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1.1 Research contributions
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Bouchet BP, Gough RE, van de Willige D, Ama@rPést H, Jacquemet G, Altelaar AFM, Heck AJR,
Goult BT* and AkhmanavA*. (2016) TaliFKANK1 interaction controls the cortical microtubule

stabilizing complexes to focal adhesiomd.ife5:18124

1.1.2 Poster andpresentations
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1.2 Abstract

Talin is a 250 kDeytoplasmic protein thaactivatesintegrins and provides a liik to cytoskeletal

actin, thusproducing thenecessaryorce to stabilise adhesiosr Talin is classically defined as an
integrin-activator, but lere we showthat talin also couplesadhesion assemblies toortical
microtubules via theCortical Microtubule Sabilising Complex (CMSC) angblaysa role in the
mechaneregulation 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 adhesiand, 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 interactimreba KANK and talin

is the crucial link between the macromolecular assemblies FAs and CMSC. Fluorescence
polarisation (FP) and Nuclear Magnetic Resonance (NMR) data showdbanhgerved KN domain

in KANKZ1 binds to the talin rod domain R7 idtalin-binding motif. Through the design of point
mutants in both the KANK1 KN domain and talin R7 domain this interactidd be perturbed.

Our data showthat the KANK1 KN domain binds to talin throughelix additionmechanism
Immunofluorescence work itdeLa 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 tudisrupts microtubule dynamics at the cell eddde discosry

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 LDbatiding motifs and allowed ue develop

a novel pipelindor identifyingtalin-binding partners After designing a LD talbinding search

motif, we identified cyclin dependent kinadgCDK) as aalin-binding protein CDK1 is the master
regulator of the cell cycle, helping to drive cells from G2 phase into mitosis. Using similar
biochanical 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 structura
modelling, we propose that this interaction also occurs througlxtedition.

Biochemical data combined with phosphoproteomics shows that the @€R&ihA complex
phosphorylates talinl and talin2 isoforms at two unique sites1(®89 in talinl and®rl489 in
talin2). Interestingly, in talin2 this novel phosphorylatigite is in the taliractin-binding site
(ABS2). We postulate that this could be a mechanism to regulate the coupling/uncoupling of actin

to talin. Talin phosphorylation could perturb actimtéling, thus reducing tensioacross the
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adhesions and leadin 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 disaany of two novel talifbinding 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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1.3 Abbreviations

ABS Actin Bnding Site

Amp  Ampicillin antibiotic

BSA Bovine Serum Albumin

CAMs Cell Adhesion Molecules

CD  Circular dichroism

CIX1 Cyclin Depend® Kinase

DD Dimerization Domain

dH.O distilled water

DLC1 Deleted Liver Cancer 1

DNA Deoxyribonucleic acid

DTT Dithiothreitol

ECM Extracellular Matrix

FA Focal Adhesions

FAK Focal Adhesion Kinase

FERM 4.1 protein, erzin, radixin, moesin
HSQC Heteronuclear single quantum spectroscopy
IBS Integrin Binding Site

IF Intermediate Filament

IPTG Isopropyti -D- thiogalactopyronoside
Kan Kanamycin Antibiotic

KANK Kidney Ankyrin Repeabntaining protein
LD Leucine Aspartate

LDBD Leucine Aspartate Binding Domain

XiX



MS Mass Spectrometry

MT  Microtubules

NaCl Sodium Chloride

NMR Nuclear Magnetic Resance

PBS Phosphate Buffered Saline

PCR Polymerised Chain reaction

PFA Paraformaldehyde

PI IsoelectricPoint

PIP2 Phosphatidylinositol 4 5iphosphate
PIP3 Phosphatidylinositol 3,4;3riphosphate
PTM Post Translational Modifications
RIAM Raplinteractingadapter molecule
RPM Rotations per minute

SNP  Single Nucleotide Polymorphisms
TROSYTraverse relaxation optimised spectroscopy
TBS Talin Binding site
LDTBMLeucineAspartate talin binding motif
TEV  Tobacco Etch Virus

TLN1 Talinl gene

TLN2 Talin2 gene

VBS Vinculin Binding Site
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2.1 Cell Migration

Multicellular organisms are organised through tightly-ardinated celicell and celimatrix
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 migrationis vital for all eukaryotic life and &ssentialfor embryoric development, tissue
formation, immune responsesand wound healing(Case and Waterman, 2015) When
misregulated cell migration can cause huge damagegamisms includingumour formation and
metastasis, chronic inflammatory diseases and vascular dig€asmonaFontaine, Matthews and
Mayor, 2008) For a cell to dictatelirection of movement and cordinatewith surrounding cells
it needs to havedefinedleading edge (front) and a rear efloack) This is achieved through cell
polarity, which gives the cell an asymmetric organisation of cellular components, vitalfac

ordination, shape, structure and functiofCase 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 migratiBollard and Cooper, 20Q9}-or 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 pretsie involved in the
regulation of this process would aid in the developmenhofel therapeutic cancer treatments,

transplant methods and the manufacturing of artificial tissues.

2.2 Cell adhesiorMolecules

CAMs are divided intofive main groups integring selectins, cadherins, mucins and
immunoglobulinsuperfamily as seen FIGURE.1 (Lodisi2016) Selectins, cadherins, mucins and
immunoglobulingan form celcell interactions, whegas integrins provide a link between cells and

the ECM.



Ig-Superfamily CAMs

(N-CAM) Integrin
Cadherit:l l Mucin-Like (a3B,)
(E-Cadherin) CAMs —
Carbohydrate
Ca* Binding
Sites
&
é? Lectin Domain| \_
o
R
Selectins
(P-Selectin) >
Type lll
Fibronectin Fibronectin
repeats
Homophilic Interactions Hetrophilic Interactions

FIGURR.1: TYPES OF CELL ADHESION MOLECULES (CAMS)

Diagram representing the five classes of CAMs ircedlland celmatrix adhesions; cadherinmtegrins, lg
superfamily, selectins and Mucins. TGAMs are separated into homophilic interactions and heteiiph
interactions. Figure based frorti:odishet al., 2000)

2.2.1 Selectins

Selectins, are family of three structurally and functionally related adhesion moleculsgléctins,
P-selectins and {selectins. Belectins are primarily found on platelets and leukocyteselectins

are expressed on endothelial cells anesdlectins are present omeukocytes, monocytes,
neutrophils and eosinophil§BouGharios and de r@mbrugghe, 2008) All selectins have a
common domain structure consisting of an importantedminal Ca" dependent lectin domain

(see FIGURR2.1), which is integral for selectins functidhey, 2001) The selectin family are
adhesion molecules that facilitate the binding of @l interactions; they specialise in capturing
leukocytes from the blood stream and attach them to the vessel wall. This contact between the
leukocyte ad the vessel wall allows the process known as leukocyte rolling to take place. This
process occurs in a cascaglike fashion whereby the leukocyte cell is captured and rolls along the
cell membrane before it slows down enough to extravasate from thediessel 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 éffGatheir activity (Morishita and

Yagi, 2007) The numbe of EC domains can vary depent®n the isoform, they form Ca
dependant linkages with other cadherin EC domains forming aaadllinteraction(Helfrichet al.,

2008) The cadherin receptorgsan be categorised into four groups: classical cadherins,
LINE G20l RKSNAYas dzyO2y @SyiaAaz2zylt OFRKSNAYya | yF

[ tFaaArolt Ol -cadhdridprsadharin any dddeRnShatall have a similar structure
with five EC domains, aansmembrane region and intracellulart€minal domain. The
cytoplasmic tail can interact with-catenin which forms a link to the actin cytoskeleton. This
interaction with actin allows tension and contractility to be transferred to the adjoining cétlhwh

can drive cell rarrangement at both a local and a tissue lefietuit and Yap, 2015)
2.3 Integrins

Integrins are expressed in all metazoan species and are formed of two subunits: Y’ IRtegrins

were first discovered in 1986 and were named on the basis they could integrate the intracellular
and extracellular envinaments of a cel{Tamkuret al, 1986) Hunans have 18 and 8 integrin
ddzodzyAta GKFEG OFy F2N¥Y Hn hi MHMABIRBNBaELEISNR O |
Humphries, 2011) Integrins are expressed in nearly all cell types and different cell types express
different combinations of integrins; each integrin has distinct patterns intgpeds and issue

expression helping to support cetlatrix and cefcell attachment.
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FIGURR.2: INTEGRIN SUBUNIT PAIRINGS

I a0KSYIFIGAO 2F ft AyGSaINRY h FyR | &dandoAtegdrisedA f £ o
into the ECM component they can interact witkigure based fronfLal, 2009)

2.3.1 Integrin Structure

h AYGSANAYya O2YLINRAS | BRESHNBI ann nAVYSHIRAYOARN.
750 amino acid¢Hynes, 2002) Both subunitsontainan ectodomain, a single transmembrane

region and an intracellular domain as showrFIGURER.3.

h integrin ectodomains are composed of foarfivex R2 YI Ay & R S id@gfifrsubtyfe, 2 v
whereasi integrin ectodomain is spilt into several domains which have flexible linker regions
22AYyAy3 GKSYO® . 20K h | YR ane rdgioni(B\Vg, Nides¢ eegiokd a@@S |
highly conserved and link to a short cytoplasmic tail of arour8@&mino acids. The cytoplasmic

tails appear to be flexible until bound to a ligaf@ampbell and Humphries, 2011ntegrin tails

FNB AYLRNIFYyGdG F2N GKS 02YYdzyAOlFrGA2y 06SG6SSy
with a number ofcellular proteins which is especially important for ins@ié activation of the

integrins(Wegener and Campbell, 2008esection2.3.3

¢CKS Oed2LX AYAO G Af &Pro2-Tr (NPxW yhotiAawhxyisiany amigbS G
acid, which are important for the binding of many proteins including talin and kindlin. As shown

in FIGURE2.3B, the two NPxY motifs are defined as proximal and distal regions and these
5



aSljdzSyO0Sa | NB T2 (wegenehand Cambelli 2008)y A YHNEWR v & | f
common sequence found in all isoforms, the GFFKR motif (shaw@WwRE.3B), which has been

found important for binding both sharpin and the mammatgrived growth inhibitor (MDGLi

et al, 2014) Sharpin and MDGI are both inhibitors of integrin activation and are needed to keep

the integrin in an inactive stat@Rantaleet al., 2011)

Integrin
A g
| |
ropeller
Ecto Domain B-prop
E— Thigh Sy EGF repeat1

—
Transmembrane /
Domain %
Cytoplasmic i ( Cytoplasmic
Domain P U S T a“s ......... L

e e e e e ———
i B Filamin (1.83.87) MDG! (el 002, 05,a6,0010,0011,)
} cytoptasmic DOK1(B2f3.8587  ICAP1B1)_ SHARPIN (01.02.0t5)

“i" Talin (all B) Ti;livl {all §) Kindlin (atl B)

‘B1 u&mx THORREF G vK

| B3 WRLLITIHDRKEF TANNPLYKEATSTETNITYRGT
' v IMC Proximal Distal

| NPYY Y

\
. s
- -

FIGURR.3: STRUCTURE OF INTEGRINS

(A) There is variation in integrin ecto domain structure and this representsharsatic ofthe domains
present in integrim 4 1. (B) The cytoplasmic tail region of integrins, the NPxY motifsintegrin tails are
highlighted in blue and the binding regions for several integrin activators and their specific integrin subtype
are indicted, this irage is adapted fron{Bouvardet al.,, 2013)



2.3.2 The extracellular matrix

The ECMs a noncellular component that is found in all tissues and organs andigeeva
scaffolding network fosurrounding cellgFrantz, Stewart and Weaver, 2010he ECM is a made
up of three main components: proteoglycaimeluding, keratin sulphate ankdeparan sulphate;
insoluble collagen fibres (which provide strength) and soluble radhiesive ECM proteins such as

fibronectin and lamir(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 threagbus
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. Tloenpostion is tightly regulated to maintain stability

of tissue and organ physiology. In diseases such as cancer the EGNMebedisordered and
unregulated, often stiffer and more fibroushich leads to the promotion of cell migration and
cancer metastasis. Abrmalities in the ECM can also leadttonour-associated angiogenesis
which in turn gives tumour cells their own microenvironment and facilitates further spredlding

Weaver and Werb, 2012)
2.3.3 Integrin activation

Integrinsreceptors link the actin cytoskeleton to the ECM which allows the cell to generate traction
an important feature for cell shape, adhesion and migrat{@alderwoodet al., 1999) One
important and reversible mechanism for regulating integrin adhesions comes through the
regulation d integrins activation stateL y 1§ SANRA ya Ff dzOlGdz2r (S 06SG6SSy
confirmation) whereby it can interact with the ECM (d86&URR.4 and a state of low affinity
OWOtf 2aSRQ O2yF2NXIF A2y 0 ¢ KSNB A (Callaiwoaty200d) S
The state of affinity can be controlled by intracellular signals (in a prdcgé2 6y | & dzZ¥VRY &
activation) binding to the integrin cytoplasmic tails, these interactions induce conformational
changes in the integrin extracelluldomains that can result in integrins having a higher affinity for

the ECMCalderwoocket al, 1999)
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FIGURR.4: ACTIVATION STATE OF INTEGRINS

Schematic diagram illustrating the integrin affinity statestedrins fluctuate between states of low affinity
GKSNBE (KS&@ IINB Ay I WOt2agROOFVOANWSOADFYFAENEGG)
the i 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 integrinysi I 'y W OG0 A BSQ O2yFANNI GAZY
adhesions to the ECM could occur in unwanted places leading to problems such as blood clots and
cell metastasigGangulyet al, 2013) Integrins use aetwork of dynamidnteractions knowras

the integrin adhesion compleffAC)o mediate their activation state. The complexity of the IACs
KFd 0SSy KAIKEAIKGSR Ay lFylteara 2F (GKS WAy
integrin adhesion complexes revealed a network of >240 proteins are involved in integrin
regulation(Hortonet al,, 2016; Ronen Zaid&ar,2007)

Further analysis of the integrin adhesome indicated that there is a consensus adhesome of around
60 proteins that all centre around four differe@Sy 4§ NE R | NR dzy R T 2 ®NTCHY I E S
kindlin, FAKpaxillin, talin@ A y* O dzf -AcyninkyyirR/ASRHortonet al., 2016)

Ly Iff 2F GKS RAFTFSNByld WHESAQ 2 ¥slinkéddn same/ A
way. Talin is a cytoplasmic adapter protein that is vital to integrin activation; talin can bind to the

highly conserved proximal NPxY motif in theintegrin tail via the talin FERM F3 domain
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(Calderwoodet al, 2002) This interaction b&teen talin and integrin disrupts a salt bridge
interaction between the integrih  tails, which holds the two tails in close proximity keeping the
integrin in a low affinity statéCalderwood, 2004) Talin F3 still with thie integrin bound forms
elecrostic interactions with lipid groups the membrane (as shown FHGURR.5) which leads to
conformational change in the positioning of the talimegrin complex and results in the separation

of theh i integrin tails and activates the integrin.

....................................

.....

..........
...............

.............

Q
=
" Talin F3 -

s >

FIGURR.5: TALININDUCED INTEGRIN ACTIVATION

Structural representation of the talin F3 domain binding to the membrane distal region ofititegrin tail.

Talin F3 subsequently, engages with the memier@roximal region of thé 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 pasitiof the integrin

tail and forces apart thé i integrin tails and activates the integrirFigure adapted fronf{Goksoyet 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 sucaim be categorised

by their distinctive structures and play different roles in cell migration, shape and adhesion as
shownin FIGURR.6.
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FIGURR.6: LOCATION OF CRIATRIX MHESIONS ACROSS A CELL

Diagram highlighting where the different c&ICM 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 protr(Riotesyet

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 imgasound 1uM in
size(Anderson, Owens and Naylor, 20140 FAs talin is a crucial player in coupling integrins to the
actin cytoskeleton, as th#orce increases across the adhesion (through binding of actin) talin
domains can unfold revealing vinculin binding sites. These unfolded domains allow vinculin to bind
which reenforces talin in a stretched confirmation and prevents the talin domains fesfalding

(Yaoet al, 2014) Additionally, vinculin binding to talin is thought to activate vinculin as it out
competes the interaction between the vinculin head and tail (as¢edi with auteinhibited
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 nélae ttucleus and vary in size,
ranging from 1uM to 10puM in diameter(Anderson, Owens and Naylor, 201&ibrillar adhesions
develop from mature FAand are characterised through the inclusion of the protein tensin which
cross links actin cables to fibronectin fibrils located in the EBM/eneers and Danen, 2009)
Fibrillar adhesions can be distinguished from FAs as they are not attached to stress fibres which

prevents them from dimssembling when force acrossethdhesion is relaxe@amiret al.,, 2000)
2.4.4 Podosomes

Podosomes are found at the lamellopodia ($¢6&URR.6) and differ structurally from the other
adhesive structures. Strugially, the most distinguishing feature of podosomes is their two part
organisational design; they have a densackn core that is surrounded by a ring structure of
adhesion proteins such as talin, vinculin and integffifisder and Kopp, 2005)The actirrich core

is not found in any of the other cathatrix adhesion types and consequently actin regulation
proteins exert a majoinfluence on the podosomgype 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 largenrotatrix

degradation(Linder and Kopp, 2005)
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2.5 Talin

A key protein found in all of the cethatrix adhesion types is the ada&p protein talin. Talin is a

large 270 kDa adapter protein that was first discovered in 1983 as a component of FAs and ruffling
membranegBurridge and Connell, 1983Jalin is comprised of antirminal FERM domain (head)
attached to a @erminal rod dmain by an unstructured linker (as showrFlGGURR.7). The rod
domain encompasses 13 alpha helical bundé@ashcomprised of either four or five helicé&oult,
Zacharchenkeet al.,, 2013)

A B Vincutin binding site R4

FO F1 F2 F3 R R1o R11 Ri2  R13
—_ 1 l R3 _ ‘
FERM (Head) Domain Rod Domain
B
Domains FO F1 F2 F3 R1 R2 R3 R4 RS R6 R7 R8 R9 R10 R11 R12 R13 DD

Conservation score
Talin1/Tan2

50 % 100 %
D\.’nul:n binding site

g u g § £ 8 & 8
eg gs:z3 5 8% 88§ E 2§ § 7
Mouse Talint g 8§ 23 §E 3 S ¢ g 2% 2 2 8 3 & ¢ 3
orot P26039) 23882 g 85 2 3 8 85 ¢ 8 2 8 2 8 S
(uniprot P26039) gl B 2 8 8 3 €8 N ¢ =T € &8 B2 =z & =

2

~ 8 8 £ 2 8 ¥ s 8 8 3
s2 g g e 3 & 3 ¢ 8 & 5 3 § 3 3
8 2 3 ¢ by N K} < ) L% : - : O g - :
Mouse Talin2 E s b 2 - o z § §,‘! 2 2 © 4 2 2 3
(uniprot B2RY 15) * 383 8 8§ p 5 3 8§ 85 F§ € & 3 5 B %

FIGURR.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 colouredjbgnse
identity between the two isoforms. The domain boundaries are given for mouse talinl (UniProt: P26039) and
talin2 (UniProt: B2RY15). Figure adapted f(@ough and Got)12018)

Talin is one of the key elements in integrin activatemd provides the link between integrins and
actin cytoskeletor{Shattil, Kim and Ginsberg, 2010)he interaction between integritalin-actin
forms the basis of a hasgeadhesiorallowing the recruitment ofiumerous other FA and signalling

molecules, to form a more stable adhesid€alderwood, Campbell and Critchley, 2013)
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Furthermore, talins amechanosensing protejiwvith its 13 alpha helical rod domairspable of
undergoingforce-dependent conformational transitionthat can modulate binding interactions
with mechanosesitive ligandgdel Rioet al, 2009; Goult, Zacharchenket, al, 2013; Yaet al.,
2014, 2016; Yaet al, 2015) Until the work presented here in this thesis and the subsequent
publications(Bouchetet al., 2016; Suret al., 2016)it was not known that taliralso has a pivotal
role inlinking adhesions toortical microtuble stabilising complexes, through its interaction with

the KANK family of proteir(seechapter 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 sequerndentity (shown inFIGURE.7B). In vertebrates, the isoforms are
encoded by two different gene3LN1and TLNZ2 both of which have highly conserved intron and
exon boundariegMonkley, Pritchard andriichley, 2001; Senetar, Moncman and McCann, 2007)

The genes are located on different chromosomes; TLNL1 is located on Ch9 and TLN2 is located ot
Ch15 furthermore, TLN2(190 Kb) is a larger gene th@ahN1(30 Kb) due to larger introns.

25.1.1 Talin2

TLN2has been shown to have multiple splice variants which lead to multiple talin2 isoforms as
shownin FIGURR.8 (Debrandet 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 Nerminal 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(Debrandet al,, 2009) Furthermore, it was found that if a talinl fragmedthe same as

the short Gterminal testes specific talin2 isoform) was expressed in cells depleted of talinl then
this was sufficiento rescue cell cycle progressisunggesting a potential role in cellular signalling

(Himmelet al,, 2009; Wang, Ballestrem and Streuli, 2011)
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lLO”Q isoforms Layilin Actin-Binding site 2 Actin-Binding site 3

N-terminus a.a. 1153

|'rln!egnn\l/ PIP-Kinase I 2nd integrin l
binding site 7|
N I
- Exon 43 + Exon 54b
Deletion of helix 45, 46 (VBS) Insertion of 15 a.a. in helix 61 - disrupts ABS3
0 O G Y ) I 3
Ubiquitous but mainly heart, lung, small intestine, skin, Ubiquitous but mainly brain,
Not brain or kidney.,
- Exon 43 + Exon 54b
| 1] D 6] (I
Mainly skin, heart, skeletal muscle.
L o B Short testis isoform : Ubiquitous - mainly kidney Manm; 5:1?12%20 enin
umquel 30aa i
l | N
S O T | R G
I i
- Exon 25¢ I
1

FIGURR.8: TALIN2 SPCE 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 bineljignsthat have been deleted due

to exon skipping. Athe top of the diagram the longer talin2 isoforms are shown and at the bottom the
shorter talin2 isoforms, that are lacking the FERM domain. Figes from:(Debrandet al., 2009)

TLN2is the ancestral gene, and throughrBaduplication in the chordat lineage it ld to the
emergence of talin {Senetar and McCann, 2005)nterestingly, over evolution the talin domain
structure has nbchanged, 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-dautainproteins such as;
filamin, titin and spectrin of which all have varied in length over evolufidigginset al., 1994,
Baines, 2010; Liglst al, 2012) This unvarying domain structure gives compelling evidence that

every domairwithin talin has an important functional role.

Independen functions of the two isoforms within cells have not yet been fully understood but it
has been found thatissue expression and cellular localisation varies significantly betwetn
isoforms. Talin2 expression is more variable than talinl and unlikd ti has not been found to

be expressed in all cell types for example, there is no expressed talin2 in endotheligd aeist
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al., 2010; Monkleyet al., 2011) There is howevelhigh expression of talin2 in heart muscle,

kidneys and the cerebral cortex of the bréivianso et al., 2013)
2.5.1.2 Talinl

Talin1 on the other hand, is expressed in nearly all tissues &mtiésed to be (i iidge essential
GFf Ay ATARIENBKIGtMibe enbryos are not viable and mice didue to arrested
gastrulation, indicating that talinl is essential for early developm@®finkieyet al, 2000) In
contrast aTLN2knockouts notlethal at embryonic stageand instead, mice were viable and fertile
expressing onlymild dystrophic phenotypesvith small variatiors in mouse pups reaching
adulthood(Debrandet al, 2012) 9 A RSy O0S R2Sa akKz2g¢g GKFG GFfAYH
following the loss of talinfkfter embryonic developmentin fact, inembryonic fibroblastsells
(MEFspf TLN1knockoutmice, TLN2 expressionrapidly upregulated, to compensate for the loss
of talinl and resulting phenotyp@hanget al, 2008) Similary, aknockoutof both talin isoforms
entirely destroyscellECM adhesios) highlighting the essential role that talin plays in integrin
adhesiongdMansoet al,, 2017)

In fibroblasts both isoforms localise to FAs with talinl being directly recruited to the cells leading
edge via RIAM, the RAP1 effector (Rap&racting adapter moleculd)_eeet 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 caaggregatedo form throughout the cell
which have beendund to oertime colocalise to fibrillamdhesions. Fibrillar adhesions are found

in the centre of the cell (seEIGURR.6) and localisation of talin2 to fibrillar adhesions could
suggest that it is involved ifibronectin assembly or possibly invadopodia formatig8ingh,
Carraher and Schwarzbauer, 2010gQal., 2016) Recently it was found that talin2 was essential
for generating the traction force needed to allow invadoperiadiated matrix degradation which

is required fo invadopodia formatior{Qiet al., 2016)
2.5.2 The talin head

Both talin isoforms have a-términal head domain (as showGURR.9); this is formed from an
atypical FERNM4.1 protein, ezrin, radixin, moesidpmain comaining four subdomains: F&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 FBM domain proteingElliottet al., 2010)
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The FERM domain is essential for talin to bind and activate integrin; the talin F3 domain binds to
thei -integrin tailvia interaction with the membrane proximal NPxY m(@i&lderwoockt al., 1999)
CKAA AYUSNIOUA2Y 6AGK GLFtAYy oONBF1& GKS St SO
i 0 023SGKSNE O2y @SNIAYy3I (Minpgrasdatialy 2062 |y | O A ¢

Laz2fl 4§SR ¢ f Aigtegrdhdails®owgverpithis/fdrly iaetfective at activating integrins
due to the need of the othertalinsdR2 Y Aya (2 F2N¥Y |y STFSOGADS
hold the integrin in the active, highffinity conbrmation (Bouaouina, Lad and Calderwood, 2008)
The other sukdomains help to promote thi®? A y (i S 3 KA ¥ v th@d@y®@dXormation of
interactions withphosphoinositides such as Ptdins(4MP2) at the cell membrane. The F2-sub
domainhas abasic patch on the membrarateractingsurface which promotes interaction with
the membranehelping stabike the talinintegrin interaction(Anthiset al., 2009; Saltett al., 2009;
Franceschiet al., 2017) Additionally, the F1 sudomain contains a large unstructured loop
insertion, which carinteractwith PIP2which isessential for integrin activatiofGoultet al., 2010)

The F3 domairtself has also been shown to form electrostatic contacts with the membrane when
0 2 dzy R dirRegriin &igVinogradovaet al, 2002)and together the electrostatic interactions
from the talin subdomains and the membrangrovide the force on the integrin needed to help

stabilise the integriractivated state.

In addition to integrin binding the talin heazhn also bindPIP kinase gamm@e Peredeet al,
2005)through interaction with the F3 subomain. PIP kinase gamma is required to produce PIP2
at the membrane which is needed to proneaintegrin activatior{Legateet al,, 2011) The F3 sub
domain can also bind a host of other ligands including: Ridviget al, 2014) FAKLawsoret al.,
2012) T-Cell Lymhoma Invasion And Mettasis 1 (TIAMY{Wanget al, 2012)and G-protein
subunitGalphal3D h m(&chiemeet al., 2016)

Both talinisoforms have three actin binding sites (ABS1,ABS2 and ABS3jningset al., 1996)
ABS1 is the only actin binding site found in the talin head indsuains F2 and FR.eeet al,
2004) ABSL1 is important for capping actin filaments to prevetingpolymerisatior{Ciobanasiet
al., 2018)
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p integrin
membrane

cytosol

FO

FERM domain

talin head
FIGURR.9: TALIN1 FERM DOMAIN INTERACTING WITH THE MEMBRANE

Schematic model of the complex between the taliRFENdi s-integrin taildocked againsthe membrane
surface The talin FERM domain is in an elongated confirmation and the + indicate areas of electrostatic
interactions between talin and the membrane. Figure fréEiliott, et al., 2010)

2.5.3 The talin rod

Thetalin head is connected to the talin rod via an 82 amino acid unstructured |{Bateet 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 (se€lIGURR.7) (Goult, Zacharchenket al, 2013) Fourhelix
bundles are commonly found in nature; in contrast fhalix bundles are quite unusual. The extra
helix that packs onto the side of a felielix bundle (creating a fivieelix bundle) has a great impact

on the talin structure and functional ability the cell. Fivénelical bundles determine that the N

and Cterminus of the bundleare at opposite ends which allows the bundles to pack side by side
in a linear rodike arrangement as shown FIGURR.7; thisrod like arrangement allows talin to
transmit force. Furthermore, fivhelix bundles provide more mechanical stability than fbalix
bundles due to extensive contacts throughout the length of the helemed more hydrogen

bonding(B. T. Goulet al, 2010)

The talin rod contains a-rminal dimerisation domain (DD) which enables talin tonfoan

antiparallel dimer with another talin molecu(&ingraset al., 2008) Talin dimers in literature have
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been found to be homodimersDimeric talin is able to form an autoinhibited confirmationthe
cytosolwhereby, the twotalinsg NI LJ I NB dzy R St OK 2Ri2KIEINK ylud2iviel 23NVt
the talin FERM domain buried ids (Goult, Xuget al, 2013) Activation of talin from this inactive
state does not appear to happen via one interactor instead a variety of activators have been
RA&020SNBR Ay O tsdiRiiyEektval, 2009t Schidmgitral, 20'16)

2.5.3.1 The R7RS8 fold

In the centre of the talin rod there is an unusuahélix bundle compsed of domains R7 and R8.
These domains are in an unusual confirmation that is not seen anywhere else in talin; R8s a four

helix bundle that is inserted into the R7 filaelix bundle as shown in

FIGURR.10 (Gingraset al, 2010) This confirmation of one bundle inserted into another was
probably created by chance however, due to importance in function it has remainedsin th

confirmation throughout evolution.

The R7R8 fold is conserved in both talin isoforms; the R8 domain is inserted betweemthel y R
h4 helices on R7 (sddlGURR.10) and the two domains are joined via flexilhiekers between
helices 3881 and 3435 (seeFIGURR2.10). The flexible linkers are joined together through
hydrogen bonding and allow the R7R8 domain to be in different confirmétio® ¥ W2 LISy Q |

deperdent on what ligand is bound.

As described a fotinelix bundle is less mechanically stable than alfietx 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 protectedrbm unfolding(Yaoet al., 2016} CKAA WLINRGSOOAZ2Y
many talin functions; the folded R8 helix binds many ligands including; actin, RIAMamlL &4
discussed in this thesis, CDK1 (E&apter 6.
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A 9-helix (R7R8)

1359-1653
4-helix (R8)
5-helix (R7) 1457-1583
1359-1456
1584-1653

FIGURE.10: TALIN R7R8 DOMAIN STRUCTURE

(A) Schematic of the helices in talin R7 and R8 indicatibgacketshe helix numbeiin full length talin and
the alphahelixposition of each helix within thbundle. (B) Structte 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 isofosnmave three actin binding sites; ABS1, ABS2 and ABSS3.
The talin rod contains ABS2 and ABS3 as showGURE.11A and bothare important for

adhesion assembly and creating the force for mechanosensing céipalwli talin.

ABS?2 is positioned across talin domains R4 angHB@&mingset al., 1996;Atherton et al,, 2015;
Kumaret al, 2016)and the main actin contacts ar@ith talin domainsR4 and R8 domains
(Athertonet al,, 2015) R4 and R&omains have abnormally high pl vadleompared with the
other talin rod domains), causing theitakurface to be positively charged at a physiological pH as
shown inFIGURR.11BandC This positively charged surface can form electrostatic interactions

with negativelycharged actinABS3 and ABSL1 also derawate similar properties.

ABS3 is located at the talint€minus across domains RO (McCann and Craig997; Gingras
et al, 2006) ABS3 is essentfalr adhesionassembly, and the current working model indicates
that ABS3s theinitial site thatbinds to actirwhich in turn creates enough force on the talin rod
to unfoldthe mechanosensitive R3 domaand allowing vinculin to bind. This interaction between
talin ABS3 and actin promotesaturation of focal adhesion assembli€gaoet al, 2014)
Following the urolding of taln R3(through force generated by actin binding to ABSBe ABS2
site on talin is activated and can bind actin. This interaction has been foundetssbatial for FA

maturation and cell polarisatiofAthertonet al,, 2015; Klapholz and Brown, 2017)
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FO F1 F2 F3 R1 R2 R3 R4 RS R6 R7 R8 R9 R10 R11 R12 RI13 DD

Talin2

FIGURE.11: ACTIN BINDING SITES ACROSS TALIN

(A) Schematic of talin, red domains indicate areas of taiolved in actin binding and green helices
represent vinculin binding sites. (B) Talinl and talin2 R7R8 domain structures (talinl R7R8 PDB ID:2X0C an
talin2 R7R8 modelledsing Phyre2) (C) Talinl and talin2 R4 domain structures modelled using Phyre2.
Stuctures in both B and C wemodelled 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 protdiat was first discovered in 197&eiger, 1979; Pen

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 domdi@ingraset 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 inFIGURR.12F (Yaoet al, 2014, 2016) Vinculin has also been shown toiaate talin
(Cariseyet al., 2013)and the exposed VBS on talin can activate vin¢Blinset al,, 2006)

Autoinhibited talin Extended talin
A > B F3
< @ -
FERM _ -~ v R9
L E 3 wF 5
Stretching Unfolding Vinculin
Layers of
autoinhibition Domain Unfolding Vinculin Binding

FIGURER.12: LAYERS OF AUNBIBITION INALIN

Schematic diagram representing the layers of talin autoinhibition. (A) Represgintéit closed cytoplasmic
conformation withthe FERM domain buried insid®) Open talin confirmation commonly foundaathesion

sites under no force. (C) A representation of the layers found in {@nTalin rod domain R3 (white) with
buried vinculin binding sites shown in red. (E) R3 domain stretched as a result of héergarce exposing

the buried vinculin binding site, (F) shows the now exposed VBS with vinculin bound. Figure adapted from
(Goult, Zacharchenket al., 2013; Gough and Goult, 2018)

2.6.3 Integrin

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

WAYBHRQ AyGdSINRY I OlA S § (SBayil, KinyaRd Gingb&rdlBUI@G A y I 9

Talin also contains a second integrin binding site known as IBS2 ($HGMRE.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 confirmatiqRodiuset al., 2008; Gingrast al., 2009; Ellit

al,, 2011) The physiological role of talin binding IBS2 in mammals is unknown howeve
thought that in it may be linked to nascent adhesion formation as mutations in the region lead to
reduction in nascent adhesion clustdShangedeet al,, 2015) Interestingly in flies it has been
shown that the role of IBS2 in integrin activation isrenolear than IBS@Shattilet al., 2010; Ellis

et al, 2011)
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2.6.4 Talinrmoesin

The talin rod also binds directly (via itde@minus domain) to the FERM domain of mog@eaty

et al, 2014) Moesin is a member of the ERM famélgd contains a FERM domain. Moesin is
localised to filopodia and helps tattach actin filaments to theplasma membranenaking itan
important protein forcellsignalling and movemeiiPearsoret al., 2000) This interaction between

talin and moesin is required for recruiting the sodium hydrogen exchanger-UNkttEadhesion

sites at invadopdia (Beatyet al., 2014) which can lead to locaéid alteration of intracellular pH

at the adhesion sites. Even a small change in pH can have a dreffestion 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
(Roétzschkeet al., 2002) Protonation can be considered a paéstnslational modification
(Schonicheret al,, 2013)and many important protein:protein interactions have been showibé
regulated by pH in this manner. One of which is the interaction between talin ABS3 and actin
(Srivastavaet al., 2008) talinl knockdown decreases the ¢gsolic pH at invadpodia and blocks
cofilin-dependant actin polymerisation which leads to instability of invadopodia and matrix
degradation(Beatyet al., 2014)

2.6.5 Talinalpha synemin could provide a link to intermediate filaments

Talin has been found to link to the actin cytoskeleton anchismpter 3it is described how talin also
forms a link to the microtubule cytoskeletorkurthermore, an interaction between the talin rod
domain and alphaynemin (an intermediate filament (IF) protein that is expressed in skeletal
muscle)(Sunet al., 2008)reveals that talin may also provide linkage to IF. This suggests that talin
could potentially ceordinate interactions between all cytoskeletal (actin, microtubuted dF)

networks.
2.6.6 Talin binds LBmotifs

An emerging, mechanism for ligands to bind to the talin rod is via Leaspertic acid (LD) binding
motifs, which are short alpha helicenteraction motifs. These hmotifs were first identified in
paxillin (Brown, Curtis and Turner, 1998hd since have been identified as crucial players in
connecting cell adhesion with cell mobility and survifamet al, 2014) LD sequences are
named because of their core amino acid sequence LDXLLxxL (where x is any amino acid) which i

made up of a hydrophobiduster with an embedded positive charged amino acid>motifs are
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recognised by Linotif binding domains (LDBD@acharchenket al., 2016)and insome cases the
same LBmotif can be recognised by different LDBBmet al.,, 2014)

Talin R8 has been identified as a LDBD and can bind to multiple LD ligands including; RIAM an
DLC1(Goult, Zacharchenkat al., 2013; Zacharchenket al, 2016) RIAM is a Raplffector

protein and has been found to have a central role in integrin activation through its ability to bind

to both talin and Rap({Leeet al., 2009; Goult, Zacharchenlat,al,, 2013; Changt al,, 2014) DLC1

is a tumour suppressor gene which is frequently inactivated during cancer and it encodes a Rho
GAP focal adhesion protein needed foFRase activation; negative regulation of RhoGTPases are
required but not entirely sufficient for tumour suppressi@riet al., 2011) TheseLDmaotifs bind

to the talin R8 domaitby helix addition, the ligand forms a helix and packs against the side of the

talin rod domain as shown RIGURR.13.
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Talin
four-helix domain

LD motif

FIGURR.13: LD LIGAND BIDNING TO TALIN ROD DOMAIN

A schenatic of an LDmotif packing against &lin helical bundleviahelix addition.

Other domains withirthe talin rod can also bind Emotifs including R3 which binds RIAM. More
recently, and discussed in this thesis, we have discovered that the R7 dorakrbow to the LD
motif in KANK (seehapter 4, this was a breakthrggh for the understanding of LDotifs and
identifying that LBmotifs could bind to fivenelix bundles in talin. This was a critical realisation, as
it opens up the possibility that emgtalin rod domain has the potential bfinding to an LBnotif.
Talin has the possibility to bind numerous LD thiimding motifs making the talin rod act as a

signalling hul{Goult, Yan and Schwartz, 2018)
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FIGURR.14: DOMAIN STRUCTURE OF TALIN1 SHOWIN®UTAEION 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 mechanesensing

properties

When describing vinculin binding to taliS€gction:2.6.2) it was revealed that talin had multiple
layers of folding, and the vinculin binding site was omjyased on talin when talin was under force.
2SS Rdzoo6SR (GKS&S YdzZ GALX S tF&8SNR WilftAya €I @&
feature of talin as a mechanosensor. Talin has the ability to mask binding sites at certain times

allowing talin torespond to different signals within the cell.

FIGURE.12A shows a schematic representation of autoinhibited talin, here it maintains a compact
globular shape and is found in the cyto$Gloksoyet al, 2008; Goulet al,, 2009; Bannet al,,
2012; Songet al, 2012) The autoinhibited state is achieved through interaction between the
FERM F3 sutbomain and the talin rod domain R9. The process by whichtheaiction 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
I dzi 2 A Y KA O A (A 2(Bchiameé falgd 2036y RIAM amitevpbospholipid, PIP@Goksoy

et al, 2008) Once in an open confirmation talin takesmore of a linear confirmation as shown

in FIGURR.12B. Thisis crucial forthetalin F3sB®2 Yl Ay 060 SAy 3 I of S dil2 oA
leading to integrin activatiofAnthiset 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 nunmdr of ligands, including the kfotif containing proteins: RIAMDLC1 and
paxillin (shown irFIGURR.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 foqgglisch Force exerted

on talin causes the helical bundles to begin to unfold as showAGIRE.15B, this process also
simultaneously destroys binding sites on the surface of helical bundles. For example, if RIAM
activates tdin and helps translocate it to thplasma membraneit would then no be longer
requiredto bind to talin and so through unfolding the taliomainis repurposed for alternative

functions.
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FIGURR.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 begifoddo
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 it all thirteen of the talin rod domains can be unravelled when mechanical
force is appliedYaoet al, 2016)and the structural stability of each of the helicalrolles is
different, resulting in some domains unfolding at lower force than others. This difference is due to
talin having both fowhelix and fivehelix bundles; fouhelix bundles have a lower stability and can
unravel at lower force than fivhelix burdles(Yaoet al, 2014; Yaret al,, 2015) Talin domains
R2,R3,R4and R8arefdUSt AE o0dzy Rt Sa | yR 27T ¢BKJHBA (o RRY
the talin rod unfolding at 5 pNYaoet al,, 2014, 2016)

Force is exerted on talin when it binds to actin and the forca sihgle actomyosin contraction (5

pN) is enough to wiold R3 and reveal the VB®%aoet al, 2014) When vinculin binds to talin R3

it prevents R3 from rdolding into a helical bndle; 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 displa¢€doet al., 2014) When force is released talin
helical bundles can rold and this ability for talin to wfiold and refold is criti@l for its role as a
mechanosensor. It also allows talin to be a force buffer across theinédigrin interactions
setting a physiological force range of only a few pN across the transmission patfiaest al,

2016)
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2.8 Talin in disease

Talinlknockoutin mice was found to be embryonicalsthal (Monkleyet al., 2000) this implies

that any severe mutations or deletions of taliould also be lethal in humans. This is evidehce

by the fact that no diseaseausing mutations have been identified in talinl to ddt#mwever, talin

has a prominent role to play in cetlatrix adhegns 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(Gilmoreet al,, 1995) Several studies have revealddt talinl is overexpressed in
cancer cells and particularly in metastatic c@llssiniotis and Kyprianou, 2018n example of this

is where talinl has been found tcetsignificantly upregulated in prostate cancer compared to
normal prostate tissue which led to greater invasion and migration of the cancerous cells
(Desiniotis and Kyghou, 2011) This overexpression of talinl led oy ONB I a SR | Ol A ¢
integrin at the membranewhich was found to promote the metastatic potential in the cells. In
prostate cancer it was found thatlK 2 & LIK2 NBf [ GA2Yy 2F GFEAy &b G
integrin(Huanget al., 2009) Using a nophosphorytable mutant of the Ser425 site the activation

2 ¥, integrin could be blocked. Further understanding of talin at a molecular levelnwithi

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 (MD@&rébelet al, 2013) MDS is a rare type of blood cancer
developed through having a shortage of healthy blood cells. Talin is an integral protein in activating
0 K S sihtégtini found in platelets, which enables aggregation and spreading of platelets. In
patients with MDSi KS  ONXR { A Qls impaked and il gue to teduced talin expression
(Frobelet 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.16)(Mansoet al, 2013, 2017) Costameres are part of striated muscle and are involved
in the assembly of sarcomerédakaet al., 2015) Cardiac specific talirdnockoutmice do not
display abnormal cardiac functiqdakaet al., 2015)however, talinl is upregulated in a failing
human hear{Mansoet al., 2017) The mechanism that leads to talin isoform switching in the heart
is still not understood but it wdd appear the two isoforms play distinct roles in cardiac muscle.
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A mutation in talin2, S339Lwas found through exon sequencing to cause a -fifiger
Camptodactyly (a medical condition that causes a permanent bend in the fifth fi(iDenget al,,
2016) It seems likely to suggest that further sequencing will reeeflitionaltalin2 mutations

that are associated witlisease which will shed further light on the functions of talin2.

Laminin a2
o/l
Dystroglycans
Sarcogiycans

Sargolemma

A PINCH
@ Kindiin

FIGURR.16: TALIN IN A COSTAMERE

Diagram of a costamere which assembles to form part of the striated muscle in a heart. Talin isteigihligh
by a green box. Figure adapted fr¢gakaet al., 2015)

2.9 Talin posttranslational modifications

Proteomic studies on talin have identified many posinslational modifications and
phosphorylation sites (snmarised in(Gough and Goult, 2018) Phosphorylation sites of talin 1

were mapped in platelet cel®atnikowet al, 2005 Y R LINRP iS2YA O aiddzRASa :
network of structural and signalling proteins that assemble on integrin cytoplasmic tails) revealed

further phosphorylation sites of tali(Robertsoret al., 2015) These sites are stvn inTABLH.

Phosphorylation of adhesions protein are important for cell signalling and phosphorylation of
FERM domain proteins has been found to regulate transmembrane prof@isskita and
Yonemura, 1999) The talin FERM domain is no exception, the three most abundant
phosphorylation sites in talinl are found in the talin FERM domEiml44, Thr150 and Ser446.
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Thr144 and Thrl58refound in the FiLoop; phosphorylation of these residues has been found to
negatively regulate integrin activatiqiRatnikowet al,, 2005; B. T. Gouét al., 2010)

The rod domain also has multiple phosphorylation sites a number ohwetne stown to be Cyclin
Dependat 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
(Robertsonet 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 CDK!
(Huanget al., 2009)and in this thesis | describe novel CDK1 phosphorylation sites on the talin rod
R7 and R8 domains (sebapter §. These findings give theeginnings into understanding how

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

A further talin PTM igalpain cleavage which is noaversible. Talin has three calpain cleavage
sites as showon FIGURR.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 disabge(Francoet al, 2004)
Expression of nowleavable talin in cells blocks growth, adhesion maturation and mechanosensing
of the protein. If the cells are rescued witllin rod fragments then these functions are rescued
(Saxenat al, 2017. Interestingly, cleavage of talin at GIn4GH434 is predminantly found in

early adhesions, where adhesion turnover is very high. With adhesion turnover being regulated
through the calpain clvage of talin it would suggetihat an important function of talin is in

control of cell cycle progression via cleagag early adhesion&Saxenaet al., 2017).

Furthermore, when calpain cleaves the linker region a recognition site for E3 ubidgése |
SMURFL1 is revealéd the talin headHuanget al., 2009) SMURF1 binds to this site on thRERM
domain and this interaction leads to ubiquitination and degradation of the talin FERM domain
(Huanget al,, 2009) This degradation can be stopped byopphorylation of the residue Ser425

by CDKS5 which inhibits SMURF1 bindidganget al, 2009) This complexity arising from talin
PTMs hints at a complex sigling network where the cell finkines 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 rodlomain between residues Pro1902 and Alal9Abang, Saha and

Kashina, 2012)This site is located within the R10 helical bundle and it is not exposed untistalin i
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underforce and the helical bundle unfoldS.hiscalpaincleavagesite is regulated by arginylation
(Zhang, Saha and Kashina, 2012)

Most research on talin PTMsave 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 sequertbés information is shown iTABLEL. 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 insightypi 2 G KS RAFTFSNByOSa o0SisSSy GKS i
interest is the acetylation site on talinl R8 domain (Lys154His site is not found on talin2 but
interestingly, it would appear that in the same region on talin2 there is a glwgtation sequence
(seechapter §. 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 foundahn2.
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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

TABLHA: POSITRANSLATIONAL MODIFICATIONS IN TALIN ISOFORMS

A summary table of the known pestanslational modifications found in both talinl and talin2. For each
PTM the talin residue is listed along with the domaiisitocated and whether it is conserved in the other
talin isoform. Phosphorylation sites are frqRatnikowet al,, 2005; Robertsoet al., 2015)acetylationsites
(Choudharyet al., 2009) arginylation(Zhang, Saha and Kashi2@12) glycosylatioHagmann, Grob and
Burger, 1992and methylation(Gunawaret 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
cytoskeéton in cedmatrix adhesions. Every talin domain has been conserved over evolution giving
strong evidence that each domaimas a biological purpose and function. For some of these
domains there are defined functions and known binding ligands howeverethre 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 toalirerod domains ah
exploring the mechanism of kbotifs binding to talin. Throughidentifying newtalin interactors
we believe thiswill enable adeeper understanding of talimtegrin adhesions and shine a light on

how the different assemblies in thelt 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 an®ay crystllography. 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.

Atfter identifying the talin:KANK binding site | aim to obtain cweal 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 thalin:KANK interaction and look at how it may

affect binding of other focal adhesion proteins.

2. The identification of the talin:KANK interam taught us more about how kmotifs bind
to talin, using this information | sought to design an LD 4haiinding 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 eaquidly identify
the region of talin that binds the LiDotif.
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3. From the LD talainding motif search one of the protes identified was Cyclin Depente

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 peherinteraction.
Usingthese 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 activityJsing anin vitro kinase assay we datmined talin R7R8 is
phosphorylated by CDK1 and through phosphomimetidagenesis of the
phosphorylatedalin residue wesoughtto identify thephenotypeof talin phosphorylation

and if it links tocell adhesions.
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3.1 Materials

3.1.1 Chemicals

All chemicals were purchased frorRisherbrand;Sgma-Aldrichy Melford and BIGRADunless
specifiedin TABLR2 below. All buffers were dissolveddr.O and are listeéh TABLE below.

3.1.2 Buffers

Reagent Company

Instant Blue Expedon

Ammonium Sulphate

Cambridge Isotope Lab
15N

Glucosé?C Cambridge Isotope Lab

TABLE: CHEMICAL REAGENTS

Buffer

Componats

NiNTA Buffer A

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

NiNTA Buffer B

500 mM NacCl, 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 Bfdr pH 6.5 (1.9 g NaRQ, 0.9 g NeHPQ), 50
S Buffer A

mM NaCl, 2mM DTT

20 mM Phosphate Buffer pH 6.5 (1.9 g b@, 0.9 g NeHPQ), 1 M
S Buffer B

NaCl, 2mM DTT
S Buffer A

20 mM MES pH 6.5, 50 mM NaCl, 2mM DTT
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S Buffer B
(Crystallography)

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

NMR BuffeiSolutiorA

12.5 g N&HPQ, 7.5 g KHPQ Make to 1L

NMR BufferSolutiorB

4.0 g GHi20s,10.0 mL BED, 10.0 mL BME Vitamins, 2.0 ml Mg
(1M), 0.1 ml Cag(1M), 1.0 ml Antibiotic (1000x), 1.0dNH,CI

NMR phosphate Buffer

50 mM NacCl, 15 mM NaPQ, 6 mM NaHPQand 2 mMDTTpH 6.5

PBS

137 mM NaCl, 2.7 mM KCI, 8 mM:NRQ, and 2 mM KHPQ pH 7.4

SDS Running buffer

50 mM MOPS, 50 mM Tris Base, 0.1% SDS, 1 mM EDTA, pH 7.

5x Sample Buffer

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

TBS 50 mM TrisHCI, pH 7.6 150 mM NaCl
TBS Tween 0.1% Twee20, 50 mM Tri<Cl, pH 7.6 150 mM NacCl

10 mM TrisHCI, pH 7.4, and 150 mM NaCl contairtir@p% \\VT/vol)
BSA in TBS

Tween20 (TBST)

Transfer Buffer

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

TABLB: BUFFER COMPOSITIONS

3.1.3 Hardware andapparatus
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Laboratory Equipment Company
Advance Il 600 MHz QCI cryoprd&kmectrophotaneter 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

ClarioStaPlate Reader

BMG LABTECH

black 96 wé plates (Plate Reader)

Nunc

PrometheusNT.Plex

Nano Temper

7315 Spectrophotometer

Jenway

Weighing Scales

VWR

16R MegafugeCentrifuge

Thermo scientific

Microstar centrifuge VWR

NanoPhotometer IMPLEN

Heat block Dry Block thermostat GrantBio

pH-Meter Mettler Toledo

Pipettes Gilson

Gel Rocker GrantBio

SDSPAGE Gel tank Novex

DNA tank Gene Flow

Autoclave Classic Prestige Medical

Incushake Incubator

SciQuip

TABLE: LABORATORY EQUPIPMENT




3.1.4 Plasmids

Protein

Plasmid Vector

Description

Source

mTalinl_R1R3

pET151TOPO

Ampicillin Resistant
plasmid expressingiouse
talinl rod domains

R1,2,and 3.

Dr Ben Goult

mTalinl_R4R8

pPET151TOPO

Ampicillin Resistan
plasmid expressing mous
talinl rod domains

R4,5,6,7 and R8

DrBen Goult

mTalinl_R9R12

pET151TOPO

Ampicilin Resistant
plasmid expressingiouse
talinl rod domains

R9,10,11 and 12.

Dr Ben Goult

mTalinl_R13DD

pPET151TOPO

Ampicillin Resistan
plasmid expressing mous
talinl rod domains R1

and DD

Dr Ben Gouli

mTalinl R7

pET151TOPO

Ampicillin Resistan
plasmid expressing mous

talinl rod sub domain R7

Dr Ben Goult

mTalinl_R8

pPET151TOPO

Ampicillin Resistan
plasmid expressing mous

talinl rod sub domain R8

Dr Ben Goult

mTalinl_R7R8

pET151TOPO

Ampicillin Resistan
plasmid expressing mous
talinl rod domains R7 an

R8

Dr Ben Goult
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mTalin2_R7

pET151TOPO

Ampicillin Resistan
plasmid expressing mous

talin2 rod sub domain R7

Gene Art

mTalin2_R8

pET151TOPO

Ampicillin Resistan
plasmid expressing mous

talin2 rod subdomain R8

Gene Art

mTalin2_R7R8

pPET151TOPO

Ampicillin Resistan
plasmid expressing mous
talin2 rod domains R7 an

R8

Gene Art

mTalin2_R4RS8

pET151TOPO

Ampicillin Resistan
plasmid expressing mous
talin2 rod domains

R4,5,6,7 and R8

Gene Art

mTalin1 R7R8_S1641E

pPET151TOPO

Ampicillin Resistan
plasmid expressing moes
talinl rod domains R7 an

R8with mutation S1641E.

Gene Art

mTalinl_R7R8_KKR

pET151TOPO

Ampicillin Resistan
plasmid expressing moeas
talinl rod domains R7 an

R8with mutation KKR.

GeneArt

mTalinl_R7R8_G1404L

pPET151TOPO

Ampicillin Resistan
plasmid expressing mous
talinl rod domains R7 an

R8 with mutation G1404L

Gene Art

mTalinl_R7R8_W1630A

pET151TOPO

Ampicilln Resistant
plasmid expressingiouse

talinl rod domains R7 an

Gene Art
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R8 with mutation
W1630A.

mTalinl_R7_G1404L

pET151TOPO

Ampicilin Resistant
plasmid expressingiouse
talinl rod sub dorain R7

with mutation G1404L.

Gene Art

mTalin1_R7_W1630A

pPET151TOPO

Ampicilin Resistant
plasmid expressingiouse
talinl rod sub domain R
with mutation W1630A.

Gene Art

mTalinl_R7R&\1495L

pET151TOPO

Ampicillin Resistan
plasmid expressing mous
talinl rod domains R7 an

R8 with mutationA1495L

Gene Art

mTalinl_R7R8A1495L+A1499L

pPET151TOPO

Ampicilln Resistant
plasmid expressingiouse
talinl rod domains R7 an
R8  with mutation
A1495L+A1499L.

Gene Art

mTalinl_R7S1513+A1499L

pPET151TOPO

Ampicillin Resistan
plasmid expressing mous
talinl rod domains R7 an
R8 with mutation

S1513+A1499L

Gene Art

mTalinl_R7V1540D+K1544D

pET151TOPO

Ampicillin Resistant
plasmid expressing mous
talinl rod domains R7 an
R8 with mutation

V1540D+K1544D

Gene Art
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3.2 Generalmicrobiologytechniques

3.2.1 Bacteriastrains used

¢ KNRdzZAK2dzi Y& 62N 51 pd for@lasmidIBNASrgnsforr@e8dn toanakg S NJ
large quantitiesof DNAneeded br mammalian cell transfectigh 51 p h Aa | o2Y
Escherichia coli (d& coli strain for cloning procedurdgianahan, Jessee and Bloom, 198021

DE3 competent cells were used for protein purification
3.2.2 Makingcompetent cells

CompetentE coli cells were made from a bacterial overnight starter culture made from a single
Oz2f2ye 2F 51 ph 2NJ .[HM 59 olLydogély BrbotfLB @rarfgiovinS R 7
overnight at 37°C. The overnight culture was then diluted (1:50) into LB and grown to an OD600
of 0.50.7.

The cells were then cooled on ice for 15 minutes and pelleted at 4 °Cg8%®ixeach 50 mL of
culture, the pellets were gently reuspended in 25 mL of ie®ld 0.1 M Caghnd incubated on ice

for 30 min. Cells were collected again by centrifugation arsliended in 0.25 mL of 0.1 M GacCl
containing 25% (v/v) glycerol. Aliquots were frozen rapidly and store8DatC.

3.2.3 Makingagar plates

Agar plates are used as a selective growth media to gmelicolonies with the desired plasmid,
based on antibiotic resistance. 10 cm Agar plates are made by autoclaving 500Agér laBd
adding the desired antibiotidk@namycirb0> 3 kor Ampicillin100> 3 k)when the LBagar has
reachedan approximate temperature ofd®C. The plates are then poured under sterile conditions

and left to stand until set.
3.2.4 Transformation

50uLof DHIOH k  .cémpetent cells were thawed on ice anqiRof the required plasmid DNA

was added and gently mixed liyversion The cells and plasmid were incubated on ice for 20
minutes and then heat shocked at 42 for 60 seconds, before being placed immediately back on
ice for a further 2 minutes. 5QfL of autoclaved LB was added to the cells and they were left to

grow for 90 minutes, shaking at 200rpm at ®7. 100 L 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 lefCat 37

in an incubator overnight.
3.2.5 Plasmid DNAsolation from bacterial cells

3.2.5.1 Smallscale isolation mini prep

Thesmaltscaleisolation of plasmid DNA waerformedby picking aingle colonyrom agar plate
using a sterile pipette tip anddding to 10 mlof autoclaved LB mediaThe appropriate antibiotic

is added to the culture and then it is left shakit@@0 rpm for 1216 hours at 37C

Theovernight culture is pelleted at 4000 rpm for 3 minutd$ie QIApep Spin Miniprep kit (Qiagen)
is used and manufadegNB ND a  Awerefolnbe@and® § ALY F aYAR 5b! Bl a
of Bution Buffer (10mM Tris/HCI, pH 8.5) or water

3.2.5.2 Largescale isolation midiprep

For larger scale isolation of plasmid DNA a midipreppesformed Initially a single colgnwas

picked from an agar plate and added t001mL of autoclaved LB and Isttaking 8200 rpm for

12-16 hours at 37C. TheMidi prep kit (Qiagen) was usédy R Y I y dzF | Ol dzNBrdlD &
followed, the plasmid DNA was eluted intosi5L of buffer Bution Buffer (10mM Tris/HCI, pH 8.5)

or water.

3.3 Proteinpurification methods

3.3.1 Makinga glycerol stock

After transformation of BL21 competent cells with the required DNA plasmid, following the steps
described ingection 3.3.4. 750pL of the overnightalture were added to 30QL of filter sterilised
50% Glycerol and stored &0°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 intoautoclaved LB medialhe appropriate antibiotic is added to the cultug@mpicillin

50 ug/mL orKanamycirl00ug/mL)and then it is left shaking at 200 rpm for-18 hours at 37C
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3.3.3 Proteinexpression

Theovernight culture is then addet anautoclaved bevelled glass flas@ntaining 750 ml of LB
(dilution 1:200) Ampicillin is added to a concentration of 100 ug/nfthe flask is placed in a
rotating incubator 200 rpm at 37C, the culture is grown until cell density reaches 0.7 (this is
measured using spectrophotometer @D 600) The cel are then induced with 200MLIPTG and
left overnight at 18C.

The cells were harvested by centrifign at 4000 rpm for 20 minutes The supernatantvas
discardedand the pellet resuspended in 30 mL of NiNTA buffer A. This peitetthen stored at

-20°C or used straight away.
3.3.4 Celllysis by sonication

Cell pellets were defrosted on ice and sonicated uamiyISE 8niprep 150 sonicator to lyse the

cells and release the protein into solution. Cell pellets were placed on ia&gdrmL falcon tube.
Sonicating cycles of 30 seconds ON and 30 seconds OFF were repeated for 4 minutes. The samp
was placed into a 30 mL centrifuge tube (Oakridge) and centrifuged for 20 minutes at 20,000 rpm.

The supernatant, containing the solubleof®in, was retained and kept on ice.
3.3.5 Proteinpurification by immobilized metal affinity chromatography

All the talin construct were in pE-L51 vectors (seeable 3), which contained aisgdtag sequence
for protein purification by affinity chromatographylhe Histag has a high affinity for Niions,
which meant the protein could be purified using either aNViA column on thedKTA purifier

system or using NNTA resin beads (Thermo Fisher) in the batch method.
3.3.5.1 Batchpurification

For thebatch purifi@ation method 0.5 miof beadswvas used for every 0.5 L Bfcoliused in protein
expression The beads were equilibrated with 20 mL-NITA buffer A, by inverting the solutiorn 3

4 times and pelleting at 3000 rpm for 4 minutes. The supernatant was discandetiis step was
repeated three times. The céjlsate fromsection3.3.4wasincubated with thebeads on a roller

at room temperature for 45 minutes. They were then spun down at 3000 rpm for 4 minutes and
swernatant wagdiscarded50 [Lwas kept for SDBAGE analysis). The beads were then washed
with 20 mLNi-NTA bufferA, byinvertingthe tube 2-3 times before centrifuging at 300pm for 4
minutesand removing the supernatanthis process was repeatedtitnes. The beads werg¢hen
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poured into an empty eluting columaind the protein was el@d from the beads by adding 5 mL
of NkNTA buffer BBuffer was added 1 bat a time and 1 rifractions were collected and analysed
using SDPAGE

3.3.5.2 Ni-NTAcolumnpurification

A 5mL NNTA HiTrap HP column (GE Healthcare) was used on an AKTA system for affinity
purification of Histag proteins. Following column equilibration, using 6x column volumes-of Ni
NTA Buffer A, at a flow rate of 5mL/min, the supernatant wadddaat a flow rate of 3 mL/min,

using a peristaltic pump. Following this, 6 column volumes €™ buffer A were loaded (also
using the pump) to remove any napecific binding proteins. An additional wash cycle was run

on the AKTA mairsystemwith 6 @lumn volumes of NNTA buffer A. The protein was eluted with

a 30 mL linear gradient ofB00 mM imidazole, at a flow rate of 3 mL/min and fractions were
collected in a 96 well plate. The fractions with a peak.gtveere collected and analysed on SDS
PAGE.

3.3.6 Bufferexchange

After affinity purification using NNTA resin or columnshé protein is ina high concentration
imidazole buffer FOrTEV clegage to be successfudll imidazole must be removdtbm the buffer
(Kinsland2010) To buffer exchange, a G&sindesaltingcolumn (GE Healthcare) was used on
the AKTA. The protein sample from theMITA purification step was loaded onto the column using

a peristaltic pump at a flow rate of 3 mL/min. After this step, Q buffevas used at a flow rate of

5 mL/min to wash the column..ég 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 TEWcleavage

Purified TEV was added to the protein sample, to al fioncentration of 2 mg/mL aridcubated
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 lonexchange chromatography

lon exchange chromatography separates proteins based on differences in charge; there are two
choices of columns for ion exchanganion exchange column (Q column) or a cation exchange
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column (S column). The column was selectedebl on the Isoelectric Poi(jl) of the protein of
interest. The pis 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 mdiffenet surface
charges. The plas determinedusii 9 Et | { & Q EGasteld@etiat, hoNlatey For proteins

with a plabove 7 an S column waised and for proteins with d pelow 7 a Q column was used.

The protein sample with added TEV was spun down at 4000 rpm and temsatgnt was decanted
into a falcon tube. This was loaded omither a 5 mL HiTrap HP Q column (GE healthaaré)
mL HiTrap HP S column (GE healthcas&)g a peristaltic pump at a flow rate of 3 mL/min. Six
column volumes of (3 buffer Awere loadedhrough the pump to remove any nespecific bound
proteins. A additional wash cycle wasn from the AKTA main system, with 6 column volumes of
Q/S Buffer A, followed bya 30 mL linear gradient of-0 M NaCl for protein elution. All fractions

displayingpeaks atAoso were collected ira 96 well plate analysed on SBAGE.
3.3.9 Proteinconcentration estimation

Purified protein samplesoncentration wagjuantified using &lanoPhotometer N60/N50 ifiplen).
The proteins molecular weight and extinction coeffi¢i@rere calculated using ProtParam. The

protein concentration was calculated in mglraccording to Beetamberts Law.
3.3.10 SDSPAGHjels

Samples for SDSAGE analysis were boiled with 5x sample Buffer &36r 5 minutes
Typicallygels were made igelcassettes (Novex) with a 12 % separating component and a 4 %

stacking componentBuffers can be seenin

TABLB. SDS PAGE gels were run in ®IDBing buffer at 200.
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Separating Gel 12% Stacking Gel 4%

40 % Acrylamide 7.5 mL | 40 % Acrylamide 1.25 mL
Separating GeBuffer (1 M TriddCL Stacking Gel Budf (0.375 M TrigdCL pH

oH 8.5) 9.4 mL 6.9) 4.2 mL
10% SDS 250 pL | 10% SDS 125 pL
50% Sucrose 4 mL Water 6 mL
Water 3.3 mL | TEMED 5uL
TEMED 6.25 uL| Ammamium Persulphate 1mL
Ammonium Persulphate 625 L

TABLB: GEL CONTENTS

3.4 Biochemical methods

3.4.1 Differential scanning fluorimetry

Nano differential scanning Fluorimetry (nanoDSF) is a technique used to determine proteirystabilit
by looking for changes in intrinsic fluorescerfo@m aromatic amino acid residuesThe nanoDSF
measurements werelone with Prometheus NT.48 (NanoTemper Technologies GmbH, Munich,
Germany). The Prometheus machine measures protein folding and therafditgtof proteins
using a low sample volume capillaystem and a dye free approat®enistera, Chau and Vedad,i,

2012; Muceet al., 2017)

Purified proteins were tested in a range of buffers and at varied concentratiollan®lith NT.115
standardcapillary tube(NanoTemper)as used to pick up-2 pLof sample and was placed in the
loading tay. A starting temperature was set at®Coand measurements were taken &@minute
with fluorescent readings ta350 and 330 nm wavelengths. The ratio of fluorescence

350nm/330nm was used to plot a curve, over the scanning temperatures of the instrufent
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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 positi@t Tm) was determined(Martin, Schwarz

and Breitsprecher, 2014)

3.4.2 Fluorescence polarisation

Fluorescence polarizatiaa a method in which the binding interacatitbetween two molecules can

be measured and the binding constant determined. It works on the prie¢hmt there is a size
difference between the two molecules being measurethe smaller moleule 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 lig However,if this small molecule is tumbling quickly in
a2t dziAzy AG gAft WaONI Yot SQ K Sfthis)gniall fiNdkescSrR f A
moleculebindsto a target molecule the tumbling rate will decrease and the amountoddinsed

light will increase, shown iIRIGURB.1. This change in polarised light is measured and can be

plotted to determine a binding constant.
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FIGURB.1: FLIRESCENCE 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 quicklgnd scramble the polarisation of light bynitting at a different direction form

the incident light.
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3.4.2.1 Couplingpeptides

Synthetic peptides (shown in tHABLE below)were ordered with an additionaN-terminal or G
terminal Cyswhichallowed couplingo a fluorescent tag; BODIFYR(ThermoFisher Scientific)

or fluorescein ThermoFisher Scientific) The Cysresidue forms a dsulphide bond with the
fluorescent tagpllowing a signal for the peptide to be measumdthe plate reader. The peptides
werecoupledto thedyeusing mnn >a LISLII A RS Zor BQDIPYNIR, RGSM 6 F
TCEP (1 M stock),05% (v/v)Triton X-100. The coupling waserformedat room temperature, in

the dark, with stirring for 2 hours.

To emovethe excess of uncoupledye 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 at80°C.

3.4.2.2 Fluaescencepolarisation assay

The assay uses a 1 mM stock solution of fluorescently labelled peptide and dilutesitto 1 uM in PBS
100 plLof 1uM peptide is pipetted into the first 11 wells of a black 96 well plate (Nuh6p L of

the protein of interest(PBS buffer) isdaled to well 11, along with 1 pdf 1 mM stock solutiomf

the labelled peptide The well solution is mixed up and dowmice with a pipette and 100 phf
solution removed from well 11 and pipetted into well.10he serial dilution wasontinued all the

way down the plate until well 2; where the extra 10Dwas discarded The plateis then placed

into the plate reader (BMGABTECHCLARIOstagt room temperatureand the settings were

adjusted according to the fluorescence tag used
3.4.2.3 Calculating Kfrom binding curves

In order to determine the binding constant e fluorescencepolarisation data is entered into
GraphPadPrismv7.00 softwareand data is fitted tothenoft A Y S+ NJ 6 Ay RAyYy 3 Silj dzl
0 AYRAY ITEQENRIDY.Y
W 0aeT L
W ———— U™ 00wQQ £€06¢0Q
VC

EQUATION: ONE SITE BINDING EQUATFORFLUORESCENCE POLARISATION

Equation used to determine binding constans. Klere Y reprsents the protein concentratiorand X
represents the ligand concentratianNSis the slope of nonspecific binding in Y units divided by X units and
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Backgrounds the amount of nonspecific binding with no added ligafthebindingconstant is defined as
the amount ofligandneeded to achieve hathaximum binding at equilibriunthe Kounit is the same as X.

Peptide Sequence Supplier
KANK1 (3®8) PYFVETPYGFQLDLDFVKYVDDIQKGNTIKKLN| Biomatik
KANK1 (3®0) PYFVETPYGFQLDLDFVKYVDDIQKGNTIKKC | Biomatik
KANKZ1_4A (368) PYFVETPYGFQAAAAFVKYVDDIGKENIDPKRRHK Biomatik
KANK?2 (3561) PYSVETPYGYRLDLDFLKYVDDIEKGHTLRRC | Biomatik
KANK3 (352) PYSVETPYGFHLDLDFLKYVEEIERGPASRRC | Biomatik
KANK4 (264) PYSVETPYGFHLDLDFLKYVDDIEKGHTIKRC | Biomatik

KANK_L43A (360) PYFVETPYGFQLDADFVKYVDDIQKGNTIKKC | Biomatik

CIK1 (283297) CNHPYFNDLDNQIKKM GL Biochem
CDK1 (20@23) GDSEIDQLFRIFRALGTPC GL Biochem
CDK1 (20@32) GDSEIDQLFRIFRALGTP GL Biochem
CDK1_2A (20823) GDSEAAQLFRIFRALGTPC GL Biochem
CDK1_4A (20823) GDSEAAAAFRIFRALGTP GL Biochem
CDK1_EA FitC (2083) | FITGGDSAIDQLFRIFRALGTP GL Biochem
CDK1_EP FitC (2083) | FITGGDSPIDQLFRIFRALGTP GL Biochem
CDK1 FitC (2a#23) | FITGGDSEIDQLFRIFRALGTP GL Biochem
HSF2 (51:835) CLCELAPAPLDSDMPLLD GL Biochem
HSF2 (28305) QYPDIVIVEDDNEDEYAPVIQSGEQNC GL Biochem
SERIN2 (1591.74) CGLKPLDVAFMKAIHNK GL Biochem
DLC1 (46389) IFPELDDILYHVKGMQRIVNQWSEKC GL Biochem
RIAM (430) SEDIDQMFSTLLGEMDLLTQSLGVDTC GL Biochem

TABLE: PEPTIDE SEQUENCES
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3.4.3 Nuclear magnetic resonane&MR

3.4.3.1 Inoculatingaliquid bacterial culture n >N media

Talin constructs were transformed into BL21 cell as describeddtion3.2.4and grown in a 10
mLovernight of minimal mediaolution (10 mLSolutionA and 270 pL SolutiopBor 18 hours at
200 rpm, 37°C. SolutiorB could be adjusted according to the samjbddel needed for the
experiment; for all samples used hereN Ammonium Sulphate was added $lutionB. The
overnight solution(1:100)wasadded to500 ni flasks of autoclavee NMR SlutionAand 30 mL
SolutionB filter-sterilised through #@.2 uM Millex filter (MerckMillipore). Flasls wereincubated
with shaking at 3PC, until aa OD 600densityof 0.5 was reached).4 mMof IPTG was added to
the flask and the temperature chaed to 18C and the flasks werdeft shakingovernight. The rest

of the purification process is the same as describeskirtion3.3.
3.4.3.2 Buffer exchange

Purified proteinmustbe buffer exchanged into NMR buffer, $at the pH and salt concentration
is the same for all samples and the data can be effectively comp&nifier exchange wasarried
out using a PE10 column (GE Healthcarm®jlowingY | Y dzF | OnstdaNighdlX a

3.4.3.3 1DNMR experiments

All NMR experiments wer@erformed on aBruker Avance Ill 600 MHz NMBpectrometer
equipped withQCHP CryoProbe Purified**N labelled proteinwith 5% DO addedwas used for all
experimentsin a Shigemi tube(SigmaAldrich)final sample volume 45@L and carried outat a

temperature of 298°K

1D spectra allowed us to assess if the water suppression was sufficiehefdb experiment and
to determine if the protein sample looked an adequate concentraf@rthe experimens. It also
allowed us to determine that theddedligand waspresent in titrations. However, 1D spectra
signals are highly overlapped makutigectinterpretation of data challenging. Instead analgse

additionaldimension(**N) isintroduced and this is measudén a 2D experiment.
3.4.3.4 2D HSQCxperiments

The 2D experiment that was most used wasdretuclear single quantum correlation (HSQC)
experiment(Mori et al,, 1995) The HSQ(@nd TROS¥xperiment makes use of the fact thevery
amino acid (apart from npline) has a proton attached to the peptide bond. The experiments
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provide a correlation between the proton and the nitrogatoms thatare visalised as a peak in
the spectrum; meaning every peak capondsto an amino acid in the protein sequenc& HSQC
does also show the aromati¢'Hrotons of Trp and His residues (which are shown as a second peak

for that residue as well as the amide p&ak

To run a HSQ®e sample fronsection3.4.3.3was kept in thespectrometerat 295K and then a
2D™N,H(HSQgexperiment was carried out.p8ctra were acquired using4SQC pulse sequence
at 600MHz datawere acquired with 1024 points in the 1 H dimension over a sweep width of 10

484 Hz and 24 increments in the indire¢eN dimension over a sweep width of 4600 Hz.
3.4.3.5 2DTROS¥xperiments

For larger proteins such as the talinl R7R8 domain (32 kDa) a traasetaxation optimised
spectroscopy (TROSY) experiment was yBealvushin, Wider and Wathrich, 1998YROSY is
collected in asimilar way to a H"®N HSQC experimer#lthough; TROSYgives an increased
resolution and better sensitivity for larger proteins compared to a HSQC experiment. This increase
in resolution is acquired due to the relaxation @éatof nondecoupled HN multipletin a HSQC
experiment. FIGURB.2A shows a peaknultiplet (multiplet is what a peak representing a single
chemical shift turns into when it is coupled to other nucfer) both a large protein and a small
protein in a coupled HS@RZperiment The smalbrotein (15 kDakan beseen agour sharpsignals
whereas thdarger protein (30 kDa¥ shown asone sharp peak which is dubbed the TR@&ak,

two broadenedisemiTROE peaks and a broad peak named the alROSY peak.

The TROSY experiment works by only detecting the SIR@SY peak and avoids mixingliofour

signast (as done in a HSQC exipeent). Thisallows for a sharper peak and better peak dispersion

in experiments.FIGURB.2A demonstrates hovthere is no benefito usinga TROS¥xperiment

on smaller proteins due tmo increase in signdurthermore, hence where possible a HSQC
experiment was used. HSQC and TROSY spectrum can be compared and spectra can be overlai
it is just important to remember there is a slight $huffset with TROSY experiments equivalent to
Y3 in both ®N and'H dimensionas can be seen FIGURB.2Bwhich needs to bearrected for

before comparison.’®N, *H (TROS)¥spectra were acquired with a sensitivity enhansegjuence

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 Glepr analysis version 2.5@&/rankenet al, 2005;

Skinneret al, 2015) Protein assignments could be read directly into CCPN from the Biological
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Magnetic Resonance Bank (BMRB) allowtngy identity of each peak to bedetermined and
assigned a residue from the talin sequence. In titration epentseach spectrum was assigned
and thisallowed 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 8 SO2 Yy Rl NB  AK(H\NY.( Becoadary IsHiftb @re ®
determined whereby, Wand W, are weighting factors for théH and*N amide shifts (\W= 0.15

and W= 1)(Ayedet al., 2001; Goulet al,, 2009)
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FIGURB.2: DIFFERENCES IN TROSY AND HSQC EXPERIMENTS

(A) Peak multiplet for both a large protein and a small protein in a coupled HSQ&ieent. Blue circle
indicates TROSY peak, yellow and green identify-3&@ISY peaks and red identifies the broad peak named
the antiTROSY peak. (BfA°N HSQC (black) afiel'>N TROSY experiment (blue) indicating spectrum shift
differencesof %213 in both 5N and'H direction Figure adapted from(Facey, 2015)
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3.4.4 X-Raycrystallography

3.4.4.1 Crystallisation by hanging drop athod

Crystalswere obtained by using he hanging dropvapour diffusion techniqueat 21 °C
Crystallisation screens: Hampton crystal screen 2 (Hampton), JCSG (Molecular Dimensions), Wizar
(Molecular Dimensions) and Pact (Molecular Dimensions) were used and-XfiGach condition

was transferred into £6 well plate(Hampton Research)A Mosquito (TTPdbtech) robot was

used toproduce a 1:1 protein: well solutiodrop, whichwas then placed over the 96 wegllates

Varying concentrations of proteinesetried along with differing buffering conditions, furthermore

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

If crystals were obtainedrom a screening conditionfurther optimisation was carried out.
Optimisation was used to increase the size ofstals and improve their quality in order to
maximise diffraction quality. Optimisation was carried out in a 24 well plate (HamptonResearch)
and 500uL of well solution waased In the 24 welblatesdiffering the precipitant concentration

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

On successful growth of crystals they were harvested using a loop witltograigectant (crye
protectants contained thevell solution with additional 20% glycerol) and frozerguid nitrogen.
Diffraction dataset was collected at 100 K on beamline 103 at Diamond Light Source (Didcot, UK)
using a Pilatus3 6Metector (Dectris, Baden, Switzerland)o solve the talin:CDK1 and talin:KANK
structuresthe talinl R7R8 in complex wih DLC1 (PDHED: 5FZT) was useds a template for
molecular replacement. Moleculegplacement was carried out usilFHASE®cCoyet al.,, 2007)

and then nmanual model adjustment and refinement were performed with CQEsleyet al., no

date)and REFMA@Aurshudov, Vagin and Dodson, 199&3pectively.
3.4.5 Actin cosedimentation asay

Proteins to be used in the actin-sedimentation assay wetexpressed and purified as described
in section3.3. Purified FActin was used foexperiments and for thi&-Actin was purified from
Rabbit skeletal muscle and polymerised tadéin in 10 mMTris, 50 mMNaCl,100 >M ATP, 1
mM DTT, 1 mMMgC}, pH 7.0. Theco-sedimentation assaywere performed usin@0-> atalin
R4R8(residues 913.653) 60>M KANK 3&0 peptideand 20>M Factin. Samples weracubated

at room temperature for 60 minutes and then centrifuged muiracentrifuge(BeckmarOptima)

for 20 minutes at 100,000 rpm at®€. The supernatant was removed and mixed &l ratio with
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2-mercaptoethanol loading buffer and boiled at 95 for 10 minutes. The Pellet was mixed with
co-sed buffer (10 mMrris,50 mMNaCl, 1 mMDTT, 1 mMVgC}, pH 7.0) and 2nercaptoethanol
loading buffer in a 1:1:1 ratio and boiled at 95 for 10 minués. The supernatant and pellet

samplesvere analysed on 82% gradient SDBAGHels and stained usingdtantBlue (Expedon)

ImageJ softwareg(Ruederet al,, 2017)wasused toanalyse SDBAGH)elsand quantify theband
density of the talin R&R8 band to determine the percentage of talin in the pellet and the

supernatant.
3.4.6 Invitro kinase &say

Anin vitroKimnase assay was used to quantify the amount of phosphorylation of different purified
recombinantprotein constructs by CDK1 and cyclins: A1l andmfified recombinant GSagged
CyclinAZCDKland His-tagged CyclinBCDK1were purchased from Invitrogen ahstored in 20
mM Tris, pH 7.5, 156M NacCl, 0.5nM EDTA, 0.01%/v) Triton X100, 2mM DTT, 20%v/v)
glycerd.

30 ng of each protein was mixed with 0.1 pg of substrate (ElWiNL2) and incubated in 50 mM
HEPE®H 7.4), 150 mM NaCl, 5 mM EDTA, 5 MM 25 mM Mggl0.02% Triton X00 and 1

mM ATP at 30C (shaking 100 rprfgr 20min The reaction was stopped by adding 10 pL of 5x SDS
sample buffer and boiled at 9& for 10 minutes. A gradient SBPAGHE-12% BisTris gel (Thermo
Fisher Scientific) as loaded withthe 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 kinaseanalysis

Western blotting is a technique used to isolateladentify proteins resolved by SBFAGE. Protein
bands from the SDBAGE gel are transferred toPalyvinylidene difloride (PVDF) membrane
(Immobibn B, 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 than vitro kinaseassaySDSPAGE gels were transferred to a PVDF membrane
using a wet transferAfter transfer the membrane was wassth with 1x PBS buffer (see buffer table)
before being incubated with blocking buffer (5#6/v) BA TBS Tween) for 30 minutes at room

temperaturerocking After blocking, the membrane was washed with TBS tween and incubated
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with 1 pg/pL primary antibodyThe primanantibody was prepared in 1.5 bR (m/v) BSA in TBS

tween and added to the membrane in a sealed plastic wallet and left rocking overnigh€at 4

The membrane was then washed thrice with 3Q "BS tween (10 minutes each wash) before
incubaing with the secondary antibody The secondary antibody was prepdrén 10 mL of
blocking buffer (8 (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 washed twice With TBS Tween
andscanned using the Odyssey infrared imaging systef@@R Biosciences), and band intensities
were analysed by using Odyssey softwareCQR Biosciences)All antibodies used in these

experiments are listed iMABLEB below:

Primary Antibody Supplier Secondary Antibody Supplier
CellSignalling
Anti- MPM2(1:1000) Millipore Mouse 800(1:10,000)
Technology
Cell Signalling Cell Signalling
Anti- CDK1(1:1000) Mouse 80(0(1:10,000)
Technology Technology
Cell Signalling Thermo Fisher
Anti-HIS(1:500) Rabbit 600 (1:10,000) o
Technology Scientific
CellSignalling Cell Signalling
Anti-GST(1:500) Mouse 800 (1:10,000)
Technology Technology

TABLB: PRIMARY AND SECONDARY ANTIBODIES
3.4.7 ldentification of talin phosphorylationsites by massspectrometry

Phosphorylation sites dalinl R7R8 and talin2 R7R8 weletermined using Mass spectrometry
Thein vitrokinase assay (seection:3.4.6) was carried out vth the substrates talinl R7Ri&lin2
R7R8 and CDKJclilA2 Reaction was left for 45 minutes at 30 and stopped by adding 10 pL
5x SDS sample buffer and boiling for 10 minutes &C95

All samples were loaded onto an SDS PAGEY% Bislris gel (Termo Fisher Scientific) and
separated by running at 200 V for 60 minuté€3els were stained with Instaiglue (Expedeon) for

15 minutes, and washed in water overnight at 4T@e talinR7R&ands were cut from the gel and
processed by Hyel tryptic digst. Peptides weranalysedy LEMS/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 pminternal diameter, 1.4um particle size; Waters) over a-4tin gradient from 8 to 33%/vl
acetonitrile in 0.1% v/formic acid LGMS/MS analyses were operated in datependent mode

to automatically select peptides for fragmentation by collisinduced dissociation For
phosphoproteomic analyses, multistage activation was enabled to fragment product ions resulting
from neutral loss of phosphoric acidQuantification was performedising Progenesis HIS/MS

software
3.4.8 Cell culture techniques

3.4.8.1 Mediaandcell awlture

The growth medium used fddEKH (po ¢ OSffa &l & 5a9a o05dzZ 05002
with L-Glutamine glucose, PyridoxinEICI, NaHCPAAGE Healthcare) supplemented with 10%

of FBS (Biosera) and f@/mLgentamicin (Life Technologisvitrogen). All cells were maintained

at 37°C and 5% GO

3.4.8.2 Trypsinization and cell splitting

For my studies | required the cells to grawan adherent monolayer and required passaging when
they were 7080% confluent To resuspendcellsor split cell flask, the cells needdto be removed
from their adherent surface This was achieved usifigypsinEDTASgmaAldrich). To trypsini®,

all media was removed from the cells and the surface was gently washed WRBS. Trypsin
EDTAsigma) was added to theells and incubated at 37C for5 minutes. Cells were removed
and added to 2@nL pre-warmed media The cells were counted, and tieell suspension was then
centrifuged at 2000 rpm for 5 minute§he supernatant was carefully aspirated and the cehién

pellet resuspended ifireshmedia.
3.4.8.3 Cell ransfections

LentiX HEK293T cells (Takara Bio Inc.) were used for all experimental assays. The cells wer
transfected with the DNA&onstructs seen in table 2. T@nsfect the plasmid DNA into the HEK
293T cells, 5 ug ddNA preincubated in 500 pL of @hi-MEM (SigmaAldrich) was mixed to 500 pL

of optimum preincubated with 25 pllipofectamine 2000 (Sigmséaldrich). After 20 minutes of
incubation, the mixture was draepipetted over the seeded cells in 8 ¢m plate or 2x3 well plate.

The cells were then incubated for 24 hours at@mefore being visualised under a microscope.
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4.1 Introduction

The mebanism that targets microtubulé@MT) plusendsto grow towardsfocal adhesions (FA) at
the cell cortex has been a lostanding question. Here | look to find the missing link between
these two macromolecular assemblies afthracterisehe interaction that can regulate adhesion

turnover ard stabilise MT# their vicinity
4.1.1 Microtubules

Microtubulesform 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 fobes
approaximately 25 nm in diameter(shown inFIGURE.1A). Profilaments are made from two
globular poteins: "-tubulin andi -tubulin, which form dimersand polymerise by arranging
themselves in deadto-tail fashion This assembly results in one end of the MT being exposed
with i -tubulin and one end exposed withtubulin. Due to thisMTshave polarity, arattribute

that is critical for their function(Cooper, 2000) Theh-tubulin subunits provide a slow growing
WYAPUzR Q FyuBRulinipkoBA RS & + T a9y RKN® ¢ A y13Af (WKZE diziK 3 N
either end of the MT, iis sigrficantly more rapid at the pluend (Cooper2000) i -Tubulin binds
GTRwhichstimulates polymerisgon of the MT profilament plugnd resulting in growthMTs are

highly dynamic and arsusceptible to catastrophe, whereby the filament breaks down. MTs
growth/ catastrophe rate is influenced loiie rate of which GTP hydrolysis occ@3;P at the plus

end forms a GTP cap allowing for growth and protects the MT from catastrophe. However, GTP
can be hydrolysed to GDRhichprevents the tubulin subunits from binding tightly to the polymer

and allowghem to break awaygausing catastrophe shownMGURE.1Band loss of the GTP cap.
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FIGURE.1: THE STRUCTURE OF MICROTUBULES AND THE CYCLE OF GROWING AND SHRINKIN

(A) Schematidiagram showing the composition of a microtubutetubulin (purple) and -tubulin (blue).
(B) Thecycle of growing MT and shrinking MT through GTP hydrolysis. FigurgRachlin Dailey and
Bridgman, 1999)

4.1.2 Microtubules are found to localise to focal adhesiomsd assist in

adhesion turnover

MTs play a role in cells botthuring mitosis and interphase. Durimgitosis MTs completely
reorganise to form the mitotic spindlevhich allowsthe cell to divide into two daughter cells
(Cooperet al, 2000) Alternatively, diring interphase M3 direct their growth towards the cell
periphery via their dynamic plusnd (Howard and Hyman, 2003)A process that from very early
on has been recognised as a requirement for directional migration of (Mkslievet al., 1970)
These dramatic changes in MT organisation highlight the dynamic instability of thestistsuc

and the importance this has on cell growth and division.

In the late 1980s it was found that, in migrating cells, MTs localise nedRitkerthaler, Geiger
and Small, 1988)This interaction disghot appear to happen by chance, birtstead was a targeted
phenomenon wheeby MTs would change their growing direction in order to make connection

with FAqRinnerthaler, Geiger and Small, 1988his crostalk between FAand MTs is important
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as it directs MT growtland enablesMTs to exert their influence on cell shape and polarity in a
migratingcell (vander Vaartet al,, 2013) Furthermore, the targeting of MTs to FAs encourage FA
turnover which is critical for aell to move forward during migratio(Stehbens and Wittmann,
2012) Snce thefirst identificationof a link between MTs and FA turnoversearches have been
trying to identify the mechanism that targets MTs to FAsitolerstandwhat controls directioal

cell growth and migratioin a spatially and temporally controlled migrating cell.

The molecular mechanisms involved in adhesion disassembillgarght 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 asgEaraityy

et al,, 2005) Which then questionsvhat does control adhesion disassembly and what are the key
FA players in regulating disassembly? When looking aimegtix interactiors, two key players
activatel integrin-talin and kindlin. These proteins could both make a good converging point for

adhesion disassembly amag such MTs could hargeting FAsia oneof these proteins.

Microtubules not only regulate FA turnover busa control FA dynamics through the regulation of
endocytosis. Endocytosis is the process in which the cell can traffic inewghe cytoplasm via
vesicular transport. One way in which adhesions utilise this procedstegrinrecycling Integrin
recyclingransportsintegrins from the back of theadl (cell rear end) and recycles theaithe front

of the cell (leading edgg)Caswellet al., 2008; Bridgewater, Norman and ®e&ll, 2012) This
process ccurs through clathriimediated endocytosis and uses rdhbelled endocytic
compartments(Ezrattyet al,, 2009) Clathrinmediatedendocytosis selects its @ through the

use ofadapter protein2 (AP2)this protein coats the cargo and allowslathrincage to assemble
around it Dynamin is a GTPapeotein that coats around the eck of the clathrin coated pit and
when hydrolysal causes a change in confirmation constricting the cell and allowing the break off

of the clathrin coated vesicl@e Camilli, Takei and McPherson, 1995)

MTs are often used in endocyis acting as railroads to facilitate transport of endocytic adapte
proteins (Stehbens and Wittmanr£012) MTs could also play a role megrin recyclingand
subsequent disassembly of adhesions; at the point of integrin recyitlisghoughtMTswould
already be attachetb adhesion(Stehbens and Wittmann, 2012 hese MTsouldact as railway
tracks transporting in endocytic agters such as?2, Dab2, clathrin and dynamitdowever, it
has been found thatwhen cells are treated witmocodozolga MT interfering drug) the levels of

AP2, dab2 and clathrin are not altered at adhesion giEzsattyet al., 2009)
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4.1.3 Microtubules are stabilised at the cell edge through theortical

microtubule stabilising omplex

MTs direct their growth towards the cell periphery, where, once the glus of the MT has

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

U Catastrophize and shrink
U Promoteformation of a cell protrusio
U Continueto grow parallel to the plasma membrane

U Getcaptured and stabilised at the cell cortex by -st&bilising proteins

MT capture and stabilisation at the cell cortex can be regulated bystdilising proteinsknown

as WLJ dza G A L) LONBniaSokay and) Steinisetzl. 2008)An important +TIP is the
cytoplasmic linkeassociated protein (CLAS®hich acts as rescue factand attaches MTs to the

cell cortex throughthe F 2 NV I GA 2y 2F | O2YLX SE the ETUSKdonid K S NJ
containing protein (ELK8)ander Vaartet al, 2013) These pratins are found in concentrated
plasma membrane bound patches which are tightly associated Ritkaround the cell cortex

(Lansbergemrt al., 2006; Hotteet al., 2010)

In low motility cells most MTs are found to terminate at the cell edge despithe high
concentration of the +TIP protein CLASP (rescue faotdgse vicinity(vander Vaartet al., 2013)

Thisis aninterestingobservation asin the absence of protrusions the MTEsuld be predicted to

form a bundle parallel to the cell edgiie to continued growthhowever this was not the case.

MT termination at the cell edge couldsonot be due to the cell membrane acting as a barrier to
stop growth because MTs have been proven to be fleXiBlangwynneet al, 2007) Instead it

was found that the proteirkinesin family membe21A (KIF21A) counterbalancE€d ASE activity

and inhibited MT growth at the cell cortgxanderVaartet al, 2013) KIF21A had also been
previously found to interact witlthe KANK family of proteindga KANR ankyrin repeat domain
(Kakinuma and Kiyama, 200%ANKin turn,is also known to bind to liprin mndliprinh m | G G K
cell cortex(vander Vaartet al, 2013) KIF21A, LipinMZ f @ LINX K Y! bY KI @S ¢
associate to the plasma membraste2 dzy R LJ 4§ OK LINR GSAya fefheri = ¢
this group of proteis form the cortical microtubulstabilising complex (CMSE)GURE.?2).

The CMSC stabilises MT growth at the cell peripheryamedmulate around FA but with no
overlapwith FA proteingvander Vaartet al, 2013) Further evidence shovibat KANKprotein
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was found very close to the FA assembliasing the questiomf whether it could be interacting

with anyFA proteirs.

Cortical Microtubule Stabilising Complex

7€
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FIGURE.2: THE CORTICAL MICROTUBUE STABILISING COMPLEX

A schematic diagram of the proteins involved in the CMSC (cortical microtubule stabilising complex). KANK
bindsi 2 fALINARY im @Al AGa /' m O2AfSR O2Af R2YFIAYyZ 02
and the KANK ankyrin repeat domain binding to KIF21A, which captures the microtubules and allows ELKS
I['{tx [[pi Fff {xdnésfonza G SNI | NRBdzyR GKS F2O0I f

4.1.4 KANKprotein family

The KANKamily ofproteinsare comprised of four members KANK1! b Yn® Y! by adl y
Y20AF FYR Fyl&8NAYy NBLSIG R2YFAYy&aQ FyR GKS Y
tumour suppressor gene in analysis m@hal cell carcinomgzZhuet al, 2008) Subsequent
homology search across teiman genomedentified three other proteins in the family KANK2,
KANK3 and KANKZhuet al,, 2008) All four KANK isoforms have a similar domain structure as
shown inFIGURE.3. Each isoform has a conservedekminal KN domain hich spans around 38
amino acid residuesyhich until recently had no knowmifiction(Zhuet al., 2008) Our work here
demonstrates that the KN domain plagscritical role in binding the adhesion protein talin and
through collaboration with the Akhmanova groupie describethat this interaction isthe

mechanism that links FAs to cortical microtubule stabilising complexes (CMSC).
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The KANK-@rminuscomprisesa series ofive ankyrin repeatsprecededoy an additional ankyrin
0 domain showrnn FIGURE.3; the ankyrin repeatare well conserved across the KANK fauilgt
across speciesnd are important forbinding to KIF21A(vanderVaart et al, 2013) a key

component of CMSC complexes.

The middle region of KAN&Kthe region thamliffersmostbetween the KANK isoforms aisdargely
unstructured apart from coiledoilsregions KANK1 has 3 predictemiled-coils, KAIK 2 and
KANR havetwo coiledcoils and KANK4 has just asiagle coileecoil. KANK1 and KANKa&iled-
coil 1 regionCC1)s required to bindi 2 f A LINJ (Yandenvaaktef &, 2018)

o . NoT NN
- - N MM
M O ~ o MM @ N — pa ::——c‘v -«ﬁ :: falal

2l el s e

s %%% ((},(()@ Ankyrin Repeat Domain KANK1

FIGURRE.3 SECONDARY STRUCTURE OF KANK FAMILY PROTEINS

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

regions (purple) and the ankyrin repeats (yello@®) The ankyrin repeat domaiorystal structure (PDBD:
5YBJ).
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4.1.5

To address t§

Identifying talin as a KANK binding protein

idzSadiArzy 2F 6KSGKSNIY!bY OFy

oAYyR

02

from the University of Utrecht, carried out a proteomics study for KANK1, figidgngth GFP
KANK1in HEK239T cell§he top hits for this study ashownin FIGURE.4B. One of the top hits

was talinl the onlyFAprotein present inthe proteomics datasefThis suggested that talis the

FA protein involved in the KANBZ interaction.
LINEGS2YAOa

asSi

LINB A 2dzaf &

oe

In parallel to this, we found that a talinl

200F Ay SR . Sy D2

(unpublished data) identified KANK as one of the most abundant proteins bound talBHERN
human fibroblasts (shown iIRIGURE.4A).

In order toidentify the region of KAN#esponsible for talin binding, the Akhmanova lab used-pull

downs fromHEK?293T cells, combined with mass spectromé&irghow that only theN-terminal

region of KANK1 {239)interacts with talh. Taken together, these studisgggest thatalin might

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

A
Molecular | Spectral

dentified Prateins Accession Number |\We kDa) Counts
[Talin-2 TLMZ_HUMAN 272 S0
M motif and ankyrin repeat domain-containing protein 2 [KANK2Z_HUMAM 91 L |
[feptin-2 SEFT2_HUMAN 41 17
[Cyclin-dependent kinase 1 CDK1_HUMAN 34 11
[Takin-1 TLMT HUIMSN 270 7235

B

BloGFP-KANKL Full Length Pull Down

Protein Accession Nurmber Muoscot Score  Linigue Peptide

KAMKL [FFETFE] [ EEl

KIF214 Q745G 2358 55

Liprin-f1 BaWIL £ 30

Liprin-al 013136 61 9

Talinl O8Y 480 Il2 g

LL5@ (BGS0N 150 i

BigGFP-KANK L 1-339 Pull Down

Talinl QY450 w014 T2

Talin2 oY AGE 1508 42

KAMK 1 Q14678 25 8

BloGFP-KANKL 516-1352 Pull Down

KIF214 LERFS il 10 75

KAMNK 1 Q14678 FRS5 i)
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FIGURE.4: GFPTALIN1 AND GHRANK1 PROTEOMD&ATA SETS.
(A) Data fronthe Goult and Humphries lab showing identified @&dyed talinl binding partners using mass
spectrometry. (B) Data from the Akhmanova lab showing identification of the binding partners-GfBio

tagged KANK1 from a series of gldwn assays from HEKZBBells. Proteins were identified using mass
spectrometry and data was analysed using Mascot.



4.1.6 Identifying the region ofKANK involved in interactionalin

To further define the region of KANitolved intalin bindingthe Akhmanovaroup used deletion
mapping ofKANK1 This revealed that the KN domain is essential for KAblKtalise to the=A
rim. The KN domain was identified in KANK1 as a conserved spgipningesidues 3172 (Zhu
et al,, 2008) Previously, and despite its high conservatidre tegion had n&knownfunction other
than harbouring gotential nuclear exporsequencg NEShnd nuclear localisation sigisgNLS)
which were found to contribute to nuclecytoplasmic shuttling of KANKZhuet al., 2008)

The KANK1 KN domain boundary was slightly refined 4#6838nd usd to make a series of GFP
KANKconstructs These GFRANK constructeere then transfected into Hea cellsalong with
mChaery-paxillin FAmarker).FIGURE.5 shows bothfull-length KANK1 and KANKKN constructs
localiee to FAswhereas the KN deletion (KANKKN)is, instead found to be diffuse around the
cell cortex. Mese data strongly indicatdhat the KANK KN domain is required for FA targeting.
Combined with the data obtained through proteomics whereby KANK1 binddingit is possible

that KANK1 isargeting to FAs via talin.
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GFP-KANK1 FL

FIGURE.5: KANK1 KN DOMAIN IS RESPONSIBLE FOR LOCALISATION TO FOCAL ADHESIONS

TIRFM images of live HeLa cells transiently expressingg@ed KANK1 constructs: KANK1, KANK1_KN and
KANK1KKN along with mChersgaxillin (focal adhesion marker). In these experiments, endogenous KANK1
and KANK2 were also expressed. Data adapted fBouchetet al., 2016)
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4.2 Results

With strong evidence that the KANK KN domain binds to talin, | sought to expéoneteraction

by employing aseries of biochemical and biophyaictechniques, including: Fluorescence
Polarisation (FP), Nuclear Magnetic Resonance (NMR)-Bag Xrystallography. After identifying
the individual talin domain required for the talin:KANK interaction, | used NMR to define the talin
surface to which KWK 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 interacfibis.

is of importance, as it would allow the study of the interaction inedlular environment and
improve our understanding of the combined function of talin and KANKL1 in the context of FAs. |
alsolook at how the interaction between talin and KANK1 affects binding of other FA proteins to

talin.
4.2.1 Designing KANK1 Kddmain pepide

The cell biology experiments from the Akhmanova labsdantion: 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 KNK1 synthetic peptide for binding experiments. To design the KANK1 KN peptide, a
secondary structure prediction software (PSIPRI®Des, 1999)and a KANK1 sequence alignment
across different species was carried out. PSIPRED isstag® neural network that can be used

to predict protein secondary structure based on positgpecific scoring matrices generated by
PSIBLAS{Uones, 1999) PSIPRED gives a predicted secondary strudtthnelix ,i -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 bae higher the confidence of the predicted structure.

The results of the PSIPRED analysis on human KANK1 have bedaidowearthe sequence
alignment onFIGURE.6 to highlight the region of the sequence with pietkd structure. The
algorithm shows that the Nerminal of KANKZ1 is unstructured, except between residuesi38

where it predicts at -helix (with 5060% confidence).

To highlight the areas of high conservation in the KANK1 sequemoss species BLAST search

using the KANK1 human sequer{timiprot: Q14678was performed. A BLAST query highlights
proteins from different spect sequences that have regions of similarity. This search enabled
identification of KANK1 sequences from a range of species including: Horse; Sheep; Chicken; Mous
and Human. The#érminal region of KANKAcross all specidsad a patch of high conservain

between residues 388 (human KANK1)In contrast, thesequenceconservation for the regions
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either side of30-68 was much lower Furthermore, inspection of thehighly conserved 368

sequencesevealda the presence of a putative bibotif.

30 KN Domain 68

KANK1 RRRS-

Q14678 | HUMAN SGDQDEEQRDEY FVETPYGYQLDLOFIXYVDD IQKGNT IKRLNIQRRREPSVPCPEPRTTSGQOGINTSTESLSSSNSDDNR 101
G3QRT9 | GORGO NGDCDREQRDPYFVETPYGYQLDLDFLKYVDD IQKGNT I KRLNICGRRREPSVPCPEPRTTSGOOGINTSTESLSSSNSDDNR 101
K7D878 | PANTR NGDQDEEQRDEY FVETPYGYQLDLDFLXYVDD IQKGNT I KRLNIQRRRE PSVPCPEPRTTSGQQGINTSTESLSSSNSDDNR 101
G1RB10 | NOMLE NGDODEEQRDPY FVETPYGYQLDLDFLKYVDD IQKGNT I KRLNIQRRREPSVPCPEPRTTSGQOGINTSTESLSSSNSDDNE 101
aGTNGI1 | MACMY NGDQDREQRDPYFVETPYGYQLDLDFIXYVDD IQKGNT IKRLNIQRRRE PSVPCPEPRTTSGQQGINTSTESLSSSNSDDNR 101
AOAODIRBCY|CHLSE NGDQDEEQRDEYFVETPYGYQLDLDFLKYVDD IQKGNT I KRLNIQRRREPEVPCPEPRTTSGQQGINTSTESLSSSNSDDNE 101
U3BN14 |CALJA NGDODREQRDPYFVETPYGYQLDLDFIKYVDD IQKGNT IKRLNIQRRRR PSVQCPETRTTSGOOGVNTSTESLSSSNSDDNR 101
F6Q197 | HORSE NGDHDEEHRDPYFVETPYGYQLDLDFLXYVDD IQKGNT I KXLNIQRRREPSVPCPETRATPGQQGINTSTESLSSSNSDDNR 101
W5PUMS | SHEEP NGECDREQRDPYFVETPYGYQLDLDFLKYVDD IQKGNT IKKVNIQRRREPSGPCPDSRAAPGOHGVNTSTESLSSSNSDDNR 101
G31127 |CRIGR NGDHENREQRDPYFVETPYGFQLDLDFVKYVDD IQKGNT I KRLNIQRERR PSAPCPEVRATSAHQGVNTSTESLSSSNSDDSK 101
HOVC91 | CAVPO NGDHDRGORDPYFVETPYGYQLDLDFLKYVDD IQKGNT I KXLNIQRRREPSVPCPETRVTPGOODVNTSTESLSSSNSDDNE 105
E9Q238 |MOUSE NGDHENRERRDPYFVETPYGFQLDLDFVKYVDD IQKGNT IKKLNIQRRREPSVPCPEVRAIPGHOQGVNTSTESLSSSNSDDSK 101
G1TMF1 |RABIT NGDHDEEQRDEPY FVETPYGYQLDLOFIXYVDD IQKGNT I KKLNIQRRREPSVPCSEARAAPGQQAVNTSTDSLSSSNSDDSE 52
AOALIDSPTB7|CHICK NGRDENERFYPYFVETPYGYQLDLDFLKYVDD IQKGNT IKXLNICQRRRREAVPASTSTENAGGHCGDWTSTESLS33NSDENR 108
A2CEC3 | ANRE ASERDEDERDPYCLETPYGYQLDLDFLKYVDD I ERGNT I KKLNIQREPEVVRTVPPPRSSCSGHTENTSTDSLSSSNSDECK 52

— LA :Q'..':...t..:'.lt'.::'0."::.":: “ LA '..'.t..: .
Vi A

Talin Binding LD motifs

abcdefgabedefgabedef
ICSIFPELDDILYHVKGMQRIVNQWSEX®® - DpLC1
4 SNEDIDQMFSTLLGEMDLLTQSLGV?® - RIAM
HINLSELDRLLLELNAVQHNPPGFPAD S — PAXILLIN-LD2
FYGFQLOLDFVKYVDDIQKGNTIK®® - KANK1
¥ YGYRLDLDFLKYVDDIEKGHTLR® - KANK2

FIGURE.6: CONSERVATION ALIGNMENT OF KANK1 TO DESIGN A KANK PEPTIDE

Conservation of KANK1-terminal residues using sequences from: human, gorilla, chimpanzee, gibbon,
green monkey, marmoset, horse, she€hinesehamster, guinea pig, mouse, rabbit, chicken and zebrafish.
Sequences were aligned in UniProt and all had similar secondary structure predictions (PeiRicd)s

shown above the sequence in blue. Conserved residues are highlighted by a-toseeivedamino 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 (UniPr
Q632Y3). The sequences wergradd via the LeAsp residues in the LD, interacting hydrophobic residues

are highlighted orange and additional hydrophobic residues are highlighted in purple.

4.2.1.1 KANKproteins contains anLD-Motif

LDmotifs are shorthelical proteirgprotein interaction maifs that are crucial in connecting cell
adhesion with cell motility and survivéhlamet al,, 2014) LDmotifs were first discovered over

20 years ago in the paxillin family of scaffolding prot¢Ballis, Miler and Turner, 1995with the
sequence LDxLLx§lhere x is any residue)The Nterminus of paxillirwas found tocontain five

of these LDmotifs which are highly conserved both across species, and across the paxillin

superfamily(Tumbarello, Brow and Turner, 2002)
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LDmotifs are recognized by Uinding domaingZacharchenket al, 2016)(LDBDs) LDmotifs

bind to LDbinding domais via relical addition, whereby the L-Botif forms a helical structure
which packs against thaide of ahelical bundleas shown inFIGUREL7. The core LBnotif
sequence LDxLLxxL binds to the LD recognition box via its Asp residirefomms a salt bridge
with a negatively charged residue on the LDBIDsome cases, the same LD recognition box can
recognize multiple different Lihotifs and the mechanism that distinguishesvia LDmotifs are
selective for their target molecais stillnot fully understood.Fully understanding this mechanism
isimportant, as dysfunction in LBotifs often contributes to diseases, such as cancer metastasis
and viral infections(Mitra and Schlaepfer, 2006) A more detailed discussion of kbotif

recognition is given i€hapter 5

Talin R8

LD-Binding
Domain
(LDBD)

LD motif-
DLC1/RIAM/
paxillin

e

FIGURE.7: TALIN1 R8 DOMAIN IS LD RECOGNITION BOX

A schematic of the LD recognition box on the talin R8 doranple cylinder represents an kidotif showing

how the Asp residue would bind to a charged amino acid en_.fbBD via the recotjion box. Further down

the LDmotif a second charged residue makes contact with talin in what is known as the specificity region
(Zacharchenket al., 2016)

4.2.1.2 Talin can ind LDmotifs

The first realiation of LDmotif binding to talin was found when looking at the interaction between
the protein DLC1 (Deleted in Liver Cancer 1) and {@tinharchenket al., 2016) This interaction

was mapped to the R8 domain of talin, and since then R8 has become recognised as an LDBD the
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forms a hot spot for LD binding proteins with: DLRIAM, and Paxillin all binding to the domai
The best studied mode of kidotif recognition is via binding to four helix bundlgtoellereret al.,
2003) FIGURE.6 shows an alignmeraf the known talinbinding LBmotif proteinsidentified to

date and aligns the KANK1 KN domain with the canonical LDXLLxxL motifandliiss was
interesting as it shows that the KANKL1 region does not quite fictresensud. DXLLxxL motif of
other LD binding proteins; the KANK sequences have an additional charged Asp residue in place o
the hydrophobic residues found in the other sequesc This extra Asp residue comes because of
an LDLD motif found in KANKs sequemd@ch 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. Howevethe rest of the KAK sequence looked to fit the kbotif pattern and

so we concluded the ANK KN domain did include an-iiotif. This led us to hypothesize that
KANK would bind to the talin R8 domain where the othemidiifs have been found to bind to
talin. A series o0KANK1 peptide weredesignedencompassing theotential LBmotif predicted

to bind to talin The constructs differed slightly in lengtiith the hopethey would narrow down

the talin-bindingsite; peptides are shown iFIGURE.8.
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FIGURE.8: BIOCHEMICAL CHARACTERISATION OF KANK BINDING TO TALIN

(A-B) Binding of BODIPWIR labelled KANK1(2®8)C peptide to talinl R7R8 (138553), talin2 R7R8
(13601656) and Tahl R7 (135# ¢ p o 1586} was measured using fluorescence polarization. BODIPY
¢taw fFoStftSR ¢C{upy LISLIWGARS 41 a dzaSR lFa | yS3rIi
interactions are indicated in the legend. All measurements were pd in triplicate. ND, not determined.

(C) helical prediction of KANK peptide based on the DCL1 peptidé@PRE T) KANK1 -80 residues were
threaded onto the DLC1 helix using PyMiDt the designed peptides for FP: KANK:5BGG, KANK1 368C

and KAIK1 4168C (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 talitKANK

interaction

To investigate if talin R8 was the binding domain for KANKLiseé the designeiumanKANK1
synthetic peptidd KANKB0-68C) shown ilFIGURE.8C. A Gterminalcysteine residue was added
to the peptide toallow coupling to a fluorescent lab€erlo test the relative binding affinities, &m
vitro fluorescence pdarization (FP) assay was usdd the assay, the KANK1-88C peptide was
coupled to BODIRYMR (see material and methdchapter 3 and titrated against an increasing
concentration of talinl (residues 1388653 or talin2 (residues 1360656) An increase in FP
signalgenerates a binding curve thabrresponds to binding of the peptide and protethg FP
binding curve was fitted to a binding equation (see materials and me@ioapter 3 to obtain
dissociationconstant,Ko. FIGURE.8 shows the binding data for talinl R7R8 domain with the
KANK1 3®8C peptide. FIGURE.8A, shows that talinl binds KANK1 wittkeof n @t p >a I
talin2 withkom ®H > a @ L y ( Sridsaindlay gifiity ®FKANKK forialindnuztes KANK

the strongest talirbinder identified so far.

To confirm if talin R8 was the KANK binding domain, the same FP assay was used with individua
domains R7 (residues 136653 n m n¢i586) and R8 (residues 146%80)(FIGURE.8B). This

gavea surprising resuk KANK1 bound to talinl R7 wittka2 ¥ nonly=barely to the R8 domain

(Ko nd, data not shown), revealing thdtis actually the talin R7 domain that contains the major
KANK binding siteThe 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 bdx in R8
This was unanticipated because evidencé Bimotifs binding to 5helix bundles hadot yet been
reported. This findingshows KANIKS binding to talin in a novebinding site, and talin R7 could be
anew talin LD binding domaihDBL).

4.2.3 Chemicakhift mappng of talinlR7R8 domain with KANK peptide

To explore the talilKANKL1 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 sftts can beusedto determine thebindingsite and in some cases the affinity of

the ligand. Typidly for chemical shift mappintdH>N HSQC dH*N TROSY experimesdre used

(see materials and method3.4.3.49 and the proteinis expressed with at’N label such a®N
ammonium sulphate.The HSQ@nd TROSY experiment makes use of the fact that every amino

acid (apart from Pro) has a proton (hydrogen) attached to the peptide bon&l€2dREB.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; meanienery peak correlate® an amino acid in the protein sequence.

'H - *N HSQC
R
[ N Ca c |
(RS  Ha o |

|

FIGURE.9: 'H!>N HSQC CORRELATION BETWEEN THE PROTON AND THE NITROGEN ATOM

Schematic diagram showitige correlation between nitrogen and proh atoms in a amino acid that a HSQC
and TROSMeasure

5N-labeled talinl R7R8 (residsid 3571653) were expressed and purified for Né&e materials

and methods3.4.3.1 A™ TROSY spectrum of talinl R7R8 (80 pMEKFIGURE.10) showed

good peak digersion indicating the talinl R7R8 domain was folded as reported previ@isigras

et al, 2010) The addition of the KANK1 peptide-88C to talinIR7R8 at a ratio of 3:1 (bll@GURE

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 maintainedgrnifisant number of

peaks that shifted upon addition of KANK1revéound to be in slow exchangehich on the NMR

shift timescale is indicative of a tight interactiocomplementing the M Ko 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 bottstates thatis vsualised 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 whichtalin peaks had shiftedvhen KANK peptide was adddéde talin:KANK
spectrum was overlaid with tim1l R7 spectrum (data not shown). This showed that the large
majority of the peakghat shifted were h the talin R7 peaks, there were some smaller shifts
recorded on R8 talin peaks. Tboleemicalshift changeson the R8 domain were in fast exchange,
which on the NMR timescale is indicative of a weak binding interaction sinoisorting the finding

that the KANK peptide binds weakly to &&lthat R7 is the main KANK binding site.
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FIGURE.10: >N TROSYMR TITRATION TALIN1 R7R8 AND KANI6BGWEPTIDE

(A)H >N TROSY spectra of 80 dM-labelledtalinl R7R8 (residues 138653 in the absence (black) or
presence of KANK1(868)C peptide (blue) at a ratio of 1:@) Shows a zoomed in region of spedi#a
(highlighted by the black byshowingslow exchangef peakswhen the KANK1 peptide has been added.
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4.2.4 Chemicakhift mapping of talinlR7 domain with KANK peptide

To identify where on the R7 domain the KANK was interaetiilg HSQC titration wasacried out

on the single talinl R7135%1653 n m n¢i586) °N-labelledtalinl R7 was titrated against
increasing concentrations of the KANK16BL peptide The overall spectra are shownmiGURE

4.11A, with talinl R7 on its own (black) and KANKrhted 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 indivighéslk The peaks are in slow exchange

on the NMR timesda after the addition of the KANK1 #BC peptide, confirming the high affinity
between talinl RKANK1

Evidence of an R7 peak in slow exchange is shoGURE.11B. Talinl Aspl1362 (black) is found

as a sigle peak when not bound to KANKWhen KANK1 is added aD&:1 ratio ¢alin: KANK)
(green) half the talin R7 molecules are bound to KANK1 and half are in the free form which gives
rise to two Aspl362 peaks. In contrast, if the interactimre in fastexchange we would see a
single peak at the average positiohfree 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 singlekpagain but in a different position to when not bound to

KANK1.

A region of the R7 spectrum is showrFiGURE.11CandD. FIGURE.11Cshows talinl R7 (black)
with KANK1 3060C added at a ratio 1:0.5 (green) &G URE.11D KANK1 3®8C added at a ratio
1:1 (purple). FIGURE.11Chas more peaks thaRIGURE.11D as it is showing both the bound
and nonbound 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 assignments from the
Biological Magnetic Resonance Bank (BMRB) of talinl R7 were downloaded (BMRB: 19139). Th
assignments were used to assign the corresponding residue number to eacinpbakalinl R7

HSQC spectrum. For each peak the chemical shift changes on addition of KANK1 were measure
between talinl R7 on its own and talinl R7:KAKH#{ & ratio 12). This however was harder than
anticipated, as it was not clear for every tgtisak where it had shifted upon the addition of KANK1

and a confident prediction could not be made.
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FIGURE.11 >N HSQC NMR TITRATION TALIN1 R7 AND KAMIBC JTEPTIDE

(ACD) *H®™N HSQC spectra o060 uM °N-labelled talinl R7 (residues 13&§¥653 n m n-p586) in the
absence (black) or presence of KANK&6BYC peptide (blue/green/purpleBluepeaksshows al:2ratio of
talin:KANK1greenpeaksl1:0.5atio and purplepeaksl:1 ratio. Black box higtdihts residue Asp1362(B)
Shows the peak corresponding Asp1362 blackpeakis on its own, green is with KANK1-@8C peptide
added at aratio of 1:0.5 and pink is KANK1 peptide added at a ratio of THe peak splitting is evidence
that the interacton is happening in slow exchange
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To solve this problepwe needed to find a way to puhé talin:KANK interaction into faskchange

on the NMR timescaleFastexchange binding has a distinct peak traclpagern; peaksshiftin a

line upon addition obinding 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 lifkiof peak shiftallows

for more confident tracking and recognition where each peakas shifted

In preliminary characterization of the talin:KANK interaction a KANK1 peptAlK1 468 was
designed The KANK1 428 peptide did not encompassya residues beforéhe LDmotif unlike
the longer KANK1 368C 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 peptidel Bamuch weaker bindinkp (data not shown) to talin R7R8
then the 3068C 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 HSQCittation with talinl R7 (black) is shown MGURE.12A. KANK1 458
peptide was added to talinl R7 at a ratio of 6:1 (bluEhe addition of KANK peptide caused the
talin peaks to shift Talinl R7 amide chengicassignments (BMRB: 19139) were used to determine

which peaks in the HSQC had shifted and peak distances were measirgQUATION:.

Y o) Yo Yo

EQUATIONR: WEIGHTED COMBINATION OF AMBECONDARY SHIFTS

Chemicashift changesire determined using the weighted combination*bfand'>N amide secondary shifts
0k 01 Zb 0 (Berondaryshifts bré determinechereby, Wiand Wk are weighting factors for théH and
5N amide shifts (W= 0.15 and W= 1)(Ayedet al., 2001)

The shift differences for each peak in talinl R7 are showri@URE.12B; residues where the

peak shifted over 0.005 ppm are highlighted in red on the graph and also on the talinl R7R8
structure (PDBD: 5FZT) shown RIGURE.12D. Shifts over 0.005 ppm wechosen to be mapped
because it represented a significant peak shift whk&NKlwas added whiclikely correlates to

the peak being involved in bindirgy can also be due to induced conformational change upon
binding. Shifts below this rangeere not deemed significant in the taliiKANKinteraction. The

shift changes mapped to the surface of tain between helices 2 and 5 of 75 helix bundle

(talin rod helices 29 and 3GIGURE.120). Confirminghat talin R7is a newL.Dbinding domain
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A KANK1 30-68C: PYFVETPYGFQLDIDFVKYVDDIQKGNTIKKLNIQKRRKC

KANK1 42-68C: LDLDEFVKYVDDIQKGNTIKKLNIQKRRKC
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FIGURE.12: CHEMICABHIFIMAPPING OF TALIN1 R7R8 AND KANKB@&2

(A) KANK1 3®8C and KANK1 4€BC peptides aligned. (BJ,'>N HSQC spectra of 1M *N-labelledtalinl
R7 (residues 1354659k 1454¢1586) in the absence (black) or presence of KANKGR)Z peptide (blue)
at a ratio of 1:6 (Q Mappingthe chemical shift distancesf the KANK42-68 peptide with talinl Ras
detected by NMPpeaksthat shifted morethan 0.005 are highlighted in de
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FIGURRE.13: CHEMICABHIFMAPPING OFHE KANK1 BINDING SURFACE ON TALIN1 R7
Mapping of the KANK1 binding site on R7 as detected by NMR using weighted chemical shift distances,
residuesthat shifted >0.005are mapped onto the talinl R7R8 structufieighlighted in rejl
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4.2.5 Structuralcharacterisationof the talin:KANK complex

We wanted to gain an atomic structure of the talin:KANK1 interaction in order to determine which
KANKZ1 residues were interactingth talin R7 Through doing so @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 talinlR7R8:KANK1 structure

To get an atomic structure of talinl:KANK1 crystallography trials weteup with talinl R7R8
(residues 1357659) and the KANK1 &DC peptide TalinlR7R8 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 screeifHampton), JCSG (Molecular Dimensions), Wizard
(Molecular Dimensions) and Pact (Molecular DimensioAB)screens were plated at a 1:1 ratio of
protein: well solution and left at both 4 °C and 20 M crystals were found in any condition at

either temperature
4.25.2 Predictedtalin:KANKZ1 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 talinl R7R8 and the KANBAC3peptide
together. This was achieved ngithe known talinl R7R8:DLC1 structure (RE&-TZ), where the

DLC1 forms a short alpha helix when bound to talin. The DLC1 helix was used as a base and th
KANK1 peptide 368C was threaded onto the DLC1 helix using PyMOL to create a helical KN
domainstructural 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 endof the talin bundle the KANK kbotif docked, i.e. with th&N domain flipped 18@&long

the domain axis. After structural alysis of the residues involvédwas decided that the most
plausible model had the KANK Asp42 and Asp44 forming salt bridges with talin Arg1652 and
Lys1401 (respectively). We know froneyious studies in the lab that the formation of a salt bridge
with the Asp residue in an LD protein is essential for talin bin@iagharchenket al., 2016) The

final docking model is shown FIGURE.14.
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FIGURE.14: STRUCTURAL MODEL OF THE TALIN1 R7R8: KANK1 INTERACTION

(A) Talinl R7R8 structure showingethredictedbinding site of KANK 380 (green) orthe talinl R7 surface.
(B) Highlights talin1 R7 residues Trp1630 and Tyr1389 that act as molecular rulers separating helices 29 anc
36.

4.2.6 Designing KANK mutations to perturb talin:KANK1 interaction

The tdin binding site (TBS) on KANK1 is unusual, it contains lab tif which has not been
seen before in ahDmotif. In order to further investigate and confirm that the LDLD residues were
integral for talin binding, we designed a KANK1 mutant that resdothe LDLD residues and
Ydzi I 6§ SR (G KSYXANK24Amitapy A y SQa o6
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We anticipated that the substitution to alanine residues would perturb KANK binding to Tdidn
talin:KANK model shows KANK residuegi2smd Asp44 form salt bridges with talin A8§2 and
Lys1401 (respectivelyFIGURE.15 shows how aspartatenteractions position the KANK peptide

in relation to talin and allow the KANK1 hydrophobic residues to be directed between the talin
helicesto form hydrophobic interactions Mutating Asp42 and Asp44 to a neharged residue

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

KANK 4A mutant

FIGURRE.15: STRUCTURAL REVIEW KANK_4A MUTA

(A) Talinl R7 structurevith predicted KANK 30-60 (green)oound; KANK1 Asp42 and Asp44 residues are
highlighted and the talin residues predicted to form salt bridges which are integral for KANK bifing
Talinl R7 withKANK_4A peptide, KANK LDLRsidues mutated in PyMOL which demonstrates how Ala
mutations prevent the formation of salt bridges with talinl R7 and thus would prevent talin:KANK binding.
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4.2.7 Biochemicallycharacterisation of theKANKL 4A mutant

To determine if KANKIAmutation would pevent binding to talin a KANK1_4A-88C peptide
was designe®IGURE.16A, the peptide was designed to be the same length as the KARKSC
peptide and contain a-@&rminalcysteineresidue that would allow itd be coupled to a fluorescent

label

Using the FP assagoth KANK1 388C and KANK1_4A-88C peptides were titrated agains
increasing concentrations of talinl R7@®8sidues:13571653) and talin2 R7R@esidues:1360
1656) the relative binding affities measured are shown FIGURE.16B. The binding between
talin and KANK1 waompletely abolisheth bath talin isoforms when the KANKA peptide was
used, highlighting that the KANK LDLD residues are rediairdxinding to talin

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

-~ Talin1 and KANK1 30-68C (Kd 0.75 +/- 0.16)
- Taln2 and KANK1 30-68C (Kd 1 1 +/-0.16)
-~ Talin1 + KANK14A mutant (Kd Nd)
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FIGURE.16: KANK4A MUTANT PERTURBS BINDING TO TALIN

(A) Alignment of KANK1 peptides usedRP assays green highlightsrhbtif and red highlights mutation

added to sequence. (Binding of BODIF¥MRIabelledKANK1(30¢68)C and KANK1_4A (88)C petides

to talinl R7R8 (13%1653 and talin2 R7R8 (136656) 5A aa42O0A A2y Oz2yaidl yia
interactions are indicated in the legendll measurements were performed in triplicatdD, 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 KAMK1utation on talin:KANK binding
and to look for the presence of weaker binding events that may not be detectable byAP.
TROSY titration &fN labelled talinl R7R8 (residues 13853) (black) showmFIGURE.17 with
addition of KANK1_4A #BC peptide (orange) and addition of KANK168C (blue) No shifts
were observed with the addition of KANK1_gdéptide confirminghe absence of binding events
Interestingly, there was also no peak movement on the t&B residues when the KANIA
mutant was added unlike with the KANK-GBC peptidesupporting the idea that the weakANK1
binding to talin R&svia its LD domain.

To further confirm the KANK_4A mutant was effectiv€NaHSQC was carried out with teiegle

R7 talin domain FIGURRE.17 shows talinl R7 (black) with KANK168)(blue) and KANK1_4A-30

68 (orange) addedNo shifts were observed when the KANK1_4A mutant was added confirming
that the KANK_4A is aifective mutant to disrupt talin:KANKZ1 binding
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FIGURRE.17: KANK4A MUTANT PERTURBS BINDING TO TRI/RS8

(A)H >N TROSY spectra di gM >N-labelled talinl R7R8 (residues 183853) in the absene (black) or
presence of KANK1(868)C peptide (blue) at a ratio of 1:38)Shows'H,'>N TROSY spectra of 80 &M-

labelled talinl R7R8 (residues 18%853) in the absene (black) or presence of KANKA mutant peptide
(orange)at a ratio of 1:4
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4.2.8 Designingalinl R7mutants to perturbthe talin: KANK1linteraction

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 rolefué 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 peurb its mechanical properties or other interactions with adhesion proteins.

The distance between the talin R7 helices 29 andRG6JRE.19) is larger than between other
adjacent helices, both within R7 but alsoother talin bundles. Helices 29 and 36 are separated

by a distance of 80A, compared to the other helices in R7 that are orASapart. Analysis of

the structure revealed that two residues, Trp1630 on helix 36 and Tyr1389 on helix 29, are the
rea2y F2NJ GKAa KSEtAE &SLINIGAZY O ¢tKS&aS NBahi
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 anbed further due to smaller residues Ser1400, Gly1404
and Serl1411 on helix 29 and Ser1637 and Serl641 on hel*GBRE.19). These residues are
located on the inner helical surfaces and their small side shaigate 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 hydrophaobic residues to point in between the talin helices.

A key KANKZesidue that looks tdoe buryingin between the talin helices is 8. Our structural
talin:KANK1 model shows thgr®8 residue binding in the talin binding pocket described above. It
looks aghough when bound, the KANK1 Zgrresidue is in close proximity to talin Gly1404e
therefore rationalized that if Tyr48 could be prevented from engaging R7 it might disrupt the
talin:KANKZ1 interaction. To achieve this the talin Gly1404 residue was mutated to a leucine residue
Leucine residues have big side chains, we predittetit would fill the gap between thevo-talin

helices and prevent Try48 from slotting into the helical groeM&@URE.20.
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Talin1R7

Talin1 R7

FIGURE.19: STRUCTURAL ANALYCHSTAIN1 R7 TO DESIGN TALIN MUTANTS TO PERTURB KANK
INTERACTION

(A)KANK 30 peptide (greenbindingto talin R7highlighting the Tyr and Trp residues acting as molecular
rulers and keeping helices 29 and 36 at a fixed distance apar@al{BRV helices 28nd 36surfaceshowing
acidic residues (red) and basic residues (bloke)kk dotted box indicatethe conserved pockets on the talin
surfaceimportant for KANK binding(C) Rlinl R7surface with KANK 380 (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). Serl641
was of particular interest as it was identified in the 2005 paper by Ratnétoal. as a
phosphorylation site on the talin R7 domain; this residue was prediitidbe phosphorylated by

CKIll (casein kinase 2), PKC (protein Kinase C) and RSK (ribosomal $Radtmkset al., 2005)

With the location of this phosphorylation site being close to the KBiN#ing site we hypothesized

that phosphorylation of Serl641 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; Lys13ld] Lys1645Glu and Argl1652Glu (KKR). The
KKR mutant replaced thrgmsitively charged residuesshownin FIGURE.20, the talin Lys1401

and Arg1652 residues are predicted to form salt bridges with KANK Aspd®spd44. 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 KAMIg Trpm binding
into talin groove.
i. WI1630A-wSY2@Ay 3 (GKS WY2f SOdzZ I NJ NUzE SN (KU
apart.
iii. S1640E A phosphomimetiof the phosphorylation site.
iv. KKR (K401E, K1645E and R16%2Hrying to disrupt electrostatic interactions between
the KANK LD Asp42 and Asp44 residues binding to talin

The mutants weréntroduced intotalinl R7R8résidues 1357.653) forprotein solubility purposes
as creating them ithe R7 domain alonenight bedisruptive to the helical bundland prevent
appropriate folding of the protein The constructs were cloned intggBF151 expression vector

with a TEV cleavage site, to allow for removal of the-tdkp
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FIGURE.20: STRUCTURAL ANALYSIS OF DESIGNED TALIN MUTANTS TO PERTURB KANK INTERAC

(A) Talinl R7 bound to KANK1 indicating the talin residues selected for mutation to perturb the talin:KANK
interaction. The slat bridgdsetween Asp resiges 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 willtafife KANK interactions.
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4.2.9 Validatingthe structural integrity of the talinlR7R8nutants

The validation and analysis of the talin mutants is essential in ensuring that the domain integrity is
not compromisedy the modificationanda combination oféchniques was usethcluding 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 pdrifiel shown ifFIGURE.21). Thermal
stability was measured using Nanoscale Differential Scanning Fluorindago ( Temper

Technologies GmbH) sematerials and method€hapter 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 t&9and plotted

as shown ifFIGURE.21. Themaxima and minima of the first derivatives thesgves weraised

as the midpoints () of the thermal unfolding and the values are summariaedhe table in
FIGURE.21. WhilstWTtalinl R7R has a  of 47.6°C, the thermal stability of the different
mutants were mixed W1630A had a similar unfolding temperature to WA, indicating that this
particular mutation had nanajor effect on the overall stability of the helical bundi&he G140u4

mutation alsohad negligibleeffect on the stability of R7R8.

Intriguingly, he S1641E mutant appeared to stabilize the R7R8 domain, increasingtth0r3°C

The KKR mutant, however, was surprisingly unstable in solution and appeared to undergo t
unfolding events, the first being at 36G; 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 unfoldingR7, where the mutation lies, coulohfold 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 temperatqitbe values used represeitie maxima or
minima of the first derivatives of the scattering curve@/hilst most mutants had aggregation
temperatures close to th&/T R7R8 domain, the aggregation temperature for KKR mutant was
much lower, confirming its instability and indicating thhis would not be a useable mutant for
SAGKSNI 0A20KSYAOlIE lylLfeara 2N F2NJ OStf 62N
talin:KANK1 binding site
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Talin R7R8 Mutants Thermal Unfolding Curve

A 1.00 c
g Thermal
& Talin Unfolding Aggregation
a Construct| temperature |Temperature
T G1404L  [45.9°C 44.3°C
& W1630A |47.6°C 46 °C
E S1641E |50.3°C 48.4°C
KR 36.5/46.7°C 18 °C
alinl 147.6 °C 47.7°C
o alin2 49.1°C 49.5 °C
070
15 35 55 75
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FIGURE.21: THERMAL STABILITY OEINAR7R8 MUTANTS

(A-B) Thermal stability of a series of talin R7R8 (32683 constructs (Talinl, Talin2, S1641E, G1404L,
W1630A and KKRJas determined The unfolding temperature wacalculated usinthe first derivative of
thermal unfolding curves obtaed 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 datéD) SDPage gel of all talin AR8 constructs used in the
thermal stability measurements

4.2.10 Measuring thebinding affinity of KANHK to the talin mutants

To determine if the talin mutants were effective in disrupting the talin:KANK interaction, the
relative binding affinities of the talimutants and the KANK1 -88C peptide were measured using

in vitro FP assay$(GURE.22). The KANK1 368C peptide was coupled to the fluorescent label
BODIPYMRand titrated with an increasing concentratiofithe talinl R7R8 otants.

The relative binding constant showed that the S1641E mutation had a small effect on the binding
of KANK1 to talin with a measurd@ of 2.1 >M compared to the talinl R7R&T K 0.5 >M,
suggesting that the proposed phosphorylatiofithe Ser1641 residue may be playongy a minor
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role in regulating the binding of KANKZ1 to talidowever, this still represents a fofwld change
in affinity, which may be of importance and it is also possible that the Glu1641 was not a sufficient
phosphomimetic In the cell, phosphorylation ay have a larger effect on tli®/surface properties

aneffectthat is not being mimickedompletelyby a singléslusubstitution.

-~ Talin1 R7-R8 (Kd 0.5 +/-0.1)
¥~ S1641E (Kd 2.1 +/-0.4)

-&- (G1404L (Kd ND)
—_
250+

W1630A (Kd ND)
 —
o
-1
o
2
§ 200-
1=
o
Qo
§ 1501
Q
w
v
[«]
3 100
uw
0 10 20 30 40

Talin 1 R7-R8 Domain [uM]

FIGURE.22: TALINR7R8 MUTANSBINDING TO TALIN

Binding of BODIP¥YMRIabelled KANK1(2®8)C petide to talinl R7R8 (residues 133653, talinl R7R8
G1404L(residues 13§¥653), talinl R7R8 S1641E (residues ¢B86%3), and talinl R7R8 W1630A (residues
1357¢1653). Rhtive binding #inities were measured usg fluorescence @arizationand dssociation
O2yaildlyda 5 {9 0>a0 TF2N (KS .MAyniedshkn@itdviené gerférmeB in A y R
triplicate. ND, not determined

The W1630A and G1404L mutations both had striking effects on the talin:KANK interaction,
abolishing ag binding and therefore &y could not be determined This gives further confidence

in the talin:KANK structural model we predicted, it confirms the importance of the Y3104 for

the KANK1 Tyr48 to dock. G1404L and W1630A were taken forward forrfitiehemical

analysis.

NMR was used to further validate the G1404L and W1630A mutants. InifiNlyT&OSapectrum
of talinl R7R&VT, G1404L and W1630A mutants were run anglshown inFIGURE.23. Each of
the mutant specta look well dispersed and similar to the RT&B8,indicating the R7 helical bundle

has folded and is stable, supporting the thermal stability data.
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FIGURE.23: 15N TROSSPECTRA OF TRIER8 TALIN MUTANTS

(AHS ¢wh{ 6 &LIS O'NNabelleg@ BINWRTRS tresidues 188B53)(black). HSN TROSY
aLISO0 NI R-Fbeljeditalirl®7R8 G1404L (red) (residues &36%3). H SN TROSY spectra of 80
> aN-labelled talin1R7R8 W1630A (green) (residues ¢36%3)(black).
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To look at the binding of KANK1-88C with talinl R7R8 G1404L mutatftNa TROSY NMR titration
(shown inFIGURE.24) of talinl R7R@esidues 1352 653) (black) and talinl R7R8 G1404L (black)
were titrated against increasing concentrations of the KANKB&D peptide (VT blue, G1404L

red). The addition of the KANK1 8BC peptide caused shifts in théT R7R8 spectra consistent
with binding occurring, however, there were also some small shiftseilG1404L mutant spectra
Further analysis showed these shifts could be mapped to the talin R8 domain, showing that the

KANKZ1 peptide could still bivdeakly to the talinl R8 domain.

To further characterize the effects of the point mutations on R7 bigdo KANK, the G1404L and
W1630A mutations were introduced into the single talinl domainEb31653n M n¢A586),
recombinantly expressed and purifiedPN HSQC of talinTR7, G1404L and W1630A were run
to determine if the mutants affected the overall structure of the talinl R7 domdine spectra
(G1404L red, W1630A green) shownFiGURE.25 confirm the mutations did not affect the
folding of the fivehelix bundle; the peaks were well dispersed and looked similar té\hspectra
(shown in black), although a number of residues shifted in the mutants ipaoson to theWT,
presumably close to the mutation siteThe 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, aghlighted by a red circle RFIGURE.25.
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FIGURE.24: TALIN G1404L MUTANT PERTURBS BINDING TO TALIN R7

(A)*HSN TROSY spectra on the left @@ °N-labelled @lin1 R7R8 (residues 138653) in the absence

(black) or presence of KANK1¢B8)C peptide (blue) at a ratio of 1:Right spectra showdH,>N TROSY
4 LIS OG NI “m-EbelieditalinlaR7R8 G1404L mutant (residues &3639) in the absence (black) or
presence of KANK1(868)C peptide (red) at a ratio of 1:3
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FIGURE.25: 15N HSQC SPECTRA 6E TALIN R7 MUTANTS

(A) *H SN HSQGpectra 80uM N-labelled talinl R7résidues 13571653k 14541586. (BYH,'>N HSQC
spectra 80uM N-labelled talinl R7 G1404L (red) (residues 3663 k14541586). (CY}H°N HSQC
spectra 8QuM N-labelled talin1 R W1630A (green) (residues 1283653k 14541586). Red circle indicates

Trpl630residue indol peak.
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Having determined that the mutations do not affect the talin R7 structufélytitrations with

talinl R7WT, G1404L and W1630A mutants and increasingpunts of KANK1 3688C peptide

were carried out and shown IRIGURE.26. The talinl REVT peaks shiftedvhen the KANK1
peptide was added, as previously shown, demonstrating the tight interaction between KANK1 an
talinl R7WT. 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 R7ntautgith KANK1 are likely to represent

weak residual interactionas NMR can detect very weak interactions down to the nplvakge

The NMR titrations do confirttat the talin G1404L and W1630A mutants successfully perturb the
binding of KANK320-68C tathe talin R7 domain
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FIGURE.26: TALINR7MUTANTS PERTURB BINDING TO KANK1

(AMHS 1 { v/ & LIS O'NMsbeVed talinn R{residues 13571653 k14541586 in the absence

(black) or presence of KANK1¢B8)C peptide (blue) at a ratio of :@B)H®NI { v/ & LISOGNF Y wmp
labelled talinl R7 G1404L mutamegidues 13571653k 1454-1586) in the absence (black) or presence of
KANK1(3668)C peptide (red) at a ratio of L:2AC)™H®N | { v/ & LIS O i R\:labelled yalinl R7a
W1630A mutantesidues 13571653k 14541586 in the absence (black) or presence of KANKRS)JC

peptide (Green) at a ratio of 1:2
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4.2.11 Investigatingtalin binding to different KANKisoforms

All our initial experiments aimed to characterise the interaction between talin and KANK1
However, the proteomics data sétrom fibroblast cellsjor talinl, suggeste that talin could also

bind to KANK2Therefore, we sought to test whethéne other KANK isoforms were also capable

of binding to talin As described earligelGURE.3, all four isoforms of KANK have a KN doma

To predict whether they could bind to talin, human KANK isoforms were aligned to determine if
the LD region was conserved; this is showRIBURE.27. When all four human isoforms were
aligned, not all ofie 3068 residues that make up the KN domain were fully consen@dly
residues 3660 were conserved across falirisoforms, shown in redn FIGURR.27, with KANK3
being the most divergentK ANK3 had 58% segjice homology to the KANK1 KN domain whereas
KANK2 and KANK4 had 73% and 77% sequence hornfBLOAST resultslespectively, raising the

guestion of whether KANK3 will bind more weakly than the other isoforms ta talin

Due to low conservation of residees068 across all KANK isoforms | wanted to determine if
residues 6868 (shown in blue oRIGURE.27) were important for talin binding. To achieve this a
shorter KANK1 Klpeptide, with only residues 360, was é@signed shown ifFIGURE.28. The
relative binding affinities oKANK 30-60cand KANK 30-68Cto talin R7R8 were measured, using
the in vitro FPassay. Th&ANK 30-60C peptide coupled to the fluorescent labBODIPYTMR
was titrated with an increasing concentration of the taliRIR8. The results are shown MiGURE
4.28; there was not a noticeable difference in relative affinities betw&INK 3060 andKANK

30-68C, revealing that the 6@8 residues do not play a major role in the talin interaction.

FIGURE.27: KANK KN DOMAIN ALIGNMENT

Alignment of Human KANK proteins (KANK1 Q14678, KANK2 Q63Z2Y3, KANK3 Q6N¥ T35 KANIK LD
residues highlighteih green. Conserved residuase highlighted by a *, similar property amino acids are
shown by a :Red box indicates the region highly conser@8eb0 residuescross all four KANK isoforms and
the blue box indicates régn the 6068 residues not well conserved across the four isoforms.
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-o- Talin2 R7R8 and KANK1_30-68C (Kd 2.55+/- 1.2)
-# Talin2 R7R8 and KANK1_30-60C (Kd 1.66+/- 0.6)
-+ Talin2 R7R8 and KANK1_4A (Kd Nd)
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KANK1 30-68C: PYFVETPYGFQ! FVKYVDDIQKGNTIKKLNIQKRRKC
KANK1 30-60C: PYFVETPYGFQ! FVKYVDDIQKGNTIKKC

FIGURE.28: CHARACTERISING THE KANK1 KN DOMAIN BOUNDARY

Binding of BODIPWMRIabelledKANK1(3668)C and KANK1 (BD)C peptides to 2 R7R8 (1360656)
5Aa420AF0A2y O2yaidlyita p {9 6>a0 TFAINkasukeBents yareS NI O
performed in triplicate ND, not determined.

As residues 360 are highly conserved across the isoforms of KANK, narrowing down the TBS on
KANHK to residues 3660 strongly suggested thahe other isoforms of KANKay also bindalin.

To determine if the other KANK isoforms could bind to t&li®8 via theKNdomain synthetic
peptides of the other KANK isofoliiN domainsvere designed, encompassifigk S-c @®@n NS & A R
of KANK1 as shown FIGURE.29.

Relative binding affinities of the different KANK isoforms (KANKED3RANK?2 362, KANK3 32

62 and KANK4 234) and talinl and 2 R7R8 were determined usiRgassays, and the results are
shown inFIGURE.29. It is apparent that all théour KANKKN domaingan bind to talinl. KANK1

and KANK2 have similar binding affinities to both talin isoforms, whereas KANK< alstronger

affinity to talin2 than talii. KANK4 284 bound to talinl with &H ®pp >Y | YRK G f A
2F ndc >ad KERKSYNVYBYAINHR d(dFfAym wrtwy gka m >
talinl. It was unexpected that th&ANKS binding affinitwvassame as KANkKdue tothe biggest
sequential difference was between KKN and KANK3The similarity in binding highlights the

importance of theLDmotif in the talin:KANK interaction.
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A -+ Talin 1 and KANK1 30-60C (Kd 0.8 +-0.1) B~ Talin1 and KANK2 31-61C (Kd 0.84 +/-0.1)
-o- Talin2 and KANK1 30-80C (Kd 1.49 +/-0.3) -o- Talin2 and KANK2 31-61C (Kd 1 +/-0.3)
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KANK3 (32-62) PYSVETPYGFHLDLDFLKYVEEIERGPASRRC
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FIGURE.29: CHARACTERISING KANK ISOFORMENIDING TO TALIN1 R7R8 AND TALIN2 R7R8

(A-D) Binding of BODIRYMRIabelled KANK1(3660)C, KANK2{G1)C KANK(352)Cand KANK4(254)C
peptides to talinl R7R8 (135¥653) and talin2 (136€1656) measured usinfuorescence polarisatian
5A8a20A1LGA2y O2yaidlyidia 5 {9 6>a0 FAINkasukeBents yWareS NI O
performed in triplicate ND, not determined (E) Alignment of KANK4 peptides used in assay

103



4.2.12 Does the binding of KANK to talin R7 increase timait stability?

Our structural model of talin:KANK shows KANKding 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 KAl bound toR7 (a fivehelix bundle) it would become like a
six-helix bundle In literature there is little evidence of shelix bundles in nature other than those

found in virus proteins such as HNuet al,, 2012)

We know that talin is a mechanosensitive protein and if enough force i=apkn the talin R7R8
domain can be unfolded and the helical bundle formation is(@atet al, 2015; Yaet al., 2016).

If the talin R7 bundle is unfolded by force, then the KANIKding site would be lost and KANK
would no longer be able to bind to talinDoes KANKbinding to talin increase the stability of

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

To begin to address this question we initially looked at the thermal stability of talin R7R8 domain
with both KANK1 and KANK2-80C peptides Although thermal stability does not directly link to
mechanostability it would give andication of whether KANK binding was altg the talinR7R8
domains Thermal unfolding was measured usthg Prometheus softwarand the results are
shown inFIGURE.30. For both KANK1 and KANK2 peptidesdibig to talin increases the thermal
stability of talinl and talin2 R7R®mains;Tn, values in talinl and KANK2 were increased b3C10

compared to talinl R7R8 on its own
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A Talinl R7R8 and KANK Thermal Unfolding
Curve
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Talin and KANK Temperature Temperature
Talinl 49.4 °C 17.9 °C
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Talin2 KANK1 53.1°C 54.1°C
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FIGURE.30: KANK EFFECTS SILABY OF TALIN HELIX

ABjMnm >a ¢l fAYyM wTwy

YR Y! bYH

FYR ¢l fAYH wWTwy

0 KSNXI
0 M p (GDMThenfdldBd fénfpétBulie was calculated using the first derivative of

adl

thermal unfolding cures obtained using Prometheus NT.plex instrument (NanoTemper Technologies.GmbH)

(E) A table of all unfolding temperatures and aggregation temperaturesggregation temperatures

calculatedfrom first derivative of scattering data
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4.2.13 Can KANK influencéné interaction between talin and actin?

As mentioned in thentroduction (Chapter 2 talin has three actin binding sites; ABS1, ABS2 and
ABS3, which all play different roles in adhes{@tisertonet al,, 2015) ABS2 is positioneaicross

talin domains R4 and R8hownFIGURE.31C at the centre of the talin rod and provides the
tensionbearing actin connection which has been found to be crucial for focal adhesion maturation

and generating maximum traction for¢athertonet al, 2015; Kumaet al.,, 2016)

Talin ABS2 ipresent in both talin isoforms and the main binding surfaces for actin have been
narrowed down in previous actin ptdbwn experiments, showing R4 and R8 domains to be the
key helical bundles involved in the interacti¢itherton et al,, 2015) Both R4 and R8 domains
have atypically highsoelectricpoint (pl) values, compared with the other talin rod domains,
causing the surface of these domairio be positively charged ghysiological pH A positive
binding surface enables the domains to form an interaction with the negatitedyged actin;
these high pvalues are also shown on the actin binding helicesB81Rand ABJAthertonet al,,
2015)

The R7 domain is only weakly involved in actin binding but is ciadafrectly positioning the R8
domain in the ABS2 siteSince we show that KANK binds weakly to the R8 helical bundle, we
guestioned whether KANK binding to talin R¢B&8ld have an overall effect on the affinity of actin

to talin ABS2

To observe theffects that KANK had on the interaction between actin and talinl ABS2, a series of
actin pulkdown experiments were carried out using talinl R4R8 (residue< 5&8), filamentous

actin and KANK1 388C peptide Initially the percentage of actin pulled dm with talinl ABS2
wasmeasured (see materials and methddkapter 3 andvisuali®d usingSDAGE Image J was

used to measure gregcale value of the talin bands in the pellet and supernaf®utederet al.,

2017) Theintensities wereconverted into a percentagef overall talin in the supernantent and

pelletandare shown above the band on the gelfiGURE.31.

The difference in talin R4R8 -sadimentation withactin, compared to KANK:talin R4R8 co
sedimentation with actin was measured and is showRIGURE.31. The KANK1 368C peptide

is 3 KDan molecular weighso could not be visualized on an SBXSGE gelThe experiment was
carried out in triplicates and a rproducible difference in the amount of talin in the actin pellet
when KANKwas present compared to when it was absent is noticeablere talin was pulled

down when KANKwaspresent 41% compared to 29%.
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The increased ammt of talin in the pellet, when KANKS present, could be due to KANKinding

the talinl R7 domain and opening up the R7R8 structure allowing the R8 domain to be in a more
open confirmation to bind actinThe negative effect on talin:actin binding pretd if KANK bound

to talin R8 was not seen, this could be due to not enough HAWiRg added, saturation of the R7

domain had not been reached meaning that there was no KAN&und to talinl R8

A
ABS2 KANK 1:1 KANK 1:1 KANK 1:0.5 KANK 4A
S, BE3oS BES P isyipy:y. P
709% 29.1% 65.5% 34.5% 58.2% 41.8% 64.1% 359% 76.4% 23.6%
Talinl

Ra-rs W NN S G e e v

atin W WY W e W

Talin ABS2

"

R8 R9 RI10 RI11 R12 RI13 DD

FIGURE.31: TALINIKANK1 INTERACTION INCREASES ACTINS AFFINITY TO TALIN ACTIN BINDING SI

(A) Recombinant talin domain ABS2 (residues-2580) was incubated with-&ctin and KANK1 peptide,
actin was then pelleted and the supernatant (S) and pellet (P) areafysedvia SDFAGE, the percentage
of talin found in either the S or B shown above the bandActin cesedimentation assay shows that actin
binding to ABS2 is increased when KANKSD peptide is present(B) A schematic of talin actin binding
site 2, blue highlightbundlesinvolved in the interaction and yellow showsighbouringdomains (C)A full
length talin schematic highlighting the three talin actin bindingssi#td8SJABS3 across the proteigreen
helices represent vinculin binding sites.

107



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) an
a talin mutant (G1404|1 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 achieg this our collaborator Anndkhmanova from the University of the Utrecht
carried out cellular experimentasingour designed talin andKANK1 mutants.The following

sections describe the cell biology results generated with the reagents generated in this chapter.
4.3.1 Characterisatiorof KANK14A mutant in mammalian cells

Ly O2ftftF 02N GA2Y 6 A0 Kthel KANK _4A!miutknt Wasayidegtédair®d I NI
mammalianHEK293Tells b explore the importance of the talin:KANKeraction within the cell

The Utrecht group alsgeneraed: a fulllength Y! b Ym KO@AXt SORk / /-CoiE 4Al K «
Ok// wyn!' v YR I Ybt R YK /AlycoiedpbridyYdhelcoiledzoil regionof
KANK1designed to test if KANK&quiresbindingli 2 f ALINAY i m Ay 2NRSNJ T
to talin. ThehybrA R Y dzii I ywias desighef withboth the coiledcoils missing and the 4A

mutation in the KN domain incorporated.

To determine if the KANK1 mutants perturbed the talin1l:KANK1 interaction bit@ged: KANK1

WTIZ Y!bYyn!Z k/ /3 &/ / mwere doyaRsfectedwith GFRaliglyiktoi NHzO
HEK293T cellstreptavidin pulldown assays were performed showrin FIGURE.32, and these
showed thatboth the KANK1_4And the KN_4Anutantsreduced the interaction étween KANK

and talinl This corroborated my biochemicfihding that the KANK_4A mutardisruptedthe
interactionbetween talin and KANRVhilst thek CC mutant did not appear to affect the taKBANK
interactor> G KS Kk / / gn! Y ddiibitofy@ffed thar thefull Brngth B2AMEIEANAN

its own. The deletion of the coileecoil regionin the KCC 4A mutant prevented KANK1 from
localising tathe cell cortex and binding to liprinl, which can account for the difference observed

between this form of the protein and the KANK_4A mutant.

To investigate effectsf the different mutations on KANKlacalisation in the cell, HeLa cells were
depleed of endogenous KANK1 and KANKiRag sSiRNAKANK1 and KANK2 weaegeted, as they
were the two isoforms the Utrecht group found to be present in HeLa celtsamiousproteomic

studies(vander Vaartet al,, 2013) Rescue experimentsere performed with GFHRANKMWTand
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mutants FIGURE4.32B shows images taken using total internal reflectiomofescence
microscopy (TIRFMye imaging TheFL-KANKMWT strongly accumulates in cortical patchéhat

cluster around the edge dfAs, as expected. However, this clustering is absent when cells are
transfected with he FEKANK1_4A and instead KANKHispersedthroughout the cell cortex

Whilst thek CCmutant of KANKL1 localised almost entirely around FAs in the shape of tight rings,
tKS k// yn! Ydzilyd 61 a&a O2YLX SGSft & RAA&&IBNESR | N
cortex For theKN domais, the WT versiolocalised to focal adhesisrbut did not accumulate
around the edge of FA assembligsstead, it entered into focal adhesion assembligsssibly due

to the small size of the domaimThe KN_4A mutanhowever, wascompletely diffusedacrosshe

cell

The KANK1 mutants providegrther evidence that the KANK1 KN domains interaction with talin
provides an essential link for KANK1 to be recruited to focal adhesion assenifitieslifferent
KANK1 mutationalsohighlighted the importance of the different KANK domaifitey showed
that the coiledcoil region is essential for KANK to accumulatiae cell cortexwhere it interacs

g AGK f A LiN#the KN domainlisyéiRical wreatea link with talin and cluster KANK around

the focal adhesions
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FIGURE.32: CHARACTERISATIONKAINK LOCALISATION IN MAMMALOELLS

(A) Streptavidin pubdown assays with the BioGi®yged KANK1 or the indicated KANK1 mutants, co
expressed with GFRalinl in HEK293T cells, analysed by Wedbéotting with the indicated antibodies(B)
TIRFM images of live HelLa cells depleted of KANK1 and KANK2 -arpressing the indicated
siRNAresistant GHRANK1 fusions and TagR¥eillin Data from(Bouchetet al., 2016)
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4.3.2 Characterisationof talinl G1404Lmutant in mammalian cells

Ourbiochemistry data identified two talinrlR7 point mutants that could abrogate the talin1:KANK1
interaction: W1630Aand G140 ¢ 2 F dzNJi KSNJ 2 dzNJ dzy RSNAE Gl Yy RA Yy 3
to focal adhesion assemblies one of the talin mutants was chfisetnansfectionin mammalian

cells

Biochemically both the W1630A and G1404L mutations perturbed talin binding to. KiaMi€ver,

for the cellular studies G1404L was chosen over W16@1404L changes the talin binding surface

NY

YR y23 GKS R2YIAYy &a0GNHzOGdINBE KSNBIFas NBY2J

that is holding apart the two talin helices makingthe 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 extengitawet al., 2016)

4.3.2.1 Does the G1404L mutant effect focal adhesion formation?

To determine if theg51404L talin mutant had any efrget effects on focal adhesion formation or
maturation, the Akhmancw lab used Hela cells and depleted them of both endogenous talinl and
talin2 before rescuing with ouse GFRalinl orthe GFRalinl_G1404L mutantThe depletion of
talinl and talin2 resulted in near total lossAsand caused detachmeritom coversligs, which
supports the wellestablished role of talinl in focal adhesion formati@del Rioet al., 2009;
Calderwood, Campbell and Critchley, 2013; &taad.,, 2014; Yamt al., 2015) Therefore, only cells
expressing the GH@linl couldbe imaged, since thegxhibit normal attachment and spreading
FIGURE.33A shows Hela cellsxpressingGFRtalinl and GFRalin1-G1404L. FIGURE.33B-D

also showthat talinrG1404Lcan fullysupport normal cell attachment and spreadingurtherthe

numberor size of focal adhésnsis notsignificantly differenbetweentalinl WTand G1404LThis

leads to the conclusiorthat the talinl G1404L point mutation didot A y 1 SNF SNB 4 A (

functional role inFAformation.
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FIGURE.33: G1404L TALIN1 MUTANT DOES NOT AFFECT TALINS ABILITY TO FORM FOCAL ADHESIO

(A) Fluorescent factin staining(red) in HelLa cells edepleted of talinl and talin2 transfected with the
indicated GFRalinl fusions (B)Cell aregC)Focal Adhesion maber per cel(D)Focal Adhesion area in cells
treated the same way as (AXn=12 cells, 57§64 FAs analysed)in all plots: error bar, SEM; ns, non
significant, *p<0.05 Data taken from(Bouchetet al., 2016)
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4.3.2.2 Does theG1404Lmutant perturb talin:KANKinteraction in cells?

To investigate the impacof the talin mutant G1404L on the talin:KANK1 interactiaime

Akhmanova group used bioGERged talinl, &lin1-G1404L, talinl R7 and talinl R7 G1404L

constructsfor co-transfectionwith HAKANK1 in HEK293T cellStreptavidin puldown assays
were performed ad Western Blots against GFP and HAshi@vn inFIGURE.34A. The assays
show thatboth the talinl-G1404Land talinl R7 G1404hutants abrogated the interactiorwith
KANK This findindully supportsour biochemical evidenceshere we observed that recombinant
talinl R7G1404L stops bindingith KANK

Followirg pultdown assayghe Akhmanova groupsed Hel a cells witthockdownsof bothtalinl
and talin2for rescung with GFPtalinl WT and GFRalin-G1404L Following transfection, cells
wereimmunolabelledor endogenous KANK1 and imagetown inFIGURE.34B andD). KANK1
localisesaround the rim of adhesions whai'Ttalin is present but icells expressing tak®1404L,

KANK1 is no longer localised tosleAd appears to be diffuse acrabe cell

Overall,our biochemical data and the Utrecht gro@pcell datdeads to the conclusiothat it is
possible to perturb the talin:KANKZ1 interaction with a single point mutation irafi@roximately
2500 amino acid long talinl proteirAs previously discussetietpointmutation does not disrupt
talin® role in focal adhesion formatiphoweverjtabolist§ & Y ! b Yma Q [lafodnt thal &
edge of FA.
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FIGURE.34: CHARACTERISATIONTBIETALIN1 G1404L MUTANT IN.-CE

(A) Streptavidin puldown assays with the BioGi&ygedWT talinl or the indicated talin1 mutants, €o
expressed with HAXANK1 in HEK293T cells, analysed by Western blotting with the indicated anti{&Jies
Widefield fluorescence images of HelLa cealkpleted of endogenous talinl and talin2, rescued by the
expression of the wild type GR&gged mouse talinl athe G1404L mutant and labelled for endogenous
KANKZ1 bymmunofluorescence staining C)Quantification of peripheral clustering of KANK1éfisctreated

and analysed as in (E) (n=12, 6 cells per conditiBnpr bar, SEM; ***p<0.001 (D)HeLa cells cdepleted

of talinl and talin2 transfected with the indicated talinl fusions and stained for the endogenous KANK1

Data taken from{(Bouchetet al., 2016)
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4.3.3 Howdoes mislocalisation oKANK1due to perturbed talinTKANK1
binding affect otherCMS@omponents?

Disruption ofthe talin:KANK interaath prevents KANKfrom being recruited to the rim of FA
assemblies andnstead,KANKs distributedacrossthe cell Following this finding, &wanted to
explore what happens to CMSC components when KANK is no longer localised to the cell cortex or

adhesons.

For this,the Akhmanova grougnockeddown KANK1 and KANK2HieLa cellswhich resulted in

the complete abolishment oflusters ofCMSC components such asiLb&d KIF21A around the

cell cortex Rescue experiments with GRRRANK1 showed that cortical clustering of these proteins
could berestoreduponexpressiorof KANKWT (shown inFIGURE.35). However, clusteringfo

LL% and KIF21A could not be futlystoredwith the addition of eitheilGFPKANK14A, GFR CC or
GFPkCC_4A mutantsimportantly, althoughthe KANK _4A mutardid not localise to adhesions

it could still be found tawof 2 O f A & Sacrdsa thekcelud tp KANK A LINA yi.Mheo A Y R
Y ! b €C mutant localigkaround FA assemblies in ring like structytast could not bind LL5

due to mutually exclusive localisation with liprith and LL5.

The CMSC component, KIF21A, binds to KANK1 via the aefpg@it domain In contrast to LL5,
KIF21A could still localise with the! b CC iutant at the FA assembly rirdowever, overall
KIF21A localisation at the cell periphery was significantly reduced invbbthh €CYk! b €C KA

and KANK 4A compared wittANKIWT (FIGURE.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 [(L&nsbergemt al., 2006)
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FIGURE.35: KANK1 MUTANTSAECT ON CMSC COMPONENTS CLUSTERING AROUND FOCAL
ADHESIONS

(A) Wde field fluorescence images of HelLa cellsiepleted of KANK1 and KANK2 then transfected with
indicated GFFY¥ ! bY Ydzil yda ok// gynd INKSY O YRR Ya blYAwhS R F2N
KIF21A (red)magnification bars represent M. (B) Quantificiion for cell edge clustering of both CMSC
LINPGSAya [[pi 606fFO10 YR YL CHM!Emor B8sRIEMAp<QDBL, f a
Mann-Whitney U test Data taken and adapted frofBouchetet al., 2016)
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¢2 RSOSNNAYS AT RAANMzZLIGAY3T GKS GFfTAYYY!bY A
effect on CMSC localisation as the KANK mujateta cellslepletedof talinl and talin2were
rescued witheither GFPtalinl or GFP talinl G1404lFIGURRE.36 showsthat the cells rescued

with talin1 WT had both MSC component§,[ pi YR YLCHum! X Of dza G4 SNJ
However, cells rescued with GER404L tafil (deficient in KANK binding) were no longer able to
NEONHzA G [[pl FYR YLCum! G2 C! Of dza i SN&

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

FIGURE.36: TALIN G1404L MUTANT STOPS CLUSTERING OF CMSC COMPONENTS TO FOCAL ADHE

(A) Wide field fluoescence images of Hela cellsdepleted of talinl and talin2 then transfected with
indicated GFRI | £t Ay m O2y aidNHzOG 63INBSYyO | yR &,lradniicitian barg NJ S
represent 3uM. (B) Quantificationfor cell edge clustering ofbi K / a{/ LINRGSAy&a [[ p!
(red) in both cells with GHRlin1 and GFRalinl G1404Error bars, SEM; ***p<0.001, ManWhitney U test.

Data taken and adapted froiiBouchetet 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, usiogr talinl G1404L and KANK_4A mutants

For the MT studyhe Akhmanova group useddela cells due to their stereotypically round shape
(vander Vaartet al,, 2013) In Hela cells, MTs are found to grow rapidly in central parts of the cell
whereas at the cell margin (where CMSCs graoupeé vicinity of FAs), MT phends are tethered

to the cortex and exhibit much slowerayvth rate due to MT regulators; CLASP and KIF21A
(Mimori-Kiyosueet al., 2005; Drabelkt al, 2006; varder Vaartet al., 2013) These regulators are

important as they prevent MT evgrowth at the celledge, whicttauses disorder

The Utrecht groufknockeddownboth endogenous KANK1 and KANK2 from Hela cells lmefore
transfectingGFP KANKWT or GFP KANK#ZA with EB3mRFP (a microtubule pkend marker)
Additionally, knockdowns of talinl and talin2 were also performed in Hetells before cce
transfectionwith GFRtalinl WTor GFRtalinl G1404L and EBBRFP TIRFM live imaging was used
to image cellsasshownin FIGURR.37Band C The plusends of MTs, inallsexpressingalinl

and KANK/Igrew at a 6680° angle andipproximately2.5 times slower thatthe central regionof
MTs However, vien either the KANK_4A mutant or the talinl G1404L mutant were expressed
the MT central regiongvere not affected but thegrowth rate ofplusends increased anthe
characteristic growth a60-80° anglesvas no longer observethstead MTsgrewat oblique angles

to the cell margin.
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FIGURE.37: DISRIPTION OF THE TALIN:KANK INTERACTION DISORDERS MICROTUBULE PLUS EN
ORGANIZATION AT THE CELL PERIPHERY

(A) Schematic representation of the pattern oficrotubule growthin control HelLa cells and in cells with
perturbed CMSCs, based on (van der Vaart e2@l3) (B) TIRFM images of live HelLa cells depleted of both
KANK1 and KANK2 then-eppressed with siRN#esistant GFfKANK1 and EBBRFP magnification bars
represent 5uM. (C)TIRFM images of live HelLa cells depleted of talinl and talin 2 and thexpoessed

with GFPtalinl and EB3nRFPMagnification bars represent M (D) Ratio of microtubulegrowth 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(Bouchetet al., 2016)
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Thisphenotype observedith the GFPtalinl G1404L mutant fully supporsir biochemistry data

This single poinnutation, G1404lin talin1, presents powerful tool for exploring the connections
between adhesion and the microtubules as it does mb¢rfere with adhesion formation but is
sufficient to perturb CMSC clustering and through doing so induces complete disorder of the

microtubule plusendsat the cellcortex.

4.4 Conclusion

4.4.1 Doestalin nucleateCMSGsembly?

In the cell CMSC proteins have not been founctt@lescearound the FAsso what is driving them

to accumulate around the focal adhesion rim? CMSC complexes form throurginieate network

of interactions, and at the heart of this network is a trio of core proteins: KANK;drdbliprins
(Lansbergeret al, 2006; varderVaart et al, 2013; Astro and De Curtis, 2015 hese core
components can be independty recruited to the plasma membraneThe KANK mutarkCC
(FIGURE.38) was unable tosupport proper clustering of CMSC components at the cell cortex
despite being able to cocalise around FA assemblid$hesedata suggest that the liprin MIKANK1

interaction is required foCMSC recruitmerdlong with the talin:KANK1 interaction

It would seem thatthe talin:KANK interaction initiates the platfordor assembly of CMSC
components Talin acs as the seed for K¥K1 to bindvia the KN domain and in tutQANK serves
asaplaformtod AYR f ALINAY i m 0 (K&i doBanf Thi®ddwalbis o6 0.
la{/ LINRGSAya G2 | &as YThéss paEledNddrirghiin dtadlé for aréuntt (i C
10 minues at a timewhilst individual CMSC proteins are dynamic and have much shorter turnover
rates(vander Vaartet al, 2013) Additional proteins then bind to treeW LJI {, D&ufiag®&IF21A

and CLASR$T-binding proteinghat ultimately captureMTsat the CMSFIGURE.38A).

We speculate that increasing ti&ANKconcentration at the FA rim helps nucleate CMSC assembly
(FIGURE.38B). Through this nucleation, large m@molecular assemblies form around the
adhesionsl G4 G NI OGAy3a RAFFSNBYy (G YSYo NIBoGeheezadBORE) LINE
and, in turn, concentratinghe numberof CMSC proteins in the regiomhis model correlates with

data indicatinghat CMSC accumulation is reduced but abolished when PI3 kinase is inhibited
(Lansbergemt al, 2006) Most importantly this model provides the answer to a keyanswered

guestion of the last 25 yeamhat links the focal adhesion assemblies to microtubule plus®nds
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FIGURE.38: TALIN NUCLEATES CMSC ASSEMBLY BY INITIATING A SEEDING COMPLEX WITH KAN

(A) Model of how talinl directs the assembly of tloetical microtubulestabilizingcomplex in three stages

1) KANK1 binds to talin R7, 2) KANK1 cdlédA £ R2 Yl Ay O0AYyRa (G2 tALINRY | m3>
final CMSC protein®tassemble including ELKS, CLa&®8PKIF21A(B) KANKL1 binds to the rim of adhesion
O2YLX SES& | yR I OGMSC préteink tbitklawhishBeReratesa MacioiioBcular assembly
around the FA rimFigure taken fronfBouchetet al,, 2016)

4.4.2 Why is KANKept at the rim offocal adhesion8

The cell images from the Akhmanova group showest KANKIwas able to bind to talinand
localiseto focal adhesion assembliemterestingly thoughKANK1 formed a belt around the edge

of the adhesion and was not found distributed thgiuthe adhesionthis was also observed in
another KANK stud{Sunet al, 2016) FIGURE.39 shows the diffeent KANK mutants and their
abundance ghown as a measure @ifiorescencepncross a cross section of an adhesiGitGURE

4.39 showthat the only KAIK1 construchble to enter the adhesion was the small KN domain
What is keepindKANK at the rim of adhesions and ibiitlogicallyimportant that KANKR 2 S & y Q (i

enter the adhesiofd

A logical answer is that steric hindrance prevents KANKding so, whilst themaller KN domain
can easilypenetrate the dense actin core of the adhasidlhis 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 modghpublished data from the Akhmanova lab
shows thatwhen ROCK1 inhibitors are introduced in the cell theraore d an overlap between
KANK1 an&A markers ROCK1 is a key regulator in actin cytoskeleton organisation and is found
to be involved in stress fibre and adhesion formatidaekawaet al., 1999) BecauseROCK1
inhibitors would reduce the tension across the cell anchdhesions a higher overlap with FA

markers suggesthat the interaction between talin and KANK1 is im&gosensitive
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FIGURE.39: TALIN:KANK INTERACTION IS REQUIRED FOR KANK TO BE RECRUITED TO FOCAL ADHIE
RIM.

Fluorescence profile of GRPF 33 SR Y! bYmM YR Y!bY Ydzilyday Y! bYyn
TagRFpaxillin (adhesion marker) based on line scan measurement across the FA area in TIRFM images.

As mentioned inChapterChapter 2 talin is a mechanically sensitive protdivianet al,, 2015;
Kumaret al,, 2016; Yaet al, 2016) The helical bundles in the rabmain can unfold under force.
Unfolding of the R7 helical bundle would lead to the loss of the KANK bindingTsite KANK1
binding site overlaps with the ABS2 on the talin rod (betweeiRB#Athertonet 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 resultsin KANK only binding at the periphery of thadhesion 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,posttranslational modifications omr surroundingthe KANK binding site may prevent
KANK from binding talin A recogniseghosphorylation site Serl614 was found in the KANK
binding site(Gough and Goult, 201&nd air FP data showed that a phosphomimetic S1641E
causeda fourfold decrease in binding affinity for KANK&ven thoughhis didnot abolish binding

it doesweaken the interaction and it is certainly rational to suggest a PTM in this region could
disrupt binding It will be inportant in the future to test aphosphomimetic and non
phosphorystable mutantof this site in cells and look to see if a similar phenotype to the G1404L

mutant is observed.
4.4.3 KANKproteinsin disease

Mutations and deletions within the KANK proteins have been implicated with a numbrareof
genetic human disease# large deletion of KANK1 has bdeund to lead to cerebral pafsa four
generation familywith congenital cerebral palsy were found to have a 225 Kb deletion of the

ankyrin repeat domain in KANKUereret al.,, 2005)

Inactivation of genes by mutations and loss of heterozygosity (genes icontaining two different
alleles) often lead to carcinomg@kakinumeet al, 2009) Loss of heterozygosity in the KANK gene
locus has been found tbe linkedto renal cell carcinomas (RCC); this has also been reported in
other carcers includingung cancer breast cancer, pancreatic canoma and bladder cancer
(Kakinumeet al., 2009) Thesestudiesgive a clear indication that loss of KANK1 function within
the cell canlead to disease. Reduced expression of AKIK has also been reported in
myeloproliferative disorders a group of slayowing blood cancersvhereby abnormal red blood
cells are produced and accumulate in the blgqg@kinumaet al, 2009) Other diseases where
KANKs misreguated dosessive compulsive disord@¥illouret al, 2004)and autism(Vinciet al,
2007)

4.4.4 Expression of KANK family members

TABLB highlightsinformation of the different KANK isoform expression levels acdiffsrent
tissues Thesalata would suggest that KANK1 and KANK2 are the most dominant KANK isoforms
and have been found in all tissues testegdereas;KANK3 and KANK4 appear more tissue specific.

KANK1 is shown to be the predominant isoforms expressed in the heart, liver aray (dhuet
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al., 2008) KANK2 was shown to also have high expression in ki@tieybat in contrast, KANK3

and KANK4 were shown to have low expression l¢¥éiset 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 diferences between KANKiland in the future it would be interesting to introduce
knocloutsof the individual KANK isoform#d mice and study the effectd-urthermore, with the
advancement irsuperresolution microscopit could now be possible to studydhKANK isoforms

localisation in cells and determine functional aspectthefdifferent 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

TABLB: EXPRESSION LEVELS OF KANK1,2,3 AND 4 GENES

Table indicating (*) expressed and (**) highest level of expression of theratiff&k ANK isoforms from
different tissues. Data collated from Human protein afldblénet al,, 2015)and (Ztu et al,, 2008)

4.4.5 Why do humans have four KANK isoforms?

As described earlier humans have four KANK isofttAlSK 14, the originally identifiednember
was KANK1 and through a homology search acrosaumah genome three further KANK isoforms
(KANK 2, 3rad 4) were identifiedKakinumeet al., 2009) These four KANK prdtes all have a very
conservedGterminal ankyrinrepeat domain and a conservedtdrminal KN domain The only
major difference irterms of structure between the fousoforms is the coiledcoil region (CC) in

the middle of the protein KANK1 has three CC regions, KANK2 has two CC, KANK3 has two CC an
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KANK4 has one CC region as shiMAiGURE.40. These differences between the isoformgght

be providinga clue into the different functions the KANK isoforms have within the gélé first
coiled coil (CC1) in KANK1 binds to liftifvander Vaartet al., 2013)this interaction is crucial for

LL5% binding and the céocalsation of the other CMSC component§ANK2 is also shown to have

a strong association with lipfid (Luoet al,, 2016) After aligning the KANK CC regions of all KANK
isoforms in Clustal Omega, it was clear that KABIKbntained a similasequence (showiin
FIGURB.40). This suggests that KANK3 would also be ablenia toi liprin 1 and could be helping

to regulate the assembly of the CM$&lsoshowed that the KANK3 KN domain could bind to talinl
R7and, therefore,it is feasible to suggest that KANK3 could be playing a similar role to KANK1.
KANK4 does not contathis potental liprin 1 binding sequence ands a consequenceamot

recruit CMSC components to FA
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FIGURE.40: HUMAN KANK ISOFORMS COILED COIL ALIGNMENT

Schematic of the human KANK isoformé. 1Highighted in red boxes are the regions of sequence aligned
using ClustaDmega thatan be seen in the bottom panel. Residaesbe recruiting CMSC components to
FA Highlighted in green shows region of high conservation and indicates predictedi lifniimding region.

125



4.4.6 Whatis the role of thetalin:KANKinteraction in organism8

So far KANK proteins have beg@oorly studieddue to their unknown function and structurd his

is beginning to change with the recent emerging role of Kidd#ka microtubué targeting protein
(Bouchetet al, 2016)and a possible connection the regulation offorce transmission across
adhesiongSunet al., 2016) Although theKANK family is becoming more studied bistiitroand

in vivothe main study on KANK1 function comes from studie€.ielegans Unlile humans,
C.elegandiave only one isoform of KANK named VAB19, which was found to localise to-muscle
epidermalattachmentsites (Ding, 2003) For interactiorwith epidermal attachment structures
both the KN motif and the coile@doil domains a required for localisation. VAB mutants are
defective in epidermal elongatiofgrowth from embryo to larva) and muscle attachment to the
epidermis, which results in developmental arrest and subsequent embryonic letflitg, 2003)
Furthermore, the VABis required for normal epidermal actin reorganisation and VABU&nts
causedabnormal actin cytoskeletal reorganisation, preventing attaehinstructures to develop
beyond a certain stagiing, 2003)

KANKknockdownexperimentshave been reportedn zebra fishwhere the authordooked at the
roles of both KANK2 and KANKR this particular studysnockdownof KANK2 showed a nephrotic
syndrome phenotypda kidney disorder that leads forogressive rendunction decling (Geeet

al., 2015) Knockdownof KANR in zebra fish was shown to enhance cell migration and invasion
however,whilst overexpressiorof the protein inhibited thesecharacteristicdKimet al., 2018)

Cell workof the KANK family in mammals ialsostill very limited Our work with the Akhmanova
group found strong phenotypeda HeLA cellevhen thetalin:KANKnteraction was removedMT
growth at the cell cortex was no longer -codinated 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 adloesi helping to regulate the turnover of adhesions
(Bouchetet al,, 2016) Thesedata suggest that if a KAMKockout was introduced into a mammal

it would have severe effect andossiblyleadto death.

Further experiments need to be carried out to determine the importance of MT localisation to FAs
in determining cell polarisatian If the link between Faand MT was found to be critical in
determining celpolarity, then this would give more weigh the hypothesis that & ANK knock

out would be fatalin a modelorganism as ell polarity is essential in determining direction of
migration and ceordinating the migration and formation of tissues and orgatsring

embryogenesigCampanale, Sun and Montell, 2017)
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A good indication of how importadiKANHKLis in the cell is to look at known mutations found within
the KANK geneExtensive mutational studies of KANK1 have been carried oyt@ddte, whilst
missense variants and single nucleotide polymorphisms (SfdR9)efound in KANKIno KANK
deletions ornonsensemutations have been foundAlthough interestingly no SNP$iave been
found in the KANK1 KN domdlakinumaet al., 2009) indicating that a mutation in this region

couldalsobe lethal.

To investigate if thex are human mutations found on the talin KANKnding site (talin R7) the
human 1000 genome proje@Gibbset al, 2015)and the Catalogue Of Somatic Mutations In Cancer
(COSMI@Bamfordet al., 2004 were used FIGURE.41shows the SNPs across the KARiKding

site on talinl Across R7 helices 29 andtBat form the KANK binding sitthere are three SNRs
one of which i®f particular interestthe mutation ofresidue Tyr1389This residue was one of the
residues identified (along with Trp1630) to hold the helices 29 and 36 at a fixed distancarapart
was found to be crucidor talin-binding. In humansSNPs where thTyr residueds replaced by
Hisor lle can occur. The His residue igss hydrophobiand would notdisruptthe hydrophobic
core of the domain, likelpushingthe helices apartpotentially leading to KANKno longer being
able to bind alin. SNPs for this residu@y(r1389 are very rare since this highly conserved residue
across speciesind this particularmutation was found in patients with carcinomahe neximost
critical KANKexperiments are to glore the effect of KANKidnockoutin amodel organism This

will determinethe importance of the interaction and start to unlock some of the questions around

the different KANKisoforms 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.41: SINGLE NUCLEOTIDE POLYMORPHISMS FOUMNEBANIK BINDING SITE ON TALIN R7

Talinl R7 structuréPDB: 5FZT) residues highlighted in red indicate the found human f&MP&ither
COSMICrahe Human 1000 genome identifier
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5.1 Introduction

In Chapter 4 the interaction between talin and the adapter protein KAWEKSs biochemically

characterised anave identified KANK bound tealin R7viaan LBDmotif in the KANK KN domain
This KANK LDotif was the firstLDmotif found to bind to a talin fivehelix bundle(aside from

potentially RIAM binding to R11) and subsequently identified talin R7 as a new Bi?Bbemical

characterisation of this interaction has increased our untderding of LBmotifs binding to talin

and has raisedhe question: can any of the other 11 fielix tundles on the talin rod bind LD
motifs?

In this chapter strategy wasleveloped to search for novel talin intetars from proteomics data
sets in theview that dentifying rovel LDmotif interactions with talinwill give new insight into

talins role i regulating adhesion assemblies
5.1.1 Whatare LeucineAsparic acidmotifs

LeucineAsparticacid (LD) motifs are shothelicalinteraction motifs thathave been found in a
number ofadhesion proteins anthediate protein:protein interactions; they have been identified

as crucial players in connecting cell adhesion with cell motility and sugiieahet al., 2014) LD

motifs are identified through the canonical sequence LDXLLxXL (where x is any amino acid) and

were first discovered in thpaxillin family(Brown, Perrotta and Turner, 1996)
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LIM Y

LDxLLxxL

FIGURE.1: PAXILLIDOMAIN STRUCTURED KNOWN BINDING PARTNERS.

Schematic thgram of paxillin showing the proteins domain structure and highlighting the fivambf
domains(highlighted by red boxegnd LIM domainsLD1 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 arénphdated along the protein

also $iown 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 ID-Motifs

Paxillin is a large 68 kDacal adhesion adapter prein, and its biological function is to regulate
cell spreading and motilitthrough its involvementin the integrirmediated signalling pathway
(Schaller, 2001) The proteinhas multiple domains which encompaasnumber ofdifferent

protein-binding motfs.

FIGURK.1 shows the five Merminal LDmotifs (highlighted by red boxes) and fourt€@minal
double zinc finger M (lin-a, istl, mec3) domains. The protein also containsmultiple
phosphorylatedyrosine(PY), serine (PS) and threonine (PT) residues that can be phosphorylated
in response to cell adhesidhighlighted onFIGURE.1 by green circle) Phosphorylatedyrosine
residues generatedocking sites for SH2 dwin containing proteins to bind(Brown, 2004)
Furthermore,FIGURB.1 shows the multiple binding partners that can interact witte tpaxillin
domains incluchg LBmotif binding proteins, focal adhesion kinase (FAK) and vin¢8thaller,
2001)
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The fiveLDmotif domainsare named LD-5, these domainsre well conserved acroa members

of the paxillin superfamily (paxillin, H&; paxB and Leupaxin) aadrossspecies(Brown, 2004)

The paxillin LDmotifs contain a shorfeucine rich sequence; LDxXLLxxL (where x is any residue)
which has kben defined as the canonical ioibtif (Alamet al,, 2014) This sequence is found in all
five of the paxillin LD domains, apart from LD3, (which has a conserv&@\Malstead of the Leu
Asp). The motif hakeen shown to be important in mediating interactions between several
proteins central to the regulation and ewdination of the actin cytoskeletomcludingproteins

FAK and vinculiriSchaller, 2001)

Interestingly each of the paxillin Lidhotifs can bind multiple proteins for example, paxillin LD2 and
LD4 can Imid FAK and paxillin; LD1, LD2,LD4 could binthtulin(Turneret al.,, 1999) This stated

to raise questions around how the irbotifs could dictate specificityTo further investigate how

LD binding partners are interacting with LD domains the FAK:paxillin interaction was more closely
studied (Hoellereret al,, 2003) Hoellerer et glcorroborated that FAK could only bind to paxillin

via LD2and LD4 domains and this selectivity ktbibe due to modulated affinity of side chain pairing
between the paxillin LD domain and FAKvas also thought thathe length and helical propensity

of the paxillin LDmotif determined binding affinity to an Lbinding ligand. Overall it was

concludel that theLDmotif isa fairly promiscuous recognition sequence
5.1.2 LeucineAspartatebinding domains (LDBDSs)

Molecular recognition of Linmotifs comes through LeucinAspartatic acidbinding domains
(LDBDs) Thecommon binding mechanismf LDmotifs to the corresponding LDBB through

helical additioras shown iFIGURE.2. Several differenproteins have been shown tontain an

LDBD including the already been discussed proteins, FAK and vinGutiar protens include
parvins which are an actin binding protein directly responsible for the initial nucleation of actin at
FAs(Nikolopoulos and Turner, 20Qgnd PVEG6 protein from the papilloma virusPV E6 has
specificdly evolved to reognise the Linotifs on paxillin (LD1, LD2 and LD4) ithisught the
interaction disrupts the actin cytoskeleton which in turn disrupts migrating Méle, Brimer and

Vande Pol, 2008) This demonstrates howathogens havé S| Ny G G2 SELX 2A G G|
pathway for their own purposesand also highlightghe functional importnace of the LD

interactions.
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FIGURB.2: LBDMOTIF BNDING TO AN LDBD

Schematic of an L-Botif (purple) formingan interaction withcorresponding LDBD (green). -ibtif binds
via a helix addition to the side of the helical bundle on the LDBD

5.1.3 Talincanbind LD-motifs

More recently, talin has been found to be bind-ixdtifs with the R8 domairbeing an important
LDBD. The R8 domain binds the deleted in liver cancer (DLC1) fetteaen helices 32 and 33
(Zacharchenket al., 2016) this sme region also binds toaxillin LDXZacharchenket al, 2016)

and to Raplcinteracting adaptor molecule (RIAM)Goult, Zacharchenkoet al, 2013)
Furthermore, our recent findgs have found the R7 domain to be an LDBD and can bind the KANK
LDmotif betweenhelices 29 and 36. Thigas a breakthrough in terms of identifying talin as a
protein with multiple LDBDs. Previous literature has shown onlyielix bundles to bind LD
motifs and in the talin rod onlfour domainscontainfour-helix bundles: R2, R3, R4 and R&ANK
binding to R7 raised the intriguing possibility that every talin rod domain could be an LDBD and thus

couldsuggests a role for talin as a signalling plaf.
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5.1.3.1 DLC1 an Linotif

DLC1 is &umour suppressor gene whigafrequently inactivated during cancer and it encodes a
RhaGAP focal adhesion protein needed for GTPase activation; negative regulation of RhoGTPase:
are required but not entirely sufficierfor tumour suppressiorfLiet al., 2011) The structure of

talinl R7R8 and the DLC1-ibtif (residues 46#489) show DLC1binds to talinl R8 domain
between helices 32 and 3Zacharchenket al., 2016)(shown inFIGURE.3B).

Talin R8

DLC1/RIAM

FIGURE.3: TALINR8 DOMAIN IS AN LD BINDING DOMAIN

(A) $hematic of an Linotif i.e RIAM or DLC1 binding to the LDBD (talin(BBstructure showing binding
of LBmotif DLC1 (green) to talinl R8 (grey) via the LD recognitionRiaRD: 5FZT). (C) Stture showing
the binding of LBnotif RIAM (orange) to talinl R8 (grey) (PDB ID: 4W8P).

5.1.3.2 RIAM a previously unrecognised LD otif

RIAM is a Rdpeffector protein ands a member of the MRL (Mig1aA/lamellipodin family)
adaptor proteins(Leeet al, 2009) RIAM has been found to have antral role in integrin

activation through its ahitly to bind to both talin and Rdp(Leeet al., 2009; Goult, Zacharchenko,
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et al, 2013; Chanagt al, 2014) Integrin activation by talin is instigated byrRapZinduced signally
pathway, these integrin activation pathways initiated from inside the cell are known as-mside

signalling (Bivonaet al., 2004; Banno and Ginsberg, 20Q&)esection2.5.2).

Rapl is a small plasma membrane bound GTPase that recruits RIAM which then in turn recruits
talin via its TBS between residueS@ (Leeet al., 2009) Talin then activates integrin via the F3
sub-domain in the FERM hed@ritchley & Gingras, 2008;H. Wang, 2012)mutations introduced

in the RIAM 130 region prevented talin binding and in turn prevented the activation of integrin
(Leeet al,, 2009)

RIAM was found to bind to talin lyoult et alalong multiple sites across talin one of which was
talin rod domainR8(Goult, Zacharchenket al., 2013) RIAM has nobeen classed as darbmotif

but it does contain a very similar sequence to the othBrmotifs that bind to talin R8, although
instead of the LetAsp at the beginning of the motif it containa Be-Asp Like the other talin R8
binding proteins, RIAM alduinds between the hydrophobic groove of talin helices 32 and 33 via
helix addition(Goult, Zacharchenket al., 2013)(shown inFIGURE.30).

For my study into talin bindingDmotifs | agree with the findings atacharechenko et ahdhave
classed RIAM to be &rbmotif (Zacharchenket al,, 2016) This classification fer two reasons
Firstly, theRIAMsequence bind#o talin R§ aknown LDBPand theRIAM LD motif closefits the
canonicapaxillinLDxLLxxL pattern®condly,RIAMbinds to talin R&8hrough helical addition and

via similar residues agther talinbindingLDmaotifs.

5.1.3.3 LDmotif Binding mechanism

Thebestcharacterisd mode of LEmotif recognition isby binding to fourhelix bundles via helix
addition (as shown iFIGURE.3A). LDmotifs can have helical propensity before binding to an
LDBD or can form a helical structure upateraction with the LDBAlamet al, 2014) The
charged Asp residue is thought toake the initial connection with the LDBD and form an
electrostatic interaction with a conserved basic residues@rg/His) (Zacharchenket al.,, 2016.
Talin R8 habeen found to bind multiple Linotifs: DLC1, RIAM, Paxillin. Thesenidifs all bind

to talin R8 using the same mechanism whereby the initial aspartate re@idtiee LBmotif) binds

to a basic residue on talin in what had been nainiee initial LD binding sit&acharchenket al,
2016)(shown inFIGURE.3A). On talin R8 this chargedsidue is Lys1544 and it forms a salt eid
with the aspartate on the Lihotif. This initial iteraction then positions the Linotif along the
furrow of the talin R8 helices 32 and 33 allowing the hydrophobic Leucine residue to from

hydrophobic interactins with talin. Zacharchenko et @roposed 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.3A. The residues in thepscificity regiondiffer between theLDmotifs and this allows
for difference in specificity of binding to LDBD surfaces. The specificity region is thought to be a

waythat helps to regulate which LBotif can bind wher{Zacharchenket al., 2016)
5.1.4 Searching for additional nopaxilin LDmotifs

To identify LEmotifs in proteins other than paxillin, the canonical LDxLLxxL motif was used as a
guery to ®arch protein data bases. This method only identified threendfif containing proteins,
Gelsolin, Deleted Liver Cancer 1 (DLC1) and R@MaMet al, 2014) Gelsolin is a cytoplasmic
protein that is important for actin cytoskeletal organisation in multiple cell types including
osteoclastgWanget al, 2003)and RoXaN (rotavirus X protein associated with NSP3) is a rotavirus

interacting protein(Vitouret al,, 2004)

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

characterisition 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 domaiwithin talin has an important functional role. Fhbermore, 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 suggestetvety talin rod domain has the
potential to be an LDBD and bind multiple LD ifisot

Previously, the Goult group produced a talinl 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. Inteatigg 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 usdtie current knowledge of LD motifs and, in particular, the LD motifs
that have been found to bind to talin, to design an LD thlimding search motif (LIDBM) that

could be used to search through the proteomics dataset and identify new talin bindingepsrt
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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 aearch query to identify novelDtalin-bindingmotif (LD

TBM) containingproteins

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: RdXBn and Gesol{\lamet al,, 2014) On

the other hand, further attemptstosearch2 NJ [ 5 Y2 A Fa dzaiAy3a | wWyz2N\
has led to the identification of many falg®sitives. 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

distinguishedfom other helical motifs.

To combat these problems and define a LD thlimding motif (LBTBM)that could accurately
determine potential talin binding proteing common set of features needed to be identified. To
search for common sequendeatures,all the known talin binding Lihotifs were aligned (as
shown inFIGURB.4). From thisalignmentany differences between the talhinding LDmotifs
and the paxillin LBnotifs were identified. Position numbers werayiven to the residued) was
given to the first Levesidue in thgLDxLL# )sequence and 1 to thAspresidue ect. The residues

were alsocoloured based on their properties; acidic (red), basic (blue) and hydrophobic (green).

LD MOTIF/

|_Position | 3 | -

Concensus
* PXN LD1
PXN D2
_PXNLD‘
RIAM
oL
KANK
KANK2

* NN

-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
@ [ED] - [LI]~D-X~-[AVILMFYW] - [EDKHR] - [AVILMFYW] - [AVILMFYW] ~AVILMFYW]

FIGURE.4: SEQUENCE ALIGNMENT OF KNOWI® TALIMBINDING MOTIFS

(A) Sequence alignment of: paxillin LD1, LD2 andWiiRrot ID:P49023); RIAMJniProt IDQ7Z5R6); DLC1
(UniProt ID:Q96QB1); KANKWiProt ID:Q14678) ad KANK2UniProt 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 thiimding sequences which were entered into the PROSITE
scanning tool.
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The first difference noted between the HIBM and paxillin LD motifs is that, in position O, 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 @eared that the residue in positiorl was important to

the sequence. In both paxillin LD motifs andTHM, a charged residue (either Asp or Glu) was
present, possibly allowing an interaction with the LDBD surface. From the alignment, it was also
clear hat whilst Leu residues always occupied positions 3, 4 and 7 in the paxillin sequences, the
same was not true for talibinding LD proteins. Instead, in the latter case, position 3 could be any
hydrophobic residue and position 4 could occupied either loharged or hydrophobic residue.

This information was taken into considgion when designing the LDBM Finally, position 6 in

the paxillin LD consensus sequence is defined as x (any amino acid); however, from the alignment
we observed that the talibinding LD proteins all contained a hydrophobic amino acid.

From these findings two new LD tabimding sequences were designed:

Sequence 1 Asp/GluLeu/lleAspx-(3)-3)-3)-*%-(3)
Sequence 2 Asp/GluLeu/lleAspx-(3)- (+/-)-3)- 3)-0)
(wherey is a hydrophobic residye is any residuand+/- indicate a chargedesidue)

Sequence 1 and sequence 2 are similar but differ in positions 6 and 7. In some of thenthifig
LD sequencea charged residue was found at position 6 whereas in othexss a hydrophobic
residue. Designing two sequences with mepecific residues rather than one sequence with a

more generalised approach was thoudbtlead to less false positives.
5.2.2 Searching fot_D talinbinding motifs

When searching fot BTBMstwo different approacheswere 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 theprogramme PROSITBigristet al, 2002) with
sequences 1 and 2 used as search queries to analyse the entire talinl proteomics dataset for

potential LDTBMs.
5.2.2.1 Manually searching forLD talirbinding motifs

Themanual search was used initially as a proof of concept terd@ne if the LBTBM would be
recognised in anprotein sequences The sequences for the twenty highest scoring prot&ims

the talinl proteomics datasetyere manually seenedto identify any motifs similar to the
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designed sequences 1 and s&¢tion:5.2.1). From this search two proteins were identified to
contain theLDTBM cyclin dependet kinase 1 (CDK1) and septi(®EPT?2).

TheCDKXkequence appeared to hawwo possibld.DTBM:onein the middle egion of the protein
(residues 20&23) thatfitted the designed.DTBMsequencel exactlyand one at the very -C
terminusof the protein that closely fitted the LIEBM sequence. The sequence$BPP had one

LDTBM that closely fitted the L-DBMsequencebut not exactly.

5.2.2.2 Searchingor LD talinbinding motifsusingPROSITE

The bioinformatics approach used the programRRROSIT&hich is a protein data badeol that
allows an imputedjuery sequencéo be searchedgainst a chosen protein databas€he aiery
sequence used both theesignedsequencs. These were written using theROSITgarameters,
square brackets surrounding groups of amino acids such as hydrophobic amino acids [AVILMFYW

and X representing any amino a¢ghown inFIGUR.5B).

All UniProt identities from the 800 proteindentified in the talin proteomics were submittetdb
PROSITE and this formed the protein database.datasetwas then searched using the imputed
sequencesand any matchindnits were listed as shown IRIGURE.5C. The PROSITE software
identified multiple proteins that contained the LIDBM the first of which was theprotein CDK1
The PROSITE softwardy identified one LETBM in the CDK1 sequence and this matched the-206
223 sequencealsoidentified using the manual approacfihe other sequences included RIAM and

DLC1 which are both confirmédd TBMgivinggreater confidence in the search method.
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A STEP 1 - Submit PROTEIN sequences [heip]

= Submit PROTEIN sequences {(max 1'000)13-"_';"5_—_
Submit a PROTEIN database (max. 16MB) for repeated scans (The data will be stored o1
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t...).(z U .—M

Supportnd input
= UniProtKS accessions e g P 3 or identifiers e.g. ENTK_HUMAN

= PDB identifiers e g 4DG
= Sequences in FASTA format

STEP 2 - Enter a MOTIF or a combination of MOTIFS a1 [help]
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Ouput format Graphical view - this view shows ScanProsite results together with ProRufe-based predicted mtra—o;man features [halp]

Hits for U SERPAT1{[ED]-{U]-D-X-{AVILMFYW]-[AVILI\FYWJ-{RKHED]-{AVILhFYW]-(AV!LMFYWD motif on

c PO5493 COK1_HUMAN (297 aa)
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: PROSITE SOFTWAREEDIO IDENTIRYDTALINBINDINGVMIOTIFS

(A) An overview of theprotein sequencesmputed into the PROSITE softwafeom talinl proteomics
database. (BYhe LD talifbinding motif(sequence?) imputed to theScanProsite softwar€C)The first hit
identified, cyclin dependaet kinase 1 (highlighted green bex® contain a potential LD talihinding motif

5.2.3 Validatingthe potential LD talinbinding motifs

The manual and bioinformatidzased approaches idenigd nine proteins that contained potential
LDTBMs From the proteins identified, CDK1 (which was identified asEBvDn both the manual
and bioinformatics searches), and SEPT2 (identified in manual search), were chosen for further

analysis, as both lshhigh scoring in the talin proteomics.

Past searches for botifs found that sequence searching alone identified many false positives

In order to further validate the LIDBMs identified through a sequence search, a structural
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evaluation was also caed out. This involved analysing both teguctural position, secondary

structure andsequenceconservatiorof the LDTBM

5.2.3.1 Structural evaluation of septin2

Septins are a family of Ghhding and membrane interacting proteins that were first discovered

in yeast where they were found tdhave a role ircytokinesis and cell morphologiartwellet al.,

1974) Septirsare found in all eukaryotes anith mammalsthirteen isoforms have been identified:
septin 1-12 and septin 14Neubauer and Zieger, 20175eptins are highly conserved through
evolution with a common domaistructure consisting of: an-drminus region, central core
domain wth a GTHbinding domain and a coiled coil regi¢es shown ifFIGURE.6A). In most
isoforms a short polybasic region (PBR) can bind directly to phosphatidylinositol bisphosphate
(PIP2) in the cell membrar{@leubauer and Zieger, 2017peptin isoforms can be split into four

sub groups as shown FIGURK.6B, and septin isoformsvithin these subgroupsan assemble

into multimeric complexes of two or more subun{tdeubauer and Zieger, 2017; &ual., 2018)

A pomain structure

GTP-binding domain coded-coil

PBR SuD

B Homology-based subgroups

SEPT3
subgroup

e

subgroup

SEPT7
subgroup

SEPTE
subgroup

FIGURE.6: SEPTIN ISOFORMS DOMAIN STRUCTURE AND SUBGROUPS

(A) Schematic representation of septifomainstructure (B) Human Septin isoforms SEAPland SEPB1
subgroupingsbased on homology sequence and coitaxll domains Figure from:(Neubauer and Zieger,
2017)

These complexes can form hexamer and octatfiker structureswhich are believed to betable

within the cell(Neubauer and Zieger, 201 Hluman septins predominantlpifm heterohexamers
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and hetercoctamerscomposed ofSEPT2SEPG, SEPY and SEPT. 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 reregulation of septin expression is associated with human tumorigenesis
(Xuet al,, 2018) High expression levels BEPT2 an8EPThave been detected in breast cancers
andin particulardown regulationof SEPT2 has been shown to supress hepatoma celthyXu

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 theeDTBMfound within the SEPT2 sequence was likely to bind to talin;
strudural position, secondary structure arsgquenceconservation were all consideredFIGURE
5.7 shows a SEPT&quencealignment of different vertebrate species fromresidues 150
195(inclusive of the LABM). Thislignment shows good conservatiaeross speciesot only in

this region but also in theegionimmediatelybefore the LevAsp(position-1 - -4).

The crystal structure 8EPTRas been solve(PDB ID: 2QA%BNd is shown iFIGURB.7BandC

The LD TBMregionis highlighted in green and hadhelical structure givingreater confidence that

it couldbind to talin viahelical additionn a similar way tahe knownLDmotifs DLCland RIAM
Importantly, the motif appears to beexposed enablinga 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 predicttthatld form an

interaction with talin vigpotential LD TBMbetweenresidues 164L70.

To determine if SEPT2 can bind to talime designeda synthetic peptide. He peptide
encompassed the core LIBD between residues 1440 and also includea fewresidueson both
sides;to allow the peptide toadopt the correct helical fold. The inclusion of residues before
position 0 is an important step learnt from designing the KANK1 peptidesi¢n 4.2.1), where

the shoter KANK1 peptide (KANK1 -82) started on the Leu residue (position 0) which
significantly impaired binding to the talin LDBD.

The finalSEPTReptide designed encompassed the residues-139 and aradditional Nterminus

Cyswas attached to allow coding to a fluorescent tag for binding experiments.
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A

SEPTZ_HUMAN DNRVHCCFYFISPFGHGLEPLDVAFMEATHNKVNIVPVIAKADTLTLEERERL 195
SEPT2_MOUSE DNRVHCCFYFISPFGHGLEPLDVAFMEATHNRVNIVPVIAKADTLTLEKERERL 195
SEPT2_RAT DNRVHCCFYFISPFGHGLKPLDVAFMEATHNRVNIVPVIAKADTLTLKERERL 195
SEPT2 FLY DSRIHICLYFICPTGHGLESLDLVCMERLDSKVNI IPVIAKADTISKVELDRF 194
SEPT2 COW DNRVHCCEYFI1SPFGHGLEKPLDVAFMRATHANRVNIVPVIAKADTLTLKERERL 195
SEPT2 CHICK DNRVHCCFYFISPFGHGLEKPLDVEFMRALHGKVNIVPVIAKADTLTLKERERL, 194

SEPT2 C ELEGANS DKCVHLCLYFIEPSGHGLXKPIDIELMKHLHGRVNIVPVISKADCLTRDELLRF 205
SEPT2 MONKEY DNRVHCCFYFISPFGHGLEPLDVAFMEATHNXKVNIVPVIAKADTLTLKERERL 195

B &1\ C
4
‘1 7

J
D Conf:
Pred: : N
Pred: CCCCHHHHHHHHCCQCCCCEEEEECC
AA: LOVAFMKAIHN IVPVIAKAD

170 180

E SEPTIN2159_174 CGLKPLDVAFMKAIHNK

FIGURE.7: STRUCTURAVALUATIO®F SEPTINZ 1894 PEPTIDE

(A) Sequencealignment of septin2 proteins from different vertebrates, the septin2 159 peptide
highlighted in green (B-C) show the structure of septin2 (PIB2QA5) with the peptide residues coloured

in green,(Q highlights the residues that are on the potential talin binding surf#sp164 and Leul63}D)
Shows the PSIPRED predictedondary structure for the peptide residues (highlighted by a green box) in
human septin2 (E) shows the residues in the final ordered peptide with-texinal cysteine residue
synthetically added.
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5.2.3.2 Sructural evaluation ofGyclin Dependet Kinase 1

CDH is part of a large family &ef Thrkinaseswhose kinase activity is dependerftthe addition
of a regulatory subunit called cyclifMalumbreset al, 2009) CDIs regulate many celilar
functions, including the cell cycle, transcription, mMRNA processing, stem celleselval and
spermatogenesif_imand Kaldis, 2013)CDK1 is largely involvadregulatingprogression through
the cell cycle andin yeast is the only cyclidependent kinase required to drive the cell cycle

(Santamariat al., 2007)

CDK1 was identifieds containing an LDBMin both the manuaknd bioinformaticssearches

where the protein sequenceappearedto have not one butwo potential LDTBMs. Both the
manual and PROSITE search identified amBX within residues 21220 and the manual search
identified a second potential -DBM betweerresidues 28290. To detemine if the site(s) were
structurally viable to bind to talin and examine if these regions were conserved across species, we
FylFfeasSR /5YMQa aiGNHOGdZNBE ' yR LISNF2NY¥SR LINE

5.2.3.3 CDK1 20&23sequenceevaluation

CDK1 residues 24220 wereidentified in bot the manual and PROSITE sedaftBURB.8A shows
a sequencealignment of CDKfrom a number of vertebrates and single cddlr organisms. The
predictedLDTBM(between residues 21020)is highlighted in greeandshows that the region is

highly conserved across allespies further suggestinghat the region is functionally important.

The crystal structure of CDK1 is showRIBURE.8Bandagainthe LDTBM(210-220) is highlighted
in green. The LIDBM idocated inan accessible regioof the structure andhe regiondoes not
clash with the cyclin binding site on CDRhe region hasd@earhelicalstructure thatas previously
discussed is important fahe binding of an Linotif to an LDBDFIGURE.8B alsohighlights both
the Leu210 and Asp211 residues on the struc{pasitions 0 and 1, respectively). TAgpresidue

pointsout into spacewhich could allow formation cd salt bridge with talin

After evaluating both the conservation and tpesitioning of theLDTBMon the CDK1 structure
we predicted that the CDK1 22220 region would tdind talin In a similar fashion tSEPT2a
syntheticCDK1peptide encompassing theDTBM was designed. h& peptide was designed to
include residues 20823 with aCys at the Nerminusto allow couping ofa fluorescent tag The

peptide sequenceis shown irFIGURE.8C
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A CDK1 HUMAN VLLGSARYSTPVDIWSIGTIFAELATKKPLFHGDSEIDQLFRIFRA 219
CDK1_MOUSE VLLGSARYSTPVDIWSIGTIFAELATKKPLFHGDSEIDQLFRIFRA 219
CDK1_FLY VLLGSPRYSCPVDIWSIGCIFAEMATRKPLFQGDSEIDQLFRMFRI 219
CDE1_SLIME MOULD VLLGSKSYSVPVDMWSVGCIFGEMLNEKKPLFSGDCEIDQIFRIFRV 220
CDK1 POMBE.YEAST VLLGSRHYSTGVDIWSVGCIFAEMIRRSPLFPGDSEIDEIFKIFQV 224
CDK1_C.ELEGANS TLMGAQRYSMGVDMWSIGCTIFAEMATEKKPLFQGDSEIDELFRIFRV 236

CDK1_COwW VLLGSARYSTPVDIWSIGTIFAELATKKPLFHGDSEIDQLFRIFRA 219

CDK1 GOLD FISH VLLGASRYSTPVDVWSIGTIFAELATKKPLFHGDSEIDQLFRIFRT 219

CDK1 CHICK VLLGSALYSTPVDIWSIGTIFAELATKKPLFHGDSEIDQLFRIFRA 219
:':0. ** L ":’ ".': :.':' 'i."'::'::':

Conts

Fred:

Pred: CCCEEEECCCCCHEHCCOCCCOCONHMENNHNMNNMERECC
AA: THEVVTLNYRSPEVLLGSARYSTPVDINSIGTITAELATE
c 170 1830 190 200

Conf1

Fred:

Fred: CCCTCC
AX: KPLFEC

CHHRHEEHNHNRCECOCCCCOCTCCCTCCCTCC
SEIDQLFRIFRALETPANEVNPEVESLODYENT

210 0 230 240

D CDK1 206 223 GDSEIDQLFRIFRALGTPC

FIGURB.8: STRUCTURAL EVALUATION OF CDRP2GEPTIDE

(A) Sequence lgnment of CDK1 proteins from different vertebrates with the CDK1-2Z% peptide
highlighted in green (B) Models the structure of CDK1 (PIB4Y C6) with the peptide residues coloured in
green and the potential talin binding residues are also highliglifespp211 and 1le21Q/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 regio(D) i1ows the residues in thénal ordered peptide with a-@&rminal

cysteine residue synthetically added.
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5.2.3.4 (DKL 283297 sequenceevaluation

The additional LEFBM identified within residues 28297 of CDK1 was only identified in the
manual search as this mettios less stringent and does not fit strictlydequencel or sequence2
(section5.2.1). To determine if this region could bitadin, the same structural evaluation process

was carried out as with the CDK1 2220 region.

FIGURB.9A shows thesequencealignmentof CDK&crosdifferent species highlighting the 290
297 regionin geen. This revealed that the LIDBMis not conserved across species dhdt the
LeuAspresidueqposition 0 and Lrespectivieyare not found in all specieRResidue287-297are
highlighted on the CDK1 structure fi\GURE.9B and unlike withthe SEPZ and CDK210-220
region there is no helicg@ropensitybut instead the region is disordered:his was also confirmed
when thesequence was run through the secondary prediction software PSIFIRED. Jones,
1999) The resultof the secondary structure prediction correlate with the CRIétystal structure

and indicate a low level of confidence in helical formation (showflGIUREB.OD).

The sequence ifiowever, located in an accessible region of CDK1 meattiag talin could
potentially bind without hindrance. Furthermore, Asp288n position 1 points out into space

allowingthe possible formation of aalt bridgewith talin.

After evaluating the structure and sequence of CQHKB7-297 region, itappeared unlikely the
possibility of an interaction with talin. In spite of this, the region watered as a synthetic peptide
to confirm this andthus determine how accurate analevart the structural analysis of the ED
TBMwas Asynthetic peptideof residues 28297 was designed and antdrminal Cyswas added

(shown inFIGUR.9B).
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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

Pred: HHCCCCCQCCCCCCCCC
AR: ALNHPYFNOLDNOQI

2390

3 CDK1 283 297 CNHPYFNDLDNQIKKM

FIGURE.9: STRUCTURAVALUATIORF CDK1 28397 PEPTIDE

(A) Sequencealignment of CDK1 proteins from different vertebrates with the CDK1 283_297 peptide
highlighted in green. () show the structure of CDK1 (PIMBAYC6) with theCDK1 283_297 peptide
residuescoloured in green, (C) highlights the residues of the potential talin binding metifand 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 unstmex region. (E) shows the residues in fhmal ordered

peptide with a Nterminal cysteine residue synthetically added.
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5.2.4 Determiningif the LD talinbinding motifsbind talin

Throughthe design o novelLDTBM andthe use of structural evaluatiomethods, we were able
identify two potential proteins that could bind to talinFrom these hits,hree synthetic peptides

were designed encompassing three potentisBdTBM in proteins SEPT2 and CDK1.

.  SEPT2: 15974 OGLKPLDVAFMKAIHNK
II. CDK1: 20@23 GDSEIQLFRIFRALGIP
.  CDK1: 28297 ONHPYFNDLDNQIKKM

The synthetic peptides are predicted to bind to talin via helical additicaftdded helical bundle
in the talin rod The talin rod is comprised @8 helical bundles (as shown HGURE.10) and so

to determinewhich bundle(s) th@eptidecan binda talinscreening assay was developed.

Talin is a large 250 kDa protein and althotigé full-length proteincan be purified fronE. colj
onlyverylow yieldscan be poduced making manyof the availabléiochemicahssays unfeasible
Furthermore, usinghe whole talin protein would allow us to gauge if tipeptide binds but it
would not enable the rinementof the binding site. To overcome these issube talin od was
brokendown into four largefragments R:R3 (residues 48911), R4R8 (residues 913653),R9

R12 (residues 1462294) and R1-BD (residues 230R541) These regions are shown FiGURE
5.10andall can beexpressedvith high yields fronE.coli, allowing theuse of biochemical assays
such as FP allowing us to screenrfarltiple ligands in quick succession against different regions

of the rod domain.
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FIGURE.10: THE TALIN ROD DIVIDED IIRODODR BIGRAGMENTS

Schematic diagram of talin rod domains. Talin rod has been separated into the four talin fragments the blue

box indicates RR3 fragmen{residues 482011) green box indicates R&8 fragmen{residues 9131653)
red box indicates RR12fragment(residues 1462294)and yellow box indicates RI3D fragmenf{residues
23002541)

5.2.4.1 Fluorescencegolarisation withtalinl W 6 flagmentQ

The synthetic peptideéCDK1 20@23, CDK1 28397, SEPT 15B74)were each coupled to the
fluorescent tag BODIPYMMR to be used in thé&-Passay (see methodsection:3.4.2). The four
talin fragments (RR3, R&R8,RIR12 and RIBD) were all concentrated to 2QM and increasing
amounts of each fragmenteretitrated against each of the synthetic peptidd$e binding of the
KANK1 3®0C peptidgfrom Chapter 4 was also tested against each of the four tdfimgments

as apositive controffor the R4R8 fragment of talin.

The binding affinitypf each peptiddor the talin fragmensare shown irFIGURB.11. Asexpected
KANK1 3@0C bound to the talinl RR8 domain regiomut displayed nadoinding to any of the
other largefragments. Of theemainingpeptides, only the CDK1 2@23 peptide wadoundto
talin. In this casethe peptideappeared to bind imultiple placeswithin the talin rod as there was
binding affinity for tdin1 ROR12 and talinl RR8. Neither the SEPT2 1684 or the CDK1 283
297 peptides showed binding affinity to any of the talin fragments.
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FIGURB.11: BIOCHEMICAL CHARACTERISATION OF LIBIVMIING MDTIFS O TALIN ROD
FRAGMENTS

(A-D) Binding of BODIPMVR labelled CDK1 20@23C CDK1 28297, SEPT2 15974, KANK1 360
peptidesto talin domains; RR3 (residues 48211), R4R8 (residues 913653), RR 12 (residuesl 6552294

and R12DD (residues 236R54). Binding affinities were measured using a Fluorescence Polarization assay.
5A8a20A1lGA2y O2yaidlyidia p {9 6>a0 FT2N G(KS AyiESNI O
performed in triplicate. ND, not determined.
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5.2.4.2 Refining the tain binding site of CDK1 26823

The binding curveshownin FIGURE.11 indicat that CDK1 20223 could bind to both talin
fragments, RAR8 and R42, with an equal affinity of ~33. However, through optimagion of
the assay with the large talin fragmentse noticed that talinl RR12 can bind to BODIH¥R
(data not shown)eading to potential artifacts on the FP dafeoovercome this problem, the talinl
R9R12 fragment was split into two smaller domaiR8R10 (residues 1658973) and RI-R12
(residues (1974£€294) These seemed to be a good compromiage both doubledomains were

easily expressed and do not bind to BOBTIRAR.

The samé-P assawas then carried oulvith the two smaller fragments, RR10 and R11IR12 The
binding affinity of CDK1 28%23 peptide to the five talin fragments is showrFilURB.12C. This
time no interaction was observeletween the peptide and talin domains .0 or R1-R12. This
leads to the conclusiotinat CDK1 20223 can only bind to talinl RA8and does swvith an affinity
of 14pM.
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(| :ﬁ'\-(‘: Y3 \‘\" v
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" R3 { 1 206-221 'y )
B o Taint R1.R3 and COK1 206.223 (Xd ND) €~ TOMIRI-H2 0 CORY. 208322 (1% ND)
-8 Taint RA-RS and COK1 206-223 (Kd 14 +/ 1.9) " TN RARO 0 GOKT 20032000 16 W- 19
- Tain! RO.R1Z and COKY 206.223 (Kd 153 +/.23) =0~ Twin1 R9-R0 and COKY 208-223 (Xa ND)
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FIGURE.12: BIOCHEMICAL CHARACTERISATION OF CEXRB PEPTIDE

(A) Talin rod domainsredicted structure highlighting the rod fragments used in the corresponding FP assay,
red box highlights the splitting of the F®L2 fragment into smalldR3R10 and RER12 fragments.(B-C)

Binding of BODIFgbelled CDK1 26823C peptide to talin doma# R1R3 (residues 48911), R4R8
(residues 9131653), RR10 (residues 16585973), R1IR12 (residues 1972294) and RIBD (residues
2300254). Binding affinities were measured using a Fluorescence Polarization assay. Dissociation constants
p { 9 oobtheanteradions 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.D TBMsdentified in themanual and bioinformaticapproaches onlthe CDK1 206
223 peptide was foundo have a binding affinity to talinThe SEPT2 18%4and CDK1 28397
peptides were not identified to bind to talinCan the lessons from this initial screertiggp refine

the LDTBM sequenceand enable us to seardbr further talin binding proteins?

Initially, it wasbelievedthat all the chosen peptides fittethe LDTBMclosely enough to bind to

talin. However,a structural evaluation wasarried out on each peptidesherebythe secondary
structure of the peptide sequence conservation and structural positioning were analysed. The
structural evaluation determined that, the CDK1 Z08 and the SEPT2 1394 peptide would be

likely to bind talin and the CDK1 2897 peptide would be unlikely to bind talin. Thiassmdue to

the CDK1 28297 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/ peptidehad no binding affinity to talin. It was
however, a surprise that the SEPT2 -159 peptide had no binding affinity to talin.

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

Concensus X
*PXNLD1
* RIAM
*DLC1
* KANK1
%* KANK2
%*/CDK1_206

ICDK1_283

FIGURB.13: SEQUENCE ALIGNMENND EVALUATION @B TALIMBINDING MOTIFS

Squence alignment of: paxillin LD1 (UniPtbt P49023); RIAM (UniPrtD: Q7Z5R6); DLC1 (UniPibt
Q960QB1); KANK1 (UniPIbt Q14678); KANK2 (UniPil@t Q632Y3); CDK1 (UniPHot P06493) and SEPT2
(UniProtID: Q15019). Red highlights acidic residuglae basic residues and green hydrophobic residues.
Known talin binding sequences are highlighted with an *.

To determine why the SEPT2 peptide did not bioadalin, the tested LDTBM peptidesvere
aligned alongsideknown LBTBMs (shown inFIGURES.13). The alignmentindicatesthe only
differencebetween the SEPT2 1894 peptide and the other successful talin binding peptides is

the residue found in thel position. Earlier analysis determined tHepositionto 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 th& position in theLDTBM to be of high importance.

The alignmentlso highlighted a slight vation in the CDK1283-297 peptidecompared to other

known LBTBMs;the Gh residue at position3 (highlighted by yellow box) is not a hydrophobic
residue like the other LIDBMin this position. Glutamine is a polar residue amdild disrupt

binding,potentially indicating that the +3 position eso of importancen the LBTBM sequence.

This preliminaryscreeningof talin proteomics hitswith a designed LIDBM sequence has pred
successful and the EEBMhas identifieda novel talin binding prain, CDK1 Using the results of
successful and nesuccessful talin binding sequencée teight residud. DTBVI has been refined
and important residues-{,0,1, +3) have been identified. Furthermore, it has bestablished hat
Wequence searchifor LD-TBMs is not enough on its owmo identify talin binding partners

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

Further analysis of new kmotifs binding to talin will give a better understanding of the binding
mechanisnto talin and in the fiture it is hoped that the designed EIBM 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 givere information on talin binding partners

in different cell types and different conditions. Equally, it would be interesting to deterrhine i
there is any difference in LiDotifs binding the two talin isoforms in order to further understand

the functional differeces between the twasofroms
5.3.2 LDmotifs canbind to multiple LDB3

LDmotifs can be recognised by multiple LBBth different threedimensional structures. For
example, paxillin can bind to both vinculin and talin which both have different biradirfgce
residues(Tumbarello, Brown and Turner, 2002)This research identifies thatDmotifs do not

have to adhere to the strict LDxLLxxL consensus sequence to bind LDBDs and this sequenc
adaptability would suggeshat the LDhelix is malleald and thehydrophobic side chains on the

LDmotif are able to adjustd binding to different surfaces.

This promiscuity between LmDotifs and LDBDaises questions around how ibotifs are being
correctly directed to their target molecukend prevented fron forming nonspecific interactions
Joecificity is important, aan LDmotif binding tothe wrongLDBD can triggehe incorrectcellular
response(Alamet al,, 2014) Understanding this specificity would lead to further understanding

of the biological processdsDmotifs are involved in and understand how dysfunction in these
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relationshps can lead to diseaseOur research has idefiied that the specificity of Linotifs is
incredibly sensitive to sequence, and a single point mutant at-ther +3 position can change
whether it bindstalin or not Therefore the specificity between LBnd LDBD interactions, whilst
not fully understood is likely driven by similar alterations to the sequence ofstlmeounding
residues of the Linotif.

5.3.3 Talin LDBDgecificity

Talinl R8 is BDBD thahas beershownto bind multiple different LDmotifs including:DLC1, RIAM
andPaxillin(Goult, Zacharchenket al., 2013; Zacharchenlet al,, 2016) Thetalin R&domaincan
also bind tomultiple non-LD proteins suclas actin, h-synemin ad vinculin making it a major

signalling hub in the talitail.

As previously discussed in the introducti@hg@pter 2 the positioning of talirR8 is unlike anyf

the other talin roddomains. In the talimod, eachhelical bundle provides a link to the next rod
domainvia a short unstructured linkeralin R8 howevelsinserted into the fie helical bundle
R7 domain, betweehelices 30 and36 as shown iFIGURB.14 (Yaoet al, 2016) This domain
insertion protects the fouk St AE wy R2YIAY FTNRBY 0 SAYy Jvatedzy NI
al., 2015; Yaet al, 2016) The talin fowhelix bundles are less mechanically stable thanfiekx
bundles; talinl R8 on its own can be oldied at 5 pN(Yaoet al,, 2016) Whereas a fivéelix
bundle such as R7 is not unfolded until a higher force of 1%¥adet al., 2016) When R8 is
inserted into the R7 domain the fodrelix R8 domain does not unfold until after the R7 domain
unfolds at 15 pN, allowing the R8 domain to remain staivid keep its helical bulte structure
The helical bundléorms the binding site for Linotifs and other ligads which when bound can

help regulatefocal 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.14: TALIN R8 DOMAIN STRUCTURE IN RELATION TO THE TALIN TAIL

R6

—

A schematic representation of the talin B domain structure Talin R8 (blue) shown to be inserted into
the talin R7 domain (green) via unstructured linkerShe arrows showing the direction of the adjacent
domains R6 and R9 and the applied foréggure from(Yaoet al., 2016)

5.3.3.1 Talinauto-inhibition

One way in which the talin could regulatden anLDmotif can bind to the R8 domais through
talin autoinhibition. Talin can form homodimer complexes which are able to adapmpact auto
inhibited confamation in thecytosol(Goult, Xuet al, 2013) The wo talin molecules wrap around
each oherin a doughnut like confirmatiowith both talin head domainburied in the centre In
this confirmation the talin R8 domainh#&dden (as shown iRIGURE.15) meaning that the helices
are not exposed to bind to LmDotifs. This confemation could be a way to prevent LBnotifs

binding totalinwhen itis not at the cell periphery or near an adhesion
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FIGURE.15: TALIN AUTOINHIBITION

(A) Front view of the talinl dimer in cguacteddoughnut like confirmation. (B) Top view of the talin dimers
the two monomersare coloured either white(rod), blue (head) and pink (roded (head) respectivelyIn
both A and B the talin R8 domain is highlighted by a red Bigure adapted frm: (Goult, Xuet al., 2013)

Furthermore it was described how talin has malayers of autoinhibitior(section2.7) and that
individualtalin domains can become unfolded when subjected to forééhen the helical bundles
are unfoldedthe binding sites for Linotifs are destroyed thugpreventing LEmotifs from binding
to talin. Thisprevention of LEmotifs binding under high forceould be a mechanistin whichthe

cell prevens LD ligandsinding and allow other ligands such as vinculin to bind.
5.3.3.2 Binding dfinity of LD-motifs to talin

LDmotifs bind totalin with micro molar affinity RIAM and DLC1 ligands bind to talin R8 with an
affinity around 4 pMand paxillin binding is found to be much weak&acharchenket al., 2016)

The KANK.DTBM was the tightegtinding talin LEmotif found to date with a binding affinity df
UM. The weakness of thaitding between talin and the LBotif could be functionally important
as itcould prevent non-specificitybetween LBmotifs and LDBDsIn order to hag an interaction
between the LEmotif and talin there would need to be a high concentratadrthe LDmotif in the
vicinity oftalin or equally a high conogration of talin around the Linotif. This could prevent

interactions between talin and LB otifs from occurring when not at adhesions.

Spatialand sequential binding of Liotifs and talin could result indirectly from -@xpression and
co-localisation of LBnotifs and/or talin proteirs. 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 modificationsouldalso bea way to regulate binding of kidotifs to talin. When
looking at the paxillin Limotifs binding to DBDs, phosphorylation of the iriotif has resulted in
weakening of binding to the LDBDsPhosphorylation of paxilliD4 weakenedhe helical
propensityof the LDmotif and consequentlyeduced binding to the FAK FAT domain by a factor
of ~2.5(Schmalzigaugt al, 2007)

No PTMs have been yet found on the sequencddxfBMs: DLC1, RIAM and KANK howetser, t
CDK1206-223 LDTBM does appear to contain ghosphorylation site at residue Ser206
(information form PhosphoSitePlklornbecket al., 2015). This residués located inposition-2

of the LBTBM thereis also another phosphorylation site found in the CDK1-2Z% LBTBM at
Thr222.Phasphorylation at either of thessites, but in particular Ser206ouldprevent or weaken
the interaction between talin and CDK1 throughhange in binding surfacetbie LDmotif loosing

helical propensity.

Furthermore,PTMs onthe surface oftalin could have an impact on the binding afDmotifs.
FIGURE.16 showssome of theknown PTMs on talin R7R8n our review, we catalogued the
publishedthe knowntalin PTMs and found that Ser15Q@lin R8)and Serl641talin R7)can be
phosphorylated and Thr148%alin R8has been reportetb be acetylateqGough and Goult, 2018)
These PTMs on talin could haae effect on the binding diDmotifs. In the characterisation of
the talinKANK interactionchapter 3 a phosphomimetionutant S1641kvas usedo disrupt the
binding of talin:KANKteraction This mutant did not completely perturb binding but did result in
a fourfold weakeningn binding affinity between talin R7R8 and KANK; a similar finding to that in
paxillin LD4&nd FAT.
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FIGURB.16: TALINR7R8POSTTRANSLATIONAL MODIFICATIONS

Talinl R7R8 KANK1-80 and DLC1 predicted stture, with highlighted PTM in red (data from
PhosphoSitePl)s DLC1 46489 (pink) andKANK 38 (blue).
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6.1 Introduction

In the previous chapterl described how alesigned LD tan-binding motifwas used to screen
through talin proteomic datasets in order to identifiovel talin binding partners. Sequence
conservation and structural characteristics of these potential failimding proteins were further
assessed androm this the protein known as cyclin dependent kinasel (CDK1) stood out as an
interesting talin binding protein. In thehapter,l describe the biochemical characterisatiortioé
interaction between talin and CDKahdlook at how talin affects the phosphorylati@ttivity of

CDK1to 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 irt@o daughtercells. The cell cycle $plit into four
distinct phases &, S phase and Nhase (mitosis) (seEIGURB.1). In theG, phase metabolic
changes prepare the cell for DNA replicatiSnphase involves the duplt@an of genetic material
to create sister chromatids.  (@repares the cellfor divisionand assembles all cytoplasmic
components neededor entry into the M phase, wherauclear divisioralsoknown as mitosis
occurs, which creates two daughteells(Lim and Kaldis, 2013Before entry into each phase of
the cycle the cell has a ses of checkpoints it must paigsorder to prevent incorrect chromosome
replication. When these checkpoints fail and the cell cycle pssgs incorrectlythis can leado
disease and is often recognised as a hallmark of cdB8terr and Bartek, 2017)Onegroup of
moleculesused to ensure regulated progression through each of the phiasthe family otyclin

dependet kinases (CDKs) and their partnering cyclins.
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FIGURB.1: THECELICYCLE

A schematic diagram of the cell cycle highlightiaagh of the four phasesvolved G phase, S phase,2G
phase andM phase (mitosis)

6.1.2 Cyclin Dependet 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 CDHsnd Kaldis, 2013)

The first CDK discovered was in budding yeast, CDC28 (known hsnCGbhédnmalian cells, see
FIGURB.2, and was revealed to play a crucial role in controlling cell cycle progression through
interactions with different cyclingBeach, Durkacz and Nurse, 1982feast became a working
model to study both CDK proteins and the cell cycle,iamdis showrthat CDC28 (CDK1) was the

only CDK needed to driveltdivision in yeast mode[Santamariat al., 2007)

In contrast to yeastthe 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 cycléSantamaria D1, Malumbres M et al., 2Q0Humans have twenty identified

CDK proteins, named CDKRDK20categorised into two classesellcyclerelated CDK&hese can

bind to multiple cycling)and transcriptional CDK#ese can bind to single cyclin®alumbres,
2014)(shown inFIGURB.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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Cell cycle-related (Multiple cyclins) Transcriptional (Single cyclins)

S. cerevisiae Human S. cerevisiae Human
Cdks Cdks Cyclins Cdks Cdks Cyclins
Cdc28 === Cdk1 CycA Kin2g === Cdk7 —— CycH
Cdk2 CycB
Cdk3 CycE Cdk20 ——— CycH
CycC?
Cidd Il Bl I = s Cdk8
Cdk6 CycD Srb10 Cdk19 CycC
Pho85 === Cdk5 Cdk11 CycL
Cdk14 CdkSR1 Cdk10 — | CycM
Cdk15 Cdk5R2
Cdk16 CycD Burl =eeees- Cdk9 —— CycT
Cdk17 CycY
Cdki8 Cdk12
Ctk1  [acenecd L { CvcK
Cdk13 ie

FIGURB.2: CDKS AND CORRESPONDING CYCLINS

A list of human CDKs and their partnering cyclin, the CDKs are spilt into two categories cedlatgdeand
transcriptional CDK&:igureis taken from (Malumbres, 2014)

6.1.3 Cyclindependent kinase activation

Cyclins are small pteins that bind to CDdto activate their kinasability; they are named cyclins
because they undergo a cycle of synthesis and degradation over the course of the céWaggle
2018) CDK1 can be partnered with either cy&ljB or E (shown BRIGURB.2) andthe cyclinto
which CDK1s bound determinesthe phaseof the cell cycle.As suchCD¥ could be considered
asi KS WSy3IAySQ (GKIG RNa@PES @DREKOAT Kl 08501 &

the transition between the cell cycle phases.

In the first phasecyclirEis bound to CDK®&hich promotesentry to S phas€Pines and Hunter,
1990) SubsequenthcyclinA levelshegin to risedrivingthe binding of CDKayclinA and by late
S phasgthere is a detectable level of CDKIclinA in the celMalumbres, 2014. This aids entry
into G phase wherelevels of cyclinA slowly decrease and cyclinB level¢sesf-IGURB.3). The
binding of cyclinB to CDKitomotesthe cells entry into M phasand is known & the thitosis

promoting facto€Lohka, Hayes and Maller, 1988)

162

o

hvz)



Cyclin A—-
CDK1/CDK2

| |

|
Gl phase S phase G2 phase M phase

FIGURB.3: LEVELS OF CYCLIN AND CDK COMPLEXES IN THE DIFFERENT PHASES OF THE CELL (

A model to show the levels of cyclBDK complexes at the different phases of the cell cycle. cyCDK2
triggers S phase, cyclin@DK2 and cyclin-8DK1 regulate the completi of S phase, and CDKyiclin B is
responsible for mitosis. Figure froffdochegger, Takeda and Hunt, 2008)

To prevent early entry into mitosishe activity of CDKgyclinB is regulated by several feedback
loops When in early @phase inactive CDKtyclin B is maintaed in the cytosol through
phosphorylation of CDK4t residue Tyrl5 by Weel kinasand related kinasegGould and Nurse,
1989)

The activity of cyclinBhen progressivelyncreasesoncethe cellentersprophase and active cyclinB
CDKZXan translocatdo the nucleustriggering several mitotic events such as cell roundiuglear
envelope breakdown and spindle formati@@avet and Pines, 2010} ell rounding is an important
stage for entry into mitosis. Throughout thellcycleanchorage to a matrix is importargquiring
both integringECM interactions and the formation afctinassociatedcomplexes. As the cell
enters M phase cell rounding occurs (SEEGURES.4) and adhesion complexes areapidly
disassembld allowing forthe cell to retract from the surface and round up to divideneset al.,
2018) Cell rounding is required for accurate spindigrfationand chromosome captur@arreno

et al, 2008) Integrin mediated adhesion is required for orientation of cell division and efficient

cytokinesis to occufJonest al., 2018)

163



Actin o
Chromatin '
Microtubule ;

\ n

Centrosome

v \é Furrow formation
< ;
A Cell spreading

Substrate Adhesion Lonuacnlc
Decreased actomyosin ring
cell-substrate Tce“ division
adhesion and
movement

)

¥

Polar relaxation *

_

A
-

A Cell rounding

Assemhly of C ()rtl(dl ('ell elongation
actomyosin network

FIGURB.4: CELL ADHESIONS RETRACT BEFORE ENTRY INTO MITOSIS

I

A schematic diagram showing emihtrix adhesions on entry into mitosis. During the onset of mitosis levels
of CDKZcyclinB rise and cell adhesions &st. Figure adapted fronfRamkumar and Baum, 2016)

6.1.4 CDK1 Phosphorylation

CDKhas Wig2 € 20SRQ &l NzOinadidhl and2Brainadilabd, thakinasg |y
also has an important active site found in a cleft between these two lobesh@sn inFIGURE

6.5). CDK#have to bind to cyclins in order to becort#etivatedQwhen not bound to a cyclin they

are completely inactive for two reasansirstly, the active site iblocked by the activatiotoop (a

flexible bop region shown ifFIGURES.5) and secondly, several important amino acids in the active
site are not correctly positioned for the kinase reacti®inding of a cyclin induces conformational
change in the activation loop expogitthe 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 different to other kinases as it is unatite auto-phosphorylate tls site on their
adivation loop and insteadrely on being phosphorylated bgther kinass. Akey kinase that
phosphorylates the&€DKIactivationloop atresidue Thrl160is CDK Activating Kinase protein (CAK)
(Enserink and Kolodner, 2010§ ' Y A& O2YLINA &SR 2F GKNBS &dzc
making it a member of the CDK fan{ilplli and Johnson, 2005y AKphosphorylates the conserved
Thr160 residue on thactivationloop of CDK1 (shown RIGUREG.5) resulting in a conformational
changeof the protein and the exposure tifie substrate binding regio(Enserink and Kolodner,
2010) Furthermore, phosphorylation of this site increases the number of contacts between the
cyclin and CDK1 leading to a strongerding interaction. Both activation loop phosphorylation

and cyclin binding are required for full kinase activity.

164



N-terminal lobe

oC-helix

TI160

r'- !

- . ‘( \
C-terminal lobe |

FIGWREG.5: STRUCTURE OF CDK2

Thestructure ofmonomeric CDK(PDBID: 1HCK (silver). CDK2 @@mposed of a smaller-dérminal lobe
formed from atwisted antiLJ- NJ- -shiee§ahdallarger @erminal lobe The activation loop (red) runs from
residues 145172 and the Thr@0 residueis marked.Figure adapted fromWood and Endicott, 2018)

When activated, CDK1 can phosphorylate, Ser, Thr and Tyr residues through the addition of a
phosphate group (P, as shown ifFIGURB.6. CDKlphosphorylategroteinsthat contain the
optimal phosphorylation casensus sequence, Ser/TRArox-x-Lys/Arg (S/AP-x-x-K/R)(Rhind and
Russell, 20123lthough it can also phosphorylateimerous proteinsvith the minimal consensus
sequence: Ser/THPro (S/TP)(Suzuket al,, 2015) And more recentlyt has beershownthat CDK1

can alsghosphorylate nor5/T-P sitedEnserink and Kolodner, 2010)

Phosphorylation is a reversible pasanslational modification (PTM) and plays a critical role in the
regulaion 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 phosphoryl¢fodito et al.,

2017) The addition of @hosphate groupchanges the amino acid environmethirough the
addition of a negative chargewhich can have a large effect on protein function and phenotype
within the cell. The addition of a phosphate can cause conformational changjes pmotein@
structure, which maythen regulate catalytic activity or allow th@hosphorylated region toecruit
neighbouring proteinghat can recognisand bind phosphanotifs, such as Src homology domains

(SH2) and phosophotyrosine binding domains (FTiBgrmoFisher, 2018)
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FIGURB.6: MECHANISM OF PHOSPHORYLATION

(A) Diagram illustrating that the phosphorylation PTM i®versiblereaction, phosphoylation 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 i@it) ¢roup on

the Ser stimulates the nuclebpic attack of the! -phosphate group on ATP resulting in the transfer of a
phosphate group (from ATP) to serine to form phosphoserine and AEP) i{dicates the phosphatase
enzyme that initiates the proton transfer. Diagram adapted fr¢ftnermoFisher, 2018)
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6.1.5 Cell adhesions regulated by CDK1

The CDK family plays a vital role in regulating the cell clgateuntil recently they werenot
regarded as being involved with the regulation of gkl adhesions(Robertsonet al,, 2015)
Through the publication of the pmisphoadhesome a report of the proteomic and
phosphoproteomic sites on adhesion complexesyas revealed thamany proteins irvolved in
integrinmatrix adhesions ar@hosphorylated by CDKproposingthe idea that theCDK family

could play a role in adhesion regulatiRobertsoret al., 2015)

Since thenwork from M.C. Jones et ahave shown that cell adhesions areegulated by CDK1
during the cell cycle They foundhat cells transitioning from &o S phaséada CDK1 dependé
increase in focal adhesion formatipmhich wagpartiallymediated by phosphorylation of adhesion
proteins such athe formin-like protein 2(FMNL2 (Jone<et al,, 2018)(seeFIGURIB.7).

Study ofCDK1in adhesions revealed that CDKihibition trigges disassenbly of focal adhesions
and lead to a decrease in the area of cells covered by adhesions with only smaller nascent
adhesion left(Robertsonet al, 2015) Thisprovides thefirst clearevidence that CDK1 may be

regulating adhesion sitéa nondividing cells.
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Activation of cyclin B1-CDK1
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adhesion complexes distributed throughout
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FIGURB.7: ADHESION AREA IS DEPENDENT ON THE CELL CYCLE PHASE
Schematic diagram of the cell cycle indicating the size ofvellix adhesiongred) at different phases of
the cell cycle. Figure based forfdone<t al, 2018)

This role of CDK1 is distinct frate more welldescribedrole with cyclinBCDK1(driving the G
phase into mitosis becausea knockdownof cyclin Blid notcausechanges in adhesion formation
throughout the celcycle. This finding makes sermseyclinBCDK1 is only seen in@hase othe
cell cyclgcell adhesion growth found in S phas@éd sq instead ofcyclinBit appears that cyclinA

is required for the CDKdependent adhesion regulation.

Furthermore, ell adhesion area increases betweent&S phase and decreases as cells enter G
phase, following the pattern ofyclin A concentration in the cell (sE#GURE.3) (Joneset al.,,
2018) Jones et alconcluded that additional CDKtycinA substratesmight be involved in the
regulation of adhesion formain. Could the CDK1:talin interaction play a role in the cell adhesion

regulation and could talibinding to CDKlhe arecruitingfactor of CDK1 to adhesiofis

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

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

a link between cell cycle and adhesion regulation.

6.2 Results

The designed.D talinbinding motif(described irchapter 5 identified two regions of CDK1 that
couldpotentiallyinteractwith talin: CDK206-223 andCDK283-297. These regions of CDK1 were
designed as synthie peptides and ordered with-@rminal Cys residues, as previously described
in Chapter 5. The affinity of both CDK1 peptides to talin was measured using FP assays, whic
showed that the CDK1 2&®7 region did not interact with talin, whilst the 2@23 peptide bound

to the talinl fragment RR8

6.2.1 Determinationof the CDK1binding ste(s) on talin

Chapter 5FIGURB.11shows binding databetweenthe CDK1 2023 peptide andhe large talin
rod fragments (RR3, RR8, RR1Q R11R12 and R1:®D) CDK1 imdsto the talinl fragment
R4R8 with a Kof 16 uM To further refineghe CDK1 binding siten talin the largeR4R8 fagnent
was broken down intemallerdomains no binding was observed for domains R4 (residues 913
1044), R5 (residues 104R06), and R6 (residues 120857), leading to the conclusion that the
CDK1 binding site is in the-RB region of talin. Howevehe double domain R7R8 (residue35T-
1653) was found to bind the CDK1 peptide withadimity of 15uM (shown inFIGURB.8A). It
was also determined that both talin isoforms (talinl and talin2) could bind to thelGi2ptide
with similar affinity; talin2 R7R8 bound the CDK1 peptide with an affinity gML1

Subsequently the individual talin domains: R7 (residues I36bhk 14541586) and R8 (residues
1461-1580) binding affinity was measuretb the CDK1 peptide FIGURE.8B showsthe CDK1
peptide bound very weaklyo talinl R7 with &indingKoos56 uM. Talinl R8on the other hand,
had an affinity of 18uM to the CDK1 peptide concluding that the CDK1 binds to thelt&tid

domain.
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FIGURB.8: BIOCHEMICAL CHARACTERISATION OF CDK1 BINDING TO TALIN

(A-B) Binding of BODIRabelledCDK1 20@223C peptide individual talin domains; talin1-R8 (135¢1659),

talin2 R7R8 (1360656), talinl R7 (135w c p o n €586) @md talinl R8(1461580) Binding affinities

were measured using a Fluorescence Polarization as3ajin domain R10 (181873) was used as a
negative contral 5A 842 OA L A2y O2yaidl yi a&s age inflicatedsire thedlegeh@NI (i K S
measurements were performed in triplicateND, not determined (C) Helical prediction of CDK1 peptide
based on the structure CDK1 (PIDBIYCG6) (D) structural prediction of CDK1 peptide from CDK1 structure
(PDBD:4YC6) (greemverlaidwith DLC1 peptide structure (PDB5FZT) with CDK#&sidues 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 mppingof the CDKbinding site on &lin1 R7R8

To further explore thealin:CDKInteraction anddetermine the CDK1 binding surface on talin R7R8,
NMR chemical shift mapping was usedN-labelled talil R7R8 (residues 135653) were
expressed and N TROSY spectrum of talinl R7R8 (140 uM3KBI&SURB.9) was carried out.

The talinl R7R8 spectrum had good peak dispersion indicating that the protein was folded; CDK1
206-223 peptidewas then addedo talinl R7R8 at a ratio of 6:1 (greenFAIGURB.9) anda very
similarpeak dispersion remained indicating that the interaction between talin:CDK1 did not alter
the folding of talinl R7R8However,a subset of the talinl R7R8 peaks shiftgabn addition of
CDK1whilst some remained in the same positioimdicatingthat the CDK1 peptiddound to a
specific region on talin To determine which peaks had shiftethie CDK1:talin spectrum was
overlaid with a talinl R8 spectrum (data not shoywmich highlightedt wastalinl R8 peakthat

had shiftedwith no dgnificant $ift changes observed on the R7 peagsrroborating the FP data
(FIGURB.8) that talinl R8 is the main CDK1 binding site on talin.

Tahin1 R7R8 140 p:M
CDK1 206-223 300 pM
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FIGURB.9: 1°N TROSY NMR TITRATION TALIN1 R7R8 AND CERBCIBEPTIDE

H¥% ¢wh{, &LISOtiNNdbelled Falinia R7R8 (residues 18%859) in the absence (black) or
presence of CDK1 2@&23C 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 spedffl@lJRB.9) are quite overlapped making the mapping of
individual peaks challenging. To overcome thisation of the individualtalinl R8 (residues 1461
1580) domairwas carried out®N-labelled talinl R@as titrated against increasing concentrations
of the CDK1 20823 peptide the most saturated point in the titration is shown FIiGURB.10A;
talin R8 on its own (black) and CDK1 térhin at a ratio 12:1 (blde There was less overlap of the
individual peakswith the talinl R8 domainallowing a clearer tracking of each peak, shown in
FIGURB.10B (talinl R8 on its own (black), and in the presence of CDK1 at a fa(jpirk), 61
(green) and 12:1 (blue)Thetalin peaks move differently compared to when the KANK$6GG
peptide was added to talinl R7, instead of splitt{stpw exchangethey move progressively in a
linear line(with increasing concentratiorsf CDKZJeptide) This movement is showing the peaks
are in fast exchange on the NMR timescaidich allows for easyand accuratepeaktracking
FIGURIB.10Chighlights ongpeak corresponding tdalin residue Asn15340 show the linear shift

changesasa higher concentration dEDKlpeptideis added.

To map exactly which talinl R8 residues shfon addition of the CDKfpeptide, the talinl R8
chemical shift assignments wedbwnloadedfrom the BoMagResBank (BMRBID:19339)and
analysed using CcpNMRadlysis software allowing each peak in the talin R8 spectimrhe
assigned to the correspondinglitdl R8 residue For analysis,the talinl R8 spectrunwas
overlapped with thetalinlR8:CDK1 1$pectrato allow measurerant of the distance shifted for

eachpeak.

These shiftdistanceswere determined using the weighted combination 8fi and*N amide
4S02yRINE &KWN) @@ deteiminéd LisingPUATION: as described ichapter 4

The shiftdistances ér each peakvere plotted and can be sedén FIGURB.11A; resdues where

the peak shifted over 0.02 pp(which represented a significant shiétje highlighted in red on the
graphand on the talinl R7R8 structur@~IGURBE5.11B). Thetalin residues that shifted upon
addition of the CDK1 peiole mapped onto talirhelices 32 and 38FIGURE.11B). This was
interesting as these talin helices also form the binding surface for several other talin ligands

including RIAM and DLQYanget al., 2014; Zacharchenket al., 2016)as discussed ichapter 5
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FIGURB.10: >N HSQC NMR TITRATIONTALIN1 R8 AND CDK1 Z#3C PEPTIDE

(AC)H™ | { v/ &LJIS OfNNabelled Falint R8 (resadues 148580) in the absence (black) or
presence of CDK1 2€%3C peptide (pink/green/blye 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 #kb34, showing progressive chemical shift changes, dematirgg the
talin:CDK1 interaction is in fast exchange on the NMR timescale.
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FIGURB.11: CHEMICABHIFMAPPING OF TALIN1 R8 AND CDK2286€

(A)Chemical shift mpping of the CDK1 binding site on talR8 as detected by NMR using weighted chemical
shift distances(B) Rsidues that moved more than 0.02 ppm (highlighted in red) mapped onto the talinl
R7R8 structure (POB:5FZT)
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6.2.4 Biochemical comparison oDLCland CDKlbinding talinl 8

CDKbinds b talin R8 via helices 32 a8, whichis the same binding surface as DLC1. Our
understanding of how LD ligands and their LDBDrageilated islimited so here | wantedo

compare how the two ligand§LC1 and CDK1 interact with talinl R8.

Bath CDK1 ad DLC1 bind to talvia a similatD talinbinding motif the DLCILDmotif is between
residues 465189 (IFPEDDILYHVKGRRIVNQWSEK]he motif is slightly different to CDK1 shown
in FIGURBB.12B as CDKTontainsay ID& NJ { K S NehndnidiWy[ Saarkd® DLC1 To
determine if this makes a difference in binding to tatim FPassaywas used to measure affinity
between talinl R7R8 and the DLC1 and CDK1 peptidies. data shown iFIGURB.12A shows
DLCL1 binds talin1 R7R8 with a higher affinity than CDK1; DLC1 binds talin R7R8 ofith % 1K\
whereas CDK1 haslg 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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Talin1 [uM]

B DLC1 465-489: IFPELDDILYHVKGMQRIVNQWSEKC
CDK1 206-223: GDSEIDQLFRIFRALGTPC

FIGURIB.12: BINDING OF DLC1 AND CDK TALIN1 R7RS8

(A) Binding of BODIPWMRIabelled CDK1 20&223C peptideand DLC1 46889C peptide taalinl R7R8
(13571653. Binding affinities were measured using &udfescence Polarization assaysgbciation
O2yaidlyda s {9 0>a0 TF2N (KS .Myniedshkn@itsviené gerfdrmeB in A y R
triplicate. (B) The CDK{206-223)and DLC1465489) peptide sequenceshown with thelLD talirbinding

motif highlighted in bold.

175



A N HSQC of talinR8 (black) is shown iRIGURB.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 R&eironment. The DLC1 spectrum shows more peaks have shifted,
compared to the CDK1 spectrum, (red boxdd6URB.13 and FIGURB.13B). This suggests that

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

FIGUREB.13C shows a region of the spectrum where most talin shifts take place when CDK1 is
added. In this region the same talin peaks shithmpresence 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 ligaffd&URB.13Chighlighted by

black dotted box). This change highlights the differences in the ligands CDK1 and DLC1 sequence
these different residues cause different environmental changes to talin when binding. This
indicates that, even though theris 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 bejrused between the different LDotif peptides.
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FIGURB.13: 1N TROSY SPECTRA SHOWING DLC1 AND CDK1 BINDING TO TALIN1 R7R8

(ABYH¥ ¢ wh{ k6 a LIS GiNMbelled thlinIvR7RS (residues 183859) in the absence (black)
YR LINBaSyOS 2 ®2nn AJS4al A/RBY M INMBCS A89C peftide(biueBlackaboxs [ / M
highlights region of talin residues shifted upon addition of CBRel.box highlights area of the spectra where

the peaks have shifted upon addition of DLC1 to talin R7R8 but not COKAogmed in region of the HSQC
spectra, highlighting the different directions of the peaks when CDK1 or DLCL1 peptides are added to talinl
R7R8.
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6.2.5 Designinga CDKImutant to disrupt the talin:CDKlinteraction

CDK1 binds to talin through ab talinbinding motif. This Linotif is similar to the KANK LD talin
binding motif discussed ichapter 4 Designing a CDK1 mutant to perturb talin:CDK1 binding was
greatly assisted from the design of the KANK_4A mutant ¢seton 4.2.6), that successfully
perturbed the binding between talin: KANK.

The KANK_4A mutant was designed to perturb binding via mutatingegheand Asp residues in
the LDmotif for Ala. This prevented KANK from forming the salt bridge betweeanhtheyed Asp
residue and talin and consequently perturbing binding.

FIGURB.14A shows a model of CDK1 binding to talin R8 which demonstratasthe Asp211
residue (in the LBnotif) likely forms a salt bridge thi talin residue Lys1544. This interaction
orients the CDK1 peptide and allows the hydrophobic lle210 residue to form a hydrophobic
interaction with talin. Using the sanwrategywe developed for KANKve mutated the CDK1 |
[e210 and Asp211 residues thla. A peptide CDK1_2A 2PB3 (GDSEAQLFRIFRALGTPC)
containing the mutation was ordered (shoviidGURB.14C) allowing the FP assay to be used to
determine the binding of the CDK1_2A mutant with talinl and taRTR8.FIGURIB.14D shows

the CDK1 2A mutant is effective as it did not generate a determinabkoidirming 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)

w
S

Fluorescence Polarisation

0 50 100 150 200 250
talin [pM]

FIGURB.14: DESIGN OF ACDK1_2A MUTANT TO PERTURB TALIN:CDK1 INTERACTION

(A-B) Structural model of CDK1 2@23C(green)binding to talin1 R8 domaifgrey)- the talin:DLC1 structure
used with CDK1 residues threaded onto DLC1 helix (BD&-ZT). (A) lle210 and Asp211 residues are
highlighted(B)the mutations Ala210 and Ala211 are highlight€e)CDK1 and CDK1_2A peptide sequences:
green highlightshe lle and Asp residues in the {nibtif and red highlightshe Ala residues in the CDK1A 2
mutation. (D) Binding of BODIP¥YMR labelled CDK1 2223C and CDK1_2A 2R83C peptides to talin2
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R7R8 (136€Mc p c 0 @ 5A8a420ALGA2y O2yaidlyta p {9 6>a0
performed in triplicate. ND, not determined.

To confirm the effctiveness of the CDK1_2A mutdoit disrupting the interaction between CDK1
and talin, NMR titrations were carried out with talinl R7R8 (residuesi®®d) and the CDK1_2A
206-223 peptide The'®™N TROSY talinl R7R8 spectra are showGh/RB.15. For bothFIGURE
6.15A and B, the spectra in black correspond to talinl R7R8; in g(E¢GURBb.15A) spectrum
corresponds to the addiin of the CDK1 20@23 peptide (ratio 6:1) and, in reB|GURB.15B the
spectrum of mutanCDK1_2A 20823 added at a ratio of 6:INo shifts can be observed when the
CDK1_2A peptide &lded, incontrast to theaddition of COKWT peptide.

A Tein] HZRS 140 uM e
CD¥X1 206223 800 -
4
L)
o @ 2
v
1" @ ] \.)
] %00, .0 ; 0
ot o @ 'ooo o« p. (17 D
g " . un o °° °.oc;° M '/' |
| 9 ° 3 .
ooi:&"og L A Ofi?-.{:-\.k C;)OS
b o 9% 3° o5.® o ' B &l
L & ! . Q@ a0 o o O R "'\)
RAX oo b ST B I
et e ° > fB 20
L a '! f 2 .boo .8 0 0 e |
° g o wo v o (\
L 0 A L]
a AL ¢ °
‘-0' o
g: @
°
- : 8
L as n 5 L 4
B | Tant wons a0 um ¢
COKY_2A 206-727 800
e © ©
3 |
0 0 &g
C}}\ci‘:g\" ) a
© be ﬂfviﬁ -
O o e 1

FIGURB.15: NMR TROSY OF THE CDK1_2A MUTANT ON BINDING TO TALIN R7R8

(A)HS ¢ wh{ , &aLIS Cibelled falinIMRTRS (resadues 183853) in the absence (black) or
presence of CDK1 2@®3C peptide (green) ataratioof 1:6. ¥B}0 ¢ wh { | & LIS Cti-idelle@ ¥
talinl R7R8 in the absence (black) or preserfae@K1_ 2A mutant peptide (red)at a ratio of 1:6
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Furthermore,a >N HSQC titration with the individuadlin R8 domain was carried ouEIGURE
6.16 shows the most saturatedoint of the titration with420uM CDK1 dded to 70 uM talin R8.
The HSQC showed no shifts occurred in presence of the mutant enabling us to conclude that the
CDK1_2A mutans effective in abrogating the talin:CDKieraction aad would be a good mutant

to use in cellular studies ¢fie CDK1:thn interaction.
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FIGURB.16: NMRHSQGOF THE CDK1_2A MUTANT AFFECT ON BINDING TO TALIN R8

(AH¥ | { v/ aLJS O &Nimbelledfalind R8 (residues 144580) in the absence (black) or
presence 6CDK1 20@23C peptide (green) at a ratio of 1:@B)™H® | { v/ & LIS O'iNMabelled T T n
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 Structuralcharacterization of he talin:CDKIcomplex

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 tlitisvas important to understand
the talin residues involved in the interaction with CDK1 andveavanted to obtain an atomic

structureof talinl R7R8 and CDK1 22/53.
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 Dimenaim@h$act (Molecular
Dimensions). Initially talinl R7R8 (residues £36%3) was purified and mixed witlbb&1 peptide

at a ratio of 1:4. Alscreens were plated at a 1:1 ratio of protein: well solution and left at both 4 °C
and 20 °C. A number of crystgtgew in the screening trays, some are showRIGURE.17, these
crystals were placed into a CryoLoop and frozen in liquid nitrog@iifraction datasets was
collected at 100 K on beamline 103 at Diamond Light& (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.

FIGURB.17: CRYSTALLIZATION TRIALS OF TALIN1 R7R8 AND €RRC FEPTIDE

Crystals of talin1 R7R8 grown form a protein compddinl R7R8:CDKrhafio of 1:8 and laid at a 1:1 protein
well solutionratio, crystals were found idCSG+ optimization screen conditions at0
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6.2.6.2 Predicteddocking

In the absence of a talin:CDK1 structure a docking prediction between the talin R7R8 domains and
the CDK1 20823 peptide was created. This was achieved uiegknown talinl R7R8:DLC1
structure (PDBD: 5FTZ)wherethe DLCIpeptideforms a short alpha helix that packs against the
talin helices 32 and 33. The DLC1 helix was used as a base and the CDK1 pe@eveid
threaded onto the DLCL1 helix using PyMBLIGUR.18 shows the structural model of a CDK1
peptide threaded onto talinl R& the mode) Asp211 of CDKL1 is positioned to form a salt bridge
with talin Lys1544 residue; a key interaction found in all LD peptides bound to thé&&tlomain.

Talinl R8

CDK1 209-230

Talinl R7

FIGURE.18: STRUCTURAL MODELT@AEIN1 R7R8:CDK1 2283
The binding of talinl R7R8 and CDK1 peptideZZB CDK1 peptide 2823 was modelled onto the known
DLC1 structure using PyMOtdais highlighted in green
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6.2.7 Designingatalin mutant to perturb CDKitalin binding

A major aim of the biochemical characterisatiortlé interactionbetween talin and CDK1 was to
design and validate mutations thatere capable of modulating it, with #hultimate purpose of
introducing these mutantito cellsto explore the physiological role of the interactigmith and

without the mutations)

The CDK1_2A mutant disruptalin.CDK1binding and is useful in helping understand what the
CDK1.:talin inteaction is doing in a celHowever, 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, 20h8ying a CDK1 mutant may not give a clear
picture of its talindependentfunctions Themutation in CDK1 may affect ph@®orylation 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:CDKinteraction would give &learer 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 [BAt,
Zacharchenkogt al, 2013; Zacharchenket al, 2016) To determine if R8 ligargpecific
mutations were feasible, the structures of DLC1:talin (H-DBFZT) and RIAM:talin (PMB4W8P)

and CDK1:talin (predicted) weegamined FIGURIB.19).
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FIGURB.19: LD SPECIFICITY BETWEEN TALIN R8 LIGAGDIRIAM AND CDK1

(A) Structural model of talinCDKalin highlighting the binding of LD talsinding 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 @llin: RIAM PDBID: 4W8P)RIAM LD talinbinding motif highlighted in orange.
(C)hestructure of talin:DLC1 (PDB: 5FZT) DLC1 (pink).
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The salt bridge interaction thgdbrms between the Asp on the biotif and talinl R8 Lys1544
residue might be the initial contact that defines the irdetion. Structural analysis confirms that

the LD talirbinding motifs of: CDK1, RIAM and DLC1 dock to the talin R8 domain all form this
AYGSNY OGA2y OAl U(EKSBFIGRRBIHI AT [ 5 O0AYRAY3I aris

This inteaction orients the LD talibinding peptide and allows binding of other residues further
R2gyaidiNBlIY 2F (KS [5 G2 o0AYyR (2 ({Zatharghenkoy & |
et al, 2016) TalinlLys1544was targetedwhen trying to perturb the DLC1:talin interaction
(Zacharchenkeet al, 2016) where the basic Lys residue wasutated to an acidic Glu This
mutation howeveronly had a partial effect operturbing theinteractionbetween talin and DLC1
suggestinghat other interactions downstrearof this intheW[ 5 & LJS O A &dhirdeyral for NB 3

the interaction(Zacharchenket al., 2016)

TheW[ 5 & LIS O A poleialli dakedpEUsiBle/tiat a ligand specific mutati@ould be
madeto prevent only the perturbation of one LD ligand from talin RB8e talin residueLys1544
could be mutated to abrogatthe W[ 5 A y A (i A lahd thed g rBsidyeabking & Goftart
unique tothat LD talinbinding liganccould be mutat® Ay G KS Wa.LJSOATFTAOAG @

FIGURB.19 shows theW[ 5 & LJS OA i\ hoth/D(@ adIRAN; 2D[@11488 forms a salt
bridge with talin Lys1530 whereas RIAM Glul8 forms a salt bridge withLigdil510.A double
GFrtAyYy Ydzilyd GKFG GFNBSGSR 020K GKS WAYAOGAL €
(Lys1530yvas designed and tested usiNg/IR(Zacharchenket al., 2016) Thiglata indicated that

the double mutation perturbed the binding of talin and DI{Zacharchenket al., 2016)

Using a similar strategy we sought to design a talin mutant to peraiib:CDK1 bindingnd to
FOKAS@PS (KAa GKS /5YmM Wa LS heADKDlin docking sir&@re y S ¢
(FIGURE.19A) was used as a reference aagbotential salt bridge betwee@DK1 Glu232 and talin
Lys1523 was idgified® I FAdzZNIKSNJ O2y il O o0SGsSSy /5Ym |
come from hydrophobic interactions between CDK1 Trp228 and tfilGURB.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 poibetween 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)
- Talin1 R7R8 and CDK1 206-232 (Kp 21.6+/-1.9)

g

Fluoresence polarisation

100 Y T 1
0 50 100 150

Talin1 [uM]

FIGURB.20: IDENTIFYING IF CDK1 TRP228 AND GLU230 RESIDUES ARE IMPORTANT FOR TALIN BIN|

(A) The CDK1 26223 and CDK1 2832 peptide sequences use(B-C)Helical prediction of CDK1 peptides

based on the structure CDK1 (PIDBIYC6).(D) Binding of BODIF¥MRIabelled CDK1 26823Cand CDK1
206-232C peptides tdndividual talinl RR8 (135€¢1659). Binding affinities were measured using a
Fluorescencé 2 f I NAT I GA2y | aaleéeao 5A8420AF0A2y O2yaidl yia:
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 appe
to contacttalin Lys1523. We hypothesised thaf 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 encangpassi
the predicted LD specificity region would increase the affinity for CDK1 as they were not included
in the original CDK1 26823 peptide. To explore whether Trp228 ar@lR30 wereinvolved we
designed a longer CDK1 peptd€EDK1 20232 (shown inFIGUREG.20A). Fluorescence

polarisation was used to measure the binding affinities for the tB&Cpeptides with talinl R7R8.

HGUREB.20D shows there was no significadtfference between the longer and shorter CDK1
peptides: the short CDK1 2@23 peptide bound with ag6f16 uM and the longer peptide bound

with a Igof 21 uM. Therefore, we concluded that Trp228 and Glu230 are not important for the
interaction with talh and thus we have determined that the CDK1 residues223comprise the

talin binding site. Determining that only CDK1 residues are important for talin binding
meant that a new strategy for designing a CDK1 specific mutant had to be implensntatin
residues around Trp228 and Glu230 could no longer be targeted as they were not part of the talin
OAYRAY3I aAidSz YSIHyAy3a (GKS W[5 aLISOATFTAOAGE N
strategy we implemented was to disrupt hydrophohiteractionsbetween talin and CDK1 206

223. FIGURB.21 highlightsthe hydrophobic residues on CDK1 that could interact with talin helices
32 and 33, these include CDK1 residlie®10, Phe214 and Phe217

To taget these CDK1 residues, talinl R7R8 mutants were designed, the CDK1 Phe21ffe(from
CDK1:talirbinding model) looked to be situated near two alanine residues on the talin surface
Alal1495 and Ala149&hownin FIGURB.21). Alal495 and Alal1499 potentially create a pocket
for the aromatic ring of Phe21and 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 hydropholsaue 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 otant we employed a similar strategy of trying to prevent the CDK1 residues;
Phe217 and Phe214, from fitting-lietween the talin helices. Talinl Ala1495 and Alal1499 were
mutated to leucine residues with the hypothesis that the two Leu ressdwould fillthe 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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D211 F214

1210

CDK1 206-223 F217

V1540

Helix 32

FIGURB.21: DESIGNING A TALIN R8 MUTANT TO PERTURB (DIKGBIN

Structural model offalin1:CDK1 20823 predicted based on talin:DLC1 structure(RDBFZT). 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 £¥544 and CDK1 Asp211 is highlighted with a black dotted line.
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A second mutagenesis approach was to target@KMWA y A G A+ £ [ 5  onkg/aRalin/ 3
mutant that could preventhe salt bridge between talin Lys1544 and CDK1 Asp&khowig in
FIGURB.19A. These included:

i. A charge reversal mutant K1544D aimed to repel the Asp24&idue on CDK1 and
prevent binding

i. A chargedmutant V1540Dtargeting the 1le210 hydrophobic residue on CDK1 to
prevent hydrophobic interaction with talin The addition of a charged aspartate

residue inthe hydrophobic pocket on talin aimed to repel the CDK1 1le210 residue

Our studies with the longer CDK1 2082 peptide indicated thathe region 223-232 was not
esential for binding to tah (FIGURE.20); however, we postulated that by introducing a mutation
in talin that would prevent this region of CDK&ing able to bind talinthe entire CDK1 peptide
binding to talin R&ould still be disruptedThe talin mutant S1513L was, therefore, designed with
a Leu residue filling the gap betwethe talin helices and thus preventing the CDK1ZR&residue

(or surrounding residues) from forming hydrophobic interactions with talin

In summary, we designed a total of four talinl R7R8 mutants:

i.  Al495L: Targeting thateraction sustained by Phe2bh CDK1

i.  S1513L+Al495[Iargeting bindingf CDK1 through Phe214 and Trg22
iii.  Al499L+Al495[Targetirg binding of CDK1 through Phe214 ahé L7

iv.  V1540D+K1544O:argeting binding of CDK1 through Asp211 and Ile210
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6.2.8 Testingof designedtalin mutants to perturb CDK1 binding

The designed talin mutants were put intftee pET15%alinl R7R&ectorallowing for recombinant
expression and purificaith. 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 30QuM alongwith talinl R7R8NTand used in the FP assay to measure dgfini

with BODIPYMMR labelled CDK1 2232 peptide, esults are shown ifRIGURB.22.

The talin Leu mutations (A1495L, A1499L) did not have a big effect on the binding affinity between
CDK1 and talicompared to tahl R7R8NT. 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 suggesither a Leu substitution may not have been enough to disrupt the
hydrophobic interaction oinstead a charged residue could have been uskdould also have

been that the talin residues Alal495 and 89 were not close enough to the Phe residues on
CDKDr that the Ala residues provided a hydrophobic environment thatPhe could still interact

with. On the other handit could imply that the CDK1 Phe residues are not involved in the
interaction ¢ KS R2dz0f S Ydzilyld {mpwmo[ YR ! Mmndp[ KIF
affinity to talin, it doubled the Khowever,and thiswould not probably not be enough to perturb
binding within a cell. Thmost efective mutation was the V1540D akd 544D YDKD) mutation,
asitchangedthe K¥ N2 Y mp >a &oddiffevenceas | &AE
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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
B D1544 D1540

FIGURB.22: DETERMINING IF THE DESIGNED RARSNMUTANTS PERTURB CBIKIDING

(A) Table of Kvalues determined from FP assay with CDK1 peptide22@6ard talinl R7R8 mutants:
V1540D+K1544D81499L +A1495IS1513L+A1495L akll495L 5 A a2 OA L A2y O2ymed !l y i
interactions are indicatednd all measurements were performed in triplicat(B) talinl R8 structure (PDB

ID: 5FTZ) highlighting talresidues in red that have been mutated.
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6.2.9 Is the talin mutant W+ 5 Yspef€lfic b 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 thenutation only perturbed CDK1 binding or if it affected the
binding of other R8 ligands; RIAM and DLTA determinghisthe binding affinities of talinl R7R8
WTand talinlR7R8 VDKD were tested agaiDEC1 46889 and RIAM-80 peptides, using vitro

FP assay$-(GURB.23). The VDKD mutation appears affect both RIAM and DLC1 binding to
talin; the Kp of DLC1 changed from 32 (talin1 WT) to 15> awith the talinl VDKD mutatiaon
Likewise, thesfor the interaction with RIAM changed from 33/ to 22>M with WTand VDKD

mutant, respectively

¢KS +£5Y5 GFfAYy YdzildAz2y ¢l & RSaA 3y Bowevérdueil I NE
to this being a common mechanism of binding for all LD -aifiding motifs the mutant also
affectedRIAM and DLCL1 binding to talifihis is a difficult problem to navigate around as the other
GFfAYy Ydzilyda RSaA3aySR G2 G NBS dof thes Brwotif Hiy { K
not seem to have an efét on tdin:CDK1 bindingThis is ausefultalin 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 ¢@lther ligands (RIAMnd DLC1) auld alsobe prevented

from binding to talinl R8.
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FIGURB.23: DETERMINING THE BINDING AFFINITY FOR BMCANRI CDK1 AGAINST THE TALIN1

R7R8 VDKD MUTATION.

(A-C)Binding of BODIP¥MRIabelled CDK1 20&223C DLC1 46%89C and RIAM-30Cpeptides totalinl
R7R8 (135€1659). Binding affinities were measured using a Fluorescence Polarization assay. Dissociation

Oz2yailyida
triplicate.
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6.2.10 Can CDKCyclin:taln form a @mplex?

In our biochemical studies we have used the CDK1 peptid@2B@s 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 fighgth CDK1, the known CDK1 (ARDB4YC6) and talinl
R7R8 (PDHD: 5FZT) structures were docked together combining both modelling approaches and
the knowledge gained from our biochemical studiE$GURB.24A showsCDK1 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 {bihthitig motif.

This region on CDK1 is filge 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 tajialinCDK1 could form a complex. To determine if
the interaction was sterically possible the known structures; C8KIlinB1 (PDBD:4YC3) and
talinl R7R8 (PDBX5FZT), were used to model tlateraction FIGURB.24B). Again, it looks
sterically feasible for talin to bind cycl®DK1; 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 clashith cyclinB1 implying that a tripartite interaction is

feasible.
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Talinl R8

Talinl R8

»

Talin1 R7 R

FIGURB.24: STRUCTURAL MODEL OF TALIN1 R7R8:CDK2:CYCLINA2

(A) Structural model of CDKalin1R7R8 using-Ray crystallography structes of CDK1 (PDB:4YC6) and

talin R7R8(PDBID:5FZT) (B) Structural Model of CyclinB1:CDK1:talinlR7R#&gushe CDK1/cyclinB1

structure (PDB:4YC3) and the talin structure (HDBFZT.,) CyclinB1 isolouredin yellow, CDK1 (blue) and
talin R7R8 (green)Residues from CDK1 2083 peptide are highlighted in red
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6.2.11 Howdoestalin affect CDKXkinase ativity?

We wanted to determine if talin binding to CDK1 woalftect the kinase function of CDK1To
explore thisfurther, we wllaborated with Martin Humphes from the University of Manchester

The Hunphries group had been studyirtpe CDKdependent phosphorylation of Formin Like
Protein2 (FMNL2), madhesiomprotein required for actin assembly and turno\@rikscheiet al.,

2015) Theyidentified the phosphorylation of FMNL2 using iarvitro kinase assay, whei@ST
tagged FMNL2 was incubated wiphirified cyclinAZCDK1/ cycliB1-CDK1 and ATPUsing pul

down assayg and western blotswith S/T-P antibody (MPM2)MPM2 is an antphosphoSer/Thr

Pro antibody and can be used to detect phosphorylated Ser/Thr residues in the CDK1
phosphaylation sequence Ser/THro. The Humphries groupfound that FMNL2 was
phosphorylatel by CDKin the presence ofioth cyclinA2 and cyclBil (Jonest al., 2018)

Thisin vitro kinaseassaywith FMNL2Zorovided an ideal platforno determineif talin was afecting

CDK1s kinase activity, by adding talin to the assay we predicted one of three outcomes:

i.  Talin prevents phosphorylation of FMNLZ2; talin binding to CDK1 inactivates the.kinase
ii.  FMNL2 can be phosphorylated by CDK1 in the absence of cyclin atafaiies the
kinase.
iii.  FMNL2 is phosphorylated with cycliDK1 and ATRalin bindingto CDK1 is not

affecting the kinase activity

| carried out the following experiments the Humphries lab at the University &anchester.
Purified &linl R7R (residwes 13571653) {n 3-fold excess3 ug) was addedo purified FMNL21
Mg/uL cyclil2-CDK11 ngpuL (Invitrogen) and ATP1 mM. Following this we pdormed
immunoblotting against MPM2, CDK1 and cy&fn The blot shown iffIGURB.15, showsFMNL2

was phosphorylated at similar levels ioth the presence and absence of talin (wh&fmPwas
present), confirming talin was nomnhibiting the kinase activitypf CDK1 Unexpectedly, the assay
revealedthat thetalinl R7R8vas also being phosphorylatéy CDK1hjghlighted by a red box in
FIGUREG.15). Talin phosphorylation by CDK1 had not been anticipated due to no known
phosphorylation sites on the talin R7R8 domain (despite phogpteomic analysis of talin in the
phospheadhesome(Robertsoret al,, 2015) and no obvious CDK1 phosphorylation sequence in

the talin R7R8 sequence.
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A high intensity talin R7R8 band was visualirettie westernblot at approximatey 32 kDa, in the
presence of CDKdyclinA2 and AT®hen probed with MPM2 In the absence of either cych2
or ATP, no band is observed, indicating that talin could not activate CDK1 and that the activity was

still cyclin dependent

FMNL2: + + +
A Talinl R7R8: + - +
ATP: - + +

SO- g BN M A2

37-. “ - ‘ CDK1

25-

B Cyclin A+CDK1
Talin1 R7R8 + ATP + FMNL e 5, FMNL2(P) + Talin1 R7R8(P)+ ADP

Phosphorylated Talinl R7R8

Phosphorylated FMINL2

FIGURB.25: CDK1 KINASE ACTIVITY IS NOT AFFECTED BY TALIN BINDING

(A)mmunoblot analysis ofn vitro kinase assay with purified talinl R7R8, FMNL2 and Cpi#ihA2

(Invitrogen) with and without ATHmmunoblot is blotted usig antt CDK1, GSdyclin and antMPM2. Red
box indicates talinl R7R8 phosphorylation by CBdLFMNL2 phosphorylation by CDKB) The reaction
occurring in then vitro kinase assay.

6.2.12 Talinphosphorylation ty CDK1is cyclin pecific

To further irvestigate the phosphorylation of talin R7R8 by CDKL1,rthatro kinase assay was
repeated in the absence of FMNL2 and at lower concentrations of tglig/ (). Both talinl R7R8
(residues 1357.653) and talin2 R7R8 (residues 18B866) were used in thim vitro kinase assay
and cycliA2 andcyclirB1 were used to determine if the interaction was cyclin spedfiGURE
6.26 shows a representative western blof the assays and hetbe in vitro kinase assawyas sed
as a qualitative assessment, rather than a quantitative measurententletermine CDK1

phosphorylation
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The immunoblotsshown inFIGUREB.26 again confirm talinrR7R8is phosphorylated by CDK1
cyclinA2; a larg increase in talin phosphorylationseown FIGURB.26A when ATP is added to
the assay with both talinl R7R&his same increase in talin phosphorylatishen ATP is added
can be seen in the talin2 R7R@n&irming that both talin isoforms arbeing phosphorylated by
CDK1.

Interestinglythe CDK1 phosphorylation on talin 1 and talin2 R7R8 looks to be cyclin spdeifie as
phosphorylation isseen when CDKdyclinB1 is added to talithan with the CDKtyclinA2. This
cyclin isoform specific phosphorylation can also be sedfi@UREB.26B; talinl R7R8nd talin2
R7R8&hosphorylation is highlighted by a red bamrd it is clear thaan increase in signalf talin
phosphoryation when ATP is added can be identified when cyclinA2 is present but not when

cyclinB1 is present.

Furtherimmunoblotswere carried out with CDKCyclinA2, talinl R7R8 and talin2 RTiR& can
be seenin FIGURB.27. The blots provide further evidence that talin R7R8 is phosphorylated by
CDK1cyclinA2
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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
W W e e S W W W R7R8(Ponceau Stain)

FIGURB.26: TALIN R7R8 IS PHOSPHORYLATED BYCEZOKINA2

(A-B) Immunoblot analysis ah vitro kinase asay with purified talinl R7R8/talin2 R7R8, Clo¥dinA2
(Invitrogen) or cyclinB2 (Invitrogen) with and without ATP. (A) Immunobilot is blotted usiAgMR. Red
box indicates talinl R7R#hosphorylation by CDK1 cydia. (Bymmunoblot is blotted agast anttMPM2,

anti-GST and antilS. Black line separates immunoblot from ponceau stain of talin R7R8 (32 kDa).
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FIGURB.27: IMMUNOBLOTS CONFIRMINALIN R7R8 IS PHOSPHORYLATED BXCZOKINA2

(A-B) Immunoblot analysis oin vitro kinase assay with purified talinl R7R8/talin2 R7R8, €p&ihA2
(Invitrogen) with and without ATP. (A) Immunoblot is blotted using-sitM2 and antiGST, ed box
indicates talinl R7R&hosphorylation by CDK1 cydia. B) Immunoblot is blotted against ardPM2, anti
GST and antCDK1 Black line separates immunoblot from ponceau stain of talin R7R8 (32 kDa).
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