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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 — 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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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 & lvaska, 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

neuropathies including Alzheimer’s disease (Nielsen & Wennstrém, 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 (lzard et al, 2006), and Chlamydia

caviae effector protein, TarP (Whitewood et al, 2018).
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Integrin Selectin Cadherin Ig superfamily
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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 Ca?*-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), enabling the initial capture of a leukocyte and promoting its “rolling” along
a blood vessel wall in the direction of the blood flow. E-selectin is involved in “slow
rolling”, allowing the leukocyte to slowly 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 CaZ*-binding domain. Based on sequence similarity, several subfamilies of
cadherins exist, including classical, desmosomal and proto-cadherins (Hulpiau & van
Roy, 2009). Type | and type |l 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 B-catenin which, in turn, forms a weaker-affinity bond with
o-catenin (Hartsock & Nelson, 2008). This complex can interact with the actin
cytoskeleton, directly through a-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 B-sheets stabilised by the presence of a disulphide bridge (Lesk & Chothia,
1982; loerger et al, 1999). Unlike selectins and cadherins, IgSF proteins function in a
calcium-independent manner and have a more diverse range of ligands — 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 — of note, these include the roles of IgSF proteins
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in neuronal development, inflammation, and metastasis (Leshchyns’ka & Sytnyk, 2016;

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 — 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
signalling: “outside-in” signalling 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), whereas “inside-out” signalling refers to the
sensing of intracellular ligands, resulting in binding of talin and kindlin to the B-

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

1.3.2 Integrin structure

The integrin family of proteins consists of transmembrane, a/B-heterodimeric cell
surface adhesion receptors. In vertebrates, 18 a- and 8 B-subunits have been identified
which form non-covalent links in different combinations to generate 24 integrin

heterodimers (Hynes, 1992).
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Figure 1.2: Integrin a-8 heterodimers.
The 24 integrin heterodimers that form from different combinations of a- and B-integrin subunits. These
can be categorised by their target extracellular ligands. Based on figure from Hynes, 2002.

The a- and B-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 — a
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large ectodomain, a single transmembrane domain and a short cytoplasmic tail domain
— the specific domains vary (Figure 1.3b). The ectodomain of the larger a-subunits
contains either four or five subdomains depending on the isoform, whereas the B-
subunits contains seven subdomains including a -1 domain which is homologous to the
o-1 domain of the a-subunit (Campbell & Humphries, 2011). Typically, the B-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 B4 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 B-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 B-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). Integrins can be activated via “inside-out” or
“outside-in” signalling mechanisms. Here, “inside-out” activation, triggered by

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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with the headpiece open and the a- and B-cytoplasmic tails a greater distance apart

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

A |
B : ) :
Closed headpiece Closed headpiece Open headpiece
Bent Extended Extended
Inside-out signalling
— -— —
| Cytoplasmic
domain
Plasma Transmembrane
membrane 4 domain
Low affinity — Ectodomain
High
affinity
ECM

Outside-in signalling

Figure 1.3: Integrin activation states.

(A) The structure of the complex between the transmembrane domains of integrin allb and B3 [PDB ID:
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 allbB3 integrin, Arg995 in the allb tail binds
Asp723 in the B3 tail (Figure 1.3a) (Anthis & Campbell, 2011). This crucial salt bridge

maintains the low-affinity state, holding the legs of each subunit together and
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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
interactions between its B-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 f1d
(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 — 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).

Adhesion Mature focal adhesions Adhesion
disassembly at Podosomes and fibrillar adhesions assembly at the
the trailing edge Regulated adhesion turnover leading edge

v

Retraction

<= Fibrillar adhesion <> Nascent adhesion

Podosome @ Focal complex | | - 7|

. |
<@l Focal adhesion Lamellipodium  Filopodium

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 Il (Choi et al, 2008).
Focal complexes share the dot-like morphology of nascent adhesions; however, focal
complexes are larger with a diameter of ~1 um 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 a-actinin (Figure 1.5) (Kanchanawong et al, 2010). This
-140
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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 um, and vary from FAs in their protein composition.
Characteristically, fibrillar adhesions dominantly contain integrin isoform a5pB1,
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 avp5 integrins, reticular adhesions lack many components of the consensus
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, talinl 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 (FO-F3) (Elliott et al, 2010) connected, via a
linker, to a rod domain comprised of 13 a-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 PIP,, 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.
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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.
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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 talinl R9), in mediating autoinhibition via a buried salt bridge with
Lys318 of F3 (Figure 1.7). Mutations to Glul1770 have been shown to impair the
autoinhibitory interaction (Goult et al, 2009b) and these mutants, particularly a
Glu1770Ala mutant in talinl, 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 a/, 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 Rapl-interacting adapter
molecule (RIAM) (Han et al, 2006; Lee et al, 2009, 2013), though interactions with PIP2
(Goksoy et al, 2008a) and Gal3 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 RS,
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 a- and B-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 — a minus end at the free a-subunit which grows slowly, and a rapidly
growing plus end at the exposed B-subunit — 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 B-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 (Erickson & O’Brien, 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 y-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 — and thus traffic — 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.
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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
hydrolysis of the GTP bound to the B-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.

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).
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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 — 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
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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
presence of LL5B, a phosphatidylinositol 3,4,5 trisphosphate (PIP3)-interacting protein.
This interaction between CLASPs and LL5p is direct and is influenced by PI3 kinase
activity (Lansbergen et al, 2006). Prominent components of the CSMC include the
adapter proteins liprin-al and liprin-B1 which form heterodimers via their SAM domain
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-a proteins interact directly with ELKS
(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 Ca?*-dependent manner (Gundelfinger & Fejtova, 2012). Further, various CMSC
components have been observed to concentrate at podosomes (Proszynski & Sanes,
2013), with LL5B- 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-al has been identified as a central component in
driving endothelial cell polarity via its role in the internalisation of fibronectin and

turnover of integrin a5p1 (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 significant. For example, LL5B and CLASPs have been shown in human keratinocytes
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-B1 and KIF21A and participating in the clustering of CMSC
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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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-f1, CMSC components including
ELKS, LL5B and CLASPs are recruited, ultimately resulting in microtubule capture via KIF21A.

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-S is the “short” protein, while KANK-L is the “long” protein that has
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

inhibit progression. Henceforth, “KANK1” will be used in reference to KANK-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

motif (“KN domain”), coiled-coil domains towards the centre, and 5 ankyrin repeats
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(“ankyrin repeat domain”) at the C-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.
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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
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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.
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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 (lhara 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 a/, 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

Serl67 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 Racl (Roy et al, 2009). This subsequently inhibits downstream Racl activity,
including Racl-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-B1 (van der Vaart et al, 2013), which then forms a heterodimer
with liprin-al. Liprin-B1 has been observed to associate strongly with both KANK1 and
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).

KIF21A peptide

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).

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 talinl 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
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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 al, 2019; Paradzik et al, 2020).

Normal CMSC Perturbed CMSC
Cell edge Cell edge

At t
SRR

@) Rapid microtubule growth == Slow microtubule growth

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.

Disruption of the KANK1-talinl interaction in Hela cells causes perturbed organisation
of microtubule plus ends at the cell periphery — 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 talinl, 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).

"4 < Q_
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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 talinl 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.

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
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microtubules to integrin adhesions — both podosomes and FAs, in this case — 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 (Rafig 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 — 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 (Rafig 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).

Plasma membrane

ECM }
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 talinl 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 — 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

QlAprep miniprep kit

QIAGEN

QlAquick gel extraction kit

QIAGEN

3Prime thermal cycler

Techne

AKTA 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 lll 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.

buffer

Name Components pH
Nickel buffer A 20 mM tris, 500 mM NacCl, 20 mM imidazole 8.0
Nickel buffer B 20 mM tris, 500 mM NacCl, 500 mM imidazole 8.0
Q buffer A 20 mM tris, 50 mM NaCl 8.0
Q buffer B 20 mM tris, 1 M NacCl 8.0
S buffer A 20 mM phosphate (NaH2PO4, Na;HPO4), 50 mM 6.5
NaCl
S buffer B 20 mM phosphate (NaH2POs, Na;HPO4), 1 M NaCl 6.5
Phosphate-buffered 100 mM NayHPOg4, 18 mM KH2PO4, 137 mM NadCl, 7.4
saline (PBS) 27 mM KClI
Phosphate/citrate 100 mM sodium citrate/phosphate, 300 mM 3or
buffer sodium sulphate, 5 mM DTT 7.5
NMR buffer 20 mM phosphate (NaH2POs, Na;HPO4), 50 mM 6.5
NaCl, 2 mM DTT
2M9 minimal media Per L: 12.5 g NazHPQ4.2H,0, 7.5 g KH,PO4 7.2
solution A
2M9 minimal media Per L solution A: 4.0 g (33C (>99% *3C)) glucose, -
solution B 10.0 ml BME Vitamins (100x), 2.0 ml MgSO4 (1M),
0.1 ml CaCl; (1M), 1.0 g (**N (>98% *°N)) NH4ClI,
diluted in 10.0 ml water
SDS-PAGE sample 18.75 mM Tris-HCI pH 6.8, 2% SDS, 5% pB- -
buffer mercaptoethanol, 0.005% bromophenol blue, 12%
glycerol
SDS-PAGE running 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 | Ankyrin repeats 1078-1328 Subcloned
TOPO

KANK2 ANK KANK2 Q63Z7Y3 Human pET-151 | Ankyrin repeats 583-832 GeneArt, Invitrogen
TOPO

KANK2 ANK KANK2 Q637Y3 Human pET-151 | Ankyrin repeats 583-832 SDM of KANK2 ANK

A670V TOPO

KANK3 ANK KANK3 Q9z1P7 Mouse pET-151 | Ankyrin repeats 524-773 GeneArt, Invitrogen
TOPO

KANK4 ANK KANK4 Q6P9J5 Mouse pET-151 | Ankyrin repeats 755-1002 Subcloned
TOPO

KANK4 ANK KANK4 Q6P9J5 Mouse pET-151 | Ankyrin repeats 755-1002 SDM of KANK4 ANK

Y801H TOPO

mCer-KN KANK1 Q14678 Human pET-151 | KN domain 1-78 Subcloned from Akhmanova group
TOPO construct

mVen-ANK KANK1 Q14678 Human pET-151 | Ankyrin repeats 1078-1352 Subcloned from Akhmanova group
TOPO construct

Mini-KANK KANK1 Q14678 Human pET-151 | KN domain and ankyrin | 30-73; GeneArt, Invitrogen
TOPO repeats 1078-1328

TalinlR7R8 | Tinl P26039 Mouse pET-151 | R7R8 1357-1580 Dr Ben Goult
TOPO

DYNLL2 DYNLL2 | Q96FJ2 Human pET-151 | Full-length 1-89 GeneArt, Invitrogen

TOPO
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2.2 General molecular biology

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

BL21(DE3) or DH10PB cells were streaked onto a LB agar plate and incubated at 37°C
overnight. A starter culture was set up by inoculating 5 mL LB with an isolated colony
and agitating at 37°C overnight. 1 mL of this starter culture was diluted into 100 mL LB
and incubated at 37°C in an agitating incubator until ODsgs reached 0.6. Once this cell
density was achieved, the E. coli culture was placed on ice for 10 minutes prior to
centrifugation at 3000 rpm at 4°C for 10 minutes. The resulting pellet of E. coli cells was
resuspended in 10 mL ice cold calcium-glycerol buffer (0.1 M CaCl2, 10% glycerol) and
placed on ice for 15 minutes. The centrifugation at 3000 rpm at 4°C for 10 minutes was
repeated, and the resulting E. coli pellet was resuspended in 1 mL ice cold calcium-
glycerol buffer. Keeping all materials at 4°C, the cells were separated into 40 pL aliquots,

flash frozen in liquid nitrogen, and stored at -80°C.

2.2.2 DNA transformations

Throughout this work, two strains of E. coli are used: DH10B 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/uL stock resulting from

minipreparation (QIAGEN).

A 40 pL aliquot of chemically competent E. coli was thawed on ice. For each
transformation, 2 puL of DNA was added to the cells and incubated on ice for 30 minutes.
A heat-shock step was performed at 42°C 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 37°C for 1 hour in 200 pL LB before being plated onto a LB agar plate

containing appropriate antibiotic(s) and incubated at 37°C 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, Notl, EcoRl and Xhol restriction sites.

2.3.1.1 Oligonucleotide design

Forward and reverse oligonucleotides for the polymerase chain reaction (PCR) were
designed using the DNA sequence of the region to be amplified and inserted (“insert”)
into the pET-151 plasmid (“vector”). Both oligonucleotides were designed to consist of
~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
cytosine at the 5’ end. These parameters are vital for ensuring specificity and stability of
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 Oligonucleotides Notes
enzymes
pET-151 BamHI F: TT GGATCC Subcloning from
KANK1ANK GAAATCAGAGAGAGG mammalian
Xhol R: CTCGAG TCA vector to
TTTTGCAAAGTTGACATGGGC expression vector
pET-151 BamHI F:AA GGATCC Subcloning from
KANKA4ANK CTGAGGGCTGAGAGATATAAACCC mammalian
Xhol R: CTCGAG TCA TGAGTGGGCCCGC | vectorto
expression vector

2.3.1.2 Polymerase chain reaction
All polymerase chain reactions (PCR) had a final reaction volume of 50 pL as shown in

table 2.5 below and were performed using High Fidelity DNA Polymerase (Roche).




MATERIALS & METHODS 35

Table 2.5: General PCR reaction mixture using Expand High Fidelity DNA polymerase (Roche).

Component Volume Final concentration
10x reaction buffer 5ulL 1X
Template DNA X uL 2 ng/uL
Forward oligonucleotide (IDT, 10 mM) 1ul 200 uM
Reverse oligonucleotide (IDT, 10 mM) 1pul 200 uM
dNTPs mix 1ul 100 mM each
Polymerase 0.5 uL 25U
Nuclease-free water Make up to 50 pL -

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 Temperature (°C) Time Cycles
Initial DNA denaturation 95 5 mins 1
DNA denaturation 95 30 secs
Oligonucleotide annealing 45-68* 1 min 30
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 pL nuclease-free

water and stored at -20°C 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 37°C for 3 hours. Purification of the digested products was carried out using

a Gel Extraction Kit (QIAGEN) according to manufacturer’s instructions. The estimated
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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 Xhol were used.

Component Volume Final concentration
10x reaction buffer ("Buffer D", Promega) 10 uL 1X
Insert/vector DNA X uL ~ 20 ng/uL
BamHI restriction enzyme (Promega) 2 ul 20u

Xhol restriction enzyme (Promega) 2 ul 20 u

Nuclease-free water

Make up to 100 pL

Ligation reactions were set up according to Table 2.8 at a 1:3 molar ratio of vector:insert
and incubated at 4°C overnight. DNA transformation was then carried out into DH10pB E.
coli (section 2.4.2). 5 mL starter cultures of isolated colonies were set up in LB media
with 100 pg/uL ampicillin and agitated at 37°C overnight. Isolation of plasmid DNA was
performed using a QlAprep Spin Miniprep Kit (QIAGEN) according to manufacturer’s

instructions.

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

Component Volume Final concentration

10x reaction buffer (Promega) 1pul 1X

Insert DNA X uL | 3x vector concentration
Vector DNA X uL | 1/3 insert concentration

T4 DNA ligase (Promega)
Nuclease-free water

1ul 3u
Make up to 10 pL -

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 37°C 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).
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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 Xhol were used.

Component Volume Final concentration
10x reaction buffer ("Buffer D", Promega) 1ul 1X
Insert/vector DNA X uL ~ 20 ng/uL
BamHI restriction enzyme (Promega) 1ul 10u

Xhol restriction enzyme (Promega) 1ul 10u
Nuclease-free water Make up to 10 pL -

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
with a guanidine or cytosine at the 5’ end. These parameters are vital for ensuring
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 pL 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 5ulL 1X
Template DNA X L 4 ng/uL
Forward oligonucleotide (IDT, 10 mM) 2 ul 400 uM
Reverse oligonucleotide (IDT, 10 mM) 2 uL 400 uM
dNTPs 1uL 100 mM each
Polymerase 1uL 1.25U
Nuclease-free water Make up to 50 pL -

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 Temperature (°C) Time Cycles
Initial DNA denaturation 92 5 mins 1
DNA denaturation 92 30 secs
Oligonucleotide annealing 42-65* 1 min 30
DNA extension 68 1 min/kb**
Final DNA extension 68 10 mins
Final hold 4 -

* 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 Dpnl digest

The PCR product was incubated at 37°C for 1 hour with 1 pL (20 U) of Dpnl restriction
enzyme (New England Biolabs) to digest the template DNA. DNA transformation was
then carried out into DH10PB E. coli (section 2.4.2). 5 mL starter cultures of isolated
colonies were set up in LB media with 100 pg/uL ampicillin and agitated at 37°C
overnight. Isolation of plasmid DNA was performed using a QlAprep Spin Miniprep Kit

(QIAGEN) according to manufacturer’s instructions.

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 B-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 ug/uL ampicillin. The starter
culture was agitated at 37°C overnight. A glycerol stock for each construct was prepared
by mixing 750 uL of a starter culture with 350 pL 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 pg/uL ampicillin. Cells were grown in an agitating
incubator at 37°C to ODsgs 0.6-0.8, at which point they were induced with 200 uM IPTG
at 18°C overnight or 1 mM IPTG at 37°C for 3 hours. Cells were harvested by
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centrifugation at 6000 rpm for 20 minutes at 4°C and the pellet was resuspended in 15

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

2.4.2 Isotopically-labelled protein expression for NMR

For °N-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 pg/uL ampicillin. The starter
culture was agitated at 37°C overnight. A glycerol stock for each construct was prepared
by mixing 750 plL of a starter culture with 350 pL 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 pg/uL
ampicillin. Cells were grown in an agitating incubator at 37°C to ODsgs 0.6-0.8, at which
point they were induced with 200 uM IPTG at 18°C overnight. Cells were harvested by
centrifugation at 6000 rpm for 20 minutes at 4°C and the pellet was resuspended in 15

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

For 1>N-labelled and 3C,*>N-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 ODsg5 0.6-0.8, the cells were subject to
centrifugation at 6000 rpm for 10 minutes at 4°C 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 pg/uL ampicillin) — 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 18°C for 1 hour to allow the cells to equilibrate to the new media before
being induced with 200 uM IPTG at 18°C 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 -20°C and thawed. Cell lysis was performed
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
from the cell debris and was performed at 20,000 rpm at 4°C for 20 minutes. The
supernatant was retained and a 0.45 um 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 Ni?* ions. This allows highly specific binding of the His-tagged protein of interest.
All nickel ion affinity chromatography was performed using an AKTA 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 — 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 Ni?*, 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 4°C. The
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appropriate buffer to exchange into was determined by the isoelectric point (pl) 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 — 10 mM in

both Q buffer A and Q buffer B — 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 lon exchange chromatography

lon 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 AKTA 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 pum 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 -20°C 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 90°C 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) according to manufacturer’s

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
fluorescent dye BODIPY™ TMR C5-Maleimide (ThermoFisher) diluted according to
manufacturer’s instructions. The coupling reaction was comprised of 100 uM peptide
(resuspended in water or PBS), 0.1 % Triton X-100, 5 mM TCEP, and 25 puL 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 PYFVETPYGFQLDLDEVKYVDDIQKGNTIKKLNIQKRRK-C
KANK1 KN (short) | KANK1 Q14678 Human | KN 30-60 PYFVETPYGFQLDLDEVKYVDDIQKGNTIKK-C

KANK1 KN 4A KANK1 Q14678 Human | KN 30-68 PYFVETPYGFQAAAAFVKYVDDIQKGNTIKKLNIQKRRK-C
KANK1 KN A60-68 | KANK1 | Q14678 Human | KN 30-73 A60-68 | PYFVETPYGYQLDLDFLKYVDDIQKGNTIKPSVP-C

KANK2 KN KANK2 Q637Y3 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 the conformation of the protein. a-helical, B-sheet, B-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 uM 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
bandwidth. For spectral scans, CD signal was set to 222 nm (maximum signal for an a-
helix) and measurements were taken between 25-80°C 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 10°C 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 pM, 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 uM. A CLARIOstar plate reader
(BMG Labtech) was used to measure fluorescence polarisation at 25°C 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.

B (Bmax * Kd

Kd+ X ) + (NS * X) + background

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 Kq is the binding constant, given in the same units as X. The Kq4 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 IIl 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 2H,0 to a final
volume of 450 uM in a Shigemi NMR tube (Sigma-Aldrich). Data were processed using
TopSpin and CcpNmr Analysis (Skinner et al, 2015).

2.7.3.1 1D experiments (*H)

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 (H,0, D20 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 (*H, 1°N)

Performing titrations via 'H, °N-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 — 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 (H,0, D20 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

A B / Broad C / Sharp
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Coupled HSQC Decoupled HSQC TROSY

Figure 2.1: 1H 15N TROSY peak selection for a large protein.

(A) A typical coupled HSQC experiment for a larger protein will produce four peaks: a very broad “anti-
TROSY” peak (top left), a “TROSY” peak (bottom right) and two “semi-TROSY” peaks. (B) The resulting peak
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.
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optimized spectroscopy (TROSY) experiments were used. As proteins increase in size,
the decay in the NMR signal occurs more rapidly — 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
the sharpest signal, the “TROSY peak”, resulting in an increased resolution of the

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
Rl 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 plates with each well containing 100 uL of a screening condition.
Commercial screening kits used include JSCG+, Wizard Classic | & Il (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 these were suspended over 100 uL of the corresponding
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-well plates with each well containing 500 pL of an optimised
screening condition. Larger drops of 3 plL final volume were manually pipetted,

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
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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 104-1 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 (Schrédinger 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 — apo and crystallised in
the presence of a 3-fold molar excess of KANK2 KN 31-69 — 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 (**N and *3C) 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: *H, 3C and °N. Other than the 3C 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 - 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 gqMDD 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 a-helices
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
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(ElImendorf 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-ANKS5) immediately preceded by a seemingly unique ankyrin repeat-like structure
(ANKO) which has been described as a regulatory or capping region (Weng et al, 2018)
and is comprised of five a-helices which form a compact helical bundle. ANKO 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 ANKO-ANKS5.

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
Fassler), 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 a-helical regions, with a few short
regions of low-confidence B-strand propensity — 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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Figure 3.1: Determining the KANK1 ankyrin repeat domain boundaries.

(A) A multiple sequence alighment 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).

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 25-80°C

and far-UV scans were performed at 25°C (blue), with the expectation of seeing the
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secondary structure elements of the folded protein, and again at 80°C (red) with the
expectation of observing a loss in the secondary structure. This was the case for all four
isoforms with an a-helical spectrum containing the characteristic “double dip” observed
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 38.6°C. KANK1 and KANK2 ankyrin repeat domains were more similar in
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Figure 3.2: Circular dichroism reveals some unique properties of KANK ankyrin repeat domain in different
isoforms.
Left: Far-UV spectra for each ankyrin repeat domain protein measured at 25 °C (blue) and 80 °C (red).
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 —45.9°C and 51.6°C, respectively — with the two most similar
looking far-UV spectra with defined dips at the characteristic a-helix positions.
Interestingly, the dataset for the KANK4 ankyrin repeat domain displays some unique
properties: although a characteristic a-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 40.8°C and another at 58.2°C. 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 U20S 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.

KANK3-GFP

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 U20S 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 A 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.

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 A resolution shows the expected
ANKO-ANKS5 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.

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
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the final helix in ANKS5 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. AValues in parentheses indicate percentile scores as determined by MolProbity.

Data collection KANKS3 ankyrin repeats
Synchrotron and Beamline | Diamond 104-1
Space group c2
Molecule/a.s.u 2
Cell dimensions

a, b, c(A) 149.43, 45.77, 69.59

a,b,g () 90, 95.06, 90

. o 69.32-1.80

Resolution (A) (1.84 — 1.80)*
Rmerge 0.062 (0.776)
1/sl 10.5(1.5)
Ccc(1/2) 0.994 (0.811)
Completeness (%) 97.4 (96.7)
Redundancy 3.5(3.7)
Refinement
Resolution (A) 1.8
No. reflections 40455 (2956)
Rwork / Riree 0.19/0.23
No. atoms

Protein 3547

Water 370
B-factors (A?)

Protein 33.53

Water 38.36
R.m.s. deviations

Bond lengths (A) 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 (97*)"

Clash score all atoms 2.81(99%)"
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.

300=-
KANKZ1 ankyrin repeats + KIF21A
peptide (K4 1.9 £ 0.7 uM)

KANK2 ankyrin repeats + KIF21A
peptide (Kg=4.4 £ 1.3 uM)

200 . ] KANKS3 ankyrin repeats + KIF21A
peptide (K4 7.7 £ 0.6 uM)

KANK4 ankyrin repeats + KIF21A
peptide (K4 15.3 £ 1.8 uM)

Fluorescence Polarisation

100§

0 25 50 75 100 125
Ankyrin repeats [pM]

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.

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 — 1.9 uM and 4.4
MM, respectively — but, in contrast to published data, KANK3 and KANK4 ankyrin repeat
domains also bound to the KIF21A peptide with Kq values of 7.7 uM and 15.3 uM,
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.



CHARACTERISATION OF THE KANK ANKYRIN REPEAT DOMAIN 60

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 — Ala670Val, located in ANK1 — 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 25°C (blue): characteristic dips at specific wavelengths which are
caused by a-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 80°C (red) displays a loss of a-helical secondary structure
for both proteins. The CD melt curves measured over 25-80°C 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 =47.6°C) compared to the wildtype ankyrin
repeat domain (Tm = 51.6°C). Combined, these data indicate that the wildtype and
mutant likely have very similar structures — 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.
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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
measured at 25 °C (blue) and 80 °C (red). (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.

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 A.
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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.

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 A
resolution (orange) shows the expected ANKO-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.

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 — despite ANK1,
the region containing the mutation, being overall unaffected — the a-helices of ANKO,
ANK4 and ANKS 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).
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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. AValues in parentheses indicate
percentile scores as determined by MolProbity.

Data collection

Synchrotron and Beamline
Space group
Molecule/a.s.u
Cell dimensions

a, b, c(A)

a,b,g (%)

Resolution (A)

Rmerge

1/sl

Ccc(1/2)
Completeness (%)
Redundancy

Refinement
Resolution (A)
No. reflections
Rwork / Riree
No. atoms
Protein
Water
B-factors (A?)
Protein
Water
R.m.s. deviations
Bond lengths (A)
Bond angles (°)
Ramachandran plot
Favoured/outlier (%)
Rotamer
Favoured/poor (%)
MolProbity scores
Protein geometry
Clash score all atoms
PDB accession no.

KANK2 ankyrin repeats
(A670V mutant)
Diamond 104-1

c2

1

95.77, 45.65, 51.07
90, 100.38, 90
47.10-1.50
(1.52-1.50)*
0.056 (2.239)

10.3 (0.5)

0.999 (0.329)

99.2 (99.9)
3.4(3.2)

1.5
32838 (2070)
0.17/0.22

1884
186

28.21
41.55

0.009
1.565

98.33/0
95.71/0.95
1.47 (87")"

8.8 (68t)"
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 uM for the wildtype
proteinand 3.8 uM 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).
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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.

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 ANKO 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.
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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 a-helical
double dip at the typical wavelengths at 25°C, these traces in the far-UV are much less
defined than the previous spectra shown in this chapter. This may be due tointerference
from other secondary structure elements or other properties that are unique to the
KANK4 ankyrin repeat domain. The far-UV spectrum measured at 80°C (red) displays a

loss in this a-helical secondary structure for both proteins.

The CD melt curves measured over 25-80°C 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 40.8°C and a second transition
state at 58.2°C. 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 58.2°C. 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 a-

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
measured at 25 °C (blue) and 80 °C (red). (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.
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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 uM 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 ANKO
(Figure 3.11). Potentially, the switch from the tyrosine phenol group — which could be
integral to intermolecular hydrogen bonding via the hydroxyl group of the ring — 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

40.8°C (Figure 3.9B) — a relatively low melting temperature.
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Figure 3.11: Secondary structure prediction indicates that Tyr801 is located centrally in an a-helix.

The predicted secondary structure for residues 761-840 of human KANK4 indicates that residue Tyr801 is
likely located within the central region of an a-helix of ANKO. Secondary structure prediction by PSIPRED
(Jones, 1999; Buchan & Jones, 2019).

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 B-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 — 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
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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 Kq of 15.3 uM 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 uM (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.
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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.



CHARACTERISATION OF THE KANK ANKYRIN REPEAT DOMAIN 70

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 dataset— including KIF21A, talin1,

talin2, liprin B1 and liprin al.

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 Z Unique Peptides
KIF21A Q72456 75
Talinl Q9Y490 70
KANK1 Q14678 63
Liprin B1 Q86W92 49
Talin2 Q9Y4G6 47
Scribble Q14160 37
Liprin al 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
aregion 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 Kq 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.
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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 Ky
values were able to be calculated.

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
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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 — including different
wildtype mammalian isoforms and disease-causing point mutations — 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 a-helical 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 — regions of proteins which can form
intramolecular interactions which regulate behaviour and activity — 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 | Z Unique Peptides
KIF21A Q72456 75
Talinl Q9Y490 70
KANK1 Q14678 63
Liprin 1 | Q86W92 49
Talin2 Q9Y4G6 47
Scribble | Q14160 37
Liprinal | 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 Cs-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 talinl 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, talinl 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
the interaction, a “4A mutant” peptide was designed: the four residues required in the
KN domain for talinl R7R8 binding were instead replaced with four alanine residues

(Bouchet et al, 2016). These peptides are depicted in Figure 4.1.
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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.

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: talinl 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).
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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 Kq4 of
~30 uM. This indicates that the KN domain and ankyrin repeat domain of KANK1 interact
and supports the hypothesis of an autoinhibitory head-tail interaction. Notably, this
interaction is much weaker than that between talinl 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.
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Figure 4.2: KANK1 ankyrin repeats and talin R7R8 bind differently to KANK1 KN domain.

Binding of (A) talinl 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.

Strikingly, the FP data for the KANK1 ankyrin repeat domain protein indicates binding to
a different region of the KANK1 KN domain compared to talinl R7R8. While the 4A
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mutant-containing KN domain peptide (purple) abolishes talinl 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 talinl 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 was used as the “labelled” component in the NMR
experiments. In order to do this, the KANK1 ankyrin repeat domain protein was
expressed in 2M9 medium with >N-NH4Cl as the sole nitrogen source as described in

Section 2.4.2.

A 'H,>N TROSY NMR experiment was performed using 100 uM purified *N-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 — 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
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Figure 4.3: TROSY NMR spectrum of the KANK1 ankyrin repeat domain.
1H,%N TROSY NMR spectrum of 100 pM °N-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 °>N-KANK1 ankyrin repeat domain and the H,>N 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
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Figure 4.4: TROSY NMR titration spectra of KANK1 ankyrin repeat domain protein with KANK1 KN
domain peptides.

(A) *H,>N TROSY NMR spectra of 100 pM *>N-labelled KANK1 ankyrin repeats in absence (black) or
presence (red) of 100 uM KANK1 KN (30-68). (B) *H,>N TROSY NMR spectra of 100 uM *°N-labelled KANK1
ankyrin repeats in absence (black) or presence (green) of 100 uM KANK1 KN (30-60).
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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(30-73A60-68) peptide was used in

—— Talin1 R7R8 + KANK1 KN 30-73 A60-68 (K4 0.30 + 0.02 uM)

—=— KANK1 ankyrin repeats + KANK1 KN 30-73 A60-68 (K4 ND)

300= i 3
C | |
°
]
R
8
g
5 200
o
c
(]
(&)
)
ol
o /
=
L 100=

| | T | |
0 25 50 75 100 125

Protein [uM]

Figure 4.5: KANK1 KN(30-73A60-68) peptide interacts with talin1 R7R8 but does not interact with KANK1
ankyrin repeat domain.

Binding of talinl1 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 talinl R7R8 and the KANK1 ankyrin repeat domain (Figure 4.55).
Talinl 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 Kq value could not be calculated.

In line with this reduced binding, the NMR spectrum shows very few changes in peak
positions when the KN(30-73A60-68) peptide is added to *°N-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.
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Figure 4.6: TROSY NMR titration spectrum of KANK1 ankyrin repeat domain protein with KANK1 KN(30-

73 A60-68) peptide.

IH,>N TROSY NMR spectra of 100 uM *N-labelled KANK1 ankyrin repeats in absence (black) or presence

(grey) of 100 uM KANK1 KN(30-73A60-68).

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
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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 alighment 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).

hKANK1  30PYFVETPYGYQLDLDFLKYVDDIQKGNTIKRLN---IQKRRK®®
A hkaNK2 31PYSVETPYGYRLDLDFLKYVDDIEKGHTLRRVA---VQRRPR6?
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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).

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
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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 *H NMR (Figure 4.8C, 4.8D).
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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 *H 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 *H 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).

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
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their own ankyrin repeat domains and KN domains, with calculated Kq values of 29.8
UM, 28.2 uM and 19.6 uM respectively. KANK3 appears to be somewhat of an anomaly
here, with a calculated K4 of 92.6 uM 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).

KANK1 ankyrin repeats

300
= £ KANK1T KN 30-68 (K429 8 £ 5.8 uM)

KANK2 ankyrin repeats
T L KANK2 KN 31-689 (Ky= 282+ 7.9 uM)

200 =
KANK3 ankyrin repeats
+ KANK3 KN 32-73 (K4 92.6 £ 25.5 uM)

KANK4 ankyrin repeals
£ KANKA KN 24-85 (K4 19.6 = 1.7 uM)

Fluorescence Polarisation

100

1 | I 1
0 25 50 75 100 125

Ankyrin repeats [aM]

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.

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 Ky of 20.3 uM 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 Kq of 41.5 uM 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 (30-73A60-68) peptide still results in a non-

determinable Kq value.
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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 Kq of 35.5 uM was calculated for the KANK1 KN domain (30-
73A60-68) 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 Kqand
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 Kqvalue of 49.6 uM. The interaction with the mutant KANK1 KN domain (30-68) 4A
peptide is almost 2-fold weaker with a Kqvalue of 89.9 uM, 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 — especially
when taking into account that the ankyrin repeat domain-KN domain interaction within
KANK4 is the tightest of all isoforms — 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 — likely the
three-residue insertion — 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 — Ala670Val in KANK2 ANK1 and Tyr801His in KANK4 ANKO — 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 Kqg values, which

generate overlapping standard error values, the two proteins were very similar overall:

300=

—e— WT + KANK1 KN 30-60 (K4 ND)
—— WT + KANK1 KN 30-68 (Ky =19.7 + 3.2 uM)
—— WT + KANK1 KN 30-68 4A (K;=20.4 + 6.7 uM)

WT + KANK2 KN 31-69 (K4 = 28.2 + 7.9 uM)

Fluorescence Polarisation

I T T T T 1
0 25 50 75 100 125

KANK2 ankyrin repeats wt [uM]

300 =-
—— AB70V + KANK1 KN 30-60 (Ky ND)

—e— AB70V + KANK1 KN 30-68 (Ky=16.1 + 3.7 nM)
—— AB70V + KANK1 KN 30-68 4A (Ky=20.1 +6.3 uM)

AB70V + KANK2 KN 31-69 (Ky= 34.4 + 13.8 uM)
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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 a-helices, 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 K4 of 45.3
UM, the Tyr801His mutant has a slightly increased affinity with a Kq of 34.1 uM.
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.
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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.

4.7 Attempting FRET analysis to investigate KANK autoinhibition

4.7.1 FRET analysis can be used to investigate autoinhibition in vitro
Forster 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
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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 — 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.
FRET

b

Low FRET High FRET

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
fluorescent protein consists of a scaffold formed by a B-barrel secondary structure which
contains the unique chromophore (Tsien, 1998). The integrity of this B-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).
Despite this high stability, any strain placed upon the B-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 — 78 residues —
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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



INVESTIGATION OF AN INTERDOMAIN KANK COMPLEX 94

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 a-

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 — 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
3D structure
Hampton
KANK1 KN 30- | JCSG+
68 Pi minimal
Stura
KANK1 ankyrin repeat Wizard
d i H
omain KANKL KN 30- ampton
68 (4A mutant) JCSG+
Wizard
H t
KANK2 KN 31- | ompeon
JCSG+
69 )
Wizard
3D structure
KANKL KN 30- | Hampton
68 JCSG+
KANK2 ankyrin repeat Pi minimal
domain Wizard
H t
KANK2 KN 31- | omPeon
JCSG+
69 )
Wizard
KANK2 ankyrin repeat KANK2 KN 31- | Hampton
domain (A670V mutant) 69 JCSG+
KANK3 ankyrin repeat KANK1 KN 30- | Hampton
domain 68 JCSG+
H t
KANK1 KN 30- | omPeon
68 JCSG+
Wizard
KANK4 ankyrin repeat KANK1 KN 30- | Hampton
domain 68 (4A mutant) | JCSG+
KANK4 KN 24- | ampton
JCSG+
65 )
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 Investigacidn del Cancer 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 A while the highest resolution for the
apo crystallisation solution of KANK2 ankyrin repeats only was 3.2 A. 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 — with
the only difference in the set up being either the presence or absence of the KANK2 KN

peptide — no density was observed for the peptide.

When comparing the two structures, there appear to be some clear differences: ANKO
of the apo KANK2 is unstructured in places where the protein that was crystallised with
the KN domain peptide possesses the predicted a-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 ANKO where the data quality

was particularly poor and lacking density in places.

2

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.

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 a-helices 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 — 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 P21212; (Figure 4.16).

Based on this information, the KN domain of KANK may bind to the ankyrin repeats in a
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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

ANK2 ANK3

ANK1

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.

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 Designing a “mini-KANK” for structural experiments

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 — 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 uM for the majority of KANK isoforms (Figure

4.10) — this affinity is considered fairly weak for co-crystallisation. In order to counter
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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),, 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
each other, or alternatively a bound “monomeric” form wherein the KN domain of one
mini-KANK interacts with the ankyrin repeat domain of the same molecule. Other
potential species include a “dimer” wherein each domain interacts with the other
domain of another mini-KANK, or potentially higher order oligomeric structures which
essentially form “strings” of mini-KANK proteins. If the “dimer” or higher order oligomer
can be identified from the SEC-MALS analysis — i.e. the oligomeric forms most likely to
contain an interaction between the two domains — 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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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.

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 Kqg 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 — 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
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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.

250

8 KANK1 ANK + KANK1 KN 30-68
——

200 (Kq29.8 + 5.8 uM)

KN-linker-ANK + KANK1 KN (30-68)

(Ky26.7 + 5.4 uM)
150 - d '

100

Fluorescence Polarisation

1 1 1
0 50 100 150

Protein concentration [puM]

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.

4.9 Discussion

In this chapter, an interaction between the KN and ankyrin repeat domains of various
KANK proteins was identified — 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
— 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
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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 30-73A60-68 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
qguestionable to persist investigating, this weaker affinity is logical — 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 —
especially if no significant structural changes are induced in the ankyrin repeats, such as

in KIF21A binding.
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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.

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 A60-68

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
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conformation prior to its association with talin (Figure 4.19) — 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 — typically in their autoinhibited forms — 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 B-strand but

also some a-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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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.

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 — 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.
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Many of these regions with high degrees of conservation overlap with those that have

secondary structure propensity.
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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 DYNLL?2 are two significant hits (red).

Protein Accession number Z Unique Peptides
KIF21A Q77456 75
Talinl Q9Y490 70
KANK1 Q14678 63
Liprin B1 Q86W92 49
Talin2 Q9Y4G6 47
Scribble Q14160 37
Liprin al Q13136 11
DYNLL2 Q96FJ2 5
DYNLL1 P63167 5
Tensin3 Q68CZ2 1

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



IDENTIFYING A NOVEL LIGAND FOR KANK1 IDR2 109

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 B-strand at the N-terminus followed by two a-
helices and a further four B-strands (Liang et al, 1999). The dimer interface occurs along
the second and third of the four consecutive B-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).

a2

al

B1

Figure 5.3: The structure of the DYNLL1 dimer.

(A) Simplified schematic of secondary structure organisation of LC8 proteins, highlighting the strand-
switch of 2 and B3 from each monomeric component to create the dimeric interface. 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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5.3.3 LC8 as a hub protein

In addition to its interaction with the N-terminal domain of the dynein intermediate
chain as part of its function within the dynein motor complex (Makokha et al, 2002), LC8
family proteins also interact with a wide range of proteins. Of note, this includes nitric
oxide synthase (Jaffrey & Snyder, 1996) and myosin V (Espindola et a/, 2000), in addition
to transcription factors including Swallow (Schnorrer et al, 2000) and the pro-apoptotic
factor Bim (Puthalakath et al/, 1999). For many years, many LC8 family ligands were
assumed to be dynein cargo wherein DYNLL1 was thought to link cargos to the dynein
motor complex. However, a significant proportion of cytosolic DYNLL1 and DYNLL2 is not
dynein-bound (King et al, 1996), suggesting that these proteins have alternate functions

in addition to their roles in the dynein motor.

Many proteins form complexes with only a few proteins. Others, often known as hubs,
have a broad range of ligands and are integral in a variety of protein-protein networks,
typically allowing for regulation of various cellular processes (Han et al, 2004). Generally,
one or both of the hub protein and its binding partners consist intrinsically disordered
regions, enabling interaction with a range of partners (Haynes et al, 2006) which all
compete for the same sites (Patil et al, 2010). It is now widely agreed that LC8 proteins
function as ordered hub proteins which bind to unstructured regions of their diverse

partners, promoting increased order or dimerisation in the ligand.

In both the apo and bound forms, LC8 proteins are symmetrical dimers with two binding
sites present within a groove at the dimer interface, and it has been suggested that
binding at one of these identical sites can promote binding at the other (Benison et al,
2008). This dimer interface consists of a highly flexible (Fan et al, 2002), dynamic pocket
wherein short recognition motifs of 7-10 amino acids within intrinsically disordered
regions of their ligands can bind, forming what is essentially a sixth B-strand within each
monomer that integrates into the antiparallel B-sheet (Barbar, 2008). Thus, this results
in an LC8 dimer wherein a 12-stranded B-sandwich, comprised of 5 B-strands from each
monomer and 1 B-strand from each ligand, is flanked by 2 helices on either side (Clark
et al, 2016). Occasionally, ligands have several LC8-binding motifs in tandem. The
recognition motif varies amongst ligands but most frequently is anchored by a Thr-GIn-

Thr (TQT) motif towards the C-terminus wherein the Gln is denoted as position zero, or
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the anchor residue, as a result of being the most highly conserved residue (Benison et

al, 2007; Jespersen et al, 2019).

5.4 Selecting which LC8 family protein to use for investigating an interaction with
KANK1

While the majority of published LC8 data uses the D. melanogaster form, with decades
of comprehensive structural and biophysical research, we sought to use a human LC8
protein in this work. As mentioned, there are two LC8 proteins in humans — DYNLL1 (LC8)
and DYNLL2 (LC8b) — and these proteins are almost identical in their structure and,
seemingly, function. Upon performing multiple sequence alignments for each of these
with the D. melanogaster homologue (dLC8), five differences were observed between
dLC8 and DYNLL1 but only three differences between dLC8 and DYNLL2 (Figure 5.4), and
thus DYNLL2 was identified as having the highest homology. For each human protein,
the motif-binding interface is preserved between species, though a consistent change
from Arg to Lys can be observed at position 71, likely a small, species-specific change.
Ultimately, a full-length DYNLL2 construct was designed and used for all subsequent
work.

dLCE MSDREAVIKNATMSEEMOODAVDCATOATLEKYNIEKDTARY TKEE

DYNILI.1 MCDREAVIKNADMSEEMOODNSVECATORTLERKYNIEEDIAAHTHER

E okkkEkhkkEb Ak ki ik wh ko kokEkFhhk kb A h kR vk E ko

dLCE FOKEYNETWHC IVGENECSYVIHETEHFIYFYLGOVATLLEFKSE
DYNLL1 FDEEYWNETWHCIVGRNEGSYVIHETHHFIYEYLGOVAILLFESG

EH R EE R AR AT T AT T TR I T F I AT ~Fh I TR AT T I T I T S

dLCE MSDREAVIEKNADMSEEMOODAVDCAT AT EKYNIEKDTRAY TKEE
DYNLLZ MSDREAVIENADMSEDMOQDAVDCATOAMERYNIEKDIARYTHEE

EhkkEkEdhhkEEr kR Ak E RIS R Ak R R kAT Rk

dLCE FOREYNEFTWHC IVGEHEGSYVIHETEHFIYFYLGOVATLLEKSGE
DYNLLZ FDEEYWNETWHC IVGRMEGSYVIHETHKHFIYEYLGOVAILLFKSG

EEFFE TR R AT T X I T T I T FF I T I I I I I T T I T T HIK

Figure 5.4: Multiple sequence alignment of human and D. melanogaster LC8 proteins.
Each human LC8 family protein was compared against D. melanogaster LC8 using multiple sequence
alignment to identify the protein with highest homology. dLC8 refers to D. melanogaster LC8.

5.5 pH affects the oligomeric state of DYNLL2
As an initial validation step to show that DYNLL2 functions identically to dLC8 and
DYNLL1, SEC-MALS was performed at low and physiological pH to calculate the absolute

molecular weight and ascertain the oligomeric state (Figure 5.5). At pH 3, DYNLL2
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appears to run as a monomer and eluted at ~13.5 mlL, with a calculated absolute
molecular weight of 10140 Da — consistent with a monomeric oligomeric state. As
expected, DYNLL2 at pH 7.5 runs as a dimer and eluted at ~13 mL — eluting sooner and
thus as a larger product — with a calculated molecular weight of 20810 Da. For each
experiment, one single peak was present, indicating that the protein exists exclusively
in one oligomeric state, either monomer or dimer, depending on the pH. This initial
validation step allowed confirmation that the protein is behaving as expected: forming
secondary and quaternary structure, exclusively in a dimeric form at physiological pH.
This indicates that the crucial dimer interface and thus the two pockets that allow the

hub functionality of DYNLL2 are intact.
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Figure 5.5: SEC-MALS analysis of DYNLL2 at pH 3 and pH 7.5.

SEC-MALS analysis of 75 uM DYNLL2 at varying pH indicates a monomeric form at pH 3 and a dimeric form
at pH 7.5, with calculated absolute molecular weight of 10140 Da and 20810 Da, respectively. A
phosphate/citrate buffering system was used to allow the broad pH range without alteration of any other
buffer components.
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5.6 Using triple resonance NMR to assign DYNLL2 residues at pH 7.5

Triple resonance NMR has been widely used in the research of LC8 family proteins and
has played a crucial role in characterising the interaction with many binding partners.
The majority of data and structures deposited in both the PDB and BMRB were
determined using D. melanogaster LC8 with some using human DYNLL1 and that of
other species. As the structure of human DYNLL2 has yet to be solved and no NMR
assignments are available and deposited for this, initial characterisation and triple
resonance assignment of DYNLL2 was performed. Typically, the use of triple resonance
NMR to solve the structure of a protein, as opposed to X-ray crystallography, has the
advantage of being in solution for the duration of the experiment as opposed to a solid
protein crystal and so can be considered more physiologically relevant in terms of being
investigated while in a more native state and, further, NMR allows the study of protein
dynamics (Kleckner & Foster, 2011). To extend this physiological relevance, all NMR

experiments were performed at pH 7.5 to ensure that the DYNLL2 is in its dimeric state.

5.6.1 Overview of backbone assignment theory using triple resonance NMR

To assign the backbone, a series of triple resonance experiments were performed using
13C,15N-DYNLL2: HNCA, HN(CO)CA, CBCANH, CBCA(CO)NH, HNCO, and HN(CA)CO where,
for each residue, NH refers to the amide, Ca refers to the a-carbon, CB refers to the B-
carbon, i.e. the first carbon of the amino acid R group, and CO refers to the carbonyl.
Each of these experiment names corresponds to which atoms are observed in that
experiment, with the components in brackets referring to atoms through which
magnetisation flows but are not observed. HNCA, CBCAHN and HN(CA)CO provide

o:n
|

information on both the current residue (“i”) and the previous residue (“i-1”), typically
with higher intensity peaks fori. HN(CO)CA, CBCA(CO)NH and HNCO provide information
on only i-1. Using the spectra from these six experiments provided the foundation for
assigning the DYNLL2 residue responsible for each NMR peak by enabling the linkage of
neighbouring spin systems. An example of how this is performed with CBCA(CO)NH and

CBCANH spectra is shown in Figure 5.6.

The Ca and CB of each residue can be assigned using the CBCAHN and CBCA(CO)HN
spectra in addition to the HNCA and HN(CO)CA spectra, whereas HNCO (i-1) and
HN(CA)CO (i and i-1) can be used to assign the CO of each residue.
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Figure 5.6: An example strip window in NMRViewJ.

Here, a strip window has been set up to show CBCA(CO)NH and CBCANH spectra for two consecutive
amino acids in the DYNLL2 chain: residues Glu15 and Asp16. a-carbon (Ca) peaks are shown in black and
B-carbon (CB) peaks are shown in red. For simplicity, the matches in just the CBCA(CO)NH and CBCANH
spectra are highlighted, wherein the peaks for each residue have identical 3C chemical shift values across
the different spectra. Thus, where the CBCANH contains peaks from residues i and i-1, the i-1 peaks match
those in the CBCA(CO)NH spectrum and the i peaks can therefore be deduced. These i peaks will be
observed in the CBCA(CO)NH spectrum of the next residue in the protein chain where it is now residue i-
1. This same principle can be used to assign the CA peaks in the HN(CO)CA and HNCA spectra.

5.6.2 NMR assignment of DYNLL2 backbone

Of the 89 amino acids in the DYNLL2 protein chain, the amide of all but 12 of these were
assigned to a corresponding peak. Of those that were unassigned, one string of six
residues is particularly notable: residues 66-71 which are part of the highly flexible
region of free LC8. As shown in the crystal structure for apo LC8 (of D. melanogaster),
these residues form the C-terminal end of the B3 strand (see Figure 5.7) upon ligand
binding, and this strand only becomes fully ordered in the bound state (Benison et al,
2008). These differences between the free and ligand-bound forms of LC8 proteins
shown in the crystal structure are supported by previous NMR chemical shift
perturbation studies of these protein complexes in solution: the B3 strand, in addition
to the a2 helix, are subject to the most significant perturbations as a result of forming

the most integral region of the binding pocket (Benison et al, 2007). The other six
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residues which were unassigned are Metl — which does not have a N-terminal amide
bond — and Ser2 which comprise the unstructured N-terminal end of the protein in
addition to residues Alall, Glul5, Glu35 and GIn80. With further data collection and
further optimisation of parameters, for example the sample temperature, it may be

possible to acquire sufficient data to assign these residues.

Figure 5.7: 83 is unstructured in apo LC8.

The crystal structure of D. melanogaster LC8 shows that the region typically referred to as the 3 strand,
which forms an integral part of the dimer interface, is unstructured in apo LC8. A string of 6 unassigned
residues, shown here as yellow sticks, are part of a flexible region at the C-terminal region of what would
be the B3 string. Image produced with PyMOL using X-ray crystallography structure adapted from PDB ID
3BRI.

Figure 5.8 shows the HSQC spectrum of DYNLL2 with the assigned peaks labelled.
Although the protein is a dimer, its symmetry (Figure 5.3B) results in each amino acid
amide bond of the monomer protein chain (with the exception of that of the one proline
residue) being represented by one peak, i.e. ~88 backbone peaks as opposed to ~176 as
might be expected. As previously shown in literature for other LC8 family proteins and
exemplified in the DYNLL2 spectra here, these proteins are well-suited for NMR — the
peaks observed are well-resolved and dispersed, with minimal overlap between peaks.
This makes the protein ideal for backbone assignment. In addition to backbone peaks,
some sidechain peaks are also clearly visible due to containing protons attached to
nitrogen atoms. These include a peak generated by the indole ring of the single
tryptophan, observed at the bottom left of the HSQC spectrum, and the cluster of peaks
generated by the glutamine and asparagine side chain amide groups observed in the top

right of the HSQC spectrum.
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Figure 5.8: The backbone assignment of DYNLL2.

1H,15N HSQC spectrum of 250 pM °N-labelled DYNLL2 with assigned backbone peaks labelled. The more
central region of the spectrum is shown in more detail in the lower panel, highlighting high resolution and
dispersion of the data.

Subsequently, the Ca, CB and CO were assigned to completion for the majority of the

residues with assigned amide peaks. The missing Ca peaks were Asp12, Tyr65, Leu85,
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Phe86, Lys87 and Ser 88; the missing CB peaks were Tyr65, Phe73, lle 74, Leu85, Phe86,
Lys87 and Ser 88; and the missing CO peaks were Thr53, Tyr65, Ser 88 and Gly89.

5.6.3 Chemical shift indexing validates the structural information from the backbone
assignment of DYNLL2

Ca, CB and CO assignment for each residue allows the use of various programmes for
the identification of secondary structure, one of which is TALOS-N. TALOS-N is an
artificial neural network that can predict backbone torsion angles (¢/y) and sidechain
torsion angles (x1) and thus, as shown here, protein secondary structure. In order to
carry out this prediction, HN, N, Ca, CB and CO frequencies and the protein sequence
are used as the input. The secondary structure prediction uses information from existing
high-resolution structural databases: looking at a residue of interest and one residue
either side, a consensus from the top 10 matches for the secondary chemical shifts are
required to predict the backbone angles of the residue of interest (Shen & Bax, 2013).
TALOS-N is thus also able to predict secondary structure information quite reliably for
any small areas where assignment information is lacking — this is useful here due to the

few areas where the backbone assignment for DYNLL2 is incomplete.

The secondary structure prediction of DYNLL2 from the NMR assighnment data using
TALOS-N is consistent with the existing structure of DYNLL1 and other homologues of
LC8 family proteins in other species (Figure 5.9A, 5.9B): two distinct regions of high a-
helical propensity with one region of high B-strand propensity at the N-terminus and
four distinct consecutive regions of high B-strand propensity on the C-terminal side of

the helices.

In addition to secondary structure prediction, TALOS-N also predicts the backbone
flexibility of each peptide. This is calculated as S?, a generalised order parameter. For all
of the assigned DYNLL2 peaks, the prediction for order is relatively high (Figure 5.9C). It
would be interesting to view this prediction for the string of residues 66-71, which were
unassigned due to lack of sufficient data in the triple resonance spectra, as it is likely
that flexibility and dynamic disorder of this region is implicated in the transition between

the free and bound states of DYNLL2.
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Figure 5.9: TALOS-N output for DYNLL2 is consistent with existing LC8 family structures.

DYNLL2 assignment data was input to TALOS-N for secondary structure and dynamic disorder prediction
(Shen & Bax, 2013). (A) A depiction of the secondary structure of DYNLL2 as predicted by PSIPRED (Jones,
1999; Buchan & Jones, 2019) which is consistent with existing solution NMR and X-ray crystallography
structures for DYNLL1 and various homologues. B) Secondary structure prediction for DYNLL2 based on
assigned HN, N, Ca, CP and CO information: the magnitude of the black bars above and the red bars below
0 of the y-axis indicate the propensity for a-helical and B-strand secondary structure for each residue of
the protein chain. The propensity for random coil is shown in blue. C) The predicted S? value for each
residue. For this prediction, residues with unassigned HN and N were excluded.

5.7 DYNLL2 binds KANK1 699-716

5.7.1 Designing a LC8b-binding KANK1 peptide

For this chapter of work, the aim was to identify any DYNLL2-binding sites within IDR2
of KANK1. As previously mentioned, LC8Pred — a programme which can predict LC8-
binding motifs with reported 78% accuracy (Jespersen et al, 2019) — was used. The 31
hits located within IDR2, of the 69 total, are shown in Table 5.2 and presented in order
of their anchor position. Upon interrogation of these hits, it is clear that many of these
do not display the very typical, canonical series of residues expected for a LC8
recognition motif. Although not all TQT anchor-containing peptides in the LC8Pred-
generating study actually bound to LC8 proteins (Jespersen et al, 2019) due to flanking

residues also being vital for facilitating LC8 protein interactions, a TQT-containing hit
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within KANK1 was searched for in an attempt to select a region reminiscent of the most

widely characterised LC8 recognition motif as the most promising candidate. As shown

in Figure 5.10, this is found at anchor position 710 in the KANK1 protein chain —and this

was the hit ranked #2 from the total DYNLL2 prediction.

Table 5.2: Potential LC8 recognition motifs present in the KANK1 IDR2.
LC8Pred was used to predict any potential LC8 protein-binding motifs in KANK1. Here, 31 hits located in
IDR2 are shown in order of their anchor position. A particularly promising hit containing the well-

characterised TQT motif is highlighted in the red box.

:'t Motif Amino Acid Score Volume and Polarity Score | Anchor position
3 VDKATMAQ 6.359157018 1.088843942
17 VEAVVQTR 0.449317595 -3.774815276
13 TSVETNSV -0.9507047 -0.32117154
4 CETGSNTE 7.072428439 -1.872204234
54 VNDLTLLK -20.70803136 -2.705071305
49 TLLKTNLN -18.11708479 -3.637689678
66 LKTNLNLK -26.04542655 -8.392642525
1 ASRGVNTE 10.89995912 1.840588335
16 TEAVSQVE -1.369373521 -1.563496231
24 VEAAVMAV -6.709134363 -1.242826817
7 VHQFTNTE 5.557840585 -2.582313223
11 TETATLIE 0.938538933 -1.251856193
6 IESCTNTC 5.502571158 -1.662899811
32 CTNTCLST -8.043422504 -2.293576639
2 KQTSTQTV 4.572145154 3.950033948
15 RVKDINSS -1.78803646 -0.162251995
30 IGVGTLLS -7.713587186 -2.269500993
60 GVGTLLSG -25.47895476 -4.257773437
45 GVGQININ -14.26839264 -4.371649797
41 RIQKLLAE -15.39453878 0.254267858
26 AEQQTLLA -6.395725223 -1.742793014
57 EQQTLLAE -20.52849598 -3.699101619
43 QMGSLNSQ -12.74255433 -5.041759997
29 GSLNSQLI -7.370255428 -2.211281491
22 QLISTLSS -3.639151423 -1.558607008
52 TLSSINSV -17.14706248 -5.872404528
14 KCGGLQSG -3.91543141 1.984000515
8 SPLSSQTS 2.19372608 0.409586511
40 TQEGTLSP -13.9761318 -0.81535065
61 TLSPVNLT -23.06485997 -7.033722359
23 GHHAVNIE -4.982611918 -1.572310274

A peptide spanning residues 699-714 of KANK1 was designed and ordered to investigate

binding with DYNLL2. These boundaries allow for a few residues either side of the LC8

recognition motif. Interestingly, this particular region of KANK1 does not appear to have
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a homologous region in any other KANK isoforms — this could be a potential indicator of
some specific differences between the KANKs, and perhaps some or all LC8-binding

regions are unique to KANK1.
hKANK1 699CLSTLD ETRT716

hKANK2 ~ ——— o
hKANK3 = =  ———emmmmmm——

hKANK4 @ ——mmmmmmmm

Figure 5.10: The 699-716 region is unique to KANK1.

Residues 699-716 of KANK1, containing a top LC8Pred hit comprised of a TQT-containing recognition
motif, is unique to KANK1 — multiple sequence alignments performed with IDR2 of each KANK isoform do
not have any aligned regions with KANK1 688-716. The 8-residue LC8 recognition motif is highlighted in
yellow and the TQT motif, where the GIn residue serves as the “anchor”, is underlined.

Notably, the ConSurf output indicates that the first Thr residue of the TQT motif, in
addition to several upstream residues, is very highly conserved, although the
subsequent GIn and Thr are not (Figure 5.2). This would suggest that the first part of this
LC8 recognition site plays a functional role in KANK1 activity. However, it should be
noted that ConSurf often does not differentiate between isoforms when selecting its
candidates for analysis, perhaps resulting in some KANK2, KANK3 or KANK4-related
proteins in its input. This may have caused the Gln and second Thr of the recognition
motif to score poorly in terms of conservation because the data has not been drawn
exclusively from KANK1 and equivalent proteins. Considering all of this information, in
addition to the high B-strand propensity for the anchor Gln onwards (Figure 5.1) which
usually dictates high affinity binding with LC8 proteins, this KANK1 699-716 peptide was
selected to test for DYNLL2 binding.

5.7.2 Using NMR titrations to test an interaction between DYNLL2 and KANK1 699-716

To investigate an interaction between full-length DYNLL2 and the KANK1 699-716
peptide, NMR was used. For this, HSQC NMR experiments were performed on full-length
DYNLL2 on its own and with various concentrations of KANK1 699-716 peptides added.
This data is shown in Figure 5.11A and indicates that an interaction occurs. As previously
shown in literature for other LC8 proteins binding to their ligands, this interaction
appears to be in slow exchange — where the rate of exchange between different
conformations is smaller than the duration of the NMR experiment being recorded —
and thus, in places where the population is neither fully free nor fully bound, a particular

amino acid can be observed as peaks in both the free and bound positions.
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Figure 5.11: HSQC NMR titration spectra of DYNLL2 with KANK1 699-716 peptide.

(A) *H,>N HSQC NMR spectra of 250 uM **N-labelled DYNLL2 in absence (black) or presence of 125 pM
(red), 250 uM (green) or 500 uM (blue) KANK1 699-716 peptide. (B) Three residues which indicate that
the reaction is in slow exchange: here, at 1:0.5 ratio of DYNLL2:KANK1 699-716 (red), a peak can be
observed in both the free and bound states. By 1:1 ratio, DYNLL2 is exclusively in the bound state. (C)
Three residues which still have a proportion of DYNLL2 in the free state at 1:1 ratio of DYNLL2:KANK1 699-
716 (green). By 1:2 ratio, DYNLL2 is exclusively in the bound state.
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Figures 5.11B and 5.11C show examples of some residues in the HSQC which have clear
chemical shift perturbations and are in a slow exchange state, displaying peaks in a free
and/or a bound position. Interestingly, some of these appear to have a saturated
interaction wherein DYNLL2 is exclusively in the bound state at 1:1 ratio of the protein
to the KANK1 699-716 peptide (Figure 5.11B), whereas some others still have some
protein in the free state at 1:1 ratio of protein to peptide and the protein is then
exclusively in the bound state at 1:2 ratio of DYNLL2 to KANK1 699-716 (Figure 5.11C).
Although this may have occurred due to slight inaccuracies in the sample in terms of
achieving intended ratios, perhaps due to a small level of protein or peptide
precipitation, it is an interesting observation. In order to deduce the significance, the
backbone of DYNLL2 in its bound state in the presence of KANK1 699-716 was also
assigned and the chemical shift perturbations were mapped, allowing identification of

the residues represented by the peaks highlighted in Figures 5.11B and 5.11C.

5.7.3 Mapping chemical shift perturbations of DYNLL2 residues upon KANK1 interaction
In order to have a greater understanding of what is occurring in the interaction between
DYNLL2 and KANK1 699-716, the backbone of the bound state of the protein was also
assigned. This was accomplished by collecting HNCA, HNCO and CBCAHN spectra of 13C,
1SN-DYNLL2 with KANK1 699-716 at a 1:2 ratio. These data were compared to the data
for DYNL22 alone and the corresponding peaks in the bound protein form identified. All
previously assigned residues, with the exception of Thr53, Phe62, Ser64, Leu85, Phe86,

Lys87 and Ser88, were assigned in the bound form of the protein (Figure 5.12).

From this data, combined chemical shift difference (AS) for each residue can be

calculated using the following equation:

AS = <A8(N)> + (AS(HN))”

Rscale

where A8(HN) = amide proton chemical shift perturbation in the >N dimension
AS(N) = nitrogen chemical shift perturbation in the >N dimension

Rscale = a scaling factor used to standardise shifts across the >N and !H
dimensions — here, a Rsale Value of 6 was used as the °N scale of the data is
approximately 6x greater than the *H scale.
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Figure 5.12: The backbone assignment of DYNLL2 in free and bound states.
H,%>N HSQC spectra of 250 uM **N-labelled DYNLL2 alone (black) or with 500 uM KANK1 699-716 (blue)
with assigned peaks labelled. The central region of the spectrum is shown in more detail in the lower

panel.
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The calculated chemical shift distance (A8) of each assigned residue in the DYNLL2 chain
is shown in Figure 5.13A. To allow identification of those residues which shifted a
significant distance as a result of the interaction with KANK1 699-716, the mean shift
distance across data for all residues, calculated as 0.096, was applied as a threshold.
Those residues which have a higher calculated shift distance than this mean are coloured
in orange, while those which a calculated shift distance greater than two times this mean
are coloured in pink. This colour scheme has been used to identify these residues with

significant shift distance values on the apo LC8 crystal structure, 3BRI (Figure 5.13B).
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Figure 5.13: Mapping the DYNLL2 residues involved in the interaction with KANK1 699-716.

(A) The calculated chemical shift distance (A8) for each DYNLL2 residue is shown, calculated from the peak
positions for the free protein and the bound protein after addition of KANK1 699-716. Residues with A8
greater than the mean shift distance are shown in orange, and those greater than double the mean shift
distance are shown in magenta. (B) Using the same colour scheme as (A), the residues with a greater A
than the mean shift distance have been mapped onto the apo LC8 crystal structure (monomeric for
clarity). In yellow, the string of 6 unassigned residues from Figure 5.7 is shown. Image produced with
PyMOL using X-ray crystallography structure adapted from PDB ID: 3BRI.
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Upon alignment of free and bound LC8 proteins, some structural differences are
immediately clear. The most significant change, as already mentioned, is the transition
from a highly dynamic, unstructured 3 in the free form to a considerably more ordered
B-strand in the ligand-bound form. In addition to this, structural differences can also be
observed in B1, B4 and B5 with altered positioning of the strands (Figure 5.14A). Using
the crystal structure of human DYNLL1 bound to a TQT-recognition motif-containing
Nek9 peptide (PDB ID: 3ZKE (Gallego et al, 2013), the TQT-recognition motif-containing
KANK1 699-716 peptide used in this work was modelled. As with other TQT-recognition
motif-containing ligands, in addition to other LC8-recognition motifs in general, the
KANK1 peptide likely forms a sixth B-strand within the binding pocket, resulting in a 12-
stranded B-sandwich across the entire dimer (Figure 5.14B). In order for this additional
B-strand to be incorporated into the existing B-sandwich, and also factoring in where B3
becomes ordered and forms the B-strand, strain would be generated and would disrupt
the hydrogen bonds maintaining the antiparallel B-sheet structure. Thus, in order to
allow for the transition into the bound state, several of the other B-strands appear to
shift — possibly in a somewhat sequential knock-on effect — facilitating the maintenance
of the secondary and quaternary structure. Interestingly, the largest chemical shift
differences of the assigned DYNLL2 residues outside of those corresponding to B3
appear to largely occur within the central regions of the other B-strands (Figure 5.14C,
orange and magenta). Although these residues seem very distant to be implicated in
binding itself, this suggests that the knock-on effect for maintaining the hydrogen
bonding pattern of the B-sheets is a significant event that occurs as part of DYNLL2

binding ligands such as KANK1.

Of those DYNLL2 residues which have the largest chemical shift differences between the
free and KANK-bound forms, the residues within B3 and the adjacent structural
elements provide information that is consistent with that in literature for other TQT-
based ligands (Lo et al, 2001; Benison et al, 2007). Based on these data, it can be
deduced that the TQT motif in KANK1, consisting of Thr709, GIn710 and Thr711, forms
a network of hydrogen bonds with DYNLL2: the two threonine residues form
interactions within the binding pocket to residues of B3 of one monomer, including

Gly63 and Ser64 in particular, whereas GIn710 additionally interacts with the a2 of the
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Figure 5.14: The structure of LC8 proteins bound to TQT-containing recognition motifs.

(A) Free LC8 (from PDB ID: 3BRI, pink) aligned with the bound form wherein two monomeric subunits are
observed (from PDB ID: 3ZKE, black and grey). Significant structural differences, particularly in B3, are
highlighted. The TQT-containing peptide from 3ZKE is not shown. (B) The ligand-bound B-sandwich: when
modelling KANK1 702-712 in complex with the protein, an additional B-strand is formed on each side
which contributes to the overall B-sandwich. (C) Using the colour scheme from Figure 5.13, the
significantly shifted regions of the protein are likely due to knock-on effects to individual B-strands as a
result of the insertion of the ligand B-strands, allowing tight order of the B-sandwich to be maintained.
(D) The modelled TQT recognition motif in KANK1 forms specific hydrogen bonds, particularly with Ser64
and Phe62 of the Subunit 2 3 and Lys36 of the Subunit 1 a2. Images produced with PyMOL.
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other DYNLL2 subunit, particularly Lys36 (Figure 5.14D). Hence, the glutamine of the
TQT motif — and the equivalent residue in other LC8-recognition motifs — truly functions
as an anchor and allows the entire dimeric, ligand-bound DYNLL2 structure to be
reinforced. The remaining residues which comprise the KANK1 B-strand encompassed
within the complex also form hydrogen bonds with their respective opposing B3

residues.

The DYNLL2 residues mentioned to be directly involved with the TQT motif have some
of the largest calculated chemical shift distances from the NMR titration experiments
with KANK1 699-716 and, in conjunction with the large shift distances observed for other
B-strands as a result of accommodation for the ligand, the data presented in this chapter
indicates that KANK1 699-716 interacts with DYNLL2 in a canonical TQT-recognition

motif-based manner.

5.8 Discussion

In this chapter, it has been shown by NMR titration that an interaction occurs between
DYNLL2 and the 699-716 region of KANK1. Using triple resonance NMR to assign the
backbone structure of DYNLL2, the residues implicated in and/or affected by this
interaction were able to be identified. As mentioned, the backbone assignment was
incomplete: a string of 6 residues at the C-terminus of the B3-strand, known to be a
highly dynamic and flexible region, as well as 6 other residues throughout the protein,
did not have assigned amides as part of this work. Based on the existing literature for
LC8 proteins and their ligands, it can be assumed that these B3 residues would be
involved in the interaction with the residues upstream of the KANK1 TQT-motif.
However, because of this missing data, this cannot be conclusively stated. If the triple
resonance NMR experiments were to be repeated, performing at a higher temperature
may alter the dynamics of the unassigned string, allowing acquisition of sufficient data
to then assign these residues. If the free form is assigned, it may then be possible to
measure any chemical shift distance that occurs and likely confirm that these residues
are involved in KANK binding. Alternatively, solving the structure using X-ray

crystallography could also provide this information.
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Throughout this chapter, various isoforms and homologues of LC8 proteins have been
mentioned. All experimental work was performed with human DYNLL2, a less well
characterised LC8 family protein. Working with this specific form of the protein allowed
some characterisation of it to be performed, including validation that it exists as a dimer
at physiological pH and that low pH causes a switch to the monomeric form, NMR
backbone assignment, and preliminary work indicating interaction with TQT-recognition
motif-containing ligands very similarly to other LC8 family proteins. Where the binding
surface is very highly conserved amongst LC8 family proteins, it is assumed that this
interaction with KANK will occur throughout — however, this would be important to
validate, particularly with the more widely studied LC8 family proteins including human
DYNLL1 and the D. melanogaster homologue. In addition to this comparison for other
LC8 proteins, it would also be very fascinating to investigate whether other KANK family
proteins bind LC8 proteins. Although already deduced that there is not a corresponding
region to 699-716 of KANK1, the region used in this work, using LC8Pred to predict any
LC8-binding sites in the other isoforms and investigating any very promising hits could
be very informative. Perhaps KANK1 is the only KANK able to bind LC8 proteins,
optimised for doing so by having the largest IDR2 amongst the mammalian KANKs, or

perhaps all KANKs exhibit this property but in different capacities.

Unpublished work by our collaborators, the Akhmanova group at Utrecht University,
suggests that, in mammalian cells, the coiled coil region of KANK is required in addition
to an intact IDR2 for the recruitment of LC8 proteins to focal adhesion sites. This could
imply that an interaction between LC8 proteins and the coiled coil region of KANK occurs
— of the 69 LC8Pred hits for KANK1, 10 of these are located within the coiled coil region
—or it could be that the function/role of the interaction between IDR2 and LC8 proteins
is linked to that of the coiled coil region, and simultaneous or sequential activity of these
regions is a requirement for normal recruitment and subsequent cellular activity.
Further work will be required to increase our understanding of this very interesting

observation.

One very curious aspect of this interaction in vivo would be the stoichiometry involved.
Where a short peptide was used in these investigations and thus it is likely that two

peptides bound two DYNLL2 molecules due to the interaction being almost completely
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saturated at a 1:1 molar ratio (Figure 5.11), this of course, despite allowing a greater
understanding of the specific region involved in the binding surface, is not entirely
physiologically relevant. As mentioned, there are 69 predicted LC8 protein-binding sites
in KANK1 and a significant proportion of these are located within IDR2. Potentially,
therefore, it could be that one DYNLL2 dimer recruits a single KANK1 but the two binding
pockets are occupied by different binding sites within the single KANK. Alternatively, one
DYNLL2 dimer may instead be binding two KANK1 proteins. With such a high number of
predicted LC8 protein-binding sites, it is important to consider what the purpose would
be of having several binding sites for the same/similar protein. Further analysis of the
LC8Pred results and systematic interrogation of the more promising hits will be useful
to shed light on this. It must be noted that a significant proportion of these hits are
unlikely to bind, with the region investigated in this chapter being the only hit
comprising the most canonical LC8 recognition motif, but these results are a useful

reference from which to plan future work.

Continuing this investigation into the interaction between KANK and LC8 proteins would
be vital to ultimately allow of a greater understanding of what the purpose of driving
unstructured regions of KANK1 into an ordered secondary structure would be, and what
implications this has for the function of the KANK1 protein overall. On a broader level,
it would be particularly of interest to deduce the context of this interaction — what is the
purpose of the interaction between an LC8 family protein and a KANK family protein?
Where LC8 family proteins have such diverse contexts within which they are involved,
understanding whether they are functioning as part of the dynein motor complex with
KANK1 as cargo or as hub proteins for a different cellular context of KANK1 would be
important. One possibility is that LC8 family proteins may be key in driving the assembly
of the large KANK complexes comprising the KANK-rich belts at the periphery of
adhesions (Bouchet et al, 2016) or perhaps involved in maintaining this localisation of
KANK proteins. Further, given the prominent association of both dynein and KANK
proteins with microtubules, it would be illogical to overlook this link — one possibility for
investigation could be the observation of microtubule dynamics when the DYNLL2-
KANK1 interaction is abolished, though prior investigation into whether LC8 proteins

bind to other KANK1 sites or to the other KANK isoforms would be useful.
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CHAPTER 6: CONCLUSIONS

6.1 Summary

The overall aim of this thesis was to further develop our understanding of KANK proteins
— the linker protein which, via direct interaction with both the core adhesion protein
talin and the kinesin KIF21A, allows crosstalk between the actin and microtubule
cytoskeletons, ultimately contributing to microtubule polarity and facilitating adhesion
turnover during cell migration. Where KANK proteins consist of such defined
characteristic regions which vary in their similarity between isoforms, each chapter of
this thesis sought to magnify specific regions to further characterise their structural and

functional properties.

Firstly, the C-terminal ankyrin repeat domain was subject to investigation. While the
notable binding partner KIF21A had been identified and crystal structures of KANK1 and
KANK2 ankyrin repeat domains both alone and in complex with KIF21A were deposited
by other groups early into this project, further understanding of this domain was lacking.
Comparing all four mammalian KANK ankyrin repeat domains using circular dichroism,
it was identified that the KANK4 ankyrin repeat domain has a unique double transition
in the melt curve, indicating two distinct stages of structural changes. Using SEC-MALS,
it was confirmed that the KANK4 ankyrin repeat domain exists exclusively as a dimer
throughout this pipeline. When attempting to characterise the disease-causing single
point mutants in KANK ankyrin repeat domains, one particular mutation — Tyr801His
within ANKO of the KANK4 ankyrin repeat domain — caused a shift to an exclusively
monomeric form. Additionally, although it is stated in the existing literature that neither
KANK3 nor KANK4 ankyrin repeat domains interact with KIF21A, it is shown in this work
that an interaction does in fact occur, though weaker than those with KANK1 and KANK2
ankyrin repeat domains. As part of this project, the crystal structures of the KANK3
ankyrin repeat domain and the Ala670Val mutant-containing KANK2 ankyrin repeat
domain were solved and deposited into the PDB (PDB IDs: 6LTH and 6TMD, respectively).
These two novel structures provide detail on subtle changes in these two regions
compared with the existing KANK ankyrin repeat domain structures available, notably a
more compact arrangement within KANK3 which alters the KIF21A —and potentially the

KN domain — binding loops connecting each ankyrin repeat, possibly the cause for the
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weakened affinity. Determining the structure of the KANK4 ankyrin repeat domain
would give valuable insight into the structural variations within that isoform and more
definitively determine the dimer interface, in addition to perhaps indicating why the

KANK4 interaction with KIF21A is weaker.

Following this, it was identified by a combination of NMR binding experiments and FP
assays that the KN and ankyrin repeat domains of all four mammalian KANKs interact in
what is likely an autoinhibitory interaction. By designing peptides of varying regions of
the KN domain and some peptides containing mutations, it was deduced that residues
61-68 of KANK1 — and the corresponding residues in the other three isoforms — are
required for this interaction. Interestingly, the KANK3 KN domain contains a three-
residue insertion within this region which appears to affect the affinity of the
autoinhibitory interaction: where interactions between the KN and ankyrin repeat
domains of KANK1, KANK2 and KANK4 have similar affinities, that of KANK3 is ~4-fold
weaker. Determining the structure of this autoinhibitory interaction in KANKs will be key
in acquiring more information and may provide further insight into subtle structural
changes which could be resulting in a weaker affinity for KANK3. In terms of the broader
purpose of an interdomain KANK compley, it is easy to speculate that having a “closed”
conformation of the protein correlates to inactivity and perhaps pre-complex formation,
similarly to other adhesion-associated proteins including talin and vinculin (Khan &
Goult, 2019). In terms of inactivity, it is also likely that competition could occur with the
autoinhibitory complex: perhaps, in response to signals for the control of adhesion
disassembly, for example, R7 of talin competes with the ankyrin repeat domain to bind
to the KN domain or, alternatively, KIF21A competes with the KN domain to bind to the
ankyrin repeat domain. The structure of the autoinhibitory interaction between the KN
and ankyrin repeat domains of KANK will be key in determining whether the KN domain
binding to talin R7 or the ankyrin repeat domain, or the ankyrin repeat domain binding
to the KN domain or the KIF21A KANK-binding helix, are mutually exclusive. The required
residues in the KN domain for ankyrin repeat domain binding, residues 61-68, clearly do
not overlap with the LD-motif required for talin binding, although there has been some
indication that other residues upstream of residues 61-68 may be involved in stabilising

the interdomain KANK complex (Figure 4.4). Taking into account their significantly
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higher binding affinities, both talin R7 and the KANK-binding helix of KIF21A could easily
outcompete the autoinhibitory conformation, though the overlap in binding surfaces
must also be considered and identified in order to investigate this fully. Preliminary
efforts to investigate competition using FP and NMR-based methods were attempted as
part of this work but further optimisation will be required to provide conclusive data.
Where difficulties have occurred in attempting to observe autoinhibited KANK within
mammalian cells, it is very possible that this particular conformation occurs only in
certain regions or at certain points in time in response to specific signals and, although
the work in this thesis provides an excellent basis from which to work, investigating this
further will be key in developing our understanding of the purpose and context of KANK

autoinhibition.

Finally, we sought to develop a greater understanding of the largest regions of KANK
proteins, the intrinsically disordered regions (IDRs). We focused particularly on KANK1
where IDR2 is significantly larger than all other KANKs. Despite being an IDR, this large
region contains microdomains with high secondary structure propensity, so we aimed
to investigate the possibility of KANK1 IDR2 in its unstructured state binding ligand
proteins and transitioning into the predicted secondary structure. Using a combination
of literature searches and interrogation of the KANK1 proteomics dataset, LC8 family
proteins were identified as potential ligands. One protein within this family, DYNLL2,
was shown using NMR titration methods to bind to an LC8 recognition motif within
KANK1 IDR2 containing a characteristic Thr-GIn-Thr sequence. Triple resonance NMR
was used to assign the DYNLL2 backbone resonances and the structural changes induced
by KANK1 binding were identified, shown to be overall consistent with existing LC8
protein interactions that have been identified. This novel KANK1-DYNLL2 interaction is
the first IDR2 interaction characterised and provides a foundation for further studies —
for example, investigating whether there are further LC8 protein-binding regions within
KANK1 and other KANKs, and what the implications of this would be within an in vivo
environment. One potential hypothesis to explore would be that the KANK interaction
with LC8 proteins could generate a platform for recruiting other proteins — where KANK
proteins already initiate cortical platform assembly in the context of the CMSC which

provides the cortical microtubule link (Bouchet et al, 2016), a similar activity may be
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occurring here for the assembly of a platform for an entirely different or very similar

process.

Overall, this work has allowed an increased understanding of the KANK family of
proteins, a key component of regulated adhesion turnover during cell migration, by
characterising some key differences between isoforms and identifying novel
interactions and binding partners. The isoform-specific intricacies are becoming
increasingly elucidated within this area of research: very recent work identifies cell type-
specific expression of KANK isoforms which rarely overlaps (Guo et al, 2021) —
supporting the hypothesis that the subtle differences amongst KANK proteins determine

their distinct cellular functions despite the similarities in their major structural elements.

The findings within this thesis have set the foundations for even more studies of KANK
proteins, ultimately allowing a greater understanding of the in vivo implications of

missing or defective KANK.

6.2 Potential limitations

Although the structural, biochemical and biophysical data contained within this body of
work is comprehensive and efforts were made throughout to validate the findings with
various techniques, a limitation of this work is the lack of in vivo approaches. Structural,
biochemical and biophysical methods provide excellent insight and fine detail of
components within a biological system and are an extremely useful approach for
characterising interactions and determining binding affinities. However, with the overall
aim of understanding what is occurring within a biological system, it is important to also
take the findings of the in vitro work and validate the biological relevance within a true
in vivo system — a combination of these approaches will result in a more confident

determination of what is actually occurring in these systems that we study.

The investigation of KANK proteins in mammalian cells and in animal models has posed
some difficulties as a result of gene redundancy and compensation, resulting in isoform-
specific conclusions being difficult to make. Further, a significant limitation observed as
part of the work in collaboration with the Akhmanova group at Utrecht University is the
lack of a functional readout for both KANK3 and KANK4 in many mammalian cell

systems. The data discussed in Chapter 3, for example identifying KANK3 localising to
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the filopodia tips (Figure 3.3) which may provide a new direction for identifying the
function of this isoform, will facilitate more targeted future investigation into the

autoinhibition of KANKs in a cellular context.

6.3 Future work
The work presented in this thesis provides excellent insight into the significant role of

KANK proteins and sets the foundation for many more avenues for future investigation.

As already mentioned throughout, there are several structures which would be
invaluable to determine. These include both the wildtype and Tyr801His mutant
versions of the KANK4 ankyrin repeat domain — key in understanding the oligomeric
switch and to allow an understanding of the difference in KIF21A binding across isoforms
— and the structure of the autoinhibitory complex formed between the KN and ankyrin
repeat domain of any KANK. In terms of this autoinhibition interaction, various
approaches were attempted to crystallise this complex, ranging from varying screens
and mixing techniques to designing a chimeric protein containing the two domains
tethered together. Optimisation of this chimeric protein construct could be a particularly
promising approach, and perhaps re-designing with the KN domain instead at the C-
terminal end could be attempted. This design strategy would be particularly useful in
the case of steric hindrance/geometry causing restricted access between the binding
surfaces in the original construct. Alternatively, triple resonance NMR experiments
could be used to attempt assigning the protein structure and mapping the binding
surface to determine the solution structure of the interaction — however, the size of the
ankyrin repeat domain proteins would make this quite challenging, with the inevitable

broadened signal and reduced resolution affecting final results.

Another area where further study would be useful would be to deduce with increased
certainty whether the KANK3 and KANK4 ankyrin repeat domains bind KIF21A. Although
published work states that these two isoforms do not interact with KIF21A (Pan et al,
2018; Guo et al, 2018; Weng et al, 2018), FP experiments here indicate otherwise, with
relatively tight Kq values calculated. Use of a technique with increased sensitivity,
including perhaps NMR titrations, could be used to validate the findings. It could also be

insightful to characterise the other known disease-causing point mutations in KANKSs,
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with many of those not discussed in depth here located within other KANK regions,

notably the coiled coil region and IDR2.

The interaction with the LC8 family protein DYNLL2 is the first characterised ligand for
IDR2 in KANK1. With several other potential sites within IDR2 and elsewhere within
KANK1 which could also interact, it would be interesting to investigate some of these
and determine what the stoichiometry of this interaction would be. /n vivo studies will
be ideal to assist in determining what the ultimate role of this interaction is — perhaps
KANK, in addition to its interaction with the kinesin KIF21A, has direct involvement with
the dynein motor complex, or DYNLL2 is binding in a dynein-independent context —and

any other significant events/components involved.

Finally, the KANK1 proteomics dataset from the Akhmanova group at Utrecht University
is an invaluable resource which could be key in identifying novel ligands and roles of
KANK proteins. Interrogating this data further will contribute to developing our

understanding of KANK proteins within a biological system.

Overall, the data presented in this thesis drives the characterisation of KANK family
proteins as individual proteins with similar overall functions yet with attributes unique
to each isoform. These isoform-specific differences will be key in furthering our
understanding of the exact roles that KANK proteins possess, defining the contexts in
which they can compensate for each other and those wherein a loss or mutation in an
isoform could have significant repercussions. This thesis has provided further
characterisation in the context of the protein-protein interaction-mediating ankyrin
repeat domain, which will facilitate the future identification of new ligands and
functions, and two novel interactions of KANK proteins have been identified: an
autoinhibitory complex which could be key in KANK regulation and the complex formed
with the LC8 family of hub proteins. Continuing to develop our understanding of this
protein family that is key in linking two major cytoskeletal elements, the actin filaments
and cortical microtubules, will be essential in unveiling further contexts in which KANK
proteins are involved and ultimately increasing our insight into these vital cellular

processes.
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highly dynamic event that is modulated by a variety of signaling events. By enabling
precisa control of the activation state of proteins, autoinhibition enables localization
of inactive profeing and the formation of pre-complexes. In response to the cormact
signals, these proteins become active and interact with other proteins, utimately
leading to developmant of call-matrix junctions. Autoinhibition of key componants of
such adhesion complexes—including core components integrn, talin, vinculin, and
FAK and important peripharal regulators such as RIAM, Src, and DLC1—leads fo a
view that the majority of proteins imwolved in complex assambly might be regulated
by intramolecular interactions. Autoinhibition is relioved via muftiple different signals
including post-translation modification and proteciysis. Mona recently, mechanical forces
havwe been shown to stabiize and increase the lfetimes of active conformations,
identifying autoinhibition as a means of encoding mechanosansitivity. The complexity and
scope for nuanced adhesion dynamics facilitated via autoinhibition provides numerous
points of regulation. In this review, we discuss what is known about this mode of
regulation and how it leads to rapid and tightly controlled asssmbly and disassamibly
of cell-matrix adhesion.
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INTRODUCTION

The Origin of Complex Cell Systems

The emergence of life is an enigmatic question that humankind
has pondered for millennia. At some point millions of years
ago, the last universal common ancestor (LUCA) appeared and
all organisms on earth descended from this initial cell (Yutin
et al, 2008), or so the story goes. The steps to produce such an
organism are controversial and mystifying. However, evolution
from this single cell seems somewhat easier to imagine. A key step
in the formation of multicellularity and more complex organisms
was the development of cell adhesion molecules. The ancient
origins of integrin-mediated adhesions has been traced back to
the genesis of multicellularity (Sebé-Pedrés et al., 2000; Brunet
and King, 2017).

Initially, these cell adhesion maolecules enabled cells to form
interactions with other cells to form cell-cell junctions and, in
animal cells, interactions with the newly-acquired extracellular
matrix (ECM) to form cell-matrix junctions. The ability of cells
to form sheets of cells and attach to an underlying matrix was
central to the development of multicellular animal life.

These attachment points also developed into sensitive sensory
modules, able to feel the mechanics of the microenvironment and
adopt the role of mechanotransduction centers—enabling cells to
maonitor and respond to mechanical cues and convert them into
biological signals to elicit different cellular responses.

Autoinhibition as a Regulator of Protein
Activity

Key to the development of complexity is the ability to regulate
adhesion and control the proteins that assemble together to form
adhesive structures. One way that proteins can be dynamically
regulated is via formation of an intramolecular interaction that
maintains the protein in an inactive state 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 (Figure 1A).

The concept of autoinhibitory domains can be found
throughout biology—these are regions of proteins which can
form intramolecular interactions which regulate behavior and
activity. We refer the reader to the review on auioinhibitory
domains by Pufall and Graves as it provides an excellent, still
highly relevant description of the fundamentals of autoinhibition
(Pufall and Graves, 2002).

CELL-MATRIX ADHESIONS: ATTACHMENT
AND SIGNALING CENTERS

Integrin Adhesion Complexes

The affinity of integrins for the matrix is regulated by the process
of integrin activation whereby the integrin that resides in a
low-affinity, compact arrangement at rest is converted to, and
stabilized in, an extended high-affinity conformation for ligand
(Shattil et al, 2010; Sun et al, 2016). Integrin activation serves
as a paradigm for how protein activity can be regulated by
conformation {Figure 1B). Following activation, huge protein
complexes coalesce onto the short cytoplasmic integrin tails,

ultimately giving rise to large signaling complexes. The order of
this assembly is the focus of intense ressarch.

Autoinhibition at the Heart of Integrin

Adhesion Complexes

Many of the proteins that assemble to form integrin adhesion
complexes are recruited to the adhesion site in an inactive state
and, upon receiving the correct signals, are activated and set
to work mediating adhesion and mechanotransduction. As we
will see later, autoinhibition is not limited to the pre-adhesion
phase of the protein’s life; autoinhibition plays a central role in
coordinating the dynamic assembly and disassembly required
for cell migration—cells need to adhere and detach in perfect
synchrony to enable progressive directional movement. Due to
limitation in space, it is not possible to detail all of the adhesion
proteins that are regulated by autoinhibition. Here, we will focus
on some of the best characterized to serve as paradigms of
antoinhibition regulating adhesion.

Integrins

Perhaps the best place to start is at the integrins themselves.
The inside-out/outside-in activation of integrins represents a
textbook example of antoinhibition and the regulation of ligand-
binding affinity via allosteric effectors.

Whilst the concept of adhesions being formed between cells
and the substratum had been appreciated since the work of
Abercrombie (Abercrombie, 1961), integrins, as the receptors
mediating these cell-ECM links, were first characterized in the
80s (Tamkun et al, 1986) and over the last 35 years have been
the subject of extensive research effort (a PubMed search for the
term “integrin” on 9th September 2019 yields 73,512 results).
The integrin family of proteins consists of transmembrane,
o/f-heterodimeric cell surface adhesion receptors that generally
consist of a large ectodomain, a single transmembrane domain
and a short cytoplasmic tail domain_ This structure facilitates the
characteristic bidirectional signaling ability of integrins wherein
signals that regulate countless crucial cellular activities can be
transmitted across the plasma membrane. In vertehrates, 18
o- and 8 f-subunits have been identified which form non-
covalent links in different combinations to generate 24 integrin
heterodimers (Hynes, 1992). Many great reviews have covered
the complexity of bidirectional signaling through integrins (Cin
etal., 2004; Luo and Springer, 2006; Shattil et al, 2010; Camphell
and Humphries, 2011) but it is worth a quick summary here.

The concept of integrin activation has been around for
over 30 years, and the first paper showing that conformational
changes regulate integrine was published in 1990 (Frelinger
et al, 1990). The concept of "outside-in” signaling, whereby
extracellular ligands can trigger large conformational changes to
the integrin structure leading to increased integrin activation,
quickly followed (D et al, 1991). The use of monoclonal
antibodies that recognized epitopes on the integrins that are only
accessible in certain conformations led to the notion of allosteric
behavior of integrins (Mould et al, 1996; Askari et al, 2009)
mediated by autoinhibition.

“Inside-out” signaling refers to integrins sensing intracellular
signals, resulting in the binding of talin and kindlin to the
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cytoplasmic tail of the B-subunit leading to activation of the
integrin. In reality, it is likely that both of these bidirectional
signaling axes work in tandem, with extra- and intracellular cues
contributing constantly to orchestrate the overall dynamics of
the integrin.

The structural changes in integrin conformation that occur
upon activation, leading to the relief of autoinhibition and
exposure of the ligand binding sites both extracellularly
and intracellularly, are extensive and result in large-scale
reorganization of the ectodomains (Ye et al, 2012) and separation
of the transmembrane and cytoplasmic tail domains (Kim, 2003)
(Figure 1B).

Integrins are generally thought to have three major
conformations: a bent, closed form, an extended form with
the headpiece of the ectodomain still closed, and an extended
form with the headpiece open and the a- and f-cytoplasmic tails
a greater distance apart (Shimaoka et al, 2002; Li et al, 2017).
The binding sites for many integrin ligands are cryptic—integrin
activation causes a switch to the extended, open conformation
and triggers exposure of these surfaces.

Autoinhibition in the intracellular region is maintained via
an electrostatic interaction between the two cytoplasmic tails: for
example, in allbf3 integrin, Asp723 in the £3 tail binds Argg95
in the allb3 tail (Anthis and Campbell, 2011) (Figure 1C).
This salt bridge is crucial for maintaining the low-affinity state,
holding the legs together (Hughes et al,, 1996; Vinogradovaetal.,

2002; Kim et al, 2009; Lau et al, 2009) and preventing the
separation of the legs that drives activation of the integrin.

Protein-protein interactions between the P-tail and the
actin-binding protein talin (see next section) can relieve this
autoinhibitory interaction and drive tail separation, propagating
a conformational rearrangement of the ectodomains and
unfurling to reveal the ligand-binding motifs (Harburger and
Calderwood, 2009). The structure of the talin2 F2F3 domains
bound to the cytoplasmic tail of the B1d tail [PDB ID: 3GOW
Anthis et al, 2009] revealed that part of the activation process
mediated by the talin head binding to integrins (Calderwood
et al, 1999) was to not just break this salt bridge but to form
an alternate salt bridge between the Asp723 and a conserved
basic residue in talin [Lys327 in mouse talin2 Anthis et al,
2009]. Active talin, with a little help from the FERM domain
protein kindlin (Rogalski et al, 2000; Moser et al, 2008),
can therefore convert integrin from an autoinhibited to an
active conformation.

Talin

Talins are ~270 kDa adaptor proteins involved in integrin-
mediated adhesions and were first discovered in adhesion plaques
(cell-ECM junctions) in fibroblasts (Burridge and Connell, 1983).
The two isoforms, talinl and talin2, are encoded by separate
genes (Senetar and McCann, 2005) but have the same domain
structure consisting of a non-canonical linear FERM domain

Frontiers in Molecular Hiosciances | www.frantiemin.org

Dacernber 2019 | Volume € | Aricle 144

165



APPENDIX

Khan and Goult

Aunpinhibition in Cell-Matrix Adhesion

(FO-F3) connected, via a linker, to a rod domain comprised
of 13 w-helical bundles (R1-R13) followed by a C-terminal
dimerization domain {DD) (Calderwood et al, 2013; Goult et al.,
2013k) {Figure 24).

Talin activates integrine by binding to the cytoplasmic tail
of the fi-integrin subunit via a phosphotyrosine-binding (PTB)-
like region in F3—this domain is termed integrin binding site
1 {IBS1). As mentioned in the previous section, the interaction
between the talin head domain with integrin is sofficent to
relieve autoinhibition of the integrin, exposing the previously
cryptic binding sites for integrin ligands. However, talin itself is
regulated by multiple layers of autoinhibition.

The first evidence that talin was autoinhibited came from
the initial structural and biochemical characterization of talin
in 1987 (Molony et al, 1987). Electron microscopy analysis
of purified talin from chicken gizzard smooth muscle revealed
that talin was a flexible elongated molecule but could adopt a
more globular compact form at low ionic strength. 1t has since
been demonstrated that the autoinhibition of talin into this
compact cytosolic conformation {Goult et al, 20013a; Dedden
et al, 2019} occurs primarily via an interaction between the
integrin binding site in F3 and the rod domain R9 (Goksoy et al.,
2008; Groult et al., 2009; Song et al, 2012) with additional weaker
interactions including that between F2F3 and RIR2 (Banno et al..
2012; Goult et al, 2013a). The compact autoinhibited structure
(Molony et al, 1987; Goult et al, 2013a) is facilitated by the
formation of a talin homodimer, formed via the dimerization
domain (D) at the very C-terminal helix {Gingras et al.
2008). This stabilizes the autoinhibited conformation via the
various inter- and intramolecular interactions taking place. In
this configuration, the integrin binding site in the F3 domain
and the actin-binding sites in the rod are masked which implies
that, in order for integrin activation and subsequent signaling
to occur, a conformational change must be induced in order o
relieve talin autoinhibition.

Layers of Talin Autoinhibition

Many binding sites in talin are concealed asa result of these layers
of autoinhibition (Gough and Goult, 2013)—maost notably the
sites for integrin, actin and vinculin—but also the sites in the rod
with which the majority of talin binding partners interact. The
folded conformation has the red domains wrapped around the
edge of the compact conformation with the two head domains of
the dimer buried inside (Goult et al, 2013a). The rod domains
have binding sites on their faces, some of which will be buried
inside the closed conformation and inaccessible. However, some
binding sites are still accessible—for example, Rapl-interacting
adapter molecule (RIAM) is able to interact with autoinhibited
talin, binding to a folded surface on RZR3 which is outward-
facing. RIAM-mediated coupling of talin to Rapl’s membrane-
targeting motifs is a key event before integrin activation can
occur (Lee et al, 2009, 2013; Shattil et al., 2010; Yao et al., 2014a;
Lagarrigue et al,, 2015).

R9 and integrin bind to the same site on F3, indicating that
the autoinhibitory interaction of talin and its integrin binding
are mutually exclusive. The specific sites for talin autoinhibition
have been investigated: on B2, these include a negatively charged

surface comprised of residues Aspl&76, Aspl763, Glul770,
Glnl1798, and Glul805 (Goult et al, 2009) which bind to the
positively charged integrin “activation” loop on F3 including
Lys316, Lys318, Lys320, Lys322, and Lys324 (Goksoy et al, 2008;
Goult et al., 2009; Song et al, 2012). The crystal structure of the
complex between F2F3 and B9 [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
interface and confirmed the key role of Glul770 in mediating
antoinhibition via a buried salt bridge with Lys318. Mutations
to Glul 770 in B9 have been shown to reduce the autoinhibitory
interaction (Goult et al, 2009), and this mutant has allowed
detailed analysis of talin uncoupled from the upstream signaling
pathways (see later section "Manipulation of autoinhibition
by mutation”).

The layers of autoinhibition in talin extend beyond the head-
tail interaction. Once this "top layer” of autoinhibition is relieved,
the binding sites on talin for integrin and actin are exposed and
form the core of the adhesion complex. Talin has three actin-
binding sites (Hemmings et al, 1996) and the regulation by
autoinhibition of two actin-binding sites in the rod region, ABSZ
and ABS3, demonstrates two further layers of talin r i
The C-terminal ABS3 (McCann and Craig, 1997; Gingras et al,,
2008) is comprised of the two R13 domains of the dimer linked
together via the DD, ABS3 is inaccessible in the cdosed, compact
form (Goult et al, 2013a) but, upon talin unfurling, is available to
bind actin. The affinity of ABS3 for actin is further regulated via
autoinhibition within the B13 domain, as the first helix (upstream
helix, USH) of R13 limits actin binding (McCann and Craig,
1997). This domain-level autoinhibition requires force andfor
changes in local pH (Srivastava et al, 2008) to allow maximal
actin binding. Once ABS3 engages actin, it can capture the
retr flow of actin that begins to exert forces onto the
tethered talin molecule. These forces can cause conformational
changes in talin and relieve autoinhibition or disrupt binding
interactions of other domains. The second actin binding site in
talin, ARS2, iz in domains R4-R8 in the middle of the talin
rod (Atherton et al, 2015). In the absence of force, ABS2 is
cryptic and maintained in a low-affinity autoinhibited state via
the adjacent domains B3 and R9 {Atherton et al, 2015). Forces
exerted on talin via ABS3 relieve this autoinhibition and reveal
ABS2 which can then form the high-affinity. tension-bearing
cytoskeletal linkages with actin (Atherton et al. 2015; Kumar
et al, 2016; Ringer et al, 2017). Here, mechanical force is the
major driver relieving ABS2 autoinhibition, but this only occurs
following relief of the layers of autoinhibition preceding it: ie,
talin head-tail autoinhibition and the changes in ABS3 that
facilitate actin binding to talin.

Many of the binding partners of talin require sites which
are not constitutively accessible. Rod domain partners may bind
when domains are folded, unfolded, or at intermediate levels of
folding {Goult et al., 2013b, 2018). These sites can be exposed
by various stimuli; for example, talin has 11 cryptic vinculin-
binding sites (VBS) which are buried in the hydrophobic core
of the folded rod helical bundles. These VBS are exposed when
talin is under force, causing sequential rod domain unfolding
and allowing the first subdomain of the vinculin head, ¥d1,
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FIGURE 2 | Autoirhibition of focal adhesion peoteins. (A-C) Schematic dagrams of active and autcinhibted (A) talin, (B) vinculn, and (C) FAK. insets: Tha crystal
structures of the autcinhibitory interacticns are shown. (A) Talin: F3 of the FERM domain and RS of the rod are the primary inteeacting domains in talin autonhibition.
K318 and E1770 are required for this interacton to take place, forming a key buried salt bridge. Adapted froen crystal structure PDE ID: 457G {Song et al., 2012). (B)
Vincudin: the vinculin tal, Vi, miaracts with both Vid1 and Vd4 domaire of the haad to form a strong autoinhibiary conformation. Mutating residues D374, KB7E, RIT6,
RO78 (Cohen et al., 2006) resuls in a constitutively active vinculin by disrupting the interaction between Wt and Vdd. Adapiad from crystal structure PDE ID: 1TR2
{Borgon et al., 2004). (C) Focal adhesion kinase: F2 of the FERM domain of FAK interacts with the C-lobe of the kinase domain to keep FAK in a closed confoemation,
renderning a key tyrosine in tha inker betwaen these domains (Y397) inaccessible to phosphorylation. Adapied from crystal structure PDE 1D 200 {Lstha et & 2007).
Inages made using PyWCL.
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to bind (Hyténen and Vogel, 2008; del Rio et al. 2009; Yao
et al, 2016). Vinculin binding to these VBS subsequently allows
for stabilization and maturation of the adhesion (Yao et al.
2014a). Each VBS-containing rod domain has a different force
threshold at which it unfolds, leading to different forces required
to relieve autoinhibition of each VEBS. Further, each VBS helix
has a different mechanical stability, and so the VBS-vinculin
interactions at each site also have different strengths (Wang et al..
2019).

It remains to be determined exactly which binding sites
are availahle in each conformation, and the catalog of
talin ligands is expanding constantly (Goult et al. 2018).
Furthermore, the lifetimes of each conformation are regulated
by autoinhibition modulated by many different signaling cues
including PTMs, force and calpain cleavage (see later section
“Control of autoinhibition”).

This leads to a domino effect of autninhibitory relief steps
downstream of Rapl activation: (i) RIAM is activated, which
translocates talin to the plasma membrane where (ii) the talin
head-tail autoinhibition is relieved. (iii) Once active, talin relieves
the autoinhibition of integrin_ (iv) By connecting integrins to the
actin retrograde flow, talin autoinhibition is further relieved, first
with activation of enhanced actin binding to ABS3. (v) As force
increases, mechanical activation of vinculin-binding sites in talin
oocurs, initially by unfolding of the B3 domain, the least stable
of the rod domains (Goult et al, 2013b; Yao et al, 2014a). (vi}
Mechanical exposure of high-afhnity actin binding takes place
via relief of autoinhibition of ABS2. This is just one example of
a simplified, linear route through the autoinhibitory landscape
regulating adhesion assembly; many other factors can feed into
and modulate these steps and the order in which they occur.

Vinculin
Like talin, vinculin was first discovered as a component of
adhesion plagues (Geiger, 1979). Vinculin is a ~116 kDa actin-
binding protein comprised of a large, globular head consisting
of four a-helix-containing domains (Vdl-vd4) linked to a tail
domain {Vt) by a proline-rich hinge region (Figure 2B).
WVinculin interacts with various proteins involved in integrin-
mediated cell-ECM adhesion and cadherin-mediated cell-cell
adhesion including a-actinin, vinexin, and ARP2/3 (Wachsstock
et al, 1987; Kioka et al, 1999; DeMali et al, 2002). However,
its most notable binding partners are talin and filamentous
actin (Burridge and Mangeat, 1984). Vinculin also has a similar
function at cell-cell adhesions, stabiliring the junctions via
interaction between actin and a-catenin {Bays and DeMali, 2017).
This linkage is crucial for mechanotransduction (Huveneers
and de Rooij, 2013; Zaidel-Bar, 2013; Yao et al, 2014b) and
stabilization of cadherin at the cell surface (Peng et al., 20100
‘When talin is subjected to force, sequential unfolding of
helical bundles of the rod domain occurs which exposes up to
11 cryptic vinculin binding sites (VBS) to which ¥d1 can bind
(Izard et al., 2004; Papagrigoriou et al, 2004). Filamentous actin,
on the other hand, interacts with Vt {Johnson and Craig, 1995).
Autoinhibition of vinculin, like talin, is mediated by a head-
tail interaction that conceals the binding surfaces for most
known ligands, including for talin and actin (Cohen et al.,

2005, 2006). This interaction occurs via two interfaces: between
vdl and Vt and between Vd4 and Vit Although these are
individually low-affinity, the combined interaction amounts to
a strong autoinhibitory interaction (Cohen et al, 2005). The
crystal structure of full-length vinculin in its autoinhibited
form (Bakolitsa et al, 2004; Borgon et al, 2004) shows
the two head domains interacting with Vi A constitutively
active winculin termed vinculin T12 has been developed
wherein a cluster of four charged residues in ¥t are mutated:
AspOT4Ala, Lys975Ala, Argd76Ala, and Arg978Ala This mutant
has significant loss of affinity to the vinculin head compared
to wildtype vinculin (Cohen et al, 2005). More recently, an
improved constitutively active vinculin has been developed, the
TIZK mutant, with AspS74 mutated to a lysine {Asp974Lys) to
further destabilize the interaction with the head (Chorev et al,
2018). Constitutively active vinculin markedly reduces adhesion
turnover {Humphries et al., 2007; Carisey et al, 2013), and locks
talin into an extended conformation (Yao et al. 2014a). Mot
surprisingly, this loss of adhesion dynamics is lethal in flies
{Maartens et al., 2018).

Focal Adhesion Kinase (FAK)

The mechanisms underlying autoinhibition of focal adhesion
kinase (FAK) are well-characterized and, being a kinase, a striking
example of coupling regulation of protein activity to downstream
signaling cascades. FAK is another linear multidomain protein
with numerous binding sites for ligands. As the name suggests,
FAK contains an enzymatically active kinase domain able
to phosphorylate tyrosine residues in target proteins. FAK
comprises an N-terminal FERM domain, a kinase domain, a
ligand-binding region and a C-terminal 4-helix bundle termed
the focal adhesion targeting (FAT) domain (Figare 2C).

At rest, FAK adopts an autoinhibited, closed conformation
where the FERM domain directly binds and occludes both the
catalytic cleft and the activation loop of the kinase domain
(Cooper et al, 2003; Lietha et al., 2007). The crystal structure
of autoinhibited FAK allowed identification of the residues on
each domain involved in the interaction (Lietha et al,, 2007). In
this closed conformation, the FAK activation loop is sequestered,
preventing autophosphorylation of Tyr397. Interestingly, FERM-
mediated antoinhibition of kinase activity has also been observed
in the Janus Kinase (JAK) family. JAK proteins have a similar
domain structure to FAK and share this common mode of
regulation (Zhou et al., 2001).

Two mutants have been designed which significantly increase
kinase activity of FAK: a double mutant in FZ of the FERM
domain (Tyr180Ala and Met183Ala) and a mutation in the kinase
domain (Phe596Asp) (Lictha et al., 2007).

Activation of FAK requires relief of autoinhibition and this can
occur through the FAK-FERM domain engaging the integrin tail,
leading to release of the activation loop and autophosphorylation.
As a result, binding between FAK and the Src tyrosine kinase is
enhanced. leading to an active FAK-Src kinase complex able to
activate and regulate many other proteins as a major driver of
adhesion signaling (Schlzepfer et al, 1999; Zhao and Guan, 2011;
Horton et al., 2016).
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Further, upon release of autoinhibition, FAK can become
part of a tethered linkage in force-transmission pathways,
tethering to integrins via its FERM domain while the C-
terminal region couples to cytoskeletal proteins. This suggests
that mechanical force may also contribute to the lifetime of
the active form of the protein (see later section: Mechanical
regulation of autoinhibition).

Rap1-Interacting Adapter Molecule (RIAM)

An important regulator of the integrin adhesion complex
assembly is Rapl-interacting adapter molecule (RIAM). RIAM is
a Rap] effector that can interact directly with talin and translocate
it to the plasma membrane, and thus into close proximity to the

integrins (Han et al,, 2006; Lee et al, 2013). The direct interaction
of RIAM and talin is mediated via the N-terminus of RIAM which
contains two talin binding sites (TBS) which interact with four
of the talin rod domains (Goult et al., 2013b), with high-affinity
binding occurring to the R2 and R3 talin rod domains. RIAM is
another linear molecule, comprised of the two TBS and a long
flexible linker connecting to Ras association (RA) and pleckstrin
homology (PH) domains (Figure 3A).

The structural basis of RIAM autoinhibition was recently
shown to be mediated by the region between the two TBS
and overlapping with TBS2, termed the inhibitory region (IN)
(Figure 3A). This IN region, mapped to residues 27-93, was
shown to interact with, and occlude, the Rapl binding site on

A RIAM

homology 3 dornain {SH3)L Autoinhibit

FIGURE 3 | Schernatics of autcinhibited and actated forma of ather integrin-based adhesion-assocaited protens. Cartoon representation of some of the known
achesion proters that are reguliad by autonfibiticn. Top: Autocinhbited (Off) conformation; Botiom: Active (O} conformaton. (A) FIAM, comprsed of two
Talin-Binding Stes (TBS), and an INnbiicn motf (IN), a Has-Association domnain (HA), a Plackstrin
bymaacmbumemmdeMdm(Chauc(d..?:ﬂ] {B) Sre, comprized of & Kinase domain (SH1), & Sec homclogy 2 dornain {SHZ) and a S
between the SH2 domain and phosphongated Tyrb27 at the C-terminus {Shenoy ot al., 18372). (C)

(PH), and & Poly-proline moti. Autoirhibition is medinted

ZynnompmaddmNmndmwmerohe—:h “ActA” repaats, Nuclkeer Export Saquances (NES), and theae LIM domnains. Autcinhibition is medinted by

ninmcton betweon the ActA and LIM doenains (Nex ot al, 2001; Cal et al, 2011). (D) DLC1, comprised of a Sterde Alpha Motif [SAM, a Fho-GTPase Actating

Proten dorman hoGAP) and a STercidoganic Acute Fagulatory protein-related lipid-Transier dornain {START). Autorhbition is mediated by interaction betaeon the

SAM and FhoGAP dornains §Gm of al., 2008). (€) 401, mdeaGWaGn&qDamn[CﬂMammmmm a Formin-Hornology 2

{R42) and a Diaphanous-Autceaguiatory Dornain Autoinhibition is mediated ion between the DID and DAD dormains (Tukeya of al., 2006). (F) WASFE,

oompn:odderthS‘thobgyldotmn[EVH!} a GTPase-Binding Domain {GBD), and & Varproiin homology, Central hydrophobic and Aadic domain (VCA).
iz mediated by i i b the GED and VICA domains {Kim et o, 2000).
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the RA domain (Zhang et al, 2014; Chang et al., 2019) via a
switchblade-type autoinhibitory interaction. A tyrosine residue
forming part of the binding site, Tyr45, was also shown to be
a substrate for focal adhesion kinase (FAK). This suggests a
novel regulatory axis whereby FAK-mediated phosphorylation of
RIAM relieves RIAM autoinhibition, exposing both the RA and
TBS domains, increasing the ability of RIAM to (i) co-localize
with Rapl at the leading edge of cells and (i) to recruit talin to
the same location. A Glus0Ala/Aspa3 Ala mutation was shown to
render RIAM constitutively active (Chang et al, 2019).

This Rapl:RIAM:talin nexus is thus tightly controlled in a
myriad of ways, and the dynamic balance of activity status of
each protein is implicitly entangled. RIAM is likely activated
by active Rapl (Bos, 2005; Stefanini and Bergmeier, 2016), and
the interaction with talin is likely to tilt the equilibrium balance
further. The interaction between the PH domain and membrane
phospholipids will further tip the equilibrium. The lifetime
of the interaction can then be controlled by phosphorylation
wvia FAK and dephosphorylation by the relevant phosphatase.
All of these factors will control the activation state of RIAM,
highlighting the complex balance of factors that determine the
lifetime of interactions.

Src

Relief of autoinhibition of FAK following activation at adhesion
sites leads to FAK autophosphorylation of Tyr397 (Frisch, 1996)
which provides one mechanism for the recruitment of Src to
adhesion complexes. Src, like FAK, is a non-receptor tyrosine
kinase that associates with sites of adhesion. The cellular Src
protein was originally discovered from its homology to the Rous
sarcoma virus oncogene protein product, v-5rc (Bishop et al.,
1978). Determining the domain structure of Src transformed the
field of cell signaling as it is comprised of three modular domains:
a kinase domain (Src Homology 1), a phosphotyrosine-binding
5H2 domain (Src Homology 2} and a polyproline-recognizing
5H3 domain {Src Homology 3). Identification of these modular
binding domains in Src (Pawson and Gish, 1992) set a paradigm
for cell signaling pathways. Interestingly, Src is maintained in
an inactive cytosolic autoinhibited state as the C-terminus of
Src contzins a tyrosine, Tyr327, which when phosphorylated
interacts with Srcs own SH2 domain (Shenoy et al, 1991)
(Figure 3B). Interestingly, v-5rc is constitutively active as it lacks
this regulatory C-terminal antoinhibition motif. Phosphorylation
of FAK Tyr397 can also enhance Src activation since the Src
5H2 domain binds FAK, thus displacing the autoinhibitory tail.
Relief of Src autoinhibition can be sustained by phosphatases
that dephosphorylate Tyr527 and switch the molecule to its
active form.

Src recruitment to, and phosphorylation of, downstream
maolecules allows many pathways to be regulated through Src,
and drives crosstalk between integrin, Src and Rho-family
GTPases (Huveneers and Damen, 2009). This provides one
route through the complex activation process where a sequence
of autoinhibitory interactions are relieved: integrin activation,
leading to increased FAK activation, which leads to increased
Src activation. All of these enhanced activities can be further
modulated by post-translational modification.

And the Rest...

Many other adhesome components have also been shown to
autoinhibit. The core adhesion proteins are all long linear
maolecules so it is possible that they all contain autoinhibitory
domains. Table 1 contains a non-exhaustive list of adhesion
proteins regulated in this way, and constitutively activating
mutations that can be introduced.

The auotoinhibited and active conformations of the
proteins  zyxin, WASPE, FHODI, and DLC1 are shown
in Figure3. These are just a small selection of the 200+
proteins  associated with integrin  adhesion complexes,
but highlights the similarities between the regulatory
mechanisms. In each case, the activity of the protein is
controlled by a head-tail interaction which is mediated
via an autoinhibitory domain binding to, and occluding,
a major binding site. Very few proteins in cells are
constitutively active.

TABLE 1 | Adhesion proleins reguiated by autcinhibition.

Protein Primary Constitutively References
inferacting regions motive matant
Intesgrin Elactrostatic FE3EA in ollb Hughes at al.,
inberaction between or OF23An i3 1896
fthe bwo cyloplesmic
taks
Taln Fland F3 E17708 Goult et al.,
2009
Yinouln Wd1 and ¥'Vdd and TA2%: DT, Cohen et al,
Wt KETEA, FOTEA, F00E
FETEA
12K DE74E, Chomew et al..
KETEA, FOTEA, 2018
FETEA
FaAM I ard RA EEOA, DEIA Chang et al,
201
FAK FZ and kinase Y387k Lietha et al,
Cober 2007
Sro C-terminus ard SH2 YE2TF Shenoy et al,
1ea2
DLCt S0M and PhoGAP daita SAM Kim et al., 2008
domains
-actinn Cahbl-ie and MNEECK mutant Young, 2000;
neck-Hl domains Fiboiro et al,
2014
Filarmin & Interactions in its E144E Lad ot al., 2007
immunaglobuin
[ 3]
FHOD Dhaphanous 130, Teheyn et al.
Inhibitory Damain 113, 2008
D0 ard T4
Dhephanous
Aurtoreguiaiory
Domain (DAY
WhSP GHED and YCA deita T Kim et al., 2000
domains
Zywin #athand LIM region 420 Nox ot al., 2001;
Call et al., 2011
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CONTROL OF AUTOQINHIEITION

Studies into the regulatory complexity of proteing activation
status is revealing adhesions to be highly dynamic. With recent
advances in microscopy, it is now possible to observe constant
switching between inactive and active conformations of proteins
within an adhesion, as exemplified by the mounting evidence
that integrins segregate into distinct nanoclusters within focal
adhesions (Rossier et al., 2012; Spies et al, 2018; Orré et al,
1019). Mutants that perturb talin autoinhibition [EIT70A Ellis
et al., 2013; Haage et al. 2013] or vinculin autoinhibition [T12
Cohen et al, 2005; Carisey et al, 2013] also result in strong
attenuation of adhesion dynamics. Together, these results suggest
autoinhibition of adhesion components is critical to the tight,
dynamic regulation.

Methods of Relief of Autcinhibition

There are numerous ways that autoinhibition of proteins is
controlled with multiple entry points for the regulation of protein
activity, some of which are shown in Figure 4. The equilibrium
between autoinhibited and active protein is exquisitely poised,
such that a subtle shift toward a more active state of one protein
can be sufficient to perturh the system and cause large-scale
changes to cellular processes. Rather like the "butterfly effect”
in chaos theory where a minor change in the initial conditions
can lead to large changes in the system owverall (Lorenz, 1962),
these chaotic events give rise to order in the cellular world

Upregulation of a protein in response to a signal of some
kind, say activation of a GTPase or interaction of two proteins,
can trigger rapid amplification and cascades of activation steps
that result in large global changes in the adhesion and the
cytoskeleton of a cell.

One common mechanism for relieving autoinhibition is post-
translational modifications ('TMs) (Figure 4A). Here, a kinase
or other enzyme chemically alters the target protein and relieves
the autoinhibition, switching the protein "on” (or "off” in the
case of proteins like Src). PTMs can also stabilize an active state
once open and thus control the lifetime of the active state. The
maost well-studied PTM is phosphorylation but there are many
others, including acetylation, methylation (Gunawan et al,, 2015),
sumoylation (Huang et al,, 2013), etc. The converse of this is the
removal of PTMs, where a second enzyme such as a phosphatase
removes the PTM and reverses the switch.

As well as temporary PTMs, there are also irreversible
maodifications that can occur, such as proteolytic cleavage
(Figare 4B). Here, the protein is cleaved, separating into
two polypeptides. The best-characterized proteases linked to
adhesion belong to the calpain family of calcium-dependent
cysteine proteases which cdeave many adhesion components,
Talin has been shown to be a substrate for calpain (Franco et al,
2004), as have paxillin and FAK (Chan et al, 2010). Calpain
cleaves talin in three sites: one site in the neck liberating the head
from the rod (Franco et al, 2004), one site at the C-terminus
immediately before the dimerization domain (Bate et al., 2012),

Past-translational
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and a cryptic third site in the R10 domain (Zhang et al., 2012).
Each of these cleavage sites will result in constitutively active
talin fragments. Interestingly, whilst the initially-identified role of
calpain cleavage was primarily to regulate adhesion disassembly
(Franco et al, 2004), recent work has shown that calpain
dleavage activation of talin is required at adhesion genesis to
trigger proper adhesion formation, recruitment of further non-
cleaved talin and adhesion maturation (Saxena et al, 2017),
with the cleavage products playing key additional, presumahly
non-adhesive roles.

Many proteins are activated by interaction with an activating
maolecule—this can be a protein, the membrane, etc. Here,
the activating molecule can activate the target via allosteric
activation (Figure4C) where binding causes conformational
changes to the target leading to relief of autoinhibition. This can
also be via a small molecule binding (Figure 4C): for instance,
calpain proteases are activated by influx of calcium and, once
active, can activate other proteins by cleavage. Another scenario
is that binding of the activating moiety can activate by direct
competition (Figare 4D) with the autoinhibitory interaction.
For instance, talin can be activated by the plasma membrane,
where the interaction between the plasma membrane and the F3
domain of talin is stronger than the autoinhibitory interaction
holding talin in a closed conformation (Saltel et al., 2009; Song
et al., 20112), causing talin to undergo large-scale recrganization
upon membrane engagement.

A further scenario that is likely to be playing a major role
in adhesion assembly is the mutual relief of antoinhibition
(Figure 4E). Here, two proteins in an “off " conformation come
together and mutually activate each other. Alternatively, one
protein becomes activated and, in doing so, is able to activate
another, triggering a "domino rally™-style activation cascade.

Mechanical Relief—Mechanotransduction
A common theme of adhesion regulation by auteinhibition is
that the proteins are regulated by head-tail autoinhibition. Here,
the protein folds in a manner that is mediated by autoinhibitory
domains which, when interacting, mask binding sites for ligands.
Upon relief of autoinhibition, the protein unfurls to reveal the
active form and expose additional binding sites. The protein
changes dramatically from & more compact form to an open
and extended conformation. The protein will be in equilibrium
between the closed and the open states, and the lifetime of
each state will be controlled by the factors described in the
previous section.

Many proteins in adhesion complexes form tethered linkages
where the head and the tail are held apart (Figures 4F, 5B), for
instance, vinculin when active forms a linkage between talin and
actin. This dramatically reduces the affinity of autoinhibition
as the two interacting domains are held apart and less able to
interact. In these tethered systems, autoinhibition is a major
mechanism enabling mechanotransduction as tethering alters the
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dynamics of the protein maintaining it for longer in the active
state. This effect can be further enhanced if the tether is under
mechanical force: if the protein is stretched, it is even harder
for auteinhibition to occur (Wang et al., 2019). Many proteins
can adopt multiple conformational states where binding sites
are masked via intramolecular interactions and autoinhibition
is where the lowest energy state results in suppression of the
protein’s functional role. As mechanical forces can lower the
energy of active states, they can thus relieve autoinhibition.

Autoinhibition in proteins that form part of mechanical
linkages in the cell are particularly sensitive to mechanical forces.
Whilst force might not be required to open up talin or vinculin
from their head-tail autoinhibition, force will play a major role in
coordinating the lifetime of the active state (Wang et al, 2019), in
essence holding the molecule in an open, extended conformation.
As such, the affinity of the protein with its ligands is directly
correlated to the force on the system.

MANIPULATION OF AUTOINHIBITION BY
MUTATION

Detailed biochemical characterization of the autoinhibitory
domains in proteins enables the development of precise
mutations that disrupt antoinhibition and render the protein
constitutively active. Such mutations (examples of which are
shown in Table 1) provide a way of uncoupling proteins from
their activation processes and enable the detailed study of systems
where the upstream sigmaling pathways are uncoupled. Such
approaches complete a pipeline from biochemical to in celiulo to
in vive characterization and can enable detziled analysis of the
protein in its active form, detached from the complex regulatory
elements that control their activities.

CASE STUDY: E1770A—CONSTITUTIVELY
ACTIVE TALIN

The autoinhibition of talin is mediated by intramolecular
and intermolecular interactions, and the major autoinhibitory
domain has been mapped to the R9 of the rod domain binding
to the integrin-binding site in F3.

Biochemical characterization of talin autoinhibition showed
that the integrin-binding F3 domain interacted with the talin
rod (Goksoy et al, 2008). Further refinement showed that the
major autoinhibitory interaction was between F3 and the R9
rod domain (Goult et al, 2009), an interaction mediated by a
negative surface on B9 which interacts with and occludes the
basic activation loop on F3 (Wegener et al., 2007; Song et al.,
2012). This structural information enabled identification of a
R9 mutation (E1770A) which disrupted the interaction with F3.
Analysis of this EI770A mutant in the context of full-length talin
in HUVEC cells (Kopp et al., 2010) showed that a constitutively
active talin leads to adhesions forming much more rapidly and in
significantly larger numbers.

Introduction of the E1770A mutant in Drosophila (E1777A in
fly talin) led to insight into the loss of essential developmental
phenotypes (Ellis et al, 2013). In a mouse model this mutation

results in various defects as a result of more mature and stable
focal adhesions, which ultimately results in impeded wound
healing (Haage et al., 2018).

This pipeline from in vitre to in cellulo to in wivo,
encompassing  structural and cellular methods, allows a
broader understanding of autoinhibition and the consequences
of disrupting such integral regulatory mechanisms.  As
our understanding of autoinhibition of integrin-mediated
adhesion proteins  develops, such a multi-disciplinary
approach is likely to be an increasingly effective means
of investigation.

PRE-COMPLEXES

The mechanically-sensitive interactions that occur following
integrin activation have been the subject of intensive research
and are reasonably well-understood. However, how all these
proteins come to be in the right place and time prior to activation
is much less clear. This coalescence of proteins together prior
to the assembly of force-dependent linkages would suggest
the formation of pre-complexes (Figure SA). It is likely that
autoinhibition maintaining the proteins in an "off " state plays
a major role in the formation of these pre-complexes. The
conditions prior to formation of mechanical linkages will be
very different, suggesting that some of these proteins interact
in different force-independent ways. The interactions between
the core proteins in the pre-complex state prior to force
are likely to be fundamentally different to those that form
following activation.

The precise mechanism of how these proteins interact
to give rise to pre-complexes is not well-understood Using
“knock-sideways” experiments where proteins are fused with
mitochondrial-targeting motifs, pre-complexes between paxillin
and autoinhibited talin and vinculin have been observed
{Atherton et al, 2019). Furthermore, the use of constitutively
active talin and vinculin mutants targeted to mitochondria
enables the study of complexes following activation of one
component. Fully autoinhibited talin and vinculin do not
preassemble on the mitochondria but, by simulating the tethered
state of either talin or vinculin using mutation, the release of the
head-tail interaction of one was sufficient to trigger interaction of
the two proteins. Such technologies are a powerful way to study
the most basic of questions—in a cellular context, which proteins
bind which, when, and where?

The rapid development of new sophisticated microscopy
techniques is allowing the observation of complexes within
adhesions to be seen with unprecedented levels of detail
{Kanchanawong et al, 2010}, facilitating detection of multiple
populations of a molecule within an adhesion. For instance,
vinculin has at least three distinct states within an adhesion
(Case et al, 2015) dictated by interactions with paxillin,
talin and actin. Inactive vinculin is initially recruited by
paxillin to the plasma membrane at the integrin adhesion
“ground zero.” Subseguent vinculin activation, promoted by
talin, leads to vinculin moving away from the plasma
membrane and to a "signaling layer” and ultimately the “force

transmission” layer.
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Further, evidence for pre-complexation of inactive adhesion
proteins comes from the use of fluorescent fluctuation analysis
approaches {Bachir et al., 2014). Here, talin and vinculin are seen
to associate before the formation of the integrin-talin complex
in the nascent adhesion. More recently. new technologies
utilizing machine learning trained on high-resolution traction
force microscopy, coupled with single particle tracking and
fluorescence fluctuation time-series analysis, is enabling the
genesis of nascent adhesions to be visualized (Han et al., 2019).
This visualization of the earliest stages of adhesion azsembly
is revealing that talin-vinculin-paxillin pre-complexes are a
prerequisite for efficient and meaningful adhesion maturation.
Talin and vinculin are required to be together at the moment
of force generation to provide efficient maturation—if this is
disrupted, maturation is limited. Nascent adhesions where talin
and vinculin are recruited at different times fail to mature
efficiently. Pre-complex formation appears to be required for
efficient assembly of force-bearing linkages and for adhesions to
mature following traction force.

It has recently been shown that many of the talin molecules at
adhesion sites are non-force bearing, suggesting they are targeted
to adhesion sites, ready for action, but are not all simultanecusky
engaged (Lemke et al, 2019). It will be interesting to explore if
this is common to other adhesion molecules and what complexes
maintain them at the adhesion site.

Altogether, this amounts to compelling evidence that adhesion
proteins form pre-complexes prior to adhesion assembly. Having
the key proteins localized together at time zero may be a
requirement for rapid and productive adhesion assembly. For
example, talin, vinculin and paxillin form a pre-complex (Bachir
et al, 2014; Han et al., 2019) prior to association with integrins
and prior to mechanical forces, and a second pre-complex of
kindlin and integrin has been identified (Rossier and Giannone,
2016). Could these two pre-complexes coming together bhe
sufficient to lead to mutual relief of autoinhibition and trigger
adhesion assembly?

The use of FRET-based tension sensors (Austen et al, 2015;
Kumar et al, 2016), traction force experiments, microscopy
and the rapid advances in artificial intelligence, material science
and microfluidics are enabling incredible insight into the
interactions of proteins in mature adhesions, in 3D and nascent
adhesions as the resolution improves. These technical advances
are helping to answer the major open gquestion in the field
regarding how these proteins assemble and the interactions
that mediate complex formation prior to activation of
the integrin.

CONCLUSION AND PHILOSOPHICAL
REFLECTIONS

Cells sense the chemical and mechanical properties of their
environment through integrins, clustered in punctate adhesion
complexes linked to the actin cytoskeleton. The precision and
speed with which these adhesions assemble following activation

of an integrin is remarksble and highlights the need for
incredible robustness in the process of assembling such huge
multiprotein complexes.

The core of most integrin adhesions comprises talin and
kindlin bound to and coordinating the activation state of
integrin. Once engaged to integrin, the talin rod serves ac a
mechanosensitive signaling hub (MSH) and, onto this hub,
hundreds of proteins are recruited (Gouolt et al, 2013). Each
protein is regulated, many by antoinhibition, and the activation
status of each protein provides a regulatable point in the process.
A signal leading to activation of one protein (i.e., integrin-ligand
interaction outside the cell, or Rapl activation inside the cell,
etc.) might trigger a cascade of activation where autoinhibition
of many proteins is simultaneously or sequentially relieved. This
enables the system to exact both subtle and sweeping changes to
the adhesion and signaling outputs of the adhesion

Tight regulation and control of adhesion is crucial during
development and adult tissue homeostasis. Defects in this tight
regulation are implicated in many pathological conditions. Out of
the &0 core consensus integrin adhesome proteins, 32 have been
shown to be involved in cancer development and progression
(Winograd-Katz et al, 2014). Inherited gene mutations in
adhesome components are a significant source of disease and
disability. Misregulation of the activity of any protein in the
network will disrupt the fine balance needed to ensure the
exquisitely tuned adhesive and signaling balance. Mutations in
adhesion proteins and regulators give rise to diverse malfunctions
and diseases as they perturb this balance in different ways which
tilt the system in different tissues.

Various intra- and extracellular changes in the environment of
the cell trigger subtle readjustments and changes to the adhesive
structures enabling appropriate responses. The whaole adhesion
machinery can be affected from afar by tweaks and changes via
signaling pathways that alter the regulation of adhesion proteins.
Likewise, external adjustments to the world outside the cell can
be propagated into the cell through these adhesions, and subtle
change in the lifetime of an interaction, or small reduction
in the affinity of the autoinhibition of a protein (such as by
increased force extending the lifetime of a linkage), will trigger
changes to the system as it reorients to this new homeostasis,
adopting an altered adhesion signaling complex which augments
the programming of the cell.
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& Chapter 9

Biochemical Characterization of the Integrin Interactome

Rejina B. Khan, Lorena Varela, Alana R. Cowell, and Benjamin T. Goult

Abstract

More than 250 proteins are associated with the formation of integrin adhesion complexes involving a vast
number of complex interactions between them. These interactions enable adhedons to serve as dynamic
and diverse mechanosignaling centers. Our labomtory focuses on the biochemial and strucural study of
these interactions to help unpick this complex network. Here, we describe the general pipeline of biochem-
ical assays and methods we use. The chapter is split into two sedions: (1) protein producion and
characterization and (2) biochemical assays for the characrerization of binding berween full-length proteins
and /or specific regions of proteins with other proteins, peptides, and phospholipids. The suite of asays we
use routinely includes dgrcular dichroism (CIV) and nuclear magnetic resonance (MMR) spectroscopy for
mmple quality assessment, prior t© biochemical analysis using MME, fluorescence polarization (FP),
mimoscale  thermophoresis  (MST), size-exdusion chromarography  multiangle  light  scattering
(SEC-MALS), and pulldown/cosedimentation-based approaches. The results of our analysis feed into
in vivo studies that allow for the elicidation of the biological role of each interacion.

Keywords Integrin, Adhesome, Interaction, Biochemistry

1 Introduction

Cell-marrx adhesions are large dynamic macromolecule complexes
thar assemble on the cyroplasmic face of the integrin receprors.
Ower 250 different proteins have been detected in these integrn
adhesion complexes (IACs) and new components are contnually
being discovered. Implicit in the formaton of these large TACs are
many interactions that wogether cnable adhesions o serve as
dynamic and diverse mechanosignaling centers. The goal of our
laboratory is o understand these interactions and disrupt each
interacrion in turn in order to define approaches thar enable us o
unpick this complexity with exquisite detail.

Biochemical assays are analytical, in vitro procedures that are
used to characterize biclogical molecules and their interactions.

Rejina B, Khan and Lomcna Varela conributed equally.
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115



APPENDIX

116 Rejina B. Khan et al.

There arc many biocchemical assays that have been developed and
cach assay has its own advantages and disadvantages. The aim of
this chapter is not to cover them all bur instead o describe the
biochemical pipeline we use in our laboratory for expression, puri-
ficarion and biochemical and biophysical investigation of integin
adhesion complex-associated proteins. The chaprer stars with a
bricf overview of our common methods of protein producton,
including cloning and muragenesis to generate the expression plas-
mids for recombinant protein expression. The generation of high-
quality protein samples is key to biochemical studies. Circular
dichroism (CD) and nudear magneric resonance | NMR) are pow-
erful approaches for assessing protein quality and ensuring correct
folding. We then introduce our “go-tw™ snite of biochemical assays
for characrerization of protein interactions which include CID,
NME, fluorescence polanzation (FP), microscale thermophoresis
(MST), size-exdusion chromatography muld-angle light scartering
(SEC-MALS)  and the  pulldown/cosedimentanon-based
approaches including GST-pulldowns, actin cosedimenration and
lipid cosedimentadon.

We use these methods o characterize binding berween full-
length proteins and /or specific regions of proteins. One of the
uldmare goals is to idendfy the specific residues involved in mediat-
ing interacrions so as to design muratons thar abolish binding. Our
work goes hand-in-hand with in vive smdies; bicchemical insight
allows mapping of specific sites of interest which can then be resred
in cells or animal models to validare the findings. Utilizing muta-
tons which disrupr the interacrions for in vive studies allows for
observarion of a phenotype, ultimately allowing identification of
the role for that specific interaction.

2 Materials
21 Molecular

Cloning

21.1  Resriction Enzyme
Method

1. Thermocyder.

2. Template DNA which contains the insert of interest.

3. dNTDs.

4_ Oligonudeotdes (primers) designed for your inserr.

5. Polymerse (e.g., Promega GoTaq®™ DNA Polymerase) and
associated buffer.

6. DNA clean wp kit (eg., QIAGEN QIAquick Gel

Exrraction Kir).

7. Vecror DNA.

8. Restriction enzymes (based upon the designed oligonucleo-
tides) and appropriate reaction buffer.

9. 1% agarose gels for gel cecrophoresis analysis and  gel
eXtraction.
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21.2 Gibzon Azsembly

21.3 Site-Directed
Mutagenesis

22  Protein
Expression

221 Buffers

10.

11.
12.

181
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Appropriate ligase for your vecror of choice (e.g., Promega T4
DNA Ligase) and associared buffer.

E. coli DH5a/DHI10p or other appropriate bacreral strain.
Plasmid DNA miniprep kit (e.g., QIAGEN QIAprep Spin
Miniprep Kit).

. Appropriate sequendng oligonucleotdes.

. Thermocycler.

. Template DNA of vector and of inscrt.

. dNTDs.

. Dligonuceotdes (primers).

. Polymense (e.g., Promega Pfa™ DNA Polymerase) and asso-

ciated buffer.

.DNA clean up kit (eg., QIAGEN QIAquick Gel

Extracton Kir).

7. Gibson Master Mix (e.g., NEB Master Mix).

oo

. E. eoli DHS5a,/ DH1 0P or other appropriate bacrerial strain.

9. Plasmid DNA miniprep kit (e.g., QIAGEN QIAprep Spin

10.

Miniprep Kir).

. Appropriate sequendng oligonucleotdes.

. Thermocycler.

. Templare DNA.

L dANTDs.

. Oligonucleotides (primers ).

. DNA polymerase (e.g., Promega Pfu®™ DNA Polymerase) and

associated buffer.

. Dpal endonuclease (e.g., NEB Dpal).
. DNA dean up kit (e.g., QIAGEN QIAquick Gel Extracton

Kir).

. E. eoli DHS5a,/ DH1 0P or other appropriate bacrerial strain.
. Plasmid DNA miniprep kit (e.g., QIAGEN QIAprep Spin

Miniprep Kir).

Appropriate sequencing oligonucleotdes.

. LB media (per liter) 5 g oryprone, 10 g yeast extract, and 5 g

sodinm chloride in 1 L. disdlled /deionized warer. The final pH
should be 7.0-7.5. Autoclave.

. 2M9 minimal media (per liter) is comprised of two parts,

soludon A and B. Soludon A: 125 g/T NayHPO, 2H.0,
7.5 g/LEKH,PO,. The final pH should be 7.0-7.5. Autoclave.
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222 General 1.

EquipmentReagents
2
3
4
5
4]
7

23 Protein

Purification

23.1 Buffers

Protein Purification

for His-Tagged Proteins 2

Using Immobilized

Nickel-Affinity 3

Chromatography

Protein Purification by 1.

Batch Method

for His-Tagged Proteins 2

Solution B: 4.0 g glucose (p-Glucose-'*Cg (=99% 'C) for
carbon labeling), 10.0 mL. BME Vitamins {c.g., Sigma BioR-
cagent BME vitamins 100}, 2.0 mL MgS0y (from auro-
claved 1 M stock), 0.1 mlL CaCly (from auroclaved 1 M
stock), 1.0 g NH,CI (Y*N-labeled NH,CI for nitrrogen label-
ing) dilured in 10,0 mL warer. Use a 0.2 pm filter to sterilize
and add o autoclaved solutdon A

Appropriate antibioncis): e.g., 100 mg/mL ampicillin and
50 mg,/mL kanamycin for 1000 stock solutions.

. Refrigerated shaking incubaror (for 37 °C and 18 °C

incubation).

. His-tagged protein cloned into expression vector of choice

(c.g, pET-151 TOPO) or G5ST-tagged protein cdoned into
expression vector of choice (e.g., pGEX-TEV).

. E. eoli BL21{DE3) or other appropriare bacrerial strain.
. Cenrrifuge.

. Buffer in which to resuspend the harvested cell peller (resns-

pend the pellet in the buffer of the first purificadon step, for
example, for His-tagged protein resuspend peller in Nickel
buffer A (20 mM Tris pH 8.0, 500 mM NaCl, 20 mM
imidazole).

. Protease inhibitor (e.g., Roche ('Inmplcl:c"" Protease Inhibiror

Tablers).

All buffers should be filtered and degassed.

1. HisTrap HP column, 5 mL { GE Healthcare).
. Nickel buffer A: 20 mM Tris pH 8.0, 500 mM NaCl, 20 mM

imidazole.

. Nickel buffer B: 20 mM Trs pH 8.0, 500 mM NaCl, 500 mM

imidazole.

Agarose beads charged with nickel (e.g., HisPur™ Ni-NTA
Superflow agarose).

. Nickel buffer A: 20 mM Tris pH 8.0, 500 mM NaCl, 20 mM

imidazole.

. Wash buffer: 20 mM Tris pH 8.0, 500 mM NaCl, 50 mM

imidazole.

. Nickel buffer B: 20 mM Trs pH 8.0, 500 mM NaCl, 500 mM

imidazole.
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Protein Purification by
Batch Method
for GST-Tagged Profeins

lon-Exchange
(Chromatography

232 General
Equipment/A poaratus

24 Peptides

25 Biochemical
Assays

251 Cicular
Dichroism (C0)

252 Nuclear Magnetic
Resonance (NVR)

oo s b

Pt =

Biochemical Assessment of the Adhesome 1189

. Glutathione beads (ec.g, Pierce™ Glurathione Superflow

agarose ).

. PBS: 137 mM NaCl, 27 mM KCL 100 mM Na; HPOy, 18 mM

KH,PO,, pH 7.4.

. Anion exchange () HI') column, 5 mL (GE Healthcare).
. Q) buffer A (20 mM Tris pH 8.0, 50 mM NaCl).

. ) buffer B (20 mM Tris pH 8.0, 1 M NaCl).

. Carion exchange (ST HP) column, 5 mL {GE Healthcare).
. 5 buffer A (20 mM phosphare pH 6.5, 50 mM NaCl).

. 5 buffer B (20 mM phosphare pH 6.5, 1 M NaCl).

. Sonicator, French press, or cell disrupror.

. Cenrrifuge (for low speed 2831 = g (4000 rpm in a Beckman

JA-10 rotor), and 48,384 = 4 (20,000 rpm in a Beckman
JA-255 rotor) ar 4 °C).

. Diialysis tubing (e.g., SnakeSkin™, ThermoFisher) with appro-

priate molecular weight cur of f (usually 3, or 10 kDa MWCO)
or PD)-10 desaldng column (GE Healtheare).

. 3D5-PAGE gels ar a percentage appropriate to visualize pro-

reins of interestc.

. AKTA™ purification system (GE Healthcare).

. Specrrophotomerer (e.g., Implen NanoPhotomerer).

. Pepride resuspended in water or PBS o an appropriate

CONCentrarion.

. Thiol-reactive fluorescent dye (e.g., fluorescein-5-maleimide or

BODIPY™ TMR C5-Maleimide, both from ThermoFisher),
solubilized in DMSO  according to  manufacturer’s
LnsCrucrions.

. TCEP (tris(2-carboxyethyl)phosphine ).

4. Trton X-100.

. PD-10 desalring column { GE Healthcare ).

- JASCO J-715 specrropolarimerer with JASCO power supply

P5-1507 equipped with JASCO Pelder thermoclectric cooler
PTC-4235/15.

2. Quartz cuvette.

. Protein (02-0.5 mg//mL).

. NMR specrrometer (ec.g., a 600 MHz five channel Bruker

Avance ITT spectrometer with a CryoProbe).
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253 Fluorescence
Polarization (FP)

254 Microscale
Thermophoresis (MST)

255 Size-BExclusion
Chromatograpy-
Muttiangle Light Scattering
(SEC-MALS)

256 G5T-Fulidowns

2.

oW

Unlabeled or isotopically labeled protein (150 pM concentra-
rion is ideal for HSQC riratons ).

. Deuterated water.

. NMER mbes: 3 or 5 mm mbes (Wilmad) or 5 mm suscepbility

matched tube and plunger (Shigemi).

. NMR software CepNmir Analysis for spectra analysis.

. Black 96-well plare (e.g., Nunc™ P96 MicroWell™ Tolysty-

rene Plate from ThermoFisher).

. Microplare reader with appropriate filters for fluorophore (e.g.,

BEMG CLARIOstar equipped with polarizing filvers).

. Fluorescently labeled pepride (e “coupling peprides™).
. Protein ar appropriate concentration (determined by affinity of

the interacrion).

. PBS (100 mM Na,HPO,, 18 mM KH,IPO,, pH 7.4, 137 mM

NaCl, 27 mM KCI).

. Curve firring software (e.g., GraphDPad Prism ).

. Microscale thermophoresis insrument (e.g., NanoTemper

Monolith NT.115).

. Monolith His-tag labeling kit (e.g., RED-Trs- NTA—this kit

includes His-tag dye, buffers, capillares and mbes).

. His-ragged protein (targer).

. Ligand o study interacrion with (rypical ligands include pro-

rein withour His-rag, peprde, nucleotide, macromaolecule,
lipid vesicle, or meral ion).

. Benchrop centrifuge (up to 16,200 =« g), refrigerared.

6. MO.Control software for analysis.

. AKTA™ purification system (GE Healthcare).
. Appropriate SEC columns (e.g., Superdex 200, Sephacryl

200, or Sephacryl 300).

. MALS system  (c.g., Malvern MALS system Viscorck

SEC-MALS 9 with Modular RT detector Viscotck VE 3580).

- DmniSEC software for analysis.

. GSTragged protwein bound o Glotarhione beads (e.g.,

Pierce™ Glurathione Superflow agarose).

. 3D5-PAGE gels ar a percentage appropriate to visualize your

proteins (c.g., NuPAGE™ 4-12% Bis-Trs Protein Gels).

. Image] software for analysis.

184



APPENDIX

257 Adin

Cosedimentation Azsay

258 Lipid
Cosedimentation Assay
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1. Polymernzed F-acrin ar a stock concentration above the critcal
concentrarion (we usce ~100 pM).

2. Acdn co-sed buffer (10 mM Tris pH 7.0, 2 mM MgCl,,
02 mM ATE, 1 mM DTT, 50 mM NaCl).

3. Ultracentrfuge (up to 100,000 = 4, for example 2 Beckman
TLA-100 rotor) for high-speed actin-binding assay.

4. Benchtop centrifuge (up to 16,200 = g) for low-speed actin-
bundling assay.

5. SDS-PAGE gels ar a percenrage appropriate to visualize your
proteins (c.g., NuPAGE™ 4-12% Bis-Trs Protein Gels).

6. Image] software for analysis.

1. Chloroform for dissolving lipids to make lipid films.

2. Nirogen oylinder.

3. Lipids:  phospharidylcholine  (PC),  phospharidylserine
(PS)y  from  Sigma-Aldrich  and  Phospharidylinositol
4 5-bisphosphare  (PIP2) from Avanri TPolar Lipids
(Alabaster, AL).

4. Protein buffer (20 mM Tris pH 74, 0.1 mM EDTA, 15 mM
[f-mercaprocthanol).

5. Lipid co-sed buffer (20 mM HEPES pH 7.4, 0.2 mM EGTA).
6. Benchrop cenrrifuge (up to 16,200 =« g).

7. SDS-PAGE gels ar a percenrage appropriate to visualize your
proteins (c.g., NuPAGE™ 4-12% Bis-Trs Protein Gels).

8. Image] software for analysis.

3 Methods

31 Molecular
Cloning

31.1 Restriction Enzyme
Digest and Ligation

For bicchemical and strucrural analysis, we predominanty use two
expression vectors: (1) pET-151, which contains a 6 =His-tag fol-
lowed by a TEV deavage site, and the base vecror contains a
multiple cloning site with BamHI, Notl, EcoRI, and Xhol restric-
don sites; (2) pGEX-TEV (a modified version of pGEX-4T), which
contains a glutathione S-transferase (GST)-tag followed by a TEV
cleavage site, and the base vecror contains a broader muldple
cloning site with BamHI, Nhel, EcoRI, Sal, Xhol, and Notl
restriction sites. Both of these vectors encode ampicillin resistance.
The cloning methods described here are applicable to any vecror
but are wrirten in this chaprer asused for pET-151 and pGEX-TEV
specifically.

Restricrion enzyme digest followed by ligadon of the generared
sticky ends is a classic approach to molecular cloning. We use this
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312 Gibson Assembly

method primarily for subcloning regions of interest, often from
mammalian vectors or genomic DNA, into our cxpression vectors
listed above. Here, we describe our general approach for this pro-
cess and the reagents we use.

1. Design  forward and reverse  oligonucleotides using  the
scquence of the inserr. Each oligonuclectde should: consist
of ~15-20 bases from your insert, introduce required restric-
tion sites, contain ~60-70% guanine/oytosine content, and
terminate with a guanine or cytosine base ar the 5 end.

2. Perform PCR according to manufacurer's instructions for
yvour polymerase of choice and purify the product. To purfy,
use ethanol precpitrion method or commercial kits such as
QIAGEN QIAquick Gel Exrracrion Kir

3. Carry our arestriction digest, usnally ar 37 °C for 2—4 h (check
manufacurer’s instrucrions for your restriciion cnzymes of
choice), for your purfied PCR product and for your vector of
choice. Each reacdon should be performed wich identical /
comparible restricion enzymes to gencrare comparible sricky
ends. Use agarose gel exrracion to purify the digesred
products.

4. Ser up a ligarion reaction. For pET-151 and pGEX-TEV vec-
tors, T4 DNA ligase is a suitable enzyme. PFollow manufac-
turer’s instructions for your enzyme of choice.

5. Transform the ligatdon reaction into DHSw /DHI0P E. cali.
Perform minipreps for individual colonies and perform a test
digesr, if snirable.

6. Sequence the DNA to completion using appropriate sequenc-
ing oligonucleotides to ensure that the insert is present.

Gibson assembly methodology is a flexible cdoning straregy devel-
oped by Daniel G. Gibson, of the J. Craig Venrer Instimire [1 ). This
is a robust exonuclease-based method ro assemble DNA seamlessly
and in the correct order. The reaction is carried our under isother-
mal conditions using three enzymatic activides: a 5" exonuclease
generates long overhangs, a polymerase fills in the gaps of the
anncaled single strand regions, and a DNA ligase scals the nicks of
the annealed strands and fills in the gaps. If deletdons or insertions
in the same plasmid are required, itis only necessary to design two
primers (forward and reverse) that introduce the desired variation
in the orgina remplace DNA. If a change of plasmid is required,
owo sers of forward and reverse primers are required, one set for the
plasmid and another set for the insert DNA fragments, tointroduce
the desired variadons. A high-fideliy DNA polymerase and a ther-
mocycler are required o perform separate PCR reactions to amplify
the different noncircularized frapments with overlapping ends.
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PCR program used for Gibson assembly and for site-directed mutagenesis

Process Time Temperature (°C) Cycles
Initial DMA denaturation s a5 1
DMA denaturation 30 = 95 30
Primers annealing 3l s T=T,-5
DA chain extension Depends on polymerase used  Depends on polymerase used

and plasmid or fragment size
DA elongation completion 5 min Depends on polymerase used 1
Storage End 4 1

1. Desipgn the required primers. First, define the desired final

asscmbled product and then sclect primer sequences for both
sides of the joinrs with suffident binding to both the templates
and the overlapping region of the other fragment to allow the
Gibson assembly reaction to procced. Starting with cither frag-
ment, select a region of sequence that starrs ar the joint with a
T of around 60 *C, making sure to include a G/C anchor ar
the 5" end. This is the binding region of the primer. Next, add
the overlapping region by sclecting some bp of the other
fragment. In general, an overlap of 40 bp yields a sufficient
T for the Gibson reaction, so if the primer is extended by
20 bp that will give 40 bp of overap. This process needs o be
repeated for cach joint.

. Perform PCR reactons o amplify each fragment following

manufacturer’s instructons for your polymerase of choice.
The PCR program we normally use is described in Table 1.

. Purify the 'CR preducrs using ethanol precipitation methed or

commerdal ks (we uwse QIAGEN QlAguick Gel
Exrraction Kir).

. Perform the Gibson assembly reaction by adding the Gibson

Master Mix (we use the NEB Gibson Assembly Master Mix) to
the recommended concentradions of vector and inserr as
described in the manu facturer’s instructions. Perform the reac-
tion in a thermocycler at 50°C for 15 min.

. Transform the now drcularzed vector into high insert stability

comperent cells (we use DH10B E. coli).

v. Perform minipreps for individual colonies and sequence the

DNA o complerion using appropriate sequencing oligono-
cleotides o confirm the correcr plasmid assembly. Once
checked, insert the plasmid into BL21(DE3) E. coli cels o
overexpress the proteins.
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313 Sie-Directed
Mutagenesis

32 Protein
Expression

32.1  Unlabeled Profein
Expression

Site-direcred muragenesis (SDM) is used to make changes o DNA
o modify the protein of interest. Such modificadons we introduce
include targered mutadon of key residues o disrupt binding,
disease-cansing murations, small insertions or small deletdons,
introduction of stop codons to make shorter proteins, erc. SDM
uses PCR with overlapping forward and reverse primers designed
such thar they introduce the desired varatons into the sequence. A
high-fidelity DNA polymerase and a thermocycler are required o
amplify the murated DNA plasmid.

1. Design forward and reverse oligonucleotides using the
sequence of your insert.

2. The primers should be approximarely 30 bp in lengrh with the
murared site as close o the cenrer as possible, with a minimum
of 12 bp cither side.

3. Perform PCR according to manufacturer's instructions for
yvour polymerase of choice and purify the product. The PCR
program used is described in Table 1.

4. Following temperature cycling, wear the product with Dipn L
The Dypnl endonudease is used o digest the parenmal DNA
remplate and o sclect for muarion-containing synchesized
DNA. IMurify the PCR products using ethanol precipitaton
method or commerdal ks (we use QIAGEN QIAquick Gel
Extraction Kir).

5. Transform the vecror conmaining the desired muratons into
high inserr stability comperent cells (we use DH10p E cols).

6. Perform minipreps for individual colonics and sequence the
DNA o completion using appropriate sequencing oligonu-
cleotides to confirm the presence of the mutation. Once
checked, ransform the plasmids into BL21 (DE3) E. aolf cells
to overexpress the proteins.

Here, we descrbe the most common expression conditions for the
ralin constructs thar we work with. These conditions give good
expression for many proteins and are a good stariing point. How-
ever, it is desirable to optimize the condidons for each protein o
arrain maximum yields. Expression wrials ar different temperarures,
different IPTG concentrarions and different inducton dmes will
enable the idenrificadon of opimal conditons for expression. For
proteins that cannot be expressed in bacteria, or require chaper-
ones, cofactors, or posttranslation modification, it can be necessary
to use insect or mammalian ccll expression systems, bur these are
not discussed here.

Unlabeled proteins are expressed recombinantdy in bacrerial cul-
mres using standard LB media. The required anribiodc will be
dependent on the plasmid and stmin unsed. Our usnal scraregy
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uses the pET-151 vecrors rransformed into BL21 (DE3) E. coli
which requires only ampicillin.

1. Transform BL21{DE3)" E. eoli with the plasmid encoding the
protein of interest and streak onto LB agar plare conaining the
appropriate antibiotic(s).

2. Inoculate 10 mL of LB media containing the appropriate anti-
biotics with BL21 (DE3)" E. cali culture containing the desired
protein construct. Grow this starter culture overnighr at 37 °C
ina rotary shaker.

3. Use 5 mL of the overnight culmire to inoculate 1 L of LB with
the appropriate antibiotic and continue to grow the culmre ar
37 7°C w an approximate ODgpg of 0.6-0.8. Ar this point,
induce the cell aulmre with 1 mM IPTG for 3 har 37 °C or
200 pM ITTG for overnight expression ar 18 *C.

4. Harvest the bacreria by centrifugarion ar 2831 = g (4000 rpm
in a Beckman JA-10 rotor) ar 4 °C for 10 min and resuspend
them in 30 mL of Nickel buffer A on ice. Add protease inhibi-
ror tabler. At this point, the resuspended pellet can be frozen
for further purificadon in the fumire or it can be immediately
further purified.

For mulddimensional NMR experiments, proteins need o be
labeled with ' *N and /or '*C. For isotopic labeling, 2M9 minimal
media needs to be used.

1. Inoculare 10 mL of 2M9 minimal media containing the appro-
priare anribiotic(s) with BI1.21{DE3)" E. eaf culture containing
the desired protein construcr. Grow this starrer culrure over-
night ar 37 °C in a rotary shaker.

2. Use 5 mL of the overnight culmre o inoculare 1 L of 2M9
minimal media with appropriare andbiodc and continue o
grow the culmre ar 37 °C w an ODgpp of 0.6-0.8. Ar this
point, induce the cell anlmires with TPTG (200 pM final con-
centration) for 15-20 h ar 18 °C.

3. Harvest the bacteria by centrifugarion, as previously described,
and resuspend in 30 mL of Nickel buffer A on ice. Add protease
inhibitor tabler. At this point, the resuspended peller can be
frozen for further purificarion in the future or it can be imme-
diarely further purified.

In order to boost the rate of cell growth and simultaneously mini-
mize the required cost (by reducing the amount of isotopic label-
ing), the 4:1 condensation method can be used [2 | Here, the cells
are grown to high density in LB media before being rransferred into
the labeled media for expression.
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33 Protein
Furification

331 Probein Purificafion
for Hiz-Tagged Profeins
LUging Immobilized
Mickel-Affinity
Chromatograpiy

1.

Inoculare LB media containing the appropriare annbiotc (four
times the volume of the 2M9 minimal media that will be nsed
larer) with 5 mL of starter culmre per L.

2. Grow cells at 37 °C to an ODggp of 0.6-0.8.

. Nexr, wash the cells to remove the rest of LB media by centri-

fugaton (3000 = 4, 5 min ar 4 °C) and resuspend them in
200 mL of 2M9 solution A and repeating the centrifugaton.

. Resuspend the cells in 2M9 minimal media final desired volume

(solurion A + sclurion B) with appropriate antbionc(s) and
incubare for 1 h ar 18 °C ro allow them to adapr o the new
growth conditdons. At this point, induce protein cxpression
with 200 pM IPTG ar 18 °C for 15-20 h.

. Harvest the bacteria by centrifugarion, as previously described,

and resuspend in 30 mL of Nicke buffer A on ice. Add protcase
inhibitor rabler. Ar this point, the resuspended peller can be
frozen for further purificarion in the furure or it can be imme-
diarely further purified.

There are many approaches and varadons of methodology for
purifying recombinant proteins. Here we describe our common
strarcgies which are optimized for speed and purified protein qual-
iry. Collecr samples for SDS-PAGE analysis ar each step of the
purification for monitoring the purification process.

1

. If resuspended bacrerial peller is frozen, thaw it ar reom wm-

perarure. Next, lyse the cells by sonication for 5 oycles of 30 s
on followed by 30 s off ar ~35% amplitnde. Ensure to keep the
sample on ice throughour the sonicaring process and thereafter.

. Cenrrifuge the lysed cells ar ~48,000 = g ar 4 °C for 30 min.

Discard the pelleted cell membranes. Rerain the supernarant
and filter nsing a 0.45 pm filrer to remove any remaining cell
debris. Prepare a sample of the supernatant and peller for
S5DS-PAGE analysis—this will allow validadon thar the protein
of interest is soluble.

. Equilibrare a 5 mL HisTrap HP (#¢ Note 1) column using

Nickel buffer A and Nickel buffer B. Ar a flowrare of ~4 mL
min, wash through with buffer: 3 column volumes (o) of 100%
A followed by 3 cvof 100% B and finally 6 ov of 100% A.

. Ensure thar the penstalric sample loading pump has been equi-

librated in Nickel buffer A. Load the filtered supernatant onto
the column ar a flowrate of ~2.5 mL//min.

. Following sample application, use the sample pump to wash

through ~20 ml of Nickel buffer A. This ensures thar the
enrirery of the sample is loaded onto the column and reequili-
brates the sample loading pump for the next mn.
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. Wash our unbound protein by washing the column with 5-8 cv

of Nickel buffer A ar 5 mL/min.

. Use gradient eluton ar 5 mL/min—this straregy increases the

amount of Nickel buffer B (high imidazole buffer) in a linear
gradient. Sct the starting %B concentration to (% and the
target %B concentration to 100% ower 50 ml. Collec
1-5 mL fracrions.

. Finish by reequilibrating the column and the system using 5 ov

of Nickel buffer Aar 5 mL /min. The next sample can be loaded
ar this point.

. Once complere, store the column and the system in 20% etha-

nol by flowing ar 1 mL/min for 2 ov.

. Prepare samples for SDS-PAGE  analysis for fractions

corresponding to a peak to confirm presence of protein of
interest and to assess purry. Pool snitable fracdons.

Purificarion of His-tagged proteins can also be performed by the
barch method, a method useful for purification of proteins which
are more sensitive or susceptible to aggregarion /degradation. The
barch method involves the use of centrifugation o scparate the
supematant from the nickel-NTA beads o allow purificaion. This
method is an effective alternarive if purfying muldple proteins in
parallel and for there is limired access o an AKTA™ purification
system. Collect samples for SDS-PAGE analysis ar cach step of the
purification for monitoring the purification process.

1.

Use ~1 mL Ni-NTA agarose slurry (eg., Qiagen HisPur™™
Ni-NTA Superflow) per liter of bacterial culure and wash the
beads by adding 2 30 mL Nickel buffer A and mixing gently.
Cenrrifuge at 700 = g (2510 rpm in a Herrich Rotanta 460 R
centrifuge) for 2 min ar 4 *C. Discard supernatant.

. Add the filtered cell lysare to the washed beads and agirare ar

room temperature for 30 min. For some proteins, partdcularly
those which are more unstable, it may be preferable o perform
this step ar 4 “C.

. Cenrrifuge ar 700 = g (2510 rpm in a Hewmich Botanta 460 R

centrifuge ) for 2 min ar 4 *C. Remove supernarant.

. Wash the beads with 40 mL Nicke buffer A and mix gently.

Centrifuge at 700 = 4 (2510 rpm in a Hemich Roranra 460 R
centrifuge) for 2 min ar 4 *C. Remove supemarant. Repear this
wash step 56 rimes toral

. Perform the final wash step using 40 ml. of Wash buffer.

6. After the final wash step, resuspend the beads in 5 mL of buffer

and pour inte an empry graviy flow column (Bic-Rad).
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33.3 Prolein Purificasion
by Batch Method
for GST-Tagged Proieins

334 lon-Exchange
Chromatograpty

7. Elute the His-ragged protein with Nickel buffer B in 1 mL
fracricns. Some proteins precipitate in high imidazole, so it may
be preferable to dilute the clured protein fractions with MNickel
buffer A immediately following elution.

8. Prepare a sample of each fracdon for SDS-PAGE analysis to
confirm presence of protein of interest and to assess purity.
ool suirable fracrions.

Following either methed for purificadon of His-tagged pro-
teins, the pooled protein sample should be 90-95% pure. If the
His-tag is to be cleaved, add TEV protease at this stage. Exchange
the pooled fractions (including TEV protease, if applicable) into an
appropriace buffer for cleavage. If ion ecxchange chromarography
will be performed, use dialysis to exchange the sample into 8 buffer
A or () buffer A, depending on whether cation or anion exchange
chromarography are to be performed.

1. Take ~1 mL glutathione agarose shurry (eg., Plerce™ Glura-
thicne Superflow ) and wash the beads by adding 20 mIL PBS
and mixing gently. Cenrrifuge ar 700 = g for 3 min ar 4 °C.
Bemove supernatant.

2. Add the filtered cell lysare to the washed beads and agirare ar
room temperaruee for 1-2 h. For some proteins, pardculary
those which are more unstable, it may be more suitable o
perform this step ar 4 °C.

3. Cenrrifuge at 700 = gfor 3 min ar 4 °C. Remove supernatant.

4. Wash the beads with 30 mL PBS and mix gently. Cenrrifuge ar
700 = g for 3 min at 4 *C. Remove supernarant. Repear this
wash step 56 nimes.

5. After final wash step, remove the supernatant and resuspend
the beads in a suitable buffer. Prepare a sample of this bead-
bound protein sharry for SDS-PAGE analysis to ensure that the
protein of interest is present. The protein is now ready o be
used for GST-pulldown cxperiments, if applicable.

6. If the protein is to be cleaved from its GST-rag and thus the
beads, add TEV protease and agitare overnight ar room tem-
perarure or 4 7C as required.

7. Transfer to a column and collect the flow through. This frac-
ricn will contain the protein of interest, now ceaved from the
GST-rag. Confirm this by preparing a sample for SDS-PAGE
analysis.

We use ion-cxchange chromatography to remove TEV protease
and cleaved His-tags from our purified protein. Even if TEV cleav-
age is not performed, this is a useful step w increase the punry of
the final protein sample generared. Use the isoelectric point of your

192



APPENDIX

Biochemical Assessment of the Adhesome 129

protein of interest to deduce whether a QQ (anion exchange) or 5
(cation exchange) column is required. With the buffers listed, an
isoclectric point of ~7 and below is gencrally snitable for a Q)
column; an isodecrric point above ~8 is suitable for a 5 column.
For any proteins with an isoclectric point within/close to this
range, the pH of the buffers could be altered (ensuring to remain
within the buffering capacity) or the HisTrap HI' column could be
used again instead. If the lamer is used, the cleaved protein of
interest will be in the column flow through, separared from the
TEV protease and cleaved His-rag which will both instead bind o
the column.

1. Wash either a5 mL HiTrap Q HP ora 5 ml HiTrap ST HT
column (both from GE Healthcare, ¢ Note 2) using the
appropriate buffers, thar is (1) Q or S buffer A and (2) Q or 8
buffer B. Ar a flowrwe of ~4 mL/min, wash through with
buffer: 3 cv of 100% A followed by 3 or of 100% B and finally
& cv of 100% A. This allows removal of any contaminants and
then prepares the column for nse.

2. Ensure thar the sample pump has been cquilibrated in Q /5
buffer A. Ar a flowrare of ~2.5 mL/min, load the filtered
sample onto the column.

3. Following sample applicadon, use the sample pump o load
~20mL of (3 /5 buffer A. This ensures that the endrery of the
sample loaded has reached the column.

4. Wash our unbound protein by washing column with 5-8 col-
nmn velumes of ()75 buffer Aar 5 mL,/min.

5. Usec gradient elution ar 5 mL,/min. Set start %B concentradon
at 0 and rarger %B concentration to 100, Fracrionate using
serrings of your choice (Fig. la). Swepwise clution can also
be used.

6. Finish by reequilibraring the column using 4 column volumes
of (/5 buffer A at 5 mL/min. The next sample can be loaded
at this point and the process repeared.

7. Onece complere, store the column and the system in 20% ctha-
nol by flowing ar 1 mL,/min for 2 cv.

8. Prepare samples for SDS-PAGE  analysis of fracions
corresponding o a peak (Fig. 1b). Once fracrions containing
protein of interest and minimal contaminants have been iden-
tificd, pool these togerher.

9. Use a PD-10 desaldng column or dialysis to exchange the
purified protein into a snirable buffer for the experiments tw
be performed. Measure the concentration using the absor-
bance ar 280 nm (we use Implen NanoPhotomerer to measure
this) and the molar extincion cocfficient (calculated using
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Fig. 1 (a) Example elution profile using anion-exchange chromatography (Q column) of talin1 R7-R8 G1404L
mutant. The peak in A280 absorbance (blue) comresponds to the elution of the protein of interest at a given
concentration of elution buffer (gray). (b) SDS-PAGE analysis of elution fractions comesponding to the peak in

A280 absorbance

ProtParam hups://web.expasy.org/protparam /) and concen-
trate or dilute as required.

10. Aliquor and flash freeze the final purified protein using liquid
nitrogen. Note: the effects of flash freezing may vary berween
proteins—while most proteins we have worked with functon
identically before freezing and after thawing, some proteins are
susceptible to precipitation, degradation or differences in
acrivity.
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There are a number of factors to consider when designing syntheric
peptdes to use for biochemical and biophysical experiments. These
will vary depending for cach experiment, but we rypically design
peptdes as summarized briefly here.

1. Identify the region of the protein to synthesize as a peprde. We
use a combination of deletion mapping to identify the region of
the protein involved in the interaction, sccondary structure
predicion (using PSITRED [3]), amine acd conservation
(regions of functional importance are highly conserved across
specics ), and modf idendficarion (ic., if it is a vinculin binding
site, or an LD-modf then both of these have well defined
CONSCASUS SCqUENCes).

2. If the identificd region is part of a secondary soructure clement
such as a helix then it is important that the peptide spans the
entire helix and has a couple of nonhelical residues cither side
to cnable the secondary srructure to form.

3. The solubility of cach peptde is dependent on the specific
scquence and the net charge of the peptide. These factors can
be calculared nsing various online servers for predicring pepride
propertcs. If poor solubility is predicred then these can be
dissolved in DMSO, bur it can also be uscful ro adjust the
sequence to increase the percentage of charged residues.

4_If fnorescence polanzation experiments will be carded our
(or any experiments where coupling to a thiol-reactive moiery
will be required), the pepride design should include a rerminal
cysteine residue. The choice of N- or C-rerminus can depend
on whether the purative interacting region is located close o
the termini. If so, add the terminal cysteine residue o the
opposite end.

5. If the rarger pepride already contains a oysteine in its sequence
then maleimide coupling is not possible. Ordering peprides
precoupled to the required dye may be more snitable.

Ordering synthetic peprides up o ~35 amino acids is reason-
ably cost effective. Above 10 mg, the cost tends o ger prohibitive
and it mighr be berer to consider making them recombinanty. We
recommend o always order the pepride in 2 mg aliquots.

For fluorescence polarizadon experiments (see following secrion),
synthetic peprides must be coupled to a fluorescent dye. While the
peptdes can be synthesized with these, we generally couple them
in-house. We use fluorescein-5-maleimide or BODIPY™ TMR
C5-Maleimide diluted according to manufacturer’s instrucrions.
An important considerarion is to choose the thiol-reactve fluoro-
phore so thar it is comparible with the equipped polarizing filers in
your plate reader.
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35 Biochemical
Assays

351 Cicular
Dichraism (C0)

352 Measurement
of Far-UV G Spectra

353 Measurements
of Melting Curves

1. Mix 100 pM pepride (resuspended in warer or PBS), 0.1%
Trton X-100, 5 mM TCED, and 25 pL of fluorescent dye.
Make up to 1 mL using P'BS.

2. Protect from light and leave stirning ar room remperamre for
2h

3. Using a PD-10 desaldng column equilibrared with PBS,
remove excess dye. Elure using 2.5 mL PBS and collect the
entirery of the flow through. The coupled peprde will elure
after ~1 mL.

4. Prepare 50 pL aliquots, flash -freeze using liquid nirogen and
store at —20°C unil needed.

CD is an excellent rool for rapid determinadon of the secondary
strucmure and folding and binding properties of proteins. CD also
provides insight cary on in the project o the behavior of the
protein of interest including its thermal stability. This method is a
crtical conrrol rest for validadng point murarions and cnsuring
they do not have off-targer cffects such as protein desrabilizanion.
CD works by measuring the wavelength dependence of the differ-
ental absorption of the left and right-handed drculardy polarzed
light. The lefi- and dghr-handed components of a poladzed beam
of light interact differentdy with the chiral centers of an oprically
active chromophore (present in the amides of the polypepride
backbone of proteins ).

Far-UV CD spectroscopy has high sensitviry to changes in the
different secondary sorucrure elements in proteins  including
w-helices, [-sheets, f-turns and random coils, whereas near-UV
CD specrroscopy gives informanon abour changes in the terriary
srucmre of the prowin. Meling curves can also be acquired by
measuring the change of CD signal ar a fixed wavelengrh over a
remperature gradient. Figuree 2 shows the typical melting curve dara
sct obrained using this method. In this experiment (raken from ref.
4, the melting curve of the ralin rod domain 3 (B3) was measured
for the wild type (WT) and a stabilizing mutant (TVVI).

1. Prepare a protein sample atr 20-50 pM.

2. Place the sample in a quartz cuverte using an appropriate path
length depending on the concentration of the sample.

3. Collect the far-UV specrra berween 260 and 190 nm. We
nomally average 4-8 scans ar 100 nm/min, 0.5 nm swep
resolution, 1 s of response and 0.5 nm of band width (e
Note 3).

1. To monitor the dme course of unfolding, prepare a protein
sample ar 20-50 pM.
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Fig. 2 Example of a dataset collected using the CD assay. The melting curve for
wildtype talin B3 domain (black) and a stabilizing M mutant (red) were
measured as described in the text by monitoring the change in CD at 222 nm
with increaging temperature. The melting temperature (T, is the point halfway
between the transition of the folded and unfolded state; for WT it is 69.6°C, the
W1 mutant =90 °C. (Reproduced from ref. 4 under a Creative Commons CC-BY-
MC license)

2. Place the sample in the quarrz coverre and ensure a lid is in
place o avoid evapordon of the sample.

3. Serthe temperarure ramp while keeping a constant wavelength.
We nomally measure the CD signal at 222 nm (maximal signal
for an o-helix) as a funcdon of temperamre berween 25 and
90 °C with 20 s step resoludon, 4 s of response and 1.0 nm of
band widrh.

4. Far-UV CD specrra can be collecred ar different temperam res
during the meldng curve course sz Note 3).

NMR specrroscopy is a powerful rechnique to obtain strnemral and
dynamic informarion on proteins and protein complexes. NMR
provides insight into the behavior of the protein and how homoge-
neous the sample is. It has many uses and is a central part of our
repertoire: we use it for sorucmiral smdies, small molecule screen-
ing, protein-protein interacions, protein-ligand  interacrions,
assessing the effects of uncarions and murations on domain fold-
ing, and many other contexts. We have discussed irs role in struc-
mral dererminarion in our previous review [ 5 ). Our foous here is on
the use of NMR as a biochemical assay for smdying interacrions.
During an NMR experiment, the sample is placed in a strong
magnetic field and irradiared with pulses of radio frequency clec-
rromagneric radiarion which cause the NMR-active nuclei to reso-
nare at characreristic frequencies. Chemical shifts are very sensitive
to the chemical environment constimng a very sensitive probe of
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Fig. 3 Example of 2 2D "N HSOC NMR expedment showing binding of unlabeled Rap1bto 50 pM talin . (a)
The chemical shift assignments of the FO spectra are shown; each peak pertaing to a specific resdue. On
addition of Rapl, the residues in close proximity to the binding site experience an altered chemical
emdmnment which results in the peak moving. (b) The peaks that move can be mapped onto the protein
structure to define the binding ste. (Reproduced from ref. 18 under a license from the Company of Biologists
{hitps:fcs. biclogists.ong/content’131/24/jee225144))

the conformaton of the proteininsoluton and is interacions with
ligands. Proteins can be unlabeled for 1D NMR, or they need to be
singly labeled (**N} or doubly labeled (**N and "*C) in order w
make those nuclei actve under the magneric field. Each amide
group (NH) of the amino acids (with the exception of proline) of
a prorein will have a pardcular chemical shift thar will be repre-
sented as a single peak with a specific locadon in an NM R spectrum.
These chemical shifts can be ecasily measured unsing 2D 'HN
HS5QC (Hewronuclear Single-Cuanrum  Correlarion)  based
experiments [6]. For fast dme-resolved measurements, 2D
'H-'"*N SOFAST-HMQC (band-Selected Optimized Flip-Angle
Short Transient Hereronuclear Multiple-Cuantum Correlation)
spectra [7] can be measured in a fow minures providing similar
informarion as the smandard 2D HSQC. Binding of ligands 1o
proteins resulrin localized alrerations to the chemical environment
of the residucs in dose proximity to the binding site. These chemi-
cal shift displacements produced by ligand binding allow the bio-
chemical and sorucmiral characrerizarion of protein interacrions.
Figure 3 shows part of the HSQUC spectra of '"N-labeled ralin FO
domain in the absence (real) and presence (green) of the small
GTTlase Raplb.

To follow biochemical fearures of the protein (folding, aggre-
gartion, binding, crc.) by two-dimensional NMR:
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1. Prepare a sample of '®N-labeled protein ar approximarely
(0.1-1 mM in 500 pL of buffer for standard 5 mm NMR
tubes or 350 pL for Shigemi mbes, containing 108 v /v DL O

2. Place the sample into the NMR mbe. Take care o avoid
bubbles.

3. Set the probe to the desired emperarure (usually 298 K).

4. Once the specrrometer is set up (mned, locked, shimmed, and
pulse lengrhs derermined ) in accordance with the Bruker man-
nal, collecr 1D proton and 2D "H-"*N HSQC specrra.

5. Process specrra (we use NMRPipe [8] and/or Bruker
Topspin).
6. Analyze processed spectra using appropriace NMER software. In

our laboratory, we use CopNmr Analysis [9]. We have
described our CCPN pipeline for ralin NMR previously [5 ).

7. If more specific srucmral informarion is required, the assign-
ment of the "H-""N cross peaks of the HSQC specrrum of the
protein needs to be performed. This identifics the residue thar
cach amide peak corresponds wo. To easily assign a protein,
double- labeling is recommended (**N and 'C) in order to
be able touse three-dimensional | triple resonance N MR experi-
ments. A normal ser of 3D NMR experiments to assign a
protein incdudes HNCA, HN(CO)CA, CBCANH , CECA
(CONH, HNCO, and HN{CA)CO.

8. NMER chemical shift assignments for each assigned protein are
deposired into the Biological Magneric Besonance Dara Bank
(BMEB) repository [10].

We use FI' experiments to investigate putative interacions berween
proteins and fluorescenty labeled peptides. When a fluorescent
molecule is excited by polarzed light, it will emit light thar is
polarized. This assay utlizes the rapid tumbling thar cccurs when
fluorescent peprides are in soludon; as the molecule tumbles, ic will
lead o loss of polarizadon. If an interaction occurs berween the
fluorescenty labeled pepride and the protein, the fluorescently
labeled pepride will mmble more slowly with increasing levels of
protein, causing an increase in the polarzaton of the light in one
dirccdon. This change in polardzadon as a funcdon of protein
concentration can be quantfied, allowing dererminarion of binding
affinity. Figure 4 shows a rypical dara set obtained using this
method. In this experiment, synthetic peptides of the talin binding
site of KANK proteins were labeled with the fluorophore BODITY-
TMR [11]. This peptide was then added to a seral dilution of
purified ralin R7-R8 domains as follows.
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-~ Talin1+KANK1 30-60C (0.82 +/-0.11)
- Talin1+KANKZ 31-61 (0.837 +/- 0.1)

=+ Talin1+KANK1-4A (NC)
250+

Fluorescence Polarisation
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Talin 1 R7-RE domain [uM]

Fig. 4 Example of a dataset collected with the FP assay. Binding of BODIFY-
labeled KANK1 (30-60), KANKZ (31-61), and KANK1-44 peptides to talini
R7—R48. Dissociation constants + SE (uM) for the interactions calculated with
the one-site binding equation are indicated in the legend. NO not determined.
(Reproduced from ref. 11 under a Creative Commons CC-BY license)

1.

Ser up an FI program with appropriate parameters for your
filters as described in the plare reader sofrware manual. We
gencrally perform experiments ar 25 °C.

. Each experiment uses one lane of a 96-well Nunc plare. Add

S50 pL PBES into wells 1-11.

. Add 50 pL of protein to well 12 (ralinl R7-B8 stock soludon

was 60 pM).

. Add 50 pL of protein to well 11 and mix. Take 50 pL of this

and add to well 10. Mix and wansfer 50 pL. of this into well
9. Bepearuntl well 2 and discard the final 50 pl.

. Make 750 pL stock of 2 pM fluorescenty labeled pepride. Add

50 pL of the pepride stock to wells 1-12 and mix well. Note:
the fluorescently labeled pepride is susceptible to photobleach-
ing so it is advised o protect from light.

. Place the plare into the plare reader and run the appropriace FI'

program for the filters to be used.

. Repeart in triplicate.

. To calculate the binding consrant, we use nonlinear curve

firing and a one site roral binding model on GraphPad Prism.

FI' assays can be used for muldple experiments, including

comperidon assays where a labeled pepride is displaced from a
complex using a competiror ligand.
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MST is a flexible assay thar allows for the analysis of interactions of
proteins with ligands of any size and is well suired for binding
analysis of proteins which can only be expressed in small amounts.
We use MST to measure protein—protein interactions as, unlike the
FI assay, it does not require a difference in size berween the two
species. This also makes the rechnique ideal for measuring affinities
of protein dimerizadon. The MST assay measures remperamire-
induced changes in directed movement of a fluorescently labeled
component against increasing concentrations of a purarive ligand.
A laser is used to create a temperamree gradient (typically a few
degrees), which induces the movement of partcles due to a phe-
nomenon called thermophoresis. Thermophoresis resules in move-
ment of the fluorescent moicty which can be quantfied. The
fluorescently labeled protein is drrated with an unlabeled ligand
which upon binding alters the amount of movement in a
concentration-dependent manner. This can be quantfied using
this assay, allowing derermination of binding affinity. Figure 5
shows a rypical dara ser obrained using this method. In this experi-
ment, the dimerizadon of Talin roed domain containing protein
1 (TLNRD1) was measured using MST [12]. Any flnorescent
labeling straregy will work for this rechnique, bur we find thar
using NTA-dyes that bind with high affinity to the His-tag provides
a simple, rapid, and effident method for smdying protein
in tCracrions.

Sample preparadion includes the following sceps:

1. Mix 1.5 pL of His-tag dye (dilured according to manufacnirer’s
inscrucrions ) with 200 nM of His-tagged protein. Make up wo
150 pL. toral volume using PBS. Leave incubatdng ar room
remperamure for 30 min and then cenrrifuge ar 16,200 = g

10 =

A FHorm %]

& Wild-type K_80 £ 0.6 nm
2= ®F2500 K, Mot determined

-

— '__‘__.+

T T T roe T T T T roen T T T T ETeT T T T rorrTg | .

1.0€-09 1.0E-08 1.0E-07 1.0E-06

TLNRD1 Concentration (M)

Fig. 5 Bxample of a dataset collected with the MST assay. Unlabeled TLINRD1 was titrated into a fixed
concentration (50 nM) of fluorescently labeled TLNRDA (black). The fitted curve vielded a dimenzation K of
80 + 0.59 nM. A monomeric mutant, F2500 (red), resulted in a K; not determined. (Reproduced with

permission from ref. 12)
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357 Size-Exclusion
Chromatograpty
Muttiangle Light Scattering
(SEC-MALS)

(13,000 rpm in a standard benchrop cenrrifuge) for 10 min ar
4 °C to remove any aggregates. Note: profein concenranons
may need adjusting according o affiniries being measared.

- Serup 14:= 200 pl. mbes. Add 10 pl. of PBS-Tween to mbes

2-14.

- Add 10 pL ligand (unlabeled protein) o mbe 1.

4. Add 10 pL ligand ro tube 2 and mix. Transfer 10 pL of this o

tube 3. Mix and rake 10 pL of this and add to tube 4. Bepear
until well 14 and discard the final 10 pL.. Thus, rube 1 contains
the highest concentration of ligand and mbe 14 contains the
lowest.

Add 10 pL of protein—dye solution to cach tube and mix

uniformly

. Place a capillary into cach rube. This will draw up the soluton.

Place each capillary into the comresponding space on the stage
within the NanoTemper Monolith NT.115.

Steps to ser up the ritraton protocol.

. Using MO.Control software, open a new session using Nano-

BED scrrings (a different option may need to be selecred
according to the dye used ).

2. Sclect “binding affiniry.™

7.

. The “rarger™ is the His-ragged prorein which has been coupled

to the His-dye. Sclect the His-rag option and input informa-
tion for the other parameters, for example stock concentrations
for cach component.

. For MST power and LED power, these can be set toautoderect

if unsure. As a starring point, we generally use 50 and
40, respectively

. Ensure thar a temperarure has been ser and keep this consistent

for all experiments. We generally nse 25 *C.

. Starr cap scan and MST. The cap scan should be consistent for

each sample. If any porendal issues such as sample inhomoge-
neiry or concentrarion-dependent aggregarion are suspected,
the software will highlight this.

Generare a triplicare daraser.

SEC-MALS is a rechnique that combines size exclusion chroma-
tography (SEC) with muldangle light scartering (MALS) analysis.
A MALS derecror is a form of static light scarrering detector which
allows the absolure molecular weight (MW and potennally the
radins of gyranon (Bg) of a sample to be measured. In
SEC-MALS insruments, a MALS detector is connected to an
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Fig. 6 Example of a dataset collected with the SEC-MALS binding assay.
Figure shows the SEC-MALS analysis of talin R13-DD (dimerization domain)
which constitutes actin-binding site 3 (ABS3). The WT protein elutes as a dimer
whereas the L2509P mutant elutes as a monomer. The molecular weight of each
peak obtained from the MALS is given (Reproduced from ref. 13 under a
Creative Commons CC-BY-NC-ND license)

HPLC/FPLC SEC column and a concentraton, refractive index or
UV detector is also connected.

The SEC-MALS derecror measures the light scarrered by the
protein sample at different angles and a Debye plot is created.
SEC-MALS can be used ro acquired informarion about your pro-
tein size and also abour aggregation state and binding by determin-
ing the absolute molecular weight, independent of the protein
conformation, size and elurion posidon. Figure 6 shows a typical
data ser obtained using this method. In this cxpedment, the
SEC-MALS clurion profiles of alin WT R13-DD (dimerizaton
domain) and the L2509T mutant show the difference in molecular
weight berween them indicating dimerzarion in the wild rype and
not in the murant [13].

To perform a SEC-MALS experiment:

1. Chose the appropriate SEC column for your proteins’ size and
equilibrate with the protein buffer unil the MALS signal is
stable. Most of the experiments we perform in our laboratory
use cither a Superdex-75 or  Superdex-200  column
(GE Hcealtheare).

2. Load the filtered protein sample, ideally 100 pL of protein at
100-150 pM.
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358 GST Pulldowns

3. Run method appropriare for column size and ovpe. Do not

change the flow ar any point to keep a stable signal. We nor-
mally use a flow rate of 0.75 mL,/min.

. The eluted peaks from the SEC column are measured by the

MALS machine (we use a Viscotek Sec-Mals 9 and Viscorek RI
derector VE3580 ( Malvern Panalyrical)) which is placed in line
downstream of the column.

. The eludon profile is then analyzed to determine the absolure

molecular weight of the protein/proteins of interest (we use
the OmniSEC software from Malvern Panalytical).

GST-ragged proteins bound to glutathione beads can be an excel-
lent ool for pulldown experiments. Due to the diffionlty in mea-
suring the concentration of a purified GST-tagged protein while it
is bound o glutathione beads, it may be useful to prepare samples
of this and of the protein you are wishing to perform the pulldown
experiment against for SDS-PAGE analysis. An image processing
program such as Image] [14] can be used to quandfy the bands on
the gel for cach protein, allowing an estimarion of the concentra-
don of the glurathione beads-bound protein.

1.

Use the purified glurathione bead-bound GST-ragged protein
(from step 5 of Subheading 3.3.3). Mix 50 pL of this with the
purarive ligand ar the concentrarion required, to a final volume
of 200 pl. Using a 1:1 rario of the GS5T-ragged protein w
putative ligand is standard but it may be wseful to have a
different rato depending on the particular interaction being
investigated. Incubare for 1 h at room temperature.

. After incubaton, apply to a gravity flow column. Tr is useful o

collect the flow through and prepare a sample for SDS-TAGE
analysis.

. Wash the beads with 1 mL of buffer and repeat this for a roral of

2-3 washes. Allow the buffer to pass through the column.

. Besuspend the beads in 500 plL buffer. Transfer to a mbe and

centrifuge ar 700 =« g (2510 rpm in a Hermrich Roranta 460 R
cenrrifuge) for 3 min ar 4 *C. Remove the supernatant.

. Prepare a sample of the supernarant and of the peller for

S5DS-PAGE analysis. If an inreracrion ocecurs, the bead-bound
GST-tagged protein and the purative ligand should both be
present in the peller.

. Important controls include: (1) Washed glurarhione beads

without the GST-tagged protein present and (2) glutathione
beads with the GST-tag present but the protein removed via
cleavage with TEV protcase. These climinare false-positive
resules generared from the puranve ligand interacting with the
beads or with the GST-rag.
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7. Opdomization of conditions may be required. These could
include concentradons of the GST-ragged protein or the pura-
tive ligand, incubation temperamres, amount loaded onto
SDS-PAGE gels, among others.

8. Generare a riplicare dataser. An image processing program
such as Image] [14] can be used o quandfy the bands on
the gel.

Many adhesion proteins engage the acrn cyroskeleron cither
directy or indirectly as part of acrin-binding complexes. As aresuolt,
the biochemical charactenzation of protein interactions with actn
is important for understanding these cytoskeletal linkages and can
be achieved using an actn cosedimenration assay. By varying the
speed at which the samples are spun it is possible o observe actin
binding (high speed acrin-binding assay) and actin bundling (low
speed actin-bundling assay).

All actn was isolated from rabbir muscle acetone powder [ours was
kindly gified by Prof Mike Geeves) using a previously described
protocol [15]. Purified G-actin (monomeric) is stored at 10 mg/”
mL in G-buffer (5 mM TrspH 7.5, 0.2 mM CaCly, 0.2 mM ATT)
at —80°C undl required. Actin is then polymernzed by dilutng to
=50 pM with acrin polymerizaton buffer (50 mM EKCl, 2 mM
MgCly, 0.2 mM ATT, 1 mM DTT, 1 mM NaNj, pH 7), which is
then stored at 4 °C and used for up w 1 month afrer
polymenzarion.

The interacion berween a protein of interest and actn can be
measured using a simple high-speed actin cosedimentation assay.
When spun ar high speed such as 100,000 = g, polymerized actn
filaments will form a peller. If the protein of interest binds o the
F-actin, it will go into the pellet with the actin whereas, if no
interacrion ocours, the protein will remain in the supematant.

1. Dilute prepolymerized acrin to 20 pM in polymen zation buffer
and incubare with 20 pM of protein for 1 har room tempera-
ture. Protein—actin ratos can be altered according to experi-
ment requirements. Optimal final volume is 100 pL.

2. Spin samples at 100,000 = g for 20 min atr 4 “C using an
ulrracentrifuge. It helps to mark the oumside facing edge of
the centrifugarion mbe to identify peller position.

3. Transfer 50 pL of supernatant to a clean mbe and add 10 pLoof
6= gel loading buffer. Discard the remaining supernatant,
raking care not to dismrb the peller.

4. Gently wash the peller with 50 pL. polymerizarion buffer and
resuspend in 60 pl. 1= gel loading butfer (Co-sed buffer plus
6= gel loading buffer).
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Fig. 7 Example of a dataset collected with the high speed actin-binding assay. This experdment shows TLNRD1
binding to actin. Left panel: Control experiment of the high-speed spin of the actin and TLNRD1 protein alone.
Actin is seen in the Pellet fraction (F) whereas the TLNRD1 protein remains in the Supematant fraction (S/N).
Right panel: When TLNRD1 is incubated with actin TUNRD1 protein is seen in the Pellet fraction. (Reproduced
with permizsion from ref. 12)

Livw-Speed
Actin-Bundling Assay

5. Load equal volumes of peller and supernatant onto SDS-PAGE
gels. We analyze the band densites using Image] software [14].

Fipnre 7 shows a typical dara ser obrained using rhis method.
When spun ar high speed, F-acrin filaments will peller. If proteins
interact with the actn, they will cosediment and be derected in the
peller fracdon. In this expeiment, TLNRDI was incubated with
F-acrin and shown to be an actin-binding protein, as scen by the
TLNRD1 band in the peller fracrion only in the presence of
F-acrin [13].

Some proteins are able to bind o more than one actn filament
simultancously and so can induce actin-bundling. This actn-
bundling funcrionality can be tested using a similar approach bur
using a low-speed acrin cosedimentation assay. Arlow speed centri-
fugarion (e.g., 16,200 = 4, F-actin does not peller and remains in
the supernatant. If the protein of interest induces bundling of the
acrin filaments, the F-acdn will form a peller. By comparing the
amount of actin in the peller vs. supernarant, whether the protein is
bundling actn filaments can be derermined. Figure 8 illustrares
how a low speed centrifugarion can identdfy proteins with actin-
bundling capabilides. When spun ar low speed, single F-acrin
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Fig. 8 BExample of a dataset collected with the low speed actin-bundling assay. This experiment shows
TUINRD1 bundling actin. In the absence of TLNRD1 the actin is mostly in the solution. As the amount of actin-
bundling protein is increased the amount of bundled actin in the pellet increases. (Reproduced with permission

from ref. 12)

3510 Lipid
Cosedimentation Aszays

filaments do not peller while bundled F-actin filaments (many fila-
ments crosslinked together) do. In this assay, acrin is spun ar low
speed; by irself (right side of gel) only a small amount of actin is
found in the peller. However, as the actn-bundling protein,
TLNBEI is added the amount of acrin in the peller increases as
the filaments are bundled together.

1. Prepare samples using rthe same approach as the high-speed
binding assay. Protein-actin ratios can be altered according o
eXperiment requirements.

2. Spin samples ar 16,200 = g (13,000 rpm in a standard bench-
top centrifuge ) for 20 min ar 4 °C using a benchrop centrifuge.

3. As previously, ransfer 50 pL of supernatant to a clean rube and
add 10 pL of 6= gel loading buffer. Carefully remove and
discard the remaining supernacant.

4. Besuspend the peller in 60 pl. 1= gel loading buffer (Co-sed
buffer plus 6« gel loading buffer).

5. Analyze supernatant and pellets on SDS-PAGE using the same
approach as the high-speed assay.

Integrin adhesion complexes assemble on the cytoplasmic face of
the integrin. As a result, many proteins are in close proximity to,
and engage with, the plasma membrane. The biochemical charac-
rerizanion of protein interactions with lipids is imporrant forunder-
standing the role of the membrane in mediaring these interactions
and can be probed using lipid cosedimentarion assays. In these
experiments, we prepare phospholipid vesicles comprised of differ-
ent combinations of lipids. Figure 9 shows a typical dara ser
obtained using this method. When spun at low speed, lipid vesicles
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Preparafion of Large
Multilamellar Vesices
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Fig. 9 Example of a dataset collected with the lipid cosedimentation assay. This
experiment shows the talin F2—F3 domain (0,15 mg/mL) binding to lipid vesicles.
Either WT or a non—membrane binding mutant (4E) F2—F3 is mixed with vesicles
(0.5 ma'mL) consisting of phosphatidylchaoling (PC), phosphatidylserne (F5), ora
4:1 ratio of PC:PS. The Supematant (5) and Pellet (F) lanes are shown. The
vesicles are found in the Pellet |F) fractions and proteins that bind the vesicles
are also found in the pellet. (Reproduced from ref. 16 under license from John
Wiley and Sons (https:/warw . embopress,org/doifull 10,1038/ mboj. 2009.287)

will peller. If proteins inreract with the lipids, they will cosediment
and be detecred in the peller fraction. In this experiment, the ralin
head domains F2-F3 were incubated with different lipid vesicles
[16]. The ralin head cosediments with vesicles with negarively
charged head groups as seen by the F2-F3 band in the peller
fracion only in the presence phosphandyl serine.

We prepare large muldlamellar vesicles essennally as described
proviously [17].
1. Dissolve lipids in chloroform and evaporate under nirogen to
produce films of dried phospholipids.
2. Swell films of dded phospholipids ar 5 mg/mL in 20 mM
HEPES pH7 4, 0.2 mM EGTA ar 42 °C for 3 h.
3. Centrifuge ar 16,200 = g (13,000 rpm in a standard benchrop
cenrrifuge) for 20 min ar 4 *C.
4. Resuspend pellet ar 5 mg/mL in 20 mM HEPES pH 7.4,
0.2 mM EGTA.
5. For large muldlamellar vesicles (LMV) the resuspended lipids
can be used as is.
6. To gencrate small nnilamellar vesicles (SUV), the resuspended
lipids can be passed 11:x through a lipid extruder (we use

Avanti Mini-Exoruder). The extrusion process makes the vesi-
cles smaller and more uniform in size.
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1. Dilute protein inte 20 mM Trds pH 74, 0.1 mM EDTA,
15 mM p-mercaprocthanol ar 1 mg/mlL.

2. Cenrrifuge at 16,200 = 4 (13,000 rpm in a standard benchrop
centrifuge ) for 20 min ar 4 °C.

3. Transfer and keep supernatant.

1. Incubate protein samplear 0.15 mg,/mL for 30 min ar 25°Cin
the absence or presence of phospholipid vesicles (0.5 mg/mL)
in 200 pL roral volume.

2. Make up the following mixmre:
20 pL lipid (final conc. 0.5 mg,/mL).
30 pL protein (final conc. 0.15 mg/mL).
150 pL 20 mM Tds pH 74, 0.1 mM EDTA, 15 mM
[-mercaprocthanol.

. Incubate ar 25 °C for 30 min.

. Centrifuge at 16,200 = gfor 20 min ar 4 “C.

. Remove supernatant and add 40 pL of 5 sample buffer.
. Resuspend peller in 120 pL of 1 = sample buffer.

=2 de L

. For oprimal visnalizarion using SDS-PAGE analysis, we load
14 pL for supernarant fractions and 7 pL for peller fracdons.

. Stain with Coomassie blue.

A =T -]

. The percentage of protein bound (protein in peller/total pro-
tein) can now be calculated by measuring band density in
Image] [14].

3511 Stuctural Studies A key part of our pipeline is o cluddare the sorucmire of the

proteins and protein complexes. Investigatng proteins and their
interacrions at the aromic level provides insight inro their biological
funcricn and enables the clucidadon of the molecular determinants
of their interacrions. This informarion allows the design of targered
muratons to disrupt the interacrions which, following validadon of
the muratons® efficacy using the biochemical pipeline outined
here, allows the interaction to be smdied in fine detail in cell
biclogy experiments. We use NMR, small-angle X-ray scartering
(SAXS), X-ray crystallography, and cryo-clectron microscopy (cryo-
EM) to explore the soructural aspects of integrn adhesion com-
plexes. A detailed discussion of these structural biology approaches
is beyond the scope of this chaprer and will be the subject of a
subsequent chapter.

1. HisTrap HP columns {5 mL) have a pressure limir of 0.3 mPa.
For each step of this process, ensure thar a high-pressure alarm
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is set o warn if the pressure is reaching /exceeding this limit.
The maximum flow rate for this column is 5 ml /min.

2.0 HP and ST HF columns (5 mL) have a pressure limir of
(0.5 mPa. For cach step of this process, ensure thar a high-
pressure alarm is ser to warn if the pressure is reaching /exceed-
ing this limir. The maximum flow rate for this column is 5 mL /

min.

3. A nirogen flow of 9 L/min must be used o purge and refrig-
erate the system to protect the oprics.
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