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1.2 Abstract

Talin is a 250 kDa cytoplasmic protein that activates integrins and provides a link to cytoskeletal
actin, thus producing the necessary force to stabilise adhesions. Talin is classically defined as an
integrin-activator, but here we show that talin also couples adhesion assemblies to cortical
microtubules via the Cortical Microtubule Stabilising Complex (CMSC) and plays a role in the
mechano-regulation of the cell cycle.

Cross talk between cortical microtubules and focal adhesions (FA) plays a critical role in cell polarity
and migration. Microtubules regulate the turnover of adhesions and, equally, FAs help capture
and stabilise microtubules in their vicinity. The molecular basis for this mechanism was unknown
and remained a key question within the field.

Here, | describe biochemical and biophysical evidence that the interaction between KANK and talin
is the crucial link between the macromolecular assemblies FAs and CMSC. Fluorescence
polarisation (FP) and Nuclear Magnetic Resonance (NMR) data show that the conserved KN domain
in KANK1 binds to the talin rod domain R7 via a LD talin-binding motif. Through the design of point
mutants in both the KANK1 KN domain and talin R7 domain this interaction could be perturbed.
Our data show that the KANK1 KN domain binds to talin through a helix addition mechanism.
Immunofluorescence work in Hela cells corroborates our findings on the importance of this
interaction, and that a single talin point mutation (G1404L) is enough to abrogate the association
of FAs with the CMSC and, in turn, disrupts microtubule dynamics at the cell edge. The discovery
of KANK1 as a binding partner of talin provides the missing link for how microtubules are targeted
to FAs.

The talin:KANK interaction gave a new insight on LD talin-binding motifs and allowed us to develop
a novel pipeline for identifying talin-binding partners. After designing a LD talin-binding search
motif, we identified cyclin dependent kinasel (CDK1) as a talin-binding protein. CDK1 is the master
regulator of the cell cycle, helping to drive cells from G2 phase into mitosis. Using similar
biochemical and biophysical techniques | characterise the interaction between talin and CDK1. FP
and NMR show that CDK1 binds to the talin R8 domain via helices 32 and 33 and based on structural
modelling, we propose that this interaction also occurs through helix addition.

Biochemical data combined with phosphoproteomics shows that the CDK1-cyclinA complex
phosphorylates talinl and talin2 isoforms at two unique sites (Ser1589 in talinl and Ser1489 in
talin2). Interestingly, in talin2 this novel phosphorylation site is in the talin actin-binding site
(ABS2). We postulate that this could be a mechanism to regulate the coupling/uncoupling of actin

to talin. Talin phosphorylation could perturb actin binding, thus reducing tension across the



adhesions and leading to their disassembly. This interaction gives an insight into how adhesions
and the cell cycle are entwined and poses many questions regarding how adhesion formation and
disassembly regulates or occurs within the cell cycle.

My thesis describes the discovery of two novel talin-binding partners KANK and CDK1 which reveals
talin is a crucial player in both coupling FAs to microtubules and gives new evidence into how

adhesions can be involved in the regulation of the cell cycle.
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Chapter 2. Introduction




2.1 Cell Migration

Multicellular organisms are organised through tightly co-ordinated cell-cell and cell-matrix
interactions. Cells are continually sensing their extracellular environment, identifying different
biochemical and biophysical properties and translating this information into a broad range of

biological outputs including: cell migration, cell proliferation and cell differentiation.

Cell migration is vital for all eukaryotic life and is essential for embryonic development, tissue
formation, immune responses and wound healing (Case and Waterman, 2015). When
misregulated cell migration can cause huge damage to organisms including: tumour formation and
metastasis, chronic inflammatory diseases and vascular disease (Carmona-Fontaine, Matthews and
Mayor, 2008). For a cell to dictate direction of movement and co-ordinate with surrounding cells
it needs to have a defined leading edge (front) and a rear end (back). This is achieved through cell
polarity, which gives the cell an asymmetric organisation of cellular components, vital for cell co-

ordination, shape, structure and function (Case and Waterman, 2015).

Additionally, all migrating cells need to apply force to generate traction against their immediate
surroundings. The actin cytoskeleton is one of the major sources of internally generated force that
enables the cell to regulate shape and drive migration (Pollard and Cooper, 2009). For actin to be
able to transmit force to the outside of the cell, the force must first be transmitted through the
cellular membrane. This can occur through specific cell surface receptors known as cell adhesion
molecules (CAMs). CAMs can bind to the extracellular matrix (ECM) or to other cells and generate
the traction needed to help the cell move. Fully understanding which proteins are involved in the
regulation of this process would aid in the development of novel therapeutic cancer treatments,

transplant methods and the manufacturing of artificial tissues.

2.2 Cell adhesion Molecules

CAMs are divided into five main groups: integrins, selectins, cadherins, mucins and
immunoglobulin superfamily as seen in FIGURE 2.1 (Lodish 2016). Selectins, cadherins, mucins and
immunoglobulins can form cell-cell interactions, whereas integrins provide a link between cells and

the ECM.
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FIGURE 2.1: TYPES OF CELL ADHESION MOLECULES (CAMS)

Diagram representing the five classes of CAMs in cell-cell and cell-matrix adhesions; cadherins, integrins, Ig-
superfamily, selectins and Mucins. The CAMs are separated into homophilic interactions and heterophilic
interactions. Figure based from: (Lodish et al., 2000)

2.2.1 Selectins

Selectins, are a family of three structurally and functionally related adhesion molecules: L-selectins,
P-selectins and E-selectins. P-selectins are primarily found on platelets and leukocytes, E-selectins
are expressed on endothelial cells and L-selectins are present on leukocytes, monocytes,
neutrophils and eosinophils (Bou-Gharios and de Crombrugghe, 2008). All selectins have a
common domain structure consisting of an important N-terminal Ca** dependent lectin domain
(see FIGURE 2.1), which is integral for selectins function (Ley, 2001). The selectin family are
adhesion molecules that facilitate the binding of cell-cell interactions; they specialise in capturing
leukocytes from the blood stream and attach them to the vessel wall. This contact between the
leukocyte and the vessel wall allows the process known as leukocyte rolling to take place. This
process occurs in a cascade —like fashion whereby the leukocyte cell is captured and rolls along the
cell membrane before it slows down enough to extravasate from the blood vessel into the tissue
(Ley, 2001).
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2.2.2 Cadherins

Cadherins are a large family of adhesion receptors that are defined by the inclusion of the
extracellular cadherin (EC) domains and the requirement of Ca?* for their activity (Morishita and
Yagi, 2007). The number of EC domains can vary dependent on the isoform, they form Ca?
dependent linkages with other cadherin EC domains forming a cell-cell interaction (Helfrich et al.,
2008). The cadherin receptors can be categorised into four groups: classical cadherins,

protocadherins, unconventional cadherins and desmosomal cadherin’s.

Classical cadherin’s include E-cadherin, P-cadherin and N-cadherin that all have a similar structure
with five EC domains, a transmembrane region and intracellular C-terminal domain. The
cytoplasmic tail can interact with B-catenin which forms a link to the actin cytoskeleton. This
interaction with actin allows tension and contractility to be transferred to the adjoining cell which

can drive cell re-arrangement at both a local and a tissue level (Lecuit and Yap, 2015).

2.3 Integrins

Integrins are expressed in all metazoan species and are formed of two subunits: a and B. Integrins
were first discovered in 1986 and were named on the basis they could integrate the intracellular
and extracellular environments of a cell (Tamkun et al., 1986). Humans have 18 a and 8 B integrin
subunits that can form 24 aff heterodimeric pairs of integrin shown in FIGURE 2.2 (Campbell and
Humphries, 2011). Integrins are expressed in nearly all cell types and different cell types express
different combinations of integrins; each integrin has distinct patterns in cell-types and tissue

expression helping to support cell-matrix and cell-cell attachment.
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FIGURE 2.2: INTEGRIN SUBUNIT PAIRINGS

A schematic of all integrin o and B subunits illustrating the pairings they can make in humans and categorised
into the ECM component they can interact with. Figure based from (Lal, 2009).

2.3.1 Integrin Structure

aintegrins comprise around 1000 amino acid residues whereas B integrins are composed of around
750 amino acids (Hynes, 2002). Both subunits contain an ectodomain, a single transmembrane

region and an intracellular domain as shown in FIGURE 2.3.

aintegrin ectodomains are composed of four, or five, domains depending on the a integrin subtype,
whereas B integrin ectodomain is spilt into several domains which have flexible linker regions
joining them. Both a and B integrins have a single transmembrane region (TM), these regions are
highly conserved and link to a short cytoplasmic tail of around 25-50 amino acids. The cytoplasmic
tails appear to be flexible until bound to a ligand (Campbell and Humphries, 2011). Integrin tails
are important for the communication between the cell and the ECM; they form ‘hub’ interactions
with a number of cellular proteins which is especially important for inside-out activation of the

integrins (Wegener and Campbell, 2008), see section 2.3.3.

The cytoplasmic tails of B integrins have two Asp-Pro-x-Tyr (NPxY) motifs- where x is any amino
acid, which are important for the binding of many proteins including talin and kindlin. As shown

in FIGURE 2.3B, the two NPxY motifs are defined as proximal and distal regions and these
5



sequences are found in all B integrins (Wegener and Campbell, 2008). a integrins also have a
common sequence found in all isoforms, the GFFKR motif (shown in FIGURE 2.3B), which has been
found important for binding both sharpin and the mammary-derived growth inhibitor (MDGI) (Li
et al., 2014). Sharpin and MDGI are both inhibitors of integrin activation and are needed to keep

the integrin in an inactive state (Rantala et al., 2011).
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FIGURE 2.3: STRUCTURE OF INTEGRINS

(A), There is variation in integrin ecto domain structure and this represents a schematic of the domains
present in integrin asf1. (B) The cytoplasmic tail region of integrins, the NPxY motifs on B integrin tails are
highlighted in blue and the binding regions for several integrin activators and their specific integrin subtype
are indicted, this image is adapted from: (Bouvard et al., 2013).
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2.3.2 The extracellular matrix

The ECM is a non-cellular component that is found in all tissues and organs and provides a
scaffolding network for surrounding cells (Frantz, Stewart and Weaver, 2010). The ECM is a made
up of three main components: proteoglycans including, keratin sulphate and heparan sulphate;
insoluble collagen fibres (which provide strength) and soluble multi-adhesive ECM proteins such as

fibronectin and lamin (Frantz, Stewart and Weaver, 2010).

Although the ECM is primarily made up of the same components, all tissues have a unique ECM
composition and topology which is determined during embryonic development through various
cellular components such as fibroblast cells (which secrete all major precursors for the ECM). The
difference in ECM composition is a major element in what gives different tissues and organs their
mechanical and biochemical properties. The composition is tightly regulated to maintain stability
of tissue and organ physiology. In diseases such as cancer the ECM becomes disordered and
unregulated, often stiffer and more fibrous which leads to the promotion of cell migration and
cancer metastasis. Abnormalities in the ECM can also lead to tumour-associated angiogenesis
which in turn gives tumour cells their own microenvironment and facilitates further spreading (Lu,

Weaver and Werb, 2012).
2.3.3 Integrin activation

Integrins receptors link the actin cytoskeleton to the ECM which allows the cell to generate traction
an important feature for cell shape, adhesion and migration (Calderwood et al., 1999). One
important and reversible mechanism for regulating integrin adhesions comes through the
regulation of integrins activation state. Integrins fluctuate between states of high affinity (‘active’
confirmation) whereby it can interact with the ECM (see FIGURE 2.4 and a state of low affinity
(‘closed’ conformation) where it is unable to make interaction with the ECM (Calderwood, 2004).
The state of affinity can be controlled by intracellular signals (in a process known as ‘inside-out’
activation) binding to the integrin cytoplasmic tails, these interactions induce conformational
changes in the integrin extracellular domains that can result in integrins having a higher affinity for

the ECM (Calderwood et al., 1999).
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FIGURE 2.4: ACTIVATION STATE OF INTEGRINS

Schematic diagram illustrating the integrin affinity states. Integrins fluctuate between states of low affinity
where they are in a ‘closed’ conformation (left) and a high affinity ‘active’ confirmation (right). Talin binding
the B integrin tail induces conformational changes in the integrin extracellular domains that can result in
integrins having a higher affinity for the ECM.

The cell has to ensure that the integrin is in an ‘active’ confirmation only when required otherwise,
adhesions to the ECM could occur in unwanted places leading to problems such as blood clots and
cell metastasis (Ganguly et al., 2013). Integrins use a network of dynamic interactions known as
the integrin adhesion complex (IAC) to mediate their activation state. The complexity of the IACs
has been highlighted in analysis of the ‘integrin adhesome’ where mass spectrometry of multiple
integrin adhesion complexes revealed a network of >240 proteins are involved in integrin
regulation (Horton et al., 2016; Ronen Zaidel-Bar, 2007).

Further analysis of the integrin adhesome indicated that there is a consensus adhesome of around
60 proteins that all centre around four different centred around four ‘axes’ comprising ILK-PINCH-
kindlin, FAK-paxillin, talin-vinculin and a-actinin-zyxin-VASP (Horton et al., 2016).

In all of the different ‘axes’ of the IAC it appears that the adapter protein talin is linked in some
way. Talin is a cytoplasmic adapter protein that is vital to integrin activation; talin can bind to the

highly conserved proximal NPxY motif in the B integrin tail via the talin FERM F3 domain
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(Calderwood et al., 2002). This interaction between talin and integrin disrupts a salt bridge
interaction between the integrin a B tails, which holds the two tails in close proximity keeping the
integrin in a low affinity state (Calderwood, 2004). Talin F3 still with the B integrin bound forms
elecrostic interactions with lipid groups in the membrane (as shown in FIGURE 2.5) which leads to
conformational change in the positioning of the talin-integrin complex and results in the separation

of the a B integrin tails and activates the integrin.
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FIGURE 2.5: TALIN-INDUCED INTEGRIN ACTIVATION

Structural representation of the talin F3 domain binding to the membrane distal region of the B integrin tail.
Talin F3 subsequently, engages with the membrane proximal region of the B integrin which leads to the
disruption of the putative integrin salt bridge highlighted by green box. Talin can then make electrostatic
contacts with the lipid head groups in the membrane, this results in the change of positioning of the B integrin
tail and forces apart the a B integrin tails and activates the integrin. Figure adapted from (Goksoy et al.,
2008)

2.4 Different adhesive structures

IACs form distinct adhesive structures which include: focal adhesion complexes, nascent adhesions,
focal adhesions, fibrillar adhesions and podosomes. These adhesive structures can be categorised
by their distinctive structures and play different roles in cell migration, shape and adhesion as

shown in FIGURE 2.6.
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FIGURE 2.6: LOCATION OF CELL-MATRIX ADHESIONS ACROSS A CELL

Diagram highlighting where the different cell-ECM adhesion types are located across a migrating cell. The
diagram also highlights the levels of tension the adhesions are under and the adhesion turnover rate. Figure
from (Wehrle-Haller, 2012).

2.4.1 Nascent adhesions

Nascent adhesions are found to assemble under filopodia and lamellipodia protrusions (Ridley et
al., 2003); they are the smallest type of integrin adhesion and typically assemble in milliseconds.
Nascent adhesions provide crucial links between the integrin and actin cytoskeleton through the
interaction of integrin:talin:actin. The addition of actin allows nascent adhesions to transition to

focal adhesions (FAs) a more stable adhesion.
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2.4.2 Focal complexes and focal adhesions

FAs and focal complexes arise from nascent adhesions and are larger measuring around 1 pM in
size (Anderson, Owens and Naylor, 2014). In FAs talin is a crucial player in coupling integrins to the
actin cytoskeleton, as the force increases across the adhesion (through binding of actin) talin
domains can unfold revealing vinculin binding sites. These unfolded domains allow vinculin to bind
which re-enforces talin in a stretched confirmation and prevents the talin domains from re-folding
(Yao et al., 2014). Additionally, vinculin binding to talin is thought to activate vinculin as it out-
competes the interaction between the vinculin head and tail (associated with auto-inhibited
vinculin). This addition of vinculin binding talin promotes a formation of stronger actin linkage and

assembles and more stable adhesion.
2.4.3 Fibrillar adhesions

Fibrillar adhesions are located away from the leading edge and near to the nucleus and vary in size,
ranging from 1 uM to 10 uM in diameter (Anderson, Owens and Naylor, 2014). Fibrillar adhesions
develop from mature FAs and are characterised through the inclusion of the protein tensin which
cross links actin cables to fibronectin fibrils located in the ECM (Huveneers and Danen, 2009).
Fibrillar adhesions can be distinguished from FAs as they are not attached to stress fibres which

prevents them from dis-assembling when force across the adhesion is relaxed (Zamir et al., 2000).
2.4.4 Podosomes

Podosomes are found at the lamellopodia (see FIGURE 2.6) and differ structurally from the other
adhesive structures. Structurally, the most distinguishing feature of podosomes is their two part
organisational design; they have a dense F-actin core that is surrounded by a ring structure of
adhesion proteins such as talin, vinculin and integrins (Linder and Kopp, 2005). The actin-rich core
is not found in any of the other cell-matrix adhesion types and consequently actin regulation
proteins exert a major influence on the podosome-type contacts. Podosomes are typically found
in macrophages, dendritic cells and osteoclasts. However, they are also found in a number of other
cell type including endothelial cells and smooth muscle as they play a large role in matrix

degradation (Linder and Kopp, 2005).
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2.5 Talin

A key protein found in all of the cell-matrix adhesion types is the adapter protein talin. Talinis a
large 270 kDa adapter protein that was first discovered in 1983 as a component of FAs and ruffling
membranes (Burridge and Connell, 1983). Talin is comprised of an N-terminal FERM domain (head)
attached to a C-terminal rod domain by an unstructured linker (as shown in FIGURE 2.7). The rod
domain encompasses 13 alpha helical bundles, each comprised of either four or five helices (Goult,

Zacharchenko, et al., 2013).
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FIGURE 2.7: TALIN DOMAIN STRUCTURE AND CONSERVATION

(A) Structural model of talin showing highlighting the different domains, vinculin sites are detailed in red
across the protein. (B) Schematic representation of the talin domain structures coloured by sequence
identity between the two isoforms. The domain boundaries are given for mouse talinl (UniProt: P26039) and
talin2 (UniProt: B2RY15). Figure adapted from (Gough and Goult, 2018).

Talin is one of the key elements in integrin activation and provides the link between integrins and
actin cytoskeleton (Shattil, Kim and Ginsberg, 2010). The interaction between integrin-talin-actin
forms the basis of a nascent adhesion allowing the recruitment of numerous other FA and signalling

molecules, to form a more stable adhesion (Calderwood, Campbell and Critchley, 2013).
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Furthermore, talin is a mechanosensing protein, with its 13 alpha helical rod domains capable of
undergoing force-dependent conformational transitions that can modulate binding interactions
with mechanosensitive ligands (del Rio et al., 2009; Goult, Zacharchenko, et al., 2013; Yao et al.,
2014, 2016; Yan et al., 2015). Until the work presented here in this thesis and the subsequent
publications (Bouchet et al., 2016; Sun et al., 2016) it was not known that talin also has a pivotal
role in linking adhesions to cortical microtubule stabilising complexes, through its interaction with

the KANK family of proteins (see chapter 4).

2.5.1 Talin Isoforms

There are two isoforms of talin; talinl and talin2 which share an identical domain structure and
have a 74% amino acid sequence identity (shown in FIGURE 2.7B). In vertebrates, the isoforms are
encoded by two different genes, TLN1 and TLN2, both of which have highly conserved intron and
exon boundaries (Monkley, Pritchard and Critchley, 2001; Senetar, Moncman and McCann, 2007).
The genes are located on different chromosomes; TLN1 is located on Ch9 and TLN2 is located on

Ch15, furthermore, TLN2 (190 Kb) is a larger gene than TLN1 (30 Kb) due to larger introns.

2.5.1.1 Talin2

TLN2 has been shown to have multiple splice variants which lead to multiple talin2 isoforms as
shown in FIGURE 2.8 (Debrand et al., 2009). These talin2 isoforms still currently have no known
function but the expression of the different splice variants is interesting. The shorter isoforms
(lacking the N-terminal FERM domain) are found to be expressed in the brain, kidneys and testes
which raises the prospect that they are not involved in integrin binding and may serve other
functions (Debrand et al., 2009). Furthermore, it was found that if a talinl fragment (the same as
the short C-terminal testes specific talin2 isoform) was expressed in cells depleted of talinl then
this was sufficient to rescue cell cycle progression suggesting a potential role in cellular signalling

(Himmel et al., 2009; Wang, Ballestrem and Streuli, 2011).
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FIGURE 2.8: TALIN2 SPLICE VARIENTS

Schematic diagram displaying the main talin2 isofoms that arise due to alternative splicing. Vinculin binding
sites are highlighted in blue and red crosses indicate the vinculin binding regions that have been deleted due
to exon skipping. At the top of the diagram the longer talin2 isoforms are shown and at the bottom the
shorter talin2 isoforms, that are lacking the FERM domain. Figure taken from: (Debrand et al., 2009).

TLNZ2 is the ancestral gene, and through early duplication in the chordate lineage it led to the
emergence of talin 1 (Senetar and McCann, 2005). Interestingly, over evolution the talin domain
structure has not changed, even since the talin2 duplication in the chordates lineage that lead to
the emergence of talinl; the sequence length has remained the same (talinl 2541aa and talin2
2540aa). This is quite an unusual finding compared to other large multi-domain proteins such as;
filamin, titin and spectrin of which all have varied in length over evolution (Higgins et al., 1994;
Baines, 2010; Light et al., 2012). This unvarying domain structure gives compelling evidence that

every domain within talin has an important functional role.

Independent functions of the two isoforms within cells have not yet been fully understood but it
has been found that tissue expression and cellular localisation varies significantly between both
isoforms. Talin2 expression is more variable than talinl and unlike talinl, it has not been found to

be expressed in all cell types for example, there is no expressed talin2 in endothelial cells (Kopp et
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al., 2010; Monkley et al., 2011). There is however, high expression of talin2 in heart muscle,

kidneys and the cerebral cortex of the brain (Manso et al., 2013).

2.5.1.2 Talinl

Talinl on the other hand, is expressed in nearly all tissues and is believed to be ‘the more essential
talin isoform’. TLNI1-knockout mice embryos are not viable and mice die due to arrested
gastrulation, indicating that talinl is essential for early development (Monkley et al., 2000). In
contrast a TLN2-knockout is not lethal at embryonic stages and instead, mice were viable and fertile
expressing only mild dystrophic phenotypes with small variations in mouse pups reaching
adulthood (Debrand et al., 2012). Evidence does show that talin2 can rescue the cell’s phenotype,
following the loss of talinl after embryonic development. In fact, in embryonic fibroblasts cells
(MEFs) of TLN1-knockout mice, TLN2 expression is rapidly up-regulated, to compensate for the loss
of talinl and resulting phenotype (Zhang et al., 2008). Similarly, a knockout of both talin isoforms
entirely destroys cell-ECM adhesions, highlighting the essential role that talin plays in integrin

adhesions (Manso et al., 2017).

In fibroblasts both isoforms localise to FAs with talinl being directly recruited to the cells leading
edge via RIAM, the RAP1 effector (Rap1l-interacting adapter molecule) (Lee et al., 2009; Lagarrigue
et al., 2015). The mechanism that recruits talin2 to the leading edge is not yet understood. Talin2
is known to bind RIAM although this is thought to cause aggregates to form throughout the cell
which have been found to overtime co-localise to fibrillar adhesions. Fibrillar adhesions are found
in the centre of the cell (see FIGURE 2.6) and localisation of talin2 to fibrillar adhesions could
suggest that it is involved in fibronectin assembly or possibly invadopodia formation (Singh,
Carraher and Schwarzbauer, 2010; Qi et al., 2016). Recently it was found that talin2 was essential
for generating the traction force needed to allow invadopodia-mediated matrix degradation which

is required for invadopodia formation (Qi et al., 2016).

2.5.2 The talin head

Both talin isoforms have a N-terminal head domain (as shown FIGURE 2.9); this is formed from an
atypical FERM (4.1 protein, ezrin, radixin, moesin) domain containing four sub-domains: FO-F3. The
talin FERM domain is classed as atypical as it comprises of four subdomains rather than three (F1-
F3) and also because of the linear structure it takes compared to the more commonly found clover

leaf shape of other FERM domain proteins (Elliott et al., 2010).
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The FERM domain is essential for talin to bind and activate integrin; the talin F3 domain binds to
the B-integrin tail via interaction with the membrane proximal NPxY motif (Calderwood et al., 1999).
This interaction with talin breaks the electrostatic interaction holding the two integrin tails (o and

B) together, converting integrin to an active confirmation (Vinogradova et al., 2002).

Isolated Talin F3 can bind to B-integrin tails however, it is fairly ineffective at activating integrins
due to the need of the other talin sub-domains to form an effective ‘integrin activation lock’ and
hold the integrin in the active, high-affinity conformation (Bouaouina, Lad and Calderwood, 2008).
The other sub-domains help to promote this ‘integrin activation lock’ through the formation of
interactions with phosphoinositides such as Ptdins(4,5)P, (PIP2) at the cell membrane. The F2 sub-
domain has a basic patch on the membrane interacting surface which promotes interaction with
the membrane helping stabilise the talin-integrin interaction (Anthis et al., 2009; Saltel et al., 2009;
Franceschi et al., 2017). Additionally, the F1 sub-domain contains a large unstructured loop
insertion, which can interact with PIP2 which is essential for integrin activation (Goult et al., 2010).
The F3 domain itself has also been shown to form electrostatic contacts with the membrane when
bound to the B-integrin tail (Vinogradova et al., 2002) and together the electrostatic interactions
from the talin sub-domains and the membrane provide the force on the integrin needed to help

stabilise the integrin-activated state.

In addition to integrin binding the talin head can also bind PIP kinase gamma (de Pereda et al.,
2005) through interaction with the F3 sub-domain. PIP kinase gamma is required to produce PIP2
at the membrane which is needed to promote integrin activation (Legate et al., 2011). The F3 sub-
domain can also bind a host of other ligands including: RIAM (Yang et al., 2014), FAK (Lawson et al.,
2012), T-Cell Lymphoma Invasion And Metastasis 1 (TIAM) (Wang et al., 2012) and G-protein
subunit Galphal3 (Gal3) (Schiemer et al., 2016).

Both talin isoforms have three actin binding sites (ABS1,ABS2 and ABS3) (Hemmings et al., 1996).
ABS1 is the only actin binding site found in the talin head in sub-domains F2 and F3 (Lee et al.,
2004); ABS1 is important for capping actin filaments to prevent actin polymerisation (Ciobanasu et

al., 2018).

16



p integrin
membrane

cytosol

FO

FERM domain

talin head

FIGURE 2.9: TALIN1 FERM DOMAIN INTERACTING WITH THE MEMBRANE

Schematic model of the complex between the talin FERM and Bs-integrin tail docked against the membrane
surface. The talin FERM domain is in an elongated confirmation and the + indicate areas of electrostatic
interactions between talin and the membrane. Figure from (Elliott, et al., 2010).

2.5.3 The talin rod

The talin head is connected to the talin rod via an 82 amino acid unstructured linker (Bate et al.,
2012). The talin rod is comprised of 62 alpha helices which are folded into 13 alpha helical bundles
of either four or five helices (see FIGURE 2.7) (Goult, Zacharchenko, et al., 2013). Four-helix
bundles are commonly found in nature; in contrast five-helix bundles are quite unusual. The extra
helix that packs onto the side of a four-helix bundle (creating a five-helix bundle) has a great impact
on the talin structure and functional ability in the cell. Five-helical bundles determine that the N
and C-terminus of the bundle are at opposite ends which allows the bundles to pack side by side
in a linear rod-like arrangement as shown in FIGURE 2.7; this rod like arrangement allows talin to
transmit force. Furthermore, five-helix bundles provide more mechanical stability than four-helix
bundles due to extensive contacts throughout the length of the helices and more hydrogen

bonding (B. T. Goult et al., 2010).

The talin rod contains a C-terminal dimerisation domain (DD) which enables talin to form an

antiparallel dimer with another talin molecule (Gingras et al., 2008). Talin dimers in literature have
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been found to be homodimers. Dimeric talin is able to form an autoinhibited confirmation in the
cytosol whereby, the two talins wrap around each other to form a ‘double-doughnut’ shape with
the talin FERM domain buried inside (Goult, Xu, et al., 2013). Activation of talin from this inactive
state does not appear to happen via one interactor instead a variety of activators have been

discovered including: RIAM and Ga-switch (Lee et al., 2009; Schiemer et al., 2016).

2.5.3.1 The R7R8 fold

In the centre of the talin rod there is an unusual 9-helix bundle comprised of domains R7 and R8.
These domains are in an unusual confirmation that is not seen anywhere else in talin; R8 is a four-

helix bundle that is inserted into the R7 five-helix bundle as shown in

FIGURE 2.10 (Gingras et al., 2010). This confirmation of one bundle inserted into another was
probably created by chance however, due to importance in function it has remained in this

confirmation throughout evolution.

The R7R8 fold is conserved in both talin isoforms; the R8 domain is inserted between the a3 and
a4 helices on R7 (see FIGURE 2.10) and the two domains are joined via flexible linkers between
helices 30-31 and 34-35 (see FIGURE 2.10). The flexible linkers are joined together through
hydrogen bonding and allow the R7R8 domain to be in different confirmations of ‘open’ and ‘closed’

dependent on what ligand is bound.

As described a four-helix bundle is less mechanically stable than a five-helix bundle and so it would
be predicted that the R8 domain should unfold at low force however, due to the insertion into R7
the bundle is protected from unfolding (Yao et al., 2016). This ‘protection’ of R8 is integral for
many talin functions; the folded R8 helix binds many ligands including; actin, RIAM, DLC1 and as
discussed in this thesis, CDK1 (see Chapter 6).
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FIGURE 2.10: TALIN R7R8 DOMAIN STRUCTURE

(A) Schematic of the helices in talin R7 and R8 indicating in brackets the helix number in full length talin and
the alpha-helix position of each helix within the bundle. (B) Structure of talin R7R8 domains (PDB ID: 5FZT).
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2.6 Talin rod interactions within adhesions

2.6.1 Actin

As previously mentioned both talin isoforms have three actin binding sites; ABS1, ABS2 and ABS3.
The talin rod contains ABS2 and ABS3 as shown in FIGURE 2.11A and both are important for

adhesion assembly and creating the force for mechanosensing capabilities of talin.

ABS?2 is positioned across talin domains R4 and R8 (Hemmings et al., 1996; Atherton et al., 2015;
Kumar et al., 2016) and the main actin contacts are with talin domains R4 and R8 domains
(Atherton et al., 2015). R4 and R8 domains have abnormally high pl values (compared with the
other talin rod domains), causing the talin surface to be positively charged at a physiological pH as
shown in FIGURE 2.11B and C. This positively charged surface can form electrostatic interactions

with negatively charged actin; ABS3 and ABS1 also demonstrate similar properties.

ABS3 is located at the talin C-terminus across domains R13-DD (McCann and Craig, 1997; Gingras
et al., 2006). ABS3 is essential for adhesion assembly, and the current working model indicates
that ABS3 is the initial site that binds to actin which in turn creates enough force on the talin rod
to unfold the mechanosensitive R3 domain, and allowing vinculin to bind. This interaction between
talin ABS3 and actin promotes maturation of focal adhesion assemblies (Yao et al., 2014).
Following the un-folding of talin R3 (through force generated by actin binding to ABS3), the ABS2
site on talin is activated and can bind actin. This interaction has been found to be essential for FA

maturation and cell polarisation (Atherton et al., 2015; Klapholz and Brown, 2017).
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FIGURE 2.11: ACTIN BINDING SITES ACROSS TALIN

(A) Schematic of talin, red domains indicate areas of talin involved in actin binding and green helices
represent vinculin binding sites. (B) Talinl and talin2 R7R8 domain structures (talinl R7R8 PDB ID:2X0C and
talin2 R7R8 modelled using Phyre2). (C) Talinl and talin2 R4 domain structures modelled using Phyre2.
Structures in both B and C were modelled in PyMOL with electrostatic surfaces indicating the surface charge
on the protein. Blue indicates positively charged and red indicated negatively charged.

2.6.2 Vinculin

Vinculin is a cytoplasmic actin binding protein that was first discovered in 1979 (Geiger, 1979; Peng
etal., 2011). Vinculin is enriched at focal adhesions and is found to be a key talin interactor binding
to 11 of the 62 talin helices in the rod domain (Gingras et al., 2005). Vinculin binding sites (VBS)
on talin are not found on the helical bundle surfaces (like other talin interactors) but instead are

buried inside the helical core and can only be accessed when talin is under mechanical force as
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shown in FIGURE 2.12F (Yao et al., 2014, 2016). Vinculin has also been shown to activate talin

(Carisey et al., 2013) and the exposed VBS on talin can activate vinculin (Bois et al., 2006).
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FIGURE 2.12: LAYERS OF AUTOINHIBITION IN TALIN

Schematic diagram representing the layers of talin autoinhibition. (A) Represents talin in closed cytoplasmic
conformation with the FERM domain buried inside. (B) Open talin confirmation commonly found at adhesion
sites under no force. (C) A representation of the layers found in talin. (D) Talin rod domain R3 (white) with
buried vinculin binding sites shown in red. (E) R3 domain stretched as a result of being under force exposing
the buried vinculin binding site, (F) shows the now exposed VBS with vinculin bound. Figure adapted from
(Goult, Zacharchenko, et al., 2013; Gough and Goult, 2018)

2.6.3 Integrin

As discussed previously talin has an integrin binding site on the F3 sub-domain in the talin head
which is known as integrin binding site 1 (IBS1). IBS1 is crucial for activating integrin through

‘inside-out’ integrin activation and increasing ECM binding (Shattil, Kim and Ginsberg, 2010).

Talin also contains a second integrin binding site known as IBS2 (shown FIGURE 2.14), which is
located in the rod between helical bundles R11 and R12. The structural mechanism of how talin
IBS2 binds integrin is currently unknown and it appears that integrin binds across the two talin rod
domains (R11 and R12) without the helical bundles being folded or unfolding instead it is thought
to be in some sort of intermediate confirmation (Rodius et al., 2008; Gingras et al., 2009; Ellis et
al., 2011). The physiological role of talin binding IBS2 in mammals is unknown however, it is
thought that in it may be linked to nascent adhesion formation as mutations in the region lead to
reduction in nascent adhesion clusters (Changede et al., 2015). Interestingly in flies it has been
shown that the role of IBS2 in integrin activation is more clear than IBS1 (Shattil et al., 2010; Ellis
etal., 2011).
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2.6.4 Talin-moesin

The talin rod also binds directly (via its C-terminus domain) to the FERM domain of moesin (Beaty
et al., 2014). Moesin is a member of the ERM family and contains a FERM domain. Moesin is
localised to filopodia and helps to attach actin filaments to the plasma membrane making it an
important protein for cell signalling and movement (Pearson et al., 2000). This interaction between
talin and moesin is required for recruiting the sodium hydrogen exchanger (NHE-1) to adhesion
sites at invadopodia (Beaty et al., 2014), which can lead to localised alteration of intracellular pH
at the adhesion sites. Even a small change in pH can have a dramatic effect on surrounding residues
for example, a histidine residue has an imidazole group in its side chain, at pH 5 the imidazole group
is positively charged and hydrophilic whereas at pH 7.4 the group is neutral and hydrophobic
(Rotzschke et al., 2002). Protonation can be considered a post-translational modification
(Schonichen et al., 2013) and many important protein:protein interactions have been shown to be
regulated by pH in this manner. One of which is the interaction between talin ABS3 and actin
(Srivastava et al., 2008); talinl knock-down decreases the cytosolic pH at invadopodia and blocks
cofilin-dependent actin polymerisation which leads to instability of invadopodia and matrix

degradation (Beaty et al., 2014).
2.6.5 Talin-alpha synemin could provide a link to intermediate filaments

Talin has been found to link to the actin cytoskeleton and in chapter 3 it is described how talin also
forms a link to the microtubule cytoskeleton. Furthermore, an interaction between the talin rod
domain and alpha-synemin (an intermediate filament (IF) protein that is expressed in skeletal
muscle) (Sun et al., 2008) reveals that talin may also provide linkage to IF. This suggests that talin
could potentially co-ordinate interactions between all cytoskeletal (actin, microtubule and IF)

networks.
2.6.6 Talin binds LD-motifs

An emerging, mechanism for ligands to bind to the talin rod is via Leucine-aspartic acid (LD) binding
motifs, which are short alpha helical interaction motifs. These LD-motifs were first identified in
paxillin (Brown, Curtis and Turner, 1998) and since have been identified as crucial players in
connecting cell adhesion with cell mobility and survival (Alam et al., 2014). LD sequences are
named because of their core amino acid sequence LDxLLxxL (where x is any amino acid) which is

made up of a hydrophobic cluster with an embedded positive charged amino acid. LD-motifs are
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recognised by LD-motif binding domains (LDBDs) (Zacharchenko et al., 2016) and in some cases the

same LD-motif can be recognised by different LDBDs (Alam et al., 2014).

Talin R8 has been identified as a LDBD and can bind to multiple LD ligands including; RIAM and
DLC1 (Goult, Zacharchenko, et al., 2013; Zacharchenko et al., 2016). RIAM is a Rapl effector
protein and has been found to have a central role in integrin activation through its ability to bind
to both talin and Rap1 (Lee et al., 2009; Goult, Zacharchenko, et al., 2013; Chang et al., 2014). DLC1
is a tumour suppressor gene which is frequently inactivated during cancer and it encodes a Rho-
GAP focal adhesion protein needed for GTPase activation; negative regulation of RhoGTPases are
required but not entirely sufficient for tumour suppression (Li et al., 2011). These LD-motifs bind
to the talin R8 domain by helix addition, the ligand forms a helix and packs against the side of the

talin rod domain as shown in FIGURE 2.13.
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FIGURE 2.13: LD LIGAND BIDNING TO TALIN ROD DOMAIN

A schematic of an LD-motif packing against a talin helical bundle via helix addition.

Other domains within the talin rod can also bind LD-motifs including R3 which binds RIAM. More
recently, and discussed in this thesis, we have discovered that the R7 domain could bind to the LD-
motif in KANK (see chapter 4), this was a breakthrough for the understanding of LD-motifs and
identifying that LD-motifs could bind to five-helix bundles in talin. This was a critical realisation, as
it opens up the possibility that every talin rod domain has the potential of binding to an LD-motif.
Talin has the possibility to bind numerous LD talin-binding motifs making the talin rod act as a

signalling hub (Goult, Yan and Schwartz, 2018).
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FIGURE 2.14: DOMAIN STRUCTURE OF TALIN1 SHOWING THE LOCATION OF LIGAND BINDING SITES

Schematic diagram of talin highlighting the domain arrangement; vinculin binding sites are highlighted in red.
Talin domain boundaries for both talinl (UniProt: P206039) and talin2 (UniPro: B2RY15) are highlighted, if
these domain boundaries are used then it is possible to make any fragment of talin and delete any domain
whilst maintaining the proteins structural integrity. The ligands that can bind to talin are highlighted under
the corresponding talin domain.
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2.7 Layers of talin autoinhibition and mechano-sensing

properties

When describing vinculin binding to talin (Section: 2.6.2) it was revealed that talin had multiple
layers of folding, and the vinculin binding site was only exposed on talin when talin was under force.
We dubbed these multiple layers ‘talins layers of autoinhibition’ and they appear to be a vital
feature of talin as a mechanosensor. Talin has the ability to mask binding sites at certain times

allowing talin to respond to different signals within the cell.

FIGURE 2.12A shows a schematic representation of autoinhibited talin, here it maintains a compact
globular shape and is found in the cytosol (Goksoy et al., 2008; Goult et al., 2009; Banno et al.,
2012; Song et al., 2012). The autoinhibited state is achieved through interaction between the
FERM F3 sub-domain and the talin rod domain R9. The process by which the interaction between
these two domains is relieved and talin switches into an active confirmation is not yet fully
understood. However, it would appear that a number of proteins are able to relieve talin
autoinhibition including; Ga13 (Schiemer et al., 2016), RIAM and the phospholipid, PIP2 (Goksoy
et al., 2008). Once in an open confirmation talin takes on more of a linear confirmation as shown
in FIGURE 2.12B. This is crucial for the talin F3 sub-domain being able to bind to the integrin B-tail
leading to integrin activation (Anthis et al., 2009). Furthermore, the talin rod comprises 13 alpha
helical bundles which when in this active confirmation all remain intact and provide binding
surfaces for a number of ligands, including the LD-motif containing proteins: RIAM, DLC1 and

paxillin (shown in FIGURE 2.15).

In the activated confirmation talin still has binding sites such as VBS that are buried and inaccessible,
which ensures talin can only bind to these ligands when mechanical force is applied. Force exerted
on talin causes the helical bundles to begin to unfold as shown in FIGURE 2.15B, this process also
simultaneously destroys binding sites on the surface of helical bundles. For example, if RIAM
activates talin and helps translocate it to the plasma membrane, it would then no be longer
required to bind to talin and so through unfolding the talin domain is repurposed for alternative

functions.
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FIGURE 2.15: DIFFERENT BINDING SITES ON TALIN REVEALED UNDER FORCE

(A) Schematic of talin R3 folded helical domain illustrating where RIAM LD containing ligand can bind. (B)
Schematic demonstrating what happens to the R3 domain when force is applied, the domain begins to unfold
revealing the vinculin binding site (blue) this process destroys the RIAM binding site on R3 so it can no longer
bind. (C) The talin R3 domain fully unfolded with vinculin binding site exposed allowing vinculin to bind (red).

It has been shown that all thirteen of the talin rod domains can be unravelled when mechanical
force is applied (Yao et al., 2016) and the structural stability of each of the helical bundles is
different, resulting in some domains unfolding at lower force than others. This difference is due to
talin having both four-helix and five-helix bundles; four-helix bundles have a lower stability and can
unravel at lower force than five-helix bundles (Yao et al., 2014; Yan et al., 2015). Talin domains
R2, R3, R4 and R8 are four-helix bundles and of these R3 is shown to be the ‘weakest’ domain in

the talin rod un-folding at 5 pN (Yao et al., 2014, 2016).

Force is exerted on talin when it binds to actin and the force of a single actomyosin contraction (5
pN) is enough to un-fold R3 and reveal the VBS (Yao et al., 2014). When vinculin binds to talin R3
it prevents R3 from re-folding into a helical bundle; as more force is exerted on talin, further
domains unfold and more vinculin binding sites become exposed. The crosslinking of talin to actin
via vinculin strengthens the adhesion, allowing it to withstand greater force. Excessive forces on
talin (~25 pN) can lead to vinculin being displaced (Yao et al., 2014). When force is released talin
helical bundles can re-fold and this ability for talin to un-fold and re-fold is critical for its role as a
mechanosensor. It also allows talin to be a force buffer across the talin-integrin interactions
setting a physiological force range of only a few pN across the transmission pathway (Yao et al.,

2016).
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2.8 Talinin disease

Talinl knockout in mice was found to be embryonically lethal (Monkley et al., 2000), this implies
that any severe mutations or deletions of talin would also be lethal in humans. This is evidenced
by the fact that no disease-causing mutations have been identified in talinl to date. However, talin
has a prominent role to play in cell-matrix adhesions and cell migration which has led to extensive
research into possible roles talin may have in cancer progression. Talinl is located on chromosome
9 which is observed to contain numerous mutations and deletions that have led to cancerous
phenotypes (Gilmore et al., 1995). Several studies have revealed that talinl is overexpressed in
cancer cells and particularly in metastatic cells (Desiniotis and Kyprianou, 2011). An example of this
is where talinl has been found to be significantly upregulated in prostate cancer compared to
normal prostate tissue which led to greater invasion and migration of the cancerous cells
(Desiniotis and Kyprianou, 2011). This overexpression of talinl led to increased activation of 1
integrin at the membrane, which was found to promote the metastatic potential in the cells. In
prostate cancer it was found that phosphorylation of talin (at Ser425) was required to activate B
integrin (Huang et al., 2009). Using a non-phosphorytable mutant of the Ser425 site the activation
of B1 integrin could be blocked. Further understanding of talin at a molecular level within

adhesions could enable us to target drugs for specific cancer types.

Talinl has also been found to be at reduced levels in platelet cells, in patients suffering from
myelodysplastic syndrome (MDS) (Frobel et al., 2013). MDS is a rare type of blood cancer
developed through having a shortage of healthy blood cells. Talinis anintegral protein in activating
the allBs integrin found in platelets, which enables aggregation and spreading of platelets. In
patients with MDS the critical integrin allBsis impaired and this is due to reduced talin expression

(Frobel et al., 2013).

Diseases related to the talin2 isoform are not so well understood nonetheless, studies of talin
isoforms in the heart revealed that both isoforms are tightly regulated and highly expressed in
cardiomyocytes (Manso et al., 2017). However, as heart cells mature talin2 becomes the

predominant talin isoform and is found to localise to the costameres (see

FIGURE 2.16)(Manso et al., 2013, 2017). Costameres are part of striated muscle and are involved
in the assembly of sarcomeres (Jaka et al., 2015). Cardiac specific talinl knockout mice do not
display abnormal cardiac function (Jaka et al., 2015) however, talinl is upregulated in a failing
human heart (Manso et al., 2017). The mechanism that leads to talin isoform switching in the heart
is still not understood but it would appear the two isoforms play distinct roles in cardiac muscle.
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A mutation in talin2, S339L, was found through exon sequencing to cause a fifth-finger
Camptodactyly (a medical condition that causes a permanent bend in the fifth finger) (Deng et al.,
2016). It seems likely to suggest that further sequencing will reveal additional talin2 mutations

that are associated with disease which will shed further light on the functions of talin2.
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FIGURE 2.16: TALIN IN A COSTAMERE

Diagram of a costamere which assembles to form part of the striated muscle in a heart. Talin is highlighted
by a green box. Figure adapted from (Jaka et al., 2015).

2.9 Talin post-translational modifications

Proteomic studies on talin have identified many post-translational modifications and
phosphorylation sites (summarised in (Gough and Goult, 2018)). Phosphorylation sites of talin 1
were mapped in platelet cells (Ratnikov et al., 2005) and proteomic studies of the ‘adhesome’ (the
network of structural and signalling proteins that assemble on integrin cytoplasmic tails) revealed

further phosphorylation sites of talin (Robertson et al., 2015). These sites are shown in TABLE 1.

Phosphorylation of adhesions protein are important for cell signalling and phosphorylation of
FERM domain proteins has been found to regulate transmembrane proteins (Tsukita and
Yonemura, 1999). The talin FERM domain is no exception, the three most abundant
phosphorylation sites in talinl are found in the talin FERM domain; Thr144, Thr150 and Ser446.
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Thr144 and Thr150 are found in the F1-Loop; phosphorylation of these residues has been found to

negatively regulate integrin activation (Ratnikov et al., 2005; B. T. Goult et al., 2010).

The rod domain also has multiple phosphorylation sites a number of which are shown to be Cyclin
Dependent Kinase (CDK) targets. The CDK family plays a vital role in regulating the cell cycle but
in literature they are not generally regarded as being involved with the regulation of cell adhesions
(Robertson et al., 2015). However, proteins within the adhesome are now being found to be
phosphorylated by the CDK family which has led to the belief that CDKs could be regulating
adhesions. Talin is also phosphorylated by CDKs including; Ser425 phosphorylation by CDK5
(Huang et al., 2009) and in this thesis | describe novel CDK1 phosphorylation sites on the talin rod
R7 and R8 domains (see chapter 6). These findings give the beginnings into understanding how

adhesions are regulated and could suggest a link between the cell cycle and cell adhesions.

A further talin PTM is calpain cleavage which is non-reversible. Talin has three calpain cleavage
sites as shown on FIGURE 2.14; one of which is located in the unstructured linker region between
residues GIn433 and GIn434. Cleavage at this site results in the separation of the talin head from
the rod domain which is a fundamental step in adhesion disassembly (Franco et al., 2004).
Expression of non-cleavable talin in cells blocks growth, adhesion maturation and mechanosensing
of the protein. If the cells are rescued with talin rod fragments then these functions are rescued
(Saxena et al., 2017). Interestingly, cleavage of talin at GIn433-GIn434 is predominantly found in
early adhesions, where adhesion turnover is very high. With adhesion turnover being regulated
through the calpain cleavage of talin it would suggest that an important function of talin is in

control of cell cycle progression via cleavage in early adhesions (Saxena et al., 2017).

Furthermore, when calpain cleaves the linker region a recognition site for E3 ubiquitin ligase
SMURF1 is revealed in the talin head (Huang et al., 2009). SMURF1 binds to this site on the FERM
domain and this interaction leads to ubiquitination and degradation of the talin FERM domain
(Huang et al., 2009). This degradation can be stopped by phosphorylation of the residue Ser425
by CDK5 which inhibits SMURF1 binding (Huang et al., 2009). This complexity arising from talin
PTMs hints at a complex signalling network where the cell fine-tunes talin function to regulate

adhesion turnover, stability and cell cycle regulation.

Evidence of mechanical regulation of PTMs across talin is evidenced via the third calpain cleavage
site located on the talin rod domain between residues Pro1902 and Ala1905 (Zhang, Saha and

Kashina, 2012). This site is located within the R10 helical bundle and it is not exposed until talin is
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under-force and the helical bundle unfolds. This calpain cleavage site is regulated by arginylation

(Zhang, Saha and Kashina, 2012).

Most research on talin PTMs have been carried out with talinl; to determine if these sites are
found in talin2, the talinl and talin2 sequences were aligned. Then all reported talinl PTM sites
were collated and searched for in the talin2 sequence, this information is shown in TABLE 1. On
the whole it was found that most talinl PTM sites were found in both talin isoforms, suggesting
that the isoforms are regulated in similar ways. However, the sites which differed were of interest
as it could give insight onto the differences between the two talin isoforms. One ‘difference’ of
interest is the acetylation site on talinl R8 domain (Lys1544). This site is not found on talin2 but
interestingly, it would appear that in the same region on talin2 there is a phosphorylation sequence
(see chapter 6). This difference could be a way that the cell uses the talin isoforms to fine tune
signalling. Another difference between isoforms was the glycosylation sites found on talinl R8

and R10 domains which are not found in talin2.
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Talinl Phosphorylation | Domainof | Site Conserved in Talinl Phosphorylation | Domain of lﬁu Conserved in
site talinl talinZ site talinl talin2

55 FO IYES 5729 R2 IYES

26 FO IYES 5815 R3 IYES

Y70 FO IYES 5940 R MO

T78 FO ND 5979/981 R4 MNO/YES
T96 F1 MO 51021 R4 YES

114 F1 IYES Y1116 RS IYES
127 F1 YES 11142 R% IYES

5128 F1 YES 51201 RS MO
T144 F1 YES 51225 RE& MO

1150 F1 YES T1263 RE& MO

T167 F1 IYES 51323 RE IYES

T190 F1 IYES 51508 RE MO

5311 F3 YES 51641 R7 IYES
5405 LINKER YES 51684 RO YES
5425 LINKER YES 51849 R10 MO
54.29/T430 LINKER YES T1855 R10 YES
436 LINKER MO 51878 R10 MO

5446 LINKER IYES 52040 R11 MO
54555458 LINKER IYES 52127 R11 IYES
5467 LINKER IYES 52338 R12 MO

5620 R1 YES Y2530 (] IYES

5677 RZ MO 52535 DD MO

Domainef | Conserved in Talinl Phesphorylation | Domainof |Site Conserved
Talinl FTM talinl talin2 slte talin2 in talinl

[K1544 (acetylation) [RS8 IYES 1665 RS MO
K2031 (acetylation) [R11 IVES 11843 R10 ]
[k2115 (acetylation) [R11 IYES

41903 (arginylation)  [R10 YES

T1487 (glycosylation) |RE8 MO

T1890 (glycosylation) |R10 YES

[2454 [methylation) [JR13 IYES

TABLE 1: POST-TRANSLATIONAL MODIFICATIONS IN TALIN ISOFORMS

A summary table of the known post-translational modifications found in both talinl and talin2. For each
PTM the talin residue is listed along with the domain it is located and whether it is conserved in the other
talin isoform. Phosphorylation sites are from (Ratnikov et al., 2005; Robertson et al., 2015) acetylation sites
(Choudhary et al., 2009), arginylation (Zhang, Saha and Kashina, 2012), glycosylation (Hagmann, Grob and
Burger, 1992) and methylation (Gunawan et al., 2015).
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2.9.1 Objectives of work

Talin is a large adapter protein that provides a critical link between integrins and the actin
cytoskeleton in cell-matrix adhesions. Every talin domain has been conserved over evolution giving
strong evidence that each domain has a biological purpose and function. For some of these
domains there are defined functions and known binding ligands however, there are still some
domains in the talin rod such as talin R7 and R5 with no known role. Are these domains of

relevance to talin and do they have a function within adhesions?

In my thesis | will be focussing on identifying novel binding partners to the talin rod domains and
exploring the mechanism of LD-motifs binding to talin. Through identifying new talin interactors
we believe this will enable a deeper understanding of talin-integrin adhesions and shine a light on

how the different assemblies in the cell link together.

1. The first aim of the thesis is to characterise the interaction between talin and the adapter
protein KANK by using a variety of different biochemical and biophysical techniques
including: florescence polarisation, NMR and X-Ray crystallography. After identifying the
individual talin domain required for the talin:KANK interaction | used nuclear magnetic

resonance (NMR) to define the talin surface that KANK binds to.

After identifying the talin:KANK binding site | aim to obtain structural information of the
talin:KANK interaction in order to design a series of talin point mutations that can perturb
the interaction and allow us to study the role of the interaction in a cellular environment.
This will enable me to further explore the talin:KANK interaction and look at how it may

affect binding of other focal adhesion proteins.

2. The identification of the talin:KANK interaction taught us more about how LD-motifs bind
to talin, using this information | sought to design an LD talin-binding motif that can be used
to search for other talin binding partners. | designed and implemented a novel pipeline
that used this motif and allowed us to identify talin binding proteins and rapidly identify

the region of talin that binds the LD-motif.
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From the LD talin-binding motif search one of the proteins identified was Cyclin Dependent
Kinase 1 (CDK1). Using biochemical and biophysical techniques | was able to identify the
talin binding surface and design mutants both in CDK1 and talin to perturb the interaction.
Using these mutants we sought to understand the dynamics and physiological role of the

interaction within a cell.

My final aim of the project was to biochemically characterise how talin binding CDK1 would
affect CDK1 kinase activity. Using an in vitro kinase assay we determined talin R7R8 is
phosphorylated by CDK1 and through phosphomimetic-mutagenesis of the
phosphorylated talin residue we sought to identify the phenotype of talin phosphorylation

and if it links to cell adhesions.



Chapter 3. Materials and methods
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3.1 Materials

3.1.1 Chemicals

All chemicals were purchased from: Fisherbrand; Sigma-Aldrich; Melford and BIO-RAD unless

specified in TABLE 2 below. All buffers were dissolved in 4H,0 and are listed in TABLE 3 below.

3.1.2 Buffers

Reagent Company

Instant Blue Expedeon

Ammonium Sulphate
" Cambridge Isotope Lab
N

Glucose 3C Cambridge Isotope Lab

TABLE 2: CHEMICAL REAGENTS

Buffer

Components

NiNTA Buffer A

500 mM NacCl, 20 mM Imidazole and 20 mM Tris pH 8

NiNTA Buffer B

500 mM NaCl, 1 M Imidazole and 20 mM Tris pH 8

(Crystallography)

Q Buffer A 50 mM NaCl and 20 mM Tris pH 8
Q Buffer B 1 M NaCl and 20 mM Tris pH 8

20 mM Phosphate Buffer pH 6.5 (1.9 g NaH,PO,, 0.9 g Na,HPO,), 50
S Buffer A

mM NaCl, 2mM DTT

20 mM Phosphate Buffer pH 6.5 (1.9 g NaH,PQO,, 0.9 g Na;HPO,), 1 M
S Buffer B

NaCl, 2mM DTT
S Buffer A

20 mM MES pH 6.5, 50 mM NaCl, 2mM DTT

37




S Buffer B

(Crystallography)

20 mM MES pH 6.5, 1 M NaCl, 2mM DTT

NMR Buffer SolutionA

12.5 g Na;HPO,, 7.5 g KH.PO4 Make to 1L

NMR Buffer SolutionB

4.0 g CeH1206 10.0 mLH,0, 10.0 mL BME Vitamins, 2.0 ml MgSOa
(1M), 0.1 ml CaCl; (1M), 1.0 ml Antibiotic (1000x), 1.0 g >NH4CI

NMR phosphate Buffer

50 mM NacCl, 15 mM NaH,P0,, 6 mM Na;HPOsand 2 mM DTT pH 6.5

PBS

137 mM NaCl, 2.7 mM KCl, 8 mM Na,HPQO,4, and 2 mM KH,PO, pH 7.4

SDS Running buffer

50 mM MOPS, 50 mM Tris Base, 0.1% SDS, 1 mM EDTA, pH 7.7

5x Sample Buffer

0.625 M Tris base, 40 % Glycerol, 10 % SDS, 10% 2 mercaptoethanol,
0.005% Bromophenol Blue

TBS 50 mM Tris-HCl, pH 7.6 ; 150 mM NaCl
TBS Tween 0.1% Tween-20, 50 mM Tris-Cl, pH 7.6 ; 150 mM NaCl

10 mM Tris-HCl, pH 7.4, and 150 mM NacCl containing 0.05% (WT/vol)
BSA in TBS

Tween-20 (TBST)

Transfer Buffer

25 mM Tris, 0.01% SDS, 20% MeOH and 190 mM Glycine

TABLE 3: BUFFER COMPOSITIONS

3.1.3 Hardware and apparatus
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Laboratory Equipment Company
Advance Il 600 MHz QCI cryoprobe Spectrophotometer Bruker
5 mm Shigemi tubes Sigma Aldrich

AKTA Pure

GE Healthcare

HiTrap Q HP 5 ml column

GE Healthcare

HiTrap S HP 5 ml column

GE Healthcare

HiPrep 26/10 G25 resin Desalting Column

GE Healthcare

ClarioStar Plate Reader

BMG LABTECH

black 96 well plates (Plate Reader)

Nunc

Prometheus NT.Plex

Nano Temper

7315-Spectrophotometer

Jenway

Weighing Scales

VWR

16R Megafuge Centrifuge

Thermo scientific

Microstar centrifuge VWR
NanoPhotometer IMPLEN
Heat block- Dry Block thermostat Grant-Bio

pH-Meter Mettler Toledo
Pipettes Gilson

Gel Rocker Grant-Bio

SDS-PAGE Gel tank Novex

DNA tank Gene Flow

Autoclave Classic Prestige Medical

Incu-shake Incubator

SciQuip

TABLE 4: LABORATORY EQUPIPMENT




3.1.4 Plasmids

Protein Plasmid Vector | Description Source

Ampicillin Resistant
plasmid expressing mouse
mTalinl_R1R3 pET151TOPO Dr Ben Goult
talinl rod domains

R1,2,and 3.

Ampicillin Resistant
plasmid expressing mouse
mTalinl_R4R8 pET151TOPO Dr Ben Goult
talinl rod domains

R4,5,6,7 and R8

Ampicillin Resistant
plasmid expressing mouse
mTalinl_R9R12 pET151TOPO Dr Ben Goult
talinl rod domains

R9,10,11 and 12.

Ampicillin Resistant

plasmid expressing mouse
mTalinl_R13DD pET151TOPO Dr Ben Goult
talinl rod domains R13

and DD
Ampicillin Resistant
mTalinl_R7 pET151TOPO plasmid expressing mouse | Dr Ben Goult

talinl rod sub domain R7

Ampicillin Resistant
mTalinl_R8 pET151TOPO plasmid expressing mouse | Dr Ben Goult

talinl rod sub domain R8

Ampicillin Resistant
plasmid expressing mouse
mTalinl_R7R8 pET151TOPO Dr Ben Goult
talinl rod domains R7 and

R8
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mTalin2_R7

pET151TOPO

Ampicillin Resistant
plasmid expressing mouse

talin2 rod sub domain R7

Gene Art

mTalin2_R8

pET151TOPO

Ampicillin Resistant
plasmid expressing mouse

talin2 rod sub domain R8

Gene Art

mTalin2_R7R8

pET151TOPO

Ampicillin Resistant
plasmid expressing mouse
talin2 rod domains R7 and

R8

Gene Art

mTalin2_R4R8

pET151TOPO

Ampicillin Resistant
plasmid expressing mouse
talin2 rod domains

R4,5,6,7 and R8

Gene Art

mTalinl_R7R8_S1641E

pET151TOPO

Ampicillin Resistant
plasmid expressing mouse
talinl rod domains R7 and

R8 with mutation S1641E.

Gene Art

mTalinl_R7R8_KKR

pET151TOPO

Ampicillin Resistant
plasmid expressing mouse
talinl rod domains R7 and

R8 with mutation KKR.

Gene Art

mTalin1_R7R8_G1404L

pET151TOPO

Ampicillin Resistant
plasmid expressing mouse
talinl rod domains R7 and

R8 with mutation G1404L.

Gene Art

mTalin1_R7R8_W1630A

pET151TOPO

Ampicillin Resistant
plasmid expressing mouse

talinl rod domains R7 and

Gene Art
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R8 with mutation

W1630A.

mTalin1_R7_G1404L

pET151TOPO

Ampicillin Resistant
plasmid expressing mouse
talinl rod sub domain R7

with mutation G1404L.

Gene Art

mTalinl_R7_W1630A

pET151TOPO

Ampicillin Resistant
plasmid expressing mouse
talinl rod sub domain R7

with mutation W1630A.

Gene Art

mTalin1_R7R8_A1495L

pET151TOPO

Ampicillin Resistant
plasmid expressing mouse
talinl rod domains R7 and

R8 with mutation A1495L.

Gene Art

mTalinl_R7R8_ A1495L+A1499L

pET151TOPO

Ampicillin Resistant
plasmid expressing mouse
talinl rod domains R7 and
R8 with mutation

A1495L+A1499L.

Gene Art

mTalinl_R7_S1513+A1499L

pET151TOPO

Ampicillin Resistant
plasmid expressing mouse
talinl rod domains R7 and
R8 with mutation

S$1513+A1499L.

Gene Art

mTalinl_R7_V1540D+K1544D

pPET151TOPO

Ampicillin Resistant
plasmid expressing mouse
talinl rod domains R7 and
R8 with mutation

V1540D+K1544D.

Gene Art
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3.2 General microbiology techniques

3.2.1 Bacteria strains used

Throughout my work DH5a competent cells were used for plasmid DNA transformation to make
large quantities of DNA needed for mammalian cell transfection, DH5a is a commonly used
Escherichia coli (or E. coli) strain for cloning procedures (Hanahan, Jessee and Bloom, 1991). BL21

DE3 competent cells were used for protein purification.
3.2.2 Making competent cells

Competent E. coli cells were made from a bacterial overnight starter culture made from a single
colony of DH5a or BL21 DE3 and inoculated into 10 mL fresh Lysogeny Broth (LB) and grown
overnight at 37 °C. The overnight culture was then diluted (1:50) into LB and grown to an OD600
of 0.5-0.7.

The cells were then cooled on ice for 15 minutes and pelleted at 4 °C 850 xg. For each 50 mL of
culture, the pellets were gently re-suspended in 25 mL of ice-cold 0.1 M CaCl; and incubated on ice
for 30 min. Cells were collected again by centrifugation and re-suspended in 0.25 mL of 0.1 M CaCl,,

containing 25% (v/v) glycerol. Aliquots were frozen rapidly and stored at -80 °C.
3.2.3 Making agar plates

Agar plates are used as a selective growth media to grow E.coli colonies with the desired plasmid,
based on antibiotic resistance. 10 cm Agar plates are made by autoclaving 500 mL LB-Agar and
adding the desired antibiotic (Kanamycin 50 pg/uL or Ampicillin 100 ug/uL) when the LB-agar has
reached an approximate temperature of 40 °C. The plates are then poured under sterile conditions

and left to stand until set.
3.2.4 Transformation

50 pL of DH10-B/ BL21 competent cells were thawed on ice and 2 pL of the required plasmid DNA
was added and gently mixed by inversion. The cells and plasmid were incubated on ice for 20
minutes and then heat shocked at 42 °C for 60 seconds, before being placed immediately back on
ice for a further 2 minutes. 500 pL of autoclaved LB was added to the cells and they were left to

grow for 90 minutes, shaking at 200rpm at 37 °C. 100 pL of this was then added to an agar plate
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containing the appropriate antibiotic and spread using a glass spreader. Plates were left at 37 °C

in an incubator overnight.
3.2.5 Plasmid DNA isolation from bacterial cells

3.2.5.1 Small scale isolation- mini prep

The small-scale isolation of plasmid DNA was performed by picking a single colony from agar plate
using a sterile pipette tip and adding to 10 mL of autoclaved LB media. The appropriate antibiotic

is added to the culture and then it is left shaking at 200 rpm for 12-16 hours at 37 °C.

The overnight culture is pelleted at 4000 rpm for 3 minutes. The QlAprep Spin Miniprep kit (Qiagen)
is used and manufacturer’s instructions were followed, and the plasmid DNA was eluted into 50 pL

of Elution Buffer (10mM Tris/HCI, pH 8.5) or water.
3.2.5.2 Large scale isolation- midiprep

For larger scale isolation of plasmid DNA a midiprep was performed. Initially a single colony was
picked from an agar plate and added to 100 mL of autoclaved LB and left shaking at 200 rpm for
12-16 hours at 37 °C. The Midi prep kit (Qiagen) was used and manufacturer’s instructions were
followed; the plasmid DNA was eluted into 150 L of buffer Elution Buffer (10mM Tris/HCI, pH 8.5)

or water.

3.3  Protein purification methods

3.3.1 Making a glycerol stock

After transformation of BL21 competent cells with the required DNA plasmid, following the steps
described in (section 3.3.4). 750 uL of the overnight culture were added to 300 pL of filter sterilised
50% Glycerol and stored at -80 °C.

3.3.2 Inoculating a liquid bacterial culture

An overnight culture is made by taking a scraping of glycerol stock on a sterile pipette tip and
dropped into autoclaved LB media. The appropriate antibiotic is added to the culture (Ampicillin

50 pg/mL or Kanamycin 100 pug/mL) and then it is left shaking at 200 rpm for 12-16 hours at 37 °C.
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3.3.3 Protein expression

The overnight culture is then added to an autoclaved bevelled glass flask containing 750 ml of LB
(dilution 1:200). Ampicillin is added to a concentration of 100 pg/ml. The flask is placed in a
rotating incubator 200 rpm at 37 °C, the culture is grown until cell density reaches 0.7 (this is
measured using spectrophotometer at OD 600). The cells are then induced with 200 uM IPTG and

left overnight at 18 °C.

The cells were harvested by centrifugation at 4000 rpm for 20 minutes. The supernatant was
discarded, and the pellet re-suspended in 30 mL of NiNTA buffer A. This pellet was then stored at

-20 'C or used straight away.
3.3.4 Cell lysis by sonication

Cell pellets were defrosted on ice and sonicated using an MSE Soniprep 150 sonicator to lyse the
cells and release the protein into solution. Cell pellets were placed on ice, in a 50 mL falcon tube.
Sonicating cycles of 30 seconds ON and 30 seconds OFF were repeated for 4 minutes. The sample
was placed into a 30 mL centrifuge tube (Oakridge) and centrifuged for 20 minutes at 20,000 rpm.

The supernatant, containing the soluble protein, was retained and kept on ice.
3.3.5 Protein purification by immobilized metal affinity chromatography

All the talin constructs were in pET-151 vectors (see Table 3), which contained a Hise-tag sequence
for protein purification by affinity chromatography. The Hiss-tag has a high affinity for Ni** ions,
which meant the protein could be purified using either a Ni-NTA column on the AKTA purifier

system or using Ni-NTA resin beads (Thermo Fisher) in the batch method.
3.3.5.1 Batch purification

For the batch purification method 0.5 mL of beads was used for every 0.5 L of E.coli used in protein
expression. The beads were equilibrated with 20 mL Ni-NTA buffer A, by inverting the solution 3-
4 times and pelleting at 3000 rpm for 4 minutes. The supernatant was discarded and this step was
repeated three times. The cell lysate from section 3.3.4 was incubated with the beads on a roller
at room temperature for 45 minutes. They were then spun down at 3000 rpm for 4 minutes and
supernatant was discarded (50 pL was kept for SDS-PAGE analysis). The beads were then washed
with 20 mL Ni-NTA buffer A, by inverting the tube 2-3 times before centrifuging at 3000 rpm for 4
minutes and removing the supernatant, this process was repeated 6 times. The beads were then
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poured into an empty eluting column and the protein was eluted from the beads by adding 5 mL
of Ni-NTA buffer B. Buffer was added 1 mL at atime and 1 mL fractions were collected and analysed

using SDS-PAGE.
3.3.5.2 Ni-NTA column purification

A 5mL Ni-NTA HiTrap HP column (GE Healthcare) was used on an AKTA system for affinity
purification of Hise-tag proteins. Following column equilibration, using 6x column volumes of Ni-
NTA Buffer A, at a flow rate of 5mL/min, the supernatant was loaded at a flow rate of 3 mL/min,
using a peristaltic pump. Following this, 6 column volumes of Ni-NTA buffer A were loaded (also
using the pump) to remove any non-specific binding proteins. An additional wash cycle was run
on the AKTA main system; with 6 column volumes of Ni-NTA buffer A. The protein was eluted with
a 30 mL linear gradient of 0-500 mM imidazole, at a flow rate of 3 mL/min and fractions were
collected in a 96 well plate. The fractions with a peak at Azso were collected and analysed on SDS-

PAGE.
3.3.6 Buffer exchange

After affinity purification using Ni-NTA resin or columns, the protein is in a high concentration
imidazole buffer. For TEV cleavage to be successful, all imidazole must be removed from the buffer
(Kinsland, 2010). To buffer exchange, a G25 resin-desalting column (GE Healthcare) was used on
the AKTA. The protein sample from the Ni-NTA purification step was loaded onto the column using
a peristaltic pump at a flow rate of 3 mL/min. After this step, Q buffer A was used at a flow rate of
5 mL/min to wash the column. A,go was monitored to determine when the protein fractions were
eluting from the column, and these were collected in a falcon tube. The protein is then in Q buffer

A and ready for TEV cleavage.
3.3.7 TEV cleavage

Purified TEV was added to the protein sample, to a final concentration of 2 mg/mL and incubated
on a roller at room temperature overnight. A sample was taken before addition of TEV to run on

an SDS PAGE gel.
3.3.8 lon exchange chromatography

lon exchange chromatography separates proteins based on differences in charge; there are two
choices of columns for ion exchange - anion exchange column (Q column) or a cation exchange
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column (S column). The column was selected, based on the Isoelectric Point (pl) of the protein of
interest. The pl is the pH at which the net charge of the protein is zero, all proteins are made up
from different combinations of amino acids which gives different proteins different net surface
charges. The pl was determined using ExPASy’s ProtParam (Gasteiger et al., no date). For proteins

with a pl above 7 an S column was used and for proteins with a pl below 7 a Q column was used.

The protein sample with added TEV was spun down at 4000 rpm and the supernatant was decanted
into a falcon tube. This was loaded onto either a 5 mL HiTrap HP Q column (GE healthcare) or 5
mL HiTrap HP S column (GE healthcare) using a peristaltic pump at a flow rate of 3 mL/min. Six
column volumes of Q/S buffer A were loaded through the pump to remove any non-specific bound
proteins. An additional wash cycle was run from the AKTA main system, with 6 column volumes of
Q/S Buffer A, followed by a 30 mL linear gradient of 0-1 M NaCl for protein elution. All fractions

displaying peaks at A,z were collected in a 96 well plate analysed on SDS-PAGE.
3.3.9 Protein concentration estimation

Purified protein samples concentration was quantified using a NanoPhotometer N60/N50 (Implen).
The proteins molecular weight and extinction coefficient were calculated using ProtParam. The

protein concentration was calculated in mg/mL according to Beer-Lamberts Law.
3.3.10 SDS-PAGE gels

Samples for SDS-PAGE analysis were boiled with 5x sample Buffer at 95 °C for 5 minutes.
Typically, gels were made in gel cassettes (Novex) with a 12 % separating componentand a4 %

stacking component. Buffers can be seen in

TABLE 6. SDS PAGE gels were run in SDS running buffer at 200V.
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Separating Gel - 12% Stacking Gel - 4%
40 % Acrylamide 7.5mL | 40 % Acrylamide 1.25mL
Separating Gel Buffer (1 M Tris-HCL Stacking Gel Buffer (0.375 M Tris-HCL pH

9.4 mL 4.2 mL
pH 8.8) 6.8)
10% SDS 250 uL | 10% SDS 125 L
50% Sucrose 4 mL Water 6 mL
Water 3.3mL | TEMED 5puL
TEMED 6.25 uL | Ammonium Persulphate 1mL
Ammonium Persulphate 625 uL

TABLE 6: GEL CONTENTS

3.4 Biochemical methods

3.4.1 Differential scanning fluorimetry

Nano differential scanning Fluorimetry (nanoDSF) is a technique used to determine protein stability
by looking for changes in intrinsic fluorescence from aromatic amino acid residues. The nanoDSF
measurements were done with Prometheus NT.48 (NanoTemper Technologies GmbH, Munich,
Germany). The Prometheus machine measures protein folding and thermal stability of proteins
using a low sample volume capillary system and a dye free approach (Senisterra, Chau and Vedadi,

2012; Muca et al., 2017).

Purified proteins were tested in a range of buffers and at varied concentrations. A Monolith NT.115
standard capillary tube (NanoTemper) was used to pick up 2-3 pL of sample and was placed in the
loading tray. A starting temperature was set at 15°C and measurements were taken at 2 °C/minute
with fluorescent readings at 350 and 330 nm wavelengths. The ratio of fluorescence

350nm/330nm was used to plot a curve, over the scanning temperatures of the instrument. For
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analysis and calculation of the protein’s melting point, the first derivative maxima or minima were
taken and an 8th order polynomial fit was calculated for the transition region. Next, the first
derivative of the fit was formed and the peak position (at Tm) was determined. (Martin, Schwarz

and Breitsprecher, 2014).
3.4.2 Fluorescence polarisation

Fluorescence polarization is a method in which the binding interaction between two molecules can
be measured and the binding constant determined. It works on the principle that there is a size
difference between the two molecules being measured. The smaller molecule is coupled to a
fluorophore that can be excited by polarised light (light waves that only travel in a single direction)
and will also then emit polarised light. However, if this small molecule is tumbling quickly in
solution it will ‘scramble’ the polarised light and emit light in all directions. If this small fluorescent
molecule binds to a target molecule the tumbling rate will decrease and the amount of polarised
light will increase, shown in FIGURE 3.1. This change in polarised light is measured and can be

plotted to determine a binding constant.
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FIGURE 3.1: FLURESCENCE POLARISATION

Fluorescence polarisation is a method in which the binding interaction between two molecules can be
measured and the binding constant determined. Diagram shows how a small fluorescent ligand not bound
to anything will tumble quickly and scramble the polarisation of light by emitting at a different direction form
the incident light.
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3.4.2.1 Coupling peptides

Synthetic peptides (shown in the TABLE 7 below) were ordered with an additional N-terminal or C-
terminal Cys, which allowed coupling to a fluorescent tag; BODIPY-TMR (ThermoFisher Scientific)
or fluorescein (ThermoFisher Scientific). The Cys residue forms a di-sulphide bond with the
fluorescent tag allowing a signal for the peptide to be measured on the plate reader. The peptides
were coupled to the dye using: 100 uM peptide, 25 uL dye (fluorescein or BODIPY-TMR), 0.005 M
TCEP (1 M stock), 0.05% (v/v) Triton X-100. The coupling was performed at room temperature, in

the dark, with stirring for 2 hours.

To remove the excess of uncoupled dye from the reaction, a PD-10 column (GE Healthcare) was
used. 1.5 mL of peptide mix was loaded onto the column and allowed to flow through, before
adding 2.5 mL of PBS and collecting the flow through. The coloured fractions were kept and stored

in the dark at -80 °C.
3.4.2.2 Fluorescence polarisation assay

The assay uses a 1 mM stock solution of fluorescently labelled peptide and dilutes itto 1 uM in PBS.
100 pL of 1uM peptide is pipetted into the first 11 wells of a black 96 well plate (Nunc). 100 pL of
the protein of interest (PBS buffer) is added to well 11, along with 1 uL of 1 mM stock solution of
the labelled peptide. The well solution is mixed up and down twice with a pipette and 100 L of
solution removed from well 11 and pipetted into well 10. The serial dilution was continued all the
way down the plate until well 2; where the extra 100 pL was discarded. The plate is then placed
into the plate reader (BMG LABTECH, CLARIOstar) at room temperature and the settings were

adjusted according to the fluorescence tag used.
3.4.2.3 Calculating Ko from binding curves

In order to determine the binding constant Kp the fluorescence polarisation data is entered into
GraphPad Prism v7.00 software and data is fitted to the non-linear binding equation ‘one site total
binding’ shown in EQUATION 1.

_ Bmax * X

= KDIX + NS * X + Background
EQUATION 1: ONE SITE BINDING EQUATION FOR FLUORESCENCE POLARISATION

Equation used to determine binding constant Ko. Here Y represents the protein concentration and X
represents the ligand concentration. NS is the slope of nonspecific binding in Y units divided by X units and
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Background is the amount of nonspecific binding with no added ligand. The binding constant is defined as
the amount of ligand needed to achieve half-maximum binding at equilibrium; the Kp unit is the same as X.

Peptide Sequence Supplier
KANK1 (30-68) PYFVETPYGFQLDLDFVKYVDDIQKGNTIKKLNIQKRRKC | Biomatik
KANK1 (30-60) PYFVETPYGFQLDLDFVKYVDDIQKGNTIKKC Biomatik
KANK1_4A (30-68) PYFVETPYGFQAAAAFVKYVDDIQKGNTIKKLNIQKRRKC | Biomatik
KANK2 (31-61) PYSVETPYGYRLDLDFLKYVDDIEKGHTLRRC Biomatik
KANK3 (32-62) PYSVETPYGFHLDLDFLKYVEEIERGPASRRC Biomatik
KANK4 (24-54) PYSVETPYGFHLDLDFLKYVDDIEKGHTIKRC Biomatik
KANK_L43A (30-60) PYFVETPYGFQLDADFVKYVDDIQKGNTIKKC Biomatik
CDK1 (283-297) CNHPYFNDLDNQIKKM GL Biochem
CDK1 (206-223) GDSEIDQLFRIFRALGTPC GL Biochem
CDK1 (206-232) GDSEIDQLFRIFRALGTP GL Biochem
CDK1_2A (206-223) GDSEAAQLFRIFRALGTPC GL Biochem
CDK1_4A (206-223) GDSEAAAAFRIFRALGTP GL Biochem
CDK1_EA FitC (206-223) | FITC-GDSAIDQLFRIFRALGTP GL Biochem
CDK1_EP FitC (206-223) | FITC-GDSPIDQLFRIFRALGTP GL Biochem
CDK1 FitC (206-223) FITC-GDSEIDQLFRIFRALGTP GL Biochem
HSF2 (519-535) CLCELAPAPLDSDMPLLD GL Biochem
HSF2 (280-305) QYPDIVIVEDDNEDEYAPVIQSGEQNC GL Biochem
SEPTIN2 (159-174) CGLKPLDVAFMKAIHNK GL Biochem
DLC1 (465-489) IFPELDDILYHVKGMQRIVNQWSEKC GL Biochem
RIAM (4-30) SEDIDQMFSTLLGEMDLLTQSLGVDTC GL Biochem
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3.4.3 Nuclear magnetic resonance- NMR

3.4.3.1 Inoculating a liquid bacterial culture in N media

Talin constructs were transformed into BL21 cell as described in section 3.2.4 and grown in a 10
mL overnight of minimal media solution (10 mL SolutionA and 270 uL SolutionB), for 18 hours at
200 rpm, 37 °C. SolutionB could be adjusted according to the sample-label needed for the
experiment; for all samples used here ®'N Ammonium Sulphate was added to SolutionB. The
overnight solution (1:100) was added to 500 mL flasks of autoclaved NMR SolutionA and 30 mL
SolutionB filter-sterilised through a 0.2 uM Miillex filter (MerckMillipore). Flasks were incubated
with shaking at 37 °C, until an OD 600 density of 0.5 was reached, 0.4 mM of IPTG was added to
the flask and the temperature changed to 18C and the flasks were left shaking overnight. The rest

of the purification process is the same as described in section 3.3.
3.4.3.2 Buffer exchange

Purified protein must be buffer exchanged into NMR buffer, so that the pH and salt concentration
is the same for all samples and the data can be effectively compared. Buffer exchange was carried

out using a PD-10 column (GE Healthcare) following manufacturer’s instructions.
3.4.3.3 1D NMR experiments

All NMR experiments were performed on a Bruker Avance Ill 600 MHz NMR spectrometer
equipped with QCI-P CryoProbe. Purified *N labelled protein with 5% D,0 added was used for all
experiments in a Shigemi tube (Sigma-Aldrich) final sample volume 450 uL and carried out at a

temperature of 298 °K.

1D spectra allowed us to assess if the water suppression was sufficient for the 2D experiment and
to determine if the protein sample looked an adequate concentration for the experiments. It also
allowed us to determine that the added ligand was present in titrations. However, 1D spectra
signals are highly overlapped making direct interpretation of data challenging. Instead analyse an

additional dimension (**N) is introduced and this is measured in a 2D experiment.
3.4.3.4 2D HSQC experiments

The 2D experiment that was most used was heteronuclear single quantum correlation (HSQC)
experiment (Mori et al., 1995). The HSQC (and TROSY) experiment makes use of the fact that every
amino acid (apart from proline) has a proton attached to the peptide bond. The experiments
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provide a correlation between the proton and the nitrogen atoms that are visualised as a peak in
the spectrum; meaning every peak corresponds to an amino acid in the protein sequence. A HSQC
does also show the aromatic H" protons of Trp and His residues (which are shown as a second peak

for that residue as well as the amide peak).

To run a HSQC the sample from section 3.4.3.3 was kept in the spectrometer at 295K and then a
2D N, H (HSQC) experiment was carried out. Spectra were acquired using a HSQC pulse sequence
at 600 MHz; data were acquired with 1024 points in the 1 H dimension over a sweep width of 10

484 Hz and 124 increments in the indirect >N dimension over a sweep width of 4600 Hz.

3.4.3.5 2D TROSY experiments

For larger proteins such as the talinl1 R7R8 domain (32 kDa) a transverse relaxation optimised
spectroscopy (TROSY) experiment was used (Pervushin, Wider and Wiuthrich, 1998). TROSY is
collected in a similar way to a HN HSQC experiment although; TROSY gives an increased
resolution and better sensitivity for larger proteins compared to a HSQC experiment. This increase
in resolution is acquired due to the relaxation rates of non-decoupled HN multiplets in a HSQC
experiment. FIGURE 3.2A shows a peak multiplet (multiplet is what a peak representing a single
chemical shift turns into when it is coupled to other nuclei) for both a large protein and a small
protein in a coupled HSQC experiment. The small protein (15 kDa) can be seen as four sharp signals
whereas the larger protein (30 kDa) is shown as: one sharp peak which is dubbed the TROSY peak,

two broadened “semi-TROSY” peaks and a broad peak named the anti-TROSY peak.

The TROSY experiment works by only detecting the sharp TROSY peak and avoids mixing of all four
signals (as done in a HSQC experiment). This allows for a sharper peak and better peak dispersion
in experiments. FIGURE 3.2A demonstrates how there is no benefit to using a TROSY experiment
on smaller proteins due to no increase in signal furthermore, hence where possible a HSQC
experiment was used. HSQC and TROSY spectrum can be compared and spectra can be overlaid,
it is just important to remember there is a slight shift offset with TROSY experiments equivalent to
% Ynn in both >N and *H dimension as can be seen in FIGURE 3.2B which needs to be corrected for
before comparison. *°N, *H (TROSY) spectra were acquired with a sensitivity enhanced sequence

using an echo anti echo for phase discrimination and Watergate for water suppression.

3.4.3.6 Spectra analysis

Spectra were displayed and analysed in CcpNmr analysis version 2.5.2 (Vranken et al., 2005;

Skinner et al., 2015). Protein assignments could be read directly into CCPN from the Biological
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Magnetic Resonance Bank (BMRB) allowing the identity of each peak to be determined and
assigned a residue from the talin sequence. In titration experiments each spectrum was assigned
and this allowed for peak comparison between the talin spectrum and the titrations with ligand
added. Shift distances were measured between talin peak and titration peak using the weighted
combination of 'H and N amide secondary shifts (A(H,N)).A(H,N). Secondary shifts are
determined whereby, Wy and Wy are weighting factors for the 'H and N amide shifts (Wx= 0.15
and Wy= 1) (Ayed et al., 2001; Goult et al., 2009).
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FIGURE 3.2: DIFFERENCES IN TROSY AND HSQC EXPERIMENTS

(A) Peak multiplet for both a large protein and a small protein in a coupled HSQC experiment. Blue circle
indicates TROSY peak, yellow and green identify semi-TROSY peaks and red identifies the broad peak named
the anti-TROSY peak. (B) A *H*>N HSQC (black) and *H'>N TROSY experiment (blue) indicating spectrum shift
differences of % Yun in both °N and H direction. Figure adapted from: (Facey, 2015)
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3.4.4 X-Ray crystallography

3.4.4.1 Crystallisation by hanging drop method

Crystals were obtained by using the hanging drop vapour diffusion technique at 21 °C.
Crystallisation screens: Hampton crystal screen 2 (Hampton), JCSG (Molecular Dimensions), Wizard
(Molecular Dimensions) and Pact (Molecular Dimensions) were used and 100 pL of each condition
was transferred into a 96 well plate (Hampton Research). A Mosquito (TTP Labtech) robot was
used to produce a 1:1 protein: well solution drop, which was then placed over the 96 well plates.
Varying concentrations of protein were tried along with differing buffering conditions, furthermore

peptide: protein ratio was also varied in order to facilitate crystal growth.

If crystals were obtained from a screening condition further optimisation was carried out.
Optimisation was used to increase the size of crystals and improve their quality in order to
maximise diffraction quality. Optimisation was carried out in a 24 well plate (HamptonResearch)
and 500 pL of well solution was used. In the 24 well plates differing the precipitant concentration

and the pH across the 24 well plates further optimised the original screening condition.

On successful growth of crystals they were harvested using a loop with a cryo-protectant (cryo-
protectants contained the well solution with additional 20% glycerol) and frozen in liquid nitrogen.
Diffraction dataset was collected at 100 K on beamline 103 at Diamond Light Source (Didcot, UK)
using a Pilatus3 6M detector (Dectris, Baden, Switzerland). To solve the talin:CDK1 and talin:KANK
structures the talinl R7R8 in complex with DLC1 (PDB ID: 5FZT) was used as a template for
molecular replacement. Molecular replacement was carried out using PHASER (McCoy et al., 2007)
and then manual model adjustment and refinement were performed with COOT (Emsley et al., no

date) and REFMAC (Murshudov, Vagin and Dodson, 1997) respectively.
3.4.5 Actin co-sedimentation assay

Proteins to be used in the actin co-sedimentation assay were expressed and purified as described
in section 3.3. Purified F-Actin was used for experiments and for this G-Actin was purified from
Rabbit skeletal muscle and polymerised to F-actin in 10 mM Tris, 50 mM NaCl, 100 uM ATP, 1
mM DTT, 1 mM MgCl, pH 7.0. The co-sedimentation assays were performed using 20-uM talin
R4-R8 (residues 913-1653), 60 uM KANK 30-60 peptide and 20 uM F-actin. Samples were incubated
at room temperature for 60 minutes and then centrifuged in an ultracentrifuge (Beckman Optima)

for 20 minutes at 100,000 rpm at 4 °C. The supernatant was removed and mixed at a 1:1 ratio with

55



2-mercaptoethanol loading buffer and boiled at 95 °C for 10 minutes. The Pellet was mixed with
co-sed buffer (10 mM Tris, 50 mM NaCl, 1 mM DTT, 1 mM MgCl,, pH 7.0) and 2-mercaptoethanol
loading buffer in a 1:1:1 ratio and boiled at 95 °C for 10 minutes. The supernatant and pellet

samples were analysed on 8-12% gradient SDS-PAGE gels and stained using InstantBlue (Expedon).

Image-J software (Rueden et al., 2017) was used to analyse SDS-PAGE gels and quantify the band
density of the talin R4-R8 band to determine the percentage of talin in the pellet and the

supernatant.
3.4.6 Invitro kinase assay

An in vitro Kinase assay was used to quantify the amount of phosphorylation of different purified
recombinant protein constructs by CDK1 and cyclins: A1 and B1. Purified recombinant GST-tagged
CyclinA2-CDK1 and Hise-tagged CyclinB1-CDK1 were purchased from Invitrogen and stored in 20
mM Tris, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.01% (v/v) Triton X-100, 2 mM DTT, 20% (v/v)

glycerol.

30 ng of each protein was mixed with 0.1 pg of substrate (talin/FMNL2) and incubated in 50 mM
HEPES (pH 7.4), 150 mM NaCl, 5 mM EDTA, 5 mM DTT, 25 mM MgCl,, 0.02% Triton X-100 and 1
mM ATP at 30 °C (shaking 100 rpm) for 20min. The reaction was stopped by adding 10 uL of 5x SDS
sample buffer and boiled at 95 C for 10 minutes. A gradient SDS-PAGE 4-12% Bis-Tris gel (Thermo
Fisher Scientific) was loaded with the entire sample and ran at 200 V for 45 minutes in 1x SDS

running buffer (NUPAGE). When finished the gel was placed in transfer buffer (see table of buffers).
3.4.6.1 Invitro kinase analysis

Western blotting is a technique used to isolate and identify proteins resolved by SDS-PAGE. Protein
bands from the SDS-PAGE gel are transferred to a Polyvinylidene difluoride (PVDF) membrane
(Immobilon P, Millipore Inc.) before being probed with a primary antibody (selected for the protein
of interest) and detected with a secondary antibody, raised against the primary and labelled with

a fluorescent tag.

The protein from the in vitro kinase assay SDS-PAGE gels were transferred to a PVDF membrane
using a wet transfer. After transfer the membrane was washed with 1x PBS buffer (see buffer table)
before being incubated with blocking buffer (5% (m/v) BSA TBS Tween) for 30 minutes at room

temperature rocking. After blocking, the membrane was washed with TBS tween and incubated
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with 1 pg/plL primary antibody. The primary antibody was prepared in 1.5 mL5% (m/v) BSA in TBS

tween and added to the membrane in a sealed plastic wallet and left rocking overnight at 4 °C.

The membrane was then washed thrice with 30 mL TBS tween (10 minutes each wash) before
incubating with the secondary antibody. The secondary antibody was prepared in 10 mL of
blocking buffer (5% (m/v) BSA TBS Tween) and added to the membrane for 45 minutes in the dark
to avoid any photo bleaching. After incubation, the membrane was washed twice with TBS Tween
and scanned using the Odyssey infrared imaging system (LI-COR Biosciences), and band intensities
were analysed by using Odyssey software (LI-COR Biosciences). All antibodies used in these

experiments are listed in TABLE 8 below:

Primary Antibody Supplier Secondary Antibody Supplier
Cell Signalling
Anti- MPM2 (1:1000) Millipore Mouse 800 (1:10,000)
Technology
Cell Signalling Cell Signalling
Anti- CDK1 (1:1000) Mouse 800 (1:10,000)
Technology Technology
Cell Signalling Thermo Fisher
Anti-HIS (1:500) Rabbit 600 (1:10,000)
Technology Scientific
Cell Signalling Cell Signalling
Anti-GST (1:500) Mouse 800 (1:10,000)
Technology Technology

TABLE 8: PRIMARY AND SECONDARY ANTIBODIES
3.4.7 Identification of talin phosphorylation sites by mass spectrometry

Phosphorylation sites of talinl R7R8 and talin2 R7R8 were determined using Mass spectrometry.
The in vitro kinase assay (see section: 3.4.6) was carried out with the substrates talinl R7R8, talin2
R7R8 and CDK1-cyclinA2. Reaction was left for 45 minutes at 30 °C and stopped by adding 10 plL

5x SDS sample buffer and boiling for 10 minutes at 95 °C.

All samples were loaded onto an SDS PAGE 4-12% Bis-Tris gel (Thermo Fisher Scientific) and
separated by running at 200 V for 60 minutes. Gels were stained with Instant-Blue (Expedeon) for
15 minutes, and washed in water overnight at 4°C. The talin R7R8 bands were cut from the gel and
processed by in-gel tryptic digest. Peptides were analysed by LC-MS/MS by using an UltiMate 3000
Rapid Separation LC (Dionex Corporation) coupled to an Orbitrap Elite MS (Thermo Fisher
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Scientific). Peptides were separated on a bridged ethyl hybrid C18 analytical column (250 mm x
75 um internal diameter, 1.7-um particle size; Waters) over a 45-min gradient from 8 to 33% v/vl
acetonitrile in 0.1% v/v formic acid. LC-MS/MS analyses were operated in data-dependent mode
to automatically select peptides for fragmentation by collision-induced dissociation. For
phosphoproteomic analyses, multistage activation was enabled to fragment product ions resulting
from neutral loss of phosphoric acid. Quantification was performed using Progenesis LC-MS/MS

software.
3.4.8 Cell culture techniques

3.4.8.1 Maedia and cell culture

The growth medium used for HEK-293T cells was DMEM (Dulbecco’s Modified Eagles Medium)
with L-Glutamine, glucose, Pyridoxine-HCIl, NaHCO; (PAA-GE Healthcare) supplemented with 10%
of FBS (Biosera) and 50 pg/mL gentamicin (Life Technologies-Invitrogen). All cells were maintained

at 37°C and 5% CO..
3.4.8.2 Trypsinization and cell splitting

For my studies | required the cells to grow as an adherent monolayer and required passaging when
they were 70-80% confluent. To re-suspend cells or split cell flasks, the cells needed to be removed
from their adherent surface. This was achieved using Trypsin-EDTA (Sigma-Aldrich). To trypsinise,
all media was removed from the cells and the surface was gently washed with 1X PBS. Trypsin-
EDTA (sigma) was added to the cells and incubated at 37 °C for 5 minutes. Cells were removed
and added to 20 mL pre-warmed media. The cells were counted, and the cell suspension was then
centrifuged at 2000 rpm for 5 minutes. The supernatant was carefully aspirated and the cell in the

pellet re-suspended in fresh media.
3.4.8.3 Cell transfections

Lenti-X HEK293T cells (Takara Bio Inc.) were used for all experimental assays. The cells were
transfected with the DNA constructs seen in table 2. To transfect the plasmid DNA into the HEK
293T cells, 5 pug of DNA pre-incubated in 500 pL of Opti-MEM (Sigma-Aldrich) was mixed to 500 uL
of optimum pre-incubated with 25 pL lipofectamine 2000 (Sigma-Aldrich). After 20 minutes of
incubation, the mixture was drop-pipetted over the seeded cells in a 10 cm plate or 2x3 well plate.

The cells were then incubated for 24 hours at 37 °C before being visualised under a microscope.
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Chapter 4. Identifying and
characterising the interaction

between talin and KANK
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4.1 Introduction

The mechanism that targets microtubule (MT) plus-ends to grow towards focal adhesions (FA) at
the cell cortex has been a long-standing question. Here | look to find the missing link between
these two macromolecular assemblies and characterise the interaction that can regulate adhesion

turnover and stabilise MTs in their vicinity.

4.1.1 Microtubules

Microtubules form an integral part of the cell cytoskeleton and help to influence cell shape and cell
polarity. MTs are comprised of long profilaments that assemble together to form hollow tubes (of
approximately 25 nm in diameter) (shown in FIGURE 4.1A). Profilaments are made from two
globular proteins: a-tubulin and B-tubulin, which form dimers and polymerise by arranging
themselves in a head-to-tail fashion. This assembly results in one end of the MT being exposed
with B-tubulin and one end exposed with a-tubulin. Due to this, MTs have polarity, an attribute
that is critical for their function (Cooper, 2000). The a-tubulin subunits provide a slow growing
‘minus-end’ and the B-tubulin provides a fast growing ‘plus-end’. Although growth can occur at
either end of the MT, it is significantly more rapid at the plus-end (Cooper, 2000). B-Tubulin binds
GTP, which stimulates polymerisation of the MT profilament plus-end resulting in growth. MTs are
highly dynamic and are susceptible to catastrophe, whereby the filament breaks down. MTs
growth/ catastrophe rate is influenced by the rate of which GTP hydrolysis occurs; GTP at the plus-
end forms a GTP cap allowing for growth and protects the MT from catastrophe. However, GTP
can be hydrolysed to GDP, which prevents the tubulin subunits from binding tightly to the polymer

and allows them to break away causing catastrophe shown in FIGURE 4.1B and loss of the GTP cap.
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FIGURE 4.1: THE STRUCTURE OF MICROTUBULES AND THE CYCLE OF GROWING AND SHRINKING

(A) Schematic diagram showing the composition of a microtubule; a-tubulin (purple) and B-tubulin (blue).
(B) The cycle of growing MT and shrinking MT through GTP hydrolysis. Figure from (Rochlin, Dailey and
Bridgman, 1999).

4.1.2 Microtubules are found to localise to focal adhesions and assist in

adhesion turnover

MTs play a role in cells both during mitosis and interphase. During mitosis, MTs completely
reorganise to form the mitotic spindle, which allows the cell to divide into two daughter cells
(Cooper et al., 2000). Alternatively, during interphase MTs direct their growth towards the cell
periphery via their dynamic plus-end (Howard and Hyman, 2003). A process that from very early
on has been recognised as a requirement for directional migration of cells (Vasiliev et al., 1970).
These dramatic changes in MT organisation highlight the dynamic instability of these structures

and the importance this has on cell growth and division.

In the late 1980s it was found that, in migrating cells, MTs localise near FAs (Rinnerthaler, Geiger
and Small, 1988). This interaction did not appear to happen by chance, but, instead was a targeted
phenomenon whereby MTs would change their growing direction in order to make connection

with FAs (Rinnerthaler, Geiger and Small, 1988). This cross-talk between FAs and MTs is important,
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as it directs MT growth and enables MTs to exert their influence on cell shape and polarity in a
migrating cell (van der Vaart et al., 2013). Furthermore, the targeting of MTs to FAs encourage FA
turnover which is critical for a cell to move forward during migration (Stehbens and Wittmann,
2012). Since the first identification of a link between MTs and FA turnover, researchers have been
trying to identify the mechanism that targets MTs to FAs to understand what controls directional

cell growth and migration in a spatially and temporally controlled migrating cell.

The molecular mechanisms involved in adhesion disassembly are thought to be complex due to the
number of proteins involved. Because of the multifaceted interaction of proteins, it seems highly
unlikely that adhesion disassembly occurs in reverse motion to that of adhesion assembly (Ezratty
et al., 2005). Which then questions- what does control adhesion disassembly and what are the key
FA players in regulating disassembly? When looking at cell-matrix interactions, two key players
activate B integrin- talin and kindlin. These proteins could both make a good converging point for

adhesion disassembly and as such MTs could be targeting FAs via one of these proteins.

Microtubules not only regulate FA turnover but also control FA dynamics through the regulation of
endocytosis. Endocytosis is the process in which the cell can traffic cargo into the cytoplasm via
vesicular transport. One way in which adhesions utilise this process is in integrin recycling. Integrin
recycling transports integrins from the back of the cell (cell rear end) and recycles them to the front
of the cell (leading edge) (Caswell et al., 2008; Bridgewater, Norman and Caswell, 2012). This
process occurs through clathrin-mediated endocytosis and uses rab-labelled endocytic
compartments (Ezratty et al., 2009). Clathrin-mediated endocytosis selects its cargo through the
use of adapter protein-2 (AP2), this protein coats the cargo and allows a clathrin cage to assemble
around it. Dynamin is a GTPase protein that coats around the neck of the clathrin coated pit and
when hydrolysed causes a change in confirmation constricting the cell and allowing the break off

of the clathrin coated vesicle (De Camilli, Takei and McPherson, 1995).

MTs are often used in endocytosis acting as railroads to facilitate transport of endocytic adapter
proteins (Stehbens and Wittmann, 2012). MTs could also play a role in integrin recycling and
subsequent disassembly of adhesions; at the point of integrin recycling it is thought MTs would
already be attached to adhesion (Stehbens and Wittmann, 2012). These MTs could act as railway
tracks transporting in endocytic adapters such as AP2, Dab2, clathrin and dynamin. However, it
has been found that when cells are treated with nocodozole (a MT interfering drug) the levels of

AP2, dab2 and clathrin are not altered at adhesion sites (Ezratty et al., 2009).
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4.1.3 Microtubules are stabilised at the cell edge through the cortical

microtubule stabilising complex

MTs direct their growth towards the cell periphery, where, once the plus-end of the MT has

reached the cell cortex, the MT can do one of the following:

Catastrophize and shrink

>

» Promote formation of a cell protrusion

» Continue to grow parallel to the plasma membrane
>

Get captured and stabilised at the cell cortex by MT-stabilising proteins

MT capture and stabilisation at the cell cortex can be regulated by MT-stabilising proteins, known
as ‘plus tip proteins’ (+TIP) (Akhmanova and Steinmetz, 2008). An important +TIP is the
cytoplasmic linker associated protein (CLASP), which acts as rescue factor and attaches MTs to the
cell cortex through the formation of a complex with other proteins: LL5B and the ETS domain-
containing protein (ELKS) (van der Vaart et al., 2013). These proteins are found in concentrated
plasma membrane bound patches which are tightly associated with FAs around the cell cortex

(Lansbergen et al., 2006; Hotta et al., 2010).

In low motility cells, most MTs are found to terminate at the cell edge despite the high
concentration of the +TIP protein CLASP (rescue factor) in close vicinity (van der Vaart et al., 2013).
This is an interesting observation, as in the absence of protrusions the MTs could be predicted to
form a bundle parallel to the cell edge due to continued growth; however, this was not the case.
MT termination at the cell edge could also not be due to the cell membrane acting as a barrier to
stop growth because MTs have been proven to be flexible (Brangwynne et al., 2007). Instead, it
was found that the protein kinesin family member 21A (KIF21A) counterbalanced CLASP’S activity
and inhibited MT growth at the cell cortex (van der Vaart et al., 2013). KIF21A had also been
previously found to interact with the KANK family of proteins via KANK’s ankyrin repeat domain
(Kakinuma and Kiyama, 2009). KANK, in turn, is also known to bind to liprin-B1 and liprin-al at the
cell cortex (van der Vaart et al., 2013). KIF21A, Liprin-p1, liprin-al and KANK have been found to
associate to the plasma membrane-bound patch proteins (LL5B, ELKS and CLASPs) and together

this group of proteins form the cortical microtubule stabilising complex (CMSC) (FIGURE 4.2).

The CMSC stabilises MT growth at the cell periphery and accumulates around FAs but with no

overlap with FA proteins (van der Vaart et al., 2013). Further evidence shows that KANK protein
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was found very close to the FA assemblies, raising the question of whether it could be interacting

with any FA proteins.

Cortical Microtubule Stabilising Complex

p a S | usp

Liprins PIP3

FIGURE 4.2: THE CORTICAL MICROTUBUE STABILISING COMPLEX

A schematic diagram of the proteins involved in the CMSC (cortical microtubule stabilising complex). KANK
binds to liprin B1 via its C1 coiled coil domain, completion of the CMSC occurs with further clustering of liprins
and the KANK ankyrin repeat domain binding to KIF21A, which captures the microtubules and allows ELKS,
CLASP, LL58 all to cluster around the focal adhesion.

4.1.4 KANK protein family

The KANK family of proteins are comprised of four members KANK1-KANK4. KANK stands for ‘KN
motif and ankyrin repeat domains’ and the KANK1 gene was originally identified as a candidate
tumour suppressor gene in analysis of renal cell carcinoma (Zhu et al., 2008). Subsequent
homology search across the human genome identified three other proteins in the family KANK2,
KANK3 and KANK4 (Zhu et al., 2008). All four KANK isoforms have a similar domain structure as
shown in FIGURE 4.3. Each isoform has a conserved N-terminal KN domain which spans around 38
amino acid residues, which until recently had no known function (Zhu et al., 2008). Our work here
demonstrates that the KN domain plays a critical role in binding the adhesion protein talin and
through collaboration with the Akhmanova group, we describe that this interaction is the

mechanism that links FAs to cortical microtubule stabilising complexes (CMSC).
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The KANK C-terminus comprises a series of five ankyrin repeats, preceded by an additional ankyrin-
0 domain shown in FIGURE 4.3; the ankyrin repeats are well conserved across the KANK family and
across species and are important for binding to KIF21A (van der Vaart et al., 2013), a key

component of CMSC complexes.

The middle region of KANK is the region than differs most between the KANK isoforms ans is largely
unstructured apart from coiled-coils regions. KANK1 has 3 predicted coiled-coils, KANK 2 and
KANK3 have two coiled-coils and KANK4 has just one single coiled-coil. KANK1 and KANK2 coiled-

coil 1 region (CC1) is required to bind to liprin al and B1 (van der Vaart et al., 2013).
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FIGURE 4.3 SECONDARY STRUCTURE OF KANK FAMILY PROTEINS

Domain structure of human KANK family proteins the domain regions are predicted using secondary
structure prediction (PSIPRED(Jones, 1999)). KANK domains highlighted: KN domain (green), coiled coil

regions (purple) and the ankyrin repeats (yellow). (B) The ankyrin repeat domain crystal structure (PDB ID:
5YBJ).
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4.1.5 Identifying talin as a KANK binding protein

To address the question of whether KANK can bind to adhesion proteins, Anna Akhmanova’s group
from the University of Utrecht, carried out a proteomics study for KANK1, using full-length GFP-
KANK1, in HEK239T cells. The top hits for this study are shown in FIGURE 4.4B. One of the top hits
was talinl, the only FA protein present in the proteomics dataset. This suggested that talin is the
FA protein involved in the KANK:FA interaction. In parallel to this, we found that a talinl
proteomics set previously obtained by Ben Goult in a collaboration with Martin Humphries’ group

(unpublished data) identified KANK as one of the most abundant proteins bound to GFP-talinl in
human fibroblasts (shown in FIGURE 4.4A).

In order to identify the region of KANK responsible for talin binding, the Akhmanova lab used pull-
downs from HEK293T cells, combined with mass spectrometry, to show that only the N-terminal
region of KANK1 (1-339) interacts with talin. Taken together, these studies suggest that talin might

be the FA mechanosensitive protein linking the FA and the CMSC (via KANK).

A
Molecular | Spectral
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[Talin-2 TLM2_HUMAN 172 SO
M motif and ankyrin repeat domain-containing protein 2 [KANK2Z_HUMAM 91 L |
[Septin-2 SEPT2_HUMAN d1 13
[Cyclin-dependent kinase 1 CDK1_HUMAN 34 11
[Takin-1 TLMT HUIMSN 270 7235
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FIGURE 4.4: GFP-TALIN1 AND GFP-KANK1 PROTEOMIC DATA SETS.
(A) Data from the Goult and Humphries lab showing identified GFP-tagged talin1 binding partners using mass
spectrometry. (B) Data from the Akhmanova lab showing identification of the binding partners of Bio-GFP-
tagged KANK1 from a series of pull-down assays from HEK293T cells. Proteins were identified using mass
spectrometry and data was analysed using Mascot.
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4.1.6 Identifying the region of KANK involved in interaction talin

To further define the region of KANK involved in talin binding, the Akhmanova group used deletion
mapping of KANK1. This revealed that the KN domain is essential for KANK1 to localise to the FA
rim. The KN domain was identified in KANK1 as a conserved region spanning residues 31-72 (Zhu
et al., 2008). Previously, and despite its high conservation, the region had no known function other
than harbouring a potential nuclear export sequence (NES) and nuclear localisation signals (NLS)
which were found to contribute to nucleo-cytoplasmic shuttling of KANK1 (Zhu et al., 2008).

The KANK1 KN domain boundary was slightly refined to 30-68 and used to make a series of GFP-
KANK constructs. These GFP-KANK constructs were then transfected into Hela cells along with
mCherry-paxillin (FA marker). FIGURE 4.5 shows both full-length KANK1 and KANK1_KN constructs
localise to FAs, whereas the KN deletion (KANK1_AKN) is, instead, found to be diffuse around the
cell cortex. These data strongly indicate that the KANK KN domain is required for FA targeting.
Combined with the data obtained through proteomics whereby KANK1 binds to talin, it is possible

that KANK1 is targeting to FAs via talin.
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GFP-KANK1 FL

FIGURE 4.5: KANK1 KN DOMAIN IS RESPONSIBLE FOR LOCALISATION TO FOCAL ADHESIONS

TIRFM images of live Hela cells transiently expressing GFP-tagged KANK1 constructs: KANK1, KANK1_KN and
KANK1_AKN along with mCherry-paxillin (focal adhesion marker). In these experiments, endogenous KANK1
and KANK2 were also expressed. Data adapted from (Bouchet et al., 2016).
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4.2 Results

With strong evidence that the KANK KN domain binds to talin, | sought to explore the interaction
by employing a series of biochemical and biophysical techniques, including: Fluorescence
Polarisation (FP), Nuclear Magnetic Resonance (NMR) and X-Ray Crystallography. After identifying
the individual talin domain required for the talin:KANK interaction, | used NMR to define the talin
surface to which KANK binds to. From this | aim to obtain structural information of the talin:KANK
interaction in order to design a series of talin point mutations that can perturb the interaction. This
is of importance, as it would allow the study of the interaction in a cellular environment and
improve our understanding of the combined function of talin and KANK1 in the context of FAs. |
also look at how the interaction between talin and KANK1 affects binding of other FA proteins to

talin.
4.2.1 Designing KANK1 KN domain peptide

The cell biology experiments from the Akhmanova lab, in section: 4.1.6, identified that the N-
terminal region of KANK contains the region responsible for binding to talin. In light of this, we
designed a KANK1 synthetic peptide for binding experiments. To design the KANK1 KN peptide, a
secondary structure prediction software (PSIPRED (Jones, 1999)) and a KANK1 sequence alignment
across different species was carried out. PSIPRED is a two-stage neural network that can be used
to predict protein secondary structure based on position-specific scoring matrices generated by
PSI-BLAST(Jones, 1999). PSIPRED gives a predicted secondary structure: a-helix , B-sheet or
disordered. The predicted secondary structure is given a confidence score, which is depicted as a
series of blue bar graphs; the higher the bar, the higher the confidence of the predicted structure.
The results of the PSIPRED analysis on human KANK1 have been over-laid on the sequence
alignment on FIGURE 4.6 to highlight the region of the sequence with predicted structure. The
algorithm shows that the N-terminal of KANK1 is unstructured, except between residues 38-50,

where it predicts an a-helix (with 50-60% confidence).

To highlight the areas of high conservation in the KANK1 sequence across species, a BLAST search
using the KANK1 human sequence (Uniprot: Q14678) was performed. A BLAST query highlights
proteins from different species sequences that have regions of similarity. This search enabled
identification of KANK1 sequences from a range of species including: Horse; Sheep; Chicken; Mouse
and Human. The N-terminal region of KANK1 across all species had a patch of high conservation

between residues 30-68 (human KANK1). In contrast, the sequence conservation for the regions
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either side of 30-68 was much lower. Furthermore, inspection of the highly conserved 30-68

sequences revealed the presence of a putative LD-motif.

30 KN Domain 68
KANK1 ¥ SN, =N
\
Q14678 | HUMAN SGDODEEQRD Y FVETPYGYQLDLDFIXYVDD IQKGNT IKRLNIQRRREPSVEPCPEPRTTSGQOGINTSTESLSSSNSDDNE 101
G3QRT9 | GORGO NGDCDREQRDPYFVETPYGYQLDLDFLKYVDD IQKGNT IKRLNIQRRREPSVPCPEPRTTSGOCGIWTSTESLSSSNSDDNR 101
K7D878 | PANTR NGDQDEEQRD Y FVETPYGYQLDLDFIXYVDD IQKGNT IKRLNIQRRRE PSVPCPEPRTTSGQQGINTSTESLSSSNSDDNE 101
G1lRB10 | NOMLE NGDQDEEQRDPYFVETPYGYQLDLDFLKYVDD IQKGNT IKRLNIQRRREPSVPCPEPRTTSGQOGINTSTESLSSSNSDDNE 101
aTNG91 | MACMU NGDQDREQRDPYFVETPYCOYQLDLDFIXYVDD IQKONT IKRLNIQRRRE PSVPCPEPRTTSGQQGINTSTESLSSSNSDDNR 101
AOAODIRBCY | CHLSE NGDQDEEQFDPYFVETPYGYQLDLDFIXYVDD IQKGNT I KRLNIQR! PSVPCPEPRTITSGQOGINTSTESLSSSNSDDNE 101

U3BN14 |CALJA NGDODREQRDPYFVETPYCGYQLDLDFIKYVDD IQKGNT I KRLNICGRRRRPSVOCPETRTTSGQOGVNTSTESLSSSNSDDNR 101
F6Q197 | HORSE NGDHDEEHRDPYFVETPYGYQLDLDFIXYVDD IQKGNT I KXLNIQK PSVPCPETRATPGQQGINTSTESLSSSNSDDNR 101
W5PUMS | SHEEP NGECDREQRDPYFVETPYGYQLDLDFLKYVDD IQKGNT IKKVNICRRRR PSGPCPDSRAAPGOHGVNTSTESLSSSNSDDNR 101
G31127 |CRIGR NGDENFEQRDPYFVETPYGFQLDLDFVKYVDD IQKGNT IKRLNIQRERE PSAPCPEVRATSAHQGVNTSTESLSSSNSDDSK 101

HOVC91 | CAVPO NGDHDRGORDPYFVETPYGYQLDLDFLKYVDD IQKGNT I KXLNIGR PSVPCPETRVTPGQODVWHTSTESLSSSNSDDNE 105

E9Q238 |MOUSE NGDHENRERFRDPYFVETPYGFQLDLDFVKYVDD IQKGNT IKKLNICRRREPSVPCPEVRAIPGHOGVNTSTESLSSSNSDDSKE 101
G1TMF1 |RABIT NGDHDEEQRDPY FVETPYGYQLDLDFIXYVDD IQKGNT I KKLNIQR PSVPCSEARAAPGQOAVNTSTDSLSSSNSDDSE 52

AOALDSPTB7|CHICK NGRDENERKYPYFVETPYGYQLDLDPLKYVDD IQKGNT I KXLNIGRE!
A2CEC3 | ANRE ASERDEDENDEYCLETPYGYQLDLDFLKYVDD I ERGNT I KKLNIQRK
. e :"..':......:'..".::'..'.::."::
r A\

VPASTSTENAGGHCGDWTSTESLSSSNSDENR 108
VVRTVPPPRSSCSGHTENTSTDSLSSSNSDECR 52
° R

Talin Binding LD motifs

abcdefgabecdefgabede f
{SIFPELUDILYHVKGMQRIVNQWSEX®®® - DLC1
4 SNEDIDQMFSTLLGEMDLLTQSLGV?® - RIAM

14INLSELORLLLELNAVQHNPPGFPAD!®® — PAXILLIN-LD2
BYGFQLOLDFVKYVDDIQKGNTIK Y - KANK1
*YGYRLDLDFLKYVDDIEXGHTLR® - KANK2

FIGURE 4.6: CONSERVATION ALIGNMENT OF KANK1 TO DESIGN A KANK PEPTIDE

Conservation of KANK1 N-terminal residues using sequences from: human, gorilla, chimpanzee, gibbon,
green monkey, marmoset, horse, sheep, Chinese hamster, guinea pig, mouse, rabbit, chicken and zebrafish.
Sequences were aligned in UniProt and all had similar secondary structure predictions (PsiPred), which is
shown above the sequence in blue. Conserved residues are highlighted by a *, semi-conserved amino acids
(with similar properties) are shown by a :. Sequence alignment of talin biding motifs: paxillin LD2 (UniProt:
P49023); RIAM (UniProt: Q7Z5R6); DLC1 (UniProt: Q96QB1); KANK1 (UniProt: Q14678) and KANK2 (UniProt:
Q632ZY3). The sequences were aligned via the Lei-Asp residues in the LD, interacting hydrophobic residues
are highlighted orange and additional hydrophobic residues are highlighted in purple.

4.2.1.1 KANK proteins contains an LD-Motif

LD-motifs are short helical protein—protein interaction motifs that are crucial in connecting cell
adhesion with cell motility and survival (Alam et al., 2014). LD-motifs were first discovered over
20 years ago in the paxillin family of scaffolding proteins (Bellis, Miller and Turner, 1995), with the
sequence LDxLLxxL (where x is any residue). The N-terminus of paxillin was found to contain five
of these LD-motifs which are highly conserved both across species, and across the paxillin

superfamily (Tumbarello, Brown and Turner, 2002).
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LD-motifs are recognized by LD binding domains (Zacharchenko et al., 2016) (LDBDs). LD-motifs
bind to LD binding domains via helical addition, whereby the LD-motif forms a helical structure
which packs against the side of a helical bundle as shown in FIGURE 4.7. The core LD-motif
sequence LDxLLxxL binds to the LD recognition box via its Asp residue, which forms a salt bridge
with a negatively charged residue on the LDBD. In some cases, the same LD recognition box can
recognize multiple different LD-motifs and the mechanism that distinguishes how LD-motifs are
selective for their target molecule is still not fully understood. Fully understanding this mechanism
is important, as dysfunction in LD-motifs often contributes to diseases, such as cancer metastasis
and viral infections (Mitra and Schlaepfer, 2006). A more detailed discussion of LD-motif

recognition is given in Chapter 5.

Talin R8

LD-Binding
Domain
(LDBD)

LD motif-
DLC1/RIAM/
paxillin

e
FIGURE 4.7: TALIN1 R8 DOMAIN IS LD RECOGNITION BOX

A schematic of the LD recognition box on the talin R8 domain. Purple cylinder represents an LD-motif showing
how the Asp residue would bind to a charged amino acid on the LDBD via the recognition box. Further down
the LD-motif a second charged residue makes contact with talin in what is known as the specificity region
(zacharchenko et al., 2016).

4.2.1.2 Talin can bind LD-motifs

The first realisation of LD-motif binding to talin was found when looking at the interaction between
the protein DLC1 (Deleted in Liver Cancer 1) and talin (Zacharchenko et al., 2016). This interaction

was mapped to the R8 domain of talin, and since then R8 has become recognised as an LDBD that
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forms a hot spot for LD binding proteins with: DLC1, RIAM, and Paxillin all binding to the domain.
The best studied mode of LD-motif recognition is via binding to four helix bundles (Hoellerer et al.,
2003). FIGURE 4.6 shows an alignment of the known talin binding LD-motif proteins identified to
date and aligns the KANK1 KN domain with the canonical LDxLLxxL motif. This analysis was
interesting as it shows that the KANK1 region does not quite fit the consensus LDxLLxxL motif of
other LD binding proteins; the KANK sequences have an additional charged Asp residue in place of
the hydrophobic residues found in the other sequences. This extra Asp residue comes because of
an LDLD motif found in KANKs sequence, which has not been found in other LD containing proteins.
We were not sure if the charged residue would prevent the region from binding to the LD
recognition box. However, the rest of the KANK sequence looked to fit the LD-motif pattern and
so we concluded the KANK KN domain did include an LD-motif. This led us to hypothesize that
KANK would bind to the talin R8 domain where the other LD-motifs have been found to bind to
talin. A series of KANK1 peptides were designed encompassing the potential LD-motif predicted
to bind to talin. The constructs differed slightly in length with the hope they would narrow down

the talin-binding site; peptides are shown in FIGURE 4.8.

Talin ¢ 88C (Kd 075 +/- 0.16) B
A -e- Talin and KANK1 30-88C (Kd 075 +/- 0.18) T . Talin1 R7TRS and KANK1 30-68C (Kd 0.8 +/-0.12)
& Taln2 and KANK? 30.68C (Kd 1.1 4.0 18) & Talint R7 and KANK1 30-68C (Kd 1 +/-0.13)
- Taln and TFS256 (Ka Nd) 4 280
: 250 8
S -
% 200 2 200
= =
= [3
B
- o
£ 100 :
§ g
E @ 100
s 909 — g
3 - 2
e -
= v v v ' 8o+ . ; - !
0 10 20 0 0 0 10 20 30 4
Talin1 R7RS [uM] Talin [uM]

KANK] Peptides
KANK1 30-68C: PYFVETPYGFQLDLDFVKYVODIQXGNTIKKLNIQKRRKC
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FIGURE 4.8: BIOCHEMICAL CHARACTERISATION OF KANK BINDING TO TALIN

(A-B) Binding of BODIPY-TMR labelled KANK1(30-68)C peptide to talinl R7R8 (1357-1653), talin2 R7R8
(1360-1656) and Talin1 R7 (1357-1653 A1454-1586) was measured using fluorescence polarization. BODIPY-
TMR labelled TFS258 peptide was used as a negative control. Dissociation constants + SE (uM) for the
interactions are indicated in the legend. All measurements were performed in triplicate. ND, not determined.
(C) helical prediction of KANK peptide based on the DCL1 peptide (PDB ID: 5FZT) KANK1 30-60 residues were
threaded onto the DLC1 helix using PyMOL and the designed peptides for FP: KANK1 30-60C, KANK1 30-68C
and KANK1 41-68C. (D) Structural model of the talin rod domains highlighting R7 and R8 talin domains.
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4.2.2 Determining the region of talin involved in the talin:KANK

interaction

To investigate if talin R8 was the binding domain for KANK1, we used the designed human KANK1
synthetic peptide (KANK1 30-68C), shown in FIGURE 4.8C. A C-terminal cysteine residue was added
to the peptide to allow coupling to a fluorescent label. To test the relative binding affinities, an in
vitro fluorescence polarization (FP) assay was used. In the assay, the KANK1 30-68C peptide was
coupled to BODIPY-TMR (see material and method Chapter 3) and titrated against an increasing
concentration of talinl (residues 1357-1653) or talin2 (residues 1360-1656). An increase in FP
signal generates a binding curve that corresponds to binding of the peptide and protein, the FP
binding curve was fitted to a binding equation (see materials and method Chapter 3) to obtain
dissociation constant, Kp. FIGURE 4.8 shows the binding data for talinl R7R8 domain with the
KANK1 30-68C peptide. FIGURE 4.8A, shows that talinl binds KANK1 with a Kp of 0.75 uM and
talin2 with Kp 1.2 uM. Interestingly, this sub-micromolar affinity of KANK1 for talin makes KANK

the strongest talin-binder identified so far.

To confirm if talin R8 was the KANK binding domain, the same FP assay was used with individual
domains R7 (residues 1359-1653 A1454-1586) and R8 (residues 1461-1580) (FIGURE 4.8B). This
gave a surprising result - KANK1 bound to talinl R7 with a Kp of 1 UM only barely to the R8 domain
(Ko nd, data not shown), revealing that it is actually the talin R7 domain that contains the major
KANK binding site. The fact that KANK1 bound with lower affinity to the R8 domain indicates that
there is a weak interaction (possibly between the LD residues and the LD recognition box in R8).
This was unanticipated because evidence of LD-motifs binding to 5-helix bundles had not yet been
reported. This finding shows KANK is binding to talin in a novel-binding site, and talin R7 could be
a new talin LD binding domain (LDBD).

4.2.3 Chemical shift mapping of talinl R7R8 domain with KANK peptide

To explore the talin:KANK1 interaction further, NMR chemical shift mapping was used. Chemical
shift mapping is a technique that follows the changes in chemical shifts of a protein when a ligand
is added, these shifts can be used to determine the binding site and in some cases the affinity of
the ligand. Typically for chemical shift mapping *H**N HSQC or *H>N TROSY experiments are used
(see materials and methods 3.4.3.4) and the protein is expressed with an **N label such as °N
ammonium sulphate. The HSQC and TROSY experiment makes use of the fact that every amino

acid (apart from Pro) has a proton (hydrogen) attached to the peptide bond see FIGURE 4.9. The
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experiments provide a correlation between the proton and the nitrogen atoms which are visualised

as a peak in the spectrum; meaning every peak correlates to an amino acid in the protein sequence.

'H - *N HSQC
R
( N ) Ca c |
(i aEs) Ha o |

|
1
|

FIGURE 4.9: 'H'*>N HSQC CORRELATION BETWEEN THE PROTON AND THE NITROGEN ATOM

Schematic diagram showing the correlation between nitrogen and proton atoms in a amino acid that a HSQC
and TROSY measure.

1>N-labeled talinl R7R8 (residues 1357-1653) were expressed and purified for NMR see materials
and methods 3.4.3.1. A ®N TROSY spectrum of talin1 R7R8 (80 uM) (black FIGURE 4.10) showed
good peak dispersion indicating the talinl R7R8 domain was folded as reported previously (Gingras
et al., 2010). The addition of the KANK1 peptide 30-68C to talin1 R7R8 at a ratio of 3:1 (blue FIGURE
4.10) caused large peak changes in the NMR spectra; the peaks were still well dispersed, indicating
that the overall structure of the R7R8 talin domain had been maintained. A significant number of
peaks that shifted upon addition of KANK1 were found to be in slow exchange, which on the NMR
shift timescale is indicative of a tight interaction, complementing the 1 uM Kp measured with the
FP assay. Slow exchange is where the protein is found to be in two states: free protein and protein
bound to the ligand. Because the exchange between these two forms is happening slowly the NMR
is capturing both states that is visualised as two peaks. These two peaks will disappear and become

one when the interaction is saturated enough to only see the bound form.

To determine which talin peaks had shifted when KANK peptide was added the talin:KANK
spectrum was overlaid with talinl R7 spectrum (data not shown). This showed that the large
majority of the peaks that shifted were h the talin R7 peaks, there were some smaller shifts
recorded on R8 talin peaks. The chemical shift changes on the R8 domain were in fast exchange,
which on the NMR timescale is indicative of a weak binding interaction, thus supporting the finding

that the KANK peptide binds weakly to R8 and that R7 is the main KANK binding site.
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FIGURE 4.10: >N TROSY NMR TITRATION TALIN1 R7R8 AND KANK1 30-68C PEPTIDE

(A) H,%N TROSY spectra of 80 uM °N-labelled talin1 R7R8 (residues 1357-1653) in the absence (black) or
presence of KANK1(30-68)C peptide (blue) at a ratio of 1:3. (B) Shows a zoomed in region of spectra (A)
(highlighted by the black box) showing slow exchange of peaks when the KANK1 peptide has been added.
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4.2.4 Chemical shift mapping of talinl R7 domain with KANK peptide

To identify where on the R7 domain the KANK was interacting a >N HSQC titration was carried out
on the single talin1 R7 (1359-1653 A1454-1586). °N-labelled talinl R7 was titrated against
increasing concentrations of the KANK1 30-68C peptide. The overall spectra are shown in FIGURE
4.11A, with talinl R7 on its own (black) and KANK1 titrated at a ratio 1:2 (talin:KANK) (blue). The
peak shifts were much clearer to analyse compared to the double R7R8 domain due to less overlap
of individual peaks, allowing the tracking of each individual peak. The peaks are in slow exchange
on the NMR timescale after the addition of the KANK1 30-68C peptide, confirming the high affinity
between talinl R7-KANK1.

Evidence of an R7 peak in slow exchange is shown in FIGURE 4.11B. Talin1 Asp1362 (black) is found
as a single peak when not bound to KANK1. When KANK1 is added at a 0.5:1 ratio (talin: KANK1)
(green) half the talin R7 molecules are bound to KANK1 and half are in the free form which gives
rise to two Asp1362 peaks. In contrast, if the interaction were in fast exchange we would see a
single peak at the average position of free and bound. When KANK1 is then added to talin at a
ratio of 1:1 (pink) the entire population of talin in the sample is now bound to KANK1 and so the
Asp1362 signal appears as a single peak again but in a different position to when not bound to

KANK1.

A region of the R7 spectrum is shown in FIGURE 4.11C and D. FIGURE 4.11C shows talin1 R7 (black)
with KANK1 30-60C added at a ratio 1:0.5 (green) and FIGURE 4.11D KANK1 30-68C added at a ratio
1:1 (purple). FIGURE 4.11C has more peaks than FIGURE 4.11D as it is showing both the bound
and non-bound forms of talin. Mapping which peaks shift upon addition of KANK allows us to
understand which talin residues are involved in the interaction and define the interacting surface

on talin.

In order to determine which peaks have shifted, amide chemical shift assighments from the
Biological Magnetic Resonance Bank (BMRB) of talinl R7 were downloaded (BMRB: 19139). The
assignments were used to assign the corresponding residue number to each peak in the talinl R7
HSQC spectrum. For each peak the chemical shift changes on addition of KANK1 were measured
between talinl R7 on its own and talinl R7:KANK1 (at a ratio 1:2). This however was harder than
anticipated, as it was not clear for every talin peak where it had shifted upon the addition of KANK1

and a confident prediction could not be made.
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FIGURE 4.11: >N HSQC NMR TITRATION TALIN1 R7 AND KANK1 30-68C PEPTIDE

(A,C,D) H,">N HSQC spectra of 150 uM *N-labelled talinl R7 (residues 1357-1653 A1454-1586) in the
absence (black) or presence of KANK1(30-68)C peptide (blue/green/purple). Blue peaks shows a 1:2 ratio of
talin:KANK1, green peaks 1:0.5ratio and purple peaks 1:1 ratio. Black box highlights residue Asp1362. (B)
Shows the peak corresponding to Asp1362: black peak is on its own, green is with KANK1 30-68C peptide
added at a ratio of 1:0.5 and pink is KANK1 peptide added at a ratio of 1:1. The peak splitting is evidence
that the interaction is happening in slow exchange.
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To solve this problem, we needed to find a way to put the talin:KANK interaction into fast exchange
on the NMR timescale. Fast exchange binding has a distinct peak tracking pattern; peaks shift in a
line upon addition of binding ligand. This is because the ligand is binding on and off the protein
quickly resulting in an average position being taken, so as more ligand is added the average peak
position will be closer to fully bound resulting in a linear line of peaks. This line of peak shifts allows

for more confident tracking and recognition of where each peak has shifted.

In preliminary characterization of the talin:KANK interaction a KANK1 peptide- KANK1 42-68 was
designed. The KANK1 42-68 peptide did not encompass any residues before the LD-motif unlike
the longer KANK1 30-68C peptide. Instead, the first residue was Leu48, which was likely to have

reduced helical propensity of the region reducing its ability to bind to talin R7.

The FP assay showed this peptide had a much weaker binding Kp (data not shown) to talin R7R8
then the 30-68C peptide. The reduced affinity to talin worked to our advantage, as it changed the

talin:KANK interaction to a fast exchange regime on the NMR timescale.

A point in the >N HSQC titration with talin1 R7 (black) is shown in FIGURE 4.12A. KANK1 42-68
peptide was added to talinl R7 at a ratio of 6:1 (blue). The addition of KANK peptide caused the
talin peaks to shift. Talinl R7 amide chemical assignments (BMRB: 19139) were used to determine

which peaks in the HSQC had shifted and peak distances were measured using EQUATION 2:.

A(H,N) = JAng + Ay W

EQUATION 2: WEIGHTED COMBINATION OF AMIDE SECONDARY SHIFTS

Chemical shift changes are determined using the weighted combination of 'H and >N amide secondary shifts
(A(H,N)). A(H,N). Secondary shifts are determined whereby, Wxand W are weighting factors for the *H and
15N amide shifts (Wx=0.15 and Wn= 1) (Ayed et al., 2001).

The shift differences for each peak in talinl R7 are shown in FIGURE 4.12B; residues where the
peak shifted over 0.005 ppm are highlighted in red on the graph and also on the talinl R7R8
structure (PDB ID: 5FZT) shown in FIGURE 4.12D. Shifts over 0.005 ppm were chosen to be mapped
because it represented a significant peak shift when KANK1 was added which likely correlates to
the peak being involved in binding or can also be due to induced conformational change upon
binding. Shifts below this range were not deemed significant in the talin:KANK interaction. The
shift changes mapped to the surface of talin R7 between helices 2 and 5 of the R7 5 helix bundle
(talin rod helices 29 and 36)(FIGURE 4.12C). Confirming that talin R7 is a new LD binding domain.
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FIGURE 4.12: CHEMICAL SHIFT MAPPING OF TALIN1 R7R8 AND KANK1 42-68C

(A) KANK1 30-68C and KANK1 42-68C peptides aligned. (B) H,*>N HSQC spectra of 150 uM *N-labelled talin1
R7 (residues 1357-1659 A1454-1586) in the absence (black) or presence of KANK1(42-68)C peptide (blue)

at a ratio of 1:6.

(C) Mapping the chemical shift distances of the KANK142-68 peptide with talinl R7 as

detected by NMR peaks that shifted more than 0.005 are highlighted in red.
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FIGURE 4.13: CHEMICAL SHIFT MAPPING OF THE KANK1 BINDING SURFACE ON TALIN1 R7

Mapping of the KANK1 binding site on R7 as detected by NMR using weighted chemical shift distances,
residues that shifted > 0.005 are mapped onto the talinl R7R8 structure (highlighted in red).
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4.2.5 Structural characterisation of the talin:KANK complex

We wanted to gain an atomic structure of the talin:KANK1 interaction in order to determine which
KANK1 residues were interacting with talin R7. Through doing so we hoped to design both a KANK

mutant to disrupt talin binding and a talin mutant to disrupt KANK binding.
4.2.5.1 Crystal trials of talin1R7R8:KANK1 structure

To get an atomic structure of talin1:KANK1 crystallography trials were set up with talinl R7R8
(residues 1357-1659) and the KANK1 30-60C peptide. Talin1R7R8 and KANK1 were incubated
together at varying ratios (1:1,1:2,1:4) and then plated onto a number of different crystallography
screens including: Hampton crystal screen 2 (Hampton), JCSG (Molecular Dimensions), Wizard
(Molecular Dimensions) and Pact (Molecular Dimensions). All screens were plated at a 1:1 ratio of
protein: well solution and left at both 4 °C and 20 °C. No crystals were found in any condition at

either temperature.
4.2.5.2 Predicted talin:KANK1 structure

To design KANK and talin mutations in the absence of an atomic structure of talin:KANK1, a
structural model was generated by docking the talin1 R7R8 and the KANK1 30-68C peptide
together. This was achieved using the known talinl R7R8:DLC1 structure (PDB ID:5FTZ), where the
DLC1 forms a short alpha helix when bound to talin. The DLC1 helix was used as a base and the
KANK1 peptide 30-68C was threaded onto the DLC1 helix using PyMOL to create a helical KN
domain structural coordinates. The DLC1 helix was docked onto the R7 helices 29 and 36 based on
the NMR chemical shift mapping data. Multiple binding models were initially created; switching
which end of the talin bundle the KANK LD-motif docked, i.e. with the KN domain flipped 180° along
the domain axis. After structural analysis of the residues involved it was decided that the most
plausible model had the KANK Asp42 and Asp44 forming salt bridges with talin Arg1652 and
Lys1401 (respectively). We know from previous studies in the lab that the formation of a salt bridge
with the Asp residue in an LD protein is essential for talin binding (Zacharchenko et al., 2016). The

final docking model is shown in FIGURE 4.14.
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FIGURE 4.14: STRUCTURAL MODEL OF THE TALIN1 R7R8: KANK1 INTERACTION

(A) Talin1 R7R8 structure showing the predicted binding site of KANK 30-60 (green) on the talinl R7 surface.
(B) Highlights talinl R7 residues Trp1630 and Tyr1389 that act as molecular rulers separating helices 29 and
36.

4.2.6 Designing KANK mutations to perturb talin:KANK1 interaction

The talin binding site (TBS) on KANK1 is unusual, it contains an LDLD motif, which has not been
seen before in an LD-motif. In order to further investigate and confirm that the LDLD residues were
integral for talin binding, we designed a KANK1 mutant that removed the LDLD residues and

mutated them to alanine’s (KANK_4A mutant).
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We anticipated that the substitution to alanine residues would perturb KANK binding to talin. The
talin:KANK model shows KANK residues Asp42 and Asp44 form salt bridges with talin Arg1652 and
Lys1401 (respectively). FIGURE 4.15 shows how aspartate interactions position the KANK peptide
in relation to talin and allow the KANK1 hydrophobic residues to be directed between the talin
helices to form hydrophobic interactions. Mutating Asp42 and Asp44 to a non-charged residue

such as alanine would prevent the ability of KANK to form salt bridges with talin.

KANK 4A mutant

FIGURE 4.15: STRUCTURAL REVIEW KANK_4A MUTANT

(A) Talin1 R7 structure with predicted KANK1 30-60 (green) bound; KANK1 Asp42 and Asp44 residues are
highlighted and the talin residues predicted to form salt bridges which are integral for KANK binding. (B)
Talinl R7 with KANK1_4A peptide, KANK LDLD residues mutated in PyMOL which demonstrates how Ala
mutations prevent the formation of salt bridges with talin1 R7 and thus would prevent talin:KANK binding.
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4.2.7 Biochemically characterisation of the KANK1_4A mutant

To determine if KANK_4A mutation would prevent binding to talin a KANK1_4A 30-68C peptide
was designed FIGURE 4.16A, the peptide was designed to be the same length as the KANK1 30-68C
peptide and contain a C-terminal cysteine residue that would allow it to be coupled to a fluorescent

label.

Using the FP assay, both KANK1 30-68C and KANK1 4A 30-68C peptides were titrated against
increasing concentrations of talin1 R7R8 (residues: 1357-1653) and talin2 R7R8 (residues: 1360-
1656) the relative binding affinities measured are shown in FIGURE 4.16B. The binding between
talin and KANK1 was completely abolished in both talin isoforms when the KANK_4A peptide was
used, highlighting that the KANK LDLD residues are required for binding to talin.

A KANK1 30-68C: PYFVETPYGFQ FVKYVDDIQKGNTIKKLNIQKRRKC
KANK1_4A_30-68C: PYEFVETPYGFQAAAAFVKYVDDIQKGNTIKKLNIQKRRKC

-~ Talin1 and KANK1 30-68C (Kd 0.75 +/- 0.16)

8 - Taln2 and KANK1 30-68C (Kd 1 1 +/-0.16)

-~ Talin1 + KANK14A mutant (Kd Nd)
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FIGURE 4.16: KANK_4A MUTANT PERTURBS BINDING TO TALIN

(A) Alignment of KANK1 peptides used in FP assays green highlights LD-motif and red highlights mutation
added to sequence. (B) Binding of BODIPY-TMR labelled KANK1 (30-68)C and KANK1_4A (30-68)C peptides
to talinl R7R8 (1357-1653) and talin2 R7R8 (1360-1656). Dissociation constants + SE (uM) for the
interactions are indicated in the legend. All measurements were performed in triplicate. ND, not determined.
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4.2.7.1 NMR analysis of the KANK1_4A mutant

NMR was used to further investigate the effect of the KANK1_4A mutation on talin:KANK binding
and to look for the presence of weaker binding events that may not be detectable by FP. A °N
TROSY titration of N labelled talin1 R7R8 (residues 1357-1653) (black) shown in FIGURE 4.17 with
addition of KANK1_4A 30-68C peptide (orange) and addition of KANK1 30-68C (blue). No shifts
were observed with the addition of KANK1_4A peptide confirming the absence of binding events.
Interestingly, there was also no peak movement on the talin R8 residues when the KANK_4A
mutant was added unlike with the KANK 30-68C peptide, supporting the idea that the weak KANK1

binding to talin R8 is via its LD domain.

To further confirm the KANK_4A mutant was effective, a >N HSQC was carried out with the single
R7 talin domain. FIGURE 4.17 shows talinl R7 (black) with KANK1 30-68 (blue) and KANK1_4A 30-
68 (orange) added. No shifts were observed when the KANK1_4A mutant was added confirming
that the KANK_4A is an effective mutant to disrupt talin:KANK1 binding.
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FIGURE 4.17: KANK_4A MUTANT PERTURBS BINDING TO TALIN1 R7R8

(A) *H,>N TROSY spectra of 80 uM *°N-labelled talin1 R7R8 (residues 1357-1653) in the absence (black) or
presence of KANK1(30-68)C peptide (blue) at a ratio of 1:3. (B) Shows *H,*>N TROSY spectra of 80 uM *°N-
labelled talin1 R7R8 (residues 1357-1653) in the absence (black) or presence of KANK1_4A mutant peptide
(orange) at a ratio of 1:4.
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FIGURE 4.18: KANK_4A MUTANT PERTURBS BINDING TO TALIN1 R7

(A) *H,5N HSQC spectra of 150 uM 15N-labelled talin1 R7 (residues 1357—1659 A1454-1586) in the absence
(black) or presence of KANK1(30-68)C peptide (blue) at a ratio of 1:2. (B) *H,>N HSQC spectra of 150 uM
5N-labelled talinl R7 (residues 1357-1659 A1454-1586) in the absence (black) or presence of KANK_4A
mutant (orange) at a ratio of 1:2.
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4.2.8 Designing talinl R7 mutants to perturb the talin: KANK1 interaction

A major aim of the biochemical characterisation of the talin:KANK interaction was to design and
validate mutations that perturb the interaction, so to be able introduce them into cells and
ultimately animals, to explore the physiological role of the interaction. Having already designed a
successful KANK_4A mutant we wanted to design a point mutation on talin R7. The mutation
needed to perturb the interaction between talin and KANK, but also maintain talins structural

integrity so as not to perturb its mechanical properties or other interactions with adhesion proteins.

The distance between the talin R7 helices 29 and 36 (FIGURE 4.19) is larger than between other
adjacent helices, both within R7 but also in other talin bundles. Helices 29 and 36 are separated
by a distance of 8-10A, compared to the other helices in R7 that are only 5-6A apart. Analysis of
the structure revealed that two residues, Trp1630 on helix 36 and Tyr1389 on helix 29, are the
reason for this helix separation. These residues act as “molecular rulers” and fix the distance
between the two talin helices. This is due to the large size of Trp and Tyr side chains forcing the

talin helices apart.

The space between the two helices is enhanced further due to smaller residues Ser1400, Gly1404
and Ser1411 on helix 29 and Ser1637 and Ser1641 on helix 36 (FIGURE 4.19). These residues are
located on the inner helical surfaces and their small side chains create two conserved pockets
midway along the KANK1 binding site. We predict that these pockets create space for the KANK1

peptide to fit and allow KANK1 bulky hydrophobic residues to point in between the talin helices.

A key KANK1 residue that looks to be burying in between the talin helices is Tyr48. Our structural
talin:KANK1 model shows the Tyr48 residue binding in the talin binding pocket described above. It
looks as though when bound, the KANK1 Tyr48 residue is in close proximity to talin Gly1404. We
therefore rationalized that if Tyr48 could be prevented from engaging R7 it might disrupt the
talin:KANK1 interaction. To achieve this the talin Gly1404 residue was mutated to a leucine residue.
Leucine residues have big side chains, we predicted that it would fill the gap between the two-talin

helices and prevent Try48 from slotting into the helical groove FIGURE 4.20.
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S1637 S1641 Talinl R7

Talin1 R7

FIGURE 4.19: STRUCTURAL ANALYSIS OF TALIN1 R7 TO DESIGN TALIN MUTANTS TO PERTURB KANK
INTERACTION

(A) KANK 30-60 peptide (green) binding to talin R7 highlighting the Tyr and Trp residues acting as molecular
rulers and keeping helices 29 and 36 at a fixed distance apart. (B) Talin R7 helices 29 and 36 surface showing
acidic residues (red) and basic residues (blue); black dotted box indicates the conserved pockets on the talin
surface important for KANK binding. (C) Talin1 R7 surface with KANK 30-60 (green) peptide docked onto the
side.
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Additionally, on the opposite helix to Gly1404 (helix 36) is the residue Ser1641 (helix 29). Ser1641
was of particular interest as it was identified in the 2005 paper by Ratnikov et al. as a
phosphorylation site on the talin R7 domain; this residue was predicted to be phosphorylated by
CKII (casein kinase 2), PKC (protein Kinase C) and RSK (ribosomal S6 Kinase)(Ratnikov et al., 2005).
With the location of this phosphorylation site being close to the KANK binding site we hypothesized
that phosphorylation of Ser1641 may serve as a kinase dependent regulation of talin:KANK binding.

To further investigate this, a phosphomimetic mutant, S1641E was designed.

Lastly, a triple talin mutation was designed; Lys1401Glu, Lys1645Glu and Argl1652Glu (KKR). The
KKR mutant replaced three positively charged residues is shown in FIGURE 4.20, the talin Lys1401
and Argl652 residues are predicted to form salt bridges with KANK Asp42 and Asp44. Through
mutating the positively charged talin residues to negatively charged Glutamates it was predicted

to repel the KANK Asp and prevent the talin:KANK interaction.
These observations lead us to designing a series of talinl R7 mutants:

i G1404L - Filling the gaps between helices 29 and 36 preventing KANK Tyr48 from binding
into talin groove.
ii.  W1630A - Removing the ‘molecular ruler’ that is holding the two talin helices 29 and 36
apart.
iii.  S1640E - A phosphomimetic of the phosphorylation site.
iv. KKR (K1401E, K1645E and R1652E) - Trying to disrupt electrostatic interactions between
the KANK LD Asp42 and Asp44 residues binding to talin.

The mutants were introduced into talin1 R7R8 (residues 1357-1653) for protein solubility purposes
as creating them in the R7 domain alone might be disruptive to the helical bundle and prevent
appropriate folding of the protein. The constructs were cloned into apET-151 expression vector

with a TEV cleavage site, to allow for removal of the HIS¢-tag.
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FIGURE 4.20: STRUCTURAL ANALYSIS OF DESIGNED TALIN MUTANTS TO PERTURB KANK INTERACTION

(A) Talinl R7 bound to KANK1 indicating the talin residues selected for mutation to perturb the talin:KANK
interaction. The slat bridges between Asp residues on KANK and talin Lys1401 and Arg1652 are indicated on
the structure. (B) Talinl R7 indicating the mutated talin residues for mutants; G1404L, S1641E,W1630A and
KKR. (C) Talin1 R7 bund to KANK1 highlighting how talin mutants will affect talin:KANK interactions.
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4.2.9 Validating the structural integrity of the talinl R7R8 mutants

The validation and analysis of the talin mutants is essential in ensuring that the domain integrity is
not compromised by the modification, and a combination of techniques was used, including: NMR,

CD and Nanoscale Differential Scanning Fluorimetry to assess this.

To determine the structural stability of the talinl R7R8 mutants: G1404L, W1630A, S1640E and
KKR, the proteins were recombinantly expressed and purified (gel shown in FIGURE 4.21). Thermal
stability was measured using Nanoscale Differential Scanning Fluorimetry (Nano Temper

Technologies GmbH) see materials and methods Chapter 3.

Thermal unfolding of R7R8 mutants was followed through changes in intrinsic fluorescence (ratio
at 350/330 nm) as a function of temperature (temperature gradient from 20 to 90 °C) and plotted
as shown in FIGURE 4.21. The maxima and minima of the first derivatives these curves were used
as the midpoints (Tm) of the thermal unfolding and the values are summarized in the table in
FIGURE 4.21. Whilst WT talinl R7R8 has a T, of 47.6 °C, the thermal stability of the different
mutants were mixed. W1630A had a similar unfolding temperature to the WT, indicating that this
particular mutation had no major effect on the overall stability of the helical bundle. The G1404L

mutation also had negligible effect on the stability of R7R8.

Intriguingly, the S1641E mutant appeared to stabilize the R7R8 domain, increasing the Tr, to 50.3 °C.
The KKR mutant, however, was surprisingly unstable in solution and appeared to undergo two
unfolding events, the first being at 36.5 °C; this suggests that the KKR mutation may have disrupted
the integrity of the domains and the separate unfolding events could represent the different talin
domains unfolding: R7, where the mutation lies, could unfold at the lower temperature before the

final unfolding of the R8 domain.

Protein aggregation midpoints were also calculated for all versions of the R7R8 domains, by
measuring light scattering as a function of temperature — the values used represent the maxima or
minima of the first derivatives of the scattering curves. Whilst most mutants had aggregation
temperatures close to the WT R7R8 domain, the aggregation temperature for KKR mutant was
much lower, confirming its instability and indicating that this would not be a useable mutant for
either biochemical analysis or for cell work, as it wouldn’t be stable and could affect more than the

talin:KANK1 binding site.
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FIGURE 4.21: THERMAL STABILITY OF TALIN R7R8 MUTANTS

(A-B) Thermal stability of a series of talin R7R8 (1357-1653) constructs (Talin1, Talin2, S1641E, G1404L,
W1630A and KKR) was determined. The unfolding temperature was calculated using the first derivative of
thermal unfolding curves obtained using Prometheus NT.plex instrument (NanoTemper Technologies GmbH).
(C) A table of all unfolding temperatures and aggregation temperatures, aggregation temperatures
calculated from first derivative of scattering data. (D) SDS-page gel of all talin R7R8 constructs used in the
thermal stability measurements.

4.2.10 Measuring the binding affinity of KANK1 to the talin mutants

To determine if the talin mutants were effective in disrupting the talin:KANK interaction, the
relative binding affinities of the talin mutants and the KANK1 30-68C peptide were measured using
in vitro FP assays (FIGURE 4.22). The KANK1 30-68C peptide was coupled to the fluorescent label

BODIPY-TMR and titrated with an increasing concentration of the talinl R7R8 mutants.

The relative binding constant showed that the S1641E mutation had a small effect on the binding
of KANK1 to talin with a measured Kp of 2.1 uM compared to the talinl R7R8 WT Kp 0.5 uM,

suggesting that the proposed phosphorylation of the Ser1641 residue may be playing only a minor
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role in regulating the binding of KANK1 to talin. However, this still represents a four-fold change
in affinity, which may be of importance and it is also possible that the Glu1641 was not a sufficient
phosphomimetic. Inthe cell, phosphorylation may have a larger effect on the R7 surface properties

an effect that is not being mimicked completely by a single Glu substitution.

-o- Talin1 R7-R8 (Kd 0.5 +/-0.1)
- S1641E (Kd 2.1 +/-0.4)
- (G1404L (Kd ND)
—— WI1630A (Kd ND)

1504

100

Fluorescence Polarisation

10 20 30 40
Talin 1 R7-R8 Domain [1M]

O

FIGURE 4.22: TALIN R7R8 MUTANTS BINDING TO TALIN

Binding of BODIPY-TMR labelled KANK1(30-68)C peptide to talinl R7R8 (residues 1357-1653), talinl R7R8
G1404L(residues 1357-1653), talinl R7R8 S1641E (residues 1357—-1653), and talin1 R7R8 W1630A (residues
1357-1653). Relative binding affinities were measured using fluorescence polarization and dissociation
constants = SE (uM) for the interactions are indicated in the legend. All measurements were performed in
triplicate. ND, not determined.

The W1630A and G1404L mutations both had striking effects on the talin:KANK interaction,
abolishing any binding and therefore a Kp could not be determined. This gives further confidence
in the talin:KANK structural model we predicted, as it confirms the importance of the Gly1404 for
the KANK1 Tyr48 to dock. G1404L and W1630A were taken forward for further biochemical

analysis.

NMR was used to further validate the G1404L and W1630A mutants. Initially a >N TROSY spectrum
of talinl R7R8 WT, G1404L and W1630A mutants were run and are shown in FIGURE 4.23. Each of
the mutant spectra look well dispersed and similar to the R7R8 WT, indicating the R7 helical bundle

has folded and is stable, supporting the thermal stability data.
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FIGURE 4.23: >N TROSY SPECTRA OF THE R7R8 TALIN MUTANTS

(A) *H,>N TROSY spectra of 80 uM °N-labelled talin1R7R8 (residues 1357-1653)(black). H,’>N TROSY
spectra of 80 uM N-labelled talin1R7R8 G1404L (red) (residues 1357-1653). H,>N TROSY spectra of 80
uM °N-labelled talin1R7R8 W1630A (green) (residues 1357—1653)(black).
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To look at the binding of KANK1 30-68C with talin1 R7R8 G1404L mutant a >N TROSY NMR titration
(shown in FIGURE 4.24) of talin1 R7R8 (residues 1357-1653) (black) and talinl R7R8 G1404L (black)
were titrated against increasing concentrations of the KANK1 30-68C peptide (WT blue, G1404L
red). The addition of the KANK1 30-68C peptide caused shifts in the WT R7R8 spectra consistent
with binding occurring, however, there were also some small shifts in the G1404L mutant spectra.
Further analysis showed these shifts could be mapped to the talin R8 domain, showing that the

KANK1 peptide could still bind weakly to the talinl R8 domain.

To further characterize the effects of the point mutations on R7 binding to KANK, the G1404L and
W1630A mutations were introduced into the single talinl domain R7 (1359-1653 A1454-1586),
recombinantly expressed and purified. >N HSQC of talin1 WT R7, G1404L and W1630A were run
to determine if the mutants affected the overall structure of the talinl R7 domain. The spectra
(G1404L red, W1630A green) shown in FIGURE 4.25 confirm the mutations did not affect the
folding of the five-helix bundle; the peaks were well dispersed and looked similar to the WT spectra
(shown in black), although a number of residues shifted in the mutants in comparison to the WT,
presumably close to the mutation site. The 2D NMR spectra nicely highlights the tryptophan
mutation in W1630A - talinl R7 only has one tryptophan residue and the indole peak from the

tryptophan is not present in the W1630A spectra, as highlighted by a red circle in FIGURE 4.25.
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FIGURE 4.24: TALIN G1404L MUTANT PERTURBS BINDING TO TALIN R7

(A) *H,>N TROSY spectra on the left 80 pM °N-labelled talin1 R7R8 (residues 1357-1653) in the absence
(black) or presence of KANK1(30-68)C peptide (blue) at a ratio of 1:3. Right spectra shows 'H,">N TROSY
spectra of 80 uM °N-labelled talin1 R7R8 G1404L mutant (residues 1357-1659) in the absence (black) or

presence of KANK1(30-68)C peptide (red) at a ratio of 1:3.
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FIGURE 4.25: >N HSQC SPECTRA OF THE TALIN R7 MUTANTS

(A) *™H,>N HSQC spectra 80 uM °N-labelled talinl R7 (residues 1357-1653 A1454-1586. (B) *H,>N HSQC
spectra 80 pM °N-labelled talinl R7 G1404L (red) (residues 1357-1653 A1454-1586). (C) 'H,**N HSQC
spectra 80 pM °>N-labelled talin1 R7 W1630A (green) (residues 1357-1653 A1454-1586). Red circle indicates
Trp1630 residue indol peak.
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Having determined that the mutations do not affect the talin R7 structurally °N titrations with
talinl R7 WT, G1404L and W1630A mutants and increasing amounts of KANK1 30-68C peptide
were carried out and shown in FIGURE 4.26. The talinl R7 WT peaks shifted when the KANK1
peptide was added, as previously shown, demonstrating the tight interaction between KANK1 and
talinl R7 WT. In contrast, the two talin mutants showed only very slight changes in their spectra
when the KANK1 peptide was added (G1404L green, W1630A red), indicating lack of interaction.
The presence of slight changes in the spectra for the R7 mutants with KANK1 are likely to represent

weak residual interactions as NMR can detect very weak interactions down to the mM Kp range.

The NMR titrations do confirm that the talin G1404L and W1630A mutants successfully perturb the
binding of KANK1 30-68C to the talin R7 domain.
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FIGURE 4.26: TALIN R7 MUTANTS PERTURB BINDING TO KANK1

(A)*H,*>N HSQC spectra: 150 pM N-labelled talinl R7 (residues 1357—-1653 A1454-1586) in the absence
(black) or presence of KANK1(30-68)C peptide (blue) at a ratio of 1:2. (B) *H,>N HSQC spectra: 150 M 15N-
labelled talinl R7 G1404L mutant (residues 1357-1653 A1454-1586) in the absence (black) or presence of
KANK1(30-68)C peptide (red) at a ratio of 1:2. (C) H,’>N HSQC spectra: 180 pM **N-labelled talin1 R7
W1630A mutant (residues 1357-1653 A1454-1586) in the absence (black) or presence of KANK1(30-68)C
peptide (Green) at a ratio of 1:2.
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4.2.11 Investigating talin binding to different KANK isoforms

All our initial experiments aimed to characterise the interaction between talin and KANK1.
However, the proteomics data set (from fibroblast cells) for talinl, suggested that talin could also
bind to KANK2. Therefore, we sought to test whether the other KANK isoforms were also capable
of binding to talin. As described earlier FIGURE 4.3, all four isoforms of KANK have a KN domain.
To predict whether they could bind to talin, human KANK isoforms were aligned to determine if
the LD region was conserved; this is shown in FIGURE 4.27. When all four human isoforms were
aligned, not all of the 30-68 residues that make up the KN domain were fully conserved. Only
residues 30-60 were conserved across all four isoforms, shown in red on FIGURE 4.27, with KANK3
being the most divergent. KANK3 had 58% sequence homology to the KANK1 KN domain whereas
KANK2 and KANK4 had 73% and 77% sequence homology (BLAST results), respectively, raising the

question of whether KANK3 will bind more weakly than the other isoforms to talin.

Due to low conservation of residues 60-68 across all KANK isoforms | wanted to determine if
residues 60-68 (shown in blue on FIGURE 4.27) were important for talin binding. To achieve this a
shorter KANK1 KN peptide, with only residues 30-60, was designed shown in FIGURE 4.28. The
relative binding affinities of KANK1 30-60c and KANK1 30-68C to talin R7R8 were measured, using
the in vitro FP assay. The KANK1 30-60C peptide coupled to the fluorescent label BODIPY-TMR,
was titrated with an increasing concentration of the talinl R7R8. The results are shown in FIGURE
4.28; there was not a noticeable difference in relative affinities between KANK1 30-60 and KANK1

30-68C, revealing that the 60-68 residues do not play a major role in the talin interaction.

FIGURE 4.27: KANK KN DOMAIN ALIGNMENT

Alignment of Human KANK proteins (KANK1 Q14678, KANK2 Q63ZY3, KANK3 Q6NY19, KANK4 Q5T7N3) LD
residues highlighted in green. Conserved residues are highlighted by a *, similar property amino acids are
shown by a :. Red box indicates the region highly conserved 30-60 residues across all four KANK isoforms and
the blue box indicates region the 60-68 residues not well conserved across the four isoforms.
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FIGURE 4.28: CHARACTERISING THE KANK1 KN DOMAIN BOUNDARY

Binding of BODIPY-TMR labelled KANK1(30-68)C and KANK1 (30-60)C peptides to talin2 R7R8 (1360-1656).
Dissociation constants + SE (uM) for the interactions are indicated in the legend. All measurements were
performed in triplicate. ND, not determined.

As residues 30-60 are highly conserved across the isoforms of KANK, narrowing down the TBS on
KANK1 to residues 30-60 strongly suggested that the other isoforms of KANK may also bind talin.
To determine if the other KANK isoforms could bind to talin R7R8 via the KN domain, synthetic
peptides of the other KANK isoform KN domains were designed, encompassing the "30-60’ residues

of KANK1 as shown in FIGURE 4.29.

Relative binding affinities of the different KANK isoforms (KANK1 30-60, KANK2 31-62, KANK3 32-
62 and KANK4 24-54) and talinl and 2 R7R8 were determined using FP assays, and the results are
shown in FIGURE 4.29. |t is apparent that all the four KANK KN domains can bind to talinl. KANK1
and KANK2 have similar binding affinities to both talin isoforms, whereas KANK4 shows a stronger
affinity to talin2 than talinl. KANK4 24-54 bound to talinl with a Kp 2.55 um and talin2 with a Kp
of 0.6 uM. The measured Kp of KANK3 and talinl R7R8 was 1 uM the same affinity as KANK1 and
talinl. It was unexpected that the KANK3 binding affinity was same as KANK1 due to the biggest
sequential difference was between KANK1 and KANK3. The similarity in binding highlights the

importance of the LD-motif in the talin:KANK interaction.
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FIGURE 4.29: CHARACTERISING KANK ISOFORMS 1-4 BINDING TO TALIN1 R7R8 AND TALIN2 R7R8

(A-D) Binding of BODIPY-TMR labelled KANK1(30—60)C, KANK2(1-61)C, KANK(32-62)C and KANK4(24-54)C
peptides to talinl R7R8 (1357-1653) and talin2 (1360-1656) measured using fluorescence polarisation.
Dissociation constants + SE (uM) for the interactions are indicated in the legend. All measurements were
performed in triplicate. ND, not determined. (E) Alignment of KANK1-4 peptides used in assay.
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4.2.12 Does the binding of KANK to talin R7 increase thermal stability?

Our structural model of talin:KANK shows KANK1 binding to the talin R7 domain through a helix-
addition interaction, where the KN domain peptide packs on the side of R7 between helices 29 and
36. This would imply that, when KANK1 is bound to R7 (a five-helix bundle) it would become like a
six-helix bundle. In literature there is little evidence of six-helix bundles in nature other than those

found in virus proteins such as HIV (Hu et al., 2012).

We know that talin is a mechanosensitive protein and if enough force is applied then the talin R7R8
domain can be unfolded and the helical bundle formation is lost (Yan et al., 2015; Yao et al., 2016).
If the talin R7 bundle is unfolded by force, then the KANK1 binding site would be lost and KANK1
would no longer be able to bind to talin. Does KANK1 binding to talin increase the stability of

bundles and prevent their unravelling, by reducing susceptibility to force?

To begin to address this question we initially looked at the thermal stability of talin R7R8 domain
with both KANK1 and KANK2 30-60C peptides. Although thermal stability does not directly link to
mechanostability it would give an indication of whether KANK binding was altering the talin R7R8
domains. Thermal unfolding was measured using the Prometheus software and the results are
shown in FIGURE 4.30. For both KANK1 and KANK2 peptides, binding to talin increases the thermal
stability of talinl and talin2 R7R8 domains; Tr, values in talinl and KANK2 were increased by 10 °C,

compared to talinl R7R8 on its own.
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FIGURE 4.30: KANK EFFECTS STABILITY OF TALIN HELIX

(A-B) 141 uM Talin1 R7R8 and Talin2 R7R8 thermal stability measured in the presence and absence of KANK1
and KANK2 (150 uM) peptides. (C-D) The unfolding temperature was calculated using the first derivative of
thermal unfolding curves obtained using Prometheus NT.plex instrument (NanoTemper Technologies GmbH).
(E) A table of all unfolding temperatures and aggregation temperatures. Aggregation temperatures
calculated from first derivative of scattering data.
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4.2.13 Can KANK influence the interaction between talin and actin?

As mentioned in the introduction (Chapter 2) talin has three actin binding sites; ABS1, ABS2 and
ABS3, which all play different roles in adhesions(Atherton et al., 2015). ABS2 is positioned across
talin domains R4 and R8 (shown FIGURE 4.31C) at the centre of the talin rod and provides the
tension-bearing actin connection which has been found to be crucial for focal adhesion maturation

and generating maximum traction force (Atherton et al., 2015; Kumar et al., 2016).

Talin ABS2 is present in both talin isoforms and the main binding surfaces for actin have been
narrowed down in previous actin pull-down experiments, showing R4 and R8 domains to be the
key helical bundles involved in the interaction (Atherton et al., 2015). Both R4 and R8 domains
have atypically high isoelectric point (pl) values, compared with the other talin rod domains,
causing the surface of these domains to be positively charged at physiological pH. A positive
binding surface enables the domains to form an interaction with the negatively charged actin;
these high pl values are also shown on the actin binding helices in ABS1 and ABS3 (Atherton et al.,
2015).

The R7 domain is only weakly involved in actin binding but is crucial in correctly positioning the R8
domain in the ABS2 site. Since we show that KANK binds weakly to the R8 helical bundle, we
guestioned whether KANK binding to talin R7R8 could have an overall effect on the affinity of actin

to talin ABS2.

To observe the effects that KANK had on the interaction between actin and talinl ABS2, a series of
actin pull-down experiments were carried out using talinl R4R8 (residues 913-1580), filamentous
actin and KANK1 30-68C peptide. Initially the percentage of actin pulled down with talin1 ABS2
was measured (see materials and methods Chapter 3) and visualised using SDS PAGE. Image J was
used to measure grey-scale value of the talin bands in the pellet and supernatant (Rueden et al.,
2017). The intensities were converted into a percentage of overall talin in the supernantent and

pellet and are shown above the band on the gel in FIGURE 4.31.

The difference in talin R4R8 co-sedimentation with actin, compared to KANK:talin R4R8 co-
sedimentation with actin was measured and is shown in FIGURE 4.31. The KANK1 30-68C peptide
is 3 KDa in molecular weight so could not be visualized on an SDS-PAGE gel. The experiment was
carried out in triplicates and a re-producible difference in the amount of talin in the actin pellet
when KANK1 was present compared to when it was absent is noticeable. More talin was pulled-

down when KANK1 was present 41% compared to 29%.
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The increased amount of talin in the pellet, when KANK1 is present, could be due to KANK1 binding
the talinl R7 domain and opening up the R7R8 structure allowing the R8 domain to be in a more
open confirmation to bind actin. The negative effect on talin:actin binding predicted if KANK bound
to talin R8 was not seen, this could be due to not enough KANK1 being added, saturation of the R7

domain had not been reached meaning that there was no KANK1 bound to talinl R8.
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FIGURE 4.31: TALIN1:KANK1 INTERACTION INCREASES ACTINS AFFINITY TO TALIN ACTIN BINDING SITE 2

(A) Recombinant talin domain ABS2 (residues 913-1580) was incubated with F-actin and KANK1 peptide,
actin was then pelleted and the supernatant (S) and pellet (P) were analysed via SDS-PAGE, the percentage
of talin found in either the S or P is shown above the band. Actin co-sedimentation assay shows that actin
binding to ABS2 is increased when KANK 30-68C peptide is present. (B) A schematic of talin actin binding
site 2, blue highlights bundles involved in the interaction and yellow shows neighbouring domains. (C) A full
length talin schematic highlighting the three talin actin binding sites ABS1-ABS3 across the protein, green
helices represent vinculin binding sites.
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4.3 Testing the physiological role of KANK mutants in a cellular

context

Having designed and biochemically characterised both a successful KANK mutant (KANK_4A) and
a talin mutant (G1404| and W1630A) to perturb the talin:KANK interaction it was paramount to
next understand the significance the talin:KANK interaction in conjunction with the rest of the cell.
In order to achieve this our collaborator Anna Akhmanova from the University of the Utrecht
carried out cellular experiments using our designed talin and KANK1 mutants. The following

sections describe the cell biology results generated with the reagents generated in this chapter.
4.3.1 Characterisation of KANK1_4A mutant in mammalian cells

In collaboration with Anna Akhamanovas’ group, the KANK 4A mutant was transfected into
mammalian HEK293T cells to explore the importance of the talin:KANK interaction within the cell .
The Utrecht group also generated: a full-length KANK1 Acoiled-coil (ACC), a Acoiled-coil_4A
(ACC_4A) and a KN domain 4A (KN_4A). The ACC mutant corresponds to the coiled-coil region of
KANK1, designed to test if KANK1 requires binding to liprin B1 in order for the KN domain to bind
to talin. The hybrid mutant ACC_4A was designed with both the coiled-coils missing and the 4A

mutation in the KN domain incorporated.

To determine if the KANK1 mutants perturbed the talin1:KANK1 interaction bioGFP-tagged: KANK1
WT, KANK_4A, ACC, ACC_4A and KN_4A constructs were co-transfected with GFP-talinl into
HEK293T cells. Streptavidin pulldown assays were performed, as shown in FIGURE 4.32, and these
showed that both the KANK1_4A and the KN_4A mutants reduced the interaction between KANK
and talinl. This corroborated my biochemical finding that the KANK_4A mutant disrupted the
interaction between talin and KANK. Whilst the ACC mutant did not appear to affect the talin:KANK
interaction, the ACC _4A mutant had a stronger inhibitory effect than the full length 4A mutant on
its own. The deletion of the coiled-coil region in the ACC _4A mutant prevented KANK1 from
localising to the cell cortex and binding to liprin B1, which can account for the difference observed

between this form of the protein and the KANK_4A mutant.

To investigate effects of the different mutations on KANK1’s localisation in the cell, Hela cells were
depleted of endogenous KANK1 and KANK2 using siRNA. KANK1 and KANK2 were targeted, as they
were the two isoforms the Utrecht group found to be present in Hela cells in previous proteomic

studies (van der Vaart et al., 2013). Rescue experiments were performed with GFP-KANK1 WT and
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mutants. FIGURE 4.32B shows images taken using total internal reflection fluorescence
microscopy (TIRFM) live imaging. The FL-KANK1 WT strongly accumulates in cortical patches that
cluster around the edge of FAs, as expected. However, this clustering is absent when cells are
transfected with the FL-KANK1_4A and instead KANK1 is dispersed throughout the cell cortex.
Whilst the ACC mutant of KANK1 localised almost entirely around FAs in the shape of tight rings,
the ACC_4A mutant was completely dispersed around the cell with no localisation to FAs or the cell
cortex. For the KN domains, the WT version localised to focal adhesions but did not accumulate
around the edge of FA assemblies; instead, it entered into focal adhesion assemblies, possibly due
to the small size of the domain. The KN_4A mutant, however, was completely diffused across the

cell.

The KANK1 mutants provided further evidence that the KANK1 KN domains interaction with talin
provides an essential link for KANK1 to be recruited to focal adhesion assemblies. The different
KANK1 mutations also highlighted the importance of the different KANK domains. They showed
that the coiled-coil region is essential for KANK to accumulate in the cell cortex, where it interacts
with liprin B1, and that the KN domain is critical to create a link with talin and cluster KANK around

the focal adhesions.
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FIGURE 4.32: CHARACTERISATION OF KANK LOCALISATION IN MAMMALIAN CELLS

(A) Streptavidin pull-down assays with the BioGFP-tagged KANK1 or the indicated KANK1 mutants, co-
expressed with GFP-talinl in HEK293T cells, analysed by Western blotting with the indicated antibodies. (B)
TIRFM images of live Hela cells depleted of KANK1 and KANK2 and co-expressing the indicated
siRNAresistant GFP-KANK1 fusions and TagRFP-paxillin. Data from (Bouchet et al., 2016).
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4.3.2 Characterisation of talinl G1404L mutant in mammalian cells

Our biochemistry data identified two talin1-R7 point mutants that could abrogate the talin1:KANK1
interaction: W1630A and G1404L. To further our understanding of talins’ role in recruiting KANK1
to focal adhesion assemblies one of the talin mutants was chosen for transfection in mammalian

cells.

Biochemically both the W1630A and G1404L mutations perturbed talin binding to KANK. However,
for the cellular studies G1404L was chosen over W1630A. G1404L changes the talin binding surface
and not the domain structure whereas, removal of Trp1630 would remove the ‘molecular ruler’
that is holding apart the two talin helices making up the KANK binding site; this structural change
could have an off target effect of disrupting the mechanostability of the talin R7 domain, which is

known to be important for protecting talin R8 from force induced extension (Yao et al., 2016).

4.3.2.1 Does the G1404L mutant effect focal adhesion formation?

To determine if the G1404L talin mutant had any off-target effects on focal adhesion formation or
maturation, the Akhmanova lab used Hela cells and depleted them of both endogenous talinl and
talin2 before rescuing with mouse GFP-talinl or the GFP-talinl_G1404L mutant. The depletion of
talinl and talin2 resulted in near total loss of FAs and caused detachment from coverslips, which
supports the well-established role of talinl in focal adhesion formation (del Rio et al., 2009;
Calderwood, Campbell and Critchley, 2013; Yao et al., 2014; Yan et al., 2015). Therefore, only cells
expressing the GFP-talinl could be imaged, since they exhibit normal attachment and spreading.
FIGURE 4.33A shows Hela cells expressing GFP-talinl and GFP-talin1-G1404L. FIGURE 4.33B-D
also show that talin-G1404L can fully support normal cell attachment and spreading. Further the
number or size of focal adhesions is not significantly different between talinl WT and G1404L. This
leads to the conclusion that the talinl G1404L point mutation did not interfere with talins’

functional role in FA formation.
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FIGURE 4.33: G1404L TALIN1 MUTANT DOES NOT AFFECT TALINS ABILITY TO FORM FOCAL ADHESIONS

(A) Fluorescent F-actin staining (red) in Hela cells co-depleted of talinl and talin2 transfected with the
indicated GFP-talin1 fusions. (B) Cell area (C) Focal Adhesion number per cell (D) Focal Adhesion area in cells
treated the same way as (A). (n=12 cells, 577-664 FAs analysed). In all plots: error bar, SEM; ns, non-
significant, *p<0.05. Data taken from (Bouchet et al., 2016).
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4.3.2.2 Does the G1404L mutant perturb talin:KANK interaction in cells?

To investigate the impact of the talin mutant G1404L on the talin:KANK1 interaction, the
Akhmanova group used bioGFP-tagged talinl, talin1-G1404L, talinl R7 and talinl R7 G1404L
constructs for co-transfection with HA-KANK1 in HEK293T cells. Streptavidin pull-down assays
were performed and Western Blots against GFP and HA are shown in FIGURE 4.34A. The assays
show that both the talin1-G1404L and talinl R7 G1404L mutants abrogated the interaction with
KANK. This finding fully supports our biochemical evidence where we observed that recombinant

talinl R7 G1404L stops binding with KANK.

Following pull-down assays, the Akhmanova group used Hela cells with knock-downs of both talinl
and talin2 for rescuing with GFP-talinl WT and GFP-talin-G1404L. Following transfection, cells
were immunolabelled for endogenous KANK1 and imaged (shown in FIGURE 4.34B and D). KANK1
localises around the rim of adhesions when WT talin is present but in cells expressing talin-G1404L,

KANK1 is no longer localised to FAs and appears to be diffuse across the cell.

Overall, our biochemical data and the Utrecht group’s cell data leads to the conclusion that it is
possible to perturb the talin:KANK1 interaction with a single point mutation in the approximately
2500 amino acid long talinl protein. As previously discussed, the point mutation does not disrupt
talin’s role in focal adhesion formation; however, it abolishes KANK1s’ ability to cluster around the

edge of FAs.
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FIGURE 4.34: CHARACTERISATION OF THE TALIN1 G1404L MUTANT IN CELLS

(A) Streptavidin pull-down assays with the BioGFP-tagged WT talinl or the indicated talinl mutants, co-
expressed with HA-KANK1 in HEK293T cells, analysed by Western blotting with the indicated antibodies. (B)
Widefield fluorescence images of Hela cells depleted of endogenous talinl and talin2, rescued by the
expression of the wild type GFP-tagged mouse talinl or the G1404L mutant and labelled for endogenous
KANK1 by immunofluorescence staining. (C) Quantification of peripheral clustering of KANK1 in cells treated
and analysed as in (E) (n=12, 6 cells per condition). Error bar, SEM; *** *p<0.001. (D) Hela cells co-depleted
of talinl and talin2 transfected with the indicated talinl fusions and stained for the endogenous KANK1.
Data taken from (Bouchet et al., 2016).
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4.3.3 How does mislocalisation of KANK1 due to perturbed talin1:KANK1

binding affect other CMSC components?

Disruption of the talin:KANK interaction prevents KANK from being recruited to the rim of FA
assemblies and, instead, KANK is distributed across the cell. Following this finding, we wanted to
explore what happens to CMSC components when KANK is no longer localised to the cell cortex or

adhesions.

For this, the Akhmanova group knocked-down KANK1 and KANK2 in Hela cells, which resulted in
the complete abolishment of clusters of CMSC components such as LL5B and KIF21A around the
cell cortex. Rescue experiments with GFP-KANK1 showed that cortical clustering of these proteins
could be restored upon expression of KANK1 WT (shown in FIGURE 4.35). However, clustering of
LL5B and KIF21A could not be fully restored with the addition of either GFP-KANK1-4A, GFP-ACC or
GFP-ACC_4A mutants. Importantly, although the KANK_4A mutant did not localise to adhesions,
it could still be found to co-localise with LL5B across the cell due to KANK-liprinB1 binding. The
KANK ACC mutant localised around FA assemblies in ring like structures, but could not bind LL5B

due to mutually exclusive localisation with liprin B1 and LL5p.

The CMSC component, KIF21A, binds to KANK1 via the ankyrin repeat domain. In contrast to LL58,
KIF21A could still localise with the KANK ACC mutant at the FA assembly rim. However, overall
KIF21A localisation at the cell periphery was significantly reduced in both KANK ACC, KANK ACC_4A
and KANK_4A compared with KANK1 WT (FIGURE 4.35). Furthermore, all the KANK mutants
prevented efficient accumulation of CLASP2 (MT binding protein) at the ell cortex, which confirms

that cortical recruitment of CLASPS depend on LL5pB (Lansbergen et al., 2006).
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FIGURE 4.35: KANK1 MUTANTS AFFECT ON CMSC COMPONENTS CLUSTERING AROUND FOCAL
ADHESIONS

(A) Wide field fluorescence images of Hela cells co-depleted of KANK1 and KANK2 then transfected with
indicated GFP-KANK mutants (ACC_4A, ACC and KANK_4A) (green) and stained for endogenous LL5B or
KIF21A (red), magnification bars represent 3 uM. (B) Quantification for cell edge clustering of both CMSC
proteins LL5B (black) and KIF21A (red) in cells with indicated KANK1 mutant. Error bars, SEM; ***p<0.001,
Mann-Whitney U test. Data taken and adapted from (Bouchet et al., 2016).
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To determine if disrupting the talin:KANK interaction from the ‘talin side’ would have a similar
effect on CMSC localisation as the KANK mutants, Hela cells depleted of talinl and talin2 were
rescued with either GFP-talinl or GFP talinl G1404L. FIGURE 4.36 shows that the cells rescued
with talinl WT had both MSC components, LL58 and KIF21A, clustered around the adhesion.
However, cells rescued with GFP-G1404L talinl (deficient in KANK binding) were no longer able to
recruit LL5B and KIF21A to FA clusters.

A | si talin 1+2 B si talin 1+2
BLL5 MKIF21A

FIGURE 4.36: TALIN G1404L MUTANT STOPS CLUSTERING OF CMSC COMPONENTS TO FOCAL ADHESIONS

(A) Wide field fluorescence images of Hela cells co-depleted of talinl and talin2 then transfected with
indicated GFP-talin1 construct (green) and stained for endogenous LL5B or KIF21A (red), magnification bars
represent 3 uM. (B) Quantification for cell edge clustering of both CMSC proteins LL5B (black) and KIF21A
(red) in both cells with GFP-talin1 and GFP-talin1 G1404L Error bars, SEM; ***p<0.001, Mann-Whitney U test.
Data taken and adapted from (Bouchet et al., 2016).
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4.3.4 Disruption of talinl:KANK1 leads to microtubules plus-end

disorganisation at the cell periphery

To understand the importance of the focal adhesion and cortical microtubule stabilising complex
crosstalk, we investigated the effect of disruption of the talin:KANK interaction on microtubule

organisation at the cell periphery, using our talinl G1404L and KANK_4A mutants.

For the MT study the Akhmanova group used Hela cells due to their stereotypically round shape
(van der Vaart et al., 2013). In Hela cells, MTs are found to grow rapidly in central parts of the cell
whereas at the cell margin (where CMSCs group in the vicinity of FAs), MT plus-ends are tethered
to the cortex and exhibit much slower growth rate due to MT regulators; CLASP and KIF21A
(Mimori-Kiyosue et al., 2005; Drabek et al., 2006; van der Vaart et al., 2013). These regulators are

important as they prevent MT overgrowth at the cell edge, which causes disorder.

The Utrecht group knocked-down both endogenous KANK1 and KANK2 from Hela cells before co-
transfecting GFP KANK1 WT or GFP KANK1_4A with EB3-mRFP (a microtubule plus-end marker).
Additionally, knock-downs of talinl and talin2 were also performed in Hela cells, before co-
transfection with GFP-talinl WT or GFP-talin1 G1404L and EB3-mRFP. TIRFM live imaging was used
to image cells, as shown in FIGURE 4.37B and C. The plus-ends of MTs, in cells expressing talinl
and KANK1, grew at a 60-80° angle and approximately 2.5 times slower than the central region of
MTs. However, when either the KANK_4A mutant or the talinl G1404L mutant were expressed,
the MT central regions were not affected but the growth rate of plus-ends increased and the
characteristic growth at 60-80° angles was no longer observed. Instead, MTs grew at oblique angles

to the cell margin.
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FIGURE 4.37: DISRUPTION OF THE TALIN:KANK INTERACTION DISORDERS MICROTUBULE PLUS END
ORGANIZATION AT THE CELL PERIPHERY

(A) Schematic representation of the pattern of microtubule growth in control Hela cells and in cells with
perturbed CMSCs, based on (van der Vaart et al., 2013). (B) TIRFM images of live Hela cells depleted of both
KANK1 and KANK2 then co-expressed with siRNA-resistant GFP-KANK1 and EB3-mRFP, magnification bars
represent 5 uM. (C) TIRFM images of live Hela cells depleted of talinl and talin 2 and then co-expressed
with GFP-talinl and EB3-mRFP. Magnification bars represent 5 UM (D) Ratio of microtubule growth rate in
the cell centre and at the cell edge for the cells treated with varying talin and KANK mutants described in B
and C. Data taken from (Bouchet et al., 2016).
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This phenotype observed with the GFP-talin1 G1404L mutant fully supports our biochemistry data.
This single point mutation, G1404L in talinl, presents a powerful tool for exploring the connections
between adhesion and the microtubules as it does not interfere with adhesion formation but is
sufficient to perturb CMSC clustering and through doing so induces complete disorder of the

microtubule plus ends at the cell cortex.

4.4 Conclusion

4.4.1 Does talin nucleate CMSC assembly?

In the cell, CMSC proteins have not been found to coalesce around the FAs, so what is driving them
to accumulate around the focal adhesion rim? CMSC complexes form through an intricate network
of interactions, and at the heart of this network is a trio of core proteins: KANK; LL58 and liprins
(Lansbergen et al., 2006; van der Vaart et al., 2013; Astro and De Curtis, 2015). These core
components can be independently recruited to the plasma membrane. The KANK mutant ACC
(FIGURE 4.38) was unable to support proper clustering of CMSC components at the cell cortex
despite being able to co-localise around FA assemblies. These data suggest that the liprin1-KANK1

interaction is required for CMSC recruitment along with the talin:KANK1 interaction.

It would seem that the talin:KANK interaction initiates the platform for assembly of CMSC
components. Talin acts as the seed for KANK1 to bind via the KN domain and in turn KANK serves
as a platform to bind liprin B1 at the cell cortex (via KANK coiled-coil domain). This then allows
CMSC proteins to assemble forming CMSC ‘patches’. These patches can remain stable for around
10 minutes at a time, whilst individual CMSC proteins are dynamic and have much shorter turnover
rates (van der Vaart et al., 2013). Additional proteins then bind to these ‘patches’, including KIF21A
and CLASPS, MT-binding proteins that ultimately capture MTs at the CMSC (FIGURE 4.38A).

We speculate that increasing the KANK concentration at the FA rim helps nucleate CMSC assembly
(FIGURE 4.38B). Through this nucleation, large macromolecular assemblies form around the
adhesions, attracting different membrane bound proteins to bind such LL5B (Bouchet et al., 2016)
and, in turn, concentrating the number of CMSC proteins in the region. This model correlates with
data indicating that CMSC accumulation is reduced but not abolished when P13 kinase is inhibited
(Lansbergen et al., 2006). Most importantly this model provides the answer to a key unanswered

guestion of the last 25 years what links the focal adhesion assemblies to microtubule plus ends?
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FIGURE 4.38: TALIN NUCLEATES CMSC ASSEMBLY BY INITIATING A SEEDING COMPLEX WITH KANK1

(A) Model of how talinl directs the assembly of the cortical microtubule-stabilizing complex in three stages.
1) KANK1 binds to talin R7, 2) KANK1 coiled-coil domain binds to liprin B1, 3) this allows LL5B to bind and the
final CMSC proteins to assemble including ELKS, CLASP and KIF21A. (B) KANK1 binds to the rim of adhesion
complexes and acts as a ‘seed’ for the CMSC proteins to bind, which generates a macromolecular assembly
around the FA rim. Figure taken from (Bouchet et al., 2016).

4.4.2 Why is KANK kept at the rim of focal adhesions?

The cell images from the Akhmanova group showed that KANK1 was able to bind to talin and
localise to focal adhesion assemblies. Interestingly though, KANK1 formed a belt around the edge
of the adhesion and was not found distributed through the adhesion; this was also observed in
another KANK study (Sun et al., 2016). FIGURE 4.39 shows the different KANK mutants and their
abundance (shown as a measure of fluorescence) across a cross section of an adhesion. FIGURE
4.39 show that the only KANK1 construct able to enter the adhesion was the small KN domain.
What is keeping KANK at the rim of adhesions and is it biologically important that KANK doesn’t

enter the adhesion?

Alogical answer is that steric hindrance prevents KANK from doing so, whilst the smaller KN domain
can easily penetrate the dense actin core of the adhesion. This steric hindrance would be further
compounded due to binding of CMSC proteins to KANK and the formation of large macromolecular

assemblies.
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This however, may be a slightly too simplistic model. Unpublished data from the Akhmanova lab
shows that when ROCK1 inhibitors are introduced in the cell there is more of an overlap between
KANK1 and FA markers. ROCK1 is a key regulator in actin cytoskeleton organisation and is found
to be involved in stress fibre and adhesion formation (Maekawa et al., 1999). Because ROCK1
inhibitors would reduce the tension across the cell and at adhesions, a higher overlap with FA

markers suggests that the interaction between talin and KANK1 is mechanosensitive.
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FIGURE 4.39: TALIN:KANK INTERACTION IS REQUIRED FOR KANK TO BE RECRUITED TO FOCAL ADHESIONS
RIM.

Fluorescence profile of GFP-tagged KANK1 and KANK mutants: KANK_4A, ACC, 4A_ACC, KN and KN_4A and
TagRFP-paxillin (adhesion marker) based on line scan measurement across the FA area in TIRFM images.

As mentioned in Chapter Chapter 2, talin is a mechanically sensitive protein (Yan et al., 2015;
Kumar et al., 2016; Yao et al., 2016). The helical bundles in the rod domain can unfold under force.
Unfolding of the R7 helical bundle would lead to the loss of the KANK binding site. The KANK1
binding site overlaps with the ABS2 on the talin rod (between R4-R8) (Atherton et al., 2015). Actin
binding puts talin under force and with multiple actin binding sites across talin it is possible to
hypothesise that different talin molecules are under differing amounts of force across the adhesion.

This results in KANK1 only binding at the periphery of the adhesion, where talin is not fully
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embedded into the adhesion and not under tension, allowing the R7 domain to maintain helical

bundle formation.

Finally, post-translational modifications on or surrounding the KANK1 binding site may prevent
KANK1 from binding talin. A recognised phosphorylation site Ser1614 was found in the KANK1
binding site (Gough and Goult, 2018) and our FP data showed that a phosphomimetic S1641E
caused a four-fold decrease in binding affinity for KANK1. Even though this did not abolish binding,
it does weaken the interaction and it is certainly rational to suggest a PTM in this region could
disrupt binding. It will be important in the future to test a phosphomimetic and non-
phosphorylatable mutant of this site in cells and look to see if a similar phenotype to the G1404L

mutant is observed.
4.4.3 KANK proteins in disease

Mutations and deletions within the KANK proteins have been implicated with a number of rare
genetic human diseases. A large deletion of KANK1 has been found to lead to cerebral palsy: a four
generation family with congenital cerebral palsy were found to have a 225 Kb deletion of the

ankyrin repeat domain in KANK1 (Lerer et al., 2005).

Inactivation of genes by mutations and loss of heterozygosity (gene locus containing two different
alleles) often lead to carcinomas (Kakinuma et al., 2009). Loss of heterozygosity in the KANK gene
locus has been found to be linked to renal cell carcinomas (RCC); this has also been reported in
other cancers including lung cancer, breast cancer, pancreatic carcinoma and bladder cancer
(Kakinuma et al., 2009). These studies give a clear indication that loss of KANK1 function within
the cell can lead to disease. Reduced expression of KANK has also been reported in
myeloproliferative disorders a group of slow-growing blood cancers, whereby abnormal red blood
cells are produced and accumulate in the blood (Kakinuma et al., 2009). Other diseases where
KANK is mis-regulated obsessive compulsive disorder (Willour et al., 2004) and autism (Vinci et al.,

2007).
4.4.4 Expression of KANK family members

TABLE 9 highlights information of the different KANK isoform expression levels across different
tissues. These data would suggest that KANK1 and KANK2 are the most dominant KANK isoforms
and have been found in all tissues tested whereas; KANK3 and KANK4 appear more tissue specific.

KANK1 is shown to be the predominant isoforms expressed in the heart, liver and kidney (Zhu et
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al., 2008). KANK2 was shown to also have high expression in kidney cells but in contrast, KANK3
and KANK4 were shown to have low expression levels (Zhu et al., 2008). Current evidence reveals
slight differences in expression between the different KANK isoforms in tissues and could these
differences reveal differences in functions between the isoforms? We are still yet to determine
the functional differences between KANK1-4 and in the future it would be interesting to introduce
knockouts of the individual KANK isoforms into mice and study the effects. Furthermore, with the
advancement in super-resolution microscopy it could now be possible to study the KANK isoforms

localisation in cells and determine functional aspects of the different isoforms.

Tissue expression KANK1 KANK2 KANK3 KANK4
cervix *k *k
*k *k
Iung o€ o€
*k
colon *k *k
heart * %k * %k
*k *k
kidney ok ok
*k *k
liver *k *k
*k * *k *k
skeletal muscle
breast *ok * *ok

TABLE 9: EXPRESSION LEVELS OF KANK1,2,3 AND 4 GENES

Table indicating (*) expressed and (**) highest level of expression of the different KANK isoforms from
different tissues. Data collated from Human protein atlas (Uhlén et al., 2015) and (Zhu et al., 2008).

4.4.5 Why do humans have four KANK isoforms?

As described earlier humans have four KANK isoforms KANK1-4, the originally identified member
was KANK1 and through a homology search across the human genome three further KANK isoforms
(KANK 2, 3 and 4) were identified (Kakinuma et al., 2009). These four KANK proteins all have a very
conserved C-terminal ankyrin repeat domain and a conserved N-terminal KN domain. The only
major difference in terms of structure between the four isoforms is the coiled —coil region (CC) in

the middle of the protein. KANK1 has three CC regions, KANK2 has two CC, KANK3 has two CC and
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KANK4 has one CC region as shown in FIGURE 4.40. These differences between the isoforms might
be providing a clue into the different functions the KANK isoforms have within the cell. The first
coiled coil (CC1)in KANK1 binds to liprinf1 (van der Vaart et al., 2013) this interaction is crucial for
LL5B binding and the co-localisation of the other CMSC components. KANK2 is also shown to have
a strong association with liprinB1 (Luo et al., 2016). After aligning the KANK CC regions of all KANK
isoforms in Clustal Omega, it was clear that KANK1-3 contained a similar sequence (shown in
FIGURE 4.40). This suggests that KANK3 would also be able to bind to liprinf1 and could be helping
to regulate the assembly of the CMSC. | also showed that the KANK3 KN domain could bind to talinl
R7 and, therefore, it is feasible to suggest that KANK3 could be playing a similar role to KANK1.
KANK4 does not contain this potential liprinB1 binding sequence and, as a consequence, cannot

recruit CMSC components to FA.
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FIGURE 4.40: HUMAN KANK ISOFORMS COILED COIL ALIGNMENT

Schematic of the human KANK isoforms 1-4. Highlighted in red boxes are the regions of sequence aligned
using Clustal Omega that can be seen in the bottom panel. Residues not be recruiting CMSC components to
FA. Highlighted in green shows region of high conservation and indicates predicted Liprin f1 binding region.
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4.4.6 What is the role of the talin:KANK interaction in organisms?

So far, KANK proteins have been poorly studied due to their unknown function and structure. This
is beginning to change with the recent emerging role of KANK1 as a microtubule targeting protein
(Bouchet et al., 2016) and a possible connection to the regulation of force transmission across
adhesions (Sun et al., 2016). Although the KANK family is becoming more studied both in vitro and
in vivo the main study on KANK1 function comes from studies in C.elegans. Unlike humans,
C.elegans have only one isoform of KANK named VAB19, which was found to localise to muscle-
epidermal attachment sites (Ding, 2003). For interaction with epidermal attachment structures
both the KN motif and the coiled-coil domains are required for localisation. VAB19 mutants are
defective in epidermal elongation (growth from embryo to larva) and muscle attachment to the
epidermis, which results in developmental arrest and subsequent embryonic lethality (Ding, 2003).
Furthermore, the VAB19 is required for normal epidermal actin reorganisation and VAB19 mutants
caused abnormal actin cytoskeletal reorganisation, preventing attachment structures to develop

beyond a certain stage (Ding, 2003).

KANK knock-down experiments have been reported in zebra fish, where the authors looked at the
roles of both KANK2 and KANK3. In this particular study, Knock-down of KANK2 showed a nephrotic
syndrome phenotype (a kidney disorder that leads to progressive renal function decline) (Gee et
al., 2015). Knock-down of KANK3 in zebra fish was shown to enhance cell migration and invasion
however, whilst overexpression of the protein inhibited these characteristics (Kim et al., 2018).
Cell work of the KANK1 family in mammals is also still very limited. Our work with the Akhmanova
group found strong phenotypes in HelA cells when the talin:KANK interaction was removed, MT
growth at the cell cortex was no longer co-ordinated and MTs grew at an accelerated rate in
random directions. CMSC components were no longer able to recruit to focal adhesions and form
macromolecular assemblies around adhesions helping to regulate the turnover of adhesions
(Bouchet et al., 2016). These data suggest that if a KANK knock-out was introduced into a mammal

it would have severe effect and possibly lead to death.

Further experiments need to be carried out to determine the importance of MT localisation to FAs
in determining cell polarisation. If the link between FAs and MTs was found to be critical in
determining cell polarity, then this would give more weight to the hypothesis that a KANK1 knock-
out would be fatal in a model organism, as cell polarity is essential in determining direction of
migration and co-ordinating the migration and formation of tissues and organs during

embryogenesis (Campanale, Sun and Montell, 2017).
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A good indication of how important KANK1 is in the cell is to look at known mutations found within
the KANK gene. Extensive mutational studies of KANK1 have been carried out and, to date, whilst
missense variants and single nucleotide polymorphisms (SNPs) can be found in KANK1, no KANK1
deletions or nonsense mutations have been found. Although, interestingly, no SNPs have been
found in the KANK1 KN domain (Kakinuma et al., 2009), indicating that a mutation in this region

could also be lethal.

To investigate if there are human mutations found on the talin KANK1 binding site (talin R7) the
human 1000 genome project (Gibbs et al., 2015) and the Catalogue Of Somatic Mutations In Cancer
(COSMIC) (Bamford et al., 2004) were used. FIGURE 4.41 shows the SNPs across the KANK1 binding
site on talinl. Across R7 helices 29 and 36 that form the KANK binding site, there are three SNPs,
one of which is of particular interest: the mutation of residue Tyr1389. This residue was one of the
residues identified (along with Trp1630) to hold the helices 29 and 36 at a fixed distance apart and
was found to be crucial for talin-binding. In humans, SNPs where the Tyr residue is replaced by a
His or lle can occur. The His residue is less hydrophobic and would not disrupt the hydrophobic
core of the domain, likely pushing the helices apart, potentially leading to KANK1 no longer being
able to bind talin. SNPs for this residue (Tyr1389) are very rare since this is highly conserved residue
across species, and this particular mutation was found in patients with carcinoma. The next most
critical KANK1 experiments are to explore the effect of KANK1 knock-out in a model organism. This
will determine the importance of the interaction and start to unlock some of the questions around

the different KANK1 isoforms and their role within the cell.
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Y1389

1538218511 Y1389 His/lle Liver/Lung

COSM3367704 M1407 lle Kidney
COSM2774493 R1638 His N/A

FIGURE 4.41: SINGLE NUCLEOTIDE POLYMORPHISMS FOUND IN THE KANK BINDING SITE ON TALIN R7

Talinl R7 structure (PDB: 5FZT) residues highlighted in red indicate the found human SNPs from either
COSMIC or the Human 1000 genome identifier.

128



Chapter 5. Defining an LD

talin-binding motif
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5.1 Introduction

In Chapter 4, the interaction between talin and the adapter protein KANK was biochemically
characterised and we identified KANK bound to talin R7 via an LD-motif in the KANK KN domain.
This KANK LD-motif was the first LD-motif found to bind to a talin five-helix bundle (aside from
potentially RIAM binding to R11) and subsequently identified talin R7 as a new LDBD. Biochemical
characterisation of this interaction has increased our understanding of LD-motifs binding to talin
and has raised the question: can any of the other 11 five-helix bundles on the talin rod bind LD-
motifs?

In this chapter a strategy was developed to search for novel talin interactors from proteomics data
sets in the view that identifying novel LD-motif interactions with talin will give new insight into

talins role in regulating adhesion assemblies.
5.1.1 What are Leucine-Aspartic acid motifs

Leucine-Aspartic acid (LD) motifs are short helical interaction motifs that have been found in a
number of adhesion proteins and mediate protein:protein interactions; they have been identified
as crucial players in connecting cell adhesion with cell motility and survival (Alam et al., 2014). LD-
motifs are identified through the canonical sequence LDxLLxxL (where x is any amino acid) and

were first discovered in the paxillin family (Brown, Perrotta and Turner, 1996).
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FIGURE 5.1: PAXILLIN DOMAIN STRUCTURE AND KNOWN BINDING PARTNERS.

Schematic diagram of paxillin showing the proteins domain structure and highlighting the five LD-motif
domains (highlighted by red boxes) and LIM domains. LD1 has been expanded and the protein sequence is
shown in black box, the corresponding LDxLLxxL motif has been highlighted in red. Green circles highlight
the multiple; tyrosine (PY), serine (PS) and threonine (PT) residues that are phosphorylated along the protein
also shown in grey are some of the current recognised paxillin binding partners and where they bind on the
paxillin structure. Diagram adapted from: (Brown, 2004).

5.1.1.1 Paxillin LD-Motifs

Paxillin is a large 68 kDa focal adhesion adapter protein, and its biological function is to regulate
cell spreading and motility through its involvement in the integrin-mediated signalling pathway
(Schaller, 2001). The protein has multiple domains which encompass a number of different

protein-binding motifs.

FIGURE 5.1 shows the five N-terminal LD-motifs (highlighted by red boxes) and four C-terminal
double zinc finger LIM (lin-a, isl-1, mec-3) domains. The protein also contains multiple
phosphorylated tyrosine (PY), serine (PS) and threonine (PT) residues that can be phosphorylated
in response to cell adhesion (highlighted on FIGURE 5.1 by green circle). Phosphorylated tyrosine
residues generate docking sites for SH2 domain containing proteins to bind (Brown, 2004).
Furthermore, FIGURE 5.1 shows the multiple binding partners that can interact with the paxillin
domains including LD-motif binding proteins, focal adhesion kinase (FAK) and vinculin (Schaller,

2001).
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The five LD-motif domains are named LD 1-5, these domains are well conserved across all members
of the paxillin superfamily (paxillin, Hic-5, paxB and Leupaxin) and across species (Brown, 2004).
The paxillin LD-motifs contain a short leucine rich sequence; LDxLLxxL (where x is any residue)
which has been defined as the canonical LD-motif (Alam et al., 2014). This sequence is found in all
five of the paxillin LD domains, apart from LD3, (which has a conserved Val-Glu instead of the Leu-
Asp). The motif has been shown to be important in mediating interactions between several
proteins central to the regulation and co-ordination of the actin cytoskeleton including proteins

FAK and vinculin (Schaller, 2001).

Interestingly, each of the paxillin LD-motifs can bind multiple proteins for example, paxillin LD2 and
LD4 can bind FAK and paxillin; LD1, LD2,LD4 could bind to vinculin (Turner et al., 1999). This started
to raise questions around how the LD-motifs could dictate specificity. To further investigate how
LD binding partners are interacting with LD domains the FAK:paxillin interaction was more closely
studied (Hoellerer et al., 2003). Hoellerer et al; corroborated that FAK could only bind to paxillin
via LD2 and LD4 domains and this selectivity could be due to modulated affinity of side chain pairing
between the paxillin LD domain and FAK. It was also thought that the length and helical propensity
of the paxillin LD-motif determined binding affinity to an LD-binding ligand. Overall it was

concluded that the LD-motif is a fairly promiscuous recognition sequence.
5.1.2 Leucine-Aspartate binding domains (LDBDs)

Molecular recognition of LD-motifs comes through Leucine-Aspartatic acid binding domains
(LDBDs). The common binding mechanism of LD-motifs to the corresponding LDBD is through
helical addition as shown in FIGURE 5.2. Several different proteins have been shown to contain an
LDBD including the already been discussed proteins, FAK and vinculin. Other proteins include
parvins, which are an actin binding protein directly responsible for the initial nucleation of actin at
FAs (Nikolopoulos and Turner, 2000), and PV E6 protein from the papilloma virus. PV E6 has
specifically evolved to recognise the LD-motifs on paxillin (LD1, LD2 and LD4) it is thought the
interaction disrupts the actin cytoskeleton which in turn disrupts migrating cells (Wade, Brimer and
Vande Pol, 2008). This demonstrates how pathogens have learnt to exploit the ‘promiscuous’ LD
pathway for their own purposes and also highlights the functional importnace of the LD

interactions.
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FIGURE 5.2: LD-MOTIF BINDING TO AN LDBD

Schematic of an LD-motif (purple) forming an interaction with corresponding LDBD (green). LD-motif binds
via a helix addition to the side of the helical bundle on the LDBD.

5.1.3 Talin can bind LD-motifs

More recently, talin has been found to be bind LD-motifs with the R8 domain being an important
LDBD. The R8 domain binds the deleted in liver cancer (DLC1) protein between helices 32 and 33
(Zacharchenko et al., 2016), this same region also binds to paxillin LD1 (Zacharchenko et al., 2016)
and to Rapl -interacting adaptor molecule (RIAM) (Goult, Zacharchenko, et al., 2013).
Furthermore, our recent findings have found the R7 domain to be an LDBD and can bind the KANK
LD-motif between helices 29 and 36. This was a breakthrough in terms of identifying talin as a
protein with multiple LDBDs. Previous literature has shown only four-helix bundles to bind LD-
motifs and in the talin rod only four domains contain four-helix bundles: R2, R3, R4 and R8. KANK
binding to R7 raised the intriguing possibility that every talin rod domain could be an LDBD and thus

could suggests a role for talin as a signalling platform.
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5.1.3.1 DLC1 an LD-motif

DLC1 is a tumour suppressor gene which is frequently inactivated during cancer and it encodes a
Rho-GAP focal adhesion protein needed for GTPase activation; negative regulation of RhoGTPases
are required but not entirely sufficient for tumour suppression (Li et al., 2011). The structure of
talinl R7R8 and the DLC1 LD-motif (residues 467-489) show DLC1 binds to talinl R8 domain
between helices 32 and 33 (Zacharchenko et al., 2016) (shown in FIGURE 5.3B).

Talin R8

DLCl

FIGURE 5.3: TALIN R8 DOMAIN IS AN LD BINDING DOMAIN

(A) Schematic of an LD-motif i.e RIAM or DLC1 binding to the LDBD (talin R8) (B) structure showing binding
of LD-motif DLC1 (green) to talinl R8 (grey) via the LD recognition box (PDB ID: 5FZT). (C) Structure showing
the binding of LD-motif RIAM (orange) to talin1 R8 (grey) (PDB ID: 4W8P).

5.1.3.2 RIAM- a previously unrecognised LD-motif

RIAM is a Rap1l effector protein and is a member of the MRL (Mig10/RIAM/lamellipodin family)
adaptor proteins (Lee et al., 2009). RIAM has been found to have a central role in integrin

activation through its ability to bind to both talin and Rap1 (Lee et al., 2009; Goult, Zacharchenko,
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et al., 2013; Chang et al., 2014). Integrin activation by talin is instigated by a Rap1-induced signally
pathway, these integrin activation pathways initiated from inside the cell are known as inside-out

signalling (Bivona et al., 2004; Banno and Ginsberg, 2008) (see section 2.5.2).

Rap1l is a small plasma membrane bound GTPase that recruits RIAM which then in turn recruits
talin via its TBS between residues 1-30 (Lee et al., 2009). Talin then activates integrin via the F3
sub-domain in the FERM head (Critchley & Gingras, 2008; J. H. Wang, 2012), mutations introduced
in the RIAM 1-30 region prevented talin binding and in turn prevented the activation of integrin

(Lee et al., 2009).

RIAM was found to bind to talin by Goult et al along multiple sites across talin one of which was
talin rod domain R8 (Goult, Zacharchenko, et al., 2013). RIAM has not been classed as an LD-motif
but it does contain a very similar sequence to the other LD-motifs that bind to talin R8, although
instead of the Leu-Asp at the beginning of the motif it contains an lle-Asp. Like the other talin R8
binding proteins, RIAM also binds between the hydrophobic groove of talin helices 32 and 33 via
helix addition (Goult, Zacharchenko, et al., 2013) (shown in FIGURE 5.3C).

For my study into talin binding LD-motifs | agree with the findings of Zacharechenko et al and have
classed RIAM to be an LD-motif (Zacharchenko et al., 2016). This classification is for two reasons.
Firstly, the RIAM sequence binds to talin R8, a known LDBD, and the RIAM LD motif closely fits the
canonical paxillin LDxLLxxL pattern. Secondly, RIAM binds to talin R8 through helical addition and

via similar residues as other talin binding LD-motifs.

5.1.3.3 LD-motif Binding mechanism

The best characterised mode of LD-motif recognition is by binding to four-helix bundles via helix
addition (as shown in FIGURE 5.3A). LD-motifs can have helical propensity before binding to an
LDBD or can form a helical structure upon interaction with the LDBD (Alam et al., 2014). The
charged Asp residue is thought to make the initial connection with the LDBD and form an
electrostatic interaction with a conserved basic residue (Lys/Arg/His) (Zacharchenko et al., 2016).
Talin R8 has been found to bind multiple LD-motifs: DLC1, RIAM, Paxillin. These LD-motifs all bind
to talin R8 using the same mechanism whereby the initial aspartate residue (in the LD-motif) binds
to a basic residue on talin in what had been named the initial LD binding site (Zacharchenko et al.,
2016) (shown in FIGURE 5.3A). On talin R8 this charged residue is Lys1544 and it forms a salt bridge
with the aspartate on the LD-motif. This initial interaction then positions the LD-motif along the
furrow of the talin R8 helices 32 and 33 allowing the hydrophobic Leucine residue to from

hydrophobic interactions with talin. Zacharchenko et al proposed in their talin:DLC1 structure that
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there is then a second binding site along the talin R8 LDBD called the specificity region shown in
FIGURE 5.3A. The residues in the specificity region differ between the LD-motifs and this allows
for difference in specificity of binding to LDBD surfaces. The specificity region is thought to be a

way that helps to regulate which LD-motif can bind when (Zacharchenko et al., 2016).
5.1.4 Searching for additional non-paxillin LD-motifs

To identify LD-motifs in proteins other than paxillin, the canonical LDxLLxxL motif was used as a
query to search protein data bases. This method only identified three LD-motif containing proteins,
Gelsolin, Deleted Liver Cancer 1 (DLC1) and RoXaN (Alam et al., 2014). Gelsolin is a cytoplasmic
protein that is important for actin cytoskeletal organisation in multiple cell types including
osteoclasts (Wang et al., 2003) and RoXaN (rotavirus X protein associated with NSP3) is a rotavirus

interacting protein (Vitour et al., 2004).

The limitation with searching for LD-motifs by sequence alone is that the sequence is so similar to
other motifs such as transcriptional regulation sequences (LxxLL) and Nuclear export sequences
(Alam et al., 2014). In order to have a better chance at identifying genuine LD-motifs a structural

characterisation could also help to reduce the number of false positives identified.

5.2 Results

The structure of talin domain is highly conserved across evolution. This provides compelling
evidence that every domain within talin has an important functional role. Furthermore, the
talin:KANK interaction gives us some insight into how the five helix domains in the talin rod can
bind LD motifs. Altogether, this gives us reason to suggest that every talin rod domain has the

potential to be an LDBD and bind multiple LD motifs.

Previously, the Goult group produced a talin1 proteomics data set (unpublished data); the data set
contains over 800 potential talin binding partners and, from this, only KANK had been confirmed
and characterised as a talin binding protein. Interrogating this vast data is an important step into
uncovering further talin binding proteins; however, due to large size of talin, it is difficult to narrow

down the binding sites on both talin and the putative talin binding protein.

To overcome this, we used the current knowledge of LD motifs and, in particular, the LD motifs
that have been found to bind to talin, to design an LD talin-binding search motif (LD-TBM) that

could be used to search through the proteomics dataset and identify new talin binding partners
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with LD motifs. This method has the advantage of having the binding site on talin already identified,

allowing for an easier characterisation of the interaction.

5.2.1 Designing a search query to identify novel LD talin-binding motif (LD-

TBM) containing proteins

As discussed previously, LD motifs were initially found in paxillin, where they follow the consensus
sequence LDxLLxxL. Previous attempts to search for proteins containing LD motifs using this
sequence (LDxLLxxL) uncovered only three hits: DLC1, RoXan and Gesolin (Alam et al., 2014). On
the other hand, further attempts to search for LD motifs using a ‘more relaxed’ search sequence
has led to the identification of many false-positives. Searching for LD motifs is a challenging task
due to the lack of common features in the known LD motifs that would allow them to be

distinguished from other helical motifs.

To combat these problems and define a LD talin-binding motif (LD-TBM) that could accurately
determine potential talin binding proteins, a common set of features needed to be identified. To
search for common sequence features, all the known talin binding LD-motifs were aligned (as
shown in FIGURE 5.4). From this alignment any differences between the talin-binding LD-motifs
and the paxillin LD-motifs were identified. Position numbers were given to the residues; 0 was
given to the first Leu residue in the (LDxLLxxL) sequence and 1 to the Asp residue, ect. The residues

were also coloured based on their properties; acidic (red), basic (blue) and hydrophobic (green).
‘LomomF/ |
| _Position |

* PXN LD1

\PXN LD2

PXN LD4

-1 0 12 3 B 5 6 7
@ [ED] - [LI]-D-X~ [AVILMFYW] - [AVILMFYW] - [AVILMFYW] -X~- [AVILMFYW]

-1 0 12 3 4 5 6 7
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FIGURE 5.4: SEQUENCE ALIGNMENT OF KNOWN OF LD TALIN-BINDING MOTIFS

(A) Sequence alignment of: paxillin LD1, LD2 and LD4 (UniProt ID: P49023); RIAM (UniProt ID: Q7Z5R6); DLC1
(UniProt ID: Q96QB1); KANK1 (UniProt ID: Q14678) and KANK2 (UniProt ID: Q63ZY3). Red highlights acidic
residues, blue basic residues and green hydrophobic residues. Known talin binding sequences are
highlighted with an *. (B) The designed LD talin-binding sequences which were entered into the PROSITE
scanning tool.
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The first difference noted between the LD-TBM and paxillin LD motifs is that, in position 0, the
residue can be an lle (as found in RIAM) or a Leu (paxillin LD motifs only contain a Leu at position
0). Additionally, from the alignment it appeared that the residue in position -1 was important to
the sequence. In both paxillin LD motifs and LD-TBM, a charged residue (either Asp or Glu) was
present, possibly allowing an interaction with the LDBD surface. From the alignment, it was also
clear that whilst Leu residues always occupied positions 3, 4 and 7 in the paxillin sequences, the
same was not true for talin-binding LD proteins. Instead, in the latter case, position 3 could be any
hydrophobic residue and position 4 could occupied either by a charged or hydrophobic residue.
This information was taken into consideration when designing the LD-TBM. Finally, position 6 in
the paxillin LD consensus sequence is defined as x (any amino acid); however, from the alignment
we observed that the talin-binding LD proteins all contained a hydrophobic amino acid.

From these findings two new LD talin-binding sequences were designed:

Sequence 1: Asp/Glu-Leu/lle-Asp-x-(d)-(d)-(d)-x-(d)

Sequence 2: Asp/Glu-Leu/lle-Asp-x-(d)- (+/-)-(d)- (d)-(P)

(where ¢ is a hydrophobic residue, x is any residue and +/- indicate a charged residue)

Sequence 1 and sequence 2 are similar but differ in positions 6 and 7. In some of the talin-binding
LD sequences a charged residue was found at position 6 whereas in others it was a hydrophobic
residue. Designing two sequences with more-specific residues rather than one sequence with a

more generalised approach was thought to lead to less false positives.
5.2.2 Searching for LD talin-binding motifs

When searching for LD-TBMs two different approaches were used: a manual approach and a
bioinformatics approach. The manual method allowed the manual search of proteins containing
either sequence 1 or sequence 2 from the top 20 proteins identified in the talinl proteomics data
set. The bioinformatics approach utilised the programme PROSITE (Sigrist et al., 2002), with
sequences 1 and 2 used as search queries to analyse the entire talinl proteomics dataset for

potential LD-TBMs.
5.2.2.1 Manually searching for LD talin-binding motifs

The manual search was used initially as a proof of concept to determine if the LD-TBM would be
recognised in any protein sequences. The sequences for the twenty highest scoring proteins from

the talinl proteomics dataset, were manually screened to identify any motifs similar to the
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designed sequences 1 and 2 (section: 5.2.1). From this search, two proteins were identified to

contain the LD-TBM: cyclin dependent kinase 1 (CDK1) and septin2 (SEPT2).

The CDK1 sequence appeared to have two possible LD-TBM: one in the middle region of the protein
(residues 206-223) that fitted the designed LD-TBM sequence 1 exactly and one at the very C-
terminus of the protein that closely fitted the LD-TBM sequence. The sequence for SEPT2 had one
LD-TBM that closely fitted the LD-TBM sequence but not exactly.

5.2.2.2 Searching for LD talin-binding motifs using PROSITE

The bioinformatics approach used the programme PROSITE which is a protein data base tool that
allows an imputed query sequence to be searched against a chosen protein database. The query
sequence used both the designed sequences. These were written using the PROSITE parameters,
square brackets surrounding groups of amino acids such as hydrophobic amino acids [AVILMFYW]

and X representing any amino acid (shown in FIGURE 5.5B).

All UniProt identities from the 800 proteins identified in the talin proteomics were submitted to
PROSITE and this formed the protein database. The dataset was then searched using the imputed
sequences and any matching hits were listed as shown in FIGURE 5.5C. The PROSITE software
identified multiple proteins that contained the LD-TBM the first of which was the protein CDK1.
The PROSITE software only identified one LD-TBM in the CDK1 sequence and this matched the 206-
223 sequence also identified using the manual approach. The other sequences included RIAM and

DLC1 which are both confirmed LD-TBM giving greater confidence in the search method.
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A STEP 1 - Submit PROTEIN sequences [heip]

= Submit PROTEIN sequences {(max 1'000)43":'_';"5_—_
Submit a PROTEIN database (max. 16MB) for repeated scans (The data will be stored o1

TLN2_HUMN
KANK2_HUMAN
13336 *1; '-H

Supported input
= UniProtKB accessions e.g. PS8073 or identifiers e.g. ENTK_HUMAN
= PDEB identifiers e g 4DGJ
= Sequences in FASTA format

STEP 2 - Enter a MOTIF or a combination of MOTIFS a1 [help]

TLHFYR] -X-[AVILMFYH] P

QOuput format. Graphical view - this view shows ScanProsite results together with ProRufe-based predicted th;—o;mah features [halp]

Hits for USERPAT1{[ED]-{U]-D-X-[AVILMFYW]-[AVIL!\FYW]-{RKHED]-{AVILAFYWHAVILMFYWD motif on

found: 5 hits in 5 sequences

c PD5433 COK1_HUMAN (297 2a)
RecName: Full=Cyclin-dependent kinase 1; Bhort=CDK1; EC=2.7.11.22; EC=2.7.11.23; AltName: Full=Cell division control pro

FIGURE 5.5: PROSITE SOFTWARE USED TO IDENTIFY LD TALIN-BINDING MOTIFS

(A) An overview of the protein sequences imputed into the PROSITE software from talinl proteomics
database. (B) The LD talin-binding motif (sequence 2) imputed to the ScanProsite software. (C) The first hit
identified, cyclin dependent kinase 1 (highlighted green box), to contain a potential LD talin-binding motif.

5.2.3 Validating the potential LD talin-binding motifs

The manual and bioinformatics-based approaches identified nine proteins that contained potential
LD-TBMs. From the proteins identified, CDK1 (which was identified as a LD-TBM in both the manual
and bioinformatics searches), and SEPT2 (identified in manual search), were chosen for further

analysis, as both had high scoring in the talin proteomics.

Past searches for LD-motifs found that sequence searching alone identified many false positives.

In order to further validate the LD-TBMs identified through a sequence search, a structural
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evaluation was also carried out. This involved analysing both the structural position, secondary

structure and sequence conservation of the LD-TBM.

5.2.3.1 Structural evaluation of septin2

Septins are a family of GTP-binding and membrane interacting proteins that were first discovered
in yeast, where they were found to have a role in cytokinesis and cell morphology (Hartwell et al.,
1974). Septins are found in all eukaryotes and, in mammals, thirteen isoforms have been identified:
septin 1-12 and septin 14 (Neubauer and Zieger, 2017). Septins are highly conserved through
evolution with a common domain structure consisting of: an N-terminus region, central core
domain with a GTP-binding domain and a coiled coil region (as shown in FIGURE 5.6A). In most
isoforms a short polybasic region (PBR) can bind directly to phosphatidylinositol bisphosphate
(PIP2) in the cell membrane (Neubauer and Zieger, 2017). Septin isoforms can be split into four
sub groups as shown in FIGURE 5.6B, and septin isoforms within these subgroups can assemble

into multimeric complexes of two or more subunits (Neubauer and Zieger, 2017; Xu et al., 2018).

A pomain structure

GTP-binding domain ) coded-coil

PBR SuD

B Homology-based subgroups

4{ E —SERTR . oron
= = subgroup

— S o,
subgroup

SN 7T
subgroup

e BESENTENNN .
— subgroup

FIGURE 5.6: SEPTIN ISOFORMS DOMAIN STRUCTURE AND SUBGROUPS

(A) Schematic representation of septin domain structure. (B) Human Septin isoforms SEPT1-12 and SEPT14
subgroupings -based on homology sequence and coiled-coil domains. Figure from: (Neubauer and Zieger,
2017).

These complexes can form hexamer and octamer-like structures, which are believed to be stable

within the cell (Neubauer and Zieger, 2017). Human septins predominantly form hetero-hexamers
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and hetero-octamers composed of SEPT2, SEPT6, SEPT9 and SEPT7. The composition of septin
complexes is cell type specific and is essential in determining the proteins function within the cell

(Neubauer and Zieger, 2017).

It has been shown that mis-regulation of septin expression is associated with human tumorigenesis
(Xu et al., 2018). High expression levels of SEPT2 and SEPT7 have been detected in breast cancers
and in particular down regulation of SEPT2 has been shown to supress hepatoma cell growth (Xu
et al., 2018). In the talinl proteomics SEPT2 was the most abundantly found septin; but, SEPT7

and SEPT9 were also present.

To further determine if the LD-TBM found within the SEPT2 sequence was likely to bind to talin;
structural position, secondary structure and sequence conservation were all considered. FIGURE
5.7 shows a SEPT2 sequence alignment of different vertebrate species from residues 150-
195(inclusive of the LD-TBM). This alignment shows good conservation across species not only in

this region but also in the region immediately before the Leu-Asp (position -1 - -4).

The crystal structure of SEPT2 has been solved (PDB ID: 2QA5) and is shown in FIGURE 5.7B and C.
The LD-TBM region is highlighted in green and has a helical structure giving greater confidence that
it could bind to talin via helical addition in a similar way to the known LD-motifs DLC1 and RIAM.
Importantly, the motif appears to be exposed, enabling a possible interaction with talin. This
binding site, however, could potentially be restricted if a hexamer or octamer structure is formed.
After evaluating the structure and sequence of SEPT2, | would predict that it could form an

interaction with talin via potential LD-TBM between residues 164-170.

To determine if SEPT2 can bind to talin, we designed a synthetic peptide. The peptide
encompassed the core LD-TBD between residues 164-170 and also included a few residues on both
sides; to allow the peptide to adopt the correct helical fold. The inclusion of residues before
position 0 is an important step learnt from designing the KANK1 peptides (section: 4.2.1), where
the shorter KANK1 peptide (KANK1 42-68) started on the Leu residue (position 0) which

significantly impaired binding to the talin LDBD.

The final SEPT2 peptide designed encompassed the residues 159-174 and an additional N-terminus

Cys was attached to allow coupling to a fluorescent tag for binding experiments.
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A

SEPT2_HUMAN
SEPT2_MOUSE
SEPT2_RAT
SEPT2_FLY
SEPT2_COW

SEPT2 CHICK
SEPT2_C ELEGANS
SEPT2_ MONKEY

DNRVHECCFY FISPFGHGLEPLDVAFMEATENKVNIVPVIAKADTLTLEERERL
DNRVHCCFY FISPFGHGLEKPLDVAFMEATHNRVNIVPVIAKADTLTLKERERL
DNRVHCCEFYFISPFGHGLEPLDVAFMEATHNRVNIVPVIAKADTLTLEKERERL
DSRIHICLYFICPTGHGLESLDLVCMERIDSKVNI IPVIAKADTISKVELDRE
DNRVHCCFEYFISPFGHGLEPLDVAFMEATHNRKVNIVPVIAKADTLTLKERERL
DNRVHCCEFYFISPFGHGLEPLDVEFMRALHGKVNIVEPVIAKADTLTLKERERL
DKCVHLCLY FIEPSGHGLXPIDIELMKHLAGRVNIVPVISKADCLTRDELLRF
DNRVHCCFYFISPFGHGLEPLDVAFMEATHNKVNIVPVIAKADTLTLKERERL

L R L I L P R - .
- =~ Ak .- ... - - - . -

Pred: 0 ——

Pred: CCCCHHHHHHHHCQCCCCEEEEECC

AA: KPLOVAFMKAIHNKVNIVPVIAKAD
170 180

E SEPTIN2159_174 CGLKPLDVAFMKAIHNK

FIGURE 5.7: STRUCTURAL EVALUATION OF SEPTIN2 159-174 PEPTIDE

(A) Sequence alignment of septin2 proteins from different vertebrates, the septin2 159-174 peptide
highlighted in green. (B-C) show the structure of septin2 (PDB ID:2QA5) with the peptide residues coloured
in green, (C) highlights the residues that are on the potential talin binding surface (Asp164 and Leu163). (D)
Shows the PSIPRED predicted secondary structure for the peptide residues (highlighted by a green box) in
human septin2. (E) shows the residues in the final ordered peptide with a N-terminal cysteine residue

synthetically added.
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5.2.3.2 Structural evaluation of Cyclin Dependent Kinase 1

CDK1 is part of a large family of Ser/Thr kinases, whose kinase activity is dependent of the addition
of a regulatory subunit called cyclin (Malumbres et al., 2009). CDKs regulate many cellular
functions, including the cell cycle, transcription, mRNA processing, stem cell self-renewal and
spermatogenesis (Lim and Kaldis, 2013). CDK1 is largely involved in regulating progression through
the cell cycle and, in yeast, is the only cyclin-dependent kinase required to drive the cell cycle

(Santamaria et al., 2007).

CDK1 was identified as containing an LD-TBM in both the manual and bioinformatics searches,
where the protein sequence appeared to have not one but two potential LD-TBMs. Both the
manual and PROSITE search identified an LD-TBM within residues 210-220 and the manual search
identified a second potential LD-TBM between residues 283-290. To determine if the site(s) were
structurally viable to bind to talin and examine if these regions were conserved across species, we

analysed CDK1’s structure and performed protein sequence alignments.

5.2.3.3 CDK1 206-223 sequence evaluation

CDK1 residues 210-220 were identified in both the manual and PROSITE search, FIGURE 5.8A shows
a sequence alignment of CDK1 from a number of vertebrates and single cellular organisms. The
predicted LD-TBM (between residues 210-220) is highlighted in green and shows that the region is

highly conserved across all species, further suggesting that the region is functionally important.

The crystal structure of CDK1 is shown in FIGURE 5.8B and again the LD-TBM (210-220) is highlighted
in green. The LD-TBM is located in an accessible region of the structure and the region does not
clash with the cyclin binding site on CDK1. The region has a clear helical structure that as previously
discussed is important for the binding of an LD-motif to an LDBD. FIGURE 5.8B also highlights both
the Leu210 and Asp211 residues on the structure (positions 0 and 1, respectively). The Asp residue

points out into space, which could allow formation of a salt bridge with talin.

After evaluating both the conservation and the positioning of the LD-TBM on the CDK1 structure,
we predicted that the CDK1 210-220 region would to bind talin. In a similar fashion to SEPT2, a
synthetic CDK1 peptide encompassing the LD-TBM was designed. The peptide was designed to
include residues 206-223 with a Cys at the N-terminus to allow coupling of a fluorescent tag. The

peptide sequence is shown in FIGURE 5.8C.
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A CDK1 HUMAN VLLGSARYSTPVDIWSIGTIFAELATKKPLFHGDSEIDQLFRIFRA 219
CDK1_MOUSE VLLGSARYSTPVDIWSIGTIFAELATKKPLFHGDSEIDQLFRIFRA 219
CDK1_FLY VLLGSPRYSCPVDIWSIGCIFAEMATRKPLFQGDSEIDQLFRMFRI 219
CDE1 _SLIME MOULD VLLGSKSYSVPVDMWSVGCIFGEMLNEKPLFSGDCEIDQIFRIFRV 220
CDK1 POMBE.YEAST VLLGSRHYSTGVDIWSVGCIFAEMIRRSPLFPGDSEIDEIFEIFQV 224
CDK1_C.ELEGANS TLMGAQRYSMGVDMWSIGCTIFAEMATEKKPLFQGDSEIDELFRIFRV 236

CDK1_COwW VLLGSARYSTPVDIWSIGTIFAELATKKPLFHGDSEIDQLFRIFRA 219

CDK1 GOLD FISH VLLGASRYSTPVDVWSIGTIFAELATKKPLFHGDSEIDQLFRIFRT 219

CDK1 CHICK VLLGSALYSTPVDIWSIGTIFAELATKKPLFHGDSEIDQLFRIFRA 219
P AN * % t: 2+ S0 %o 2.2 %k Sttt

Conts

Pred: ____

Pred: CCCEEEECCCCCHEHCCOCCCOCONHMENNHNMNNMERECC
AA: THEVVTLNYRSPEVLLGSARYSTPVDINSIGTITAELATE
c 170 130 190 200

Conf1

Fred:

Pred: CCCCCCOCKHRHNEHNNNNCECOCCCCOCTCCCTCCCOCC
Ad: KPLFECOSTEIDOLFRIFRALETPUNEVNPEVESLODYENT

D CDK1 206 223 GDSEIDQLFRIFRALGTPC

FIGURE 5.8: STRUCTURAL EVALUATION OF CDK1 206-223 PEPTIDE

(A) Sequence alignment of CDK1 proteins from different vertebrates with the CDK1 206-223 peptide
highlighted in green. (B) Models the structure of CDK1 (PDB ID:4YC6) with the peptide residues coloured in
green and the potential talin binding residues are also highlighted (Asp211 and lle210. (C) Shows the human
CDK1 PSIPRED predicted secondary structure for the peptide residues (highlighted by a green box); the
peptide looks to be in a helical region. (D) shows the residues in the final ordered peptide with a C-terminal
cysteine residue synthetically added.
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5.2.3.4 CDK1 283-297 sequence evaluation

The additional LD-TBM identified within residues 287-297 of CDK1 was only identified in the
manual search as this method is less stringent and does not fit strictly to sequencel or sequence2
(section 5.2.1). To determine if this region could bind talin, the same structural evaluation process

was carried out as with the CDK1 210-220 region.

FIGURE 5.9A shows the sequence alignment of CDK1 across different species highlighting the 290-
297 region in green. This revealed that the LD-TBM is not conserved across species and that the
Leu-Asp residues (position 0 and 1, respectivley) are not found in all species. Residues 287-297 are
highlighted on the CDK1 structure in FIGURE 5.9B and unlike with the SEPT2 and CDK1 210-220
region there is no helical propensity but instead the region is disordered. This was also confirmed
when the sequence was run through the secondary prediction software PSIPRED (D. T. Jones,
1999). The results of the secondary structure prediction correlate with the CDK1’s crystal structure

and indicate a low level of confidence in helical formation (shown in FIGURE 5.9D).

The sequence is however, located in an accessible region of CDK1 meaning that talin could
potentially bind without hindrance. Furthermore, Asp288 in position 1 points out into space

allowing the possible formation of a salt bridge with talin.

After evaluating the structure and sequence of CDK1’s 287-297 region, it appeared unlikely the
possibility of an interaction with talin. In spite of this, the region was ordered as a synthetic peptide
to confirm this and thus determine how accurate and relevant the structural analysis of the LD-
TBM was. A synthetic peptide of residues 283-297 was designed and an N-terminal Cys was added
(shown in FIGURE 5.9E).
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A CDKl1_HUMAN AKRISGKMALNHPYFNDLDNQIKKM-————————— 297

CDK1_MOUSE AKRISGKMALKHPYFDDLDNQIKKM-—————————— 297
CDK1 FLY VHRISAKDILEHPYFNGFQSGLVRN-————————- 297
CDK1_SLIME MOULD SKRISAKEALLHPYFGDLDTSFF--—-————————-— 296
CDK1_POMBE.YEAST AHRISAKRALQONYLRDFH-----—-——=—=—===-= 297
CDK1_C.ELEGANS SLRLNAKKALVHPYFDNMDTSKLPAGNYRGELELF 332
CDK1_COW AKRISGKMALNHPYFNDLDSQIKKM-—-——-—————— 297
CDK1_GOLD FISH PKRISARQAMTHPYFDDLDKSTLPASNLKI----- 302
CDK1_CHICK AKRISGKMALNHPYFDDLDKSTLPANLIKKF---- 303

* . - - x .
- - - -

Pred: HHCCCCCQCCCCCCCCC
AR: ALNHPYFNOLDNOQI

2390

3 CDK1 283 297 CNHPYFNDLDNQIKKM

FIGURE 5.9: STRUCTURAL EVALUATION OF CDK1 283-297 PEPTIDE

(A) Sequence alignment of CDK1 proteins from different vertebrates with the CDK1 283 297 peptide
highlighted in green. (B-C) show the structure of CDK1 (PDB ID:4YC6) with the CDK1 283_297 peptide
residues coloured in green, (C) highlights the residues of the potential talin binding motif Leu and Asp
residues. (D) PSIPRED secondary structure prediction for the peptide residues (highlighted by a green box)
in human CDK1; the peptide looks to be in an unstructured region. (E) shows the residues in the final ordered
peptide with a N-terminal cysteine residue synthetically added.
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5.2.4 Determining if the LD talin-binding motifs bind talin

Through the design of a novel LD-TBM and the use of structural evaluation methods, we were able
identify two potential proteins that could bind to talin. From these hits, three synthetic peptides

were designed encompassing three potential LD-TBM in proteins SEPT2 and CDK1.

I SEPT2:159-174 CGLKPLDVAFMKAIHNK
I CDK1: 206-223 GDSEIDQLFRIFRALGTPC
Il. CDK1: 283-297 CNHPYFNDLDNQIKKM

The synthetic peptides are predicted to bind to talin via helical addition to a folded helical bundle
in the talin rod. The talin rod is comprised of 13 helical bundles (as shown in FIGURE 5.10) and so

to determine which bundle(s) the peptide can bind, a talin-screening assay was developed.

Talin is a large 250 kDa protein and although the full-length protein can be purified from E. coli,
only very low yields can be produced, making many of the available biochemical assays unfeasible.
Furthermore, using the whole talin protein would allow us to gauge if the peptide binds but it
would not enable the refinement of the binding site. To overcome these issues, the talin rod was
broken down into four large fragments: R1-R3 (residues 482-911), R4-R8 (residues 913-1653), R9-
R12 (residues 1461-2294) and R13-DD (residues 2300-2541). These regions are shown in FIGURE
5.10 and all can be expressed with high yields from E. coli, allowing the use of biochemical assays
such as FP allowing us to screen for multiple ligands in quick succession against different regions

of the rod domain.
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FIGURE 5.10: THE TALIN ROD DIVIDED INTO FOUR BIG FRAGMENTS

Schematic diagram of talin rod domains. Talin rod has been separated into the four talin fragments the blue
box indicates R1-R3 fragment (residues 482-911), green box indicates R4-R8 fragment (residues 913-1653),
red box indicates R9-R12 fragment (residues 1461-2294) and yellow box indicates R13-DD fragment (residues
2300-2541).

5.2.4.1 Fluorescence polarisation with talinl ‘big fragments’

The synthetic peptides (CDK1 206-223, CDK1 283-297, SEPT 159-174) were each coupled to the
fluorescent tag, BODIPY-TMR, to be used in the FP assay (see methods section: 3.4.2). The four
talin fragments (R1-R3, R4-R8, R9-R12 and R13-DD) were all concentrated to 200 UM and increasing
amounts of each fragment were titrated against each of the synthetic peptides. The binding of the
KANK1 30-60C peptide (from Chapter 4) was also tested against each of the four talin fragments

as a positive control for the R4-R8 fragment of talin.

The binding affinity of each peptide for the talin fragments are shown in FIGURE 5.11. As expected
KANK1 30-60C bound to the talinl R4-R8 domain region but displayed no binding to any of the
other large fragments. Of the remaining peptides, only the CDK1 206-223 peptide was bound to
talin. In this case, the peptide appeared to bind in multiple places within the talin rod, as there was
binding affinity for talinl R9-R12 and talinl R4-R8. Neither the SEPT2 159-174 or the CDK1 283-

297 peptides showed binding affinity to any of the talin fragments.

149



KANK1 30-60 SEPT2 159-174

Tahn1 R1-R3 SEPT2 159-174 (Kd ND)

B

-
THNL S-S5 NG FAWAG-0F (0 N0} e~ Talin1 R4-R8 SEPT2 159-174 (Kd ND)
-
—

A

-

-~ Talin 1 R4-R8 and KANK30-68 (Kd 15 +/- 1.6)
o Talin1 R9-R12 SEPT2 159-174 (Kd ND)
-
300

Talin1 R13-DD SEPT2 159-174 (Kd ND)

Talin 1 RS-R12 and KANK30-68 (Kd ND)

Talin 1 R13-DD and KANK30-68 (Kd ND)
E 150

S -

E 2

£ 250- E

= B

o °

o - o

o 200 o 100

o o

] e

Q 1504 S

g :

3 100 =

e w

¥ v SO T T T n
50 100 0 50 100 150
Concentration uM Concentration uM

C CDK1 206-223 D CDK1 283-297
-o- Tain! R1.R3 and CDK1 206-223 (Kd ND) -~ Tain1 R1-R3 COK1 283-297 (Kd ND)
- Taln1 R4-R8 and COK1 206-223 (Kd 14 +/-19) & Talin1 R4-R8 COK1 283-297 (Kd ND)
-~ Taint! R9-R12 and CDK1 206-223 (Kd 153 +/.2 3) ¥~ Talint R13-DD CDK1 283-297 (Kd ND)
=¥ “Faint 1R13-00 ana COK? 206223 (NI ND) -+ Talin1 R9-R12 COK1 283-297 (Kd ND)
400 200

¢
g

g
8

Fluorescence Polarisation

-

Fluroascence Polarisation
=
8

o

L] L)
0 50 100 150 50 100 150
Concentration yM Concentration uM

o

FIGURE 5.11: BIOCHEMICAL CHARACTERISATION OF LD TALIN-BINDING MOTIFS TO TALIN ROD
FRAGMENTS

(A-D) Binding of BODIPY-TMR labelled; CDK1 206-223C, CDK1 283-297, SEPT2 159-174, KANK1 30-60
peptides to talin domains; R1-R3 (residues 482-911), R4-R8 (residues 913-1653), R9-R12 (residues 1655-2294)
and R13-DD (residues 2300-254). Binding affinities were measured using a Fluorescence Polarization assay.
Dissociation constants + SE (uM) for the interactions are indicated in the legend. All measurements were
performed in triplicate. ND, not determined.
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5.2.4.2 Refining the talin binding site of CDK1 206-223

The binding curves shown in FIGURE 5.11 indicate that CDK1 206-223 could bind to both talin
fragments, R4-R8 and R9-12, with an equal affinity of ~15 uM. However, through optimisation of
the assay with the large talin fragments, we noticed that talinl R9-R12 can bind to BODIPY-TMR
(data not shown) leading to potential artifacts on the FP data. To overcome this problem, the talinl
R9-R12 fragment was split into two smaller domains: R9-R10 (residues 1655-1973) and R11-R12
(residues (1974-2294). These seemed to be a good compromise, as both double-domains were

easily expressed and do not bind to BODIPY-TMR.

The same FP assay was then carried out with the two smaller fragments, R9-R10 and R11-R12. The
binding affinity of CDK1 206-223 peptide to the five talin fragments is shown in FIGURE 5.12C. This
time no interaction was observed between the peptide and talin domains R9-R10 or R11-R12. This
leads to the conclusion that CDK1 206-223 can only bind to talinl R4-R8 and does so with an affinity
of 14 uM.
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FIGURE 5.12: BIOCHEMICAL CHARACTERISATION OF CDK1 206-223 PEPTIDE

(A) Talin rod domains predicted structure highlighting the rod fragments used in the corresponding FP assay,
red box highlights the splitting of the R9-R12 fragment into smaller R9-R10 and R11-R12 fragments. (B-C)
Binding of BODIPY-labelled CDK1 206-223C peptide to talin domains; R1-R3 (residues 482-911), R4-R8
(residues 913-1653), R9-R10 (residues 1655-1973), R11-R12 (residues 1974-2294) and R13-DD (residues
2300-254). Binding affinities were measured using a Fluorescence Polarization assay. Dissociation constants
+ SE (uM) for the interactions are indicated in the legend. All measurements were performed in triplicate.
ND, not determined.
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5.3 Discussion

5.3.1 Identifying future talin binding partners

Of the chosen LD-TBMs identified in the manual and bioinformatics approaches only the CDK1 206-
223 peptide was found to have a binding affinity to talin. The SEPT2 159-174 and CDK1 283-297
peptides were not identified to bind to talin. Can the lessons from this initial screening help refine

the LD-TBM sequence and enable us to search for further talin binding proteins?

Initially, it was believed that all the chosen peptides fitted the LD-TBM closely enough to bind to
talin. However, a structural evaluation was carried out on each peptide whereby the secondary
structure of the peptide, sequence conservation and structural positioning were analysed. The
structural evaluation determined that, the CDK1 206-223 and the SEPT2 159-174 peptide would be
likely to bind talin and the CDK1 283-297 peptide would be unlikely to bind talin. This was due to
the CDK1 283-297 peptide not having a helical structure and also not being conserved across
species, implying the region was not of functional importance. From the structural analysis it was
not a surprising to determine the CDK1 283-297 peptide had no binding affinity to talin. It was

however, a surprise that the SEPT2 159-174 peptide had no binding affinity to talin.

[LDMOTIF/ |
Position -3 -2 -1 0 1 2 3 4 5 6 7 8 9
Concensus

*/CDK1_206
CDK1_283

FIGURE 5.13: SEQUENCE ALIGNMENT AND EVALUATION OF LD TALIN-BINDING MOTIFS

Sequence alignment of: paxillin LD1 (UniProt ID: P49023); RIAM (UniProt ID: Q7Z5R6); DLC1 (UniProt ID:
Q96QB1); KANK1 (UniProt ID: Q14678); KANK2 (UniProt ID: Q63ZY3); CDK1 (UniProt ID: P06493) and SEPT2
(UniProt ID: Q15019). Red highlights acidic residues, blue basic residues and green hydrophobic residues.
Known talin binding sequences are highlighted with an *.

To determine why the SEPT2 peptide did not bind to talin, the tested LD-TBM peptides were
aligned alongside known LD-TBMs (shown in FIGURE 5.13). The alignment indicates the only
difference between the SEPT2 159-174 peptide and the other successful talin binding peptides is

the residue found in the -1 position. Earlier analysis determined the -1 position to be important
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for binding talin and a charged Asp needed to be present, the SEPT2 peptide had a Pro in this
position not fitting the criteria. Enforcing the -1 position in the LD-TBM to be of high importance.
The alignment also highlighted a slight variation in the CDK1 283-297 peptide compared to other
known LD-TBMs; the GIn residue at position +3 (highlighted by yellow box) is not a hydrophobic
residue like the other LD-TBM in this position. Glutamine is a polar residue and could disrupt

binding, potentially indicating that the +3 position is also of importance in the LD-TBM sequence.

This preliminary screening of talin proteomics hits, with a designed LD-TBM sequence has proved
successful and the LD-TBM has identified a novel talin binding protein, CDK1. Using the results of
successful and non-successful talin binding sequences the eight residue LD-TBM has been refined
and important residues (-1,0,1, +3) have been identified. Furthermore, it has been established that
‘sequence searching’ for LD-TBMs is not enough on its own to identify talin binding partners,

further structural analysis helps to reduce the number of false positives identified.

Further analysis of new LD-motifs binding to talin will give a better understanding of the binding
mechanism to talin and in the future it is hoped that the designed LD-TBM can be used to search
larger databases of proteins helping to identify future talin binding proteins.  Furthermore,
proteomics with talinl in different cell types would give more information on talin binding partners
in different cell types and different conditions. Equally, it would be interesting to determine if
there is any difference in LD-motifs binding the two talin isoforms in order to further understand

the functional differences between the two isofroms.
5.3.2 LD-motifs can bind to multiple LDBDs

LD-motifs can be recognised by multiple LDBDs with different three-dimensional structures. For
example, paxillin can bind to both vinculin and talin which both have different binding surface
residues (Tumbarello, Brown and Turner, 2002). This research identifies that LD-motifs do not
have to adhere to the strict LDxLLxxL consensus sequence to bind LDBDs and this sequence
adaptability would suggest that the LD-helix is malleable and the hydrophobic side chains on the

LD-motif are able to adjust to binding to different surfaces.

This promiscuity between LD-motifs and LDBD raises questions around how LD-motifs are being
correctly directed to their target molecule and prevented from forming non-specific interactions.
Specificity is important, as an LD-motif binding to the wrong LDBD can trigger the incorrect cellular
response (Alam et al., 2014). Understanding this specificity would lead to further understanding

of the biological processes LD-motifs are involved in and understand how dysfunction in these

153



relationships can lead to disease. Our research has identified that the specificity of LD-motifs is
incredibly sensitive to sequence, and a single point mutant at the -1 or +3 position can change
whether it binds talin or not. Therefore, the specificity between LD and LDBD interactions, whilst
not fully understood is likely driven by similar alterations to the sequence of the surrounding

residues of the LD-motif.

5.3.3 Talin LDBD specificity

Talinl R8 is a LDBD that has been shown to bind multiple different LD-motifs including: DLC1, RIAM
and Paxillin (Goult, Zacharchenko, et al., 2013; Zacharchenko et al., 2016). The talin R8 domain can
also bind to multiple non-LD proteins such as actin, a-synemin and vinculin making it a major

signalling hub in the talin tail.

As previously discussed in the introduction (Chapter 2) the positioning of talin R8 is unlike any of
the other talin rod domains. In the talin rod, each helical bundle provides a link to the next rod
domain via a short unstructured linker, talin R8 however, is inserted into the five helical bundle
R7 domain, between helices 30 and 36 as shown in FIGURE 5.14 (Yao et al., 2016). This domain
insertion protects the four-helix R8 domain from being ‘unravelled’ by mechanical force (Yan et
al., 2015; Yao et al., 2016). The talin four-helix bundles are less mechanically stable than five-helix
bundles; talinl R8 on its own can be unfolded at 5 pN (Yao et al., 2016). Whereas a five-helix
bundle such as R7 is not unfolded until a higher force of 15 pN (Yao et al., 2016). When R8 is
inserted into the R7 domain the four-helix R8 domain does not unfold until after the R7 domain
unfolds at 15 pN, allowing the R8 domain to remain stable and keep its helical bundle structure.
The helical bundle forms the binding site for LD-motifs and other ligands which when bound can

help regulate focal adhesion maturation.

With talin R8 acting as a signalling hub and binding many crucial ligands, how are the interactions

to the domain regulated?
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FIGURE 5.14: TALIN R8 DOMAIN STRUCTURE IN RELATION TO THE TALIN TAIL

A schematic representation of the talin R7-R8 domain structure. Talin R8 (blue) shown to be inserted into
the talin R7 domain (green) via unstructured linkers. The arrows showing the direction of the adjacent
domains R6 and R9 and the applied force. Figure from: (Yao et al., 2016).

5.3.3.1 Talin auto-inhibition

One way in which the talin could regulate when an LD-motif can bind to the R8 domain is through
talin autoinhibition. Talin can form homodimer complexes which are able to adopt a compact auto
inhibited conformation in the cytosol (Goult, Xu, et al., 2013). The two talin molecules wrap around
each other in a doughnut like confirmation with both talin head domains buried in the centre. In
this confirmation the talin R8 domain is hidden (as shown in FIGURE 5.15) meaning that the helices
are not exposed to bind to LD-motifs. This conformation could be a way to prevent LD-motifs

binding to talin when it is not at the cell periphery or near an adhesion.
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FIGURE 5.15: TALIN AUTOINHIBITION

(A) Front view of the talinl dimer in compacted doughnut like confirmation. (B) Top view of the talin dimers
the two monomers are coloured either white (rod), blue (head) and pink (rod), red (head) respectively. In
both A and B the talin R8 domain is highlighted by a red box. Figure adapted from: (Goult, Xu, et al., 2013).

Furthermore, it was described how talin has many layers of autoinhibition (section 2.7) and that
individual talin domains can become unfolded when subjected to force. When the helical bundles
are unfolded the binding sites for LD-motifs are destroyed thus, preventing LD-motifs from binding
to talin. This prevention of LD-motifs binding under high force could be a mechanism in which the

cell prevents LD ligands binding and allow other ligands such as vinculin to bind.

5.3.3.2 Binding affinity of LD-motifs to talin

LD-motifs bind to talin with micro molar affinity; RIAM and DLC1 ligands bind to talin R8 with an
affinity around 4 uM and paxillin binding is found to be much weaker (Zacharchenko et al., 2016).
The KANK LD-TBM was the tightest binding talin LD-motif found to date with a binding affinity of 1
WM. The weakness of the binding between talin and the LD-motif could be functionally important
as it could prevent non-specificity between LD-motifs and LDBDs. In order to have an interaction
between the LD-motif and talin there would need to be a high concentration of the LD-motif in the
vicinity of talin or equally a high concentration of talin around the LD-motif. This could prevent

interactions between talin and LD-motifs from occurring when not at adhesions.

Spatial and sequential binding of LD-motifs and talin could result indirectly from co-expression and
co-localisation of LD-motifs and/or talin proteins. It could also rely indirectly on clustering from

their recruiting factors such as integrin clusters at focal adhesions or CMSC clusters.
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5.3.3.3 Post-translational modifications

Post-translational modifications could also be a way to regulate binding of LD-motifs to talin. When
looking at the paxillin LD-motifs binding to LDBDs, phosphorylation of the LD-motif has resulted in
weakening of binding to the LDBDs. Phosphorylation of paxillin LD4 weakened the helical
propensity of the LD-motif and consequently reduced binding to the FAK FAT domain by a factor
of ~2.5 (Schmalzigaug et al., 2007).

No PTMs have been yet found on the sequences of LD-TBMs: DLC1, RIAM and KANK however, the
CDK1 206-223 LD-TBM does appear to contain a phosphorylation site at residue Ser206
(information form PhosphoSitePlus (Hornbeck et al., 2015)). This residue is located in position -2
of the LD-TBM, there is also another phosphorylation site found in the CDK1 206-223 LD-TBM at
Thr222. Phosphorylation at either of these sites, but in particular Ser206, could prevent or weaken
the interaction between talin and CDK1 through a change in binding surface or the LD-motif loosing

helical propensity.

Furthermore, PTMs on the surface of talin could have an impact on the binding of LD-motifs.
FIGURE 5.16 shows some of the known PTMs on talin R7R8. In our review, we catalogued the
published the known talin PTMs and found that Ser1508 (talin R8) and Ser1641 (talin R7) can be
phosphorylated and Thr1487 (talin R8) has been reported to be acetylated (Gough and Goult, 2018).
These PTMs on talin could have an effect on the binding of LD-motifs. In the characterisation of
the talin:KANK interaction (chapter 3) a phosphomimetic mutant S1641E was used to disrupt the
binding of talin:KANK interaction. This mutant did not completely perturb binding but did result in
a four-fold weakening in binding affinity between talin R7R8 and KANK; a similar finding to that in
paxillin LD4 and FAT.
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FIGURE 5.16: TALIN R7R8 POST-TRANSLATIONAL MODIFICATIONS

Talinl R7R8 KANK1 30-60 and DLC1 predicted structure, with highlighted PTMs in red (data from
PhosphoSitePlus). DLC1 461-489 (pink) and KANK 30-68 (blue).
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Chapter 6. Identifying and
characterising the interaction

between talin and CDK1
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6.1 Introduction

In the previous chapter, | described how a designed LD talin-binding motif was used to screen
through talin proteomic datasets in order to identify novel talin binding partners. Sequence
conservation and structural characteristics of these potential talin-binding proteins were further
assessed and, from this the protein known as cyclin dependent kinasel (CDK1) stood out as an
interesting talin binding protein. In this chapter, | describe the biochemical characterisation of the
interaction between talin and CDK1 and look at how talin affects the phosphorylation activity of

CDK1, to determine whether there is a link between the cell cycle and adhesion regulation.
6.1.1 The cell cycle

The cell cycle is a tightly regulated process that orchestrates gene duplication and accurate
segregation of DNA and other factors into two daughter-cells. The cell cycle is split into four
distinct phases G; Gy, S phase and M phase (mitosis) (see FIGURE 6.1). In the G; phase metabolic
changes prepare the cell for DNA replication, S phase involves the duplication of genetic material
to create sister chromatids. G, prepares the cell for division and assembles all cytoplasmic
components needed for entry into the M phase, where nuclear division also known as mitosis,
occurs, which creates two daughter-cells (Lim and Kaldis, 2013). Before entry into each phase of
the cycle, the cell has a series of checkpoints it must pass in order to prevent incorrect chromosome
replication. When these checkpoints fail and the cell cycle progresses incorrectly, this can lead to
disease and is often recognised as a hallmark of cancer (Sherr and Bartek, 2017). One group of
molecules used to ensure regulated progression through each of the phases is the family of cyclin

dependent kinases (CDKs) and their partnering cyclins.
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FIGURE 6.1: THE CELL CYCLE

A schematic diagram of the cell cycle highlighting each of the four phases involved Gi phase, S phase, G2
phase and M phase (mitosis).

6.1.2 Cyclin Dependent Kinases

CDKs are a large family of serine/threonine kinases that partner with regulatory subunits known as
cyclins, which control the kinase activity and substrate specificity of CDKs (Lim and Kaldis, 2013).
The first CDK discovered was in budding yeast, CDC28 (known as CDK1 in mammalian cells, see
FIGURE 6.2, and was revealed to play a crucial role in controlling cell cycle progression through
interactions with different cyclins (Beach, Durkacz and Nurse, 1982). Yeast became a working
model to study both CDK proteins and the cell cycle, and it was shown that CDC28 (CDK1) was the

only CDK needed to drive cell division in yeast models (Santamaria et al., 2007).

In contrast to yeast, the mammalian cell cycle has several different CDK proteins which aid
regulation of entry into each cycle phase although, similarly to yeast, CDK1 is the only CDK required
to drive the cell cycle (Santamaria D1, Malumbres M et al., 2007). Humans have twenty identified
CDK proteins, named CDK1-CDK20, categorised into two classes: cell cycle related CDKs (these can
bind to multiple cyclins), and transcriptional CDKs (these can bind to single cyclins) (Malumbres,
2014) (shown in FIGURE 6.2). The main required CDKs for cell cycle are CDK1, CDK2, CDK4 and
CDK6 (Malumbres, 2014); these CDKs mediate the cell cycle through association with different

cyclins.
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FIGURE 6.2: CDKS AND CORRESPONDING CYCLINS

A list of human CDKs and their partnering cyclin, the CDKs are spilt into two categories cell cycle-related and
transcriptional CDKs. Figure is taken from: (Malumbres, 2014).

6.1.3 Cyclin-dependent kinase activation

Cyclins are small proteins that bind to CDKs to activate their kinase ability; they are named cyclins
because they undergo a cycle of synthesis and degradation over the course of the cell cycle (Yang,
2018). CDK1 can be partnered with either cyclinA, B or E (shown in FIGURE 6.2) and the cyclin to
which CDK1 is bound, determines the phase of the cell cycle. As such, CDKs could be considered
as the ‘engine’ that drives the cell cycle and cyclins as the ‘gears’ that have to be changed to aid

the transition between the cell cycle phases.

In the first phase, cyclinE is bound to CDK2 which promotes entry to S phase (Pines and Hunter,
1990). Subsequently, cyclin A levels begin to rise driving the binding of CDK1-cyclinA and, by late
S phase, there is a detectable level of CDK1-cyclinA in the cell (Malumbres, 2014). This aids entry
into G, phase, where levels of cyclinA slowly decrease and cyclinB levels rise (see FIGURE 6.3). The
binding of cyclinB to CDK1 promotes the cells entry into M phase and is known as the ‘mitosis

promoting factor’ (Lohka, Hayes and Maller, 1988).
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FIGURE 6.3: LEVELS OF CYCLIN AND CDK COMPLEXES IN THE DIFFERENT PHASES OF THE CELL CYCLE

A model to show the levels of cyclin-CDK complexes at the different phases of the cell cycle. cyclin E-CDK2
triggers S phase, cyclin A-CDK2 and cyclin A-CDK1 regulate the completion of S phase, and CDK1-cyclin B is
responsible for mitosis. Figure from: (Hochegger, Takeda and Hunt, 2008).

To prevent early entry into mitosis, the activity of CDK1-cyclinB is regulated by several feedback
loops. When in early G; phase, inactive CDK1-cyclin B is maintained in the cytosol through
phosphorylation of CDK1 at residue Tyr15, by Weel kinase and related kinases (Gould and Nurse,
1989).

The activity of cyclinB then progressively increases once the cell enters prophase and active cyclinB-
CDK1 can translocate to the nucleus, triggering several mitotic events such as cell rounding, nuclear
envelope breakdown and spindle formation (Gavet and Pines, 2010). Cell rounding is an important
stage for entry into mitosis. Throughout the cell cycle, anchorage to a matrix is important requiring
both integrin—ECM interactions and the formation of actin-associated complexes. As the cell
enters M phase cell rounding occurs (see FIGURE 6.4) and adhesion complexes are rapidly
disassembled allowing for the cell to retract from the surface and round up to divide (Jones et al.,
2018). Cell rounding is required for accurate spindle formation and chromosome capture (Carreno
et al., 2008). Integrin mediated adhesion is required for orientation of cell division and efficient

cytokinesis to occur (Jones et al., 2018).
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FIGURE 6.4: CELL ADHESIONS RETRACT BEFORE ENTRY INTO MITOSIS

A schematic diagram showing cell-matrix adhesions on entry into mitosis. During the onset of mitosis levels
of CDK1-cyclinB rise and cell adhesions are lost. Figure adapted from: (Ramkumar and Baum, 2016)

6.1.4 CDK1 Phosphorylation

CDK1 has a ‘two lobed’ structure consisting of an N-terminal lobe and a C-terminal lobe, the kinase
also has an important active site found in a cleft between these two lobes (as shown in FIGURE
6.5). CDKs have to bind to cyclins in order to become ‘activated’, when not bound to a cyclin they
are completely inactive for two reasons. Firstly, the active site is blocked by the activation loop (a
flexible loop region shown in FIGURE 6.5) and secondly, several important amino acids in the active
site are not correctly positioned for the kinase reaction. Binding of a cyclin induces conformational
change in the activation loop exposing the active site. However, for full kinase activity to occur

phosphorylation of a conserved threonine residue on the activation loop has to follow.

The CDK family is different to other kinases as it is unable to auto-phosphorylate this site on their
activation loop and instead rely on being phosphorylated by other kinases. A key kinase that
phosphorylates the CDK1 activation loop at residue Thr160, is CDK Activating Kinase protein (CAK)
(Enserink and Kolodner, 2010). CAK is comprised of three subunits’ CDK7, cyclin H and MAT1
making it a member of the CDK family (Lolli and Johnson, 2005). CAK phosphorylates the conserved
Thr160 residue on the activation loop of CDK1 (shown in FIGURE 6.5) resulting in a conformational
change of the protein and the exposure of the substrate binding region (Enserink and Kolodner,
2010). Furthermore, phosphorylation of this site increases the number of contacts between the
cyclin and CDK1 leading to a stronger binding interaction. Both activation loop phosphorylation

and cyclin binding are required for full kinase activity.
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FIGURE 6.5: STRUCTURE OF CDK2

The structure of monomeric CDK2 (PDB ID: 1HCK) (silver). CDK2 is composed of a smaller N-terminal lobe
formed from a twisted anti-parallel B-sheet and a larger C-terminal lobe. The activation loop (red) runs from
residues 145-172 and the Thr160 residue is marked. Figure adapted from: (Wood and Endicott, 2018).

When activated, CDK1 can phosphorylate, Ser, Thr and Tyr residues through the addition of a
phosphate group (POs7), as shown in FIGURE 6.6. CDK1 phosphorylates proteins that contain the
optimal phosphorylation consensus sequence, Ser/Thr-Pro-x-x-Lys/Arg (S/T-P-x-x-K/R) (Rhind and
Russell, 2012) although it can also phosphorylate numerous proteins with the minimal consensus
sequence: Ser/Thr-Pro (S/T-P) (Suzuki et al., 2015). And more recently it has been shown that CDK1

can also phosphorylate non-S/T-P sites (Enserink and Kolodner, 2010).

Phosphorylation is a reversible post-translational modification (PTM) and plays a critical role in the
regulation of many cellular processes including cell growth, cell cycle and apoptosis. It is estimated
that one third of proteins in the human proteome are substrates for phosphorylation (Ardito et al.,
2017). The addition of a phosphate group changes the amino acid environment through the
addition of a negative charge, which can have a large effect on protein function and phenotype
within the cell. The addition of a phosphate can cause conformational changes in the protein’s
structure, which may then regulate catalytic activity or allow the phosphorylated region to recruit
neighbouring proteins that can recognise and bind phospho-motifs, such as Src homology domains

(SH2) and phosophotyrosine binding domains (PTB) (ThermoFisher, 2018).
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FIGURE 6.6: MECHANISM OF PHOSPHORYLATION

(A) Diagram illustrating that the phosphorylation PTM is a reversible reaction, phosphorylation is mediated
through a kinase adding a phosphate group from ATP and phosphatases remove phosphate group. (B)
Diagram illustrating the phosphorylation of the amino acid serine. The protein transfer from (-OH) group on
the Ser stimulates the nucleophilic attack of the y-phosphate group on ATP resulting in the transfer of a
phosphate group (from ATP) to serine to form phosphoserine and ADP. (-B:) indicates the phosphatase
enzyme that initiates the proton transfer. Diagram adapted from: (ThermoFisher, 2018).
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6.1.5 Cell adhesions regulated by CDK1

The CDK family plays a vital role in regulating the cell cycle, but until recently they were not
regarded as being involved with the regulation of cellular adhesions (Robertson et al., 2015).
Through the publication of the phospho-adhesome, a report of the proteomic and
phosphoproteomic sites on adhesion complexes, it was revealed that many proteins involved in
integrin-matrix adhesions are phosphorylated by CDK1, proposing the idea that the CDK family

could play a role in adhesion regulation (Robertson et al., 2015).

Since then, work from M.C. Jones et al. have shown that cell adhesions are regulated by CDK1
during the cell cycle. They found that cells transitioning from G; to S phase had a CDK1 dependent
increase in focal adhesion formation, which was partially mediated by phosphorylation of adhesion

proteins such as the formin-like protein 2 (FMNL2) (Jones et al., 2018) (see FIGURE 6.7).

Study of CDK1 in adhesions revealed that CDK1 inhibition triggers disassembly of focal adhesions
and leads to a decrease in the area of cells covered by adhesions with only smaller nascent
adhesion left (Robertson et al., 2015). This provides the first clear evidence that CDK1 may be

regulating adhesion sites in non-dividing cells.

167



Activation of cyclin B1-CDK1
drives entry into mitosis, loss of
residual adhesion complexes and
cell rounding.

‘ B \‘?{os,;g\ 5
Inhibition of CDK1 via YR N
formation of inactive cyclin ) Small peripheral adhesion
CDK1 complex results in complexes, limited stress fibers and
reduction in adhesion G, phase dominant cortical actin distribution.
complex area, loss of stress
fibers and dominant cortical G, phase -
P

actin distribution, P ‘
6\-" o L J \i
Extroce il Matrix

S ph
phase G,-S

Extrocellular Matrix

Cyclin A2-CDK1-dependent induction of large
adhesion complexes distributed throughout
the cell and formation of stress fibers.

FIGURE 6.7: ADHESION AREA IS DEPENDENT ON THE CELL CYCLE PHASE
Schematic diagram of the cell cycle indicating the size of cell-matrix adhesions (red) at different phases of
the cell cycle. Figure based form: (Jones et al., 2018)

This role of CDK1 is distinct from its more well-described role with cyclinB-CDK1 (driving the G;
phase into mitosis), because a knock-down of cyclin B did not cause changes in adhesion formation
throughout the cell cycle. This finding makes sense as cyclinB-CDK1 is only seen in G, phase of the
cell cycle (cell adhesion growth found in S phase) and so, instead of cyclinB it appears that cyclinA

is required for the CDK1-dependent adhesion regulation.

Furthermore, cell adhesion area increases between G; to S phase and decreases as cells enter G,
phase, following the pattern of cyclin A concentration in the cell (see FIGURE 6.3) (Jones et al.,
2018). Jones et al. concluded, that additional CDK1-cyclinA substrates might be involved in the
regulation of adhesion formation. Could the CDK1:talin interaction play a role in the cell adhesion

regulation and could talin binding to CDK1 be a recruiting factor of CDK1 to adhesions?

In the previous chapter, it was described how a designed LD talin-binding motif, was used to screen
through talin proteomic datasets in order to identify talin-binding partners. Sequence

conservation and structural characteristics of these potential talin-binding proteins were further
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assessed and from these data, one protein stood out as an interesting talin binding protein. This
protein was cyclin dependent kinasel (CDK1). This chapter describes the characterisation of this
protein-protein interaction through biochemical and biophysical methods, and addresses the
effects of talin on the phosphorylation activity of CDK1, to attempt to determine the existence of

a link between cell cycle and adhesion regulation.

6.2 Results

The designed LD talin-binding motif (described in chapter 5) identified two regions of CDK1 that
could potentially interact with talin: CDK1 206-223 and CDK1 283-297. These regions of CDK1 were
designed as synthetic peptides and ordered with C-terminal Cys residues, as previously described
in Chapter 5. The affinity of both CDK1 peptides to talin was measured using FP assays, which
showed that the CDK1 283-297 region did not interact with talin, whilst the 206-223 peptide bound

to the talinl fragment R4-R8.
6.2.1 Determination of the CDK1 binding site(s) on talin

Chapter 5, FIGURE 5.11 shows binding data between the CDK1 206-223 peptide and the large talin
rod fragments (R1-R3, R4-R8, R9-R10, R11-R12 and R13-DD). CDK1 binds to the talinl fragment
R4-R8 with a Kp of 16 uM. To further refine the CDK1 binding site on talin, the large R4-R8 fragment
was broken down into smaller domains, no binding was observed for domains R4 (residues 913-
1044), R5 (residues 1046-1206), and R6 (residues 1206-1357), leading to the conclusion that the
CDK1 binding site is in the R7-R8 region of talin. However, the double domain R7R8 (residues 1357-
1653) was found to bind the CDK1 peptide with an affinity of 15 uM (shown in FIGURE 6.8A). It
was also determined that both talin isoforms (talinl and talin2) could bind to the CDK1 peptide
with similar affinity; talin2 R7R8 bound the CDK1 peptide with an affinity of 11 uM.

Subsequently the individual talin domains: R7 (residues 1357-1365 A1454-1586) and R8 (residues
1461-1580) binding affinity was measured to the CDK1 peptide. FIGURE 6.8B shows the CDK1
peptide bound very weakly to talinl R7 with a binding Kp o¢56 uM. Talinl R8 on the other hand,
had an affinity of 18 uM to the CDK1 peptide concluding that the CDK1 binds to the talinl R8

domain.
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FIGURE 6.8: BIOCHEMICAL CHARACTERISATION OF CDK1 BINDING TO TALIN

(A-B) Binding of BODIPY-labelled CDK1 206-223C peptide individual talin domains; talinl R7-R8 (1357-1659),
talin2 R7R8 (1360-1656), talinl R7 (1357-1653A(1454-1586) and talinl R8(1461-1580). Binding affinities
were measured using a Fluorescence Polarization assay. Talin domain R10 (1815-1973) was used as a
negative control. Dissociation constants + SE (uM) for the interactions are indicated in the legend. All
measurements were performed in triplicate. ND, not determined. (C) Helical prediction of CDK1 peptide
based on the structure CDK1 (PDB ID:4YC6). (D) structural prediction of CDK1 peptide from CDK1 structure
(PDB ID:4YC6) (green) overlaid with DLC1 peptide structure (PDB ID:5FZT) with CDK1 residues threaded onto
the helix (red) (E) Talin rod domains predicted structure shown highlighting R8 talin sub domain.
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6.2.2 Chemical shift mapping of the CDK1 binding site on talinl R7R8

To further explore the talin:CDK1 interaction and determine the CDK1 binding surface on talin R7R8,
NMR chemical shift mapping was used. *°N-labelled talinl R7R8 (residues 1357-1653) were
expressed and a >N TROSY spectrum of talinl R7R8 (140 uM) (black FIGURE 6.9) was carried out.
The talinl R7R8 spectrum had good peak dispersion indicating that the protein was folded; CDK1
206-223 peptide was then added to talinl R7R8 at a ratio of 6:1 (green in FIGURE 6.9) and a very
similar peak dispersion remained indicating that the interaction between talin:CDK1 did not alter
the folding of talinl R7R8. However, a subset of the talinl R7R8 peaks shifted upon addition of
CDK1 whilst some remained in the same position, indicating that the CDK1 peptide bound to a
specific region on talin. To determine which peaks had shifted, the CDK1:talin spectrum was
overlaid with a talin1 R8 spectrum (data not shown), which highlighted it was talin1 R8 peaks that
had shifted with no significant shift changes observed on the R7 peaks; corroborating the FP data

(FIGURE 6.8) that talin1 R8 is the main CDK1 binding site on talin.

Talin1 R7R8 140 M
CDK1 206-223 300 uM

2 (8
a .
. . o |
o
(#) = - O
\;t; ';-‘:;\ c:_\’ p S{
o 0r Lo
120 ° - | ® 2
D G 20 ¢
5 o | |

FIGURE 6.9: >N TROSY NMR TITRATION TALIN1 R7R8 AND CDK1 206-223C PEPTIDE

1H,>N TROSY spectra of 140 pM *°N-labelled talin1 R7R8 (residues 1357—-1659) in the absence (black) or
presence of CDK1 206-223C peptide (green) at a ratio of 1:6.
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6.2.3 Chemical shift mapping of the CDK1 binding site on talin R8

The peaks in the R7R8 TROSY spectrum (FIGURE 6.9) are quite overlapped making the mapping of
individual peaks challenging. To overcome this a titration of the individual talin1 R8 (residues 1461-
1580) domain was carried out. ®N-labelled talin1 R8 was titrated against increasing concentrations
of the CDK1 206-223 peptide, the most saturated point in the titration is shown in FIGURE 6.10A;
talin R8 on its own (black) and CDK1 titrated in at a ratio 12:1 (blue). There was less overlap of the
individual peaks with the talinl R8 domain, allowing a clearer tracking of each peak, shown in
FIGURE 6.10B (talin1l R8 on its own (black), and in the presence of CDK1 at a ratio 3:1 (pink), 6:1
(green) and 12:1 (blue)). The talin peaks move differently compared to when the KANK1 30-60C
peptide was added to talinl R7, instead of splitting (slow exchange) they move progressively in a
linear line (with increasing concentrations of CDK1 peptide). This movement is showing the peaks
are in fast exchange on the NMR timescale, which allows for easy and accurate peak tracking.
FIGURE 6.10C highlights one peak, corresponding to talin residue Asn1534 to show the linear shift

changes as a higher concentration of CDK1 peptide is added.

To map exactly which talinl R8 residues shift upon addition of the CDK1 peptide, the talinl R8
chemical shift assignments were downloaded from the BioMagResBank (BMRB 1D:19339) and
analysed using CcpNMR Analysis software allowing each peak in the talin R8 spectrum to be
assigned to the corresponding talinl R8 residue. For analysis, the talinl R8 spectrum was
overlapped with the talin1R8:CDK1 1:6 spectra to allow measurement of the distance shifted for

each peak.

These shift distances were determined using the weighted combination of 'H and ®N amide
secondary shifts (A(H,N)). A(H,N) are determined using EQUATION 2: as described in chapter 4.
The shift distances for each peak were plotted and can be seen in FIGURE 6.11A; residues where
the peak shifted over 0.02 ppm (which represented a significant shift) are highlighted in red on the
graph and on the talinl R7R8 structure (FIGURE 6.11B). The talin residues that shifted upon
addition of the CDK1 peptide mapped onto talin helices 32 and 33 (FIGURE 6.11B). This was
interesting as these talin helices also form the binding surface for several other talin ligands

including RIAM and DLC1 (Yang et al., 2014; Zacharchenko et al., 2016) as discussed in chapter 5.
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FIGURE 6.10: >N HSQC NMR TITRATION OF TALIN1 R8 AND CDK1 206-223C PEPTIDE

(A-C) *H,>N HSQC spectra of 70 uM *°N-labelled talin1 R8 (residues 1461-1580) in the absence (black) or
presence of CDK1 206-223C peptide (pink/green/blue). Spectra are talin:CDK1 at a ratios of 1:12 (blue), 1:6
(green) and 1:3 (pink). (B) Zoomed in view of the box shown in (A). (C) Zoomed in region highlighting the
peak corresponding to residue Asn1534, showing progressive chemical shift changes, demonstrating the
talin:CDK1 interaction is in fast exchange on the NMR timescale.
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FIGURE 6.11: CHEMICAL SHIFT MAPPING OF TALIN1 R8 AND CDK1 206-223C

(A) Chemical shift mapping of the CDK1 binding site on talin1 R8 as detected by NMR using weighted chemical
shift distances. (B) Residues that moved more than 0.02 ppm (highlighted in red) mapped onto the talinl
R7R8 structure (PDB ID:5FZT).
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6.2.4 Biochemical comparison of DLC1 and CDK1 binding talinl R8

CDK1 binds to talin R8 via helices 32 and 33, which is the same binding surface as DLC1. Our
understanding of how LD ligands and their LDBD are regulated is limited so here | wanted to

compare how the two ligands, DLC1 and CDK1 interact with talin1 R8.

Both CDK1 and DLC1 bind to talin via a similar LD talin-binding motif; the DLC1 LD-motif is between
residues 465-489 (IFPELDDILYHVKGMQRIVNQWSEK). The motif is slightly different to CDK1 shown
in FIGURE 6.12B as CDK1 contains an ‘ID’ rather than the canonical ‘LD” found in DLC1. To
determine if this makes a difference in binding to talin; the FP assay was used to measure affinity
between talinl R7R8 and the DLC1 and CDK1 peptides. The data shown in FIGURE 6.12A shows
DLC1 binds talinl R7R8 with a higher affinity than CDK1; DLC1 binds talin R7R8 with a Kp of 3.5 uM
whereas CDK1 has a Kp of 14 uM.

A - Talin1 R7R8 WT and CDK1 203-223 (K, 14+/-2.3)
- Talin1 R7R8 WT and DLC1 465-489 (K, 3.5+/-0.36)
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B DLC1 465-489: IFPELDDILYHVKGMQRIVNQWSEKC
CDK1 206-223: GDSEIDQLFRIFRALGTPC

FIGURE 6.12: BINDING OF DLC1 AND CDK1 TO TALIN1 R7R8

(A) Binding of BODIPY-TMR labelled CDK1 206-223C peptide and DLC1 465-489C peptide to talinl R7-R8
(1357-1653). Binding affinities were measured using a Fluorescence Polarization assay dissociation
constants + SE (uM) for the interactions are indicated in the legend. All measurements were performed in
triplicate. (B) The CDK1 (206-223) and DLC1 (465-489) peptide sequences shown with the LD talin-binding
motif highlighted in bold.
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A N HSQC of talinl R8 (black) is shown in FIGURE 6.13; both CDK1 (green) and DLC1 (blue)
peptides were added to talin R8. The spectra were compared to highlight the differences the two
peptides had on the talin R8 environment. The DLC1 spectrum shows more peaks have shifted,
compared to the CDK1 spectrum, (red box on FIGURE 6.13 and FIGURE 6.13B). This suggests that

more residues may be involved in the binding of talin:DLC1 compared to talin:CDK1.

FIGURE 6.13C shows a region of the spectrum where most talin shifts take place when CDK1 is
added. In this region the same talin peaks shift in the presence of both DLC1 and CDK1 indicating
that the same core residues are mediating the binding of CDK1 and DLC1. Additionally, some talin
peaks in this region shift in opposite directions with the two ligands (FIGURE 6.13C highlighted by
black dotted box). This change highlights the differences in the ligands CDK1 and DLC1 sequences,
these different residues cause different environmental changes to talin when binding. This
indicates that, even though there is residue variation in the talin binding sequence on CDK1 and
DLC1, they still binding to the same talin residues. Together this provides evidence that the same

talin binding mechanism is being used between the different LD-motif peptides.
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FIGURE 6.13: >N TROSY SPECTRA SHOWING DLC1 AND CDK1 BINDING TO TALIN1 R7R8

(A-B )H,>N TROSY spectra of 140 uM N-labelled talin1 R7R8 (residues 1357-1659) in the absence (black)
and presence of 400 uM CDK1 206-223C peptide (green) or 400 uM DLC1 465-489C peptide (blue). Black box
highlights region of talin residues shifted upon addition of CDK1. Red box highlights area of the spectra where
the peaks have shifted upon addition of DLC1 to talin R7R8 but not CDK1. (C) Zoomed in region of the HSQC
spectra, highlighting the different directions of the peaks when CDK1 or DLC1 peptides are added to talinl
R7R8.
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6.2.5 Designing a CDK1 mutant to disrupt the talin:CDK1 interaction

CDK1 binds to talin through an LD talin-binding motif. This LD-motif is similar to the KANK LD talin-
binding motif discussed in chapter 4. Designing a CDK1 mutant to perturb talin:CDK1 binding was
greatly assisted from the design of the KANK_4A mutant (see section 4.2.6), that successfully
perturbed the binding between talin:KANK.

The KANK_4A mutant was designed to perturb binding via mutating the Leu and Asp residues in
the LD-motif for Ala. This prevented KANK from forming the salt bridge between the charged Asp
residue and talin and consequently perturbing binding.

FIGURE 6.14A shows a model of CDK1 binding to talin R8 which demonstrates how the Asp211
residue (in the LD-motif) likely forms a salt bridge with talin residue Lys1544. This interaction
orients the CDK1 peptide and allows the hydrophobic 1le210 residue to form a hydrophobic
interaction with talin. Using the same strategy we developed for KANK, we mutated the CDK1 |
e210 and Asp211 residues to Ala. A peptide CDK1_2A 206-223 (GDSEAAQLFRIFRALGTPC)
containing the mutation was ordered (shown FIGURE 6.14C) allowing the FP assay to be used to
determine the binding of the CDK1_2A mutant with talinl and talin2 R7R8. FIGURE 6.14D shows
the CDK1_2A mutant is effective as it did not generate a determinable Kp confirming it is an

effective mutant in abrogating the talin:CDK1 interaction.
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CDK1_2A mutant

C CDK1 WT 206 _223C GDSEIDQLFRIFRALGTPC
CDK1 2A 206-223C GDSEAAQLFRIFRALGTPC

D -o- Talin2 R7R8 and CDK1 206-232 (kd 15.2+/- 2.3)
-# Talin2 R7R8 and CDK1_2A (Kd ND)
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FIGURE 6.14: DESIGN OF ACDK1_2A MUTANT TO PERTURB TALIN:CDK1 INTERACTION

(A-B) Structural model of CDK1 206-223C (green) binding to talinl R8 domain (grey) - the talin:DLC1 structure
used with CDK1 residues threaded onto DLC1 helix (PDB ID: 5FZT). (A) lle210 and Asp211 residues are
highlighted (B) the mutations Ala210 and Ala211 are highlighted. (C) CDK1 and CDK1_2A peptide sequences:
green highlights the lle and Asp residues in the LD-motif and red highlights the Ala residues in the CDK1_2A
mutation. (D) Binding of BODIPY-TMR labelled CDK1 206-223C and CDK1_2A 206-223C peptides to talin2
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R7R8 (1360-1656). Dissociation constants + SE (uM) are indicated in the legend. All measurements were
performed in triplicate. ND, not determined.

To confirm the effectiveness of the CDK1_2A mutant for disrupting the interaction between CDK1
and talin, NMR titrations were carried out with talinl R7R8 (residues 1357-1659) and the CDK1_2A
206-223 peptide. The®>N TROSY talinl R7R8 spectra are shown in FIGURE 6.15. For both FIGURE
6.15A and B, the spectra in black correspond to talinl R7R8; in green (FIGURE 6.15A) spectrum
corresponds to the addition of the CDK1 206-223 peptide (ratio 6:1) and, in red, FIGURE 6.15B the
spectrum of mutant CDK1_2A 206-223 added at a ratio of 6:1. No shifts can be observed when the
CDK1_2A peptide is added, in contrast to the addition of CDK1 WT peptide.
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FIGURE 6.15: NMR TROSY OF THE CDK1_2A MUTANT ON BINDING TO TALIN R7R8

(A)*H,>N TROSY spectra of 140 pM °N-labelled talin1 R7R8 (residues 1357-1653) in the absence (black) or
presence of CDK1 206-223C peptide (green) at a ratio of 1:6. (B) *H,>N TROSY spectra of 140 uM °N-labelled
talinl R7R8 in the absence (black) or presence of CDK1_2A mutant peptide (red)at a ratio of 1:6

180



Furthermore, a *®N HSQC titration with the individual talin R8 domain was carried out. FIGURE

6.16 shows the most saturated point of the titration with 420 uM CDK1 added to 70 uM talin R8.

The HSQC showed no shifts occurred in presence of the mutant enabling us to conclude that the

CDK1_2A mutant is effective in abrogating the talin:CDK1 interaction and would be a good mutant

to use in cellular studies of the CDK1:talin interaction.
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FIGURE 6.16: NMR HSQC OF THE CDK1_2A MUTANT AFFECT ON BINDING TO TALIN R8

(A) *H,>N HSQC spectra of 70 uM N-labelled talin1l R8 (residues 1461-1580) in the absence (black) or
presence of CDK1 206-223C peptide (green) at a ratio of 1:6. (B) H,*>N HSQC spectra of 70 uM °N-labelled

talinl R8 in the absence (black) or presence of CDK1_2A mutant peptide (red) at a ratio of 1:6.
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6.2.6 Structural characterization of the talin:CDK1 complex

Following the design of a CDK1 mutant to perturb talin:CDK1 binding we wanted to design a talin
mutant to perturb the interaction also. In order to achieve this, it was important to understand
the talin residues involved in the interaction with CDK1 and so we wanted to obtain an atomic

structure of talinl R7R8 and CDK1 206-223.
6.2.6.1 Crystallography

Crystallography screens of the CDK1:talin complex were set up including Hampton crystal screen 2
(Hampton), JCSG (Molecular Dimensions), Wizard (Molecular Dimensions) and Pact (Molecular
Dimensions). Initially talinl R7R8 (residues 1357—-1653) was purified and mixed with CDK1 peptide
at a ratio of 1:4. All screens were plated at a 1:1 ratio of protein: well solution and left at both 4 °C
and 20 °C. A number of crystals grew in the screening trays, some are shown in FIGURE 6.17, these
crystals were placed into a CryoLoop and frozen in liquid nitrogen. Diffraction datasets was
collected at 100 K on beamline 103 at Diamond Light Source (Didcot, UK). However, when solved
it was found that the crystals were Apo structures and no CDK1 peptide was present. Different

ratios of talin:CDK1 were tried and also talin2 R7R8 but no structure could be obtained.

FIGURE 6.17: CRYSTALLIZATION TRIALS OF TALIN1 R7R8 AND CDK1 206-223C PEPTIDE

Crystals of talinl R7R8 grown form a protein complex talinl R7R8:CDK1 (ratio of 1:8) and laid at a 1:1 protein
well solution ratio, crystals were found in JCSG+ optimization screen conditions at 20 'C.
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6.2.6.2 Predicted docking

In the absence of a talin:CDK1 structure a docking prediction between the talin R7R8 domains and
the CDK1 206-223 peptide was created. This was achieved using the known talinl R7R8:DLC1
structure (PDB ID: 5FTZ), where the DLC1 peptide forms a short alpha helix that packs against the
talin helices 32 and 33. The DLC1 helix was used as a base and the CDK1 peptide 206-223 was
threaded onto the DLC1 helix using PyMOL. FIGURE 6.18 shows the structural model of a CDK1
peptide threaded onto talinl R8. In the model, Asp211 of CDK1 is positioned to form a salt bridge

with talin Lys1544 residue; a key interaction found in all LD peptides bound to the talin R8 domain.

Talinl R8

CDK1 209-230

Talinl R7

FIGURE 6.18: STRUCTURAL MODEL OF TALIN1 R7R8:CDK1 206-223
The binding of talinl R7R8 and CDK1 peptide 206-223. CDK1 peptide 206-223 was modelled onto the known
DLC1 structure using PyMOL and is highlighted in green.
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6.2.7 Designing a talin mutant to perturb CDK1:talin binding

A major aim of the biochemical characterisation of the interaction between talin and CDK1 was to
design and validate mutations that were capable of modulating it, with the ultimate purpose of
introducing these mutants into cells to explore the physiological role of the interaction (with and

without the mutations).

The CDK1_2A mutant disrupts talin:CDK1 binding and is useful in helping understand what the
CDK1:talin interaction is doing in a cell. However, because CDK1 is a promiscuous Ser/Thr kinase
and is known to phosphorylate hundreds of other proteins in different compartments of the cell
(M. C. Jones, Askari, Humphries, & Humphries, 2018), having a CDK1 mutant may not give a clear
picture of its talin-dependent functions. The mutation in CDK1 may affect phosphorylation of other
proteins in the cell, and this would have off target effects other than just disrupting the talin:CDK1
interaction. To resolve this, we proposed that a mutation on the talin R8 domain inhibiting the

talin:CDK1 interaction would give a clearer insight in to the role CDK1:talin is playing in the cell.

We wanted to design and test a talin mutant that would perturb the talin:CDK1 interaction and not
prevent binding of other known talin R8 binding proteins such as DLC1 or RIAM (Goult,
Zacharchenko, et al., 2013; Zacharchenko et al., 2016). To determine if R8 ligand-specific
mutations were feasible, the structures of DLC1:talin (PDB ID: 5FZT) and RIAM:talin (PDB ID: 4W8P)
and CDK1:talin (predicted) were examined (FIGURE 6.19).
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FIGURE 6.19: LD SPECIFICITY BETWEEN TALIN R8 LIGANDS: DLC1, RIAM AND CDK1

(A) Structural model of talin: CDK1:talin highlighting the binding of LD talin-binding motif on the CDK1
peptide (green) initial talin LD binding site shown by a red box and the LD specificity region is also highlighted
by a red box. (B Structure of talin: RIAM (PDB ID: 4W8P) RIAM LD talin-binding motif highlighted in orange.
(C)The structure of talin:DLC1 (PDB ID: 5FZT) DLC1 (pink).
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The salt bridge interaction that forms between the Asp on the LD-motif and talinl R8 Lys1544
residue might be the initial contact that defines the interaction. Structural analysis confirms that
the LD talin-binding motifs of: CDK1, RIAM and DLC1 dock to the talin R8 domain all form this

interaction via the ‘initial LD binding site’ (see FIGURE 6.19).

This interaction orients the LD talin-binding peptide and allows binding of other residues further
downstream of the LD to bind to talin in what is known as the ‘specificity region’ (Zacharchenko
et al., 2016). Talinl Lys1544 was targeted when trying to perturb the DLC1:talin interaction
(zacharchenko et al., 2016), where the basic Lys residue was mutated to an acidic Glu. This
mutation however, only had a partial effect on perturbing the interaction between talin and DLC1
suggesting that other interactions downstream of this in the ‘LD specificity region’ are integral for

the interaction (Zacharchenko et al., 2016).

The ‘LD specificity region’ potentially makes it plausible that a ligand specific mutation could be
made to prevent only the perturbation of one LD ligand from talin R8. The talin residue Lys1544
could be mutated to abrogate the ‘LD initial binding site’ and then a residue making a contact

unique to that LD talin-binding ligand could be mutated in the ‘specificity region’.

FIGURE 6.19 shows the ‘LD specificity region’ in both DLC1 and RIAM; DLC1 Glu488 forms a salt
bridge with talin Lys1530 whereas RIAM Glul8 forms a salt bridge with talin Lys1510. A double
talin mutant that targeted both the ‘initial LD binding site’ (Lys1544) and the DLC1 ‘specificity site’
(Lys1530) was designed and tested using NMR (Zacharchenko et al., 2016). This data indicated that
the double mutation perturbed the binding of talin and DLC1 (Zacharchenko et al., 2016).

Using a similar strategy we sought to design a talin mutant to perturb talin:CDK1 binding and to
achieve this the CDK1 ‘specificity site’ needed to be identified. The CDK1: talin docking structure
(FIGURE 6.19A) was used as a reference and a potential salt bridge between CDK1 Glu232 and talin
Lys1523 was identified. A further contact between CDK1 and talin in the ‘specificity region’ could
come from hydrophobic interactions between CDK1 Trp228 and talin. FIGURE 6.19A shows the
Trp228 residue to be facing away from the talin helices however, if helical propensity of this region
was modelled we would predict that the hydrophobic Trp residue would point in-between the two

talin helices forming a hydrophobic interaction.
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A CDK1 206-223: GDSEIDQLFRIFRALGTPC
CDK1 206-232: GDSEIDQLFRIFRALGTPNNEVWPEVEC

D = Talin1 R7R8 and CDK1 206-223 (Kp 16.62+/-0.9)
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FIGURE 6.20: IDENTIFYING IF CDK1 TRP228 AND GLU230 RESIDUES ARE IMPORTANT FOR TALIN BINDING

(A) The CDK1 206-223 and CDK1 206-232 peptide sequences used. (B-C) Helical prediction of CDK1 peptides

based on the structure CDK1 (PDB ID:4YC6). (D) Binding of BODIPY-TMR labelled CDK1 206-223C and CDK1
206-232C peptides to individual talinl R7-R8 (1357-1659). Binding affinities were measured using a
Fluorescence Polarization assay. Dissociation constants + SE (uM) for the interactions are indicated in the
legend. All measurements were performed in triplicate.
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Neither CDK1 residues Trp228 and E230 are found in DLC1 or RIAM nor do DLC1 or RIAM appear
to contact talin Lys1523. We hypothesised that if these regions could be targeted in conjunction

with the talin Lys1544 residue a CDK1 specific talin mutation could be made.

Before designing the talin mutants we wanted to determine if the CDK1 residues encompassing
the predicted LD specificity region would increase the affinity for CDK1 as they were not included
in the original CDK1 206-223 peptide. To explore whether Trp228 and Glu230 were involved; we
designed a longer CDK1 peptide- CDK1 206-232 (shown in FIGURE 6.20A). Fluorescence

polarisation was used to measure the binding affinities for the two CDK1 peptides with talin1 R7R8.

FIGURE 6.20D shows there was no significant difference between the longer and shorter CDK1
peptides: the short CDK1 206-223 peptide bound with a Kpof16 uM and the longer peptide bound
with a Kpof 21 uM. Therefore, we concluded that Trp228 and Glu230 are not important for the
interaction with talin and thus we have determined that the CDK1 residues 206-223 comprise the
talin binding site. Determining that only CDK1 residues 206-223 are important for talin binding
meant that a new strategy for designing a CDK1 specific mutant had to be implemented as talin
residues around Trp228 and Glu230 could no longer be targeted as they were not part of the talin
binding site, meaning the ‘LD specificity region’ was not where originally anticipated. The next
strategy we implemented was to disrupt hydrophobic interactions between talin and CDK1 206-
223. FIGURE 6.21 highlights the hydrophobic residues on CDK1 that could interact with talin helices
32 and 33, these include CDK1 residues: 1le210, Phe214 and Phe217.

To target these CDK1 residues, talinl R7R8 mutants were designed, the CDK1 Phe217 (from the
CDK1:talin binding model) looked to be situated near two alanine residues on the talin surface
Ala1495 and Ala1499 (shown in FIGURE 6.21). Alal495 and Alal499 potentially create a pocket
for the aromatic ring of Phe217 and Phe214.

This observation of conserved small residues in the interface had some similarity to the docking of
KANK to talin R7; KANK had a bulky hydrophobic residue Tyr48, which formed hydrophobic
interactions with talin helices 29 and 36. The design of the talin mutant G1404L utilised a bulky
leucine residue and prevented KANK1 Tyr48 from interacting with talin. Learning from the success
of the G1404L talin mutant we employed a similar strategy of trying to prevent the CDK1 residues;
Phe217 and Phe214, from fitting in-between the talin helices. Talinl Ala1495 and Ala1499 were
mutated to leucine residues with the hypothesis that the two Leu residues would fill the gap
between talin helices 32 and 33 preventing CDK1 Phe214/ Phe217 from fitting in to the pocket and

forming a hydrophobic interaction.
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FIGURE 6.21: DESIGNING A TALIN R8 MUTANT TO PERTURB CDK1 BINDING

Structural model of Talin1:CDK1 206-223 predicted based on talin:DLC1 structure(PDB ID: 5FZT). Residues
on talin R8 that look to be interacting or in close proximity to CDK1 residues are highlighted in yellow. The
salt bridge formed between talin Lys1544 and CDK1 Asp211 is highlighted with a black dotted line.
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A second mutagenesis approach was to target the CDK1 ‘initial LD binding site’ by designing a talin
mutant that could prevent the salt bridge between talin Lys1544 and CDK1 Asp211 as showing in
FIGURE 6.19A. These included:

i. A charge reversal mutant K1544D aimed to repel the Asp211 residue on CDK1 and
prevent binding.

ii. A charged mutant V1540D targeting the 1le210 hydrophobic residue on CDK1 to
prevent hydrophobic interaction with talin. The addition of a charged aspartate

residue in the hydrophobic pocket on talin aimed to repel the CDK1 lle210 residue.

Our studies with the longer CDK1 206-232 peptide indicated that the region 223-232 was not
essential for binding to talin (FIGURE 6.20); however, we postulated that by introducing a mutation
in talin that would prevent this region of CDK1 being able to bind talin, the entire CDK1 peptide
binding to talin R8 could still be disrupted. The talin mutant S1513L was, therefore, designed with
a Leu residue filling the gap between the talin helices and thus preventing the CDK1 Trp228 residue

(or surrounding residues) from forming hydrophobic interactions with talin.

In summary, we designed a total of four talinl R7R8 mutants:

i.  Al1495L: Targeting the interaction sustained by Phe214 on CDK1

ii.  S1513L+A1495L: Targeting binding of CDK1 through Phe214 and Trp228
iii.  A1499L+A1495L: Targeting binding of CDK1 through Phe214 and Phe217
iv.  V1540D+K1544D: Targeting binding of CDK1 through Asp211 and lle210
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6.2.8 Testing of designed talin mutants to perturb CDK1 binding

The designed talin mutants were put into the pET151 talinl R7R8 vector allowing for recombinant
expression and purification. Mutants were not put into the single talin domain R8 due to the
domain not being as stable as R7R8. The talinl R7R8 mutants were all concentrated to an equal
concentration of 300 uM along with talinl R7R8 WT and used in the FP assay to measure affinity
with BODIPY-TMR labelled CDK1 206-232 peptide, results are shown in FIGURE 6.22.

The talin Leu mutations (A1495L, A1499L) did not have a big effect on the binding affinity between
CDK1 and talin compared to talinl R7R8 WT. These mutations were designed to prevent the
hydrophobic Phe residues on CDK1 forming hydrophobic interactions with talin, the fact it had no
effect on CDK1 binding suggests either a Leu substitution may not have been enough to disrupt the
hydrophobic interaction or instead a charged residue could have been used. It could also have
been that the talin residues Alal495 and Alal499 were not close enough to the Phe residues on
CDK1 or that the Ala residues provided a hydrophobic environment that the Phe could still interact
with. On the other hand, it could imply that the CDK1 Phe residues are not involved in the
interaction. The double mutant S1513L and A1495L had a slightly bigger effect on CDK1’s binding
affinity to talin, it doubled the Kp however, and this would not probably not be enough to perturb
binding within a cell. The most effective mutation was the V1540D and K1544D (VDKD) mutation,

as it changed the Kp from 15 uM to 91 uM, a six-fold difference.
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WT N/A 16.03 +/-0.9
A1495L Targeting CDK1 F214 16.97 +/- 0.8
S1513L + A1495L Targeting CDK1 F214, W228 33+/-4.1
A1499L + A1495L Targeting CDK1 1210, D211, F214 | 16.97 +/- 0.9
V1540D + K1544D Targeting CDK1 1210, D211 95 +/-22.3

FIGURE 6.22: DETERMINING IF THE DESIGNED TALIN R7R8 MUTANTS PERTURB CDK1 BINDING

(A) Table of Kp values determined from FP assay with CDK1 peptide 206-223 and talinl R7R8 mutants:
V1540D+K1544D, A1499L+A1495L, S1513L+A1495L and A1495L. Dissociation constants + SE (uM) for the
interactions are indicated and all measurements were performed in triplicate. (B) talinl R8 structure (PDB
ID: 5FTZ) highlighting talin residues in red that have been mutated.
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6.2.9 Is the talin mutant ‘VDKD’ specific to perturbing the talin:CDK1

Interaction?

After determining the talin VDKD mutant to be successful in perturbing the talin:CDK1 interaction
it was important to conclude if the mutation only perturbed CDK1 binding or if it affected the
binding of other R8 ligands; RIAM and DLC1. To determine this the binding affinities of talin1 R7R8
WT and talinl R7R8 VDKD were tested against DLC1 465-489 and RIAM 4-30 peptides, using in vitro
FP assays (FIGURE 6.23). The VDKD mutation appears to affect both RIAM and DLC1 binding to
talin; the Kp of DLC1 changed from 3.5 uM (talin1 WT) to 15 uM with the talin1 VDKD mutation.
Likewise, the Kpfor the interaction with RIAM changed from 3.9 uM to 22 uM with WT and VDKD

mutant, respectively.

The VDKD talin mutation was designed to target the ‘LD initial binding site’ of CDK1 however, due
to this being a common mechanism of binding for all LD talin-binding motifs the mutant also
affected RIAM and DLC1 binding to talin. This is a difficult problem to navigate around as the other
talin mutants designed to target CDK1 in the ‘specificity region’ downstream of the LD-motif did
not seem to have an effect on talin:CDK1 binding. This is a useful talin mutant for cellular studies
as it does perturb the talin:CDK1 interaction. It will just be important to consider that when looking
for a talin:CDK1 phenotype within a cell, other ligands (RIAM and DLC1) would also be prevented
from binding to talin1 R8.
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FIGURE 6.23: DETERMINING THE BINDING AFFINITY FOR DLC1, RIAM AND CDK1 AGAINST THE TALIN1
R7R8 VDKD MUTATION.

(A-C) Binding of BODIPY-TMR labelled; CDK1 206-223C, DLC1 465-489C and RIAM 4-30C peptides to talinl
R7-R8 (1357-1659). Binding affinities were measured using a Fluorescence Polarization assay. Dissociation
constants + SE (uM) for the interactions are indicated in the legend. All measurements were performed in
triplicate.
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6.2.10 Can CDK1:Cyclin:talin form a complex?

In our biochemical studies we have used the CDK1 peptide 206-223 as a representation of the CDK1
protein. We know that this region provides the talin binding epitope. In order to visualize the
interaction between talin R7R8 and full-length CDK1, the known CDK1 (PDB ID: 4YC6) and talinl
R7R8 (PDB ID: 5FZT) structures were docked together combining both modelling approaches and
the knowledge gained from our biochemical studies. FIGURE 6.24A shows CDK1 and R7R8 docked,
highlighting that the interaction is sterically feasible and there is space for both proteins to bind.
There is a slight clash between talin R8 and the flexible loop near the CDK1 LD talin-binding motif.
This region on CDK1 is flexible and would be able to take a different confirmation so would not be

anticipated to cause problems.

| was also intrigued to model the tripartite complex of cyclin:CDK1:talin. Cyclin is needed to
activate CDK1 and so it would be possible talin-cyclin-CDK1 could form a complex. To determine if
the interaction was sterically possible the known structures; CDK1-cyclinB1 (PDB 1D:4YC3) and
talinl R7R8 (PDB ID:5FZT), were used to model the interaction (FIGURE 6.24B). Again, it looks
sterically feasible for talin to bind cyclin-CDK1; there is a small clash between talin R7 and cyclin B1.
However, the talin R7R8 domains are connected via a flexible linker which would allow for
sufficient movement to prevent a clash with cyclinB1 implying that a tripartite interaction is

feasible.
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FIGURE 6.24: STRUCTURAL MODEL OF TALIN1 R7R8:CDK2:CYCLINA2

(A) Structural model of CDK1:talin1R7R8 using X-Ray crystallography structures of CDK1 (PDB ID:4YC6) and
talin R7R8 (PDB ID:5FZT). (B) Structural Model of CyclinB1:CDK1:talin1R7R8 using the CDK1/cyclinB1
structure (PDB:4YC3) and the talin structure (PDB ID:5FZT). CyclinB1 is coloured in yellow, CDK1 (blue) and
talin R7R8 (green). Residues from CDK1 206-223 peptide are highlighted in red.
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6.2.11 How does talin affect CDK1 kinase activity?

We wanted to determine if talin binding to CDK1 would affect the kinase function of CDK1. To
explore this further, we collaborated with Martin Humphries from the University of Manchester.
The Humphries group had been studying the CDK1-dependent phosphorylation of Formin Like
Protein-2 (FMNL2), an adhesion protein required for actin assembly and turnover (Grikscheit et al.,
2015). They identified the phosphorylation of FMNL2 using an in vitro kinase assay, where GST-
tagged FMNL2 was incubated with purified cyclinA2-CDK1/ cyclinB1-CDK1 and ATP. Using pull-
down assays and western blots with S/T-P antibody (MPM2); MPM2 is an anti-phospho Ser/Thr-
Pro antibody and can be used to detect phosphorylated Ser/Thr residues in the CDK1
phosphorylation sequence Ser/Thr-Pro. The Humphries group found that FMNL2 was
phosphorylated by CDK1 in the presence of both cyclinA2 and cyclinB1 (Jones et al., 2018).

This in vitro kinase assay with FMINL2 provided an ideal platform to determine if talin was affecting

CDK1s kinase activity, by adding talin to the assay we predicted one of three outcomes:

i.  Talin prevents phosphorylation of FMINL2; talin binding to CDK1 inactivates the kinase.

ii.  FMNL2 can be phosphorylated by CDK1 in the absence of cyclin as talin activates the
kinase.

iii. FMNL2 is phosphorylated with cyclin-CDK1 and ATP; talin binding to CDK1 is not

affecting the kinase activity.

| carried out the following experiments in the Humphries lab at the University of Manchester.
Purified talin1 R7R8 (residues 1357-1653) (in 3-fold excess 3 pg) was added to purified FMNL2 1
pg/uL, cyclinA2-CDK1 1 ng/uL (Invitrogen), and ATP 1 mM. Following this we performed
immunoblotting against MPM2, CDK1 and cyclinA2. The blot shown in FIGURE 6.15, shows FMNL2
was phosphorylated at similar levels in both the presence and absence of talin (when ATP was
present), confirming talin was not inhibiting the kinase activity of CDK1. Unexpectedly, the assay
revealed that the talinl R7R8 was also being phosphorylated by CDK1 (highlighted by a red box in
FIGURE 6.15). Talin phosphorylation by CDK1 had not been anticipated due to no known
phosphorylation sites on the talin R7R8 domain (despite phosphoproteomic analysis of talin in the
phospho-adhesome (Robertson et al., 2015)) and no obvious CDK1 phosphorylation sequence in

the talin R7R8 sequence.
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A high intensity talin R7R8 band was visualized in the western blot at approximately 32 kDa, in the
presence of CDK1-cyclinA2 and ATP when probed with MPM2. In the absence of either cyclinA2
or ATP, no band is observed, indicating that talin could not activate CDK1 and that the activity was

still cyclin dependent.

FMINL2: + + +
A Talinl R7R8: + - +
ATP: - + +

SO- e B M C)clinA2

37" “ - ‘ CDK1

- Phosphorylated Talinl R7R8

- Phosphorylated FMINL2

B Cyclin A+CDK1
Talinl R7R8 + ATP + FMNL >~ Z —> mmz(p)+ Talinl R7R8®+ ADP

FIGURE 6.25: CDK1 KINASE ACTIVITY IS NOT AFFECTED BY TALIN BINDING

(A)lmmunoblot analysis of in vitro kinase assay with purified talinl R7R8, FMNL2 and CDK1-cyclinA2
(Invitrogen) with and without ATP. Immunoblot is blotted using anti- CDK1, GST-cyclin and anti-MPM2. Red
box indicates talinl R7R8 phosphorylation by CDK1 and FMNL2 phosphorylation by CDK1. (B) The reaction
occurring in the in vitro kinase assay.

6.2.12 Talin phosphorylation by CDK1 is cyclin specific

To further investigate the phosphorylation of talin R7R8 by CDK1, the in vitro kinase assay was
repeated in the absence of FMINL2 and at lower concentrations of talin (1 ug/uL). Both talin1 R7R8
(residues 1357-1653) and talin2 R7R8 (residues 1360—1656) were used in the in vitro kinase assay
and cyclinA2 and cyclinB1 were used to determine if the interaction was cyclin specific. FIGURE
6.26 shows a representative western blot of the assays and here the in vitro kinase assay was used
as a qualitative assessment, rather than a quantitative measurement to determine CDK1

phosphorylation.
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The immunoblots shown in FIGURE 6.26 again confirm talin R7R8 is phosphorylated by CDK1-
cyclinA2; a large increase in talin phosphorylation is shown FIGURE 6.26A when ATP is added to
the assay with both talinl R7R8. This same increase in talin phosphorylation when ATP is added
can be seen in the talin2 R7R8 confirming that both talin isoforms are being phosphorylated by

CDK1.

Interestingly the CDK1 phosphorylation on talin 1 and talin2 R7R8 looks to be cyclin specific as less
phosphorylation is seen when CDK1-cyclinB1 is added to talin than with the CDK1-cyclinA2. This
cyclin isoform specific phosphorylation can also be seen in FIGURE 6.26B; talinl R7R8 and talin2
R7R8 phosphorylation is highlighted by a red box and it is clear that an increase in signal of talin
phosphorylation when ATP is added can be identified when cyclinA2 is present but not when

cyclinB1 is present.

Further immunoblots were carried out with CDK1-CyclinA2, talinl R7R8 and talin2 R7R8 that can
be seen in FIGURE 6.27. The blots provide further evidence that talin R7R8 is phosphorylated by
CDK1-cyclinA2.
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CDK1-CyclinB1 CDK1-CyclinA2

Talinl Talin2 Talinl Talin2
ATP: - + - + - + - +

75 Phosphorylated GST-Cyclin A2

Phosphorylated HIS-Cyclin B1

50 Phosphorylated Cyclin A2

37
Phosphorylated Talin R7R8

25

B Talin1 R7R8 Talin2 R7R8
Cyclin A2 Cyclin B1 Cyclin A2 Cyclin B1
ATP: - + - + - + - +
75— - & - GST-CyclinA2
. -
- — HIS-CycIinBl
50- - -
37-

Phosphorylated R7R8
- s - @ ~ R7R8(Ponceau Stain)

FIGURE 6.26: TALIN R7R8 IS PHOSPHORYLATED BY CDK1-CYCLINA2

(A-B) Immunoblot analysis of in vitro kinase assay with purified talinl R7R8/talin2 R7R8, CDK1-cyclinA2
(Invitrogen) or cyclinB2 (Invitrogen) with and without ATP. (A) Immunoblot is blotted using anti-MPM2. Red
box indicates talinl R7R8 phosphorylation by CDK1 cyclinA2. (B) Immunoblot is blotted against anti-MPM2,
anti-GST and anti-HIS. Black line separates immunoblot from ponceau stain of talin R7R8 (32 kDa).
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A CDK1-CyclinA2-Talin1 R7R8
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FIGURE 6.27: IMMUNOBLOTS CONFIRMING TALIN R7R8 IS PHOSPHORYLATED BY CDK1-CYCLINA2

(A-B) Immunoblot analysis of in vitro kinase assay with purified talinl R7R8/talin2 R7R8, CDK1-cyclinA2
(Invitrogen) with and without ATP. (A) Immunoblot is blotted using anti-MPM2 and anti-GST, red box
indicates talinl R7R8 phosphorylation by CDK1 cyclinA2. (B) Immunoblot is blotted against anti-MPM2, anti-
GST and anti-CDK1. Black line separates immunoblot from ponceau stain of talin R7R8 (32 kDa).
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6.2.13 Mass spectrometry-based phosphosite mapping of talin

phosphorylation

The in vitro kinase assays showed that both talinl R7R8 and talin2 R7R8 could be phosphorylated
by CDK1-cyclinA2. From the assay it is not possible to quantify the number of phosphorylation
sites or identify the phosphorylation site(s). In order to map the phosphorylation sites on talinl

and 2 R7R8 Mass Spectrometry (MS)-based phosphosite mapping was used.
6.2.13.1 Identifying phosphorylation site(s) on talinl R7R8

The in vitro kinase assay was carried out in triplicate and products were run on an SDS-PAGE gel
shown in FIGURE 6.28A. Talinl R7R8 bands were cut from the gel and processed by in-gel tryptic
digest as described previously (Horton et al., 2016). The peptides produced from the digest were
analysed using liquid chromatography Mass Spectrometry (LC-MS) and the data from LC-MS was

analysed using the proteome software Mascot (Perkins et al., 1999).

A screen shot of the Mascot output is shown in FIGURE 6.28B. The software lists the proteins
identified in MS from the excised SDS-PAGE band (talinl R7R8). The top panel shows the list of
proteins found and the abundance of peptides found in each gel band (1-6); as expected the most
abundant protein identified was mouse talinl (UniProt: P26039). The Mascot software then
searches for phosphorylated Ser or Thr residues on the peptides identified through LC-MS. Mascot
can identify phosphorylated residues because of the addition of a PO4* group; which adds 80 Da
weight to the peptide. Talinl R7R8 was found to have a single phosphorylated residue, Ser1589,
found in all repeats (where ATP was present). FIGURE 6.28B shows the Ser1589 residue

(highlighted in green) that is phosphorylated.
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PHOSPHOSITE MAPPING OF TALIN1 R7R8

FIGURE 6.28
(A) SDS PAGE loaded with samples of incubated talinl R7R8, CyclinA2:CDK1; bands 2,4 and 6 had ATP added.

The talinl protein bands at ~32 kDa, were excised for proteomics analysis. (B) Scaffold viewer highlighting
the sequence in talinl R7 that was found to be phosphorylated by CDK1-cyclinA2. The residue Ser1589 was

shown to have 98% confidence of being phosphorylated.
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6.2.13.2 Identifying phosphorylation site(s) on talin2 R7R8

Similarly, to determine the phosphorylation site on talin2 R7R8 the products from in vitro kinase
assay were separated by SDS-PAGE and the talin2 R7R8 bands at approximately 32 kDa were
excised. The talin2 R7R8 bands were processed by in-gel tryptic digest as with talinl R7R8 and the
peptides produced from the digest were analysed using LC-MS and then the proteome software
Mascot (Perkins et al., 1999). Mascot identified talin2 R7R8 to be the most abundant protein in
the sample and identified a phosphorylated residue between 1488-1491 (Ser, Ser, Pro, Ser). The
programme was unable to determine which serine in this sequence was being phosphorylated as
the trypsin digestion did not produce overlapping peptides in this region and, therefore, the exact

phosphorylated Ser residue could not be determined.

To overcome this problem and determine the exact residue on talin2 undergoing phosphorylation,
an Asp-N/trypsin digestion was used. The in vitro kinase assay was re-run and separated using SDS-

PAGE as seen in FIGURE 6.29A and processed by in-gel Asp-N/trypsin digestion.

Asp-N is a highly specific endoproteinase that cleaves at the N-terminal side of Asp and Cys
residues (Lahm and Langen, 2000). This approach was used alongside the trypsin digest to obtain
additional overlapping peptides and improve sample characterisation. The data from LC-MS was
imputed into Mascot; the Asp-N/trypsin digestion appeared to be successful in creating
overlapping peptides in the 1489-1491 regions and allowed the software to identify a single
phosphorylated residue Ser1489 (shown FIGURE 6.29B).
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FIGURE 6.29: PHOSPHOSITE MAPPING OF TALIN2 R7R8 PHOSPHORYLATION SITE

(A) SDS PAGE gel showing talin2 R7R8 protein bands ~32 kDa that were separated from in vitro kinase assay.
(B) Scaffold viewer highlighting the sequence in talin2 R8 found to be phosphorylated by CDK1cyclinA2. The
residue Ser1489 was shown to have 99% confidence of being phosphorylated.

6.2.14 Isoform differences in CDK1 talin phosphorylation

The phosphosite mapping identified that both talinl and talin2 R7R8 have a single CDK1
phosphorylation site. However interestingly, each talin isoform was phosphorylated at a different
site by CDK1 raising the possibility that this is a mechanism to regulate CDK1 binding in the cell. To
further explore why there are these differences in the talin isoforms, a sequence alignment of

talin1 and talin2 was performed.
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6.2.14.1 Talinl R7R8 Ser1589 phosphorylation site

FIGURE 6.30 shows a conservation alignment, using Clustal Omega (Larkin et al., 2007), of twenty-
one talinl species (green) and talin2 (red). The species aligned were chosen to cover a wide range
of vertebrates across different animal classes. FIGURE 6.30 shows the talin alighment between
residues 1534-1604, encompassing the talinl-phosphorylated residue Ser1589. The blue box
highlights the phosphorylated talinl Ser1589 residue and the surrounding residues. Ser1589 is
completely conserved in both talinl and talin2 species, but the following Pro1590 residue is fully
conserved in talinl and not in talin2. Instead, talin2 has a semi-conserved Ser residue in this
position; the removal of the Pro residue in talin2 means that it no longer is a consensus CDK1
phosphorylation site as it does not contain the minimal Ser/Thr-Pro motif, possibly explaining why

we did not see this site as a hit in the phosphosite mapping analysis of talin2 R7R8.

The talinl sequence ‘SPEGR’ around the Ser1589 is highly conserved across all the species which
implies the sequence may have an important function. This sequence makes up the optimal

consensus CDK1 phosphorylation sequence Ser/Thr-Pro-X-X-Arg/Lys (Suzuki et al., 2015).
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Ser1589

Talinl Cow QCRAAT~~~APLLEAVDNLSAFASNPEFSSV~ Pﬁblb‘EGM -=~AAMEPIVISAKT
Talinl ZebraFish OCQAAT———ArLLEAVDNLaA"ASNP-FSSI——P&QIbPEFRF ————— APMEPIVISAKT
Talinl Parrot OCRAAT———APLLEAVDNLoA"AqNP"FS‘V—~PQDIS:EGFF ————— AAMEPIVISAKT
Talinl Panda QCRAAT———APLLEAVDNLJA“AJNPMFS§I——PHOISEEGRf ————— AAMEPIVISAKT
Talinl Duck.b. PlatRCRAAT———APLIEAVDN’TA”ASNP-FATV-—:MQIQ°EGFE—————RANLPIISSAKT
Tallﬂ;_Afl.uleph QLRAPT-——APLLEAVDNLJA"AQNP*Fqu-—PN“IqrEGPF ————— AAMEPIVISAKT
Talinl Orangutan QCRAAT-——APLLEAVDNL*A—RSNPHEQQV-—RNQISPEGFL~-~——AANEPIVIQAKT
Talinl_ Pig QCRAAT---APLLEAVDNLSAFASNPEFS SV-—PHQI BLGR% ----- ARMEPIVISAKT
Talinl_Guineapig QCRAAT---APLLEAVDNLS AFASNP:PQnI——Dﬁglqﬂbhm——————AAVEPIVISAKF
Talinl_Cat “C%hAT———ADLLEAVDNLSA"A%NP~FSSI——P&QI ?th— ————— AAMEPIVISAKT
Talinl_Squirrel QC%AAT~—~APLIEAVPNLbAFAQNP“FbQI——P&QI°PFGF% ————— AZMEPIVISAKT
Talinl Baboon QPRAATw——APLLEAVDNL A‘AQNP"FQSI——PHQIbPEGﬁ ——————— AAMEPIVISAKT
Talinl Marmoset TCPISSATSTPLIL- OGLL“DALVPCLﬁPLﬂALS“EGF&GLhLPQAMLPIVIbAhT
Talinl Rat QCQAAT——~APLLEAVENL°A“AQNP~FSQV——PH“ISPEGRr ————— AAMEPIVISAKT
Talinl Rabbit OCRAAT———APLLEAVENLQA“AQNP-FSSI——PAOISﬂEGH— ————— AAMEPIVISAKT
Talinl Chimpanzee QCRAAT———APLLEAVDNLJA"AQNP-FS\I--PﬁOI°PEGF&—————&A¥EPIVISA¥T
Talinl Alligator QCRAAT—-~APLLEAVDNLJA7AANP'Fo“V——PQQISPEGRF ~~~~~ ARMEPIVASAKT
Talinl Horse QuRAAT———APLLEAVDNLSA‘AQNP,FSoI——P&“IQPEGFF ————— APMEPIVISRAKT
Tallnl_Muuse RCRAAT---APLIEAVDNLTAFASNPEFATV--PRQIS PLGP} ————— RAMEPIVSSAKA
Talinl_ Human KFKEAT-—-:rLIEAVDNuTA"AoNPrfh V-—Pﬂng?Eblr ————— ARMEPITARRKA
Talini Sheep QCRAAT---APLLEAVDNLSAFASNPEF V——PHCI°€LGF% ————— ARMEPIVISAKT
Talin2 Duck.b.platKCRI- A--TAPLIBAVDNLTIFASNPEFASV-—PNQISREG&- ----- ARQEPIIQSARS
Talan_Parrot KCRI- A——TAPLIEAVENLTAFASNPDFVSI——PNQISTEG&——————RAQXPILVAAKT
Talin2 ZebraFish KCRI- A--TAPLIEAVENLTTFASNPEFVSI-—PﬁQISSEGSr-----QAQEPILISAKT
Talin2 Afr.eleph KCRI- A—-TAPLIEAVENLTAFASNPEFVSV--PﬁQISSEGSF ----- QAQEPILVSAKT
Talin2_Panda KCRI~- A——TAPLIEAVENLTAFASNPFFVSI——PAQISSEGS%—-—-—QAQEPILVSAKT
Talin2_Cow KCRV- Ar-TAPLIAAVENLTAFASNPEFVSV-—PAQISSEGSF-----QAQEPILVSAKT
Talin2 Orangutan KCRI- A——TAPLIEAVENLTAFASNPEFVSI—-PRQISSEGSP——---QAQEPILVSAKT
Talin2 Rat KCRI- A——TTPLIEAVENLTAFASNPEFASI——PHQISSEGS——————QAQEPILVSAKT
Talin2 Mouse KCRI-A--TTPLIEAVENLTAFASNPEEASI-—PHQISSEGﬁ----——QAQEPILVSAKT

Talin2 Guineapig KCRI—A—-TAPLIEAVENLTAFASNPEFVSI-—PNQISSEGé———---QAQEPILVSAKT

Talin2 Squirrel KCRI- A——TAPLIEAVENLTAFBSNPEEVSV-—PHQISSEGS&----—QAQEPILVSAKT
Talin2 Cat KCRI- A——TAPLIEAVENLTAFRSNPEFVSI——PﬁQISSEGSF—————QAQEPILVSAKT
Talin2 Bat KCRI- A——TTPLIEAVENLTAFRSNPEFVSV——P&QISSEGS——————QAQEPILVSAKT
Talin2 Human KCRI- A—-TAPLIEAVENLTAFASNPEFVSI--PRQISSEGS—----—QAQEPILVSAKT
Talin2 Marmoset KCRI- A——TAPLIEAVENLTAFASNPEFVSI——PHQISSEGS——————QAQEPILVSAKT
Talin2 Baboon KCRM—A—-TAPLIEAVENLTAFASNP‘FVSI--PHQISSEG§- ----- QAQEPILVSAKT
Talin2_ Chimpanzee KCRI- A—-TAPLIEAVENLTA"ASNPEFVSI--RNQISSEG§~ ----- QAQEPILVSAKT
Talin2_Pig KCRI- A——TAPLIEAVENLTAFASNPLFVSI——PNQISSEGSF———--QAQEPILVSAKT
TalinZ_Sheep KCRV-A--TAPLIAAVENLTAFASNP‘FVSV--PﬁQISSEGSP-----QAQEPILVSAKT
Talin2 Horse KCRI—A--TAPLIEAVENLTA‘ASNPEFVSV--RHQISSEGSF-----QAQEPILVSAKT
Talin2 Rabbit SCQTEN--TAPLIEAVENLAAFA- NPLFVSV--P&QISSEGSF—-———QAQEPILVSAKT
Talin2 Alligator KCRI- A——TAPLIEAVENLTAFASNPEFVSI——PHQISAEGS— ————— RAQEPILISAKT
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FIGURE 6.30: ALIGNMENT HIGHLIGHTING THE TALIN1 PHOSPHORYLATION SITE BY CDK1:CYLINA2

Human talinl and talin 2 sequences aligned using Clustal Omega (Thompson, Gibson and Higgins, 2002),
residues that are conserved in both talin 1 and talin2 are highlighted by a ‘*’ closely conserved residues with
similar properties highlighted with a “:". Talin1 species are in green and talin2 species are in red; the Ser1589

residue found to be phosphorylated in talinl species by CylinA2:CDK1 is highlighted in a black box.
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6.2.14.2 Talin2 R7R8 Ser1489 phosphorylation site

To further investigate the talin2 CDK1 phosphorylation site the same talinl and talin2 sequences
as above were aligned using Clustal Omega (Larkin et al., 2007) and FIGURE 6.31 shows the
conservation alignment around the phosphorylated talin2 Ser1489. Ser1489, as well as the
surrounding residues Ser-Ser(p)-Pro-Ser-GlIn, are completely conserved in talin2 across all species
used in the alignment. These conserved residues do not fit the optimal CDK1 consensus sequence
(Ser/Thr-Pro-X-X-Arg/Lys) found in the talin1 Ser1589 phosphorylation site. However, the residues

do fit the Ser/Thr-Pro site sequence also known to be phosphorylated by CDK1.

Interestingly though, the talinl sequence in this region is also conserved across species but is
conserved differently from talin2. The talinl sequence Pro-Cys-Thr-GIn is a reported O-

glycosylation site with residue Thr1487 being glycosylated (Hagmann, Grob and Burger, 1992).

This concludes the finding of two unique CDK1 phosphorylation sites in talin R7R8. Each CDK1
phosphorylation site is isoform specific and the high conservation across species suggests that they
are of functional importance. Determining the role of the different isoform-specific
phosphorylation sites could therefore give an insight into the functional differences between talinl

and talin2.
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Talinl Cow
Talinl_ZebraFish
Talinl Parrot
Talinl Panda
Talinl_Duck.b.Plat
Talinl Afr.Eleph
Talinl Orangutan
Talinl Pig
Talinl Guineapig
Talinl_Cat
Talinl Squirrel
Talinl Baboon
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Talinl Rat
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Talin2 Parrot
Talin2 ZebraFish
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Talin2 Guineapig
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Talin2 Cat
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Talin2_Human
Talin2 Marmoset

51489

EAMAQAAYLVGVS DPNSQAGQOGLVEPTQFARANQAT QMACQS LGEPGCTQADVLSAAT T
EARRQARAYLVGVS DPNSQAGQQGLVEPTQFARANQAT QMACQS LGEPGCTORARVLSAAT I
EAARQARYLVGVS DPNSQAGOOGLVEPTOFARANOAT OMACOS LGEPACTOADVLSAATT
EAAAQAAYLVGVSDPNSQAGQQGLVEPTQFARANQA:QMACQSLGEP@CTQA@VLSAATI
EARAQAAYLVGVS DPNSQAGLQGLVDPTQFARANHAT QVACQNLVDPACTQSPVLSAAT I
EARAQARYLVGVS DPNSQAGQQGLVEPTQFARANQAI QMACQS LGEPGCTOADVLSAAT I
EAAAVAAYLVbvSDDNCQA:OQGLVEPTQFARANQAIQMAIQJLGEP%FTO VLSRATI

EARACARYLVGVSDPNSQAGQQGLVEPTQFARANQATI OMACQS LGEPHCTOADVLSAAT T
EARAQARYLVGVS DPNSQAGOQGLVEPTQFARANQATOMACQSLGEPGQCTOARVLSAATT
EARPQAAYLVGVS DPNSQAGQQGLVEPTQFARANQAL QMACKS LGEPECTQARVLSAATT
EAAARQAAYLVGVSDPNSQAGOOGLVEPTQFARBRNOAT OMACQOS LGEPACTOADVLSAAT I
EARAQAAYLVGVS DPNSQAGQOGLVEPTQFARANQAT QMACQS LGEPGCTQARVLSAAT T
EAARQARYLVGVS DPNSQRGQQGLVEPTQFARANQAT QMACQS bbbPG”TQAQJL SAATI
EARAQAAYLVGVS DPNSQAGQOGLVEPTQFARANQAT OMACOS LGEPGCTOADVLSAAT T
EARAQAAYLVGVS DPNSQAGQQGLVEPTQFARANQAT QMACQOS LGEPGCTQARVLSART I
EARRQARYLVGVS DPNSQAGQOGLVEPTQFARANQAT OMACQS LGEPGCTOADVLSAAT I
EARAGAAYLVGVSDPNSQAGOQGLVEPTQFARANQAI OMACQSLSEAGCTQADVLSAATT
EAARQAAYLVGVS DPNSQAGQOGLVEPTQFARANOAT OMACQS LGEPGCTQAQVLSAAT I
EAAAOAAVLVQVSDPNHOA-QOGLVDPTOFARANQAIOMArONLVDPHLTObQVLuAATI
EAAAQFAYLVbeDPNSHA:QKFLVDPVQFARAKQSIQMACQNLVEPQCTQopVL~AATI
EAAAQAAYLVGVSDPNSQAGQQGLVEPTQPRRANQAIQMACQSIGEPQCTQHQVLSAATI
EARGQASYLVGVSDPSSQAGEPGLVDP IQFARANQAL OMACONLVDPISSPSPVLSAATT
————— AAYLVGISDPNSQAGQQGLVDPIQFARANQAI QMACONLVDPASSPSRVLSAATI
EARRQARYLVGISDPNSQAGHQGLVDP IQFARANQAT OMACONLVDPES SPSOVLSAATT
EARAQAAYLVGISDPNSQAGHQGLVDP IQFARANQAI QMACONLVDPESSPSRVLSAATI
EARAQAAYLVGIS DPNSQAGHQGLVDP IQFARANQAT QMACONLVDPJS SPSRVLSAAT I
EAARQARYLVGVSDPNSQAGHOGLVDP IQFARANQAT OMACONLVDPGS SPSQVLSAAT T
EARRQAAYLVGISDPNSQAGHQGLVDP IQFARANQAT QMACONLVDEGS SPSQVLSAATT
EAAAQAAYLVGISDPNSQAGHQGLVDPIQFARANQAIQMACQNLVDPGSSPSPVLSAATI
EARRQAAYLVGISDPNSQAGHQGLVDP IQFARANQAT OMACONLVDPGSSPSPVLSAATT
EAARQAAYLVG IS DPNSQAGHQGLVDP IQFARANQAT QMACQONLVDPES SPSRVLSAAT I
EARAQAAYLVGISDPNSQAGHQGLVDP IQFARANQATQMACONLVDPES SPSOVLSAATT
EARRQAAYLVGISDPNSQAGHQGLVDP IQFARANQAI QMACONLVDPES SPSRVLSAATI
EARAQAAYLVGISDPNSQAGHQGLVDP IQFARANQAT OMACONLYDPESSPSRVLSAATT
EARAQAAYLVGISDPNSQAGHQGLVDP IQFARANQATOMACONLVDPES SPSQVLSAATI
EAAAQAAYLVGMCDPNSQAGHQGLVDP IQFARANQSI OMACONLVDPGSSPSQVLSAAT T

Talin2 Ollve BaboonEAAAQAAYLVGISDPNSQAGHQGLVDPIQFARANQAIQMACQNLVDPGSSPSPVLSAATI

Talin2_ Chimpanzee
Talin2_ Pig
Talin2_Sheep
Talin2 Horase
Talin2 Rabbit
Talin2_Alligatox

EARRQAAYLVGISDPNSQAGHQGLVDP IQFARANQAT QMACONLVDPGS SPSRVLSAATT
EARAQAAYLVG ISDPNSQAGHQGLVDP IQFARANQAT OMACONLVDPESSPSDVLSAAT I
EARRQAAYLVGISDPNSQAGHQGLVDP IQFARANQAT QMACONLVDPGS SPSQVLSAATT
EAAAQAAYLVGISDPNSQAGHQGLVDP IQFARANQAI QMACONLVDPJSSPSRVLSAATT
EAAAQAAYLVGISDPNSQAGHQGLVDPIQFARANQAIQMACQNLVDquspstLSAATI
EAAAQAAYLVGISDPNSQAGQQGLVDPIQFARANQAIQMACQNLVDP&SSP VLSAATI
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FIGURE 6.31: ALIGNMENT HIGHLIGHTING THE TALIN2 PHOSPHORYLATION SITE BY CDK1:CYLINA2

Human talinl and talin 2 sequences aligned using Clustal Omega (Thompson, Gibson and Higgins, 2002),
residues that are conserved in both talin 1 and talin2 are highlighted by a “*’ closely conserved residues with

similar properties highlighted with a “’

residue found to be phosphorylated in talin2 by CylinA2:CDK1 are highlighted in a black box.
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6.2.15 Biochemically characterising the CDK1 phosphorylation site on
talinl R7R8

To determine the functional role of the talinl CDK1 phosphorylation we looked at its positioning
on the talinl structure; FIGURE 6.32A shows the Ser1589 residue is positioned on talin R7 domain.
The residue is positioned near the flexible linker region that joins R7 and R8 (FIGURE 6.32B). The

flexible linker is a beta sheets that is held together by hydrogen bonds.

FIGURE 6.32B shows Ser1589 is positioned near two charged residues, Asp1451 and Glu1591.
When Ser1589 is phosphorylated a PO4% group will be added to the residue making the residue
have a negative overall charge. This could repel the surrounding negatively charged Asp1451 and
Glu1591 residues, which in turn could cause the hydrogen bonds in the beta sheet to break open.
The instability generated in the linker could then lead to instability across both R7 and R8 domains

potentially weakening the binding of any ligands to R7R8.

To determine if phosphorylation of Ser1589 would cause an effect on the stability of talin R7R8 a
phosphomimetic mutant was designed. Ser1589 was substituted for an Asp residue; which is a
negatively charged residue that provides a good mimic of phosphorylation. An Asp in position 1589
(51589D) was introduced into talinl R7R8 and using the FP assay, the affinity between BODIPY-
TMR labelled CDK1 206-223 peptide and the talin S1589D mutant was measured. FIGURE 6.32
shows the binding between CDK1 and talinl R7R8 does not change when the S1589D mutant is
introduced. The Kp for talin WT and CDK1 interaction was 20 uM and the talin S1589D had a K; of
24 pM.

210



A Talinl R7R8

R7

~

Ay

Beta-sheet
hydrogen bonding

-

e PR N N W W S S N,
B T L —————_

’I

T —————————————————————————

FIGURE 6.32: TALIN1 CDK1 PHOSPHORYLATION SITE $1589

(A) Talinl R7R8 structure (PDB ID:5FZT) with CDK1 phosphorylation site (Ser1589) highlighted with a red
sphere on the R7 domain. (B) talinl R7 domain and R7R8 linker (yellow). Black dotted line showing hydrogen
bonds across beta sheet.
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To determine if the phosphomimetic effected the binding of other talin R7R8 ligands, FP was used
to measure the affinity between talin S1589D and KANK30-60C and DLC1 465-489C. FIGURE 6.33
shows that the phosphomimetic, S1589D, had no change on binding affinity to DLC1; DLC1 bound
to the talinl R7R8 S1589D with a Kp 6 uM and talinl R7R8 WT 4 uM. The R7 ligand KANK however,
did bind more weakly to the S1589D mutant than talin R7R8 WT there was approximately a four-

fold difference in Kp 4 uM and 1 uM, respectively.

Talin1 R7R8 and DLC1 465-489 (K 4.1 +/-0.3)

Talin1 R7R8 S1589D and DLC1 465-489 (K, 6 5 +/-1 2)
Talin1 R7R8 and CDK1 206-223 (K, 20.3 +/-1.4)

Talin1 R7R8 S1589D and CDK1 206-223 (K, 24.3 +/-1.6)
Talin1 R7R8 and KANK1 30-60 (K 1.2+/-0.2)

Talin1 R7R8 S1589D and KANK1 30-60 (K, 4.4+/-1.2)
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FIGURE 6.33: TALIN1 SER1589 BINDING AFFINITY TO DLC1, KANK1 AND CDK1

Binding of BODIPY-TMR labelled CDK1 206-223C, DLC1 465-489C and KANK1 30-60C peptides to talinl R7R8
(1357-1653) and Talinl R7R8 S1589D. Binding affinities were measured using a fluorescence polarization
assay. Dissociation constants + SE (uM) for the interactions are indicated in the legend. All measurements
were performed in triplicate. ND, not determined.
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6.2.16 Biochemically characterising CDK1 phosphorylation site on talin2
R7R8

To determine the functional role of the talin2 CDK1 phosphorylation site Ser1489 we looked at its
positioning on the talin2 structure. The talin2 R7R8 (Phyre2 (Kelley and Sternberg, 2009)) structure
in FIGURE 6.34 shows the Ser1489 residue is positioned on the talin R8 domain. The residue is
positioned on helix 32 at the very top near the linker between helices 31 and 32. This talin helix

makes up the binding surface for CDK1 and is also important for actin binding.

The R8 domain is one of five domains that make up the Actin Binding Site 2 (ABS2) region on talin.
As previously mentioned ABS2 is important in focal adhesion maturation and generating traction
force in the cell (Atherton et al., 2015; Klapholz and Brown, 2017). The main actin binding surfaces
on ABS2 are on the R4 and R8 domains. Both R4 and R8 talin domains have a higher isoelectric
point (pl) values, compared to the other domains in the talin rod, causing the surface of R4 and R8
to be positively charged at physiological pH. The positive charge on the domains surface enables
interactions with actin, which is negatively charged. A series of charge reversal mutants
(Arg1500Glu, Arg1510Glu and Lys1522Glu) on the R8 domain, helices 31 and 32, have been shown
to perturb the interaction between talin ABS2 and actin (Atherton et al., 2015; Kumar et al., 2016).
When Ser1489 is phosphorylated by CDK1 a phosphate group addition will cause the residue to
become negatively charged. Could phosphorylation of this residue reduce actin binding to the talin

ABS2 site and, in turn, reduce the tension in the adhesion?
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FIGURE 6.34: TALIN2 CDK1 PHOSPHORYLATION SITE 51489

Talin2 R7R8 structure prediction (Phyre2 (Kelley and Sternberg, 2009)) with CDK1 phosphorylation site
(Ser1489) highlighted with a red sphere on the R8 domain.
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6.2.17 Does CDK1 localise to adhesions

Having designed and biochemically characterised a successful CDK1 mutant (CDK1_2A) capable of
perturbing the talin:CDK1 interaction, the next step was to understand the significance this
interaction in conjunction within the cellular context and determine its role in adhesion phenotype.
In order to achieve this, our collaborator Martin Humphries, from the University of the Manchester,

carried out cell biology experiments using our designed CDK1 mutant — CDK1_2A.

Initially, we wanted to confirm the presence of CDK1 in cell adhesions. The Humphries’ group
transfected U20S cells with GFP-CDK1 and stained the cells for the adhesion marker paxillin.
FIGURE 6.35A and B show that CDK1 is distributed ubiquitously across the cell rather than uniquely
localised to adhesions. However, it also shows that CDK1 is found at adhesions as it clusters around

paxillin.
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FIGURE 6.35: LOCALISATION OF GFP-CDK1 IN THE CELL

(A-B) Immunofluorescence images of U20S cells plated on glass coverslips for 24 hours. (A) Cells co-
expressed GFP-CDK1 and stained for paxillin. (B) Cells co-expressed GFP-CDK1 and stained for Beta5 integrin.
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6.2.18 Characterisation of CDK1_2A mutant in mammalian cells

Following this, to explore the importance of the talin:CDK1 interaction within the cell the
Humphries’ lab used a series of CDK1 and talin constructs: full-length HA-tagged CDK1; HA-tagged
CDK1_2A (our biochemically validated CDK1 mutant); GFP-talinl and GFP-talin1ARS8 (a talin mutant

that would perturb interaction).

To determine if the CDK1 and talin mutants perturbed the talin:CDK1 interaction, different
combinations of CDK1 and talin constructs were transfected into U20S cells. GFP-trap pulldown
assays were preformed, as shown in FIGURE 6.36A. These data show that the CDK1_2A mutant
reduced the interaction between talin and CDK1, corroborating my biochemical findings.
Furthermore, the talin mutant GFP-talinAR8 also disrupted binding between talin and CDK1

indicating that the talin R8 domain is the main CDK1 binding site.

After confirming the existence of an in vivo interaction between CDK1 and talin, we set out to
determine if the CDK1_2A mutant affected adhesion size. FIGURE 6.36B shows CDK1 knock-down
cells rescued with HA-CDK1 and the HA-CDK1_2A. In cells with the HA-CDK1_2A mutant the
adhesion area was significantly reduced (FIGURE 6.36C) compared to the HA-CDK1 WT. This

suggests that the talin:CDK1 interaction is involved in adhesion maturation and stability.
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FIGURE 6.36: CDK1_2A MUTANT PREVENTS TALIN BINDING

(A) Protein extracts of U20S cells co-expressing GFP-talin1, GFP talin1AR8 (or GFP control) and HA-tagged
CDK1 or CDK1_2A were subjected to GFP-pulldowns and analysed using western blots with an anti-HA
antibody and an anti-GFP antibody. Due to the large amount of GFP-control, the signal was expanded to
nearby lane. (B) Immunofluorescence images of U20S cells transfected with LifeAct showing control with
scrambled siRNA, CDK1-knock-down cells, and CDK1-knock-down cells expressing either HA-CDK1 or HA-
CDK1_2A. Cells were then stained against HA, as well as paxillin. (C) Quantification of adhesion area per cell
after CDK1-knock-down and rescue with HA-tagged CDK1 and CDK1_2A. (D) Western blot showing knock-
down of endogenous CDK1 and expression of HA-tagged CDK1 and CDK1_2A.

218



6.3 Conclusion

6.3.1 What s targeting CDK1 to adhesions?

Through the use of biochemical and biophysical techniques we have discovered an interaction
between CDK1 and the talin R8 domain, and a CDK1 mutant (CDK1_2A) capable of disrupting
binding between the two proteins. Furthermore, the talin:CDK1 interaction has been confirmed in
vivo and we show that the disruption of this interaction leads to a decrease in adhesion area in
cells. Additionally, in U20S cells, CDK1 localises to adhesions suggesting that the talin:CDK1
interaction is adhesion-specific. A question that still remains unanswered is: what is the
mechanism that drives CDK1 to the adhesion at certain points in the cell cycle?

One hypothesis could be that talin actively recruits CDK1 from cytosol to the adhesion site. This
scenario is, however, unlikely and, as discussed in section 5.3.3.1, talin can form homodimer
complexes which are able to adopt a compact auto inhibited conformation in the cytosol (Goult,
Xu, et al., 2013). This auto-inhibited form would prevent talin from binding to CDK1 as the R8
domainis hidden. Additionally, the binding affinity between talin:CDK1 is in the micro molar range,
meaning that a high concentration of either talin or CDK1 is needed to facilitate an interaction. It
is unlikely that such high concentration is present in the cytosol, leading to the conclusion that such
interaction is only occurs at adhesion sites.

In cells (section 6.2.17), CDK1 is well dispersed across the cytosol. It is also possible that CDK1
could be found in the vicinity of adhesions through non-directed signalling.

Alternatively, cyclins could play a large role in the regulation of CDK1 localisation to adhesions. The
in vitro kinase assay demonstrated that the phosphorylation of talin was potentially cyclin specific
(phosphorylation mainly occurred by the CDK1-cyclinA2 complex). This has also been described in
the literature, with adhesion area growth occurring in the G; and predominantly S phase of the cell
cycle through the association of CDK1 to cyclinA2. Adhesion area then dramatically decreases in
G, just before the cell enters mitosis. Adhesion size reduction correlates with elevated levels of
CDK1 in complex with cyclinB1 (Jones et al., 2018). The binding of cyclinA2 to CDK1 could increase
the selectivity for CDK1 to adhesion substrates, drawing it to the adhesion area. When cyclinA2
activity is reduced the selectivity for adhesion targeting could be diminished and CDK1 is no longer
recruited to adhesions.

Another potential way that CDK1 could be targeted to adhesions is via MTs. MT networks are
constantly changing during the course of the cell cycle and, as discussed in Chapter 4, MTs are

linked to FAs through the binding of KANK to talin. There is no evidence of the phosphorylation of
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tubulin phosphorylated by CDK1 (Fourest-Lieuvin, 2005); however, a number of MT-binding
proteins are phosphorylated by CDK1. This could be a possible mechanism to further explore in

the future.
6.3.2 Why is talin phosphorylated by CDK1?

The in vitro kinase assays in section 6.2.12, revealed that talin R7R8 is phosphorylated by CDK1-
cyclinA2. Further analysis using phosphoproteomics also identified two talin isoform-specific sites:
talinl Ser1589 and talin2 Ser1489. Phosphorylation of adhesion proteins by CDK1 has been found
to be important in regulating cell-matrix adhesion complexes (Jones et al., 2018) and, for this
reason, understanding the functional role of the talin phosphorylation sites would contribute to

the general knowledge on adhesion regulation by CDK1 through the cell cycle.
6.3.2.1 Talinl

The talin 1 phosphorylation site is located in the R7 domain near to the flexible linker that joins the
R7 and R8 talin domains. The talinl Ser1589 is in an ‘optimal consensus CDK1 phosphorylation
sequence’ (Ser/Thr-Pro-X-X-Arg/Lys) (Suzuki et al., 2015). As described in the results, the sequence
‘SPEGR’ around Ser1589 is highly conserved across species suggesting that the sequence is of
functional importance. In the results a phosphomimetic S1589D was used to determine if
phosphorylation had any effect on the biding of CDK1 to talin. We hypothesised that the added
phosphate group would destroy the hydrogen bonds in the linker region between R7 and R8
domains, affecting the binding of LD ligands on R8. However, we observed no difference in binding
affinity of the CDK1 peptide to the phosphomimetic talin R7R8 compared to talinl R7R8 WT, there

was no difference in binding affinity with DLC1 either.

Interestingly, a four-fold difference in binding affinity was noted with the KANK1 30-60 peptide and
Talinl R7R8 S1589D compared to KANK1 30-60 and talinl R7R8 WT. The KANK peptide still bound
to talin S1589D but at a reduced affinity, which could affect the linkage between FA and the CMSC
(see section 4.3.4). Future experiments could add the phosphomimetic mutant and a non-
phosphorylatable mutant into cells to determine if there is a phenotype of talin phosphorylation.
However, from our current data we think it would be unlikely that phosphorylation of this site is

used as a mechanism to reduce or increase binding affinity for CDK1.
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6.3.2.2 Talin2

The talin2 phosphorylation site is located on the R8 domain of talin at position Ser1489, the
position is well conserved across talin 2 isoforms, which suggests a functional importance for the
region. Unlike with the talin 1 phosphorylation site (Ser1589), the talin2 phosphorylation site
Ser1489, does not fit the canonical CDK1 sequence. Instead, it fits the Ser/Thr-Pro sequence also

known to be phosphorylated by CDK1.

This region on talin R8 is also conserved in talinl, not as a phosphorylation site but instead as a O-
glycosylation site. O-glycosylation has been reported on talinl Thr1487 (Hagmann, Grob and
Burger, 1992). O-Glycosylation is a common PTM that attaches a sugar molecule to a Thr or Ser
residue resulting in structural and functional changes of the protein. Talinl has two reported O-
glycosylation sites, one in R8 and one in R10, neither of which are conserved in talin2 (reviewed:
Gough & Goult, 2018). Thus understanding the function of the Ser1489 phosphorylation site in

talin2 could uncover a potential functional difference between the talin isoforms.

Unlike with the talinl phosphorylation site, the talin2 site, Ser1489, is located on the same domain
as the CDK1 binding site, at the top of helix 32 (see FIGURE 6.34). This is situated near the binding
sites of all the R8 LD-motifs (RIAM, DLC1 and CDK1) and talin actin binding site 2 (ABS2). Could the
addition of a phosphate group have an effect on the binding of CDK1 and of actin? FIGURE 6.37
models talin2 R7R8 with an electrostatic surface. The surface of talin that binds to actin is
negatively charged (shown in blue on FIGURE 6.37), mutations of this area (K1500E, K1522E and
R1510E) have been found to disrupt binding of talin and actin by addition of a negatively charged
residue (P Atherton et al, 2015). The phosphate group addition to Serl1489 through
phosphorylation would cause a negatively charged surface to be present on talin R8 and this could
be enough to cause disruption between talin and actin. This dissociation between actin and talin
would result in loss of force across the adhesion, it is unclear why this would be needed in talin2
and not in talinl. Further investigation to understand if this mutation does affect actin binding
would need to be carried out. Future analysis and characterisation of this site could be an
important step to gain a better understanding of role of talin2 at adhesions. A phosphomimetic
and a non-phosphorylatable mutant of Ser1489 to search for a phenotype in cells could prove
useful. Furthermore, it would be important to assess at which stages of the cell cycle
phosphorylation occurs, and determine if it occurs in S-phase, thus aiding adhesion growth as it
has been described for other adhesion proteins phosphorylated by CDK1 (Jones et al., 2018).
Biochemical characterisation of a phsophomimetic mutation would also answer binding to actin
and LD motifs to talin R8 is affected.
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FIGURE 6.37: TALIN2 PHOSHO MUTATION MAY PERTURB ACTIN BINDING

(A-C) Structural prediction of talin2 R7R8 Phyre2 (Kelley and Sternberg, 2009)) modelled in PyMOL with
electrostatic surfaces indicating the surface charge on the protein. Blue indicates positively charged and red
indicated negatively charged. B modelled phosphomimetic $1489D, C known actin bidning mutants K1500E,
K1522E and R1510E.

6.4 Does CKS1 binding talin regulate the talin:CDK1 interaction?

A CDK1 structure (PDB ID: 4YC6) shows CDK1 bound to a cyclin kinase substrate 1 (CKS1). CKS
proteins are small cyclin-dependent kinase proteins frequently found overexpressed in cancers,
especially breast cancer (Liberal et al., 2011). However, a mechanistic link between overexpression
of CKS proteins and oncogenesis is still not known. An increase in CKS proteins (CKS1 and CKS2)
leads to an ‘override’ of the S-phase checkpoint. The S-phase checkpoint occurs between the S-
phase and G,-phase and it controls DNA replication, preventing replication if the cell is under stress
(Liberal et al., 2011). Binding of CKS proteins to CDK2 overrides this checkpoint and allows the

cells to continue to replicate DNA even under conditions of replicative stress.

Interestingly, CKS1 and CKS2 bind to CDK1 in the same place as talin R8 (shown in FIGURE 6.38).
This overlap in binding area could provide a mechanism that determines when CDK1 binds to talin
and when it is targeted to adhesions. CDK1 binds to talin via an LD motif through a predicted salt
bridge between the CDK1’s Asp211 and talin Lys1544 (as shown in FIGURE 6.38B). From structural
analysis of the CKS1 and CDK1 structure it is apparent that the CDK1 Asp211 residue is involved in
the interaction with CKS1 through the same mechanism, whereby there is the formation of a salt

bridge with the CKS1 His21 residue (as shown in FIGURE 6.38A). This similar binding mechanism
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means that the designed CDK1_2A mutant could also perturb the CDK1:CSK1 interaction. To verify

this, further experiments would have to be carried.

The binding of cyclins to CDKs regulates the latter’s ability to phosphorylate substrates; in addition
to cyclins, CKS can also influence the selection of substrates. Biochemical studies in Xenopus
suggest that CKS proteins enhance the phosphorylation of selected CDK1 substrates in mitosis
(Patra et al., 1999). From this knowledge, we could suggest that talin might also have a similar
effect when bound to CDK1 and help to enhance phosphorylation of selected substrates
(potentially at adhesions). Furthermore, it would be interesting to explore if there is a connection
between CKSs and talin binding to CDK1, to determine if CKS1/CKS2 acts as a regulatory mechanism

that prevents talin binding to CDK1, until the correct time.

A CDK1:CKS1 B CDKI:TALIN

-

FIGURE 6.38: TALIN AND CKS1 BIDNING SITES ON CDK1

(A) structure of CDK1 (blue) and CKS1 (orange) (PDB ID: 4YC6). (B) Predicted structure of CDK1 (blue) and talin R7R8
(green). Both A and B highlight the lle Asp residues (black) on CDK1 required for talin binding, (A) shows a His residue
on CKS1 that could form electrostatic interaction with CDK1 and (B) shows Lys residue on talin that forms electrostatic
interaction with CDK1.
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6.4.1 Could other members of the CDK family bind to talin?

As previously mentioned, humans have 20 different CDK genes that all encode for a different
member of the CDK family (Egelhofer et al., 2008). Intriguingly, our talin proteomics data only
detected CDK1 as a binding partner for talin. What makes CDK1 different to the other CDKs, and

does talin have the potential to bind to any of the other members?

To investigate this, the 20 human CDK isoforms were aligned using Clustal Omega, which
immediately highlighted that some members of the CDK family are more similar in sequence than
others. For example, CDK1 and CDK2 have very similar sequences sharing 65% sequence identity
FIGURE 6.39 shows the alignment of the LD-TBM across all the CDK family members. It appears
that the sequence is well conserved in CDK1, CDK2 and CDK3 and that a similar sequence is also
found in CDK11a and CDK11b. Although CDK4 and CDK6 (highlighted in red) are not deemed
essential for cell cycle progression (Bockstaele et al., 2006), both have become significant targets

for breast cancer drug therapies (Lamb et al., 2013).
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A

CDK1_HUMAN STPVDIWSIGTIFAELAT-KKPLFHGDS----====-~ EIDQLFRIFRALGTPNNEVWPEV 231
CDKZ_HMN STAVDIWSLGCIFAEMVT-RRALFPGDS————————— EIDQLFRIFRTLGTPDEVVWPGV 230
CDK3_HWAN TTAVDIWSIGCIFAEMVT-RKALFPGDS-——--———~ EIDQLFRIFRMLGTPSEDTWPGV 230
CDK4_HUMAN ATPVDMWSVGCIFAEMFR-RKPLFCGNS=—======~ EADQLGKIFDLIGLPPEDDWPRD 241
CDK5 HUMAN STSIDMWSAGCIFAELANAGRPLFPGND-———-———- VDDOLKRIFRLLGTPTEEQWESM 230
CDK6_HUMAN ATPVDLWSVGCIFAEMFR-RKPLFRGSS-——--==- DVDQLGKILDVIGLPGEEDWPRD 246
CDK7_HUMAN GVGVDMWAVGCILAELLL-RVPFLPGDS====== === DLDQLTRIFETLGTPTEEQWPDM 240
CDKS8 HUMAN TKAIDIWAIGCIFAELLT-SEPIFHCRQEDIKTSNPYHHDQLDRIFNVMGFPADKDWEDI 270
CDKS_HUMAN GPPIDLWGAGCIMAEMWT-RSPIMQGNT-----—-—- EQHOLALISQLCGSITPEVWPNV 256
CDK10_HUMAN TTSIDMWAVGCILAELLA-HRPLLPGTS-————-———- EIHQIDLIVQLLGTPSENIWPGF 266
CD11B_HUMAN STAVDMWSVGCIFGELLT-QKPLFPGKS========-~ EIDQINKVFKDLGTPSEKIWPGY 665
CD11A_HUMAN STAVDMWSVGCIFGELLT-QKPLFPGNS-——--—-—- EIDQINKVFKELGTPSEKIWPGY 653
CDK12_ HUMAN TPAIDVWSCGCILGELFT-KKPIFQANL-————-———— ELAQLELISRLCGSPCPAVWPDV 963
CDK13_HUMAN TPAIDVWSCGCILGELFT-KKPIFQANQ-——==—-—- ELAQLELISRICGSPCPAVWEDV 941
CDK14_HUMAN STCLDMWGVGCIFVEMIQ-GVAAFPGMKD-——-———— IQDQLERIFLVLGTPNEDTWPGV 360
CDK15_HUMAN SSELDIWGAGCIFIEMFQ-GQPLFPGVSN----===~ ILEQLEKIWEVLGVPTEDTWPGV 328
CDK16_HUMAN STQIDMWGVGCIFYEMAT-GRPLFPGST-—-====== VEEQLHFIFRILGTPTEETWPGI 389
CDK17_HUMAN STQIDMWGVGCIFFEMAS-GRPLFPGST--——--—-—- VEDELHLIFRLLGTPSQETWPGI 416
CDK18 HUMAN STPIDMWGVGCIHYEMAT-GRPLFPGST-======== VKEELHLIFRLLGTPTEETWPGV 368
CDK19 HUMAN TKAIDIWAIGCIFAELLT-SEPIFHCRQEDIKTSNPFHHDQLDRIFSVMGFPADKDWEDI 270
CDK20_ HUMAN DQGVDLWSVGCIMGELLN-GSPLFPGKN--——--—-—- DIEQLCYVLRILGTPNPQVWPEL 231
:*:*. * *: - .. . * -
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FIGURE 6.39 SEQUENCE ALIGNMENT OF HUMAN CDK ISOFORMS

The region of sequence containing the CDK1 206-223 peptide is shown and the CDK isoforms that contain an
LD-motif are highlighted in green. (B) CDK family proteins with correct nomenclature the sequences have
been aligned and analysed using Clusstal2 using the nearest neighbour method (Malumbres et al., 2009).
Human CDK1(P06493), CDK2(P24941), CDK3(Q00526), CDK4(P11802), CDK5(Q00535), CDK6(Q00534),
CDK7(P50613), CDK8(P49336), CDK9(P50750), CDK10(Q15131), CDK11A (P21127), CDK11B(Q9UQS88),
CDK12(Q9NYV4), CDK13(Q14004), CDK14(094921), CDK15(Q96Q40), CDK16(Q00536), CDK17(Q00537),
CDK18(Q07002), CDK19 (Q9BWU1), CDK20 (Q8IZL9) sequences aligned in Cluster Omega.
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The conserved LD talin binding motif sequence found in CDK1 is absent in both CDK4 and CDK®,
instead of an lle residue at the start of the motif, they contain an Ala or Val residue, respectively.
Ala and Val residues have shorter side chains than lle that has not been identified in any LD-motif

to date.

Closer inspection of the sequence alignment of CDK1, CDK2, CDK3, CDK11a and CDK11b revealed
that the 206-223 region is well conserved (shown in FIGURE 6.40) and the ‘Glu, lle, Asp, GIn’

residues can be found in all isoforms.

KEPLFHGDSEIDQLFRIFRALGTEN 224

DSEIDQLFRIFRTLGTPD 223

i I ISEIDQLFRIFRMLCTPS 223

CD1 '_'—_'_El.'[-‘_l.}.' VILWYRAPELLI VDMW S (SEIDQINEVFEDLGTPS &58

CO11A HOMAN VIQWYRAPELLLGAKEYSTAVDMWSVGCIFGELLTQEFPLFPGHNSEIDQINEVEFEELGTPS 646
khk khkkehdeohhh ek Fhokhkek kEF _K: ko FE k_kEEkEk: ok EEkEE

FIGURE 6.40: SEQUENCE ALIGNMENT OF LD-TBM ACROSS THE CDK ISOFORMS

Human CDK1 (P06493), CDK2 (P24941), CDK3 (Q00526), CDK11a (Q9UQ88) and CDK11b (P21127) sequences
were aligned using Cluster Omega. (*) indicates fully conserved residue, (:) indicates similar property residue.
Green highlights the CDK1 peptide 206-223.

CDK11 is different to the other CDK proteins as the CDK11 gene is duplicated in humans giving rise
to different but highly conserved isoforms: CDC2L1 (CDK11a) and CDC2L2 (CDK11b) (Zhou et al.,
2016). CDK11la and CDK11b have 98% sequence identity and while their role within the cell is not
fully understood, it is thought that CDK11 kinases are essential for cell viability and early embryonic
development (Li et al., 2004). Section 6.1.2 discussed that the CDK family was split into
transcriptional CDKs and cell cycle CDKs unlike CDK2,3,4 and 6, CDK11 is a transcriptional CDK.
CDK11 null mice result in early embryonic lethality due to apoptosis of blastocyst cells between
days 3-4; cells from these embryos displayed proliferative defects, mitotic arrest and apoptosis (T.
Li et al., 2004). The CDK11 sequence between 641-655 is similar to that of CDK1 206-223, the only
major difference being that instead of CDK1’s Phe214, CDK11 has Asn648, which is not hydrophobic
and, therefore, unlikely to bury itself into the groove of talin helices 32 and 33 in the same way as
the Phe residue could. This could translate into a lower affinity to talin, compared to CDK1 or
CDK2. Furthermore, when looking at the CDK11a structure (Phyre2 (Kelley et al., 2015))shown in
FIGURE 6.41, the putative talin binding region (highlighted in red) does not have a predicted
secondary structure like CDK1, CDK2 and CDK3. This, again suggests that there is a low possibility
that CDK11 could bind to talin.
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FIGURE 6.41 STRUCTURAL OF HUMAN CDK11A

Structure CDK11a (Phyre2 prediction) modelled in PyMOL with the CDK1:talin binding region highlighted on
the structure in red.

Itis, however likely that CDK2 and CDK3 could bind to talin based on the sequence of their LD-TBM.
FIGURE 6.42 shows the alignment for the predicted structures of the motifs for CDK1, CDK2 and
CDK3 (PDB ID: 4YC6, 4EK3, Phyre2 prediction (Kelley et al., 2015) , respectively) using PyMOL. The
LD-TBM region is highlighted by a black box and is predicted to be helical on all the structures. It
would be interesting to identify if there is an interaction between talin and CDK2/CDK3 and
determine if this interaction only occurs at specific points in the cell cycle. Furthermore, if there
was an interaction between talin and the CDK2/CDK3 it would be interesting to determine if they

can phosphorylate talin.
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FIGURE 6.42 STRUCTURAL ALIGNMENT OF HUMAN CDK1 AND CDK2 AND CDK3
Structures CDK1 (PDB ID:4YC6), CDK2 (PDB ID: 4EK3), CDK3 (Phyre2 prediction) modelled in PyMOL and

aligned. CDK1 (grey), CDK2 (green) and CDK3 (red) aligned closely together. With the CDK1:talin binding
region highlighted on the structure with a black dashed box.
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Chapter 7. Conclusions
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7.1  Summary

This thesis has focussed on the adapter protein talin, a crucial player in integrin-matrix adhesions.
The investigation set out to identify novel binding partners for talin rod domains and explore the
mechanism of LD-motifs binding to talin; with the view that identifying new talin interactors would

lead to a deeper understanding of integrin-matrix adhesions.

The first novel binding partner we identified to bind talin, was the adapter protein KANK. Through
biochemical characterisation it was determined that talin R7 could bind to the KANK KN domain
via an LD-motif. Structural analysis of the interaction allowed a series of talin and KANK mutants
to be designed that could perturb the interaction. Having designed and biochemically
characterised both a successful KANK mutant (KANK_4A) and a talin mutant (G1404L and W1630A)
to perturb the talin:KANK interaction it allowed us to understand the significance the talin:KANK
interaction in conjunction with the rest of the cell. These studies revealed that the talin:KANK
interaction was the key link to associating focal adhesions (FAs) and the cortical microtubule
stabilising complex (CMSC) and that abrogation of the interaction resulted in uncontrolled MT

growth and loss of association of the MT complex with FAs.

Identifying this interaction has provided an answer to the long standing questions surrounding the

mechanism that targeted microtubules to grow towards focal adhesions and regulate adhesion

turnover.
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FIGURE 7.1: THE TALIN KANK INTERACTION LINKS FA WITH CMSC
Model of how talinl directs the assembly of the cortical microtubule stabilizing complex in three stages. 1)

KANK1 KN domain binds to talin R7, 2) KANK1 coiled-coil domain binds to liprin B1, 3) this allows LL5p to bind
and the final CMSC proteins to assemble including ELKS, CLASP and KIF21A.
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Furthermore, the talin:KANK interaction revealed KANK to be a novel LD-motif that could bind to
talin and gave new insight into the binding of LD-motifs to five-helix bundles. The structure of talin
rod domains are highly conserved across evolution, providing compelling evidence that every
domain within talin has an important functional role. Coupling this to the knowledge that LD-
motifs can bind to both four and five-helix bundles it was hypothesised that every talin rod domain

has the potential to bind an LD motif(s).

Literature described previous attempts at sequence searching for LD motifs to be unsuccessful due
to the canonical LD motif sequence (LDxLLxxL) identifying many false positives results. To combat
this problem, | compiled all the knowledge of known talin binding LD-motifs and designed a novel
LD talin binding motif (LD-TBM) that could be used as a query search to interrogate a vast talinl
proteomics dataset. This sequence search was coupled with a structural evaluation of potential
binding partners to reduce the chance of false positive hits being identified. The LD-TBM was
successful at identifying potential talin binding partners and through the design of a novel pipeline
the potential binding proteins were rapidly screened against talin to determine if binding occurred.

From this initial screening the protein CDK1 was taken forward for biochemical characterisation.

Using a similar biochemical approach that was implemented to characterise the talin:KANK
interaction, CDK1 was identified to bind to talin R8. NMR revealed the binding surface on which
CDK1 binds to the talin R8, was the same site as other LD-motifs, DLC1 and RIAM. Structural
analysis of the talin:CDK1 interaction allowed for the design and characterisation of a successful
CDK1 (CDK1_2A) mutant to perturb the talin:CDK1 interaction. This mutation was used to
understand the significance of the interaction in conjunction with the rest of the cell and it revealed
that disruption of the interaction reduced adhesion area in the cell.

Furthermore, biochemical data combined with phosphoproteomics shows that the CDK1-cyclinA
complex phosphorylates talinl and talin2 isoforms at two unique sites (Ser1589 in talinl and
Ser1489intalin2). Interestingly, in talin2 this novel phosphorylation site is in the talin actin-binding
site (ABS2). We postulate that this could be a mechanism to regulate the coupling/uncoupling of
actin to talin. This interaction between talin and CDK1 gives an insight into how adhesions and
the cell cycle are entwined and poses many questions regarding how adhesion formation and

disassembly regulates or occurs within the cell cycle.
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7.2 Potential Limitations

The cellular work presented in this thesis, studying both the talin:KANK and talin:CDK1 interactions
has been carried out in a two dimensional (2D) environment, which allows for unrestricted
movement of cells on a flat surface such as glass or plastic. The study of these mechanisms in 2D
has provided us with the understanding of the mechanisms involved in linking FAs to the CMSC and
linking adhesion regulation to the cell cycle. However, it is still not yet fully understood how
migration in 2D relates to cellular migration in 3D. In 2D substrates the surface is typically
homogenous so cells only have to adhere and generate force for a single environment however, in
3D the environment has a different topography, rigidity and uniformity. This requires the cell to
recognize and respond to the different surrounding environments in order to migrate and
proliferate. It is therefore unsurprising that the cell has adopted a number of different ways to
migrate through a 3D environment. It would be intriguing to study the talin:KANK interaction in a
3D environment and to determine if perturbing the interaction between talin and KANK affects
cellsinthe same way as a 2D environment. To study cellsin a 3D environment a 3D matrix hydrogel
or tissue environment could be used, this provides a different topography, rigidity and uniformity

to the surface mimicking that of a 3D environment (Tibbitt and Anseth, 2009).

Large strides are being made in developing techniques to visualise and image complex 3D
environments such as the development of high resolution light sheet microscopes (Gao et al., 2012).
However, there are many complexities that surround both visualising and quantifying cells in 3D

environments and so there is still a necessity to study adhesion complexes in 2D.

7.3 Future Directions

The work presented here is some of the first evidence in the field that defines the link between FAs
and MT assemblies. Furthermore, this is the first confirmation of an interaction between talin and
CDK1 and it gives further evidence of adhesions being regulated by CDK1 in the cell cycle. These
findings give great basis for future work and exploration for both the KANK and CDK1 interactions

with talin.

An exciting avenue of exploration for future research will be to understand further the relationship
between the cell cycle and regulation of adhesion assembly. Furthermore, it will be interesting to
explore if the mechanism involving the cell cycle and integrin-matrix adhesions transposes across

to cell-cell adhesions. The link between cell-matrix adhesions and cell-cell adhesions is often
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thought of as spatially and functionally separate. However, both cell-cell and cell-matrix adhesions
are intrinsically linked to each other through the actin cytoskeleton and they share many common
signalling proteins as well as downstream effectors (Weber, Bjerke and DeSimone, 2011). It is
thought that these two adhesion systems can form an integrated network that allows
communication through biochemical signalling pathways and changes in the actin cytoskeleton
(Weber, Bjerke and DeSimone, 2011). The CDK1-cyclinA complex has been identified to
phosphorylate actin associated proteins such as FMNL2 within cell-matrix FAs (Jones et al., 2018).
It would be interesting to identify if any actin binding proteins involved in cell-cell junctions were
too phosphorylated by CDK1. Then to explore if phosphorylation of these proteins lead to adhesion
growth in S phase of the cell cycle. If this were the case, then this would reveal further evidence
into cross-talk between cell matrix adhesions and cell-cell junctions and provide a bigger picture

on how the cell cycle regulates adhesions.

Additionally, it would be interesting to look for cross-talk between MTs and CDK1 at adhesions and
further explore the idea that CDK1 may be transported to adhesions via MTs which could suggest
that CMSC regulation is also linked to the cell cycle. It would also be intriguing to examine at which
points in the cell cycle FAs and CMSC complexes are most abundant, and to identify if this links to

the finding that FA abundance largely increase in S phase.
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Talins are cytoplasmic wilapter proteins essentind for integrin-medinted cell
adhesion to the extracellubar matrix. Talins coatrol the activation state of nte-
grin, link integring to cytoskeletal actin, recrait munerous signalling molecules
that mediate integrin signalling and coordinate recruitment of microtubules 10
adbesion sites via interaction with KANK (kidoey aakyrin repeat-containing)
proteins, Vertebrates have two talin genes, 7LV and TLN2, Although talin]
aml talin2 share 76% peotein sequence identity (88% similarity). they are not
functiomally redundant, amd the differences between the two isoforms are not
fully understood. Ta this Review, we focus on the similarities and differences
between the twao taling in terms of structure, biochemistry and function, which
hiat at subtle differences in fine-tuning adbesion signalling,

Keywords: mtegnn; mechanobiology; talin

Integrin adhesions: linking the cell to
the extracellular matrix

Imegrin-mediated adhessons to the extrace/hdar mainx
{ECM) are found in neardy all cell types and mediate a
diverse range of functions, There are 24 afl
Leterodimeric integrins, which show distinet patterns of
cell-type and tissue-specific expression, and support dif-
ferent forms of cell-ECM and cellcel! attachment. Inte-
gring conneet 1o the ECM via therr Jarge extracellular
domains but, in contrast, the cytoplasmic domains, the
‘imtegnn tals’, are generally shorl (~ 40-60 amino
aceds), Despite this ditnutive size, large multiprotan
complexes assemble on the cytoplasmie face of integnins,
proviing linkages to the cell cytoskeleton and to
nunerous intracellular signaliing pathways,

The complexity of cell-matnix adhessons has been
ghlighted by the analyss of the “integrin adhesome’
usng mass spectrometry on multiple integnn adbesaon
complexes. Tlas identitied a network of > 240 proteins
11,2, and additional adhesome protesns are constantly
being discovered, many of which are cytoplasmmac

Abbreviations

components that couple adbesions to numerous sig-
nalling cascades, These cnable diverse mtracellular
responses, 4 process often referred 1o as ‘outssde-in’
signalling. These signalling hubs regulate a multitude
of cellular processes including eyteskeletal dynamics
and cell motility, cell growth, survival and the cellular
response 10 the Jocal enviromment. Unsurpnsingly,
numerous discases anse from the defects in compo-
nents of the mtegnn adhesome [3], Further analysis of
intepnn adhesome datasets colleciad under differemt
conditions hus revealed the dynamic nature of these
complexes, and the functional diversity that can derive
from the snme building blocks. What ernerges is 4 cone
sensus adbesome of ~ 60 protans centred around four
ases compnsing: ILK-PINCH-kindlin, FAK-paxilhin,
fahin-vinculin and a-actmn-zexan-VASP, although it
seerns likely that all of these axes are linked to talin in
some way, As well as 24 different integrins, vertehrates
also have two major talm soforms: talinl and thin2.
Most of the attention on talin has focused on talinl,
prmanty due 1o 3ts cssential rele o mediating ccll

ABS, acondencing &0, DI, diveraaton doman, ECN, sanacalidar matrie FA, fonsi adnesion, FERML 4.7 protedn, wain, mdln, mossin,
1BS, invegin-bexdng s, IF, interedate filment FTI, posd-trara Mo onal modScston, VS, vinasindogng sie
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adhesson as shown by studies on talinl knockout [4)
and tahnl<depleted cells [5-7). Tulml kaockout s also
ernbryome lethal i mice due to wrvested gastrulation,
indicating o key role in early development [4]. In con-
trust talin2, whh was only discovered following pub-
heation of the human genome sequence [89] has
received less attention, and the fact that talin2 kneck-
out mice are vaahle and fertile [10] suggests woform
redundancy, However, talin2 knockout moce display o
mild dystrophic phenotype and the vanabiity in the
number of pups surviving to adulthood suggest under-
Iyng defects [10]. Therefore, 11 sppears that talinl
plays mmportant roles in development although many
of its functions can be compensated for by talinl.

This Review mims to summanse what 18 carrently
known about the strectursl, bochemical and fune-
tional differences between the two talin isofonms, Evo-
lutionary genomies has been used 10 study tulin

Tale of twa 1alirs

Cysosol

wsofonns i the past, and bere, we bine @
analysis with the recent wealth of structural informa-
on to haghlight the emerging functions of the two tal-
s as symalling platforms,

Integrin-talin-actin: the core of
cell-matrix adhesions

Sinkingly, despite the structural complexity of cell-
ECM adhesions, the majonty of these dynamic adhe-
sion cotpleses prise o siople and robust core of
three proteins: talin which binds 1o and activates inte-
gnns and couples them 1o the actin cvioskeleton
(Fag. 1), All of the other P ts can be bled
on to this fmmework to give nise to vanons types of
adbegve structures. Onee formed, 1he protein vinculin
s recruited to the plex to stabilise the lion
10 actin, a process which is regulated by an clegam
feedback mechumsm, Thus, vinculin is only recruited
when talin expenences mechameal foree, and force wall
only be exerted when talin is successfully bound to an
ntegnn and coupled to actin, If these conditions are
not met, then nascent adhesions will not experience
sulficient force to recruit vincuhn and will disasserble,
However, once vinculin is recruited 10 nascent adhe-
stons, 1t crosshinks 1aln 1o actin, and the core, linkages
are stabilised. How such complexes mature depends on
multiple vanables including ¢ell type, ECM composi-
tion, matnx stiffness, itegnin subtype, mechanical sg-
nals; ete. This Jeads to the development of a variety of
adbesson complexes nclading nascent adbesions, focal
adhesions  (FAs), fibrillar  adhesions, podosomes,
mvadopodaa, el all of which have at their core the
same integnn-talin-actin connection. In their recem
Review, Klaphokr and Brown cloquently descnibe the

Fig- ¥, Toln ot the core of the adhason, A canoon of s core of
megrn adhesions, Sighighing talea central rofe. Taln coordinmies
both the actin cytoskelaton, and through the imersction with KANK
Moo RS, e marotubue oynselnon a1 aghesco ses. Orop the
SONERION Gore 8 asaernbied. 18k senes 58 8 soatiold 10 werut mady
other peotacs in order 1o form al the many diferent types of
dnesie SLtLres Hocal adhesions, pOCoSNmes, iwadopoda, el

myriad of different rofes that whin plays in adhesion,
und provocatively call talin “the mastes of integrin
adhesions’, a view we share [11]

The talins

Talin s a large 270 kDa actin-binding protemn that was
first discovered i 1983 as a component of FAS and ruf-
fling membranes [12). Talin comprses an N-2ermmnal
FERM domain (the head) couplad 1o a flexible tahn
rod, Since then, i1 kas been shown to be a key compo-
nent of imegnn adbesrons with roles i iegnn activa-
tion [13], the molecular chirch that couples integrins to
cytoskeletal actin [14], FA assembly and the recruitment
of numerous signalling molecules [15]. Taling alo inter-
act with the KANK family of adapter protans [16.17]
whach target magrotubules to adhesion sites, stimmulating
FA turnover [18]. As well as transouttng forces between
integring and the actin cytoskeleton, the Jength of talin
has been shown 1o define the geometry of the adhesion
[19], and tahn plays a key role as 8 mechanosenstive
adapter, undergeing force-dependent conformanonal
transitions in its 13 rod domains [20-24] that wodulate
hinding interactions with mechanesensitive ligands,
Given the above, of 15 unsurpnsing that 1ahal knockout
in mice is embryonic lethal [4,25]
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Tissue expression and cellular Jocalisation vary con-
sderably between the two soforms; tahinl s expressed
i all tissues, In contrast, talind expresion 8 more
variable, and it is absent entirely from some cell types,
for example, no tlin2 is present in endothehial cells
possibly via silencing of the Tln2 gene by promoter
methylation [26,27], The Human Protoin Atlas [28]
shows the near ubxputons expression of talind m all
well types i all tsiees, whereas the ngh levels of tal-
in2 are found mainly i the brun, particulardy the
cerebral cortex, heart musele and the Sidney.

There s clear mlerplay i the expression of 1he two
talin sofonns, although the mechanism for this is not
known, Talin2 expressson s rapidly upregulated fol-
lowing knockout of talinl, both transsently [26] and
also i Thef-knockout mouse enbeyonic fibroblasts [7)
leading 10 rescue of many of the consequences of the
less of talinl. However, knockout of both tabn iso-
forms completely ablates el ECM adhesson [, con-
firming the essential roke of 1alins in integrin biology.

In fibreblasts, both tahins Jocalise to FAs, and talinl
i recruited directly 1o the leading adge, via proteins
like the Rap) effector RIAM (Rapl-interactuing adap-
ter molecule) [29.30] and FAK (focal adhesion Kinasc)
[31). In contrast, less 1 known aboul talin2 recrint.
ment. Although falin2 binds to RIAM. 1ahin2-specific
amibodies reveal that talin2 forms diffose aggregates
throughout the cefl, which overtome conlesce 1o form
larger complexes, eather at focal or fiballar adbeson
sites [25]. For the most part, only talin2 is found at
fibrllar adhesions in the centre of the cell 25 This
localisation posinons 1ahnl af @tes of fibronectin
sccretion and assembly [(32] and ulso 1o formation of
imvadopodia [33]. Although much kss is known about
the role of talind, it has recently been the subject of
increased mterest and wofonu-specific functonahnes
have been reported, For example, talin? has been
reporied 1o be indispensable for the generation of trac-
tion force and mvadopodinm-mediated matnix degra-
danon  required for invadopodin  formation  [33)
Furthermore, talin2 has been shown to be able to
recruit vancuhin in the absence of mechanical foree sug-
gesting different mechamcal properties [3) In sum-
miry, the relative roles of talinl and tahn2 reman to
be fully elucidated.

Structure of talin 1 and 2

Gene structure and splice variation in talins

The two tahns are encoded by sepurate genes, Tinf
and T2, which have conserved intron-exen bound-
aries [9,35) However, whereas talinl has relatively

AE Gughaned T Gk

small introns resulting in a gene of ~ 30 kb, talin2 is
much bagger (~ 190 kb), due to the presence of much
larger introns. Moteover, mnital studies suggest that
multiple talin2 isoforms are genernted via differcential
sphcng [36]. Whike the fupction of these isoforms 1s
currently unknown, the expressson pallern of each is
distinct. Testes, kidoey and brain express shon C-
termminal proteans lacking the FERM domun [36] ris-
g the possibility that such varants mught function
wdependent of imegrins, although they do contain the
integnn-binding site Jecated in the rod domain
Intniguingly, expression of a Coermunal talml frag.
ment resembling the testes-specific 1ahin2 sofonn was
sufficient to rescue cell cyck progression in talinl-
depleted cells suggesting a roke i ceflular sgnalling
137,38

The ancestral 7T gene appears 1o have undergone
dupheation in chordates with the emergence of verte-
brates 1o give mse to talin]l and taln [39] Inverte
brates and simple chordates have & aingle talin gene,
vertehrates bave two, Chordates can be dmaded into
three major groups; Cramata Gochsfing the verte-
bratesy, Cephalocherdata (including the lancelets) and
Tunicaty (meluding sea squirts), Since the omginal
pubbeation on talin evolution [39], the genomes of
Petromyzon marinus (one of the Cyclostomata, a jaw-
Jess vertebrate) (40 and Branchiostoma flondae {a lan-
celet, one of the Cephalochordata) [M1] have been
published. Strkingly, the Brancliostoma has only o
singhk tahin, whereas the Petromyzon genome encodes
two. This confirns and extends the oniginal conclu-
stons about talin evolstion [9,39] and suggests that the
genome duplication keading to peesent day talinl and
1alin2 took plice before the divergence of jawed and
Jawless vertebrates, but after (or wath) the divergence
of the cramates from ether chordates. The acquisition
of two different copics of talin appears to be heneficial
10 an orgamsm; falin gene duphcabon has also
occurred in Ambochozoa and i Dicnosielen dis-
coldeum. The Dictyostelium talin genes, Tald and
TalB, encode protems with distinet functions, with
TalA requared for cell-substrate adhesion, phagocylo-
sis and cytokinesis, and TalB required for the foroe
transmssion required to support morph ehit move-
ments during differentiation [42).

Talin domain structure

Remarkably, despute milbons of vears of evelunopary
time since talin first appeared and since the two talins
diverged, the length of both the major tahn isoforms
has remaned almost identical (talinl: 2541aa; talind:
25490ua). Furthenmore, both major wmsoforms  have
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wentical domain structure and contain 18 domains.
This wvanability s m stark contrast to many other
multidoman profests such as wtin, spectrin and fil-
amnn - these have vaned in length, incrensing and
decreasing in size through evolution until reaching the
Jength we see today [43-45]. This unvaryng domain
armngemnent in all available talin sequences suggests
that each domain has a role that & umversally
regquired (1t 18 worth mentienung thal 1o some nonver-
febrate organisims, including Dictyostelium and Droso-
phila, talin has acquired additional C-terminal residucs
that extend beyond the umiversal doman armangement
[39,46]). The following discussion of talin domain
structure, thesefore, apphics to both talinl and talin2

The talin bead

Talns consists of an atypical N-tenminal FERM (4.1
protamn, cmn, radiun, moesn) domam, known as
the mlin head comaining four subdomains FO-F3
[47,48] rather than the three subdomains (F1-F3)
found m most other FERM domam protans, More-
over, the crystal structure of the tabnl FERM
dommin shows a linear domain structure [47] rather
than the cloverleaf structure found in other FERM
domuin proteins. The structure of the talin2 FERM
dommn confirns this Bocar domain  armangement
(our wmpubhished data), Extensive stucies show that
i the talin F3 subdeosan that directly etgages
1he beta-integnin cytoplasmic tail via the first {mem-
brane proamal) of two NPxY motifs in the tail [49].
The mtegno-binding  interfaces have been charac
terised in both the 1ahinl and talin2 F3 subdomains,
and this bas revealed 1t conserved resiue changes
m the binding surfaces tune the aflinities of the two
taline for different integrin tails [50). For esample,
the ubiguitous betala-integnin was recently shown to
bind preferentially to tahn2 {51] whereas the musche.
specific betald-integrin has a threefold higher prefer-
ence for falin2 over malinl [33,52,53), This prowides
selectivity for differemt talin and imtegnn complexes,
and different couplings are bkely to regulate differ-
eat celiular functions [54),

However, whilst F3 i the only talin head subdo-
man that engages the mlegnin, F3 in nolation s not
very effective ot activatiog integrins and the other
head subdommins are also required to make an effec-
tive ‘integnn activation lock' and maintain the inte-
ann in the active. lagh-affinity conformanon [55].
The other bead subdomains achicve this by mterac-
tion with phosphommosibdes such as  PidIngd4,5)P;
(PIP2} in the plasma membrane; a basic surface on
the F2 subdomain mediates interaction with the

FEUS Lamiars 902 G016 2V08-2720 © 2010 F-
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plasma membrane, which apphcs torque on the inte-
gnn to stakhse the active conformanon [52,56,57],
In addinon, the F1 subdomain contains o large
(~ 3aa) wmstructured insestion, the Fl-loop, which,
vin a cluster of positively charged restdues, imteracts
with PIP2 and s essential for ntegnn activation
|58]. The FO subdomain has been shown to bind the
membrane-tethered small GTPase, Rapl [58-60] and
this anteraction has been impheated in membrane
targeting of talin o the plasma membrane [59).
Interestingly, the additsonal FO subdomain and the
Fldoop clements of the tahn FERM domain are
also found in the kindlin family of proteins [38.61)
whach synergise with talin to activate integnns [62],
These features are not found o other FERM
dotan protens and st umgue 1o inlegnn-actyatng
FERM domain proteins,

As well as tanding to integrins, Rapl and the mem-
brane, the takin head (via the ¥3 subdomain) has been
shown 10 bind 0 PIP kinase gamma {63), which
thought 1o g the PIP2 required to support inte-
grm activation [64]. Beyond thes, the F3 subdomam
has emerged as showing remarkable Hgand-banding
plastiaty and has been linked to hinding FAK [31],
TIAMI (Tecell lymphoma mvasson and metastasis 1)
[65], laylin [66], Gul3 (G-protesn subunit Galphal3)
and RIAM [67] all via the same site. The hicrarchy of
these mteractions, that are presimably mutvally exclu-
ave with mtegnn binding and cach other, s pot yet
fully understood. Talin contains three actin-bnding
sites (ABS1-3) [65]. ABSI is in F2-F3 in the talin head
[69] and has recently been shown to be woportant for
capping actin filaments to block actin polymensation
[70].

The talin rod

The talin head w connected, via an 82-amino acid
unstructured [71) calpainsensitive hinker [72,73] to the
large 2000 residue talin rod that is made up of 62 a-
hehees, We bave recently determined the boundanies
and structures of the tahinl red domamns showing it
contains 13 dommns (R1-R13) |24] organised into two
f liy dhstinet reg a Bnear Coerminal rode
ke region compnsed of S-helis bundles and a com.
pact N-termunal region where three 4-helix bundies
(R2 R4} are mserted into the senes of 5-helix bundies
(Fig. 2b).

Structural analysis of ihe 1akin rod was complicsted
as only two regions of the rod have sequence homol-
ogy 1o other protems: R13, whih comtains an
I/LWEQ domain [8,74), and the central region of the
rod {resolved to be R7-RS) which has homology to a
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protan of unknown function, MESDCT [75]. The rest possible, Part of the reason for the lack of homology
of the rod lacks homology o other proteins meaning  of the talin rod 1o other proteins turmed out to be that
prechiction of the domain boundanes a priori was not 8 of the 13 tahn rod domains - R1, R5-R7, R9-R12
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contain a S-helix bundle fold, the “tahn rod fold', that
has so far only been recognised i taln,

Tha talin rod fold

Although 4-hielix bundles are common i nature (the
4-hehix up-down bundle present in R2, R3, R4 und RS
s a common fold (SCOP 47161 [76])), 5-helix bunciey
are unusual, At the core of the talin rod fold is 2 com-
mon d-behix up-down, kefi-handed twast topology as
seen in mumerous 4-helix bundles. However, m the
talin rod, this fold s augmentad by an extra Neterm-
wnal helix, conpected by a long {~ 9 residoe) Joop that
allows the first helix to pack against helices 3 and 4 of
the bundle (Fig. 2) to form a S-hehx bundlke, This

Tale of twa talire

with the two talin heads buried inside. Activation of tal-
s 1o 4 more open-active confonmaton roquires A van-
ety of activators.

Talin1 and talin2 rod interactions

To date, all the ligands that bind to talinl have been
shown to bind talin2 although the affimties for the dif-
ferent woforms can be markedly different. HBanding
pariners can interact with the talin rod domans via a
number of different modes, that is; to the felded rod
d ' to the unfolded rod & or 1o some
struined conformation between these two  extremes.
Mu:hanlcal force can dnvc transitions between these

and so fly alter the banding

addition of an extra helix 1o the 1ahn rod domnzins has
profound effects on talin function, not least because 3-
helix bundles, where the N- and C-termini are Joeated
at opposile ends of the bundle are optimal for forming
a rod-like armangement (Fig. 2), The lincar rod-like
tegwon s perfectly dessgned 1o transmit foroes, which
act pn the compact Netermminal regon. Furthermore,
the additiona) hehx ssgnificantly enhances the thermal
and mechanical stability of the domzuns [22,77), belp-
mg provide different for each
domum |21] and restricting acoess 10 thc Cryptic vin-

culin-binding sites (VBS) buned inside many of the
demuins, As a result, each rod demain has 118 own
wmgque propertics, and this 1€ central 1o tahing sole a8 4
mechanosensor {see next section). Unfolding S-helix
bundles by pulling on the termini positioned at oppo-
site ends of the bundle s restricted by extensive con-
tacts throughout the length of the helices and requires
a gradual breaking of hydrogen bonds. [n 4-helix bun-
dles, the 1ermim are at the same end, and applied force
acts on the weak hydrophobic contacts, peeling hehices
away from the bundle 22)

Talin dimers

Full-length taln 15 dimene, and hebx 62 [dimenisation
doman (DD} forms an antparsllel diter with another
talin molecuk [74). In ail our experiments to date, we

uffunities of different hpmh

Ligand-binding sites in the talin rod

Flucidation of the domain structure of the talin rod
has enabled the precse mapping of established hgand-
binding sites, and the location of these stes is shown
m Fig. 2.

Integrin

As well as interacting with the talin head, the beta-
mitegnn tal also imteracts with the R11-R)2 domains
of the talin rod fintegrin binding site 2 (IBS2)] via 4
structurally undefined mechamsm [79-81), Unlike 1BS]
where the integnn binds to the folded F3 subdomain,
imfegnn Mnding to IBS2 appears to involye some inter-
mediate conformation of the rod domains (integrin
does not band folded or unfolded R11-R12), The role
of IBS2 i flies [79,82] has beens well established, but
its role in mammals 18 less clear. although it has been
finked to nascent adhesion formation [£3),

Actin

The talin rod contans fwo actin-binding sites, ABS2
(R4-R8} (68,84 85] and ABS? (R13-DD) [8.86) which
play different roles in adhesion. The current rodel of
tahn envisages the Caenmml ABS3 [74] as

see talin as & constitutive dimer when the DD 15
however, a calpain cleavage site wnmedialely pnor to
the DD means it can be clesved to yeld mosomeric
talin [71]. Interestingly, the DD in talin2 s conserved
with talinl, and structural predictions suggest it should
be able 10 form heteredimers. However, 10 our kanowl-
edge, heterodimess have not heen desaribed in the Mera-
ture, Dimene fulldength taln] can adopt 4 compact
autoinhibited conformation in the cytosol [78] where the
two rod domauns wrap around to form a “douhle donut’
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responsible for the mitial force exerted on taln that
leads to unfolding of the mechanosensitive talin rod
domin, R, Thas tnggers vinculin ioteracthons and
leads to adbesson maturation |23). In contrast, ABS2,
in the centre of the rod provsdes the tensien-beanng
achn connection [84,85). As with the integrin connec-
tions, the actin-binding sites w talin? band more tightly
to acun than the equivalent regons in talin) (J35] and
our uppublished data),
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Vimculin

Vinculin, discovered in 1979 [§7], 1 another key talin
mteractor, and has been shown to bind to at Jeast 11 of
the 62 talind helices [88). The vinculin-binding deterim-
pants lay on one side of cach vinculin-binding helis [£95,
However, the VBS are buned within the rod domains
and are only exposed by mechamesl foree (Fig. 33,
ennhling vinoulin 10 hind and strengthen the actin con-
nection, [t has been shown that exposed tahin VBS can
activate vincubn (%), and active vinenhn has been
shown to be able to activate talin [91]. The 11 VBS in
talin2 are all conserved and so it is hkely that the talin2
rod will alio engage vincuhn in a sinilar fashion.

Other interactors

While the mmegnn-, acun- and vincuhn-binding inter-
actions define the prmary adapier function of talin,
there are an increasing ber of addinonal hgind
that bnd to the talin red that comnbule to na
mechanosignnlling capahilitics. These are summansed
below,

A E Goughane 5 T Gk

Talin binds LD-motif-containing proteins

A commen mechamsm for talin rod-binding proteins
15 via helix addton, wherehy a helix from a hgand
packs against the side of o 1alin red domam. A num-
ber of talin ligands have now been identified that con-
tam an ‘LD-monf™ [92] that mediates such belix
addition. First identified in paxillin (93], amphipathe
LD-monf bhelices bind via the aspartate (D) which
forms an mtial salt brdge with a basis residue at the
begmmng of the furrow between two adjacent hehices
of the interacting bundle. Specificity s then encoded
by residues downstream of the 'LD" interaction site
This mode of bndmg to talin was imtially dentified
from work oun the tmnour suppressor protein defeted
in liver cancer 1 (DLCI) [94.95], This Jed on to the
wentification of the talin-binding sequence i RIAM
[24.29] as an LD-monf, and the dennfication of pax-
ilin as a4 novel tahn bhgand [#]. More recently, the
KANK (doey ankynn rep Laming) protel

have been identified as LD-motifccontamng hgands
[16,17], hinding to a conserved face on the R7 S-helix
bundle, The atlty of Sbelix bundles to bind

Extended talin
”
o »
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Laywrs of
sutoinhibition

Fg- 3, Lairs ol ey of susinhbison, A sirking ‘esture of talng is thar remarkable conformationsl plasticty that eadves GHlemere
Mgands 10 ergoge the mome piatformy n dfferemt conditons, port of this flexdbity emergen from sutornibition, (Ledtt In the dossd
aunirhbited form, aill of the domairs 20e foided, sna many of the Igancbinding sites for aotin, integrin ad vinculn: e thought 1o be
ayptic. Some Bnaing sies may face outwards and reman accessibie for pstance, RIAM & abis 1o Bing 1o the nactnve conformation (127].
1n 1ho exanded confomaton in 1he abeance of foe, ¥ 1he domars am s1ll feided, and sadnonal bindng 6% am axpased IIBGY, BEZ
ABSY, plus the sdes dar 1hose Sgonds that requre folded-rod domansi (g} The exposure of IBS]1 aad ASS) foclises adhesion
formation, and by activaing miegrns and crossinking them 10 the acon oyioskeloton, @ nascen adhwsion can form. As foroe s exenoed on
fain, anothar et of &adpmnhition & wicowmee 1Bonoml. AS &hn dorans unfolg, stating wen B3, the i¥3al inechanosensar in 1ain
129,23.24], wrcubnbindeg sites s cxposad and winvirculn imemctions can nire 0cour. RS undokdng 890 revess the high atfinity actin
braing site in tain, ABS2 that oan then activate tensovrbearieg octn connetions (84,851 Aa domars unfold, the bimiing sies for lgands
that engage the folded rod domaing are destroyed, as @ the case for RIAM binding to A2, A remarkstie {eatue of fains conformatoral
pastdity it that, in the ahsence of athar factors, taln can readly redoid to as default waviorce stase.
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Dot proteins greatly expands the number of
potential higand-tinding sites i talin

The talinemoesin-NHE-1 complex and p/f moduation of
mihesion sites

The C-terminal part of the talin rod has also been
shown to bnd directly to the FERM domain of moe-
s, an interaction that s required to tecruit the
sodiwn/hydrogen exchanger (NHE-1) to adhesion sates
[96]. This recrmtment of a preton exchanger to adhe-
sions and the resulting locabised alierations of ntracel
Jular pH has a drmpatic effect on adhesions. Small
changes i local pH can result in protonation/deproto-
nation of side chains, particularly listsdines, and this
can dircetly alter mteractions & sumlar fashion 10

Tale of twa talire

Mechanotransduction: force driving changes in
biological signalling

The mutually exclusive interactions between talin and
RIAM and talin and vioculin provide the perfecs
example of how talin can convert mechamea! forces
imto  biological sgnalbing  responses.  The  wmitial
mexl ive d i an talin has been shown to
be R3 [23.24), which binds RIAM but also contains
two VBS, However, vinculin and RIAM have funds-
mentally different modes of binding. Tahn VEBS are
buried within tle talin rod domains and are only
exposed when mechamcal foree unfolds that domain,
allowing vincubin to bind. In contrast, the taha-banding
utes in RIAM are single helices that interact only with
l'oldcd talin rod domains (Fig. 2. The exquisite

phesphorylation. In many ways, protonation can be
considered a0 pom-mnslnmnnl modification  197).
Many unportant proteinp fions have been
sbown 1o be regulated by pH in this way, including
1he interaction of talin ABS3 with actin [98], and i 15
likely that locs) fluctuations i ptt will alter the proto-
naton state of many other wnportant mteraction sies.

The talin-slpha-synemin comection - o link fo
imermediate filaments?

Another hgand that has been hnked 1o talin wheh has
the potential 10 have o sigmficant mpact on our view
of adhesions s alpha-synemin (9], an intenmediate fil-
ament (IF) protein expressed in skeletal muscle. This
suggests that talin bas the potential to ¢ 1
wteractions between the actin, microtubule and [F net-
works.

The mechanical properties of talin

The mechanosensing abshities of Lalin rely on s force-
dependent mteractions with s binding partners. Some
higands (i.e. RIAM, KANK, DLCI, actin) hind only
0 folded talm domains, whereas vinculin is known 1o
require domun unfokhing and exposure of cryptic
VBS. Forcesnduced talin domain  unfolding  will
therefore release binding partners that bind to folded
fahn and stimul biding of vinculin, tnggenng
mechanosensing  signals, Iy vive, talin  is  initially
extended by actin retrogmde flow and then by acto-
myosin contractility and the resalting forces exerted
on the talin rod drive structural transitions, Depend-
g on the precse mechanical environment, individual
tahn molecules will expenience different forees, and
the different conformations may engage differem
ligands.

vity of RJ 15 due to the presence of a
dcsmb:lmng cluster of threomne ressdues buried i s
hydrophobic core [24], This means that the R3 domain
15 the lirst 10 unfold when taln expencoces force, dnve
g the tramition between folded and unfolded R3
{this is one of the exciting aspects of structural
mechanobiology m that the precise structural basis of
4 mechanosensitive event can be pinpointed 10 speafic
amino acids that encede the mechanosensitivity), This
conformational change in R3 drives a change m bio-
lomea! signaling, duplacing RIAM and thus the link
to the Rapl signalling pathways. Simultancously, R3
unfolding kads 1o the recruitment of wvinculin and
strengthening of the connection 1o actin. Ths allows
two different hgands to engage the same talin domain
under different conditions and explains the different
locabsaton of RIAM and vancuhin o cells [100). In the
case of RY a foree of -~ § pN i required for it o
unfold, disrupting the RIAM-hinding sites and recruit-
myg vincuhin, drving the maturation of nascent adhe-
swons into FAs. Tlas § pN force s roughly the foree of
a angle actomyosin contraction, Jeading to an atirac-
tive hypothests that talin only esperiences this force
threshold when it tands to an inmtegnn and sumultane.
ously connects to the actin cytoskeleton. Only when
these two criteria are met will the R3 domain unfold
and tngger adhesson maturation,

Expanding this to the rest of the walin rod, it scems
fikely that each of the talin rod domains can akso serve
as mechanochermical switches, and under different con-
dinons, individual 1ahn rod deensins can adopt differ-
ent conformations that support different signalling
pathways. I vivo measurements of talin extension
have shown that tahin length is vonnally between 90
and 2350 nm [101] (compared with & folded talin length
of 50-60 nm in wire [102)), suggesting that between
two and eght talin rod domains are unfokled at any
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time [21). Using single molecule analysis with ultra-
stable magnetie tweezers, we recently chamctensed the
mechamenl response of tahinl [21-25] Steetehing the
whele tahin rod revealed guantised mechamnical
responses with all 13 rod domains exhitating switch-
like behaviour at different force thresholds. These
unfolding responses range from 5 to 25 pN and are
all rapidly reversible when force s removed, This
reveals a spectrum of mechanosensitive  switching
events, turmng on and off disunct effecior functions in
a force-dependent munner. This stochastic force-depen-
dent folding amd refolding of talin also make talin an
cffective force buffer protecting adhesions ngainst
excessive foree [21).

The RS domain s 4 hotspot for protein interactions,
suggesting i represents & wajor signalling hub. RS s &
A-helix bundle, unsguely protected from mechamcal
force by being inserted mto the Joop of a S-helix bun-
dle (R7), creating a novel %behx mwodule, and a
branch in the talin rod [21,75] (Fig. 2}. By being posi-
tnened outskie of the lorce-beanng region, RS remains
folded whilst talm is under force and mamtans s
Iigand-banding surface.

A striking feature of the talin red's response to force
15 that even after complete unfolding, the removal of
force leads to refolding 1o the original pative state,
and this response s mantained through multiple
cycles of extension and relaxation. The robustness of
the mechameal response of the talin yod & perfectly
suited to its toke as 4 mechanosensor; when the
mechamieal force is relieved, the sensor reverts back to
115 onginal state.

Together, these features suggest that talins can sense
and respond to mechamen] forces with remarkable ver-
satility. Depending on the apphed force. different
domairs will unfold, and depending on the repertoire
of expressed Hgands, different signals will be gener-
ated. Depending on the mechamsin of hnkage to actn
{e.g. via ABS2 wvs. ABS3), or to mirotubules via
KANK, different regions of talin will be under ten-
son, This network of protein interactions thus pro-
vides & msechamism for context and force-dependent
regulation of multiple signalling pathways.

1t will be wmportant to cha e the hamcal
response of tahn2 as  differences m mechameal
responses of individual rod domains mighs help pin-
point sites of fanctional divergence, Recent work has
shown that the two talins provide different mechanscal
linkages i cells [34], with 1ahin2 able to engage vin-
culin in the absence of mechanical foroe, suggesting
that the two protems respond to forces differcatly,
Talin2 is expressed at high levels in cardiac and skele-
tal muscle [103] where presumably ats higher affinity

AE Gughaned T Gk

for integnin betald and actin may serve 10 create more
remfient adhesive connections,

Talin: layers and layers of autoinhibition

An mileresting feature of taling s that the binding sites
described above are not all accessible all of the time.
Talin activity is regulated by multiple layers of autoin-
intion where tinding sites are masked, and only
made available for landieg in response to dafferent sig-
nals. Talin autoiskibition mediated via the inferaction
between the integnn-tinding ate m F3 and the tahn
rod domaun RY nawstans tahn 1o a compact cytosolse
form [104-107), The F3-binding surfoce on talin2 R9
is highly conserved with only subtle conservative
clanges, and a8 such autokhibition 1s hkely cemtson
1o both talins. Multiple factors (e.g. PIP2, FAK, Vin-
culin, RIAM. etc,) have been imphicated in reheving
talin awtoinhibation, wmost recently, the Geproten
Grl3 which binds F3, displacing the R? rod domain,
has emerged as an important talin regulator [108].
Onee autoimbibition i rehieved, it 15 bkely that some of
1akins functionalities are exposed, such as the integnn-
and membrane-tanding sites on the talin head {52,109},
and the Cetermingl actin-binding site ABS3 [8,74].
However, other functions are still autoinhibited; for
example, the VBS remain inaccessible, buried in the
hydrophobsic core of the rod domains. As mechameal
force 18 exerted on talin, s rod domains can unfold,
exposing VBS and simultaneously destroying the bind-
wg sites for folded rod binders, enabling

b henmcs! switching of binding. [n this scenar.
1, once RIAM has served its purpose and helped
translocate talin to the plasma membrane, its binding
1o talim 15 no Jonger required and so those domains are
repurposed  for  aliernative Tunctions.  Furthemore,
high affinity actin binding is mediated via the central
actinchinding site (ABS2; R4-RS) wlach 15 maintamed
in an inactive conformation via the inhibitory effects
of the adiacent R3 and RY domains [84). As a resalt
of this stratfied nature of talin auwteinhibinon, the
same protemn scaffold can coordinate many different
processes, There are likely numerous other talin func-
tions tightly regulated by talin conformation in 4 simi-
lar fashion.

Comparison of the talin1 and talin2 domains

Due 10 the ugh homology between 1akinl and alnd,
we used Modeller [110] fo generate structural models
of the tahn2 domains uming the talnl structures as
templates. Validation of the conserved hydrophobic
cores of these domains and companson of the
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modelled F2F3 remon of talin2 with the known stric-
ture [532] confirmed the rehabihity of this modelling
approach. The domun boundares of talinl and talind
are shown i Fig. 2, From this bioinformatics unalysis,
we have designed and valdated expression constnaxcts
1o express and punfy ench of the talin2 domams (de
posited 1 Addgene www.addgene.org’ben_goult), We
have recently solved the structures of a number of
these talin2 rod dommns and it 58 stoking how strue-
turally smilar they are to the equivalent tabnl
domains {our unpublished data),

Conserved differences between the two isoforms

The two tahns are lghly conserved (76% dentcal),
and it is Bkely that identicsl regions between the two
soforms carry out equivalent functions, What has not
been explored in detail is the 24% of the sequence that
1 nol sdentical < it 15 here that differences i soform
function might be found. In particular, we sought to
wientify conserved differences between the isoforms in
these divergent repons as these mght provide the key
10 understand 1he differences in wofonn function. We
set out to Jook at differences in Bgand specificity, affin-
iy tuming, tertiary structure and the conservation of
post-transkational modification sites (PTMs)y

We vsed BlastP to align the sequences of the corre-
sponding domains from each isoform 1o establish the
adentity and srmlanity of cach domun and to Jook for
Jocal vanations. Interestingly, although the sequence
sdentity between the two talins is 76%, sequence iden-
ity at the domain level shows much greater vamation.
The F2 (86%), F3 (89%) and RI13 (92%) are hughly
conserved between moforms, supporting their role m
wssetnbly of the core adhesion complex. In contrast,
other regions of the alin red show considerable vana-
ton i conservation between isoforms with R5 (60%)
besng the most divergent.

Using a sample set of vertebrates, we compared the
conservation of each individual talin domain between
species and between isoforms. Regions where sequence
conservation s Jow within and between the individual
woforms  likely represent regions of Jess functional
mmportance. In contrast, regons thal are lghly cone
served within an soform bul are kess  conserved
between wsofonms might indicate regions of functional
divergence, This structure-onented conservation analy-
sis reveals that for some talin rod demains, the bind-
g surfaces  are  completely  conserved  between
psoforms. For exnmpie, talin rod domaims, R7 and RS,
both contain binding sites for LDamotif<contimng
proteins, and the R7- and R3-binding surfaces on both
tahin tsoforms are identical, This is reflested by the
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similar binding constants (Ky) of these domains for
their respective hgands, that w, the KANK 1 and
KANK 2 hinding site on R7 and the RIAM- and
DLC-binding site on R&, These proteins bind in the
same manner and with the swme affinity to both iso-
forms {[16] and our own unpublished data).

In contrast, the RS domain, for which bgands have
yet 10 be wlentified, has a highly conserved surface in
talin2 with the charsctenistics of an LD-motif-bindh
dommn, but this surface is markedly different i tal-
iml. Based on tlas analysss, we suggest that regpons of
divergence between ssoforms that are well conserved
within cach isofonn hikely encode regions that define
the subtle differences in isoform functionalities.

Talin2 in disease and development

The roles of talin? during embryogenesis and develop-
ment are not fully understood, bat studees of the two
talin isoforms in the heart reveal that they are tightly
regulatest [5,111]. Both isoforms are ghly expressed
in cardiomyocytes, but dunng maturation, and in the
matore heart, 1alin becomes the major soform, Jocal-
ising to the costameres [111) Indeed, cardiso-specific
talinl knockout mice show normal bisal canbac fune-
tion. Interestingly, whinl is upregulated in the failing
buman heart, and studics in mice show that an abla-
tion of carchac talinl bhmts the hypertrophie response
and woproves cardiac function [106), The mechamsms
behind isoform switching in heart remain 10 be ehii-
dated, but the data clearly indicate that the two talin
isoforms play distinet roles in cardiae muscle. Further
evidence of the importance of 1alin2 in development
comes from the exome sequencing-based wentibcation
of & mutation (S339L in F3) m the 7in2 gene that
cawses fifth finger Camprodactyly [112). Given thar 1al-
in2 is not an essential gene, it scems likely that whole
exome sequencing will reveal further disease-associated
mutations in the T2 gene, and these will provide fur-
ther insights into its functions.

Interestingly, the T2 gene also meludes a highly
conserved mictoRNA, miR-190, situated m mtron S1
|10], which has been implicated as a modulator in mul-
tple  sgnaling  pathways, Moreover, tahn?  has
appeared in 4 number of screens u$ & protein regulated
by microRNAs whose expression s perturbed in cancer
[53,113), Thus, the humamsed antibody trastuzomab,
which recognises the extracellular domain of HER2,
upregulates maR-1 expression m two HER2-positive
breast cancer cell Bines [113), and miR-194 suppresses
cell mugration reporfedly via downregulation of 1alin2,
Taln? i ako downregulased by miR-132, but miR-132
expression s itself suppressed by promoter methylation
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in prostase cancer oclls. This correlates with a worse
progresis, and the anthors speculate that elevated 1al-
102 levels may suppress cell death and imcrease metdsta-
sis [114], Tahin2 upregulation has alse been implicated
in breast caneer tumongenesis and metastusis [33,53]
dnvang more aggresave cell invasson.

Post-translational modification of
talins

Talin has been shown to be regulated by post-transla-
tional modificstion and the phesphorylation sates in pla-
telet 1alin] have been mapped [115]. Proteomics studics
on the 'adhesome’ also show phosphorylation of 1akin in
adhesrons [116], but there & much less data on talin2

A E Goughane 3 T, Gk

PTMs. To explore this, we took all reported phosphory-
lation and acetylation sites for tabnl and found that
the majority were comserved in talin2 (Table 1) Mass
spectrometre analysis of calyoulin-treated  platelets
wentified mumerous talinl phosphorylation sites, with
the three most abundant sites being 1144 and T150 m
the Fl-loop (phosphoryiation appears to negatively reg-
nlate mtegrin activation [58,115]) and S446 [115] in the
Tinker between the head and rod dommns, Phesphoryla-
1100 of §446 15 believed 1o be important in the regulation
of the calpain cleavage between the head and the rod
domain and w» wnportant for regulating FA lurnover
[71,117], a process that has recently been shown to be
essential for adhesion development and ngidity sensing
[118]. In addition, S425, which 18 also m the hinker, is

Table 1. Post-tranalstioral modficatons o takn) and talk2. Summary of 1he manbfied tain phosphonyiation [T1R.116], acetyation (126
agayision 121], ghyeosyiaton [123] and marvlation sdes [122], For each ATM, the modfied fesichae, the doman 4 5 located, and e
QOYBANRIDN Datwaan SIT0OTE A 8w, Resde nunbering & for Mmouae 1ain T and fain.

Tahn1 phasphorylston

site Domain of 9ln  Site cormerved ntird  Taln) phosphoryiiton site  Domain of 1in1  Ste conzerved n takrd
55 7o Yen 677 R2 No
yae o Yes Sr28 R2 Yea
Y0 G Yes SB1E Ra Yea
s L] No 5540 L] No
% 1 No SO70S98 R4 NalYes
T™a " Yes 51021 e Yes
iy 1 Yes Yi11d Ao Yea
s128 = Yes Taz RE Yes
Ti4a 1 Yes s12m RS No
18l 3 Ves 1220 ] No
Tz i3l Yos T3 6 o
™20 7 Yes sian RE Y&o
s 3 Yes 51508 L} No
5406 UINKER Yea 51641 R? Yea
S420 UNKER Yes S1604 E=] Yes
54251430 LINKER Yes 51848 R No
Y436 LINKER No 11855 RIG Yen
Sdan UNKER Yes S1876 R0 No
SAEE/E468 UNKER Yes 52040 R11 No
saer UNKER Yes snx A1 Yea
S620 A You 52138 R2 No
Y2600 oo Yas
S2828 Do No
Talin2 phospharylaton
e Domanof aln2  Ste conzerved intaint  Talel PTM Domain of taln1  Sre consarved in tain2
Y1666 A9 No K1544 (aceryaron =8 Yes
Tieq R0 No K2037 facotylazont an Yes
K2118 @oaty o R Yoo
AN000 egimimon  R10 Yes
TIB7 ightotyioroe  R8 o
T1820 ighyoosytatiory R0 Yes
£2454 (mattyliory A3 Yes
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phesphorylated by CDKS, and this phosphorylation
has been shown to enhance talin actiaty and increase
wmtegrn activition (1194

Calpain cleavage of talin is o permanent PTM, and
three cleavage sites have been identified in talinl, The
best charactensed is that within the linker between the
tuhin bead and rod (between residues Q433 and Q434)
[73], but there 15 a second site mmedeately pror to the
DD (between resduey K2493 and M2494) [T1]. Both
of these cleavage sites ave g 1 in talinl [71). Cak
pain cleavage of the neck exposes a recognition site for
the E3 hgase SMURF] that keads 1o ubiquitination of
the liberated 1alinl head [120). A third force-dependemt
calpain cleavage site m the talinl rod has also been
wdentified [121], This cleavage occurs between residue
P1O02 and A1903 (2 site which ¢ nomnally buted in
the folded R10 dommin) and is likely to only be acces-
sible when talin is under foree, This cleavage appears
to be regulated by armaylation (@ PTM thay omly
ocours on the N-term residue of proteins [121]), It is
not yel known whether this force-dependent cleavage
site 18 also present i talm2, but the regon is well
conserved between both soforms.

Finally, a number of additionn] PTMs have also been
sentified m tahinl. For mnstance, the affimty of the 1al
nl:actin connection is controliad via the methyltrans-
ferase Fzh2 which methylates talin at lysine K2434 in
ABS3 [122], Thss PTM site is completely conserved in
tuhnd Talind i alko modified by glycosylation [123] a1
sites i R8 and R10. Interestingly, the glycosylation sites
are no! conserved between talind und talin2, suggesting
that of 1ahin2 & glycosylated, then it s at dillerent sates
and linked to different functions.

Conclusions and perspectives

Gene duplication s often viewed as an evolutionarily
advaniageous process, with duphcated genes mving nse
10 two proteins 1hat can acguire distinet or completely
new functions {subfunctionalisation or neofunciionali-
sation). Gene duphcation may also allow more complex
patterns of gene expression in different cell types and
tissues [124). Furthermore, differenves in PTM sites as
reported here [or the two talins may enable new modes
of regulation at the protan fevel. Although both talin
wsoforms have mumntained their ancestral properties
relating to cell adbesion, it seems likely that the two
wofortns have undergone some seofunctionalsation to
generate nuanced, isoform-specific regulition of sig-
nalling in cell adhesion. We mmagine a scenano wherehy
1ahind plays a central role m some bssoes, such 48 car-
diac mnascle, the brain and Kidaey, but then ako u more
global role in fine-tuning the adhesive response in many
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other cell types. Recent work has shown that the two
talins provide different mechamcal hnkages m oclls
[34), and the abibity 10 measure talins mechamcal
response both a1 the single molecule level [21), i cells
using genetically encoded tension muom (34,85, 125],
and in sifico with force extensi Lar dy
amulations [126] provide the 1ools to understand how
talin signallimg vanies with mechamcal forces. Detaled
structural and  biochemica) charactensation of talin
micractions s epabling targeted mutatons 1o be
designed that speafically disrupt imdividual takin l‘unrf
trons, which m i} with the af

techmeal advances should enable the study of I.llm
function in unprecedented detml. It is likely thar fur-
ther novel tahin-mediated cell functions will be ident-
fied ws additiona! binding partness of 1l two talins are
discovered.

Many different adhesive structures form on talins
whach signal i a lighly reproduable manner. Preasely
how talins' mechanosignalling capabilities are inte-
grated with the more classical signalling pathways fo
pive nise to these robust metastable cellular responses
that facalitare afl our cellular processes remain 10 be
determined. The signalling pathways that regulate falin
function, localsabon, post-translatonmal modifications,
cte. coupled with the forces that define the conforma-
tionn!l status of its red domains. which comulatively
lead to the correet cellular responses are sull poorly
understeod. For talin 10 generate robust. reproducible
signalling responses and specialised adhesive structures
in response 1o such diverse, multiple inputs suggest
that there must be a code underpinmng talins mechan.
otransductive response. Deciphenng this ‘talin code’ i
the next major challenge.
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Talin-KANK?1 interaction controls the
recruitment of cortical microtubule
stabilizing complexes to focal adhesions
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Abstract The cross-talk between dynamic microtubules and integrin-based adhesions to the
extracefiular matrix plays a crucial role in cell polarity and migration, Microtubules regulate the
turnover of adhesion sites, and, In turn, focal adhesions promote the cortical microwbule capture
and stabilization in their vicinity, but the underlying mechanism is unknown. Here, we show that
cortical microtubule stabilization sites containing CLASPs, KIF21A, LLSf and liprirs are recruited to
focal adhesions by the adaptor protein KANKT1, which directly interacts with the major adhesion
component, talin. Structural studies showed that the conserved KN domain in KANK! binds to the
talin rod domain R7, Perturbation of this interaction, Including a single peint mutation in talin,
which dissupts KANKT binding but not the talin function in adhesion, abrogates the sssociation of
microtubube-stabilizing complexes with focal adhesions. We propose that the talin - KANK1
Interaction finks the two macromolecular assemblies that control cortical attachment of actin fibers
and microtubules.

SO 10 TESA ekl THYI4.00

Introduction
Cell aghesions to the extracellular matrx support eprthelial integrity ana cell migration, ana ako
provice signafing hubs that coordinate call prolferaticn and surdval (Hynws, 1992), Integrin-based
tons {focal adhasions, FAs) are large macromolecutar assamblies, in which the cytoplasmic tais
of integrins are connectad to the actin cytoskeleton, One of the major components of FAs is talin, &
~2500 amino acd cimeric protein, which plays a key role in achesion formaton by activating integ-
rins {Anthis ot al, 2009), coupling them to cytoskeletal actin (Atherton et al, 2015), regulating
aohesion dynamics and recruiting different structural and signaling moleculas (Calderwood et al.,
2013; Gardel et al., 2010; Wehrle-Haller, 2012).

While the majer optoskeletal alemaent associated with FAs & actin, microtubules also play an
Iimportant role in adhesion by regulating the FA turnover (Akhmanovs et al, 2009; Byron et al,

adh

_,: wl 2uther a0d sHiren are 2015; Koverina et al, 1999, 1998; Krylyshkina et al. 2003; Small and Kaverina, 2003;
eradited Stohbens and Wittmamn, 2012; Yue ot al, 2014). The recent proteomics work showed that
Bouchet ot & ol in 20155618124 DO 1D 7554/ edifn 101354 1¢f 23
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elife digest Animal calls are organized into tissues and organs. A scatfol-like framework
outsioe of the cells called the extracsllular matrix provides support 10 the cells and helps 1o hokd
them in place. Cells attach to the extracellular matrix via structures called focal adhesions an the cell
surface; these structures contam a protein called taln,

For & cell to be able to move, the exsting focal adbesions must be broken down and new
adhesions allowed to form. This pracess is regulated by the aelivery and removal of different
materials along fibers called microtubules. Microtubules can usually grow and shrink rapidly, but
near focal achesions they are captured at the surface of the celf and become more stable. However,
it is not clear how focal achesions promote microtubule capture and stabdity.

Bouchet et al, found that a protein calles XKANKI binds to the focal adhesion protein talin m
human cells grawn in a culture dish. This allows KANK1 to recruit microtubules to the cell surface
around the focal adhaesions by binding 1o particular proteins that are associated with micratubules.
Distupting the interaction between IANKT and talin by making small alterations in these two
proteirs blocked the abilty of focal achesions to capture sumrounding microtubules, The next step
following on from this work will be to find out whether this procsss also takes place in the cells
within an animal's body, such as a fly or a mouse.

DO 10, 75 /e e 100 008

microtubule-FA cross-talk strongly gepends on the acti state of the integrins (Byron et ol
2015). Microtubules can affect adhesions by serving as tracks for defivery of exocytotic carriers
{Stehbens ot al. 20%4), by controlling endocytosis required for adhesion cisassembly
{Ezratty ot al, 2005; Theisen ot al, 2012) and by regulating the local activity of signaling molecules
such as Rho GTPases (for review, see (Kavering and Strsube, 20171, Stehb and Wi
2012].

In contrast 1o actin, which is directly coupled 10 FAs, microtubules interact with the plasma mem-
brane sitas that surround FAs. A number of proteins have been implicated in microtubule attach-
ment and stabilization in the vicinity of FAs. Among them are the microtubule plus end tracking
proteirs (+TIPs) CLASP1/2 and the spectraplakin MACF1/ACF7, which are targeted to microtubule
tips by EB1, and a homolegue of EB1, EB2, which binds to mitogen-activated protein kinase kinase
kinase kinase 4 (MAP4K4) (Drabek ot al, 2006; Nonnappa ot al., 2009; Kodama et al, 2003; Mim-
ori-iiyosue et al, 2005). The interaction of CLASPs with the cell cortex depends on the phosphati-
dylinositol 3, 4, S-trisphosphate (PIP3l-interacting proten LLSf, to which CLASPs bind directly, and
is partly regulated by PI-3 kinase activity (Lansbergon et al,, 2006). Other components of the same
cortical assembly are the scaffolding proteins liprinaz1 and P11, a coiled<oil adaptor ELKS/ERC1, and
the kinesin-4 KIF21A (Lansbergen et al,, 2006; van der Vaart et al,, 2013). Both liprins and ELKS
are best known for their role in organizing presynaptic secretory sitas (Mida and Ohtsuka, 2010;
Spangler and Hoogenrsad, 2007); in agreement with this function, ELKS i required for efficient
constitutive exocytosis m Hela cells (Grigoriev et ol, 2007, 2011). LL5, liprins and ELKS form
micrometer-sized cortical patch-like structures, which will be termed hare cortical microtubule stabil-
zation complaxes, or CMSCs. The CMSCs are strongly ennched at the leacing ceil edges, whera
they localize in close proximity of FAs but e not overlap with them (Lansbergen ot al, 2006;
van der Vaart et al, 2013, reviewed in [Astro and de Curtis, 2015].. They represent a subclass of
the peaviously defined plasma memb ci platforms {PMAPs} (Astro and de Curtis,
2015), which have overlapping components such as kprins, but may not be necessarily involved in
microtubule regulation, as i the case for liprinELXS complexes in neurans, where they are part of
cytomatrix at the active zone (Gundelfinger and Fejtova, 2012).

Several lines of evidence suppert the impartance of the CMSC.FA cross-talk. In migrating kerati-
nocytas, LLSP and CLASPs accumulate around FAs and promote their dis wbly by 1argeting the
exocytosis of matrix metalioproteases to FA wvicinity (Stehbens ot al,, 2014). Furthermore, liprin-o1,
LLSo/fl and ELKS localize to protrusiors of human breast cancer cells and are required for efficient
cell migration and FA turnover {Astro et al, 2014), In polarizea epithelial calls, LLSP and CLASPs
are found in the proximity of the basal membrane, and this localization is controllea by the intagnn

Bouchet of & olin 2015:5:418124. DOI 10,7554/ elife 18134 2« 23
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activation state (Hotta et al,, 2010} CLASP and LLS-madiated anchoring of MTs to the basal cortex
also plays a role during chicken embryonic development, where it prevents the epithelial-mesenchy-
mal transition of epiblast cells (Nakays et al, 2073). LLS, CLASPs and ELKS were also shown to
[ ate at podosomes, actinnich structures, which can remodel the extracellutar matrix
{Proszynski and Sanes, 2013). Interestingly, LLSf.containing podosome:like structures are alo
formed at neuromuscular junctions {(Kishi ot al, 2008; Proszynski ot al,, 2009, Proszynski and
Sanes, 2013), and the complexes of LLS{ and CLASPs were shown 1o capture microtubule plus ends
and promote delivery of acetylcholine receptors (Basu et al,, 2015, 2014; Schmidt et al., 2012).

While the roles of CMSCs in migrating cells and In tssues are becoming increasingly clear, the
mechanism underlying their specific targeting to integrin adbesion sites remans elusive. Recently,
wae found that liprin-fi1 interacts with KANK1 (van der Vaart ot al, 2013), one of the four members
of the KANK family of proteins, which wera proposed to act as tumor suppressors and regulators of
cell polarity ang migration through Rho GTPase signaling (Gee ot al, 2015; Kakinuma et al, 2008,
2009; Li ot al,, 2011; Roy et al,, 2009), KANK1 racruits the kinesin-4 KIF21A to CMSCs, which inhib-
its microtubule polymerization and prevents microtubule overgrowth ot the cell edge
{Kakinuma and Kiyama, 2009; van dar Vaart ot al, 2013}, Furthermare, KANK1 participates in
clustering of the other CMSC components (van der Vaart t al, 2013).

Here, we found that KANK1 is tequired for the association of the CMSCs with FAs. The associa-
tian of KANK1 with FAs depends on the KN domain, a corserved 30 amino acid polypeptice
sequence prasent in the N-termini of all KANK proteins. Biochemical and structural analysis showed
that the KN domain interacts with the R7 region of the talin rod. Perturbation of this interaction both
from tha KANK! and the talin1 side prevented the accumulation of CMSC complaxes around focal
achesions and sffectes microtubule organization areund FAs, We propose that KANKT molecules,
recruitaa by talin ta the auter rims of FA, serve a5 'seecs’ for organizing other CMSC compeonents in
the FA wicinity through multvalent interactions between these components. This leaos 10 co-organ-
zation of two distinct cortical assemblies, FAs and CMSCs, responsible for the attachment of sctin
and microtubules, respectively, and effoctive cross-talk betwean the two types of cytoskele-
tal elemnents,

Results

Identification of talin1 as a KANK1 binding partner

Out previous work showed that the endogenous KANKI colocalizes with LLSH, bprine and KIF21A in
cortical patches that are closely apposed to, but do not overlap with FAs (van der Vaart et al,
2013). We confirmed these results both in Hela cells and the HaCaT Immortal keratinocyte cell hine,
in which CMSC components CLASPs and LLSJ were previously shown to strongly duster around FAs
and regulate their turnover during cell migration (Stehbens et al, 2014} (Figure T-~figure supple-
ment TA,B). Inhibition of myesin-l with blebbistatin, which reduces tenson on the actin fibers and
affects the activation state of FA molecules, such as integrins and talin {Parsons et al, 2010), caused
not anly FA disassembly but also & strong reduction in clusiering of CMSC companents at the call
periphery (Figure 1—figure supplement 2A,B), as described previously (Stohbens et al, 2014, To
investigate this effect in more detail, we partially whibited contractility wsing a Rho-associated pro-
tein kinase 1 (ROCK1] inhibitor, Y-27632 {Oakes ot &l 2012). In these conditions, the aumber of
FAs was not affected although their size was reduced {Figure T—figure supplement 2C-E). This
treatment was sufficient to diminish CMSC clustering at the cell edge (Figuew T—figure supplement
2C,F). Interestingly, at the same time we observed a very significant increase in the overlap of
KANKT with FA adhesion markers (Figure T—figure supplement 2C.G). Live imaging of KANK1
together with the FA marker paxillin showes s gradual redistribution of KANK1 inte the areas occu-
pied by FAs upon ROCK1 mhibitor-induced attenuation of contractility (Figure 1—figuwe supple-
ment 2H, Video 7). These data Indicate that the organization of CMSCs at the cell cortex might be
controlled by Interactions with tension-sensitive components of FAs.

To identify the domains of KANK1 required for cartical localization, we performed deletion map-
ping. KANKT comprises an N-terminal KANK family-specific domain of unknown function, the KN
domain {resicues 30-68] (Kaki et al, 2009), a coiled coil region, the N-terminal part of which
interacts with lipein-fi1, and a C-terminal ankynin repeat domain, which binas ta KIF21A (van der

Bouchet of & olin 2015:5:418124. DOI 10,7554/ elife 18134 I 23
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that features other than the mere protein size
determmea tha specific localization of KANK1 to
the FA rim. We conclude that the KN domain of
KANK? has an affinity for FAs, but the presence
of additional KANK! sequences prevents the
asccumulation of the protein mside FAs and
instead leads to the accumudation of KANKY at

the FA perphery
Video 1. Fllact ol moumin 1 inhibition on SANKT

FA. TIRFM - bazed

Halo cully stutly sxponsang GFFAKANKT un:

To idantify the potential FA-associatad pant
ners of KANKY, we co-expressed either full
length KANK! or its N-terminal and C-terminal
fragments fused to GFP and a biotingation (Bio)

nCaL

9
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§ when indicsted with 10 gM ROCK

nhibit 8ath med ard grean fluomsoence
Tmoges wete soquired tag togaethar with biotin hgase BirA in HEK293T
at 15 fames/second cells and pedformed streptavidin pull down assays

combined with mass spactromatry. In additson to
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the already knawn binding partners of KANKT, such as KIF21A, liprins and LLS]), we identified talinl
among the strongest hits (Figure 1C). Talin2 was also detecteo in a pull down with the KANK1 N-
terminus though not with the ful-length protein (Figure 1C). The interaction between KANK1 and
talin1 was confirmed by Wastern blotting, and subsequent deletion mapping showea that the talin1-
binding region of KANK1 p the KN domain {Figure 1A,D), while liprin-}1 binds to the
N-tarminal part of the colled coil domain, as shown previously {van der Vaart et al,, 2013),

Sequence analysis of the KN domain showed that it is predicted to form a helix and contains &
completely conzerved leucine aspartic acd-motif  (LD-motif) (Alam et al, 2014;
Zacharchenko ot al, 2016). The LD-motifs in RIAM (Goult ot al, 2013, DLC1 ano Paxilin
{Zacharchenko et al, 2016} have recently been identifieo as talin-binding sites that alf interact with
talin via a hakix adaition mechanism, Alignment of the KN comain of KANK with the LD-motit of
DLC1, RIAM and Paxillin (Zacharchenko et al, 2016} revealed that the hydrophobic residues that
mediate interaction with talin are present in the KN domain (Figure 1E).

Using deletion analysis, we mapped the KANK1-binding site of talin1 to the cantral region of the
talin rog, comprising the R7-R8 domalms (Figure 1F). This R7-R8 region of talin s umgue
{Gingras ot al, 2010), as the d-helix bundle RE is inserted into a lcop of the 5-helix bundle R7, and
thus protrudes from the linear chaln of 5-helix bundles of the talin rod (Figures 1F, 2A). This RS
damain serves as a binding hub for n proteins Induding vinculin, synemin and actin
{Calderwood ot al, 2013), R8 ako contains a prototypic recognition site for LDumotif proteins,
including DLC1 {Figure 28), Paxillin and RIAM (Zacharchenko ot al, 2016), Based on the presence
of the LD-binding site, we anticipated that KANK1 would also interact with R8. However, deletion
mapping revealed that KANKY in fact binds to the twlin1 roa domain R7 (Figure 1F,G), suggesting
that KANKT interacts with a novel binding site on talinl.

Structural characterization and mutational analysis of the KANK1-talin1
complex

To explore the intacaction between talin and KANK! in more detaill, wa usad NMR chemical shift
mapping using "*N-labeled 1ahn1 R7-RS [residues 1357-1653) and a synthetic KANK1 peptide of the
KN domain, KANK1{30-60). The addition of the KANK1{30-60] peptid lted in large spectral
changes (Fligure 2C), most of which wera in the slow exchange regsme on the NMR timescale indica-
tive of a tight interaction. In agreement with the pull down data, the signals that shifted in slow
exchange upon the addition of KANK1(30-40) mapped fargely onto the R7 domain with only small
progressive shift changes evident on RE. To validate R7 as the major KANKI-binding ste on talin,
we repeated the NMR experiments using the individual domains, RS (residues 1461-1580) and R7
{resicues 1359-14659 A1454-1586). Addition of KANK1(30-60] induced small chemica! shift changes
on the RS domain indicative of a weak interaction (most likely due to the interaction of LD with the
LD-recognition box on R8). However, the addition of a 0.5 molar ratio of KANK1{30-60) 1o R7
Indduced large spectral changes with many of the peaks displaying two locations, corresponding to
the free pesk position and the bound peak position. This = ingicative of show-sxchange ana confirms
a high affinity interaction between R7 and KANK1. The XN peptide is the first icentifiad ligand for
the R7 gomain.

NMR chemical shifts also prowide miormation on the residues imvolvea in the ir ion, as the
peaks in the "“N-HSQC spectrum pertain to individual residues in the protein. To map these chami-
cal shift changes onto the structure of R7-RS, it was first necessary 1o complete the backbone chemi-
cal shift assignments of the R7 demain, This was achieved using conventional triple resonance
experiments as described previously (Banno et al, 2012), using C,"N labeled 87. The cheemical
shift changes mapped predominantly onto one face of R7, compered of helices 2 ano 5 of the &
helix bundle (talin rad hefices 29 anc 36}, as shown in Figure 2D-E.

Qur recent slucidation of the intersction between the LD-motd of DLCT and talin RS has gener-
ated irsight into how LD.motifs are recognized by heSical bundles (PDB ID. SFZT,
[Zacharchenka et al, 20765, In the DLC1:talin R8 complex the DLC1 peptioe adopts a helical con-
formation that packs against two helices on the side of the helical bundle. It is becoming increasingly
clear that other LD-motif proteins bind to talin through a simiar imeracton moge
{Zacharchenko et al, 2016). The surface of 02 ano a5 on R7 forms a hydrophobic groove that the
KANK1 helix docks into, A striking feature of this KANK! binding surface is that the two helices are
hald apart by the conservec aromatic residues, W1630 at the ena of 05 and Y1389 at the end of o2

Bouchet ot & olin 20155418124 DO 107550/ elife 10124 bef 23
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Figure 2. Biochemics and struciural characterization of the Talin-KANK interaction, {A} Schematic repressntataan of Talin?, with F-actin, frintegrin and
vinculin binding sites hghlightad. The KANKI binding site on R7 ks alio shown, (8) The stnucture of the camplax between tadin1 R7-RE (whita] and the
LO-motif of DLET yelum] bound on the RE subdoon (PDB 12 5FZT, |Zacharchenko et al, 2076]) Residuss WIE3D ard Y1389 Bluw) and 51641
{magenta) are highlighted. (C-D) The KANK XN domain binds to a novel site on tain R7. 'H,"*N HSOC spectra of 150 uM "Nabelled talin! R7
{wmdums 13571855 STA54-1584) in the sbsmnon Slack) of goammnos of KANKTE0-48C peptide fed] [top pawl) or KANK1-4A [gresn] [battom pansd]
ot a rutio of 1:3, D) Mapping of the KANK tinding site o R7 s detected by NMR uting weighted chemico! shift diferences {red] ~ mapped onto the
R7-28 strocture m [B). Reawdues W1430 and Y1289 (blua} and G1404 and 53441 (magental are highlghtod. (€} Structural model of the taln1 KANK1
nierface, Rbban reprasentation of the KANKT binding site, comprised of the hydrophcbic groows betmesn helicas 29 and 36 of R7. Twas bulky
canserved residues, W1630 and Y1389 oiue) hald these two helices apart formng the binding mterface. A small giyone side chan (G1404) eates o
pocket balweon the heices. 51641 imagentad hos been shown presicusly 1o be & phatphoefation site [Retaikov ut al. 2005] The KN geptice (Green
Figure 2 continued on next page
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Figure 2 continued

codkwd ot the KANK binding surlien, (F-G) Bochwmical chiascincization of tha 1alinKANK #iteenction. (F] Biwdng of BODIPY- Ldsoloct KANKT(30-&)
T, KANKZZT-611IC and KANKT AA peptdes to Talin! R7-R3 {1357-165% was messured usng a Flucrescance Palorization seany. (G} Bindng of BOTIPY-
lak:alid KANKICO-60IC 1o witd type B7-RE, RY-RE 515418, RT-RE G140 and RT.RE WISHIA, Digeciation constava & SE (M for tha inteructions ara
rticated in the legond, All messurements wora parlormed in sriplcats. N3, ot detormined
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Figure supplement 1. NAR v dation of the Talin! B7-FS musans

DO) 107554 elim 1817240

Figure supplement 2. Pochamical chacacinrzaton of the Talin2 KANK imermscion

DO 10755 el im 1RT30,011

{Figure 28.E), W1430 and Y1389 thus essentially serve as molecular rukrs, separating helices o2
and S by -BA (comparea with -5-4A for the other bundles in R7-R8). The spacng betwesn the two
halices is enhanced further as the residues on the inner helica! faces, $1400, G1404, 51411 on o2
and 51637 and 51641 on a5, have small side chains which have the effect of creating two conserved
pockets mictway along the hydrophobic graove of the KANK1-binding site (Figure 2E),

The talin-binaing site on KANK! al a8 it contains a double LD-motif, LDLD. The structure
of R7 revealed a potential LO-recognition box with the positive charges, K1401 and R14652 pos-
tioned on either side to engage sither one, or both, of the aspartic resi Using the dodking pro-
gram HADDOCK (van Zundert et al, 2076), we sought to generate a structural model of the
KANK1/R? complex, using the chemical shift mapping on R7 and 8 model of KANK30-40) as a
helix {created by threading the KANK1 sequeace onto the DLCT LD-motif belix), This snalyss nok-
<atea that the KANK-LD helix can inceed pack against the sices of 02 ana of (Figure 2E) interest-
ingly, all of the modals, Irrespactive of which way the KANK1 helix ran along the surface, pasitionad
the bulky aromatic residue, Y48 in KANKY, in the hydrophobic pocket d by G1404, This rased
the possibility that mutation of G1404 to a bulky hydrophobic residue might block KANK1 binding
by p ing Y48 engag We also noticed that $1641, one of the small residuss that create
the pocket, has baan shown to be phosphoryiated in wve (Ratnikov et al, 2005) and might have a
regudatory function in tha KANK1-taln1 interaction.

To test these hypotheses, we generated a serles of point mutants In talin R7 and also in the
KANK1 KN-domain, detigned 1o aisrupt the talinR7/KANK1 intesaction. On the KANK1 side, we
mutated the LDLD motif to AAAA, (the KANKT-44 mutant), while on the talin? side, we generated a
series of R7 mutants. These induded G1404L, in which a bulky hydrophobic residue was introcuced
instead of glycine to occlude the hydrophobic pocket in R7, S1841E, a phosphomimetic mutant
aimed 10 test the role of talin phosphorylation in regulating KANK1 binding, and W1430A, a subst-
tution that would remove one of the molecular rulers holding 02 and af helices apart at o fixed dis-
tance. These mutants were introducea Into talin1 R7-RE ana the structural integrity of the mutatea
proteing confimed using NMR (Figure 2—figure supplement 1), The relative binging affinities were
measwred using an in witro fluorescence polanzation assay. In ths assay, the KANK1(30-40) peptice
is fluorescently labeled with BODIPY ana titrated with an increasing concantration of talin R7-RB,
and the binding betwaen the twa polypeptides results in an increase in the flucrescence palanzation
signal {Figure 2F). Tha KANK1-4A mutant abalished binding to talin (Figure 2C.F). The S1641E
mutant had only a small effect an binding (Figure 2G}, suagesting that either talin1 phasphorylation
does not play a major role in modulating the interaction with KANK1 or that the S-E mutation is not
2 good phosphomimetic, possibly because phosphorylation might also affect helix formation integ-
rity, an effect not mimicked by a single aspartate residue. However, strikingly, both the W1430A and
the G1404L mutants abolished binding of KANK1 to talin R? {Figure 2G}, confirming the valioity of
our model. Finally, we also tested whether the KN-RY interaction s conserved in talinZ and KANK2,
and found that this was indeed the case (Figuwe 2—figure supplement 2). We conclude that the
conserved KN domain of KANKs is a talin-binding site.

Bouchet of & olin 2015:5:418124. DOI 10,7554/ elife 18134 8ef 23
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Talin1-KANK?1 interaction controls cortical organization of CMSC
components

Next, we set out to test the importance of the identified interactions in a cellular contaxt by using
the KANK1-4A and the talin G1404L mutants. We chose the G1404L talin mutant over W1430A for
our cellular studies, because ramoving the bulky tryptophan fram the hydrophobic core of the R7
might have tha off target effect of perturbing the mechanical stability of R7, and cur recent studies
showad that the mechanostability of R7 & important for protecting RS fram force-induced taln
extension (Yao ot al, 2016). Az could be expected based on the binding experments with purifiea
protein fragments, the 4A mutation recduced the interaction of the fulllength KANK? with talin1 in a
pull-down assay (Figire 3A). An evan stronger raduction was observaa when KANK-ACC or the KN
alone were tested {Figure JA). Furth , the introduction of the G1404L mutation abrogated
the interaction of ful-length talint or 1ts R7 fragment with full-length KANKY {Figure 38),

Toi igate the localization of KANKT-4A, we used Hela cells gepleted of endogencus KANK!
and KANK2, the two KANK isoforms prasent in these cells based on our proteomics studies (van der
Vaart et al, 2013) (Figure 3—figure supplement 1A), in order to exclude the potentisl oligomern-
zation of the mutant KANK1 with the endogenois proteins. Rescus experimants ware padormad
using GFP-KANK1, resistant for the usea siRNAs due 1o several slent mutations (van der Vaart
et al, 2013), or its 4A mutant. We also includea in this analysis a KANKT mutant lacking the liprin-fi
1-binding coiled cod domain {the ACC deletion mutant, Figure 1A), and the dA~version of the
KANK1-4CC deletion mutant, Total Internal Reflaction Fluorescence Microscopy (TIRFM-based live
imaging showaea that, consistant with our pravious resufts, the GFP-tagged wild type KANK1
strongly accumulated in cortical patches that were tightly clustered around FAs {Figure 3C,D). The
KANK1-ACC mutant, which lacked the liprin-i1-binding site but contamed an ntact KN monif,
thawed highly spedfic ring-like accumulations at the rims of FAs (Figure 3C,D). In contrast, KANKI-
44 was not dlustered anymaore around FAS but was dispersed over the cell cortex (Figure 3C, D). The
KANK1.ACC-4A mutant, lacking both the liprinfi1 and the talin-binding sites, and the KN.44
mutant were completely dgiffuse {Figure 3C.D).

To test the impact of the talin1.G 14041 mutant, we depleted bath talin1 and talin2, which are co-
expressed in Hela cells {Figure 3—figure supplement 18), and rescued them by introdudng mouss
GFP-talin1, which was resistant to used siRNAs, The depletion of the two talin proteins resultea n a
dramatic loss of FAs and cell detachment from coverslips (data not shown), in agreement with the
wall blished ial role of talin1 n FA formation (Calderwood et al. 2013; del Rio et al,
2009; Yan et al, 2015; Yao et al, 2014). Therefore, in this experiment only cells expressing GFP-
talin1 displayed normal hment and spraading |Figure 3-—figure supplement 1C). The GFP-
talin1-G1404L mutant ceuld fully support cell attachment and spreading, although the cell area was
shightly Increased compared to cells rescued with tha wila type GFP-talin1 (Figure 3—figure supple-
maent 1C-E). The number and size of focal adhesions were not significantly different betwoen the
cells rescued with the wild type talin or its G1404L mutant (Figure 3—figure supplement 1F.G),
indicating that the mutant i functional in supparting FA formation, Strikingfy, while in cells exprass-
ing the wild-type talin1, KANK! was prominently clustered around FAs, it was gispersed over the
plasma membrane in calls expressing talin1-G1404L (Figure 3EF, Figure 1-figure supplemaent 1),
We conclude that perturbing the KANK1-talin interaction, inclucing the use of a single paint muta-
tion In the 2500 amino acid long talint proten, which does not interfere with the talin function in
FA formation, abragates KANK1 association with FAs.

We next tested whethes mislocalization of KANK due 1o the perturbation of KANK1-1alin1 bind-
ing affected other CMSC components. The locakzation of GFP-KANKT and its mutants relative to
FAs labeled with endogenous markers was very similar to that described above based on lve imag-
ing experiments {Figure 44), Co-ceplation of KANKT and KANK2 abolshed clustering of CMSC
companents, such as LLSP and KIF2Z1A at the call edge (Figure 48,C). Wild type GFP-KANK1 could
rescue cortical dustening of thess proteins in KANK1 and KANKZ.dapleted cells {Figure 48,C), How-
ever, this was not the case for the KANK1-4A mutant, the KANK1-ACC mutant or the KANKT ver.
sion bearing both mutations [Figure 4B8,C). Importantly, the disparsed puncta of the KANK1-4A
mutant still colocalized with LLSf, as the binding to liprin-f1 was intact in this mutant {Figure 3A,
Figwe 48,C), white the FA-associated rings of KANK1-ACC, the mutant deficient in liprin-p1 bind-
ing, sh ar My axclusive localization with LLSP (Figure 48). In contrast, KIF21A, which bincs

Bouchet ot & olin 20155418124 DO 107550/ elife 10124 9l 23



284

eLIFE-

A

boG!

prin 1
a1
(GFP)

KANK 142 5iRNA

D

KANKY ¢35 o

gl

¢ GFP-talin 1

% input

pulbdown

kB

e

o & A e
" o
4 e“t".’éej«“ & s

.

—

-

* HACANK Y

7% oput

pll-down

y o-:" I:V'l‘&"
O A P
o I

& é‘s‘?’*’

100

= 75

= LI =

GFP-KANK! FL s GFP-KANKT FLAA

ek

#
;..*“ D 3

GFP-AC

35
’ﬁ'\/

dulico miv

. GFP:wt KANK1 ACC KANK1 KN
,;_ 8 &
Bg a 6
= ¢
ES 2 2 o
g g 2 2
§ 0% 0+ pr—— O Y T
£ 30 95 10 00 05 1o o0 05
dslanca rotio distance ralo arstance o
- GFP 4A KANKY s 4AACC KANK1 4A KN
FEY W a4
g ® 69 3
a5 4 4 2
E’:‘é 2 2 4
T8 ey — 0 S — —
& ‘on 0.0 on 1.0 00 0.8

htancs rabo

TagRFP-paxillin

RaAnos ko

S

-

—

GFP-ACC-AA 6a

E

m

-

clustering (%)

KANK1 ced edgs

Figure 3, KANKI 1aln intesaction & requred for reciuating KANK] to

nadcated K

pudl down aszays with the BioGFPtagged taint ar the ndcated talnl mutants,

Blottng
esatart GFP-KANK)

maasremant

7 with the rfic

talin2, rex

mrancfuorescence
Errar bar, SEM; ***p«

Figure

Bouchut et »

tha FA area in TIRF

aod amtbodes

and Tag

fush

stanirg. (F) Quantification of par
D001, Marn-Whiitney U tees

3 continued' on next pege

76554/

paxllin. |D) Flugrescerce prafile of GF

pheral distening o

JKT mmnnts, so-awpressid with GFP-talin in HEKZZ3T anlls, aralyzed by Westeen blosting

'

oo expressad wath HA

tagged mutants and Ta

VideSeold fluarescenca im

h the

KT 0

ays with the BioGFP tagged KANKY ar the

3T oels, analyzed by 'Westem
pnd co-xpranning the indicated slRNA-

FF*-pavillin based
ils deplated of e 1 and

an|

ed antibodies. (8] Streptavidn




285

eLIFE Fwsaarers naiche Briptiysics and Struntural Siciogy | Col Sitogy

Figure 3 continued

DO 107554/ e 1M 28,012

The dcliowing source data ond figure supplements are avadabie dor figure 31

Source data 1. A5 Excel sheet wih numercal data an the quantficaton of peripheral dustering of KANK! iepresennd as a plot in Figure 3F
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Figure supplement 1. Validation of KANK1/2 and 1alin1/2 knockdown and efiect of dsngpeed KANKASn 1 binding n <l speeading ard FA formation
o Hela coll.
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Figure supplement 1—tource data 1. An Facel snaet with numenco’ dats on the quantfication of ool wea, FA numbes ond FA ses cepresentad oe
plots in Figure 3—figure supplement 18-G
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1o the ankyrn repeat domain of KANKI, couls still cofocalize with KANKT-ACC at FA nims
{Figure 48). The overall accumulation of KIF21A at the cell periphery was, however, reauced, in line
with the strongly reduced KANKT periphecal custers obsecved with the KANKI-ACC mutant. The
diffuse localization of the KANKI-4A-ACC mutant led to the strongly aspersed distribution of the
CMSC markers {Figure 4B,C), Furthermare, only the full-length wild type KANKT, but neither tha 44
nor ACC mutant could support efficient accumulation of CLASPZ at the peripheral cell cortex in
KANKT and KANK2-cepletad cells (Figure 40,E), in line with the fact that cortical recruitment of
CLASPs depends on LLSfl {Lansbergen et al, 2006)

Next, we investigated whether disrupting the KANK1-talin1 nteraction from the 1alin soe would
affect also CMSC localization and found that this was indeed the case: both LLSP and KIF21A weea
clustered around FAS in 1alin! and talin2-depleted cells rescusd with the wild type GFP-talin1, but
not in the cells expressing the GFP-talin1-G 1404L mutant, deficient in KANK1 binding (Figure 4F,G).

Our data showed that KANK1.ACC could not suppart proper clustering of CMSC components at
the cell edge in spite of its tight accumulstion at the FA nma. These data indicate that in agdition to
binding to tafin1, the localization of CMSC dusters gepends on the KANK1Jprini1 connectian,
This notion is supported by the abservation that the overexpressed coiled coll region of KANK1
{CC1}, which can compete for liprin-f}1 binding but cannot interact with talin1, actea as 2 very potent
dominant negative, which suppressed accumulation of LLSH at the cell penphary (Figure 44,1, We
conclude that the core CMSC protein LLSH as well as the microtubule-binding CMSC compenents
KIF21A and CLASP2 depend on the KKANK! interaction with both talin1 and liprin-f1 for their effi-
cient clustering i the vicimty of focal adhesions ot the cell periphery.

Disruption of KANK1-talin1 binding perturbs microtubule plus end
organization at the cell periphery

We next irvastigated the impact of the dsruption of KANKI.taéin1 intaraction on microtubule orga-
nization. Due to their stereotypic round shape, Hela calls reprasent & particulardy convenient moadel
for studying the impact of CMSCs on the distribution and dynamics of microtubale plus ends
{Lansbergen et al, 2006; Mimori-Kiyosue ot al., 2005; van der Vaart et al,, 2013}, In this cell kne,
microtubules grow rapidly in the central parts of the cell, while at the cell margin, where CMSCs clus-
ter in the vicnity of peripheral FAs, micotubule plus ends are tethered to the cortex and display
parsistent but dlow growth due 1o the combined action of several types of microtubule regulators,
including CLASPs, spectraplakine and KIF21A {Drabek et al, 2006; Mimori-Kiyosue et al, 2005;
van der Vaart et al, 2013}, This type of regulation prevents microtubule overgrowth at the cell
edge and results in an oroerly arrangement of microtubaule plus ends perpenaicular to the cell mar-
gin {van dor Vaart et al,, 2013] (Figure 5A). In cells with perturbaa CMSCs, microtubule plus ends
at the cell periphery become disorganized: the veloaty of thelr grawth &t the ceall margin increases,
and theit onentation becomes parallel Instead of being perpendicular to the cell edge (van der
Vaart ot al, 2013} {Figure 5A).

Using live cell imaging of the microtubule plus end marker EB3-mRFP In KANK1/2 gepletad cells
rescued with the wild-type GFP-KANK1, we could indeed show that microtubule plus ena growth
velocity was almest 2.5 times slower at the cell margin compared 1o the central part of the cell, and
the majority of microtubules at the cell margin grew at a 60-80" angle to the cell eage (Figure 58~
£), In the KANK1/2 depleted cells expressing KANK1 mutants, the velocity of microtubule growth in

Bouchet ot & olin 20155418124 DO 107550/ elife 10124 Mef 23
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Figure 4 continued

pared (Bl in=12, 5-6 cudly por condition), {0} TIRFM imuces of lve Hula onlls deplutnc ol KARKT and KANKZ st commgoraming the indicsnd siRNA-
renstant GFP-KANK! fusicrn and mChary QLASP2. {B) Quantificeson of parpheral cutering of mCherny-CLASPZ in colln treoted & i pann! (D) (n=20,
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LLSP. (G) Quantifcation of parphers! dustering of LLS[ in calls trested oy in pane! (F] in=12, & calls por condition). (H] Widefiald Huorescence images of
Heta celk ranstactod with GFP-tagged KANKT arits CC1 mutant and stared for LB, {l} Quantification of perghaal clussanng of LLSS cels traated
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central cell regions was not affected, but the growth rate at the cell periphery increased, and micre-
tubules ware growing at obligue angles to the cell margin {Figure 5B-E). The increase of the micro-
tubule growth rate observed with the GFP-KANK1-ACC mutant was less strong than with the two
4A mutants {Figure 58-E). This can bo explained by the fact that GFP.KANK1.ACC was strangly
clustered at FA rims (Figure 3C, Figure 58), and, through its ankyrin repeat domain, could stll
recruit some KIF214, a potent micratubule polymerization inhibitor {van der Vaart et al, 2013}

The results with rescue of talin1 and 1alin2 co-depletion with GFP-talin1 or its G1404L mutant fully
supported the condusiors obtained with the KANK1-4A mutant: while in GFP-talin1-expressing cells
microtubule growth at the cell adge was thrae fold slower than in the call canter, only a 1.5 fold diif-
ference was observed In GFP-talin1-G1404L expressing cells, and the proporticn of microtubules
growing parallel rather than perpendicular to the cell adge greatly increased (Figure 5F-1), Wa con-
cluge that a single point mutation in talinl, which does not interfere with FA formation, is sufficient
to perturb CMSC clustering and, as a a induce microtubule ot in tha vicin-
ity of peripheral FAs,

g

Discussion

In this study, we have shown that the conserved KN motif of KANK1 represents an LD-type bgand of
talin, which allows this adaptor peotein 10 accumulate in the vicnity of integrin-based sdhesions. Ths
function s likely to be oonnmd m the animal kingdom, as the KANK arthologue In C. elagans,
Vab-19, in junction with | , plays important roles in a dynamic cell-extracellular matrix
adhesion developmental process (Hnn wt al, 2011), The exact impact of KANK1-talin binoing likely
depends on the specific system, as the loss of IKANK protains was sh to recluce matifity of Hela
cells and podocytes (Gee et al, 2015; U et al, 2011), but promote insulin-cependent call migration
in HEK293 cells (Kakinuma et al, 2008).

An important question s how KANK-talin1 binding meatates tha localization of KANKT to the rim
but not the core of FAs. One possibiity, suggestedbyourdeleuon mfydeANm lﬂhnwhh
the KN peptide alone can penatrate into FAs, larger KN gp are ster
excluded from the denss acﬂn-comalnmg core of !he FA However, our expedmcm with the KN-
LacZ fusion did not suppott this smple idea, ind g that the underlying mechanism i likely to be
more complex ano might invol apoetﬁc oﬁotdomd ov ordered domains and additional partners of
KANK1, or ather regulatory mechani gly, we found that reducing contractility with a
ROCK! inhibitor caused an increase In overlap of KANKT with FA markers, suggesting that the intes-
action between KANKT and talin might be mechanosersitive. An exciting possibility is that full
length KANK1 can efficiently interact only with tadin molecules at the periphery of focal adhesions
because thay are not fully incorporated into the focal achesion structure and are thus less stretched.
The KANKT binding site on talin R7 overlaps with the high affinity actin binding site in talin twhich
spans R4-R8) (Atherton et al, 2015) and It is possible that different conformational populations of
talin exist within adhesions and link to different cytoskeletal components.

Another important question is how KANK1 blndlng 1o the rim of focal adhesions can promote
CMSC accurmulats d these es, a 5p arrang in which mest of the CMSC mol-
ecules cannot ba in a direct contact with FAs. Previous work on CMSC complexes showed that they
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Figure 8. The role of talin KANK] interaction in regusating microtubule plus end dynamics around FAs, Al Schematic regresentation of tha pattarn of
migzotubule growth in contral Hela avle snd o ovls with periurbed CMSCs (van dar Vaart ot of, 2013) (B TIRFM muges of Ive Hela osls
depleted of KANK! and KANK2 anc co-expressng the ated siRNA resistont GFP.KANK! fusions and EBImRFP. Images are madmum inzensity
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Figure 5 continued
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The {cllewing source data is svalable for figue &

Source data 1. An Excel sheet with numerical data on the quantfication of differant aspects of micatubule crganization and dyramves represented as
plote in Figwe 5C-F,G-1
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are formaa through an intricate network of | mtoncuons The 'core’ comp of these pk
which can be recruited to the pl b wently of each other, mLLSﬁ(andmsom
cells, its homologue LL5ax), iPnns and KANKs {of whnch KANK1 seams to predominate in Hela calls]
{Astro and de Curtls, 2015; Hotta et al, 2010; Lansbergen et al, 2008; van der Vaart et al.,
2013) (Figure 8A). The dustering of CMSC comporents |s mutually dependent and rebes on homeo-
and heterodimenzation of liprins a1 and i1, the association between KANK1 and liprn-p1, the scaf-
folding protem ELKS, which benas to both LLS[ and liprin-al, and possibly additional interactions
{Astro and de Curtis, 2015; Lansbergan ot al, 2006; van der Vaart ot al, 2013), while the micro-
tubude-binding proteins, such as CLASPs ana KIF21A, seem 10 associate as a second Tayer’ with the
membrare-bound CMSC-assembles (Figure SA) The CMSC ‘patches’ can remain relatively stable
for tans of minutes, while their individua! ponents are dynamic and exchange with differant,
characteristic turmover rates (van dar Vaart ot al, 2013},

The dynamic assemblies of CMST components, which are spatm'y separate from omer plasma
membrane domains and wh-d: rofy on multivalent protein.pr are it of
cytoplasmic and nucleoplasmic membrane-unboundea crganelles such as P granules and stress
granules, the assembly of which has baen proposea to be driven by phase transitions (Astro and de
Curtls, 2015; Brangwymne, 2013; Hyman and Simons, 2012} The formation of such structures,
which can be compared to bguid droplets, can be triggered by local concentration of CMSC compeo-
nents. It is tempting to speculate that by ing KANK] at the FA rims, talin1 helps to 'nucle-
ate’ CMSC assembly, which can then propagate to form large structures surrounding FAs

{Figure 68). Aoditional membrane-bound cues, such e the presence of PIF3 to which LLSf can
bind (Paranavitane ot al, 2003}, can further promota CMSC I g concentra-
tion of CMSC players in specific areas of the plasma membrane. This model holps to oxphln why the
CMSC accumudation st the cell periphery Is reduced but not abolished when PI3 kinase is inhibited
{Lansbergen et al, 2006), and why tha dusterng of all CMSC components = mutually dependant,
Mest importantly, this model accounts for the mysterious ability of the two large and spatially dis-
tinct macromelecular assemblies, FAs ana CMSCs, to form in dose proximity of each other.

To conclude, our study r led that 3 mach itive intagrin iated adaptor talin not
only participates in organizng the nm cytoskeleton but also directly triggers formation of a cortical
microtubule-stabilizing bly, which surrounas adhesion sites and cantrals their

formaton and dynamics by regulating microtubule-depenaent signaling and trafficking.

Materials and methods

Cell culture and transfection

Hela Kyoto cell line was described previously (Lansbergen et al, 2006, Mimori-Kiyosue ot al,
2005). HEK293T cells were purchased from ATCC; culture and transfection of DNA and siRNA nto
these call lines was performed as previously described (van der Vaart ot al, 2013). HaCaT cells

Bouchet of & olin 2015:5:418124. DOI 10,7554/ elife 18134 15 23
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were purchased st Cell Line Service (Eppelheim, Germany) and cultured according to manufacturer’s
instructions. The cell lines were routinely checked for mycoplasmas contamination using LT07-518
Mycoalert assay (Lonza, Switzerland).The identity of the cell lines was monitered by immunofiuores-
cence-staining-based analysis with multiple markers. Blebbistatn was purchased from Enzo Life Sai-
ences and wsed at 50 pM. Serum starvation in Hela cells was done for 48 hr and focal adhesion
assambly was stimulated by incubation with fetal calf serum-containing medium with or without
blebbistatin for 2 he, ROCK1 Inhibitor Y¥-27632 was purchased at Sigma-Aldrich and used at 1 or
10 pM. Double stable Hela cell kne axpressing GFP-KANK1 and TagRFP-paxillin was made by viral
infection. Wa used a pLVIN-TagRFP-paxillin-based lentivirus and 3 pQC-GFP-KANK1-basad retrovi-
ns pachged in HEK293T cells wsing raspectively Lenti-X HTX packaging and pCL-Ampho vectors,
Antibi was applied to cells 48 hr after infection using 500 po/ml G418 (Geneticin, Life
Technologies) and 1 pa/ml puromyan {InvivaGen).

DNA constructs and siRNAs
BioGFP-tagged KANK1 mutants were constructed using PCR and pBioGFP-C1 vector as previowsly
described (van der Vaart et al, 2013). Rescue constructs for BioGFP-tagged KANKT were cither

Bouchet at ol olde 20165016324 DOI 10 7554/aliln. 18124 1606 23
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based on the version previously described (van der Vaart et al, 2013) or & version obtsined by
PCR-based mutagenesis of the sequence AGTCAGCGTCTGCGAA to GGTGAGTGTGTGTGAG,
mCherytagged paxillin construct was made by replacing GFP from pQC.GPXN (Bouchet ot al,
2011) by mCherry (pmCherry-C1, Clontach). TagRFP-taggeo paxillin constrict was made by PCR-
based amplification and doning in pTagRFP-T-C1 {kind gift from Y. Mimori Kiycsue, Riken institute,
Japan]. HA-tagged KANKT construct was generated by cloning KANK1 coding sequence into pMT2-
SM-HA (gift of C. Hoogenraad, Utrecht University, Tho Netherlands). pLVX-IRES-Neo {pLVIN] vectors
was cor | by cloning the IRES: yi from the pQCXIN plasmid (Clon-
tech) into the pLVX- IRES-Puro plasmia {Clontech), The lentiviral Lenti-X HTX Packaging vector mix
was purchased from Clontech. The retroviral packaging vector pCL-Amphio was kindly prowded by
E, Bindels, Erasmus MC, The Netharlands. The retroviral pQC.GFP-KANX1 vector was constructed
by doning GFP-KANKT in pQCXIN and the lentviral pLVIN-TagRFP-paxilin vector was constructed
by cloning TagRFP-paxillin in pLVIN. BirA coding vectar was described before (van der Vaart et al,
2013), GFP-tagged mouse talin 1 constiuct was a kind gift from Dr. A Huttenlacher (Adogens plas-
mid # 26724) (Franco ot al,, 2004). GFP-tagged KN-LacZ fusion was made using PCR-based ampiifi-
cation of KN ana LacZ (kind gift, C. Hoogenraad, Utrecht University, The Netherlanas), pBioGFP.C1
vactor and Gibson Assembly mix (New Englana Biolabs), Site directed mutagenesis of KANK1 and
talin1 constructs was realized by overlapping PCR-based strategy and vali d by
mCherry-tagged CLASP2 construct was a gift from A. Ahar {Utrecht University, Tha thhuiands]
Single sRNAS were ordereo fram Sigma-Aldrich or Ambion, used at 5-15 oM, validatea by Westem
blot analyss and/or ir . and target seq wara the following: human KANK1
#1, CAGAGAAGGACATGCGGAT; humaﬂ KANK122, GAAGTCAGCGTCTGCGMA, human
KANK2#1, ATGTCAACGTGCAAGATGA; human KANK2Z #2, TCGAGAATCTCAGCACATA; human
talin 1 #1, TCTGTACTGAGTAATAGCCAT; human talin 1 ¥2, TGAATGTCCTGTCAACTGCTG;
haman talin 2 &1, TITCGTTTTCATCTACTCCTT; human talin 2 #2, TTCGTGTTTGGATTCGTCGAC,
The combination of <iRNAs talint #2 and talin2¥1 was the most effident ana was used for the exper-
ments shown in the papar.

Pull down assays and mass spectrometry

Streptavidin-based pull down assays of biatinylated prouins expressed using pBioGFF.C1 constructs
transfected in HEK293T cells was per‘ormod and analyzed as previously desaribed (van der Vasrt
ot al, 2013). For mass spectrometry ion, streptavidin beads resuting from pull
downs wsays were ran on a 12% Bis-Tris 10 SDSPAGE gel (Biorad] for 1 cm and mmod with colloi-
dal coomassie oye G-250 (Gel Code Blue Stain Reagent, Thermo Scentific). The lane was cut and
treated with 6.5 mM dithiothreito! (DTT) for 1 hr at 40°C for recuction and 54 mM iodoacetamice
for 30 min for alkyfation. The proteins were oigested overnight with trypsin (Promega} at 37°C. The
peptides were extracted with 100% acetonitrile {ACN;} ana dried in a vacuum concentrator, For RP-
nanolC-MS/MS, samples weee resuspanded in 10% farmic acid (FA) / 5% DMSO and was analyzed
using s Proxecn Easy-nLC100 (Thermo Soentific] connected to an Orbitrap Q-Exactive mass spec-
tromater, Samples were first trappad {Or Maisch Repros! €18, 3 pm, 2 cm » 100 pm} before baing
separated on an analytical column (Agilent Zeebax 1.8 jim SB-C18, 40 em « 50 um), using a gradient
of 180 min at a column flow of 150 nl min’'. Trapping was performed at 8 pL/min for 10 min in scb
vent A (0.1 M acetic acid in watae) and the gradient was as follows 15 40% solvant B (0.1 M acatic
acid in acetorvtrile) in 151 min, 40-100% in 3 min, 100% solvent B for 2 min, and 100% solvent A for
13 min, Nanospray was performed at 1.7 kV using a fused siica capillary that was pullked in-house
and coated with gold (o.d. 360 pm; | d. zo..m tipld 10um) The mass spectiometers were wead in
a data-dependent moge, which aut ically h 1 MS and MS/MS. Full scan MS spec-
tra from m¢'z 350 « 1500 were acquired at a resolution of 35.000 at m/z 400 after the accumulation
to & tasget value of 3E6, Up 1o 20 most intense precursor ions were selected for frag ion,
HCD fragmentation was performed at normalized cofision energy of 25% after the accumulation to
a target value of 584, MS2 was acquired at a resolution of 17,500 and aynamic excusion was
enabled. For data analyss, raw files were processed using Proteome Discoverer 1.4 {version
1.4.1.14, Thermo Scentific, Bremen, Germany), Database search was performad wsing the swiss-prot
human database (version 29th of January 2015) and Mascot (version 2.5.1, Matrix Science, UK) a8
the search engine. Carbamidomethylation of cysteines was set 23 a fixed ification and oxi

of methionine was set as a vasiable modification. Trypsin was specifiea as enzyme and up to two

Bouchet ot & olin 20155418124 DO 107550/ elife 10124 Wel 23
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miss cleavages were allowed. Data filtering was performed using a percolatar (Kalf et al, 2007),
resulting in 1% false discovery rate [FOR). Adaiticnal filter was ion score >20.

Antibodies and immunofluorescence cell staining

Antbodies against HA and GFP tags, and kiprin B}t used for Westem blot analysis were previously
descnibed (van der Vaart ot al, 2013]. Rabbit antibooies against KANK1 (HPAGO5539) and KANK2
{HPAD15443] werme purchased at Sigma-Aldrich, Wastern blot analysis of KANKT was perdormed
using rabbit polyclonal KANKT antibody {A301-882A) purchased at Bethyl Lab ies. Talin immu-
nofluorescence staining was performed using mouse monoclonal 8dd antiboay (Sigma-Alarich),
Westarn blot analysis of talin 1 and 2 expression was padformed using respectively the isotype spe-
cific mowse monoclonal $7H6 (Sigma-Aldrich) and 68E7 [Abcam) antibodies. Kul0 {7/KuB0) antibody
was purchased from BD Biosciences, immunofis ence staining of KANK1, LLS[, Jiprin i1, KIFZ1A
and CLASPZ in Hela and HaCaT cells was performed using the antibodies snd procedures previously
described (Lansbergen et al, 2006; van der Vaart et al, 2073), F-actin was stained using Alexa
Fluor 594.conjugated phalloidin (Life Technologies), Phaspho-tyrosine mouse antibody (PT-66) was
purchased from Sigma-Alarich and rabbi FAK phospho-tyrosine 397 was purchased from Biosource,

Microscopy and analysis

Fixed samples and corresponding immuncflucrescence images were acquired using widefiels Suc-
rescence lllumination on & Nikon Eclipse 801 or NI upaght microscope equipped with a CoolSNAP
HQ2 CCD camara (Photometrics) ar a DS-Qi2 camera (Nikon) an Intensilight C-HGFI precentarad
fiber illuminatoe (Niken), ET-DAPI, ET-EGFP and ET-mCherry filters {Chroma), Nikon NIS Br software,
Plan Apa VC 100x NA 1.4 ail, Plan Apa Lambda 100X oil NA 1.45 and Plan Apo VC 60x NA 1.4 oil
{Nikon) objectives. TIRFM-basea live cell imaging was performed using the setup described before
{van der Vaart et al, 2013} or a similar Nékon Ti microscope-based llas® system (Roper Scientific,
Evry, FRANCE) equipped with dual laser illuminator for azimuthal spinning TIRF {or Hilo} illumination,
150 mW 488 nm laser and 100 mW 561 nm laser, 49,002 and 49,008 Chroma filter sets, EMCCD
Evolve mono FW DELTA 5125512 camera (Roper Sciantific] with the immermaediate lens 2.5X (Nikon ©
mount adapter 2.5X), CCD camera CoclSNAP MYO M-USB-14.AC {Roper Scientific) and controlled
with MetaMorph 7.8.8 software (Molecular Devices). Simultaneous Imaging of green TIRFM Imaging
was perfarmed as described before (van der Vaart et al, 2013} or using the Optosplit Il image
splitter device (Andor) an the Ilas” system.

For presentation, images were adj for bagh and pr o by G 1 blur ana
Unsharp mask fitter using ImageJ 1.47v (NIH]. Fluarescence profiles are values measured by line scan
analysis in ImageJ, normafized by background ge fluor , expressed as a factor of the
baseline value obtained for incvidual channel and plotted as a function of maximum length factar of
the selaction line (distance rato). Protein clustering at the cell eage s the ratio of the total fluores-
cence in the first 5 um from the cell eage ta the next 5 um measured by line scan analysis in ImageJ
after thresholding for cell autline marking and out-of-cell raglon value assigned 1o zero. The results
were plottes as parcantage of control condition awarage value. FA counting and area measurement
was performed using Analyze Partides under imageJ on focal achesion binary mask obtained after
Gawsslan blur/threshold-based cell outline marking and backgrouna subtraction (rollng ball radius,
10 pixels). KANK1 /tafin colocakization was analyzed using P R valua provided by Colozalizath
Analysis plugin under FiJiimage) and a 3 um diameter circular ROI centered on talin clusters
detected by immunofluorescent staining.

nEB3-mRFP dynamics was recorded by 0.5 = interval time lapse TIRF imaging. Microtubule growth
was maasured using kymographs obtamed from EB3-mRFP time lapse image series, plotted and
presented s previously described (van der Vaart et ol 2013). Ratio of microtubule growth in cell
centar 1o periphery was obtained as values for individual cells. Microtubule growth trajectary angle
to the cell edge was manually measured in imagel using tracks abtainea by maximum intensity pro-
Jjection of EB3-mRFP image sedes,

Expression of recombinant talin polypeptides
The cDNAs encoding murine talin1 residues 1357-1653 (R7-RE), 1357-1653 A1454-1586 (R7) and
1441-1580 (R3) were synthesized by PCR using a mouse talin1 cDNA as template and cloned inta

Bouchet ot & olin 20155418124 DO 107550/ elife 10124 18ef23
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the expression vector pet151-TOPO (Invitrogen) (Gingras et al, 2010), Talin mutants were synthe-
szed by GeneArt. Talin polypeptides were expressad in E, colf BL21(DES) cutured either in LB for
untabelea protein, or in M9 minimal medlium for the preparation of pically labeled ples for
NMR. Recombinant Histagged talin polypeptides were purified by nickel.affinity chromatography
following standard procedures, The Hiz-tag was removed by cleavage with AcTEV proteass (Invtro-
gen), ana the proteins were furthar purified by anion-exchange. Protein cancentrations were deter-
mined using thelr respective extinction coefficient at 280 am.

Fluorescence polarization assays
KANK peptides with a C-terminal cysteine residue were synthesized by Biomatik {USA}):

KANK1(30-60)C - PYFVETPYGFQLDLDFVKYVDDICKGNTIKKC

KANK1(30-68]C - PYFVETPYGFQLDLDFYKYVDDIQKGNTIKKLNIQKRRXC

KANKT-44 . PYFVETPYGFOQAAAAFVKYVDDIQKGNTIKKLNICKRRKC

KANK2(31-61)C - PYSVETPYGYRLDUDFLKYVDDIEXGHTLRRC

Fluotescance Polarization was carried out on KANK peptides with & carboxy terminal cyst
Peptide stock solutions were made in PBS (137 mM NaCl, 27 mM KC|, 100 mM Na PO, 18 mM
KH;PO4), 100 ma/ml TCEP and 0.05% Trton X-100, and coupled via the carboxy terminal cysteine
to the Thiol reactive BIODIPY TMR dye {nvitrogen), Uncoupled dye was removed by gel filtration
using a PD-10 column (GE Healthcare). The labeled peptide was ¢ d to a final tra-
tion of 1 mM using icon with 3K molecular welght cut off (Milipore).

The Fluorescence Polarization assay was carried out on a black F6well plate [(Nunc). Titrations
were performed in tripcate using a fixed 0.5 pM concentration of peptige and an increasing con-
centration of Talin R7-R8 protein within a final volume of 100 jl of sssay buffer (PBS). Fluorescence
Polanization massurements were recorded on a BMGLabTaech CLARIOstar plate reader at room tem-
perature and analyzed using GraphPaa Prism {version 6.07). K, values were calculated with a nanlin-
war curve fitting using a one site total and non-specific binding modal,

NMR spectroscopy
NMR experiments tor the resonance assgnment of talint R7, residues 1357-1653 11454-1586 were
carried out with 1 mM protein in 20 mM sodium phosphate, pH 6.5, 50 mM NaCl, 2 mM dithiothra-
tol, 10% (v/v) 2H20. NMR spectra were obtained at 298 K using a Bruker AVANCE || spectrometer
equipped with CryoProba. Proton chamical shifts were referenced to external 2,2-dimathyl-2-sila-
pentane- S-sutfonic acd, and **N and "*C chemical shifts were referenced indirectly using recom-
mendad gyromagnetic ratios (Wishart et al, 1995), The spectra were processed using Topspin and
analyzed wsing CCPN Analysis {Skinner et al, 2015). Three-dimensional HNCO, HN(CAYCO, HNCA,
HN{COYCA, HNCACE, and CBCA(COINH axpariments were used for tha sequentisl assgnment of
the backbone NH, N, CO, CA, and CB resonances.

The backbone resonance assignments of mouse 1alint R7 (1357-1653 A1454-1586) have been
d itea in the BioMagResBank with the ion number 19139.
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