal adhesions and the CMSC.  
The cortical microtubule stabilising complex (CMSC, purple) assembles around the periphery of the 
integrin-based adhesion upon a direct interaction between the KANK KN domain and talin1 rod domain 
R7. KIF21A binds to the ankyrin repeats of KANK and stabilises microtubules in the vicinity of adhesions. 
Figure not to scale. 
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1.9 Project aims 

Broadly, this project aims to further the understanding of KANK proteins, including their 

structure and function in addition to identifying and characterising some novel ligands. 

This is discussed across three distinct chapters: 

1. Further characterisation of the ankyrin repeat domain of KANKs: ankyrin repeat 

domains generally function as important mediators of protein-protein 

interactions. While the interaction with KIF21A is known, other ligands of the 

ankyrin repeat domain of KANK have yet to be identified. This chapter explores 

striking, previously uncharacterised differences between the ankyrin repeat 

domains of each mammalian KANK isoform and also aims to further understand 

some disease-causing point mutations which exist within this domain. 

2. Investigation of an interdomain KANK complex: the ankyrin repeat domain and 

KN domain of KANK are both highly conserved structures which already have 

some key known functions, most notably including allowing their ability to 

provide a link between the actin and microtubule networks. This chapter 

identifies an interaction between these two KANK domains, likely a regulatory 

mechanism, and the binding surface on the KN domain is investigated. Further, 

the affinity of this interaction amongst all four isoforms of KANK and some 

disease-causing point mutations is compared. 

3. Identifying a novel ligand for the large intrinsically disordered region in KANK1: 

LC8 family proteins, well-categorised hub proteins, are known to interact with 

disordered regions of proteins and promote their transition into secondary 

structure elements. In this chapter, the interaction between the LC8 protein 

DYNLL2 and a LC8-recognition motif discovered within the intrinsically ordered 

region of KANK1 is identified using NMR titrations and triple resonance 

experiments.  
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CHAPTER 2: MATERIALS & METHODS 

Methods used throughout this work can also be found in Khan et al, 2021 ς see Appendix 

2.  

2.1 Materials 

2.1.1 Reagents and equipment 

Table 2.1: List of reagents, equipment and software used.  

All reagents were obtained from Fisherbrand, Melford, Promega or Sigma-Aldrich unless listed here. 

Reagent/Equipment Source 
13C (>99%) glucose Cambridge Isotope Laboratories 
15N (>98%) NH4Cl Cambridge Isotope Laboratories 

Autoclave Prestige Medical 

Centrifuge (benchtop) Eppendorf 

Centrifuge  Beckman 

Dry block thermostat Grant Instruments 

Micropipettes Gilson 

N50 NanoPhotometer IMPLEN 

Soniprep 150 sonicator MSE 

Spectrophotometer Varian 

Weighing scales VWR International 

Oligonucleotides Integrated DNA technologies 

QIAprep miniprep kit QIAGEN 

QIAquick gel extraction kit QIAGEN 
3Prime thermal cycler Techne 

ÄKTA Start GE Healthcare 

UNICORN start 1.1 software GE Healthcare 

HisTrap FF 5 ml column GE Healthcare 

HiTrap Q HP 5 ml column GE Healthcare 

HiTrap SP HP 5 ml column GE Healthcare 

Superdex 200 column GE Healthcare 

CLARIOstar plate reader BMG LABTECH 

Prism8 software GraphPad 

600 MHz Avance III spectrometer with CryoProbe Bruker 

J-715 spectropolarimeter  JASCO 

JCSG Plus crystallisation screen Molecular Dimensions 

mosquito® LCP TTP Labtech 

Viscotek VE 3580 RI detector Malvern Panalytical 

Viscotek SEC-MALS 9  Malvern Panalytical 

OmniSEC software Malvern Panalytical 
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2.1.2 Buffers and media 

Table 2.2: List of buffers and media used, except where otherwise stated.  

All buffers were prepared at room temperature using Milli-Q ultrapure water and pH was adjusted using 
HCl and NaOH, where applicable. 

Name Components pH 

Nickel buffer A 20 mM tris, 500 mM NaCl, 20 mM imidazole 8.0 

Nickel buffer B 20 mM tris, 500 mM NaCl, 500 mM imidazole 8.0 

Q buffer A 20 mM tris, 50 mM NaCl 8.0 

Q buffer B 20 mM tris, 1 M NaCl 8.0 

S buffer A 20 mM phosphate (NaH2PO4, Na2HPO4), 50 mM 

NaCl 

6.5 

S buffer B 20 mM phosphate (NaH2PO4, Na2HPO4), 1 M NaCl 6.5 

Phosphate-buffered 

saline (PBS) 

100 mM Na2HPO4, 18 mM KH2PO4, 137 mM NaCl, 

27 mM KCl 

7.4 

Phosphate/citrate 

buffer 

100 mM sodium citrate/phosphate, 300 mM 

sodium sulphate, 5 mM DTT 

3 or 

7.5 

NMR buffer 20 mM phosphate (NaH2PO4, Na2HPO4), 50 mM 

NaCl, 2 mM DTT 

6.5 

2M9 minimal media 

solution A 

Per L: 12.5 g Na2HPO4.2H2O, 7.5 g KH2PO4 7.2 

2M9 minimal media 

solution B 

Per L solution A: 4.0 g (13C (>99% 13C)) glucose, 

10.0 ml BME Vitamins (100x), 2.0 ml MgSO4 (1M), 

0.1 ml CaCl2 (1M), 1.0 g (15N (>98% 15N)) NH4Cl, 

diluted in 10.0 ml water 

- 

 
SDS-PAGE sample 

buffer 

18.75 mM Tris-I/ƭ ǇI сΦуΣ н҈ {5{Σ р҈ ʲ-

mercaptoethanol, 0.005% bromophenol blue, 12% 

glycerol 

- 
 

SDS-PAGE running 

buffer 

50 mM MOPS, 50 mM Tris, 0.1% SDS, 1 mM EDTA 7.7  
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2.1.3 Plasmids  

Table 2.3: List of plasmid constructs used.  

For further details for each plasmid, if applicable, see relevant chapter. 

Protein Gene Uniprot AC Species Vector Domain(s) Residues Source 

KANK1 ANK KANK1 Q14678 Human pET-151 

TOPO 

Ankyrin repeats 1078-1328  Subcloned 

KANK2 ANK KANK2 Q63ZY3 Human pET-151 

TOPO 

Ankyrin repeats 583-832  GeneArt, Invitrogen 

KANK2 ANK 

A670V 

KANK2 Q63ZY3 Human pET-151 

TOPO 

Ankyrin repeats 583-832  SDM of KANK2 ANK 

KANK3 ANK KANK3 Q9Z1P7 Mouse pET-151 

TOPO 

Ankyrin repeats 524-773  GeneArt, Invitrogen 

KANK4 ANK KANK4 Q6P9J5 Mouse pET-151 

TOPO 

Ankyrin repeats 755-1002  Subcloned 

KANK4 ANK 

Y801H 

KANK4 Q6P9J5 Mouse pET-151 

TOPO 

Ankyrin repeats 755-1002  SDM of KANK4 ANK 

mCer-KN KANK1 Q14678 Human pET-151 

TOPO 

KN domain 1-78 Subcloned from Akhmanova group 

construct 

mVen-ANK KANK1 Q14678 Human pET-151 

TOPO 

Ankyrin repeats 1078-1352  Subcloned from Akhmanova group 

construct 

Mini-KANK KANK1 Q14678 Human pET-151 

TOPO 

KN domain and ankyrin 

repeats 

30-73;  

1078-1328 

GeneArt, Invitrogen 

Talin1 R7R8 Tln1 P26039  Mouse pET-151 

TOPO 

R7R8 1357-1580 Dr Ben Goult 

DYNLL2 DYNLL2 Q96FJ2  Human pET-151 

TOPO 

Full-length 1-89 GeneArt, Invitrogen 
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2.2 General molecular biology 

2.2.1 Generating chemically competent E. coli using the calcium chloride method 

.[нмό59оύ ƻǊ 5Iмлʲ ŎŜƭƭǎ ǿŜǊŜ ǎǘǊŜŀƪŜŘ ƻƴǘƻ ŀ [. ŀƎŀǊ ǇƭŀǘŜ ŀƴŘ ƛƴŎǳōŀǘŜŘ ŀǘ отɕ/ 

overnight. A starter culture was set up by inoculating 5 mL LB with an isolated colony 

ŀƴŘ ŀƎƛǘŀǘƛƴƎ ŀǘ отɕ/ ƻǾŜǊƴƛƎƘǘΦ м Ƴ[ ƻŦ ǘƘƛǎ ǎǘŀǊǘŜǊ ŎǳƭǘǳǊŜ ǿŀǎ ŘƛƭǳǘŜŘ ƛƴǘƻ млл Ƴ[ [B 

ŀƴŘ ƛƴŎǳōŀǘŜŘ ŀǘ отɕ/ ƛƴ ŀƴ ŀƎƛǘŀǘƛƴƎ ƛƴŎǳōŀǘƻǊ until OD595 reached 0.6. Once this cell 

density was achieved, the E. coli culture was placed on ice for 10 minutes prior to 

ŎŜƴǘǊƛŦǳƎŀǘƛƻƴ ŀǘ оллл ǊǇƳ ŀǘ пɕ/ ŦƻǊ мл ƳƛƴǳǘŜǎΦ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ ǇŜƭƭŜǘ ƻŦ E. coli cells was 

resuspended in 10 mL ice cold calcium-glycerol buffer (0.1 M CaCl2, 10% glycerol) and 

ǇƭŀŎŜŘ ƻƴ ƛŎŜ ŦƻǊ мр ƳƛƴǳǘŜǎΦ ¢ƘŜ ŎŜƴǘǊƛŦǳƎŀǘƛƻƴ ŀǘ оллл ǊǇƳ ŀǘ пɕ/ ŦƻǊ мл ƳƛƴǳǘŜǎ ǿŀǎ 

repeated, and the resulting E. coli pellet was resuspended in 1 mL ice cold calcium-

ƎƭȅŎŜǊƻƭ ōǳŦŦŜǊΦ YŜŜǇƛƴƎ ŀƭƭ ƳŀǘŜǊƛŀƭǎ ŀǘ пɕ/Σ ǘƘŜ ŎŜƭƭǎ ǿŜǊŜ ǎŜǇŀǊŀǘŜŘ ƛƴǘƻ пл ˃[ ŀƭƛǉǳƻǘǎΣ 

flash frozen in liquid nitrogen, and stored at -улɕ/Φ  

2.2.2 DNA transformations 

Throughout this work, two strains of E. coli are used: DH10̡ E. coli for molecular cloning 

and DNA amplification and BL21(DE3) E.coli for protein expression. For all 

transformations, the DNA used was from a ~90 ng/L˃ stock resulting from 

minipreparation (QIAGEN).  

A 40 L˃ aliquot of chemically competent E. coli was thawed on ice. For each 

transformation, 2 ˃L of DNA was added to the cells and incubated on ice for 30 minutes. 

A heat-shock step was performed at 42ɕC for 90 seconds, followed by immediately 

placing the cells back on ice for a further 2 minutes. For the recovery step, the cells were 

incubated at 37ɕC for 1 hour in 200 ˃L LB before being plated onto a LB agar plate 

containing appropriate antibiotic(s) and incubated at 37ɕC overnight. 

2.3 Molecular cloning 

2.3.1 Restriction enzyme digest method 

Restriction enzyme digest followed by ligation of the generated sticky ends is a classic 

approach to molecular cloning. We use this method primarily for subcloning regions of 

interest, often from mammalian vectors or genomic DNA, into vectors for expression in 

BL21(DE3) E. coli. 
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For biochemical and structural analysis, we predominantly use the expression vector 

pET-151 TOPO. This vector encodes a 6xHis-tag followed by a TEV cleavage site and also 

encodes ampicillin resistance. The base vector contains a multiple cloning site with 

BamHI, NotI, EcoRI and XhoI restriction sites.  

2.3.1.1 Oligonucleotide design 

Forward and reverse oligonucleotides for the polymerase chain reaction (PCR) were 

ŘŜǎƛƎƴŜŘ ǳǎƛƴƎ ǘƘŜ 5b! ǎŜǉǳŜƴŎŜ ƻŦ ǘƘŜ ǊŜƎƛƻƴ ǘƻ ōŜ ŀƳǇƭƛŦƛŜŘ ŀƴŘ ƛƴǎŜǊǘŜŘ όάƛƴǎŜǊǘέύ 

into the pET-151 plasmid όάǾŜŎǘƻǊέύΦ .ƻǘƘ ƻƭƛƎƻƴǳŎƭŜƻǘƛŘŜǎ ǿŜǊŜ ŘŜǎƛƎƴŜŘ ǘƻ Ŏƻƴǎƛǎǘ ƻŦ 

~15-20 base pairs (bp) of the desired insert, introduce the suitable restriction site that 

is compatible with the restriction sites within the multiple cloning site of the vector, 

contain ~60-70% guanidine/cytosine content, and terminate with a guanidine or 

ŎȅǘƻǎƛƴŜ ŀǘ ǘƘŜ рΩ ŜƴŘΦ ¢ƘŜǎŜ ǇŀǊŀƳŜǘŜǊǎ ŀǊŜ Ǿƛǘŀƭ ŦƻǊ ŜƴǎǳǊƛƴƎ ǎǇŜŎƛŦƛŎƛǘȅ ŀƴŘ ǎǘŀōƛƭƛǘȅ ƻŦ 

the oligonucleotide. Table 2.4 shows the oligonucleotides designed for pET-

151_KANK1_ankyrin-repeats and pET-151_KANK4_ankyrin-repeats. Oligonucleotides 

were purchased from Integrated DNA Technologies. 

Table 2.4: Oligonucleotide design for restriction enyzyme-based molecular cloning. 

Construct Restriction 

enzymes 

Oligonucleotides Notes 

pET-151 

KANK1ANK 

BamHI F: TT GGATCC 

GAAATCAGAGAGAGG 
Subcloning from 

mammalian 

vector to 

expression vector 

XhoI R: CTCGAG TCA 

TTTTGCAAAGTTGACATGGGC 

pET-151 

KANK4ANK 

BamHI F: AA GGATCC 

CTGAGGGCTGAGAGATATAAACCC 
Subcloning from 

mammalian 

vector to 

expression vector 

XhoI R: CTCGAG TCA TGAGTGGGCCCGC 

 

2.3.1.2 Polymerase chain reaction 

All polymerase chain reactions (PCR) had a final reaction volume of 50 L˃ as shown in 

table 2.5 below and were performed using High Fidelity DNA Polymerase (Roche).  
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Table 2.5: General PCR reaction mixture using Expand High Fidelity DNA polymerase (Roche). 

Component Volume Final concentration 

10x reaction buffer р ˃L 1X 

Template DNA · ˃L н ƴƎκ˃[ 

Forward oligonucleotide (IDT, 10 mM) м ˃L нлл ˃a 

Reverse oligonucleotide (IDT, 10 mM) м ˃L нлл ˃a 

dNTPs mix  м ˃L 100 mM each 

Polymerase лΦр ˃L 2.5 U 

Nuclease-free water aŀƪŜ ǳǇ ǘƻ рл ˃L - 

 

The general PCR programme used for High Fidelity DNA Polymerase (Roche) is shown in 

table 2.6 below. 

Table 2.6: General PCR programme for restriction enzyme-based molecular cloning using Expand High 
Fidelity DNA polymerase (Roche). 

Stage ¢ŜƳǇŜǊŀǘǳǊŜ όɕ/ύ Time Cycles 

Initial DNA denaturation 95 5 mins 1 

DNA denaturation 95 30 secs 

30 Oligonucleotide annealing 45-68* 1 min 

DNA extension 68 1 min/kb** 

Final DNA extension 68 10 mins 1 

Final hold 4 - 1 

* Annealing temperature should be ~5°C below the melting point of the oligonucleotides 

** Allow 1 minute per kilobase of the desired insert 

 

Once the reaction was complete, agarose gel electrophoresis was performed to check 

the presence of a product at the expected size of the insert. The PCR product was then 

purified using the ethanol precipitation method, resuspended in 20 L˃ nuclease-free 

water and stored at -20ɕ/ until required for the next stage.  

2.3.1.3 Restriction enzyme double digest and ligation 

For the restriction enzyme double digests, separate reactions for the insert and vector 

were prepared. Table 2.7 shows the composition of a typical restriction enzyme double 

digest reaction mixture which was prepared for both the vector and the insert and 

incubated at 37ɕ/ for 3 hours. Purification of the digested products was carried out using 

a Gel Extraction Kit (QIAGEN) according to ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ ¢ƘŜ ŜǎǘƛƳŀǘŜŘ 
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concentrations of the purified digested vector and the purified digested insert were 

determined by absorbance at 260 nm measured using a nanophotometer (IMPLEN).  

 Table 2.7: General restriction enzyme double digest reaction mixture.  
In this example of a restriction enzyme digest, BamHI and XhoI were used. 

 

Ligation reactions were set up according to Table 2.8 at a 1:3 molar ratio of vector:insert 

and incubated at 4ɕC overnight. DNA transformation was then carried out into DH10 ̡E. 

coli (section 2.4.2). 5 mL starter cultures of isolated colonies were set up in LB media 

with 100 ˃ g/ L˃ ampicillin and agitated at 37ɕC overnight. Isolation of plasmid DNA was 

ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ŀ vL!ǇǊŜǇ {Ǉƛƴ aƛƴƛǇǊŜǇ Yƛǘ όvL!D9bύ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

instructions.  

Table 2.8: General ligation reaction mixture using T4 DNA ligase (Promega).  
In this example, a 1:3 ratio of vector to insert has been used. 

Component Volume Final concentration 

10x reaction buffer (Promega) м ˃L 1X 

Insert DNA · ˃L 3x vector concentration 

Vector DNA · ˃L 1/3 insert concentration 

T4 DNA ligase (Promega) м ˃L 3 u 

Nuclease-free water aŀƪŜ ǳǇ ǘƻ мл ˃L - 

 

2.3.1.4 Validation 

As a pre-validation step that the target sequence had been correctly inserted into the 

vector, a test restriction digest was performed for each of the isolated plasmids after 

minipreparation. This utilises the preserved restriction sites within the plasmid, cleaving 

the insert from the vector. This small-scale restriction digest was set up according to 

Table 2.9 and incubated at 37ɕ/ for 1 hour. Agarose gel electrophoresis was performed 

to visualise products at the expected size of the insert and the vector. Sanger sequencing 

was used to confirm correct insertion (Eurofins Genomics).  

Component Volume Final concentration 

10x reaction buffer ("Buffer D", Promega) мл ˃L 1X 

Insert/vector DNA · ˃L Ϥ нл ƴƎκ˃[ 

BamHI restriction enzyme (Promega) н ˃L 20 u 

XhoI restriction enzyme (Promega) н ˃L 20 u 

Nuclease-free water aŀƪŜ ǳǇ ǘƻ млл ˃L - 
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Table 2.9: General small-scale restriction enzyme double digest reaction mixture.  

In this example of a restriction enzyme digest, BamHI and XhoI were used. 

Component Volume Final concentration 

10x reaction buffer ("Buffer D", Promega) м ˃L 1X 

Insert/vector DNA · ˃L Ϥ нл ƴƎκ˃[ 

BamHI restriction enzyme (Promega) м ˃L 10 u 

XhoI restriction enzyme (Promega) м ˃L 10 u 

Nuclease-free water aŀƪŜ ǳǇ ǘƻ мл ˃L - 

 

2.3.2 Site-directed mutagenesis  

Site-directed mutagenesis (SDM) allows introduction of targeted mutations into a 

plasmid. We used this method to introduce known disease-causing point mutations to 

allow investigation into the biochemical and structural implications. 

2.3.2.1 Oligonucleotide design 

Overlapping forward and reverse oligonucleotides for the polymerase chain reaction 

(PCR) were designed using the DNA sequence of the region to contain the desired 

mutation. Both oligonucleotides were designed to consist of ~25-30 base pairs (bp) 

containing the desired mutation in the centre, with the reverse oligonucleotide being 

the reverse complement of the forward oligonucleotide. Additionally, as above, 

oligonucleotides should contain ~60-70% guanidine/cytosine content and terminate 

ǿƛǘƘ ŀ ƎǳŀƴƛŘƛƴŜ ƻǊ ŎȅǘƻǎƛƴŜ ŀǘ ǘƘŜ рΩ ŜƴŘΦ ¢ƘŜǎŜ ǇŀǊŀƳŜǘŜǊǎ ŀǊŜ Ǿƛǘŀƭ ŦƻǊ ŜƴǎǳǊƛƴƎ 

specificity and stability of the oligonucleotide. Table 2.10 shows the oligonucleotides 

designed for pET-151_KANK2_ankyrin-repeats_A670V and pET-151_KANK4_ankyrin-

repeats_Y801H. Oligonucleotides were purchased from Integrated DNA Technologies. 
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Table 2.10: Oligonucleotide design for site-directed mutagenesis. 

Construct Mutation Oligonucleotides 

pET-151_KANK2ANK A670V F: GCAATGGCAACACCGTACTGCATTATAGCG 

R: CGCTATAATGCAGTACGGTGTTGCCATTGC 

pET-151_KANK4ANK Y801H F: GGCTGTGGCTGCCCACCTCCTTGAGGTCC 

R: GGACCTCAAGGAGGTGGGCAGCCACAGCC 

 

2.3.2.2 Polymerase chain reaction 

All polymerase chain reactions (PCR) for site-directed mutagenesis had a final reaction 

volume of 50 ˃L as shown in Table 2.11 below and were performed using Pfu polymerase 

(Promega).   

Table 2.11: General PCR reaction mixture using Pfu DNA polymerase (Promega) 

Component Volume Final concentration 

10x reaction buffer р ˃L 1X 

Template DNA · ˃L п ƴƎκ˃[ 

Forward oligonucleotide (IDT, 10 mM) н ˃L плл ˃a 

Reverse oligonucleotide (IDT, 10 mM) н ˃L плл ˃a 

dNTPs м ˃L 100 mM each 

Polymerase м ˃L 1.25 U 

Nuclease-free water aŀƪŜ ǳǇ ǘƻ рл ˃L - 

 

The general PCR programme used for Pfu polymerase (Promega) is shown in Table 2.12 

below. 

Table 2.12: General PCR programme for site-directed mutagenesis using Pfu DNA polymerase 
(Promega) 

Stage ¢ŜƳǇŜǊŀǘǳǊŜ όɕ/ύ Time Cycles 

Initial DNA denaturation 92 5 mins 1 

DNA denaturation 92 30 secs 

30 Oligonucleotide annealing 42-65* 1 min 

DNA extension 68 1 min/kb** 

Final DNA extension 68 10 mins 1 

Final hold 4 - 1 

* Annealing temperature should be ~5°C below the melting point of the oligonucleotides 

** Allow 1 minute per kilobase of the desired insert 
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2.3.2.3 DpnI digest 

The PCR product was incubated at 37ɕC for 1 hour with 1 µL (20 U) of DpnI restriction 

enzyme (New England Biolabs) to digest the template DNA. DNA transformation was 

then carried out into DH10̡ E. coli (section 2.4.2). 5 mL starter cultures of isolated 

colonies were set up in LB media with 100 g˃/ L˃ ampicillin and agitated at 37ɕC 

overnight. Isolation of plasmid DNA was performed using a QIAprep Spin Miniprep Kit 

όvL!D9bύ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ  

2.3.2.4 Validation 

Sanger sequencing was used to confirm that the mutation was correctly introduced 

(Eurofins Genomics).  

2.4 Protein expression 

For protein expression, DNA transformation was carried out into BL21(DE3) E.coli with 

the plasmid encoding the protein of interest (section 2.4.2). Small-scale expression tests 

ahead of time elucidated which temperature, isopropyl -̡D-1 thiogalactopyranoside 

(IPTG) concentration and expression time were most suitable for each individual 

construct before proceeding with larger scale expression as described below. A sample 

of the culture before addition of IPTG and a sample prior to harvesting of cells can be 

collected for SDS-PAGE analysis to validate expression of the protein of interest. 

2.4.1 Unlabelled protein expression 

A starter culture for each protein to be expressed was prepared by adding an isolated 

colony from transformation to 10 mL LB media with 100 g˃/ L˃ ampicillin. The starter 

culture was agitated at 37ɕC overnight. A glycerol stock for each construct was prepared 

by mixing 750 ˃ L of a starter culture with 350 L˃ filter sterilised 50% glycerol. The 

glycerol stock was used in place of the isolated colony for starter cultures for subsequent 

rounds of protein expression.  

3-5 mL of starter culture was used to inoculate a larger volume of LB, usually 750 mL in 

a 2 L baffled flask, including 100 ˃g/ L˃ ampicillin. Cells were grown in an agitating 

incubator at 37ɕ/ to OD595 0.6-0.8, at which point they were induced with 200 µM IPTG 

at 18ɕ/ overnight or 1 mM IPTG at 37ɕ/ for 3 hours. Cells were harvested by 



 
MATERIALS & METHODS 40 

centrifugation at 6000 rpm for 20 minutes at 4ɕ/ and the pellet was resuspended in 15 

mL Ni buffer A per L of culture. Resuspended pellets were stored at -20ɕ/.  

2.4.2 Isotopically-labelled protein expression for NMR 

For 15N-labelled KANK ankyrin repeat constructs, a starter culture for each protein to be 

expressed was prepared by adding an isolated colony from transformation to 10 mL 2M9 

minimal media (proportional solution A and B) with 100 g˃/ L˃ ampicillin. The starter 

culture was agitated at 37ɕC overnight. A glycerol stock for each construct was prepared 

by mixing 750 ˃ L of a starter culture with 350 L˃ filter sterilised 50% glycerol. The 

glycerol stock was used in place of the isolated colony for starter cultures for subsequent 

rounds of protein expression.  

3-5 mL of starter culture was used to inoculate a larger volume of 2M9 minimal media 

(proportional solution A and B), usually 750 mL in a 2 L baffled flask, including 100 g˃/ L˃ 

ampicillin. Cells were grown in an agitating incubator at 37ɕ/ to OD595 0.6-0.8, at which 

point they were induced with 200 µM IPTG at 18ɕ/ overnight. Cells were harvested by 

centrifugation at 6000 rpm for 20 minutes at 4ɕ/ and the pellet was resuspended in 15 

mL Ni buffer A per L of culture. Resuspended pellets were stored at -20ɕ/.  

For 15N-labelled and 13C,15N-labelled full-length DYNLL2, which had very limited growth 

in 2M9 minimal media, the 4:1 condensation method of protein expression was used. 

For this, cells were grown as per the method for unlabelled protein expression (see 

Section 2.5.1) in 2 L of LB media. Upon reaching OD595 0.6-0.8, the cells were subject to 

centrifugation at 6000 rpm for 10 minutes at 4ɕ/ and the pellet was resuspended in 100 

mL of 2M9 minimal media solution A before repeating the centrifugation. The washed 

cells were resuspended in 500 mL of 2M9 media (2M9 minimal media solution A, 2M9 

minimal media solution B and 100 ˃g/ L˃ ampicillin) ς a quarter of the volume of LB used 

for the growth stage. The 500 mL of 2M9 media containing ampicillin and the E. coli was 

agitated at 18ɕ/ for 1 hour to allow the cells to equilibrate to the new media before 

being induced with 200 µM IPTG at 18ɕ/ overnight. Cells were harvested as described 

above.  
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2.5 Protein purification 

2.5.1 Cell lysis 

Harvested cell pellets were removed from -нлɕ/ ŀƴŘ ǘƘŀǿŜŘΦ /Ŝƭƭ ƭȅǎƛǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ 

on ice using six cycles of sonication using intervals of 25 seconds on followed by 35 

seconds off at 50% amplitude. Centrifugation was used to separate the soluble fraction 

ŦǊƻƳ ǘƘŜ ŎŜƭƭ ŘŜōǊƛǎ ŀƴŘ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ŀǘ нлΣллл ǊǇƳ ŀǘ пɕ/ ŦƻǊ нл ƳƛƴǳǘŜǎΦ ¢ƘŜ 

supernatant was retained and a 0.45 µm syringe filter was used to remove any excess 

debris. A sample of this supernatant was prepared for SDS-PAGE analysis to validate that 

the protein of interest is soluble. 

2.5.2 Protein purification by immobilised nickel ion affinity chromatography 

His-tagged proteins were purified using immobilised nickel ion affinity chromatography. 

This form of immobilised metal ion affinity chromatography (IMAC) works on the basis 

that the 6xHis tag at the N-terminus of the expressed protein binds with high affinity to 

Ni2+ ions. The 5 mL HisTrap HP column used (GE Healthcare) contains immobilised 

sepharose resin coupled to a nitrilotriacetic acid (NTA) chelating group which is charged 

with Ni2+ ions. This allows highly specific binding of the His-tagged protein of interest. 

All nickel ion affinity chromatography was performed using an ÄKTA Start (GE 

Healthcare) at room temperature.  

The filtered cell lysate after sonication was loaded onto a column equilibrated in Ni 

buffer A at a flow rate of 2.5 mL/min. Gradient elution at 5 mL/min was used to elute 

the protein of interest ς this increasingly applies Ni buffer B to the column, thus 

increasing the imidazole concentration applied to the column. Eventually, the imidazole 

concentration in Ni buffer B will outcompete the imidazole functional group of the His-

tag which is bound to the Ni2+, causing the protein to elute from the column. This can be 

monitored by measuring the absorbance at 280 nm during fractionation. Fractions 

corresponding to a peak were collected and samples were prepared for SDS-PAGE 

analysis to validate presence of a purified protein at the expected molecular weight.  

2.5.3 Buffer exchange and TEV protease cleavage  

Suitable fractions from nickel ion affinity chromatography were combined to be 

subjected to buffer exchange by dialysis. This was performed overnight at 4ɕ/. The 
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appropriate buffer to exchange into was determined by the isoelectric point (pI) of the 

protein, calculated using the ExPASY ProtParam tool (Gasteiger et al, 2005). An 

isoelectric point of ~7 and below is generally suitable for anion exchange (Q column) so 

Q buffer A would be used; an isoelectric point above ~8 is suitable for cation exchange 

(S column) so S buffer A would be used. For any proteins with an isoelectric point 

within/close to this range, the buffer components could be slightly altered. For example, 

for talin R7R8, a Q column was used with a reduced concentration of tris ς 10 mM in 

both Q buffer A and Q buffer B ς allowing the protein to bind to the column.   

For all proteins, recombinantly-expressed tobacco etch virus (TEV) protease (2.5 mg/ml 

stock) was used to cleave the His-tag from the purified protein. This was added to the 

protein during dialysis. 

2.5.4 Ion exchange chromatography 

Ion exchange chromatography was used to remove the TEV protease, the cleaved His-

tag and other small impurities from the protein of interest. All ion exchange 

chromatography was performed using an ÄKTA Start (GE Healthcare) at room 

temperature and either a Q column (anion exchange) or S column (cation exchange) was 

used depending on the isoelectric point of the protein. After buffer exchange, the 

protein was filtered using a 0.45 µm syringe and was loaded onto a column equilibrated 

in Q/S buffer A at a flow rate of 2.5 mL/min. Gradient elution at 5 mL/min was used to 

increasingly apply Q/S buffer B to the column, causing the protein to elute. This can be 

monitored by measuring the absorbance at 280 nm during fractionation. Fractions 

corresponding to a peak were collected and samples were prepared for SDS-PAGE 

analysis to validate presence of a purified protein at the expected molecular weight.  

2.5.5 Measurement of protein concentration and storage 

Once purification of the protein of interest and complete TEV protease cleavage has 

been validated by SDS-PAGE analysis, each protein was buffer exchanged into a suitable 

buffer using a PD-10 desalting column (GE Healthcare). Protein concentration was 

measured with a nanophotometer (IMPLEN) using molecular weight and extinction 

coefficient values obtained from the ExPASY ProtParam tool and the protein was 

concentrated or diluted as required. Purified proteins were aliquoted and flash frozen 

using liquid nitrogen and stored at -20ɕ/ until use. 
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2.5.6 SDS-PAGE analysis  

Samples for SDS-PAGE analysis were prepared using 1x SDS-PAGE sample buffer and 

were boiled at 90ɕ/ for 5 minutes. SDS-PAGE gels were cast in 1 mm Novex empty gel 

cassettes (ThermoFisher) and were comprised of 1% SDS, 4% acrylamide/BIS stacking 

gel (pH 8.8) and 10% acrylamide/BIS separating gel (pH 6.8) ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

instructions. Coomassie blue stain and destain were used to visualise proteins.  

2.6 Peptides 

2.6.1 Synthetic peptide design 

Synthetic peptides of small regions of interest were designed and ordered from GL 

Biochem. Various parameters had to be considered for peptide design, including 

solubility and preservation of secondary structure. All peptides were ordered with a 

terminal cysteine residue to allow coupling to fluorescent dyes.  Peptides used in this 

work are shown in Table 2.13. 

2.6.2 Coupling peptides to BODIPY fluorescent dye 

For fluorescence polarisation experiments, synthetic peptides were coupled to the 

ŦƭǳƻǊŜǎŎŜƴǘ ŘȅŜ .h5Lt¸ϰ ¢aw /р-Maleimide (ThermoFisher) diluted according to 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ ¢ƘŜ ŎƻǳǇƭƛƴƎ ǊŜŀŎǘƛƻƴ ǿŀǎ ŎƻƳǇǊƛǎŜŘ ƻŦ млл ҡa ǇŜǇǘƛŘŜ 

(resuspended in water or PBS), 0.1 % Triton X-100, 5 mM TCEP, and 25 µL of fluorescent 

dye made up to 1 mL using PBS. This reaction was left stirring at room temperature for 

2 hours in a dark environment. A PD-10 desalting column equilibrated with PBS was used 

to remove excess dye. The coupled peptide was elute using 2.5 mL PBS before being 

aliquoted, flash frozen using liquid nitrogen and stored at -20°C until use. 

2.7 Biochemical assays 

2.7.1 Circular dichroism 

Circular dichroism (CD) as a tool was used for initial, rapid determination of protein 

properties including secondary structure, folding and thermal stability. CD measures the 

difference in absorption of left- and right-handed circularly polarised light within 

optically active (i.e. chiral) molecules. Far-UV measurements (180-250 nm region) are 

used to determine the secondary structure of a protein. Measurements in this region 

look at the backbone chain where the rotation of phi ()˒ and psi (̞ ) angles vary based  
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Table 2.13: List of synthetic peptides used.  

All synthetic peptides were purchased from GL Biochem, Shanghai, China. 

Name Gene Uniprot AC Species Domain(s) Residues Sequence 

KANK1 KN (full) KANK1 Q14678 Human KN 30-68 PYFVETPYGFQLDLDFVKYVDDIQKGNTIKKLNIQKRRK- C 

KANK1 KN (short) KANK1 Q14678 Human KN 30-60 PYFVETPYGFQLDLDFVKYVDDIQKGNTIKK- C 

KANK1 KN 4A KANK1 Q14678 Human KN 30-68 PYFVETPYGFQAAAAFVKYVDDIQKGNTIKKLNIQKRRK- C 

Y!bYм Yb ɲсл-68 KANK1 Q14678 Human KN 30-73 ɲсл-68 PYFVETPYGYQLDLDFLKYVDDIQKGNTIKPSVP- C 

KANK2 KN KANK2 Q63ZY3 Human KN 31-69 C- PYSVETPYGYRLDLDFLKYVDDIEKGHTLRRVAVQRRPR 

KANK3 KN KANK3 Q9Z1P7 Mouse KN 32-73 PYSVETPYGFHLDLDFLKYVEEIERGPASRRTPGPPHARRPR- C 

KANK4 KN KANK4 Q6P9J5 Mouse KN 24-65 PYSVETPYGFHLDLDFLKYVDDIEKGHTIKRIPIHRRAKQAK- C 

KANK1 699-716 KANK1 Q14678 Human TQT motif 699-716 CLSTLDKQTSTQTVETRT 

KIF21A H1 KIF21A Q7Z4S6  Human Helix 1 1144-1173 CGEVKPKNKARRRTTTQMELLYADSSELAS 

Scribble 464-480 SCRIB Q14160 Human CC 464-480 C- AAEKRGLQRRATPHPSE 
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on ǘƘŜ ŎƻƴŦƻǊƳŀǘƛƻƴ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴΦ ʰ-ƘŜƭƛŎŀƭΣ ʲ-ǎƘŜŜǘΣ ʲ-turn and random coils have 

varying characteristic spectra using this method. Spectral scan experiments are used for 

determining the thermal stability of a protein and this involves measuring the changes 

in the CD signal at a fixed wavelength over the course of a temperature gradient.  

All CD experiments were performed using a J-715 spectropolarimeter (JASCO) and a 

quartz cuvette with 1 mm path length (Starna Scientific). 20 µM samples in PBS were 

used for all experiments. For far-UV experiments, spectra were collected at 205-260 nm 

with 4 scans at 100 nm/min, 0.5 nm step resolution, 1 sec response and 0.5 nm 

ōŀƴŘǿƛŘǘƘΦ CƻǊ ǎǇŜŎǘǊŀƭ ǎŎŀƴǎΣ /5 ǎƛƎƴŀƭ ǿŀǎ ǎŜǘ ǘƻ ннн ƴƳ όƳŀȄƛƳǳƳ ǎƛƎƴŀƭ ŦƻǊ ŀƴ ʰ-

helix) and measurements were taken between 25-80ɕ/ with 20 seconds step resolution, 

4 seconds of response and 1.0 nm bandwidth. Protein secondary structure was 

monitored during the spectra scan by collecting far-UV spectra at 10ɕ/ intervals using 

the aforementioned parameters.  

2.7.2 Fluorescence polarisation 

Fluorescence polarisation (FP) was used to investigate putative interactions between 

proteins and fluorescently-labelled peptides. When a fluorescent molecule is excited by 

polarised light, polarised light is emitted. This assay utilises the rapid tumbling that 

occurs when fluorescent peptides are in solution; as the molecule tumbles, it will lead 

to loss of polarisation. If an interaction occurs between the fluorescently-labelled 

peptide and the protein, the fluorescently-labelled peptide will tumble more slowly with 

increasing levels of protein, causing an increase in the polarisation of the light in one 

direction. This change in polarisation as a function of protein concentration can be 

quantified, allowing binding affinity to be determined. 

All FP assays were set up in black Nunc F96 polystyrene plates (ThermoFisher) with one 

12-well row used per assay. Using an appropriate starting stock concentration, usually 

100-300 µM, a serial dilution of protein was carried out, resulting in well 12 containing 

the highest concentration and well 1 containing no protein. BODIPY-labelled peptide 

was added to every well to a final concentration of 1 µM. A CLARIOstar plate reader 

(BMG Labtech) was used to measure fluorescence polarisation at 25ɕ/ using correct 

excitation and emission wavelengths for the fluorophore. Analysis of data was 
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conducted with Prism software (GraphPad) using non-linear regression and the equation 

for one site total binding, shown below. 

ὣ
ὄάὥὼzὑὨ

ὑὨ ὢ
ὔὛzὢ ὦὥὧὯὫὶέόὲὨ 

Here, Y = protein concentration, X = labelled peptide concentration, NS = the slope of 

nonspecific binding in Y units/X units, and background = the amount of nonspecific 

binding with no added ligand. Bmax is the maximum specific binding, given in the same 

units as Y, and Kd is the binding constant, given in the same units as X. The Kd value 

defines the concentration of labelled peptide required to achieve half saturation of the 

protein at equilibrium, i.e. the amount of protein to achieve half of the Bmax.  

2.7.3 Nuclear magnetic resonance titrations 

Nuclear magnetic resonance (NMR) is a highly sensitive, powerful technique which can 

provide assessment of protein sample quality, investigation of putative interactions, and 

determination of structural information. During an NMR experiment, the sample is 

placed in a strong magnetic field and irradiated with pulses of radio frequency 

electromagnetic radiation which cause the NMR-active nuclei to resonate at 

characteristic frequencies, and this can be measured. 

All experiments were carried out at 298 K using a Bruker AVANCE III spectrometer 

equipped with a QCI-P CryoProbe. Proteins were prepared in 20 mM phosphate pH 6.5 

(pH 7.5 for DYNLL2 experiments), 50 mM NaCl, 2 mM DTT and 5% v/v 2H2O to a final 

ǾƻƭǳƳŜ ƻŦ прл ˃a ƛƴ ŀ {ƘƛƎŜƳƛ baw ǘǳōŜ ό{ƛƎƳŀ-Aldrich). Data were processed using 

TopSpin and CcpNmr Analysis (Skinner et al, 2015). 

2.7.3.1 1D experiments (1H) 

1D NMR experiments are an incredibly useful approach with a broad range of 

applications and were used in this work as part of all NMR investigations. Following 

spectrometer set up, which involves locking (H2O, D2O and salt), tuning, shimming and 

determining 90 degree pulse width (P1), 1D spectra were collected and subsequently 

Fourier transformed. The processed 1D spectrum allowed assessment of solvent 

suppression and protein quality: whether the protein is present, folded, and at the 

required concentration for further NMR experiments, where relevant. Additionally, as 
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samples for 1D NMR do not require isotopic labelling, this powerful tool was used to 

assess relative concentrations of synthetic peptides used in this work.  

2.7.3.2 2D experiments (1H, 15N) 

Performing titrations via 1H, 15N-2D NMR experiments works on the basis that the 

hydrogens and isotopically-labelled nitrogen atoms have active nuclei under the 

magnetic field. Labelling in this way means that each amide bond of each amino acid 

(with the exception of proline) in the protein backbone has a particular chemical shift, 

and these are represented as a peak in a specific location in the processed NMR 

spectrum. These chemical shifts are incredibly sensitive to the chemical environment. If 

a putative ligand is added to a protein and an interaction occurs, this causes a localised 

change to the chemical environment of the residues constituting and in proximity to the 

binding surface ς this causes the location of those amino acid peaks to shift or alter 

intensity, a concept known as a chemical shift perturbation (CSP). These CSPs induced 

by ligand binding allow biochemical and structural characterisation of protein 

interactions. 2D experiments can be used to measure the chemical shifts and allow CSPs 

to be visualised. 

Following spectrometer set up, which involves locking (H2O, D2O and salt), tuning, 

shimming and determining 90 degree pulse width (P1), 2D spectra were collected using 

pulse widths for specific 2D experiments according to the protein being investigated. 

Heteronuclear single-quantum correlation (HSQC) experiments were used for proteins 

up to ~20 kDa in size and, for proteins larger than ~20 kDa, transverse relaxation 

Figure 2.1: 1H 15N TROSY peak selection for a large protein. 
 (A) A typical coupled HSQC experiment for a larger ǇǊƻǘŜƛƴ ǿƛƭƭ ǇǊƻŘǳŎŜ ŦƻǳǊ ǇŜŀƪǎΥ ŀ ǾŜǊȅ ōǊƻŀŘ άŀƴǘƛ-
¢wh{¸έ ǇŜŀƪ όǘƻǇ ƭŜŦǘύΣ ŀ ά¢wh{¸έ ǇŜŀƪ όōƻǘǘƻƳ ǊƛƎƘǘύ ŀƴŘ ǘǿƻ άǎŜƳƛ-¢wh{¸έ ǇŜŀƪǎΦ ό.ύ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ ǇŜŀƪ 
in the decoupled HSQC spectrum generates a very broad signal. (C) A TROSY experiment is optimised to 
select the TROSY peak, resulting in a sharp signal and higher resolution.  

A B C 
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optimized spectroscopy (TROSY) experiments were used. As proteins increase in size, 

the decay in the NMR signal occurs more rapidly ς this causes the signal of the data 

collected to broaden as the sensitivity decreases. The TROSY experiment can increase 

sensitivity and ultimately the resolution of the data collected. Where a standard HSQC 

experiment generates a multiplet of four peaks, the average will be displayed as the final 

peak produced in the spectrum. For a small protein, each component of this multiplet 

generates a sharp peak due to uniform relaxation rates, resulting in a sharp peak and 

higher resolution in the representation of the corresponding amino acid in the spectrum. 

For a larger protein, however, the peaks in the multiplet vary as a result of different 

relaxation times and would result in a broader peak in a decoupled HSQC. In order to 

increase the resolution, TROSY experiments are optimised to only select the peak with 

ǘƘŜ ǎƘŀǊǇŜǎǘ ǎƛƎƴŀƭΣ ǘƘŜ ά¢wh{¸ ǇŜŀƪέΣ ǊŜǎǳƭǘƛƴƎ ƛƴ ŀƴ ƛƴŎǊŜŀǎŜŘ ǊŜǎƻƭǳǘƛƻƴ ƻŦ ǘƘŜ 

spectrum.  

For all titrations, the 90 degree pulse width and pH of each sample were monitored to 

ensure buffer uniformity between samples, eliminating false positives resulting from 

buffer changes induced upon addition of the potential ligand.  

2.7.4 Size-exclusion chromatography-multiangle light scattering  

Combining size-exclusion chromatography with multiangle light scattering (SEC-MALS) 

is a powerful tool for investigating oligomeric states and determining absolute molecular 

weight of individual components. While size-exclusion chromatography separates 

species within a sample according to their hydrodynamic volume, with larger 

components eluting first, multiangle light scattering measures the scattering of light 

through the sample at a range of angles and allows a Debye plot to be generated, 

allowing the determination of absolute molecular weight. 

All SEC-MALS experiments were performed at room temperature using a Superdex 200 

size-exclusion column (GE Healthcare) at a flow rate of 0.75 mL/min. A Viscotek VE 3580 

RI detector was connected to a Viscotek SEC-MALS 9 to detect the light scattering 

(Malvern Panalytical). A 5 mg/mL BSA control was used to calibrate the system prior to 

each experiment in the appropriate buffer. For KANK4 ankyrin repeat domain oligomeric 

analysis, all samples were prepared and the system calibrated in PBS. For DYNLL2 

oligomeric analysis, phosphate/citrate buffers at pH 3 and pH 7.5 were used. Data 
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collection and analysis, including absolute molecular weight determination, was 

performed with OmniSEC software (Malvern Panalytical) with BSA calibration.  

2.7.5 Fluorimetry  

In order to investigate in vitro FRET between KANK fusion proteins, fluorimetry was 

used. All fluorimetry experiments were performed using a Perkin Elmer Luminescence 

Spectrometer LS 50B with a slit width of 2.5 nm and measured at 200 nm/min. All 

proteins were dialysed into PBS prior to performing the experiments. An excitation 

wavelength of 425 nm was used to excite mCerulean-KN with emission measured at 450-

600 nm. For the control wherein the mVenus-ankyrin repeat domain was excited, an 

excitation wavelength of 490 nm was set and emission measured at 500-600 nm.  

2.8 Structural studies 

2.8.1 X-ray crystallography 

Crystallisation trials for KANK3 ankyrin repeat domain and Ala670Val mutant-containing 

KANK2 ankyrin repeat domain were performed using the hanging drop vapour diffusion 

method in 96-well ǇƭŀǘŜǎ ǿƛǘƘ ŜŀŎƘ ǿŜƭƭ ŎƻƴǘŀƛƴƛƴƎ млл ˃[ ƻŦ ŀ ǎŎǊŜŜƴƛƴƎ ŎƻƴŘƛǘƛƻƴΦ 

Commercial screening kits used include JSCG+, Wizard Classic I & II (Molecular 

Dimensions) and Hampton HT (Hampton). Samples for crystallisation screening were 

prepared to >10 mg/mL in buffers comprised of 20 mM Tris pH 7.0-7.5, 50-100 mM NaCl 

and 1-3 mM DTT. For hanging drop vapour diffusion, a Mosquito LCP liquid handling 

robot (TTP Labtech) was used to create drops containing 100 nL each of protein sample 

and screening condition, and thesŜ ǿŜǊŜ ǎǳǎǇŜƴŘŜŘ ƻǾŜǊ млл ˃[ ƻŦ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ 

well condition. Plates were sealed and incubated at 4 °C or 21 °C. Plates were routinely 

observed to monitor crystal growth. Conditions containing small crystals or promising 

crystalline precipitate were optimised in a larger-scale fine screen wherein the pH or 

precipitant concentration were slightly varied around the hit condition. Fine screens 

were performed in 24-ǿŜƭƭ ǇƭŀǘŜǎ ǿƛǘƘ ŜŀŎƘ ǿŜƭƭ ŎƻƴǘŀƛƴƛƴƎ рлл ˃[ ƻŦ ŀƴ ƻǇǘƛƳƛǎŜŘ 

screening condition. Larger dropǎ ƻŦ о ˃[ Ŧƛƴŀƭ ǾƻƭǳƳŜ ǿŜǊŜ Ƴŀƴǳŀƭƭȅ ǇƛǇŜǘǘŜŘΣ 

maintaining the same 1:1 ratio of protein sample and screening condition.  

Crystals were obtained at 21°C by hanging drop vapour diffusion in 0.2 M ammonium 

acetate, 0.1 M Bis-tris pH 5.7 and 31% w/v PEG 3350 for KANK2 ankyrin repeats A670V 



 
MATERIALS & METHODS 50 

mutant and 0.2 M ammonium formate and 20% w/v PEG 3350 for KANK3 ankyrin 

repeats. Crystals were cryoprotected in the same solution supplemented with 20% v/v 

glycerol prior to vitrification in liquid nitrogen, preserving the crystal. Diffraction 

datasets were collected at 100 K on beamline I04-1 at Diamond Light Source (Didcot, 

UK) using a Pilatus3 6M-F detector (Dectris, Baden, Switzerland). All crystallographic 

data was processed using autoPROC (Vonrhein et al, 2011), which incorporates XDS 

(Kabsch, 2010), AIMLESS (Evans & Murshudov, 2013) and TRUNCATE (Evans, 2011) for 

data integration, scaling and merging. The structures were determined using molecular 

replacement searches carried out with PHASER (McCoy et al, 2007) employing the 

published KANK2 ankyrin repeats structure (PDB ID: 4HBD) as search template. Manual 

model adjustment and refinement were performed with COOT (Emsley et al, 2010) and 

REFMAC (Murshudov et al, 2011) respectively. Figure preparation was carried out with 

PyMOL (Schrödinger LLC, Cambridge MA, USA). For data collection, phasing and 

refinement statistics, see Tables 3.1 and 3.2. The KANK2 ankyrin repeats A670V mutant 

and KANK3 ankyrin repeats structures have been deposited to RCSB Protein Data Bank 

(PDB) with accession codes 6TLH and 6TMD respectively. 

The two KANK2 ankyrin repeat domain structures in Chapter 4 ς apo and crystallised in 

the presence of a 3-fold molar excess of KANK2 KN 31-69 ς were solved from crystals 

obtained at 21°C by sitting drop vapour diffusion. For sitting drop vapour diffusion, a 

Gryphon LCP liquid handling robot (Art Robbins Instruments) was used to create drops 

of the same volume in the sample well adjacent to the corresponding well condition.  

Crystals were obtainedin 100 mM sodium phosphate dibasic/citric acid pH 4.2, 200 mM 

sodium chloride and 20% (w/v) PEG 8000 and were cryoprotected in NVH immersion oil 

prior to vitrification in liquid nitrogen. Diffraction datasets were collected at 100 K on 

beamline BL-13 at ALBA Synchrotron (Barcelona, Spain) using a Pilatus 6M detector 

(Dectris, Baden, Switzerland). Data processing, molecular replacement and refinement 

were performed as above. These structures were refined to allow preliminary 

visualisation of general structure and determine whether the KN domain peptide was 

present, and thus were not solved to completion.  
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2.8.2 Solution NMR   

To assign the backbone resonances of a protein, double labelling (15N and 13C) was 

performed during the protein expression stage to be able to use three-dimensional, 

triple resonance NMR experiments. Triple resonance NMR experiments link three types 

of atomic nuclei: 1H, 13C and 15N. Other than the 13C labelling, the sample preparation 

and initial setup in the spectrometer were identical to that for 2D experiments (see 

Section 2.7.3.2) just with the appropriate three-dimensional experimental parameters 

used. A typical set of 3D NMR experiments to assign a protein are HNCA, HN(CO)CA, 

CBCANH, CBCA(CO)NH, HNCO and HN(CA)CO ς all six of these were performed for the 

assignment of DYNLL2 (see Chapter 5).  Triple resonance experiments were acquired 

with non-uniform sampling (NUS) to collect 15% of the data with a relaxation delay of 

0.2 s and using fast pulsing sequences (BEST-type). Data processing was performed with 

NMRPipe (Delaglio et al, 1995). For the NUS 3D data, the iterative reweighted least 

squared (IRLS) algorithm was applied with 20 iterations using qMDD software (Orekhov 

& Jaravine, 2011). NMRView was used to analyse the triple resonance data (Johnson & 

Blevins, 1994). 
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CHAPTER 3:  CHARACTERISATION OF THE KANK ANKYRIN REPEAT DOMAIN 

3.1 Overview 

This chapter focuses on developing a greater understanding of the ankyrin repeat 

domains of KANK proteins. Ankyrin repeat domains of proteins are widely recognised as 

mediators of protein-protein interactions throughout biology. Here, we compare the 

ankyrin repeat domains in the four mammalian KANK proteins in terms of their structure 

and function and identify a unique property of the KANK4 ankyrin repeat domain. 

Additionally, disease-causing single point mutations located within the ankyrin repeat 

domains of two KANK isoforms are characterised and we begin to explore some 

potential ligands based on KANK1 proteomics data.  

3.2 Ankyrin repeat domains are important mediators of protein-protein 

interactions throughout biology 

In recent years, tandemly repeating sequences have become increasingly recognised for 

their role as scaffolds for protein-protein interactions. Along with other types including 

leucine-rich repeats and armadillo repeats, ankyrin repeats are one of the most 

abundant tandem repeat motifs (Mosavi et al, 2004). Unlike other known motifs or 

domains known to be significantly involved in protein-protein interactions, including 

SH2 and SH3 domains which are prominent amongst adhesion-associated proteins 

(Malabarba et al, 2001; Panni & Dente, 2002), tandem repeat domains form a surface 

which can bind a wide range of ligands and are not limited to the recognition of a specific 

structures or sequences of amino acids (Li et al, 2006). 

An ankyrin repeat is defined as a 33-residue sequence motif consisting of two -hhelices 

connected by loops. As a repeating motif, they were first described in S. cerevisiae SWI6, 

S. pombe Cdc10 and D. melanogaster Notch (Breeden & Nasmyth, 1987). Shortly after, 

they were named after the protein ankyrin which contains 24 ankyrin repeats (Lux et al, 

1990). In the years following, ankyrin repeats have been identified across eukarya, 

bacteria and archaea in addition to some viral genomes, though the majority of ankyrin 

repeat-containing proteins exist within eukaryotes. The ankyrin repeat-containing 

proteins identified thus far range from containing one to a potential 34 repeats, with 

this largest ankyrin repeat domain predicted to be a protein in Giardia lamblia 



 
CHARACTERISATION OF THE KANK ANKYRIN REPEAT DOMAIN 53 

(Elmendorf et al, 2005). A region of two to six sequential ankyrin repeats occurs most 

frequently (Mosavi et al, 2004).  

The KANK ankyrin repeat domain consists of five sequential canonical ankyrin repeats 

(ANK1-ANK5) immediately preceded by a seemingly unique ankyrin repeat-like structure 

(ANK0) which has been described as a regulatory or capping region (Weng et al, 2018) 

and is comprised of five h-helices which form a compact helical bundle. ANK0 appears 

to be an essential structural element for the KANK ankyrin repeat domain activity (Guo 

et al, 2018). Thus, the entire KANK ankyrin repeat domain refers to ANK0-ANK5.  

3.3 Comparing the ankyrin repeat domains of all four mammalian KANKs 

3.3.1 Determining the boundaries for the ankyrin repeat domain of each mammalian 

KANK isoform 

At the start of this project, the only existing KANK structure in the Protein Data Bank 

(PDB) was that of the KANK2 ankyrin repeats (PDB ID: 4HBD, solved by a Structural 

Genomics Consortium). Using the amino acid sequence of the residues involved in this 

structure (583-832 of human KANK2), the corresponding residues in human KANK1, 

KANK3 and KANK4 were determined using multiple sequence alignment. Residues 1078-

1328 of KANK1, 541-789 of KANK3 and 740-987 of KANK4 were the resulting boundaries 

(Figure 3.1B).  

The cDNA of murine full-length KANK3 and KANK4 (a generous gift from Reinhard 

Fässler), were each used to generate the respective ankyrin repeat domain constructs. 

The corresponding boundaries in the murine isoform were therefore used to create 

these two ankyrin repeat domain constructs: 524-773 in murine KANK3 and 755-1002 

of murine KANK4. The KANK1 ankyrin repeat domain was generated using human KANK1 

cDNA (a generous gift from Anna Akhmanova). PSIPRED (Jones, 1999; Buchan & Jones, 

2019), a secondary structure propensity calculating tool, predicts that these regions 

contain a mixture of predominantly unstructured and -hhelical regions, with a few short 

regions of low-confidence ̡-strand propensity ς this prediction is mostly consistent with 

the existing KANK2 ankyrin repeat domain crystal structure. The multiple sequence 

alignment and PSIPRED data for the KANK1 ankyrin repeat domain is shown in Figure 3.1 

as an example of this process. 
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3.1.1. Using circular dichroism to validate secondary structure and determine thermal 

stability of each mammalian KANK ankyrin repeat domain 

Once each KANK anyrin repeat domain construct had been generated and the protein 

expressed and purified, circular dichroism (CD) was used as a preliminary check to 

ensure the purification of a folded, stable protein with the expected secondary structure 

elements. A CD melt experiment was set up for each protein at 222 nm from 25-80ɕ/ 

and far-UV scans were performed at 25ɕ/ (blue), with the expectation of seeing the 

KANK1_1078- 1328  EIRERYELSEKMLSACNLLKNTINDPKALTSKDMRFCLNTLQHEWFRVSS 

KANK2_583- 832    EEEIRMELSPDLISACLALEKYLDNPNALTERELKVAYTTVLQEWLRLAC 

                 * . * *** .::***  *:: :::*:***.::::.. .*: :**:*::.  

 

KANK1_1078- 1328  QKSAIPAMVGDYIAAFEAISPDVLRYVINLADGNGNTALHYSVSHSNFEI 

KANK2_583- 832    RSDAHPELVRRHLVTFRAMSARLLDYVVNIADSNGNTALHYSVSHANFPV 

                 :..* * :*  ::.:*.*:*. :* **:*:**.************:** :  

 

KANK1_1078- 1328  VKLLLDADVCNVDHQNKAGYTPIMLAALAAVEAEKDMRIVEELFGCGDVN 

KANK2_583- 832    VQQLLDSGVCKVDKQNRAGYSPIMLTALATLKTQDDIETVLQLFRLGNIN 

                 *: ***:.**:**:**:***:****:***:::::.*:. * :**  *::*  

 

KANK1_1078- 1328  AKASQAGQTALMLAVSHGRIDMVKGLLACGADVNIQDDEGSTALMCASEH 

KANK2_583- 832    AKASQAGQTALMLAVSHGRVDVVKALLACEADVNVQDDDGSTALMCACEH 

                 *******************:*:**.**** ****:***:********.**  

 

KANK1_1078- 1328  GHVEIVKLLLAQPGCNGHLEDNDGSTALSIALEAGHKDIAVLLYAHVNFAK 

KANK2_583- 832    GHKEIAGLLLAVPSCDISLTDRDGSTALMVALDAGQSEIASMLYSRMNI- K 

                 ** **. **** *.*:  * *.****** :**:**:.:** :**:::*: *  

 

 

A 

B 

Figure 3.1: Determining the KANK1 ankyrin repeat domain boundaries.  
(A) A multiple sequence alignment was used to determine the boundaries for the KANK1 ankyrin repeat 
domain using KANK2 ankyrin repeats, for which a crystal structure had been deposited, as a guide. (B) The 
predicted secondary structure for residues 1081-1353 of KANK1 indicates many regions with helical 
propensity, mostly consistent with the KANK2 ankyrin repeat domain crystal structure. Secondary 
structure prediction by PSIPRED (Jones, 1999; Buchan & Jones, 2019). 
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secondary structure elements of the folded protein, and again at 80ɕ/ (red) with the 

expectation of observing a loss in the secondary structure. This was the case for all four 

isoforms with an h -helical spectrum containing ǘƘŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ άŘƻǳōƭŜ ŘƛǇέ ƻōǎŜǊǾŜŘ 

for each protein, one minima at ~206 nm and another at ~222 nm. The CD melt 

experiments revealed varying melting temperatures across isoforms and the KANK3 

ankyrin repeat domain appeared to be have the lowest thermal stability with a melting 

temperature of 38.6ɕ/. KANK1 and KANK2 ankyrin repeat domains were more similar in 

Figure 3.2: Circular dichroism reveals some unique properties of KANK ankyrin repeat domain in different 
isoforms.  
Left: Far-¦± ǎǇŜŎǘǊŀ ŦƻǊ ŜŀŎƘ ŀƴƪȅǊƛƴ ǊŜǇŜŀǘ ŘƻƳŀƛƴ ǇǊƻǘŜƛƴ ƳŜŀǎǳǊŜŘ ŀǘ нр ɕ/ όōƭǳŜύ ŀƴŘ ул ɕ/ όǊŜŘ). 
Right: CD melt curves measured at 222 nm for each ankyrin repeat domain indicates varying melting 
temperatures between isoforms and a double transition unique to the KANK4 ankyrin repeats.  denotes 
molar ellipticity.  
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their melting temperatures ς 45.9ɕ/ and 51.6ɕ/, respectively ς with the two most similar 

looking far-UV spectra with defined dips at the characteristic -hhelix positions. 

Interestingly, the dataset for the KANK4 ankyrin repeat domain displays some unique 

properties: although a characteristic h-helical double dip can be observed at the typical 

wavelengths, the minima at 208 nm appears more defined. Most strikingly, however, 

the CD melt curve reveals a double transition state with two melting temperatures: one 

at a relatively low temperature of 40.8ɕ/ and another at 58.2ɕ/. This property of the 

KANK4 ankyrin repeat domain will be discussed in more detail in Section 3.5.  

3.3.2 The crystal structure of the KANK3 ankyrin repeat domain 

With such little known about KANK3 and KANK4 compared to KANK1 and KANK2, 

including no structures deposited in the PDB, we sought to crystallise and solve the 

structure of the KANK3 and KANK4 ankyrin repeat domains. Investigation of KANK3 was 

particularly of interest due to its unique localisation as observed in U2OS cells: in 

addition to its localisation at the periphery of adhesion sites, KANK3 is the only KANK 

isoform which also can be observed at the tips of filopodia (Figure 3.3) when tagged with 

GFP for visualisation. Although the main domains and structural elements of KANKs 

appear mostly similar in terms of their amino acid sequence and predicted secondary 

structure, we aimed to investigate this further. 

  
Figure 3.3: KANK3 localises to the tips of filopodia.  
In addition to localisation at the periphery of adhesions, observed here at the ends of actin filaments, 
KANK3 is the only KANK isoform also localises at the tips of filopodia. SIM images of U2OS cells 
courtesy of Guillaume Jacquemet (unpublished) visualising endogenous KANK3.  
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The novel crystal structure of the KANK3 ankyrin repeat domain at 1.80 Å was solved as 

part of this work and is shown in Figure 3.4A. The data collection and refinement 

statistics are listed in Table 3.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although the overall structure appears very similar to the other KANK ankyrin repeat 

domain structures, alignment with the KANK1 ankyrin repeat domain indicates that the 

KANK3 ankyrin repeat domain adopts a slightly more compact structure. This is 

highlighted by observing the loops, which all are oriented more towards the centre of 

the whole domain.  Consistent with the loops oriented more inwards, the N-terminus of 

  

A 

B 

Figure 3.4: The crystal structure of the KANK3 ankyrin repeat domain.  

(A) The crystal structure of the KANK3 ankyrin repeat domain at 1.8 Å resolution shows the expected 
ANK0-ANK5 domain structure and has been deposited in the PDB with the accession number 6TLH. (B) 
The KANK3 ankyrin repeat domain structure (pink) overlaid with the KANK1 ankyrin repeat domain (PDB 
ID: 5YBJ, grey) reveals a slightly more compact structure of the KANK3 ankyrin repeat domain. Pink arrows 
indicate the direction of the structural shifts in KANK3 ankyrin repeat domain in relation to the KANK1 
ankyrin repeat domain.  
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the final helix in ANK5 tilts outwards and seemingly enables the more compacted overall 

structure.   

Table 3.1: X-ray data collection and refinement statistics for KANK3 ankyrin repeats.  
Data collected from a single KANK3 ankyrin repeat domain crystal. *Values in parentheses are for highest-
resolution shell. ^Values in parentheses indicate percentile scores as determined by MolProbity. 

 

 

  

Data collection KANK3 ankyrin repeats 

Synchrotron and Beamline Diamond I04-1  

Space group C2 

Molecule/a.s.u 2 

Cell dimensions     

    a, b, c (Å) 149.43, 45.77, 69.59 

    a, b, g  (°)  90, 95.06, 90 

Resolution (Å) 
69.32 ς 1.80 

(1.84 ς 1.80)* 

 Rmerge 0.062 (0.776) 

I / sI 10.5 (1.5) 

CC(1/2) 0.994 (0.811) 

Completeness (%) 97.4 (96.7) 

Redundancy 3.5 (3.7) 

    

Refinement   

Resolution (Å) 1.8 

No. reflections 40455 (2956) 

Rwork / Rfree 0.19/0.23 

No. atoms   

    Protein 3547 

    Water 370 

B-factors (Å2)   

    Protein 33.53 

    Water 38.36 

R.m.s. deviations   

    Bond lengths (Å) 0.012 

    Bond angles (°) 1.529 

Ramachandran plot   

    Favoured/outlier (%) 98.74/0 

Rotamer   

    Favoured/poor (%) 93.53/2.43 

MolProbity scores    

    Protein geometry 1.36 (97th)^ 

    Clash score all atoms 2.81 (99th)^ 

PDB accession no. 6TLH 
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3.3.3 KANK3 and KANK4 ankyrin repeat domains bind KIF21A with a weaker affinity 

compared to KANK1 and KANK2 ankyrin repeat domains 

The interaction between KANK ankyrin repeat domains and KIF21A, the kinesin-4 which 

is part of the CMSC that captures microtubules in the vicinity of adhesions, has been 

recognised for several years (Kakinuma et al, 2009; van der Vaart et al, 2013). More 

recently, structures of this interaction with the KANK1 and KANK2 ankyrin repeat 

domains were published during the early stages of this work (Weng et al, 2018; Guo et 

al, 2018; Pan et al, 2018) though these studies agree that neither KANK3 nor KANK4 

ankyrin repeat domains interact with the KIF21A peptides used in these works. While 

the peptides used in these papers were of residues 1142-1169 (murine), 1142-1167 

(human), or 1138-1156 (murine) of KIF21A, our KIF21A peptide used throughout in the 

following work spanned residues 1144-1173 of human KIF21A.  

Using this KIF21A peptide, an FP assay was performed that shows that KANK 1 and 

KANK2 ankyrin repeat domains bind KIF21A with the highest affinities ς 1.9 ˃ M and 4.4 

M˃, respectively ς but, in contrast to published data, KANK3 and KANK4 ankyrin repeat 

domains also bound to the KIF21A peptide with Kd values of 7.7 ˃M and 15.3 ˃ M, 

respectively. It would be interesting to deduce whether the more inward-facing loops 

within the KANK3 ankyrin repeat domain are contributing to the weakened affinity and 

whether the KANK4 ankyrin repeat domain adopts a similar structure. 

Figure 3.5: All human KANK ankyrin repeat domains bind to KIF21A 1144-1173 with varying affinity.  
Binding of KANK1-4 ankyrin repeat domains to BODIPY-labelled KIF21A 1144-1173 was measured using a 
fluorescence polarisation assay. Dissociation constants +/- SE are indicated in the legend. All 
measurements were repeated in triplicate. ND, not determined. 
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3.4 Characterising the Ala670Val disease-causing point mutation in KANK2 

3.4.1 Ala670Val causes palmoplantar keratoderma and woolly hair 

KANK2, also known as steroid receptor coactivator (SRC)-interacting protein (SIP), has 

been identified to sequester SRCs in the cytoplasm (Zhang et al, 2007), a function 

facilitated by its ankyrin repeat domain. As mentioned in Chapter 1, one particular 

mutation ς Ala670Val, located in ANK1 ς is associated with phenotypes including 

palmoplantar keratoderma and woolly hair. Although this combination of symptoms is 

usually accompanied by cardiomyopathy and resulting from the known Naxos and 

Carvajal syndromes which are caused by mutations in desmosomal proteins, that is not 

the case for this KANK2 mutation (Ramot et al, 2014). Because this single point mutation 

can cause such significant phenotypes, we decided to investigate the structure and some 

functions of this mutant form of the KANK2 ankyrin repeat domain compared to the 

wildtype KANK2 ankyrin repeat domain protein.  

3.4.2 Circular dichroism indicates that KANK2 wildtype and Ala670Val mutant are 

structurally similar 

As in Section 3.1.1 for each wildtype mammalian KANK ankyrin repeat domain, CD was 

used to compare the major secondary structure elements and determine the thermal 

stability of the wildtype and Ala670Val mutant KANK2 ankyrin repeat domains (Figure 

3.6).  

As previously shown in Figure 3.2, the wildtype protein displays a clear double dip in a 

far-UV spectrum at 25ɕ/ (blue): characteristic dips at specific wavelengths which are 

caused by h -helical elements. The Ala670Val mutant displays this similar profile, 

consistent with the structures of the wildtype and this mutant being broadly similar. The 

far-UV spectrum measured at 80ɕ/ (red) displays a loss of h-helical secondary structure 

for both proteins. The CD melt curves measured over 25-80ɕ/ at 222 nm indicate that 

the melting temperatures for these two proteins are quite similar, with the Ala670Val 

mutant having a slightly reduced stability (Tm = 47.6ɕ/) compared to the wildtype ankyrin 

repeat domain (Tm = 51.6ɕ/). Combined, these data indicate that the wildtype and 

mutant likely have very similar structures ς thus, the Ala670Val mutant does not have a 

hugely significant effect on the structure of the KANK2 ankyrin repeats. Alanine and 

valine are both amino acids containing hydrophobic side chains and so a significant 
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perturbation in structure or inter- and intramolecular interactions are unlikely based on 

this. Valine is a bulkier residue, however, so this could cause shifts in sub-structures 

within the domain.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.3 The crystal structure of the Ala670Val mutant 

In order to develop an even greater understanding of the Ala670Val mutant and validate 

the CD findings, protein crystals of the Ala670Val mutant version of the KANK2 ankyrin 

repeats were grown and the crystal structure solved to 1.50 Å.  

 

A 

B 

Figure 3.6: Circular dichroism indicates that KANK2 ankyrin repeats wildtype and Ala670Val mutant 
have similar structural properties.  
(A) Far-UV spectra for wildtype and Ala670Val mutant versions of KANK2 ankyrin repeat domain proteins 
ƳŜŀǎǳǊŜŘ ŀǘ нр ɕ/ όōƭǳŜύ ŀƴŘ ул ɕ/ όǊŜŘύ. (B) CD melt curves measured at 222 nm indicate similar melting 
temperatures for the wildtype and mutant versions of the protein, with a slight decrease in thermal 
stability for the Ala670Val mutant.  denotes molar ellipticity.  
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This novel crystal structure of KANK2 ankyrin repeat domain containing Ala670Val is 

aligned with the wildtype KANK2 ankyrin repeat domain protein (PDB ID: 4HBD) is shown 

in Figure 3.7 and the data collection and refinement statistics are listed in Table 3.2. 

Ala670Val (orange) is overall structurally similar to the wildtype KANK2 ankyrin repeat 

domain protein (grey), as expected with the relatively minor mutation. There are some 

small differences which can be observed: notably, the loops connecting ANK1-ANK2 and 

ANK2-ANK3 are slightly different in their positioning and, interestingly ς despite ANK1, 

the region containing the mutation, being overall unaffected ς the -hhelices of ANK0, 

ANK4 and ANK5 also vary slightly in their positioning. This is particularly striking as it 

seems that the majority of the changes seemingly induced by the Ala670Val mutation 

are occurring further away from the mutated residue. Overall, although the differences 

are subtle, the Ala670Val mutation in the KANK2 ankyrin repeat domain appears to have 

a more significant effect on the KANK2 ankyrin repeat domain structure than the binding 

of a KIF21A peptide to the domain (see Section 4.8.1). 

 
Figure 3.7: The crystal structure of the KANK2 ankyrin repeat domain containing the disease-causing 
Ala670Val mutation.  
The crystal structure of the KANK2 ankyrin repeat domain containing the Ala670Val mutation at 1.5 Å 
resolution (orange) shows the expected ANK0-ANK5 domain structure and has been deposited in the PDB 
with the accession number 6TMD. This structure is overlaid with the wildtype KANK2 ankyrin repeat 
domain (PDB ID: 4HBD, grey) and this indicates very few differences between the wildtype and Ala670Val 
mutant.  
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Table 3.2: X-ray data collection and refinement statistics for KANK2 ankyrin repeats (Ala670Val 

mutant).  

Data collected from a single crystal of the KANK2 ankyrin repeat domain containing the Ala670Val 
mutation. *Values in parentheses are for highest-resolution shell. ^Values in parentheses indicate 
percentile scores as determined by MolProbity. 

Data collection KANK2 ankyrin repeats 
(A670V mutant)  

Synchrotron and Beamline Diamond I04-1 

Space group C2 

Molecule/a.s.u 1 

Cell dimensions     

    a, b, c (Å) 95.77, 45.65, 51.07 

    a, b, g  (°)  90, 100.38, 90 

Resolution (Å) 
47.10 ς 1.50 

(1.52 ς 1.50)*  

 Rmerge 0.056 (2.239) 

I / sI 10.3 (0.5) 

CC(1/2) 0.999 (0.329) 

Completeness (%) 99.2 (99.9) 

Redundancy 3.4 (3.2) 

    

Refinement   

Resolution (Å) 1.5 

No. reflections 32838 (2070) 

Rwork / Rfree 0.17/0.22 

No. atoms   

    Protein 1884 

    Water 186 

B-factors (Å2)   

    Protein 28.21 

    Water 41.55 

R.m.s. deviations   

    Bond lengths (Å) 0.009 

    Bond angles (°) 1.565 

Ramachandran plot   

    Favoured/outlier (%) 98.33/0 

Rotamer   

    Favoured/poor (%) 95.71/0.95 

MolProbity scores    

    Protein geometry 1.47 (87th)^ 

    Clash score all atoms 8.8 (68th)^ 

PDB accession no. 6TMD 
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3.4.4 KANK2 wildtype and Ala670Val mutant bind KIF21A equally  

Because a peptide of KIF21A, a known ankyrin repeat domain binder, was available, the 

wildtype and Ala670Val mutation versions of the KANK2 ankyrin repeat domain were 

subject to a FP assay to compare their binding. From this assay, very similar affinities 

were calculated for each protein with the KIF21A peptide: 4.4 M˃ for the wildtype 

protein and 3.8 ˃ M for the Ala670Val mutant. There is a very small difference here which 

may just be the overlap in the standard error but, if a valid difference, might be due to 

the small differences in the connecting loops between ANK1-ANK2 and ANK2-ANK3 

which form part of the binding surface for the KIF21A interaction (see section 4.8.1).  

3.5 Characterising the Tyr801His disease-causing point mutation in KANK4 

3.5.1 Tyr801His causes a steroid-resistant form of nephrotic syndrome 

As mentioned in section 1.7.2, one of the diseases associated with single point 

mutations in KANKs includes a steroid-resistant form of nephrotic syndrome (Gee et al, 

2013). In addition to Glu454Lys in KANK1 and Ser181Gly and Ser684Phe in KANK2, one 

of these single point mutations is Tyr801His in KANK4 (Gee et al, 2015). This particular 

mutation occurs within ANK0 of the KANK4 ankyrin repeat domain and so was of interest 

for this work. Where the murine KANK4 ankyrin repeat domain is used here, the 

equivalent of the Tyr801His mutation (Tyr816His) was created using site-directed 

mutagenesis but will be referred to as Tyr801His throughout this work.  

Figure 3.8: Wildtype and Ala670Val mutation versions of the KANK2 ankyrin repeat domain bind 
similarly to KIF21A 1144-1173.  
Binding of wildtype and Ala670Val mutant KANK2 ankyrin repeat domains to BODIPY-labelled KIF21A 
1144-1173 was measured using a fluorescence polarisation assay. Dissociation constants +/- SE are 
indicated in the legend. All measurements were repeated in triplicate. ND, not determined. 
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3.5.2 Circular dichroism indicates that KANK4 wildtype and Tyr801His mutant have some 

structural differences 

CD was used here to compare the major secondary structural elements and determine 

the thermal stability of the wildtype and Tyr801His mutant KANK4 ankyrin repeat 

domain (Figure 3.9).  

Although both the wildtype and mutant proteins display the characteristic -hhelical 

double dip at the typical wavelengths at 25ɕ/, these traces in the far-UV are much less 

defined than the previous spectra shown in this chapter. This may be due to interference 

from other secondary structure elements or other properties that are unique to the 

KANK4 ankyrin repeat domain. The far-UV spectrum measured at 80ɕ/ (red) displays a 

loss in this h-helical secondary structure for both proteins.  

The CD melt curves measured over 25-80ɕ/ at 222 nm for wildtype and Tyr801His 

mutant KANK4 ankyrin repeat domains reveal a significant difference between the two 

proteins. Strikingly, the wildtype KANK4 ankyrin repeat domain undergoes a double 

transition in its unfolding, with one transition state at 40.8ɕ/ and a second transition 

state at 58.2ɕ/. Perhaps even more interestingly, Tyr801His from a single point mutation 

only undergoes a single transition, similarly to all other ankyrin repeat domain proteins 

investigated so far, with a melting temperature of 58.2ɕ/. Preliminarily, this remarkable 

observation was hypothesised to be the result of dimerisation: if the KANK4 ankyrin 

repeat domain exists in a dimeric or other higher order oligomeric state, the first 

transition may be the breaking of this quaternary structure and the second transition, 

which has an equal melting temperature as the Tyr801His mutant, is the loss of the -h

helical secondary structure elements.   

Unfortunately, crystallographic data was not able to be collected for either the wildtype 

or Tyr801His mutant KANK4 ankyrin repeat domain proteins, eliminating the ability at 

this time to understand why the mutation of a single tyrosine residue is able to induce 

such a dramatic change. Further, a corresponding residue to Tyr801 is difficult to 

confidently identify within the other three mammalian KANK isoforms which renders 
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this property difficult to model and further implies that this residue at position 801 has 

a vital structural/functional property that is unique to KANK4.  
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Figure 3.9: Circular dichroism indicates that KANK4 ankyrin repeats wildtype and Tyr801His mutant 
have varying structural properties.  
(A) Far-UV spectra for wildtype and Tyr801His mutant versions of KANK4 ankyrin repeat domain proteins 
ƳŜŀǎǳǊŜŘ ŀǘ нр ɕ/ όōƭǳŜύ ŀƴŘ ул ɕ/ όǊŜŘύ. (B) CD melt curve measured at 222 nm indicates a double 
transition in the wildtype KANK4 ankyrin repeat domain, a property seemingly unique amongst KANK 
ankyrin repeat domains. The Tyr801His mutant causes a switch to a single transition.  denotes molar 
ellipticity.  
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3.5.3 SEC-MALS analysis indicates that KANK4 wildtype and Tyr801H mutant exist in 

different oligomeric states 

In lieu of a crystal structure of the wildtype or Tyr801His KANK4 ankyrin repeat domain, 

SEC-MALS was employed to further investigate the oligomeric states associated with 

KANK4. 

It is immediately noticeable that these proteins, which theoretically are of the same 

molecular weight, elute differently from the SEC column: while the wildtype ankyrin 

repeat domain elutes with a peak at a retention volume of ~10 mL, the Tyr801His mutant 

elutes at ~11 mL (Figure 3.10A). Further analysis and absolute molecular weight 

determination reveals a molecular weight of 54142 Da for the wildtype KANK4 ankyrin 

repeat domain and a molecular weight of 27118 Da for the Tyr801His mutant KANK4 

ankyrin repeat domain (Figure 3.10B). Thus, the wildtype ankyrin repeat domain appears 

to exist exclusively as a dimer whereas the single point mutation resulting in Tyr801His 

causes a switch to an exclusively monomeric form of the ankyrin repeat domain.  

 

A 

B 

Figure 3.10: SEC-MALS analysis of wildtype and Tyr801His mutant KANK4 ankyrin repeat domain reveals 
differences in the oligomeric states.  
(A) SEC-MALS analysis of 100 ˃ a wildtype or Tyr801His mutant KANK4 ankyrin repeat domain shows that each 
protein elutes at a different retention volume. (B) Absolute molecular weight calculations are 54142 Da for 
wildtype KANK4 ankyrin repeat domain and 27118 Da for the Tyr801His mutant KANK4 ankyrin repeat domain. 
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Although the KANK4 ankyrin repeat domain appears to be the only KANK ankyrin repeat 

domain to exist exclusively in a dimeric oligomeric state, ankyrin repeats have been 

shown to dimerise within the literature. For example, the ankyrin repeat domain found 

to form a dimer was observed in AnkC, a conserved region in Legionella pneumophila 

and other Legionella species comprised of 7 ankyrin repeats (Kozlov et al, 2018). The 

structure of the KANK4 ankyrin repeat domain would be essential in identifying what 

distinctive features allow this isoform to have such a unique function. Subsequently, it 

would be very interesting to identify what the specific role of this dimerisation property 

would be in vivo.  

PSIPRED output predicts that Tyr801 is located in the centre of a helix within ANK0 

(Figure 3.11). Potentially, the switch from the tyrosine phenol group ς which could be 

integral to intermolecular hydrogen bonding via the hydroxyl group of the ring ς to an 

imidazole side chain-containing histidine residue with reduced hydrogen bonding 

capability could be the driver for the complete shift in oligomeric state. Hydrogen 

bonding holding a KANK4 dimer together, rather than a covalent bond which would be 

expected to have an increased thermal stability, would explain the initial transition at 

40.8ɕ/ (Figure 3.9B) ς a relatively low melting temperature.  

 

 

 

Alternatively, because the Tyr801His-containing KANK4 ankyrin repeat domain appears 

at the same molecular weight as the wildtype in SDS-PAGE analysis, wherein the 

reducing agent ̡-mercaptoethanol is used, it is possible that disulphide bond formation 

may be involved in the dimer interface.  The KANK4 ankyrin repeat domain contains five 

cysteine residues ς however, four of these are conserved between human KANKs and 

the fifth is conserved between KANK4 and KANK2. If one of these cysteines was key in 

 
 Figure 3.11Υ {ŜŎƻƴŘŀǊȅ ǎǘǊǳŎǘǳǊŜ ǇǊŜŘƛŎǘƛƻƴ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ¢ȅǊулм ƛǎ ƭƻŎŀǘŜŘ ŎŜƴǘǊŀƭƭȅ ƛƴ ŀƴ ʰ-helix. 
The predicted secondary structure for residues 761-840 of human KANK4 indicates that residue Tyr801 is 
ƭƛƪŜƭȅ ƭƻŎŀǘŜŘ ǿƛǘƘƛƴ ǘƘŜ ŎŜƴǘǊŀƭ ǊŜƎƛƻƴ ƻŦ ŀƴ ʰ-helix of ANK0. Secondary structure prediction by PSIPRED 
(Jones, 1999; Buchan & Jones, 2019). 

 



 
CHARACTERISATION OF THE KANK ANKYRIN REPEAT DOMAIN 69 

disulphide bond formation, and key to the unique dimeric property of KANK4 ankyrin 

repeat domain, this cysteine would likely be unique to KANK4 and not conserved 

between isoforms.  

3.5.4 KANK4 wildtype and Tyr801His mutant ankyrin repeat domains vary slightly in their 

binding to KIF21A  

While the literature indicates that the KANK4 ankyrin repeat domain does not bind to 

KIF21A, the wildtype and Tyr801His KANK4 ankyrin repeat domains were tested by a FP 

assay to compare their binding. As shown in Figure 3.5, the wildtype KANK4 ankyrin 

repeat domain protein binds with a Kd of 15.3 ˃ M and this is the weakest of all wildtype 

ankyrin repeat domains. The Tyr801His mutant binds to the KIF21A peptide even more 

weakly, but only slightly so, with a Kd of 19.6 ˃a (Figure 3.12). Although this small 

difference may be insignificant, the oligomeric state of the KANK4 ankyrin repeat 

domain could be affecting the interaction with KIF21A. The Tyr801His mutant could 

perhaps be inducing a change which causes the loops constituting the KIF21A binding 

surface to be further compacted (as in KANK3 ankyrin repeat domain, Figure 3.4) or 

potentially even more dispersed, ultimately affecting the accessibility to the ANK-

connecting loops. In order to predict this with more confidence, a structure of the 

KANK4 ankyrin repeat domain would be integral. 

 Figure 3.12: Wildtype and Tyr801His mutant versions of the KANK4 ankyrin repeat domain bind slightly 
differently to KIF21A 1144-1173.  
Binding of wildtype and Tyr801His mutant KANK4 ankyrin repeat domains to BODIPY-labelled KIF21A 
1144-1173 was measured using a fluorescence polarisation assay. Dissociation constants +/- SE are 
indicated in the legend. All measurements were repeated in triplicate. ND, not determined. 
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3.6 Interrogating the KANK1 proteomics dataset to search for new KANK ankyrin 

repeat ligands 

3.6.1 The KANK1 proteomics dataset  

A proteomics study was carried out by the Akhmanova group (Utrecht University) using 

full-length bioGFP-KANK1 in HEK239T cells (experimental procedures are detailed in 

Bouchet et al, 2016). Over 1200 hits with unique peptides were identified (unpublished 

data). Of these hits, it is very likely that a significant proportion are found in proximity 

to KANK1 or are involved in the same pathways, and some may have been identified by 

the bioGFP bait. Others, however, will be direct ligands, and many previously known 

ligands are some of the primary hits in the proteomics datasetς including KIF21A, talin1, 

talin2, liprin ̡ 1 and liprin h 1.  

Where ankyrin repeat domains are involved primarily in mediating protein-protein 

interactions, we aimed to start interrogating this proteomics dataset in the search for 

KANK ankyrin repeat domain ligands. One particularly interesting hit was the human 

Scribble homologue. 

Table 3.3: GFP-KANK1 proteomics data.  

A small selection of the data from a full-length GFP-KANK1 proteomics study carried out by the 
Akhmanova group (Utrecht University) highlighing a particularly interesting hit: the human Scribble 
homologue. 

Protein Accession number ʅ ¦ƴƛǉǳŜ tŜǇǘƛŘŜǎ 

KIF21A Q7Z4S6 75 

Talin1 Q9Y490 70 

KANK1 Q14678 63 

[ƛǇǊƛƴ ʲм Q86W92 49 

Talin2 Q9Y4G6 47 

Scribble Q14160 37 

[ƛǇǊƛƴ ʰм Q13136 11 

LC8 Q96FJ2 5 

LC8b P63167 5 

Tensin3 Q68CZ2 1 

 

3.6.2 Investigating a putative interaction with Scribble homologue in humans 

Scribble, the human homologue of the D. melanogaster Scribble protein, has roles in 

many cellular processes including cell migration but also, of note, in cell polarity. In 

particular, this protein is involved in the planar cell polarity pathway which is involved 
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in patterning the nervous system during embryonic development (Montcouquiol et al, 

2003). Where cell-extracellular matrix adhesions are intrinsically polar structures, this 

link to the establishment of polarity was of particular interest.  

The scribble protein contains 16 leucine-rich repeats and four PDZ domains. In selecting 

a region to order as a synthetic peptide for investigation, a peptide of a coiled coil region 

at 464-480 was chosen due to possessing some sequence homology with the N-terminal 

region of the KIF21A peptide used in this work. FP was used to test if an interaction 

occurred between this scribble peptide and any of the KANK ankyrin repeat domains 

(Figure 3.13) though, despite what is likely a non-specific element rendering the curves 

unable to plateau, these were all negative and a Kd value could not be calculated. While 

only a very small region of the scribble protein was used here for the binding 

experiment, it is very possible that a different region of KANK binds to this coiled coil of 

scribble, or a different region of scribble binds to the ankyrin repeat domain or 

elsewhere in KANK. 

3.6.3 Using the KANK1 proteomics dataset to continue identifying KANK1 ligands  

The KANK1 proteomics dataset is a powerful resource which will be useful to continue 

to identify interesting potential ligands for KANK proteins. Throughout this thesis, the 

 Figure 3.13: The KANK ankyrin repeat domains do not bind to scribble 464-480.  
Binding of wildtype KANK ankyrin repeat domain proteins to BODIPY-labelled scribble 464-480 was 
measured using a fluorescence polarisation assay. All measurements were repeated in triplicate. No Kd 
values were able to be calculated. 

 

 



 
CHARACTERISATION OF THE KANK ANKYRIN REPEAT DOMAIN 72 

KANK1 proteomics dataset will be revisited and mentioned as a reference from which 

to investigate putative novel ligands for KANK1 and other KANK isoforms. 

3.7 Discussion 

In this chapter, the ankyrin repeat domains of different KANKs ς including different 

wildtype mammalian isoforms and disease-causing point mutations ς have been further 

characterised.  

Initial boundaries for the ankyrin repeat domain in the four human KANK isoforms were 

deduced, and CD analysis confirmed the predominantly -hhelical secondary structures 

amongst all isoforms and the disease-causing mutants investigated, though differences 

in thermal stability were observed. The most striking difference was in the KANK4 

ankyrin repeat domain wherein a double transition is observed in the CD melt curve, 

suggesting the loss of structure occurring in two stages. This is likely attributed to a 

dimer that is formed via hydrogen bonds involving the phenol side chain hydroxyl group 

from a tyrosine residue, as a disease-causing Tyr801His mutation results in a monomeric 

protein with a single transition. This was supported by SEC-MALS analysis with 

calculated molecular weights for the wildtype and Tyr801His mutant versions of the 

KANK4 ankyrin repeat domains indicating an exclusively dimeric or monomeric 

oligomeric state, respectively. However, it is difficult to accurately predict the structural 

basis for this difference without a structure of the KANK4 ankyrin repeats, either in the 

wildtype of Tyr801His form. Further, no obvious corresponding residue to Tyr801 can be 

identified within other ankyrin repeat domains, likely due to this being an isoform-

specific property, which renders this structural change difficult to model using other 

KANK ankyrin repeat domains. Tyr801His in KANK4 is a known mutation which causes a 

steroid-resistant form of nephrotic syndrome (Gee et al, 2015) and it would be 

interesting to deduce whether the other known KANK mutations which cause these 

diseases, located in different regions of their respective isoforms, are attributed to 

similar structural changes causing similar successive effects in protein function.  

Another disease-causing mutation in KANKs which was investigated here was the 

Ala670Val mutation in KANK2. Overall, this mutant is largely very similar to the wildtype 

protein and behaves similarly in its stability and its interaction with known ligand, 
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KIF21A. This was validated by a crystal structure of the KANK2 ankyrin repeat domain 

containing the Ala670Val mutation which was solved as part of this work and has been 

deposited into the PDB. For each of these disease-causing single point mutations in 

KANK, it would be very interesting to see if the observations are consistent when 

investigated with full-length KANK in vitro to see if this property is maintained and in 

vivo to give further insights into how these single point mutations can cause the specific 

symptoms of the associated disease. Further advancement of our knowledge of KANK 

proteins and fine details of their various roles will also facilitate further understanding 

of the development of these disease states when their normal activity is compromised. 

A second novel crystal structure solved and deposited into the PDB as part of this work 

was that of the wildtype murine KANK3 ankyrin repeat domain. Although an overall very 

similar structure to the previously solved KANK1 and KANK2 ankyrin repeat domains can 

be observed, one interesting observation is that sub-structures of the KANK3 ankyrin 

repeat domain are arranged in a slightly more compacted manner, forcing the ANK-

connecting loops to be oriented further towards the centre of the ankyrin repeat 

domain. This difference in the arrangement of the loops could be causing the weaker 

affinity of KANK3 to KIF21A, or perhaps causing the varied localisation of KANK3 in U20S 

cells where the protein has been observed at the tips of the filopodia. 

Finally, in this chapter, a proteomics dataset obtained by the Akhmanova group at 

Utrecht University is introduced and this has the potential to be a very powerful 

resource in identifying and characterising novel ligands for KANK1. This dataset will be 

referred to throughout this thesis.  
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CHAPTER 4: INVESTIGATION OF AN INTERDOMAIN KANK COMPLEX  

4.1 Overview 

In this chapter, the self-interaction activity of KANK proteins is explored. Many adhesion-

associated proteins have been shown to undergo a regulatory intramolecular 

interaction, usually in a head-tail manner. Here, an interaction between the ankyrin 

repeat domain and KN domain of KANK1 is identified, explored primarily using a 

combination of fluorescence polarisation and NMR titration methods to determine the 

binding interface on the KN domain. Additionally, we tested whether the other KANK 

isoforms and KANK ankyrin repeat domains containing disease-causing mutations can 

autoinhibit similarly to KANK1.  

4.2 Autoinhibition as a major regulatory mechanism of integrin-mediated 

adhesion 

The concept of autoinhibitory domains ς regions of proteins which can form 

intramolecular interactions which regulate behaviour and activity ς can be found 

throughout biology (Pufall & Graves, 2002). Integrin-mediated adhesion, a highly 

complex process, relies in part on the ability to regulate by controlling the proteins that 

assemble to form adhesive structures and we have discussed this at length in a review 

article (Khan & Goult, 2019). One way that proteins can be dynamically regulated is via 

formation of an intramolecular interaction that maintains the protein in an inactive 

state, often in proximity to the adhesion, until adhesion assembly is required. The 

regulation of autoinhibition, and the factors that enable regulation of the activity of the 

protein, provides regulatable checkpoints in the system. Most notably, integrin (Anthis 

& Campbell, 2011) in addition to talin (Goksoy et al, 2008b; Goult et al, 2009a; Song et 

al, 2012), focal adhesion kinase (Lietha et al, 2007) and vinculin (Borgon et al, 2004) each 

adopt an autoinhibited conformation. A more comprehensive list of adhesion-

associated proteins that undergo autoinhibition as well as further information about the 

roles of these conformations can be found in our review focused on autoinhibition as a 

major regulatory mechanism in cell-extracellular matrix adhesion (Khan & Goult, 2019) 

(see Appendix 1). 
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4.3 KANK1 is a leading hit in KANK1 proteomics  

A proteomics study carried out by the Akhmanova group (Utrecht University) using full-

length bioGFP-KANK1 in HEK239T cells identifies KANK1 as one of the leading hits, with 

63 total unique peptides (Table 4.1).  

Table 4.1: GFP-KANK1 proteomics data.  
Data from full-length GFP-KANK1 proteomics study carried out by the Akhmanova group (Utrecht 
University) indicating that KANK1 itself is one of the top hits (red). 

Protein Accession number ʅ ¦ƴƛǉǳŜ tŜǇǘƛŘŜǎ 

KIF21A Q7Z4S6 75 

Talin1 Q9Y490 70 

KANK1 Q14678 63 

[ƛǇǊƛƴ ʲм Q86W92 49 

Talin2 Q9Y4G6 47 

Scribble Q14160 37 

[ƛǇǊƛƴ ʰм Q13136 11 

LC8 Q96FJ2 5 

LC8b P63167 5 

Tensin3 Q68CZ2 1 

 

Based on this data, the prevalence of autoinhibition throughout biology and amongst 

adhesion-associated proteins in particular (Pufall & Graves, 2002; Khan & Goult, 2019) 

and the highly conserved domains at each terminus of the protein, the hypothesis of 

KANK self-association in the form of head-tail autoinhibition began to develop. The N-

terminal KN domains of all four KANK proteins have been shown to bind to the R7 

domain of talin (Bouchet et al, 2016; Sun et al, 2016b) while the C-terminal ankyrin 

repeats of KANK1 and KANK2 have been shown to engage the kinesin KIF21A (van der 

Vaart et al, 2013). As these interactions are critical for the localisation and function of 

KANKs to adhesions, we hypothesised that the regulation of KANK activity might be 

controlled by limiting the exposure of the KN domain and the ankyrin repeats via an 

autoinhibitory interaction. 
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4.4 Characterising the interaction between KANK1 ankyrin repeats and KANK1 KN 

domain 

In order to investigate the interaction between the terminal domains of KANK1, 

recombinantly expressed KANK1 ankyrin repeat domain and synthetic peptides of the 

KANK1 KN domain were used throughout. 

4.4.1 Using KANK1 KN domain peptides for fluorescence polarisation assays 

An in vitro fluorescence polarisation (FP) assay was the first method used. For each FP 

assay, BODIPY TMR C5-Maleimide was used to fluorescently label a KANK1 KN domain 

peptide which was titrated with an increasing amount of the KANK1 ankyrin repeat 

domain protein. 

As shown in previous work by our group, the interaction between talin1 R7R8 and 

KANK1 KN domain requires the leucine-aspartic acid motif at residues 41-44 (Leu-Asp-

Leu-Asp) of KANK. Thus, when investigated via FP, talin1 R7R8 binds both a KANK1 KN 

domain peptide consisting of residues 30-68, the full KN domain, and a peptide 

consisting of residues 30-60, a truncated version of the KN domain. In order to abolish 

ǘƘŜ ƛƴǘŜǊŀŎǘƛƻƴΣ ŀ άп! Ƴǳǘŀƴǘέ ǇŜǇǘƛŘŜ ǿŀǎ ŘŜǎƛƎƴŜŘΥ ǘƘŜ ŦƻǳǊ ǊŜǎƛŘǳŜǎ ǊŜǉǳƛǊŜŘ ƛƴ ǘƘŜ 

KN domain for talin1 R7R8 binding were instead replaced with four alanine residues 

(Bouchet et al, 2016). These peptides are depicted in Figure 4.1.  

4.4.2 The KANK1 ankyrin repeat domain and talin1 R7R8 bind to different regions of the 

KANK1 KN domain  

Using FP, the experiments from Bouchet et al. (2016) were repeated and the findings 

validated here as a control dataset for further experiments: talin1 R7R8 binds with high 

affinity to wildtype KANK1 KN domain peptides of residues 30-60 (green) and 30-68 

(red), whereas the interaction is abolished with the 4A mutant-containing peptide 

(purple) (Figure 4.2A).  

Figure 4.1: KANK1 KN domain peptides used in this work.  
Three of the KANK1 KN domain peptides used in this work are shown here (from Bouchet et al, 2016). The 
sequence of residues 30-68, which constitute the KN domain of KANK1, are shown above.  
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Next, the KANK1 ankyrin repeat domain protein was tested against the same set of 

KANK1 KN domain peptides. As shown in Figure 4.2B, the KANK1 ankyrin repeat domain 

protein binds to KANK1 KN domain residues 30-68 (red), the full KN domain, with a Kd of 

~30 ˃ aΦ ¢Ƙƛǎ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ǘƘŜ Yb ŘƻƳŀƛƴ ŀƴŘ ŀƴƪȅǊƛƴ ǊŜǇŜŀǘ domain of KANK1 interact 

and supports the hypothesis of an autoinhibitory head-tail interaction. Notably, this 

interaction is much weaker than that between talin1 R7R8 and the KN domain and this 

was expected due to several factors. Firstly, the two domains of KANK are tethered 

together and thus may not require such high affinity to assist in bringing the two 

components into proximity. Additionally, a lower-affinity autoinhibitory interaction, 

typically associated with inactivity of the protein, may facilitate activation.   

Strikingly, the FP data for the KANK1 ankyrin repeat domain protein indicates binding to 

a different region of the KANK1 KN domain compared to talin1 R7R8. While the 4A 

 Figure 4.2: KANK1 ankyrin repeats and talin R7R8 bind differently to KANK1 KN domain.  
Binding of (A) talin1 R7R8 and (B) KANK1 ankyrin repeats and to BODIPY-labelled KANK1 KN domain 
peptides was measured using a fluorescence polarisation assay. Dissociation constants +/- SE are 
indicated in the legend. All measurements were repeated in triplicate. ND, not determined. 
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mutant-containing KN domain peptide (purple) abolishes talin1 R7R8 binding, this 

peptide still interacts with the KANK1 ankyrin repeat domain protein with a similar 

affinity as the wildtype KN domain peptide. This suggests that the LD motif at residues 

41-44 of the KN domain are not required for the KANK head-tail interaction. Secondly, 

the truncated KN domain peptide of residues 30-60 (green), which binds with high 

affinity to talin1 R7R8, does not interact with the KANK1 ankyrin repeat domain. This 

suggests that the KANK1 head-tail interaction requires residues 61-68. 

To support these findings from the FP assays, we decided to further investigate using 

NMR. Due to the ability to recombinantly express the KANK1 ankyrin repeat domain 

from an expression construct, this waǎ ǳǎŜŘ ŀǎ ǘƘŜ άƭŀōŜƭƭŜŘέ ŎƻƳǇƻƴŜƴǘ ƛƴ ǘƘŜ baw 

experiments. In order to do this, the KANK1 ankyrin repeat domain protein was 

expressed in 2M9 medium with 15N-NH4Cl as the sole nitrogen source as described in 

Section 2.4.2. 

A 1H,15N TROSY NMR experiment was performed using млл ˃a Ǉurified 15N-KANK1 

ankyrin repeat domain. This provides a reference spectrum of the protein alone for 

comparison upon addition of putative ligands. A TROSY experiment, as opposed to a 

standard HSQC experiment, was required to increase sensitivity and resolution ς the 

KANK1 ankyrin repeat domain construct, at ~27 kDa, is considered too large for highly 

resolved HSQC experiments. Figure 4.3 shows the resulting spectrum from this TROSY 

Figure 4.3: TROSY NMR spectrum of the KANK1 ankyrin repeat domain.  
1H,15N TROSY NMR spectrum of млл ˃a 15N-labelled KANK1 ankyrin repeat domain.  
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experiment, with good peak dispersion indicating that the KANK1 ankyrin repeat protein 

was folded. Each peak in the spectrum results from the N-H of the amide bond of each 

amino acid, and thus each amino acid of the protein backbone is displayed as a peak 

with the exception of any proline residues.  

In order to support the findings from FP analysis of the KANK head-tail interaction, each 

peptide was added to the 15N-KANK1 ankyrin repeat domain and the 1H,15N TROSY 

experiment was repeated. As shown in Figure 4.4A, when the full KN domain peptide 

(residues 30-68, red) is added to the KANK1 ankyrin repeats and the resulting spectrum 

is overlaid with the reference spectrum (black), many chemical shift perturbations can 

be observed. The right-hand panel highlights a particularly notable region of this 

spectrum where many peaks have shifted significantly while other peaks have 

Figure 4.4: TROSY NMR titration spectra of KANK1 ankyrin repeat domain protein with KANK1 KN 
domain peptides. 
 (A) 1H,15b ¢wh{¸ baw ǎǇŜŎǘǊŀ ƻŦ млл ˃a 15N-labelled KANK1 ankyrin repeats in absence (black) or 
ǇǊŜǎŜƴŎŜ όǊŜŘύ ƻŦ млл ˃a Y!bK1 KN (30-68). (B) 1H,15b ¢wh{¸ baw ǎǇŜŎǘǊŀ ƻŦ млл ˃a 15N-labelled KANK1 
ŀƴƪȅǊƛƴ ǊŜǇŜŀǘǎ ƛƴ ŀōǎŜƴŎŜ όōƭŀŎƪύ ƻǊ ǇǊŜǎŜƴŎŜ όƎǊŜŜƴύ ƻŦ млл ˃a Y!bYм Yb (30-60). 

A 
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disappeared entirely. These changes in peak position indicate that the corresponding 

residue has had its chemical environment altered due to the presence of the peptide. 

This suggests that an interaction is taking place and supports the findings from the FP 

experiments. 

In contrast, when the truncated KN domain peptide (residues 30-60, green) is added to 

the KANK1 ankyrin repeats and the resulting spectrum is overlaid with the reference 

spectrum (black), significantly fewer chemical shift perturbations can be observed 

(Figure 4.4B). The right-hand panel highlights the identical region as in panel Figure 4.4A 

and, where there were significant changes when the 30-68 peptide was added, there 

are very few changes when the 30-60 peptide is added to the KANK1 ankyrin repeat 

domain protein. Interestingly, the interaction does not seem to be entirely abolished as 

there are some very small changes throughout the spectrum, but these are miniscule in 

comparison. Taken together, these data indicate that residues 61-68 are required for an 

effective head-tail interaction to take place in KANK1. 

4.4.3 Residues 61-68 of the KANK1 KN domain are required for the interaction between 

the KANK1 KN domain and the KANK1 ankyrin repeat domain 

As part of the validation pipeline, a KANK1 KN domain peptide ranging from residues 30-

73 excluding residues 60-68 was synthesised. This KN(30-тоɲсл-68) peptide was used in 

Figure 4.5: KANK1 KN(30-тоɲсл-68) peptide interacts with talin1 R7R8 but does not interact with KANK1 
ankyrin repeat domain.  
Binding of talin1 R7R8 and KANK1 ankyrin repeats to BODIPY-labelled KANK1 KN domain peptides 
measured using a fluorescence polarisation assay. Dissociation constants +/- SE are indicated in the 
legend. All measurements were repeated in triplicate. ND, not determined. 
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FP assays against both talin1 R7R8 and the KANK1 ankyrin repeat domain (Figure 4.55). 

Talin1 R7R8 bound with high affinity as expected due to residues 30-60 being sufficient 

for maximal binding. However, with the KANK1 ankyrin repeat domain, deletion of this 

region abolished binding and a Kd value could not be calculated.  

In line with this reduced binding, the NMR spectrum shows very few changes in peak 

positions when the KN(30-тоɲсл-68) peptide is added to 15N-labelled KANK1 ankyrin 

repeats (Figure 4.6), indicating a significantly weaker interaction than with 30-68. The 

very minor changes which can be observed are in line with the NMR spectrum of the 

KANK1 ankyrin repeat domain with the KANK1 30-60 peptide added, further supporting 

the suggestion that there may be other KN domain residues involved which assist in 

stabilising the head-tail interaction, similar to the interaction between KANK1/KANK2 

ankyrin repeat domain and the KANK-binding region of KIF21A (Weng et al, 2018). 

Overall, it can be concluded from these data that residues 61-68 of the KN domain of 

KANK1 are required for autoinhibition of KANK1.  

4.5 Investigating an interaction between the KN domain and ankyrin repeats 

domain in KANK2, KANK3 and KANK4  

As mentioned in Chapter 1 and Chapter 3, each of the four human KANK isoforms share 

clear similarities but there are also significant differences. While it is clear by 

Figure 4.6: TROSY NMR titration spectrum of KANK1 ankyrin repeat domain protein with KANK1 KN(30-
73 ɲсл-68) peptide.  
1H,15b ¢wh{¸ baw ǎǇŜŎǘǊŀ ƻŦ млл ˃a 15N-labelled KANK1 ankyrin repeats in absence (black) or presence 
(greyύ ƻŦ млл ˃a Y!bYм Yb(30-тоɲсл-68).  
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biochemical and biophysical analysis that the KN domain and ankyrin repeat domain of 

KANK1 interact, we next sought to investigate whether this property is common 

amongst all KANK isoforms.  

4.5.1 Designing KANK2, KANK3 and KANK4 KN domain peptides to investigate 

autoinhibition of the other KANK isoforms 

While recombinantly expressed KANK2, KANK3 and KANK4 ankyrin repeat domain 

proteins was already optimised, synthetic peptides of the KN domains of each of the 

isoforms were required. In order to deduce the boundaries for the KN domain of each 

protein, multiple sequence alignment was performed (Figure 4.7A). As a result, the 

boundaries for the KN domain of each human isoform were residues 31-69 for KANK2, 

residues 33-74 for KANK3, and residues 24-62 for KANK4. Interestingly, it is clear from 

this analysis that KANK3 contains a three-residue insertion towards the centre of the 61-

68 region. As the KANK3 and KANK4 ankyrin repeat domain proteins were designed from 

the murine protein sequence of each respective isoform, it was decided that the KN 

domain peptides designed to be tested against these should also be based upon the 

murine protein sequences. Multiple sequence alignment between the human and 

murine KANK3 and KANK4 proteins sequences was used to deduce appropriate 

boundaries, resulting in residues 32-73 for murine KANK3 KN domain (Figure 4.7B) and 

residues 24-62 for murine KANK4 KN domain (Figure 4.7C).  

 

 

 

 

As a result of this analysis, it was decided that a good initial set of peptides to order 

would be those of an equivalent length to the KANK1 30-68 peptide. Thus, residues 31-

69 of human KANK2, residues 32-70 of murine KANK3 and residues 24-62 of murine 

hKANK1  30PYFVETPYGYQLDLDFLKYVDDIQKGNTIK RLN--- IQKRRK68 

hKANK2  31PYSVETPYGYRLDLDFLKYVDDIEKGHTLRRVA--- VQRRPR69 

hKANK3  33PYSVETPYGFHLDLDFLKYIEELERGPAARRAPGPPTSRRPR74 

hKANK4  24PYSVETPYGFHLDLDFLKYVDDIEKGNTIK RIP --- IH RRAK62 

        00** ******::********::::::* : :*       :* :  

hKANK3 33PYSVETPYGFHLDLDFLKYIEELERGPAARRAPGPPTSRRPR74 

mKANK3 32PYSVETPYGFHLDLDFLKYVEEIERGPASRRTPGPPHARRPR73 

          *******************:**:*****:**:**** :****  

hKANK4   24PYSVETPYGFHLDLDFLKYVDDIEKGNTIKRIPIHRRAK62 

mKANK4  24PYSVETPYGFHLDLDFLKYVDDIEKGHTIKRIPIHRRAK62 

          **************************:******* *****  

 

A 
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Figure 4.7: Multiple sequence alignments of KANK KN domains.  
(A) Multiple sequence alignment of human KANK KN domains to identify the homologous region of 
KANK2, KANK3 and KANK4 to residues 30-68 in KANK1. (B-C) Multiple sequence alignments of the 
determined regions between human and murine KANK3 and KANK4. All multiple sequence alignments 
were performed using EMBL-EBI T-coffee (Madeira et al, 2019). 
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KANK4 were initially produced as synthetic peptides with a cysteine residue at one of 

the termini to allow for coupling to maleimides for FP.  

4.5.2 Optimisation of KANK3 and KANK4 KN domain peptides 

While the KANK2 KN domain and KANK3 KN domain peptides were highly soluble in both 

water and assay buffer, it was immediately clear that the KANK4 KN domain peptide was 

not suitably soluble despite no predicted solubility issues using ThermoFisher Scientific 

Peptide Analyzing Tool. 1D NMR analysis, performed routinely as a validation step to 

ensure that the peptides were of similar concentration relative to each other, 

highlighted that an undetectable amount of KANK4 KN domain peptide was present in 

comparison to the three other isoforms (Figure 4.8C). Additionally, while the KANK3 KN 

domain peptide was appropriately soluble, the peptide would not adequately couple to 

fluorescent dyes for FP assays. After attempting various assay buffers and conditions to 

improve the outcomes, the next step was optimisation of each peptide itself. 

Using the Peptide Analyzing Tool in combination with sequence analysis, three 

additional residues were added to the KANK3 KN domain and KANK4 KN domain 

peptides, now residues 32-73 of murine KANK3 and residues 24-65 of murine KANK4. 

For KANK3, this resulted in a KN domain peptide which contained the entirety of the 

region homologous to 61-68 in KANK1, including the three-residue insertion. This 

optimised KANK3 KN domain peptide coupled well to BODIPY. For KANK4, this resulted 

in a KN domain peptide where the added amino acids were Glu-Ala-Lys, the positive 

charge of the lysine increasing both the charge and the isoelectric point (Figure 4.8A, 

4.8B). For the initial KANK4 KN peptide (24-62), the net charge at pH 7 was 1.2; the net 

charge at pH 7 of the optimised KANK4 KN peptide (24-65) was 2. This increased charge 

resulted in increased hydrophilicity and the peptide had increased solubility in both 

water and buffer. This was confirmed by 1H NMR (Figure 4.8C, 4.8D).  
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4.5.3 Using fluorescence polarisation to investigate self-interaction of KANK2, KANK3 and 

KANK4  

With optimised KN domain peptides, FP was used to test whether an interaction 

between the KN and ankyrin repeat domain was a common regulatory feature amongst 

all four KANK isoforms. Using this technique, it was shown that the ankyrin repeat 

domain of each of the four KANK isoforms interacts with its corresponding KN domain 

(Figure 4.9). Interestingly, KANK1, KANK2 and KANK4 have similar affinities between 

 

A B 

C 

D 

Figure 4.8: Optimisation of KANK4 KN domain synthetic peptides.  
(A-B) Predicted charge and isoelectric point of synthetic peptides based on peptide sequences input into 
ThermoFisher Scientific Peptide Analyzing Tool for (A) initial KANK4 KN domain peptide (residues 24-62) 
and (B) optimised KANK4 KN domain peptide (residues 24-65). (C) Amide region from 1H NMR analysis of 
KANK KN domain peptides: KANK1 KN 30-68 (red), KANK2 KN 31-69 (yellow), KANK3 KN 32-70 (green) and 
KANK4 KN 24-62 and (blue). (D) Amide region from 1H NMR analysis of KANK KN domain peptides: KANK1 
KN 30-68 (red), KANK2 KN 31-69 (yellow), optimised KANK3 KN 32-73 (green) and optimised KANK4 KN 24-
65 (blue). 
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their own ankyrin repeat domains and KN domains, with calculated Kd values of 29.8 

M˃, 28.2 ˃ M and 19.6 ˃ M respectively. KANK3 appears to be somewhat of an anomaly 

here, with a calculated Kd of 92.6 ˃ M between its ankyrin repeat domain and KN domain. 

This ~4-fold weaker affinity could result from the 3-residue insertion (Gly-Pro-Pro) 

within the 61-68-equivalent region of the KANK3 KN domain (Figure 4.7A).  

Figure 4.10 shows some further analysis as to how the ankyrin repeat domain of each of 

the isoforms compares to the KANK1 ankyrin repeats. While the KANK2 ankyrin repeat 

domain appears to interact comparably with the KANK1 KN domain peptides as the 

KANK1 ankyrin repeat domain, the KANK3 and KANK4 ankyrin repeats domain datasets 

appear to have some differences. As mentioned, the KANK3 ankyrin repeat domain 

binds, although more weakly compared to the other isoforms, to the KANK3 KN domain. 

Despite this, it binds with a Kd of 20.3 ˃ M to the KANK1 KN domain (30-68) peptide. 

Unlike the KANK1 ankyrin repeats, the  KANK3 ankyrin repeat domain still supposedly 

binds to the truncated KANK1 KN domain (30-60) peptide, although 2-fold weaker 

interaction compared to the full-length KN domain with a Kd of 41.5 ˃ M and the shape 

of the curve is not entirely convincing. Although this could suggest that there could be a 

region of the KN domain upstream of residues 61-68 that the ankyrin repeats domain 

can interact with, the KANK1 KN domain (30-тоɲсл-68) peptide still results in a non-

determinable Kd value.  

 
Figure 4.9: An interaction between the ankyrin repeat domain and the KN domain can be observed in all 
four KANK isoforms.  
Binding of KANK ankyrin repeats to BODIPY-labelled peptides of corresponding KANK KN domain using a 
fluorescence polarisation assay. Dissociation constants +/- SE are indicated in the legend. All 
measurements were repeated in triplicate. ND, not determined. 
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 Figure 4.10: All four KANK family proteins interact with the KN domain with some variation.  

Binding of KANK1-4 ankyrin repeat domains to BODIPY-labelled KANK KN domain peptides measured 
using a fluorescence polarisation assay. Dissociation constants +/- SE are indicated in the legend. All 
measurements were repeated in triplicate. ND, not determined. 
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The dataset for the KANK4 ankyrin repeat domain appears to vary significantly to the 

KANK1 ankyrin repeat domain dataset. While no dissociation constant could be 

calculated between the KANK4 ankyrin repeat domain and the truncated KANK1 KN 

domain peptide (30-60), a Kd of 35.5 ˃ M was calculated for the KANK1 KN domain (30-

тоɲсл-68) peptide. It must be noted here that the latter experiment clearly did not 

reach saturation, which may have been caused by the measurement of a non-specific 

element or perhaps aggregation caused by the peptide, resulting in an unreliable Kd and 

a larger standard error. Of all KANK ankyrin repeat domain isoforms, the KANK4 ankyrin 

repeat domain bound weakest to the wildtype KANK1 KN domain (30-68) peptide with 

a Kd value of 49.6 ˃M. The interaction with the mutant KANK1 KN domain (30-68) 4A 

peptide is almost 2-fold weaker with a Kd value of 89.9 ˃M, though the standard error 

for this calculated value is relatively high. These varied data for the KANK4 ankyrin 

repeat domain when investigated for binding to KANK1 KN domain peptides ς especially 

when taking into account that the ankyrin repeat domain-KN domain interaction within 

KANK4 is the tightest of all isoforms ς may be caused by the oligomeric differences 

exhibited by the KANK4 ankyrin repeat domain in comparison to the other isoforms (as 

discussed in Chapter 3).  

In summary thus far, the data in Figure 4.10 indicates that an interaction between the 

KN and ankyrin repeat domains can occur in all four KANK proteins. Where residues 61-

68 are required for this interaction in KANK1, the similarities in binding suggest that the 

homologous region is required for the interaction in KANK2: residues 62-69.  In KANK3 

and KANK4, for which slightly longer KN domain regions were used for investigation, 

there were some notable differences. An interaction between the KN and ankyrin repeat 

domains of KANK3 occurs, albeit more weakly than the other isoforms. The KANK3 

ankyrin repeat binds KANK1 KN domain peptides with similar affinity to the KANK1 

ankyrin repeats, suggesting that the differences in the KANK3 KN domain ς likely the 

three-residue insertion ς cause the weaker interaction. In KANK4, almost the opposite 

occurs: compared to the other isoforms, the ankyrin repeat domain does not bind the 

KANK1 KN domain peptides as tightly but, despite this, exhibits the strongest interaction 

with its own KN domain.  
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4.6 Known disease-causing mutations in KANK2 and KANK4 ankyrin repeats may 

affect autoinhibition 

Further to the characterisation of two disease-causing mutations in KANK ankyrin 

repeats ς Ala670Val in KANK2 ANK1 and Tyr801His in KANK4 ANK0 ς we decided to 

investigate whether the interaction between the KN and ankyrin repeat domains 

observed in the wildtype proteins is affected.  

4.6.1 Comparing autoinhibition in wildtype KANK2 ankyrin repeat domain and mutant 

KANK2 ankyrin repeat domain (Ala670Val) 

Using FP, the wildtype and Ala670Val mutant KANK2 ankyrin repeat domain proteins 

were tested and compared for binding to KANK1 and KANK2 KN domain peptides (Figure 

4.11). Although minor differences can be observed in the measured Kd values, which 

generate overlapping standard error values, the two proteins were very similar overall: 

 Figure 4.11: Wildtype and Ala670Val mutant KANK2 ankyrin repeat domain proteins interact similarly with 
KANK1 and KANK2 KN domain peptides. 
Binding of KANK2 ankyrin repeat domain proteins to BODIPY-labelled KANK KN domain peptides measured 
using a fluorescence polarisation assay. Dissociation constants +/- SE are indicated in the legend. All 
measurements were repeated in triplicate. ND, not determined. 
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both bind KANK1 and KANK2 KN domain peptides, and interaction with the latter was 

slightly weaker. This lack of significant difference between the wildtype and mutant 

forms was expected due to the positioning of the Ala670Val mutation further away from 

the ankyrin repeat-connecting loops that collectively form the hypothesised binding 

surface for the KN domain (see section 4.8.1). Additionally, this indicates that the slightly 

increased protrusion of the valine residue does not disrupt the arrangement of the 

structural elements of the ankyrin repeats, namely the -hhelices, in a manner that 

affects the interaction between the KN and ankyrin repeat domains.  

4.6.2 Comparing autoinhibition in wildtype KANK4 ankyrin repeat domain and mutant 

KANK4 ankyrin repeat domain (Tyr801His) 

Using FP, the wildtype and Tyr801His mutant KANK4 ankyrin repeat domain proteins 

were tested and compared for binding to KANK1 and KANK4 KN domain peptides (Figure 

4.12). Unlike the KANK2 wildtype and mutant ankyrin repeat domains, a slightly more 

pronounced difference is observed here when comparing binding to KANK1 KN (30-68). 

Where the wildtype KANK4 ankyrin repeat domain binds to this peptide with a Kd of 45.3 

M˃, the Tyr801His mutant has a slightly increased affinity with a Kd of 34.1 ˃ M. 

Interestingly, although this difference may appear insignificant, this data for the mutant 

KANK4 ankyrin repeat domain is more similar to the interactions of the other KANK 

isoforms with the KANK1 KN domain. This indication could be linked with the findings in 

Chapter 3: unlike the other isoforms, the ankyrin repeat domain of KANK4 likely favours 

a dimeric form. CD and SEC-MALS analysis suggested that the Tyr801His mutant instead 

favours a monomeric form. Consistent with these findings, this mutant appears to 

interact more similarly to the wildtype ankyrin repeat domains of the other KANK 

isoforms and this could be because it, too, adopts a monomeric form, potentially 

increasing the availability for a required binding surface. For both the wildtype and 

Tyr801His mutant proteins, the interaction with the KANK4 KN (24-65) peptide has the 

highest affinity. Taking all of these data into account, it seems possible that the wildtype 

KANK4 exhibits an interaction between its KN and ankyrin repeat domains, though the 

precise mode of interaction may differ from other the ankyrin repeat domains of other 

isoforms either in terms of specific residues involved in the binding surface or a different 

location of the binding surface. Alternatively, if there is occlusion of the typical binding 

site due to dimerisation, this may be causing the interaction to be weaker due to 
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reduced contact points. The Tyr801His mutant version of the ankyrin repeat domain 

may then be able to bind the KN domain either via these otherwise occluded sites in 

wildtype KANK4 ankyrin repeats which are similar to that in other KANK isoforms or via 

a the site which is used by wildtype KANK4 ankyrin repeats, should these two surfaces 

be distinct, and therefore displays a higher affinity.  

 

4.7 Attempting FRET analysis to investigate KANK autoinhibition  

4.7.1 FRET analysis can be used to investigate autoinhibition in vitro 

Förster resonance energy transfer (FRET) has been used extensively to investigate 

interactions within a variety of scientific fields. This highly sensitive method works by 

measuring energy transfer between two fluorophores: when a donor fluorophore is 

Figure 4.12: Wildtype and Tyr801His mutant KANK4 ankyrin repeat domain proteins vary slightly in their 
interactions with KANK1 and KANK4 KN domain peptides.  
Binding of KANK4 ankyrin repeat domain proteins to BODIPY-labelled KANK KN domain peptides measured 
using a fluorescence polarisation assay. Dissociation constants +/- SE are indicated in the legend. All 
measurements were repeated in triplicate. ND, not determined. 
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excited at the appropriate wavelength, the excitation energy is transferred to an 

acceptor fluorophore within a small distance and causes the acceptor to emit 

fluorescence at its corresponding wavelength (Forster, 1946). For this method, fusion 

proteins are created by attaching the protein of interest, via a linker, to a monomeric 

fluorescent protein ς it is crucial that these are monomeric in order to avoid the 

formation of homodimers or other higher order oligomers of the fluorescent protein 

which would interfere with the data (Chudakov et al, 2010). Additionally, the linker 

between the two components is typically kept shorter in order to reduce the 

susceptibility to proteolytic cleavage.  

A FRET experiment was planned in order to support the findings thus far that the KN and 

ankyrin repeat domains interact. mCerulean (blue) was attached at the N-terminus of 

KANK, generating a mCerulean-KN region, while mVenus (yellow) was attached at the C-

terminus, generating a mVenus-ankyrin repeats region (Bajar et al, 2016). The 

experiment entails exciting the mCerulean: if the KN and ankyrin repeat domains do not 

interact in this system, low or no FRET occurs and mCerulean emission is observed; if an 

interaction between the KN and ankyrin repeat domains occurs, high FRET occurs 

wherein the excess excitation energy transfers to the mVenus attached to the ankyrin 

repeats and thus mVenus emission is observed. A schematic of this is shown in Figure 

4.13. 

 

 

 

 

 

 

.  

 

 

  

Figure 4.13: A schematic of a FRET experiment using KANK1.  
In this model, a FRET experiment begins by exciting mCerulean (blue) at the N-terminus of KANK. If the 
KN domain at the N-terminus does not interact with the ankyrin repeat domain, no/low FRET occurs and 
emission for mCerulean is measured (left). If the KN domain does interact with the ankyrin repeat domain 
at the C-terminus of KANK, fused to mVenus (yellow), high FRET occurs and emission for mVenus is 
measured (right).  
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4.7.2 Generating constructs to investigate KANK1 autoinhibition by FRET analysis in vitro 

A mCerulean-hKANK1-mVenus construct within a mammalian vector was designed by 

the Akhmanova group at the University of Utrecht for FRET analysis. This construct 

contained a Ser-Gly-Leu (SGL) linker between mCerulean and the N-terminus of human 

KANK1, while a Pro-Val-Ala-Thr (PVAT) linker was located between the C-terminus of 

human KANK1 and mVenus. In order to enable in vitro FRET analysis, two constructs 

were generated by subcloning from this construct into a pET-151 expression vector: 1) 

mCerulean-SGL-KANK1 KN, containing residues 1-78 of human KANK1, and 2) KANK1 

ankyrin repeats-PVAT-mVenus, containing residues 1078-1352 of human KANK1. Once 

successfully cloned, each fusion protein was expressed and purified as described in 

Chapter 2. 

4.7.3 Investigating KANK1 autoinhibition by FRET analysis 

To investigate FRET between mCerulean-tagged KANK1 KN domain (mCer-KN) and 

mVenus-tagged KANK1 ankyrin repeat domain (mVen-ANK), three control experiments 

were initially performed. Firstly, 2 mM mCer-KN alone was excited at 425 nm and its 

emission measured, generating a broad peak between ~450-570 nm, with the majority 

of the signal at 450-510 nm (Figure 4.14, blue). Secondly, 2 mM mVen-ANK was excited 

at 490 nm, the ideal wavelength to visualise mVenus signal, generating a peak from 

~500-590 nm (Figure 4.14, yellow). Finally, 2 mM mVen-ANK was excited at 425 nm and 

only a small signal was observed, though this corresponded to the peak observed for 

mVen-ANK excited at 425 nm (Figure 4.14, brown). Collectively, these controls provide 

reference spectra for each of the fluorescent proteins alone and validate that they are 

functioning correctly by generating emission data at appropriate wavelengths.  

For the FRET experiment, a sample containing 2 mM mCer-KN and 2 mM mVen-ANK was 

excited at 425 nm (Figure 4.14, black). The measured fluorescence emission generated 

peaks corresponding to mCer-KN with no indication of fluorescence emission for mVen-

ANK. Had the two domains interacted and caused the fluorescent proteins to be in close 

enough proximity to generate a FRET signal, fluorescence emission would have been 

measured with a peak at ~530 nm, corresponding to the mVen-ANK emission. Thus, in 

these data, a FRET signal has not been measured and this would suggest that the two 

proteins have not interacted. However, it must be noted that a significant quench in the 
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fluorescence occurs compared to the mCer-KN alone, an observation that would have 

been expected in conjunction with an increase at ~530 nm had a FRET signal been 

measured. There are various possibilities as to why this may have occurred, one being 

that the linkers between the fluorescent protein and the KANK domain of interest is 

suboptimal. For example, the linker may be too short or too rigid to allow the KANK 

domain of interest to have the binding surface for the other domain sufficiently exposed, 

or steric hindrance from the fluorescent protein itself could have contributed. Further, 

strain placed upon the fluorescent protein may have affected the experiment. Each 

ŦƭǳƻǊŜǎŎŜƴǘ ǇǊƻǘŜƛƴ Ŏƻƴǎƛǎǘǎ ƻŦ ŀ ǎŎŀŦŦƻƭŘ ŦƻǊƳŜŘ ōȅ ŀ ʲ-barrel secondary structure which 

contains the unique chromophore (Tsien, 1998)Φ ¢ƘŜ ƛƴǘŜƎǊƛǘȅ ƻŦ ǘƘƛǎ ʲ-barrel is crucial 

for protecting the chromophore and multiple noncovalent interactions contribute to 

ensure its chemical, thermal and anti-proteolytic stability (Stepanenko et al, 2013). 

DespiǘŜ ǘƘƛǎ ƘƛƎƘ ǎǘŀōƛƭƛǘȅΣ ŀƴȅ ǎǘǊŀƛƴ ǇƭŀŎŜŘ ǳǇƻƴ ǘƘŜ ʲ-barrel and/or its components 

that could be disrupting its structure would likely immediately affect the chromophore, 

and this could potentially have contributed to the quenched fluorescence. If this was the 

case, no FRET would occur due to this complication with the donor mCerulean, 

preventing transfer of energy from the donor to the acceptor. Further, the N-terminal 

region of KANK which was part of this fusion protein is relatively short ς 78 residues ς 
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Figure 4.14: Although a quench in emitted mCerulelan-KN fluorescence is observed, no FRET is detected 
when tested with mVenus-ankyrin repeats.  
An in vitro fluorimeter-based FRET experiment was performed with mCerulean-KANK1 KN domain (mCer-
KN) and mVenus-KANK1 ankyrin repeats (mVen-ANK). When mixed, a significant quench in the mCer-KN 
emission is observed though no emission occurs for mVen-ANK, indicating low/no FRET 
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with, according to our findings, potentially only the very C-terminal region of this 

involved in the interaction. This in itself could be a limitation for this experiment.  

4.8 Attempting X-ray crystallography to determine the structure of the interaction 

between the KN and ankyrin repeat domains of KANK 

To determine the structure of the complex formed between KANK KN and KANK ankyrin 

repeat domains and identify the residues involved in the binding surfaces, X-ray 

crystallography was chosen as a suitable approach. Typically, ankyrin repeat domains 

throughout biology are widely considered as somewhat prone to crystallisation due to 

their highly ordered and organised structures consisting of sequential predominantly -h

helical regions.  

Over the course of this project, a wide range of crystallisation trials were performed. For 

these, co-crystallisation of various combinations of ankyrin repeat domain proteins and 

KN domain peptides were attempted, and trials performed using a range of commercial 

crystallisation screens (Table 4.2). Although co-crystallisation of components from the 

same isoform of the protein would ideally be performed, many mixed combinations 

were attempted ς for example, KANK2 ankyrin repeats and KANK1 KN domain was 

considered a useful combination due to these having one of the highest affinity 

interactions according to FP experiments (Figure 4.10).  

In addition to the range of domain combinations and crystallisation screens used, a 

variety of crystallisation conditions were also attempted: from initial buffer components 

for both peptide and protein being altered to cover a range of concentrations and 

buffering systems, including pH and salt conditions, to varying crystallisation solution 

preparation approaches and incubation temperatures of the completed screens. In 

terms of preparing the crystallisation solution, the seemingly most successful approach 

was diluting the protein and the peptide separately by ~10x in the crystallisation buffer 

before mixing, followed by incubation and concentration by ultrafiltration to prepare 

the final sample. This method appeared to reduce visible precipitation of the peptide 

when mixing with the protein, a recurring issue throughout the process. 
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Table 4.2: Attempted co-crystallisation combinations for KANK ankyrin repeats in complex with KANK 
KN domain.  
A selection of the attempted combinations of KANK ankyrin repeat protein and KANK KN peptide subject 
to co-crystallisation and some of the commercial crystallisation screens used.  

Protein Peptide Commercial 
screen 

KANK1 ankyrin repeat 
domain  

KANK1 KN 30-
68 

3D structure  

Hampton  

JCSG+ 

Pi minimal 

Stura 

Wizard 

KANK1 KN 30-
68 (4A mutant) 

Hampton  

JCSG+ 

Wizard 

KANK2 KN 31-
69 

Hampton  

JCSG+ 

Wizard 

KANK2 ankyrin repeat 
domain 

KANK1 KN 30-
68 

3D structure  

Hampton  

JCSG+ 

Pi minimal 

Wizard 

KANK2 KN 31-
69 

Hampton  

JCSG+ 

Wizard 

KANK2 ankyrin repeat 
domain (A670V mutant) 

KANK2 KN 31-
69 

Hampton  

JCSG+ 

KANK3 ankyrin repeat 
domain 

KANK1 KN 30-
68 

Hampton  

JCSG+ 

KANK4 ankyrin repeat 
domain 

KANK1 KN 30-
68 

Hampton  

JCSG+ 

Wizard 

KANK1 KN 30-
68 (4A mutant) 

Hampton  

JCSG+ 

KANK4 KN 24-
65 

Hampton  

JCSG+ 

Wizard 

 

Despite these many approaches used to co-crystallise the KANK ankyrin repeat domain 

with the KANK KN domain and a large number of stable, single crystals formed, there 

was no success in generating crystals of the protein with a peptide bound. However, one 

interesting observation throughout this process was that crystallisation attempts 
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including a peptide generated a greater number of apo crystals of a higher quality 

compared with a crystallisation attempt of an intentionally apo ankyrin repeat domain 

protein.  

4.8.1 KN domain peptide presence increases frequency and quality of ankyrin repeat 

domain crystallisation despite no observed density for the peptide  

While working at the Centro de Investigación del Cáncer with the Pereda lab, various 

simultaneous crystal trials were set up. One of these included plating the KANK2 ankyrin 

repeat domain on its own using a variety of commercial screens, and a co-crystallisation 

solution of KANK2 ankyrin repeats with KANK2 KN (31-69) was performed using 

identically prepared samples at the same time in the same crystallisation screens. Using 

the Wizard screen which contains 96 unique conditions as an example, more than 20 

conditions for the co-crystallisation solution contained single crystals within 24 hours 

while only eight conditions for the apo protein solution exhibited the same observation. 

During the process of mounting the crystals onto loops for vitrification in liquid nitrogen 

to allow X-ray diffraction and data collection to take place, it was observed that the 

crystals from the co-crystallisation solution were very stable, whereas the crystals from 

the apo crystallisation solution were very fragile and prone to cracking or being 

completely destroyed. Finally, the quality of the crystallographic data acquired varied 

quite significantly: the highest resolution for the co-crystallisation solution which 

included the KANK2 KN domain peptide was 1.9 Å while the highest resolution for the 

apo crystallisation solution of KANK2 ankyrin repeats only was 3.2 Å. These two datasets 

were subject to processing, molecular replacement and several rounds of refinement 

and manual model adjustment and the resulting structures from these steps are shown 

in Figure 4.15. Despite these stark variations observed throughout the process ς with 

the only difference in the set up being either the presence or absence of the KANK2 KN 

peptide ς no density was observed for the peptide.   

When comparing the two structures, there appear to be some clear differences: ANK0 

of the apo KANK2 is unstructured in places where the protein that was crystallised with 

ǘƘŜ Yb ŘƻƳŀƛƴ ǇŜǇǘƛŘŜ ǇƻǎǎŜǎǎŜǎ ǘƘŜ ǇǊŜŘƛŎǘŜŘ ʰ-helical elements. Additionally, some 

small positioning differences can be observed, particularly in ANK1 and in the loop of 

ANK3. It must of course be noted that the lower resolution data for the apo protein is 
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likely a contributing factor for these changes, particularly in ANK0 where the data quality 

was particularly poor and lacking density in places. 

In terms of existing KANK structures in the PDB, few exist. They include human KANK1 

ankyrin repeats and KANK2 ankyrin repeats, each in their apo forms (PDB IDs: 5YBJ and 

4HBD, respectively) and their KIF21A-bound forms (PDB IDs: 5YBU and 5YBV, 

respectively), in addition to structures of these same domains from the murine KANK 

proteins. Prior to the structures of the ankyrin repeat domains in complex with the 

KIF21A peptide, the primary hypothesis was that the KN domain forms an additional 

helix which aligns itself or packs in adjacently to the -hhelices of the ankyrin repeat 

domains, akin to how ligands including the KANK KN domain may bind to the talin rod 

domain. Thus, significant changes in the protein conformation, and likely therefore a 

change in the space group for generated crystals, was expected. However, the published 

structures for the KANK1 and KANK2 ankyrin repeat domains each in complex with a 

KIF21A peptide indicate that this peptide actually binds somewhat perpendicularly along 

the loops which connect each ANK region, with intermolecular interactions formed to 

that between ANK1-ANK2, ANK2-ANK3 and ANK3-ANK4. Most interestingly, this 

complex does not appear to dramatically alter the conformation of the protein and thus 

the space group is also identical for each KIF21A-bound protein and its apo form ς for 

example, both apo KANK2 ankyrin repeats (PDB ID: 4HBD) and KANK2 ankyrin repeats 

in complex with KIF21A (PDB ID: 5YBV) are in the space group P212121 (Figure 4.16). 

Based on this information, the KN domain of KANK may bind to the ankyrin repeats in a 

 

ANK0 

ANK1 
ANK2 

ANK3 ANK4 

ANK5 

Figure 4.15: Refined structures of KANK2 ankyrin repeats crystallised alone and in presence of KANK2 
KN 31-69 peptide.  
The structures of KANK2 ankyrin repeats crystallised alone (light green) and in the presence of the KANK2 
KN 31-69 peptide (dark green) are shown here overlaid. Images produced with PyMOL. 
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very similar way and, if mostly unstructured, it would be difficult to differentiate 

between an apo or ligand-bound version of an ankyrin repeat protein based on space 

group determination and perhaps also without very high resolution data to confidently 

observe density for the KN domain peptide. Binding onto a very similar or equal binding 

surface to the KIF21A peptide may allow a form of competition in vivo, where the KANK 

protein, via the ankyrin repeats, is either autoinhibited (i.e. KN domain bound) or bound 

to KIF21A and providing the link to the microtubule cytoskeletal network, with these 

two interactions being mutually exclusive.   

4.8.2 5ŜǎƛƎƴƛƴƎ ŀ άƳƛƴƛ-Y!bYέ ŦƻǊ ǎǘǊǳŎǘǳǊŀƭ ŜȄǇŜǊƛƳŜƴǘǎ 

Another factor which is likely preventing a crystal structure for the KANK KN-ankyrin 

repeat domain complex is the affinity of the interaction. Typically, higher affinity 

interactions will have a higher propensity to crystallise as a complex, as would a catch 

bond interaction wherein increasing force can increase the lifetime of a bond ς an 

example of the latter is the interaction between the vinculin tail and actin (Huang et al, 

2017) and, more recently, the interaction between the KANK KN domain and talin R7 

has also been identified to exhibit catch bond kinetics at forces below 6 pN (Yu et al, 

2019). The interaction between the KN and ankyrin repeat domains of KANK varies 

according to the isoform but is ~20-30 ˃ M for the majority of KANK isoforms (Figure 

4.10) ς this affinity is considered fairly weak for co-crystallisation. In order to counter 

ANK0 

ANK1 
ANK2 

ANK3 ANK4 

ANK5 

 Figure 4.16: Published structures of KANK2 ankyrin repeats crystallised alone and crystallised with 
KIF21A peptide. 
The structures of KANK2 ankyrin repeats crystallised alone (light grey) from PDB ID 4HBD and in the 
presence of the KIF21A peptide (dark grey) from PDB ID 5YBV (Guo et al, 2018) are shown here overlaid. 
The KIF21A peptide is shown in purple. Images produced with PyMOL. 
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this and increase the likelihood of crystallisation of the complex, various strategies were 

attempted. One example of this was including a large molar excess of the peptide in the 

crystallisation solution, but this also was not successful in the trials carried out.  

Another strategy employed was the creation of a chimeric protein which contains both 

the KN and ankyrin repeat domains in one construct, tethering them together to 

increase the affinity and therefore increase the probability of the observing the ankyrin 

repeat domain in the bound state with the KN domain present. In doing so, this protein 

is actually more reminiscent of the full-length KANK protein although a significant 

portion is missing. The construct was designed using human KANK1 domains: the KN 

domain (residues 30-73) linked to the ankyrin repeat domain (residues 1078-1328) via a 

GGGGSGGGGSGGGGS linker. This is a (GGGGS)n linker, widely known as an option which 

provides flexibility and allows interaction between domains (Chen et al, 2013). Using 

this mini-KANK chimeric protein, the plan was to use SEC-MALS to identify and collect 

fractions corresponding to an eluted complex. Theoretically, a variety of species could 

elute when subjected to size-based separation and some of these are depicted 

schematically in Figure 4.17. One option would be the two domains not interacting with 

ŜŀŎƘ ƻǘƘŜǊΣ ƻǊ ŀƭǘŜǊƴŀǘƛǾŜƭȅ ŀ ōƻǳƴŘ άƳƻƴƻƳŜǊƛŎέ ŦƻǊƳ ǿƘŜǊŜƛƴ ǘƘŜ Yb ŘƻƳŀƛƴ ƻŦ ƻƴŜ 

mini-KANK interacts with the ankyrin repeat domain of the same molecule. Other 

ǇƻǘŜƴǘƛŀƭ ǎǇŜŎƛŜǎ ƛƴŎƭǳŘŜ ŀ άŘƛƳŜǊέ ǿƘŜǊŜƛƴ ŜŀŎƘ ŘƻƳŀƛƴ ƛƴǘŜǊŀŎǘǎ ǿƛǘƘ the other 

domain of another mini-KANK, or potentially higher order oligomeric structures which 

ŜǎǎŜƴǘƛŀƭƭȅ ŦƻǊƳ άǎǘǊƛƴƎǎέ ƻŦ Ƴƛƴƛ-Y!bY ǇǊƻǘŜƛƴǎΦ LŦ ǘƘŜ άŘƛƳŜǊέ ƻǊ ƘƛƎƘŜǊ ƻǊŘŜǊ ƻƭƛƎƻƳŜǊ 

can be identified from the SEC-MALS analysis ς i.e. the oligomeric forms most likely to 

contain an interaction between the two domains ς each of these would be collected. 

The SEC-MALS experiment would then be repeated to confirm that the sample is not in 

a form of equilibrium between multiple oligomeric states and rather does, in fact, 

remain in the same oligomeric state. If confirmed, this eluted species that is collected 

would be subject to crystallisation trials. 
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As a preliminary assessment step, FP was performed. For this experiment, the KANK1 

ankyrin repeat domain protein and the mini-KANK protein were both tested with the 

KANK1 KN domain (30-68) peptide. The logic behind this experiment was that, if the 

ankyrin repeat domain within mini-KANK is occupied by the KN domain of the mini-

KANK, the fluorescent KANK1 KN domain 30-68 which is tested against the protein will 

be competing for the binding surface on the ankyrin repeat domain. Thus, if the mini-

KANK protein is functioning as intended, the calculated affinity for binding the 

fluorescent KANK1 KN domain 30-68 peptide should be weaker. When performing this 

experiment, the two Kd values calculated are very similar, with mini-KANK actually 

exhibiting a slightly tighter affinity (Figure 4.18). This data suggests that the mini-KANK 

protein was not a state where the intended SEC-MALS experiments would be effective 

in generating a bound protein suitable for crystallisation. Despite this, preliminary 

analysis via SEC-MALS suggested that the species was mainly monomeric. Fractions 

corresponding to a small potential dimer peak were collected and the SEC-MALS 

experiment repeated, and an identical spectrum was observed with a large monomer 

peak ς indicating that the system is in an equilibrium wherein the monomeric form is 

favoured (data not shown). This approach to generate a pre-bound KN-ankyrin repeat 

domain complex for crystallisation is a promising one but clearly needs some 

 

Figure 4.17: Potential mini-KANK oligomeric states.  
Some of the potential oligomeric states of the mini-KANK protein are depicted here. The KANK1 KN 
domain is shown in yellow and the KANK1 ankyrin repeat domain is shown in turquoise. The linker 
between the two domains is shown in grey. 
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optimisation. Some possibilities for this may be altering the position of the KN domain 

relative to the ankyrin repeat domain or adapting the linker. On one hand, the linker 

may not be long enough to provide the required flexibility for the KN domain to be able 

to reach the correct binding surface on the ankyrin repeats but, equally, increasing the 

length of this linker may increase the susceptibility to proteolytic cleavage. Proteolytic 

cleavage in this mini-KANK protein could potentially also already be a contributing factor 

as to why this protein behaves so identically to the KANK1 ankyrin repeats.  

4.9 Discussion 

In this chapter, an interaction between the KN and ankyrin repeat domains of various 

KANK proteins was identified ς this includes all four mammalian isoforms in addition to 

two disease-causing mutation-containing ankyrin repeat domain proteins. Although all 

of these versions of the protein demonstrate the interaction, they do so in various ways 

ς most notably, KANK3 has the weakest affinity between its KN and ankyrin repeat 

domains of all combinations tested, and this may be as a result of a 3-residue insertion 

located within an essential region of the KN domain. This region of the KANK KN domain, 

residues 61-68 in KANK1 and the corresponding residue numbers in the other isoforms, 

were found to be essential for this interaction to take place. These findings were shown 

using a combination of approaches, with particular focus on FP and NMR titration 

Figure 4.18: A mini-KANK protein binds to the KANK1 KN domain equally to the KANK1 ankyrin repeats.  
A mini-KANK protein (KANK1 KN-linker-ANK) was designed to increase the affinity of the KN-ankyrin 
repeat domain interaction by tethering these two domains together. Binding of mini-KANK and KANK1 
ankyrin repeat domain proteins to BODIPY-labelled KANK1 KN 30-68 domain was measured using a 
fluorescence polarisation assay. Dissociation constants +/- SE are indicated in the legend. All 
measurements were repeated in triplicate.  
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methods. NMR titrations revealed that some very small changes can still be observed 

with the KN domain peptide spanning residues 30-60 and also the 30-73ɲ60-68 peptide, 

suggesting that there may also be a small region upstream of residues 61-68 which could 

be binding weakly and contributing to the stabilisation of the overall complex between 

the KN and ankyrin repeat domains. 

Identifying the specific binding surface on both domains and the specific interactions 

involved would be a significant step forward for this project. While x-ray crystallographic 

methods were attempted extensively and were thus far unsuccessful in generating a 

structure of the complex, further optimisation of the discussed approaches, including 

the mini-KANK construct, may be useful. The relatively weak interaction between the 

KN and ankyrin repeat domains is likely one of the most significant contributing factors 

to the lack of success. While the relatively low affinity may be viewed by some as 

questionable to persist investigating, this weaker affinity is logical ς where the two 

domains are tethered together in vivo, and likely as part of an autoinhibition mechanism 

adopted when inactive, the lower affinity compared with the KN-talin R7 and ankyrin 

repeat domain-KIF21A interactions would actually allow these two important KANK 

ligands to preferentially bind, activating KANK as and when required within the cell. 

Further investigation into the potential competition between talin R7 and the ankyrin 

repeat domain for the KN domain and the competition between the KN domain and 

KIF21A for the ankyrin repeat domain would therefore be very interesting to explore. 

Another important factor which may be preventing the crystallisation of the complex is 

the unstructured nature of the KN domain. While we have hypothesised that a helix 

addition mechanism of the KN domain occurs upon binding, it is important to consider 

that this region may remain partially or fully unstructured, which could potentially affect 

the observation of density for this component if only few specific contacts are made ς 

especially if no significant structural changes are induced in the ankyrin repeats, such as 

in KIF21A binding.  
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The greatest challenge with this body of work was supporting the findings using more in 

vivo methods. While, biochemically and biophysically, we can establish consistently that 

an interaction between the KN and ankyrin repeat domain occurs, validation in 

mammalian cells has been challenging. Some factors to consider are that this interaction 

between the KN and ankyrin repeat domains could be working in a tissue-specific 

manner or prevalent during a different stage of development than the mammalian cells 

so far used for investigation. It is also possible that particular signalling components 

which are lacking in the somewhat artificial mammalian cell culture system are required 

to influence cellular activity related to the KN-ankyrin repeat interaction. Collaborations 

with various academics to further characterise this interaction in a more in vivo 

environment are ongoing, particularly with the Akhmanova group at Utrecht University, 

with the aim of identifying the consequences on structure, function and activity within 

mammalian cells as a result of a constitutively active KANK in the form of a ɲ60-68 

version of the protein.  

Autoinhibition, typically in the form of a head-tail interaction, has emerged as a key 

regulatory mechanism amongst integrin adhesion-associated proteins. One increasingly 

developing hypothesis is the formation of pre-complexes: the coalescence of proteins in 

the vicinity of the adhesion ahead of assembly (Khan & Goult, 2019). In terms of what 

the role of autoinhibited KANK may be, one hypothesis is that it exists in this 

Figure 4.19: Schematic model of the role of KANK autoinhibition in proximity to integrin-based 
adhesions. 1) KANK1 may exist in an autoinhibited conformation in proximity to the developing or mature 
integrin-based adhesion, and this autoinhibition requires residues 61-69 which are located at the C-
terminus of the KN domain. 2) KANK1, now activated, binds talin R7 via the KN domain. 3) CMSC 
components are recruited to the proximity of the adhesion following the KANK1-talin interaction.  
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conformation prior to its association with talin (Figure 4.19) ς and, as adhesions 

assemble and talin is extended, perhaps R7 of the talin rod domain outcompetes the 

KANK ankyrin repeat domain for the KANK KN domain. KANK may exist in a pre-complex 

with the liprin proteins, an interaction which could be occurring simultaneously to KANK 

autoinhibition, or in association with the other CMSC proteins which have previously 

been hypothesised to be recruited after the interaction with talin has taken place 

(Bouchet et al, 2016). Evidence for pre-complex formation for core adhesion proteins 

has been observed via fluorescent fluctuation analysis experiments which show 

association between talin and vinculin prior to that between integrin and talin in a 

nascent adhesion (Bachir et al, 2014),  knock-sideways experiments which show pre-

complex formation between paxillin and autoinhibited talin and vinculin (Atherton et al, 

2019), and a pre-complex between integrin and kindlin has also been suggested (Rossier 

& Giannone, 2016). Together, these studies support the hypothesis that the presence of 

the key proteins localised together ς typically in their autoinhibited forms ς could be a 

requirement for rapid and successful assembly of adhesions. With this finding that KANK 

proteins also autoinhibit, perhaps advancing techniques within this field could be 

applied to the investigation of pre-complex formation between KANK proteins and 

CMSC components in the vicinity of integrin-based adhesions and the effect this may 

have on adhesion and microtubule dynamics.  
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CHAPTER 5: IDENTIFYING A NOVEL LIGAND FOR KANK1 IDR2 

5.1 Overview 

In this chapter, we sought to identify a ligand for the unstructured region of KANK. Based 

on a literature search, analysis of proteomics data and use of online databases, the hub 

protein LC8 was identified as a promising candidate. Here, an interaction between KANK 

and LC8 family proteins is explored. SEC-MALS analysis is used to confirm that a human 

LC8 equivalent, DYNLL2, also forms a pH-dependent dimer as observed in the literature 

for Drosophila LC8, and triple resonance NMR is used to assign DYNLL2 and map the 

interaction with a novel ligand, KANK1. 

5.2 Large unstructured regions within KANK1 

All four mammalian KANKs contain regions predicted to be unstructured between the 

major structured elements that are the KN domain, the coiled coil region and the ankyrin 

repeat domain. These intrinsically disordered regions (IDRs) vary between each isoform: 

for example, KANK1 contains larger unstructured regions, most notably a 580-residue 

region located between the coiled coil region and ankyrin repeat domain (IDR2) (see 

Figure 1.10). Interestingly, despite these regions in KANKs being implied as unstructured 

throughout literature (Zhu et al, 2008; Kakinuma et al, 2009), structure prediction 

programmes such as PSIPRED (Jones, 1999; Buchan & Jones, 2019) indicate that various 

areas throughout have secondary structure propensity, predominantly for -̡strand but 

also some h-helical regions (Figure 5.1).  

An increasingly prominent pattern within scientific literature is that, upon binding to a 

ligand, some IDRs can transition to have increased order and/or fold into secondary or 

tertiary structural elements. A well-cited example of this is the phosphorylated kinase-

inducible domain (pKID) of cyclic-AMP response element-binding protein (CREB) which, 

although unstructured when free in solution (Richards et al, 1996; Radhakrishnan et al, 

1997), folds upon interaction with KID-binding (KIX) domain of CREB-binding protein 

(CBP) (Radhakrishnan et al, 1997). In this example, the region of pKID which is involved 

in this interaction shows helical propensity when subject to amino acid sequence 

analysis (Dyson & Wright, 2005). Another example of a IDR transitioning to an 
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ordered/folded state is the helix addition mechanism which occurs for some LD motifs 

binding to their ligands: for example,  while paxillin LD2 exists as a stable helix in 

solution, LD4 is mostly random coil as a free peptide in solution ς yet both of these form 

a helix when bound to the focal adhesion-targeting domain of focal adhesion kinase 

(Bertolucci et al, 2005; Alam et al, 2014).  

KANK1 501-1080 (IDR2), the largest region suggested to be intrinsically disordered, 

exhibits large areas of high evolutionary conservation throughout (Figure 5.2) 

(Ashkenazy et al, 2016), suggesting that these residues might have essential functions. 

Figure 5.1: Secondary structure prediction of KANK1 480-1080 using PSIPRED.  

Secondary structure prediction by PSIPRED (Jones, 1999; Buchan & Jones, 2019) of what is referred to in 
literature as a large unstructured region within KANK1 (501-1080, IDR2) reveals several smaller regions with 
secondary structure propensity.  
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Many of these regions with high degrees of conservation overlap with those that have 

secondary structure propensity.  

Figure 5.2: Evolutionary conservation of KANK1 IDR2 (501-1080) determined using ConSurf.  
Evolutionary conservation of what is referred to in literature as a large unstructured region within KANK1 
(501-1080, IDR2) reveals several smaller regions with high conservation, likely implicated in vital structural 
and functional roles. 
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In an attempt to identify potential ligands for this region of KANK, the KANK1 proteomics 

dataset obtained by the Akhmanova group at Utrecht University was interrogated. Two 

interesting hits were dynein light chain 1 (DYNLL1) or LC8, and dynein light chain 2 

(DYNLL2) or LC8b (Table 5.1).  These proteins are discussed further in Section 5.3. 

Table 5.1: GFP-KANK1 proteomics data.  
Data from full-length GFP-KANK1 proteomics study carried out by the Akhmanova group (Utrecht 
University) indicating that DYNLL1 and DYNLL2 are two significant hits (red). 

 

 

 

 

 

 

 

 

 

LC8pred, a prediction software based on a proteomic phage display library screen that 

can predict LC8-binding motifs within a protein sequence with reported 78% accuracy 

(Jespersen et al, 2019), was used to determine potential LC8-binding sites within KANK1. 

69 potential sites were identified, of which 31 are located within IDR2, including the top 

four hits. These are discussed further in Section 5.7.1. 

5.3 Dynein light chain proteins: the LC8 family 

5.3.1 An introduction to dynein light chain proteins 

Cytoplasmic dynein is the major minus-end directed microtubule motor protein and is 

involved in a variety of cellular activities including, most notably, its roles in the 

formation and orientation of the mitotic spindle during mitosis (Busson et al, 1998; 

Sharp et al, 2000; Vallee et al, 2004) and the transportation of various cargos including 

protein complexes and membrane-bound organelles from the cell periphery towards 

the centre of the cell during interphase (Reck-Peterson et al, 2018). The dynein motor 

Protein Accession number ʅ ¦ƴƛǉǳŜ tŜǇǘƛŘŜǎ 

KIF21A Q7Z4S6 75 

Talin1 Q9Y490 70 

KANK1 Q14678 63 

[ƛǇǊƛƴ ʲм Q86W92 49 

Talin2 Q9Y4G6 47 

Scribble Q14160 37 

[ƛǇǊƛƴ ʰм Q13136 11 

DYNLL2 Q96FJ2 5 

DYNLL1 P63167 5 

Tensin3 Q68CZ2 1 
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complex is comprised of heavy, intermediate, light intermediate and light chain 

polypeptides. Dynein light chain proteins are further split into three groups: the t-

complex-associated family, the Roadblock family, and the LC8 family (Pfister et al, 2006). 

LC8 proteins are highly conserved, 10 kDa elements of the dynein complex and bind 

directly to the dynein intermediate chain. Humans have two isoforms of LC8: dynein 

light chain 1 (DYNLL1/LC8) and dynein light chain 2 (DYNLL2/LC8b). These two proteins 

share >93% sequence identity, differing only in six of 89 residues (Wilson et al, 2001). 

Although each protein is encoded by genes located on different chromosomes (12 and 

17, respectively), knockout or knockdown of DYNLL1 causes embryonic lethality in 

various animal models (Dick et al, 1996; Lightcap et al, 2009; Li et al, 2015), suggesting 

non-redundancy between the two mammalian paralogues, despite no clear functional 

difference having been observed between the individual DYNLL1 and DYNLL2 proteins 

(Radnai et al, 2010). Some examples of target specificity have been suggested in the 

literature (Puthalakath et al, 1999, 2001; Day et al, 2004), though many ligands show no 

significant difference in binding affinity between the two proteins. It is worth noting, 

however, that DYNLL2 expression levels are generally reduced (Jurado et al, 2012b), 

though overall expression levels in different tissues can vary significantly, and the 

transcriptional activator ASCIZ only regulates DYNLL1 expression (Jurado et al, 2012a; 

Zaytseva et al, 2014). The notation of DYNLL1/DYNLL2 will be used throughout this work 

to refer to the mammalian forms of the protein, with LC8 being used as a general term 

for any LC8 family proteins including the D. melanogaster homologue. 

5.3.2 LC8 proteins exist as pH-dependent dimers 

Both DYNLL1 and DYNLL2, in addition to other well-characterised LC8 family proteins, 

exist as dimers and both the apo and bound forms of each protein are symmetrical 

structures. Each monomer consists of a -̡strand at the N-terminus followed by two h-

helices and a further four ̡-strands (Liang et al, 1999). The dimer interface occurs along 

the second and third of the four consecutive -̡strands at the C-terminal end (Figure 

5.3A, Figure 5.3B). At physiological pH, this protein exists as a dimer though it has been 

widely observed that pH < 4.8 causes dissociation, resulting in a shift to a folded 

monomeric form (Barbar et al, 2001). Interestingly, this pH-dependent dimerisation is 

unique to the LC8 family of dynein light chain proteins. This has since been identified to 
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be caused by the protonation of a pH-sensitive histidine residue at position 55 in the 

protein chain which protrudes into the dimer interface from each subunit (Figure 5.3C) 

(Nyarko et al, 2005). Additionally, phosphorylation has been identified to play a 

significant role: a study involving in vitro phosphomimetic mutants at position 88 of the 

protein chain (Ser88Glu) promotes dissociation of the dimer, shifting the equilibrium to 

favour the folded monomeric form. This dimer dissociation eliminates a binding groove 

essential for many LC8 family ligands, including intermediate chain proteins of the 

dynein complex, and may provide a mechanism for discriminating between different LC8 

binding partners (Song et al, 2007, 2008).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: The structure of the DYNLL1 dimer.  

(A) Simplified schematic of secondary structure organisation of LC8 proteins, highlighting the strand-
switch of ̡ н ŀƴŘ ʲо ŦǊƻƳ ŜŀŎƘ ƳƻƴƻƳŜǊƛŎ ŎƻƳǇƻƴŜƴǘ ǘƻ ŎǊŜŀǘŜ ǘƘŜ ŘƛƳŜǊƛŎ ƛƴǘŜǊŦŀŎŜΦ Based on figure 
from Makokha et al, 2004. (B) The solution structure of the Rattus norvegicus DYNLL1 symmetrical dimer. 
Rainbow colouring is used to highlight the symmetry of the molecule: the N-terminus of each subunit is 
shown in blue, resulting in a C-terminus shown in red. (C) The dimer interface of the molecule includes a 
histidine residue at position 55, shown as sticks, which protrudes into the cavity. Images produced with 
PyMOL using NMR structure adapted from PDB ID: 1F3C.  
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