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”Scientific knowledge is a body of statements of varying degrees of certainty

– some most unsure, some nearly sure, none absolutely certain.”

Richard P Feynman, 1918 - 1988
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ABSTRACT

Focal Adhesions (FA) are large sub-cellular structures comprised of macro-

molecular assemblies that anchor cells to the extracellular matrix and play a

key role in force transduction and intracellular mechano-signalling pathways.

Understanding how mechanical signalling influences specific molecular and

cellular mechanisms is crucial in progressing our knowledge of how the

external environment affects normal cell physiology and pathology.

In this project, we have used a tension-sensitive biosensor to detect real-time

changes in applied force across the mechanosensitive FA protein vinculin. The

biosensor contains two fluorescent proteins joined by a short-coiled linker

that extends when force is applied. When the biosensor is under tension,

the two fluorescent proteins separate, decreasing the amount of Förster

Resonance Energy Transfer (FRET) observed. By measuring FRET using time-

correlated single-photon counting fluorescence lifetime imaging microscopy

(TCSPC-FLIM), we observe the loss of FRET, compared to a control, as a

direct consequence of an applied intracellular force across the biosensor.

By transiently transfected vinculin null mouse embryonic fibroblasts (MEFs)

with a vinculin construct encoding the Tension Sensing Module (TSM), we can

demonstrate how force-transduction changes within maturing adhesions in

both fixed and live cells.

In addition, we have also shown through biochemical and biophysical assays

that RIAM (Rap1-interacting Adapter Molecule) interacts with vinculin through

an N-terminal binding domain. Furthermore, by developing a novel three-

colour FRET sensing methodology, we have been able to describe the spa-

tiotemporal relationship between several components assembled in nascent

adhesions, namely talin, vinculin and RIAM. We have combined live cell fluo-

rescence lifetime imaging with three-colour FRET sensing to determine the

order of assembly for a multimeric complex as a function of time.
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1

I N TRODUCT ION

1.1 Thesis Overview

Conventionally, Fōrster Resonance Energy Transfer (FRET) is extensively used

to detect direct interactions between pairs of fluorescently labelled proteins

or to detect changes in the internal environment of cells through biosensors.

However, by multiplexing the FRET interactions, more information is gained

by looking at the bigger picture, not just considering one event in isolation

but putting that event in context with when or where another cellular event

occurs. In this thesis, I set out to determine if a putative vinculin-RIAM in-

teraction can be detected in cells and whether this interaction may have a

physiological function. I then develop a three-colour FRET methodology to

determine if a vinculin tension sensor is in an open or closed conformation

when RIAM interacts with vinculin. Specifically, does RIAM only associate with

the auto-inhibited form of cytoplasmic vinculin?

The first chapter of this thesis is an introduction chapter which I have split

into two halves; in the first half, I review the current literature relating to Focal

Adhesion (FA) assembly, its regulation and the proteins that adhesions are

comprised. Specifically, I discuss the recruitment of talin by the activated

rap1-RIAM complex and how it is actively recruited to the plasma membrane,

which is activated and forms a core element of nascent adhesions. I then

discuss a putative binding interaction between vinculin and RIAM which is a

core focus of this thesis. In the second half of this chapter, I review FRET imag-

ing techniques with specific attention given to three-colour FRET imaging

techniques and TCSPC-FLIM, both of which are used extensively throughout

this thesis.

Chapter 2 describes the materials and methods I used during my PhD to

accomplish the results described herein.
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1.1. THESIS OVERVIEW 2

Chapter 3 focuses on detecting and characterising the putative vinculin-RIAM

interaction in vinculin null mouse embryonic fibroblasts (vinculin -/-MEFs),

which has been proposed only from in vitro N-terminal binding studies. So

far, this interaction has only been reported in vitro and has not been pre-

viously characterised in cells. I will show by using several biochemical and

biophysical assays that two-photon TCSPC-FLIM can detect the interaction.

The interaction is further interrogated by investigating whether the vinculin-

RIAM interaction is actin-dependent, which was achieved using a specific

Rho-associated kinase (ROCK) inhibitor, H-1152. I further characterised the

interaction by investigating whether the interaction affects FAs turning over.

Lastly, in this chapter, I explore the relationship between the intracellular

mechanical force acting on vinculin by using a vinculin Tension Sensing

biosensor.

In Chapter 4, I describe the development of a new three-colour FRET-based

assay using two-photon TCSPC-FLIM to determine the interaction between

multiple fluorescently labelled proteins in a single complex at a specific time

point and location in a cell. This chapter is focused on discussing the pro-

duction of a model system comprising purified fluorescent proteins and their

biophysical characterisation. The new methodology for determining multi-

protein complex formation is an analytical approach used in conjunction

with TCSPC-FLIM to identify the individual FRET components in a complex

system and show which fluorescently tagged proteins are directly interacting

at specific locations in the cell and how this evolves over time.

In Chapter 5, I combine the objectives set in the previous results chapters and

apply the three-colour FRET model to answer questions relating to vinculin-

RIAM binding and intracellular tension, specifically across vinculin in devel-

oping focal adhesions. I also explore our understanding of how FA proteins

are recruited to lamellipodium and to what extent the putative vinculin-RIAM

interaction plays in recruitment and adhesion assembly.

Finally, in Chapter 6, I thoroughly discuss all aspects of the thesis research,

draw conclusions for the work, and indicate where interesting work may take

the project in the future.
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1.2 A Brief Introduction to

Cellular Mechanotransduction.

The Extracellular Matrix

The Extracellular Matrix (ECM) is a vast three-dimensional network of in-

tertwined and interlocking fibrous proteins such as collagen, fibronectin

and elastin, glycoproteins such as proteoglycan, and a vast array of poly-

saccharides [1, 2]. The composition and structure of the ECM is tightly regu-

lated and maintained by the same cells that live within it. Significant changes

in its composition are strongly associated with the progression of many de-

generative diseases such as cancer [2,3], cardiac dysfunction, and liver dam-

age [4]. It has been known for some time that cells respond to changes in their

environment brought about by mechanosensing-dependent signalling [1, 5];

however, the exact molecular mechanism of these pathways is still not fully

understood. For this reason, understanding how cells detect mechanical stim-

uli and ultimately alter the ECM in response is the subject of intense investi-

gation. Several intracellular molecules have been identified that can react to

mechanical stimulation and - in turn – modify cell function [5].The nature and

the extent of the changes caused by mechanical stimuli on the cell can vary

drastically, such as proteins deforming through stretching or unfolding in

response to mechanical stimuli [6] or the formation of new, novel interactions

at the cell membrane [7]. Regardless of how the cell receives the stimulus,

the detected signal is first detected and then transduced from the ECM to the

nucleus via the cell membrane through a molecular process is collectively

known as mechanotransduction [1]. Essentially, cells constantly sense and

respond to the physical world surrounding them by detecting mechanical

and biochemical stimuli through the interactions made by membrane-bound

proteins that project into the ECM. Stimuli cause changes at the cell mem-

brane in a diverse set of mechanosensitive proteins that include integrins,

G-protein coupled receptors or stretch-activated ion channels, all of which

activate different downstream pathways that lead to significant downstream

changes [8]. Integrins act as active sensors responding to cues and signals

from the ECM [9], along with other signalling molecules such as kinases,

phosphatases, and adaptor proteins. Studies using magnetic tweezers to

transfer force directly from integrins to the local cytoskeleton shows that the

mechanical deformation of one or more FA proteins is a crucial step in an

intracellular signalling cascade that leads to global cytoskeletal rearrange-
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ments and mechanotransduction at multiple, distant sites within a cell [10].

Focal Adhesions

Focal adhesions (FAs) are large intracellular macromolecular assemblies

that anchor cells to the ECM and are the primary site of mechanical force

transduction. FAs are unique in directly connecting the cell membrane and

ECM through integrins and so are crucially involved in sensing and responding

to mechanical stimuli from the external environment [11, 12]. The act of

mechanosensing depends on identifying and transmitting mechanical signals

from the extracellular milieu into the cell. Cells achieve this through their

adhesions comprising two halves, an outward-facing transmembrane domain

and an inward-facing intracellular domain. In the transmembrane domain,

integrins reach out into the ECM and connect the cell to the exterior world; this

is where extracellular sensing and communication occur. The intracellular

domain, in contrast, is where proteins like talin, vinculin, FAK, paxillin and

many others are located and recruited by proteins such as Ras GTPase,

Rac, and RIAM [13–16]. Integrins are recruited first and assemble along

with talin as the first nascent adhesions before other proteins like actin,

and vinculin are recruited and stabilise the increasingly enlarged complex,

which grows into mature FAs. It is within the intracellular domain where

scaffolding, docking, and signalling proteins collectively serve as an interface

between transmembrane components directly contacting the ECM (integrins)

and the actin cytoskeleton. The precise molecular composition of FAs is

constantly changing in response to the ECM composition, mechanical forces,

and integrin binding. Small changes in external stimuli have been shown

to strongly influence the pattern of integrin clustering. Differences in the

spacing and availability of ECM adhesion sites have been shown to strongly

affect the recruitment of FA proteins to these binding sites [16–18]. Most of

the proteins that assemble in adhesion are not involved in outside-in signal

transduction, but two heavily involved proteins, talin and vinculin, are of

particular interest.

The assembly of these proteins within FAs and how these form distinct layers

with specific functions (figure 1.2.1-1) [19]. As cells remodel the matrix or

shape tissue, they must apply forces to respond to changes in their phys-

ical environment. Cells must contact neighbouring cells and the matrix to

modify local tissue morphology. Over 200 different proteins have been identi-
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fied within the integrin-mediated adhesome, many identified through mass

spectrometry, and a further 400 proteins that associate with FAs in a force-

dependent manner [20, 21]. Cell adhesions are vast complex assemblies

easily identified through conventional widefield microscopy techniques. The

large adhesion complex extends for several micrometres from integrins at the

leading edge of migrating cells and is easily identified through fluorescence

microscopy techniques. With such critical functions and many constituent

components, FA assemblies and the large family of interactors have received

considerable attention. FAs have been shown to play a role in many facets of

normal cell physiology, from regulating correct cell motility to wound heal-

ing and the spread and development of cancer. FAs transmit intracellular,

myosin-generated forces from the cytoskeleton to the extracellular matrix

(ECM), generating traction forces that pull the cell body forward during cell

migration [22, 23]. The position of vinculin within FAs means that it is ideally

placed to mediate the transmission of intracellular forces [24].

Figure 1.2.0.1: A diagram of a Focal Adhesion assembly: A diagram showing the
major components of a typical mature focal adhesion (adapted from Changede &
Sheetz, 2016).

FA research is vital in understanding how cells respond to their external

environment and how this can manifest in diseases like cancer. Proteomic
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analysis has identified over 2,400 proteins that have some involvement with

the integrin-mediated adhesome. These proteins have been grouped into

four critical families: FAK-Paxillin, talin-Vinculin, α-Actinin-Zyxin-VASP and

ILK-PINCH-Kindlin pathways [25]. Although these pathways have been well

studied in cancer cell lines, not all constituents have been identified. Alter-

ations in gene expression of these proteins seem to be critical in determining

the FA size, shape, and density of each cell-matrix contact [2]; this has been

demonstrated by FAK, Integrin-linked kinase (ILK), talin and Zyxin knockdowns

in MCF-7 breast cancer cell lines [26, 27]. These knockdown cell lines have

shown an increase in FA size, which corresponds to an increase in the an-

choring of breast cancer cells to the ECM and, therefore, a reduced rate of FA

disassembly [28].

Cancerous cells must migrate through the ECM during metastasis before

entering the blood and lymphatic vessels through intravasation. The early

stages of this highly ordered and complex process involving the coordina-

tion of intracellular signals with the external environment to facilitate the

detachment of the cell from its primary location. The initial steps require

a sizeable morphological change where the cell becomes densely packed

and rounded. Protrusions are lost as the cells break their attachment points

through FAs and detach from the matrix [2, 3]. Furthering our understanding

of this highly complex, integrated process and its regulation is a primary aim

of this PhD.

Vinculin

Since its discovery in 1979 [29], the 124 kDa protein vinculin (from the Latin

vinculum meaning “bond”, “tie”, or “link”) has been one of the most studied

proteins found in cellular adhesions to date [12, 29]. Vinculin is localised

within the cytoplasmic layer of integrin-mediated, cell–ECM junctions [30]

and appears early in nascent adhesion assembly. It is considered a core

protein as it is universally localised within FAs as a well-characterised binding

partner of talin [31].

Vinculin consists of two domains, a 90.6 kDa head domain (VH) which is made

of five sub-domains D1-5, each consisting of between five and eight helix-

turn-helices and a 33.1 kDa vinculin tail (VT) domain. The VH and VT domains

have been shown to interact independently from each other when vinculin

is in its fully functional conformation. They are joined by a 52 amino acid

6
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proline-rich flexible linker with binding sites for Arp2/3 and vinexin, which di-

rectly interact with and regulate actin [32]. In vinculin’s inactive, autoinhibited

conformation (as shown in figure 1.2-2 panels A and B), the D1 sub-domain

of the VH domain binds to and occludes the VT domain preventing the VT

domain from interacting with its primary binding partner, actin [33], as shown

in panel B below. The occlusion of VT by VH results in a tightly bound, au-

toinhibited conformation before recruitment and activation [34]. Vinculin

Figure 1.2.0.2: Vinculin structure and autoinhibition: Vinculin structure and autoin-
hibition: A) Shows a surface view of the crystal structure of vinculin in its autoinhibited
conformation. B) Shows the vinculin molecule rotated 90o demonstrating how the
D1 sub-domain of the VH domain prevents the VT l domain from interacting with its
binding partners in its autoinhibited conformation. Alpha fold model AF-Q64727-F1
was used and modelled in Pymol.

recruitment and activation is regulated by force (figure 1.2.-3) to the extent

that recruitment and localisation of vinculin to maturing FAs depends upon

actomyosin contraction [6]. Vinculin is one of the core components of FAs,

and its recruitment to nascent adhesion requires talin activation by mechani-

cal forces [22, 34]. There is evidence to suggest that talin and vinculin are

pre-complexed through vinculin binding to rod domain 8 (R8) of talin, and

talin actively shuttles vinculin to the site of FA assembly [35]. Regardless of

the mechanism that drives vinculin enrichment of the lamellipodium, it has

been demonstrated that vinculin localisation within developing FAs is directly

correlated with mechanical force measured within the same FAs such that

vinculin recruitment is force-driven [36]. The current vinculin recruitment and

activation model suggests that the talin binding site in the D1 sub-domain of

the vinculin head domain first associates with the mechanosensitive compact

N-terminus of talin through rod domains 2 and 3 (see figure 1.2-4 for further

details on the structure of talin) [37]. Once vinculin is bound to talin, a signifi-

7
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cant conformational change occurs in the tertiary structure of vinculin that

releases the auto-inhibited conformation described in figure 1.2-2, allowing

the vinculin tail domain to associate with actin. Once vinculin is bound to both

actin and talin, additional vinculin molecules are recruited force-dependently

to the developing adhesion [6, 38, 39].

Figure 1.2.0.3: Activation of vinculin requires talin and actin: Activation of vinculin
requires talin and actin. The diagram shows a cartoon which Illustrates the activation
of vinculin through the binding of talin and f-actin vinculin – not drawn to scale.

Several models have been proposed relating to the mechanisms of vinculin

mechanosensitivity. One model proposes mechanosensitivity of vinculin is

dependent upon functional actin binding the tail domain. Vinculin null MEFs

have been found to have significantly reduced myosin contractility, as a loss

of the VT domain prevents vinculin association with actin [36]. This pheno-

type is successfully rescued by transfecting the same vinculin null MEFs

with the tail domain but crucially was not rescued by transfecting in the

vinculin head domain alone [36]. It has been suggested that this was most

likely due to the tail domain facilitating the cyclic association and dissoci-

ation of vinculin from FA complexes. There seems to be some evidence of

this as cells expressing VT mutants have been shown to have reinforced FA

stability, something usually only seen for wild-type cells grown on stiffer sur-

faces [40]. An alternative model described a more complex system where VH

domain increases adhesion strength by stabilising ECM-integrin complexes in-

dependently from the interactions the VT domain forms with the actomyosin

cytoskeleton [36].

8
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The presence of talin is essential for vinculin localisation [22,41] Without talin,

the necessary actomyosin-mediated forces critical for vinculin localisation

and activation within maturing mature adhesion complexes are not present.

The vinculin mutant A50I, located in the talin binding domain within the VH,

has been shown to inhibit the talin binding and, by extension this has been

found to actively de-stabilise adhesion complexes [7]. During cell migration,

vinculin activation occurs at the protruding cell edge, where nascent focal

complexes mature into tension-dependent FAs. It has been shown that where

tension is insufficient to retain vinculin in an extended active conformation,

FAs become unstable and dissemble; this explains the transient nature of

adhesion formation in migrating cells, as adhesion sites grow in specific

locations of a cell’s leading edge where both rho GTPase activity and tension

are greatest [39]. Conversely, FAs typically disassemble in the lamella ahead

of the cell’s nucleus where rho GTPase activity and tensional forces are at

their lowest [42], suggesting that vinculin-mediated signalling remains active

only in regions where tension is maintained.

Cell motility studies have shown that constitutive activation of vinculin leads

to unpolarised, protrusive morphology usually associated with mislocalised

rac1 activity [39], strongly indicating that cycles of vinculin activation and

inactivation are required for correct FA protein recruitment, activation, and

disassembly, crucial for efficient cell polarised migration. Indicating muta-

tions in vinculin prevent correct FA morphology formation and could increase

the propensity of a cell to migrate unpolarised, as seen in many metastatic

cancer cell lines [39].

Talin

Talin is a very large 270 kDa (2,541 amino acids) protein first discovered

in 1983 [43]. Talin comprises an N-terminal FERM (Four-point-one-protein,

Ezrin, Redixin, Moesin) domain (≈50 kDa) and a long flexible C-terminal rod

domain (≈220 kDa), the two domains much like vinculin, are connected by

an unstructured flexible linker. The The N-terminal FERM domain consists of

F1-F3 domains arranged in a linear rather than the usual clover leaf arrange-

ment [44] with an additional domain, F0, packed against the F1 domain. Basic

side chains distributed along one face of the FERM domain interact with acidic

phosphate heads of phospholipids found in the plasma membrane and are

essential for integrin activation [44, 45]. The FERM domain is a widespread

protein module that localises proteins to the plasma membrane. The F3 FERM

9
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domain found in talin has been shown to bind to the β-subunit of cytoplasmic

integrin tails and is chiefly responsible for the strength of integrin binding;

however, F0 and F1 FERM domains have also been shown to be necessary

for maximal integrin activation [46]. The interaction between talin and the

cytoplasmic β-subunit of integrin is necessary to activate integrins to bind

ECM proteins with sufficient affinity. Integrin-mediated adhesion mechanosen-

sitivity allows cells to tune their gene expression and function to mechanical

cues from their external environment [47]

The talin rod has three actin-binding sites, five RIAM binding sites and 11 vin-

culin binding sites; however, not all are accessible simultaneously. Due to the

mechanosensitive nature of talin, many of the VBS remain cryptically hidden

until forces pulling on talin cause widespread conformational changes, which

reveal these cryptic sites and allow vinculin to bind [48, 49].

Figure 1.2.0.4: Multidomain structure of full-length talin: Multidomain structure
of full-length talin: A) Domain organisation of talin 1. The N-terminal domain com-
prises of the typical F0, F1, F2 and F3 FERM domains, this is joined to the rest of
flexible α-helical rod structure by an unstructured 80 amino acid linker. The rod is
comprised of a total of 62 α-helices arranged into thirteen 4- or 5- helical bundles
(R1-R13) with the last two α-helices forming a single helical dimerization domain (DD)
at the C-terminal. The 11 VBS and 5 RIAM binding sites are annotated. Adapted from
Vigouroux et al, 2020. B) A structural model showing all 13 domains of the 250 kDa
talin protein assembled from X-Ray crystallography and nuclear magnetic resonance
(NMR) structures (adapted from Goult et al, 2013).

10



1.2. A BRIEF INTRODUCTION TOCELLULAR MECHANOTRANSDUCTION. 11

Talin is of specific importance as changes in tension across the protein cause

conformational changes, specifically, the extension of flexible linkers that

join helical bundles. The extension of these coiled coils causes the rearrange-

ment of the helical bundles, revealing specific binding sites that recruit other

proteins to the FAs [50, 51]. The initiation of biochemical pathways by me-

chanical signalling is vital in furthering our understanding of how cell motility

and stimuli by external forces are linked to the spread of cancer. These vin-

culin binding sites (VBS) are found buried deep with 4- and 5- helical bundles

occluded when talin is under low tensional force [52] but once the tension

has applied, a series of force-dependent conformational changes occur that

reveal these VBS. Applied force actively reinforces the interaction with F-actin

through vinculin binding as vinculin binds to actin via its ABS in its tail, VH

domain [26, 50]. This tension-dependent cooperativity is of great interest as

it shows how tensional forces interact with the external environment and

influence intracellular processes.

Without mechanical force, the talin rods remain in tightly coiled auto-inhibited

conformation where none of the 11 VBS are available; under low-force situa-

tions, weaker rod domains and helical bundles unfold and reveal the first VBSs

on talin [52]. This allows vinculin to bind, releasing it from its autoinhibited

state. It also further alters the tertiary 3D structure of talin, facilitating further

vinculin molecules to bind as increasingly more force is applied to talin [6,52].

This occurs as vinculin can bind to actin, which equally responds to me-

chanical force, working synergistically in activating an increasing number of

vinculin molecules. This process is described as talin-vinculin mechanosensi-

tivity [6, 52, 53].

RIAM

RIAM was first named in 2004 when it was identified through yeast two-

hybrid screens used to find novel effectors of the small GTPase Rap1, hence -

Rap1-GTPase Interacting Adapter Molecule or RIAM [54]. However, the RIAM

protein was first discovered in 1997 as a binding partner of the amyloid β

(A4) precursor protein-binding family B55, member 1, otherwise known as

APBB1 (alternatively as Fe65). As RIAM was identified as a binding partner

of APBB1, it was appropriately given the name APBB1IP (or amyloid β (A4)

precursor protein-binding family B, member 1 interacting protein1). This inter-

action is facilitated by a small W-W (tryptophan-tryptophan) domain of Fe65,

which interacts with the two proline-rich regions of RIAM [55]. In a separate

11
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study, RIAM was also identified as an interactor of the Enabled/vasodilator-

stimulated (Ena/VASP) family of proteins involved in cell motility and actin

polymerization. As a result, the protein is also known as Proline-Rich EVH1

Ligand 1 or PREL1 [56]. The study showed that RIAM colocalized with Ena/-

VASP at the leading edge of lamellipodia and in focal adhesions in response

to epidermal growth factor (EGF) treatment. The same study also showed that

RIAM/PREL1 directly binds to activated Ras in a phosphoinositide-dependent

manner, linking Ras signalling to cytoskeletal remodelling via Ena/VASP pro-

teins during cell migration and spreading [56].

Rap1 is a vital molecule, too, as it is a member of the Ras super family of small

GTPases; it was first identified as a Ras-related protein back in 1989 [57] and

is the closest relative of Ras. It was initially identified in a screen for revertant

(cells with genetic alterations that reverse the effect of mutations) of geneti-

cally transformed cells by mutant Ras [58]. The close association of RIAM with

the small GTPase Rap1 has been of particular interest as Rap1 is known to be

linked to cell proliferation, secretion, and migration [58]. This is of significant

interest as irregular Rap1 activity has been linked to integrin hyperactivity

which is correlated to tumour development and metastasis in several dif-

ferent cancers [59]. Furthering our understanding of how cells sense their

environment and respond through these and other pathways is critical, as it

often leads to tumour growth and metastasis when misregulated.

We have so far only discussed how cells sense their external environment

through an ECM > Integrin > FA signalling cascade, which ends in the acti-

vation of effectors in the cytoplasm. This type of integrin-mediated signal

transduction is known as outside-in signalling. However, this is not the only

direction in that information flows, as signal transduction can occur in both

directions [18]. We also know that Rap1 GTPase can initiate that integrin

signalling through an inside-out pathway requiring the recruitment of the

Rap1 effector, RIAM and talin to the the plasma membrane, which binds to

integrins and activates FA formation [15, 54, 60, 61].

Structurally, RIAM is a 74 kDa protein comprising four separate binding do-

mains or regions; these are the N-terminal talin Binding Sites (TBS), the

Proline-Rich (PR) regions, the Ras Associated (RA) domain and the Pleckstrin

Homology (PH) domain. The TBSs are encoded between amino acids 7-30

for TBS I and 50-85 for TBS II, and they have been shown to bind and recruit

talin by binding to the FERM domains on talin, specifically the F2 and F3 [15].

12
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Separate studies have shown that TBSs on RIAM are also associated with

auto-inhibited conformations of the R2/R3 and R8 rod domains of talin [44].

The binding of RIAM to talin is thought to be self-inhibitory as this action

blocks RA-PH domain localization to plasma membrane [44, 45, 62]. As pre-

viously described, RIAM interaction with Rap1 initiates inside-out integrin

signalling. RIAM interacts with Rap1 GTPase via the RA domain on RIAM; after

being activated by Rap1, the complex is then translocated to the plasma

membrane, where RIAM disassociates from rap1 and binds to the membrane-

associated moiety, phosphoinositide di-phosphate (PIP2) via the PH domain

on RIAM [63]. The RA and PH domains of RIAM form an integrated RA–PH

structural module that has also been found in the Grb7/10/14 family and

MRL (Mig-10/RIAM/Lamellipedian) family of proteins [37, 60]. In addition to

the domains described already, RIAM contains two putative coiled-coil motifs

(CC) and at least six proline-rich (PR) motifs organised into two regions inter-

acting with cytoskeletal proteins Ena/VASP [55] see figure 1.2-5 panel A for

details structure of RIAM. RIAM recruits talin to the leading edge of the cell

through TBS I [64–66]. As the RIAM TBSs can recognise and bind to multiple

sites within the talin FERM domain, F2 and F3, as well as rod domains R2/R3

and R8, it is thought that multiple RIAM molecules can and are required for

effective recruitment of talin by RIAM [67].

One of the primary sites of vinculin binding occurs at the atypical R2/3 talin

rod domain; this is considered atypical as these helical bundles comprise

only four and not the usual five helices per bundle, and R2/3 binds up to

two vinculin molecules in a force-dependent manner [51]. Even though the

talin rod domains bind RIAM, R2/3, R8 and R11 have been found to also bind

vinculin, RIAM and vinculin binding is thought to be largely mutually exclu-

sive [37, 68]. This is primarily due to RIAM and vinculin having very different

modes of interacting with talin, as RIAM has been shown to intercalate its sin-

gle TBS α-helix within the folded auto-inhibited form of talin [37]. NMR studies

showed that this intercalation causes only minor changes in the positioning

of the helical rods in talin and does not require any large-scale unfolding

of auto-inhibited talin to bind [37]. Mutations in the VBS which dramatically

reduce the affinity vinculin has for talin, had little effect on the ability of RIAM

to successfully bind to talin despite their respective binding sites overlap-

ping [37]. Showing that even though the same surface of talin is used for

both of their interactions, different levels of re-modelling and conformational

13
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Figure 1.2.0.5: RIAM Structure and binding Partners: RIAM Structure and binding
Partners. A) RIAM, comprising of talin-binding sites I & II (TBS), coiled-coil domain
(CC), proline-rich domain I (PR I), Ras-Association domain (RA), Pleckstrin Homology
domain (PH), and proline-rich domain II (PR II). B) Shows auto-inhibited vinculin (D1-5
+ Vt) with RIAM bound to the D1 sub-domain of the vinculin head domain. Image
produced in Pymol from Alpha fold model AF-Q64727-F1. C) A diagram illustrating the
re-positioning of vinculin VH D1 alpha helices in the presence (orange) and absence
(purple ) of RIAM (pink). D) Ribbon diagram of the N-terminus of RIAM binding to D1 of
the vinculin head domain; alpha fold model (AF-Q64727-F1) in purple, bound RIAM in
pink and D1 complexed with RIAM in orange PDB file 3zd1.

change are sufficient to lead to different activation modes, ultimately leading

to their binding to talin being described as mutually exclusive [37].

Several recent studies have explored the mechanism of RIAM activation from

an autoinhibited homodimer [65, 69–71]. In some instances, RIAM molecules

have been found to dimerise with an association via their respective PH do-

mains [65, 70, 71]. This interaction obfuscates the binding of RIAM to PIP [1]

(Phosphatidylinositol 4,5-bisphosphate) located on the plasma membrane

and, therefore, must be disrupted for the proper function of RIAM as it asso-

ciates with the plasma membrane [65, 69, 70]. The same studies reported

that Src-family kinases were required to phosphorylate tyrosine residues

Y267 and Y427 to disrupt PH-mediated RIAM-RIAM interactions. At the same

14
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time, another has also shown that focal adhesion kinase (FAK) is also re-

quired for the successful phosphorylation of residue Y45 [69, 70]. While it

has been shown [72] that an autoinhibited RIAM requires phosphorylation,

which remodels the PH domain and allows for binding of RIAM to the plasma

membrane, it is still unclear if this is also strictly required for talin-RIAM bind-

ing. Canonical activation of RIAM has been achieved through binding by Rap1

via the Ras association domain within RIAM [61, 63, 71]. Once Rap1 is bound

to RIAM, the complex translocates to the plasma membrane, where RIAM

associates with PIP2 molecules via its PH domain [54]. Src family kinases

are a group of non-receptor tyrosine usually located with cell membranes

such as the plasma membrane, endosomal membrane, and perinuclear mem-

brane [73, 74]. If src family kinases are required for successful association

of RIAM to the plasma membrane, then it would suggest that RIAM would

only become phosphorylated after it had already translocated to the plasma

membrane complexed with rap1 and talin.

The N-terminus of RIAM was expressed and purified and was shown to interact

with a vinculin-talin complex in vitro. Specifically, the first 127 amino acids of

RIAM were incubated in a 1:1 ratio with respect to a vinculin-talin complex

comprised of talin R2/3 + the D1 VH sub-domain (amino acids 1-258) and

was found to be sufficient to cause some of the vinculin-talin complex to

dissociate and instead form a vinculin + RIAM complex, which was identified

through gel filtration [37]. D1 of the VH domain (1-258) was then shown in

the same study to readily crystallise with the TBS I of RIAM (1-30), this is

shown in panel B (figure 1.2-5) as a space-filling surface model of the auto-

inhibited vinculin with RIAM, and in panel D, a cartoon model is shown. The

surface model in panel B shows how the auto-inhibited form of vinculin is

maintained by binding the D1 sub-domain, locking the vinculin head domain

in place and preventing the activation of vinculin by inhibiting the release of

the vinculin tail. We can further see how the biding of the N-terminus of RIAM

does not affect this in a significant way. Panels C and D of the same figure

show in blue the D1 sub-domain in the absence of RIAM and orange in the

presence of RIAM, it is interesting to see the displacement of the α-helices

within the D1 bundle, but this is insufficient to cause any significant changes

or activation of vinculin. The hydrophobic face of the TBS domain on RIAM

is seen embedded within the hydrophobic groove formed between α-helix

1 and 2 of the four helical D1 bundles. Leading to the supposition that this

interaction is relatively weak due to hydrophobic-hydrophobic intermolecular
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forces holding the two proteins together. This idea is further supported by

isothermal titration calorimetry (ITC) data that reported the binding affinity

between the R3 talin and the vinculin N-terminal domain; a KD of 0.8 µM was

experimentally determined. The same study also reported on the binding

affinity between the same R3 talin domain and the TBS of RIAM, which was

found to be 5 µM, approximately 6-fold weaker [37].

The current model of Nascent

and Focal Adhesion assembly

The current model of nascent adhesion assembly describes how signalling

pathways activate Rap1-GTPase, which in its active state binds RIAM through

its RA-PH double domain, which translocates to the plasma membrane with

talin bound to RIAM. Only in the absence of force can RIAM bind synergistically

to the R2/3 talin rod domains via TBS I & II [37]. Once at the plasma mem-

brane, talin engages with integrin tails and anionic phospholipids like PIP2

through its FERM domain, forming the nascent adhesion [63] and activating

integrin [75]. It has also been suggested that the talin-RIAM-Rap1 complex

may also recruit other proteins that regulate actin polymerisation at the lead-

ing age [54, 76]. Once talin is bound, competition between vinculin and RIAM

for talin binding sites begins the process of adhesion maturation. It has been

shown that tensile forces on talin drive the unfolding of the cryptic VBS on

talin (figure 1.2-6). This can only occur if the C-terminal of talin can bind actin

and then captures the retrograde flow of actin filaments, which generates

the tension across the talin rod. Increased tension pulls apart the helical

bundles revealing the cryptic VBS and allowing more vinculin molecules to

bind to talin. Vinculin binding to stretched RIAM-binding sites prevents the si-

multaneous binding of RIAM to talin in the presence of both vinculin and force

(figure 1.2-6). The exchange of RIAM for vinculin, as the tensile force acting

on talin increases, causes the rod structure of talin to be remodelled as the

adhesion site matures. During the maturation process, further assembly of

FA proteins and applied mechanical force drive the maturation of nascent

adhesions enriched in RIAM to become first adhesion complexes and finally

stable, vinculin-enriched mature FAs.
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Figure 1.2.0.6: Model for the actomyosin-dependent binding of RIAM and vinculin

to talin: Model for the actomyosin-dependent binding of RIAM and vinculin to talin.
A diagram illustrating the change between RIAM-dominated, low-force nascent ad-
hesions and vinculin-enriched mature FAs in response to mechanical force exerted
by the actomyosin stress fibres. b Model describing how talin dissociates from RIAM
and associates to vinculin sequentially in response to the actomyosin force. Image
adapted from Vigoroux et al, 2020.

Cytoskeletal drugs

Since the 1970s, the effects of several actin and microtubule disruptors

on the cytoskeleton have been identified and studied. The table below (1.2-

1) lists some of the more common compounds, their targets, and their effects.

Actin effecting drugs

One group of compounds known as cytochalasins consist of around 20 known

fungal metabolites that bind and cap the growing, barbed end of filamentous

actin (F-actin), preventing further polymerisation of actin [77]. Cytochalasins

inhibit polymerisation without directly affecting depolymerisation, subse-

quently causing disassembly of actomyosin cytoskeleton [77]. Specifically,

cytochalasin B and D are known for their high specificity for binding the

barbed end (plus end) of F-actin and causing rapid inhibition of cytoplas-

mic ruffling and loss of filopodial extension in growth cones [78]. These

changes occur fast, within minutes, but are reversed when the toxins are

17



1.2. A BRIEF INTRODUCTION TOCELLULAR MECHANOTRANSDUCTION. 18

Table 2: Cytoskeletal drugs and their effects.

Cytoskeletal Drug Drug Target Action/Effect

Cytochalasins Actin Prevents polymerisation

Latrunculin Actin Prevents polymerisation

Jasplakinolide Actin Enhances polymerisation

Phalloidin Actin Stabilises filaments

ROCK inhibitors

-H1152 Actin Prevents polymerisation

-Y27632 Actin Prevents polymerisation

Demecolcine Microtubule Depolymerases

Nocodazole Microtubule Prevents polymerisation

Paclitaxel (taxol) Microtubule Stabilises microtubules preventing

mitosis

Rotenone Microtubule Prevents polymerisation

Vinblastine Microtubule Prevents polymerisation

removed [78]. Another group of compounds involved in actin depolymerisa-

tion are the Latrunculins; these are a class of molecules purified from the

Red Sea sponge Negombata magnifica (formerly Latrunculia magnifica) [79].

These compounds have been shown to bind to globular actin monomers

(G-actin), sequestering the free monomers preventing further polymerisation

of actin and subsequently enhancing its depolymerisation [80]. Both groups

of compounds act directly on actin, and their effects are seen primarily in

highly dynamic regions of actin turnover.

Alternatively, some proteins maintain the cytoskeleton and its regulation,

which are effective indirect targets for actin depolymerisation. One such

protein is the Rho-associated protein kinase (ROCK). ROCK is a kinase be-

longing to the PKA/PKC family of serine-threonine specific protein kinases

and is primarily involved in the regulation of morphology and turnover of the

cytoskeleton [81]. One of the canonical functions of ROCK is to stabilise actin

filaments by inhibiting depolymerisation indirectly. This effect is achieved

as ROCK phosphorylates and activates LIM kinase, which phosphorylates

cofilin. Whereas dephosphorylated cofilin acts to sever F-actin, resulting in

depolymerisation at the pointed (minus end) of filaments and subsequently

preventing their reassembly [81–83]. Canonical ROCK phosphorylates cofilin

preventing actin depolymerisation [82,83]. The converse occurs by activating

ROCK with a specific inhibitor such as Y27632 or H-1152, and actin is actively

depolymerised (figure 1.2-7 below). Additionally, ROCK is also involved in the

regulation of myosin light chain-phosphatase, which ROCK inhibits; in doing

so, this promotes more of the phosphorylated Myosin Light Chain (MLC-P),
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which is associated with stress fibre assembly [81]. Again, we see more active

MLC-phosphatase inhibiting ROCK, which promotes stress fibre disassembly

and contraction (see Figure 1.2-7 for details).

Of the two ROCK inhibitors discussed here, the Y27632 compound is the most

widely used and understood inhibitor of ROCK [81]. This pyridine derivative is

the oldest synthesised and reported specific inhibitor of Rho-kinase family

enzymes. The Y27632 compound inhibits ROCK activity by competing for

the catalytic ATP binding domain [84]. The newer H-1152 compound is an

isoquinoline-sulfonamide derivative [84], a more specific and membrane-

permeable inhibitor of Rho kinases. Compared to the Y27632 compound, the

H1152 compound is a poorer inhibitor of the serine/threonine kinases, PKA,

PKC and MLCK, and so acts with increased specacifity [85].

Figure 1.2.0.7: ROCK Targets: ROCK Targets: Rho A GDP is activated by guanine
nucleotide exchange factors (GEFs) which are themselves activated in response to
lysophosphatidic acid (LPA) binding to G-protein-coupled receptors (GPCRs) on the
plasma membrane. GTP-bound Rho A subsequently activates ROCK to phosphorylate
several substrates leading to numerous cellular responses involving focal adhesions,
actin network assembly intermediate filament disruption and many more. Two of note
are the phosphorylation and activation of LIM-K which in turn phosphorylates cofilin,
leading to actin stabilisation and the phosphorylation of the myosin binding subunit
of myosin light chain phosphatase which inhibits the dephosphorylation of myosin
light chain (MLC), thereby increasing myosin II activity and stress-fibre formation and
contractility.

Why inhibit actin with Rho kinases? Both latrunculin and cytochalasin princi-

pally prevent further actin polymerisation by obstructing further growth of

actin filaments without directly disassembling existing actin filaments. While

advantageous, directly inhibiting the polymerisation of new actin filaments in

the lamellipodia, actin within stress fibres which are tightly crosslinked [86]
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does not turn over as quickly and so remains within the cell for longer [87,88].

Direct inhibition of polymerisation is an issue when studying actin-dependent

protein-protein interactions within mature adhesions, which are associated

with stress fibres. In comparison, the ROCK inhibitors cause direct and rapid

disassembly of stress fibres and their bound focal adhesions within min-

utes. While stress fibres located in the periphery of the cell are not severely

affected due to nascent adhesions actin independence [89].

Phalloidin is an actin stabilisation compound; phalloidin belongs to a class of

toxins known as phallotoxins. These are a group of bicyclic heptapeptides de-

rived from poisonous mushrooms, such as the death cap mushroom (Amanita

phalloides), from where these molecules get their name (Wieland et al., 1978).

Phalloidin, the most well-known from this class of compounds, binds to actin

filaments with much great affinity than actin binds to its monomers [90]. This

causes a shift in the equilibrium towards filaments, lowering the critical con-

centration for polymerisation by 10 to 30-fold under various conditions [90].

The lower critical concentration is due to a decrease in the rate constant for

the dissociation of actin subunits from filament ends [90, 91].

Another actin-stabilising compound, jasplakinolide, is a cyclic peptide con-

sisting of three amino acid residues, l-alanine, N-methyl-2-bromotryptophan

and β-tyrosine joined in a 15-carbon macrocyclic ring [92]. Jasplakinolide

is isolated from the marine sponge, Jaspis johnstoni, which has previously

been shown to bind to and stabilise filamentous actin [93]. The effect of

jasplakinolide on actin filaments is less well understood than that of phal-

loidin. It is known that jasplakinolide binds to F-actin competitively (see figure

1.2-8) in a similar way to phalloidin [93] and that jasplakinolide acts to ac-

celerate actin polymerisation by inducing more nucleation events [93, 94].

Jasplakinolide has also been shown to promote actin polymerisation under

non-polymerising and lowers the critical concentration of actin assembly in

vitro [95].

Microtubule effecting drugs

Microtubules are elongated, rigid polymers made of monomers of α and

β-tubulin that assemble into highly dynamic, structurally, and functionally

important components of the eukaryotic cytoskeleton (see figure 1.2-10).

Microtubules are the largest and one of the most significant cytoskeletal

components and play a vital role in nearly every cellular event; microtubules
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Figure 1.2.0.8: Actin Dynamics: Actin Dynamics. A diagram to illustrate
how the different compounds act to either actively enhance actin poly-
merisation or depolymerisation and their mechanisms. (Adapted from
https://www.mechanobio.info/cytoskeleton-dynamics/)

are an essential component in an interconnected intracellular “highway”

where many cellular cargos are shuttled across the cell by a dynamic network

of molecular motors. During the prometaphase of mitosis, microtubes are

of paramount importance in the formation of mitotic spindle fibres, which

provide the force necessary to divide chromosomes producing two identical

daughter cells.

One of the drugs which specifically affects microtubules is Nocodazole; Noco-

dazole is a well-known anti-mitotic agent that reversibly disrupts the polymeri-

sation and growth of microtubules. Nocodazole achieves this by binding to

beta-tubulin monomers preventing association with alpha-tubulin molecules

and thus frustrating further polymerisation and microtubule assembly [96].

Impaired microtubule dynamics and failed microtubule assembly significantly

affect the cell as this prevents the formation of metaphase spindle fibres

during mitosis [96]. Poorly assembled spindle fibres cause cells to become

arrested in mitosis by inducing a G2/M-phase arrest which subsequently

induces apoptosis. Spindle fibres not attached to kinetochores will otherwise

bind to MAD2, preventing progression from prometaphase to metaphase

and, subsequently, anaphase of mitosis [97]. It has been suggested that

kinetochore-bound MAD2 promotes the up-regulation of Cdc2 and cyclin

B1 in cells arrested in prometaphase. The increase of these two cell cycle

checkpoint proteins in prometaphase cells, particularly their accumulation, is
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thought to be primarily responsible for developing characteristic phenotypes.

Following a prolonged prometaphase arrest, nocodazole-treated cells are

seen to undergo cell death via intrinsic apoptosis pathways [97]. For this rea-

son, nocodazole has been used as a chemotherapy drug for rapidly dividing

cells such as tumour cells [98].

Figure 1.2.0.9: Microtubule Dynamics: Microtubule Dynamics: A diagram illustrating
Microtubule assembly and disassembly. Microtubules are assembled at the plus end
where GTP-bound α and β tubulin monomers bind together to assemble the growing
tubule. Conversely, at the minus end, α and β monomers disassemble.

Paclitaxel is a microtubule-stabilising drug also known as Taxol; this is due to

its discovery, being isolated from Taxus brevifolia, the Pacific yew tree [99].

Paclitaxel is a well-known drug used to treat various cancers such as ovarian,

breast, lung, gastroesophageal, endometrial, cervical, prostate, and head

and neck cancer [99]. This is because, like nocodazole, paclitaxel can induce

mitotic arrest, leading to cell death in a subset of the arrested cells. However,

the mechanism of this is achieved from that of nocodazole. Where nocoda-

zole binds to β-tubulin and blocks the formation of new microtubules, pacli-

taxel stabilises microtubules by reducing the critical threshold concentration

necessary for tubulin heterodimers to polymerise [99, 100]. Furthermore,

microtubules assembled in the presence of paclitaxel are protected from

disassembly induced by cold or calcium treatment due to the lower threshold

required for polymerisation [99–101].
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1.3 A Brief Introduction to Fluorescence, FRET and

FLIM

What is Fluorescence?

Microscopy has always played an essential and pivotal role in studying cellu-

lar processes. From van Leeuwenhoek’s and Hooke’s earliest endeavours in

the 17th century to the 2014 Nobel prize in chemistry for developments in

super-resolved fluorescence microscopy, so much of recent advancement in

modern biomedical research has only been made possible with the develop-

ment of fluorescence microscopy. Whether cells are stained with fluorescent

dyes or have been genetically engineered to express fluorescent-tagged

proteins to molecules of interest, our understanding of the fundamental

basics of the living world has exponentially expanded with the advent of

modern fluorescence microscopy and related techniques. Fluorescence mi-

croscopy has revealed many secrets of the microscopic and, in recent years,

the nanoscopic worlds, from which our understanding of the molecular basis

of many diseases, such as cancer, heart disease, and many neurodegenera-

tive diseases have all vastly benefitted.

Various descriptions of unexplained phenomena concerning solutions con-

taining what we now know as flavonoids emitting a strange blue glow were

reported as far back as the 16th century. Although, it was not until the be-

ginning of the 19th the century that we started to examine these unusual

phenomena more scientifically. Sir David Brewster found a similar effect while

investigating chlorophyll solutions in 1833, and Sir John Herschel stumbled

upon the same effect with sulphates of quinine [102]. It was in 1852 that the

Anglo-Irish scientist George Gabriel Stokes published his seminal paper “On

the change of refrangibility of light” [102], where he also described the same

phenomena as others had previously done. Crucially, he also described how

a particular mineral of Calcium Fluorite (CaF2), known as fluorspar, exhibited

a deep blue glow when irradiated with non-visible wavelengths of ultraviolet

light. A brief footnote introduces Fluorescence as Stokes describes this new

form of light emission [103].

“I am almost inclined to coin a word and call the appearance fluorescence

from fluor-spar, as the analogous term opalescence is derived from the name

of a mineral.” [103]
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Fluorescence is a specific type of luminescence: the phenomenon of light

production where light is emitted from a substance that has not been directly

heated. Essentially, luminescence describes the emission of photons from

any excited state where an excited electron is returned to the ground state

in a radiative process. This phenomenon contrasts with the other form of

light production, incandescence. Incandescence is seen in the operation of

a lightbulb where a filament is heated to glow white-hot, emitting energy as

mostly heat and only a small percentage as light. Luminescence produces

photons without heat through a radiative relaxation of electrons in the excited

electronic state. This relaxation can occur in nanoseconds with fluorescence

or more slowly over a timescale ranging from several milliseconds to minutes

as with phosphorescence [104].

In fluorescence, an electron is promoted from the S0 ground state to the

excited S1 state, known as an S0 to S1 transition [105] (see figure 1.3.1).

The rapid de-excitement from the S1 state occurs, causing the return of the

excited electron to the ground state simultaneously with the emission of a

photon [106]. Electronic transitions such as these are particularly favourable

because the process (excitation and return) only takes a few nanoseconds—

the resulting emission produces rates of ≈ 108 photons per second for most

fluorescent species [107].

In contrast, phosphorescence requires an electronic transition from the

ground singlet state to the excited singlet state (S0 → S1) before an in-

tersystem crossing event occurs (S1→ T1). This event transitions the excited

electron from the singlet to the excited triplet state before the emission of a

photon can occur, and the electron can finally return to the ground singlet

state (T1→ S0) [104]. The lifetime of the triplet state is considerably longer

than that of the excited electron in the singlet, as phosphorescence, requires

an intersystem crossing event that is not particularly favourable. During

the intersystem crossing, the excited electron becomes uncoupled with the

ground state electron and therefore has the same parallel spin (see figure

1.2-1). The uncoupling of the ground, and excited electrons occur when an

excited singlet state electron goes through a non-radiative process, where

the spin of the excited electron is coupled with the net orbital angular mo-

mentum. The outcome is a reduction in the emission rate to between 103 and

100 photons per second [104].
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Figure 1.3.0.1: Classic Jablonski Diagram: A diagram illustrating the possible elec-
tronic transition from the ground singlet state to the excited singlet and triplet states

The chromophore is the part or moiety of a fluorescent molecule that absorbs

light, and for a fluorescent molecule, it is the specific moiety responsible for

the emission of photons by fluorescence [108]. Promoted electrons to the

excited singlet state (S1) are usually promoted with more than the minimum

energy to overcome the quantised energy gap, such that newly promoted

electrons usually relax initially from a position of higher vibronic energy

within the S1 state to the lowest vibronic state within the excited singlet [104].

This process is known as Kasha’s rule, named after American spectroscopist

Michael Kasha proposed the rule in 1950 [95]. The excess energy the elec-

tron loses typically produces a small amount of kinetic energy or heat (see

equations 1.3.1-1 – 1.3.1-3). Even though the energy loss is small, it is still

essential as the photon that caused the ground state electron to become ex-

cited will always have more energy than the photon emitted. The more energy

a photon has, the shorter its wavelength will be, such that the emitted photon

is always red-shifted from (or has a longer wavelength than) the excitation

photon. This phenomenon was first demonstrated by George Gabriel Stokes

in 1852 and is now known as Stokes shift in his honour [104]. A repercus-

sion of Kasha’s rule is the associated Vavilov rule (named after the Soviet

optical physicist Sergey Vavilov), which states that the quantum yield of a

fluorophore is independent of the excitation wavelength [104].
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Figure 1.3.0.2: Jablonski Diagram Illustrating FRET: A scheme illustrating the possi-
ble energy transfers pathways which depopulates an excited donor fluorophore

What is FRET, and why do we use it?

Fōrster (or Fluorescence) Resonance Energy Transfer (FRET) is a quantum

phenomenon describing an energy transfer between two fluorophores that

are sufficiently close together. FRET describes the energy transfer from a

donor fluorophore that is initially electronically excited to a nearby accepting

fluorophore through a non-radiative dipole-dipole coupling event. This energy

transfer depopulates the donor fluorophore’s excited state while simultane-

ously populating the excited state of the acceptor fluorophore [109]. The

efficiency of this energy transfer is inversely proportional to the sixth power

of the distance that separates the two fluorophores, a consequence of which

is that FRET only occurs across very short distances, typically only 2-10 nm

for most pairs of fluorophores [104]. There are several possible depopula-

tion pathways of the excited fluorophore (figure 1.3-2); these include the

emission of a photon through fluorescence (shown in green), non-radiative

(in grey) describes the mechanisms that depopulate the excited state of

the fluorophore, which does not emit photons. Quenching (shown in pink)

describes how energy is transferred to other molecules in a non-radiative

manner but crucially also does not cause the emission of a photon. FRET is

the last mechanism of depopulation described in the figure (shown in red);

this is where a neighbouring compatible fluorophore accepts energy from the

excited state of an electron located in the donor fluorophore and depopulates

the donor through the emission of a photon from the acceptor fluorophore.

The theory of Resonance Energy Transfer was established first by Theodor

Fōrster with his seminal paper on the topic entitled “Zwischenmolekulare

Energiewanderung und Fluoreszenz” published in 1948 [109] for his contri-
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bution to this subject; the photophysical phenomenon is named in his honour.

As described by the Fōrster equation, energy transfer efficiency is inversely

proportional to the sixth power of the separation distance between two fluo-

rophores. The Fōrster equation (equation 1.2-1) describes the relationship

between the FRET efficiency E, separation distance, r and the Fōrster radius,

R0. The Fōrster radius is the distance at which there is 50% energy transfer

between two fluorophores; for this reason, the Fōrster radius is often used

over other metrics to compare the energy transfer efficiency between differ-

ent pairs of fluorophores.

E =
R0

6

r6 + R0
6 (1)

For instance, FRET-based microscopy techniques such as FLIM and FCS (Flu-

orescence Correlation Spectroscopy) are compelling for their nanoscale

proximity detection and have been used extensively to study Protein-Protein

interactions over the last 40 years [110]. Even though other biophysical tech-

niques have been developed with much greater resolution, such as X-Ray

crystallography, Cryo-EM, NMR, and super-resolution microscopies such as

STEAD or STORM 10-40 nm, to name a few, these techniques are generally

far less accessible. They require much more complex sample preparation

and restrictions regarding what can be imaged. NMR, for instance, has an

upper limit on the molecule size that it can image (≈30 kDa), and X-Ray crys-

tallography requires the sample to be crystalline. Whereas with FRET-based

techniques, these can all be achieved with live cell imaging or even in vivo,

providing us with experimental conditions more comparable to physiological

conditions.

R0 =
6

√
9000 · ln (10) · κ2 · ΦD · Jλ

128 · π5 ·NA·n4 (2)

The Fōrster radius depends on many factors, as outlined in equation 1.3-2

above. Briefly, where, κ2 is the orientation factor, ΦD is the quantum yield

of the donor, Jλ is the overlap integral, NA is the Avogadro constant and is

equal to 6.022 x1023 (to 3 sig. fig), and n is the refractive index of the imaging

medium. The Fōrster radius is an essential tool when considering which pairs

of fluorophores to use in a FRET or FLIM experiment, and as such, I will expand
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a little on each term in the Fōrster equation as this is vital in understanding

what factors affect the efficiency of energy transfer.

The orientation factor, κ2, describes the relative orientation of the two cou-

pled dipoles between the donor and acceptor fluorophores and is of great

significance in understanding energy transfer efficiency. In the same way as

the relative position of a radio antenna can affect its reception, the relative

orientation of the two fluorophores has a significant effect on the ability of

the acceptor to receive the transmitted energy from the donor [111, 112]. If

the donor and acceptor are aligned perpendicular to one another, energy

transfer efficiency will be zero. Conversely, if the angle between the two

coupled fluorophores is parallel, then the energy transfer efficiency will be

maximal (see figure 13.-3). Even though κ2 can theoretically vary between 0

and 4 for nearly all isotropic systems; this is assumed to be 2/3 [112, 113].

Dynamic averaging is used to create this approximation which assumes that

Figure 1.3.0.3:Orientation Factor: A diagram illustrating the relationship between the
kappa-squared, the orientation factor and the relative positions of the fluorophores.
Maximal FRET is observed when the two dipoles are orientated end on end with a κ2 of
4. However, when orientated in a parallel manner the κ2 drops to 1 and will be equal
to 0 if arranged in a perpendicular orientation.

the rotational diffusion timescale of a FRET pair is much shorter than the

fluorescence lifetime of the donor. In any given FLIM experiment, the fluo-
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rophores are rotating freely and with sufficient speed that any anisotropy

would be averaged out over the lifetime of the donor [111, 114]. This is gener-

ally accepted for ergodic systems as a distribution of kappa-squared values

will be expected to with a mean centred around 2/3, representing an isotropic

system. However, in systems where single FRET interactions are being studied

or in systems where fluorophores are either tightly constrained in 3D complex

or are orientated regularly, it might well be the case that one or even both

fluorophores are not as free to rotate on this timescale [111–114].

Studies from single-molecule FRET (smFRET) experiments with fluorophores

labelled directly to DNA bases have yielded exciting results due to the rigid

structure and the natural helical twist of the DNA, causing the fluorophores to

stack in a parallel arrangement. This stacking arrangement resulted in very

low FRET efficiencies of ≈ 0% due to a very low experimental kappa-squared

value [115, 116].

Figure 1.3.0.4: Kappa-squared Visualized: A) d̂ and â are unit vectors along the
emission and absorption diploes and r̂ is the vector which connects the of the centres
two diploes. B-D) are diagrams which illustrate the relationships between the vectors
d̂, âand r̂ with respect to the donor-r plane and acceptor-r plane yielding separation
angles, φ, θA, θD, θT and θω .

Where the angle φ, is the angle between the projections of d̂ and â on a

plane perpendicular to r̂ (panel B). The angle θT , is the angle between the

plane bound by the donor-dipole, d̂ and the vector r̂, and the plane bound

by acceptor-dipole â, and r̂ (panel C). The angle ω is the angle between the
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acceptor dipole, â and the electric field dipole that is perpendicular to the

donor dipole, d̂ (panel D).

Visualising kappa-squared, for a single pair of fluorophores, the orientation

factor is dependent upon the direction of the emission transition moment

of the donor and the subsequent orientation of the absorption transition

moment of the acceptor and the the direction of the connecting line between

the centres of the donor and acceptor (figure 1.3-4). A 2D diagram is generally

insufficient to represent the 3D relationship between the various vectors and

angles which describe the orientation factor. Equations 1.3.-3 outline the

angles and planes one needs to consider when visualising the diploe-dipole

interaction between fluorophores in 3 dimensions.

κ2 = (cosθT−3cosθD cosθA )2

κ2 = (sinθD sinθA cos φ−2cosθD cosθA)
2

κ2 = cos2 ω
(

1 + 3cos2 θD

) (3)

The quantum yield of a fluorescent dye can change upon the addition of

a label as fluorophores are very sensitive to their local environment; the

labelling position, the conformational state of the molecule and the binding

of ligands can also affect the quantum yield [117]. For example, the quantum

yield of Cy3B can vary between 0.19 to 0.97 when labelled at different posi-

tions on dsDNA; this results in a substantial difference in the R0 value for the

Cy3B-ATTO 647N FRET pair between 5.48 nm and 6.59 nm [117–119]. This

is why the independent quantum yield determination at different labelling

positions is strongly recommended for fluorescent dyes and proteins.

The refractive index n, describes the optical density of the medium in which

the fluorophores are dissolved; this is typically between 1.33 ≈ 1.5 [117].

This will vary as the precise concentration of dissolved solutes, such as

proteins, lipids and even nucleic acids will often affect the refractive index.

There is a considerable degree of variation in refractive indices, which depend

on many factors, the most significant of which is the viscosity of the local

environment of the fluorophores. Intracellular refractive indices typically vary,

from the primarily aqueous cytosol of 1.36 to 1.42 for lipid and protein-rich

mitochrondria [120]. An intermediate value of 1.4 was previously suggested

[102] for use in these calculations. However, different values may be more
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Figure 1.3.0.5: Spectral overlap for the mTurquoise2 and mVenus Fluorescent

Proteins: A graphical illustration of the spectral overlap required for efficient reso-
nance energy transfer between fluorescent proteins. The area in green represents
the total potential energy that mTurquoie2 can transfer to mVenus.

appropriate when investigating FRET interactions within specific organelles

[121].

The overlap integral Jλ , describes the degree of spectral overlap between

the donor fluorophore’s emission spectra and the acceptor fluorophore’s

absorption spectra and is measured in M-1 cm-1 nm4. The overlap integral

is equal to the area under the donor's emission spectra, which is also under

the area for the excitation spectra of the acceptor and scaled by the donor

fluorophores quantum yield (see figure 1.3-5). The greater the degree of

overlap between two spectra, the more efficient the fluorescence transfer is

between the two fluorophores [104].

Measuring FRET by Sensitised Emission.

Ratiometric FRET, also known as sensitised emission FRET, is one of the

simplest methods of detecting FRET and can be used on a wide range of

microscopes. In this case, the donor fluorophore is excited at a specific wave-

length the emitted light is filtered through emission filters before reaching

either a camera (widefield) or detector (confocal). This method would function

perfectly in an ideal world where bleed-through and crosstalk were absent,

but it does not. In the real world, we must consider the crosstalk between

fluorophores which is a significant issue and extensive control experiments

are usually required to establish the presence or absence of FRET. This is

mainly due to the degree that which different fluorophores' excitation spectra

overlap, meaning that when we excite GFP at 488 nm, we are also exciting the

acceptor mCherry, albeit at a lower intensity of ≈ 5%. This issue becomes

a significant difficulty when we realise the amount of undesired excitation
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is approximately equal to the magnitude of increased fluorescence due to

FRET. The control experiments for ratiometric FRET experiments can be exten-

sive as they require different combinations of emission filters and excitation

wavelengths with different samples that contain either the donor only, the

acceptor only, or the potential FRET sample labelled with both the donor

and acceptor. It is often necessary to undertake considerable image pro-

cessing to subtract unwanted components to remove much of the cross-talk

and spectral bleed-through incurred through ratiometric FRET experiments.

However, this often decreases the signal-to-noise level and increases the

uncertainty in the FRET measurements. This is why obtaining quantitatively

accurate FRET data with this approach is somewhat challenging and why

other FRET-based techniques are often used instead.

FLIM: Measuring Lifetimes and Molecular Interactions.

Fluorescent Lifetime Imaging Microscopy, or simply FLIM, is an advanced imag-

ing technique where the fluorescence lifetime (τ) of an emitted fluorophore

is directly measured. This is usually achieved concurrently with acquiring a

widefield, confocal or multiphoton intensity image. Conventionally, fluores-

cence lifetime is defined as the average time a fluorophore remains in the

excited (S1) state before it returns to its ground and emits a photon. Within

this interval, the intensity I(t) will have decreased by 36.79% (e−1) of its

original value [120]. The relationship between the decay intensity, time (t)

and the fluorescence lifetime can be described with a first-order kinetics

equation summed for all fluorophores, i, within a given sample; see equation

1.3-3 below. Where αi is the amplitude of the respective intensities for each

fluorophore (pre-exponential factor).

I(t) = ∑
i

αie
−t
τi (4)

Fluorescence lifetime can either be measured using frequency-domain or

time-domain instrumentation. For time-domain FLIM, a pulsed laser source

such as a Ti-sapphire laser used to create a short excitation pulse followed

by a more extended exponential decay emission from the sample. The decay

profile is calculated directly from the arrival times of emitted photons binned

into a histogram as with Time Correlated Single Photon Counting (TCSPC)
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Figure 1.3.0.6: A scheme illustrating the fundamental concepts of time-domain

(TCSPC) and frequency-domain FLIM: A) TCSPC FLIM acquisition showing the excita-
tion pulse (green), the probability emission decay (red solid line) and the estimation of
the fluorescence lifetime from e-1. B) Following a short excitation pulse (green peak)
photon arrivals times (red balls) are temporally binned (grey boxes) with an exponen-
tial decay curve fitted (red dotted line). (C) a diagram depicting frequency-domain
FLIM measurements with sinusoidally modulated excitation (exc) and the resulting
phase-shifted emission (em) signal. (D) Modulation and phase versus frequencies for
different lifetimes. TM, modulation lifetime; TP, phase lifetime. Adapted from Datta et
al, 2020.

or through time-gated or pulse sampling techniques (see panels A and B

of Figure 1.3.7 below [120]. If multiple species are present in the sample,

both fluorescent emissions are binned together and during the analysis, a

bi-exponential fitting can be used to separate the contribution of the two

fluorescent lifetimes for the two fluorescent species. In frequency-domain

methods, each photon measured is represented as a phase delay with respect

to the excitation photon (see panels C and D of figure 1.3.7 below ) [122, 123].

For multiple species, this phase distribution is analysed in Fourier space to

extract the modulation and demodulation parameters that separate multiple

species [104, 120]. Both methods have advantages and disadvantages in

different imaging conditions and scenarios, including low photon budget,

high spatial resolution, high dynamic range, or short temporal resolution

[120].

Details of the optical set-up for Two-Photon TCSPC-FLIM, which was used

extensively throughout this project, can be seen in figures 1.3-6 below. The

system uses a pulsed multiphoton Titanium-sapphire solid-state laser, which

is pulsed at a frequency of 80 MHz (8 x 107). Essentially, a pulse of laser light

with an FWHM of approximately 200 fs (200 x10-15 s) is emitted from the laser
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Figure 1.3.0.7: A scheme illustrating Multiphoton TCSPC-FLIM optical configu-

ration: The diagram illustrates the optical set-up used for Two-Photon TCSPC-FLIM
imaging throughout this PhD.

every 12.5 ns. A pulsed laser source is required to perform time-resolved

fluorescence lifetime imaging as the pulses of light from the laser, and the

emitted pulses from the sample are used as the stop and start signals in the

timing circuit. The sub-type of TCSPC-FLIM that I used is known as reverse-

Start/Stop or RSS-TCSPC-FLIM. In this mode, the timing circuitry is activated

when a photon of light emitted from the sample is detected, and the “timer”

or Time-Amplitude capacitor (TAC) will run until the next pulse from the laser

is detected from a reference line. Measuring the length of time an electron

remains in the excited S1 state after it is excited by a pulse of light and before

it falls back to the ground, S0 state and emits a single photon is how the

fluorescence lifetime of a fluorophore is measured. A pulsed laser source is

essential and just not possible with a continues-wave laser source; at the time

of building this imaging system, not many pulsed lasers were commercially

available with the power output that was needed; it was for this reason, above

many others, the multiphoton Ti-sapphire laser was chosen. An added benefit

is that this laser is tuneable, so only one laser is needed to excite fluorophores

between single photon excitations between 400 and 600 nm.

The rest of the FLIM system was built around a Nikon Eclipse Ti-E microscope

fitted with a 60× 1.30 NA Nikon Plan-Fluor oil objective and an 80 MHz Ti-

sapphire laser (Chameleon Vision II, Coherent) tuned to 875 nm (two-photon

excitation wavelength for the donor mTFP1). Photons were collected using

a 482 ± 25 nm emission filter (FF01-482/25-25, Semrock™) and an HPM

100-40 hybrid detector (Becker & Hickl). Laser power was adjusted to give

average photon counting rates of the order 104 to 105 photons s−1 with peak

34



1.3. A BRIEF INTRODUCTION TO FLUORESCENCE, FRET AND FLIM 35

rates approaching 8x105 photons s−1. Acquisition times of 300 seconds at

low excitation power were used to achieve sufficient photon statistics for

fitting while avoiding either pulse pile-up or significant photobleaching. Pulse

pile-up is caused when the sample emits multiple photons during a single

excitation pulse. Pulse pile-up is a real problem as only the arrival time of

the first emitted photon is counted, and all others are not recorded. This has

the effect of reducing the measured lifetime and should be avoided where

possible. The practical solution is to reduce the laser power such that the

probability of an emitted photon from the sample is roughly 0.01; this is

typically achieved by reducing the laser power such that the emitted photon

count is two orders of magnitude less than the laser pulse rate of 8 x 107

to less than 8 x 105. All FLIM data were analysed using TRI2 [124], a time-

resolved image analysis package, and were fitted with a mono-exponential

Levenberg-Marquardt model. The data were further processed using a Python

script (see §7.2) to produce graphical representations of the fluorescence

lifetime and FRET efficiencies using the following equation as previously

described [125].

Equation 1.3-5 FRET efficiency Equation

η f ret =

(
R0

6

R0
6 + r6

)
= 1 − τDA

τD
(5)

Three-Colour and Multiplexed FRET

Most FRET, and FLIM experiments are limited in scope to only investigating

one signalling or binding event with one FRET biosensor at a time [126]. A

typical intramolecular FRET biosensor is a single molecule, usually a pro-

tein, encoding at least one fluorescent protein (FP) and a sensing domain

that detects a specific cell change. The detected change can be as simple

as the binding of a ligand [127, 128], cleavage of a molecule [129] or the

conformational change of the sensing domain responding to mechanical

force [50, 130]. Regardless of how this cellular change occurs, the change is

reported either through changes in the emission intensity or a reduction in

the fluorescence lifetime of the donor FP [104, 126].

Intermolecular FRET often consists of two interacting proteins [131], each

labelled with either a donor or acceptor fluorophore often used for detecting

protein complex formation. Both sensor types, intra- and inter-molecular, can
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be used to extend the scope of an investigation by interrogating not just one

event in isolation but by putting that event in context with when or where an-

other cellular event occurs by multiplexing the FRET interactions [126]. This is

particularly interesting and necessary when considering how interconnected

the cellular world is. Often the systems, interactions, and molecules we are

trying to explore involve many interconnected and overlapping pathways.

Understanding that two molecules directly bind together is essential but

being able to contextualise that interaction with another interaction at the

same time is of great importance and interest to many [131,132]. Do we need

to use multiplex FRET to investigate multiple interactions or signalling events

simultaneously? We could engineer multiple cell lines expressing a different

biosensor in each and then attempt to correlate the different FRET-based

responses from each into a single model. Whilst this would yield a single

model, which could be used to describe the many interwoven interactions,

it may not be the most useful or reliable. The correlation of many events in

different systems would likely be very problematic, complicated by the innate

heterogeneity observed in cellular activity and responses across multiple

cells and cell lines [126, 133].

Over the last 20 years, many have used multiplexed FRET, where two and

even three intra-molecular FRET biosensors have been expressed in the same

cell to report the interplay between different cellular events [133]. The first

to do so successfully was Pilji and Schultz in 2008, who successfully imaged

cells using ratiometric FRET containing three separate FRET biosensors to

monitor three different calcium-dependent signalling events. This was possi-

ble through spatial separation of the biosensors and spectral unmixing [133].

A graphical explanation of this multiplexed FRET experiment can be seen in

panel A of figure 1.3-8.

Using a multi-parameter imaging methodology has given significant insight

into the precise timings and interactions of specific cellular events within

the same cell [131, 133]. This is possible if there is a sufficient spectral

distance between selected FPs or if the sensors used are tightly segregated

to specific locations in the cell. If one or more biosensors are expressed in the

same cellular compartment, then spectral unmixing and adequate spectral

filtering is required to separate similar fluorescence emission wavelengths.

Spectral unmixing has been used to simultaneously image CFP/YFP and

GFP-based biosensors in pancreatic β-cells. A separate study demonstrated

through Image Mapping Spectrometry (IMS), a technique that collects high-
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resolution hyperspectral spectral data, that two FRET biosensors excited

at the same wavelength, one for cAMP and the other for Caspase-3, could

be simultaneously imaged within the same cell [134]. Another study used

fluorescence anisotropy with spectral unmixing to provide adequate spectral

separation of the FP pairs [135].

Three fluorophores or two-step -cascade FRET is an approach where one

donor (the FP with the shortest excitation wavelength) is excited and trans-

fers energy to an acceptor; this acceptor then acts as the donor for a second

acceptor in the cascade (figure 1.3-8b). This sequential FRET or two-stepping

method has been used to investigate multiple conformational states with

a single protein [108, 126, 136]. A proof of principal model illustrating how

cascade-FRET could be utilised was created through three-fluorophore la-

belling oligonucleotides of known distances. A different study applied a simi-

lar model using three temperature-sensitive fluorescently labelled proteins

imaged in live cells [137]. They used a ratiometric FRET cascade approach to

successfully investigate the relationship between intracellular temperature

and complex formation [137].

Single-molecule three-colour FRET has been used to probe Holliday junc-

tions (four-way DNA junctions) as a model system that underwent two-state

conformational fluctuations, where the three arms of the four-way junc-

tion were labelled with Cy3, Cy5 and Cy5.5 fluorophores and, the distance

changes between the FPs were measured simultaneously [138]. A separate

study used two spectrally identical photo-switchable acceptors (Cy5) with

a single donor (Cy3B) to dramatically reduce the experimental and analyti-

cal complexity. This allowed for the direct monitoring of multiple distances

within dynamic Holliday junctions. Panel C of figure 1.3-8 illustrates how

this arrangement would work, except that no FRET would occur between the

acceptors [139].

A 2004 study, (Galperin et al., 2004) was the first to use separately fluores-

cently labelled proteins to determine how a protein complex was assembled

in live cells [131]. While others have shown binary binding of three or more

proteins to a single protein complex, these approaches were established in

vitro before being applied to cultured mammalian cells [140].

Another primary application of three-colour FRET is determining stoichiome-

tries for protein complexes using spectral unmixing and FRET coupling in

mixed donor-acceptor pairs and complexes [141]. Some challenges and lim-
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Figure 1.3.0.8: Examples of the Types of Multiplexed FRET: A) Parallel FRET assays
where two or more spectrally different biosensors are expressed in the same cell. B)
Two-step or Cascade FRET, where there are three FPs expressed in the cell in such a
way that the FRET interaction is sequential. The D1-A2 FRET can span larger distances
than traditional two-colour FRET can. C) Three-fluorophore FRET is used often to
detect multiple interactions in a complex. Adapted from Bunt and Wouters, 2017.
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itations in successfully multiplexing FRET lie in expanding the number of

fluorophores that can be expressed and combined in a single cell. The in-

terpretation of the combined FRET data may also be problematic if reliant

upon intensity-based or ratiometric FRET techniques. Whilst single-molecule

FRET has its challenges, at least the obstacle of heterogeneity is not one of

the many hurdles to overcome when imaging single molecules and going

beyond one donor and one acceptor, as previously outlined. There are many

alternative ways that three-colour FRET can be achieved, either with pairs of

non-spectrally overlapping biosensors or with sequential cascade FRET. Both

imaging approaches rely on only one available donor and acceptor pair at a

time. It is usually quite challenging to deconvolve or segregate competing

FRET interactions with the same donor. However, it is possible to go beyond

this one-to-one limit. By analysing the individual energy transfer rates be-

tween fluorophores, we can model the three-colour multiplexed interaction

between any number of fluorophores. In practice, this is best suited to looking

at no more than four FPs but could be extended theoretically. In the next part

of this section, I will describe how energy rate transfer analysis can be used to

describe the FRET interactions of three fluorescently labelled proteins.

The energy transfer rate (ΓDA), (s-1) describes the rate of energy transfer

(FRET) from the donor to the acceptor. It can also describe the probability of

the donor de-excitation or ‘decay’ occurring through FRET [126]. There are

two other decay paths which occur on all fluorophores; these are the radiative

decay path kr where the fluorophore emits a photon and the non-radiative

decay path, where energy is lost by interactions with the environment, as

given by the non-radiative rate knr. There is a reciprocal relationship between

fluorescence lifetime and energy transfer rates such that:

1
τD

= k
r
+ knr and

1
τDA

= ΓDA + kr + knr (6)

The two equations in (6) above can be substituted into the classic FRET

efficiency equation (equation 1.3-4) to yield the following equation, equation

1.3-6:

E = 1 − ΓD + kr + knr

kr + knr
(7)
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Equation 7 can be further simplified yielding (8) below:

E =
ΓDA

ΓDA + kr + knr
(8)

Equation 1.3-7 describes the same FRET efficiency discussed previously within

this chapter but now in terms of the energy transfers for two-fluorophores un-

dergoing FRET instead of the usually measured lifetimes. We can then extend

this single equation into a set of equations that can be used to determine

interaction rates:

EAB =
ΓAB

ΓAB + kr + knr

EBC =
ΓBC

ΓBC + kr + knr

EAC =
ΓAC

ΓAC + kr + knr

(9)

Where AB describes the FRET transfer between the first donor (A) and the

first acceptor (B), BC describes the FRET transfer between the second donor

(B) and the second acceptor (C), and AC describes the FRET transfer between

the first donor (A) and the second acceptor (C) (figure 1.3-9).

As the donor fluorescence lifetimes scale with the FRET efficiencies, the total

transfer rate increases as the FRET transfer rate increases proportionally.

The time the donor electron spends in the excited state before being emitted

decreases [107]. Thus, lifetime measurements provide a valuable tool for

elucidation of the de-excitation rates acting on the donor. Measured FRET

rates are linear and cannot be added to lifetimes as the radiative, and non-

radiative decay pathways do not scale with increased FRET [107]. However,

from the measured lifetimes of the donor alone and donor + acceptors 1 and

2 in isolation, we can construct a theoretical transfer rate which should be

the reciprocal of the lifetime measured for the construct with one donor and

two acceptors [126].

EA|ABC =
ΓAB

ΓAB + (kr + knr)
+

ΓAC
ΓAC + (kr + knr)

(10)
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Figure 1.3.0.9: One-donor, two-acceptor Three-colour FRET model: A Scheme to
illustrate the energy transfers within a one donor-two acceptors three-colour FRET
system.

Where A|ABC describes the lifetime of the first donor mTFP1 or mTurq2 in

the three-colour system, EA|ABC describes the total FRET efficiency of the

two FRET interactions which simultaneously occur on the donor, and ΓAB and

ΓAC are the two coupled FRET interactions between the first donor and the

two acceptors, respectively.

Tension Sensing and Force Measurement with FRET

Cells must generate mechanical forces while simultaneously sensing, adapt-

ing, and responding to mechanical signals, which are vital for many develop-

mental, homeostatic, and physiological processes [142, 143]. In this dynamic,

physical world, cells have evolved various mechano-sensitive strategies and

mechanical signalling networks to respond to various challenges. Evidenced

in the numerous cellular pathways which force sensing and responding to

are just as crucial as protein interactions in pathways such as cell migration,

motility, mitosis, and cytokinesis. Failure of critical force-dependent inter-

actions have been linked directly to the dysregulation of a wide range of

developmental and homeostatic pathways [143, 144]. A key issue in under-

standing the molecular mechanisms, which, when fail, give rise to disease

and pathological conditions are essential for developing a more precise and
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informed understanding of how mechanobiology plays a crucial role in the

normal physiology of cells and tissue [145]. Crucial as these processes are,

the underlying mechanisms of how cells continuously sense and respond to

the various physical stimuli they are exposed to are often not well understood.

Several novel techniques have been developed to visualise and quantify the

intra- and inter-molecular forces that act between proteins within cells. This

has been primarily achieved with advances in the last 20 years of genetically

encoded molecular tension sensors which have allowed for the direct detec-

tion and quantification of piconewton scale (pN) forces between proteins in

living cells [142, 145, 146].

The most used techniques for force sensing include atomic force microscopy

(AFM), traction force microscopy (TFM), and optical tweezers. AFM and op-

tical tweezers have been used extensively to elucidate specific mechano-

sensitive conformational changes within purified proteins in vitro ( Figure

1.3-10 panel b). Several studies have used optical trap and AFM-based tech-

niques to pull on entrapped proteins, yielding a force measurement of tensile

strength as protein domains are pulled apart [146]. TFM techniques have

been utilised to show how much tractional force motile cells apply to spe-

cific surfaces [145, 147]. Fluorescence-based techniques which utilise FRET

as an indicator of protein-protein inactions, such as FLIM, have also been

extensively used and have the added advantage of being used in live cells;

these are required to be genetically encoded and therefore have a prede-

fined force-sensing range. The combination of several approaches gener-

ally offers the most effective methodology; for example, simultaneous AFM

and TFM [148] measurements, but co-applications with genetically encoded

probes [5, 130, 149] can obtain the most detailed insights into complex dy-

namic mechanobiological processes.

Genetically encoded molecular tension sensors are designed around a cen-

tral tension sensor module (TSM) comprising a flexible linker separating two

fluorescent proteins or dyes ( Figure 1.3-12 panel a). The TSM is then typ-

ically encoded within a force-sensitive molecule such as vinculin or talin

in FAs [50, 130, 149]. When the TSM containing mechano-sensitive protein

experiences an applied force, the distance between the FPs extends reversibly

in response to mechanical force as they separate. The FRET efficiency de-

creases, which can be determined with various microscopy methods, most

notably ratiometric FRET imaging and FLIM [50, 149, 150].
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Figure 1.3.0.10: Basic design principle of genetically encoded FRET-based Tension

sensing Modules: A) A TSM comprising of a mTurq2-mVenus FRET pair connected
by a force-sensitive linker peptide, that extends applied mechanical force. (B) Optical
tweezer–based single-molecule experiment, which can be used to characterise force-
dependent unfolding of TSMs.

A broad selection of force-sensing linkers is required to sufficiently cover

the total spectrum of force sensitivities within force-transducing molecules

(see Table 1.3-1 below for details). Early genetically encoded molecular ten-

sion sensors were based on initial observations of elastic molecules such

as single-stranded DNA (ssDNA) [150], which can act as a pN force sensor

when inserted between fluorescence dyes. Other linkers were later found and

developed that used short, comparably stiff peptide linkers with similar pN

force ranges, mainly comprising α-helixes or spectrin repeats [151]. One of

the most popular tension sensors is the TSMod, based on a 40-amino acid

peptide linker comprising a 5 amino acid sequence repeated eight times; this

linker was derived from the spider silk protein flagelliform. The flagelliform

linker (or TSMod-F40) gives TSMod spring-like reversible qualities and en-

ables force measurements at 1-6 pN [130, 149]. This linker and other similar

flagelliform-based linkers have been well-calibrated using optical trap experi-

ments [130, 149] this knowledge allows for a simple equation to convert the

distance between the two FPs in the TSMod to determine the applied force

acting upon the mechano-sensitive protein of interest [130].
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The force sensitivity range is adjusted by varying the length of the flagelli-

form sequence, with more repeats of the five-amino acid sequence (GGPGA)

yielding a lower force and narrower range, only 1-5 pN for the F50 TSMod. In

contrast, the F25 has the broadest dynamic range at 2–11 pN [130]. These

spring-like sensors are ideally suited to determine molecular forces in single-

molecule measurements, where a distinct FRET efficiency for a single FRET

pair is easily correlated with a distinct force value. However, in cells, many

hundreds to thousands of TSMod encoded molecules are detected in ensem-

ble measurements, in which signals are averaged to obtain a mean FRET

efficiency and force value. This is a significant and relevant limitation be-

cause most current applications, including ratiometric FRET imaging or FLIM,

determine FRET based on bulk measurements. The problem is that it usually

remains unknown how many molecules are present and in what stoichiometry

during a given force transduction process. A key advantage of using geneti-

cally encoded TSMs is that these can be inserted into almost any protein of

interest and subsequently expressed either transiently or stably in a cell line

of choice and are then used to determine how much mechanical force acts

on the target molecule. Care is required when regarding the placement of

the TSM within the protein of interest such that the original function of the

protein is not detrimentally affected.

Table 3: Force sensitives for common tension Sensing modules

Name Tension-sensitive element Force range (pN) Reference

F25 Flagelliform (GPGGA)5 2-11 133

F40 (TSMod) Flagelliform (GPGGA)8 1-6 152,153

F50 Flagelliform (GPGGA)10 1-5 133

FL Ferredoxin-like peptide 3-5 152

HP35 villin headpiece peptide 6-8 158

HP35st Mutated villin headpiece peptide 9-11 158

sstFRET Spectrin repeats 1-5 156

TSMod-like (GGSGGS)n Low pN range 159

StFRET α-Helix pN range 160

cpYFP Chromophore & pN range Low pN range 161

cpstFRET Conformation sensitve 5-7 pN 160

The vinculin Tension Sensing Module (Vinculin-TSMod) was the tension sens-

ing biosensor used extensively in this thesis and is shown below (figure

1.3-11). The vinculin-TSMod was a kind gift of Prof. Carsten Grashoff [149]

(University of Münster) in which Teal and An extendable 40 amino acid flag-

elliform linker (GPAGGA)8 derived from spider silk [130] separates Venus
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Figure 1.3.0.11: Illustration of the Vinculin Tension Sensing Constructs: Diagram
showing the structural components of the three Vinculin Tension Sensing biosensors.
A) depicts the Vinculin-Tension Sensing Module Vinc-TSMod, which is comprised of
Teal and mVenus Fluorescent proteins separated by Flagelliform linker (GPAGGA)8 in
a high-tension, low FRET conformation. B) shows the same Teal-Venus TSMod but in
low tension, high FRET conformation. C) illustrates the C-terminal labelling of vinculin
with a teal FP as a donor-alone control. D) shows the same Teal-Venus TSMod cloned
within a truncated ‘Tensionless’ vinculin construct. E) Shows the Teal-Venus TSMod
inserted within full-length Vinculin at amino acid 883 (within domain 3).

Fluorescent proteins. The flagelliform linker comprises a a repetitive motif

that forms an entropic nanospring capable of measuring forces between

1-6 pN while extending from 2.1 to ≈10.0 nm [130, 152]. The TSMod was

inserted into vinculin at amino acid 883 to produce the Vinculin-TS construct

(panel E in Figure 3.2.7-1) and inserted into a truncated (tail-less) vinculin

control construct to produce the Vinculin-TL construct (panel D of the same

figure). The basic concept is straightforward, vinculin must bind to talin at its

N-terminus and actin at its C-terminus, and mechanical force loaded onto

vinculin causes the autoinhibited, coiled protein to extend. Extending sepa-

rates the two fluorophores, which will be observed as a reduction in FRET as

the distance between the FPs increases.
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1.4 Aims of the thesis

There are three core aims of this thesis that I am determined to research,

explore, and investigate. The first is to determine if the in vitro interaction

between RIAM and vinculin can be detected and characterised in vivo using a

range of biochemical and biophysical assays. Work published by the Goult

group [37] (the University of Kent at Canterbury) identified a real interac-

tion between the N-terminus of RIAM and the N-terminus of vinculin via gel

filtration of purified N-terminal domains. Nevertheless, this interaction has

not been characterised in vivo, nor do we know if this is physiological. My

first objective is to conduct a series of co-immunoprecipitation and FLIM

experiments to see if an in vivo interaction can be found. I then intend to

investigate whether vinculin-RIAM binding requires actin by using a specific

Rho-associated kinase (ROCK) inhibitor, H-1152. I want to determine if, by

turning over the FAs, I can detect an increase in the interaction. I also want

to explore the relationship between the intracellular mechanical force acting

on vinculin and if it is required for RIAM binding.

The second aim is to develop a new FRET-based assay that would be used

to determine whether multiple fluorescently labelled proteins are bound to-

gether in a single complex at a specific time point and location. Essentially, a

methodology for determining multi-protein complex formation, FRET-Cascade.

FRET-Cascade is an analytical approach used with TCSPC-FLIM to identify

the individual FRET components in a complex system and show which flu-

orescently tagged proteins are directly interacting at specific locations in

the cell and how this evolves over time. This will be achieved by purifying

the fluorescent proteins alone, in pairs and as a triplet; additionally, through

site-directed mutagenesis, I will create a non-fluorescent mVenus protein

which does not fluorescence and cannot function as a FRET acceptor either. I

hope to use a broad range of biophysical and biochemical techniques to fully

characterise the three-colour model before expressing the same constructs

in mammalian cells.

The third aim is to combine the two previous sets of objectives and apply

the multi-colour FRET model to solve questions set around intracellular

tension, specifically across vinculin, in developing focal adhesions while

concurrently furthering our understanding of FA proteins are recruited to the

lamellipodium. Additionally, to better understand to what extent the putative

vinculin-RIAM interaction plays in recruitment and adhesion assembly.
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There are several questions I aim to answer in this manuscript. I want to

determine if the vinculin Tension Sensor is in an open or closed conformation

when RIAM is bound to vinculin. Specifically, does RIAM only associate with

the auto-inhibited form of cytoplasmic vinculin? This will be achieved chiefly

through TCSPC-FLIM imaging of fixed cells and ideally through live-cell TCSPC-

FLIM imaging. Furthermore, by applying the three-colour model to the Vinculin-

TS + mScarlet-RIAM data, I hope to formulate a new hypothesis concerning

where and when RIAM and vinculin occur in the cell.
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MATER I A LS AND METHODS

2.1 Cell Culture, Transfections, and Pull-downs

2.1.1 Cell Lines and Passaging

Vinculin null Mouse Embryonic Fibroblasts, MEFs were cultured in a complete

growth media DMEM (Table 18). The MEFs were a kind gift from Prof. Maddy

Parsons and were grown typically in a T75 flask and incubated in a water-

jacketed incubator at 37 ◦C and 5% CO2. The MEFs were routinely tested for

mycoplasma and were passaged at approximately 70% confluency, aspirating

the old growth media and washing the cells thoroughly with 8 mL of sterile

Dulbecco’s phosphate-buffered saline (PBS) (Table 18). The cells were then

incubated with 2 mL of (0.25%) Trypsin-EDTA (Thermofisher ) for 5 minutes

at 37 ◦C. Once detached, the trypsin was inactivated with 8 mL of fresh

growth media. The cell-media solution was thoroughly mixed to prevent

aggregation. If a precise cell count was required, a 10 µL sample was taken

and introduced to a disposable haemocytometer. The observable window on

the haemocytometer had a volume of 1 µL. A Leica DM IL LED microscope was

used to view the cells in the haemocytometer; a cell count was conducted.

The total cell count was then multiplied by 1,000 to give a concentration of

cells in one mL. If a simple 1:10 or 1:5 dilution was required, either 1 or 2 mL

of cell solution was removed from the flask of detached cells and added to a

fresh T75 containing 9 or 8 mL of fresh growth media.

2.1.2 Cell Seeding

Round coverslips (13 mm diameter, Type 1.5, VWR) were washed in 70%

ethanol and then rinsed in 1x PBS (Thermofisher) before being placed into

each well of a 24-well TC plate, fibronectin-PBS solution (10 µg/mL) was

added to each of the wells (approximately 30 µL) and incubated for 90 min-

utes before being removed and washed once with PBS. Adherent cells treated

with trypsin and fresh growth media (described in §2.1.1) were added to the

fibronectin-coated coverslips at a density of 50,000 cells per well. A further
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1 mL of growth media was added to each well before mixing the cell solu-

tion with a Gilson P1000 to prevent clumping. All cells are returned to the

incubator and cultured at 37 ◦C and 5% CO2.

2.1.3 Lipofectamine 3000 Transfection

This protocol follows the culturing and seeding protocol and assumes that

50,000 cells per well of a 24-well tissue culture plate have already been

seeded 24 hours before transfection on fibronectin-coated glass coverslips.

Lipofectamine 3000 (Thermofisher) was used to transiently transfect con-

structs into vinculin null MEFs. Two wells were used per construct for the

following protocol. In a fresh microcentrifuge tube, 2 µg of plasmid DNA was

diluted in Opti-MEM (Thermofisher) before the P3000 reagent was added at 2

µL/µg of DNA; this was mixed thoroughly and incubated for 5 minutes at room

temperature. In a separate microcentrifuge, a Lipofectamine 3000 master

mix was made by diluting 4 µL of Lipofectamine 3000 reagent in 100 µL of

Opti-MEM (4% v/v solution) for each construct used. Co-transfections were

performed for FRET pairs with a 3:1 ratio of acceptor to donor DNA - see table

2.1.3-1.

Table 4: 2.1.3-1 Lipofectamine 3000 reagents and volumes:

Construct DNA (ng) Conc. (ng/µL) Vol. (µL) P3000 (µL) Vol. OM (µL)

GFP-vinculin 2000 715.9 2.8 4.0 93.2

Teal-vinculin 2000 500.0 4.0 4.0 92.0

GFP-Vinc +

mScarlet-RIAM

3000 251.6 12.5 6.0 87.5

DNA Ratio 1: 3 Donor Acceptor

Construct DNA (ng) Conc. (ng/µL) Vol (µL) DNA (ng) Conc. (ng/µL) Vol (µL)

GFP-Vinc +

mScarlet-RIAM

1000 715.9 1.4 2000 190 10.5

Teal-Vinc +

mScarlet-RIAM

1000 500.0 2.0 2000 190 10.5

DNA Ratio 1: 3 Combined

Construct DNA (ng) Conc. (ng/µL) Vol (µL)

GFP-Vinc +

mScarlet-RIAM

3000 251.6 12.5

Teal-Vinc +

mScarlet-RIAM

3000 239.5 12.5
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This was done to achieve an excess of acceptor protein to donor protein

which is desirable for FRET experiments. The expectation is that adding more

plasmid DNA will produce more protein. Once complete, 100 µL of the diluted

Lipofectamine solution was added to 100 µL of the DNA-Opti-MEM-P3000 mix

and left to incubate for 15 minutes. After which, 100 µL of the transfection

solution was added to the appropriate wells (two per construct) dropwise and

left to incubate for 6 hours at 37 ◦C. After incubation, transfection media was

removed, cells were washed in PBS, and regular growth media was added.

The cells were further incubated for 24 hours post-transfection before the

cells were fixed and mounted.

2.1.4 Fixing Cells for TCSPC FLIM

All volumes are calculated for a 24-well tissue culture plate containing trans-

fected cells that adhere to fibronectin-coated borosilicate glass coverslips

(13 mm diameter, Type 1.5, VWR). After 24 hours of growth post-transfection,

the growth media was removed, and the cells were washed once with PBS,

1000 µL per well. The PBS was aspirated, and 500 µL of fixing solution (4%

PFA (Thermofisher) in PBS) was added and incubated for 15 minutes at room

temperature. Once complete, the fixing solution was removed, and the well

was washed with PBS before 500 µL of 0.2% Triton X-100 was added and

incubated for 10 minutes at room temperature. Cells were washed with PBS

before 500 µL of freshly prepared NaBH4 (Sigma-Aldrich) was added at 1

mg/mL and left to incubate for 10 minutes at room temperature. This step is

crucial in minimising the autofluorescence induced by PFA fixing. Once done,

the cells were washed three times in PBS to ensure all traces of PFA, Triton-X

100 and NaBH4 had been removed.

2.1.5 Mounting on Coverslips with Mowiol

Microscope slides were cleaned with denatured ethanol to remove any dirt

or dust negatively affecting imaging and allowed to air dry. The coverslips

were carefully removed from their wells and were briefly washed in a large

(1000 mL) beaker of ultrapure water. This was done by dipping the coverslips

in the water and briefly washing them; not removing all the PBS from the

coverslips before mounting will cause phosphate crystals to form, which

obscures the cells. After carefully drying the coverslips on a paper towel,

10 µL of Mowiol Mounting Solution (see Table 18) was added to the clean
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microscope slide where the coverslip was to be mounted. The coverslips were

then carefully placed on the slide, cells-side down. Tweezers were used to

remove air bubbles by gently applying pressure to the top of the coverslip.

Once all the coverslips were mounted, the slides were left to cure at 4 ◦C for

12 hours in the dark before imaging.

2.1.6 DNA Plasmids

All the fluorescently tagged vinculin plasmids were kindly gifted by Profes-

sor Maddy Parsons (King’s College London) but are available on Addgene

(www.Addgene.org) (Addgene reference numbers are listed in Table 2.1.6-1).

The pEGFP plasmid was also provided by Dr Stephen Terry (University Col-

lege London). The mScarlet-RIAM and mTurquoise2-talin constructs were

designed by myself but were produced on my behalf by Vectorbuilder® . Table

2.1.6-1 details the origins of the plasmids used for the FRET-FLIM experiments

(for additional constructs developed for our three-colour in-vitro model, see

§ 2.3.8).

Table 5: 2.1.6-1 Table of constructs used and their origins

Construct Description Resistance Origin

GFP-Vinculin N-terminally labelled vinculin

with GFP

Kanamycin Addgene/ 67935

RIAM-mScarlet C-terminally labelled RIAM with

mScarlet

Ampicillin Prof. Maddy Parsons

mScarlet-RIAM N-terminally labelled RIAM with

mScarlet

Ampicillin C.Treacy/Vector builder

Teal-Vinculin N-terminally labelled vinculin

with mTFP1

Ampicillin Addgene/ 55516

Vinculin-TL Vinculin Head only with tension

sensing module

Ampicillin Addgene/ 26020

Vinculin-TS Full-length vinculin with tension

sensing module

Ampicillin Addgene/ 26019

mVenus-Vinculin N-terminally labelled vinculin

with mVenus

Ampicillin Addgene/ 56625

pEGFP-N1 Empty EGFP vector Ampicillin Dr Stephen Terry

mTurq2-talin mTurquiose2 cloned into the

neck of talin1

Ampicillin C.Treacy/Vector builder

2.1.7 Immunoprecipitation by GFP-Trap

MEFs were seeded at 2,000,000 cells per 100 mm diameter round tissue

culture dishes 24 hours before transfection. In a typical experiment, four
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dishes would be prepared and two transfected with an empty vector GFP-only

plasmid and two other dishes with GFP-vinculin. Transfections were carried

out as outlined in §2.1.3 (Table 2.1.7 1 ).

Table 6: 2.1.3-1 Lipofectamine 3000 reagents and volumes:

Construct DNA (ng) Conc. (ng/µL) DNA Vol. (µL) P3000 (µL) Vol. OM (µL)

GFP-Vinc. 28,000 636 44.0 14 442.0

EGFP 28,000 750 37.3 14 448.7

Vol. Opti-MEM (µL) Vol. Lipofectamine (µL) Total .vol (µL)

1880 120 2000

Approximately 24 hours post-transfection (or once the cells had reached 60-

70% confluency), one of the two dishes transfected with the GFP empty vector,

and one of the two dishes transfected with GFP-vinculin were incubated for

30 minutes with 20 µM nocodazole (Abcam). All four dishes were washed

in ice-cold PBS twice before adding 750 µL of fresh lysis buffer (Table 18).

The lysis buffer was combined with a cell scraper to detach the cells from

the dish's surface. Once liberated, the cell solution was transferred to a pre-

chilled microfuge tube, which was incubated on ice for 30 minutes to allow

time for the chemical lysis of the cells. During this time, a 25-gauge needle

and 2 mL syringe were used to encourage cell lysis through mechanical force

by pipetting the solution through the narrow-gauge needle. The cell lysate

solution was centrifuged at 17,100 g for 10 minutes at 4 °C, the resulting

cleared lysate was kept on ice, and the cell-debris pellet was discarded. The

Total Input sample was made by taking 20 µL of the cleared lysate for each

pull-down reaction and mixing it with 20 µL of 2x Laemmli buffer (Table 18).

These were then boiled at 95 ◦C for 10 minutes before running out on an

SDS-PAGE.

In parallel, 25 µL of ChromoTek GFP-Trap® Magnetic Agarose beads were

washed in 500 µL of dilution buffer (Table 18) before being aspirated; this

was done three times for each 25 µL aliquot of magnetic beads. For each pull-

down reaction, 500 µL of cleared cell lysate was added to 25 µL of washed

GFP-Trap® magnetic beads and 500 µL of dilution buffer. The bead-lysate

solution was left to mix on a rotational mixer for 2 hours. Once the incubation

period had finished, magnetic beads were separated from the cell-lysate

solution using a magnetic rack, the cell-lysate solution was discarded, and

the beads were washed three times with wash buffer (7-1). Finally, 20 µL of

52



2.1. CELL CULTURE, TRANSFECTIONS, AND PULL-DOWNS 53

2x Laemmli buffer was added to the washed beads; these were boiled for 10

minutes before running out on a 3-8% gradient SDS-PAGE for analysis.

2.1.8 SDS-PAGE & Western Blot

The following was (in part) adapted from Laemmli [153], who originally demon-

strated the principle of polyacrylamide gel electrophoresis (PAGE) for the

separation of proteins by molecular weight. Towbin [154] originally demon-

strated the principle of electrophoretic transfer of proteins from a polyacry-

lamide gel to a nitrocellulose membrane. A single pre-cast 3-8% Tris-Acetate

NuPAGE gradient gel was used to separate proteins isolated from an immuno-

precipitation experiment. However, a pre-cast 10% Bis-Tris gel was used when

separating purified proteins. Both were loaded the same way into an XCell

SureLockTM mini-cell (Invitrogen) electrophoresis tank and filled with either

Tris-Acetate SDS running buffer or MOPS SDS-PAGE running buffer for either

Tris-Acetate or Bis-Tris gels respectively, (Table 18). Samples prepared in 2x

Laemmli buffer were boiled at 95◦C for 10 minutes and, once cooled to room

temperature the samples were loaded onto the SDS-PAGE. Once all samples

were loaded onto the gel, the gel was then run initially at 120 V for 20 minutes

until the gel front had exited the stacking gel when the voltage was increased

to 200 V and ran for a further 60 minutes or until the dye front had exited

the resolving gel. After the SDS-PAGE had run, gels not blotted were removed

from their cassettes and emerged in Coomassie Blue colloid stain for 1 hour

before washing in warm water and imaged on a G-sys Bioimager. Gels that

were to be transferred as part of a western blot was disassembled, and the

gel containing the separated proteins was removed and sandwiched between

blotting paper and a 7.5 x 8.5 cm sheet of 0.45 µm nitrocellulose membrane.

Once the transfer cassette had been loaded with the gel, membrane and

blotting sheets and placed in the XCell SureLockTM electrophoresis tank, tank

was filled with NuPAGE transfer buffer and run at 100 V, 4 ◦C for 120 minutes.

After the transfer was complete, the nitrocellulose membrane was initially

washed in 0.1% TBS-Tween (TBS-Tw); the membrane was then placed into

a solution of 5% milk in TBS-Tw (w/v) blocking solution for one hour while

under gentle agitation (rocking at 60 rpm, orbital shaker). Once complete, the

blocking solution was removed, and the primary antibodies were added (Ta-

ble 19) before returning to the rocker for approximately 16 hours (overnight).

The primary antibodies were removed, and the membrane was thoroughly

washed in TBS-Tw three times before fluorescently tagged secondary anti-

53



2.1. CELL CULTURE, TRANSFECTIONS, AND PULL-DOWNS 54

bodies were added (Table 2.1.8) and incubated at room temperature for 1

hour at 60 rpm. Once complete, the secondary antibody was also removed,

and the membrane was washed three times in TBS-Tw before a final wash in

TBS and then imaged with the Odyssey CLX (Li-Cor) imaging system.

2.1.9 Protein Assay (Lowry method)

This protocol was adapted from Lowry [155], who originally introduced this

method of protein concentration determination using the Folin–Ciocalteu

reagent (a mixture of phosphotungstic acid and phosphomolybdic acid) with

BSA standards. BSA standards were prepared in triplicate, from which a stan-

dard curve was made, facilitating a method to determine the concentration

of our unknown samples. Determining the total protein concentration of a

cell lysate sample is typically done to ensure a consistent loading concen-

tration of total protein in each well of the gel and any differences in protein

expression levels are not due to inadequate loading of cell lysates.

Into a single well of a 96-well tissue culture plate, 10 µL of each BSA standard

was loaded in triplicate. In separate wells, 10 µL of each sample to be tested

was also loaded in triplicate. From the DC (detergent compatible) protein

assay kit (Bio-Rad), 1000 µL is taken from solution A (an alkali solution of

Cu2+ ions) and is mixed with 20 µL from reagent S; this is enough for reactions

40 reactions (13 cell lysate or fluorescent protein samples in triplicate).

Once mixed, 25 µL of this mixture is added to each well containing either

a BSA standard or a protein sample. 200 µL of DC protein assay solution B

(containing the Folin–Ciocalteu reagent) is added to each well containing a

testing sample. The samples are then incubated at room temperature for 15

minutes. The POLARstar Omega plate reader was then used to quantifiably

measure the protein in all the samples at an excitation wavelength of 750

nm. Lastly, a standard curve from the BSA samples is produced and used to

calculate the amount of protein in each sample.
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2.2 Imaging techniques and Microscopy

2.2.1 Live cell imaging on the Spinning Disc Microscope

MEFs were cultured in 35 mm tissue culture dishes (Ibidi) that were seeded

at 200,000 cells per dish; these were transfected with GFP-vinculin using

lipofectamine 3000 (see §2.1.3 for details on transient transfections with

lipofectamine 3000). Once transfected, live cell dyes were then added: ei-

ther SiR-Tubulin (Spirochrome) at 500 nM and Hoechst-33342 at 500 ng/mL

or SiR-Actin (Spirochrome) at 500 nm and Hoechst-33342 at 500 ng /mL,

these were incubated at 37◦C, 5% CO2 for 90 minutes before the cells were

washed in cTBS, and then 3 mL of complete live cell imaging media was added

(Table 19).

Live cell images were collected at the Nikon Imaging Centre on a Spinning

Disk confocal imaging system built around a Nikon Eclipse-TI inverted micro-

scope (Nikon) equipped with a Yokogawa CSU-X1 disk head, and an sCMOS

camera (Andor, Neo), a 60x 1.40 NA Plan Apochromat VC DIC N2 oil immer-

sion objective and a Perfect Focus System used for continuous maintenance

of focus. Hoechst was excited with a 405 nm laser source, GFP-vinculin with a

488 nm laser, and the two silicon-rhodamine labelled dyes (SiR-Tubulin and

SiR-Actin) were excited with a 640 nm laser. NIS-Elements (Nikon, version

5.21.03) was used for microscope control and image acquisition.

Tubulin dynamics were imaged both pre and post-the addition of 20 µM

nocodazole (Abcam), and actin dynamics were similarly imaged pre and

post-the addition of 10 µM ROCK inhibitor H-1152 (Invitrogen). Timelapse

image series were collected at intervals of 30 seconds for a total of 30

minutes per series following the addition of the drugs, using an exposure

time of 200 ms and 2x2 binning, with illumination light, shuttered between

acquisitions. Images were then processed using ImageJ (FIJI).

2.2.2 Multiphoton TCSPC FLIM imaging

Transfected cells were cultured on borosilicate glass coverslips (VWR, Thick-

ness No. 1.5) and fixed in 4% PFA 48 hours post-transfection. Subsequently,

the cells were treated with 0.2% Triton-X and 1 mg/mL NaBH4 before mount-

ing onto coverslips with Mowiol® -188 (see §2.1.1-2.1.5).

The Multiphoton-FLIM TCSPC (Time-Correlated Single Photon Counting) imag-

ing system was built around a Nikon Eclipse Ti-E microscope fitted with a
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60x 1.30 NA Nikon Plan-Fluor oil objective and an 80 MHz Ti-sapphire laser

(Chameleon Vision II, Coherent) tuned to 875, 925 or 950 nm for two-photon

excitation of mTFP1, GFP or mVenus.

Photons were collected using a 482/25 nm emission filter for mTFP1 (FF01-

482/25-25, SemrockTM ), 515/17 nm emission filter for GFP (FF01-517/20-25,

SemrockTM ) or a 525/25 nm emission filter for mVenus (FF01-524/24-25,

SemrockTM ) and detected using a hybrid Photomultiplier detector (HPM 100-

40 hybrid, Becker & Hickl GmbH). Laser power was adjusted to give average

photon counting rates of the order 104 to 105 photons/second with peak rates

approaching 106 photons/second. Acquisition times of 300 seconds at low

excitation power was used to achieve sufficient photon statistics for fitting

while avoiding either pulse pile-up or significant photobleaching. All FLIM data

were analysed using [124], a time-resolved image analysis package, and were

fitted with either a mono-exponential or bi-exponential Levenberg-Marquardt

algorithm.

2.2.3 FLIM Data Analysis

Lifetime data was processed in TRI2, a Time-Resolved Imaging software pack-

age developed in house [124] that produced histograms of pixel frequencies

against photon arrival times (ns) for every FP imaged in each cell condition

and experiment. A simple Python script (written by me, §7.2) was used to

import the histograms for each cell in each experiment into a single data

frame, and an intensity-weighted average lifetime was calculated for each

cell imaged. An average of 10 cells per cell condition were imaged for each

experiment, where each cell imaged in each condition was given an equal

weighting. Average lifetimes per condition were then calculated and finally

normalised to produce a distribution of fluorescent lifetimes. The average

peak lifetime was then picked, and from that value, the average lifetime of the

condition across several (usually 3 or 4) experiments was determined.

Mean lifetimes were used to produce graphs illustrating the difference specific

acceptors had on donor lifetimes and for statistical testing. Specifically,

the Shapiro-Wilk test for normality was used first to show that the lifetime

distributions were not suitable for parametric testing such as T-tests or

ANOVA, but non-parametric tests would be more suitable. Following this, a

Two-Sample Kolmogorov-Smirnov test (non-parametric) was applied to each

donor and acceptor pair in an experiment. This statistical test was used to
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compare a test distribution (donor + acceptor) to a reference distribution

(donor alone) and test the (null) hypothesis: “What is the probability that

collection of samples could have been drawn from the same distribution?”.

In practice, this statistical test is susceptible to small changes in the two

samples and is very likely to conclude that two sample distributions drawn

from the same population distribution are from different populations where

the distributions are under-sampled. A Wilcoxson Rank Sum Test is also

calculated for each FRET pair in each experiment within the Python script

(§7.2). This statistical test differs from the 2-sample KS in that only shifts in

the peaks of the sample distributions (donor alone or donor + acceptor) are

required to reject the null hypothesis.

The Python script uses the average lifetimes to calculate the FRET efficiencies

for each donor-acceptor pair in each experiment, which are then presented

graphically and used to calculate the energy transfer rate between donor-

acceptor pairs (see §7.2). The FRET efficiencies were then used to determine

the inter-molecular distances between FPs in the FRET cascade model and to

calculate the FRET cascade transfer rates.

2.2.4 Statistical testing

The Kruskal-Wallis [156] test (alternatively, one-way ANOVA on ranks), which

is a non-parametric alternative to a one-way ANOVA was selected as this is

the most appropriate statistical test for testing the difference between two or

more non-parametric distributions, i.e., the difference between the donor only

and the donor-acceptor FRET efficiency or Lifetime distributions. The Kruskal-

Wallis is particularly beneficial as a test as used it can be used to compare

several independent distributions simultaneously, which is extremely useful

when comparing multiple donor-acceptor conditions with a single donor-

only data set. However, it should be noted that for a single donor, donor +

acceptor scenario, the Mann-Witney (alternatively known as the Wilcoxon

Rank-Sum test is the most appropriate statistical test to use as this is the

non-parametric equivalent to the unpaired t-test. A significant advantage of

using the Mann-Witney or

textitKruskal-Wallis tests is that they calculate the average shift between

the test distribution (donor + acceptor) and a control distribution (donor

alone) [156]. In contrast to alternative non-parametric test, the two-sample

Kolmogorov-Smirnov (KS) test compares only the cumulative distributions

of the two data sets and computes a P-value dependent on, and is strongly
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influenced by, the most significant discrepancy between the two. Making the

2-sample KS test overly sensitive to minor differences between the two data

sets and any substantial differences in the shape, spread, or median will result

in a smaller P-value, which can result in a rejection of the null hypothesis.

Subsequently, this leads to the conclusion that the two data sets come from

the same population or condition and are significantly different when they are

not. This is a common issue associated with under-sampling, which can be a

particular issue when analysing imaging data from a relatively small number

of cells (10-20). One way to overcome this problem is to image more cells,

as the central limit theorem would suggest that the more measurements we

have per condition, the more likely the data would be normally distributed. If

we were to image more than 50 cells per image, then it is likely that a simple t-

test or ANOVA would be the most appropriate statistical test to use. However,

this is not always practical when a FLIM image and accompanying data set

of a single cell can take more than 5 minutes. If we were to take 50 images

per condition with 3 conditions per experiment across only three technical

repeats, we would need to image 450 cells. It is not impossible to imagine

fast and with a large field of view with widefield or confocal microscopies.

Nevertheless, if we are only imaging individual cells and each takes 5 minutes,

then the total imaging time per data set would be more than 37 hours -hence,

why there is a need to develop methods that require either the analysis of

fewer cells per condition or a faster FLIM-imaging system.
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RESULTS CHAPTER I :

CHARACTER I S I NG THE FORCE -DEPENDENT V INCUL IN - R I AM

INTERACT ION

3.1 Introduction to characterising the force-dependent

vinculin-RIAM interaction

This chapter will introduce a novel interaction between the focal adhesion

protein vinculin and the cytoskeletal protein RIAM. Previous work by the Goult

group (the University of Kent at Canterbury) identified a possible interaction

between the N-terminus of RIAM (amino acids 1-127) and the N-terminus

of vinculin (1–258) via gel filtration of the purified N-terminal domains [37].

Using Isothermal titration calorimetry (ITC), the same group also showed

that the RIAM-vinculin interaction was approximately five-fold weaker than

the mutually exclusive vinculin-talin interaction [37]. They postulated that

the interaction might not be biologically significant and maybe an artefact of

the structural similarities found in the proteins N-termini [37].

chapter characterises the interaction of full-length, fluorescently tagged

vinculin and RIAM transiently transfected in MEFs in both fixed and live cells

through TCSPC-FLIM. Furthermore, immunoprecipitation methods are used

to “pull down” the vinculin-RIAM protein complex from MEFs, showing that

the interaction, despite its alleged weak binding affinity, is of biological rel-

evance. Next, the orientation of the interaction is characterised to better

understand how and crucially where in the cell vinculin and RIAM associate

(see figure 3.1-1 below). Following this, the actin and FA dependency of the

vinculin-RIAM binding is investigated, as an integral element of the actino-

mycin cytoskeleton, using a specific Rho-associated kinase (ROCK) inhibitor

H-1152 and whether turning over FAs promotes the interaction. Inhibiting

ROCK has many downstream effects, one of which is that LIM kinases activity

decreases; this is significant as LIM kinases phosphorylate cofilin, which in

a phosphorylated state stabilises actin filaments. A loss of functional ROCK

will ultimately lead to less stabilised actin filaments, which will cause a loss
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of the actomyosin cytoskeleton. This cascade is interesting as we would like

to know if the vinculin-RIAM interaction is present outside FAs, nascent or

otherwise. Following depolymerisation of the actomyosin cytoskeleton, if we

are still able to see a FRET interaction, this would indicate that the interac-

tion is predominantly cytoplasmic or at least not wholely exclusive to FAs.

The highly selective H-1152 Rho-associated protein kinase (ROCK) inhibitor

compound was used [85].

Lastly, the relationship between intracellular mechanical force, vinculin ac-

tivation and RIAM binding is investigated. It is well documented that the

binding availability of vinculin dramatically changes when vinculin is in an

activated “high-tension” state compared to its zero-tension auto-inhibited

conformation [52, 149, 157]. Using the latest literature in this field and the

data presented in this chapter will allow for formulating a hypothesis for

the possible mechanism through which RIAM interacts with vinculin. I then

hope to refine and shape this hypothesis in later chapters to explain how the

putative interaction fits into the latest thinking surrounding nascent adhesion

formation and maturation.
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3.2 Results I: Characterising the force-dependent

vinculin-RIAM interaction

3.2.1 Co-Immunoprecipitation Studies of EGFP-vinculin binding-

partners

The input fractions (whole-cell lysates harvested from the transfected MEFs)

were blotted along with the proteins co-immunoprecipitated (or pulled down)

with either EFGP or EGFP-vinculin (figure 3.2.1-1 panel A-C). Before harvest-

ing, 20 µM nocodazole was added to selected dishes and incubated for 30

minutes. Nocodazole was added to investigate whether increasing FA assem-

bly would cause a significant increase in the amount of pulled-down RIAM,

suggesting that vinculin-RIAM interaction is predominantly associated with

nascent adhesions. Whereas a reduction in pulled-down RIAM could suggest

the opposite effect, that the interaction is primarily not in FAs (nascent or oth-

erwise) and is predominantly associated away from the lamellipodium.

Western blotting showed, as expected, that talin is present in the MEF whole-

cell lysates for both cells transfected and not transfected with EGFP-vinculin

and EGFP-vinculin pull-downs but not in the control EGFP lanes (figure 3.2.1-

1A). This result is expected as talin is a well-known binding partner for vinculin.

Analysis of the immunoblots showed a significant increase in the mean band

intensity of EGFP-vinculin transfected cells (panel E of the exact figure). There

was also a slight decrease for the nocodazole-treated cells, but this was not

to be significant).

Results for the RIAM co-IP (figure 3.2.1-1B) are similar; however, blotting

with an α-RIAM primary antibody produced a faint band for the EGFP con-

trols. Western blot analysis (figure 3.2.1-1F) showed a significant difference

between the negative controls and the bands for RIAM in the EGFP-vinculin

transfected lanes. The intensity of the RIAM band for EGFP-vinculin trans-

fected cells treated with nocodazole is reduced compared to cells that were

not treated. Potentially an important and profound result as it would suggest

that de-stabilising microtubules (as a direct consequence of nocodazole) are

detrimental to the RIAM-vinculin interaction, as previously discussed. This

could point to the interaction being away from the lamellipodium, or at least

FA-associated vinculin cannot interact directly with RIAM in the same manner

as cytoplasmic vinculin. Control experiments (figure 3.2.1-1C) show using

α-GFP in western blots, bands for EGFP-vinculin transfected cells bands at
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approximately 150 kDa corresponding to the size of EGFP-vinculin and bands

at approximately 27 kDa corresponding to EGFP alone. A second control was

also undertaken, where a primary antibody for α-tubulin was added to the blot

to show that the beads were not cross-reacting with the primary antibodies

non-specifically (figure 3.2.1-1D). The data (figure 3.2.1) indicates a specific

biochemical interaction between vinculin and RIAM in MEFs. However, this in-

teraction appears relatively weak, as indicated by in vitro studies of the same

interaction [37]. In the next section, I will further, interrogate this interaction

through another biophysical assay, two-photon TCSPC FLIM, which allows us

to observe the spatiotemporal evolution of the interaction.
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Figure 3.2.1.1: Co-Immunoprecipitation studies of GFP-vinculin binding partners:

A) co-IP of GFP-vinculin with talin, using GFP-Trap-agarose beads in the +/- 20 µM
nocodazole. Immunoprecipitation (IP): α-GFP immunoblot analysis (IB) mouse α-talin
primary and goat anti-mouse-HRP secondary antibody. B) co-IP of GFP-vinculin with
RIAM, using GFP-Trap-agarose beads +/- 20 µM nocodazole. IP: α-GFP and IB: sheep
α-RIAM primary and DAS-HRP secondary antibody. C) Control co-IP of GFP-vinculin
against a GFP antibody, GFP-Trap-agarose beads +/- 20 µM nocodazole. IP: α-GFP and
IB rabbit α-GFP primary and goat anti-rabbit -HRP secondary antibody. D) Control IP
and blot of mouse α-tubulin primary and goat anti-mouse-HRP secondary antibody
in the +/- 20 µM nocodazole. For all Co-IPs cells expressing EGFP only were used
as control +/- 20 µM nocodazole. E) Graph of showing the ratio of normalised band
intensity for the co-IP blotted for RIAM against the various transfected cell conditions.
F) Graph showing the ratio of normalised band intensity for the co-IP blotted for talin
against the various transfected cell conditions. For both graphs E and F, the blots
were repeated three times and the error bars represent the standard deviations.
Independent t-test, n=3, P-values ≥ 0.123 ns, ≤ 0.0332 (*), ≤ 0.0021 (**), ≤ 0.0002
(***), ≤ 0.0001 (****)
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3.2.2 FRET by FLIM of EGFP-vinculin with RIAM-mScarlet and

mScarlet-RIAM

In this section, I seek to determine whether the N-terminus of vinculin inter-

acts with the N or C terminus of RIAM. To do this via quantitative FRET imaging

by FLIM, I decided to use two different FRET constructs, specifically, EGFP-

vinculin with mScarlet-RIAM and EGFP-vinculin with RIAM-mScarlet. The only

difference between the two FRET pairs is which termini of RIAM the mScarlet

is labelled; this is important in understanding if this biochemical interaction

is as previously described in vitro between RIAM (amino acids 1-127) and the

N-terminus of vinculin (1–258).

Results are summarised and presented in figure 3.2.2-2; panels G with H and

I show lifetime data and that the average fluorescence lifetime is longest

in panel G, representing the donor alone (control) condition, than either of

the two donor-acceptor conditions indicating that FRET occurs between the

EGFP-vinculin donor and the two mScarlet labelled RIAM acceptors. This can

be seen in the blue colour of the FAs in the donor alone (panel G) compared to

both the acceptors (panels H and I) and the longer average lifetime presented

in the summary table (panel N). A table summarising the critical values taken

from further analysis of the fluorescence lifetime data is presented in panel

N. This data indicates that cells co-transfected with both EGFP-vinculin and

mScarlet-RIAM had the shortest fluorescence lifetime compared to cells trans-

fected with EGFP-vinculin alone. FRET efficiencies were calculated for the two

donor-acceptor pairs; the EGFP-vinculin & mScarlet-RIAM FRET pair exhibited

a greater FRET efficiency (12.36 ± 1.48 %) compared to the EGFP-vinculin &

RIAM-mScarlet FRET pair (18.99 ± 2.34 %). This is a crucial finding since FRET

efficiency is related to separation distance and enables us to conclude that

the separation distance between the EGFP and mScarlet FPs must be shortest

for the FRET pair with greater FRET efficiency. The distribution of average

FRET efficiencies (figure 3.2.2-2 panel M) illustrates the significant difference

between the donor alone and both donor + acceptor FRET pairs.

Furthermore, there is a significant difference between the mScarlet-RIAM

and RIAM-mScarlet transfected cells, demonstrating, through differential

labelling of the acceptor, identification of the orientation of the interaction.

Therefore, the N-terminus of RIAM is more likely to be in direct contact with the

vinculin N-terminus, previously indicated [37]. This finding strengthens the

argument for a biological interaction between vinculin and RIAM between the
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N-terminal head domain (amino acids 1–258) of vinculin and the N-terminal

talin binding domain of RIAM (amino acids 1-127).

It should be noted that the position where the FP tag is placed can significantly

affect the binding of a tagged protein to another protein, especially one in

complex with many others. There is a danger of adding an FP, which is usually

sizeable at approx. 40 kDa can have a significant and undesirable effect in

preventing an interaction or, worse, possibly weakening that interaction due

to the introduced steric hindrance that the FP can place on the binding within

a busy, crowded local environment. This potentially could result in a false

positive, such that we might conclude that there is more significant energy

transfer between donor-acceptor FRET pairs when we have only perturbed

the original system in such a way that a lower FRET efficiency is observed

because of poor FP placement and not due a greater distance between FPs.

However true, I do not believe this to be the case here as there is already evi-

dence of an N-terminal to N-terminal interaction between vinculin and RIAM,

which would result in a shorter distance between tagged FPs which would

subsequently yield a greater FRET efficiency compared to a C-terminally

tagged RIAM.

FRET efficiency distributions (Figure 3.2.2-3A) for the EGFP-vinculin, EGFP-

vinculin & mScarlet-RIAM, and EGFP-vinculin & RIAM-mScarlet conditions

were produced from the normalised weighted lifetime histograms. These

distributions were used to conduct a test for normality; this was required

to select the correct statistical test to determine the significance between

sampled conditions. The graphical results of a QQ plot (figure 3.2.2-3 panels

B and D) and a D’Agostino and Pearson's test for normality, this data showed

that none of the selected distributions are likely to be normally distributed

with P-values < 1x10-6 for all but one. Consequently, a non-parametric test,

such as a one-way ANOVA with Tukey corrections was required to test if the

differences in fluorescence lifetimes were significant.
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Figure 3.2.2.1: Vinculin-RIAM Interaction determined by TCSPC-FLIM: The donor
GFP-vinculin was excited at 920 nm (TPE) for GFP. A-C) show widefield epi-fluorescence
images of MEF transfected with a GFP-vinculin in isolation or with one of the two
acceptors. Panels D-F) shows two-photon Intensity images, G-I) show the lifetime
distribution in a typical transfected cell. Panels J-L) show a composite image of
lifetime and two-photon fluorescence intensity image. M) Box and whisker plot of
the average FRET efficiencies per construct. Significance was determined through
a one-way ANOVA with Tukey corrections for multiple tests. N) A summary table of
lifetimes, standard deviation, and FRET efficiencies. N= 10 cells imaged per condition,
with P-values ≥ 0.123 ns, ≤ 0.0332 (*), ≤ 0.0021 (**), ≤ 0.0002 (***), ≤ 0.0001 (****)
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Figure 3.2.2.2: Statistical Testing of FRET Efficiency Distributions: Panel A Shows
the distribution of FRET efficiencies, significant differences between the peaks deter-
mined by the Kruskal-Wallis test. B) QQ-plot showing graphically predicted versus
observed measurements for the three FRET efficiency distributions. Significant devia-
tion from the red dotted line indicates a non-normal distribution. C) The results of the
Kruskal-Wallis test. D) D’Agostino & Pearson test for normality results, generating a
P-value for the likely hood that the distributions are normal. Averages were calculated
from three independent repeats of 10 cells imaged per condition per experiment.
P-values ≥ 0.123 ns, ≤ 0.0332 (*), ≤ 0.0021 (**), ≤ 0.0002 (***), ≤ 0.0001 (****)
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3.2.3 Localising the Vinculin-RIAM Interaction with two-photon

TCSPC FLIM

There is a significant difference in the fluorescence lifetimes between the

donor alone (EGFP-vinculin) and the three masked regions of the RIAM-mScarlet

acceptors (figure 3.2.3-1, panels A-C). We can see from the summary table

(panel J) that the fluorescence lifetimes and FRET efficiencies for the Focal Ad-

hesion, Inverted Focal Adhesion and Whole-cell masks exhibit approximately

the same FRET efficiencies of ≈ 10% (8.34 ± 3.82 %, 9.78 ± 1.84 % and

10.50 ± 1.39 % respectively, panel I). This data demonstrates that in all three

masked conditions, FRET is detected between vinculin and RIAM, indicating

that the interaction is not limited to the FAs but also occurs throughout the cy-

toplasm. This data also shows no significant difference in the amount of FRET

for the three conditions. There is undoubtedly a difference in the variance

between the FA-associated FRET efficiencies and the whole cell masked, but

this is not significant. This finding could indicate that the interaction occurs

first in the cytoplasm where RIAM associates with vinculin before shuttling its

vinculin towards the leading edge of the cell within the lamellipodia where

vinculin disassociates from RIAM and joins talin and the rest of the focal

adhesion machinery in forming nascent complexes.
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Figure 3.2.3.1: Localising the vinculin-RIAM Interaction in Fixed MEFs: A-C) show
Fluorescence Lifetime images for the same cell masked through thresholding of the
two-photon intensity map for the three separate conditions: Focal Adhesions only,
Whole Cell and Focal Adhesions Excluded for EGFP-vinculin + mScarlet-RIAM. Panels
D-F) shows composite images for the Multiphoton Intensity images merged with the
lifetime images. G) Shows the epifluorescence widefield image of the sample cell. This
cell was transfected with both EGFP-vinculin and mScarlet-RIAM. H) shows the two-
photon Intensity image for the same cell. I) Shows the average FRET efficiencies as a
Box plot for each condition. Significance was determined through a one-way ANOVA
with Tukey corrections for multiple tests. J) A summary table of lifetimes, standard
deviation, and FRET efficiencies. Averages were calculated from three independent
repeats of 10 cells imaged per condition per experiment. N= 10 cells imaged per
condition, with P-values ≥ 0.123 ns, ≤ 0.0332 (*), ≤ 0.0021 (**), ≤ 0.0002 (***), ≤
0.0001 (****).
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3.2.4 Immunofluorescence of Cytoskeletal and Focal Adhesion

Proteins in the presence of Nocodazole and ROCK In-

hibitor H-1152

The effect of the inhibitor can be seen in figure 3.2.4-1A which shows a cell

transfected with EGFP-vinculin in green and stained with Silicon-Rhodamine-

Actin (SiR-Actin) red, Hoechst-33342 blue and treated with 10 µM H-1152

for 30 minutes during live-cell imaging with a Nikon Spinning Disc Confocal

imaging system (NIC@King’s). We can see from panel B images that the

actin filaments begin to contract and disassemble rapidly, with a notable

change in appearance within the first, 5 minutes of the drug being added.

As the time course proceeds, the size of the FAs reduced while the matured

FAs throughout the lamella decreased in size, disappearing entirely in many

places by the end of the 30-minute time-lapse. The addition of H-1152 is

sufficient to reduce the size of FAs and can be used to disrupt a vinculin-RIAM

interaction in FAs.

A second cytoskeletal-affecting drug was also used Nocodazole. Nocodazole

is known to disrupt microtubule assembly; this has the added effect of driving

the enlargement of FAs as more FA-associated proteins assemble at the

leading edge. The rationale behind using this drug is to see if we get a change

in the proportion of vinculin molecules interacting with RIAM when nocodazole

is present. If we see more vinculin-RIAM interacting, this could mean that the

vinculin-RIAM interaction is likely to occur in developing nascent adhesions,

and if we do not see an increase, then it is unlikely that the interaction is

formed first in the adhesion complex but may instead be formed elsewhere in

the cytoplasm. Evidence of this can be seen in figure 3.2.4-1B, which shows

two cells transfected with EGFP-vinculin (green) and stained with SiR-Tubulin

(red), Hoechst (Blue) and treated with 20 µM nocodazole for 30 minutes

during live-cell imaging with a Nikon Spinning Disc Confocal imaging system

(NiC@King’s). In panel B, we can see the loss of the finer microtubule network

over time, especially at the leading edges of the two cells imaged. The SiR-

tubulin dye only stains polymerised tubulin, so we do not see an increase in

free tubulin throughout the cytoplasm; another feature to mention is that

the FAs in the treated cell are enlarged after 30 minutes than those seen at

the start of the time course. This is what we expect to see as FA assembly is

upregulated as a direct consequence of the added drug.
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Figure 3.2.4.1: Live cell staining of cytoskeletal and focal adhesion proteins in

the presence of Nocodazole and ROCK Inhibitor H-1152: MEFs transfected with
GFP-vinculin and stained either with A) SiR-Actin or B) SiR-Tubulin at 500 nM, and
Hoechst nuclear stain at 1 µg/mL. Cells were treated either with 10 µM ROCK inhibitor
(H-1152) or 20 µM nocodazole for 30 minutes during live-cell imaging. Imaging was
conducted on a Spinning Disc Confocal imaging system (NIC@King’s).
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3.2.5 Effect of Rho Associated Protein Kinase Inhibitor on the

Putative Vinculin-RIAM Interaction Determined by TCSPC-

FLIM

Following the live cell imaging of the previous section, two-photon TCSPC-FLIM

was used to determine whether the vinculin-RIAM FRET interaction described

in §3.2.2 would persist in the presence of the ROCK inhibitor, H-1152. Flu-

orescence lifetime images (figure 3.2-5, panels G-I) show that the FAs are

bluer in colour for the donor alone panel compared to the donor + acceptor

conditions (panels H and I). Indicative of a FRET interaction between EGFP-

vinculin + mScarlet-RIAM with and without the ROCK inhibitor. Furthermore,

we can see from the summary table (panel N) of the fluorescent lifetimes

and FRET efficiencies that for the untreated cells, an average FRET efficiency

of 25.09 ± 2.67 %, and for the treated cells, an average of 26.75 ± 2.56 %

was calculated. This data shows a significant FRET interaction between EGFP-

vinculin + mScarlet-RIAM and that the FRET efficiency for the treated cells

are not significantly different to the average FRET efficiency for the untreated

cells. The addition of the ROCK inhibitor has not significantly changed the

lifetimes and subsequent FRET efficiencies recorded for the EGFP-vinculin +

mScarlet-RIAM interaction.

Furthermore, the size of the FAs are smaller in the H-1152 treated cells

compared to the control cell (panel H). This is because actin is required for

nascent adhesions to mature into the larger FAs, as seen in the control cell

image. Without actin, the adhesions which were present before treatment

disassemble. The lack of actin stress fibres in the imaged cell is a strong

indicator of inhibition, and the effects seen in the FRET interactions are

because of the activity of H-1152.

The data presented in this section suggest that the vinculin-RIAM interaction

is actin independent and is either a predominantly cytoplasmic interaction or

that the interaction only occurs at the very leading edge of the cell, where

nascent actin-independent adhesions are found. One possibility is that RIAM

acts as a shuttling protein, recruiting vinculin from the cytoplasm and shut-

tling it to the very leading edge of the cell. It has already been shown that

RIAM plays a similar role in talin recruitment [37, 64] where it binds to the

auto-inhibited form of talin in the cytoplasm, recruits talin to integrins, and

RIAM is believed to detach from talin once talin begins to become activated

through a series of mechanosensitive conformational changes in its 3D struc-
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ture. These changes in the rod structure of talin allow vinculin to bind to an

active talin molecule.
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Figure 3.2.5.1: Vinculin-RIAM Interaction determined by TCSPC-FLIM: The donor
GFP-vinculin was excited at 920 nm (TPE) for GFP. A-C) show widefield epi-fluorescence
images of MEF transfected with a GFP-vinculin in isolation or with one of the two
acceptors. Panels D-F) shows two-photon Intensity images, G-I) show the lifetime
distribution in a typical transfected cell. Panels J-L) show a composite image of
lifetime and two-photon fluorescence intensity image. M) Box and whisker plot of
the average FRET efficiencies per construct. Significance was determined through
a one-way ANOVA with Tukey corrections for multiple tests. N) A summary table of
lifetimes, standard deviation, and FRET efficiencies. N= 10 cells imaged per condition,
with P-values ≥ 0.123 ns, ≤ 0.0332 (*), ≤ 0.0021 (**), ≤ 0.0002 (***), ≤ 0.0001 (****)
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3.2.6 Effect of nocodazole on the putative vinculin-RIAM inter-

action

Two-photon TCSPC-FLIM was used to determine whether the vinculin-RIAM

FRET interaction would remain in the presence of nocodazole, a microtubule

inhibitor. Data collected demonstrated a FRET-based interaction for both

EGFP-vinculin + mScarlet-RIAM with and without nocodazole. This data (fig-

ure 3.2.6-1) shows the average fluorescence lifetimes and FRET efficiencies

(panel N) and shows the untreated cells have an average FRET efficiency of

16.83 ± 3.95 % and the treated cells an average of 18.03 ± 2.36 %. This

data would suggest a significant FRET interaction between EGFP-vinculin +

mScarlet-RIAM and the FRET efficiency for the treated cells is not significantly

different to the average FRET efficiency for the untreated cells.

The addition of nocodazole has not significantly changed the lifetimes and

FRET efficiencies recorded for the EGFP-vinculin + mScarlet-RIAM interaction.

The FAs in the treated cells (panel O) are much larger than those seen in the

control cell in panel A. This is because nocodazole has been shown to disrupt

the assembly/disassembly of microtubules while concurrently causing the

rapid assembly of FAs [158]. It has been shown that the disruption caused by

nocodazole activates the integrin-dependent signalling cascade, which leads

to the assembly of new FAs [158, 159].
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Figure 3.2.6.1: Vinculin-RIAM Interaction determined by TCSPC-FLIM: . A-C) show
epi-fluorescence images of MEF transfected with a GFP-vinculin in isolation or with one
of the two acceptors. Panels D-F) shows Multiphoton Intensity images, G-I) show the
lifetime distribution in a typical transfected cell. Panels J-L) show a composite image
of lifetime and multiphoton intensity image. M Box and whisker plot of the average
FRET efficiencies per construct. Significance is determined through a one-way ANOVA
with Tukey corrections for multiple tests. N) A summary table of lifetimes, standard
deviation, and FRET efficiencies. O-P) Images show MEFs transfected GFP-vinculin (O)
which were then fixed in 4% PFA in PHEM buffer, permeabilised in 0.1% Triton x-100
and blocked in 4% BSA in TBS. Cells were stained with a mouse primary anti-αTubulin
antibody at a 1:50 dilution followed by a goat anti-mouse Alexa Fluor® 568 (shown
in P). Phalloidin-Alexa Fluor® 647 was (red) at a 1:40 dilution (O). Cells were treated
with 20 µM nocodazole inhibitor 30 minutes prior to fixing and imaging. N= 10 cells
imaged per condition, P-values ≥ 0.123 ns, ≤ 0.0332 (*), ≤ 0.0021 (**), ≤ 0.0002 (***),
≤ 0.0001 (****).
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3.2.7 Vinculin Tension Sensor in Fixed MEFs

The teal-vinculin (donor alone) transfected cells exhibited a longer average

fluorescence lifetime than either the vinculin-TS or vinculin-TL transfected

cells, indicating that these cells displayed some degree of constitutive FRET

is absent in the donor alone. This is further evidenced when the average

lifetimes were converted to FRET efficiency; the dynamic, active vinculin-TS

transfected cells had an average FRET efficiency of 11.15 ± 3.99 % and the

high FRET vinculin-TL transfected control cells had the greatest average

FRET efficiency, 17.99 ± 3.66 %. The distributions for the vinculin-TL and

vinculin-TS transfected cells were significantly different, with a P-value of

0.0037.

These results would suggest that these FAs are in a relatively low force state

on average, as FRET is detected for the vinculin-TS transfected cells, which

only occurs when the two FPs are close together, exclusively when there

is little to no applied force on vinculin, separating them apart. A relatively

large spread of values for both the vinculin-TS and vinculin-TL lifetimes also

suggest much more heterogeneity in the cells sampled, which may not be

much of a surprise when imaging force-sensitive proteins which have been

fixed.

Previous experiments using the same tension sensor have shown that in

live cells, static FAs were shown to have an average force of ≈ 2.5 pN. We

would expect to see a more extensive spread of mean cellular lifetimes for

the vinculin-TS construct as this construct responds to the intramolecular

forces applied to vinculin in the cell. As individual vinculin molecules turn

over within adhesions, bind to new partners and diffuse in and out of the

adhesome, we expect a full range of possible FRET values. A loss of FRET is

only observed in high-tension events, and an event that produces a short

lifetime indicates high FRET, which corresponds to a low-tension force acting

on the biosensor. The average force applied per cell is calculated using

the formula below [130, 149]. This a simple application of Hook’s law which

states that the extended distance a spring will be displaced by (FP separation

distance) by an external force is directly proportional to the magnitude of

the applied force. The proportionality constant describes the stiffness of the

nanospring.

Force = R0 ·

(
1

EvinTS
− 1
) 1

6 −
(

1
EvinTL

− 1
) 1

6

0.01196 · N + 0.0001255
(11)
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Where, R0is the Forster radius for the mTFP1-mVenus FRET pair, EvinTS and

EvinTL are the FRET efficiencies for the vinculin-TS and vinculin-TL constructs,

respectively, and N is the linker amino acid count of 40. Both in vitro and in

vivo studies of the spider silk linker have shown that the FL-40 linker used in

the vinculin-TS and vinculin-TL constructs is elastic and has an intracellular

compliance of approximately 0.478 nm/pN [130,149,152]. Applying equation

3.2.7-1, we can calculate an applied intracellular tensile force of 1.57 ± 0.97

pN.
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Figure 3.2.7.1: The Vinculin Tension Sensor determined by TCSPC-FLIM: A-C) show
epifluorescence images of MEF transfected with an EGFP-vinculin in isolation or with
one of the two acceptors. Panels D-F) shows two-photon Intensity images, G-I) show
the lifetime distribution in a typical transfected cell. Panels J-L) show a composite
image of lifetime and two-photon intensity image. M) Box plot of the average FRET
efficiencies per construct. Significance was determined through a one-way ANOVA
with Tukey corrections for multiple tests. N) Summary tables of lifetimes, standard
deviation, FRET efficiencies, separation distances and intramolecular Force. N=30
cells imaged per condition across three separate technical repeats with P-values ≥
0.123 ns, ≤ 0.0332 (*), ≤ 0.0021 (**), ≤ 0.0002 (***), ≤ 0.0001 (****).
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3.3 Results Chapter I Conclusions

Co-immunoprecipitation studies of EGFP-vinculin (described in §3.2.1) showed

that it is possible to pull down both talin and RIAM from a GFP-trap, talin is a

known binding partner to vinculin, so seeing a successful pull-down for this

protein is no surprise. However, detecting RIAM on the same blot strongly

supports the notion that a specific biochemical interaction occurs between

vinculin and RIAM in MEFs. This interaction may not be particularly strong, as

previous studies [37] have suggested. Consequently, the interaction may be

a more transient transaction, which could explain why the band intensities

for the RIAM pull-down were not strong. In addition, I have also shown an

unambiguous FRET interaction between vinculin and RIAM which further

supports the conclusion that vinculin and RIAM are involved in a biochemical

interaction.

The vinculin-RIAM interaction was further investigated using two FRET pairs,

one where RIAM was genetically encoded to mScarlet at RIAMs N-terminus

and the other where mScarlet is placed at RIAMs C-termini. In both cases,

EGFP-vinculin is kept the same as the donor. To recap, the EGFP-vinculin +

RIAM-mScarlet FRET pair was calculated to have a FRET efficiency of 12.36 ±

1.48 %, and the FRET efficiency for the EGFP-vinculin + mScarlet-RIAM FRET

pair was determined to be 18.99 ± 2.34 %. As FRET efficiency is inversely

related to the distance separating the two fluorophores, the FRET pair with

the highest FRET efficiency must have the shortest separation distance. In

this case, the EGFP-vinculin + RIAM-mScarlet FRET pair with a FRET efficiency

of almost 19 % would equate to a separation distance of 7.23 nm compared

to 7.91 nm* for the other pair. This is an important finding as it suggests the

N-terminus of RIAM is more likely to be in direct contact with the N-terminus

of vinculin, as was previously indicated from in vitro studies of the N-terminal

domains in isolation [37]. These data also strengthen the argument for a

biological interaction between vinculin and RIAM; as previously outlined, this

is a significant aim of this chapter. The N-terminus of vinculin (head domain)

is between amino acids 1–258, including a talin binding site. Similarly, the

N-terminus of RIAM between amino acids 1-127 also includes RIAMs talin

binding domain. It could be possible that this interaction occurs through both

of their respective talin-binding domains as they have similar features. Still,

*Fōrster radius of 56.75 used and online calculated from FPbase.org/fret/
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without creating a series of constructs, each with their point mutations, it

would be challenging to say for sure.

The third objective I sought to investigate involved determining the primary

location of the vinculin-RIAM interaction. In §3.2.3, I described how I used

different thresholds to mask high and low-intensity regions, excluding differ-

ent background levels to isolate pixels from the whole cell and FAs. I then

inverted the FA mask maintaining the low-intensity threshold to ensure no

extra-cellular background crept in to produce a cytosolic mask. The FRET

efficiencies calculated for the separate regions were all approximately the

same. This result demonstrated no significant difference in the interaction

between vinculin and RIAM in the different masked regions. Some differences

in variance could be exciting and might, for the FA-only mask, indicate that

the FRET pair could be in a mixed population, at least for some cells. It could

be conjectured that the vinculin-RIAM interaction we have seen so far is part

of a separate pathway, one where RIAM actively recruits and shuttles vinculin

to the leading edge of the lamellipodium, where we would expect RIAM to

release vinculin and return to the cytoplasm where it could pick up more vin-

culin and cycle through. If this occurs, we could expect a situation where only

a certain percentage of all the vinculin and RIAM molecules interact in the

FAs, as we expect to see a certain amount of dissociation. We also know that

RIAM does a similar role for talin and that talin cannot simultaneously bind

to both RIAM and vinculin on the R4 domain of talin [37]. The specific location

of the interaction is likely confined to the cytoplasm and not exclusively to

the focal adhesions, as I had initially thought when I began working on this

interaction.

Further investigation is required to look at the intracellular on-off rates at

specific cell locations, cytoplasm versus FAs, for instance. A better under-

standing of the equilibrium between the two proteins and whether there is a

meaningful change at various locations could be valuable. One might find

that in the cytoplasm, the situation is in dynamic equilibrium. In contrast, in

the FAs, the concentration of vinculin and talin is such that the equilibrium for

the vinculin-RIAM interaction shifts from mostly bound to unbound. A simple

Michaelis-Menten model could be built if we could accurately measure in vivo

the protein concentrations within the two compartments.

The possibility that the vinculin-RIAM interaction is not solely FA based is

further evidenced by data presented in §3.2.4, which suggests the interaction
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is also actin independent, as cells treated with the ROCK inhibitor H-1152

still exhibit FRET between the EGFP-vinculin and mScarlet-RIAM constructs. A

similar effect is also observed when nocodazole is added to the cells where

there is no further change in the FRET efficiencies between vinculin and

RIAM. The simplest explanation is that the two proteins do not require actin

to associate, so they are unlikely to bind once vinculin has bound to actin

in the mature FAs but are more likely to associate in the cytoplasm, where

actin dynamics do not play a significant role in the association probability.

When nocodazole is added to the cells, and vinculin is recruited to nascent

adhesions where we could find RIAM playing a vital role in the recruitment

and transport of vinculin, but again, no change in the interaction would be

expected.

Data presented (in §3.2.4) suggested that the vinculin-RIAM FRET interaction

is not affected when microtubules depolymerise, which is not unsurprising. As

we do see larger adhesions after the addition of nocodazole (figure 3.2.4-1

panel B) due to vinculin (amongst other proteins) being recruited to nascent

adhesions where we might find RIAM playing a vital role in the recruitment

and transport of vinculin, but no change in the interaction would be expected.

Nocodazole may increase the proportion of vinculin molecules undergoing

FRET with RIAM, but the interaction is unaffected. Without a robust quantita-

tive method to determine how much of the vinculin population is undergoing

FRET with RIAM and precisely where in the cell this is occurring, it is impossible

to draw any concrete conclusions at this stage.

One possible way to achieve this would be to use a bi-exponential Levenberg-

Marquardt [160, 161] fitting algorithm described by the Ameer-Beg group

[124]. The bi-exponential fit would yield two lifetimes, one associated with

the donor alone and the other with the donor-acceptor condition. If a global

analysis approach was used for each image, a single average-weighted life-

time was calculated for each fluorescent lifetime, tau, a ratio of tau 1 and

2 could be derived for each image. The ratio of tau1:tau2 would be equiv-

alent to the fraction of FRET occurring in any masked or segregated cell

area. Many groups have done this in the past, and it could be utilised here

to achieve more meaningful quantified conclusions regarding where there is

more of the vinculin-RIAM interaction in the cell. The issue with going down

this path is that we need homogenous samples with clear and well-behaved

photophysics. Each sample must only have two fluorescent lifetimes without

too much noise, and these lifetimes cannot vary too much between sam-
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ples. I have attempted to undertake such endeavours with the data I have

collected. Still, with too few photons per pixel, attempting to fit this data onto

a bi-exponential fitting algorithm is not wise. Doing so will almost certainly

result in over-fitting, leading to conclusions being made on data it can not

support.

The final question I wanted to answer involved understanding how intracellu-

lar force, precisely tension across vinculin, played a role in the interaction.

Vinculin is a well-known mechanosensitive protein. Once bound to talin and

actin in FAs and under mechanical load, vinculin extends, uncoiling its flexible

neck domain, which alters the tertiary structure of the active protein com-

pared to the inactive, autoinhibited conformation50. I was able to probe the

mechanical force question using tension-sensing vinculin biosensors, which,

once transfected into cells, fixed, and imaged, showed that little force was

applied to the vinculin molecules in cells. As a loss of FRET is only observed

in high-tension events, an event which produces a short lifetime is indicative

of high FRET, which corresponds to low tension force acting on the biosensor

as this does not separate the two FPs from one another sufficiently. This has

presented a significant issue that I want to address and, hopefully, can be

addressed by undertaking these measurements in live cells. Live cell exper-

iments are needed as fixing cells first and then attempting to measure the

intracellular tension in a cell fixed with PFA, permeabilised with detergent

and then mounted in glycerol-based mounting media is not something I have

been able to do.

Secondary to the issues surrounding fixed vs live imaging of the tension

sensor is a much larger problem: how do we interrogate two different FRET

interactions concurrently? Specifically, inter-molecular vinculin-RIAM inter-

action and the intra-molecular vinculin tension sensing FRET biosensor?

Several practical solutions exist, but the most interesting and potentially

exciting would be to develop a novel three-colour FRET model that would

allow for the vinculin tension to be used in conjunction with an additional

FRET acceptor mScarlet-RIAM. Three-colour FRET systems have been used in

the past, but none have used two-photon TCSPC-FLIM and none so far have

been used to investigate the spatial relationships of a FRET interaction and

the temporal evolution whilst also multiplexing a force measurement.
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RESULTS CHAPTER I I :

THREE -COLOUR FRET CASCADE

4.1 Introduction to Three-Colour FRET Cascade

To start to answer questions such as: When RIAM binds to vinculin in devel-

oping focal adhesions, is vinculin in an open or closed state? Is mechanical

force required for binding or does the addition of force on maturing adhe-

sions occluded binding sites actively inhibit RIAM-vinculin binding? We needed

to develop a new FRET-based assay that could determine whether multiple

fluorescently labelled proteins are bound together in a single complex at a

specific time point and location in a cell or if, alternatively, sub-complexes

were formed first, which were then shuttled to a cellular location before being

re-organised or dissembled.

This chapter will describe our methodology for determining multi-protein

complex formation, FRET-Cascade. FRET-Cascade is an analytical approach

used with TCSPC-FLIM to identify the induvial FRET components in a complex

system and show which fluorescently tagged proteins are directly interacting

at specific locations in the cell and how this evolves over time. To demon-

strate how a three-colour FRET-Cascade could be achieved, I first designed

eight different constructs consisting of fluorescent proteins, which would be

expressed and purified as an in vitro model I could use as a starting point for

a more complex in vivo assessment. The constructs and fluorescent proteins

used individually, in pairs or triplets, are illustrated in figure 4.1-1 below. The

FP mTurquoise2 (mTurq2) was chosen as the universal donor due to its high

quantum yield (0.93), mono exponential lifetime decay, and long reported life-

time, 4.1 ns [162, 163]. Other options for the donor included Teal fluorescent

protein (mTFP1), mCerulean2, or Cyan Fluorescent Protein (CFP), all of which

are inferior choices, being dimmer, have lower quantum yield and generally

have a multi-exponential decay [162, 163].

Once the donor was selected, the choice of first acceptor/second donor

was easy as mVenus has been well documented in the literature as the
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preferred acceptor for mTurq2 [162]. The final fluorophore, mScarlet-I, was

chosen over other red fluorescent proteins such as mCherry, mRFP1 and

mScarlet for several reasons; the most important was the size of the overlap

integral between mTurq2 and the red acceptor and, by extension, the length

of the Förster radius (R0). The Förster radius is the distance at which there is

50% energy transfer between two fluorophores; for this reason, the Förster

radius is often used over similar metrics to compare the efficiency of energy

transfer (§4.2.6-2 for details). A longer Förster radius will yield a greater

dynamic range for FRET, which is highly advantageous when considering

how the FRET-Cascade model will be applied to living cells. Both mRFP1 and

mCherry were disregarded as they are not as bright as either of the mScarlet

fluorophores nor have particularly long Förster radii with mTurq2, 5.36 and

5.25 nm, respectively. Compared to mScarlet and mScarlet-I, which possess

Förster radii of 5.66 and 5.65 nm, respectively. The bi-exponential decaying

mScarlet-I was selected over the mono-exponential mScarlet as the I mutant

is brighter and fluorescence decay characteristic, whilst not yet investigated,

as for mCherry [164], should not significantly influence the radiative transfer

as the final acceptor in the FRET-cascade. Studies of the EGFP-mCherry FRET

pair have shown that whilst the FRET pair is highly effective, there are multiple

energy transfer states between the two FPs which could over-complicate an

already intricate model of interacting energy transfer states between three

FPs.
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Figure 4.1.0.1: Cartoons of the chimeric fluorescent proteins: Top row: The three
induvial FPs mTurquoise2 , mVenus and mScarlet-I . Middle row: The three twin FPs;
mTurquoise2-mVenus, mVenus-mScarlet-I, mTurquoise2-mScarlet I. Bottom row: The
two triple FP constructs; The fully functional mTurquoise2-mVenus-mScarlet-I con-
struct, and the mutated mTurquoise2-mVenusG68A-mScarlet-I construct. All images
of the fluorescent proteins were created from their PDB accession codes and mod-
elled in Pymol. Linkers shown in black are dotted lines for illustrative purposes, linker
sequence GGSGGS for all twin and triplet constructs.
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4.1.1 Fluorophore Design

The fluorochrome found in GFP, isolated from Aequorea victoria, a biolumi-

nescent jellyfish indigenous to the west coast of North America, is formed

from a series of reactions involving only three amino acids, serine, tyrosine,

and glycine in positions 65, 66, and 67 [165, 166] respectively of the 238

amino acid protein. There are three main biochemical steps involving these

amino acids undergo; the first is a cyclisation reaction [165,166] that creates

the five-membered nitrogenous-heterocycle, 4-imidazolinone, which sits at

the centre of not only all GFP-like fluorescent protein chromophores but also

most fluorochromes found in all fluorescent proteins [167]. The aromatic

heterocycle is formed from the two amide moieties that connect residues 65

with 66 and 66 with 67 [168]. In the second step in forming a functional chro-

mophore, the non-fluorescent intermediate compound undergoes a much

slower oxidation step, where the saturated, carbon-carbon single bound joins

the imidazolidinone ring to the phenol side chain of the tyrosine residue is

oxidised, yielding an unsaturated carbon-carbon double bond. This forms

the continuous delocalised system of electrons between the two aromatic

moieties and is known as p-Hydroxybenzylidene-imidazolinone [168, 169].

Finally, a deprotonation step occurs, where a single proton is lost from the

hydroxyl group of the phenol side chain, this causes relaxation of the delo-

calised system that leads to the formation of the green fluorochrome [166].

The GFP fluorochrome can exist as one of two equivalent structural isomers

(figure 4.1.1-2).

For many species, the glycine in position 67 (relative to GFP) is highly con-

served (Table 4.1.1). FPs isolated from distantly related organisms like Ae-

quorea victoria and Entacmaea quadricolor, both members of the cnidaria

phylum and lacking a common ancestor in approximately 600 million years

[170], both possess a glycine in the third position of the three amino acids

which form their chromophore. Early site-directed mutagenesis work [171]

showed that a Gly-67-Ala mutation was sufficient to prevent the fully fluores-

cent chromophore forming in GFP. It was speculated that the cyclisation step

was not possible due to the steric hindrance induced by the methyl group on

the alanine [165, 171]. The equivalent mutation in mVenus is Gly-68-Ala; this

was selected as a possible way to produce a “non-fluorescent beta barrel” or

spacer, which could occupy the same physical space of the mVenus, but would

not have any of the photophysical properties (visible absorption or emission)

and, most importantly, would not FRET with the mTurquiose2 donor.

87



4.1. INTRODUCTION TO THREE-COLOUR FRET CASCADE 88

Table 7: Table showing the composition of various chromophores within selected
fluorescent proteins.

Fluorophore
Chromophore†

Organism
65 66 67

CFP Ser Trp Gly Aequorea victoria

mCerulean2 Thr Trp Gly Aequorea victoria

mTFP1 Ala Tyr Gly Clavularia sp.

mTurq2 Ser Trp Gly Aequorea victoria

GFP Ser Tyr Gly Aequorea victoria

mNeon Gly Tyr Gly Branchiostoma lanceolatum

mVenus Gly Tyr Gly Aequorea victoria

mCherry Met Tyr Gly Discosoma sp.

mScarlet Met Tyr Gly Synthetic

mRFP1 Glu Tyr Gly Discosoma sp.

mKate Met Tyr Gly Entacmaea quadricolor

mEos His Tyr Gly Lobophyllia hemprichii

Dronpa Cys Tyr Gly Echinophyllia sp

88



4.1. INTRODUCTION TO THREE-COLOUR FRET CASCADE 89

Figure 4.1.1.1: Maturation of the GFP core fluorochrome: A schematic illustrating
the three steps required for fluorochrome formation in GFP: Cyclisation, Oxidation,
and deprotonation. All diagrams were drawn in PowerPoint.
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4.2 Protein Production & Purification

4.2.1 mTurquoise2-mVenus-mScarlet Design

The three-colour FRET cascade model required several constructs, initially,

seven, which would be expressed in bacteria and then purified to allow for

spectroscopic and biophysical characterisation of the three-colour FRET cas-

cade system in vitro. Another seven constructs were made in a mammalian

expression vector for in vivo expression and spectroscopic characterisation

(figure 4.2-1). This required 14 different constructs with seven different in-

serts and two vector backbones. Once the three-colour construct in the

mammalian expression vector was designed, it was purchased from Vector-

Builder®. As this construct was already in a mammalian expression vector,

the various combinations of FPs were produced through a series of digestions

with restriction endonucleases (REases) which were used to excise specific

FPs from the parent three-colour construct. The resulting linearised DNAs

were then ligated together with T4 DNA ligase, creating the three dual-colour

constructs, and then, after further digestion, the three separate single-colour

constructs. The bacterial expression vectors were created by sub-cloning

these constructs via PCR amplification into a pET-151 directional TOPO™ Ex-

pression system. Two different constructs were made by introducing a single

point mutation via site-directed mutagenesis (SDM) in mVenus to create the

non-fluorescent mVenusG68A and the mono-exponential mScarletI74T.
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Figure 4.2.1.1: A scheme illustrating Cloning Workflow: Overview of the in-vitro and
in-vivo DNA constructs produced from the CMV-mTurq2-mVenus-mScarlet construct.
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4.2.2 DNA constructs

Table 8: Table showing the composition of various chromophores within selected
fluorescent proteins.

Construct Prom. Resist. Size (Bp) Vector Expressed Protein

B
ac

te
ri

al
Ex

pr
es

si
on

Ve
ct

or
s

pET151‡ T7 Amp 2.2 pET151 mTurquoise2 only

pET151-B T7 Amp 2.2 pET151 mVenus only

pET151-C T7 Amp 2.2 pET151 mScarlet-I only

pET151-CI74T T7 Amp 2.2 pET151 mScarlet only §

pET151-AB T7 Amp 2.2 pET151 mTurquoise2-mVenus

pET151-BC T7 Amp 2.2 pET151 mVenus-mScarlet

pET151-AC T7 Amp 2.2 pET151 mTurquoise2-

mScarlet-I

pET151-ABC T7 Amp 2.2 pET151 mTurquoise2-mVenus-

mScarlet-I

pET151-BG68A T7 Amp 2.2 pET151 Non-fluorescent

mVenus with the G68A

mutation

pET151-ABG68A T7 Amp 2.2 pET151 mTurquoise2-nf-β-

barrel

pET151-

ABG68AC

T7 Amp 2.2 pET151 mTurquoise2-nf-β-

barrel-mScarlet-I

M
am

m
al

ia
n

Ex
pr

es
si

on
Ve

ct
or

s

pVB-A¶ CMV Amp 2.2 pVB mTurquoise2 only

pVB-B CMV Amp 2.2 pVB mVenus only

pVB-C CMV Amp 2.2 pVB mScarlet-I only

pVB-AB CMV Amp 2.2 pVB mTurquoise2-mVenus

pVB-BC CMV Amp 2.2 pVB mVenus-mScarlet-I

pVB-AC CMV Amp 2.2 pVB mTurquoise2-

mScarlet-I

pVB-ABC CMV Amp 2.2 pVB mTurquoise2-mVenus-

mScarlet-I

pVB- ABG68AC CMV Amp 2.2 pVB mTurquoise2-nf-β-

barrel-mScarlet-I
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4.2.3 Single Digestion of mTurquoise2-mVenus-mScarlet

Single digests of the mTurquoise2-mVenus-mScarlet construct were per-

formed with either AgeI, XmaI or SalI, depending on the desired FP combi-

nation (figure 4.2.3-1) Digests were performed in 0.2 mL microfuge tubes

Figure 4.2.3.1: Plasmid Cloning Strategy: Diagram of the positioning of the restric-
tion sites within the fluorescent protein constructs.

(Greiner) with approximately 100 ng of template DNA containing the mTurquoise2-

mVenus-mScarlet insert, which was digested using a 10x Cutsmart® diges-

tion buffer (NEB) and 0.5 µL of the selected REase, see table 2.2.3-1. The

Digestion mixture was then incubated at 37◦C for 2 hours in a thermocycler

(Veriti™ 96 wall thermal Cycler, Thermo Fisher). The restriction endonuclease

was denatured by heating the digestion mixture to 65◦C for 20 minutes. Fol-

Table 9: Restriction Endonuclease Digestion of Plasmid DNA.

Reagent Vol. (µL)

ddH2O 3.0

10x Cutsmart 0.5

XmaI 0.5

Template 1

Total 5.0

lowing digestion, the linearised vector was ligated using T4 DNA ligase and

incubated for 16 hours (overnight) in the same thermocycler before being

transformed into Top10 E. coli cells as described in §4.2.9.

4.2.4 PCR Amplification

PCR reactions were performed in a single 0.2 mL microcentrifuge tube (Greiner)

which was heated and cooled with the aid of a DNA Thermocycler (Veriti™

96 wall thermal Cycler, Thermo Fisher). A premixed Q5 2x master mix (NEB)

was used, which contained Q5 HF DNA polymerase, 200 µM dNTPs and 2.0

mM Mg2+. Each PCR reaction contained 500 nM of the forward primer, 500

nM of the reverse primer and approximately 20 ng/µL of template plasmid to

be amplified. All volumes and concentrations are outlined in Table 9.
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Table 10: PCR reagent volumes and concentrations.

Vol. (µL) Final Concentration

Q5 HF 2x Master Mix 25 1x

10 µM forward primer 2.5 500 nM

10 µM reverse primer 2.5 500 nM

Plasmid DNA 0.3 20 ng/µL

ddH2O 19.7

Once the reagents were added and thoroughly mixed by pipetting, the micro-

centrifuge tubes were placed in the thermocycler and the following program

was loaded (see Table 11 below). Annealing temperatures varied due to the

melting temperatures of the primers used for each amplification.

Table 11: PCR reagent volumes and concentrations.

Thermocycling programme

Temperature (◦C) Time (s)

Initial denaturation 98 30

Denaturation 98 20

Annealing 50-72 60

Extension 72 96

Final extension 72 300

Hold 4 ∞

4.2.5 Site Directed Mutagenesis:mVenusG68A& mScarletI74T

Site-directed mutagenesis (SDM) was used to introduce a single point mu-

tation in mVenus FP of the three-colour construct at amino acid 68, glycine,

which was mutated to an alanine. A pair of primers were designed containing

a two-base-pair mismatch in the centre of the primer pair. Another SDM reac-

tion was performed to introduce a point mutation into mScarlet-I at amino

acid 74, where the Isoleucine found in mScarlet-I was mutated to a Threonine;

this mutation causes the fluorescent lifetime of the mScarlet-I, which has a

bi-exponential decay to become mono-exponential [172].
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A PCR reaction was then carried out as described in §4.2.4 using Q5 DNA

polymerase (NEB), which produced a linearised form of the double-stranded

parental template. Following the PCR reaction, the linear plasmid was treated

with KLD mix (NEB) as part of the SDM kit (NEB). The KLD mix is a Kinase,

Ligase DpnI enzyme mix that circularises and ligates the amplified PCR prod-

uct with the kinase and ligase while the DpnI restriction enzyme digests any

methylated parental DNA from the PCR product (table 11).

Table 12: Site-directed mutagenesis.

Reagent Vol. (µL)

ddH2O 3.0

PCR Product 1.0

2x KLD Buffer 5.0

10x KLD Mix 1.0

Total 10.0

The KLD mix was incubated at room temperature for 60 minutes before 5 µL of

the mix was transformed into Top10 E. coli cell as described in §4.2.9

4.2.6 Agarose Gel Electrophoresis

The volumes outlined in this protocol are sufficient to make a 50 mL 0.8 %

agarose-TAE gel. First, 0.4 g of agarose (Sigma-Aldrich) was weighed and

dissolved into 50 mL of Tris-Acetate-EDTA (TAE) buffer before being heated

for 3 minutes in an 800 W microwave. Once the agarose was completely

dissolved in the TAE solution, the gel solution was cooled to approximately

50◦C before 5 µL of SYBR-safe gel stain (Fisher Scientific) was pipetted into

the solution and mixed by gentle swirling. Once mixed, the 0.8 % agarose

solution was poured into a gel mould, and a plastic comb was inserted. This

will form the wells of the gel as it cools. Once set, the gel was placed in the

electrophoresis tank, and more TAE buffer was poured in, covering the gel up

to the max fill level. Samples were then loaded into the wells of the gel once

diluted in 6x DNA loading buffer, and the gel was run at 80 V for 60 minutes.

Once run, the gel was then imaged using a UVP Bio-imager.

4.2.7 Gel Extraction & Clean Up

Gel extraction was used to separate the cut DNA fragments from a double

digest of a single plasmid or PCR product. The digested DNA and undigested

DNA bands were separated on a 0.8 % agarose gel as described (§4.2.6),
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and the DNA bands were visualised on a UV illuminator. The fluorescent

bands corresponding to the empty cut vector and the cut gene of interest

were excised from the gel block using a clean, sterile scalpel and placed in

separate 1.5 mL microfuge tubes. The mass of the excised gel plugs was

determined by weighing the tube before and after the gel plug was added.

This was required as the volume of resuspension buffer, QG buffer from the

QIAgen® gel extraction kit (Qiagen, 28706X4) to be added is based on the

mass of the gel fragment. Three times the mass of the gel plug (in grams) of

QG buffer (in µL) was added to the gel plug (see table 4.2.7-1 for volumes) and

heated to 50◦C on a heat block for 10 minutes. The QG buffer contains 5.5 M

Guanidine Thiocyanate, a strong chaotropic reagent that breaks down the

agarose gel and encapsulates the DNA fragments by denaturing the proteins

in the agarose, disrupting the hydrogen bonding holding the aqueous gel

together.

Once the gel had been fully incorporated into the QG buffer, one volume of

isopropanol was added. Isopropanol is an organic solvent which causes the

plasmid DNA to precipitate out of the solution. The QG-DNA solution was

then passed through a QIAquick spin column and centrifuged at 17,100 g

for 120 seconds. This caused the precipitated DNA to bind to the silicone

membrane of the spin column. The column was washed twice with PE wash

buffer and centrifuged at 17,100 g before 25 µL of pre-warmed elution buffer

was added and incubated before centrifugation and elution. Following gel

extraction, the isolated DNA was then analysed spectroscopically using the

Nanodrop D-1000 spectrophotometer (Nanodrop technologies) before DNA

ligation.

Table 4.2.7-1 Gel Extraction Values

Table 13: Gel Extraction Values.

Empty Tube Tube + plug Gel plug 1x Volume 3x Volume

Digested insert 0.917 1.228 0.311 g 311 µL 933 µL

Digested vector 0.911 1.207 0.296 g 296 µL 888 µL

4.2.8 pET 151 TOPO Ligation

Directly following on from §4.2.7, ligation reactions (Table 13) were con-

ducted. Two control reactions were also included. The first of which did not

contain the T4 DNA ligase. This was done to determine if any uncut DNA had
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been carried over from earlier steps. The second control did not contain the

insert; this was done to determine if any partial digests of the backbone vec-

tor had also been carried over. The ligation reaction consisted of a 3:1 molar

ratio of insert to the backbone DNA incubated with 2 µL of 10x T4 Buffer and

1 µL of T4 DNA Ligase. Moles of DNA were calculated from the concentrations

determined by nanodrop, DNA length and volumes using equation 12 (see

below). The total volume was made up to 20 µL with ddH2O; all reactions

were incubated overnight at 16◦C in a thermocycler (Veriti™ 96 wall thermal

Cycler, Thermo Fisher).

Table 14: Ligation of the TOPO pET-151 vector and PCR products.

Vector + Insert

Vol. (µL) Conc. (ng/µL) Total mass (ng) Size (bp) fmol Ratio

PCR product 8.11 36.95 299.7 2205 219.91 3.0

pET-151 vector 1.62 154.4 250.1 5535 73.13 1.0

T4 10x Buffer 2.00

T4 DNA Ligase 1.00

ddH2O 7.27

Total volume 20.00

No PCR Product Control

Vol. (µL) Conc. (ng/µL) Total mass (ng) Size (bp) fmol

pET-151 vector 1.62 154.4 250.1 5535 73.13

T4 10x Buffer 2.00

T4 DNA Ligase 1.00

ddH2O 15.38

Total volume 20.00

No Ligase Control

Vol. (µL) Conc. (ng/µL) Total mass (ng) Size (bp) fmol Ratio

PCR product 8.11 36.95 299.7 2205 219.91 3.0

pET-151 vector 1.62 154.4 250.1 5535 73.13 1.0

T4 10x Buffer 2.00

ddH2O 8.27

Total volume 20.00

Moles of dsDNA =
mass dsDNA (g)

(Length dsDNA(bp) · 617.98) + 36.04
(12)
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4.2.9 Transformation into Top10 Competent E. Coli Cells

For routine sub-cloning of plasmids, 0.5 µL of vector DNA was incubated with

25 µL of thawed TOP10 chemically competent E. coli cells (Invitrogen) for 30

minutes on ice. When transforming ligation products, 5 µL of ligation product

was incubated on ice for 30 minutes with 50 µL of E. coli cells. Following incu-

bation, the bacteria-DNA solution was heat shocked at 42◦C for 45 seconds

before being returned to the ice for 2 minutes, where 200 µL of SOC (Super

Optimal broth with Catabolite repression) was added. The cell-DNA solution

was incubated at 37◦C, 180 rpm for one hour. The transformed cells were

spread on to LB-agar (Sigma-Aldrich) plate containing either ampicillin 100

µg/mL or kanamycin 50 µg/mL (both from Thermofisher) using a sterile glass

spreader and cultured at 37◦C overnight. After 18 hours of incubation, the

LB-Agar plates were checked for colonies.

4.2.10 Colony PCR

Following the successful transformation of the ligated PCR product into the

pET-151 vector, approximately 10 colonies were picked for each construct

with a sterile pipette tip. A single colony of bacteria was removed from the

plate and used to inoculate a fresh, sterile LB-agar plate before the remaining

collected bacterial mass was pipetted into a PCR microfuge tube containing

10 µL of sterile ddH2O. This bacterial solution was then used as the starting

material for a PCR reaction to screen the potentially successful colonies for

the correct insert.
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Table 15: Colony PCR reaction details and thermocycler program

Reaction mix

Vol. (µL) Final Concentration

Taq Polymerase 12.5 1x

10 µM forward primer 1.25 500 nM

10 µM reverse primer 1.25 500 nM

Bacterial solution 10

Thermocycling programme

Temperature (◦C) Time (s)

Initial denaturation 95 10 minutes

Denaturation 95 20

Annealing 56 60

Extension 72 60

Final extension 72 300

Hold 4 ∞

4.2.11 Transformation into BL21 (DE3) E. Coli cells

Once the PCR products were confirmed to be correctly amplified and ligated

within the pET-151 plasmids and verified through sequencing, the bacterial

expression constructs were then transformed into BL21 (DE3) competent E.

coli cells for protein production, following a heat shock protocol [173, 174].

For each transformation, 50 µL of BL21 (DE3) E. coli cells were thawed on ice,

to which 0.5 µL of construct DNA was added. The cells were then incubated

for 30 minutes, after which they were heat shocked at 42◦C for 45 seconds

before returning to the ice for 3 minutes. Following this, 350 µL of unselective

SOC was added, and the cells were then incubated at 37◦C and 180 rpm for 60

minutes. Finally, the cells were plated out aseptically onto selective LB-agar

containing 100 µg/mL Ampicillin and incubated at 37◦C overnight.

4.2.12 Pre-culture & Autoinduction of BL21 (DE3) E. Coli cells

A single colony from a plate of the BL21 (DE3) E. coli cells containing one of

the pET151 constructs were used to inoculate 10 mL of sterile unselective

LB media (7-1 for composition) and incubated at 37◦C and 180 rpm. After

6 hours, the pre-culture containing the desired pET151 plasmid was used

to inoculate 200 mL of sterile selective ZYP-5052 autoinduction media (Ta-

ble 18). The ZYP-5052 medium is specifically formulated for auto-induction,

with glucose and α-lactose present in the medium [175]. Once the E. coli
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have exhausted their limited supplies of glucose, they switch to α-lactose,

inhibiting the lac repressor LacI allows for efficient expression of the down-

stream recombinant protein [176]. The auto-induction media (˜200 mL) was

inoculated with 5 mL of pre-culture, and the inoculated culture was incubated

at 18◦C and 180 rpm for 72 hours. After the long incubation period, OD600

was measured before the cell solution was centrifuged at 10,000 g for 30

minutes; the resulting pellets were collected while the supernatants were

discarded. Pellets were weighed and then stored at -80◦C.

4.2.13 Assessment of Over Expression

An expression test was carried out for each expressed protein before cen-

trifugation and storage of the BL21 (DE3) E. coli cells, and this was done to

determine whether the expression of the heterologous proteins had been

successful. After only 4 hours of growth before glucose exhaustion, 1 mL of

cell culture was removed and labelled as t0. Once the protein overexpression

procedure was completed, 1 mL of cell culture was removed from the 2,000

mL conical flask where the cells were grown.

The 1 mL samples (pre and post-induction) were first centrifuged at 10,000 g

for 10 minutes at 4◦C, supernatants were discarded, and the pelleted cells

were re-suspended in a normalised volume of 10x BugBuster™ in buffer A

(lysis buffer), (Table 18). The The normalisation formula below (equation 13)

describes the dilution factor required to normalise the protein concentration

across different bacterial culture densities, where OD600 is the optical density

at 600 nm.

Volumelysisbu f f er =
OD600 · Volumeremoved

10
(13)

The samples were incubated at room temperature for 10 minutes on a shaker

plate. The samples were further analysed to determine the soluble and in-

soluble heterogeneous protein expression amounts. This was achieved by

centrifuging the lysed/digested cells at 16,000 g for 10 minutes, the super-

natants were removed and labelled as the soluble fractions and the pelleted

cell debris was resuspended in a normalised volume of lysis buffer, which

was labelled as the insoluble fraction. Analysis was completed by running a

20 µL sample on a 10% Bis-Tris SDS-PAGE (see §2.1.8 for details on running

an SDS-PAGE). The gel ran for 60 minutes at 200 Volts and was stained in

Coomassie brilliant blue stain for one hour.
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4.2.14 Cell Lysis & Protein Extraction

The BL21 (DE3) cells containing the expressed protein of interest were thawed

at room temperature from storage at -80◦C. Once thawed, 8 mL of buffer

A per gram of frozen cells was added to the cells (Table 18). The resulting

suspension was thoroughly homogenised to a thick slurry through pipetting

and mixing with the aid of a vortex. To this solution, 10 units/mL of ben-

zonase (Novagen) was added to the slurry. Additionally, one tablet of the

protease inhibitor cocktail (Roche) was added to prevent the degradation of

the expressed protein of interest. The benzonase was used to help further

the break-up of the genomic DNA that could otherwise clog up the narrow

components of the purification system. The homogenised slurry of BL21 (DE3)

cells in high-salt buffer A was then sonicated using a Sonics Vibra-cell VC 750

sonicator. The protocol consisted of cycles of 2 seconds of active sonication

followed by 6 seconds of rest for 12 minutes, during which considerable heat

was produced that could potentially denature the expressed protein. It was

for this reason that the cell suspension was kept on ice for the duration of the

sonication process. Once complete, the cell suspension was centrifuged at

18,750 g for 45 minutes at 4◦C. The supernatant, containing all the expressed

protein at this point, was removed and micro-filtered, first through a 0.45 µm

and then a 0.22 µm pore disc filter.

4.2.15 Immobilised Metal-Ion Affinity Chromatography

The micro-filtered solution containing the expressed protein of interest was

loaded onto a His-Trap HP 1 mL (GE) column in preparation for the first

purification step, immobilised metal-ion affinity chromatography (IMAC) [177].

The His-Trap column consists of highly cross-linked agarose beads covalently

attached to Ni2+ ions. These Ni2+ ions will chelate with the hexahistidine tag

on the expressed proteins, which causes the expressed proteins of interest,

which all have the same hexahistidine tags, to be retained on the column

whilst endogenous E. coli proteins are washed off the column in the loading

buffer (buffer A). Once these proteins had been eluted, a second buffer B

(Table 18) with the same composition as buffer A, apart from 1M imidazole,

was passed over the column. The addition of buffer B results in the histidine-

tagged proteins being eluted much later than endogenous proteins. The

eluted fractions with a significantly high absorbance at 280 nm from the

chromatogram are assessed through SDS PAGE. Typically, 5 fractions, each

with a volume of 1 mL, were pooled at this stage.
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4.2.16 TEV Cleavage & His Tag Removal

The next step was to remove the hexahistidine tag from the expressed pro-

teins using the TEV (Tobacco Etch Virus) cleavage enzyme (courtesy of Dr M.

Pfuhl, King’s College London). The TEV protease works by cutting the protein

at the TEV cleavage site ENLYFG|G/S, which for the expressed proteins pro-

duced in this project sits between the hexahistidine tag and the start codon

of the protein (see § 8.2.3 for sequence details). The eluted protein was first

treated with 2 mM DTT before ≈ 750 µL of the purified protease was added

to the protein solution, which was then incubated at RT for six hours. A 5 µL

aliquot of the reaction was removed once every hour and then analysed by

SDS-PAGE to follow the time course of TEV cleavage. Once the time course

was complete, the cleaved-untagged fluorescent protein was transferred

into a partially permeable membrane and dialysed for 24 hours in buffer A.

This was done to reduce the concentration of imidazole still in the protein

solution, which was vitally important in preparation for the next purification

step – reverse immobilised metal-ion affinity chromatography.

4.2.17 Reverse Immobilised Metal-ion Affinity Chromatogra-

phy

Before the protein solution was loaded onto the His-Trap column, the protein

solution was filtered with 0.45 and 0.22 µm pore-size filters. Once completed,

the protein solution was loaded onto the previously used His-Trap HP 1 mL

column (§ 4.2.16). Crucially, in this case, the untagged protein was eluted

in the flow through before the addition of buffer B, as only the negatively

charged endogenous E. coli proteins can now bind to the His Trap column

and not the now cleaved fluorescent protein. Once the desired fractions were

verified to contain the expressed protein of interest, they were pooled and

kept on ice before size exclusion chromatography. At this stage, the protein

solution was analysed using a UV-spectrophotometer to determine an approx-

imate protein concentration. An approximation of the protein concentration

was determined by measuring the absorption at 260 nm and using the Beer-

Lambert law described in Equation 14 below. The extinction coefficients for

each purified protein were determined from sequencing data and the Expasy

Protparam online tool.

Abs = Concentration · ε · ł (14)
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Where Abs is Absorbance measured in arbitrary units; Conc., concentration

in Moles/dm3; ε, the extinction coefficient in M-1.cm-1 and l, the path length

of the cuvette in cm.

4.2.18 Size Exclusion Chromatography

The final stage of purification involved using a Supradex™ S75 16/600

HiLoad™ column to separate the larger expressed protein from smaller con-

taminants. This column has a maximum loading volume of 5 mL, which meant

the pooled fractions from the reverse IMAC had to be concentrated down to a

volume of less than or equal to 5 mL without precipitating the protein out of

the solution. This was done using a 15 mL centrifugation filter (Merck) with

a molecular weight cut-off of 10,000 Da that was spun at 3,750 g and 4◦C

for up to 60 minutes. Once complete, the concentrated protein solution was

loaded onto the S75 16/600 column and washed with low salt -SEC buffer

(Table 18 for composition) at a flow rate of 1.0 mL/min. The S75 16/600

column is packed with chemically inert porous Supradex™ beads, which have

a fixed pore diameter, so those larger proteins are forced around the beads

as smaller proteins are retained on the column for longer as they can travel

through the beads. This column was selected as it can separate molecules

with a molecular weight of between 3,000 Da and 70,000 Da, and since all

the expressed proteins that were purified in this manner had a molecular

weight between 30,000 and 40,000 Da, this column was appropriate. Finally,

20 µL from each of the fractions that gave particularly high absorbance

readings at 280 nm were selected for analysis by SDS-PAGE. Once verified,

these fractions were pooled and stored at 4◦C.

4.2.19 Overlap Integral calculation

The size of the overlap integral, J(λ), is an important measure of how efficient

the energy transfer will be between the donor and the acceptor in a given

FRET pair, as a larger overlap integral for one FRET pair compared to another

implies higher efficiency of energy transfer at the same separation distance.

This is of particular interest when choosing which fluorophores to use in a

FRET experiment, as this directly relates to the dynamic range of the sensor,

which is of paramount importance when investigating weak or transient

interactions within multimeric complexes. The ability to use a sensor with a
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sufficiently large dynamic range can be crucially significant when attempting

to detect direct interactions at longer distances.

For the three-colour FRET Cascade system, the overlap Integrals were cal-

culated for each FRET pair: mTurquoise2-mVenus, mTurquoise2-mScarlet-I,

mVenus-mScarlet-I, the plots for the integrals were made by using equation

15 below.

J(λ) =

∫ ∞
0 FD(λ) · εA(λ) · λ4dλ∫ ∞

0 FD (λ)dλ
(15)

Where, J(λ) is the overlap integral in M-1 cm-1 nm4, FD(λ) is the fluorescence

intensity of the donor with the total intensity of the donor normalised to

unity, εA is the extinction coefficient of the acceptor in M-1 cm-1, and λ is the

wavelength in nm.

4.2.20 Excitation and Emission Spectroscopy

Excitation and emission spectra for the eluted purified proteins were per-

formed in a 5 mL quartz cuvette, and measurements were taken on a Horiba

FluoroMax® 4 spectrometer. Excitation spectra were recorded between 300

and 600 nm in 1 nm increments with a 5 nm spectral bandwidth, and the

emission spectra were taken between 400 and 650 nm in 1 nm increments

with a 5 nm spectral bandwidth. For all constructs, the same set of excitation

and emission wavelengths were used; for the excitation spectra, the following

emission wavelengths were used: 480, 530 and 600 nm. For the emission

spectra, the following excitation wavelengths were used: 435, 515 and 590

nm.

4.2.21 Spectral unmixing

Direct excitation of acceptor fluorophores is spectroscopically indistinguish-

able from that observed from FRET and must be compensated. The emission

spectra were observed by exciting the protein with a narrow range of wave-

lengths in the spectrofluorometer, for example, 435 +/- 2 nm. The spectroflu-

orometer scanned through a broad range of emission wavelengths (500-650

nm) by rotating a prism within one of the two monochromators while the

intensity of the emitted light was recorded for each wavelength. This means

that emissions will be detected for any wavelength that can excite the pro-
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tein of interest, even at only 1-2% efficiency. This may not have much of an

effect when the two fluorophores are spectrally distant, like with mTurq2 and

mScarlet but with FPs which are spectrally closer together, such as mTurq2

and mVenus then the amount of mVenus emission detected at 515 nm when

excited at 435 nm is not negligible,≈5%.

Each wavelength within the mixed spectrum can represent a combination of

intensities from several known fluorophores. The measured spectrum at a

given wavelength I(λ) can be deconvolved into weighted coefficients (Ci) of

each of the individual reference fluorophore spectra (Ri(λ)). The summed

product for n component spectra yields the formula described in Equation

16.

I(λ) = C1 · R1(λ) + C2 · R2(λ) + . . . Cn · Rn(λ) = ∑
i

Ci · Ri(λ) (16)

4.2.22 Circular Dichroism Spectroscopy

Circular Dichroism (CD) is a photophysical phenomenon where certain so-

lutions containing optically active substances that differentially absorb left

and right-handed circular-polarised light [178, 179]. This is particularly in-

teresting when investigating solutions containing chiral molecules, such as

proteins with chiral amide groups between adjoining amino acids. Differences

in CD spectra can give information regarding the amide bond orientation,

specifically the dihedral angles and which secondary structures have been

formed. Equation 4.2.22-1 below outlines the general concept of Circular

Dichroism that describes the difference in absorbance of left circularly po-

larized (LCP) and right circularly polarized (RCP) light. The Beer-Lambert law

can be applied to give the Molar Circular Dichroism ∆ ε.

∆ Abs(λ) = Abs(λ)LCP − Abs(λ)RCP = [ε(λ)LCP − ε(λ)RCP] · C · L = ∆ ε(λ)

(17)

Where Abs = Absorption (dimensionless), λ = Wavelength (nm), ε Molar Extinc-

tion coefficient (mol-1 dm3 cm-1), C concentration (mol dm-3), L = pathlength

(cm).
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Ultra-violet and Circular dichroism (CD) spectra of the mTurquoise2-mVenus-

mScarlet-I and mTurquoise2-mVenusG68A-mScarlet-I samples were acquired

on the Chirascan Plus spectrometer (Applied Photophysics) using a Suprasil

rectangular cuvette (Hellma UK & Starna Scientific Ltd). The instrument

was flushed continuously with pure evaporated nitrogen throughout the

experiment. For the UV-visible spectra, a wavelength range of 230-800 nm

was used with a Spectral Bandwidth of 1 nm, a time per point of 0.5 s and a

path length of 10 mm. The far-UV CD spectra used a wavelength range of

195-260 nm with a Spectral Bandwidth of 2 nm, a time per point of 1.5 s and

a path length of 0.5 mm. Where appropriate, the CD spectra were smoothed

with a window factor of 4 using the Savitzky-Golay method.

The far-UV CD spectra of the samples were recorded at 23◦C, cooled to

6◦C, heated to high temperature (94◦C), and then cooled again to 23◦C.

The multi-wavelength melting profiles monitored between 195 and 260 nm

were recorded during the heating process from 6 to 94◦C. The instrument

was equipped with a Quantum TC125 Peltier (NorthWest) set to change the

temperature from 6 to 94◦C at 1◦C per minute and 1.5 s time-per-point CD

measurement time. The total scan time was 2 minutes per spectrum, and a

1 nm step-size was employed in the 195 to 260 range with a 2 nm Spectral

Bandwidth. The temperatures were measured directly with a thermocouple

probe in the sample solution & buffer baseline auto-subtracted. Melting tem-

peratures were determined from the derivative CD vs Temperature spectra

and fitted using a Levenberg–Marquardt algorithm (LMA) on the Van't Hoff

isochore. (Global 3, Global Analysis for T-ramp Version 1.2 built 1786, Applied

Photophysics Ltd, 2007-2012).

4.2.23 Negative Staining for TEM of the Fluorescent Proteins

Sample preparation requires a buffer exchange before the protein can be sent

for negative stain TEM imaging. This was because the matrix the protein was

dissolved in, a PBS-based buffer, had to be exchanged for a non-phosphate

buffer; a simple TBS-based buffer (20 mM Tris-Cl, 154 mM NaCl pH 7.4) was

chosen. This was because excess phosphates tend to crystallise during the

staining procedure, which not only creates aggregates but can also reduce

the stain's overall contrast. Once a sample buffer exchange was completed

on the purified mTurq2-mVenus-mScarlet-I protein, the sample was sent to

the Centre for Ultrastructure Imaging (CUI) at King’s College London for

further preparation and imaging. Due to restrictions surrounding the ongoing
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COVID pandemic, I was, unfortunately, unable to do the following sample

preparations and subsequent imaging myself, but these were conducted on

my behalf by staff at the CUI.

The first step conducted at the CUI was to prepare a protein-stain solution

to be added to the EM grid. This was done by first preparing a 2% (w/v)

solution of Uranyl acetate adjusted to pH 7.0 with 1M KOH; this was mixed

at a 1:1 ratio with the protein sample. The protein-stain mixture was then

added to the grid by placing a single drop of the solution onto the formvar

grid for approximately 20 seconds and then removing the excess solution

with filter paper. The grids were then left to air dry before the excess protein-

stain solution was washed off the surface of the grid with double distilled

water. The uranyl-acetate solution was used because it obstructs the beam

path of the TEM's high-energy electrons, such that only those that reach

the camera have not been obstructed by the Uranyl acetate, so they have

travelled through the sample. Micrographs of the three-colour protein were

taken on grids using the Transmission Electron Microscope (JEM 1400Plus,

JEOL) between 60 and 120 kV. Images were acquired with a 2k x 2k format

CCD camera (JEOL Ruby CCD Camera, JEOL, Japan).
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4.3 Results II: Three-colour FRET Cascade

4.3.1 Assessment of Protein Expression

The FPs mVenusG68A, mTurquoise2- mVenusG68A and mTurquoise2- mVenusG68A-

mScarlet-I were successfully expressed (figure 4.3.1-1). Noticeably clear

bands can be seen (highlighted in red boxes) at the expected sizes for each

of the three proteins 27, 54 and 82 kDa corresponding to the molecular

masses for the mVenusG68A, mTurquoise2- mVenusG68A and the mTurquoise2-

mVenusG68A-mScarlet-I proteins which indicated that the proteins were pro-

duced in the auto-induction culture successfully. Endogenous E. coli pro-

teins which have been lysed are also observed; the goal of purification is

to selectively isolate the proteins of choice from the endogenous E. coli

proteins.

The mTurquoise2-mVenusG68A and the mTurquoise2- mVenusG68A-mScarlet-I

proteins were found in the pellet and supernatant in roughly equal proportions

of soluble and insoluble protein. This would normally be an area of concern,

as we want as much of the protein of interest to be in the soluble fraction

as this is by far the easiest to extract, purify and handle. The mVenusG68A

protein did not express well (figure 4.3.1), with little protein seen at 27 kDa

compared to any other expressed proteins. However, the expressed protein

was mostly found in the soluble fraction.

108



4.3. RESULTS II: THREE-COLOUR FRET CASCADE 109

Figure 4.3.1.1: Expression test for the three constructs containing the

mVenusG68A mutation: A gradient 4-12% Bis-Tris SDS-PAGE showing the total cell
lysate, the soluble fraction, and the insoluble fraction from a 1 mL aliquot of BL21
(DE3) E. coli cells transformed with the pET-151 -mTurquiose2-mVenus construct and
auto-induced over 72 hours.Expected molecular weights for the mVenusG68A, 27 kDa;
mTurq2-mVenusG68A, 55 kDa and mTurq2-mVenusG68A-mScarlet-I, 82 kDa.
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4.3.2 Immobilised Metal-ion Affinity Chromatography

Following the successful expression test outlined in §4.3.1, the mTurq2-

mVenus constructs were successfully lysed and then purified by Immobilised

Metal-ion Affinity Chromatography (IMAC), eluting from the 1 mL HP his-trap

column at approximately 200 mM imidazole (figure 4.3.2-1A). Selected eluted

fractions were chosen and run out on a 0.8% agarose gel (figure 4.3.2-1B);

endogenous E. coli proteins are present in the total cell lysate and unbound

fractions the two lanes differing by a large distinctive band in the total cell

lysate lane at approximately 55 kDa, corresponding to the eluted protein.

Selected eluted fractions were pooled before the hexahistidine tag was suc-

cessfully cleaved by Tobacco Etch Virus (TEV) protease, a kind gift of Dr M.

Pfuhl, King’s College London. This was done as it allowed for a further Reverse-

Immobilised Metal-ion Affinity Chromatography (Reverse-IMAC) purification

step (figure 4.3.2-2).

A final purification step was to run a size-exclusion chromatography (SEC)

on the pooled fractions from the Reverse-IMAC. This is achieved by passing

the sample over a HiLoad® 16/600 Supradex® (Sigma) filtration column.

The elution profile for the three-colour mTurq2-mVenus-mScarlet-I protein

(figure 4.3.2-3A) shows a large peak at an elution volume of approximately

50 mL corresponding to high molecular weight contaminants filtered from

the sample. The next peak on the elution profile is very broad and is found be-

tween 63 mL and 83 mL eluted volume. The width of this peak is likely due to

endogenous E. coli proteins present in the sample of a similar size and weight

to our protein of interest, as this peak does not include our protein of interest.

This is further evidenced in the accompanying SDS-PAGE (figure 4.3.2-3B),

which shows the presence of contaminants alongside a band at 82 kDa, corre-

sponding to our three-colour, protein of interest. Whilst not ideal, if samples

were prepared for structural studies such as NMR, X-Ray Crystallography

or Cryo-EM, I would want to spend considerably more time ensuring that

the samples were cleaner and free of other particulates and contaminants

(e.g., Ion-Exchange chromatography). However, in the interests of expediency

and as the intended use for these protein samples was primarily used for

spectrofluorometry, TCSPC-FLIM, and circular dichroism, it was decided that

further purification steps were unnecessary for this project.

Following purification, the concentration of the protein solutions was deter-

mined by the Lowry Protein Assay. A standard curve of BSA solutions of known
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concentration was plotted (figure 4.3.2-4) in grey, and a linear trendline was

fitted with an R 2 goodness-of-fit score of 0.9952 and a linear equation of

y=0.1568x+0.061. The linear equation was used to calculate the concentra-

tion of the purified protein solutions. These are plotted on the same graph

in (green diamonds). Table 16 contains a summary of the molecular weights

(Da), Extinction coefficients (M-1 cm-1) and concentrations in both units of

mg/mL and µM for each purified fluorescent protein.
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Figure 4.3.2.1: Immobilised Metal-ion Affinity Chromatography of the

mTurquiose2-mVenus protein: A 1 mL His-Trap HP column loaded with 25 mL of
BL21 (DE3) E. coli cell lysate transformed with the pET-151 mTurquiose2-mVenus
construct and auto-induced over 72 hours. A) the Chromatogram from the Äkta Pure
software UNICORN 7 was produced for the IMAC purification of the mTurquiose2-
mVenus protein. The chromatogram shows traces for the UV absorption at 280 nm
(blue trace), the concentration of elution buffer, buffer B (green trace) and respective
elution fractions and volumes (red). B). A 4-12% Bis-Tris SDS-PAGE showing the cell
lysate, unbound fraction, eluted fractions, and the wash faction. The eluted fractions
show the expected molecular weight of 55 kDa for the mTurquoise2-mVenus protein.
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Figure 4.3.2.2: TEV Cleavage and Reverse Immobilised Metal-ion Affinity Chro-

matography of the mTurquiose2-mVenus protein: A) 10% SDS-PAGE showing the
samples removed from the TEV cleavage time course over a 6-hour time-period. B) a
4-12% gradient SDS-PAGE showing the progression of purification and clean up.
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Figure 4.3.2.3: Size Exclusion Chromatography of the three-colour protein mTurq2-

mVenus-mScarlet-I: A) The elution profile for the purification of mTurq2-mVenus-
mScarlet-I by SEC on a HiLoad® 16/600 Supradex® 200 pg column (Sigma). B) 4-12%
gradient SDS-PAGE showing the eluted fractions (10-18), Wash (in Buffer B) and the
pooled fractions.
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Figure 4.3.2.4: Expression test for the three constructs containing the

mVenusG68A mutation: A gradient 4-12% Bis-Tris SDS-PAGE showing the total cell
lysate, the soluble fraction, and the insoluble fraction from a 1 mL aliquot of BL21
(DE3) E. coli cells transformed with the pET-151 -mTurquiose2-mVenus construct and
auto-induced over 72 hours.Expected molecular weights for the mVenusG68A, 27 kDa;
mTurq2-mVenusG68A, 55 kDa and mTurq2-mVenusG68A-mScarlet-I, 82 kDa.
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Table 16: A table showing the Molecular weight, Extinction coefficient and concentra-
tion of the purified fluorescent proteins

Protein of Interest MW (Da) ε280 (M-1 cm-1) Conc. (µM) Conc. (µg/mL)

mTurquoise2 26914.44 26025 9.76 262.61

mVenus 26892.44 23505 4.84 130.08

mScarlet-I 26363.86 34380 10.66 280.94

mTurquoise2-mVenus 54503.55 49530 11.19 609.76

mVenus-mScarlet-I 54009.03 57885 13.88 749.77

mTurquoise2-mScarlet-I 54561.57 60405 15.17 827.46

mTurquoise2-mVenus-

mScarlet-I

81620.15 83910 10.70 872.93

mVenusG68A 26878.44 23505 Not purified

mTurquoise2- mVenusG68A 54489.55 49530 Not purified

mTurquoise2- mVenusG68A-

mScarlet-I

81606.15 83910 7.49 611.05
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4.3.3 Overlap Integrals & FRET Efficiencies

The overlap integrals were calculated from the excitation and emission spec-

tra as described in §4.2.19. The green shaded areas shared under the exci-

tation and emission spectra (figure 4.3.3-1) are directly proportional to the

size of the overlap integrals, panel D of the figure describe the numerical size

of each of the overlap integrals along with the quantum yields of the donors

(QYD), and Förster radii are recorded. The mVenus-mScarlet-I FRET pair ex-

hibit the largest overlap integral, approximately twice the size of the second

largest overlap, mTurquoise2-mVenus. The mTurquoise2-mVenus overlap

integral was approximately 20% larger than that of the least efficient FRET

pair, mTurquoise2-mScarlet. This order is not surprising as we expect pairs of

fluorophores that are closer spectrally to have larger overlaps. The product

of the overlap integral with the donor-quantum yield is of great importance,

as this describes the ability of the donor to transfer energy to an acceptor

within a FRET pair. If we compare these values for the three FRET pairs, we see

that mVenus-mScarlet-I has the largest corrected overlap integral followed

by mTurq2-mVenus and then mTurq2-mScarlet-I.

FRET efficiency against distance for each of the FRET pairs was plotted (figure

4.3.3-2); this shows that even though the three FRET pairs have different

overlap integrals and different donor quantum yields, which produce different

Förster radii, all three of the FRET pairs have similar dynamic ranges of

between 2-10 nm. The relative similarity in FRET sensitivity between the three

FRET pairs is important to note.

117



4.3. RESULTS II: THREE-COLOUR FRET CASCADE 118

Figure 4.3.3.1: Overlap Integrals for the FRET pairs found in the purified FPs:

The donor emission spectra (red solid line), the acceptor excitation spectra (blue
dot-dashed line) and area overlap integral (green shaded area under the green dotted
line) that lies between the donor and acceptor. A) the mTurquoise2-mVenus FRET pair,
B) the mVenus-mScarlet FRET pair and C) the mTurquoise2-mScarlet FRET pair. D) A
summary table detailing the Quantum yield of the donor (QYD), the Förster radius of
the FRET pair in nm, and the overlap integral (Jλ) in M-1 cm-1 nm4.
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Table 17: A summary table detailing the Quantum yields of the purified fluorescent
proteins

mTurq2-mVenus mTurq2-mScarlet mVenus-mScarlet

QYD 0.93 0.93 0.64

R0 (nm) 5.83 5.08 5.53

Jλ (M-1 cm-1 nm4) 2.29x1015 9.95x1014 2.41x1014

Figure 4.3.3.2: FRET Efficiency versus distance for the three FRET pairs: Red line
shows the distribution of FRET efficiencies for the mTurquoise2-mScarlet FRET pair,
the green line shows the distribution of FRET efficiencies for the mVenus-mScarlet
FRET pair and the blue line the mTurq2-mVenus FRET pair. The yellow dotted lines
indicate R0 the Förster radii for each FRET pair, this is where the FRET efficiency is
equal to 50%. mTurq2-mVenus = 5.83 nm, mTurq2-mScarlet-I = 5.65 nm, and mVenus-
mScarlet-I = 6.19 nm.
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4.3.4 Emission Spectra of the Fluorescent Protein FRET Pairs

For each purified protein, excitation and emission spectra were collected

(figures 4.3.4-1 to 3); spectra for mTurq2, mVenus and mScarlet-I are shown

across the three figures for reference. In figure 4.3.4-1, the three single

FP spectra are compared with mTurquoise2-mVenus (mTurq2-mVenus) and

mTurquoise2-mScarlet-I (mturq2-mScarlet). The mTurq2-mVenus FP shares

very similar excitation spectra with the reference excitation spectra for

mTurq2 alone; this is because, in both cases, only the mTurq2 was excited

at its peak excitation wavelength of 435 nm. The difference between these

two proteins can be seen in their emission spectra, especially considering

the peak at approximately 530 nm corresponding to the mVenus emission

spectra. It is important to note that this construct has no spectral features

corresponding to mScarlet-I emission spectra. As there was very little direct

excitation of the mVenus at 435 nm for the mTurq2-mVenus protein, we can

conclude that the emission peak found at approximately 530 nm must be a

direct consequence of the mTurq2 acting as a donor in the mTurq2-mVenus

FRET pair, with the magnitude of the acceptor emission being a qualitative

measure of ratiometric FRET.

A similar pattern also arises when examining the mTurquoise2-mScarlet-I

protein; as with the previous example, only the donor, mTurq2, was excited

(at 435 nm), and peaks corresponding to the emission of mTurq2 and mScar-

let are observed, as expected. The relative heights of the emission peaks

must also be proportional to the FRET efficiency between those two fluo-

rophores.
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Figure 4.3.4.1: Excitation and Emission spectra for the three-colour mTurq2 Donor

FRET Cascade fluorescent proteins II: Spectroscopic measurements were taken
on a FluoroMax®4 spectrofluorometer (Horiba), 2 mL of purified fluorescent protein
was loaded into the spectrofluorometer in a quartz cuvette before the excitation and
emission spectra were measured for each protein. Excitation spectra are in dashed
lines and the emission spectra in solid lines, and all spectra are normalised to their
peak intensities. The emission spectra were collected by exciting the mTurq2uoise2,
mTurquoise2-mVenusG68A-mScarlet-I and mTurquoise2-mVenus-mScarlet-I at 430
nm. For proteins consisting of three FPs, the donor measured is marked in bold. For
comparison purposes, mVenus and mScarlet-I emission spectra are also shown in this
panel, their emission spectra were collected by exciting at 510 and 560 nm respec-
tively. Excitation spectra for the mTurquoise2, mTurquoise2-mVenusG68A-mScarlet-I
and mTurquoise2-mVenus-mScarlet-I proteins were also collected at an emission
wavelength of 480 nm, the mVenus and mScarlet Emission spectra were collected
530 and 600 nm respectively.
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Comparing the emission spectra of the mTurq2 alone with the emission spec-

tra of the three-colour protein mTurq2-mVenus-mScarlet-I (figure 4.3.4-2),

we can see that by just exciting the mTurq2 FP in the three-colour protein

at a wavelength of 435 nm, peaks in its emission spectra are observed that

correspond to the emission peaks found in all three of the reference spectra.

Furthermore, the relative heights of these peaks give a qualitative indication

of FRET efficiency. A relatively high amount of FRET between the mTurq2 and

mVenus fluorophores can be inferred due to the large peak in the three-colour

protein emission spectra at 530 nm. We can also see in the same emission

spectra that there is an additional peak at approximately 590 nm, which

matches up with the emission spectra in the mScarlet-I. This peak has a

lower intensity than the peaks observed at 480 and 530 nm, which may result

from cascaded FRET. Only the mTurq2 FP in the three-colour protein was

excited, so for there to be an emission peak at 590 nm, there must first have

been a FRET transition between mTurq2 and mVenus followed by a second

transition where the mVenus acted as the donor and was able to directly

excite the mScarlet-I. There could also be a component of mTurq2-mScarlet

FRET, but the increased separation due to mVenus being present would signifi-

cantly reduce the efficiency compared to observed for the mTurq2-mScarlet-I

construct.

The other tripartite protein is the mTurquoise2-mVenusG68A-mScarlet-I pro-

tein; this differs from the previously discussed mTurq2-mVenus-mScarlet-I

protein as this has the glycine-68-alanine mutation in the mVenus FP. This

mutation prevents mVenus from acting as an acceptor, as it cannot form a

complete chromophore and may be assumed to be a non-fluorescent beta-

barrel (see §4.1.1 for more details) acts as a control for the FRET-Cascade

model. As expected, the mTurquoise2-mVenusG68A-mScarlet-I protein shares

the same emission peak positions at 480 and 590 nm as the shorter mTurq2-

mScarlet-I protein, but the intensity of the 590 nm peak in comparison to 480

nm is significantly different smaller for the longer, mTurquoise2-mVenusG68A-

mScarlet-I protein. This is because there is much less FRET occurring between

the mTurq2 and mScarlet in the mTurquoise2-mVenusG68A-mScarlet-I protein

than in mTurq2-mScarlet-I. The increased separation distance between the

mTurq2 and mScarlet is approximately twice that of the mTurq2-mScarlet-I

construct due to adding a mutated “dark” mVenus.
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Figure 4.3.4.2: Excitation and Emission spectra for the three-colour mTurq2 Donor

FRET Cascade fluorescent proteins II: Spectroscopic measurements were taken on
a FluoroMax®4 spectrofluorometer (Horiba), 2 mL of purified fluorescent protein was
loaded into the spectrofluorometer in a quartz cuvette before the excitation and emis-
sion spectra were measured for each protein. Excitation spectra are in dashed lines,
and the emission spectra are in solid lines, and all spectra are normalised to their
peak intensities. The emission spectra were collected by exciting the mTurq2uoise2,
mTurquoise2-mVenusG68A-mScarlet-I and mTurquoise2-mVenus-mScarlet-I at 430
nm. For proteins consisting of three FPs, the donor measured is marked in bold. For
comparison purposes, mVenus and mScarlet-I emission spectra are also shown in this
panel, their emission spectra were collected by exciting at 510 and 560 nm respec-
tively. Excitation spectra for the mTurquoise2, mTurquoise2-mVenusG68A-mScarlet-I
and mTurquoise2-mVenus-mScarlet-I proteins were also collected at an emission
wavelength of 480 nm, the mVenus and mScarlet Emission spectra were collected
530 and 600 nm respectively
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A final set of observations and comparisons can be made for proteins with an

mVenus donor (figure 4.2.7-3); for these proteins, the mVenus was directly

excited at 510 nm, and the emission was measured at 530 and 590 nm

for mVenus and mScarlet emission respectively. For the mVenus-mScarlet-I

protein, the peaks observed in the emission spectra correspond with those

found in mVenus and mScarlet-I FPs reference spectra as expected. From

the relative heights of the peaks, it is possible to infer that energy transfer

was particularly favourable with a peak height greater than half of the donor

for the acceptor, mScarlet-I emission at 590 nm. As with the three-colour

mTurq2-mVenus-mScarlet protein, the emission peak for the first acceptor,

mVenus, at 530 nm was almost as intense as that of the mTurq2 (>90%).

The mVenus then acts as a donor for mScarlet-I; however, the peak intensity

for the mTurq2-mVenus-mScarlet-I protein at 590 nm is only around 60%

of mVenus. However, the intensity of the mScarlet-I emission peak (when

directly exciting mVenus) in both the mTurq2-mVenus-mScarlet-I and mVenus-

mScarlet-I proteins should be almost identical. The fact that they are not may

indicate that there is spectral bleed-through between donors and acceptors

which are spectrally closer like mTurq2→mVenus and mVenus→mScarlet-I

which have indicated larger energy transfers than more spectrally distance

FRET pairs like the mTurq2→mScarlet-I transition either in the presence of

or absence of mVenus. This would be logical, given the Stokes shift between

mTurq2 and mScarlet-I.

Lastly, the three-colour fluorescent protein mTurq2-mVenus-mScarlet-I is

shown with the mVenus FP used as the only donor, as it was excited at 510

nm instead of 435 nm. We can see that the excitation spectrum looks quite

different compared to the mVenus-mScarlet-I protein due to the mTurq2 in

the construct, which is why it can be seen in the excitation spectrum. As

expected, the Emission spectrum has the same shape with peaks in the

same positions as the mVenus-mScarlet-I protein. The height of the mScarlet

emission peak at 590 nm is approximately the same as seen in the mVenus-

mScarlet-I protein, which is expected, although it could be an indication of

direct excitation of the acceptor, as previously mentioned.
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Figure 4.3.4.3: Excitation and Emission spectra for the mVenus Donor FRET Cas-

cade fluorescent proteins : Spectroscopic measurements were taken on a Fluoro-
Max®4 spectrofluorometer (Horiba), 2 mL of purified fluorescent protein was loaded
into the spectrofluorometer in a quartz cuvette before the excitation and emission
spectra we measured for each protein. For all proteins, the excitation spectra are in
dashed lines and the emission spectra in solid lines, the spectra are normalised to their
peak intensities. For proteins consisting of three FPs, the donor measured is marked in
bold. The emission spectra were collected by exciting the mVenus, mVenus-mScarlet,
and mTurquoise2-mVenus-mScarlet-I at 510 nm. For comparison, the mScarlet-I emis-
sion spectrum is also shown in this panel, the emission spectrum was collected
by exciting at 560 nm. Excitation spectra for the mVenus, mVenus-mScarlet, and
mTurquoise2-mVenus-mScarlet-I proteins were collected at an emission wavelength
of 530 nm, the mScarlet excitation spectra were collected at 600 nm.
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4.3.5 Spectroscopic Ratios

Spectra described in the previous section were further analysed to determine

a parameter descriptive for FRET efficiency observed for the various com-

binations of fluorescent proteins. Unfortunately, the relative heights of the

intensities of the emission peaks cannot be used directly to calculate the

FRET efficiency. This is largely due to two reasons: a difference in quantum

yield and molar extinction coefficients for the different FRET pairs and the

second overlapping spectra need to be deconvolved or unmixed as the tail of

one emission spectra will almost certainly run into the rising component of

another emission spectra, examples of which can be seen in figures 4.3.4-1, 2

and 3. Spectra can, however, be deconvolved successfully by solving a simple

linear algebra equation resulting in a series of component spectra.

Applying linear unmixing to the emission spectra (figures 4.3.4-1, 2 and 3)

was relatively simple, as the component spectra are known, needing only

the relative intensity weighting for each spectrum to be determined. This

was accomplished with a linear algebra Solver toolkit in MS Excel. The ratio

of donor-acceptor weighting coefficients was used to approximate the FRET

efficiency between the various protein pairs. There are some discrepancies

between the measured (blue) and the modelled (orange) spectra (figure 4.3.5-

1), most notably in the region between 480 and 530 nm, where the measured

spectrum dips significantly lower than that of the modelled spectrum. There

are several possible reasons for this; there may be a non-linear scaling issue

associated with the detector gain. However, the same dip is found in all

the constructs with mTurq2 as the donor. The second possible cause could

be because the two proteins are joined by very short linkers (6 amino acid

GGSGGS), which may be causing some parts of the beta-barrels to flex or

stretch in such a way that alters the emission spectra and, by extension

the FRET ability of the donor. This may seem unlikely; however, studying

the emission spectra for each FRET pair show a significantly diminished

emission from mTurq2 in the 480-530 nm region compared to the mTurq2

alone spectra.

Finally, the photochemistry of the mTurq2 is likely more complex than we con-

sider. For example, the two emission peaks observed for mTurq2 at 475 and

500 nm correspond to two distinct spectroscopic states of mTurq2, which may

have different probabilities of resonant energy transfer. This could lead to a

differential reduction in the peak heights. Similarly, the expected polarisation
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changes in this region, due to increases in donor anisotropy due to the reduc-

tion in fluorescence lifetime (Perrin Equation [164]) and depolarisation of the

acceptor may manifest in the uncorrected polarisation sensitivity of the spec-

trometer. This is beyond the scope of this thesis and will be explored through

collaboration with Prof Angus Bain (UCL) using more advanced spectroscopic

techniques. Unfortunately, the global COVID-19 pandemic prevented us from

exploiting this collaboration during my PhD.

Even though this is a considerable deviation from the measured spectrum,

it should not prevent us from calculating the weighted coefficients and sub-

sequent donor/acceptor ratios. These ratios are a qualitative measure of

FRET magnitude between the interacting pairs. These are related but not

directly proportional to the FRET efficiency, which has not been calculated

here. Indeed, a greater FRET ratio would indicate higher FRET efficiency, but

quantitative measurements of fluorescence lifetime are more accurate than

ratiometric measurements; an example is the FRET ratio shown above for the

mTurq2-mVenus construct to be approximately 62 %, whereas the mTurq2-

mScarlet-I was found to be 19.5%. These efficiencies should be approximately

the same as both FRET pairs are the same distance apart, have similar R0

values, and have the same donor. A more robust method is required, such as

TCSPC-FLIM.
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Figure 4.3.5.1: Relative FRET Efficiencies calculated from the emission spectra

of the FRET Cascade FPs: FRET efficiencies were calculated for specific transitions
by dividing the acceptor emission peak by the donor alone emission peak within the
normalised emission spectra for that given FRET pair. The above graphs illustrate
which FRET transitions are significantly different between the various proteins. A|AB
represents the mTurq2-mVenus donor-acceptor pair, A|AC the mTurq2-mScarlet donor-
acceptor pair and B—BC the mVenus-mScarlet donor-acceptor pair. AC|ABC repre-
sents the mTurq2-mScarlet-I FRET pair in the three colour protein and AC|ABG68AC
represents the same FRET pair but in the mutated mTurq2-mVenusG68A-mScarlet-I
protein. A One-way ANOVA with Dunn–Šidák correction was used to produce the
pairwise comparisons. N=9 measurements cells per condition across three separate
technical repeats, P-values ≥ 0.123 ns, ≤ 0.0332 (*), ≤ 0.0021 (**), ≤ 0.0002 (***), ≤
0.0001 (****).
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4.3.6 Circular Dichroism Data

The difference between the two three-colour fluorescent protein constructs,

mTurq2-mVenus-mScarlet-I and mTurq2-mVenusG68A-mScarlet-I, is only a sin-

gle point mutation within the mVenus on residue 68, which was mutated from

glycine to an alanine. From the assessment of protein production (§4.2.1),

we saw that when mVenusG68A was produced in isolation, very little of the

mutant was produced. Encouragingly though, the other two proteins contain

the same mutation: mTurq2-mVenusG68A and mTurq2-mVenusG68A-mScarlet-

I, were expressed in significant amounts. The reason for this is unclear, but

we know it is possible to produce a single protein containing the mVenusG68A

mutation. A major concern is that the G68A mutation changes the overall ter-

tiary structure of the beta-barrel in some way which prevents the mVenusG68A

from being used as an effective non-fluorescent spacer.

The near-UV spectrum (Figure 4.3.6-1) is particularly sensitive to changes in

the overall shape of a protein, especially changes in the tertiary structures.

The information collected in the 250–300 nm region is due to the absorption,

dipole orientation and interactions with the surrounding environment of the

aromatic amino acids: phenylalanine, tyrosine, and tryptophan [178]. The

near-UV CD is also sensitive to cysteine residues and whether these pairs

have formed disulphide bridges [179]. Unlike far-UV CD, the near-UV CD spec-

trum cannot be assigned to any singular 3D structure. Rather, the near-UV CD

spectra can provide information on any changes to the 3D structure.

There is a large degree of similarity between the two near-UV CD spectra

(4.3.6-1.A), with two notable exceptions being the 250-300 nm and 430-580

nm regions. The difference in the latter is simple to explain, as the absence of

an active mVenus chromophore no longer has an absorbance peak at 515 nm

in the mutant. This can also be seen in companion absorbance spectra (figure

4.3.6-1.B), wherein the absorbance spectra for the same proteins, a difference

can be seen for the same region surrounding the 515 nm absorbance peak

associated with mVenus; this is absent for the mVenusG68A protein.

The 250-300 nm region in the near-UV CD spectra also looks significantly

different between the two spectra, particularly at ˜ 280 nm. This would most

likely correspond to the absorption of Tryptophan and tyrosine, which are

well known to strongly absorb at 280 nm and are routinely used to esti-

mate protein concentration based on their absorption. The induced muta-

tion is a simple swap between glycine and alanine and does not include
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any aromatic residues; furthermore, the absorption spectra (figure 4.36-1

panel B) do not indicate any changes in aromatic residues within this re-

gion. This must mean that the environment, either a tyrosine or tryptophan

residue in one of the three-colour fluorescent proteins, must be altered for

the mVenusG68A-containing construct. The simplest explanation is that for

the mTurq2-mVenus-mScarlet-I constructs, the tyrosine in position 68 is suc-

cessfully converted into the mature mVenus chromophore. This changes

the structure of the tyrosine and its local environment, as it is now part of

a larger delocalised system interacting with many more residues through

intermolecular bonding.
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Figure 4.3.6.1: Near-UV Circular Dichroism and Absorbance Spectra: The UV-vis
absorption and near-UV Circular dichroism (CD) spectra of the mTurquoise2-mVenus-
mScarlet-I and mTurquoise2-mVenusG68A-mScarlet-I proteins were acquired on the
Chirascan Plus spectrometer (Applied Photophysics) using a Suprasil rectangular
cuvette (Hellma UK & Starna Scientific Ltd). A) shows the near-UV CD spectra and B)
shows the near UV-vis absorption spectra for the two three-coloured FPs
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The far-UV spectra (figure 4.2.9-2 panel A) can reveal important characteris-

tics of a protein’s secondary structure. Electronic transitions associated with

the chiral amide groups can be detected with far-UV CD. This is of particular

interest, as only certain dihedral angles, ϕ and ψ, are permitted and can be

used to predict the secondary structure of a peptide through the Ramachan-

dran plot [179, 180]. Specifically, peaks found ≈190-200 nm correspond to

π −→ π∗ transitions associated with the carbonyl bonds (C=O) within the

amide and troughs ≈210-220 nm are n −→ π∗ transitions associated with

amino bonds (N-C) within the amide group [178]. The relative size and position

of these peaks and troughs can yield much information about the secondary

structures and environments [178, 179, 181]. Far-UV spectra can be used

to estimate the amount of each secondary structure within a protein; this

can then be used to make some limited predictions about the 3D structure

of the protein [181]. Alternatively, in our case, whether there are any sig-

nificant structural changes between the mVenusG68A or mVenus-containing

constructs.

The three-colour fluorescent proteins share very similar spectra with mini-

mal differences between the two proteins, mTurq2-mVenus-mScarlet-I and

mTurq2-mVenusG68A-mScarlet-I. The shape of the far-UV CD spectra (fig-

ure 4.3.6-2A) suggests that the proteins are mostly beta-sheets due to the

broad trough around 190-220 nm and the rise towards a peak around 195-

200 nm. This result confirms that the proteins are formed primarily from

beta sheets, as we would expect, for a pair of proteins comprised of three

beta-barrels, each consisting of 11 beta sheets and one coaxial helix per

barrel [165].

Far-UV Spectra were also recorded over a range of temperatures (figure

4.3.6-2B (cut-out)); the change in Mean Residue Ellipticity (deg cm2 dmol-1)

against temperature for a single wavelength at 205 nm was recorded for

three-colour proteins. A single wavelength was chosen between the two

transitional regions (π −→ π∗ and n −→ π∗) to best demonstrate changes

in the dihedral angles and, by extension, changes in secondary and tertiary

structure are caused as a function of temperature. The mVenus-containing

protein (red) remains mostly unchanged until approximately 60◦C, whereas

the mVenusG68A-containing protein (blue) has some major changes by 50◦C.

This suggests that there is a difference in thermal stability between the

proteins and there may still be the possibility that the mutant is not as tightly

folded in the absence of a mature chromophore.
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The results of secondary structure analysis using the BeStSel (Beta Structure

Selection) (Figure 4.2.9-2 panel C) demonstrate that the algorithm has pre-

dicted the same secondary structures for three-colour proteins. This is not

surprising, as there is very little difference in their far-UV spectra. For compar-

ison, I was able to input the CD spectra for the individual FPs, mTurq2, mVenus

and mScarlet from reference spectra and calculate what we might expect to

see for an average structure containing those FPs. The expected data (green

bars) shows some moderate difference but nothing significant, apart from

an overestimation of the anti-parallel (right-twisted) beta sheet and a slight

underestimation of the unstructured region. This is a good indication overall

that there is not a significant difference between the three-colour proteins

in terms of the secondary and tertiary structures; the mutation may have

reduced the overall stability of that protein, especially at higher temperatures

which may be the reason during protein production and extraction, less of

that protein was successfully extracted than the mVenus variant.

It is also possible that when produced as a single FP, mVenusG68A was not suf-

ficiently stable to be produced by E. coli growing at 30◦C and could require a

specialised strain of bacteria for culturing at a lower temperature, such as the

ArcticExpress-DE3 (Agilent Technologies) commercial strain of E. coli. These

are a B strain of E. coli, much like the BL21 (DE3) strain which I used to ex-

press the FPs used in this chapter, but crucially, they can be cultured between

4-12◦C and express the GroEL/ES complex of chaperonins [182]. It has been

shown [182] that these specialised low-temperature E. coli strains exhibit

high protein refolding activities at the lower-growth temperatures, approxi-

mately 16-fold greater than cells grown at 30◦C. If desired, the mVenusG68A

protein could be produced in isolation using the ArcticExpress-DE3 cells

grown at 12◦C.
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Figure 4.3.6.2: The Far-UV Circular Dichroism Spectra for the two three-coloured

FRET Cascade FPs: The far-UV CD spectra were collected using a Chirascan Plus
spectrometer (Applied Photophysics), spectral measurements were taken between
195-260 nm with a Bandwidth of 2 nm, a time per point of 1.5s and a pathlength
of 0.5 mm using a Suprasil rectangular cuvette (Hellma UK & Starna Scientific Ltd).
A) shows the far-UV CD spectra and B) shows the change in Mean Residue Elliptic-
ity as a function of heating at a specific wavelength of 205 nm. Multi–wavelength
melting profiles was collected by first cooling the samples to 6◦C before heating to
94◦C using a Quantum TC125 Peltier (NorthWest). C) Percentage composition versus
secondary structure type for the two three-colour FPs and the expected – average
secondary structure for the three fluorophores. CD spectra analysis was performed
using the BeStSel (Beta Structure Selection) single spectrum analysis online tool
(https://bestsel.elte.hu/index.php)
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4.3.7 Average lifetimes for the FRET cascade model applied to

Fluorescent Proteins Measured in Solution

Fluorescence lifetime measurements were recorded to quantify the reso-

nance energy transfer between the FPs and novel constructs in the FRET-

Cascade model. The average fluorescence lifetimes for the measured puri-

fied fluorescent proteins (figure 4.3.7-1 panel A) were recorded. The control

mTurq2 fluorescence lifetime decay was measured as 4.18 ± 0.072 ns. When

expressed as a FRET pair with either mVenus or mScarlet, a significant drop in

fluorescence lifetime was observed, 2.71 ± 0.041 and 2.60 ± 0.068 ns, respec-

tively. This reduction in fluorescence lifetime for both two-colour proteins was

statistically significant (p-values of < 0.0001). Similar fluorescence lifetime

reductions were observed for the two three-colour proteins mTurq2-mVenus-

mScarlet-I and mTurq2-mVenusG68A-mScarlet-I with lifetimes measured as

2.43 ± 0.081 and 3.21 ± 0.076 ns respectively (P-values <0.0001). For each

transient, a mono-exponential decay function was used with Levenberg-

Marquardt (LMA) fitting algorithm (figure 4.3.7-2). This was found to be a

good fit as determined by the chi-squared goodness-of-fit test.

The mVenus alone control fluorescence lifetime was measured as 2.95 ±

0.025 ns, whereas the fluorescence lifetime for the mVenus-mScarlet FP

was found to be 2.38 ± 0.055 ns which was determined to be statistically

significant (P-value <0.0001) from the mVenus alone fluorescence lifetime.

Additionally, the lifetime of the mVenus FP within the three-colour mTurq2-

mVenus-mScarlet-I protein was also recorded; this was found to be 2.51 ±

0.074 ns, which is not significantly different (P-value 0.682) from the lifetime

of the mVenus in the mVenus-mScarlet FP. This is as expected, as we would not

expect the mTurq2 FP within the three-colour protein to have an appreciable

effect on the mVenus-mScarlet interaction when only the mVenus is directly

excited at 950 nm (two-photon excitation).
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Figure 4.3.7.1: Average lifetimes for the FRET Cascade Fluorescent Proteins Mea-

sured in Solution: Lifetime measurements were taken with a home build TCSPC-FLIM
imaging system built around a Nikon Ti-Eclipse microscope and Coherent chameleon
Vision II Ti-Sapphire laser source. Donors were excited at 875 nm (TPE) for mTurq2
and 950 nm (TPE) for mVenus. For proteins consisting of three FPs, the fluorophore
in bold is the donor. Lifetimes were determined using TRI2. Pixel binning (23x23) was
used with a Levenberg-Marquardt Algorithm fitting for a mono-exponential decay
curve for each transient recorded. A) A graph showing the average lifetime recorded
for each FP; error bars indicate SD. B) A summary table of the values plotted in part A
showing the average lifetime (ns), the type of Levenberg–Marquardt algorithm (LMA)
fit used, and the average χ2/degrees of freedom score. N=9 measurements cells per
condition across three different technical repeats, P-values ≥ 0.123 ns, ≤ 0.0332 (*),
≤ 0.0021 (**), ≤ 0.0002 (***), ≤ 0.0001 (****).
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Figure 4.3.7.2: Semi-log plot of a pixel frequency versus time: The transient lifetime
decay (black) was recorded as part of the TCSPC-FLIM measurements taken for
each FP, and data were fitted with a mono-exponential Levenberg-Marquardt fitting
algorithm (red) with deviations from the fit are shown (blue).
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4.3.8 FRET Efficiencies and Energy Transfer Rates for the FRET

Cascade Fluorescent Proteins Measured in Solution.

Fluorescence lifetime data of single FPs cannot tell us very much in isolation,

as there are many factors, mostly environmental, which may alter the fluo-

rescence lifetime of a fluorophore, only one of which is FRET. Furthermore,

to better understand the complex interactions involved in the assembly of a

multimeric system, then a metric that allows comparison of resonant energy

transfer between any two close partners over time as the complex multimeric

changes spatiotemporally are required.

For brevity, when explaining FRET transitions which require a donor and an

acceptor to be named, I will use A, B and C to denote the proteins in the model

FRET-Cascade, where A is mTurq2, B is mVenus, and C is mScarlet-I. When

describing FRET transitions, it is often important to make clear which of the

FPs in the FRET pair is the donor and which is the acceptor; I have produced my

nomenclature to describe this. For example, A|AB would describe mTurq2 as

the donor as this is the first letter before the vertical line and is in the mTurq2-

mVenus protein, whereas B|ABC would be used to describe a transition where

mVenus is the donor in the mTurq2-mVenus-mScarlet-I protein.

The FRET efficiency for the A|AB transition in the mTurq2-mVenus FRET pair

was calculated as 38.51±1.95%, which significantly increases to 48.40±1.03%

with the addition of mScarlet-I (for mTurq2-mVenus-mScarlet-I). This result

is very much as anticipated, as we expect to see a high degree of FRET be-

tween the mTurq2 and mVenus due to their large spectral overlap and short

separation distance. The decrease in fluorescence lifetime in the presence

of mScarlet-I for the three-colour FP indicates an additional decay pathway

from the mTurq2 excited state. No additional lifetime reduction from mTurq2

should be indicated if the energy cascades through mVenus to mScarlet-

I, whereby the excited mVenus undergoes a second FRET transition with

mScarlet-I. The additional lifetime reduction from mTurq2 in the mTurq2-

mVenus-mScarlet-I FP must come from the FRET between the mTurq2 and

mScarlet-I.

There are several possible FRET transitions for the mTurq2-mVenusG68A-

mScarlet-I, six in total, but only three will be discussed here. The individual

FRET components must be isolated to build a sound theoretical model of all

the possible transitions. The mTurq2-mVenusG68A-mScarlet-I does not have a

functional mVenus that could function as a potential acceptor for mTurq2,
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and there is no conceivable way for FRET to cascade through the three-colour

system. Any FRET transition determined must be due to a direct transition

between the mTurq2 and mScarlet-I. We can see that a FRET efficiency of

22.4% was calculated for this transition (figure 4.2.11-1A and B). This is

significantly (P-value < 0.0001) different from the non-mutant ABC protein,

taken at face value, it would suggest that almost half of the FRET calculated

for the ABC protein was due to direct FRET, whereas the other half was a

result of FRET via mVenus.

One possible interpretation of these results could be that the mTurq2-mScarlet

FRET efficiency within the three-colour mutant, A|ABG68AC FRET was signifi-

cantly lower than that of the mTurq2-mVenus FRET efficiency in the A|ABC

and A|AB proteins. However, this is not the case, as the FRET efficiency for the

A|AC (mTurq2-mScarlet-I) protein was calculated to be ≈38%. The FRET effi-

ciency for the mTurq2-mScarlet-I protein was almost identical to the mTurq2-

mVenus FRET pair with a P-value of only 0.0436 difference between the two

populations. The separation distance is far more likely to be greater, resulting

in a change in the measured FRET efficiency. The mVenus-mScarlet FRET effi-

ciencies were also calculated from fluorescence lifetime data with the B|BC

protein ≈20.8% FRET efficiency, and the B|ABC FRET efficiency, ≈16.9% was

found not to be significantly different. These two FRET pairs essentially de-

scribe the same transition in different environments. The distances between

the FRET pairs (figure 4.3.7-1B) were determined using the FRET efficiencies

and the Förster radii and equation (18) below, which describes the relationship

between separation distance, the Förster radius and FRET efficiency.

r =
1
6

√(
1 − E

E

)
· R0

6 (18)

A simplified diagram outlining the FRET transitions between the three fluo-

rophores and the distances separating (figure 4.2.11-1D) suggests a non-

linear, triangular 3D structure based on the calculations performed using

equation (18). To calculate the transfer rates between each FP, we need to

describe each process that depopulates the excited state of the mTurq2

donor. If we consider the lifetime of the mTurq2, approximately 4.18 ns. of the

reciprocal transfer rate is the transfer rate KA is equal to the reciprocal of

the mTurq2 donor (where the subscript denotes the species A) lifetime and is
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the sum of the radiative and non-radiative transfer rates (kr, knr). Equation

(19) below describes this formally.

1
τA

= KA = (knr + kr) (19)

We can apply the same logic to the mTurq2-mVenus protein; in this scenario,

the same radiative and non-radiative processes act on the mTurq2 donor as

with the donor alone. The only difference now is that there is an acceptor

within a sufficient distance of the mTurq2 donor to induce another non-

radiative transition, FRET. For this protein, we will describe the FRET transfer

between A and B as ΓAB. Equation (20) below describes the energy transfers

that occur for the FRET pair mTurq2-mVenus (AB)

1
τA|AB

= KA|AB = (knr + kr) + ΓAB (20)

Following on from the previous example, we can apply the same process

for the mutated three-colour ABG68AC protein where there is no longer an

mTurq2-mVenus (A -> B) FRET interaction, but there is an mTurq2-mVenus

(A -> C ) FRET interaction but in the presence of the non-fluorescent β-barrel

mVenusG68A. Below, equation (21) describes the transfer rate between the

mTurq2 and mScarlet in the mTurq2-mVenusG68A-mScarlet protein.

1
τA|ABG68AC

= KA|ABG68AC = (knr + kr) + ΓAC (21)

Now that we have a method for describing the energy transfers and, in

particular, the FRET transitions, we can assemble a series of energy transfers

which would be equivalent to the energy transfers for the (mTurq2-mVenus-

mScarlet-I protein. Equation (22) below outlines the energy transfer rate for

the mTurq2-mVenus-mScarlet-I protein.

1
τA|ABC

= KA|ABC = (knr + kr) + ΓAB + ΓAC (22)
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This can be verified as we know the reciprocal of the donor alone lifetime

is equal to the KA The transfer rate and we can subtract the KA rate away

from the KA|AB and KA|ABG68AC rates to give the ΓAB and ΓAC in isolation.

Summing these as described in equations (22) will give a theoretical transfer

rate, which can be experimentally checked by comparing it with the lifetime

measured for the mTurq2 donor in the mTurq2-mVenus-mScarlet-I protein.

The transfer rates were used to produce a calculated theoretical transfer

rate of 4.44 x 108 s-1 which would correspond to a fluorescence lifetime of

2.25 ± 0.391 ns (figure 4.3.8-1C). Compared to the measured lifetime of 2.33

± 0.27 ns with an associated transfer rate of 4.29 x108 s-1, this represents

a discrepancy of only 3.4%, which is well within the margin of error. This

indicates that our model and interpretation of the results are self-consistent,

giving us confidence in our interpretation and measurements.
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Figure 4.3.8.1: FRET Efficiencies for the in-vitro FRET Cascade Fluorescent Pro-

teins: FRET efficiencies were calculated using the FRET efficiency equation (see equa-
tion (22)). A) Shows the average FRET efficiencies for the various FRET pairs graphi-
cally. Where A=mTurquoise2, B=mVenus and C=mScarlet, for FRET pairs the letter
before the line marks the donor, so A—ABC denotes the FRET efficiency measured
where the donor is A, mTurquoise2 and B—ABC would denote the FRET efficiency
measured where the donor is B, mVenus in the mTurq2-mVenus-mScarlet protein. B)
A summary table describing the FRET efficiencies, standard deviation, the calculated
Forster radii for each FRET pair and the calculated separation distance between the
FRET pair. C)A summary table detailing the Energy transfer rates, standard deviation
and the associated lifetime of each FRET component. D) A diagram showing the three
fluorescent proteins joined by their short 6 amino acid linkers. The diagram shows
the radiative, non-radiative and FRET transfers, along with a likely 2D conformation
of the three-colour mTurq2-mVenus-mScarlet protein. N=9 measurements cells per
condition across three separate technical repeats, P-values ≥ 0.123 ns, ≤ 0.0332 (*),
≤ 0.0021 (**), ≤ 0.0002 (***), ≤ 0.0001 (****).
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As described in the previous section, we now know the approximate FRET

transfer rates for each FRET pair and have been able to use these to calcu-

late estimates for the separation distances between the fluorophores. Thus,

by making a simple calculation using the cosine rule, we can approximate

the average angle, which subtends ABC, the separation angle. A diagram

illustrating this is shown in panel D of Figure 4.3.8-1, along with the distances,

FPs, and estimate for the calculated angle. The angle was calculated as de-

scribed using the equation (23) and found to be 62.43 ± 3.83◦ (1.09 ± 0.067π

radians)

θ = cos−1

 −→
AB

2
+

−→
BC

2
− −→

AC
2

2 · −→AB · −→BC

 (23)

Where,
−→
AB is the length of the vector that lies between mTurq2 and mVenus,

−→
BC is the length of the vector that lies between mVenus and mScarlet and
−→
AC is the length of the vector that lies between mTurq2 and mScarlet. Fig-

ure 4.2.11-3A illustrates the relationship between the angle which subtends

mTurq2-mVenus-mScarlet-I (θ) and the distance determined by FRET between

mTurq2 and mScarlet-I as a polar plot (blue trace) where distance is shown

radiating outwards from the centre, and the separation angle θ is shown in de-

grees anti-clockwise. The inner red circle outlines a separation distance of 2.5

nm (minimum diameter of a beta-barrel from an x-ray structure)54, and the

associated shaded red sector in the graph corresponds to the angles which

would bring the centres of the two beta-barrels closer than 2.5 nm. Circles

drawn in yellow denote the distance determined by FRET between mTurq2

and mScarlet ≈ 7.14 ± 0.166 nm, where these lines meet the blue cardioid,

marked in green, corresponds to the separation angle in degrees.
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Figure 4.3.8.2: Polar plot of separation angle versus distance for the mTurq2-

mVenus-mScarlet protein: A) Shows a polar plot of theta. This separation angle lies
between mTurq2 and mScarlet against the distance between mTurq2 and mScarlet.
The angle theta was calculated using equation 4.3.7. B) Is a graphical representation
of the distances between each fluorophore and the calculated separation angle.
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4.3.9 Average lifetimes for the FRET cascade model applied to

Fluorescent Proteins expressed in MEFs

So far, the work was undertaken to describe the three-colour FRET The cas-

cade system has been focused on in vitro purified proteins by either measur-

ing excitation and emission spectra using a spectrofluorometer, measuring

CD spectra or imaging droplets of concentrated protein solutions with our

home-built TCSPC-FLIM system. One of the key directions that I wanted to

push the development of this three-colour technique was to apply the in vitro

model into an in vivo model, first applied to fixed cells and then, if successful,

towards live cells. This next subsection deals with the same constructs men-

tioned before, but instead of purified proteins, DNA constructs containing the

relevant genes for the fluorescent proteins were transiently transfected into

MEFs and imaged using TCSPC-FLIM.

The average fluorescence lifetime for the mTurq2 alone transfected cells

is lower than that of the in vitro protein measurements (figure 4.3.9-1), de-

creasing from 4.18 ns to 3.06 ns. It is not immediately obvious why this

might be, only that the internal environment of a fixed, mounted cell is not

the same as the well-buffered and, crucially, the well-defined composition

of the protein solution. mTurq2, like many other fluorescent proteins tend

to have different, often lower lifetimes in fixed and mounted samples com-

pared to lifetimes measured in solution [183]. The mTurq2 FP is known to

be particularly sensitive [183, 184] to alterations in pH and potentially the

NaBH4 treatment and mounting in Mowiol-488 (a glycerol-based mountant)

may have had an undesirable impact on the the fluorescence lifetime of that

specific fluorophore [183].

The lifetimes of the in vivo fluorescent proteins are comparable to the cor-

responding in vitro lifetimes, although with more variation; this is likely due

to the added complexity of imaging through a cell at a considerably lower

concentration than the protein solutions. In solution, individual molecules

diffuse in and out of the focal plane due to Brownian motion, and no one

fluorophore is directly excited for any considerable length of time. This is

not the case with fixed cells as a smaller number of fluorophores are initially

imaged and, when cycled through many more successive rounds of excita-

tion and emission, are more likely to become irreversibly damaged through

photo-bleaching.
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The mVenus donor alone lifetime is significantly lower in cells (Figure 4.3.9-2)

than in solution, a decrease of 2.95 ± 1.59 to 2.37 ± 0.067 ns, a reduction

of approximately 500 ps. Again, it is not clear why the lifetimes of the donor-

alone FPs are much shorter. A significant decrease in the lifetime of the

mVenus alone constructs measured in cells compared to the purified con-

struct has caused a large decrease in the overall amount of FRET calculated

in the MEFs compared to the purified proteins measured in solution. This

has resulted in much lower significance being reported between the average

mVenus lifetime in the donor alone and the mVenus in the mVenus-mScarlet

FRET pair. With a P-value of 0.0124 (only one *) for the mVenus + mVenus-

mScarlet FRET pair. Encouragingly, the lifetimes of the mVenus-mScarlet

construct and the lifetime of the mVenus as a donor in the mTurq2-mVenus-

mScarlet three-colour FRET cascade construct are not significantly different,

with a P-value of 0.7442.
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Figure 4.3.9.1: Average lifetimes for the in-vivo FRET Cascade Fluorescent Pro-

teins mTurq2 Donors: A) Lifetime measurements were taken with a home build
TCSPC-FLIM imaging system built around a Nikon Ti-Eclipse microscope and Coherent
chameleon Vision II Ti:Sapphire laser source. Donors were excited at 875 nm (TPE)
for mTurq2. Proteins consisting of three FPs, the fluorophore in bold is the donor.
Lifetimes were determined using TRI2, a time-resolved analysis software package
using a mono-exponential LMA fitting algorithm. A-O) TCSPC FLIM data for the MEFs
transfected with plasmids encoding the FRET Cascade proteins. A-E) a widefield epi-
fluorescence image of MEF transfected with an appropriate FRET Cascade plasmid.
F-J) shows the Multiphoton Intensity image, and H-O) shows the lifetime distribution
in a typical transfected cell. P) The average lifetimes for the FERT Cascade proteins
expressed in MEFs, error bars show standard deviation. Q) A summary table of life-
times, standard deviation and LMA fit. N=9 measurements per condition across three
separate technical repeats, P-values ≥ 0.123 ns, ≤ 0.0332 (*), ≤ 0.0021 (**), ≤ 0.0002
(***), ≤ 0.0001 (****)
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Figure 4.3.9.2: Average lifetimes for the in-vivo FRET Cascade Fluorescent Pro-

teins: mVenus Donors: A) Lifetime measurements were taken with a home build
TCSPC-FLIM imaging system built around a Nikon Ti-Eclipse microscope and Coherent
chameleon Vision II Ti:Sapphire laser source. Donors were excited at 875 nm (TPE)
for mTurq2, and 950 nm (TPE) for mVenus. The proteins consist of three FPs, the fluo-
rophore in bold is the donor. Lifetimes were determined using TRI2, a time-resolved
analysis software package using a mono-exponential LMA fitting algorithm. A-I) TC-
SPC FLIM data for the MEFs transfected with plasmids encoding the FRET Cascade
proteins. A-C) A widefield epi-fluorescence image of MEF transfected with an appro-
priate FRET Cascade plasmid. D-F) Multiphoton Intensity image. G-I) Cellular lifetime
distributions in a transfected MEF. J) The average lifetimes for the FERT Cascade
proteins expressed in MEFs, error bars show standard deviation. K) A summary table
of lifetimes, standard deviation and LMA fit. N=12 measurements per condition across
three separate technical repeats, P-values ≥ 0.123 ns, ≤ 0.0332 (*), ≤ 0.0021 (**), ≤
0.0002 (***), ≤ 0.0001 (****)
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4.3.10 FRET Efficiencies and Energy Transfer Rates for the FRET

Cascade Fluorescent Proteins Expressed in MEFs

Following on from the description of the fluorescent lifetimes for the three-

colour FRET cascade constructs transiently expressed in MEFs, this section

is concerned with the calculated FRET efficiencies, transfer rates and the

possibility of using the three-colour system accurately in fixed cells. There

is an overall reduction in the amount of FRET compared to the in-solution

measurements (figure 4.3.10-1), which detected up to 36% FRET efficiency

for the mTurq2-mVenus FRET compared to the mTurq2 donor alone, whereas

in vivo measurements of the same interaction suggests a more modest

13.2 % FRET efficiency. This trend continues, with the three-colour mTurq2-

mVenus-mScarlet-I construct in-solution FRET efficiency measured at 43.7%

but reduced to 26.3% in cells. This could be a serious and significant issue

for this technique if the dynamic range of the FRET sensors is radically

reduced. However, it is important to note that the general trends in the in

vitro measurements are also found in the in vivo FRET calculations.

The Energy Transfer calculations (§ 4.3.7) showed that the difference be-

tween the calculated and measured lifetimes for the three-colour mTurq2-

mVenus-mScarlet protein was still very small, with only a 9.82% deviation.

This demonstrates that despite the added complexity of imaging in fixed cells

and the general reduction in donor-alone lifetimes, it is still possible to as-

semble the individual FRET components measured in controlled experiments

to construct a reliable estimate of the three-colour lifetime.

There is a consistent difference between the longer in vitro lifetime measure-

ments and the shorter in vivo measurements (figure 4.3.10-2A). This is most

significant for the mTurq2 donor alone, which significantly affects the cal-

culated FRET efficiencies and the Energy Transfer rates. However, there are

three constructs where the difference between the two populations is insignif-

icant: mTurq2-mVenus, mTurq2-mScarlet-I and mTurq2-mVenus-mScarlet-I.

As previously mentioned, significant changes in the lifetime of the donor will

affect the apparent FRET efficiencies and the calculated energy transfer rates

(figure 4.3.10-2B), where we can see a clear, constant discrepancy between

the in vivo and in vitro FRET efficiencies.
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Figure 4.3.10.1: FRET Efficiencies and Energy Transfer Rates for the FRET Cas-

cade Fluorescent Proteins Expressed in MEFs: FRET efficiencies were calculated
using the FRET efficiency equation (see equation 4.2.10-1). A) Shows graphically
the average FRET efficiencies for the various FRET pairs. Where, A=mTurquoise2,
B=mVenus and C=mScarlet, for FRET pairs, the letter before the line marks the donor,
so A—ABC denotes the FRET efficiency measured where the donor is A, mTurquoise2
and B—ABC would denote the FRET efficiency measured where the donor is B, mVenus
in the mTurq2-mVenus-mScarlet protein. B) A summary table describing the FRET
efficiencies, standard deviation, the calculated Forster radii for each FRET pair and the
calculated separation distance between the FRET pair. C)A summary table detailing
the Energy transfer rates, standard deviation and the associated lifetime of each
FRET component. N=12 measurements per condition across three separate technical
repeats P-values ≥ 0.123 ns, ≤ 0.0332 (*), ≤ 0.0021 (**), ≤ 0.0002 (***), ≤ 0.0001
(****)
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Figure 4.3.10.2: Comparison of In vivo and In vitro measurements for the FRET

Cascade fluorescent proteins: A) Comparison of fluorescence lifetimes against FP
pair. B) Comparison of FRET against FP pair. N=12 measurements per condition across
three separate technical repeats P-values ≥ 0.123 ns, ≤ 0.0332 (*), ≤ 0.0021 (**), ≤
0.0002 (***), ≤ 0.0001 (****)

151



4.3. RESULTS II: THREE-COLOUR FRET CASCADE 152

4.3.11 Negative Stain TEM Images

Negative Staining for Transmission Electron Microscopy (TEM) was chosen as

a quick and relatively simple technique for acquiring low-resolution (˜2 nm)

structural images of the three-colour mTurq2-mVenus-mScarlet-I protein.

The rationale was to obtain structural information regarding the general

shape or envelope of the three-colour protein. Specifically, I wanted to know

if the predicted distances calculated from the FRET interactions and the

energy transfer rates from the three-colour model could be independently

validated.

A proposed orientation model of the β-barrels was produced by arranging the

FPs such that they were the correct distance apart from one another (panel D

of Figure 4.3.11-1). This model matches well with the negative stain images of

the three-colour mTurq2-mVenus-mScarlet-I protein and the calculated FRET

distances (table in figure 4.3.11-1). For simplicity, I have compared the short-

est, middle, and longest sides of the measured triangular overlays (red) with

the shortest, middle, and longest sides calculated for the mTurq2-mVenus-

mScarlet protein using the FRET calculations. The differences between the

measured and calculated distances are small, with an average approximately

difference of only 1.26%; some of this error could be due to the relative

orientation of three-colour protein, which may not be positioned completely

flat on the surface.
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Figure 4.3.11.1: Average Separation distance between β-Barrels Determined by

Negative Stain TEM: A-E) Negative Stain TEM micrographs acquired at 120kV of
the three colour mTurq2-mVenus-mScalet-I protein. Distances between beta-barrels
measured in Fiji (ImageJ). F) Predicted model rendered in Pymol, a top-down projection
for comparison with TEM data. G) Bar chart of average distances measured between
β-barrels in the TEM micrographs. H) Summary statistics table outlines the mean and
standard deviations for the distances measured (TEM micrographs) and calculated
(FRET calculations), and the percentage difference between the two. N=3 measure-
ments per condition across three separate technical repeats. P-values ≥ 0.123 ns, ≤
0.0332 (*), ≤ 0.0021 (**), ≤ 0.0002 (***), ≤ 0.0001 (****)
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4.4 Conclusions of the Three-colour FRET cascade

model

At the start of this chapter, I described a problem I wanted to solve, specifically

how we could establish a novel method that would allow us to simultane-

ously probe the two-colour tension-sensing FRET biosensor with the putative

vinculin-RIAM FRET interaction. In the previous chapter, I introduced evidence

that shows the possibility of a vinculin-RIAM interaction within developing FAs;

I also described how intracellular mechanical force is both key to vinculin ac-

tivation and function. A more nuanced analytical FRET-based approach was

required to understand this interaction and how intracellular force affects

the vinculin-RIAM interaction.

The mVenusG68A mutation was incorporated into the three-colour mTurq2-

mVenus-mScarlet-I protein to produce a suitable control with the same sepa-

ration distance between the mTurq2 and mScarlet-I. Alternative mutations

could have been inserted instead of the G68A point mutation, such as the

Q69M and F46L, both well-understood and characterised mutations found in

many “dark” non-fluorescent versions of YFPs and GFPs such as ShadowY,

ShadowG, and sREACh [185]. These mutations, which produce dark-FPs, only

reduce the quantum efficiencies of the FPs and do not affect the formation of

their chromophore—resulting in a fully functional acceptor/quencher with

relatively weak emission. This is a fundamental difference from the G68A

mutation, incapable of acting as an acceptor or quencher. I decided to try the

G68A mutation, inserted using site-directed mutagenesis, and the resulting

protein was shown not to have an excitation peak at 515 nm nor an emission

peak at 530 nm, as we found with the functional mVenus.

Excitation and emission spectra confirmed that the purified proteins were

as we had expected in terms of their spectra, with an indication of FRET

observed in straightforward spectroscopic measurements with appropriate

emission peak assignments. Some concerns regarding the secondary and

tertiary structures of the mutant were relieved once the CD spectra revealed

that the G68A point mutation had not caused any significant changes to

the 3D structure of the protein. However, some stability is lost at higher

temperatures with the mutant compared to the mVenus. The mVenusG68A

mutant likely requires lower temperatures to be expressed as a functional,

fully folded protein. This may explain why earlier research conducted by the

Tsien group [165, 171] concluded that when this mutation was inserted into
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GFP, the protein expressed was not only non-fluorescent but also disordered.

The inclusion of this mutation is a new finding, but as far as I am aware, no

other researcher has used this specific mutation to create a non-fluorescent

beta-barrel and has used it to control for FRET.

Once the structural integrity of the mutated three-colour protein had been

confirmed, the purified proteins were imaged using our two-photon TCSPC-

FLIM imaging system (detailed in figure 4.2.10-1). As expected, the mTurq2

had a very long fluorescent lifetime of 4.18 ± 0.072 ns which is very close to

the published lifetime of 4.0 ns [183] (no error was given in the publication,

and the published value was achieved with a widefield frequency-domain

FLIM imaging system [183]). This result gives confidence that the correct FPs

can be produced and fluorescence lifetimes that with the literature values.

The same was true for the mVenus FP, which was determined to be 2.95 ±

0.026 ns, and the published value was stated as 2.9 ± 0.1 ns [186] which was

again achieved with a widefield frequency-domain FLIM imaging system [183].

A significant decrease in the average lifetimes were observed for the two-FP

proteins compared to the mTurq2 and mVenus, as the donor-alone controls,

showed that FRET had indeed occurred between each of those two-part

chimeric proteins. Another decrease in the average lifetime was also observed

for the three-colour mTurq2-mVenus-mScarlet-I protein, as we would also

expect. The mutated three-colour protein, mTurq2-mVenusG68A-mScarlet-

I, had a longer lifetime than the unmutated three-colour protein and the

mTurq2-mScarlet protein, suggesting that the increased distance between

the two FPs had made a significant difference while also giving further support

to the idea that the mVenus, which separates the FPs in the mutated three-

colour protein, truly, is both non-fluorescent and non-absorbing.

The average FRET efficiencies were calculated from the fluorescent protein

lifetimes. The three-colour mTurq2-mVenus-mScarlet-I protein was deter-

mined to have the shortest fluorescence lifetime and, consequently, the

greatest FRET efficiency of 48.4 ± 1.03 %. It is impossible to compare this or

another FRET value to published work as these specific constructs with the

six amino linkers have not been made previously. However, we can comment

on the general trend between the six FRET pairs made and imaged. The two

mTurq2 donors, mTurq2-mVenus and mTurq2-mScarlet, exhibited similar

FRET efficiencies of 38.51 ± 1.95 % and 38.02 ± 2.07 %, respectively. Not too

surprising as both FRET pairs have the same donor, the same linker length

(presumably the same separation distance) and very similar Förster radii.
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The fact that they are both similar in value is reassuring, as their agreement

effectively acts as a control. Of the four FRET pairs with mTurq2 as the donor,

the mTurq2-mVenusG68A-mScarlet-I protein was found to have the least FRET.

Not too surprising when we consider that the middle fluorophore was not

involved in the FRET cascade at all.

Once the FRET efficiencies had been calculated, the energy transfer rates

were then determined from their respective interactions to calculate and

effectively predict the total energy transfer out of the mTurq2 donor and

then used that total energy transfer rate to estimate the lifetime. From these

calculations, I could use the model to predict a lifetime for the three-colour

protein of 2.25 ± 0.39 ns, compared to the measured lifetime of 2.33 ± 0.27 ns;

this represents only a 3.4 % discrepancy between my predicted and measured

results. This again instils more confidence that the model is correct and that

we can determine the distances between the fluorophores. If at this stage, we

had found large discrepancies between the predicted and measured values,

it would certainly give cause for concern that perhaps I had not performed

either the lifetime measurements correctly, the photophysical model was too

simplistic, or that perhaps the proteins themselves had deteriorated and, as

such were no longer viable.

A prediction for the distances between the FPs was performed using the FRET

efficiencies and equation 4.2.11-2, as detailed in figure 4.2.11-1 panel B;

the distances between the mTurq2-mVenus, mTurq2-mScarlet, and mVenus-

mScarlet FPs was determined to be 6.33 ± 0.12 nm, 7.14 ± 0.17 nm, and

7.50 ± 0.31 nm respectively. The most significant thing about these results

is that the distance between the mTurq2 and mScarlet proteins is not twice

that between mTurq2-mVenus or mVenus-mScarlet. This was surprising to

find as I had not considered up until this point that the three-colour protein

would be anything but a long cylindrical sausage in shape. However, from

these results, all the distances are roughly the same, suggesting a triangular

or globular shape to the three-colour FP. A simple formula for deducing the

interior angle of a triangle when all three sides are known, the cosine rule,

was used to calculate an approximate separation angle between the mTurq2

and mScarlet FPs. This was determined to be 62.43 ± 3.88◦. I then measured

the distances between the centres of β-barrels, which gave a range very

close to the predicted distances calculated from the FRET efficiencies. This

is not conclusive evidence that the three-colour protein is in a triangular/-
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globular confirmation, but it does provide some validation of the predicted

model.

Finally, the three-colour model was then applied to MEFs transfected with the

mammalian expressing versions of the same proteins. This is a step towards

using the model to predict dynamic multi-protein cellular interactions. There

were some significant issues regarding lifetime measurements that generally

did not agree with the lifetimes measured for the purified proteins. This led to

reduced FRET efficiencies being calculated, which had larger standard devia-

tions associated with them. The trend between the constructs is the same

as with the purified proteins, which means that even though the absolute

lifetime values measured were not the same, the FRET distances could still be

calculated similarly as with the purified proteins. Distances were calculated

to be 8.00 ± 1.60 nm, 9.12 ± 2.75 nm, and 8.85 ± 2.47 nm for the mTurq2-

mVenus, mTurq2-mScarlet and mVenus-mScarlet FRET pairs respectively.

The separation angle between mTurq2 and mScarlet in the mTurq2-mVenus-

mScarlet-I protein was 62.12 ± 1.8o, which is still in agreement with the in

vitro distances (albeit slightly longer) and, most importantly, the separation

angle. It is likely that due to the reduced absolute protein concentration

found in transfected cells, as opposed to a known µM concentration of puri-

fied proteins, the variation associated with the fluorescence lifetimes is much

greater. This is compounded further when an additional error was possibly

introduced through fixation and mounting of the cells, leading to cross-linking

and potential modification of the FPs is why both the lifetimes were not as

expected for all FPs, and the reason why the calculated FP separation dis-

tances were found to be longer for the in vivo measurements than the in vitro

measurements.

A recent study has shown that some glycerol-based mounting media can sig-

nificantly reduce the lifetime of Aquorea victoria-derived FPs such as mTurq2

and mVenus by as much as 20% [187]. They specifically showed that cells

expressing mTurq2 in cells that were fixed in either PFA or methanol and then

imaged in either TBS or PBS exhibited average fluorescent lifetimes of 4.08 ±

0.03 ns compared to cells fixed in PFA or methanol and mounted in Mowiol,

or Vectashield which when imaged the average lifetimes were recorded as

3.70 ± 0.04 ns and 3.13 ± 0.02 ns respectively. This represents a 9.31%

and 23.3% reduction in the fluorescence lifetime for Mowiol and Vectashield

mounted samples. It would seem the best mounting media would be a sim-

ple physiological buffer comprising either TBS or PBS. The same study then
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compared different solutions of glycerol ranging from 20% to 50%, which

showed a reduction in the fluorescence lifetime of the more concentrated

glycerol samples, solutions of which incidentally had higher refractive indices.

The paper concluded that the relationship between fluorescent lifetime was

inversely proportional to the square of the refractive index of the mounting

media. Optimal imaging was found in solutions where the refractive index

was close to that of water, 1.33. Additionally, it should be noted that most

commercial mounting media have fluor-protectants like DABCO, typically

found in Mowiol, which acts to prevent photobleaching. This may be ideal for

widefield or confocal imaging where brighter samples are favoured but may

also contribute to reduced lifetimes in FLIM imaging.

The mTurq2 in vitro lifetime was measured as 4.18 ± 0.072, and the in vivo

lifetime was 3.06 ± 0.19, corresponding to a 26.78% reduction. Similarly, the

mVenus in vitro lifetime was measured as 2.953 ± 0.025, and in vivo, the life-

time was measured as 2.369 ± 0.061, corresponding to a 19.77% reduction

in the donor alone lifetime. All the fixed cell imaging was conducted on cells

mounted in DABCO-supplemented Mowiol, whereas the purified proteins were

dissolved in PBS. The use of a DABCO-supplemented glycerol-based mounting

media could well be the reason for this discrepancy in fluorescent lifetimes;

future work will need to be done with cells prepared in TBS, especially before

the publication of this data.
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RESULTS CHAPTER I I I :

A P P L I CAT ION OF THE THREE -COLOUR FRET MODEL TO L I V E

AND F I X ED CEL LS

5.1 Introduction to the Application of the Three-colour

FRET model

This chapter describes individual FRET exchanges that occur in the multi-

colour FRET interactions between the vinculin tension sensor and mScarlet-

RIAM using two-photon TCSPC-FLIM. The precise location of the vinculin-RIAM

interaction is of great interest and importance and is explored within this

chapter. The determination of whether there is a significant difference in

donor lifetime for the vinculin tension sensor + mScarlet-RIAM between the

mask regions (described in previous chapters) is of paramount interest. Fur-

thermore, probing whether, within specific regions, a greater proportion of

vinculin molecules are in a free or bound conformation with RIAM is an addi-

tional aim.

The relationship between the expression levels of mScarlet-RIAM and its colo-

calization with vinculin within FAs is investigated extensively in this chapter.

In previous chapters, evidence has been presented that describes an interac-

tion between vinculin and RIAM that likely occurs in the cytoplasm, although

this interaction is still detectable within the FAs, as demonstrated by the

many FRET experiments presented. However, there appears in some cells

at least to be less mScarlet-RIAM expression at the very edge of the cell,

where we see nascent adhesions being formed and where we would expect

to see RIAM expression interacting with vinculin. We have seen a great deal

of variability associated with some of the fixed cell FRET data, specifically

relating to the large spread of lifetime values not limited to but including the

conditions containing the mScarlet-RIAM acceptor. The increased spread in

lifetime values could be due to the amount of expressed mScarlet-RIAM and

whether it is effectively localised within the lamellipodium. It may be possible

to separate the imaged cells into two groups, one with higher, well-localised
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mScarlet-RIAM and another having lower expression levels and not as well

localised in the lamellipodium.
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5.2 Results III: Application of the Three-colour FRET

model to live and fixed cells

5.2.1 MEFs transfected with teal-vinculin & mScarlet-RIAM in

fixed cells

The individual FRET exchanges in the multi-colour FRET interaction between

the vinculin Tension Sensor and mScarlet-RIAM in fixed transfected MEFs are

described using two-photon TCSPC-FLIM. The first describes the interaction

between teal-vinculin and mScarlet-RIAM (figure 5.2.1-1); the FLIM data were

segregated using intensity masks into three specific compartments: Focal

Adhesion only, Whole Cell, and Excluding Focal Adhesions.

Comparing the lifetime data for the co-transfected teal-vinculin + mScarlet-

RIAM cells to the teal-vinculin donor alone control cells showed a significantly

shorter fluorescence lifetime for the co-transfected teal-vinculin + mScarlet-

RIAM imaged cells. This is evidenced both in terms of the warmer (red) colour

of the FAs (panels A-F of Figure 5.2.1-1) and the calculated FRET efficiencies

(approximately 20%) for each of the three masked teal-vinculin + mScarlet-

RIAM regions compared to the teal-vinculin-only control cell (panels G-J). No

significant difference was found between the FRET efficiencies of the different

masked regions; this is not entirely surprising. As shown with GFP-vinculin and

RIAM-mScarlet, the FRET interaction is not exclusively isolated to any one

region of the cell. This data would suggest an interaction between vinculin

and RIAM, but the interaction is not specific to FAs alone.
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Figure 5.2.1.1: Average Separation distance between β-Barrels Determined by

Negative Stain TEM: A-C) show Fluorescence Lifetime images for the same cell
masked through thresholding of the two-photon intensity map for the three separate
conditions: Focal Adhesions only, Whole Cell and Focal Adhesions Excluded. Panels D-F)
shows composite images for the Multiphoton Intensity images merged with the lifetime
images. G and K) Show the epifluorescence widefield images of the Teal-Vinc donor
alone and the teal-Vinc + mScarlet-RIAM donor + acceptor cells, respectively. H and L)
show the Multiphoton Intensity images for the same cells. I) shows the fluorescence
lifetime image for the donor cell, and J) shows the composite (colour merge of intensity
and lifetime) image for the donor alone cell. M) Shows the average FRET efficiencies
as a Box plot for each condition. Significance was determined through a one-way
ANOVA with Tukey corrections for multiple tests. N) A summary table of lifetimes,
standard deviation, and FRET efficiencies. N=8 measurements per condition across
three separate technical repeats. Scale bar = 20µm. P-values ≥ 0.123 ns, ≤ 0.0332
(*), ≤ 0.0021 (**), ≤ 0.0002 (***), ≤ 0.0001 (****)
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5.2.2 MEFs Transfected with the Tensionless-Vinculin Biosen-

sor & mScarlet-RIAM in Fixed Cells

The tensionless-vinculin control construct was used as a FRET control for

the vinculin tension Sensing Biosensor; this construct has the two FPs at

the C-terminus of the vinculin head domain do not contain the actin binding

tail domain required of vinculin. A potential consequence is that vinculin

remains in an autoinhibited inactive state that cannot be activated through

the usual mechanism of talin and actin binding, which means that the vinculin-

TL construct is permanently in a low-force, high FRET conformation. The

following lifetime data (Figure 5.2.2-1) shows the fluorescence lifetime and

FRET efficiency data for vinculin null MEFs transfected with either vinculin-TL

only or co-transfected with vinculin-TL and mScarlet-RIAM.

The addition of the mScarlet-RIAM construct results in a lower average life-

time of the teal FP in the vinculin-TL transfected cells compared to the teal

FP in cells only transfected with vinculin-TL. There was a significant reduc-

tion in the fluorescence lifetime and an increase in the FRET efficiency for

all three masks used with very little difference between any of the three

masked regions (see box plot diagram figure 5.2.2-1 panel M). Suggesting

that when vinculin is in a low-tension autoinhibited state where it cannot bind

to actin, the actin-binding domain is absent from the vinculin-TL construct

while still forming an interaction with RIAM. This finding would suggest that

the vinculin-RIAM interaction could be actin-independent. Additionally, there

was no significant difference in average lifetimes between the three masked

regions, which one might expect to see if the interaction was predominantly

FA associated.
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Figure 5.2.2.1: Vinculin-TL with mScarlet-RIAM in fixed cells: A-C) show Fluo-
rescence Lifetime images for the same cell masked through thresholding of the
two-photon intensity map for the three separate conditions: Focal Adhesions only,
Whole Cell and Focal Adhesions Excluded. Panels D-F) shows composite images for
the Multiphoton Intensity images merged with the lifetime images. G and K) Show
the epifluorescence widefield images of the mVenus-vinculin donor alone and the
mVenus-vinculin + mScarlet-RIAM donor + acceptor cells, respectively. H and L) show
the Multiphoton Intensity images for the same cells. I) shows the fluorescence lifetime
image for the donor cell, and J) shows the composite (colour merge of intensity and
lifetime) image for the donor alone cell. M) Shows the average FRET efficiencies as a
Box plot for each condition. Significance is determined through a one-way ANOVA with
Tukey corrections for multiple tests. N) A summary table of lifetimes, standard devia-
tion, and FRET efficiencies. N=8 measurements per condition across three separate
technical repeats. Scale bar = 20µm. P-values ≥ 0.123 ns, ≤ 0.0332 (*), ≤ 0.0021 (**),
≤ 0.0002 (***), ≤ 0.0001 (****)
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5.2.3 MEFs transfected with mVenus-vinculin & mScarlet-RIAM

in fixed cells

The mVenus-vinculin construct was transfected into vinculin null MEFs with

and without mScarlet-RIAM. The addition of the mScarlet-RIAM construct

in the co-transfected cells reduced the average lifetime of the mVenus FP

and an average FRET efficiency of approximately 22% for all three masked

regions. A finding extremely similar to the teal-vinculin + mScarlet-RIAM data

presented above is not very surprising, as we are probing the same interaction

as described with the teal-vinculin + mScarlet-RIAM co-transfected cells, with

the only the difference being the FP used to tag the vinculin. This is still an

an important result, as the FRET transfer rates are needed to calculate the

overall resonance energy transfer rates between all FPs in a three-colour

model.
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Figure 5.2.3.1: mVenus-vinculin with mScarlet-RIAM in fixed cells: A-C) show Flu-
orescence Lifetime images for the same cell masked through thresholding of the
two-photon intensity map for the three separate conditions: Focal Adhesions only,
Whole Cell and Focal Adhesions Excluded. Panels D-F) shows composite images for
the Multiphoton Intensity images merged with the lifetime images. G and K) Show
the epifluorescence widefield images of the mVenus-vinculin donor alone and the
mVenus-vinculin + mScarlet-RIAM donor + acceptor cells, respectively. H and L) show
the Multiphoton Intensity images for the same cells. I) shows the fluorescence lifetime
image for the donor cell and J) shows the composite (colour merge of intensity and
lifetime) Image for the donor alone cell. M) Shows the average FRET efficiencies as
a Box plot for each condition. Significance is determined through a one-way ANOVA
with Tukey corrections for multiple tests. N) N=8 measurements per condition across
three separate technical repeats, Scale bar = 20µm. P-values ≥ 0.123 ns, ≤ 0.0332
(*), ≤ 0.0021 (**), ≤ 0.0002 (***), ≤ 0.0001 (****)
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5.2.4 MEFs Transfected with Tension Sensing-Vinculin Biosen-

sor & mScarlet-RIAM in Fixed Cells

The vinculin-tension sensing biosensor was transfected into vinculin null

MEFs with and without mScarlet-RIAM producing a three-coloured, multi-

plexed FRET experiment. The addition of the mScarlet-RIAM construct re-

sulted in the reduction of the average lifetime of the teal FP in the vinculin-TS

construct, from a FRET efficiency of approximately 12% to an average of

approximately 30% with the addition of mScarlet-RIAM (panels N and M of

Figure 5.2.4-1). This increase in average FRET efficiency of approximately

18% is a direct consequence of the mScarlet FP interacting with the teal FP

within the TSMod in the vinculin-TS construct. The increase in FRET efficiency

is indicative of an additional FRET interaction, which would suggest that while

there is low tension acting on the vinculin-TS protein, yielding a high FRET

efficiency between the teal and mVenus FPs, there is also a second energy

transfer between the teal FP and the mScarlet FP. This increase in FRET ef-

ficiency for vinculin-TS with mScarlet-RIAM occurred for each of the three

masked regions; however, a relatively large spread of lifetime values were

observed. Most probably due to the binary nature of the biosensor, being

constrained to either an open or closed conformation per vinculin molecule.

However, only a single lifetime value is reported when averaged over the

whole cell for all adhesions in that cell.

The presence of mScarlet-RIAM has resulted in a decrease in the lifetimes

measured across the three segregated regions. The large spread of values

likely corresponds, as mentioned above, to the Tension Sensing biosensor's

open or closed state, which can be in either an open or closed form. Vinculin

is thought to be in an autoinhibited state in the cytoplasm and is thought not

to be able to fully open without first binding to talin and actin. This should

correspond to a difference in average lifetimes between the cytoplasmic

regions, where we expect to see a high amount of FRET. These regions will

not have the mechanical force exerted on vinculin to separate the teal and

mVenus FPs and so will exhibit a greater FRET efficiency compared to the FAs,

where we would have expected to see either a larger variation in lifetimes or

a general reduction corresponding to the open, active form of vinculin being

in greater abundance compared to the cytoplasm.

Average lifetime distributions for the various donor-acceptor and donor-alone

conditions were also produced (see Figure 5.2.4-2). For the three vinculin-TS
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conditions co-transfected with mScarlet-RIAM, we can see two peaks in the

distributions, which broadly line up with 1.3 and 1.6 ns (panel A of Figure

5.4.2-2). The shorter lifetime corresponds to the three-colour FRET transfer

from the teal FP to the two FRET acceptors, mVenus and mScarlet, and the

longer lifetime most likely corresponds to the teal-mVenus FRET transfer only.

There may be a sizeable FRET transfer between teal and mScarlet is unlikely

to occur without mVenus present due to the proximity of mVenus to teal in

the tension-sensing construct. Cells imaged with the shortest lifetimes are

likely to predominantly be vinculin-TS in the high FRET closed state and have

mScarlet-RIAM present. This could indicate a preference for RIAM binding to

the closed, inactive autoinhibited conformation of vinculin if it could also be

shown that the mScarlet-RIAM construct does not associate with the open,

active form of vinculin. The second, longer lifetime peak at approximately

1.6 ns represents the bulk of the cells imaged for this condition and likely

shows the vinculin-TS construct in a closed, high FRET – low tension state

without RIAM present. It could be speculated that this could be a transitional

state within FAs where RIAM has dissociated from vinculin, and before vinculin

activation through successful binding with talin and actin.

There is an additional peak illustrated by the teal-only donor, with a peak

at approximately 2.0 ns. This is likely to be illustrative of a cell where the

vinculin-TS construct was predominately found in the open state, where

there was little FRET measured between the teal and mVenus FPs and where

the mScarlet-RIAM protein did not associate sufficiently within the FAs to

significantly reduce the lifetime. No cells were imaged with longer lifetimes

associated with the vinculin-TS construct being in its fully open and active

conformation. This is as we might expect if we were to believe that vinculin

is only under tension when bound to talin and actin in the FAs. The two

peaks seen in both masked conditions purport to a 1.4 and 1.6 ns lifetime as

described above, most likely relating to a teal-mVenus configuration without

mScarlet-RIAM and a lower lifetime configuration with the mScarlet-RIAM

present.
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Figure 5.2.4.1: Vinculin-TS with mScarlet-RIAM in fixed cells: A-C) show Fluo-
rescence Lifetime images for the same cell masked through thresholding of the
two-photon intensity map for the three separate conditions: Focal Adhesions only,
Whole Cell and Focal Adhesions Excluded. Panels D-F) shows composite images for
the Multiphoton Intensity images merged with the lifetime images. G and K) Show
the epifluorescence widefield images of the mVenus-vinculin donor alone and the
mVenus-vinculin + mScarlet-RIAM donor + acceptor cells, respectively. H and L) show
the Multiphoton Intensity images for the same cells. I) shows the fluorescence lifetime
image for the donor cell and J) shows the composite (colour merge of intensity and
lifetime) image for the donor alone cell. M) Shows the average FRET efficiencies as a
Box plot for each condition. Significance is determined through a one-way ANOVA with
Tukey corrections for multiple tests. N) A summary table of lifetimes, standard devia-
tion, and FRET efficiencies. N=8 measurements per condition across three separate
technical repeats. Scale bar = 20µm. P-values ≥ 0.123 ns, ≤ 0.0332 (*), ≤ 0.0021 (**),
≤ 0.0002 (***), ≤ 0.0001 (****)
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Figure 5.2.4.2: Fluorescence Lifetime Distributions for vinculin-TS with mScarlet-

RIAM in Fixed cells: A) Summed average lifetime plots for the various Vinc-TS+
mScarlet-RIAM conditions along with Vinc-TS alone and Teal-vinculin alone lifetime
plots. B-D) Plots of normalised pixel frequency against lifetime for the three masked
Vinc-TS + mScarlet-RIAM conditions. E-G) Individual plots of each cell imaged in each
condition of normalised pixel frequency against lifetime for the three masked Vinc-TS
+ mScarlet-RIAM conditions.
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5.2.5 The effect of mScarlet-RIAM expression in nascent adhe-

sion on the Three-colour FRET model

Colocalization was determined using Coloc 2 ImageJ (FIJI) [188–191]; this

was chosen as Coloc2 utilises a one-to-one pixel assignment to determine

colocalisation, a feature required for comparing widefield-epifluorescence

and FLIM data. Two cells were selected for demonstration purposes, one

with nominally higher mScarlet expression, especially in the lamellipodium,

and another with lower mScarlet expression. Panels G and N show 2D his-

tograms of the pixel intensities for the two images, showing little correlation

between the two channels. Conversely, looking at panel N, we can see a better

agreement between the two channels, but it is still far from a perfect linear

relationship.

The Manders’ coefficients for the lower expressing mScarlet-RIAM cell are

much lower than that of the higher expressing cell, 0.054 and 0.102 opposed

to 0.861 and 0.586. This would suggest a better cooccurrence between RIAM

and vinculin for the higher-expressing cell than the lower-expressing RIAM

cell. However, only 26.1% of the pixels in the green channel and 58.6% in

the red channel are non-zero; this does not indicate a strong relationship

between the two proteins within the FAs. On its own, low co-occurrence does

not tell us much other than there are more structural similarities between

the two channels in the higher expressing mScarlet-RIAM cells than the lower

expressing cell.

Additionally, the Pearson Product Moment Correlation Coefficient (PPMCC)

[189–191], and we can see in panel O from figure 5.2.5-1 that for the higher

expressing mScarlet-RIAM cell, the Pearson correlation coefficient was calcu-

lated to be 0.07, and for the lower expressing cell was calculated to be -0.19.

This would strongly suggest that for either of the cells analysed, there is

little to no correlation between the localisation of mScarlet-RIAM and vinculin.

However, when we look at the fluorescence lifetimes of the cells, we can see

in the higher expressing mScarlet-RIAM cell that there is a shorter lifetime of

1.38 ns compared to 1.69 ns for the lower expressing mScarlet-RIAM cells.

This would yield a FRET efficiency of 34.10 and 16.01 %, which span the lower

and upper limits of the vinculin-TS + mScarlet-RIAM FRET efficiency range.

This would mean that some cells with lower mScarlet-RIAM or miss-localised

expression, the FRET interaction is scaled by the RIAM expression level; this

is typical of intermolecular FRET experiments with uncontrolled stoichiom-
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etry must be considered when aggregating data across multiple cells and

repeats.

The interaction persists despite the lack of colocalization from the widefield

epifluorescence images. One possible explanation is that RIAM is shuttling

vinculin towards the lamellipodium and relinquishes its binding partner very

early on in the FA complex formation process, just as vinculin begins to bind

and associate with talin and the actomyosin cytoskeleton. This would recon-

cile the results of the numerous FRET experiments and the GFP-pull downs

presented in earlier chapters. Interestingly, without the FRET data, one might

assume there was no interaction between these proteins purely based on the

lack of colocalization. A reminder that the colocalization of images taken in

widefield epifluorescence is diffraction limited, with optimal resolutions no

better than 250-300 nm. FRET and, by extension, FLIM is not limited in the

same way in terms of interaction detection and can report on interactions be-

tween proteins as close as 2 nm away. A correlation between mScarlet-RIAM

and lower fluorescence lifetimes may exist, but without extending the scope

of this investigation, single molecules would be very difficult to achieve with

the technology that we have at present.
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Figure 5.2.5.1: The effect of mScarlet-RIAM expression in nascent adhesion on

the Three-colour FRET model: A-F Low mScaret-RIAM expressing cell. H-M high
expressing mScalret-RIAM cell. G and N show 2D histograms of the pixel intensities for
the two images, with the Vinc-TS (green) channel plotted against the mScarlet-RIAM
(red) channel. O contains a table showing the result from the colocalization analysis
along with lifetime and FRET efficiency data for the two cells. Scale bar = 10 µm.
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5.2.6 Three-colour FRET model Applied to the Vinculin Tension

Sensing Biosensor with mScarlet-RIAM in Fixed MEFs

The fluorescence lifetimes for the various FRET pairs between the vinculin-

TS and mScarlet-RIAM transfected and co-transfected cells were used to

produce the three-colour FRET model (figure 5.2.6-1. panel A) from the dis-

tribution of FRET efficiencies recorded for the various FPs encoded within

each of the constructs. Large variations in FRET efficiencies can be observed

for several different constructs, but still, a significant increase in the FRET

efficiencies can be seen when mScarlet-RIAM is included as an additional ac-

ceptor in all cases compared to when it is not there. Vinculin-TL increases its

FRET efficiency from 17.0 ± 5.73 % to 28.9 ± 3.29 % by adding mScarlet-RIAM

in the FA-only masked cells. The same trend can be seen in the more variable

vinculin-TS condition with the addition of mScarlet-RIAM increases the FRET

efficiency of the multi-colour FRET cascade in the FAs from 12.28 ± 6.04 %

to 29.07 ± 8.75 %. The general trend that the addition of mScarlet-RIAM

across all the constructs is positive, but variability in the data is probably

a reflection of the heterogeneity in the samples imaged. There is very little

difference between the FRET efficiencies of the FAs only and the whole cell,

only minor differences in averages and variance but otherwise, the same and

not statistically different.

The separation distances for the three fluorophores were for the teal-mVenus

pair 8.31 ± 4.06 nm, mVenus-mScarlet 7.03 ± 2.34 nm and teal-mScarlet

7.13 ± 1.35 nm. An assumed stoichiometry between the teal and mVenus

FPs was taken as 1:1, which I believe is sensible as they are encoded on the

same biosensor. I have, however, not made any assumptions regarding the

stoichiometry of the mScarlet-RIAM protein within the RIAM-vinculin complex.

The distance measurements were then subsequently used to calculate the

average intramolecular force acting on an average vinculin molecule was

determined within the fixed MEFs imaged and was calculated to be 1.06 ±

0.51 pN (equation 3.2.7-1).

The energy transfer rates between the different fluorophores used in the

vinculin-TS + mScarlet-RIAM experiments can be used to ascertain if the

vinculin-RIAM interaction occurs when the tension sensor is in the open or

closed configuration and to deduce whether this interaction is more likely to

be found within the cytoplasm or just found in focal adhesions. However, the

large spread of fluorescence lifetimes makes it difficult to reach a definitive
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conclusion. Increased variance in the lifetime data propagates to a larger

standard deviation and lower confidence in the calculated separation dis-

tances.

Here we can see how the FRET transfer rates ΓAB, ΓAC and ΓBC were used to

estimate the lifetime of the three-colour vinculin-TS + mScarlet-RIAM inter-

action. The difference between the actual measured and predicted values

was only -0.87% indicating that the model likely represents the interaction

well between the vinculin TS and the RIAM-mScarlet construct, despite the

large uncertainty in the FRET data. The whole cell masked data were also

analysed similarly (data not presented here). However, there was very little

difference between the FRET averages of the whole cell and FA-only masked

cells. The only difference was found in the variance, which is likely to be more

a symptom of relatively small samples and cellular heterogeneity, whether

sample prep driver or otherwise.

Further experiments are needed to fully understand this interaction between

RIAM and vinculin. Some evidence, but mostly conjecture at this point, sug-

gests that the interaction is a transient shuttling. Global analysis [124] on

the FLIM data would be beneficial, as this could quantify which areas of the

cell exhibit more FRET. Unfortunately, this cannot be used effectively on this

data set as there are just too much heterogeneity and low photon count in

the sample data, which has hampered my ability to undertake bi-exponential

fitting using the LMA algorithm and to show the relative proportions of FRET

between multiple donor acceptors in a fractional sense.
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Figure 5.2.6.1: Three-colour FRET model Applied to the Vinculin Tension Sensing

Biosensor with mScarlet-RIAM in Fixed MEFs: A) Shows the average FRET efficien-
cies for the various FRET pairs graphically. Where A=mTFP1 (Teal), B=mVenus and
C=mScarlet, for FRET pairs, the letter before the line marks the donor, so A—ABC
denotes the FRET efficiency measured where the donor is A, Teal and B—ABC would
denote the FRET efficiency measured where the donor is B, mVenus in the Vinc-TS +
mScarlet-RIAM complex. B) A diagram showing the three fluorescent proteins in the
vinculin head (VH) and tail (Vt) domains along with the placement of the tension sen-
sor and mScarlet-RIAM. C) D) A summary table detailing the FRET efficiencies, Forster
radii and separation distances for the various energy transfers and force calculation
for the vinculin Tension Sensor. E) Energy transfer rates, standard deviation, and the
associated lifetime of each FRET component.
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5.3 Conclusion for the Application of the Three-colour

FRET model

Previously, in Chapter 3, I described the vinculin-RIAM association in isolation

and showed that I could not only detect a biological interaction between the

two proteins via pull-downs but also by using fluorescently tagged versions

of the proteins, I could show a direct association. In the same chapter, I also

introduced the vinculin Tension Sensor, which can report on the intramolec-

ular tensile force applied to vinculin through FRET. Chapter 4 dealt with the

development of a three-colour FRET approach allowing a combination of the

two FRET interactions into a single experiment where I can simultaneously

report on the two independent FRET interactions. This chapter is the culmina-

tion of the previous chapters, where I set out to combine the two approaches,

simultaneously reporting on the tensile forces applied to vinculin and whether

RIAM is also bound to vinculin, achieved with some compartmental segrega-

tion to give crude spatial resolution between the interactions occurring in the

cytoplasm and FAs.

FRET efficiencies calculated from the fluorescent lifetimes of vinculin-TS and

vinculin-TL constructs yielded an average separation distance between the

teal and mVenus FPs of 8.31 ± 4.06 nm and 7.81 ± 3.81 nm for the tension

sensor constructs, respectively. The vinculin-TL construct is considered the

high FRET, low tension, and control and should represent the relaxed position

the two FPs occupy when little to no tension is applied. We then consider the

vinculin-TS construct, which can respond to intramolecular forces acting on

vinculin by extending the 40 amino acid nanospring, which separates the two

FPs to observe a loss of FRET as an indication of applied force. The difference

between the separation distance for the vinculin-TL and vinculin-TS imaged

cells describe the average increase in separation distance measured by the

tension sensor. The average increase in distance was found to be 0.51 ±

0.22 nm. The nanospring has previously been found to have a stiffness of

0.478 nm/pN [130, 149], which yields an average applied mechanical force

to vinculin to be 1.06 ± 0.52 pN.

It is important to realise that 10 cells were imaged for each condition, each

containing 50-100 resolved focal adhesions, each associated with hundreds

or thousands of vinculin molecules. The average separation distance is a

bulk measurement, so it cannot tell us much about what is happening at

the individual adhesion level, but only the average experienced across all
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the cells imaged. This is why there are much variation in the vinculin-TS

measurements, and it is challenging to draw a more valid and significant

conclusion from this experiment. However, this tells us that the vinculin-TS

construct does, for many cells, record a value for the applied force to vinculin,

and that force can be detected on vinculin with the FAs.

The second area of focus, relating to the colocalization of vinculin and RIAM

showed that most of the vinculin is detected in the FAs and RIAM is predomi-

nantly localised to the cytoplasm where there is very little cooccurrence and

colocalization between the two proteins. Even so, there is an interaction that

can be detected by TCSPC-FLIM/FRET.

The three-colour model applied to the vinculin-RIAM interaction accurately

predicted the lifetime of the vinculin-TS + mScarlet-RIAM interaction. From

this, a simple model can be made; it is likely that the teal-mVenus FRET pair

is in a closed, high-FRET configuration in the cytoplasm and only separates

when vinculin is localised in FA and bound to both talin and actin. It is under-

stood that mechanical forces originating from the actomyosin cytoskeleton

engage the force-dependent extension of vinculin. Despite the lack of a signif-

icant difference between the teal-vinculin fluorescence lifetimes associated

with the cytoplasmic and focal adhesion fractions, there is still likely to be a

difference. Measuring that difference accurately through fixed-cell traditional

TCSPC-FLIM is a significant challenge. Faster methods, which allow for data

to be acquired in tens of seconds and not hundreds, would be of particular

interest, as would super-resolved FLIM techniques that would allow for the

interrogation of single adhesions in vivo.

From the evidence presented thus far, it is becoming increasingly apparent

that the vinculin-RIAM interaction is not a focal adhesion-associated reaction

and is not likely to play a vital role in the maturation or preservation of FAs

within the lamellipodium. What is more likely, is that RIAM performs a shuttling

role. We know RIAM has a role in shuttling talin molecules from elsewhere in

the cytoplasm and is also able, under the right conditions to associate with

vinculin and, therefore, likely to perform a similar task for Vinculin. In future

experiments, it would be interesting to better understand the effect truncated

or knocked down RIAM cells have on focal adhesion assembly and whether

mutations in RIAM can lead to cells with diminished or fewer adhesions as

the recruitment and assembly apparatus is lost.
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6.1 Discussion of Results

6.1.1 The vinculin-RIAM Interaction

The data presented in this manuscript in chapter three relates specifically

to elucidating a physiological vinculin-RIAM interaction. A previous study64

had shown that the D1 subdomain of the vinculin head domain (amino acids

1-258) and the N-terminal of RIAM (amino acids 1-250) and that, at high

concentrations, the N-terminus of RIAM can displace vinculin from a talin-

vinculin interaction and instead RIAM can bind to vinculin. The two N-terminal

domains were also crystallised, and a structure for this interaction was

published37. However, no in vivo study of the interaction or evidence of

biological function for the interaction has been published yet; a core objective

of this thesis is to show that vinculin-RIAM interaction is physiological and to

elucidate a possible biological function of the interaction.

Co-immunoprecipitation studies of EGFP-vinculin (described in §3.2.1) showed

that pulling both talin and RIAM from a GFP-trap is possible. Talin, a known

binding partner to vinculin data, shows that RIAM is also present in the vinculin

complex. This alone is not conclusive as RIAM is an established binding

partner of talin, so being able to probe for RIAM on a vinculin pull-down when

talin is shown to be present may not be convincing of a direct interaction.

Following this, the putative interaction was further probed using two FRET

pairs, one where RIAM was genetically encoded to the N-terminus of RIAM

and the other where mScarlet was placed at the C-terminus of RIAM with

EGFP-vinculin as the donor in both cases. These experiments supported the

theory that the N-terminus of RIAM is more likely to be in direct contact

with the N-terminus of vinculin as FRET efficiencies for the GFP-vinculin +

RIAM-mScarlet and GFP-vinculin + mScarlet-RIAM equated to a separation

distance of 7.23 nm for the two N-terminally labelled proteins compared to

7.91 nm for EGFP-vinculin + RIAM-mScarlet. This is encouraging as this result

is consistent with the proposed N-terminal interaction [37].
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Once I had established that the two proteins directly interacted and that this

could be measured through FLIM, I wanted to establish the function of this

interaction. It is well documented that RIAM associates with talin35,37 and

acts to shuttle the auto-inhibited conformation of talin from the cytoplasm to

inactive integrins on the plasma membrane54,61,63. I wanted to investigate

whether this was also true for vinculin. I set out to investigate the location

of the vinculin-RIAM interaction; I wanted to know if the interaction was

primarily FA based or also occurred in the cytoplasm. In §3.2.3, I described

using different thresholds to mask high and low-intensity regions, excluding

different background levels to isolate pixels from the whole cell and FAs. I then

inverted the FA mask maintaining the low-intensity threshold to remove any

extra-cellular background. The FRET efficiencies calculated for the separate

regions were all approximately the same, with very little difference between

the three masked areas.

I wanted to see if the interaction formed Independently in the cytoplasm or

if the interaction also occurred within FAs. Evidence already suggested that

it was predominantly in the cytoplasm, but I wanted to see if I could drive

the interaction by increasing the FA turnover rate by adding nocodazole.

Nocodazole disrupts microtubules, which causes the enlargement of FAs203

as more FA-associated proteins assemble at the leading edge of the cell203. I

wanted to see if we could get a change in the proportion of vinculin molecules

interacting with RIAM when nocodazole is present. The FRET efficiency showed

that the untreated cells had an average FRET efficiency of 16.83 ± 3.95 %,

and the nocodazole-treated cells had an average of 18.03 ± 2.36 %. A very

modest increase in the degree of FRET between the two proteins was found

not to be significant, suggesting that the interaction does not primarily occur

in the adhesion. However, driving the formation of new adhesions has caused

a very modest increase in the measured FRET efficiency.

To determine if vinculin-RIAM interaction required actin, a ROCK (Rho protein

associated Kinase) inhibitor, H-1152, was used. Inhibition of ROCK decreases

LIMK activity204, preventing cofilin phosphorylation, causing actin filaments

to destabilise, and resulting in a loss of the actomyosin cytoskeleton and

FAs. Vinculin-RIAM FRET efficiency data (§3.2.5) showed that untreated cells

had an average FRET efficiency of 25.09 ± 2.67 %, whereas the treated cells

had an average lifetime of 26.75 ± 2.56 %. Again, no significant difference

between the two was found, further supporting the idea that the vinculin-RIAM
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interaction was not formed in the FAs but elsewhere in the cell, most likely in

the cytoplasm.

6.1.2 Three-Colour Cascade FRET

Another core objective of this thesis was to develop an in vitro multicolour

FRET cascade methodology that could elucidate the precise order of for-

mation, re-organisation and turn-over of a multimeric protein complex in a

spatiotemporal manner. This involved producing and purifying the fluores-

cent proteins mTurquoise2, mVenus and mScarlet-I. This was achieved in

isolation and as the three different two-fluorophores and two different three-

fluorophore proteins. This specific mutation had not been used before to

achieve an mVenus that did not absorb or emit light. Still, a related mutation

in EGFP, G67A, was shown to prevent chromophore formation and possibly

could lead to the misfolding of the protein. Excitation and emission spectra

confirmed that the purified proteins behaved as expected in their spectra,

indicating FRET observed in spectroscopic measurements with appropriate

emission peak assignments. The G68A mutation inserted in mVenus did not

have an excitation peak at 515 nm nor an emission peak at 530 nm, indicating

that the mutation had prevented the formation of the mVenus fluorochrome.

The secondary and tertiary structures of the mutant were undamaged, as

shown by CD spectra. Some stability is lost at higher temperatures compared

to the mVenus. The mVenus-G68A mutant may require lower temperatures

to be expressed as a functional, fully folded protein. This may explain why

earlier research conducted by the Tsien group [?,?] concluded that this mu-

tation in EGFP produced a protein that was not only non-fluorescent but

also disordered. Including this mutation is not a new finding, but as far as I

am aware, no other researcher has used this specific mutation to create a

non-fluorescent beta-barrel or control for FRET.

Imaging the purified proteins using a 2-photon TCSPC-FLIM imaging system

showed that the average mTurq2 and mVenus fluorescence lifetimes were

similar to the published lifetime [?] measured by a widefield frequency-domain

FLIM imaging system [?]. The average lifetimes observed for the two-FP pro-

teins were significantly decreased compared to the relevant single-FP con-

trols, confirming that FRET had occurred between each of those two-part

chimeric proteins. A further decrease in the average lifetime was observed

for the three-colour, mTurq2-mVenus-mScarlet-I protein, indicating that the

construct had functioned as expected. The mutated three-colour protein,
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mTurq2-mVenusG68A-mScarlet-I, had a longer lifetime than the unmutated

mTurq2-mScarlet protein, suggesting that the increased distance between

the two FPs had made a significant difference while also giving further sup-

port to the idea that the mVenus which separates the FPs in the mutated

three-colour protein, truly is both non-fluorescent and non-absorbing. FRET

efficiencies were calculated from the lifetime data, and the energy transfer

rates were determined.

The individual FRET transfer rates determined from their respective interac-

tions were used to calculate and effectively predict a lifetime for the three-

colour protein of 2.25 ± 0.391 ns, compared to the measured lifetime of 2.33

± 0.266 ns; this represents only a 3.40% discrepancy between the predicted

and measured results. This result validates both our theory and experimental

methodology.

The distances between the mTurq2-mVenus, mTurq2-mScarlet and mVenus-

mScarlet FPs were found to be 6.33 ± 0.12 nm, 7.14 ± 0.17 nm, and 7.50 ± 0.31

nm, respectively. A key finding was determining the distances between the

mTurq2 and mScarlet FPs, and between the mTurq2 and mVenus FPs, in the

mTurq2-mVenus-mScarlet-I protein were approximately the same distance. If

the mTurq2-mVenus-mScarlet protein were in an open/linear configuration,

we would expect to see the distance between mTurq2 and mScarlet exactly

twice the distance between mTurq2 and mVenus. This was not the case,

which would suggest a triangular or globular shape to the three-colour FP

and not a cylindrical one. Next, we used the cosine rule to calculate an

approximate separation angle between the mTurq2 and mScarlet FPs of

62.43 ± 3.88 nm. Lastly, structural validation was attempted through negative

stain TEM, which successfully produced low-resolution screening images of

the three-colour, mTurq2-mVenus-mScarlet protein in the negative stain.

Distances between the centres of what are likely to be beta-barrels, a range

of distances very close to the predicted distances calculated from the FRET

efficiencies. This is not conclusive evidence that the three-colour protein is in

a triangular/globular confirmation, but it does provide some validation of the

predicted model.

6.1.3 Application of the Three-Colour FRET Model

At the end of Chapter 3, I discussed how the vinculin-tension Sensing con-

struct (vincTS) could determine whether mechanical force was applied to
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vinculin. To recap briefly, vinculin-TS has two FPs, teal and mVenus; when

force is applied to vinculin, these FPs will pull apart from one another, such

that a loss of FRET compared to a control is indicative of a high force FA. From

calculated FRET efficiency data, separation distances could be calculated,

and by using the specific stiffness of the nanospring, an applied force acting

on the vincTS could be deduced. This showed that approximately 1.57 ± 0.97

pN force was applied to fixed, stationary vinculin molecules within the FAs

imaged. Incidentally, the same construct had been used in a previous study,

and they found that the applied force was approximately 2.5 pN (error not

stated in the paper) in stationary FAs [149]. This is broadly in agreement

with the published data using the same construct. However, as previously

stated, improvements could have been made regarding mounting fixed sam-

ples, especially when using mounting media with a mismatched refractive

index, as this could have effectively reduced the dynamic range of the teal FP,

which in turn could have led to the reduced FRET efficiencies measured and

lower-than-expected force measurement.

In Chapter 5, I revisited this topic again but with the addition of mScarlet-

RIAM in a three-colour FRET experiment. Here, we saw a reduction in the

fluorescent lifetime of the teal donor when mScarlet-RIAM was added, which

was analysed using the three-colour model. This indicated that an energy

transfer from the teal donor to an mVenus acceptor in the biosensor occurred

in addition to an energy transfer between the teal donor and an mScarlet-

RIAM acceptor. This indicated that the teal-mVenus FPs were likely in the

closed, low-force conformation of the biosensor, as the measured lifetimes

for the vinculin-TS and vinculin-TL (the high FRET control) were very similar

at 1.763 ± 0.14 ns and 1.669 ± 0.27 ns for the vinculin-TS and vinculin-TL

constructs respectively. In both cases, adding the mScarlet-RIAM construct

further reduced the teal lifetime to 1.458 ± 0.28 ns and 1.429 ± 0.15 ns again

for the vinculin-TS and vinculin-TL constructs. This would strongly indicate

that, on average, the force detected on vinculin was lower compared to both

the published values and the data set previously collected and studied when

calculated, this was found to be 1.06 ± 0.51 pN in the absence of mScarlet-

RIAM. The additional FRET observed when the mScarlet-RIAM construct was

co-transfected with the vincTS construct can be explained by the mScarlet-

RIAM protein associating with the vincTS biosensor in its closed, high FRET

state or potentially the mScarlet-RIAM binds at very close range to the teal FP

within the sensor as the sensor opens. The former is far more likely than the
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latter, but a potential problem with the model is presented here. The model is

straightforward in comprising two equally weighted FRET transfers between

teal and mVenus and teal and mScarlet ( §5.2.4 and §5.3). In this instance,

I have given equal weighting to the two FRET transfers, which may not be

correct, as this would suggest a 1:1:1 stoichiometry between the three FPs.

While it is probably safe to assume that for every teal FP, there will also be a

mVenus FP as these are both encoded within the same gene, assuming there

is little misfolded or partially folded biosensor in the cell. However, it is not

likely that there will always be a RIAM protein interacting with every single

biosensor. Without any data reporting on the concentration of mScarlet-RIAM,

it is challenging to make assertions about the frequency of vinculin-RIAM

interaction.

A significant reduction in the fluoresce lifetime was measured with the addi-

tion of the mScarlet-RIAM construct, indicating a direct between the mScarlet-

RIAM and the vinculin-TS biosensor. Colocalization was attempted and out-

lined in §5.2.5; however, this was not particularly fruitful as the vinculin-TS

biosensor and mScarlet-RIAM were not to be colocalized in the FAs despite

the FRET interaction being reported there. The co-localization images were

diffraction-limited, with a resolution of ≈ 250-300 nm. FRET and, by exten-

sion, FLIM is not limited in the same way in terms of interaction detection

and can report on interactions between proteins as close as 2 nm away. A

correlation between mScarlet-RIAM and lower fluorescence lifetimes prob-

ably does exist. However, using single-molecule imaging techniques such

as FCCS or Single-Molecule Three-Colour FRET would require determining

the correlation between mScarlet-RIAM and the vinculin-TS biosensor within

developing adhesions.

The data presented in Chapter 5, and partially reviewed above, demonstrates

that FRET occurs between the teal and mVenus FPs within the vinculin-TS

construct as evidenced by 1.76 ± 0.14 ns lifetime and associated FRET effi-

ciency of 12.28 ± 6.04 %. The FRET efficiency measured in FAs increases to

31.21 ± 13.33 % when the mScarlet-RIAM construct is co-transfected into the

same cells with the vinculin-TS biosensor. Applying the three-colour model

(described in §4.2.11) allowed for the calculation of the separation distances

for the three fluorophores, which were found to be as follows: Teal-mVenus

8.31 ± 4.06 nm, mVenus-mScarlet 7.03 ± 2.34 nm and Teal-mScarlet 7.13 ±

1.35 nm.
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6.2 Proposed RIAM-Vinculin Model

The current model of nascent adhesion assembly is thought to be initiated

by signalling pathways that activate Rap1-GTPase in an “inside-out” sig-

nalling mechanism54,61,63. To briefly recap, this involves the activation

Rap1-GTPase, which in its active state, binds to the RA-PH (Ras-association

Pleckstrin Homology) double domain on RIAM [?]. The Rap1-RIAM complex

binds to talin while in its autoinhibited conformation in the absence of force

through its FERM domain and R2/3 of the rod domain of talin [?,?]. It is likely

that in the autoinhibited conformation of talin, both domains are accessi-

ble to Rap1-RIAM, which, once bound to talin, translocates to the plasma

membrane. At the plasma membrane, talin engages with integrin tails and

plasma membrane proteins like PIP2 through its FERM domain, forming the

nascent adhesion [?] and activating integrin [?]. It has also been suggested

that the talin-RIAM-Rap1 complex may recruit other proteins that regulate

actin polymerisation at the leading edge and may even pre-complex with

vinculin [?,?, 192]. Once talin is bound to integrins, the Rap1-RIAM complex

is thought to dissociate, allowing vinculin to bind to talin. RIAM and vinculin

binding via the R2/3 domains on talin are mutually exclusive. However, there

are other vinculin binding sites (VBS) on talin (11 in total); four of these are

located within the R2/3 domain, and it is thought that this is where vinculin

first associates [?]. Vinculin binding is thought to initiate a conformational

change in the structure of talin, which allows for cryptic VBS to be revealed,

accelerating the rate of vinculin association with talin [?,?]. As both talin and

vinculin also bind actin, actin association induces mechanical forces on both

vinculin and talin, further changing the 3D tertiary structures of these two

proteins and allowing for further vinculin to bind to talin. Once talin is in the

full-extended confirmation, none of the 5 RIAM molecules is bound, but 11

vinculins can potentially be bound [35, 37].

The data presented in this thesis has culminated in a new proposed model of

vinculin and possibly talin recruitment by Rap1-activated RIAM. I have shown

a physiological interaction between vinculin and RIAM further to the proposed

in vitro interaction proposed earlier and shown in figures 6.2-1 and 6.2-2.

Once Rap1-RIAM has been associated with the auto-inhibited conformation

of vinculin, much like activated Rap1-RIAM associates with talin, the complex

is then translocated to the plasma membrane (panel 1 of Figure 6.2-1). It is

also possible that these two complexes also form a larger pre-complex. The
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literature has already postulated that vinculin could associate with the R8

domain of talin without mechanical force205. This is interesting as we know

the mechanical force is required for vinculin binding to the R2/3 domains of

talin, and it is thought that force-induced re-modelling of talin is a prerequisite

for vinculin binding.

Once talin has been recruited to the plasma membrane by RIAM, talin asso-

ciates with and activates integrins (panel 2 of Figure 6.2-1). This stage of

my proposed model is the same as the current recruitment theory. However,

The following step does differ, as my data suggests that activated Rap1-

RIAM mediates vinculin recruitment. In the previous section, I discussed how

mScarlet-RIAM binds to the vincTS construct when that construct is reporting

high FRET and low mechanical force on vinculin. Therefore, the lack of change

in FRET interaction between GFP-vinculin and mScarlet-RIAM when adding

nocodazole and ROCK strongly indicates that RIAM does not associate with

active vinculin. The activated Rap1-RIAM-vinculin complex (panel 3 of figure

6.2-2) dissociates from vinculin, where vinculin then binds to talin and is

further activated through a force-dependent mechanism [?,?].

My hypothetical model differs from the established model in how vinculin is

recruited to the plasma membrane/lamellipodium. I have shown evidence

of a RIAM-vinculin interaction where RIAM acts to recruit and translocates

vinculin in the same manner as the established talin recruitment.
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Figure 6.2.0.1: Three-colour FRET between vincTS and mScarlet-RIAM: A scheme
illustrating the hypothesised three-colour FRET interaction between the vincTS and
mScarlet-RIAM proteins.
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Figure 6.2.0.2: Proposed Model of vinculin and talin recruitment by RIAM: A scheme
detailing the key events in my proposed model for vinculin and talin recruitment by
RIAM.
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6.3 Future work

Live Cell FLI-SWARM imaging

A significant issue that I feel detrimentally affected this project was the choice

to predominantly use fixed cells for the FLIM imaging. This caused two prob-

lems. The first, while it made imaging much easier, as using fixed samples are

far less challenging than keeping cells alive while being imaged. Nonetheless,

it limited what I could achieve in imaging the dynamic interactions with the

vinculin TS biosensor and force-induced FA remodelling. The second issue

I found was decreased fluorescence lifetime with fixed cells mounted in a

glycerol-based mounting medium198.

If I had the time, I would undoubtedly endeavour to complete the same vin-

culinTS + mScarlet-RIAM series of experiments as outlined in chapter 5 of

this thesis again. However, I would want to do it with live cells as this would

most likely alleviate the issue surrounding decreased lifetime, drastically

improving the confidence associated with the in vivo measured lifetimes for

the vinculin biosensor with mScarlet-RIAM. A significant barrier to imaging

live cells with conventional TCSPC-FLIM is that it is much slower to acquire

lifetime data ( 300 seconds) than other FLIM methods, such as Frequency-

Domain FLIM, which can image live cells in real-time albeit with significantly

poorer spatial resolution125. Within the Ameer-Beg group, we have already

developed a much faster approach to TCSPC-FLIM, FLI-SWARM (Fluorescence

Lifetime Imaging SWept Array Microscopy), which massively parallelises the

data acquisition bottle-neck by using an array of 1024 beamlets to scan

the sample which allows for real-time acquisition. Disruption relating to the

ongoing COVID pandemic meant I could not use this new, unpublished tech-

nique.

Another benefit to using the FLI-SWARM to acquire fast FLIM data is that

Image Correlation Spectroscopy (ICS) data can also be acquired simultane-

ously. Several related techniques can be used to determine how quickly a

fluorescent signal is changing, either in space or time. Fluorescence Correla-

tion Spectroscopy (FCS) is a popular method in which temporal changes in

the fluorescence emission intensity caused by single fluorophores passing

through the detection volume are recorded over time from a stationary exci-

tation spot [193]. This allows the diffusion coefficient to be calculated for that

specific fluorophore but has very little spatial information [123,193–195]. ICS

is a popular extension where the sample is observed via a camera instead
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of a detector with FCS [194, 195]. Three-colour FRET model to determine

the spatiotemporal relationship between Talin, Vinculin and RIAM A simple

extension of the work I have presented in this thesis would be to label the

three proteins, talin, vinculin and RIAM, with mTurq2, mVenus and mScarlet

and then to use the three-colour model to determine which proteins were

interacting where in the cell. If coupled with live cell imaging, this could also

be extended to identify when the interaction(s) are most prevalent in the cell

cycle. This could be attempted using the FLI-SWARM system as described

above but could prove difficult without some super-resolved imaging. As pre-

viously discussed in §6.1.3, FRET-based techniques can detect interactions

between fluorescently labelled proteins as close together as 2 nm; however,

their precise local concentrations must be known to fully describe the in-

terplay between the three labelled proteins. This would be a challenge to

do accurately with diffraction-limited imaging techniques, as observed in

the colocalization section presented in this manuscript. For that reason, this

would most likely need to be done at the single-molecule level using super-

resolved single-molecule localisation techniques such as STORM (STochastic

Optical Reconstruction Microscopy) or PALM (Photo-Activatable Localisation

Microscopy) imaging techniques.

Super-Resolved Compressed Sensing of Vinculin Tension

Sensing Biosensor

As a PhD student, I was involved in developing a separate FLIM-based imaging

technique known as Super-Resolved Compressive-Sensing FLIM (SRCS-FLIM).

This side project involved the development of an innovative imaging tech-

nique that combined super-resolved single-Molecule Localisation imaging

with TCSPC-FLIM by utilising an image reconstruction technique called Com-

pressed Sensing. SRCS-FLIM can produce super-resolved images of single

molecules at resolutions approaching 40 nm with fluorescence lifetime data.

This system is still in its proof-of-concept stage but could be used to image

individual FAs in cells expressing the vinculin-TS biosensor. A version of the

vinculin-TS biosensor has been made, with the photoactivatable FP Dronpa

and mScarlet cloned in as the donor and acceptor, respectively. PALM exper-

iment could be conducted with the Dronpa-mScarlet vinculin-TS construct

expressed in cells and imaged with SRCS-FLIM. This would yield in vivo infor-

mation regarding forces applied to individual vinculin molecules, not just the

ensembled average described in this manuscript.
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Single-molecule Three-colour FRET studies.

Over the last 20-25 years [?,?,?], there has been a growing interest in using

in vitro single molecule three-colour FRET experiments to probe nanoscale

molecular interactions. This can be achieved by attaching three separate

fluorophores to either a single protein, multiple proteins, or short oligonu-

cleotide sequences and observing the three-dimensional conformational

changes that occur as the molecules of interest interact with known binding

partners or respond to specific cellular signalling molecules. This information

can be beneficial as it can report on the precise mechanism of protein remod-

elling210. As a potential next step, it could be very interesting to label talin,

vinculin and RIAM with dyes that allowed for the detection of conformational

changes to be monitored as the three proteins interacted with one another.

This would not have to be limited to just those three proteins as any protein

that binds to other proteins in a complex or even dimerises with itself could

be investigated similarly.
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6.4 Conclusion

At the start of this thesis, I stated three core aims that I was determined to

research, explore, and investigate; these were:

1. To determine if the in vitro interaction between RIAM and vinculin can

be detected and characterised in vivo using a range of biochemical and

biophysical assays.

2. To develop a new FRET-based assay that would be used to determine

whether multiple fluorescently labelled proteins are bound together in

a single complex at a specific time point and location in a cell.

3. To merge the last two objectives and apply the multi-colour FRET model

to solve specific questions regarding intracellular tension across vin-

culin in developing focal adhesions:

(a) Is the vinculin Tension Sensor in an open or closed conformation

when RIAM is bound to vinculin?

(b) Does RIAM only associate with the auto-inhibited form of cytoplas-

mic vinculin?

(c) Does the putative vinculin-RIAM require other FA proteins, such as

actin?

There does appear to be evidence to support the idea of a biologically relevant

interaction between vinculin and RIAM. I have shown that interaction can

be determined through pull-down assays and FLIM imaging. I successfully

produced and purified the fluorescent protein constructs of individual pairs

and three FPs, which I used to establish a three-colour FRET model. I then

used this model to determine that RIAM likely binds to vinculin in its inactive

state and is likely to occur predominantly in the cytoplasm. I also detected an

interaction in the focal adhesions, but the vinculin-RIAM interaction appears

to occur independently of actin. This provided further evidence to suggest

that the interaction is not likely to occur within the focal adhesions per se.

However, RIAM could perform a similar role in shuttling talin to the cell’s

leading edge when activated by Rap1-GTPase.
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Table 18: Buffers Table A

Buffers Composition

Buffer A 150 mM NaCl, 50 mM Tris-Cl, 20 mM Imidazole pH 8.0

Buffer B 150 mM NaCl, 50 mM Tris-Cl, 1M Imidazole pH 8.0

Catalase solution 17 mg of Catalase dissolved into 50 mM phosphate buffer pH8.0

Complete Growth Me-

dia

Dulbecco’s Modified Eagle’s Medium (DMEM), 10% FCS, 1% Penicillin-

Streptomycin, 1% L-Glutamine and 1% Non-Essential Amino Acids.

cTBS (Cytoskeletal Tris

Buffered Saline)

20 mM Tris-Cl, 154 mM NaCl, 2 mM EGTA, 2 mM MgCl2, pH 7.4

cTBS-Tx 0.2% Triton-X 100 in cTBS

Dilution buffer 50 mM Tris-Cl, 150 mM NaCl, 500 µM EDTA, 0.1% IGEPAL, 25 mM NaF,

and 1 mM PMSF

Glucose Oxidase (Glox)

Mix

35 mg Glucose oxidase dissolved into 100 µL of Catalase solution

Imaging Buffer FluoroBrite® DMEM, 10% FCS, 1% Penicillin-Streptomycin, 1% L-

Glutamine and 1% Non-Essential Amino Acids.

Laemmli buffer (2x) 50% 4x NuPAGE LDS sample buffer, 10 mM DTT and 40% ddH2O

LB media Yeast Extract 5g/L, Tryptone 10 g/L and NaCl 5g/L

Lysis buffer 50 mM Tris-Cl, 150 mM NaCl, 500 µM EDTA, 0.1% IGEPAL, 25 mM NaF,

0.5% Triton-X 100, and 1 mM PMSF

Milk Blocking solution

(5%)

5% (w/v) Skimmed milk powder dissolved in TBS

MOPS SDS PAGE Run-

ning Buffer

50 mM MOPS, 50 mM Tris -base, 1 g/L SDS, 300 mg/L EDTA, pH 7.7

NuPAGE transfer

buffer

25 mM Bicine, 25 mM Bis-Tris, 1 mM EDTA, 20% Methanol and pH 7.2

PBS (Phosphate Buffer

Saline)

137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4

PFA Fixing solution 4% (v/v) Paraformaldehyde in PBS

PFA-PHEM Fixing solu-

tion

4% PFA dissolved in PHEM buffer

PHEM Buffer 60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl2.6H2O, 120 mM

Sucrose, pH 7.4

STORM imaging Buffer 200 mM MEA, 10% Glucose (v/v), 50 mM Tris-Cl, 10 mM NaCl, 1x Glox

mix and pH 8.0.

TAE Buffer 40 mM Tris-base, 20 mM Acetic acid and 1 mM EDTA

TBS (Tris Buffer Saline) 20 mM Tris-Cl, 154 mM NaCl pH 7.4

TBS-Tw 0.1% Tween 20 in TBS

Tris-Acetate SDS PAGE

running buffer

50 mM Tricine, 50 mM Tris-Cl, 0.1% SDS and pH = 8.24

Wash buffer 50 mM Tris-Cl, 150 mM NaCl, and 500 µM EDTA

ZYP-5052 Autoinduc-

tion media

1% (w/v) N-Z-amine, 0.5% (w/v) Yeast extract, 50 mM Na2HPO4, 50 mM

KH2PO4, 25 mM (NH4)2SO4, 2mM MgSO4, 0.5% (v/v) Glycerol, 0.05%

(w/v) Glucose, 0.2 % (w/v) Lactose
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Table 19: Antibodies & dyes Table B

Antibodies Clone Dilution Supplier

Primary

Mouse-talin1 8d4 monoclonal 1/500 Merck

Rabbit-RIAM EPR2806 mono-

clonal

1/50 Abcam

Rabbit-GFP ab290 polyclonal 1/1000 Abcam

Mouse αTubulin DM1A Monoclonal 1:500 Merck

Secondary

Goat-anti-Mouse-IRDye®

680RD

1/5,000 Li-Cor

Goat-anti-Rabbit-IRDye®

800CW

1/10,000 Li-Cor

Goat anti-mouse Atto647N 1:500 Merck

Phalloidin-AlexaFluor®

647

1:40 Thermofisher

DAPI 1:1000 Thermofisher
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B.1 Python Code

The following script I wrote in Python to compile, sum and average indi-

vidual lifetime histograms which were then used to determine the average

fluorescence lifetime for each image. This script then graphs a number of

parameters while producing a summary data spreadsheet for each process

step. Lastly, this script calculates the transfer rates between fluorescent

protein pairs in the three colour cascade model.

1 import t ime i t

2 import os

3 import pandas as pd

4 import seaborn as sns

5 import matp lo t l i b . pyplot as p l t

6 import s c ipy . s t a t s as s t a t s

7 import sys

8 from statannot import add ˙ s t a t ˙ anno ta t i on

9

10 ### Set o f f unc t i on s wr i t t en to re turn p r a c t i c a l FRET- based

c a l c u l a t i o n s

11

12 c l a s s Calcs :

13 de f ˙ ˙ i n i t ˙ ˙ ( s e l f , t˙D , t˙DA) :

14 s e l f . t˙D = t˙D

15 s e l f . t˙DA = t˙DA

16

17 de f f r e t ˙ e f f ( s e l f ) :

18 r e turn (1 - ( s e l f . t˙DA/ s e l f . t˙D ) )

19

20 de f dist˙D˙DA ( s e l f , r0 ) :

21 r e turn ( ( ( 1 - s e l f . f r e t ˙ e f f ( ) ) / s e l f . f r e t ˙ e f f ( ) ) **(1/6) ) * r0

22

23 de f e t ˙ r a t e ( s e l f ) :

24 r e turn ( ( 1/ ( s e l f . t˙DA*1E-9 ) ) - (1/( s e l f . t˙D *1E-9 ) ) )

25

26 s t a r t = t ime i t . d e f a u l t ˙ t im e r ( )

27 FP˙order = [ ’GFP- v inc ’ , ’GFP- v inc + mScar -RIAM’ , ’GFP- v inc + mScar

-RIAM + Noc ’ ]
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28

29 Donor = FP˙order [ 0 ]

30 Acc = FP˙order [ 1 : ]

31 s t d o u t ˙ f i l e n o = sys . s tdout

32 sys . s tdout = open ( ”Summary S t a t i s t i c s . txt ” , ”w” )

33

34 a l l ˙ d f s = [ ]

35 f o r fo lde r ˙name in FP˙order :

36 f o r f i l ename in os . l i s t d i r ( fo lde r ˙name ) :

37 df = pd . r e ad ˙ c s v ( fo lde r ˙name + ”/” + f i lename , sep=”“ t ” ,

sk iprows=1, names=[ ’ time ’ , ’ count ’ ] )

38 df [ ’ f i l ename ’ ] = f i l ename

39 df [ ’ Fluorophore ’ ] = fo lder ˙name

40 a l l ˙ d f s . append ( df [ [ ’ Fluorophore ’ , ’ f i l ename ’ , ’ time ’ , ’

count ’ ] ] )

41

42 df = pd . concat ( a l l ˙ d f s , ax i s=0) . f i l l n a (0 )

43 df [ ’ norm˙cc ’ ] = df . groupby ( ’ f i l ename ’ ) [ ’ count ’ ] . t rans form ( lambda

x : x / x .max( ) )

44 df [ ’ per ˙ sample ’ ] = df . groupby ( ’ Fluorophore ’ ) [ ’ count ’ ] . t rans form (

lambda x : x / x .max( ) )

45 summary = df . groupby ( [ ’ Fluorophore ’ , ’ time ’ ] ) [ ’ norm˙cc ’ ] . sum( ) .

to ˙ f rame ( ’sum ’ ) . r e s e t ˙ i n d e x ( )

46 summary [ ’ norm˙sum˙per ˙ fp ’ ] = summary . groupby ( ’ Fluorophore ’ ) [ ’ sum ’

] . t rans form ( lambda x : x / x .max( ) )

47 peak˙summary = df . groupby ( [ ’ f i l ename ’ , ’ Fluorophore ’ ] ) . apply (

lambda x : x . s o r t ˙ v a l u e s ( ’ count ’ , ascending=False ) [ ’ time ’ ] .

i l o c [ 0 ] ) . t o ˙ f r ame ( ’mean l i f e t im e ’ ) . r e s e t ˙ i n d e x ( )

48 tau = peak˙summary . groupby ( ’ Fluorophore ’ ) [ ’mean l i f e t im e ’ ] .

d e s c r i b e ( ) . s o r t ˙ v a l u e s ( ’ Fluorophore ’ , ascending=True )

49 Ave ˙ l i f e t ime = pd . DataFrame ( data=tau )

50 summary [ ’FRET˙E ’ ] = summary . groupby ( ’ Fluorophore ’ ) [ ’ time ’ ] .

t rans form ( lambda x : (1 - ( x /( Ave ˙ l i f e t ime . l o c [ Donor , ’mean ’ ] )

) ) *100)

51 peak˙summary [ ’FRET˙E ’ ] = peak˙summary . groupby ( ’ Fluorophore ’ ) [ ’

mean l i f e t im e ’ ] . t rans form ( lambda x : (1 - ( x /( Ave ˙ l i f e t ime . l o c

[ Donor , ’mean ’ ] ) ) ) *100)

52 pr in t ( ’ - - - - - - - - - - - // General Notes // - - - - - - - - - - -“ n“n“n“n ’ )

53 pr in t ( ’ - - - - - - - - - - - //Mean l i f e t im e Summary S t a t i s t i c s // - - - - - - - - - - -

’ )

54 pr in t ( Av e ˙ l i f e t ime . t o ˙ s t r i n g ( ) )

55

56 #Grpahs

57 sns . a x e s ˙ s t y l e ( ” wh i t eg r id ” , – ’ axes . g r i d ’ : Fa l se ˝)

58 sns . s e t ˙ c o n t e x t ( ”notebook” , f o n t ˙ s c a l e =1.5) #poster

, paper , notebook , t a l k
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59 #co l o r s = ’ Set1 ’ #Set1 ,

Set2 , white , binary , deep

60 c o l o r s = [ ’#1163ab ’ , ’#ba1146 ’ , ’ b lue ’ ]

61 width = 3

62

63 ax1 = sns . r e l p l o t (

64 data = summary ,

65 x = ’FRET˙E ’ ,

66 y = ’ norm˙sum˙per ˙ fp ’ ,

67 kind = ’ l i n e ’ ,

68 hue = ’ Fluorophore ’ ,

69 s t y l e = ’ Fluorophore ’ ,

70 l i n ew id th = width ,

71 hue ˙o rde r=(FP˙order ) ,

72 pa l e t t e= co l o r s ,

73 #legend=False ,

74 )

75

76 ax1 . s e t ( x l ab e l = ’FRET E f f i c i e n c y (%) ’ , y l ab e l = ’ Normalised

summed average p i x e l f requency ’ , t i t l e = ’ L inep lo t o f FRET

E f f i c i e n c i e s ’ , xl im=( -50 , 50) )

77 #pl t . t i g h t ˙ l a y o u t ( )

78 p l t . s ubp l o t s ˙ a d j u s t ( l e f t =0.06 , bottom=0.076 , r i g h t =0.97 , top

=0.95)

79 p l t . l egend ( bbox ˙ to ˙anchor =(1.05 , 1) , l o c =2, borderaxespad =0.)

80

81 ax2 = sns . r e l p l o t (

82 data = summary ,

83 x = ’ time ’ ,

84 y = ’ norm˙sum˙per ˙ fp ’ ,

85 kind = ’ l i n e ’ ,

86 hue = ’ Fluorophore ’ ,

87 s t y l e = ’ Fluorophore ’ ,

88 l i n ew id th = width ,

89 hue ˙o rde r=(FP˙order ) ,

90 pa l e t t e= co l o r s ,

91 aspect =1.8 ,

92 he ight = 8

93 )

94 ax2 . s e t ( x l ab e l = ’Time ( ns ) ’ , y l ab e l = ’ Normalised summed p i x e l

f requency ’ , t i t l e = ’ Average L inep lo t f o r each cond i t i on ’ )

95 p l t . t i g h t ˙ l a y o u t ( )

96 p l t . s ubp l o t s ˙ a d j u s t ( l e f t =0.06 , bottom=0.076 , r i g h t =0.97 , top

=0.95)

97

98

99 ax3 = sns . r e l p l o t (
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100 data = df ,

101 x = ’ time ’ ,

102 y = ’ norm˙cc ’ ,

103 kind=’ l i n e ’ ,

104 l i n ew id th = width ,

105 hue = ’ Fluorophore ’ ,

106 s t y l e = ’ Fluorophore ’ ,

107 pa l e t t e= co l o r s ,

108 aspect =1.8 ,

109 he ight = 8

110 )

111 ax3 . s e t ( x l ab e l = ’Time ( ns ) ’ , y l ab e l = ’Summed Average P ixe l

f requency ’ , t i t l e = ’ L inep lo t f o r each c e l l ’ )

112 p l t . t i g h t ˙ l a y o u t ( )

113 p l t . s ubp l o t s ˙ a d j u s t ( l e f t =0.06 , bottom=0.076 , r i g h t =0.97 , top

=0.95)

114

115 ax4 = sns . r e l p l o t (

116 data = df ,

117 x = ’ time ’ ,

118 y = ’ norm˙cc ’ ,

119 kind=’ l i n e ’ ,

120 aspect=3,

121 he ight = 8 ,

122 hue = ’ f i l ename ’ ,

123 row=’ Fluorophore ’ ,

124 l egend=True ,

125 c i=95

126 )

127 ax4 . s e t ( x l ab e l = ’Time ( ns ) ’ , y l ab e l = ’ ’ , xl im =(1.4 , 2 . 8 ) )

128 p l t . t ex t ( 0 . 3 , 1 . 5 , ’ Normalised P ixe l f requency ’ , ha=’ cen te r ’ ,

r o t a t i on =90, s i z e=’medium ’ , c o l o r=’ black ’ ) #, weight=’

semibold ’

129 p l t . s ubp l o t s ˙ a d j u s t ( l e f t =0.045 , bottom=0.07 , r i g h t =0.96 , top

=0.933 , wspace=0.20 , hspace =0.20)

130

131

132 #Average l i f e t im e per cond i t i on

133 p l t . f i g u r e ( )

134 ax5 = sns . c a tp l o t (

135 data = peak˙summary ,

136 x = ’ Fluorophore ’ ,

137 y = ’mean l i f e t im e ’ ,

138 kind=’ v i o l i n ’ ,

139 i nne r = ’ po int ’ ,

140 order=FP˙order ,

141 s a tu ra t i on =0.5 ,
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142 pa l e t t e= co l o r s ,

143 aspect =1.8 ,

144 he ight = 8

145 )

146 ax5 = sns . swarmplot (

147 data = peak˙summary ,

148 x = ’ Fluorophore ’ ,

149 y = ’mean l i f e t im e ’ ,

150 order=FP˙order ,

151 c o l o r= ’ white ’ ,

152 edgeco l o r=’ gray ’

153 )

154 ax5 . s e t ( x l ab e l = ’ Fluorophore ’ , y l ab e l = ’Mean L i f e t ime ( ns ) ’ ,

t i t l e = ’ V io l i n p l o t ’ )

155 p l t . t i g h t ˙ l a y o u t ( )

156 p l t . s ubp l o t s ˙ a d j u s t ( l e f t =0.06 , bottom=0.076 , r i g h t =0.97 , top

=0.95)

157

158

159 p l t . f i g u r e ( )

160 ax6 = sns . c a tp l o t (

161 data = peak˙summary ,

162 x = ’ Fluorophore ’ ,

163 y = ’FRET˙E ’ ,

164 kind=’ v i o l i n ’ ,

165 order=FP˙order ,

166 s a tu ra t i on =0.5 ,

167 pa l e t t e= co l o r s ,

168 edgeco l o r=’ gray ’ ,

169 aspect =1.8 ,

170 he ight = 8

171 )

172 ax6 = sns . swarmplot (

173 data = peak˙summary ,

174 x = ’ Fluorophore ’ ,

175 y = ’FRET˙E ’ ,

176 order=FP˙order ,

177 c o l o r= ’ white ’ ,

178 edgeco l o r=’ gray ’

179 )

180

181 ax6 . s e t ( x l ab e l = ’ Fluorophore ’ , y l ab e l = ’FRET E f f i c i e n c y (%) ’ ,

t i t l e = ’ V io l i n p l o t o f FRET E f f i c i e n c y ’ )

182 p l t . t i g h t ˙ l a y o u t ( )

183 p l t . s ubp l o t s ˙ a d j u s t ( l e f t =0.06 , bottom=0.076 , r i g h t =0.97 , top

=0.95)

184
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185 p l t . f i g u r e ( )

186 ax8 = sns . boxplot (

187 data = peak˙summary ,

188 x = ’ Fluorophore ’ ,

189 y = ’mean l i f e t im e ’ ,

190 order=FP˙order ,

191 s a tu ra t i on =0.9 ,

192 pa l e t t e= c o l o r s

193 )

194

195 add ˙ s t a t ˙ anno ta t i on (

196 ax8 ,

197 data=peak˙summary ,

198 x=’ Fluorophore ’ ,

199 y = ’mean l i f e t im e ’ ,

200 order=FP˙order ,

201 box ˙pa i r s =[(Donor , Acc [ 0 ] ) ] , #, (Donor , Acc [ 1 ] ) , (Acc [ 0 ] , Acc

[ 1 ] ) ] ,

202 t e s t=’ t - t e s t ˙ i n d ’ ,

203 t ex t ˙ f o rmat=’ s t a r ’ ,

204 l o c=’ i n s i d e ’ )

205

206 ax8 . s e t ( x l ab e l = ’ Fluorophore ’ , y l ab e l = ’Mean L i f e t ime ( ns ) ’ ,

t i t l e = ’Mean L i f e t ime Box p lo t ’ )

207 p l t . t i g h t ˙ l a y o u t ( )

208 p l t . s ubp l o t s ˙ a d j u s t ( l e f t =0.06 , bottom=0.076 , r i g h t =0.97 , top

=0.95)

209

210 p l t . f i g u r e ( )

211 ax9 = sns . boxplot (

212 data = peak˙summary ,

213 x = ’ Fluorophore ’ ,

214 y = ’FRET˙E ’ ,

215 order=FP˙order ,

216 s a tu ra t i on =0.9 ,

217 pa l e t t e=c o l o r s

218 )

219

220 add ˙ s t a t ˙ anno ta t i on (

221 ax9 ,

222 data=peak˙summary ,

223 x=’ Fluorophore ’ ,

224 y = ’FRET˙E ’ ,

225 order=FP˙order ,

226 box ˙pa i r s =[(Donor , Acc [ 0 ] ) ] , #, (Donor , Acc [ 1 ] ) , (Acc [ 0 ] , Acc

[ 1 ] ) ] , , (Donor , Acc [ 1 ] ) , (Acc [ 0 ] , Acc [ 1 ] ) ] ,

227 t e s t=’ t - t e s t ˙ i n d ’ ,
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228 t ex t ˙ f o rmat=’ s t a r ’ ,

229 l o c=’ i n s i d e ’ )

230

231 ax9 = sns . swarmplot (

232 data = peak˙summary ,

233 x = ’ Fluorophore ’ , y = ’FRET˙E ’ ,

234 order=FP˙order ,

235 c o l o r= ’ white ’ ,

236 edgeco l o r=’ black ’ ,

237 s i z e= 4 ,

238 l i n ew id th = 1

239 )

240

241 ax9 . s e t ( x l ab e l = ’ Fluorophore ’ , y l ab e l = ’FRET E f f i c i e n c y (%) ’ ,

t i t l e = ’FRET E f f i c i e n c y Box p lo t ’ )

242 p l t . t i g h t ˙ l a y o u t ( )

243 p l t . s ubp l o t s ˙ a d j u s t ( top=0.938 ,

244 bottom=0.109 ,

245 l e f t =0.085 ,

246 r i g h t =0.98 ,

247 hspace =0.2 ,

248 wspace=0.2)

249

250 df . t o ˙ c s v ( r ’ df . csv ’ )

251 peak˙summary . t o ˙ c s v ( r ’ peak˙summary . csv ’ )

252 Ave ˙ l i f e t ime . t o ˙ c s v ( r ’ Av e ˙ l i f e t ime . csv ’ )

253 summary . t o ˙ c s v ( r ’ summary . csv ’ )

254

255 #- - - - Speedrun - - -

256 x = True #True / Fa l se

257 i f x == True :

258 peak˙summary . t o ˙ c s v ( r ’ peak˙summary . csv ’ )

259 p l t . s a v e f i g ( ’ l i n e p l o t - average [FRET˙E ] . svg ’ , dpi=600)

260 p l t . s a v e f i g ( ’ l i n e p l o t - average [ Time ] . svg ’ , dpi=600)

261 p l t . s a v e f i g ( ’ l i n e p l o t - ind . svg ’ , dpi=600)

262 p l t . s a v e f i g ( ’ l i n e p l o t - a v e r a g e ˙ c i . svg ’ , dpi=600)

263 p l t . s a v e f i g ( ’ v i o l i n . svg ’ , dpi=600)

264 p l t . s a v e f i g ( ’ v i o l i n [FRET˙E ] . svg ’ , dpi=600)

265 p l t . s a v e f i g ( ’Mean L i f e t ime box . svg ’ , dpi=600)

266 p l t . s a v e f i g ( ’FRET E f f i c i e n c y box . svg ’ , dpi=600)

267 p l t . show ( block=False )

268

269 #Stat s on the peak l i f e t im e measurement from each histogram

270 pr in t ( ”“n - - - - - - - - - - - // S t a t i s t i c s // - - - - - - - - - - - ” )

271 pr in t ( ”H0 : There i s no s t a t i s t i c a l l y s i g n i f i c a n t d i f f e r e n c e

between the Donor and Acceptor popu la t i ons ” )
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272 pr in t ( ”H1 : There i s a s t a t i s t i c a l l y s i g n i f i c a n t d i f f e r e n c e

between the Donor and Acceptor popu la t i ons ” )

273

274 D=summary [ summary [ ’ Fluorophore ’ ] == Donor ] . l o c [ : , ’

norm˙sum˙per ˙ fp ’ ]

275 c i = 0 .05

276 D˙stat , D˙p = s t a t s . shap i ro (D)

277

278 #Wilk - Shapiro t e s t f o r normal i ty

279 pr in t ( ’ “n - - - - - - - - - - - #Wilk - Shapiro t e s t f o r Normality

- - - - - - - - - - - ’ )

280 pr in t ( ”WS- Stat f o r ” , Donor , ” i s =” , round ( D˙stat , 5) , ” and the

P- value f o r the ” , Donor , ” i s =” , D˙p )

281 i f D˙p ¡= c i :

282 pr in t ( ”The” , Donor , ”data i s not normally d i s t r i b u t e d ” )

283 e l s e :

284 pr in t ( ”The” , Donor , ”data i s normally d i s t r i b u t e d ” )

285 f o r i in Acc :

286 A = summary [ summary [ ’ Fluorophore ’ ] == i ] . l o c [ : , ’

norm˙sum˙per ˙ fp ’ ]

287 A˙stat , A˙p = s t a t s . shap i ro (A)

288 pr in t ( ”WS- Stat f o r ” , i , ” i s =” , round ( A˙stat , 5) , ” and the

P- value f o r the ” , i , ” i s =” , A˙p )

289 i f A˙p ¡= c i :

290 pr in t ( ”The” , i , ”data i s not normally d i s t r i b u t e d ” )

291 e l s e :

292 pr in t ( ”The” , i , ”data i s normally d i s t r i b u t e d ” )

293

294 #Kolmogrov - Smirnov 2 sample t e s t

295 pr in t ( ’ “n“n - - - - - - - - - - - #Kolmogrov - Smirnov 2 sample t e s t

- - - - - - - - - - - ’ )

296 f o r i in Acc :

297 A = summary [ summary [ ’ Fluorophore ’ ] == i ] . l o c [ : , ’

norm˙sum˙per ˙ fp ’ ]

298 KS˙stat , KS˙p = s t a t s . ks˙2samp (D, A)

299 i f KS˙p ¡ c i :

300 r e s u l t = ” r e j e c t ”

301 e l s e :

302 r e s u l t = ” accept ”

303

304 pr in t ( ”KS- Stat f o r ” , Donor , ”and” , i , ”=” , round ( KS˙stat , 4 ) ,

” , the P- value f o r ” , Donor , ”and” , i , ”=” , KS˙p ,

305 ”“nWe” , r e s u l t . upper ( ) , ” the nu l l Hypothes is at the ” ,

c i , ” con f idence i n t e r v a l “n” )

306

307 #Wilcoxson Rank Sum Test

308 pr in t ( ’ “n“n - - - - - - - - - - - #Wilcoxson Rank Sum Test - - - - - - - - - - - ’ )
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309 f o r i in Acc :

310 A = summary [ summary [ ’ Fluorophore ’ ] == i ] . l o c [ : , ’

norm˙sum˙per ˙ fp ’ ]

311 WRS˙stat , WRS˙p = s t a t s . ranksums (D, A)

312 i f WRS˙p ¡ c i :

313 r e s u l t = ” r e j e c t ”

314 e l s e :

315 r e s u l t = ” accept ”

316

317 pr in t ( ”The Wilcoxson Ranked Sum s t a t i s t i c f o r ” , Donor , ”and” ,

i , ” i s =” , round (WRS˙stat , 4 ) ,

318 ”“nThe P- value f o r f o r ” , Donor , ”and” , i , ” i s =” , WRS˙p

,

319 ”“nWe” , r e s u l t . upper ( ) , ” the nu l l Hypothes is at the ” ,

c i , ” con fe rdence i n t e r v a l “n” )

320

321 #FRET E f f i c i e n c y

322 pr in t ( ’ “n“n - - - - - - - - - - - #FRET E f f i c i e n c y - - - - - - - - - - - ’ )

323 tau =[ ]

324 e f f =[ ]

325 tau˙D = ( Ave ˙ l i f e t ime . l o c [ Donor , ’mean ’ ] ) *1E-9

326 tau . append ( tau˙D )

327 E˙D = round (1 - ( tau˙D/tau˙D ) ,4 )

328 e f f . append (E˙D)

329 f o r i in Acc :

330 tau˙A =(Ave ˙ l i f e t ime . l o c [ i , ’mean ’ ] ) *1E-9

331 j = Calcs ( tau˙D , tau˙A )

332 tau . append ( tau˙A )

333 e f f . append (100* j . f r e t ˙ e f f ( ) )

334 pr in t ( ”FRET E f f i c i e n c y f o r ” , Donor , ”&” , i , ” i s ” , round (100* j

. f r e t ˙ e f f ( ) , 4 ) , ”%” )

335

336 E˙data =– ’ Fluorophore ’ : FP˙order , ’Mean L i f e t ime ( s ) ’ : tau , ’FRET

E (%) ’ : e f f ˝

337 post˙summary = pd . DataFrame ( E˙data ) . s e t ˙ i n d e x ( ’ Fluorophore ’ )

338 pr in t ( post˙summary )

339

340

341 #FRET Distance Ca l cu l a t i on s

342 pr in t ( ’ “n“n - - - - - - - - - - - #FRET Distance Ca l cu l a t i on s - - - - - - - - - - - ’ )

343 r0˙AB = 5.85*1E-9 #mTurq2 -mVenus

344 r0˙AC = 5.08*1E-9 #mTurq2 - mScarlet

345 r0˙BC = 5.45*1E-9 #mVenus - mScarlet

346 r0 ˙g fpmScar = 5.689*1E-9 #GFP- mScarlet

347 r 0 ˙ t o k = 5.466*1E-9 #mTFP1-mOK2

348 r0˙tmv = 5.987*1E-9 #mTFP1-mVenus

349 r 0 ˙ g r f = 5.236*1E-9 #GFP-mRFP
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350

351

352 f o r i in Acc :

353 tau˙A =(Ave ˙ l i f e t ime . l o c [ i , ’mean ’ ] ) *1E-9

354 j = Calcs ( tau˙D , tau˙A )

355 pr in t ( ”The average d i s t ance between” , Donor , ”and” , i , ” i s ” ,

round ( ( j . dist˙D˙DA ( r0˙g fpmScar ) *1E9) , 3) , ”nm” )

356

357 sys . s tdout . c l o s e ( )

358 sys . s tdout = s t d o u t ˙ f i l e n o

359 pr in t ( ’ F in i shed ’ )

360 stop = t ime i t . d e f a u l t ˙ t im e r ( )

361 pr in t ( ’Time : ’ , stop - s t a r t )

Listing 1: PyFLIM code for the compilation of individual histograms
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[10] José Luis Alonso and Wolfgang H Goldmann. Cellular mechanotrans-

duction. transport, 1, 2016.

[11] Peter M. Thompson, Caitlin E. Tolbert, and Sharon L. Campbell. Vinculin

and metavinculin: Oligomerization and interactions with f-actin. FEBS

Letters, 587:1220–1229, 2013.

[12] Paul Atherton, Ben Stutchbury, Devina Jethwa, and Christoph

Ballestrem. Mechanosensitive components of integrin adhesions: Role

of vinculin. Experimental Cell Research, 343:21–27, 2016.

[13] Matteo Parri and Paola Chiarugi. Rac and rho gtpases in cancer cell

motility control. Cell communication and signalling: CCS, 8:23, Septem-

ber 2010.

[14] Anne J Ridley. Special issue: Membrane dynamics rho gtpases and

actin dynamics in membrane protrusions and vesicle trafficking rac

and rho gtpases in cancer cell motility control. Trends Cell Biol.,

10:522–9, October 2006.

[15] Ho Sup Lee, Chinten James Lim, Wilma Puzon-McLaughlin, Sanford J.

Shattil, and Mark H. Ginsberg. Riam activates integrins by linking talin

to ras gtpase membrane-targeting sequences. Journal of Biological

Chemistry, 284:5119–5122, 2009.

[16] Elisabetta Ada Cavalcanti-Adam, Tova Volberg, Alexandre Micoulet,

Horst Kessler, Benjamin Geiger, and Joachim Pius Spatz. Cell spreading

and focal adhesion dynamics are regulated by spacing of integrin

ligands. Biophysical journal, 92:2964–2974, April 2007.

[17] Herbert B. Schiller, Caroline C. Friedel, Cyril Boulegue, and Reinhard
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