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Abstract

Focal adhesions provide a bi-directional, highly dynamic interface between the
extracellular and intracellular environments. The abundance and diversity of proteins
recruited to the adhesion sites enable focal adhesions to act as highly efficient
mechanosensitive signalling hubs that regulate multiple aspects of cell behaviour
including cell movement. Paxillin is one of the proteins identified to localise to focal
adhesions. This study explored the interaction of paxillin with the focal adhesion-
associated proteins talin, vinculin and focal adhesion kinase, and how such
interactions are regulated. Biochemical characterisation using a suite of assays,
including fluorescence polarisation, microscale thermophoresis, nuclear magnetic
resonance, size exclusion chromatography and pulldowns, identified two novel
interactions: 1) the paxillin LIM domains bind talin R9-R12, and 2) multiple paxillin LD
motifs cooperatively bind to the head and talin domains of vinculin. We propose a
model whereby talin facilitates the localisation of paxillin in proximity of vinculin at
adhesions. Once recruited, paxillin functions to control the activation state of vinculin
and thus regulate adhesion dynamics, influencing a whole host of cellular activities

including cell migration and apopotosis.
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1. Introduction

1.1. Focal Adhesions

The ability of cells to attach to each other and to the extracellular matrix (ECM) is
essential for multicellular existence. Focal adhesions (FAS) provide a bi-directional,
highly dynamic interface between the extracellular chemical and physical environment
and the intracellular scaffolding and signalling machinery. Cross-talk between the two
environments is crucial for cellular decision-making in the cell-cycle, differentiation and
death, and occurs with remarkable spatial and temporal precision. In addition to
functioning as multi-protein signalling hubs, FAs serve to transmit mechanical force
between the cytoskeleton and the cellular surroundings to drive tissue morphogenesis,

cell movement and ECM remodelling (Kenneth M. Yamada et al., 2019).

Nascent FAs form at the leading edge of migrating cells as small (<250 nm) structures
rich in integrin (see section 1.2), focal adhesion kinase (FAK) (see section 1.5) and
paxillin (see section 1.6) (Choi et al., 2008). Adhesion maturation occurs in an
actomyosin-dependent manner, generating adhesions several microns in length and
200 nm thick, organised into three distinct nano-domains each characterised by
variations in protein localisation. FAK and paxillin localise at the distal tips within the
membrane-proximal integrin signalling layer, actin-binding protein s i n c laatidin
and zyxin localise at the proximal tips approximately 50-60 nm from the plasma
membrane in the actin regulatory layer, and the mechanosensitive rod domain of talin
(see section 1.3) localises to the force transduction layer that spans between the
integrin signalling layer and actin regulatory layer (Kanchanawong et al., 2010) (figure

1).



Actin stress fibre

7 s
= -80 Actin regulatory layer
C
N -
Force transduction layer
-40
Integrin signalling layer
-20 Plasma membrane
Integrin extracellular domain
-0 \ ECM
U = 9 = =4 C L @
Integrin o, FAK Paxillin Talin ~ Vinculin ~ Zyxin VASP  «a-Actinin Actin

Figure 1. Nanoscale architecture of focal adhesions (Kanchanawong et al., 2010).

The diverse functionality of FAs is reflected in their biochemical complexity. Analysis
of the O6integrin adhesomed using mass spectr
proteins involved in focal adhesion formation and regulation (Horton et al., 2016). The
abundance and diversity of these proteins enables FAs to act as highly efficient,
mechanosensitive signalling hubs that regulate multiple aspects of cell behaviour

involving biochemical and physical interactions between the cell and its environment.

1.2. Integrin

Integrins are heterodimeric membrane spanning adhesion receptors, central to focal
adhesion formation. They are comprasedbof
subunit, each containing a large 80-150 kDa extracellular ectodomain, a single
transmembrane-span n i nhelix @nd a largely unstructured cytoplasmic tail, 10-70

residues in length (Wegener & Campbell, 2008) (figure 2). Within mammals, one of 18

U subunits heterodi merises with one of 8 b s
distinct patterns of cell-type and tissue-specific expression and adhesion

characteristics (Hynes, 2002). Integrins connect to the ECM via their ectodomains,



whilst simultaneously providing a scaffold for the assembly of large multiprotein
complexes on the cytoplasmic tails. The ability to connect the cell interior to the
extracellular environment allows integrins to function in creating both a structural

connection and a bi-directional signalling pathway across the cell membrane.
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Figure 2. Structural model of integrin. T h e-Prépellerdomai n of t he

and thWem@aAn of the b s ueboform the ektifadellular)igarals s e mb |

binding site.

Integrins are highly dynamic regulators of cell function and are capable of driving
fundamental cellular responses including cell spreading, migration, proliferation and
apoptosis (Durrant, van den Bosch, & Hers, 2017). Such cellular processes are
dependent on the conformational state, and thus the activation state of integrin, a
process which is tightly regulated to reflect the activation state of the cell. The integrin
ectodomain can exist in three conformations; 1) a low-affinity closed conformation, 2)

an activated intermediate conformation and 3) an activated and ligand occupied open

conformation. The crystal structvVibr3e i omift etghe ne

3



its closed conformation was published in 2001 (figure 3). The structure reveals that a
deadbolt exists at the interface between the membrane-p r o x i -tfaiedbmain and the
ligand-bi ndi ng bA domai nXiood et dl.,h2001)bCorsseqbeantly, ithe
binding site -Froopeld dry ddmaibn of tdomaindf subun
the b subuni inity foraextracellular tigards. I fthis conformation, the
transmembrane helices of the bghthanded éoiled ubuni t
coil, bringing the cytoplasmic tails of the two subunits into close spatial proximity (Adair

& Yeager, 2002) (figure 3).

BA-domain

B-Propeller B-tail domain

Figure 3. Structural model of inactive integrin. Crystal structure of the extracellular
ectodomain of integrin UY\XoB8geiah 200k @eftgahed.s ed c o
The U and b subunits are coloured red and bl
of the inactive integrin showing the transmembrane helices and cytoplasmic tails in

the closed conformation (right panel).

The bidirectionality of integrin-mediated signalling across the cell membrane can occur
via eithernof coutosiitdies md e h an i snmsignallingnedersbles e

traditional receptor signalling and involves engagement of extracellular matrix ligands



by the ectodomain of integrin, triggering conformational changes in the cytoplasmic
regions which result in downstream signalling events including cytoskeletal
reorganisation, kinase cascade activation and cell cycle modulation (K M Yamada &
Geiger, 1997). In contrast, inside-out signalling involves binding of intracellular
activators t o ¢t driggering taip de@asmtion and [iropagation of
conformational changes to the extracellular ectodomain which release the deadbolt
bet we e n -tait domainfand the ligand-bi ndi ng abA &dm the

increasing ligand affinity and thus activating integrin (Anthis et al., 2009) (figure 4).
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Figure 4. Integrin activation via outside-in and inside-out signalling
mechanisms. Image adapted from (Shattil, Kim, & Ginsberg, 2010).

Of the many cytoplasmic proteins that bind to the integrin tail during inside-out
signalling, talin is central to integrin activation, focal adhesion formation and

mechanotransduction.



1.3. Talin

Talin was first identified as a 270 kDa cytoplasmic protein concentrated at regions of
cell-substratum contact (Burridge & Connell, 1983). Talin comprises an N-terminal
FERM (4.1 protein, ezrin, radixin, moesin) domain (the head, FO-F3), connected to an
el ongat ed s-kelicesesanged int®613 helital bundles (the rod, R1-R13) by
an 82-residue unstructured linker. The FERM domain is atypical in structure,
comprising four subdomains arranged linearly rather than the more traditional three-
lobed cloverleaf seen in other FERM proteins. Full length talin exists as a dimer,
facilitated by the C-terminal dimerization domain (DD) (Bate et al., 2012; Elliott et al.,

2010; Goult et al., 2013) (figure 5).

FERM

FO F1 F2 F3 R1 R2 R3 R4 R5 R

6 R7 R8 R9 R10 R11 R12 R13 DD
M@W e

@ vincuiin Binding Site

Figure 5. Structural model of talin. The N-terminal head comprising FO-F3 and the
rod domains R1-R13 are shown. Vinculin binding sites are shown in red. DD;
dimerization domain. Image adapted from (Gough & Goult, 2018).

Talin has been shown to activate integrin directly via an interaction between the
phosphotyrosine binding F3 domain of the talin head and the membrane-proximal
NPxY motif wit hi ntal {Calderwooy etalp 1989. mMiiscintebaction
sterically i nterfer es inwdfateh indacimge contbrmationaly t o p | a
changes that are propagated through the transmembrane domains to the ligand-

binding extracellular ectodomains.



The ability of talin to activate integrin is dependent on the conformational state of talin
itself. Autoinhibition of talin is mediated via the interaction between F3 in the head
domain and R9 in the rod domain. In this conformation, talin is maintained in a compact
globular state within the cytosol, and the integrin-binding site within F3 is masked
(Goksoy et al., 2008b; Goult et al.,, 2009) (figure 6). Phosphatidylinositol 4,5-
bisphosphate (PIP2) has been shown to relieve this autoinhibition by sterically
displacing the inhibitory R9 rod domain to expose the integrin binding site within F3

(Goksoy et al., 2008b).

R9

Figure 6. Autoinhibition of talin. F3 of the head domain and R9 of the rod domain,
both shown in blue, interact directly to hold talin in a compact autoinhibited
conformation. For clarity, only one talin monomer is shown. Image adapted from
(Gough & Goult, 2018).

In addition to binding integrin via the head domain, talin binds to the actin cytoskeleton
via R4-R8 (Hemmings et al., 1996) and R13-DD (Gingras et al., 2008; McCann &
Craig, 1997) of the rod domain, through which a physical linkage is established

between the intracellular cytoskeleton and the extracellular matrix.

As a series of helical bundles, the talin rod is sensitive to mechanical force and can
transition between folded and unfolded conformations accordingly (Goult, Yan, &
Schwartz, 2018; Yao et al., 2015) (figure 7). Consequently, binding sites across the

length of the rod domain are not accessible at all times but are instead both masked



and revealed in response to different cellular cues. Ligands that bind to folded talin,
including actin, RIAM and KANK, are therefore lost during force-induced unfolding,
and cryptic binding sites are revealed. Once talin has captured both the ECM and the
actin cytoskeleton, force exerted on the rod domain, initially by actin retrograde flow
and then by actomyosin contractility, drives structural transitions of each helical bundle

(Gough & Goult, 2018).

@ Vinculin Binding Site

Figure 7. The talin rod domains are mechanosensitive. The helical talin rod
domains unfold in response to force, starting with the initial mechanosensor, R3 (Yao
et al., 2016). Domain unfolding exposes cryptic vinculin-binding sites required for
adhesion maturation. Image adapted from (Goult et al., 2018).

A key protein known to bind to the talin rod domain following force-induced exposure
of cryptic binding sites is the cytoplasmic protein vinculin, required for adhesion

maturation and strengthening.
1.4. Vinculin

Vinculin was first isolated from chicken gizzard smooth muscle as an intracellular
protein that co-purified with the actin-b i ndi ng -pctinint(Benjamin Geiger,
1979). Further characterisation revealed that vinculin localised to specialised regions

where microfilament bundles terminate at membrane attachment sites (Burridge &



Feramisco, 1980; B Geiger, Tokuyasu, Dutton, & Singer, 1980), giving rise to the Latin

name vinculum, meani ng fibondo.

Vinculin is a globular 116-k Da cyt opl asmi c protein comprise
helical bundles organised into a 90-kDa N-terminal head domain (VD1-4) connected
to a 27-kDa C-terminal tail domain (Vt) by a flexible proline-rich linker (Bakolitsa et al.,
2004). VD1, 2 and 3 each contain two four-helix bundles connected by a long, centrally
s h a r alix. The three subdomains are organised in a trilobed planner arrangement
and associate with the four-helix VD4 bundle (figure 8). The proline-rich linker is
flexible and allows for global conformational changes that regulate the activation state

of vinculin.

1 249 257 483 492 715 718 834 879 1066

BT,

Pro-rich Linker
836 - 878

Figure 8. Domain structure of vinculin. (A) Domain organisation of full-length

vinculin. Domain boundaries are indicated. (B) VD1 (blue), VD2 (pink), VD3 (green)

and VD4 (red) associate to form the globular N-terminal head domain. (C) VD1 is
comprised of two four-helix bundles connected by along,ce nt r a |l | y-helsxh(r ed U
The C-terminal tail domain (yellow) is a five-helix bundle.



Vinculin is a dynamic focal adhesion-associated protein that undergoes remarkable
conformational changes upon ligand binding. Such conformational changes are
facilitated by both the flexibility of the linker region and by the plasticity of the helical
bundles. The head domain, tail domain and proline-rich linker all provide distinct
binding platforms in their own right, and function cooperatively to control many aspects
of cell-ECM adhesion including the assembly, turnover, strength and force-

transmission of focal adhesions.

1.4.1. Vinculin Binding Sites.

The rod domain of talin contains 11 putative vinculin binding sites (VBS) (Patel et al.,
2006). Each VBS is defined by hydrophobic residues along one side of the helix, which
are buried within the helical bundle in the absence of mechanical force (Roberts &
Critchley, 2009). In response to actomyosin contraction, the talin domains unfold
(figure 7) and the exposed VBS helices bind vinculin by inserting into a hydrophobic
groove between helices 1 and 2 of VD1 (lzard et al., 2004). Talin binding functions to
recruit vinculin to adhesion sites, bringing vinculin into proximity with the actin

cytoskeleton.

The five-helix vinculin tail domain contains two spatially separate actin binding sites,
each contacting a different actin monomer along the filament (Janssen et al., 2006).
F-actin binding triggers activation of a cryptic dimerization site within the vinculin tail,
enabling vinculin to crosslink actin bundles and thus provide mechanical stability

required for adhesion durability (figure 9).
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Figure 9. Engagement of multiple vinculin domains by both talin and F-actin
facilitates FA robustness. F3 of the talin head domain switches integrin to a high
affinity state by bindi n-til Qnce talin has gngagea
integrin, actin binding to the rod domain exerts a pulling force sufficient to unfold the
mechanosensitive bundles and thus expose cryptic VBS (red). Vinculin is recruited to
the adhesion site once the VBS becomes accessible. Binding of the vinculin head
domain (green) to the VBS and binding of the vinculin tail domain (yellow) to actin
filaments, synergistically outcompetes the autoinhibitory head-to-tail interaction and
thus switches vinculin to an open conformation. Actin binding via the vinculin tall
domain triggers activation of a cryptic dimerization site, resulting in bundling of actin
filaments and increased mechanical stability. Image adapted from (Klapholz & Brown,
2017).

In addition to binding talin and actin, vinculin has been shown to bind the focal
adhesion adapter protein, paxillin (see section 1.8). Full-length vinculin can be cleaved
within the proline-rich linker by digestion with Staphylococcus aureus V8 protease to
yield isolated head and tail domains. Coomassie staining of the V8-digested vinculin
followed by transfer to nitrocellulose and coating with radioiodinated paxillin
determined that the ?I-paxillin bound to full-length vinculin and to the 27 kDa tail

domain, but not the 90 kDa head domain (figure 10) (C E Turner, Glenney, & Burridge,

1990).

12

t

he



200
116
97

68

43

31

Figure 10. The C-terminal vinculin tail domain binds paxillin. Staphylococcus
aureus V8 protease-digested vinculin was coelectrophoresed with full-length vinculin.
(A) Coomassie stained SDS-PAGE gel showing intact vinculin (lane 1) and 90 kDa
and 27 kDa fragments following digestion (lane 2). (B) Identical samples were
transferred to nitrocellulose and overlaid with radioiodinated paxillin. 12%I-paxillin bound
to full-length vinculin (lane 1) and to the 27 kDa vinculin fragment (lane 2). L; ladder
(kDa) (C E Turner, Glenney, & Burridge, 1990).

The isolated vinculin head domain readily binds talin, however binding is significantly
reduced in the full-length molecule. Similarly, the ability of the isolated vinculin tail
domain to cross-link actin filaments are lost in the full-length assembly. Crystal
structures of full-length chicken vinculin (Bakolitsa et al., 2004), full-length human
vinculin (Borgon, Vonrhein, Bricogne, Bois, & Izard, 2004a) and residues 1-258 of the
head domain in complex with residues 879-1066 of the tail domain (Izard et al., 2004)
have been solved. These structures reveal that an interface exists between VD1 and
Vt, maintained by hydrophobic interactions and hydrogen bonds, which holds vinculin
in an autoinhibited head-to-tail conformation (Miller, Dunn, & Ball, 2001). This inactive

conformation is also supported by polar contacts between the tail domain and VD3,
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and by hydrogen bonds and electrostatic interactions between the tail domain and
VD4 (Miller et al., 2001) (figure 11). These observations led to a model whereby
vinculin exists in two conformations: 1) an autoinhibited conformation in which ligand

binding sites are masked, and 2) an open conformation in which these binding sites

are exposed (Bakolitsa et al., 2004) .

Figure 11. Vinculin exists in an autoinhibited head-to-tail conformation. (A) VD1
(blue), VD3 (green) and VD4 (red) interact with Vt (yellow) to restrain vinculin in a
compact globular conformation. (B) VD1 binds Vt via hydrophobic interactions and
hydrogen bonds. (C) VD3 binds Vt via polar contacts. (D) VD4 binds Vt via hydrogen
bonds and electrostatic interactions. Polar contacts are represented as black dashed
lines.

Vinculin has no enzymatic activity; consequently, activation results from
conformational rearrangements of the helical bundles that disrupt the autoinhibited
conformation. It has been proposed that two ligands are required to disrupt the head-

tail interface, since no known ligands bind vinculin with an affinity comparable to the
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head-tail interaction (< 1 nM) (Bakolitsa et al., 2004). F-actin and talin have together
been shown to activate vinculin in a dose-dependent manner, with talin binding the

VD1 interface and F-actin binding the Vt interface (Chen, Choudhury, & Craig, 2006).

1.5. Focal Adhesion Kinase (FAK)

Focal adhesion kinase (FAK) was first identified as a major integrin-dependent
tyrosine phosphorylated 125 kDa protein in cells transformed by the v-Src oncogene
(Guan, Trevithick, & Hynes, 1991; Kanner, Reynolds, Vines, & Parsons, 1990). Further
characterisation revealed that it predominately localised to focal adhesions and was
therefore named focal adhesion kinase (M. D. Schaller et al., 1992). FAK is comprised
of an N-terminal FERM domain similar in structure to that of talin, a central kinase
domain and a C-terminal domain containing the focal adhesion targeting (FAT) domain
and two proline-rich docking sites for SH3 domain-containing proteins. Numerous sites
of tyrosine phosphorylation have been identified throughout FAK, including the major

autophosphorylation site Tyr397 (figure 12).

1 39 359 425 6 868 1009

83
FAT
FERM domain Kinase domain . I .
domain

|
=}

. Pro-rich Y397

Figure 12. Domain structure of focal adhesion kinase (FAK). The domain
boundaries are indicated. Tyrosine phosphorylation (P) at position 397 is essential for
FAK activity. Proline-rich SH3 docking sites are indicated.

The crystal structure of FAK has been solved and reveals that FAK exists in an
autoinhibited state in which the N-terminal FERM domain binds to the central kinase
domain. F1 within the FERM domain binds to a linker segment containing Tyr397, and

Phe596 within the kinase domain binds to a hydrophobic pocket within F2. In this
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conformation, target ligands cannot access the catalytic cleft or the

autophosphorylation site and thus intrinsic kinase activity is inhibited.

Autoinhibition of FAK is relieved by bindi ng of t h e -integrin @iptd thedNmi c

terminal FERM domain. Binding displaces the FERM domain and thus facilitates
exposure and autophosphorylation of Tyr397. FAK can then bind to the SH2 domains
of Src family kinases, which phosphorylate additional sites along FAK required for full
activation. The SH2 and SH3-domain binding sites and the intrinsic kinase activity
enable FAK to serve as both a scaffold protein and a non-receptor tyrosine kinase
important for recruitment and activation of diverse signalling proteins involved in

adhesion migration.

1.6. Paxillin

Paxillin was first identified as a 68-70 kDa phosphotyrosine-containing protein in Rous
Sarcoma Virus-transformed cells (Glenney & Zokas, 1989). Further characterisation
revealed that paxillin functions as a cytoskeletal component that localises to focal

adhesions at the tips of actin stress fibres (figure 13). This idea of becoming tethered

to the membraneresul t ed i n the name paxillin after

small stake or peg (C E Turner et al., 1990).
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Figure 13. Subcellular localisation of paxillin. Paxillin (green) localises to focal
adhesions at the ends of actin stress fibres (red). (Tumbarello, Brown, & Turner, 2002).

Paxillin was soon implicated in integrin-mediated signalling after tyrosine
phosphorylation of paxillin was observed in response to integrin-dependent cell
adhesion to extracellular matrix proteins (Burridge, Turner, & Romer, 1992). Together,
these early studies provided our current view of paxillin; a focal adhesion-associated
adaptor protein that functions as a scaffold to recruit diverse cytoskeletal and signalling
proteins to adhesion sites and thus coordinate the transmission of downstream signals

(Michael D Schaller, 2001).

Paxillin is comprised of 591 residues organised into two distinct domains (figure 14).

1 356 591
5 8 8 3 2
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Figure 14. Domain structure of paxillin. (A) Domain organisation of full length
paxillin. LD motifs are coloured light blue. LIM domains are coloured dark blue. (B)
Phosphorylation sites located throughout the N-terminal LD domain. Tyrosine
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phosphorylation sites are coloured purple. Serine phosphorylation sites are coloured
pink.

The N-terminal domain (residues 1-355) is an unstructured region containing five
highly conserved, leucine and aspartic acid-rich LD motifs (termed LD1-5), which
share the consensus sequence LDXLLXXL (except LD3, where the LD is substituted

by a VE) (figure 15).

-2 -1 0 +1 +2 +3 +4 +5 +6 +7 +8 +9 +10 +11 +12
tbr b D L D A L L A D L E S T T S
Lb2 S E L D R L L L E L N A V Q H
Lb3 P S V E S L L D E L E S S V P
Lb4 R E L D E L M A S L S D F K M
L. bs s Q L b sSs ™M L G S L Q S D L N

Figure 15. Alignment of the five paxillin LD motifs. The LDXLLXXL consensus
sequence begins at point 0. Residues belonging to the consensus sequence are in
bold. Negatively charged residues are in red. Positively charged residues are in green.
Residues predicted by CFSSP (Ashok Kumar, 2013)t o f o r-halix areundgrlined.

The five LD motifs function as discrete binding platforms which engage multiple
ligands, including vinculin (Glenney & Zokas, 1989) and the non-receptor tyrosine
kinase FAK (C E Turner & Miller, 1994). Several tyrosine phosphorylation sites,
conforming to SH2 domain-binding sites, and serine phosphorylation sites important
in integrin-mediated signalling, are also located throughout the N-terminal domain of
paxillin. Additionally, a fairly well conserved proline-rich region is located between LD1
and LD2 (figure 18), which may serve as an SH3 domain-binding site. Upon binding,
the unstructured LD motifs form alpha helices which dock against hydrophobic

interfaces and stabilise via electrostatic interactions and salt bridges (figure 16).
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Hydrophobicity

Figure 16. LD binding characteristics. (A) U-helical LD motifs dock against
hydrophobic interfaces (hydrophobic residues are coloured red). (B) LD binding is
stabilised by salt bridges (shown as a black dashed line) across the binding
interface.

The C-terminal domain (resides 356-591) is comprised of four consecutive LIM
domains, which are zinc-binding structures that resemble a double zinc finger domain
(sequence motif C-X2-C-X17-19-H-X2-C-X2-C-X2-C-X15-19-C) (figure 17). LIM domains
were first observed to possess conserved cysteine and histidine residues in the
transcription factors lin-11, Isl-landmec-3gene product s, hence th

(Karlsson, Thor, Norberg, Ohlsson, & Edlund, 1990).
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Figure 17. LIM domain structure. (A) Schematic diagram of a double zinc finger
domain. (B) Crystal structure of LIM 2 and 3 of testin. Each LIM domain binds two zinc
ions. (C) One zinc ion of LIM 3 of testin coordinated by three cysteine residues and
one histidine residue. (D) The second zinc ion of LIM 3 of testin coordinated by four
cysteine residues. Residues involved in zinc binding are shown as blue sticks. Zinc
ions are shown as grey spheres.

Within paxillin, the four LIM domains are thought to function as a modular protein
binding site, and are known to engage the tyrosine phosphatase PTP-PEST, tubulin
and several uncharacterised serine/threonine kinases (Coté, Turner, & Tremblay,

1999; Herreros et al., 2000; Christopher E. Turner, 2000).
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Paxillin does not exhibit enzyme activity, but the vast array of protein docking sites
conserved throughout nature (figure 18) provide a scaffold to facilitate the assembly

of multiprotein complexes crucial for cellular signalling.
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Figure 18. Paxillin sequence coloured according to conservation. The LD motifs,
proline-rich region and LIM domains are coloured grey, orange and blue, respectively.
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1.7. Paxillin-FAK

Previous data indicate that paxillin and FAK function together to modulate FA
dynamics (Hu et al., 2015). It has been shown that paxillin binds to the FAK-Focal
Adhesion Targeting (FAT) domain via an interaction involving LD2 and LD4
(Bertolucci, Guibao, & Zheng, 2005a). The FAT domain consists of a right-turn,
elongated four-helix bundle maintained by hydrophobic interactions (Arold, Hoellerer,
& Noble, 2002). The NMR solution structure (Bertolucci et al., 2005a) reveals that the
LD motifs bind simultaneou-dical bundle, with pD2s i t e f
binding preferentially between helices 1 and 4, and LD4 binding preferentially between

helices 2 and 3 (figure 19).

Figure 19. NMR solution structure of the FAK-FAT domain bound to LD2 and
LD4 of paxillin. LD2 (cyan) binds within helix 1 (H1) and 4 (H4). LD4 (blue) binds
within helix 2 (H2) and 3 (H3).

Binding of both LD motifs is required to form a stable FAK-paxillin complex; an
interaction that is necessary but not sufficient to localise FAK to FAs (Cooley, Broome,

Ohngemach, Romer, & Schaller, 2000). The roles of FAK in adhesion dynamics
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remains unclear, however integrin-activated FAK must by deactivated to promote
migration via FA disassembly. Dissociation of the FAK-paxillin complex, most likely
through inhibition of one of the LD-binding sites, could trigger FA breakdown, raising

the question of whether paxillin is involved in regulating the activation state of FAK.

1.8. Paxillin-Vinculin

Vinculin was the first paxillin binding partner to be identified (C E Turner et al., 1990)
and has since been shown to bind paxillin via an interaction between LD2 and the
vinculin tail domain (Wood, Turner, Jackson, & Critchley, 1994). Colocalization assays
using a truncated vinculin construct lacking the C-terminal tail domain have
demonstrated that paxillin is recruited to FAs prior to vinculin, independently of the
paxillin-binding site within the vinculin tail (Humphries et al., 2007a). The question
therefore remains, what is the function of the paxillin-vinculin complex within adhesion

dynamics?

1.9. Paxillin-Talin

Paxillin contains a focal adhesion targeting sequence within the C-terminal LIM region.
Of the four LIM domains, LIM 3 has been highlighted as a major contributor in
recruitment to FAs, with LIM 2 also playing a minor role (Brown, Perrotta, & Turner,
1996). The mechanisms of this recruitment are yet to be established, however it does
not appear to involve FAK or vinculin, since paxillin constructs containing mutations
that abrogate FAK and vinculin binding have been shown to localise effectively to FAs

(Brown et al., 1996).

N-RAP is a protein found in skeletal and cardiac muscles where it localises at the
longitudinal ends of myofibrils (Luo et al., 1997). It comprises an N-terminal LIM

domain connected to a C-terminal region with sequence homology to the actin-binding
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protein nebulin, and serves as a mechanical linkage between the terminal actin
filaments of myofibrils and protein complexes located beneath the sarcolemma. N-
RAP has been shown to bind talin with high-affinity; an interaction involving the N-

terminal LIM domain (Luo, Herrera, & Horowits, 1999).

Using image correlation analysis, talin and paxillin have been shown to colocalise
almost identically with a C-terminally truncated vinculin construct, vin880.
Colocalization of endogenous paxillin and talin have also been detected using
antibodies (Humphries et al., 2007a). Vin880 lacks the paxillin-binding site within the
C-terminal tail domain, and thus supports the notion that paxillin recruitment to FAs
occurs independently of vinculin. Additionally, FAK is absent from vin880-induced FAs,
indicating that paxillin recruitment occurs via another protein. Colocalization of talin
and paxillin, and binding of talin to the LIM domain of N-RAP, raises the possibility that

paxillin recruitment occurs via a talin-LIM-mediated mechanism.

1.10. Project Aims

The overarching aim of this project is to provide clarity on the role(s) of paxillin in focal
adhesions. This project aims to explore the function(s) of paxillin within focal adhesion
dynamics, and how such functions are regulated. Using in-vitro biochemical and
biophysical methods, the recruitment of paxillin to adhesion sites, the interactions of
paxillin with talin, vinculin and FAK, and the regulation of paxillin activity were

investigated.
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2. Materials and Methods

2.1 Cell culture

2.1.1 Protein expression in E. coli

All protein constructs were expressed in BL21 (DE3) E. coli cells and grown in
Lysogeny-Broth (LB) medium at 37°C. Plasmid selection was achieved by the
addition of ampicillin or kanamycin from filter sterilised 1000x stocks, to give a final

concentration of 50 pg/ml.

2.1.2 E. coli transformation

40 ul aliquots of competent E. coli cells were thawed on ice. 1-2 pl of plasmid DNA
was added to the cells and incubated on ice for 30 minutes. Cells were heat shocked
for 90 seconds at 42°C and then put back on ice for 2 minutes. 100 pl of LB was
added and the cells allowed to recover for 1 hour at 37°C before being plated onto
an LB plate containing appropriate antibiotic selection. A 5 ml overnight starter
culture was set up using a single colony. 4 ml was used to inoculate 750 ml of fresh
LB medium. 750 ul was added to 500 pl of filter sterilised glycerol (50%) and stored

at -80°C.

Cells were grown at 37°C, 150 rpm shaking, until the cell density reached an ODsoo

of 0.5-0.7. Protein expression was then induced by additionof| sopr ©dy | b
thiogalactopyranoside (IPTG) (Melford) to a final concentration of 0.1 mg/ml. Cells
were induced for 2 hours at 37°C, 3 hours at 37°C, or overnight at 18°C as
appropriate (table 1) and then harvested by centrifugation at 6000 rpm for 15

minutes. Cell pellets were resuspended in appropriate buffer for protein purification

and frozen in liquid nitrogen for storage at -20°C.
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Table 1. Induction conditions.

Induction Temperature

Construct Induction Time (hours)

(°C)
Full length vinculin 2 37
VD1-4 2 37
Vt pLi nker 3 37
BN-Vt pLi nker 20 18
Paxillin LD1-5 2 37
Paxillin LIM1-4 20 18
Paxillin LIM1-2 20 18
Paxillin LIM3-4 20 18

2.1.3 Production of calcium competent cells

A 5 ml overnight culture starter was set up from a single colony, and then used at

1:100 dilutions to inoculate 50 ml of fresh LB medium containing no antibiotic

selection. Cells were grown at 37°C until the cell density reached an ODsoo of 0.5-

0.7. The culture was cooled on ice for 10 minutes and then harvested by

centrifugation at 4000 rpm for 10 minutes at 4°C. Cells were resuspended in 10 ml of

chilled CaClz-glycerol (0.1 M CacClz, 10% w/v glycerol, filter sterilised) and incubated

on ice for 15 minutes. Cells were collected by centrifugation at 3000 rpm for 10

minutes at 4°C. The supernatant was discarded, and the pellet carefully

resuspended in 1 ml of chilled CaClz-glycerol. 40 pl aliquots were frozen in liquid

nitrogen and stored at -80°C.

2.2 Protein purification

2.2.1 His-tagged protein purification
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Bacterial pellets were resuspended in 20 mM TRIS, 500 mM NacCl, 20 mM imidazole
in the presence of protease inhibitors and frozen in liquid nitrogen for storage at -
20°C. Cells were thawed and lysed by 6 cycles of sonication; 30 second pulse,
resting on ice for 30 second intervals. Lysates were centrifuged at 18,000 rpm for 20

minutes at 4°C. The soluble fraction was retained, and the insoluble pellet discarded.

His-tagged proteins have a high affinity for Ni-NTA resin and can therefore be
isolated from cell lysates using nickel-affinity chromatography (Spriestersbach,
Kubicek, Schéfer, Block, & Maertens, 2015). The soluble cell lysate is passed
through the Ni-NTA affinity column, allowing the his-tagged proteins to bind. The
column is washed with Ni-NTA buffer A (20 mM TRIS, 500 mM NacCl, 20 mM
imidazole, pH 8) to remove non-specific binders. The his-tagged protein is eluted
from the column by a gradient of increasing imidazole, achieved by titrating in Ni-
NTA buffer B (20 mM TRIS, 500 mM NaCl, 500 mM imidazole, pH 8). His-tagged
proteins were purified using AKTA FPLC at room temperature. Eluted protein
fractions were identified using absorbance at 280 nm and confirmed by SDS-PAGE

on a 10% gel stained with Coomassie blue.

2.2.2 Buffer exchange: dialysis

Protein was dialysed using Thermo Scientific SnakeSkin dialysis tubing (7000

MWCO) overnight on a stirrer at 4°C, in 100x volume of buffer.

His-tagged proteins to be purified further by ion exchange chromatography were
dialysed into Q Buffer A (20 mM TRIS, 50 mM NacCl, pH 8) or S Buffer A (20 mM
phosphate, 50 mM NaCl, pH 6.5) as determined by the isoelectric point calculated
using ProtParam (https://web.expasy.org/protparam/). The his-tag was removed by

cleavage with TEV protease.
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2.2.3 Buffer exchange: pd-10 desalting column

PD-10 desalting columns (GE Healthcare) contain Sephadex G-25 resin which allow
rapid buffer exchange. The column is first equilibrated with 25 ml buffer and then
loaded with 2.5 ml protein sample. The protein is eluted with 3.5 ml buffer and

collected.

2.2.4 lon exchange chromatography

lon exchange chromatography separates ionisable molecules based on their total
charge, and can be used as a subsequent purification step following Ni-NTA affinity
chromatography. The pH at which a protein has no net charge is its isoelectric point,
and is calculated from the primary sequence of a protein, using ProtParam
(https://web.expasy.org/protparam/). If the pl < 7, a negatively charged cation
exchange resin is used to capture the protein. If the pl > 7, a positively charged

anion exchange resin is used. The protein is then eluted using a salt gradient.

Table 2. Principles of lon Exchange Chromatography.

Cation Exchanger (Q .
Anion Exchanger (S column)
column)
pl + -
Charge of resin - +
20 mM TRIS, 50 mM NaCl, | 20 mM phosphate, 50 mM NaCl,
Wash Buffer
pH 8 pH 6.5
] 20 MM TRIS, 1 M NaCl, pH | 20 mM phosphate, 1 M NacCl, pH
Elution Buffer g 6.5

Eluted protein fractions were confirmed by SDS-PAGE on a 10% gel stained with
Coomassie blue. Pooled fractions were dialysed into appropriate buffer, divided into

aliquots and frozen in liquid nitrogen for storage at -20°C.
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2.2.5 GST-tagged protein purification

Bacterial pellets were resuspended in 20 mM HEPES, 100 mM NaCl, 1 mM ZnSO4
in the presence of protease inhibitors and frozen in liquid nitrogen for storage at -
20°C. Cells were thawed and lysed by 6 cycles of sonication; 30 second pulse,
resting on ice for 30 second intervals. Lysates were centrifuged at 18,000 rpm for 20
minutes at 4°C. The soluble fraction was incubated with glutathione Sepharose
beads (Thermo Scientific) on a rocker for 2 hours at room temperature, followed by
centrifugation at 4000 rpm for 5 minutes at 4°C. The supernatant was removed, and
the protein-bound beads were washed in 20 mM HEPES, 100 mM NaCl, 1 mM
ZnS0O4 and then centrifuged at 4000 rpm for 3 minutes. This wash-spin cycle was
repeated 5 times. After the final spin, the protein-bound beads were resuspended in
1 mL 20 mM HEPES, 100 mM NacCl, 1 mM ZnSOa4. The GST-tagged proteins were

left bound to the beads for use in GST pulldown experiments.

2.2.6 SDS-PAGE

SDS-PAGE gels were cast in pre-made gel cassettes using the recipe in Table 3.

Table 3. SDS-PAGE gel recipe.

Separating Gel 10 % Stacking Gel 4 %

40 % Acrylamide/BIS 6.0 ml 40 % Acrylamide/BIS 1.5mi
Separating Gel Buffer 9.4 ml Stacking Gel Buffer 4.2 ml
10 % SDS 250 ul 10 % SDS 125l
50 % Sucrose 4.0 ml Water 5.8 ml
Water 4.8 ml TEMED 5.0 ul
TEMED 6.25 pl Catalyst 1.0 ml
Catalyst 625 pl
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Separating Gel Buffer:

1 M TRIS-HCI, pH 8.8

Stacking Gel Buffer:

0.375 M TRIS-HCI, pH 6.8

Catalyst:

100 mg Ammonium Persulfate in 2 ml of water

The separating gel was poured into the gel cassette, overlaid with degassed water
and allowed to polymerise for 1 hour. The water was removed and the cassette filled
with stacking gel. The comb was immediately inserted and the stacking gel allowed

to polymerise for 1 hour.

5x SDS loading buffer was added to all protein samples and heated at 95°C for 5
minutes before being loaded into the wells. Gels were run at 200 V for approximately

40 minutes.

2.3 Biochemical Assays

2.3.1 Fluorescence Polarisation

Polarised light describes a light wave that is vibrating within a single plane. When a
fluorescently labelled ligand (typically <1500 Da) is excited by polarised light, the
emitted light is largely depolarised due to rapid tumbling of the ligand during the
lifetime of its excited state. If the fluorescently labelled ligand is bound to a larger
protein (typically > 10 kDa), the emitted light is largely polarised due to the reduced
tumbling rate of the complex. Thus, the degree of polarisation is inversely

proportional to the rate of molecular tumbling. This property of fluorescence

31



polarisation (FP) provides a technique to measure protein-ligand binding (Moerke,

2009).

Peptides were coupled to a thiol-reactive fluorescein dye via the C-terminal cysteine.
Stock solutions were made in phosphate-buffered saline (PBS; 137 mM NacCl, 27
mM KCI, 100 mM Na2HPOa4, 18 mM KH2POg4, pH 7.4), 1mM TCEP and 0.05% Triton
X-100. Excess dye was removed using a PD-10 desalting column (GE Healthcare).
Titrations were performed in PBS using a black 96-well plate. A constant fluorescein-
coupled peptide concentration of 1 uM was used, with increasing concentration of
protein, to a final volume of 100 pL. Fluorescent polarisation measurements were
recorded on a BMGLabTech CLARIOstar plate reader at 25°C and analysed using
GraphPad Prism. Kd values were calculated with nonlinear curve fitting using a oneZ

site total binding model.

2.3.2 Microscale Thermophoresis

Thermophoresis describes the directed motion of molecules through a temperature
gradient, and is dependent on molecule size, charge, hydration shell and
conformation. Microscale thermophoresis monitors the directed movement of
fluorescent molecules through microscopic temperature gradients in microlitre
volumes, enabling precise quantification of the binding events of virtually any
molecule, independent of size or nature (Jerabek-Willemsen et al., 2014). The
temperature gradient is generated by an infrared laser and the directed movement of
molecules through this gradient is quantified using an intrinsic fluorophore. The
thermophoresis of a protein differs significantly to that of a protein-ligand complex,

due to changes in size, charge and solvation entropy induced upon binding, thereby
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providing a highly sensitive technique for measuring protein-protein interactions

(Seidel et al., 2013).

Paxillin LD1-5 was coupled to an equimolar amount of NT-647 dye (RED-tris-NTA,
NanoTemper) via its C-terminal his-tag in a one-step coupling reaction (Tschammer
et al., 2016). Titrations were performed in PBS. A constant RED-tris-NTA coupled
paxillin LD1-5 concentration of 100 nM was used, with increasing concentration of
protein, to a final volume of 20 pl. Prepared samples were loaded into Monolith
NT.115 capillaries (NanoTemper) and measurements were recorded on a Monolith
NT.115 at 25°C, excited under red light with medium MST power and 100%
excitation power. The data was analysed using MO.Affinity Analysis software and

fitted using the Kaq fit model.

2.3.3 Size Exclusion Chromatography with Multi-Angle Light Scattering

Size Exclusion Chromatography (SEC) separates molecules based on their
hydrodynamic volume and size. Samples are passed through a matrix of porous
beads that lack reactivity or adsorptive properties. Large molecules cannot diffuse
into the pores and are eluted first. Smaller molecules are able to penetrate the pores
and have a longer retention time prior to elution. Multi-angle light scattering (MALS)
is used in conjunction with SEC to determine the absolute molecular weight,

independent of the protein conformation, size and elution position.

Size Exclusion Chromatography with Multi-Angle Light Scattering (SEC-MALS) was
performed using a Superdex-200 size-exclusion chromatography column (GE
healthcare) at a 0.75 mL min-! flow rate in PBS. 200 pl samples were run consisting

of 50 uM of each protein, incubated at a 1:1 or 1:1:1 ratio (table 4) at room
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temperature for 30 minutes. Elution was monitored by a Malvern Viscotek SEC-

MALS-9 (Malvern Panalytical, Malvern, UK).

Table 4. Protein incubation ratios.

1:1 1:1:1
Paxillin LD1-5 : Full length vinculin Paxillin LD1-5:VD1-4 : Vit L
VD1-4 : Vit oLinker
Paxillin LD1-5 : VD1-4
PaxillinLD1-5 : Vt pLi nker

2.3.4 GST Pulldowns

Proteins tagged to glutathione S-transferase (GST) were purified as described in
section 2.2.5. The purified GST-tagged, glutathione-attached protein was incubated
with 150 pl of the query protein on a rocker for 1 hour at 25°C. The sample was run
through a column and the supernatant collected. The beads were washed with 20
mM HEPES, 100 mM NaCl, 1 mM ZnSO4, resuspended, transferred to an eppendorf
and centrifuged at 4000 rpm for 5 minutes to form a pellet. The supernatant and

pellet were analysed by SDS-PAGE on a 10% gel stained with Coomassie blue.

2.4. Nuclear Magnetic Resonance Spectroscopy

2.4.1. Basic principles of Nuclear Magnetic Resonance Spectroscopy

Nuclear Magnetic Resonance (NMR) is a biophysical technigue that utilises the
behaviour of atomic nuclei within an applied magnetic field. 2D NMR experiments
involve the transfer of magnetisation between a proton and the 1°N (or 3C) atomic
nucleus it is bonded to. Within a protein, each backbone amide group is in a distinct
environment, and therefore gives a distinct peak. If this environment changes, as a
result of ligand binding for example, a shift in the peak corresponding to that amide

34



group is observed, allowing for the characterisation of protein-ligand interactions.
Since the naturally occurring nitrogen-14 isotope is not magnetically active, proteins

must be grown in minimal media containing '°N as the sole nitrogen source.

2.4.2. 1°N-labelled Protein Expression and Purification

BN-l abell ed VteaeLinker was expressed in M9 min
5.

Table 5. M9 minimal media recipe for 1 L preparation.

M9 Solution A M9 Solution B

Na2HPO4 125¢ Glucose 4049

KH2PO4 759 BME Vitamins 10.0 mi

Water 10L Water 10.0 ml
MgSOas (1M) 2.0ml
CaClz (1M) 0.1 ml
Ampicillin (1 mg/ml) 1.0 ml
I5NH.4CI 109

Solution B was filter sterilised and added to autoclaved Solution A. An overnight
starter culture was set up usi ngkial0sncr api ng
M9 Solution A, 250 ¢l M9 Solution B. 8 ml w

media.

Cells were grown at 37°C, 150 rpm shaking, until the cell density reached an ODsoo
of 0.5-0.7. Protein expression was then induced by addition of Isopropy | -D-b-
thiogalactopyranoside (IPTG) to a final concentration of 0.1 mg/ml. Cells were
induced overnight at 18°C and then harvested by centrifugation at 6000 rpm for 15
minutes. Cell pellets were resuspended in Ni-NTA Buffer A (20 mM TRIS, 500 mM

NaCl, 20 mM imidazole, pH 8) for protein purification and frozen in liquid nitrogen for
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storage at -20°C. ®°N-Vt &Li nker

(16 mM NaH2PO4, 6 mM Na2HPO4, 50 mM NaCl, 2 mM DTT, pH 6.5) as described in

section 2.2 above.

450 ¢l

sampl es

wa s

wer e

puri fied,

and

prepared

experiments were performed on a Bruker 600 MHz spectrometer at 298 K, pH 6.5

and processed using TOPSPIN.

2.5 Molecular Biology Techniques

2.5.1 Primer Design

Primers were designed using ApE software and are listed in table 6.

Table 6. Primer design.

buffer

cont a

Restriction
Construct | Vector Enzymes Forward Primer | Reverse Primer
50 30
PET- AAGGATCCCCG | AACTCGAGTTAT
VD1-4 151 BamHI | Xhol | GTTTTTCATACC | GCTTCACGCAC
CG TTTTGC
PET- AAGGATCCCCG | GGCTCGAGTTA
VD1 151 BamHI | Xhol | GTTTTTCATACC | CCATGCATCTT
CG CATCCC
PET- AAGGATCCECA |\ ) cTcGAGATTT
VD2 BamHI Xhol
151 égCAAAGATAC GCAACTGCACG
PET- AAGGATCCAGC | AACTCGAGTTAT
VD3 151 BamHI | Xhol | CGTCCGGCAAA | TCATCTACCAG
AGC ACCGG
PET- AAGGATCCGCA | AACTCGAGTTAT
VD4 151 BamHI | Xhol | ATTGATACCAAA | GCTTCACGCAC
AGCC TTTTGC
PET- AAGGATCCGAA | GGTGCTCGAGT
Vit goLi n 151 BamHI | Xhol | GAAAAAGATGA | TATTAGCTAGC
AGAATTTCCGG |C
Full pPGEX- AAGGATCCATG | AAGTCGACCTA
length TEV Balll Sall | GACGACCTCGA | GCAGAAGAGCT
Paxillin TGCC TCACG
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Paxillin DET- AAGGATCCATG | AAAGAATTCTTA

L D15 51 | BamHl | ECoRI | GACGACCTCGA | ACAGACCCCTTT
TGCC GGCAACG

Paxillin DGEX- AAGCTAGCGGA | AAGTCGACCTA

Sall Nhel

LIM1-4 TEV GCCTGCAAGAA | GCAGAAGAGCT
GC TCACG

2.5.2 PCR

50 yl PCR reactions were set up as below:

Component

5X GoTagq Flexi Buffer (Promega)

MgCl2 solution (Promega)

dNTPs (Invitrogen)
Forward primer (IDT)

Reverse primer (IDT)

GoTaq G2 Hot Start Polymerase

(Promega)
Template DNA

dH20

Final Volume

10 pl
2
1l
1l
1l

0.5 ul

Xul

1X

Final Concentration

1.0 mM

100 mM each

100 puM

100 puM

25u

10071 200 ng/ul

to a final volume of 50 pl

Template DNA was amplified by PCR according to the conditions listed in table 7.
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Table 7. PCR conditions.

' . _ Final
Denaturation Annealing Elongation .
extension
30 secs at ) 30 secs at _
VD1-4 1 min at 52°C 10 min at 68°C
92°C 68°C
30 secs at ] 30 secs at ]
VD1 1 min at 52°C 10 min at 68°C
92°C 68°C
30 secs at ) 30 secs at )
VD2 1 min at 52°C 10 min at 68°C
92°C 68°C
30 secs at ) 30 secs at )
VD3 1 min at 52°C 10 min at 68°C
92°C 68°C
30 secs at ) 30 secs at )
VD4 1 min at 52°C 10 min at 68°C
92°C 68°C
_ 30 secs at ) 30 secs at )
Vit pLi nk 1 min at 52°C 10 min at 68°C
92°C 68°C
Full length 30 secs at _ 90 secs at _
o 1 min at 60°C 10 min at 68°C
Paxillin 92°C 68°C
Paxillin 30 secs at ) _ )
1 min at 60°C | 1 min at 68°C | 10 min at 68°C
LD1-5 92°C
Paxillin 30 secs at _ 40 secs at _
1 min at 57°C 10 min at 68°C
LIM1-4 92°C 68°C

Amplification was confirmed by agarose gel electrophoresis, and the PCR product

purified using a QIAquick Gel Extraction Kit (Qiagen i 28704) according to the

manufacturerds instructions.

2.5.3 Agarose Gel Electrophoresis

1 % w/v agarose was dissolved in 0.5x TAE by heating in a microwave, and then
poured into casting trays with appropriately sized well combs. Ethidium bromide was

added to a final concentration of 0.5 pg/ml and the gels allowed to set. Prior to
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loading, 5x loading buffer was added to each sample. Gels were run at 50 V for

approximately 30 minutes, and imaged using a UV transilluminator.

2.5.4 Restriction Digests

100 pl restriction digests were set up according to the restriction enzymes:

Component Final Volume Final Concentration
Restriction Enzyme 10X Buffer 10 p 1X
DNA Xul 1.0 - 2.0 pg/pul

Restriction Enzyme

BamHlI, 20 u/pl (NEB) 1pl 20 u
Xhol, 10 u/pl (Promega) 2 ul 20u
Sall, 10 u/ul (Promega) 2 20 u
EcoRl, 12 u/pl (Promega) 1.7 20 u
Bglll, 10 u/pl (Promega) 2 ul 20 u
dH20 to a final volume of 100 pl

Restriction digests were incubated at 37°C for two hours. The desired DNA fragment
was cut out from an agarose gel and purified using a QIAquick Gel Extraction kit

(Qiageni 28704) according to the manufactureros

2.5.5 Ligations

10 pl ligation reactions were set up as below:
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Component Final Volume Final Concentration

T4 DNA Ligase, 3 u/ul (Promega) 1yl 3u

10X Ligase Buffer (Promega) 1l 1X

Purified insert DNA Xul 5071 250 ng/pul
Purified vector DNA Xul 5071 250 ng/pul
dH20 to a final volume of 10 pl

Insert and vector DNA was ligated at a 1:1 molar ratio, determined by absorbance at

260 nm, measured using a NanoDrop. Ligations were incubated at 4°C overnight.

2.5.6 E. coli Transformation

DNA was transformed as described in section 2.1.2.

2.5.7 Plasmid DNA Preparation

Plasmid DNAfromE.coiDH10b cel |l s was extracted using .

Kit (Qiagen i 27106) accordingtothemanuf act urer 6s i nstructions

2.5.8 Test Digest

10 pl test digests were set up according to the restriction enzyme:
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Component

Restriction Enzyme 10X Buffer

Miniprepped DNA

Restriction Enzyme
BamHI, 20 u/pl (NEB)
Xhol, 10 u/pl (Promega)
Sall, 10 u/ul (Promega)
EcoRl, 12 u/ul (Promega)
Balll, 10 u/pl (Promega)

dH20

Final Volume Final Concentration

1 ul 1X

Xul 100 - 200 ng/pl
1l 20u

2 ul 20u

2 ul 20 u

1.7 Wl 20u

2 ul 20u

to a final volume of 10 pl

Test digests were incubated at 37°C for 2 hours and then run on an agarose gel.

Successful ligation was then confirmed by Sanger sequencing (Valencia, Pervaiz,

Husami, Qian, & Zhang, 2013).
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3. Results

Chapter 1: Functions of the N-terminal LD region of paxillin.

Introduction

Paxillin associates with focal adhesions and provides a scaffold to which diverse
cytoskeletal and signalling proteins are recruited. Studies have shown that the
individual LD motifs located at the N-terminal region of paxillin provide binding sites
for multiple ligands including the cytoplasmic actin-binding protein vinculin (C E Turner
et al., 1990), and the non-receptor tyrosine kinase FAK (Bertolucci, Guibao, & Zheng,

2005b)

This chapter explores the binding characteristics of paxillin with various vinculin
subdomains, and with the focal adhesion targeting domain of FAK; providing evidence
that the five LD motifs functioning cooperatively to amplify binding affinities and tether

multiple ligands in proximity.

3.1.1 Paxillin binds to the tail domain of vinculin.

An association between the LD2 motif of paxillin (residues 141-153) and the tail
domain of vinculin (residues 879-1066) has previously been reported (Brown et al.,
1996; C E Turner et al., 1990; C E Turner & Miller, 1994). To explore this interaction
further, mouse Vit pl0bbnX ad9 D) was sub-dlanedsnto HET
151 and expressed in E. coli as described in sections 2.4 and 2.1.1. The linker region
was omitted to reduce the risk of proteolytic cleavage. The construct was first purified
by Ni-NTA affinity chromatography, and then by ion exchange chromatography using

an anion exchanger, as described in section 2.2.
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Figure 20. Expression and pur i (A)Domaniorganisatboh ofVt gL i n

full-length vinculin.Vt oL i nker cor r es p olB66 atthe Gtermieabendd u e s

(B) A coomassie stained SDS-PAGE gel of the expression and purification of
Vit pL i n k e FNTA afinity gnd &hion exchange chromatography. L; ladder (kDa),
1; pre-induction, 2; post induction, 3; after sonication, 4; after spinning, 5; Ni-NTA flow-
through, 6; Ni-NTA fraction 1, 7; Ni-NTA fraction 2, 8; Ni-NTA fraction 3, 9; Ni-NTA
fraction 4, 10; after TEV cleavage, 11; S-column flow-through, 12; S-column fraction
1, 13; S-column fraction 2, 14; S-column fraction 3. Fractions 1, 2 and 3 eluted during
anion exchange chromatography were pooled, exchanged into appropriate buffer,
concentrated and used for future experiments.

Fluorescence polarisation (FP) was first utilised to confirm whether paxillin binds
Vit oL i vimkR2rThe five LD peptides were coupled to fluorescein via the C-terminal
cysteine: LD1 (3-22)C; LD2 (141-153)C; LD3 (214-228)C; LD4 (262-274)C; LD5 (331-
352)C. As previously demonstrated using coprecipitation assays and western blots
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(Brown et al., 1996; C E Turner et al., 1990), we were able to confirm using FP that
LD2 binds to the vinculin tail (figure 21). The affinity of the interaction is weak, and

thus could not be accurately calculated using GraphPad.

@ LD1(K;N.D) @ LD2(Ky;N.D) = LD3(KyN.D)

¥ LD4 (KyN.D) & LD5(KyN.D)

200,

1501

100

50

Fluorescence Polarisation

0 50 100 150
VtALinker Concentration (uM)

Figure21. PaxilinL D2 bi nds Withopleak afknety. Binding of fluorescein-

labelled paxillin LD1 (3-22)C, LD2 (141-153)C, LD3 (214-228)C, LD4 (262-274)C and
LD5(331-352)C to VteLinker, me a s olarisatibn assay. Allg a |
measurements were performed in triplicate. Dissociation constants are indicated in the

legend. ND; not determined.

Binding of LD2 to the vinculin tail domain was also confirmed by Nuclear Magnetic
Resonance (NMR) using **N-labelled-Vt eeLi nker expressed in M9 n
TROSY NMR spectra were obtained for 1°N-Vt aeL i nker ( f PNf\Wtrael i2rRkAer ar
LD2 (at an excess of 1:3) (figure 22B). Overlaying the spectra indicated subtle shift
peaks indicative of a weak binding interaction, consistent with the FP data above

(figure 21).
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3.1.2. Paxillin binds to the head domain of vinculin.

Having confirmed that paxillin binds to the vinculin tail domain, we next wanted to
explore whether the N-terminal head domain (VD1-4) is also involved in paxillin
binding. To do this, VD1-4 (residues 1-835, 90,843 Da) was sub-cloned into pET-151

and expressed in E. coli as described in sections 2.5 and 2.1.1. The construct was first
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purified by Ni-NTA affinity chromatography, and then by ion exchange
chromatography using a cation exchanger, as described in section 2.2. Due to the size
of VD1-4, a two-hour induction at 37°C was selected to limit proteolytic cleavage.

However, protein cleavage could not be eliminated completely (figure 23).

4 5 6 7 8 9 10 11 12
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Figure 23. Expression and purification of VD1-4. A coomassie stained SDS-PAGE
gel of the expression and purification of VD1-4 using Ni-NTA affinity and cation
exchange chromatography. L; ladder (kDa), 1; after sonication, 2; after spinning, 3; Ni-
NTA flow-through, 4; Ni-NTA fraction 1, 5; Ni-NTA fraction 2, 6; Ni-NTA fraction 3, 7;
Ni-NTA fraction 4, 8; after TEV cleavage, 9; Q-column flow-through, 10; Q-column
fraction 1, 11; Q-column fraction 2, 12; Q-column fraction 3. Fraction 1 eluted during
cation exchange chromatography was buffer exchanged into appropriate buffer,
concentrated and used for future experiments. Fractions 2 and 3 were disregarded
due to the degree of proteolytic cleavage.

Having confirmed that paxillin binds Vt seLi nker via LD2, we wer
determine, using FP, that paxillin binds VD1-4 via LD1, LD2 and LD4. In each case,
the binding affinity is weak and thus could not be accurately calculated using

GraphPad (figure 24).
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Figure 24. Multiple paxillin LD motifs bind VD1-4 with weak affinity. Binding of
fluorescein-labelled paxillin LD1 (3-22)C, LD2 (141-153)C, LD3 (214-228)C, LD4 (262-
274)C and LD5 (331-352)C to VD1-4, measured using a fluorescence polarisation
assay. All measurements were performed in triplicate. Dissociation constants are
indicated in the legend. ND; not determined.

3.1.3. The paxillin LD motifs function cooperatively to enhance binding.

Having observed that the paxillin-vinculin interaction involves multiple paxillin LD
motifs, we next wanted to explore whether the LD motifs may function cooperatively,
in which binding is enhanced when all five motifs are present and in proximity with one
another. To do this, paxillin LD1-5 (residues 1-345, 36,459 Da) was sub-cloned into
pPET-151 and expressed in E. coli as described in sections 2.5 and 2.1. Due to the
unstructured nature of this region, an additional boiling step at 95°C for 10 minutes
was introduced prior to freezing, and a two-hour induction at 37°C was selected to limit
proteolytic cleavage. However, cleavage could not be eliminated completely (figure

25). It was later found that not cleaving the His-tag also improved protein stability (data
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not shown). The construct was purified by Ni-NTA affinity chromatography and then
by ion exchange chromatography using a cation exchanger, as described in section

2.2.

L 1 2 3 45 6 7 8 9 1011 12 13 14

250
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L ] e ot
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Figure 25. Expression and purification of paxillin LD1-5. A coomassie stained
SDS-PAGE gel of the expression and purification of paxillin LD1-5 using Ni-NTA
affinity and cation exchange chromatography. L; ladder (kDa), 1; pre-induction, 2; post
induction, 3; after sonication, 4; after spinning, 5; Ni-NTA flow-through, 6; Ni-NTA
fraction 1, 7; Ni-NTA fraction 2, 8; Ni-NTA fraction 3, 9; Ni-NTA fraction 4, 10; after
TEV cleavage, 11; Q-column flow-through, 12; Q-column fraction 1, 13; Q-column
fraction 2, 14; Q-column fraction 3. Fraction 1 eluted during cation exchange
chromatography was exchanged into appropriate buffer, concentrated and used for
future experiments. Fractions 2 and 3 were disregarded due to the degree of
proteolytic cleavage.

The size of paxillin LD1-5 made it incompatible with FP experiments. Instead,
microscale thermophoresis (MST) was used to investigate whether paxillin binds
Vit gL i n k e r-4aith Highadr Bffinity when all five LD motifs are present and in
proximity. Un-cleaved paxillin LD1-5 was coupled to an equimolar amount of NT-647
dye via the C-terminal his-tag and titrated against increasing concentrations of

V t Llipker and VD1-4. MST analysis revealed an increase in the affinity of paxillin for
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Figure 26. Paxillin LD1-5 bi nds V arggd LMDb-4& with greater affinity
compared to individual LD peptides. MST analysis of His-tagged paxillin LD1-5
bindingto Vt oL i (fox mamel) and VD1-4 (bottom panel). All measurements were
performed in triplicate. Dissociation constants + standard errors are indicated in the

legend.

Binding of paxillin LD1-5to V t goker was also confirmed by NMR using '°N-labelled-

Vit eaelLi

nker

expressed in M9 mini mal me d i
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for SN-Vt &L i nk'tNrVtaald n k er : -5Ra aniexcéss of 1:3). Dverlaying
the spectra indicated both shifts and loss of peaks indicative of binding (figure 27),

consistent with both the MST and FP data above.
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Regions of the overlaid spectra are enlarged to allow identification of peak changes.

Binding of paxillin LD1-5 to VD1-4 was also confirmed using size exclusion

chromatography with multi-angle light scattering (SEC-MALS). The VD1-4 sample had
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previously been flash-frozen, and consequently did not give a clean signal, most likely
due to the instability demonstrated during the purification process. However, a shift in
the VD1-4: Pax LD1-5 peak indicative of formation of a larger complex was still

observed (figure 28).

120.00 ——\VD1-4 —PaxillinLD1-5 ——VD1-4: Paxillin LD1-5

100.00
80.00 {\
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40.00

Refractive Index (mV)
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0.00
0.00 5.00 10.00 15.00

Retention Volume (mL)

Figure 28. Paxillin LD1-5 binds VD1-4. Paxillin LD1-5 (red) and VD1-4 (blue) were
analysed on a gel filtration column. Paxillin LD1-5 was incubated with an equimolar
concentration of VD1-4 for 30 minutes at room temperature and analysed (green).

The protein eluted in 0.75 ml fractions and was analysed by SDS-PAGE (data not

shown). However, the protein was too dilute to be observed clearly.

3.1.4. Paxillin binds full-length vinculin with high affinity.

Since paxillin LD1-5 can bind both the vinculin head and tail domains, we next wanted
to explore the affinity of paxillin for full-length (FL) vinculin (residues 1-1066, 116.7
kDa). To do this, DNA encoding FL-vinculin was transformed into and expressed in
BL21 (DE3) E. coli cells as described in sections 2.1.1 and 2.1.2. Due to protein size,

a two-hour induction at 37°C was selected to limit proteolytic cleavage. However,
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cleavage could not be eliminated completely (figure 29). The protein was purified by
Ni-NTA affinity chromatography and then by ion exchange chromatography using a

cation exchanger, as described in section 2.2.
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Figure 29. Expression and purification of full-length vinculin. A coomassie
stained SDS-PAGE gel of the expression and purification of FL-vinculin using Ni-NTA
affinity and cation exchange chromatography. L; ladder (kDa), 1; pre-induction, 2; post
induction, 3; after sonication, 4; after spinning, 5; Ni-NTA flow-through, 6; Ni-NTA
fraction 1, 7; Ni-NTA fraction 2, 8; Ni-NTA fraction 3, 9; after TEV cleavage, 10; Q-
column flow-through, 11; Q-column fraction 1, 12; Q-column fraction 2, 13; Q-column
fraction 3, 14; Q-column fraction 4. Fraction 1 eluted from cation exchange
chromatography was exchanged into appropriate buffer, concentrated and used for
further experiments. Fractions 2, 3 and 4 were disregarded due to the degree of
proteolytic cleavage.

MST was used to investigate the binding affinity of paxillin LD1-5 for FL-vinculin. Un-
cleaved paxillin LD1-5 was coupled to an equimolar amount of NT-647 dye via the C-
terminal his-tag and titrated against an increasing concentration of FL-vinculin. MST
analysis of his-tagged paxillin LD1-5 binding to FL-vinculin revealed a 72-fold and 23-
fold increase in affinity comparedto VD1-4 and Vit qLi nk dfigure30)eltspect i
is important to add that the calculated binding constant may have been affected by

52



contributions from the degradation products of FL-vinculin to the concentration

calculation.
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Figure 30. Paxillin LD1-5 binds full-length vinculin with high affinity. MST
analysis of His-tagged paxillin LD1-5 binding to full-length vinculin. All measurements
were performed in triplicate. Dissociation constants + standard errors are indicated in
the legend.

Binding of paxillin LD1-5 to FL-vinculin was also confirmed using SEC-MALS,

indicated by a shift and broadening of the vinculin: paxillin LD1-5 peak indicative of

formation of a larger complex (figure 31).
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Figure 31. Paxillin LD1-5 binds full-length vinculin. Paxillin LD1-5 (red) and FL-
vinculin (grey) were analysed on a gel filtration column. Paxillin LD1-5 was incubated
with an equimolar concentration of FL-vinculin for 30 minutes at room temperature and
analysed (green).

The protein eluted in 0.75 ml fractions and was analysed by SDS-PAGE (data not

shown). However, the protein was too dilute to be observed clearly.

3.1.5. Paxillin engages the head and tail domains of vinculin simultaneously.

Crystal structures of FL-vinculin has revealed that an interface exists between the N-
terminal head domain and C-terminal tail domain (Bakolitsa et al., 2004; Borgon,
Vonrhein, Bricogne, Bois, & Izard, 2004b; Izard et al., 2004). The unstructured proline-
rich linker tethering the two domains together is highly flexible and facilitates
conformational ddlicainbyredles which cdntnok the Uigand-binding
affinity of vinculin. FL-vinculin has been shown to exist in two conformations: 1) an
autoinhibited conformation in which VD1, 3 and 4 of the head domain engage the

vinculin tail domain, consequently masking numerous ligand binding sites, and 2) an
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open conformation in which these binding sites are exposed following dissociation of

the head domain from the tail domain.

The ability of the vinculin head domain (VD1-4) to associate with the tail domain

(VteLinker) was -MAMABLfT i rmed by SEC

SEC-MALS analysis revealed a reduction +n the
4 peak following incubation of the two domains, indicating formation of a head-tail
complex (figure 32). Unexpectedly, the VD1-4 : Vt pLi nker compl ex el

VD1-4, possibly due to protein loss through aggregation during the incubation period.

90.00 —VD1-4 Vtglinker ——VD1-4 : Vtqlinker

Refractive Index (mV)
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Retention Volume (mL)

Figure 32. VD1-4 bi nds VivB4i (nkkleue) a n d (ordhgeewdren k e r
analysed on a gel filtration column. VD1-4 was incubated with an equimolar
concentration of Vt aL i for BOeminutes at room temperature and analysed (black).

The protein eluted in 0.75 ml fractions and was analysed by SDS-PAGE (data not

shown). However, the protein was too dilute to be observed clearly.
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NMR experiments confirmed that the autoinhibited conformation involves contributions
from VD1 and VD3 of the head domain, but not VD2 (figure 33). The four-helix VD4
bundle could not be sub-cloned into a pET-151 vector; preventing investigation of this
subdomain. Significant peak shifts were observed on addition of VD1, with more subtle
shifts on addition of VD3 (both at an excess of 1:3), consistent with the VD1:Vt
interface being most significant to maintain the autoinhibited head-to-tail conformation
(Miller et al., 2001). As observed in the crystal structures of FL-vinculin, VD1 and VD3,
held apart by VD2, form pincers that capture opposite ends of the vinculin tail, with

VD2 having no involvement in the interaction (figure 34).
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Figure 34. Autoinhibited full-length vinculin. VD1 (blue) and VD3 (green) form
pincers that bind opposite ends of the five-helix tail domain (yellow). VD2 (pink) does
not bind to the tail domain directly.

Since paxillin LD1-5 was shown to bind both VD1-4 and Vt eaeLi nker, we
whether paxillin might facilitate the autoinhibition of FL-vinculin by wrapping around

the subdomains, holding them in an inactive, compact conformation. To do this,

equimolar amounts of paxillin LD1-5, VD1-4 and VteLinker were i nc
minutes at room temperature, and then analysed by SEC-MALS. SDS-PAGE analysis

of the eluted protein fraction revealed a tripartite complex involving VD1-4 , Vit &Li nker

and paxillin LD1-5 (figure 35).
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Figure 35. Paxillin LD1-5 binds VD1-4 and VteLinker (A)ivDl+4 t ane o

was incubated with an equimolar concentration of Vt aL i for BG&minutes at room
temperature, and then analysed by SEC-MALS (black). Equimolar concentrations of
VD14, Vt elLi nker & wele tipeaircubdated and ahalysed (purple). (B)
The eluted protein fraction (retention volume 11 mL) was run on an SDS-PAGE gel
stained with coomassie blue. Three bands were observed, which correspond to VD1-
4 (black arrow), paxillin LD1-5 (white arrow) and Vtad.inker (grey arrow).

3.1.6. Paxillin binds to FAK-FAT with high affinity.

Previous data has shown that paxillin binds to the focal adhesion targeting (FAT)
domain of Focal Adhesion Kinase (FAK). This interaction requires the simultaneous
binding of both LD2 and LD4 to opposite faces of the four-helix bundle (Bertolucci et

al., 2005h).

We used FP to confirm that paxillin does indeed bind FAK-FAT via LD2
(Kg=38.75+9.70uM) and LD4 (Ky=34.57+5.98uM). Furthermore, we also detected
weak binding of LD1 (K4=114.20+10.71uM) (figure 36). Although a binding constant
could not be determined for the binding of LD5 to FAK-FAT, fluorescence changes

suggest a weak, possibly non-specific interaction.
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Figure 36. FAK-FAT binds multiple paxillin LD motifs. Binding of fluorescein-
labelled paxillin LD1 (3-22)C, LD2 (141-153)C, LD3 (214-228)C, LD4 (262-274)C and
LD5 (331-352)C to FAK-FAT, measured using a fluorescence polarisation assay. All
measurements were performed in triplicate. Dissociation constants + standard error
are indicated in the legend. ND; not determined.

Having determined that the paxillin LD motifs function cooperatively to enhance the
binding affinity for vinculin (see section 3.1.3.), we wanted to investigate whether this
is also the case for FAK-FAT. To do this, his-tagged paxillin LD1-5 was titrated against
an increasing concentration of FAK-FAT. MST analysis revealed a 1000-fold increase
in affinity compared to the individual LD peptides (figure 37), confirming that the LD
motifs function cooperatively to enhance the affinity of paxillin for both vinculin and

FAK.
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Figure 37. Paxillin LD1-5 binds FAK-FAT with higher affinity compared to
individual LD peptides. MST analysis of His-tagged paxillin LD1-5 binding to FAK-
FAT. All measurements were performed in triplicate. Dissociation constants + standard
errors are indicated in the legend.

62



Chapter 2: Functions of the C-terminal LIM region of paxillin.

Introduction

LIM domains are zinc-binding structures that coordinate two zinc ions via conserved
cysteine and histidine residues, with a secondary structure comprised of both beta
sheets and alpha helices. Paxillin contains four LIM domains (LIM 1-4), organised in

tandem at the C-terminal end of the protein (figure 38).
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Figure 38. LIM domain structure.

Each LIM domain coordinates two zinc ions (grey spheres) via seven conserved
cysteine residues (blue sticks) and one conserved histidine residue (blue sticks) (Gill,
1995). The four LIM domains of paxillin are located in tandem at the C-terminus.

Due in part to the complexity of the LIM domain structure, the role of the paxillin LIM
domains in facilitating paxillin activity has not been well studied biochemically.
However, the four paxillin LIM domains are thought to function as a modular protein
binding site and have been implicated in recruitment to focal adhesions (Brown et al.,
1996) and possible regulation of paxillin activity via autoinhibition (Béttcher et al.,
2017a). Direct interactions with the tyrosine phosphatase PTP-PEST, tubulin and
several uncharacterised serine/threonine kinases have been established (Coté et al.,

1999; Herreros et al.,, 2000; Christopher E. Turner, 2000), and a link with the
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mechanosensitive scaffold protein talin has been identified (Zacharchenko, Qian,

Goult, Critchley, et al., 2016).

This chapter aims to investigate the role of the LIM domains in coordinating paxillin
function. Using GST pulldown experiments, we investigate the biochemical evidence
to support a paxillin-talin interaction, and explore the possibility that paxillin activity is
regulated via an autoinhibited mechanism, similar to that employed by numerous other

focal adhesion-associated proteins.

3.2.1. Expression and purification of paxillin LIM fragments.

Paxillin LIM 1-4 (residues 356-591, 27 kDa) was not soluble in a pET-151 vector and
was instead sub-cloned into a pGEX-TEV vector containing a 26 kDa N-terminal

glutathione S-transferase (GST) solubility tag (figure 39).

Thrombin recognition site

—

GST LIM 1-4

—

TEV recognition site

Figure 39. GST-LIM 1-4 construct.

The construct was expressed in E. coli, as described in section 2.1.1, and purified by
batch chromatography using glutathione beads, as described in section 2.2.5 (figure
40). 1 mM ZnSO4 was added to the buffer to ensure the key structural zincs were not
lost, and thus facilitate correct protein folding. The protein was used in pulldown
experiments and so was not cleaved from the GST tag, giving a final molecular weight

of approximately 53 kDa.
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Figure 40. Expression and purification of GST-tagged LIM 1-4. A coomassie
stained SDS-PAGE gel of the expression and purification of LIM 1-4 using batch
chromatography with glutathione beads. Following sonication, the soluble fraction was
incubated with glutathione beads, prior to five wash-spin cycles with 20 mM HEPES,
100 mM NacCl, 1 mM ZnSOau. L; ladder (kDa), 1; post induction, 2; after sonication, 3;
after spinning, 4; SN after spin 1, 5; beads after spin 1, 6; SN after wash 1, 7; beads
after wash 1, 8; SN after wash 5, 9; beads after wash 5.

LIM 1-2 (residues 356-473, 13.5 kDa) in a pGST-1 vector (Sheffield, Garrard, &
Derewenda, 1999) (figure 41) was kindly provided by Prof Jun Qin and Dr Liang Zhu

of the Lerner Research Institute, Cleveland.

GST LIM 1-2

o

TEV recognition site

Figure 41. GST-LIM 1-2 construct.

The construct was transformed into BL21 DE3 E. coli cells, expressed, and purified by
batch chromatography using glutathione beads, as described in sections 2.1.2 and
2.2.5 (figure 42). The protein was used in pulldown experiments and so was not

cleaved from the GST tag, giving a final molecular weight of approximately 39.5 kDa.
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Figure 42. Expression and purification of GST-tagged LIM 1-2. A coomassie
stained SDS-PAGE gel of the expression and purification of LIM 1-2 using batch
chromatography with glutathione beads. Following sonication, the soluble fraction was
incubated with glutathione beads, prior to five wash-spin cycles with 20 mM HEPES,
100 mM NaCl, 1 mM ZnSOau. L; ladder (kDa), 1; post induction, 2; after sonication, 3;
SN after spin 1, 4; beads after spin 1, 5; SN after wash 1, 6; beads after wash 1, 7;
SN after wash 5, 8; beads after wash 5.

LIM 3-4 (residues 474-591) in a pGST-1 vector was also provided by Dr Liang Zhu.
The construct was transformed, expressed and purified in the same manner as LIM 1-
2, however GST-tagged LIM 3-4 (approximately 39.5 kDa) could not be purified using

batch chromatography (figure 43).
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Figure 43. Expression and purification of GST-tagged LIM 3-4. A coomassie
stained SDS-PAGE gel of the expression and purification of LIM 3-4 using batch
chromatography with glutathione beads. Following sonication, the soluble fraction was
incubated with glutathione beads, prior to five wash-spin cycles with 20 mM HEPES,
100 mM NaCl, 1 mM ZnSOau. L; ladder (kDa), 1; pre-induction, 2; post induction, 3;
after spinning, 4; SN after spin 1, 5; beads after spin 1, 6; SN after wash 1, 7; beads
after wash 1, 8; SN after wash 5, 9; beads after wash 5.

3.2.2. Paxillin binds talin via the LIM domains.

The C-terminal LIM domains of paxillin, particularly LIM 2 and 3, have been implicated
in recruitment to FAs via the focal adhesion targeting sequence (Brown et al., 1996).
Furthermore, mitochondrial targeting assays have demonstrated that paxillin and talin
colocalise (Atherton et al., 2019), and reduced FA localisation of paxillin in cells
expressing a talin mutant lacking the R8 rod domain has been observed
(Zacharchenko, Qian, Goult, Jethwa, et al., 2016a). These observations, in addition to
high affinity talin-binding to the LIM domain of the muscle protein N-RAP, suggests a
mechanism of paxillin recruitment involving an interaction between talin and paxillin,

potentially through the paxillin LIM domain(s).

To confirm, using biochemical techniques, whether talin does indeed bind paxillin, we
first utilised FP to determine whether this interaction involves the paxillin LD maotifs.
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Fluorescein-coupled LD 1-5 peptides were tested against FO-F3, R1-R4, R4-R8, R7-
R8 and R9-R12 of talin and none were found to bind to the helical talin bundles (figure

44).
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Figure 44. Talin does not bind paxillin via the LD motifs. Binding of fluorescein-
labelled paxillin LD1 (3-22)C, LD2 (141-153)C, LD3 (214-228)C, LD4 (262-274)C and
LD5 (331-352)C to FO-F3, R1-R4, R4-R8, R7-R8 and R9-R12 of talin, measured using
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a fluorescence polarisation assay. Alpha-integrin and RIAM were used as positive
controls for the talin head domain and rod bundles, respectively. Organisation of the
talin bundles within the full-length structural schematic are indicated. Dissociation
constants are indicated in the legend. ND; not determined.

We next asked whether paxillin binds talin via the LIM domains. To explore the
involvement of the LIM domains in talin-mediated focal adhesion targeting, GST-
pulldown experiments were performed using full-length talin (residues 1-2541,
269,821 Da), R1-R3 (residues 482-911, 44,224 Da), R4-R8 (residues 913-1653,
76,706 Da) and R9-R12 (residues 1655-2294, 67,305 Da) (figure 45). In each case,
the bead-bound GST-tagged LIM protein was incubated with the target protein for one
hour before being passed through a column. The supernatant (SN), containing any
proteins that did not bind to the paxillin LIMs, was collected. The beads were then
washed, resuspended in buffer and spun down to form a pellet (P). Proteins that did

interact with the paxillin LIMs were bead-bound and present in the pellet.

i I E e T

| ] |
M R9-R12 '

R1-R3 R4-R8

Figure 45. Talin rod domain regions used in GST pulldowns.

To first determine if a binding interaction exists between talin and the paxillin LIM
domains, GST-LIM 1-2 was incubated with full-length talin and was found to pull down
talin on three separate occasions (figure 46). GST-LIM 1-2 was selected over GST-

LIM 1-4 due to greater protein yield following purification.
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Figure 46. GST-pull down of GST-LIM1-2 with full length talin. A coomassie
stained SDS-PAGE gel of GST-LIM 1-2 (white arrow) pulling down full length talin
(black arrow), performed in triplicate. Due to the size of full-length talin, a sample of
talin alone was run as a reference (R). The band at ~26 kDa (grey arrow) corresponds
to the GST-tag. L; ladder (kDa), SN; supernatant P; pellet.

Having confirmed that talin binds the paxillin LIM domains, we next wanted to isolate
which region(s) of talin facilitates this interaction. To do this, the pulldown experiments
were repeated with R1-R3, R4-R8 and R9-R12, each at an initial concentration of 30
MM. To determine whether any result was due to the glutathione beads rather than the
LIM protein, R1-R3, R4-R8 and R9-R12 were incubated with the beads in the absence
of the paxillin LIM, as a control. Cleavage of the GST-tagged LIM construct with TEV
protease would yield the isolated LIM protein and the GST tag. Incubation of the GST
with the talin rod regions would provide an additional control to investigate any effect
of the GST, however the paxillin LIM protein could not be identified in either the

supernatant or bead-bound following TEV cleavage (data not shown). The inability to
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cleave the LIM protein from the GST tag also prevented determination of the protein

concentration.

In the case of R1-R3, saturation was observed in both the supernatant and the pellet,
and so the experiment was r e pretancendentationss5 ¢ M,
(figure 47). Most of the protein was present in the supernatant, with some being

captured in the pellet by the glutathione beads, concluding that paxillin does not bind

talin via R1-R3.
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Figure 47. GST-pull down of GST-LIM1-2 with talin R1-R3. A coomassie stained

SDS-gel of GST-LIM 1-2 (white arrow) incubated with R1-R3 (black arro w) at 5 ¢ M
(A), 10Bavnd 15C)ebMncentr at i ofR8 was in€ubatediitiR 1
glutathione beads in the absence of GST-LIM 1-2 as a control (D). The band at ~26

kDa (grey arrow) corresponds to the GST-tag. L; ladder (kDa), SN; supernatant, P;

pellet.

In the case of R4-R8, aggregation was observed immediately following incubation with
GST-LIM 1-2 and GST-LIM 1-4, and so it was not possible to determine whether an
interaction exists between the two protein domains. Aggregation was most likely a
result of the buffer (HEPES, NaCl, ZnSO4) since all of the protein was present in the
pellet of the control sample (R4-R8 incubated with glutathione beads in the absence

of the GST-tagged paxillin LIM domains) (figure 48).
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Figure 48. GST-pull down of GST-LIM1-2 with talin R4-R8. A coomassie stained
SDS-PAGE gel of GST-LIM1-2 (whi te arrow) I nc-R8(blacle d wi t
arrow), performed in triplicate (A-C). R4-R8 was incubated with glutathione beads in

the absence of GST-LIM 1-2 as a control (D). The band at ~26 kDa (grey arrow)
corresponds to the GST-tag. L; ladder (kDa), SN; supernatant, P; pellet.

In the case of R9-R12, saturation was observed in both the supernatant and the pellet
and so the experi ment -RI2soncentrgiendfigueedd9).aMost 5 e M F
of R9-R12 was captured by GST-LIM 1-2 within the pellet, with some present in the
supernatant. As with the R1-R3 control, some of R9-R12 was captured by the
glutathione beads within the control sample. However, since significantly more protein
was present in the pellet compared to the supernatant, it was concluded that paxillin

binds talin via R9-R12.
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