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Abstract

Mechanical forcesare potent drivers of many biological processes. The form and
function of many tissues depends on cells properly receiving and responding to
mechanical signals either from neighboring cells or from the underlying matrix. During
development, dynamic tissue movements are driven by cell contractility and stem cell
fate is affected by the mechanical forces in and the stiffness ofthe cellular
microenvironment . Conversely, aberrant mechanosensitive signaling is associated with
the pathological progression of several disease states, such as cancer and atherosclerosis,
for which effective treatments are scarce. As such, understanding how cells physically
interact with and detect mechanical aspects of their microenvironment is critical to both
understanding develop mental processes and developing new treatments for disease.

To initiate changes in cell behavior, mechanical information from the
microenvironment must be converted into biochemical signals inside cells through
molecular scale processes, collectively refered to as mechanotransduction. Many of the
events associated with mechanosensitive signaling and mechanotransduction are
mediated by force-dependent changes in protein structure and function. However, the
lack of available tools to study these molecular scale processes in cells is currently
preventing further progress. To address this need, the goals of this dissertation were to

(1) improve upon and expand the capabilities of existing tools to visualize molecular



forces and (2) develop novel methodologies to detect key force-sensitive signaling events
inside cells.

We began by focusing on the further development and improvement of one of
the most critical tools to molecular-scalemechanobiological investigations: Forster
Resonance Energy Transfer (FRETpased molecular tension sensors. While these sensors
have contributed greatly to our understanding of mechanobiology, the limited dynamic
range and inability to specify the mechanical sensitivity of existing sensors has hindered
their use in diverse cellular contexts. Through both experiments and modeling efforts,
we developed a comprehensive biophysical understanding of molecular tension sensor
function that enabled the creation of new sensors with predictable and tunable
mechanical sensitivities. We used this knowledge to create a sensor optimized to study
the ~1-6pN loads experienced by vinculin, a critical linker protein that plays an integral
role in connecting cells, via focal adhesions (FAS), to the extracellular matrix (ECM).
Using this optimized sensor enabled sensitive detection of changes in molecular loads
across single cells and even within individual FA structures. We also expanded the
capabilities of tension sensors to investigate the potentially distinct roles of protein force
and protein extension in activating mechanosensitive signaling. Specifically, a trio of
these new biosensors with distinct force- and extension-sensitivities revealed that an

extension-based control paradigm underlies cellular control of vinculin loading.



As these sensors uriquely provide insight into which molecules are physically
engaged and could be participating in mechanically -based signaling, we next
investigated which cytoskeletal structures mediated vinculin loading at multiple length
scales within the cell. Specificdly, we focused on two active, but distinct force
generating machineries inside cells: stress fibers (SFs) and lamellipodiatassociated
protrusions (LPs). By measuring vinculin tension in various mechanical and biochemical
contexts, we found that vinculin is mechanically loaded in both LP and SF structures.
However, the distribution of loads across vinculin  within individual FAs was
dramatically different between these two distinct actin structures. Specifically,
asymmetric distribution of vinculin load alo ng individual FAs was an exclusive feature
of SFassociated FAs. Subsequent experiments showed that formation and maintenance
of these gradient loading profiles are dependent on the activation of specific mediators

of cytoskeletal assembly as well asvincuOD Oz Uw B OUI UEEUDPOOUwPDUT wol
These datasuggest that both the magnitude as well as the pattern of vinculin loading
within FAs are independently regulated by cells, and thus might serve distinct purposes
in cellular mechanosensing.
Towards understanding the biochemical consequences of protein load at the
molecular level, we developed an imaging -based technique to detect one of the events

most often implicated in mechanically -based signal transduction: the formation of force -

sensitive protein-protein interactions (PPIs). While these force sensitive interactions have
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been extensively documented in vitro, the extent to which they occur inside living cells
is debated. This imaging-based technique, which we refer to as fluorescenceforce co-
localization (FFC), involves imaging of a FRET-based tension sensorand standard
fluorescence-based detection of other proteins of interest to correlate molecular tension
with protein recruitment to FAs . Using vinculin as a prototypical example and focusing
on a screenbased approach, we used immunofluorescence to measure the relative
enrichment of 20 other key FA proteins in areas of high vinculin tension. Factoring in
what we previously learned about (1) the importance of actin architecture and (2) the
well -established role of vinculin alone in controlling FA composition, we provide a
multiparametric perspective on a potential mechanotransduction node associated with
high vinculin loads. Focusing on the top five hits from this FFC screen, subsequent
experiments revealed a genuine vinculin tension-dependent interaction with migfilin , a
LIM domain containing protein that plays both structural roles in FAs and has also been
implicated in the regulation of gene transcription . Overall, the work presented in this
dissertation provides a means for the detection of force-sensitive PPIs in cells, and the
functional role of these interactions can be addressed in future work.

In total, the techniques developed in this dissertation enable detection of
multiple molecular even ts associated with mechanotransduction inside cells. The
improvement of FRET -based tension sensors as well as the ability to define their

mechanical properties a priori should expedite investigations of molecular forces in
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diverse biological contexts. Addi tionally, the realization of force -dependent PPlIs inside
cells provided by the FFC screen constitutes a significant step towards uncovering
mechanically-based signaling mechanisms inside cells. The more widespread
application of these tools will undoubted! y fuel our understanding of
mechanotransduction and could enable better control of cell behaviors in engineered

tissuesand aid in the development of treatments for mechanosensitive diseases.
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1 Introduction

Recently, significant evidence has emerged demonstrating that mechanical
stimuli, such as applied forces or the mechanical properties of the extracellular matrix
(ECM), are critical determinants of the form and function of cells and tissues [1-6]. In
addition to genetic and biochemical factors, mechanical inputs are primary regulators of
many fundamental cellular processes, including cell division [7], differentiation [8, 9],
and migration [10]. At longer length scales, cell mechanical properties impact cell sorting
within the e mbryo [11] and mediate apical constriction, enabling tissue folding during
gastrulation [6]. In contrast, aberrant mechanosensitive signaling has been implicated in
many pathophysiological processes [3] including atherosclerotic plaque formation at
points of disturbed shear stress [2] and the enhanced metastatic potential of cancer cells
in the stiffer tumor microenvironment [12]. Finally, improper activation of
mechanosensitive pathways likely causes unintended cellular behaviors within
engineered tissues, including the loss of cell phenotype or improper cell contractility or
migration [13, 14]

Despite the widespread evidence for the important role mechanical inputs play
in numerous biological proce sses, a mechanistic, molecular understanding of how cells
convert mechanical inputs into biochemically detectable signals, a process termed
mechanotransduction, is lacking. The current theoretical framework surrounding

mechanotransduction is a derivative of protein structure -function relationships. In much



the same way that classical signal transduction pathways are initiated by chemically
induced changes in protein structure (e.g. phosphorylation), mechanotransduction

pathways are thought to be initiated by mechanically induced deformations in load -
bearing proteins [15-17]. The possibility of such mechanically induced events has been
elegantly demonstrated in single molecule in vitro systems [18, 19] However, the extent
to which such events occur in living cells, the magnitude and origins of mechanical

loads in cellulo, and the biochemical consequences of protein loading have yet to be
fully elucidated.

The work described in this dissertation is motivated by a need for techniques
capable of detecting the molecular events associated with mechanotransduction inside
cells. Broadly, we aimed to (1) develop improved FRET-based molecular tension sensors
capable of enhanced and quartitative measurement of protein loads in cellulo and (2)
update and expand fluorescence colocalization microscopy techniques to detect the
formation of force -sensitive protein-protein interactions. Overall, by employing these
techniques to study vinculin m echanotransduction at FAs, we uncovered a surprising
extension-based control regulating vinculin loading and found compelling evidence for
the cumulative roles of vinculin, vinculin tension, and actin architectures in modulating
FA composition and mechanosensitive signaling. These two distinct but complementary
techniques represent a significant step towards a quantitative biophysical understanding
of the fundamentally molecular events initiating vinculin -dependent and possibly other

mechanotransduction pathways.



In Chapter 3, we focused on the improvement of molecular tension sensor
function in hopes of making this valuable tool tunable and thus applicable to a
multitude of studies in mechanobiology. We systematically examined the components of
molecular tension sensors that could be altered to improve their functionality and
developed biophysical descriptions of sensor behavior, enabling calibration and
deployment of tension sensors in identical environments for the first time. After an
extensive validation process, we demonstrated the predictive power of the calibration
model through the construction of a tension sensor optimized to measure loads borne by
the focal adhesion protein vinculin, which revealed asymmetrically distributed loads
across vinculin in single focal adhesions. The cytoskeletal structures that give rise to
such tension gradients are further examined in Chapter 4, and their impact on vinculin
mechanotransduction is investigated in Chapter 5. Then we utilized a trio of these
improved, in cellulo calibrated sensors with distinct force -extension relationships to
interrogate the molecular origins of the long -standing observations of cellular stress-
versus strain-control of cell contractility. In the context of vinculin mechanobiology, this
trio of sensors revealed a novel control paradigm whereby protein extension (molecular
analogue to strain) rather than force (molecular analogue to stress) is physically
regulated by the cell. Simple physical models of FAs provided molecular insight into the
potential ultrastructure and intermolecular interactions that could give rise to such

extension-based control.



In Chapter 4, we investigated the cytoskeletal origins of the gradient loading
profiles of vinculin detected in Chapter 3 and identified two typ es of FAs with distinct
vinculin loading profiles. Specifically, FAs associated with actin stress fibers (SFs)
exhibited gradient loading of vinculin while those loaded by forces associated with
lamellipodial protrusion structures showed uniformly high loa ds across vinculin
throughout the FA. We determined that the strength of these tension gradients can be
modulating by cell spreading, the Rho-GTPases RhoA and Racl, and through the
EPUUUxUPOOW OI wYPOEUOPOzZUwDOUI UEEUD GiatUtheP DPUT w E
formation of gradient loading is a tightly regulated process. The high tensions present in
both types of FAs, but distinct loading profile of vinculin in SF -associated FAs indicated
that the loads and loading profiles are separable. These findings thus motivated further
investigation (in Chapter 5) into the likely distinct roles of vinculin load and vinculin
loading profile in vinculin mechanotransduction pathways.

In Chapter 5, we assessed the biological consequences of molecular tension in
terms of alterations in FA composition. We tested the extent to which force-sensitive
protein -protein interactions could be detected through the simple combination of
molecular tension sensors and immunofluorescent labeling of 22 other core FA
components. To atain a more complete picture of the vinculin mechanotransduction
signaling axis, we augmented this fluorescence-force colocalization technique with
measurements of (1) vinculin-dependent (irrespective of tension) protein recruitment to

FAs in wild -type compared to vinculin -/- cell lines and (2) the actin architectural
4



preference of the candidate proteins in terms of their relative localization to LP - versus
SFassociated FAs. Combined, these three measurements revealed a unique molecular
signature for vinc ulin mechanotransduction at FAs. With this rich molecular picture of
vinculin tension -dependent signaling, we focused our efforts on validating a
mechanistic link between vinculin -loads, actin architectures, and protein recruitment to
FAs. For those proteins exhibiting the strongest vinculin tension sensitivity, we
Ol EUUUI EwETEOT 1 UwbPOwlUT I PUwWUI EVUUDPUOT OUwUOwW%
to bind actin and thus bear load. To examine the specificity of SF-dependent protein
localization to FAs, w e monitored changes in protein localization to peripheral FAs after
perturbing SF formation via the transient activation of Racl. Finally, we used proximity
ligation assays to confirm the formation of genuine vinculin tension -sensitive protein-
protein inte ractions, identifying novel vinculin interacting proteins and updating the
picture of vinculin -VASP interactions previously thought to be constitutive.

In Chapter 6, we summarize the main results and conclusions of this work and
discuss how these findings might motivate future studies in cell biological and

biomedical research.
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2 Background
2.1 Mechanics in biology

While mechanobiology is current undergoing a reemergence, evidence for the
important role of physical cues in biology dates back more than a century. In 1917,
EPOOEUI | OEUPEPEQuw#z UEaw3i 6O0xUOO6zUwUI OOPOI EwbO
advocated for the application of physical and mathematical principles to understand
diverse biological systems [20]. Indeed, scientists have documented many instances of
mechanical inputs affecting biology at multiple length scales; for instance, mechanical
loading augments bone formation [21], laminar shear stress contributes to blood vessel
health [22], and cancers a&e often accompanied by changes in tissue architecture[23].

Although these and other seminal works highlighted a need to understand how
mechanical inputs lead to biological outputs, only in the last 30 years have tools become
more widely available to study mechanobiology from a mechanistic perspective.
Scientists can now use tools like atomic force microscopy to probe the mechanics of
single cells and pull on specific subcellular structures. Controlling substra te rigidity and
studying the magnitude of cell contractility have been made possible using engineered
substrates such as hydrogels and microfabricated pillars used in traction force
microscopy experiments. The mechanical responses of individual proteins, w hich
frequently involves nano - and pico-Newton forces, have been measured using magnetic
tweezers and optical traps. This assortment of technologies designed to probe the

mechanical properties of and quantify physical forces in cells have driven our
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understanding of mechanobiology and the role it plays in numerous physiological and
pathophysiological processes.
This increasingly molecular -scale toolkit [24] has revealed mechanical regulation
of numerous fundamental cellular processes. We now know that forces applied to cells,
EUwbl OOWEUwWUT OUl wOT E0wOUDPT POEUT wi UOOWEWET 600z Uw
are sufficient to activate transcription [25], direct cell migration [26], initiation
differentiation pathways [13], or alter the metastatic potential of cance cells [27]. The
far-reaching implications for our understanding of human development [1, 5, 6]
treatment of disease|[2, 3, 28] and tissue engineering efforts [4, 29, 30]have driven

mechanobiological research endeavors.

2.2 Biophysical description of mechanosensitive processes

In discussing the mechanisms by which cells respond to physical stimuli,
scientists have adapted some of the terminology used to describe the steps in traditional,
biochemically -based cell signaling. Broadly, any molecular or cellular process that can
be affected by a mechanical variable, like the stiffness of the ECM or catractile forces
generated within a neighboring cell, is referred to as mechanosensitive. However, while
cell signaling can generally be explained in terms of the principles of solution chemistry
such as reaction kinetics and diffusion coefficients, new terms were required to explain
and understand mechanically -based signaling. How cells transmit and interpret

mechanical information also required knowledge of the deformability of individual



proteins. In particular, examining how mechanical loads affect prot ein conformation and
protein binding from a molecular perspective has shed light on the molecular

mechanisms underlying mechanosensitive processes.

2.2.1 Force as analogous to a post-translational modification

The three-dimensional structure of a protein is central to its function. This is
apparent with considering the impact that post -translational modifications, such as
phosphorylation, have on protein function. Often phosphorylation events will lead to
slight changes in protein conformation, creating docking s ites for other proteins,
activating some intrinsic catalytic activity in the phospho -protein, or releasing it from a
protein complex to achieve some downstream signaling function (Figure 2.1, left).
In analogous terms, molecular scale forces can impact prdein structure and thus
function. Since protein conformation is chiefly governed by labile non -covalent
interactions, even small forces can have just as large of an impact on protein structure as
a phosphorylation event. These force-induced conformational shifts in proteins can alter
EwxUOUI pOzUwEI I pOPUa wi OUwWOIl awEDPOEDPOT wxEUUOI UUO
reveal cryptic binding sites giving rise to novel protein -protein interactions.

Downstream signaling or reinforcement events are thus triggered by a mechanical input

(force) rather than a biochemical change (phosphorylation) (Figure 2.1, right).
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Figure 2.1 Force impacts protein structure and function. Post-translational
modifications like phosphorylation alter protein structure and thus function. In analogous
terms, forces can lead to similar changes in protein structure and cause similar
downstream signaling functions.

The amount of force required to shift the conformational equilibrium o fa protein
is surprisingly small (in the ~pN range on the order of Brownian motion), as has been
calculated theoretically [17] and measured experimentally using single molecule
techniques such as atomic force micrescopy (AFM), optical traps, or magnetic tweezers
[31-34]. For example, a series of experiments that made use of both AFM and magnetic
tweezers on substrateimmobilized proteins showed that conformation changes withi n
individual domains of a single talin molecule, resulting in exposure of a cryptic binding
site for vinculin, can be induced with as little as 2 pN of force [18, 35] Additionally, low
force transitions have been discovered in certain domains of filamin, where the
association between domains 20 and 21 is disrupted at 25 pN of exerted force [36].
Single molecule measurements using optical traps have estimated that individual

myosin motors can generate forces in the 25 pN range, indicating that these low -force



transitions are likely to occur in vivo. Indeed, the amount of energy (work = force *
distance) required to stretch an unstructured protein two nanometers against a 2 pN
force is approximately 1/20t the energy released by ATP hydrolysis [17], indicating that
forces are potentially potent drivers of protein conformational changes.

Although force can be a potent regulator of protein function, many load -bearing
proteins whose mechanical stability is critical to cell and tissue integrity have relatively
compact domains able to withstand high mechanical loads. For example the Ig or Ig-like
domains found in titin [37] are mechanically stable and only unfold upon force
application upwards of 150 to 300 pN [37]. Similar results have been found for other
load-bearing proteins such as filamin [38, 39]and actinin [40]. When compared to the
force generation ability of myosin, it is unlikely that these rare high -force changes
associated with complete domain unfolding play a major role in mechanotransduction.

Considering the close relationship between protein structure and function, it
does not take a large conceptual leap to perceive how ~pN forces might impact protein
conformation, and thus function. However, based on the available data on protein
mechanics, forces in cells are likely sufficient to mechanicdly activate some, but not all
load bearing proteins. This specificity is likely important for selective mechanosensitive
signaling.

2.2.2 Protein responses to mechanical loading: catch and slip bonds

In considering the molecular mechanisms of cellular mechanosensitivity, it is

important to bear in mind the physical principles that mediate force -induced
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conformational changes in proteins. When proteins or protein complexes are subject to
mechanical loads, the resulting structural changes can serve to either reinforce or
dissociate interacting domains. To describe these divergent responses, two general
classes of molecular bonds have been defined (Figure 2.2). In most molecular bonds,
referred to as slip bonds, the application of load decreases the lifetime of thebond. In
this class of bond, applied load typically results in the separation of key contact
interfaces, reducing their ability to interact, and resulting in decreased bond lifetime.
Thus, weak slip bonds are expected to be perturbed during force-induced conformation
changes in protein structure. The resulting changes in protein conformation are likely
associated with the tilt or slight deformation of a particular protein domain. In other
cases, applied load can increase the lifetime of a bond. This classfobond is called a catch
bond. In this type of bond, loads applied to a protein cause conformation changes or
other events that result in the decreased distance of key interaction groups or results in
the formation of new interactions. This increases the overall energetic favorability of the
interaction and lengthens the bond lifetime. However, at very large forces key
interactions are eventually perturbed, causing domain separation and the dissociation of
the bond. Therefore, these bonds are also referredo as catchslip bonds. As we examine
in the following sections, these two distinct types of molecular bonds serve distinct

purposes in mechanosensitive sighaling mechanisms
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Figure 2.2: Types of molecular bonds. Slip and catch-slip bonds mediate protein
conformation and protein-protein interaction lifetimes (strength). Slip bond lifetimes
decrease as a function of applied load, while catch-slip bond lifetimes initially increase at
low force, but eventually dissociate at higher loads.

2.2.3 Mechanosensitivity as a four-step process

Conceptual descriptions of mechanosensitive processes, typically describe four
fundamental steps (Figure 2.3). These steps are based on the central premise that
specific structures with in the cell are particularly sensitive to mechanical stimuli. Thus,
forces must first be transmitted to these specialized structures. Often, increased loading
of these structures causes a forcénduced change in the conformation of a
mechanosensitive protein, enabling conversion of the mechanical stimuli into a
biochemically -detectable signal. Sensing of this signal then elicits a detectable response
in a signaling pathway, gene transcription, or cell behavior. These four stages are often
referred to as mecdhanotransmission, mechanotransduction, mechanosensing, and
mechanoresponse[16]. While other nomenclatures exist [17] they each describe the same

set of conserved processes.

12



Unloaded Mechanotransmission =~ Mechanotransduction Mechanosensing Mechanoresponse
RhoGTPase

— — — — /- Q_)
':§ -, e <S - QS N
LSS S S Yy

Figure 2.3: Molecular events underlying cellular mechanosensitivity. In an

unl oaded stat e, a cryptic binding site (orange
Physical connection to a cytoskeletal structure (actin) facilitates mechanotransmission

through that protein. At higher forces, the protein undergoes a conformational change,
transducing force into a biochemically detectable event (revealing of the cryptic binding

site). Subsequent sensing of the signal by a protein with an affinity for the once-cryptic

binding site produces a downstream mechanoresponse that activates a Rho-GTPase

signaling cascade.

2.2.3.1 Mechanotransmission

Mechanotransmission refers to the transfer of mechanical loads along elastic
elements[41]. On a molecular level, the ability of protei ns and protein-protein
interactions to resist mechanical loading impacts the degree of mechanotransmission to
specialized mechanosensitive structures. In the absence of mechanical connections,
mechanosensitive signaling does not progress. In cells, due tophysical linkages between
the ECM and a mechanically active cytoskeleton, forces can be transmitted between the
intracellular and extracellular environments [42]. These linkages enable the cell to
physically manipul ate its environment, mechanically integrate with its surroundings,
and migrate [43]. Additionally, due to the stiff and filamentous nature of several
cytoskeletal elements, particularly F-actin and microtubules, forces can be transmitted
over long distances, relatively quickly in comparison to effects mediated by protein
diffusion [44]. For instance, forces applied at the plasma membrane can lead to Src
activation at the opposite side of the cell within 300 ms [45, 46]

13



Often, protein -protein interactions expected to be important in
mechanotransmission act as catch bonds. This class of bond will increase the length of
time that loading can be maintained, providing increased opportunities for the detection
and amplification of mechanosensitive signaling. Single molecule experiments involving
an AFM or magnetic tweezer-based apparatus have been used to directly demonstrate
that applied loads prolong bond lifetimes between actin monomers and actin filaments
[47], actin and myosin [48]0 w E &@#fnteyrin and fibronectin [49], all of which are
UT OUT T OwOOwi OT EQGET wlOl ET E OO nteding @il the/ mOMO 6 w( OwUT 1
protein fibronectin, binding is enhanced by exposure of an additional binding site, called
the synergy site, on fibronectin [50]. Such forcestabilized interactions are likely to have
large, but indirect, effects on mechanosensitive signals.
2.2.3.2 Mechanotransduction and mechanosensing

While the term mechanotransduction is frequently used as a catch-all term to
describe mechanosensitive processes in cells, it also refers to a specific step in the series
of events from force transmission to cellular response. Transmitted forces ultimately
impinge upon a mechanosensitive protein or protein complex, causing biochemically
detectable changeg51]. Thus, transduction and sensing are conceptually distinct, but
inherently linked. Mechanotransduction refers to the direct conversion of mechanical
forces into a biochemically detectable signal, while mechanosensing describes the
subsequent detection of this signal [51]. These are often considered to be implicitly

linked, as many of the principles underlying mechanotransduction were first
14



determined by studying mechanically -activated ion channels [52]. In this context,
transduction and sensing occur virtually instantaneously due to conformational changes
in the channel and subsequent flow of ions. In other subcellular structures,
mechanosensing is most often accomplished through the creation d novel, force-
dependent protein -protein interactions. Although specific examples will be discussed
later, a common scenario involves the force-induced exposure of a cryptic binding site or
UPbT OEODOT WEOOEPOwWUT E0wbUwUa x u&kEedBHEUUDI EwbPDUIT
Structural or signaling proteins then sense this conformational change, resulting in
mechanical reinforcement or phosphorylation events [19].
2.2.3.3 Mechanoresponse

Mechanoresponse refers to the downstream effects of the sensing of applied load.
Since mechanosensing often involves the formation of novel protein-protein
interactions, a natural downstream effect of this is the structural reinforcement of load -
bearing structures by these newly recruited proteins. This type of force -induced
structural reinforcement is often referred to as adhesion strengthening and has been
observed in multiple subcellular structures including focal adhesions [54] and adherens
junctions [55]. Another consequence of the creation of novel protein-protein interactions
is the activation of signaling cascades, which often feedback to directly modulate cellular
contractility through the Rho -family of GTPases[56, 57] On longer time scales (minutes
to hours to years in the case of some mechanosensitive diseases), mechanoresponse

refers to the sustained activation of mechanosesitive signaling pathways and
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subsequent changes in gene expression. Mechanoresponse is especially evident in
larger-scale phenomena such as the thickening of artery walls[2] and ventricular
hypertrophy [58] in response to prolonged elevated blood pressure. Other
mechanoresponses include the role of low shear stress in the induction of atherosclerotic
lesions, stiffnessdependent cell cycle control in cancer, and bone resorption in response
to stress shielding [28]. Overall, cellular mechanosensitivity is a highly int egrated
process that spans a wide range of length and time scales but is mediated by force

sensitive interactions between individual molecules.

2.3 Focal adhesion structure and function

Focal adhesions (FAs) mechanically integrate cells with their microenviro nment
and are one of the primary subcellular structures implicated in cellular
mechanosensitivity [43]. FAs serve as a responsive physical connection at the interface
between the force-generating actomyosin machinery inside the cell and the source of
mechanical stimulation and physical support, the extracellular matrix (ECM). The
molecular composition and architecture of individual FAs is tightly regulated, time -
varying, and closely linked to FA load tr ansmission and signaling functions. Recent
advances in identifying multiple molecular species at high spatial and/or temporal
resolution have clarified the role of specific FA proteins in the dynamic process of

linking integrins to the actin cytoskeleton.
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2.3.1 Compositional complexity

FAs are comprised of a multitude of molecular components that serve both
structural and signaling roles. This compositional complexity supports a variety of
functions, as the removal of any single FA component has been shown to digupt FA
assembly [59], cell migration [60], matrix rigidity sensing [61], among others [62].
Generally, FA components can be grouped into three categories, namely adhesion,
structural, and signaling proteins. Adhesion proteins, which mediate cellular
connections to the ECM, primarily refers to integrins, although other cell surface
receptors havebeen identified [63]. Integrins are heterodimeric, transmembrane proteins
whose binding affinity for the ECM ligands is conformationally regulated by
extracellular signals, intracellular signals, and mechanical forces [64-66]. Following
integrin activation, a network of structural and signaling proteins form on the
cytoplasmic domain of integrins, eventually linking to the actin cytoskeleton (Figure 2.4)
[67]. Structural proteins include adaptors, which link FA components together as well as
actin binding proteins, which connect directly to the actin cytoskeleton. Signaling
proteins such as kinases and phosphatases, as well as GTPases or GTPase regulatory
proteins modulate protein -protein interactions and participate in downstream signaling
cascades. However, these two categories are not mutually exclusive, and many FA

proteins are required for both structural and signaling functions.
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Figure 2.4: Hierarchical organization and molecular complexity in FAs. FAs are
multimolecular protein assemblies that serve as connections between the actin
cytoskeleton and the ECM. Integrins, heterodimeric receptors for various ECM
components, connect via multiple structural and signaling proteins to the actin

cytoskeleton. The stratified organization of FAs has led to the definition of three distinct
layers, which mediate integrin signaling, force transduction, and actin regulatory
functions [68, 69]. Forces borne by various FA components originate from two distinct
actin motions: t hthacfinfpblyonerizatian i she eell paripreey (left)i
and actomyosin tension which is transmitted to FAs via stress fibers (right).

Proteomics and other systems-level investigations [70] have provided valuable
perspective on the molecular diversity contained within FAs. One of the first studies to
xUOYPEI wWwEwWl OOEEOwWI REOPOEUDOOWOI wUT T w?HDOUITUBOU
components based on curated protein-protein interaction data from both online
databases and published literature [67]. This spurred investigations that identified,

based on systemslevel siRNA screens and proteomic analyses of FAs, multiple
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functional [59-61] and force responsive [71-74] elements in this network, expanding this
number to 232 [62]. Most recently, attempts at simplifying this signaling network to its
EOUI wEOOxOOI OUUwWT EYI wOl EwUOwWUT T wel i DbODUDOOwWOI
[75]. The core adhesome consists of 60 proteins that were found to be enriched on
fibronectin -coated substrates over some negative control ligand in at least 5 of 7
independent datasets [75]. Further bioinformatic analysis of the core adhesome showed
that 34 of these proteins have >1 binding interaction with other core components or with
actin, suggesting they play integral roles in the adhesion machinery [75]. This interaction
data also guided the grouping of these proteins into four signaling axes centered around
talin -vinculin, FAK -paxillin, ILK -PINCH-O B O E O b G4btini&-oykinuWASP nodes [75].
Given the daunting molecular complexity of FAs, this work was critical to refining and

focusing the problem, providing targets for futur e study.

2.3.2 Hierarchical 3D structure

FAs form three-dimensional structures on the intracellular surfaces of integrins,
detectable by both atomic force microscopy [76] and cryo-electron tomography (cryo -ET)
[77]. The molecular details of sub-adhesion structures have been revealed using
interferometric photoactivated localization microscopy (iPALM). This technique
combines multi -phase interferometry with PALM, providing information on 3D protein
localization with sub -20nm accuracy[78]. Visualization of 3D FA structure with iPALM
revealed a stratified layering of specific types of FA proteins [68]. Based on this work,

FAs appear to be comprised of at least three layers: an integrin signaling layer, a force
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transduction later, and an actin regulatory layer (Figure 2.4). Consistent with previous
work with cryo -ET [77], the actin regulatory layer was found to be the furthest removed
from the ECM and contained actin bindinT w x UOU]I DPOUw UUET 4actid.w 5 2/ w
Furthermore, proteins thought to be important for mechanotransduction and adhesion
strengthening, including talin and vinculin, localize to the force transduction layer.
Finally, proteins classically involved in the f irst events of integrin signal transduction,
including FAK and paxillin, were found in the membrane -proximal integrin signaling
layer. Interestingly, these three sets of proteins were also identified in bioinformatic
analyses of the integrin adhesome[75], further suggesting that they constitute functional
units

The stratified molecular architecture within FAs observed using these 3D
microscopy techniques has important implications for mechanotransduction. While suc h
stratification likely arises due the self-assembly of proteins with defined binding
partners, the resulting compartmentalization could also serve to separate proteins into
distinct layers or, conversely, bring proteins together that would normally not in teract.
Furthermore, these observations strongly suggest the existence of multi-molecular force
transmission through focal adhesions, as few proteins (only talin) have been observed to
physically span the gap between integrins and the actin cytoskeleton. However, other
techniques are needed to directly measure when and where loads are borne by FAs and

individual FA proteins.
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2.3.3 Cytoskeletal regulation of FA dynamics and maturation

FAs undergo dynamic alterations at the molecular level that manifest as changes
in overall shape and movement of the FA, including growth, sliding, and disassembly.
Based on their size, composition, and location within the cell, FAs are frequently
classified into three categories: nascent adhesions, focal complexes, and mature FAs
(Figure 2.5) [79]. However, these distinct types of FAs are defined by more than just their
physical appearance. These classes are distinct in their connectivity to various actin
architectures, myosin Il-dependent force sensitivity, and molecular composition. As
such, it is important to understand the upstream regulators of these various FA types,
and the tools available to researchers that enable modulation of cytoskeletal structures
and cellular contractility.
2.3.3.1 Differential regulation of cytoskeletal structures by Rho and Rac

The Rho-family of small GTPases are potent regulators of cytoskeletal structures
and cell contractility [80-82]. These proteins are active when bound to GTP, but have
intrinsic enzymatic GTPase activity that serves to inactivate them over time [83]. In an
active, GTP-bound state, these proteins interact with a host of downstream effectors,
which th en mediate numerous cellular responses including adhesion, cytoskeletal
assembly, migration, and division [83, 84] Due to their roles as masterregulators of the
actin cytoskeleton, a number of FRET-based biosensos have been developed to monitor
the activity of these key GTPases through time [85, 86] shedding light on their

differential activation through complex mechanical processes like protrusion [87-89], cell
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migration [90], and division [91]. While humerous Rho GTPases exist and play
prominent roles in mechanical processes in cells, RhoA and Rac1l play particularly
important roles and are frequently examined in mechanobiological contexts [82, 83]
RhoA and Racl are mutual antagonists and are generally thought to regulate the
formation of actin stress fibers and lamellipodial protrusions, respectively. RhoA acts
through two main signaling axes, driving (1) myosin Il activity and cell contraction
through Rho-associated protein kinase (ROCK) and (2) actin polymerization through
mbDia [82, 92] Both of these signhaling axes augnent the formation of prominent actin
stress fibers and large, mature FAs[93]. Direct modulation of RhoA activity can be
accomplished experimentally through the transient expression of its constitu tively -
active form (V14-Rho), which impedes its GTPase function, leaving it perpetually loaded
with GTP. Additionally, several small molecule inhibitors of downstream effectors of
RhoA have allowed for the more precise tuning of RhoA activities. Most notab ly, Y-
27632 inhibits ROCK activity, perturbing the activation of myosin Il motor function, but
leaving its crosslinking function intact. Other small molecules, such as blebbistatin,
inhibit both the motor and crosslinking functions of myosin, making experi mental
results with these difficult to interpret. Racl on the other hand, through a number of
effector proteins [82], facilitates the formation of lamellipodial protrusions [94]. Like
RhoA, point mutation o f Racl (V12) can lead to a constitutively active form that
facilitates the formation of broad lamellipodia and membrane ruffles. Although RhoA

and Racl are not known to be outright mechanosensors, a number of proteins that
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directly control their activity, particularly GEFs and GAPs, localize to FAs and are
regulated by force [83]. However, many of the details underlying this balance between
forces, RhoGTPase signaling and cytoskeletal organizationare still a subject of debate
[83, 95]
2.3.3.2 FA formation, maturation, and attachment to actin architectures

Nascent adhesions form at the cell periphery as a cluster of activated integrins
bound to ECM ligand. These small adhesions (<0.2 un¥) are associated with cell
protrusions, namely lamellipodia, which are rich in Arp2/3 -dependent branched actin
structures (Figure 2.5). Together with their small size, their transient stability (on the
order of seconds) makes nascentidhesions relatively difficult to study or characterize
0001 EUOEUOadw6eT POT wePi i1 Ul OUwWOI ET EOPPBUWOEaA WUO
E O E Jo¥]fclass integrin clusters to fibronectin, the resulting complex is driven
rearward towards the cell body at a rate correlated with the speed of cell protrusion,
suggesting a critical role for actin-based retrograde flow [97].

At the lamellipodia -lamellum interface, nascent adhesions either disassemble or
engage an actin bundle, which initiates a rapid growth phase and continued
translocation of these slightly larger (0.2 + 1.0 um?) adhesion structures, termed focal
complexes, into the cell body (Figure 2.5). The continued maturation and stability of
focal complexes depends on myosin Il. However, wi 1 U1 1 Uwd®a oduUpOz UwdOUOU wWE
crosslinking function that facilitates focal complex stability and maturation is still a

matter of debate [98]. As with nascent adhesions, dynamic frictional forces associated
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with actin retrograde flows serves to load focal complexes and are frequently implicated
in their force -dependent maturation [99]. The concept of adhesion structures serving as
molecular clutches was first evident observing focal complex force generation and actin
retrograde flows (Waterman -Storer). Engagement of these adhesions with the actin
cytoskeleton slows the retrograde flow of actin, while at the same time increasing the
rate of lamellipodial protrusion.

Maturation of focal complexes into full -fledged FAs results in visible linkage to
an actin stress fiber (SF) as well as further compositional changes, vith more adaptor
proteins and cytoskeletal regulators, especially LIM -domain containing proteins, being
recruited to the structure (Figure 2.5) [73]. The force sensitivity of this stage is
traditionally associated w ith the application of relatively static stresses to the FA, as
maturation can be induced by both increases in actomyosin contractility or application
of static stress external to the cell[97, 100] Finally, measurements at high spatial and
temporal resolution have revealed that stresses are not evenly distributed across an
individual FA and are not necessarily constant in time [101]. Together, these findings
suggest that both static stresses transmitted through stress fibers, and dynamic frictional
forces likely associated with changes in actin retrograde flow, induce FA maturation in a

myosin -dependent manner.
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Figure 2.5: FAs undergo dynamic molecular rearrangements during their
assembly and disassembly. FAs are dynamic subcellular structures that physically
connect the ECM to cytoskeletal structures like stress fibers (top). The formation,
maturation, and translocation of FAs towards the cell body is driven by forces from the
actomyosin cytoskeleton and is accompanied by alterations in FA composition (shades
of orange and green) as well as size, shape, and subcellular location changes.

2.3.4 Force-dependent signaling

FAs act as fore-dependent signaling hubs, transducing mechanical information
into biochemical signals that control diverse cellular functions. Analogous to other
classical posttranslational modifications, force -dependent signals are thought to be
induced by the force-induced exposure of a cryptic binding or signaling domain that is
EUUDPI EwbDUT POwUT 1[18,58] Subseguértlysighaling préding sémseuthis
conformational change, often resulting in changes in bindi ng partners, catalytic activity

or dynamics [19].
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Many studies into the mechanisms FA force-dependent signaling have
documented the important role of protein kinases, their activation, and force - or
adhesion-dependent phosphorylation events [102]. For example, forceiinduced
unfolding of p130Cas exposes a substrate domain which contains multiple Src
phosphorylation sites [19]. Furthermor e, internally generated forces and changes in
external mechanical cues have profound effects on phosphorylation in FAs [49],
suggesting a link between applied forces and protein tyrosine kinase (PTK) activity [61].
Indeed, several protein PTKs are well-known to associate with FAs and mediate
phosphorylation events that appear to be sensitive to forces[102, 103] Force-dependent
changes in phosphorylation could occur due to variations in kinase r esidence times in
FAs [104] or the exposure of cryptic phosphorylation sites in kinase substrates [19].
Mechanically, PTK activity has been linked to alterations in FA dynamics initiating FA
disassembly processeq105] and cytoskeletal remodeling. Additionally, force -dependent
PTK activities in FAs could explain the potent regulation of growth and metabolic
responses to physical cued7, 106].

Mechanical cues also influence differentiation, implicating FAs as having a
regulatory role in transcription [4]. Recent work has highlighted the mechanosensitive
activation and translocation of several tran scriptional co-activators. Notably, extensive
experimental evidence suggests that mechanical cues are potent regulators of the
transcriptional co -regulators YAP and TAZ. YAP/TAZ activity is classically understood

in the context of the Hippo signaling pathw ay [107], but is also exquisitely sensitive to a
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variety of physical cues [108]. Specifically, ECM stiffness and cell spread area appear to
link YAP nuclear translocation to differentiation in human mesenchymal stem cells [25].
Additionally, and cell conf luence and shear flow have been implicated in YAP-mediated
atherogenesi4109, 110] Even more recent work discovered evidence for a potential
unifying mechanism for YAP mechanosensitivity in which nuclear deformatio n alone
enables YAP/TAZ translocation into the nucleus [111]. Besides YAP/TAZ, the
transcriptional co -activators MRTF/MAL -A play an important mechanosensitive role in
the differentiation of epidermal stem cells [112]. Finally, activation of the transcription
factors in ternary complex factor (TCF) sub-family have also been implicated in cell

shape-dependent regulation of gene expression [113].

2.4 Force transmission through focal adhesions

2.4.1 Measuring force transmission at the cellular and molecular
levels

In light of early observations of cellular mechanosensitivity and evidence for
force as a potent regulator of multiple cellular functions, several techniques have been
established to probe cell-generated forces at both the cellular and molecular levels. The
two most prominent are traction force microscopy and, more recently, FRET -based
molecular tension sensors. While both tools provide force measurements in dynamic
cellular systems, they function at vastly different length scales. Thus, each technique
provides distinct but complimentary biophysical insight into cell force generation and
mechanosensitive processes (see Figure 2.6 for illustrdve comparison).
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2.4.1.1 Measuring forces at the cell-substrate interface: traction force microscopy

Traction force microscopy (TFM) refers to a suite of techniques were developed
to probe the magnitude of cell-generated forces on engineered substrates. Even befa
the development of quantitative TFM methods [114], cellular traction forces were
evident from observations of cell wrinkling of silicone rubber substrata [115].
Quantitative TFM techniques rely on measurements of fiducial marker displacements in
engineered substrates fFigure 2.6A). Combined with information about the mechanical
properties of these elastic materials, lateral displacement measurements can be used to
back-calculate the cellular traction forces. The most popular platforms for TFM include
deformable hydrogels [114], micropatterned substrates [116, 117] and microfabricated
devices [118-120] Notably, all of these TFM techniques allow for modification of
substrate stiffness, enabling investigations of cellular rigidity sensing [121-123],
durotaxis [26, 101] and other stiffness-dependent processes[124, 125]

Although TFM techniques have most commonly been used to probe the entire
force output of a single cell or study the spatiotemporal variations in cell contractility,
recent advances have led to the extension of this technique to more complex systems.
For example, extrapolation of TFM techniques to three dimensions has revealed ou-of-
plane normal and rotational forces about FAs [126] and suggests that cells can exert
forces of similar magnitude in all directions [126, 127] Furthermore, precise TFM
measurements with spatial resolutions on the order of microns and sub-second temporal
Ul UOGOUUDOOWT EYT wUI YT EOI Ewl PTT OawYEN@ME®Eee w? UUT 1
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tugging events were shown to be dispensable for cell migration up a chemotactic
gradient, but required for durotaxis, suggesting a critical mechanosensory function.
Finally, TFM techniques developed for multicellular systems have indicated long -range
mechanical connectivity between cells in migrating layers [128, 129]

Overall, traction force techniques have led to important insights into the
regulators and spatiotemporal dynamics of cell contractility and rigidity sensing but are

limited in that they only measure forces at the ceHECM interface.

A Actomyosin Tension B Actomyasin Tension
Retrograde Flow F a5 Retrograde Flow >, o
— —
Molecular
Tension
Sensor

Traction Forces

Figure 2.6: Traction forces and molecular tension are not equivalent. Due to
multiple molecular linkages connecting the intra- and extra-cellular environments, TFM
and molecular tension sensor measurements of cell-generated forces cannot be
assumed to be equivalent. (A) TFM measures the total force output from a given cell or
FA structure based on lateral displacements in the underlying substrate. (B) Molecular
tension sensors report loads borne by individual proteins on the intracellular face of FAs
(in this illustration, vinculin is highlighted as the molecular linkage of interest).

2.4.1.2 Measuring molecular-scale forces inside cells: FRET-based tension
sensors

More recently, interest has emerged in determining the molecular -scale
mechanisms cells use to detect and respond to mechanical cues. Based on work with
purified proteins in vitro, these mechanisms were thought to involve force -induced
changes in protein conformation and thus function (see Chapter 2.2.1) One well-studied

mechanosensitive interaction involves the FA proteins talin and vinculin. In vitro,
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stretching talin reveals cryptic binding sites for vinculin, indicating a mechanism by
which vinculin could reinfo rce talin-actin linkages in a force-dependent manner [18].
However, important questions remained. When and where is talin loaded inside cells?
Do cells exert large enough forces on talin to elicit these forcesensitive interactions?
These types of questions, and many other interesting in vitro results, led to an
overwhelming interest in visualizing and quantifying the forces experienced by specific
proteins in living cells.

Measurements of the molecular-scale deformations in living cells were made
possible by the development of biosensors based on Forster resonance energy transfer
(FRET)[130, 131] FRET is a process by which energy is nonradiatively transferred
between an exdted donor fluorophore and an adjacent acceptor fluorophore [132]. The
amount of FRET that occurs is sasitive to the photophysical properties, relative
orientation, mobility, and, importantly, the separation distance of the fluorophores.
Changes in FRET can be measured through a number of microscopy techniques,
including an increased acceptor to donor emision ratio (two -color FRET) or a decreased
donor lifetime (FLIM). By assuming that the fluorophores diffuse randomly and have no
preferred orientation, the FRET efficiency (E) can be described by the simple equation
E = (1+(r/Ry)%) 1, where R, is the Forster radius, or the fluorophore separation
distance at which 50% FRET efficiency is achieved, andr is the separation distance of the
two fluorophores [132]. Several groups have created biosensors which take advantage of

the strong distance dependence of FRET to measure displacements within, and thus
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tension across, specific proteins of interest. Most tension sensors are based on a module
(Figure 2.7A), comprised of two fluorophores separated by an elastic linker, which can
be inserted into a target protein (ex. vinculin, Figure 2.7B). As a load is applied across
the protein, the donor and acceptor fluorophores separate and FRET decreaseg¢Figure

2.7C), visualization of ~pN forces across single proteins in living cells [133-135].
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Figure 2.7: FRET-based molecular tension sensor function. A tension sensor
module (TSMod, panel A) consists of a donor and acceptor fluorophore, separated by a
spring-like polypeptide linker. When subject to mechanical loads, as would occur upon

genetic incorporation into a protein of interest (Vinculin, panel B), FRET decreases
sharply as a function of fluorophore separation distance (C).

By measuring the spatiotemporal distribution of loads through individual

proteins in FAs and other cytoskeletal structures, one can start to unravel the
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mechanisms underlying mechanically -sensitive phenomena such as ECM remodeling,
and adhesion assembly and disassembly. For example, a fibronectin strain sensor
showed reversible domain unfolding in response to cellular -generated forces[136] that
reveals cryptic motifs thought to regulate fibrillogenesis [137]. This result links
intracellularly -generated tension through a molecular unfolding event to a remodeling
outcome. A vinculin tension sensor was used to establish that vinculin load bearing is a
switch that dictates whether FAs assemble or disassemble in response to applied load
[131]. Additionally, an actinin tension sensor, using a slightly different design based on
E O uhnélix was used to show that forces are highest across actinin in migrating cells
[130]. Also, a FRETbased sensor was designed that was capable of reporting unfolding
between the 2021 Ig domains in the actin crosslinker, filamin, in response to internally
generated forces [138]. Interestingly, 20-21 Ig domain unfolding, like tension across
vinculin and actinin, was concentrated at the leading edge of migrating cells, supporting
a mechanism through which tension across filamin releases FilGAP [56], inhibiting Rac
activation in leading edge protrusions. Finally, the recent development of multiple talin
tension sensors has revealed interesting features of cell rigidity sensing [139, 140] Both
groups found that talin bears significant loads (sometimes > 10pN) in FAs and that these
loads are dependent upon the stiffness of the underlying substrate. Additionally, these
talin tension sensors enabled investigations of talin tension-dependent vinculin
reinforcement events previously restricted to in vitro single molecule settings. Together,

U E Ob Oz U-depeddarit io&lind) &hd subsequent tension-dependent recruitment of
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vinculin point to talin as a critical mechanotransducing element in FAs (see Chapter
2.2.3).

The continued development and use of molecular tension sensors will provide
more unique, molecularly -specific views into load transfer through cytoskeletal
structures and FAs. While initial studies using molecular tension sensors have provided
valuable insig ht into the magnitudes and spatiotemporal variations in protein loading,
the full potential of FRET -based molecular tension sensors is only just beginning to be

realized.

2.4.2 Biophysical control of FA loading and cell contractility

Numerous mechanosensitive mechanisms allow cells to perceive the physical
properties of their microenvironment (e.qg. stiffness, ECM density) as well as respond to
mechanical perturbations (e.g. cyclic stretch, shear flow). Changes in substrate stiffness
alone can modulate cell survival [7], drive the epithelial -to-mesenchymal transition [14,
141], or initiate changes in transcription leading to differentiation [13, 142] Importantly,
these relatively slow processes are preceded, and likelydriven by numerous mechanical
changes within the cell, including changes in cell contractility as well as the assembly of
cytoskeletal and adhesion structures. What links ECM stiffness to changes in cell
mechanical state however, is still unclear. The importance of Rho and Rac has been
established [27], but the signals causing their differential activation downstream of
various mechanical inputs are still being elucidated. The biophysical regulation of

protein loadin g and the important role of molecular scale forces in these processes must
33



therefore be further studied and is just becoming apparent using FRET-based molecular
tension sensors. In the following sections, we examine evidence for biophysical
regulation in t wo frequently -investigated phenomena from both a macroscopic and the
more recent molecular perspective: (1) the forcedependent growth of FAs and (2) the
stress-control and strain -control paradigms of cell contractility.
2.4.2.1 Force-dependent growth of FAs

Despite an extensive body of work detailing FA growth and disassembly cycles
and feedback through Rho and Rac to modulate actomyosin structures, little is known
about how FA structure and morphology dictate force transmission into and out of the
cell. Observations of force-dependent FA growth imply a relationship between force and
FA morphology. Early work employing multiple TFM techniques found a correlation
between FA size and force, indicating constant stress across single FA9117, 118, 124,
143]. While these findings may hold true for single FAs formed on microposts or
micropatterned ECM, subsequent work on flat substrata showed a more complex
relationship between FA size and stress. Beningo et al. found an anticorrelation
between FA size and stress, but only at the leading edge of migratory cells in
presumably assembling FAs [144]. Others found large super-mature adhesions exhibited
highest traction stresses [145]. Still others have examined the critical role of actin
retrograde flow in loading adhesions and found a biophasic response between actin

speed and traction stress, highlighting the clutch -like function of FAs in cell protrusion
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[146]. As of yet, descriptions of FA structur e and dynamics in relation to their load -
bearing capacity only hold true for specific FAs in a context -dependent manner [147].

The divergent role of force at FAs is also apparent when examining cell
migration processes. Directional cell migration requires cell polarization followed by
strong adhesion at the leading edge of a cell, contraction of the actin cytoskeleton to pull
the cell body forward, and deadhesion at the rear [148, 149] However, forces
transmitted to the underlying substrate are equally high at both the leading and trailing
edge of cells[114]. Somehow equivalent forces lead to assembly and adhesion at the
front, and disassembly and deadhesion in the rear. While there are important
biochemical regulators in this process, for example the calpain mediated cleavage of
talin [150] or phosphorylation of FAK [105], considering which molecules are bearing
these bulk traction forces also provides insight into the biophysical regulation of cell
migration. Specifically, using a tension sensor that reports loads across vinculin in FAs,
it was shown that if bulk f orces through FAs are borne by vinculin, FAs assemble,
whereas if they pass through some other force transmission pathway, FAs tended to
disassemble[131]. Thus, tension across vinculin is a critical determinate of the dynamic
or signaling state of FAs.
2.4.2.2 Stress-control versus strain-control

Stiffness sensing describes the process by which a cell interrogates the
mechanical properties of its surroundings. In principle, this process involves the cell first

pulling (or s ometimes pushing) on a material and subsequently detecting some quantity
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related to material stiffness. Considering that stiffness, or more precisely elastic
modulus, is defined as the ratio of stress to strain, this means that a cell could measure
stiffness by applying a constant stress and detecting the resultant strain in the material.
However, the reverse operation is also possible: application of a constant strain and
detecting the resultant stress required to reach that strain also provides an equivalent
measurement of mechanical properties. These two distinct paths to measuring substrate
stiffness have been designated by the variable which a cell controls, namely, stress
control and strain -control [151-153].

Evidence for strain-controlled rigidity sensing comes mainly from qualitative
observations of increased cell contractility on stiffer substrates. In order to generate the
required forces, cells assemble larger, more static FAs, increase myosin activity, and
create more robust actin stress fibers. Because stiffer substrates cause more contractile,
UODIi i T UWET OOUOWUUUEPOWEOOUUOOWI EVUWE @Y.0beET T QwUI
studies that have directly inve stigated strain-controlled rigidity sensing showed that this
control paradigm occurs most often in softer substrates in physiological stiffness regimes
[119, 121, 123, 154]Importantly, these observations implicate the cell itself as a
mechanosensor rather than the subcellular structures or proteins frequently implicated
in and required for rigidity sensing [15].

The main evidence for stresscontrolled rigidity sensing comes from the

correlations between force and FA area observed using TFM, indicating a constant stress

within these structures [54, 117, 118, 143]However, as discussed above, these results
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mainly hold for certain cell ty pes in a contextdependent manner. Additionally, since
TFM infers cell contractility based on principles derived from continuum mechanics, it is

unknown the extent to which these bulk forces translate to the molecular level.
Ultimately, bulk forces transmi tted through FAs are borne by discrete molecular
linkages within these structures. Thus, considering the likely scenario that rigidity

sensing is mediated locally by protein deformations in load -bearing structures like FAs,
further investigations into the mechanisms of rigidity sensing will need to employ

molecular tension sensors (and is the topic of Chapter 4 of this dissertation).

2.5 Vinculin as a model mechanosensitive protein

Many of the molecular processes that underlie molecular mechanotransduction
have only been observed in vitro, in tightly controlled experimental conditions
involving purified proteins or protein fragments. While these studies have provided
unique insight into the loads required to regulate protein conformation, the extent to
which the se findings translate to intracellular environments has yet to be confirmed.
Elucidation of the cellular and molecular determinants of protein loading, and the
subsequent effect of forcemediated biochemical interactions is therefore of great
interest. Driving this research are molecular tension sensors, which have been developed
to probe the loads borne by a variety of proteins (reviewed in [155]). Among the known
mechanosensitive proteins, vinculin plays a prominent role in force transmission at FAs

and is essential to many cell and tissue level mechanosensitive processes. In addition to
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providing rationale for choosing this protein, the following sections describe the current
understanding and remai OB 01 w@ Ul UUPOOUwWUT T EUEDPOT wYbPOEUODP Oz L
structure, force transmission, and cellular mechanosensitivity.

2.5.1 Vinculin structure and regulation

Structurally, vinculin is comprised of a globular head domain, which connects
via a flexible proline -rich linker and strap region, to an F -actin binding tail domain [156].
In the cytosol, vinculin resides in an auto -inhibited state characterized by strong head-
UEPOwWwPOUI UEEUPOOUWUT EVwxUT YI OUwYD QB @Yz UwbOU
upon recruitment to FAs, via either PIP2 -mediated [158] or FAK -paxillin pathways [159],
does vinculin become activated. After recruitment and activation, vinculin interacts with
many other key FA proteins including talin [160], Y-actinin [161], paxillin [162-164],
HIC5 [165], VASP [166], ponsin [167], vinexin [168], Arp2/3 [169], and F-actin [170],
among other partners [75] (Figure 2.8). A number of these binding partners have been
implicated in the activation of vinculin itself, including talin and  Y-actinin in the head
domain, as well as Factin and the phospholipid PIP2 in the tail domain [69, 156, 171,
172]. 1t is likely that the coincident binding of two or more of these molecules drives full
vinculin acti vation [156]. Interestingly, while vinculin recruitment to FAs likely occurs
via membrane-proximal components like PIP2 or phospho-paxillin, vi nculin resides
higher (further away from the plasma membrane) in more mature FAs. This vertical

shift in vinculin position was shown to occur in a talin -dependent manner [69],
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indicating the regulation of this shift could impact vinculin reinforcement of talin -actin

connections.

VASP F-Actin

a-Actinin Arp2/3 Paxillin
Ponsin HICS
Vinexin PIP2

Figure 2.8: Vinculin binding partners. Upon activation, the head (Vh) and tail (Vt)
domains of vinculin separate, enabling interactions with numerous binding partners to
mediate downstream mechanical reinforcement and signaling events.

2.5.2 Role of vinculin in FA force transmission

Oneof YPOEUOPOzUwxUPOEUVUawi UBEUPOOUwWDOwn
the actin cytoskeleton, through talin to integrins and the underlying ECM. While reports
vary widely, vinculin -/- MEFs show somewhere between a 40% and a Sold decrease in
traction force generation [99, 173177]. Also, without vinculin, actin retrograde flow is
dramatically increased and disorganized in the cell periphery and can only be rescued to
slower rates by expressing full length vinc ulin with functional actin binding domain
[99]. Expression of constitutively active forms of vinculin increase traction force
generation [177], suggesting a role for force in stabilizing vinculin -actin connections.
Indeed, recent single molecule studies have identified a directionally -specific catch bond
between the vinculin tail domain and F -actin [178]. This force-induced stabilization of

vinculin -actin connections could facilitate force transmission and augment
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force threshold is reached.
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often considered a passive player. Recent work with a sensor capable of reporting forces
across vinculin itself revealed a vinculin -tension dependent switch during FA assembly
and disassembly processeq131]. Specifically, when vinculin bears tension in loaded
FAs, the FAs assemble. However, if in response to increased mechanical loads, vinculin
does not bear tension, indicating the loading of other proteins, the FAs disassemble. This
could mean that distinct force transmission pathways are engaged in different FAs
depending on their signaling state, location, or maturity. As vinculin is not required for
FA growth [99], alternative assembly mechanisms do exist. However, without vinculin,
FAs are not stabilized against applied loads, a fundamentally important process to cell
migration and adhesion termed adhesion strengthening. Later work confirming this
finding updated the picture of vinculin tension -dependent FA assembly to describe
smaller subsets of stable FAs and FAs undergoing catastrophic disassembly[179]. The
complexity of the molecular architecture on the intracellular face of integrins clearly
shows why it is so difficult to relate measurements of traction force to molecular

tensions within FAs (Figure 2.6).

2.5.3 Role of vinculin in mechanosensitive cellular processes
5DOEUORE] EWOOT wWEEXEEPUAWEUwWPI OOWEUwWwDPUZzUwWO
ideally position it to mediate higher -order mechanosensitive processes in cells and

tissues. Notably, vinculin knockout is embryonically lethal, as mice fail to survive past

E10, and exhibit significant cardiac and neural defects [180]. At the cellular level,
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vinculin plays a regulatory role in a variety of physical stimuli including stiffness
changes, stretch and shear. Specifically, vinculin is an mportant regulator in the
mechanosensitive differentiation of hMSCs [53], implicating vinculin as having a
regulatory role upstream of transcription. Specifically, hMSCs lacking vinculin do not
differentiate as efficiently towards myogenic lineages, an effect that can only be rescued
by full length (capable of bearing forces) vinculin. Later work found that vinculin
tension likely serves to activate transcription through the MAPK signaling axis as a
force-dependent conformational shift in vinculin itself reveals a cryptic binding site for
MAPK1 [181]. This may tangentially relate to a finding that differential recruitment of
vinculin to FAs tunes cell sensitivity to substrate stiffness [101]. Besides differentiation,
vinculin is critical to reorientation of FAs in response to cyclic stretch [182] as is essential
to proper vasculature formation. Ad ditionally, vinculin has a well -established role in
linking cell shape changes to traction force [177]. The role of vinculin in coordinating cell
shape changes is also central to cell migratory processes. Several stlies have shown
that vinculin enhances both 2D and 3D migration [176, 183, 184] and has been
implicated in cancer progression [185]. Overall, this extensive collection of work
indicates that vinculin is a critical and functionally important FA reinforcement element

responsible for sensing and transmitting forces from the actin cytoskeleton to the ECM.
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3 Tunable Molecular Tension Sensors Reveal
Extension-Based Control of Vinculin Loading

3.1 Introduction

The ability of cells to generate and respond to mechanical loads is increasingly
recognized as a critical driver in many fundamentally important biological processes,
including migration [10, 26, 186] proliferation [7, 187] differentiation [8, 13, 188] and
morphogenesis [5, 189] While the mechanosensitive signhaling pathways enabling these
responses are poorly understood, most are thought to have a common basis: the
mechanical deformation of load-bearing proteins [16, 190, 191] As such, several
technologies for measuring the loads borne by specific proteins in living cells have
emerged [24, 134, 135] These biosensors, collectively referred to as molecular tension
sensors, leverage the distancedependence of Forster Resonance Energy Trangfr (FRET)
to measure the extension of and, if properly calibrated, the forces across a specific
protein of interest [133, 135, 192, 193]For example, using this approach, the tension
across vinculin was shown to regulate a mechanosensitive switch governing the
assembly/disassembly dynamics of focal adhesions (FAs)[131]. While this and several
other FRET-based molecular tension sensors provide a critical view into
mechanosenstive processes|[155, 190] fundamental questions regarding the nature and
the degree of the mechanical loading of proteins remain. A key limitation has been the
inability to create tension sensors with diverse mechanical sensitivities suitable for a
wide variety of biological applications [193].
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To date, genetically-encoded molecular tension sensor modules (TSMods), which
are incorporated into various proteins to form distinct tension sensors (Figure 3.1A),
have been created without a priori knowledge of their mechanical sensitivity. TSMod
development has largely relied on a biologically -D OUx DU EandEN WIEWU wETI UDT O
approach using naturally -occurring extensible polypeptides or protein domains as
deformable elements in the FRET-based tension sensors. Furthermore, despite the use of
these sensors to study intracellular processes, calibration measurements of their
mechanical sensitivity are typically performed in vitro using highly precise single
molecule techniques. Reported force sensitivities of several in vitro calibrated TSMods
are 1-6 pN [131], 211 pN [194], 3-5 pN [195], 6-8 pN [139], or 9-11 pN [139]. However, it
is unclear if these ranges are sufficient for diverse mechanobiological studies, and the
applicability of these in vitro calibrations to sensors that are utilized in cellulo has not
been verified.

We sought to overcome these limitations by creating new TSMods that do not
rely on naturally occurring extensible domains or in vitro calibration schemes. These
new TSMods consist of an improved Clover-mRuby2 FRET pair connected by
unstructured polypeptide extensible domains of various lengths. As the entropy -driven
mechanical resistance of unstructured polypeptides can be accurately predicted by
established models of polymer extension [196], the force- and extension-sensitivities can

be determined independently of in vitro calibration experiments. Using these

advancements, we generate a variety of new tension sensors for the FA protein vinculin.
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These include a version optimized for sensitivity, which shows a 200% increase in
performance, as well as a suite of sensors with distinct mechanical sensitivities capable
of determining if vinculin loading is subject to force-based orextension-based control,
the molecular equivalents of stress and strain control. Lastly, we computationally
predict the mechanical behavior expected for a variety of unstructured polypeptide -
based tension sensors for several common FRET pairs. This resource should allow for
the expedited creation and rational design of molecular tension sensors suited for

diverse contexts, alleviating a significant limitation in the study of mechanobiology.

3.2 Methods
3.2.1 Cell culture and transfection

Vinculin -/- MEFs (kindly provided by Dr. Ben Fabry and Dr. Wolfgang H.
Goldmann [183], Friedrich-Alexander -Universitat Erlangen -Nurnberg) were maintained
in high -glucose DMEM with sodium pyruvate (D6429, Sigma Aldrich, St. Louis, MO)
supplemented with 10% FBS (HyClone, Logan, UT), 1% v/v non-essential amino acids
(Invitrogen, Carlsbad, CA), and 1% v/v antibiotic -antimycotic solution (Sigma Aldrich).
HEK293 cells were maintained in high-glucose DMEM (D5796, Sigma Aldrich)
supplemented with 10% FBS (HyClone) and 1% v/v antibiotic -antimycotic solution
(Sigma Aldrich). Cells were grown at 37 °C in a humidified 5% CO 2 atmosphere. Cells
were transfected at 5075% confluence in 6well tissue culture plates using
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3.2.2 Generation of TSMods and vinculin tension sensor constructs

Constructs were created from the previously generated pcDNA3.1 mTFP1 [131,
197]and pcDNA3.1 Venus (A206K) [131, 198]as well as pcDNA3.1 Clover (Addgene
40259) and pcDNA3.1 mRuby2 (Addgene 40260)199]. Minimal versions of single FPs
were generated via Polymerase Chain Reaction (PCR) and inserted into pcDNA3.1 via
EcoRI/Notl digestion and subsequent ligation (T4 DNA Ligase, NEB, Ipswich, MA).
Specifically, creation of minimal FPs involved deletion of the 11 C -terminal residues in
mTFP1 and Clover, and the first and second N-terminal residues in Venus and mRuby?2
after the start codon. Oligonucleotide primers used to generate full -length and minimal
versions of mTFP1, Venus A206K, Clover, and mRuby2 are detailedin Table 3.1.
The FP component fragments of the mTFP1Venus and Clover-mRuby2 TSMods
were derived from pcDNA3.1 TS module [131]and pcDNA3.1-Clover-mRuby2
(Addgene 49089) or the minimal FP variants described above. The extensible (GPGGA)
and (GGSGGS) extensible domains were derived from pcDNA3.1 TS module [131]and
PET29CLY9 (Addgene 21769)[200], respectively. Gibson assembly was used to construct
TSMods containing a given FRET pair and extensible domain from three fragments: (1)
YI EOOUWEEEOEOOI wEOEWEOOOU wE/OwHE®OO@GDi O DE Daudi g |
FP), (2) extensible domain region (complementary regions: 5-E O O O U weddegdaufPy,
EQEwpt AwYI EUOQUWEEEOEOOI wE OE wE E EH A OUWAA wiy EGUD <20
ampicillin gene). Primers used to generate the extensible domain region in this reaction

scheme were designed to nonspecifically target the repetitive extensible domain
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sequence, thereby generating extensible domains of various lengths. Following assembly
EOQOEWUUEOQUI OUOGEUPOOWDOUOW#' Kk YWEOOXx1 Ul OUWET 6O6UOuw
extensible domain length by DNA sequencing. Oligonucleotide primers used to generate
TSMods are detailed in Table 3.1.

All variants of the vinculin tension sensor were derived from pcDNA3.1 Vinculin
TS[131]. In a cloning strategy analogous to that described above for the TSMods, Gibson
assembly techniques were used to assemble vinculin tension sensors containing various
minimal Clover -mRuby2 TSMods based on three fragments: (1) vector backbone and
vinculin head domain resi dues 1- WWt wepE OO x 01 01 O EBB ®»EBIOIOBDOWD ¢ Bk DL
Clover), (2) TSMod with desired (GGSGGS) extensible domain (complementary
Ul T 6006 WwkngROhy2), and (3) vector backbone and vinculin tail domain
residues 884- 1066 (complementary regiod U 6Quik & E a ampictllig gene). Again, the
EUUI OEOI Ew#- wi UET O1 O0UwPI Ul wWOUEOUI OUOI EwbOUOW
domain length was verified for single colonies by DNA sequencing. Oligonucleotide

primers used to generate vinculin tension sensors are detailed in Table 3.1.
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Table 3.1: Primers used in Chapter 3

Fluorescent Protein Truncation Sequence (5' to 3')
trunc-mClover-EcoRI-F* TAGTGAATTCGCCATGGTGAGCAAGGGCG
trunc-mClover-Notl-R TGCGGCCGCTTAGGCGGCGGTCACGAAC
trunc-mRuby2-EcoRI-F TAGCGAATTCGCCATGAAGGGCGAAGAGCTGATCAA
trunc-mRuby2-Notl-R TGCGGCCGCTTACTTGTACAGCTCGTCCATC
trunc-Teal-Notl-R TGCGGCCGCTTAGCGGGCCACGGLG
trunc-Venus-EcoRI-F TAGCGAATTCGCCATGAAGGGCGAGGAGCTGTTC
trunc-Venus-Notl-R TGCGGCCGCTTACTTGTACAGCTCGTCCATGC
Gibson Assembly of Tension Sensor Modules Sequence (5' to 3)
pcDNA3,1-CRMod-GPGGANn
Gibson-Clover-mRuby-Long-F GTGCAGGTCCAGGTGGTGCTATGGTGTCTAAGGGCGAAGAGCTGATCAAGGAAAATATGC
Gibson-Clover-mRuby-Long-R GGCCCTGCACCACCTGGCCCCTTGTACAGCTCGTCCATGCCATGTGTAATCCCG
Gibson-TSmod-Forward GCATGGACGAGCTGTACAAGGGGCCAGGTGGT
Gibson-TSmod-Reverse TCTTCGCCCTTAGACACCATAGCACCACCTGGALCC
pcDNA3.1-tCRMod-GPGGAn
mR-Cl-T5-Ins-F AGTTCGTGACCGCCGCCGGGGGGLCAGGTGGTGCAGGG
mR-Cl-TS-Ins-R TTGATCAGCTCTTCGCCCTTAGCACCACCTGGAC
mR-Cl-TS-Vec-F GTGCAGGTCCAGGTGGTGCTAAGGGCGAAGAGCTGATCAAG
mR-CI-TS-Vec-R GGCCCTGCACCACCTGGLLCCCCGELGGLGGT
pcDNA3.1-dBamHI-tCRMod-GGSGGSn
mR-CI-GGS-Ins-F AGTTCGTGACCGCCGCCGGGGGETGGATCCGGTGGATCAG
mR-Cl-GGS-Ins-R TTGATCAGCTCTTCGCCCTTGCTACCTCCGGATCCACCACT
mR-Cl-GGS-Vec-F GTGGTGGATCCGGAGGTAGCAAGGGCGAAGAGCTGATCAAGG
mR-Cl-GGS-Vec-R CCTGATCCACCGGATCCACCCCCOGLGGLGETC
pcDNA3.1-dBamHI-tTVMod-GGSGGSn
T-V-GGS-Ins-F ACGAGAGCGCCGTGGCCCGCGGTGGATCCGGTGGAT
T-V-GGS-Ins-R GTGAACAGCTCCTCGCCCTTGCTACCTCCGGATCCACCA
T-V-GGS-Vec-F GTGGTGGATCCGGAGGTAGCAAGGGCGAGGAGCT
T-V-GGS-Vec-R CCTGATCCACCGGATCCACCGCGGGCCACGGL

Gibson Assembly of Clover-mRuby2 Vinculin Tension Sensors ~ Sequence (5' to 3')

VinCR-Ins-F GGATGGACGAGCTGTACAAGGCG

VinCR-Ins-R TCCTCGCCCTTGCTCACCATCATCTCGACCTC

VinCR-Vect-F AAAAAGATGAGGTCGAGATGATGGTGAGCAAGGGCGAG

VinCR-Vect-R TCTGGGAACTCCGCGGCCGCCTTGTACAGCTCGTCCATCCC
Sequencing Primers Sequence (5' to 3)

TSMod-seqF GACCATCTACAGGGCCAAGA

Clover-seqF AGGACGACGGTACCTACA

* Also used as Teal F primer

3.2.3 FRET imaging

For cell imaging, glass coverslips (#1.5, Bioptechs, Butler, PA) placed in reusable
dishes (Bioptechs) were coated overnightE UwK wS" whDUT whY ws T ¥y O+ wi DPEUOC
Scientific, Pittsburgh, PA). Transfected vinculin -/- MEFs expressing a given tension
sensor construct were then trypsinized, transferred to the prepared glass-bottom dishes
at a density 50,000 cells per dish, andallowed to spread to 4 h. For fixed experiments,

samples were then rinsed quickly with PBS, and fixed for 10 min with 3.7% methanol -

free paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA). For live
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experiments, growth media was exchanged, at least 1 h before imaging, for imaging
media - Medium 199 (Life Technologies, 11043) supplemented with 10% FBS (HyClone),
1% v/v non-essential amino acids (Invitrogen), and 1% v/v antibiotic -antimytotic

solution (Sigma Aldrich). Live cell imaging was performe d for up to 30 min at 37 °C
(Stable Z system, Bioptechs).

All imaging was performed on an Olympus 1X83 inverted epifluorescent
microscope (Olympus, Center Valley, PA) equipped with a LambdalLS 300W ozone-free
xenon bulb (Sutter Instruments, Novato, CA), a sCMOS ORCA-Flash4.0 V2 camera
(Hamamatsu, Japan), motorized filter wheels (Sutter Instruments 10-3), and automated
stage (H117EIX3, Prior Scientific, Rockland, MA). Image acquisition was controlled by
MetaMorph Advanced software (Olympus). Samples were imag ed at 60X magnification
(Olympus, UPlanSApo 60X/NAL1.35 objective, 108nm/pix), using a three-image
sensitized emission acquisition sequence[201]. The filter set for FRET imaging of
mTFP1-Venus sensors includes mTFPlexcitation (ET450/30x, Chroma, Bellows Falls,
VT), mTFP1 emission(Chroma, ET485/20m), Venus excitation(Chroma, ET514/10x), and
Venus emission (FF01571/72, Semrock, Rochester, NY) filters, and a dichroic mirror
(Chroma T450/514rpc). Images of mTFPIVenus sensors were acquired in, sequentially,
the acceptor channel (Venus excitation, Venus emission, 1000 ms exposure), FRET
channel (INTFP1 excitation, Venus emission, 1500 ms exposure), and donor channel
(mTFP1 excitation, mTFP1 emission, 1500 ms exposurefor Clover-mRuby?2 sensors, we

utilized the FITC and TRITC filters from the DA/FI/TR/Cy5 -4X4 M-C Brightline Sedat
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filter set (Semrock), which provided efficient Clover excitation (FF02 -485/20), Clover
emission (FF01525/30), mRuby2 excitation (FF01560/25),and mRuby2 emission (FF0X
607/36) filters, and appropriate dichroic mirror (FF410/504/582/669Di01) for FRET
imaging. Images of Clover-mRuby2 sensors were acquired in, sequentially, the acceptor
channel (mRuby2 excitation, mRuby2 emission, 1500 ms exposue), FRET channel
(Clover excitation, mRuby2 emission, 1500 ms exposure), and donor channel (Clover

excitation, Clover emission, 1500 ms exposure).

3.2.4 Quantitative FRET efficiency measurements from 3-cube
FRET imaging

FRET was detected through measurement of ®nsitized emission [201] and
subsequent calculations were performed on a pixel-by-pixel basis using custom written
code in MATLAB (Mathworks, Natick, MA) [202]. Prior to FRET calculations, all images
were first corrected for uneven illumination, registered, and background -subtracted.
Spectral bleedthrough coefficients were determined through FRET -imaging of donor -
only and acceptor-only samples (i.e. cells expressing a single donor or acceptor FP).

Donor bleed-through coefficients (dbt) were calculated for mTFP1 and Clover as:

I
dbt = (1)
I

where ltis the intensity in the FRET-channel, I« is the intensity in the donor -channel, and
data were binned by donor-channel intensity. Similarly, acceptor bleed-through

coefficients (abt) were calculated for Venus and mRuby?2 as:
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I
abt = (1)
Io

where la is the intensity in the acceptor-channel, and data were binned by acceptor
channel intensity. To correct for spectral bleed-through in experimental data, corrected
FRET images(Fc) were generated following the equation:

After bleed-through correction, FRET efficiency was calculated following the

equation:

where G is a proportionality constant that describes the increase in acceptor intensity
(due to sensitized emission) relative to the decrease in donor intensity (due to
guenching) [201]. This constant depends on the specific FRET pair used, imaging
system, and image acquisition settings, and was calculated for both mTFP1Venus and
Clover-mRuby2 biosensors through imaging donor -acceptor fusion constructs of
differing but constant FRET efficiencies. See Table 3.2 for bleed-through and G
coefficients.
Wherever possible, image analysis wasstandardized using custom -written

Matlab software. Analysis parameters (Table 3.2 and thresholds for image segmentation

were maintained across multiple days of experiments of the same type. For all TSMod
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and VinTS constructs, only cells with an average aaceptor intensity within a pre -
specified range were analyzed. This range was set to [100040000] for mTFPXVenus-
based sensors or [60024000] for Clover-mRuby2-based sensors, resulting in exclusion of
<10% of cells. Finally, for VinTS constructs, cells ttat were not fully spread were also

excluded from analysis.

Table 3.2: Spectral bleed-through coefficients and G factors. Parameters used in
the FRET image analysis of mTFP1-Venus and Clover-mRuby2 based tension sensor
FRET efficiency calculations.

FRET-pair Imaging Environment abt dbt G
mTFP1-Venus Live 0.27 1.02 2.96
mTFP1-Venus Fixed 0.26 0.97 2.65

Clover-mRuby?2 Live 0.09 0.27 0.24
Clover-mRuby2 Fixed 0.08 0.26 0.24

3.2.5 Segmentation and analysis of VinTS in FAs

Post-processing of FRET images to segment and quantify the characteristics of
individual FAs was performed using custom -written code in MATLAB (Mathworks).
Briefly, FAs were identified and segmented on the acceptor channel using the water
algorithm [203]. The resultant mask was applied across all images for ease of data
visualization and quantification. For each identified FA, paramet ers describing its
brightness in the acceptor channel, morphology, and molecular loading (FRET) were
determined. To identify single cells, closed boundaries were drawn by the user based on
the unmasked acceptor-channel image. From these cell outlines, paraneters describing
cell morphology and FA subcellular location were also determined.

Line scans of single FAs were performed using ImageJ software (US National

Institutes of Health, Bethesda, MD; http://imagej.nih.gov/ij/). Specifically, the line tool
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was used to visualize the acceptor channel intensity profile across single, large FAs in
the cell periphery. The coordinates of these lines, drawn axially starting from the tip of

FAs distal to the cell body, were then transferred to masked FRET efficiency images.
Acceptor intensity and FRET efficiency profiles from single FAs were saved as text files

for subsequent analysis.

3.2.6 FRET efficiency calculations from spectrofluorometry

Hypotonic lysates were prepared from HEK293 cells as previously described
[204]. In addition to experimental samples, lysates from an equal number of
untransfected cells were harvested and wused as a reference background.
Spectrofluorometric measurements were made with a Fluorolog -3 (FL3-22, HORIBA
Scientific Jobin Yvon, Edison, NJ) spectrofluorometer with 1 nm step size, 0.2 s
integration time, and 3 nm excitation and emission slit widths for all samples. For FRET
measurements of mTFPL1Venus sensors, spectra were traced from 472 to 650 nm
following d onor excitation (Moex) at 458 nm, and from 520 to 650 nm following acceptor
excitation (Meex) at 505 nm. For ClovermRuby2 sensors, spectra were traced from 520 to
700 nm following donor excitation at 505 nm, and from 590 to 700 nm following acceptor
excitation at 575 nm. The same settings were used to measure the emission spectra of full
length and minimal FPs to confirm their spectral properties individually. Custom -
written code in MATLAB (Mathworks) was used to calculate FRET efficiency via the

(ratio)a method [205] as:
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where |+ and la are the intensities, at peak accepor emission wavelength (Maem, 530 Nnm
for Venus, 610 nm for mRuby2), of the sample excited at donor and acceptor
wavelengths, respectively. Donor and acceptor molar extinction coefficients (@ and Q.,
respectively) were calculated from absorbance spectra measured on the same Fluaonlog-
3 spectrofluorometer in absorbance mode (1 nm step size, 0.1 s integration time, 2 nm
excitation and emission slit widths) using previously -measured maximal extinction
coefficients: 64,000 Micm for mTFP1 [197], 93,000 Micm for Venus [198], 111,000 M
icm1 for Clover [199], and 113,000 Micm for mRuby?2 [199]. This approach was also
used to confirm the absorbance spectra of the minimal FPs were unaltered as compared

to the parent version.

3.2.7 Statistics, bootstrapping, and data digitization

All statistical analyses, except numerical bootstrapping, were performed using
JMP Pro 12 software (SAS, Cary, NC). ANOVAs were used to determine if statistically
significant differences (p < 0.05) were present betwen groups. If statistical differences
Pl Ul wEl Ul EUI E OwBdd dtirgavibwsed t4 perotrntwitiple comparisons
and assess statistical differences between individual groups (see Table 3.3for exact p-
values and multiple comparisons test details). Box-and-whisker diagrams (Figure 3.1F,

Figure 3.3C) display the following elements: center line, median; box limits, upper and
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lower guartiles; whiskers, 1.5x interquartile range; red filled circle, mean; open circles,

outliers.

Table 3.3: Statistical test details including exact p-values for ANOVAs and post-

hoc tests.
Figure panel Metric Statistical Test Comparison Group 1 Comparison Group 2 p-value
Figure 3.16D Brightness ANOVA Multiple Comparisons 0.821
Figure 3.16H FRET Efficiency ANOVA Multiple Comparisons 2.48E-10
Figure 3.16H FRET Efficiency Tukey’s HSD (GGSGGS)s (GGSGGS); 0.0003
Figure 3.16H FRET Efficiency Tukey’s HSD (GGSGGS)s (GGSGGS)s 9.57E-10
Figure 3.16H FRET Efficiency Tukey’s HSD (GGSGGS)7 (GGSGGS)s 0.003
Figure 3.16L Force ANOVA Multiple Comparisons 0.0003
Figure 3.16L Force Tukey's HSD (GGSGGS)s (GGSGGS); 0.007
Figure 3.16L Force Tukey’s HSD (GGSGGS)s (GGSGGS)s 0.0004
Figure 3.16L Force Tukey’s HSD (GGSGGS)7 (GGSGGS)a 0.623
Figure 3.16P Extension ANOVA Multiple Comparisons 0.749
Figure 3.14A FA Area ANOVA Multiple Comparisons 0.965
Figure 3.14B FA Axis Ratio ANOVA Multiple Comparisons 0.073
Figure 3.14C Norm Dist. From Cell Edge ANOVA Multiple Comparisons 0.968
Figure 3.14D Cell Perimeter ANOVA Multiple Comparisons 0.862
Figure 3.14E Cell Axis Ratio ANOVA Multiple Comparisons 0.282
Figure 3.14F n FAs per Cell Area ANOVA Multiple Comparisons 0.484
Figure 3.14G Brightness ANOVA Multiple Comparisons 0.821

Numerical bootstrapping using the built -in Matlab (Mathworks) function
bootstrp.m was used to calculate 95% confidence intervals for measurenents of
persistence length (Lr). Specifically, for each of 200 bootstrapped samples, drawn with
replacement from the pertinent dataset, the Lr that best reflected that sample was
calculated by chi-squared error minimization. The mean and 95% confidence intervals of
the resultant 200 values ofLr are reported in Table 3.4. Fluorescenceforce spectroscopy
data [194] was digitized using the digitize2.m function in Matlab (Mathworks). To
recapitulate the uncertainty in these published unloaded FRET and FRET-force datasets,
random sets of 100 data points obeying a gaussian distribution with the reported mean
and standard deviation were used.

For FRET efficiency measurements, numerical bootstrapping of pilot data was

used to determine the sample size required to esimate FRET efficiency to within 1% of
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the true population mean. This was determined to be 10-20 cells from 3 independent
experiments for in cellulo measurements, or 5 independent samples for in vitro spectral
FRET characterization. For fluorescent protein absorbance/emission spectra
characterization, sample size was not pre-determined. Rather, the reproduction of data
from independent experiments was deemed sufficient to draw conclusions about

changes in the fluorescent protein spectral properties.

3.3 Results

3.3.1 Creation of TSMods based on synthetic unstructured
polypeptides

TSMods for intracellular use consist of two fluorescent proteins (FPs) connected
by an extensible domain (Figure 3.1A). To enable the creation of tension sensors with
diverse mechanical senstivities, we constructed a variety of TSMods using FPs with
distinct photophysical properties connected by unstructured polypeptides of various
lengths and mechanical properties, as each of these characteristics critically determine
the behavior of these snsors (Figure 3.1B-D). We based our designs on the first
calibrated TSMod [131], which is comprised of the mTFP1-Venus FRET pair connected
by a flagelliform silk -based polypeptide with the repeated sequence (GPGGA) and has

been used in a variety of tension sensors[155, 190]
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Figure 3.1: Design and characterization of tunable FRET-based molecular tension
sensors. (A) Schematic depiction of a generic TSMod and inverse relationship between
FRET and force for molecular tension sensors under tensile loading. (B-D) TSMod
function depends on the Forster radius of the chosen FRET pair (B) as well as the length
(C) and stiffness (D) of the extensible polypeptide domain. (E) Representative images of
soluble mTFP1-Venus and Clover-mRuby2 TSMods expressed in Vin-/- MEFs. (F)
Quantification of unloaded FRET efficiency for mTFP1-Venus and Clover-mRuby?2
TSMods; (n =53 and 92 cells, respectively); red filled circle denotes sample mean; **** p
< 0.0001, -ttt twaltailedt a8ssmirtg unequal variances. (G) Quantification of
FRET-polypeptide length relationship for minimal Clover-mRuby2 TSMods in vitro; each
point represents data from at least 5 independent experiments; lines represent model fits
where LP is the only unconstrained parameter. (H) Quantification of FRET-polypeptide
length relationship for minimal Clover-mRuby2 based TSMods in cellulo; each point
represents at least n = 48 cells from three independent experiments; lines represent
model fits where persistence length (Lp) is the only unconstrained parameter. All error
bars, s.e.m.
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First, we evaluated the role of the FPs in TSMod function. Reasoning that
increases in the unloaded FRET efficiency could potentially increase the dynamic range
of the sensor as well as alleviate technical issues with measuring small FRET signals, we
sought to increase the FRET efficiency in this state (Figure3.1B). To do so, we replaced
mTFP1-Venus with the green-red FRET pair Clover-mRuby2 [199], which exhibits
stronger FRET at a given separation distance (Foérster radius Ro) of 5.7 and 6.3 nm,
respectively). This simple substitution yielded a 12% higher baseline (unloaded) FRET
efficiency that was observed in fixed (Figure 3.1E, F) and live cells Figure 3.2), as well as

cell lysates (Figure 3.3).
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Figure 3.2: FRET efficiency measurements are insensitive to fixation and sensor
intensity. (A) Quantification of FRET-po | ypepti de | ength relations

Clover-mRuby?2 based TSMods in cellulo either live or fixed; each point represents at
least n = 9 cells per experiment from three independent experiments; analysis of
covariance (ANCOVA) was used to provide a model-independent assessment of

statistical differences; ANCOVA interaction term p > 0.05 indicates that the relationship
between FRET efficiency and polypeptide length is not significantly different (n.s.)

between live and fixed conditions; error bars, s.e.m. (B) FRET efficiency measurements

as a function of mean acceptor intensity (brightness) for fixed cells expressing TSMods

consisting of timBRubyRmRET painand (GGGEAGE)2,® 9 extensible

domains (R2 = 0.06, 0.01, 0.03 and n = 74, 86, 48 cells, respectively; data pooled from

three independent experiments).
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Figure 3.3: Increase in unloaded FRET efficiency with Clover-mRuby2 sensors in
vitro. (A, B) Representative images of quantitative spectral analysis of mTFP1-Venus
(A) and Clover-mRuby?2 (B) TSMod fluorescence in cell lysates using the (ratio)A
method [205]. C) Quantification of unloaded FRET efficiency for mTFP1-Venus and
Clover-mRuby2 TSMods with (GPGGA)8 extensible domain; (n =9 and 4 independent
experiments, respectively); red filled circle denotes sample mean; **** p < 0.0001,
St u d e-test,dwo-tailed, assuming unequal variances.

In addition to their photophysical properties, we considered the effect of the
physical structure of the FPs on their performance in TSMods. Although commonly
identified by a characteristic beta-barrel structure, FPs also contain short unstructured
regions at their termini that likely contribute to the effective mechanical properties of the
extensible domains used in TSMods [206]. Previous work, and our data (Figure 3.9,
TEYT wUI OPOwUT EVw? OP OB GRZY and ROy (tesidyes IBUBE U1 U w huw
exhibit absorbance and emission spectra indistinguishable from their full -length
counterparts [139, 206209] Therefore, to mitigate concerns about FPs affecting the
mechanical properties of the extensible domains and further increase the unloaded FRET
efficiency, minimal versions of Clover and mRuby2 wer e used in the construction of all

TSMods.
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length parent FPs. (A) Schematic of donor and acceptor FPs highlighting 11 C-terminal
residues (donor FP) and 2 N-terminal residues (acceptor FP), which do not contribute to
beta barrel structure, but are highly conserved between various FPs; residues not
appearing in crystal structures are faded (PDB 2HQK and 1MYW for donor and acceptor
FPs, respectively); residues that were removed are underlined. (B, C) Normalized
excitation (B) and emission (C) spectra for fu
Venus, Clover, and mRuby?2.
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Recent evidence suggests that both the mechanical propdies [192, 195]and the
length [194] of the extensible domain provide viable means by which to tune the
mechanical sensitivity of TSMods (Figure 3.1C, D). Towards this end, we created a
variety of TSMods containing extensible domains comprised of either the flagelliform -
based (GPGGA), which is thought to be relatively stiff [210], or the synthetic
(GGSGGS) which has been characterized as an unstructured polypeptide and has
previously been employed as a tunable linker in biochemical sensors [200]. Analysis of
TSMods in cell lysates showed that those with (GGSGGS) extensible domains exhibit
higher FRET efficiencies than those with (GPGGA). extensible domains of the same
length (Figure 3.1G), suggesting that (GPGGA-based polypeptides are indeed stiffer,
and thus force the FPs apart more readily, than (GGSGGS)-based polypeptides.
However, when (GPGGA) » and (GGSGGS) TSMods were evaluated in cellulo, the FRET
efficiency versus length relationships were indistinguishable, suggesting the
polypeptides are exhibiting identical mechanical properties (Figure 3.1H). Together,
these data demonstrate that factors dictating sensor functionality in the absence of
applied load can be environmentally sensitive, and that the behavior of TSMods
observed in vitro may not be reflective of their behavior in cellulo. As such, these results
raise concerns about the applicability of calibrations of FRET-based tension sensors

performed in vitro to sensors that ar e used in intracellular environments.
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3.3.2 A quantitative model describing the mechanical sensitivity of
TSMods

As an alternative to TSMod calibration through in vitro approaches, we pursued
a modeling -based approach for describing the mechanical sensitivities of TSMods. Given
that FPs linked by (GGSGGS) polypeptides are well -described by established models of
polymer physics in unloaded conditions [200], we developed an analogous model to
predict TSMod behavior under load. Briefly, the proposed calibration model
incorporates three main aspects of TSMods: (1) the photophysical properties of the FRET
pair (Forster radius, Ro), (2) the radii of the FPs Rrr), and (3) the mechanical response of
the extensible domain, which is well -described as a semiflexible polymer by a
persistence length (Lr) and a contour length (Lc) in the framework of the worm -like
chain model [196]. This modeling-based approach enables the prediction of the in cellulo
mechanical response of FREThased tension sensors iy leveraging separate
measurements of the in cellulo Lr of the unstructured polypeptide used as the extensible
domain. In the following sections we describe, in detail, the development, validation,
and implementation of this computational model describing the mechanical sensitivity

of TSMods.

3.3.2.1 Model Overview

Estimates of TSMod mechanical sensitivity relate measured FRET efficiencies to
applied forces. However, force and FRET are neither linearly nor simply related, as the

relationship will depend on the mech anical properties of the extensible domain as well
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as the manner in which the extensible domain is connected to the fluorescent moiety.
When considering TSMods with unstructured polypeptide extensible domains, there are
two key distance metrics that must be considered. First, the endto-end distance of the
polypeptide (r ¢) can be directly related to force via various mechanical models of
polymer mechanics (seeChapter 3.3.2.2, Figure 3.5A). Second, the chromophore
separation distance (r) is directly related to FRET via established distanceFRET
relationships including the Forster equation (see Chapter 3.3.2.4, Figure 3.5C). The
relationship between re and rc therefore is of critical importance and requires knowledge
of the radii of the FPs (seeChapter 3.3.2.3, Figure 3.5B). Details of how the calculations

were performed are provided in Chapter 3.3.2.5.
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Figure 3.5: Schematic depiction of biophysical model describing the mechanical
sensitivity of TSMods. (A-C) Mechanical sensitivity of FRET-based TSMods depends
on the mechanical properties and length of the extensible domain (A), the physical
separation of the chromophores within the FPs (B), and the relative orientation and
timescale of rotation of the FPs (C). (D-F) Similarly, the mechanical sensitivity of FRET-
based TSMod-like constructs which utilize Cy3 and Cy5 as the fluorescent moiety
depends on the mechanical properties and the length of the extensible domain (D), the
physical separation of the organic dyes (E), and the relative orientation and timescale of
rotation of the dyes (F). Note when modeling large FP-based TSMods, the static
isotropic regime of energy transfer is valid, while FRET between organic dyes is more
appropriately described by the dynamic isotropic assumption of the classical Forster
equation [211].
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3.3.2.2 Extensible domain mechanics are well -described by the worm -like chain
model

To describe the mechanics of the unstructured polypeptides that serve asthe
extensible elements of the TSMods, we employ the worm-like chain (WLC) model. This
model, widely used in the study of the mechanics of biopolymers, captures the
mechanical characteristics of a polymer in two key length scales, the persistence length
(Le) and the contour length (Lc). The persistence length describes the stiffness of the
polymer, and is defined as the length over which the tangent direction of the polymer
remains correlated [212]. The contour length describes the fully extended length of the
polymer, and is defined by the product of the monomer size (b0 = 0.38 nm for amino
acid chains [200]) and the number of monomers in the chain (N). Most often, the WLC
model is presented as an approximation of the predicted force-extension curve, relating

the average extension of the polymer to an applied force [212]:
k,T (1 N1 (n
Egzb_(_(l_@) __+@) [:1)
L, \4 L, 4 L,

where F; is the force on the polymer chain, &:0is the average chain extension ks is the
Boltzmann constant, and T is temperature. A more accurate force-extension relation was

developed by [213] by a simple 7t order polynomial correction scheme:

!I:;::kb_T E(l_@)_ _14_@4_ \ ﬂ!-(@) (2)
L, |\ 4 L¢ 4 L. L¢

i=2
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where a, = —0.5164228, a; = —2.737418, a, = 16.07497, a; = —38.87607,

ag = 39.49944, and a, = —14.17718.

However, despite the widespread and successful use of these approximations of
the force-extension curve of a WLC in the quantification of biopolymer mechanics (see
Table 3.9, theserelationships are not directly compatible with most FRET -based
measurements for several reasons. The issue most pertinent to this work is that Eq. 1 and
2 relate force to the average extension &:9 of the polypeptide chain, which is zero in the
absence d force. However, the non-zero polypeptide end -to-end distance (re), which
describes the finite rest length of the extensible domain, is more directly related to the
chromophore separation distance (rc), which is the key distance determining FRET
efficiency (E). Additionally, the nonlinear relationships between these quantities ( re, I,
and E) prevent the use of simple heuristic correction schemes to relate various distance
metrics [200].

Previous work has developed formalisms that enable these concerns to be
accounted for [196, 200, 211, 214put they have yet to be applied to the development of
FRET-based TSMods. A key realization is that TSMods are molecular-scale tools and
therefore will be subject to thermal fluctuations [214]. Therefore, to begin it is necessary

to describe the end-to-end distance of the extensible polypeptide (re) as a probability
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density function P(re), which is obtained by integrating the end -to-end vector probability

density function Q[ﬁ) over all the angles through which the chain may rotate:

T 2w

P(r,) = J- J- Q(R)r2sin ¢ dode (3)

yielding

P(r,) = 4mr2Q(r,) (4)

Forces will alter this distribution following the widely -applied Boltzmann relation:

P(r,E) = P(r,)exp (i—}) (5)

where P(re, ) is the probability of observing a given end -to-end distance for the polymer
chain at a given force F.. The average extension of the polypeptide chain (a:0, which is

similarly affected by forces following the Boltzmann relation, was calculated as:

oo

(r;) = f 7.Q(r,)exp (i—}) dr, (6)

— oo

However, as stated above, this parameter has limited relevance for further FRET
calculations and was only calculated for comparison to classical WLC force-extension
relationships (Eqg. 1 & 2).

A variety of closed -form equations that describe the behavior of biopolymers

exist, but are accurate only in specific force regimes and ranges of polymer mechanics
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[196]. For example, the second Daniels approximation [215, 216]describesP(re) for small

extensions of soft polymers (Lc/Lr > 5)following:

3/2 .2 .2 4 2 .2
—37 5L 27 337 79L 329r°L
P(?‘g)z"-l-ﬁ?f( ) p( e )(l— P g g P e ~P

3
a7 Tz 3 2 3
AL L, 4L ,L, al, 12 8OL,LX 16012 120I%
67991}  3441rf 108912 )

+ 4 s+ 2716
1600L: 28B00LpLZ 12800L%L%

(7

In other work Wilhelm & Frey develop an approximation that describes the behavior of
short chain or stiff (Lc/Le < 2)polymers [217]. Spedfically , Wilhelm & Frey provide two

series expansions:

4k, TL T,
¥Z m2k?(—1)** texp ——ka}IEkz (l——)
2L, L,

Lp
where —(1——) =02
LC‘ o

P(r,) x _ s (8)
4mr2L, Lp T, ’ _Lc(k—05)° k—0.5
S (e-2) et
822l &\ L, L, L, (1__ Lp

Lp
where —(1——)<02
Le Le

where Hzis the second Hermite polynomial H2=4»x ¢ 2. However, these approximations
were later found to be valid primarily at high extension [196].

Excitingly, Becker et al. developed an explicit expression which interpolates
between a number of these approximations, including but not limited to those described
above, and created an ansatz that accurately describe®(re) over a wide range of

polymer mechanics 0.05 < Ic/Le < 50[196], and likely to much higher values in the
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absence of excluded volume effects. Normalizing the stiffness to the contour length such
that k = Lc/L e, the final form of the interpolated probabil ity density function P(re) is

given by:

P(r,) = 4112 syp (1 . C[:TJLC)Q)EQ ex (Zgz_lza?:l €y (TJLC)H)

1- (?é'f‘[’c)z 1- (Te-"f‘[‘::")z [:9)
X ox kikab(1+ b)(r,/Lc)* ; kka(1+ b)(r,/L;)
P 1-b2(r./1o)? ) °\ " T 1-b2(r/L.)?
where J¢-5 is the Shimada-Yamakawa Jactor:
112.04x2e0-246/x—ax 4~ 1/8
Jsvp = 3 432 5K (10)
() (1-2), k<
4K 4
with constants a = 14.054, b = 0.473, and coefficients Crj given as:
_ —3/4 23/64 —7/64
(C!'-f)a-;- “l-1/2 17/16 —9/16 (11)

Additionally, lois a modified Bessel function of the first kind and p arameterscand d are

defined as:
1—c=(1+(038x7%%)7)71/3 (12)
0, K< 1/8
1—d= 1 13
, k=1/8 (13)
0.177/(x — 0.111) + 6.40(x — 0.111)9783

To describe the behavior of the unstructured polypeptides used in the assembly
of TSMod constructs, values of Lc, Lr and F: were specified, and the inverse-transform -

sampling method [218] was used to generate sets of random numbers distributed
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according to P(re,F=) as specified by combining the Becker et al. ansatz (Eq. 9) with the
Boltzmann relation (Eq. 5). Note that while this describes the mechanical behavior of the
unstructured polypeptide, the overall force sensitivity and FRET output from a given
TSMod construct will also depend on the radii and photophysical properties of the FPs
attached to this extensible domain as well (discussed further in Chapters 3.2.2.3and
3.2.2.9.

To confirm that this formalism was both correctly implemented and suitable for
the intended purposes, several calculations demonstrating the ability of our simulations
to accurately reproduce previous results were completed. First, we verified the ability of
the model to described the unloaded states of an unstructured polypeptide by
comparing the zero-force state of the calculatedP(re) (Eq. 9) to published simulations of
a discretized version of the WLC model devel oped by Wilhelm & Frey that is often used
for stiffer polymers [217], and the second Daniels approximation for softer polymers
[215, 216] observing excellent agreement in all casesfigure 3.6A). Next, we determined
the predictions of the scaling between the average endto-end distance @<d and
polypeptide length ( N) for the proposed model, observing the classical &«3~N°> behavior
characteristic of random chains (Figure 3.6B). Finally, the model was used to generate
force-extension curves (Eg. 6) for various ratios o contour length to persistence length
and compared to the most accurate numerical approximation of the force -extension
curve of a WLC [213] (Eg. 2). The model agrees well with the numerical approximation

across allLc/Lrratios (Figure 3.6C). Together these data show that this approach
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accurately simulates P(re, ) for the expected mechanics [Table 3.5 and lengths

achievable for the extensible domain of polypeptide -based TSMods.

3.3.2.3 Effects of fluorescent proteins

Next, we sought a method to account for the finite size of the FPs attached to the
ends of the extensible domain. Like any FRET-based biosensor,the pertinent energy
transfer distance for a TSMod is the inter-chromophore distance (rc), not simply re. Since
the FPs have finite size, the difference between these two quantities is not negligible and
has been approximated by several methods[194, 200] In light of the experimental
complexities associated with single molecule fluorescence force spectroscopy, Brenner et
al. utilized a simple approach and approximated rc=re+ C[194]. However, it is
generally recognized that FPs are free to rotate around the ends of the polypeptide in a
random fashion requiring more complex relationships to relate rcto re. Attempts by
Evers et al. to recapitulate this behavior by simulating 66 possible orientations for each
FP at a gven re (4356 total conformations possible) and considering the average as an
appropriate estimate of rc are a reasonable means of estimating these effectR200].

"OPI YT UOwWS YT UUZWExXxUOQOEET wEOI UwbOOUwabpl OEwEwUI EO
Specifically, as the polypeptide length approaches zero, this approach allows for the

centersof the FPs to be closer than the sum of their individual radii ( Figure 3.6D). To

address this issue and approximate the effects of steric hindrance between the two FPs,

we used a heuristic approach involving a quadrature sum of the key distances in this

problem:
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e =J[:RFP1+RFP2)2+?}:3 (14)

where Rer1 and Rerz are the radii of the donor and acceptor FPs, respectively. Based on

crystal structures of FPs[197, 219, 220jand estimates of FP hydrodynamic radii from

fluorescence correlation spectroscopy[221], we setRrr1 = Rer2= 2.3 nm For cyanine dyes,

these quantities were set toRrr1 = Rrr2 = 0.95 nm which is mathematically equival ent to

the reported hydrodynamic radii of Cy3 and Cy5, which are 0.90 nm [222] and 1.00 hm

[223], respectively. This steric hindrance approximation recapitulates the behavior of

$YI UUzwUxT 1 UPEEOwWDOUI T UEUPOOWEXxxUOEET wi OUwoOOOo
realistic limit for very short polypeptides ( Figure 3.6D). As the operation is always the

same for a given separation distance and size of FPsa transfer function (Eq. 14) was

written to a file and treated as a lookup table for the conversion of reto re.

3.3.2.4 Accounting for rot ational entropy phenomenologically

When applying load to a molecule, a portion of energy works against rotational
entropy before the molecule is extended. This phenomenon is known to limit resolution
in force spectroscopy measurements[32], and was therefore considered in our modeling
of force sensitive biosensors. Previous descriptions of this phenomenon[194] have

defined a critical force:

k,T
Fcr!'ti'a! = (15)
?c.o
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which is required to orient the molecule in the direction of pulling, and is set by the
thermal energy of the system and the unloaded distance between the FP chromophores
(rco). Thus, forces belowFeiica do not entirely act to increase the separation distance

between the FPs. We heuristically account for these effects using:

17l = (B2 + Pt = Fortica (16

This results in only a fraction of the total amount of force applied to the TSMod, |F| ,
leading to extension of the TSMod through the force impinging on the extensible
domain itself Fz (Figure 3.6E). This causes the emergence of a regime of relative
insenditivity of the sensors at very small forces (Figure 3.6F). Notably, this simple
eguation recapitulates observations in single molecule force spectroscopy experiments

[131, 194]
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Figure 3.6: Verification of the proper implementation of a biophysical model
describing the mechanical sensitivity of FRET-based TSMods. (A) Probability
distributions of polypeptide end-to-end distance (re), normalized to contour length (Lc)
such that r = re/Lc calculated using the second Daniels approximation [215, 216],
simulations from [217], and an ansatz approximation used in the proposed model based
on [196] that smoothly bridges between various mechanical regimes. (B) Demonstration
that the numerical ansatz predicts the standard length &.3*N”(1/2) scaling behavior
characteristic of unstructured polypeptides. (C) Under load, the average extension (&,
of the polypeptide extensible domain predicted by the [196] ansatz closely follows the
previous prediction of the force-extension curve for a worm-like chain [213]. (D) Possible
approaches to estimate the chromophore separation distance (r¢), from polypeptide end-
to-end distance (re). Note that some approaches predict unphysical overlap of the FPs at
short linker lengths, which is highlighted in red for the extreme condition of infinitesimal
linker length. (E, F) The proposed model includes a dimensionless group (determined by
the applied load, the rest length of the construct, and thermal energy) that heuristically
accounts for the effects of rotational entropy. This results in a reduced amount of force
transferred through FPs to the polypeptide at low applied force (E); this difference
between the force causing extension of the polypeptide (F;) and applied force (|F|)
manifests in a plateau in the FRET-force relationship at very small loads (F).
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3.3.2.5 Forster resonance energy transfer

FRET efficiency (E) was calculated for eachrcin the set using either the Forster

eguation:

(17)

which assumes a dynamic isotropic regime for fluores cent moiety rotation (k2 = 2/3) and
is applicable to only quickly rotating, small fluorescent moieties (e.g. cyanine dyes), or

an alternative distance-FRET relationship:

R N 20 (18)

which is valid in the static isotropic regime and more accurately descri bes energy
transfer between fluorescent moieties (e.g. FPs) which rotate on timescales longer than
those associated with FRET[211, 214] The Forster radius (Ro) appears in both
relationships and is defined as the distance at which a pair of fluorescent moieties
exhibit 50% FRET efficiency. The value forRo was set, based on previous measurements,
to 5.7 nm for the mTFP1-Venus FRET pair[197], 6.3 nm for the Clover-mRuby2 FRET
pair [199], and 5.4 nm for the Cy3-Cy5 FRET pair[224, 225] As before, eithertransfer
function was written to a file and treated as a lookup table for the conversion of any rcto
E. The mean of the resultant FRET distribution was then reported as the FRET efficiency

at a given force.
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3.3.2.6 Calculations

Monte Carlo simulations were used to determine the average polypeptide
extension (&z0 as well as probability distributions for the polypeptide end -to-end
distance (re), FP chromophore separation distance ¢c), and FRET efficiency (E) at a given
force on the polypeptide (), persistence length (r), and number of residues in the
polypeptide ( N, used to calculate contour length, (Lc = N * bo). First, a set of at least
10,000 random numbers obeying the probability distribution function P(re) described by
the Becker et al. ansatz (Eq. 9) was generated from a uniform distribution using the
inverse-transform sampling method [218]. Then, the impact of force on P(re) was
accounted for following the Boltzmann relation (Eq. 5). Next, P(re) was first converted to
P(rc) using the re-to-rc lookup table described by Eg. 14, and thenP(E) using the rc-to-E
lookup table described by Eg. 17 for TSMod-like constructs with cyanine d yes as the
fluorescent moiety or Eq. 18 for FP-based TSMods. Additionally, the force affecting the
extension of the sensor (F| ) was determined from F: following Eq. 16. Finally, the
average of each population distribution as well as|F| , N, and Lr were written to a line of
a TSMod calibration text file. These operations were repeated from 0 to 50 pN of force at
increments of 0.1 pN to map out the FRET efficiency (E) as a function of force (F| ) and

extension (rz) with a given set of parameters.

3.3.2.7 Model valida tion in unloaded conditions

To evaluate whether the model can be used to describe the behavior of TSMods

in unloaded conditions a variety of experimental results were evaluated. First, we
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investigated whether the model accurately describes the relationship between FRET
efficiency and polypeptide length for Clover -mRuby2 TSMods and provide reasonable
estimates ofLe for (GGSGGS) or (GPGGA)» extensible domains in both in vitro and in
cellulo environments. To limit the parameter space, estimates for the other two input
parameters (Ro and Rrr) were obtained from previous reports of the Forster radius of
Clover and mRuby2 (Ro = 6.3 nm[199]) and the hydrodynamic radii of GFP family FPs
(Rer = 2.3 Nnm[221]). This leavesLpr as the sole adjustable parameter. Simulations were
then used to predict the relationship between FRET efficiency and polypeptide length

for a variety of polypeptide chains ( 10 < N < 100 residueyand persistence lengths (0.1 <
Lr< 2.0 nm 0.01 nmincrements) and compared to in vitro FRET efficiency
measurements of TSMods in cell lysates Figure 3.1G). Model fits and bootstrapped 95%
confidence intervals indicate a quantitative difference in the mechanics of (GPGGA)n (Lr
=0.74 £ 0.05 nihand (GGSGGS) (Lr = 0.33 + 0.05 nextensible domains in vitro. Due
to the presence of proline residues in the repeated structure of the (GPGGA), extensible
domain, this stiffer mechanical response is not unexpected [210]. In contrast, fits to
sensitized emission-based FRET efficiency measurements of sensors expressed in cellulo
revealed quantitatively indistinguishable FRET -polypeptide length relationships for
TSMods containing (GPGGA)n (Lr = 0.50 £ 0.02 nhand (GGSGGS) (Lr = 0.48 £ 0.05 nm
extensible domains (Figure 3.1H). These values agree well with previous reports of both
(GPGGA)» and (GGSGGS) mechanics[200, 210] In total, these results confirm that there

is a quantitative difference in extensible domain mechanics between in vitro and in
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cellulo environments, although less-so for (GGSGGS)-based TSMods and provide
guantitative measurements of Lr that can be used to generate in celluloTSMod
calibrations.

To rule out the possibility that constraining Rer and/or Roto their published
values was skewing estimates ofLe, we examined whether improved fits to
experimental data could be obtained if either Rer Or Ro (in addition to Lp) were left
unconstrained. Specifically, we compared simulated FRET-polypeptide length
relationships for various combinations of either Lr and Ro (at Rre = 2.3 nm) or Lr and Rrp
(at Ro = 6.3 nm) to experimental FRET-length measurements made in vitro (Figure 3.7) or
in cellulo (Figure 3.8). Simulations included Leranging from 0.10 to 1.00 nm, Rer from 1.7
to 3.4 nm, and Ro from 5.1 to 6.8 nm. We then evaluated the chi-squared error between
model predictions and experimental data for each such combination of Lr and Rre
(Figure 3.7A, 3.7B, 3.8A, 3.8B) or Lr and Ro (Figure 3.7C, 3.7D, 3.8C, 3.8D). In all cases,
regardless of measurements made in vitro or in cellulo, minimal chi -squared error
between model and experiment occurs at or close to the literature estimates of loth Ree
and Ro (highlighted with vertical green rectangles). Finally, compared to the single
unconstrained parameter Lr, leaving two parameters unconstrained leads to no
significant improvement in fits to the relationship between FRET efficiency and
polype ptide length in unloaded conditions (Figure 3 .7E, 3.8E). Thus, we conclude the

use of literature-based estimates for key parameters did not bias our analysis.
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Figure 3.7: Parameter constraint has minimal effects on measurement of
polypeptide persistence length (Lp) in vitro. (A, B) Heatmaps of chi-squared error of

mo d el

fits to

i n -mRuby2 basediT®@Viad FRE&-leigthC |1 ov e r

measurements for various Rep and Lp for (GPGGA), (A) and (GGSGGS), (B) extensible
domains; literature estimate of Rrp used for parameter constraint highlighted with green
bar; Ro is constrained to 6.3 nm. (C, D) As in panels A and B, except various Ro and Lp
parameters were examined; green bar highlights Ro parameter estimate; Rep is

constrained to 2.3 nm. (E, F) Model fits to in vitro FRET-l e ngt h
Clover-mRuby2 based TSMods containing the (GPGGA), (E) or (GGSGGS), (F)
extensible domain are equally accurate with either a single unconstrained (unc.)
parameter (Lp) or two unconstrained parameters. See Table 3.4 for full list of fit

parameters compared to values from the literature.
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Figure 3.8: Parameter constraint has minimal effects on measurement of
polypeptide persistence length (Lr) in cellulo. (A, B) Heatmaps of chi-squared error
of model fits to i nmRuly2based TGMddFRET-lemgtnl o
measurements for various Rep and Lp for (GPGGA), (A) and (GGSGGS), (B) extensible
domains; literature estimate of Rer used for parameter constraint highlighted with green
bar; Ro is constrained to 6.3 nm. (C, D) As in panels A and B, except various Ro and Lp
parameters were examined; green bar highlights Ro parameter estimate; Rep is
constrained to 2.3 nm. (E, F) Model fits to in cellulo FRET-length relationships for
Ami ni ma l-ndRuly2 base@ TTSMods containing the (GPGGA), (E) or (GGSGGS),
(F) extensible domain are equally accurate with either a single unconstrained (unc.)
parameter (Lp) or two unconstrained parameters. See Table 3.4 for full list of fit
parameters compared to values from the literature.

3.3.2.8 Model validation in loaded conditions

To evaluate the ability of the calibration model to describe the mechanical
sensitivity of TSMods subject to medanical loads, we examined model fits to previously
published fluorescence-force spectroscopy data of (GPGGA) polypeptides labelled with

Cy3 and Cy5 dyes[194]. TheseTSMod-like constructs differ from the FP -based TSMods
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in terms of the physical size and the Foérster radius of the fluorescent moiety. Therefore,
we setRrr1= 0.9 nm and Rr2= 1.0 nmbased on measurements of the hydrodynamic
radii of Cy3 [222] and Cy5 [223] dyes, respectively. We also setRo = 5.4 nmbased on the
reported photophysical properties of the Cy3 -Cy5 FRET par [224, 225] As above, the
one unconstrained parameter remaining, persistence length (Lr), describes the
mechanical response of the extensible domain. Simulations of Cy3Cy5 constructs with
various polypeptide leng ths (10 < N < 100 residuesand persistence lengths 0.1 < le <
2.0 nm) were then compared to experimentally measured FRET-polypeptide length and
FRET-force relationships (Figure 3.9). The simulations where Lr ~ 1.05 nmagree well
with both the FRET -polype ptide length relationship over the range of polypeptide
lengths assessed (Figure3.94), as well as the measured relationship between FRET
efficiency and force (Figure 3.9B). For comparison, additional FRET-polypeptide length
and FRET-force relationships for a range of Lr values between 1.0 nm and 1.15 nm are
shown (lines in Figure 3.9A, shaded region in Figure 3.9B). Together, these data indicate
that the proposed model can describe published fluorescence force measurements of
TSMod-like constructs in both unloaded and loaded conditions with identical

parameters.
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descriptions, at various persistence lengths, of FRET-polypeptide length relationship (A)
and FRET-force responses (B) of Cy3 and Cy5 dyes linked by SMCC linker + cysteine
modified (GPGGA), polypeptides; data was digitized based on histograms from [194];
model parameters Ro=5.4 nm, Rgp=0.95 nm, Lp=1.05 nm (range 1.00 to 1.15 nm); error
bars, s.d. (C) Model predictions of force sensitivity of TSMods based on Clover-mRuby?2
FRET pair and (GGSGGS), extensible domains in comparison to the original TSMod
[131]; model parameters Ro=6.3 nm, Rgp=2.3 nm, Lp=0.48 nm.

The relatively stiff mechanical response of the (GPGGA). extensible domain (Le ~
1.0 nm) is somewhat unexpected given reports of other unstructured polypeptide
mechanics (Table 3.5 and our own measurements of extensible domain mechanics in
vitro (Figure 3.1G, Table 3.4. To rule out the possibility that constraining Rre and/or Ro
to their published values was skewing estimates of Lr, we examined whether improved
fits to experimental data could be obtained if either Rrr or Ro (in addition to Lr) were left
unconstrained. Specifically, we compared simulated FRET-polypeptide length and
FRET-force relationships for various combinations of either Lr and Ro (at 8Rrr0= 0.95 nm)
or Lr and Rer (at Ro = 5.4 nm) to experimental FRET-length and FRET-force
measurements (Figure 3.10. Simulations included Lr ranging from 0.20 to 1.25 nm, Rrp
from 0.3 to 2.0 nm, and Ro from 4.8 to 6.5 nm. We then evaluated the chi-squared error
between model predictions and experimental data for each such combination of Lr and

Rre (Figure 3.10A, B) or Lr and Ro (Figure 3.10C, D). Minimal chi -squared error between
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model and experiment occurs at or close to the literature estimates of both Rre and Ro
(highlighted with vertical green rectangles). Finally, compared to the single
unconstrained parameter Lpe, leaving two parameters unconstrained leads to no
significant improvement in fits to either the unloaded (Figure 3.1C(E) or loaded (Figure
3.10F) single molecule data. Thus, we find it unlikely that these stiff mechanics are an
artifact of model parameter selection, and instead attribute the high Le to the
experimental conditions and stiff covalent attachments [194] required to connect
different components in single molecule fluorescence force experiments. Specifically, the
incorporation of an SMCC linker connecting the fluorescent molecules to the
polypeptide chains likely contributes to the overall mechanics of the chain. The effects of
this contribution may be greater for shorter polypeptide sequences, potentially
explaining the increased discrepancy between the model and the data in this case. The fit

parameters for the different constructs are summarized in Table 3.4
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Figure 3.10: Parameter constraint has minimal effects on measurement of
polypeptide persistence length (Lp) for TSMod-like constructs in unloaded or
loaded conditions. (A, B) Heatmaps of chi-squared error of model fits to published

fluorescence-force spectroscopy measurements of (GPGGA)s s10 extensible domains
flanked by Cy3 and Cy5 fluorescent dyes in unloaded (A) and loaded (B) conditions;
literature estimate of Rep used for parameter constraint highlighted with green bar; Ro is
constrained to 5.4 nm. (C, D) As in panels A and B, except various Ro and Lp
parameters were examined; green bar highlights Ro parameter estimate; Rep is
constrained to 0.95 nm. (E, F) Model fits to published fluorescence-force spectroscopy
data of TSMod-like constructs in unloaded (E) and loaded (F) conditions are equally
accurate with either a single unconstrained (unc.) parameter (Lg) or two unconstrained
parameters. See Table 3.4 for a full list of fit parameters compared to values from the
literature.

3.3.2.9 Comparison to other descriptions of TSMod mechanical sensitivity

In validating th e proposed model, we evaluated its ability to recapitulate
published fluorescence force spectroscopy measurements from[194] of the mechanical
response of (GPGGA) extensible domains flanked by Cy3 and Cy5 fluorescent dyes
(Chapter 3.2.2.9. Based on their madelling efforts, one of the main conclusions of

Brenner et al. was that (GPGGA) behaves as a linear nanospring, not an unstructured
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polypeptide. This was primarily based on the observation of a linear relationship
between average polypeptide end-to-end distancea<0and polypeptide length N, &ed~N2.
On the contrary, for unstructured polypeptides, the predicted scaling is a3~N°5[226] or
aed~N23sif excluded volume effects are considered [227]. Notably, the calibration model
used in this work exhibits &3~-N¥2 scaling. Two main assumptions differentiated the
Brenner calculations from the proposed calibration model. First, the calibration model
considers a probability distribution of sensor conforma tions while Brenner et al.
performed distance-FRET conversions on an average value. As previously discussed in
Chapter 3.2.2.1 premature numerical averaging could lead to numerical artifacts when
nonlinear transformations, as are present in distance-FRET conversions, are involved.
Secondly, different assumptions were used pertaining to the connectivity of the
fluorescent moieties to the polypeptide. Brenner et al. used a simple subtraction method
which assumes that the fluorescent moiety is located at a canstant offset from the
extensible domain and re =rct C. This simple method has previously been reported to
lead to numerical artifacts [200]. In contrast, we used a heuristic re to rc conversion
(details in Chapter 3.2.2.3 based on previous simulations of the various physical
orientations of TSMod components [200].

To determine which of these distinct descriptions is most accurate, we
investigated the effects of the assumptions in the two modelling approaches on the
predictions of the scaling between &<dand N. We first examined what scaling is

observed when the proposed calibration model is used to calculate the relationship
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between &e«0and N from experimental data. Starting with the published unloaded FRET
efficiency measurements of Brenner et al. (Figure3.9A), the calibration model was used
to perform the abovementioned distance-FRET conversions and thus calculatea«d
Plotting this data as a function of N yielded a &.3~N°57 scaling (Figure 3.11A). While we
are hesitant to over-interpret this result as it infers power -law relation ships from data
that varies by less than an order of magnitude, it nonetheless supports the notion that

(GPGGA)n mechanics are consistent with unstructured polypeptides.

A 7 B2s

m  (GPGGA)s r, using Brenner approach

6.5 ® (GPGGA)s (from WLC simulations)
A (GPGGA), A ro ~ N fit, b = 0.990
6 r,~ N°fit, b = 0.565 2
5 N2
E 55 NO ’é /
£ £
N 5 215
N1'O N1.0
4.5
4 * . * * - 1 X
25 30 35 40 45 50 55 25 30 35 40 45 50 55
Polypeptide Length, N (residues) Polypeptide Length, N (residues)

Figure 3.11: Experimental and theoretical examinations of other models [194] of
(GPGGA)» mechanical sensitivity. (A) Measured relationship between average
polypeptide end-to-end distance r. as a function of the number of residues in the

(GPGGA), extensible domain N shows re~N”(1/2) behavior characteristic of unstructured
polypeptides; data transformed from Figure 3.9A using the proposed model of TSMod
mechanical sensitivity. (B) After simulating unstructured polypeptides of various lengths

in the context of the WLC model, calculation of re using the approach put forth by [194]

yields an artificial re~N”~1 behavior. Note that plots are logarithmic on both axis such that
power-law relationships appear as straight lines.

Next, we investigated the prediction of the observed scaling between &edand N
entirely in silico. When the calibration model is used to simulate &Edor a collection of

TSMods of various lengths N, and subsequently the approach of Brenner et al. is used to
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convert these 3&E06to &«d we then observe an apparenta3-N? scaling over the range of
polypeptide lengths examined (25 < N < 50 residies, Figure 3.11B). Note that the
polymer mechanics model used as the basis of the calibration model predicts &3~-N°5
(Figure 3.6B). Thus, we conclude that the observation of a spring-like &<3~-N* behavior is
a consequence of the assumptions made by Brenner et al., which have previously been
shown to lead to poor estimate of &8[200, 214] In total, these simulations and data
show that the calibration model d eveloped in this work is capable of accurately
describing the mechanical properties of unstructured polypeptides and suggests that

extensible domains based on the consensus sequence (GPGGAJall within this class.

Table 3.4 Model fit parameters compared to literature estimates. Parameters include
Forster radius (Ro), fluorescent moiety radius (Rer), and persistence length (Lp).

Literature
FRET-Pair Ext. Domain Ry (nm) Rep (nm) Lp (nm)
Clover-mRuby2 (GPGGA), 6.30 (Lam et al., 2012) 2.30 (Hink et al., 2000) 0.3 - 0.5 (Becker et al.,, 2003)
Clover-mRuby2 (GGSGGS)n 6.30 (Lam et al., 2012) 2.30 (Hink et al., 2000) 0.45 (Evers et al., 2006b)
Cy3-Cy5 (GPGGA)s 10 5.40 (Buckhout-White et al., 0.95 (Muddana et al,, 2009; 0.3 - 0.5 (Becker et al., 2003)
2014, Sanborn et al., 2007) Widengren and Schwille, 2000)
Constrain Rp to Constrain R Constrain Rgand
Lit. Est. to Lit. Est. Rep to Lit. Est.
Experiment Environment FRET-Pair Ext. Domain Rep Lp Ro Lp Lp (nm)
(nm) (nm) (nm) (nm)
Fluorometric® in vitro Clover-mRuby2 (GPGGA), 2.31 0.72 6.25 0.70 0.74
Fluorometric® in vitro Clover-mRuby2 (GGSGGS)n 2.23 0.39 6.49 0.41 0.33
Sens. Em.* in cellulo Clover-mRuby2 (GPGGA)n 2.42 0.37 5.98 0.33 0.50
Sens. Em.* in cellulo Clover-mRuby2 (GGSGGS)n 2.34 0.44 6.20 0.43 0.48
FLIM (Brenner et al., 2016) in vitro Cy3-Cy5 (GPGGA)s 510 069  1.24 547 119 1.15
SM-Pulling (Brenner et al., 2016) in vitro Cy3-Cy5 (GPGGA)s 8,10 1.25 0.90 4.80 0.75 1.00

¥ Current work
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Table 3.5 Persistence length (Lp) for a variety of published polypeptides. Overall,
persistence lengths < 0.2 nm and > 5.0 nm are rarely observed. Synthetic homo-
polymers (ex. poly-proline) can achieve larger persistence lengths.

Polypeptide Lp (nm) Ref.
Titin 0.2 (Kellermayer et al., 1997)
Titin Ig domain 0.4 (Rief et al., 1997)
PEVK domain (in titin) 0.55-0.65 (Linke et al., 2002)
PEVK domain (in titin) 0.92 (Sarkar et al., 2005)
Tenascin FN-1Il domain 0.56 (Oberhauser et al., 1998)
Whole spider silk protein 0.3-0.5 (Becker et al., 2003)
Poly-glycine 0.41 (Evers et al., 2006b)
Poly-alanine 1.76 (Evers et al., 2006b)
Poly-proline 22.0 (Evers et al., 2006b)
Poly-proline 4.5 (Schuler et al., 2005)
Panel of short peptides 0.53-1.09 (Ohashi et al., 2007)
Elastin 0.19 (Valiaev et al., 2008)
(GGSGGS), 0.45 (Evers et al., 2006b)
(GPGGA), — in vitro 0.74 This work
(GGSGGS), — in vitro 0.33 This work
(GPGGA). = in cellulo 0.5 This work
(GGSGGS), —in cellulo 0.48 This work

3.3.3 Summary of model validation in unloaded conditions

To validate this model, we first investigated its ability to describe the behavior of
several types of TSMods in terms of the relationship between FRET and the length of the
extensible domain in unloaded conditions. These measurements are critical in that they
are used to estimate the mechanics of the extensible domain in terms of its persistence
length Lr. To do so, estimates of R and Rre were obtained from the literature, L c was
directly calculated from the number of acids comprising the extensible domain, and Ler
was used as the single adjustable parameter. With only Le left unconstrained, the model
accurately describes the behavior of TSMods containing (GPGGA) and (GGSGGS)
extensible domains in unloaded conditions in in vitro ( Figure 3.1G) and in cellulo
(Figure 3.1H) environments with physically reasonable estimates of Lr. Model fits and

95% confidence intervals confirm that Lr estimates for (GPGGA)» and (GGSGGS)
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polypeptides are significantly different in vitro (0.74 + 0.05 and 0.33 + 0.05 nm,
respectively), and collapse to one intermediate value in cellulo (0.50 £ 0.02 and 0.48 +
0.05 nm, respectively) (seeTable 3.4for comparisons)Also, to demonstrate that the
literature estimates of Ro and Rrr were appropriate, we performed a sensitivity analysis,
leaving either Rre Or Ro unconstrained. We observe negligible improvement in fit quality
and achieve similar estimates of Lr (Figure 3.7, Figure 3.8, validating our approach.
Overall, these results demonstrate the functionality of the model to measure the Lr of
TSMod extensible domains in unloaded conditions and also suggest that the observed
mechanics of the extensible domain can change in different environments, although less

so for (GGSGGS) polypeptides.

3.3.4 Summary of model validation in loaded conditions

Next, we sought to examine the generalizability of the model as well as validate
the ability of the model to describe the behavior of TSMods subject to tensile loads.
Therefore, we examined model fits to published fluorescence-force spectroscopy
measurementsof Cy3-Cy5 dyes linked by (GPGGA)n extensible domains[194]. Again,
with only Le unconstrained, the model accurately describes the behavior of these
TSMod-like constructs in both unloaded conditions ( Figure 3.9A) and under tensile
loads (Figure 3.9B). Import antly, each of these datasets is welldescribed by the same
persistence length (Lr = 1.05 nm) indicating that the same mechanical model is
appropriate for describing the behavior of unstructured polypeptides in both unloaded

and loaded conditions when both measurements are determined in the same
88



environment. For comparison, we show fits for a range of L e values from 1.0 to 1.15 nm
(lines in Figure 3.9A, shaded region in Figure 3.9B). The robustness of these fits to
various parameter constraints was also verified (Figure 3.10). It is important to note that
the different estimate of Lr for (GPGGA)n» determined from these measurements in
Figure 3.1is consistent with the idea that in vitro calibration should be applied to

sensors used in living cells with cautio n.

3.3.5 A novel approach for predicting the in cellulo calibration of
TSMods

Together these results suggest a simple modelbased calibration scheme in which
measurements of extensible domain mechanics [r) in unloaded conditions can be
utilized to predict TSMod behavior under tensile loading. While our modeling efforts
indicate that both (GPGGA)n» and (GGSGGS) polypeptide mechanics are consistent with
unstructured polypeptides ( Figure 3.11), we only generate calibration predictions for
TSMods containing (GGSGGS) extensible domains because they are also less sensitive
to environmental changes. In the context of the model, the in cellulo persistence length
of the (GGSGGS) extensible domain (Lr = 0.48 nm,Figure 3.1H) is combined with
literature estimates of the radii [221] and photophysical properties [199] of Clover and
mRuby? to predict the response of (GGSGGSy-based TSMods under applied loads
(Figure 3.9C). This model-based calibration scheme uniquely overcomes the

environmental sensitivity of the extensible domain (compare Figure 3.1G and H) by
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allowing for in cellulo measurements of Lrto be used to estimate the mechanical

sensitivity of TSMods.

3.3.6 Optimized tension sensor reveals gradients of vinculin tension
across FAs

To determine which extensible domain length will be optimal for measuring
tension across vinculin, we evaluated TSMod mechanical sensitivity across different
force regimes by calculating the derivative along the FRET-force curve (Figure 3.9C,
Figure 3.12). Given the original vinculin tension sensor (VinTS) reported average loads
of ~2.5 pN across vinculin that varied from 1 to 6 pN [131], we choose to further
investigate the performance of the TSMod containing the nine-repeat extensible domain,
as it exhibits the highest sensitivity in this force regime and is capable of capturing the
distribution of the loads on vinculin (Figure 3 .12A). This nine-repeat linker also provides
a good balance between FRET dynamic range and peak sensitivity (Figure 3128, C). An
optimized VIinTS (opt -VIinTS) was created by genetically inserting this TSMod into

vinculin at same site, after amino acid 883, as in the original VinTS design[131].
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Figure 3.12: Selection of optimal (GGSGGS)n extensible domain length in a Clover-
mRuby?2 based TSMod for measuring ~1-6 pN loads borne by vinculin. (A)
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bottom) (C) Graphical comparison of TSMod mechanical sensitivity properties; green
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We assessed the performance of optVinTS by evaluating its abili ty to detect
changes in vinculin loading across both subcellular and FA length scales. Vin-/- MEFs
expressing either VinTS or opt-VinTS showed indistinguishable cell and FA
morphologies (Figure 3.13 Ow z Ow" O ul¥).FOtheyvivie Uineisaards of aceptor
intensity across single FAs indicated similar localization of each sensor (Figure 3.13 z z Ow
2220w" z270w" 227 A6w3T 1 Ul wi pOEPOT UwPOEPEEUI wUI EU
functionality. At a subcellular length scale, consistent with our previous findings [202],
both VIinTS and opt-VinTS report highest loads (lowest FRET efficiency) in the cell
periphery, and no appreciable tensile loading of vinculin in the cell center (Figure 3 .13B,
D). Based on pevious reports of gradients of vinculin loading within individual FAs
[228] and a skewed distribution of mech anical stresses at the celsubstrate interface [101,
126, 229, 23Q]we expected to see similardistally -skewed vinculin tensions. Such
gradients are difficult to discern in peripheral FAs of cells expressing the o riginal
tension sensor (Figure 313 z Ow! zz OQw! z7zz A6 w' OPI YI UOwWPOEDPYDPEUE
expressing opt-VinTS revealed striking gradients of vinculin tension across single FAs
(Figure3.13# z Ow# z 7 Qw# 727 A6 WOUEOUDI b BdogbedgihuOl w%l $3 wi |
performance opt-VinTS when compare the original design. In total, these results show
that, as predicted by the model, opt-VinTS is significantly more sensitive than the

original VinTS.
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Figure 3.13: Optimized tension sensor reveals sub-FA gradients in vinculin
tension. (panels A and B) Representative images of subcellular distribution of VinTS

[131]( A, Ad6) along with representative (ABO6) and
ofsize>05mm?and axis ratio > 1.5; corresponding ma
l ine scans (B&66, BBO6O6O); threeeindgpBnddntlesperimentsm n = 1

averaged intensity and FRET profiles in red. (panels C and D) As in panels A and B, but
with optimized opt-VinTS construct; n = 49 FAs from n = 10 cells from three independent
experiments.
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Figure 3.14: FA morphologies, cell morphologies, and sensor localization to FAs
are indistinguishable between different versions of VinTS. (A-G) Vin-/- MEFs
expressing various version of VinTS show indistinguishable FA area (A), FA axis ratio
(B), subcellular distributions quantified as normalized distance from cell edge (C), cell
perimeter (D), cell axis ratio (E), number of FAs normalized by cell area (F), sensor
localization to FAs in terms of mean acceptor intensity (brightness) (G). Different
versions of the tension sensor include those constructed with minimal Clover-mRuby?2
modules containing three distinct extensible domains, namely (GGSGGS)s (n = 54 cells),
(GGSGGS)7 (n =40 cells), (GGSGGS)y (n = 33 cells), along with the original TSMod

containing a (GPGGA)s extensible domain (n = 48 cells), each from 3 independent
experiments; n.s. not si gmmabfeB.8farextactg-value®. 0. 05) ,

94



3.3.7 Vinculin loading is subject to an extension-based control
mechanism

A central premise of mechanotransduction, the process by which cells sense and
respond to mechanical stimuli, is that applied loads induce conformational changes in
mechanosensitive proteins, leading to biochemically distinct functions. However, it is
unknown whether the f orces or the extensions experienced by proteins mediate the
activation of mechanosensitive signaling pathways. Experimental evaluation of this
molecular-scale question has been challenging because force and extension are
inherently linked. For example, in the case of molecular tension sensors, the force
extension relationship for the extensible domain is monotonic, so any given force
corresponds to a unique extension (Figure 3.15. Therefore, to determine whether
conserved forces or extensions mediate vincdin loading, we created a trio of vinculin
tension sensors with extensible domains comprised of five, seven, or nine repeats of
(GGSGGS). As each sensor has a unique forceextension curve, the application of
equivalent forces to the three constructs will result in three distinct extensions, and vice

versa (Figure 3.15).
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Figure 3.15: Schematic depiction of force-extension relationships and potential
force- and extension-control paradigms. (A, B) A force-controlled paradigm cannot be
detected if only a single sensor is used (A) but can be discerned if multiple sensors
report the same forces, but distinct extensions (B). (C, D) An extension-controlled
paradigm also cannot be detected if a single sensor is utilized (C) but can be uncovered
if multiple sensors report the same extension and therefore distinct forces across a
protein of interest (D). Curves are predictions of the force-extension curve of the WLC
model with persistence lengths of 0.5 nm and contour lengths corresponding to the
(GGSGGS)s,7,9 linkers utilized in this study (orange, green, and blue, respectively).

Cells expressing equivalent amounts of each sensor spreadand formed FAs
normally (Fig ure 3.14, Figure 3.16. Using the in cellulo calibration predictions described
above (shown in Figure 3.9C), measured FRET efficiencies (Figure 3.16E-H) were
converted to sensor forces (Figure3.18-L) and extensions (Figure 3.16M-P). Intriguingly,
we observed similar distributions of extension (Figure 3.16P), and distinct distributions
of tensile forces (Figure 3.16) in the various sensors. This result strongly suggests that

loads across vinculin are governed by an extension-based control rather than the more

commonly assumed force-based control paradigm.
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Figure 3.16: Using tension sensors with distinct mechanical sensitivities to test
force-based versus extension-based control of vinculin loading. (A-C)
Representative images of the localization of a trio of vinculin tension sensors to FAs. (D)
Normalized histograms of acceptor intensities at FAs is indistinguishable between the
three sensors. (E-G) Representative images of masked FRET efficiency and (H)
normalized histograms of average FA FRET reported by each sensor. (I-K)
Representative images of forces and (L) normalized histograms of average vinculin
tension in FAs reported by each sensor. (M-O) Representative images of extension and
(P) cumulative distributions of average vinculin extension in FAs reported by each
sensor; n = 54, 40, 33 cells and n = 5618, 4837, 4195 FAs for (GGSGGS)s,7,9 extensible
domains, respectively; data pooled from three independent experiments; **** p < 0.0001,
*** < 0.001, n.s. not significant(p® 0. 05), ANOVA. Se e-vduas |

and multiple comparisons test details.
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3.3.8 Examining extension-based control of vinculin loading with a
structural model of a FA

Experiments that showed extension-based control of vinculin loading (Figure
3.16) leveraged three tension sensors with unique force-extension relationships, which
were dictated by the unique mechanical responses of the extensible (GGSGGS)
polypeptide domains. Seeking to gain a better understanding of what kinds of physical
interactions might give rise to force-controlled versus extension-controlled loading of
different FA components, we developed a simple structural model of a single FA. The
FA structural model consists of 170 elements each of which is described as a Hookean
springand EEQWET wEOOEI xUUEOPA&I EwWEUwWI PUT T UwEwW?2UI QUOL
element. Based on the reported stratified organization of layers of proteins within FAs
[68], we arranged the two elements in two parallel layers (Figure 3.17A). However, even
with this simplified geometry, numerous scenarios are possible. Key variables include
the relative stiffness and relative abundance of each element, as well as whether a bulk
force input or a bulk extension input is p rovided to the structure. Therefore, the focus of
these modeling efforts was to determine how the force-controlled or extension-
controlled loading of individual FA proteins might be impacted by each of these
variables in a variety of scenarios.

To examine a single possible physical scenario, structural models were
considered in groups of three (Figure 3.17B), since experimental evaluation of force

based versus extensionbased control similarly involved three sensors with distinct
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mechanical properties (Figure 3.16). Within each grouping of three, the stiffness of the
linker elements, ki, is held constant and only the stiffness of the sensor element was
varied (ksy, ksz, or ks3). The stiffness values used forkss, ks, and ksswere selected to
approximate the relative differences in stiffness between the (GGSGGS)7.9extensible
domains used in experiments and were estimated from linear fits to their predicted
force-extension curves (Figure 3.15). Figure 3.17B depicts a single scenario in which
equal numbers of sensor and linker elements (Ns= N.) with comparable average
stiffness (&kso= ki) are loaded by a bulk extension input (do) as an illustrative example.

Within any particular geometry, we evaluated the extent of force -controlled
versus extension-controlled loading of the three distinct sensor elements. Following bulk
loading of the structure, which in the illustrative case corresponds to a constant
extension do, we solve for the extension of and force across the sensor elements in each of
the three assenblies (dsjand Fsj, respectively). The extent of extension controlled versus
force-controlled mechanical behaviors is then evaluated by comparing the coefficient of
variations, which is defined as standard deviation divided by the mean and abbreviated
CV here, of the forcesCV(Fsj) and extensions CV(ds) experienced by these three different
stiffness sensor elements. A control metric quantitatively relating the two magnitudes of
variation is defined as the log: ratio of the two coefficients of variation:

Ccv(Fs;)

i b 1
cv(8s;) =

Control Metric = log, l
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In an extension-controlled assembly the forces will vary more than the extensions
CV(Fsj) > CV(ds), resulting in a large and positive control metric, while the opposite will
be true for a force-controlled assembly where CV(Fs) < CV(ds). In the balanced scenario
depicted in Figure 3.17B, which contains equal numbers of sensor and linker elements of
identical average stiffness, we observe neither extension nor force control following a
bulk extension input to the assemblies. Thus, the control metric is close to zero.

In this framework, we investigated the effects of both bulk force ( Fo) and
extension (do) inputs to a variety of stratified structures comprised of variable
abundances and stiffnesses of the two types of springs (Figure 3.17C). To accomplish
this, the above calculations were repeated while the relative number of springs and k.
were varied. As we are most interested in relative rather than absolute numbers of
elements and element stiffness, the relative numbers and mechanics of the sensor and

linker elements are defined as:

N.
Relative Abundance = — (2)
N,
. . (ks)
Relative Stif fness = T (3)
L

The number of sensor and linker elements (Nsand N, respectively) and the stiffness of
the linker element (ko) were set such that the relative abundance and relative stiffness of
the two elements varied between 24 and 2. Note that when calculating the relative

stiffness, the three distinct spring constants for the three sensor elements were averaged
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together. This definition is appropriate as the variation of the stiffness of the sensors
springs (ks) is significantly sm aller (~30% variation) than the range of k. that was
evaluated. These normalized parameters also allow us to draw conclusions that are
independent of the absolute values of k and N that are simulated.
With a bulk force input ( Fo), simple relationshipsthat OE 1T a w' OO0O0I z Uw+ EP wWE U
observed, and Fois evenly distributed across each sensor element:

F:’?j = Fy/Ns (4)

where Fsjrefers to force observed in one of three group models. Subsequently, the force
Fsj dictates the extensionds; of individual sensor elements following:

‘551' = Ft’i‘j:"‘kS'j (5)

In this mechanical assembly, forceFsjremains constant regardless of the stiffness of the
sensor elementks;j, while extension dsj of the sensor element scales inversely with its
stiffness ks;. This simple solution, where forces are constant, and extensions change with
sensor element stiffness, is a prime example of an assembly exhibiting forcebased
control.
In response to a bulk extension input (do), more complex behaviors are observed.
We must first determine the total force F across the assembly following' OO OI1 z Uw+ Eb wi O

springs in series:
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F =§ ( ! + ! )_1 (6)
e ks;‘*Ns; ky = Ny

where the effective spring constant for the whole assembly is given by:

1 1\’
+ 7
(kS'j * Ng; ky = NL) @

Calculating Fsjand dsjas before (Eq. 4 and 5), it becomes apparent that bothrsjand ds;
will change depending on the relative abundance and stiffness of the sensor and linker
elements.

By performing this operation over a variety of relative abundance and stiffness of
the sensor and linker elements, we begin to understand what kinds of structural
arrangements could give rise to force-controlled versus extension-controlled loading of
FA components (Figure 3.17D). Specifically, the assemblies most biased toward
extension-controlled behaviors involve linker elements that are much stiffer and/or in
greater molecular abundance as compared to sensor eéments. However, in the opposite
scenario, force-controlled loading could be observed even following a bulk extension
input. The sensitivity of the control paradigm to sensor and linker element stiffness and
abundance indicates that force-controlled and extension-controlled scenarios are likely
mutable and highly dependent upon protein, cellular, and mechanical contexts. In our
experimental context, the measured variance in forces and extensions reported by the

three sensors (Figure 3.16) indicated a contrdé metric ~1.9 (Figure 3.17D, asterisk). These
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measurements indicate, at least for MEFs adhered to fibronectin-coated glass substrates,
vinculin exhibits predominantly extension -controlled behavior.

The model also predicts the relationship between sensor eement stiffness ksjand
the force borne by the sensor elementFs;. Importantly, for various values of relative
abundance or stiffness of the sensor and linker elements, the various control regimes
correspond to distinct relationships between sensor element stiffness ksjand force Fs;. To
illustrate this, we investigated three scenarios: a region in the extension-controlled
regime consistent with our observations of vinculin, a region where neither force - nor
extension-based control is favored, and a regionin the force-controlled regime (Figure
3.17D, dashed contour lines). The extensioncontrolled regime is associated with a linear
relationship between sensor element stiffness and force, while the force-controlled
regime predicts a constant relationship between these variables, and the intermediate
regime corresponds to a relationship between these two limits (Figure 3.17E). The
magnitudes of the forces depicted on the y-axis must be considered qualitatively, as they
are affected by the magnitude of the bulk extension input (do). Regardless, it is clear that
?2 Ob 0P OE O mRubyRbDasedVinTS with 5, 7, and 9 repeats of a (GGSGGS)
extensible domain (control metric = 1.9) clearly exhibit a linear relationship between the
forces experienced by each sensor andhe estimated spring constants, consistent with
being in an extension-controlled regime (Figure 3.17E, filled points). Thus, this simple
structural model accurately reproduces two distinct features of the mechanical

responses observed in the suite of vinailin tension sensors.
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Figure 3.17 Various structural arrangements within FAs could lead to force-based
or extension-based control. (A) FA structural model consists of two parallel layers of
proteins, whichc an be conceptualized as either
elements. (B) Mimicking what was done in experiments (Figure 3.16), simulations
involved three sensor elements with distinct stiffnesses (ksi, Ksz, Kss), arranged in a
stratified fashion with a single linker element (stiffness k.), loaded by a bulk extension (or
force) input. The forces and the extensions experienced by each sensor element were
calculated, and a control metric relating the relative variation in forces to the variation in
extensions was calculated. (C) Schematic depiction of parameter space examined using
this simple structural model of FAs, wherein the relative number of the sensor and linker
element is varied (x-axis) along with their relative stiffness (y-axis); thicker springs
indicate stiffer mechanics. (D) Summary of results from simulations quantifying force-
controlled versus extension-controlled loading of the sensor element. The Control Metric
describes the ratio of variation in forces to the variation in extensions experienced by the
sensor elements and will be positive for force-controlled situations and negative for
extension-controlled situations. Regions of relative stiffness and abundance are
highlighted where, following a bulk extension input, force-controlled loading of the sensor
element (sensor element is stiff and in relatively high abundance) or extension-controlled
loading of the sensor element (sensor element is soft and/or in relatively low abundance)
is observed. (E) FA structural model predictions of the relationship between sensor
element stiffness (spring constant) and force, which are linear for the extension-
controlled regime (asterisk), and increasingly flat for balanced and force-controlled
regimes; dashed contour lines in panel (D) correspond to dashed force-stiffness
relationships in panel (E).
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Together, these model predictions indicate that the extension-controlled loading
of individual FA components is most likely to be observed in response to a bulk
extension input, will be observed for soft elements in relatively low abundance, and will
result in a linear relationship between sensor element stiffness and load bearing
capacity, as has been observed experimentally for vinculin. Determining whether other
load-bearing proteins, as well as vinculin in other cellular contexts (ex. three-
dimensional matrices), are subject to extensioncontrol will be critically important. By
developing a rational -design approach for the creation of calibrated FRET-based tension

sensors, we uniquely enable and expedie these types of investigations.

3.3.9 Roadmap for future TSMod design

By expanding the simulated parameter space, the calibration model can also be
used to predict the in cellulo mechanical sensitivity of a wide variety of potential TSMod
designs. Specificallyas each model parameter corresponds to an alterable variable in
sensor desigrRp = FRET pair,Lp = composition of extensible domaiN,= length of
extensible domain), we can bypass the need
performance of new senspend, instead, predict the performance of unstructured
polypeptidebased tension sensors in silico. Since our measurements and modeling efforts
indicate that both force and extension might be key mechanical variables in different
contexts, we report thegdicted mechanical responses for simulated sensors in terms of
both force and extension. The predicted relationships between force, extension, and

FRET for a single sensor can be concisely described by three metrics as depicted in
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Figure3.18A-C: (1) a RET dynamic rangép F R E Which is defined as the change in
FRET efficiency from an unloaded state to an experimentigtgrmined 5% noise floor;
(2) a target forc€Rarge), Which indicates the midpoint of force range a sensor is
functional, and is defined &&rget= QU/E; and (3) a target extension frge), Which is
analogous to target force. Examining the predigpdel R ERarges andrz targetfor a variety

of ClovermRuby2 TSMods containing extensible domains of various lengths and
compositions, advma ge nfkor tnRubgusénsoodesign (Figure
3.18D-F, seeTable 3.5for a listof reported polypeptide mechanical properties justifying
the range over which simulations were performed). Additional roadmaps were generated
for other commonly used ER pairs Figure 3.D). With these roadmaps as a guide, the
rational design and implementation of future tension sensors with diverse and a priori

specified properties is now possible
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Figure 3.18: Roadmap to enable the rational design of FRET-based molecular
tension sensors. (A-C) Representative plots of relationships between FRET

efficiencies, forces, and extensions reported
&eForce (B), and mao:l(C) rauiped to stretch @ genserrframi ite resting
state to the 5% FRET noise floor. (D-F) Parameter space highlighting the predicted
&eFRET at the 5% noise f |l oor w¢h([B)anddasgetwe | | as

extension r;arget (F) predicted for a variety of Clover-mRuby2-based sensors with a
variety of polypeptide lengths (x-axis), and polypeptide mechanical properties (y-axis).
Each point represents a single potential TSMod design.
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