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Abstract

The extracellular environment is a key regulator of cell behavior , providing b oth
biochemical factors and mechanical signalsto influence the form and function of cells.
The process by which cellssense and respond toenvironmental mechanical signals is
often mediated through force -dependent changes in protein structure and function
through a poorly understood process known as mechanotransduction. Towards
elucidating the molecular processes underlying mechanosensitive regulation, molecular
tension sensors (MTSs)have been createdto measure forces experienced by specific
proteins inside cells. However, an incomplete understanding of the effects of
intracellular forces on fluorescent protein (FP) function within the context of MTs limits
sensorapplication and interpretation. To advance our understanding of the molecular
events mediating mechanotransduction, it is necessary to improve on existing
approachesas well as to develop new technologies for probing mechanical
consequences inside cells. Irthis dissertation we aim to address this limitation by
creating a generalizable assy for probing the effects of cellgenerated forces on FP
function towards improv ing the use and interpretation of MTSs. Additionally, we

describe the developmentofanew” sy nt het i c actin crlevesagdsi nki ng

FP mechanosensitivity to provi de new insights into mechanical processes inside cells



In our initial efforts , we focused on investigating the effects of cell generated
forces on FP function within vinculin -basedMTSs. We chose vinculin as our model
system as vinculin is a well-studied mechanosensitive protein, known to play a critical
role in force transmission inside cells. Additionally, the vinculin tension sensor (VinTS)
has been extensively chaacterized, validated, and utilized in a broad array of
applications. Leveraging the relationship between FRET measurements and fluorophore
stoichiometry with vinculin MTSs, we developed a generalizable assay forevaluating
changes in ensemble MTS measuremats in terms of fluorophore contributions.
Furthermore, we validated this new method on an extensive MTS data set containing
over 2000 cells expressing vinculin sensorsOur analysis revealed that FP stoichiometry
within VInTS was modulate d significantly w ithin individual focal adhesions FAS) in an
actomyosin-dependent manner, and that both load magnitude and load duration likely
play a role. Additionally, we found that this force -mediated loss of FP function, or
“mechanical quenching,” is a reversible process consistent with nonequilibrium
transitions in protein structure .

To investigate FP mechanosensitivity further , we developed an engineered
FRET-based actin crosslinking (ABD) sensor to serve as an improved experimental
platform, within which FPs woul d be subjected to higher loadsin a manner free of
endogenous biochemical regulation. Wit hin thi s new system, higher tensile loading and

FP mechanical quenching was observed at dynamic actin networks . Furthermore, we



found that FP mechanical quenchingwith in these sensorswas mediated by non-muscle
myosin Il (NMII) activity and appears to bereversible. In addition, we found that FPs
exhibit different sensitivities to intracellular mechanical loads . To probe the molecular
origins of ABD sensors loading with in cells, we manipulated the organization and
dynamics of actin structures by tuning substrate stif fnesswithin engineered in vitro
culture systems. Using this approach, we found that ABD sensors reported i ncreased
loads and FP mechanical quenching at dynamic actin networks in response to softer
substrates.By coupling FRET-based MTSs with the tunability of in vitro culture models,
we demonstrated the application of ABD sensorsto probe changes in tensile locading in
response to environmental mechanical cues.

In summary, this dissertation describes the development of novel tools for
studying the effects of intr acellular forces on FP function within the context of FRET -
basedtension sensors. Using these toolswe found that FPs, like mechanosensitive
signaling proteins, can undergo nonequilibrium transitions in response to cell -generated
forces. Based m these olservations, we propose that FP mechanical quenching within
MTSs could potentially serve as an entirely new way to visualize and probe mechanical
consequences within force-sensitive proteins. By exploiting the mechanosensitivity of
FPs as a mechaital consequence, new insights into molecular force-sensitive processes

inside cells may be obtained.
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1. Introduction

Traditionally, cellular processes tave beenunderstood through the paradigm of
solution chemistry , where characteristic diffusion rates, binding affinities, reaction
kinetic s, and molecular transformations regulate biologic al processes As such,
numerous biochemical tools have been developed, serving to advance our
understanding of the molecular mechanisms underlying biochemical regulatory
processes. In addition to biochem ical factors, significant eviden ce has emergd
demonstrating that me chanical signals play a key role in regulating fun damental cellular
processes, such adifferentiation [1, 2], proliferation [3], and migration [4]. Cells are
regulated through the sensing and transduction of environmental forces into
biochemical sighals through a process known as mechanotransduction [5]. Whil e itis
recognized that mechanosesitiv e signaling and mechanotr ansduction events are often
mediated by force-induced changesin protein structure and function, further
mechanistic understanding is limi ted by the lack of molecular tools to study th ese
processes inside cells.

To begin to address this need, a class of [nsensorscollectively known as
molecular tension sensors (MTSs) have been developed to enable the visualization and
guantification of for ces across specific proteins inside cell§6, 7]. However, utilization of

MTSs to their maximum capability has notyet been achieved, due in part, to a lack of



standardized methods for the characterizatio n, validati on, and application of these
FRET-basedmolecular tools[7, 8]. This work detailed in this dissertation aims to address
this issue by developing generalizable approachesand new molecular tools to facilitate
the expanded use and interpretation of MTSs.

Broadly, this wor k focuses on elucidaing the effectsof cell-generated forces on
fluorescent protein function within MTSs i n a variety of intracellu lar mechanical
contexts. In this di ssertation, we developed a generalizable assay for evaluating force
effects on intracellular FRET-basedMTSs and used this approach to demonstrate that
intracellul ar forces canreversibly modulate, o r hahicakly quench”, FPs within
MTSs. Furthermore, to enable improved studying of FP mechanoresponse inside cells
we developed an engineered, FRET-based actin crosslinking sensor which demonstrates
increased loading and increased modulation of FP function at dynamic actin networks in
a NMII -dependent manner.

To build on the insights gained from this work , we developed an engineered
plasmid that enables theefficient construction of FRET sensorlibraries. Using this high
throughput approach, we have created over 38 sensas to date, aimed at further
elucidating the biophysical basis of FP mechanoresponseOverall, this work
demonstrates a new approach for evaluating MTS experimental data and provid es new

platforms for further study of FP mechanorespons e. The contributions fr om this work



wi ll fundamentall y change our perspective on the application and interpretation of
MTSs and enable the creation of next-generation FRET sensorsto provide new insights
into the molecular forcesinside cells.

Broadly, Chapter 2 of this dissertation serves tointroduce the field of
mechanobiology, provide background on key technologies th at have yielded pivotal
insights, and overview the current understanding and limitations faced within the field.
Specifically, this chapter focuses on the role of molecular forces inregulating cellular
processes, discussing the mechanics bintrac ellular force generation and transmission
by the actomyosin network and fo cal adhesions (FAs), anddetailing the molecular
effects of forces on prot ein structure and function . Next, this chapter discusses force
sensitive FRETbasedbiosensors as embling technologies for the measurement of
protein lo ad, confirmation, and dynamics within cells, and addresses several critical
limitations in the design, use,and inter pretation of such molecular tools. Finally, the
need for improved technologies for studying mechanobiology in more physiologi cally
relevant contexts is established. Specifically, this dissertation focuseson the
development of genetically encoded molecular tools and analyti cal approaches
compatible with engineered biom aterials systems, aimed atelucidating molecular events

mediating mechanotransduction.



Chapter 3 describes the core technigues and systems for the development and
application of FRET-based molecular tension sensors in the caitext of this thesis.
Beginning wi th the methods used for sensor credion, we explain how the various tools
are built and utili zed in sensitized emission-based imaging, a common modality for
FRET imaging. We discuss how the images and data areanalyzed. Finally , we detail
new experimental processes utilzed in this work. In total, this Chapter established all
necessary methods forthe creation and use of intracellu lar FRET-basedtension sensors,
and for evaluating the effects of cellgenerated forces on FP function inside cells.

In Chapter 4, we introduced a new approach for evaluatin g force effects on FP
function within MTSs in cellulo , and then validated this approach using an experimental
data setcomprised of ~2000cells expressing vinculin-based MTSs.By modul ating
interactions between vinculin and key p roteins at focal adhesions (FAs), we demonstrate

that intracellular forces can reversibly modul ate, or me ¢ yauiea & Ihiwithin F P s
vinculin -basedMT Ss and that donor and acceptor FPs demonstrate different

sensitiviti es to intracellular loads. Moreov er, with this app roach, we establish that FP
mechanical quenching within the vinculin tension s ensor (VinTS) is mediated by

actomyosin contractility, i n a manner dependent on both the magnitude and duration of

loading. Using small molecule inhibitors, we d emonstrate that FP mechanical quenching

in this system is reversible at experimental timescales suggestive of small changes in



secondary structure. In sum, this chapter establishes that FP function can be modulted
und er the loading conditions experienced by mechanosensitve proteins inside cells,
while establishing a generalizable approach for pro bing force effects o1 FP function and
FRET measurenents wit hin MTSs.

In Chapter 5, we describe the developed of an engineered FRET-based actin
crosslinking sensor (ABD sensors)to report on the forces between actin filaments in live
or fixed cells, enabling further investig ation of FP mechanoresponse inthe context of
intr acellular forces. In addition, this synthetic actin crosslinker allows us to probe the
biological consequences of tuning actin crosslinking, independent of endogenous
signaling. Within t his new platform, hi gher tensile loads and FP mectanical quenching
are observed at dynamic actin structures near the cell periph ery. Furthermore, we show
that force-induced modul ation of FP function within these sensors is mediated by non-
muscle myosin Il (NMII) activity and appears to bereversible. Excitingly , this new
sensor facilitates a significant expansion of the MTS toolbax to include “ sy nt heti ¢”
molecular tools to both further characterize sensor technologies, as well asmodulate
mechanical contexts inside cdls.

As the cellular microenvironm ent is a primary source of regulatory cues driving
cell form and function, it is critical that molecular tools aimed at elucidating biological

processesbe compatible with biomaterial approaches. In Chapter 6, we further explore



the use of ABD sensors in @njunction with engineered tissue ailture platforms.
Specifically, we detail the creation and use of atunable biomaterial pla tform with ABD
sensors, andthrough t his effort discover that tensile loading and FP modulation withi n
ABD sensorsat dynamic actin structur esis increased on softer substratescompared to
stiff. This work marks a necesary first step for d emonstrating method compatibility

with engineeredin vitro culture systems and for pro bing the effects of substate diffness
on sensor response. Furthermor e, these effoits open the door for the creation of an
entirely new class of MTSs, which leverage FPmechanoresponseto inform on the
mechanical consequerces of proteins bearing loads indde cells.

In Chapter 7, we discuss potential future direc tions for this dissertation work.
Specifically, we describe several newly createdtools and ongoing efforts towards further
elucidating the biophysical basis of FPmechanoresponse

Finally, in Chapter 8, we summarize thework described in this dissertation, and
consider key find ings and conclusions. We end this chapter with a discusson on the
broader implication s of this work and its importance in the development of improved
molecular technologies.

Overall, this dissertation provides an enrhanced understanding of the effects of
intracellul ar forces on FP function, and its implication in the use d MTSs. The results of

this work are expected to achieve the following : (1) provide novel methodology f or



evaluating FP function withi n FRET sensors(2) promote the development of
computational approaches to describe and predict force effectson FPs (3) introduce and
advancethe idea that FP mechanoresponse can le leveraged to provide new insights
into molecular forces inside cells; and (4) serve asa catalyst for the creation of a new
class of MTSs, which exploit FP mechanoresponse to enableexpanded sensor

capabilities.



2. Background

2.1 Biochemical and biophysical regulation of cellular processes

Initially, regulation of cell behavio r was thought to be primarily mediated by
soluble biochemical signals, and as such is traditionally understood from the perspective
of solution chemistry. From this vantage point, reaction rates and affinities of freely
diffusing signaling molecules and en zymes control core cellular functions. However, it
has become increasindy apparent that cells also rely on biophysical cues from their
microenvironment to guide function a nd behavior [9, 10].

Within tissue, cells are surrounded by a network of biopolym ers known as the
extracellular matrix (ECM) which functions as a bioactive scaffold, presenting a pl ethora
of biochemical and biophysical signals to help guide cell behavior [11]. However, the
ECM is not a static network. Cells can actively modify their loca | environment through
depositing additional matrix, and by degrading and rearranging the surrounding ECM
[12].

To facilitate the physical remodeling of their environment, ¢ ells have specialized
machinery that enables them to genrerate forces internally, which in turn can be
transmitted to the surrounding environmen t [13]. As such, cells have the ability to sense
and respond to external mechanical stimuli through specific su bcellular structures,
transducing m echanical cuesinto biochemical signals in a process known as

mechanotransduction [14].



This dynamic reciprocity between internal and external biochemical and
mechanical signals maintains the delicate balance of cellular and tissuelevel
homeostasis.Furthermore, pathologies characterized by perturbed mechanics, referred
to as mechanosensitive diseasesare being increasingly identified . A molecular
under standing of how cells receive, interpret, and transmit mechanical cues to and from

their environment would greatly advance our unders tand of mechanobiology.

2.1.1 Cellular microenvironment is a key source of regulatory cues

It has been well established tha soluble biochemical molecules such as growth
factors, morphogens, and hormones can strongly influence cell behavior and stem cell
differentiation [15]. Only more recently have studies revealed that the native ECM and
other adjacent cells, in addition to prov iding structural and adhesive support, also
regulate key aspects of cell function by presenting a variety of biochemical and biophys -
ical cues (Figure2.1) [16]. As cells exist and function on the micron length -scale, a cell
will respond to the characteristics of the local microenvironment it perceives. One
primary mechanism that cells use to sense and respond totheir environment is through

receptor -ligand binding a t the cell membrane.

2.1.1.1 Cellular detection of the micro environment

To detect both biochemical and biophysical cues from the microenviron ment,
cells express specialized receptors on their surfacghat can bind to a diversity of | igands.

Receptor ligation, involving the binding of a specific receptor —ligand pair, often results



in biochemical responses in the cell interior, including activation of downstream

signaling pathways. For instance, biochemical cues are potent regulators ofcell
adhesion, migration, and differentiation [15]. Additionally, the cell surface receptors that
facilitate adhesion to the ECM and other cells, particularly those belonging to the

integrin and cadherin pro tein families, often medi ate detection of biophysical

microenvironmental cues.

o
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Figure 2.1: Cellu lar detection of the microenvironment. Cells detect a variety of
biochemical and mechanical cuesfrom the environ ment whi ch help driv e cell behavior.

2.11.2 Components of the cellular microenvir onment

In addition to receiving and responding to environmental cues, cellsin vivo can
also modify their local environment . At the most general level, the ability of cells to
affect their environment can be categorized into three main processes: the praluction of

constituent elements including both soluble and insoluble factors, homotypic and
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heterotypic interactions between neighboring cells, and the assembly or rearrangement
of the ECM scaffold [17].

The most established and well-studied role of cells in aff ecting their microen -
vironment is their secretion of soluble biochemical compounds such as growth factors,
hormones, cytokines, and chemokines. These molecules readily diffuse throughout the
microenvironment and are recognized by specialized cell surface receptors that can
induce the cell to modulate its own signaling pathways [15, 17] Using this mechanism,
cells can affect boththeir own function (autocrine signaling) as well as the function of
other cells (paracrine signaling) [15].

In addition to sol uble signals, cells secrete the macromolecular components that
make up the ECM. The ECM is a complex milieu of biopolymers that surrounds cells
and play key role s as a depot of biochemical signals and a mechanical scaffold for
cellular support and maintena nce oftissue shape[18-20]. In general, biophy sical cues
within the microenvironment consist of any physical property of the environment,
include the mechanics, shape, and orientation of key structures [21]. This is evident in
the context of the diverse ECM proteins, which have varying structure s, dimensions,
mechanical properties, and local alignment. Notably, such molecular-scale properties are
not always apparent in the bulk mechanical measurements typical of standard material

science approaches such as rheomtry [22-24]. Currently, a complete un derstanding of
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how cell function i s afected by the biochemical and biophysi cal properties, filament

organization, and bulk mechanical properties of the ECM is still emerging.

2.2 ECM mimetics

A major emphasis in the field of tissue engineering is the development of bio -
materials, most commonly bioinstructive scaffolds, which inc orporate a variety of
microenviron mental cues to direct cell behaviors. Specifically, studies have examined
the effects of specificECM ligands, scaffold topographies or architecture, and
mechanical properties such as stiffness on cell behavior and tissue formation [22, 2528].
While these studies have significantly improved our understanding of the roles of
particular cues in directing cell behavior , they have also demonstrated that presenting a
single or a few sdect cues may not sufficiently represent native tissue structure and
function. T hese findings suggest that the successful recapitulation of complex
combinations of cues is likely necessary toaccurately model physiol ogical systems. As
the cellular microenvironment contains a wealth of bio chemical and biophysical cues
that are often interconnected, a key challengeis to understand which o f these cues are
necessary in directing specific cellular responses Therefore, amore complete
understanding of how cell s sense, interpret, and conert these microenvironmental cues
into down stream biochemical responses is needed to accelerate the advamment of

tissue engineering approaches.
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An emerging theme in the field is that an understanding of the specific cell
signaling pathways that a given environmental cue regulates will be necessary for the
development of rationally designed bioinstructive sc affolds. Ideally, this mechanistic
understanding will eventually facilitate the development of engineered platforms to
specifically control these signaling pathways and affect tissue-level outcomes.

Towards this goal, an understanding of the tissue microenviron ment has been
leveraged to develop in vitro culture systems which can influ ence cellbehavior. Such
biomaterial scaffolds serve asimilar role to the ECM by providing structural and
adhesive support to cells. In addition, biochemical and biophysical signals can be incor
porated into these scaffolds to instruct cells to grow, diff erentiate, and organize.
Contemporary approaches in scaffolding design attempt to mimic at least some of the
functionality present in the native ECM in order to control cell response[29]. To adieve
this goal, a wide array of scaffolding biomaterials and fabrica tion methods have been,

and continue to be, developed.

2.2.1 Bioinstructive scaffolds to recapitulate the cellular
microenvironment
2.2.1.1 Natural vs synthetic biomaterial systems

won

Scafo |l d materi al s may tbuer ala,t”e g“osryi retehde taisc ,“"naor
t h et ibkds thahigcorporate aspects from both the natural and synthetic materi al

categories[30]. As these names suggestnatural scaffolds are comprised of biologically

derived materials (e.g., proteins, polysaccharides, de-cellularized ECM), while synthetic
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scaffolds are constructed from man-made materials (e.g., polyesters, metal alloys).Eac
category has inherent advantages and limitations. Generally, synthetic materials such as
metals or polymers can provide high er mechanical strength at implantation, with

greater uniformity in construction and low er cost relative to biologically derive d
materials. Natural materials, on the other hand, often retain at least some of the bioactive
complexities of the native ECM, in cludi ng cell-adhesive ligands, tissue-specific growth
factors or growth factor binding sites, and native ECM architecture, and may be more

readily remodeled by resident cells.

2.2.1.2 Engineering biochemical properties within biomaterial systems

The microenvironment contains an array of biochemical signals that influence
cell processes suchas adhesion, survival, migration, prol iferation, and differen tiation.
Scaffolds can be further engineered to recapitulate these properties by incorporating
biochemical signaling molecules, such as cell adhesion ligands, cytokines, and growth
factors, onto the scaffolding backbone.

The adhesion of cells to scaffolds is critical for regulating a wide array of cellular
processes, including survival, migration, integrati on, and retention within the scaffold,
differentiation, and transduction of mechanical sti muli to cells [31-33]. Promoting cell-
scaffold interactions has been accomplished by incotporating one or more ECM
components into a scaffold material via chemical cross-linking or conjugation, or

physical entrapment. One common source of tissuespecific ECM signalsis the
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construction of short peptide sequences derived from ECM components such as
collagen, laminin, or fibronectin (FN) [34]. For example, conjugation of the short peptide
RGD (arginine-gly cine-aspartate) corresponding to the smallest adhesive domain of the
FN protein, h as become widely utilized for promoting cell adhesion and related
downstr eam signaling [35, 36] This approach has evolved to include more advanced
peptide mimics that incorporate higher -order ECM structures (e.g., collagenmimicking
peptides with triple -helical conformations) [37-39]. Another approach involves includin g
binding sites with synergistic eff ects. In one recent study, a single polypeptide was
engineered to contain domains for both integrin b indin g (FN 111 9-10) and growth factor
binding (FN Il 12 —14)[40] such that, when incorporated within fibrin scaf folds, it
synergistically engaged integrin and growth factor signaling mechanisms to enhance
healing in bone and skin. Likewise, a synthetic collagen-mimicking triple -helical peptide
( GFOGER) has been daeansegrigsinepdrtartt ino osteagendsisar? 3 1
shown to enhance bone regeneration and implant integration in various biomaterial
applications [24, 41-43].

As with adhesion ligands, growth factors and other soluble signal ing proteins
can be embedded within or linked to scaffolds to direct cell behaviors. Depending on the
nature of the soluble factor, these incorporated signaling molecules can be funcional in
a bound state o require release via diffusion, degradation of linker molecules, or other

mechanisms to participate in cell regulation [44]. This enables a variety of strategies for
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controlling cell behavior, ranging from ho mogenous coupling of k ey factors throughout
a biomaterial to use of advanced techniques capable of patterning cues in both space and
time. For example, 3D spatial gradients of platelet derived growth factor B (PDGF -B)
have been photo-patterned within an en zymatically degradable PEG hydrogel to
promote directed cell migration (chemotaxis ) within the material [45]. Similarly,
spatially arranged biochemical signals have been used to corirol local cell differentiation
and direct heterogeneous tissue formation, such asthe site-specific differentiation of
MSCs towards chondrogenic and osteogenic lineages, which was achieved by creating
opposing spatial gradients of chondrogenic and osteogenic growth factors [46]. Finally,
the kin etics of signaling molecule release hasalso been manipulated in a variet y of
manners, including encapsulation in microspheres with controllable degradation
properties [47]. Thus, incorporation of soluble, bioactive molecules into scaffolds is a
versatile tool for controlling cell regulatory pathways neces sary for tissue-specific dif -

ferentiation and regeneration.

2.2.1.3 Engineering biophysical propertie s within biomate rial systems

When engineering the mechanical properties of a biomaterial scaffold, one must
consider the mechanical requirements at multiple length-scales, from the macrascopic
tissue-scale tothe cellular level microenvironment. At the ti ssue-scale, a scaffold must be
able to resist mechanical loads and perform a tissue's mechancal functions in vivo. At

the cellular scale, thebiophysical properties of the microenvironment are critical for
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promoting specific celular responses Biomaterial systemshave been engireered to
include a variety of biophysical featuresto direct cell behavior, includ ing material
stiffness, anisotropy, porosity, and topography (Figure 2.2).

As described earlier in this chapter, the stiffness of the surrounding
microenvironm ent can directly influe nce cell behavior such asdifferentiati on,
morphology, contractility, mot ility, and proliferation [4, 22, 4857]. It is important to note
that the mechanical requirements at different length -scales can be dramaticaly different
(e.g., a relatively soft microenvironment but high tissue -level stiffness), adding to the
challenge of biomaterial design. Materials with such length-scale dgpendent properties
could be constructed using stiff scaffolds wit h pores, which are then coated with fibrillar
ECM proteins that span the pores. In this case the cell likely responds to the properties
dictated by the fibrillar ECM protein instead of the macroscale properties of the scaffold,
a phenomenon termed ECM tethering [23].

A variety of techniques have been utilized to manipulate biomaterial scaffold
mechanical properties. For example, in hydrogel biomaterials, varying the m aterial
concentration or crosslink density are effective means for changing the stiffness and
other mechanical properties [58, 59] For polymers, the choice of material, concentration,
and structure or architecture is often manipulated to vary scaffold mechanics [60, 61}

In addition to specific stiffnesses, many tissues in the human body exhibit

anisotropy, or direction -dependent properties, in the architectu ral arrangement of cells
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and ECM. At the cellular level, anisotropy may involve c ell alignment, directionally
biased cel connectivity and migration, as w ell as cellfacilitated assembly, deposition,
and organization of ECM fibers. At the tissue -level, these microscale features can
produce directionally dependent ma terial properties and tissue-scale behaviors (e.g.,
directi onal contraction in muscle).

Various fabrication techniques have been developed to create scaffolds with
anisotropic features that mimi c the organization of their native tissue counter parts.
Tissue-like microstructur al alignment has been achieved via eled¢rospin ning of polymer
solutions [25, 62, 63] in which an electric field is used to draw nan ometer-scale fibers
out of a charged polymer solution. These polymer fibers can then be collected on a
rotating mandrel o r in an oriented electrical field to create 3D scaffolding networks with
controlled nano-scale fiber alignment [64]. Additionally, photoli thographic patternin g
and UV -assisted molding are techniques that have also been succesfully employed to
engineer anisotropic features [65, 66]

In addition to mechanical stiffness and anisotropy, another physical character-
istic that can betuned when designing a biomaterial scaffold is the material's porosity,
or the amount of void space within the bulk polymeric system [67]. At the microscopic
level, tissues are meshlike networks of ECM protein s, GAGs, and other polysaccharides
with pores in between, rather than a mntinuous system. This pore system allows for

nutrient diffusion, cell migra tion, cell—cell interactions, and fluid flow under mechanical
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stress; its properties, including pore dens ity, size distribution, and connectivit y, vary
among different tissue typ es to reflect the functional requirements of the tissue. For
example, in liver tissue, poresareappro x i mat ely 20 pym in di ameter,
theyrangefrom2 00 t o [68J00 pm
By introducing pores into a biomaterial, numerous aspects of a scaffold may be
altered. The biomaterial surface areato-volume ratio changes with porosity, affecting
such properties as the rake of biochemical release and diffusion, scafold degradati on,
and protein adsorption [69, 70] Increasing porosity can also alter the mechanical
properties of the material, affecting both the microscopic and bulk m echanical
properties. When considering biomaterial pore str ucture, it is important to recognize
that the different pore parameters are interdependent. In general, the goal is to achieve a
balance between scaffold mechanics and enabling cell infiltration a nd/or nutrient
diffu sion to suit a specific tissue application. Porosity can be controlled in various ways,
including scaffold fab rication methods [71].
Cell behaviors may also be regulated by the physical topography of the ECM
microenvironment, including nano - to microscale topographic features. For instance,
single collagen fiber di aiteandbassmemt mempranef r om 0. 5
containspores 5 pm i n ahil@csls areanthe orderof1-1 00 p m72.ong
These topographical differences may restrict the availabil ity of adhesion sites on ECM

proteins, bias focal adhesion and cell orientation, and affect adhesion affinities, with
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resultant effects on cellular regulation [73, 74] Topographical features have been
incorporated into scaffolds and shown to illicit specific cellular responses, including
osteogenic differentiation and bone for mation [75, 76]. Thus, the nano- and microscale
topographical features of the scaffold microenvironment can be sensed by cells and can
be potent modulators of cell behavior.

The diversity of ECM composition and structure presents significant chal lenges
to creating biomimetic scaffolds, as well as to understanding the im pacts of each
individual chemical and physical component on cellular regulation. We are only
beginning to understand how v arious physical and biochemical properties influence cell
behavior, and how d ifferent types of cell regulation coordinate with and influenc e one
another. Consequently, it remains a priority to determine which critical features of the
microenvironment provi de the minimal cues necessary to guide cell function [77], and to
enable fine-tuni ng of the appropriate mechanical and biochemical cues for incorporation

into ECM -mimetics.
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Figure 2.2: Design strategies for engineering biomimetic cel | scaffolds. Various
characteristics of the cell microenvironment have beenengineered within in vitro culture
systems tomimic critical biochemical and biophysical regulatory features of native
ECM.

2.2.2. Current challenges

Early attempts to mimic the biophysi cal signals of the microenvironme nt with

bioinstructive scaffolds have yielded promising result s in eliciting biophysically
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regulated cell behaviors. However, understanding cell - and tissue-level responses to
specific cues and complex combinations of cuesare still in the early stages of
development. The sensing systems utilized by cells are molecuér in nature and
complex, often involving interconnected signaling pathways and dyn amic feedback
mechanisms. The next step towards understanding cell-environme nt mechanosensing
mechanisms is developing enabling technologies that provide mol ecular-level
information and are compatible with in vitro culture systems. In more specific terms,
such molecular tools would ideally boast easy and consistent production appr oaches,
utilization of standard bioconjugation chemistries, and compatibility with commonly
used microscopy approaches. The development of next generation tools would enable
advanced mechanobiological studies towards understanding the dynamic, reciprocal
feedback between extracellular cuesand intracellular signaling pathways in more

phy siologically relevant contexts.

2.3 Mechanosensitive processes within cells

Recently, the ideathat adherent cells sense and transmit force to and from their
environment, and these bidirectional stimuli pla ys a critical role in the regulation of cell
behavior and func tion has grown in appreciation. As early concepts describing
regulatory processes in cell biology were understood from the vantage point of
traditional biochemi cal-based cell signaling, new or modified terminology was required

to describe the mechanisms mediating mechanical regulation. Generally, any process
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that is affected by a mechanical variable, such as ECM stiffness, etc., is referred to as
mechanosensitive. To understand how mechanical stimuli drives cellular responses, a
molecular view of how forces are generated and the effects of these forces on individual

proteins is needed.

2.3.1 Force generation inside cells
2.3.1.1 Actin po lymerization

The actin cytoskeleton, comprised of a network of actin filaments, is one of the
most prominent sources of cell generated forces in the context of adherent cellsand
facilitates a variety of critical functions [78, 79] Filamentous actin (F-actin) is a polar
ensanble structure, with a barbed end and a pointed end. Monomeric or globular actin
(G-actin) units more strongly associate with one end, commonly referred to asthe
barbed end, while strongly disassociating at the other, or pointed end of F-actin. This
asymmetric assembly and disassemblyof filam entous actin, in conjugation with the
ability to tune the association and disassociationrates of the actin monomers, facilitates
the directional polymerization and depolymerization o f actin structure s within the cell
in a controlled manner [43, 80, 81] Asymmetric actin polymerization at the cell
membrane can generateprotrusive forces at the leading edge of migrating cells,
resulting in the fo rmation of a variety of protrusive structures used by cels for

environment al sensing [82-84].
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During simultaneous actin polymerization an d depolymerization, actin
monomers at the polymerizing end flow through the f ilament and detach at the
depolymerizing end, then rejoin the polymerizati on processby reattaching to the
growing end of the filament. This phenomenon is referred to as actin tre admilling [85].
During actin treadmilling, the retrograde actin flow can lead to forcesbeing exerted on

attached proteins or structures in the form of drag [86].

2.3.1.2Myosin-medi ated contractility

The active generation and transmisson of forces withi n non-muscle and smooth
muscle cells is mediated through protein -based machines at the actin cytoskeleton
comprised of ensembles of myosin motors and a variety of adapter proteins [43].

At the molecular level, non-muscle myosin 1l (NM II) motors serve as molecular
force generators by converting chemical energy throug h ATP hydrolysis into translation
movement [86]. The structure of NM Il proteins consists of a globular head domain, a
neck domai n, -hdidcaldail domaino Whjle MM Il proteins form dimers
through tail interactions, coordinated mechanical translation is achieved through the
formation of large r bipolar assemblies known as myosin filaments. Collectively, these
complexes driving translocation of the F -actin filame nt towards its barbed, or fast-
growing, end. This translocation can result in either a contraction or extension of the two

actin filaments based on the placemert of the myosin filament [43].
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Three distinct NM |l isoforms exist in mammalian cells, NM IIA, 11B, and IIC.
While each isoform demonstrates unique functiona lity, ATP hydrolysis rate, and
filament attachment duration [87, 88] each is regulated by the reversible
phosphorylation at Ser19 [89]. Phosphorylation at this site reduces ATP hydrolysis

without altering myosin's affinity for actin f
independently function as cytoskeleton crosslinking protein [90].
As both NM 1l -dependent and NM Il -independent forces can be experienced by
physically connected proteins within key subcellular structures, both mechanisms
mediate a plethora of critical cellular process that rely on the transmission of forces
inside cells. Among the various subcellular structures that facil itate mechanosensitive
cellular processes,focal adhesionsand the actin cytoskeleton play key roles in

facilitating the sensing and transmission of mechanical information between the cell and

the local microenvironment.

2.3.2 Molecular structures mediating mechanosensing
2.3.2.1 Focal adhsions

Focal adhesions (FAs), lage macromolecular complexes comprised of over 200
proteins, serveas the primary mechanical linkage between acell and the surrounding
ECM (Figure 2.3). By connecting the force-generating actin cytoskeleton within a cell to
its extracellular environment through transm embrane proteins known as Integrins, FAs

facilitateac e | | ' ysto sertse elternal mechanical cues and transmit cell-generated
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forces to their surround ings. Within FAs composition is highly dynamic and protein
associationand dissociation regulated by both intracellular and extracellular cues.
Additional ly, FAs have spatiotemporally regul ated architecture which is closely linked

to the mechanical and signaling activity of individua | adhesion complexes.

Actin stress fiber
Myosin

Focal Adhesion Vinculin
plaque Talin
Paxillin
FAK
Integrin

Figure 2.3: General structure and composition of focal adhesions (FAs).FAs are
highly dynamic complexes which facilitate cellular attachment to the surrounding ECM
and serve asa bidirectional port for mec hanical and biochemical signals.

2.3.2.1.1Mechanogasitive structure anccompositiorof FAs

Recertly, the molecular architecture of FAs was mapped using super-resolution,
light -based microscopy [91]. This work demonstrated that the FA core region, spanning
40 nm from the cell membrane to the actin-cytoskeleton network, consists of four

protein -specific strata that are independent of the size and shape of the FA, suggesting
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four distinct functional roles. The i ndivi dual layers have been described as an integrin
extracellular layer, anintegrin signaling layer, a force transduction layer, and an actin
regulatory layer (Figure 2.4)[91].

2.3.2.1.1.1Integrin extracellular layer
The integrin extracellular layer de scribes a regon on the other side of the plasma

membrane, where physical connections between cells and ECM proteins occur. The
primary medi ators of thislink agewithi n FAs are afamily of transmembrane receptors
known as integrins, whose extracellular dom ain binds ECM proteins upon activation.
Two key features enable the unique biophysical function of integrins, th eir
heterodimeric compositio n and their bidire ctional activation me chanisms.
As heterodimers, integrinsar e compri sed of aitlahumans,e o anoc
24 types of alpha subunits can combine with 9 types of beta subunits to create a variety
of distinct integrin subtypes [86]. The subunit composition of an integrin determines its
binding aff inity for specific ECM proteins or protein domains. Therefore, the overall
activation or inactivation of different integrin heterodimers provides cells w ith
informat ion regarding t he composition of the ECM microenvironment.
Moreover, integrins exist in eit her an inactive, bent conformation or an extended,
activated conformation [92]. Acti vati on can occaut’mnomesponse
“ o ut$ ind ealng, gneaning that both intracellular and ex tracellular cues regulate

FA structure and function. In outside-in signaling, as the extracellular domain of the

integrin receptors bind to ECM ligands, they undergo a conformational change which
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exposes theircytoplasmic tails, enabling the initiation of internal cellular pathways and

the recruitment of specific proteins to facilitate the form ation and maturation of FAs.
Inside-out signaling of integrins may occur through either intracellular signaling

pathways or force generation by the actomyosin netwo rk. By altering the activation state

of integri ns, intracellular signals can modulate t he binding affinity between integrins

and ECM protein s[93]. Thus, both externally and internally generated forces can lead to

FA reinforcement through the regulation of the integrin extracellular and signaling

domains.

Actin/ Myosin

Force-transduction
proteins (e.g. talin, vinculin)

Actin Regulatory Layer
P Force Transduction Layer

9 I» Integrin Signaling Layer
uq— Integrin Extracellular Layer

Integrin signaling/scaffolding
proteins (e.g. FAK, paxillin)
Membrane

Integrins

Figure 2.4: Focal adhesion architecture .Focal adhesionspossessa stratified
organization, with four distinct layers where proteins are grouped by general function .

2.3.2.1.1.2 Integrin signaling layer
The integrin signalin g layer, described asthe cytoplasmic region adjacent to the

integrin extracellular domain insi de cells, isthe regulatory conduit for both inside-out
and outside-in int egrin signaling. N ot surprisin gly, this layer is comprised of proteins
classically assaiated with integrin signal transduction, including FAK and paxillin.

As an example, integrin activation can lead to autophosphorylation of focal
adhesion kinase (FAK), a protein linked to mechanosensing, cell shape control, and focal
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adhesion dynamics [94-96]. In turn, FAK can regulate various intracellular signal s such
as the GTPase RhoA, which is involved in the regula tion of cel contractility as well as
FA formation [97, 98]

2.3.2.1.1.3Force transdugon layer
Moving away from the cell membrane, the next layer is force transduction layer.

Various scaffolding and signaling proteins have been shown tolocalize to the force
transduction layer, where the pri mary role is thought to b e mediation of adhesion
strengthening and mechanotransduction. For example, the proteins talin and vincu lin
span the integrin signaling and force transductio n layers and have been shown to play
important roles in mechanosensing [144,155-158].

Moreover, th e composition of this | ayer is mechanically regulated. Talin can bind
both integrins and fi lamentous actin, and through force -induced exposure of cryptic
binding domains vincul in can be recruited to further reinforce this mechanical
connection [84,144,159160].

2.3.2.1.1.4 Actin regulatory layer
Finally, the actin regulatory layer appears most distal from the plasma

membrane. In addition to actin bundles, proteins involved in the organization and
regulatio n of actin dynamics and structure such asvasodilator-stimulated
phosphoprotein (VA SP) and a-actinin were found to be distributed throughout the actin

regulatory layer.
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2.3.2.2 Actin cytoskeleton

2.3.2.2.1 Mechanosensitiveiecture andcomposition of actin networks

Forces generated by actin polymerization and actomyosin-mediated contractility
are dependent on the structure of the underlying cytoskeleton. As actin filaments are
polar and highly dynamic, a var iety of assemblies and structures can berapidly created
and modified , each psessingunique phy sical and mechanical properties, which
facilitate diverse cellular processesspecific to the type and function of the cell [85]. In
fibroblasts, a highly mo tile cell primarily located in tissue st roma with known roles in
wou nd healing, three characteristic actin structures mediatin g migration can be found
on 2D surfaces filopodia , lamellipodia , and stress fibers (Figure 2.5, Top).

Filopodia are long, finger -like projections consisting of highly ¢ rosslinked actin
bundled in a parallel arrangement. Filopodia function sto detect environmental cues and
initiate new adhesion points to the substrate [86]. Lamellipodia are broad, flat, ru ffle-like
protrusions which ar e comprised of a highly branched, dendriti ¢ actin network . The
acaessory protein Arp 2/3 facilitates the creation of these highly branchesactin networks
by nucleating a new branch point off a parent filament. This mesh-like network can
rapidly polymerize and depolymerize, causing highly dynamic p rotrusion and
retraction activities. In this way, lamellipo dia can also function asan environ mental
sensorlike filopodia . The two-dimensional structures often arise at the leading edge of
cells during mesenchymal migration [86]. Stress fbers are linear, highly crosslin ked

actin bundles, commonly extending across the lengh of the cel and connecting
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adhesions at the leading edge to those at theretracting edge of a migrating cell [86, 99]
Stress fbers are associated with high contractility , as they are formed on stiff substrates,
colocalize with large, mature adhesionsunder higher loads, and grow in response to
force [100].

In contrast, epithelial monolayers serve asa protective barrier separating
underlying t issue from luminal spaces and as such form prevalent cell-cell adhesions.
Thesecells form a unique actin meshwork along the cell membrane called the actin
cortex [101]. The actin cortex is comprised of a highly variable actin network containing
short and long bundled filament s, called cortical actin (Figure 2.5, Bottom). The actin
cortex is thought to serve two primary f unctions within epithelial cells: provide a layer
of structural support along the c ell periphery mediating resistance to hydrostatic
pressure, and mechanically link cell -cell and cell-substrate adhesions[101, 102]
Microvil li, another characteristic actin structure observed in epithelial cells, appear as
apical arrays found at the surface of epithelial cells (Figure 2.5, Bottom). Microvill i are
comprised of parallel actin bundles and serve to increase the surface are of luminal -

exposed regions for absorption of water and key n utrients [103].
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Lamellipodia

Stress Fibers

Filopodia

Cortical Actin Microvilli

Figure 2.5:Characteristic actin structure s in fib roblast and epi thelial cell s.(Top)
Filopodia, lamellipodi a, and stress fbers are commonly observed in migrat ory fibrobl ast
cells. (Bottom) Cortical actin and microvill i facilities epithelia function by providing
mechanical integrity and enabling nutrient absorption.

A host of accessory proteins regulate the architecture and mechanics of various
actin cytoskeletal structures (i.e., -aatinin, filamin and tropomyosin) as well as filament
lif etime and length (i.e., ENA/VASP, formin and ADF/co filin ). Through their abilities to
bind free monomers, or the terminal ends or sides of filaments, accessoy proteins can
mediate a variety of functions including nucleation of filament assembly, stop filament
growth , crosslink nearby filaments, and reinforce filament integrity . In addition,
accessory proteinsalso mediate the oupling of actin structures to the plasma membrane

and subcellular structures (i.e.,talin, vinculin, ezrin, radixin and spectrin) [104].
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Actin, myosin motors, and accessory proteins collectively comprise the
actomyosin network [78]. The composition and organization of the actin cytoskeleton
network defines its connectivity and thus its mechan ical coherence. Therefore,
actomyosin structure and composition det ermines force transmission across length
scales As such, the actomyosin network plays critical roles in a diver se set of
mechanosensitive cellular process, including cell adhesion, environmental
mechanosensing, and the generation and longrange transmission of forces[78, 79]

After reviewing the subcellular structu reswhich mediate the sensing ard
transmission of mechanical stimuli, we next consider the molecular events which

mediate the transduction of mechanical cues into biochemical signals.

2.3.3 Force as a post-translational modification

Within a cell, mechanisms enablng the extension and diversification of the
biochemical function of signaling molecules have emerged. One such mechanism for
expanding function ality is t he biochemical modification of proteins following

translation, or post-translational modific ations (PTMs).

2.3.3.1Intr oduction and general principles of PTMs

Conceptually, the genetic code specifies20 primary amino acids of whi ch all
proteins are compri sed. However, proteomic degradation profiles show a compilation of
several hundred different amin o acids [105]. This proteic variation is introduced through

a processin which the nascentpolypeptides are chemically modified in vivo. These
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covalent modifi cations, known as post-translational modifications (PTMs), can occur
either during or after ribosomal synthesis, and consist of over 200 different reactions
aimed at breaking specific binds, or modifying amino acid side chains or terminal
groups (carboxyl and amino terminals) [105]. Broadly, PTMs serve to complete protein
processing, where the final product i s a functional protein in its native (i.e., biologically
active) state at its destined location.

Arg uably, phosphorylation is one of the most common and important PTMs
[106]. In proteins, phosphorylation invo Ives the covalert addition of a phosphate
moieties to various amino acid side chains. This modification results in th e site-specific
addition of a negative electrostatic charge, morphi ng a hydro phobic residue into a
hydrophilic one. This electrostatic additio n enablesnew molecular inte ractions and often
induces aslight change in protein confirmation , which can mediate downstr eam
signaling events [107, 108] Phosphate groups can alsobe removed, making this a
reversible modificatio n. Phosphorylatio n and dephosphorylation events are mediated
through the catalytic activity of kinase and phosphatase enzymes, respectively. Due to
its reversibility , phosphorylati on provides a dynamic signal which can be rapidly
transmitted , facilitating its role asthe primary mediator of biochemical signal

transduction [106].
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2.3.3.2 Force canfunction asaPTM

A central dog ma in biochemistry is that structure d ictates function. As a protein’s
three-dimensional structur e is central to its function, any structural changes are likely to
pose functional effects. As phosphorylation events mediate slight changes in protein
confirm ation, molecular scale forces carsimilarl y indu ce structural changes in proteins
with downstream functiona | outcomes (Figure 2.6) In this way force can be thought of
asanalogous to a PTM. Smilar to PTMs, forces canactivate (or in hibit) intri nsic catalytic
activity , alter protein dynamics by modify affinity for key binding pa rtners, and result in
the exposure of cryptic binding sites, thus enabling mechanosensitive allosteric
regulation and novel protein-protein inte ractions. In contrast to traditional PTMs, this
concept describes ascenarioin which downstream biochemical outcomes are intiated

via a mechanical rather than chemical input (i.e., force).
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Figure 2.6:Changes in protein structu re mediate changes in function. Post-translational
modification , such as phasphorylation, alter protein function t hrough induced
conformational changes.Similarly , force can also alter protein structure mediating
changes indownstream signaling events.

In the context of mechanotransduction, the forcesrequired for inducing relevant
changes in conformation are surprisi ngly small and have been theoretically estimated
and experimentally measured usin g single molecule techniques such as atomic érce
microscopy (AFM), magneti ¢ tweezers, or optical traps [109-113]. Using single molecule
approaches,a conformational change within indivi dual domains of talin, marked by the
exposure of acryptic vinculin binding site, was achieved with as little as 2pN force [114,
115]. Moreover, experiments using an optical trap have measured the generated force
output for a single myosin motor to range between2-5 pN, indicating the likely

relevanceof transitions mediated by small forces in vivo [110].
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2.3.4 Protein response to mechanical load
2.34.1 Pratein mechanical stability

The effect of force on a molecule asit transitions from one distinct state (A) to
another state (B) can be illustrated with an energy diagram of a two-state g/stem (Figure
2.7). In such systems, both states occupy alocal free energy minimu m, at Xa and Xs
respectively, along the mechanical reaction coordinate. To a first app roximation , an
applied force assisting the transition (F >0) alters the free energy surface by lowering the
energy for the transition state (energetic barrier) and state Brelative to state A [116, 117]
This effect results in an increase in the forward reaction rate and increasesthe

probability for t he population of state B.
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Figure 2.7: Energy diagram of the reaction for atw o-state system in the absence (black
lin ) and presence (red line) of force. For a simple processdescribing the transition from
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state A to state B, application of force resultsin a decrea in the transition state energy
(¥) and the free energy of state B relative to state A.

As most proteins have higher order secondary and tertiary structures, the effects
of force on protein conformation are inherently mo re complicated and cannot be readily
predicted from their thermodynamic stability . Thus, the mechanical stability of most
proteins cannot be directly probed through bulk solu tion experiments, but rather must
be determined through direct mechanica experiments or modeling ap proaches[116].
Under in vitro experimental conditi ons, proteins unfold in a highly cooperative manner
assewmndary structuresdo not exhibit significant stability in a manner ind ependent of
their tertiary context. This cooperativity in unfolding is most likely attribute d to
extensive molecular interaction s which maintain protein structure. Moreover, the
unfoldin g energy pathway of proteins relies on the magnitude, direction, and time-
dependence of the applied load.

Many protein s have known mechanical functions, and the response of these
macromolecules to an applied load is central to their physiological function. For
instance, the alpha-helical protein spectrin is a cytoskeletal protein that helps maintain
plasma membrane integrity and is akey contributor to the elasticity of erythrocytes,
which must de form and squeezethrough blood vessels[118]. In contrast,titin’ s
resistanceto mechanica load, contributed by its stiff beta-sandwich structure, enablesits
function to prevent overstretching of striated muscle and provid e recoil to sarcomeres
[119].
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Previous mechanical studies have shown the immunoglobulin (I g) domain of
titan t o possessextremely high mechanical stability, requiring force applications of 150-
300 pN to induce unfolding. When compared to the magnitudes of forces generated by
myosin motors, estimated at ~2 pN/motor, such high force -dependent conformational
changeswhere generally considered unlikely to play a major role in
mechanotransduction. However, in a more recent study using ultra stable magnetic
tweezers, the forcedependent free energy landscape of thel27 Ig domain of titan was
obtained. In this equilibrium single-molecule force manipulation study, the critical force,
at which the probabilities for the folded state and the unfolded state are equal, was
found to be ~5.4 pN [120]. These findings suggest that titin Ig do main confirmation may
be significantly altered at low forces, if held for sufficiently long durations. Being able to
decouple the effects of load magnitude and load duration on protein structure could
potentially exposure an entirely ne w class of mechanosesitive pr oteins and
revolutionize how we think about protein mechanoresponse andmechanotransduction.

In addition to changes in structure or conformation , an applied load can also

modulate the interactions between protein s.

2.34.2 Catch and slip bonds

Proteins bind and interact with one another through transient, non-covalent
interactions. Theseinteractions can be dassified based on themolecular mechanisms

mediating th ese interactions and their relative bindin g kinetics. Not surprisingly, forces
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can alter the binding kinetics for interactin g protein domains, resulting in either an
increasein eith er an increase ordecrease indisassociation rate (Figure 2.8). In typical
molecular contexts, an applied force results in an increase n disassociation rate,
reducing bond lifetime. These standard bonds are referred to as dip bonds (Figure 2.8,
A). Atypically, force can dso causethe disassociation rate to decreaseand thus bond
lifetime to increase. Theselesserknown bonds are referred to catch bonds, andwhile
relatively uncommon they are often observed in cytoskeletal and adhesion proteins
(Figure 2.8, A). Conformatio nal changes within proteins can also be understood as slip
bonds, where an energetic driving force (electrostatic repulsion during phosphorylation
or force during mechano transducti on) reduces thebond lifetime between interacting
amino add residues by low ering the required transitiona | energy barrier for the change
in conformation . In contrast, catch bonds demonstrate an increase n transition energy
state, slowing the rate of transition (Figure 2.8, B) As we will examine in the followin g
sections, force-sensitive bond dy namics play key roles in a cell's ability to transmit,

sense, and respom to mechanical stimuli .
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Figure 2.8: Force-sensitive bond d ynamics mediate diffe rent typ esof molecular
bonds. Slip and catch bondsdirect protein confirmatio n and protein -protein i nteraction
lifetimes. Slip bonds (red) demonstrate a reduced bond lifetime (A) and transition state
energy barrier (B) in response to application of load, while catch bond (blue) lifetimes

(A) and transitio n state energy barrier (B) decrease as afunction of load.

2.4 Mechanotransduction at the molecular

2.4.1 Signal transduction in cellular biology

Cells are highly resp onsive to environ mental cues, and their ability to sense and
appropriat ely processenvironmental information i s necessary to maintain homeostasis.
The process that cells use toreceive, transduce, and respond to environmental cues is
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broadly referred to as signal transduction [86]. While traditionally associated with
biochemically i nduced intracellular signaling cascades, signaltransduction can also

occur in response to mechanial stimuli (Figure 2.9).

Step 1: Reception +> Step 2: Transduction —»Step 3: Response
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Figure 2.9: lllustration of b iochemical and mechanical signal transd uction inside
cells.M echanical signal transduction can be understood through the paradigm of
traditional biochemical signal transduction . In these processes, aignal is received,
which then leads to various intracellular transduction events, which ultimately
precipitate a changein cell behavior or phe noty pe.

2.4.2 Mechanotransduction as a three-step process

Mechanotransducti on is the process ofsensing and converting m echanical force
into bioch emical signals which illicit a biological response. Aswith biochemical signal
transduction, the process ofmechanotransdu ction can be conceptually divided into

three steps: mechanotrarsmission, mechanosersing, and mechanoresponse[9]. The
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steps of mechandransduction rely on the central premise that specific cellular structures
are sensitive to mechanical stimuli and that forces can be transmitted across these
features, often leading to force-induc ed changesin confirmation . M echanically induced
changes inconfirmation can the n mediate biochemical changesresulting in downstr eam
biochemically detectable outcomes, such assignaling events, transcription and
translation, and ultim ately cell behavior. “Mechanotransmission” refersto the
transmissgon of initial mechanical signal across defamable elements. That transmitted
signal is biochemically sensedduringthe “ Me ¢ h a n o spgewhsch ultignatelys t e
leads to a downstream biochemical outcome o r dnddespmorm s €Figure 2.10) [9,

121]

Unloaded Mechanctransmission Mechanosensing Mechanoresponse

99

“ e

Figure 2.10: Mechanotransduction as a three-step process. Mechanical loading of the
physical connection between a mechanosensitive protein (dark blue) and the actin-
cytoskeleton (red) facilit atesmechanotransmission throu gh the mechanosensitive
protein. Continued force transmission can result in alteration s to protein confirmation in
a gep referred to asmechanosensing. Mechanoresponse regrs to the down stream effects
of mechanosensing, such asthe recruitment of addition al proteins (light blue).

2.4.2.1 Mechanotransmis sion

In the first step, mechanotransmission, a forceis transmitted acrossdeformable

elements wit h some degree of mechanial continuity. Actin cytoskeletal filame nts, for
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instance,are relatively stable stuctures on the timescale of minutes to hour and enable
the long-range transmission of forces[122]. Addit ionally, a variety of actin associated
adaptor and signaling proteins can participate in this mechanicallinkage and allow the

forces to propagate for even longer distances.

24.2.2 M echanosensing

Mechanosensing describes a structura | response toatransmitted force agoss a
protein. This could be the force-ind uced confirmation change, exposure of cryptic
binding domains, or mechanical switch to aforce-mediated activation state [121].
Fibronectin fibrillogenesis, the processof forming fibrils, occurs in response to force.
Fibril assembly is mediated by the exposure of cryptic binding sitesfollowing protein

unfolding events due to an applied force [9, 121, 122]

2.4.2.3 Mechanoresponse

Mechanoresponserefers to a downstream responsethat occurs due to sensing
the force induced change within the system. As mechanosensing eventscan often
involve the exposure of cryptic bi nding domains or phosphorylation sites, initiation of
new protein-protein interactions or force-induced signaling cascales, represent possitle
mechanoresponses. Typically, mechanoresponse refers to a sustained outcome, over
minutes tohours, that can be ddected through biochemical techniques|[9, 33].

Collectively , mechanotransduction is a highly integrate d process spanning

spatial and temporal length scales. The underlying molecular events mediating the
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transmission, sensing and response to force occur at specialized, force-sensitive

subcellular structures, such as focaladhesions.

2.4.3. Mechanotransduction at focal adhesions

24.3.1 Mechanosensitive regulation and function of FAs

2.4.3.1.1 FAs aranechanically regulated

As the composition and organiz ation of indiv idual FAs is highly d ynamic and
intr insically connected to its function, FAs can ke classified based on phenotype. Three
categories ae commonly used to distinguish FA classes, nascent adhsions, focal
complexes, ard mature FAs. These classeglistin guish FAs at various maturat ion points,
whi ch is closdy linke d to differencesin connected actin structures, load transmission,
and cellular location [13]. In general, nascent ahesions form w hen activated integrins
binding ECM begin to cl uster [123]. If actin bundles becomeengaged, nhascent adhesions
continue to mature into larger focal complexes which concomitantly occurswith
transient sliding to wards the body of the cell in a manner dependent on substrate stiffness
[124, 125] With continued application of cytoskeletal force, focal complexes grow into
mature FAswhich are typically elo ngated in the direction of attached stessfibers [126].
As such, mature FAs are thought to play a role in direction-dependent ri gidity sensing

and response [127, 128]

24.3.1.2 FAsfunction as mechanosensors

The process of FA maturation is largely mediated by force generation/sensing,

which can be from both intra- and extracdlular sources, such asactin retrograd e flow,

45



Rho-mediated myosin Il contractilit y at stressfibers, or from externally applied static
stresses[124, 129131]. Furthermore, FA maturation can be additionally modu lated by
other biophysical propertiesof the extracellular environment, such as ECM compliance
and ligand density [132, 133] Asymmetrical forces across FAs thatare temporally
dynamic. Additionally, studies using h igh resolution techniques have demonstrated that
stresses across individual FAsare spatially and temporally variabl e [134]. Cumulatively ,
these findin gs indi cate that FAs mediate detection of and responseto key biophysical
cuesfrom both the intracellular and extracellular environments in a process that is
highly dynamic and intercorrelat ed.

In addition to structure, FA composition and organization change wit h force-
mediated maturation. Moreover, the exact composition can vary based on the properti es
of the surroun ding substrate. For instance, variou s integrin subtypes demonstrate
differentia | responses to ECMstiffness, composition, and density, potentially mediating
such changesin FA organization [133, 135, 136]

Within FAs, forces an also significantly alter th e confirmation of compaositional
proteins, thereby mediatin g potential mechanosensitive changes in protein function s.
For instance, force-indu ced changes in protein structure could enable differential
protein-protein interactions, resulting in ¢ hanges t the identity , concentration, and
dynamics of FA proteins, and thereby alter signaling pathwa ys withi n the cell in a force-

sensitive manner [137].
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2.4.3.2 Mechanosensitive sig nali ng at FAs

As FAs structure and consequently function can be dynamically regulated by
force, FAsact asmechanosersitive signalin g hubs for regulating diverse cellular
functions and cellular mechanoresponse. Withi n FAs, integrin -mediated adhesion leads
to the force sensitive recruitment of FAK, resulting in autophos phory lation at tyr osine
397 and the consequential exposure of a Src binding site for the Src-homology 2 (SH2)
domain in other signaling proteins. Srchinding initiate s a feedforward mechanism
resulting i n the formation of an active FAK-Src complex through increased FAK
phosphorylation and exposure of additio nal protein bindi ng sites [96]. This FAK -Src
complex facilitates the additional recruitment and activation of other key force sensitive
signaling proteins, includin g P130CGasand paxill in. In turn P130Cadeadsto the
stimulation of Racl, while paxillin activity leads to CDC42 stimulation [138, 139] Racl
and CDC42 are Rho GTPases responsible for the promotion of actin polymeri zation in
various protrusion structur es[140].

In addition to the FAK/Src/paxillin signaling pathway, the MAPK/ Erk pathw ay
can aso be mechanically regul ated. The MAP K/Erk pathway , or the FAK> RAS> RAF>
MEK> MAPK pathway asit is otherwise known , is comprised of a chain of signaling
proteins that are responsible for the transduction of signals from a cell surface receptor,
such asepidermal growth factor receptor (EGFR)to the cell nucleus, resulting in

transcripti onal and tr anslation regulation and modulati on of cell cycle [141]. This
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process of sgnal transduction is initi ated through activation of the mitogen-activated
protein kinase (MAP K) cascack [141]. Specifically, activated Rasinitiat esthe
serine/threonine protein kinaseactivity of RAF kinase, which in turn activates MEK
(MEK1 and M EK?2) via phosphorylation. Active MEK phosphorylates MA PK (a
serine/tyrosine/threonine protein kinase, also known as ERK) which regulates a variety
of transcriptio n factors whic h control mRNA translation to protein.

Two such transcriptional cor egulators, YAP and TAZ, have beenshown to affect
gene expression anddiffere ntiati on in mechanosensitive manner[142]. Experimental
evidence indicates that YAP/TAZ nuclear translocation can be initiat ed through
mechanical and physical stimul i such as ECM stiffne ss andcell spread areg leading to
dif ferentiation of human mesenchymal stem cells[143].

In addition to adhesion structures, the actin cytoskeleton is also force-sensitive

and serves key roles in mediating mechanotransduction events inside cells.

2.4.4 Mechanotransduction at the actin cytoskeleton
2.4.4.1 Mechanosensitive regulation and function of actin network s

While a variety of actin accessay proteins play diverse roles in the organization
and dynamics of the actin cytoskeleton, its primary regulators are members of a family
of small signaling G proteins, specifically the Rho-family GTPases, including RhoA,
Racl,and Cdc42. While RhoA is commonly associated with the formation and

contraction of stress fibers, Rac1l and Cdc42 are associated with t he formation of cellular
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protrusions critical f or enviro nmental sensing and dir ected migration through
regulation of actin polymer ization [144]. Specifically, Racl & primarily attributed with
lamellipodia formation, broad cellular protrusi ons comprised of branched network of F-
actin filaments, while Cdc42 iscommonly associated with filopodia , thin cellular
projections consisting of tightly bundled F-actin.

GTPase ativity involves a large amount of crosstalk and is spatially and
temporally regulated by phosphorylation and dephosphorylation via guanine
nucleotide exchange factors (GEFs)and GTPase-activating proteins (GAPS) respedively
[145]. GEFs and GAPs are highly responsive to envir onmental cues and have been
demonstrated to localize to FAs in a force-sensitive manner [146]. However, the exact
mechanisms mediating this mechanosensiive regulation remains unclear [98, 146] As
its structure, composition, dynamics, and fu nction all response to mechanical stimuli,
the cell’s actin cytoskeleton is well poi sed to be a stiong mechanotransducer, enabling

the rapid detection and adapti on to forces within the cellular environme nt [147].

2.5 Molecular tension sensors for studying
mechanotransduction

Towards understanding how forces are sense and transduced by cells ata
molecular level, avariety of sensorsbasedon Forster Resonarce Energy Transfer (FRET)

have been desigied and utili zed in cellular contexts.
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2.5.1 FRET to measure force-induced changes in conformation

The central design principle of all molecular tension sensors (MTSs) s to couple a
mechanically induced conformation change to an optical signal. The physical
phenomena primarily leveraged in the use of many molecular tension sensorsis Forster
Resmance Energy Transfer (FRET). FRET isthe nonradiative transfer of energy from an
excited donor molecule (D*) to either a ground state acceptor (A) or quencher (Q)
molecule, resulting in either the emission of a spectrally shifted photon or the
disdpation of transfer energy asheat (i.e., no photon emission) respectively. This
electrodynamic processis the result of long-range dipole-dipole interactions between the
donor and acceptor molecules, and as such is hghly di stance-dependent (Figure 2.11,
A). While the probably of FRET is directly related to the separation distance of the donor
and acceptor/quencher molecules, the exact relationship is also dependent of the
orientation and mobilit y of the fluorophores . However, FRET is dften assumed to decay

as 1/r"6.(Figure 2.11, B).

50



. High FRET 1
5 & 5 \ B
=
; _ e
Extensible .. Low FRET @ |________ !
J I
Linker E Q £ h
<0 @ 2 .\
_} L
Load & LN
Load L |
|

Fluorophore Separation Distance, (r) nm
Figure 2.11: FRET-based tension sensor design.(A) FRET is adistance-dependent
phenomenon, with higher FREToccurring between fluoro phores in proximity , and

lower FRET as thefluorophor es become farther apart. (B) FRET decreases as finction of
fluorophore separation distance.

Broadly, FRET-basedtension sensors are comprised of a mechanosensitive
module containing a FRET-capable fluorophore pair separated by an extensible linker [5,
148]. Tension sensors can be dassified by the nature of the mechanically induced
conformation change as wel as the location of their intended use- intra cellular or
extracellular [7]. The latter is a key distinction, as intracellular sensorsare typically

genetically encoded to ease praducti on and delivery to the intr acdlul ar environment.

2.5.11 Sensor components

Dogmatically, the optic al properties of the chromophore s, such as their spedral
overlap, stability, and br ightness, have been thoughto dictate the photophysical
characteristics of the snsor, while linker stiffn ess and persistence length were thought

to govern sensor mechanicd properties. While chromophore selecion is an important
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driver in dynamic range, the dedgn of the extensible linker is alsoa contributor. The
relaxed end-to-end distanceof the linker (i.e., contour length) setsthe unloaded
separation between the flu orophores and thus the maximum FRET (assuming no
compressive forcesat play). The i n ksarechanical properties set hie range of forces it
is capable of measuing and how much of the attainable dynami c range is

experim entally used for a given protein of interest (POI).

For quantitativ e FRET measurements, the use of calbrated sensorsis typically
required, which are commonly basedon the deformation of unstruct ured poly peptides
(GPGGA or GGSGGS repeat) or synthetic polymers (polyethylene glycol (PEG). The
mechanical pro perties of unstructur ed linker s can be coneptualized asa non-linear
spring. Quantitatively the deformation of unstructured linkers is well-described by the
worm -like chain model [149]. Mechanical resistancewithin the linker is due to a
decreas in linker entropy upon d eformation . A distinct advantage of using
unstructured linkers is that they are likely to be in equilibrium, rapi dly sampling all
possible ensemble states. This guarantees that thelinker will deform reversibly, without
hysteresis, and in a manner independ ent of loading r ate. Additional ly, as sensors
containin g unstructured linkers are readily described by quantitative models, th e force-
sensitivity can be rationally tuned by control ling the stiffness (i.e., persistence length)
and the contour length, which set by the number of amino acids or monomersin the

linker. Sensorscontaining unstructure d linkers have analogue force-sensitivity cur ves,
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where eachforce caresponds to a distinct force. Thus, these sensors repot the exact
load a molecule or protein is experiencing, subject to limit s set bythe temporal and
ensembleaveraging that occurs durin g imaging and the mechanical sensiivity of the

sensa.

2.5.1.2 Intra- vs extra-cellular tension sensors

To date, abroad toolbox of MTSs has been created br probi ng the relationship
between force and cell behavior for both intracellular and extracellular contexts (Figure
2.12). While conceptually similar, diffe rences in contextual application (i.e., inside cells
vs outside cells) enables differences in sensor desig strategies, imp lementation, and
data interpret ation. Typically, c alibrated intracellular M TSs are genetically encoded and
engineered within a load bearing POI. As such they are usually comprised of a
fluorescent protein-based FRET pair linked by an unstructured polypepti de linker. In
contrast, extracdlul ar MT Sdesigns exhibit greater diversity , ranging from fully
synthetic, composed of dyes and polym ers, to semi-synthetic, where recombinant
proteins or polypeptides comprise portion s of the module. Mor eover, extracellular MTSs
are typically surface-imm obilized wit h a receptor-specific ligand on the free terminus.
To date, most effor ts towards the development and use of extracellular sensors have
focused on probing forces experience by surface recegors at the cell-material interface,
such as ntegrins and growth f actor receptors. Currently extracellular MT Ss havebeen

constrained to use on 2D glass suffaces significantly limiting our ability t o probe
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cellular mechanobiology in more physiological contexts suchason softer 2D surfaces or

within 3D in vitro c ultu re systems.
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Figure 2.12: M olecular t oolb ox of FRET-based tension sensors.An expansive suite of
MTSshasbeen created to probe the role of forcesin directing a variety of cellular
processes both in intracellular and extracellular contexts. Ad apted from [7].

Beyond design differences, the primary te chnical distinction between
intracellular and extracellular MTSs are theloading conditions they are likel y to
experiencedue to differences in the cantext of their use. In addition to diff erential
environmental effects on sensor mechanical response, which is discussed in more detalil
the next section, extracellular MTSs are covalently atta ched to a substrate and therefore
do not undergo turnover asintracellu lar sensors do. As such, thesesensorsare more

susceptible to effectsfrom longer load durations or loading history.
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2.5.13 Current challenges wi th the useand inte rpretation of MTSs

As both the depth of tension sensing modules available and the breadth of their
application have grown, discrepanciesin force measurementsand data interpretation
have emeged. With various sensor designs and applications, disparate measurements
of the forces experien@d by the same proteins have beenreported. For example, tension
measurements across individual ligated integri ns range from 1 to over 100 pN [150], and
loads experienced by the protein talin have been reported as both less than6 pN and
between 7-10 pN reported [151, 152.

Whil e the origins of these differencesare unclear, one obvious source for
potential discrepancies is the differences in experimental conditions between studies.
Another possble error source is inappr opriat e calibration of the sensor, where
consideration of the biophysical characteristics of sensor design and differences between
calibration and experimental environments s lacking . Typically, sensor calibration is
performed using single molecule force spectroscopy (SMFS) techniques to drectly assess
linker mechanical properties. For the calibrations to be applicable to tension sensors, at
leastthree condition s must be met: force must indu ce equilibrium transitions in the
sensor, environmental effects on sensor mechanical response mustbe accounted for, and
all components of the sensor must be able to withs tand the applie d loads [7].

M echanical loads, both in the cell and during cal ibration, must induce

equilibr ium transitions in the sensor. If not, the exact force inducing the transition will
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be dependent on the rate, duration, and history of applied load, which in the context of
intra cellular condition s isunknown . In a non-equilib rium system, the unfolding an d/or
refolding rates are comparable to the experimental time, and kinetic effects emerge. In
this case, transition can beinduced by a variety of forces depending on the exact loading
conditions, rendering exact force measurements impossible to achieve.

In addition , environmental effectson sensor calibration must be considered. This
is particularly relevant for genetically encoded sensors, which are intended to be used
within cell s. The mechanical properties of unstr uctured pol ypeptides have been shown
to be sensitive to environmental condition s, with distinct mechanical properties being
observed for the same linkers between in vitro solutions and living cell s[153]. While a
modelli ng-based approach has been deeloped using linker mechanical properties
measured in cells to predict senor mechanical sensitivity, enabling abypass of in vitro
calibration, genetically encoded sensors based on stuctured domains still require in
vitro calibration with SMFS techniques [153]. As SMFS techniques canna be performed
in living cells, the environmental contributi on to the medhanical response of structured
domains is currently unknown.

Finally, all key components of the sensormust be able to withstand the loads
experienced by the sensor or demonstrate a predictable mechanical response.
Genetically encoded sensors use fluorescent proteins (FPs)to measure linker extension

via FRET. Sngle molecule deformation experiments, as well as molecular dynamics
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simul ations, have shown that mechanical load can have substantial effects on FP
structure and optical properties[154-156]. At lower forces, effects ranging from
bathochromic spectral shifts to the reversible loss of fluorescence viamechanical
guenching have been reported [157-159], while at very high forces complete
denaturation coupled with an irreversible loss offluore scerceis observed [154-157]. As
these experiments were performed in vitro, the efects of ell generated force on FP
function within cells has ye to be explored and may have significant implicati ons for the
use and interpretation of MTSs.

While consideration of the operating principle s of eachsensor within its speci fic
context is key to generating acaurate force readouts and correctly interpreting biological
significance, it is unlik ely that the technical details of MTS alone fully account for
discrepancies inthe field. Attention must also bepaid to the key molecular-scale
principles of mechanobiology. As many of these are currently being discovered, it is
likely that unaccounted for biological effects also confound interpr etation of tension
measurements.Additio nally, an incomplete understanding of the force-extension
relationship , or mechanical sensitivity, of the internal components could lead to

variability in sensor measurements.

25.1.4 Unmet needs for advancing the fi eld of mechanobiolog y

Within tis sue, cells exist in acomplex and dynamic three-dimensional (3D)

environment, that provid es a plethora ofbiochemical and mechanical regulatory cuesin
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the form of variou s ECM components, heterotypic cell interactions, and soluble
signaling factors. However, most of what we understand about cell behavior and
mechanohiology has been obtained from studies of cells cultured on two-dimensional
(2D) stiff surfaces such astissue culture polystyrene (TCPS and glass. The assumption
here is that theseobservation s represent phy siological cell behaviors. However, there is
ample evidence of changes in the morphology, phenotype, and behavior of cells in 2D in
vitro culture following isolation from tissues [160, 161] Interestingly, some of these cell
types have demonstrated a rescue of phenotype and function following re -encapsulation
in a 3D culture environment [161-163]. One stark example ofdimensionally different cell
behaviors is the proceses mediating cell spreading and extension. On 2D surfaces,
integrin -mediated adhesion is directly followed by lamellipodia extension, actomyosin
contractility , and FA reinforcement [164-167]. In contrast, cells in 3D contexts must often
create a pah through proteolytical degradation to enable extension processes [168].

In terms of mechanobiology and mechanotransduction, several key findings
have highlighted the importance of considering dimensional contexts. Stiffness-
dependent effects on osteogernic differentiation of mesenchymal stem cells (MSCg were
markedly different in 2D vs 3D cultur e environments. In 2D studies,MSC osteogeness
increasedwith i ncreasing stiffness until a plateau was reached [22]. In 3D studies,
mesenchymal sem cells (MSCs)showed a bimodal response in osteogenic

differentiat ion, with maximum osteogenesisoccurring at intermediate stiffness [169]. In
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addition , integrin clustering-dependence on MSC osteogeneds was observed in 3D
culture, but not observed for 2D systems or very stiff 3D substrates [169]. While clearly a
factor, considering dimensionality as the key difference between systemsis an

oversimp lified view. How regulatory cuesmay be altered or introduced du e to system
differences must also be appreciated. For instance, ligand presentation will differ greatly
betw een 2D and 3Dcontexts. Additiona Ily, mechanical and biochemical signals will be
propagated or transported through these environments diff erently.

Whil e providing an incompl ete picture, 2D culture systems have enabled a
reductionist approach leading to the elucidation of molecular mechanisms underpin ning
avariety of cellular processes, which wou Id not have beenpossible in 3D contexts with
current te chnology. How ever, asnew 3D regulatory mechanisms cometo light , culture
systems will necessaily grow more complex. As such, new models, techniques, and
tools will be needed to address areas in which current methods are lacking. For instance,
coupling improved microscopy approacheswith novel molecular sensorscompatible
wi th biomimetic in vitro culture systems would open the door to studying cell behavior
in more physiologically relev ant contexts, such as 3D systemsMoreover, the
development of robust modeling approa chesto predict force-induced conformational
changes of proteins util izing proteomics data and mechanical simulation , could re place
time-intensive and costly in vitro deformati on experiments and serve to better inf orm

FRET-based sensa studies in both 2D and 3D contexts. However , as FRET-based

59



biosensorspredominately utilize fluorescent p roteins (FPs)to inform on molecular
changes within proteins inside cells, it is necessary to consider howspecific contexts

may affect the structure and function of the encoded FPs.

2.6 Force effects on fluorescent proteins

Asintracellu lar MTSs predomi nantly utilize FPs as the optical component wi thin
the mechanical sensitive mod ule, they are subjected to the mechanical load being
measured. As such, it is necessary b criti cally consider the potential effects of force on
FP structure and function. As previously described, force effects on protein confirmation
can be depicted as atwo - or multi -state system undergoi ng mechanically induc ed non-
equilibrium transitions, which depend on both load magnitude and duration [155, 157]
In a non-equilibrium system, the unfol ding and/or refolding rates are comparable t the
experimental tim escales, and thus distinct states (i.e., fluorescent and nonfluo rescent for
FP9 can be observed(Figure 2.13). In this case,non-equilib rium transiti ons can be
indu ced by a variety of forces depending on the exactloading conditions. As loading
conditions imposed by cells on proteins are unknown, challenging to estimate, and
unlik ely to be simple force clamps commonly used in SMFS expeiments, it is diffi cult to
predict how cell generated forces will affect FP function within the cont ext of MTSs.

M ethods facilitati ng the direct measurement or computational modeling of protein
mechanical stability in relevant c ontexts are needed to elucidate force effects on FP

structure and function.
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Figur e 2.13: Depiction of the energy landscape for GFP unfol din g.Represented asa
two -state system, the energy landscape for GFP unfolding de monstrates two energy
minim a correspondin g to the folded/fl uorescent sate and the unfolded/ nonfluorescent
state of GFP. Adapted from [7].

2.6.1 Simulations and in vitro studies

Steered molecular dynamics simulation have identified three possible
intermediate mechanical states for GFPund er constant tensie force: the corked state, the
barrel state, and theripped state [156]. The corked state represents the point when the
N-terminal a-helix (residues 1-:6) has beenpulled away from the [-barrel and unraveled,
leaving hydrophobic residues Leu7 and Phe8"* crked” within a hydroph obic pocket of
the surface of the protein barrel. The barrel state was predicted to occur upon
“unc ot k mefidyesLeu7 and Phe8, resulting in the continued separation and
unraveling of N-terminu sresidues 1-13. Finally, the ripped state was simulated when
the B1 strand was completely pulle d away from the protein barrel. Basedon
spectroscopic analysis of EGFY and EYFPvariants, in which increasing portions of the
N-termini were removed to model the various intermediate states, increasing loss at the
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terminus resulted in a decrease in thepopulation of molecules with a chromoph ore in
the anionic, or fluorescent, state[170, 171] Although SMD simulations typically utilize
force magnitudes and timescales that aresignificantly divergent from in vitro or in vivo
conditions , intermediate mechanical statesmay demonstrate modu lated functionality .
Whil e the corked and barrel interm ediate state may be specificto FPs containing the N-
terminal a-helix structural motif common to A. Victoria-derived FP variants,
mechanically induced changes in FP dructure could enable alternative nonradiati ve
relaxation pathways of an excited state chromaohore resulting in fluor escence
guenching. Due to prolific protein engineering efforts to expand the FP toolbox, protein
variants have been developed to emit along the entire visibl e electromagnetic spectrum
by modulating the molecular structure of the chromophore or how the chromophore is
solvated (i.e., the chromophore microenv ironment) [172]. With this increasein structural
diversit y, mechanical responsesacrossFP variants will likely differ. Accordingly,
irreversible GFP quenching under mechanical load from integrins was observed using
an extracellular MT S[173]. In contrast, SMFS experiments hawe revealed that the YPET
mCherry FRET pair did not denature in responseto loads of 24 pN applied for 300 sec
[174].

In vitro pulling experiments have likewise shown that mechanical load can have
substantial effects on FPstructur e and optical properties . At very high force s, complete

protein denaturation was observed, which corresponds with an irreversible loss of
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fluorescence[154-157]. At lower forces, avariety of changesto FP optical pro perties have
been reported, including shifts in spectral profiles and quantum yield, and the reversible
loss of fluorescencedue to mechanical quenching [157-159, 175] Furthermore, a recent
study using an optical trap demon strated that reversible FP mechanically quenched
could be induced prior t o disruption of secondary structur e, indicating that small
transitions may be sufficient to affect FP function [157] Collectively, computational and
in vitro observations reiterate the tightly coupled structure-function re latio nship within
FPs.

In the context of FRET-based MTSs,force-mediated pertur bations to FP function
are particularly problematic as a measured decrease inFRET may not correspond solely
to changesin fluoropho re distance or orientation. Additionally, any force-induced
unfolding of the FPs would alter the mechanical properties of the sensor. Furthermore,
for approaches involving ensanble measurements, these dfects may be subtleand

manifest in innocuous ways such asan increasein system variance.

2.6.2 Comparison to key mechanosensitive linkages inside cells

While informative, these experimental studies were performed in vitro and the
ability of smaller int racellular forces to affect FP function has not been directly pro bed.
To estimate the relative risk of FP mechanical quenching or unfoldin g during MTS use,
we compared SMFS dataon force-sensitive bond lifetimes of variou s mechanosensitive

linkageswit h GFP/YFP denaturing and GFP mechanical quenchirg transiti on times (T,
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in seconds) (Figure 2.14). The lifetimes of some of the mecharosensitive bonds, such as
the integrin: FN catch bond, are longer than the timescales required to induce
mechanical quenching or denaturation, suggesting that forces within the cell may affect
the function of genetically encoded MTSs. Notably , this interplay might be quite
complex, as force supported by the vinculin: actin catch bond can likely induce

mechanical quenching but are just on the threshold for mechanical denaturation.
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» =1 GFP Mechanical Quenching
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o Vinculin-F-actin Bond Lifetime
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Figure 2.14: Comparison of mechanosensitive bond lifetimes with GFP/YFP transition
times.An overlay of SMFSbasedbond life times for commonly studied
mechanosensitive proteins shows that many may experience bond li fetimes approximate
to those of FP transitions associated with flu orescerce quenching. Adapted from [7].

2.6.3 Leveraging FP mechano-response towards tool development

The highly conserved structure-function relationship within FPs has been
extensively exploited towards d evelop new opti cal tools. For example, many of the

genetically encoded optogenetic sensors such as genetically encodectalcium and zinc
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indicators (GECIs and GEZIs respetively) utilize changes in protein structure as the

underlying functional mechanism for sensor read-out [176-178]. Such sensors are ofte

comprised of FP variants that have undergone artificially engineered circular

permutation. Circular permut ed (cp) protein variants demonstrate a different primary

amino acid sequence, whil e maintaining simi lar tertiary protein structure. This is

achieved through covalently linking the N - and C-termi ni with an unstructured

polypept ide linker and creating new te rmini at a different location on the protein [179].

The functional consequences for circular permutation of an FP are that the difference in

connectivity oft en results in greater lability of the pr ot ei n’ s o pakingc a | prop
cpFPs ideal canddates for structure -function sensors [180].

In the context of tool development, sensors which utilize the structure -functi on
relationship to report mec hanical stimuli are less common. Like GECI and GEZI sensors,
cpFP variants have bee used in the creation of sensors which report mechanically
induced changes in FP function by modulating prot ein structure. Dueto its altered
connectivity and orientation, cpYFP has been used as an intracellularsingle molecule
strain gauge, demonstrating a yellow -to-green shift in emission upon application of
strain [181]. Outside cells, eYFP and GFPuv were utilized in the creation of a
mechanically sensitive biocomposite material where changes in FP optical properties
were observed upon bulk compressive loading [182]. In this wor k, immobilized eYF P

demonstrated mechanically induce d shifts in fluorescence amission spectra, while
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GFPuv demonstrated fluorescence quenching upon application of loa d [182]. In a more
recent work, a surface immobilized eYHP with a terminal cell adhesive ligand was
utilize d as a labelfree tension sensor to monitor integrin tension [183]. Upon application
of integrin-mediated tension, an irreversible loss of FP fluorescence was observed
presumably due to mechanical unfolding of the protein.

The few sensor developed to date which utilize mechanical modulation of FP
fluorescencehave typically relied on alossin signal to indicate a function al outcome.
Such“negative-signal” sensors have limited usefulnessand application due to
challenging interpretabili ty and an intrin sic low signal to noise. The development of
new approaches to characterize force effects on FREThasedsensorswould improve the
use and interpretation of existin g MTSs and enable the creation ofnew technologies
which leverage FP mechano-response for studying mechanobiology and

mechanotransduction.
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3. Establishment of core techniques and systems

This section describes the materials and key methods used in this dissertation
research.As most of these methods span multiple chapters, we found it most convenient
to give a detailed account in one chapter ard then reference these techniquesin later

chapters.

3.1 Introduction and rationale

To study mechanical loads inside cells, a variety of Forster resonanceenergy
transfer (FRET)-based molecular tension sensor (MTS) have ben developed, enabling
the visualization and measurement of molecular-scaleforces acrossspecific proteins.
The first calibrated genetically encoded MTS was created b study vinculin [184],
solidifying vinculins role in intracellular force-sensing and transmission processeg[6,
130, B85-188]. Since then, a plethora of different MTSs have been devdoped,
demonstrating the broad usefulne ss and importance of this technology [7, 189]

With the broad expansion of the MT S toolbox, methods to valid ate the correct
use and interpretation of FRET-based sensords becoming increasingly important. As
accurate MTS measurements require all sensor components todemonstrate a known
mechanical response, understanding force-effects on protein structure and function is
paramount. To date, all studies aimed at understanding FP mechanoresponse have been
performed in vitro [154-159]. Consequently, the effects of cell generded force on FP
function within cells has yet to be explored and may have dgnificant i mplications for the

use and interpretation of MTSs. To address this concern, we have developed an
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approach to probe the effects d force on FP function within MTSs and e valuate how
modul ation of FP function may influen ce ensemble sersor measurements inside cells.
With a newfound understanding of intracellular force -effects on FP function, new MTSs
can be created to gain deeper insidnts into the molecular forces inside cels.

As this thesis work extensively utiliz es a vaiety of FRET-based molecular
tension sensars (MTSs)to probe and exploit the mechanosensitive nature of fluor escent
proteins (FPs) towards developing next-generation molecular tools, a detailed
understandin g of the different designs and fabrication methods, experim ental use and
analysis of these nsorsis required. In the first section of this chapter, the design and
fabrication strategies for the various FP-based sersor congructs are discussed. Next the
various experimental methods are detailed, and finally, the various data andysis

approachesare discussed.

3.2 Generation of cDNA constructs
3.2.1 Vinculin sensors and cytosolic sensor module

Cloning of the cytosoli c tension sensor module (TSmod) and the vincul in tension
sensor (/inTS) (Figure 3.1) with in pcDNA 3.1+ &pression vector has been previously
described [184, 190, 191]Mutant version of the vinculin tension sensor which harbor
point mutation in the head and tail domains to disrupt talin binding (VinT SA50I) and
actin bindin g (VinTS-1997A), respectively, were previously created withi n pcDNA 3.1+
as described elsavhere [192]. These onstructs serve as important controls for probing

the effects ofactomyosin-mediated forces.
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Figure 3.1: lllustration of TSmod and var ious vincul in sensor varian ts. A calibrated
FRET-basedmodule (TSmod) was usedto create the original vinculin tension sensor
(VinTS), and 1997A and A50I point mutant sensors (VinTS-1997A and VinTS-A50l),

which hav e been demonstrated to modulate actomyosin-mediated loads on vinculi n.

3.2.2 Vinculin internal constructs

Vinculin constructs with a single internal FP, termed “vinculin internals,” were
generated to serve as controls forintramolecul ar FRET effeds. To generate vinculin
internal constructs, engineered plasmids wer e first created containing Kpnl and Agel
restriction sites within the polyproline region of vinculin and the 1997A vinculin mutant
using Gibson Assembly (Figure 3.2, A) (Primers A & B, Table3.1) [190]. PCR wasused to
introduce flanking Kpnl and Agel restrictio n siteson the induvial FPs (primers detailed
in Table 3.1, C-D). The vinculin int ernal construct (Vincul in-iFP) and the 1997A variant

(Vinculin -iIFP 1997A) were then created by inserting individu al flu orescentproteins
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within the engineered vinculin and vinculin mutant plasmids at the Kpnl and Agel
restriction sites using standard cloning techniques (Figure 3.2, B). Sequences were

verified thr ough sanger sequencing

A B
Vinculin-KA Vinculin-iFP

Hindlll Kpnl Agel Xbal Hindlll Kpnl  Agel Xbal

Vinculin 1997A-KA Vinculin-iFP 1997A

Hindlll Kpnl Agel Xbal Hindlll Kpnl Agel Xbal

1997A 1997A
H Polyproline Region

Figure 3.2: Creation of the vinculin -internal constructs. To create vinculin int ernal
constructs (Vinculi n-iFP), (A) engineered plasmids were first generated by inserting
restriction site s within the polyproline region of vinculin and an 1997A point mutant. (B)
Then asingle FP was inserted between the head and tail domains to create Vinculin -iFP
and Vinculin -iFP 1997A.
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3.2.3 Actin binding domain (ABD) sensors

The Actin Binding Domain (ABD ) sensor(TS) consists of Smod inserted
between terminal F-Tractin domain s, wascreated using Gibson Assembly cloning
technigues within the pcDNA 3.1+ mammali an expression vector in accordance with
previously described methods[190]. Similarly, a tailless construct (TL) with o nly a single
F-Tractin domain was constructed to serve as an unloaded ontrol (Figure 3.3).

ABD-TS ABD-TL

Spel Xhol  Spel Xhol

F-tractin mTFP1 mVenus F-tractin F-tractin mTFP1 mVenus

M (GPGGA)g

Figure 3.3: Schematic of actin binding domain (ABD) FRET-based sensors.The actin
binding domain sensor (ABD -TS) and force-insensitive control (ABD -TL) consist of the
original TSmod flanked by two and one terminal F-tractin domai ns, respectively.

3.2.4 Engineered actin binding domain (engABD) sensors

From the unmodified A BD sensors, asecond modular ABD sensor design
(engABD) was created (Figure 3.4) to enable efficient construction of new sensor
modules through the exchange of £nsor components using standard restriction digests.
This plasmid was engineered to contain restriction sites between sensor componentsof
the original ABD sensas. Specifically, the N-terminal FP is flanked by Kpnl and Agel
restriction sites, while EcoRland Notl sites border the C-terminal FP (Figure 3.4, A).
Primers E and F were used to create the first engABD-TS construct, while primers G and
H (Table 3.1) were used in the construction of the first engABD-TL control construct. In

total, 20 different sensors (TS and TL) were creakd using this engineered plasmid,
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through either the exchange of the donor with FP, keeping mScarlet-| as the acceptor
(Figure 3.4, B), or varying the acceptor FP, and maintaining mTFP1 as he donor ((Figure
34, C) (primers list ed in Table 3.1). The sequencesof all constructs were verified throug h

sanger s@uencing.

A B C

engABDTS Ea L BTy

Hindin Kpnl Agel EcoRI Notl Xbal + +
F-tractin Donor H Acceptor | F-tractin
engABD-TL
Hindill Kpnl Agel EcoRI Notl -
F-tractin Donor H Acceptor (GPGGA)g -

[ metonr |

Figure 3.4: Il lustration of the d esign and creation of th e engineered ABD (en gABD)
sensor plasmid.(A) By inserting standard restriction sites between individual sensor
components, a (B) ibrary of FRET modules could be quickly created.

3.2.5 Actin binding domain-circularly permuted (ABDcp) sensors

To create ABD sensors with circularly permutated (cp) FP variants, a second
modul ar ABD sensorplasmid was created (Figure 3.5) wit h different restriction sites
between sensor components to enable compatibility wi th a commercially available cp-
based FRET sensoiibrary (Kit #1000000021Addgene) [193]. Specifically, this
engineered plasmid was created by inserting BamHI and Kpnl r edriction sites on either
side of the internal sensor module using primers P and Q (Table 3.1) (Figure 3.5, A).
With this engineered plasmid, a suite of cp-based ABD (ABDcp) sensa could be rapidly
constructed through the exchange of diff erent sensor modu les containin g cp-Venus
variants [193]. With this engine ered plasmid, 8 ABDcp sensors were creaéd (TS and TL)
using standard cloning te chniques. Thesesensor modules are each comprised of an
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mTFP1donor and mVenus, or one of three cpVenus variants (cpmVenus-157,

cpmVenus-173 cpmVenus-229), asthe acceptor FP (Figure 3.5, B. The sequencesof all

constructs were verifi ed through sanger sejuencing.

A ABDcp-TS .

- mTFP1 . Acceptor

Hindlll BamHI BseRl Notl Kpnl Xbal l

mTFP1 H Acceptor | F-tractin
. — mVenus
cp-mV 157
ABDcp-TL T
Hindlill BamHI BseRI Notl Kpnl
cp-mV 229
mTFP1 Acceptor (20 aa linker)

Figure 3.5: Il ustratio n of the design and creation of a second modular ABD (ABDcp)
sensor.(A) An additional modular ABD platform was created to enable compatibility
with a commerci ally available library of FRET sensors contaifing cp-Venus variants.

Table 3.1 Primers for creation of cDNA constructs

For Vinculin Internals ~ Sequence (5'3") ID
VinculinKA

KpntAgetinsert_ Gib_F ATRGGGIACCIACCGGTCGAGTRGZGCAGAAAGCAG A
KpntAgel-inset_Gib_ R GAACTACCGGTaaGGTAIJCATCTTTCTT@GESGGTG B
Vinculin 1I997AKA

KpntAgetinsert Gih F  ATGAGGGTACCHACCGGTCGAGTTCCCAGAGCAGAAAGCAG A
KpntAgetinsert_ Gib_ R GAACTCACCGGTaaGGTACCCTTNITITITAGGGGGTG B
Vinculin-iVenus WT

KpniFRa_F tttt GGTACCATGGTEMAGGGCGAG C
AgetFPaR ttttACGSGTCTGTAGGCTCGICAT D
Vinculin-iVenus 1997A

Kpnl-FPa_F ttttGGTACCATGGTGAGCAAGGGCGAG C
AgelFPa_R ttttACCGGTCTTGTACAGCTCGTCCAT D
For engABDs Sejuence (5-3") ID
engAB TS

mNeonGreernmScaleti
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KpntFPb_F tttGGTACCATGGTCTAAAGGGAGGA® E
mSarl_BsrGl_Bv aaaaCTTCGACAGCTCGTCCATGCCGC F
engABD TL

mNeonGreeAmScarleti

Notl-FLAG=or a2aaGCGGCCGCGGACTACAAGGACGACGATGACAAGTAA G
Notl-Rev ttttGCCCGCGGCCGCCTT H
engABD TS/TL

mVenus-mScaleti

Kpnl-FPa_F tttGGTACCATGEAGCAAGEIEGAG C
Agd-FPa_R ttttACCGGTTTGTACAGCTCGTCCAT D
engABD TS/TL

YPEImScarleti

Kpnl_YPET_F tttGGTACCATGGTGAGCAAAGGCGAAGAGCTG

Agel_YPETsdm_R ttttACCGGTTTTGTACAGTTCATCCCTCTGTGATCCCGG J
engAB TS/TL

mCbver-mScarleti

KpntFPa_F ttttGGTARCATGTGAGOXGGGCGAG C
AgetFPa_R ttttACCGSTCTGTACAGCTCGTCCAT D
engABD TS/TL

mCerulean3mScarldi

KpnkmCer3_F aaaaGGTACCATGGTGAGCAAGGGCG K
Agel-FPa_R ttttACCGGTCT@ACAGCTCGTCCAT D
engABD THIL

MmTFPimScarleti

Kmi-FPa_F tttGGTACCATGGGAGBAGGGCES C
AgetFPa_R tttACCGGTCTTBCACTCGTCCAT D
engABD TS/TL

mTFPimCherry

EcoR_mScarleti_F tttGAATTCATGGTGAGCAAGGGCGAGG L
m¢aherry_Notl_Rev 2aaaCGGE®&CGCCTTGTACAGCTCSIBCCGC M
engABD

MTFPIYPETTSTL

EcoRI_YPEImM_F a2aaRATTCATGTGAGCAABEGAAGAGCTGTTCAC N
Notl_YRETsdm_Rev tttCGCGGCCGCTTTGTACAGTTCATTCATTCCTOCTL&EA @)
For ABDcps Sequence (5'3") ID
engABDcp TS/TL

Kpnl_EAG For 2aaaGGTACCGACTHMGGAGAGATGACAAGTATTAGAGGGC P

BamHI Rractin_Re/

ttttGGATCCGGCGACEBGCGC
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3.3 Cell culture and construct expression

Mouse embryonic fibroblasts lacking endogenous vinculin (vinculin -/- MEFs)
were generously provided by Drs. Ben Fabry, Wolfgang Goldman , and Wolfg ang
Ziegler [194]. All MEF cell lines were maintained in high glucoseDulbecco’ s Modi f i ec
Eagl e’ wn (D6429;iSigmaAldrich) supplemented wit h 10% fetal bovine seum
(HyCl one), 1% nonressential amino acids (Gibco), and 1% antibiotic -antimy cotic solution
(PSM, Sigma Aldrich). NIH -3T3 cells were obtained from ATCC (CRL-1658)and
maintained in high glucose Du | b e ¢ ¢ oiedsE aMd deiditisn (M6d29 Sigma
Aldrich) suppl emented wit h 10% fetalbovine serum (Hy Clone), and 1% antibiotic-
antimyc otic solution (PSM, Sigma Aldrich). Live imaging media for each cell line was
prepared similarly to the full growth medi a for that specific cell line using anti-bleaching
live cell visualization medium, DMEM 6&FP-2 (Gibco, Medium 199), as the basd media.
Spedfically, for MEFs the live imaging media was composed of DMEM-GFP, 10% fetal
bovine serum, 1% non-essential amino acds, and 1% antibiotic-antimycotic solution. For
NIH -3T3s, the live imaging media was composed of DMEM -GFP, 10%fetal bovine
serum, and 1% antibioti c-antimycotic solutio n.

Lentiviral transduction allowed for stable expression of vinculin tension sensor
encoding DNA within v inculin -/- MEFs. Cels expressing physiological levels of each
vincul in-based sensorwere selected aspreviously reported [191, 192] Transient

expression of DNA constructs was achieved through transfection using Lip ofectamine
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2000 Regent (Invitrogen) and OptiME M (Gibco) at a 1:25 ratio of DNA to li pofectamine
(ug: pL) following the manufacturer ° s pr ot oc ol

Briefly, for imaging experiments fibroblasts were transfected at ~45% cell
confluency, using 2 ug of DNA to 5 pL Lipofectamine2000 in atotal volume of 300 pL
OptiME M per well of a 12 well tissue culture polystyr ene (TCPS culture dish. Following
transfection, cells were incubated at 5% CQat 37°C for 5 hours, before being washed
once with sterile PBS and replachg media wit h fresh antibiotic-free media. Cells were
then incubated overnight, for a total period of 24 hours posttransfection, prior to
seeding on prepared surfaces.

To facilit ate cell adhesion, dass bottom dishes (World Precision Instruments)
were prepared by coating glass @verslips (#1.5, Bioptechs, Butler, PA) with 10 pg/ml
fibronectin (Fisher Scentific, Pittsburgh, PA) in PBS, incubated at 4 C overnight, then
rinsed with sterile PBS. For experiments involving live imaging, cells were seeded with
~65,000 celf per dish and allowed to spread in complete media for ~3hours before
washing wit h sterile PBSand changing to live imaging media for an additional ho ur
before imaging. For the fixed condition, cells were seeded with ~65,000 cells per dishand
allowed to spread in complete media for 4-6 hours before washing wit h sterile PBS and
being fixed wit h warm 4% EM grade methanol-free paraformaldehy de (PFA, Electron

Microscopy Sciences) for 10 minutes, followed by washing once with PBS.
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3.4 Immunofluorescent and dye labeling

For all immmunofluorescent staining, cells were first fixed with warm 4% EM
grade methanol-free paraformald ehyde (PFA, Electron Microscopy Sciences) for 10
min utes and then rinsed with PBS. Cells were permeabilized with 0.1% Triton -X100for 5
minutes and then rinsed with PBS three times. Fresh, 2% bovine serum albumin (BSA,
Sigma Aldri ch) in PBS wasused as blocking buffer for 30 minutes. Specfic proteins
were immuno fluorescently labeled within cells according to details in Table 3.4. All
primary antibodie s were applied for a 60-minute incubation time in blocking buffer and
then rinsed threetimes with PBS bebre a blocking again for 60 min utes. All
fluorescently labeled secondary antibodies were incubated for 60 min utes following the
second blocking step. Following the final antibody incu bation step, cells were rinsed
three times with PBS and imaged within 48 hours of fixation. For labeling subcellular
structures with small molecule dyes, staining solution was prepared according to the
diluted or concentration listed in Table 3.4 in blocki ng buffer. Following a 60-minute
incubation in staining solution, sampleswere rinsed three times with PBS prior to
imaging.

Table 3.2: Antibodies and dyes used for immunofluorescent labeli ng

Secomlary Antibody/Dye

Protein/ Structure Primary Antibody (Dilution/concentration)

Monoclond AlexaFluor @5 Life
Mineulin mouse Signa V9131| goat antimouse | Technologies
(1:500) A31553
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AlexaFluor 647 | Life
hVin1 (1:500) goat antimouse | Techrlogies
(1:500) A21236
Myosin light chain 2 | Polyclonalabbit | Abam g;a;ﬂg:atﬁt 'll_'gihnologies
(pS1920) pMLC2 (1:80) | ab2480 (1:500) A11034
Monoclonal )
mouse Thermo AlexaFluor 594 | Life
Paxillin Fisher goat antimouse | Techndogies
AHO0492 (1:500) A11(B2
PXN (1:100)
Phalloidin .
- - AlexaFluor05 IQSBZ Fisier
_ (1:100)
Actin —
Phalloidin- Thermo Fiker
-- - AlexaFluor 647 A22287
(1:100)
Life
Nucleus - - DAPI (1:5000) Technologies
D1306
3.5 Imaging

3.5.1 Microscope equipment

Allimaging was performed using a widefield Olympus IX83 inverted

epifluore scent microscope (Olympu s), containing a LambdalLS 300W ozonefree xenon

bulb (Sutter Instruments), a SCMOS ORCAFlash4.0 V2 camera (HamamtsuPhotonics),

motorized filter wheels (Sutter Instrum ents 10-3), and an H117EIX3automated stage

(Prior Scientific). Additio nally, the microscope i equipped with a filter wheel ¢ ontaining

1%, 10%, 25%. 50%, 75%, and 100% ND filterdvietamorph Advanced software
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(Olympus) was used to control im age acquisition. All samples were imaged at 60X
magnification with a UPlanSApo 60X/NA1.35 oil-immersion objedive (Olymp us) with
108 nm/pix resolution.

3.5.2 Live imaging set-up

For live cell imaging, maintaining an environment as close as possible to culture
conditions is ideal. To achieve a onsistent temperature of 37°C and a steble pH across
the entire sample, an objedive heater (Bioptechs 15081913) in conjunction with a stage
heater (Bioptechs Stable Z System 403926)and a gas humidifier CO2 perfu sion system
(Bioptechs 130709 was used.

The objective heater was installed onto the 60x oil-im mersion objedive and set to
36°C. The stageheater was mounted onto the stage in a detachable éwell plate holder,
taped in place, and set to 36C. The heatedlid was setmidway b et we €lr0 0"Q a's
previously determined in optim ization studies where sample temperature was held
stable at 37°C. COz2was perfused onto the sample at 2 mg/mL flow rate. The humidified
CO2 perfusion system was attached tothe sample dish prior to inserti ng the sample dish
into the gage heater, he heate lid was attached. Once the entire apparatus was
assembly, the system was secured inplace with tape and allowed to equilibrate for an
additional 30 minutes prior to imagin g. Live samples were imaged for no longer than 1

hour.

79



3.5.3 Single-channel fluorescence and DIC imaging

Imagesof immuno fluorescenty labeled cells were obtained using the
DA/FI/TR/Cy5-4X4M-C BrightLine Sedat filter set (Semrock) and dichroic mirror
(FF410/5@/582/6@-Di01). Exposure times for imaging with the DAPI/405, FITC/438,
TRITC/594, Cy5647 channels were 500ms, 1500ns, 1500ms,and 1000ms respectiely
unless otherwise stated.

Differential interference contrast (DIC) imageswere acquired at 60x
magnific ation using a polarizer (IX-LWPO) mounted above the condenser, and an
attachable DIC slider (1-DICT) containing an analyzer and a Nomarski prism . The
Nomarski pris m within t he DIC slider was adjusted to achieve optimum contrast prior
to each experiment. DIC images were manually registered to corrected acceptor channel

images using Matlab.

3.5.4 3-channel FRET imaging

Three fluorescent images are requred to quantit atively calculat e FRET efficiency
using sensitized emission FRET microscopy.FRET images were acquiral using a custom
filter set consisting of an mTFP1 excitationfilter (ET450/30% Chroma Techmology Corp),
an mTFP1 emisdon filter (FF02-485/20-25; Semrak), a Venus excitation filter (ET514/10x;
Chroma Technology Corp), Venus emission filter (FF01-571/72; Semock), and a dichroic
mirror (T450/514rpc; Chroma Technology Corp). FRET images were obtained using a

three-image sensitized emission acquisition sequence[195]. Soecifically, for mTFP1-
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Venus sensors,includi ng sensor containing cp variants of mvVenus, images were
acquired sequentially as follows: acceptor image (laa; Venus excitation, Venus emission)
at 1000 msexposure, FRET image (ba; mTFP1 excitation, Venus emission) at 150 ms
exposure, and donor image (lbo; mTFP1excitation, mTFP1 emisson) at 1500 s

exposure.

3.6 FRET and stoichiometric analysis
3.6.1 Correction of imaging artifacts and 3D image registration

Artif acts specific to the imaging setup were identified and corrected as
previou sly described [190]. To correct for dark current, background signal registered by
the detector due to thermal fluctuations, approximately 40 images were aguired and
averaged with all shutters closed. Uneven illumination is correc ted for by acquiring
approximately 20“ bade imag e soft eadh imaging channel in the desired focal plane of
a cel-free dish. Shade images are normalized by the maximum intensity of each image
and averaged across all mages To better account for day -to-day variabi lity, shad e
images areideally acquired from a cell-free control dish subjected to identical conditions
as the experimental dishes on a given experimental day. All c orrection images were
acquired for each imaging channel using conditions identical to experimental im ages.To
perform i mage corredions, averaged correction images from the appropri ate image

channel were subtracted from experimental images.
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Chromatic aberration s and misalignment of hardware element s within the
microscope can cause objets which are physically co-localized in 3-dimentional space to
appear offset in images. This three-dim ensional offset can be measured for specific
imaging channels and corrected using a process broadly referred to asregistration,
according to previously described methods [190]. Briefly, 500nm fluo rescent polymeric
microspheres (Fuoresbrite YG and TetraSpeck) ae diluted in PBSand adsorbed to a
glass coverslip. After washing three times with PBS, coverslip with imaged in PBS,
taking 21 image Z-stacks (100nm st size). For YGbeads,image stacks n the mTFP1
and FRET channel were acquired. For TetraSpeck beads,jmages stacksfor the following
channels were obtained: FRET, Venus,FITC, TRITC, DAPI, and Cy5. All images are
registered to the FRET tannel using custom MATLAB (Math wor ks) software based on
a subpixel 2D interp olation method that corrects for radial and lens distorti on [196].
Following dark current and uneven illumination corrections and image registration,

images are cropped along the edgesto remove edge artifacts.

3.6.2 Background subtraction and correction of spectral
bleedthrough

In addition to corrections for uneven illumina tion, background intensity,
chromatic aberrations, and performing image registration, background noise was
subtracted from each image andall images were corrected for spectral bleedthrough

prior to any analysis unless otherw ise stated For experiments wit h sparsely plated cells
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on fibronectin coated glass, the background intensity values are estimated as the mode
of the pixel intensities for each image and aubtracted from the entire image.

As FRET requires someoverlap between donor and acceptor spectra,spectral
contamination from a single fluorophore appearing in other channels can occu and
must be accounted for. Crosstalk refers to signal from one fluoro phore appearing in the
other f | uor o pnbl@.e, eloner signal appearing under acceptor imaging
conditions or acceptor fluorescence observed with donor imagin g conditions). In o ur
imaging set-up, well -designedfilte rs are used rendering crosstalk between channels
negligi ble. Alternatively, b leedthrough typic ally refers to signal from a single
fluorophore appearing in the FRET channel, such as donor fluorescencebeing captured
by the acceptor emission filter or by dir ect excitation of the acceptor fluorop hore under
donor excitation conditions. To measure the bleedthroughs in each channel, samples of
soluble mTFP1 and mVenus fluorescent proteins were imaged in the donor (lop),
accepor (laa), and FRET(loa) channels. The donor bleed through coefficient (dbt)
represerts the amount of donor emission captured in the FRET channel andwas
determined using equation (1). Similarly, the acceptor bleed through coefficient (abt) is
the amount of acceptor signal in regponse to donor excitation and was calculated using
equation (2).

ipa
1 dbt =—
(1) P
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(2) abt=12%
Lag

To determine bleedthrou gh coefficients, approximately 10-20 images were taken
in each channel (bo, laa, Iba), with expression levels that span the intensity rang e of the
detector. All pixels are then binned by intensity, findi ng the average intensity in each
bin. To find the donor and acceptor bleedthroughs, a linear curve is fit to the
relationship between the mean FRETIintensity to the donor or acceptor intensity,

respectively. The slope of the fit pro vides the estimated bleedthr ough measurements.

3.6.3 Calculating stoichiometry and FRET efficiency from sensitized
emission

Following image registration and correction for darkfield, uneven illumination,
and background signal, corrected FRET images (k) were generated by removing
bleedthrough contributions based m the relation defined by equation (3).

(3) E =Ipa—Upp-dbt) — (I, abt)

FRET index can then be calculated based on the relationsip in equation (4) to
make relative comparisons between groups.

(4) FRET Index = f:

Corrected FRET measurements can be converted to absolute values of FRET
efficiency for any single-chain FRETbiosensor through the calculation of two calibration
constants, G andk. The constants ae obtained through imaging donor-acceptor fusion

constructs that serve as FRET standard s- whi ch possessconstant but dif fering FRET
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efficiencies[197, 198] These constants are specific to the inaging set-up, imaging
acquisition settings, and FRET pair, and where experimentally determin ed for our
system according to previously est ablished methods [195]. Briefly, G is a proportionality
constant defining t he increase in measured FRET (via sensitized emission), relative to
the donor emission intensity and is described in equation (4), where A indicates the

difference between two donor-acceptor fusion protein standards.

The k factor is the ratio of donor intensity to acceptor intensity for equimolar
concentrations independent of FRET and is defined according to equation (5).

Fe
6) k= oty

Taa

For each experimental setup, calibration factors for the appropriate experimental
condition were used during analysis. Both G and k are used to calculate the FRET
efficiency (E) and the relative concentration of donor molecules per acceptor molecules
(DPA) in each sample for a two-fluorophore system according to equation s (7) and (8)

respectively [153, 190, 195]

F
@) goootg

a4

e
(8) DE4A = Eﬂ_
Iaa-k
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For single-chain sensors with a known 1:1 ratio for donor to acceptor
fluorophores, the numerator of equation (8) describes theconcentration of donor
molecules corrected for FRET. Similarly , the denomin ator describes the concentration of
acceptor molecules. Therefore,the stoichiometry of the fluorophores (S) within single
chain senwrs can then be calculated based on a recentlypublished formalism , using
DPA calculations according to equation (9), where no is the number of donor molecules,

na is the total number of acceptor moleculesin the system[195, 199]

np 1
(9) 5= =T L
np +ng [J_+m J

3.7 Image processing and analysis
3.7.1 Focal adhesion segmentation and isolating single cells

Individual FAs within  VinTS (or mutant) expressing cells were segmented and
analyzed using custom MATLAB code (Ma thwor ks). Briefly, FAs were segmented using
the water algorithm on the acceptor channel[200]. Closed boundaries were manually
drawn on unmasked acceptor images to identify single cells and remove extracellula r
signal. For all fluorescent constructs, only cells with specific intensity ranges per
fluorescent channel were chosen for analysis to avoid ranges where dgnal is nonlinear.
For all TSMod and VinTS constructs and mutants, cells with average acceptor intansity
below 1000 or above 40000 were omittedo avoid nonlinear signal contributions . For all
transiently expressed ABD sensor or variants, cells with average donor intensity outside

the range [400-50000] or average acceptor intensity 500-50000] were omitted. Moreover,

86



cells that were not fully spread, exhibited nonstandard morphology, or were not in focus

were also excluded from analysis.

3.7.2 Automated image analysis

Subsequent analysis and quantification were performed using custom code
written in MAT LAB (MathW orks) whenever possible (modified from [191]). Analysis
parameters and thresholds for image segmentation were maintained for each specific
experiment across all experimental days. All processed and generated imageswas

visualized and evaluated using ImageJ software (US National Institutes of Health).

3.8 E-S plane analysis

Borrowing a technigue from single -molecule studies, an approach for assessing
the quality of a FRET experimentfor intracellular biosensors was recently formalized
[199]. By plotting 2D histograms of fluorophore stoichiometry and apparent FRET
efficiency distrib utions for experimental biosensor data, the relationship between FP
function and FRET measirements could be evaluated [199]. In this work, deviations
from ideal stoichiometry are discussed mainly in the context of differences in FP folding
or maturation, b ut this framework c an easily be applied to visualize the effects of force-
induced loss of FP functi on within mo lecular tension sensas (MTS).

In principle, standard MTSs are genetically encoded single-chain sensors,
comprised of two fluorescent proteins connected by a polypeptide linker. As such, these

constructs have a known stoichiometry (S) of 1:1 for donor: acceptor fluorophores.

87



Assuming both FPs are fully functional within the sensor population, the calculated FP
stoichiometry (S) will be S=0.5 basedn the relationship defined in equation (9).
However, if the function of either fluorophore is modulated, a fraction of constructs with
donor only and/or acceptor only contributions will be present. In such a population, an
ensembleof N sensors can existin any one of 4 possible states: sensors withtwo
functional fluorophores (D1A1), sensors with a n onfunctional acceptor (D1A0), sersors
with a nonfunctional donor (DOA1), and sensors with both fluorophores being

nonfunctional (DOAQ) (Figure 3.6).

ND1A1QSU /Sapp 88
+
B L <~ — el
Npoar 80> \E E
Npono S

app
PP g
- >

N Sensors
Sensor States Ensemble
Figure 3.6: lllustration of MTS ensemblesand the computation of observed E and S

when the function of d onor (D) and acceptor (A) fluorescent proteins can be
modulated by force.

For a population with two functioning fluorophores (D1 A1), the corresponding
E-Scurves should demonstrate a data cloud corresponding to S=0.5 andthe average
FRET efficiency of the sensor (Figure 3.7). Upon increased loading, the data cloud will
shift left to th e according to decreasing FRET efficiency meastements, with

stoichiometry being constant (Figure 3.7, B). If donor signal is being lost, free accepto
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would be present in th e sensor population, resulting in a proportional decrease in
calculated stoichiometry. However, no effect on apparent FRET efficiencywould be
observed becausewithout functional don or fluorophores, FRET via sensitized emission
cannot occur (Figure 3.7, C). In contrast, if free donor is present within the population,
due to a loss of aceptor function, both S and E are affected(Figure 3.7, D). The
computational effects ofthis variation on ensemble measurements carbe defined

theoreticallyin t e r ms arcefn t“” esBpedifically, if free donor exists then E
becomes anapparent FRET efficiency (Eap) as described in equation (10), with free

acceptors having no effecton E. Similarly, the formula for apparent FP stoichiometry

(Sapp) is redefined in terms of the apparent DPA of each samplewith equation (11).

E,
(10)  Eapp = —7mpoa)
l+(”ﬂ;¢:;}
1 np
11 5o = — =
( ) apy 1+D—Pi‘;npp nptng

E-S plots thus provide a valuable analytical tool for evaluating the quality of
sensor ensemble masurements. More specifically, the” sn &t u r géesof E-8 plots
can inform on how forces influence FP function within MTSs and provide insight into

the computational consequences on FRET readouts.
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Figure 3.7: Theoretical Eapp vs Sapp (ES) Curves for TSMo d.(A) E and S points for
unloaded TSMod with two functional FPs. (B) E and S points for TSMod under three
different tension magnitudes with no effect on FP function. (C) ES curve for TSMod
where either Donor FP function or (D) Acceptor FP function is bein g modulated under
load.
3.9 Statistics and illustrations
Statistical analyseswere performed using the software JMP Pro 15 (SA$.
Comparisons of data with equal variances were analyzed with a one-way ANOVA , and
Tukey’ postHh&zstswhen necessary Datasets with unequal variances, as

determi ned wi t\werelamalyzedwdth the nbnepsatr,amet r i ANOWe | c h’ s

and, if necessary,an appropriate nonparametric post hoc test. The SteelDwass post hoc
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test was applied for large data sets with unequal variance. However, for nonparametric
data with a small sample number (i.e., n <45 for some groups), the Games-Howell post
hoc test was used.A pvalue of p < 0.05 was considerd statistically significant. All
illustrations an d figures were constructed in Adobe lllustrator (Adobe, Inc.), with data

plots being im ported directly from JMP.
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4. Developing a generalizable approach to probe cell-
generated force effects on fluorescent protein function
within FRET-based molecular tension sensors

4.1 Introduction

The ability o f cells to generate and response to mechanical loadss increasingly
recognized as akey regulator of fundamental cellular processes, such as migratior4,
132, 201] proliferation [3, 202] and differentiation [1, 203, 204] Mechanosensitive
regulation involves the transduction of mechanical stimu li into biochemical events
through a poorly understood process known as mechanotransduction [5]. Broadly, the
premise of mechanotransduction involves the transmission of mechanical loads across
protein linkage s, inducing small changesin protein structure which result in modifie d
protein function or signaling. These forceiinduced changes in protein structure, or
conformation, are fully reversible, enabling dynamic regulation of force-sensitive
signaling [121]. A challenge in elucidating the molecular mechanisms of
mechanotransduction is measuring the forces borne by specific proteins inside cells. To
address this need, molecular tension sensors (MTSs) were creatd which leverage the
distance-dependent phenomena of Forster Resonance Energy Transfer (FRETYo
measure the deformation of mechanosensitive proteins of interest [7, 190, 205207]. Since
the first calibrated MTS which was developed to study vinculin [184], a broad array of
sensordesigns and application s have beeninstituted, demonstrating the importance and

usefulness of this technology [7, 208]
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As a natural consequence to arapidly expanding tool box, some discrepancies in
sensor findings have emerged and the lack of validation approaches has been noted?7,
197]. To enable appropriate use and interpretation of MTSs, a thorough understan ding
of the mechanical response of all sensorcomponents is critical [7, 153] Collectively,
MTSs arecomprised of two FRET-capableflu orescent proteinslinked by a protein
domain whose mechanical sensitivity is known apriori (Chapter 2, Figure 2.10. One
possible source of variability in sensor measurements is an incomplete understanding of
how intracellular forces may affect fluorescent protein (FP) function .

It has been well established that the highly conserved FP beta barrelis very
thermodynamically stable , and that loss of this structure results in | oss of FP function
[209-211]. Single molecule pulling experiments , such as Atomic Force Microscopy (AFM)
and Single Molecule Force Spectroscopy (SMFS), have demonstrated that complete
mechanical unfolding of FPsrequires significant forces, ranging from 30-100pN at
pulling speeds of 100-1000 nm/s[154, 155, 157]As the loading rates, dur ations, and
magnitudes of forc eslikely differ in cells, anticipating FP responses to intracelular
forces is challenging . Generally, mechanical perturbation to FP structur e and function
within the contexts of intracellular MTSs has been deemed unlikel y, as molecular forces
considered relevant to mechanotransduction were presumably too small to significantly

affect FP structure [121].
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To estimate the relative probability of force-induced perturbation to FP function
within the context of MTSs, SMFS datadescribing force-sensitive bond lifetimes of
various intracellu lar mechanosensitive linkages were compared with GFP/YFP
denaturing and GFP mechanical quenching transitio n times (Figure 2.13)[7]. From this
exercise we observed that the lifdime of several key bonds, such as he integrin -
fibronectin catch bond, are longer than the timescales required for inducing
nonequilibrium transitions within FPs. This suggest s that some linkages may support
loads with sufficient magnitudes and loading du ration s to effectively modulate FP
function within the contexts of MTS s. Furthermore, a growing body of li terature
indicates that FP function can be modulated by small force-induced transitions within
FP structure, prior to complete denaturation [157-159, 175] A recent study using an
optical trap demonstrated that wt -GFP fluorescence can be reversible quenched upon an
intermediate unfold ing event [157]. As the forcesrequired to reach intermediate
mechanical states are less than those requiredd induce complete denaturation, force-
induced change in FP function may occur in the same regime aschanges in protein
conformation s canmonly associated with mechanotransduction.

To probe the effects of cdl-generated forces of FP function we developed a
generalizable approach for evaluating changes inensemble MTS measurements in terms
of fluorophore contributions. Specifically, we adapted a previously established

formalism for detecting the presence of sngle FPs in FRETFbased studies ofprotein -
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protein interactions, to detect force-induced loss of FP function [199]. Addi tionally, by
attenuating intracellular forces through inhibition of myosin Il activity or disrupti on of
force-sensitive binding interactions, we can evaluate the effects ofactomyosin-mediated
forceson fluorophore fun ction. To validate this appro ach, we compiled and analyzed an
extensive data setof FRET-based vinculin tension sensors containing over 2000sensor
expressing cells from both previously publi shed and newly obtained experimental data
[192, 212]

In this work we present evidence that FPfunction can be reversibly modulated in
an actomyosin-dependent manner inside cells. Additionally, our observations indicate
that FPsdemonstrate differe nt sensitivities to intracellu lar mechanical loads. Together,
these daa suggest that FPs, like mechanosensitive signaling proteins, carundergo
nonequilibrium transitions in response to cell-generated forces By exploitin g the
mechanosesitivity of FPs asa mechanical consequence, newinsights into molecular

force-sensitive processes inside cellsmay be obtained.

4.2 Experimental methods
4.2.1 Creation of cDNA constructs

Cloning of the tension sensor module (TSmod), the vinculin tension sensor
(VInTS), the 1997A actin-binding mutant (V inTS-1997A), and the A50I high turnover
mutant (VinTS-A50I) (Figure 3.1) within pcDNA 3.1+ expression vectors has been

previously described elsewhere[184, 191, 192]
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In a similar manner , the vinculin inte rnal constructs containing a single FP
(Figure 3.2)within the unstructured polyproline region of vinculin were generated via
Gibson assembly. Specifically, two large DNA fragments containing ove rlappi ng ends
were created via PCR(primers listed in Chapter 3, Table 3.1), and subsequently joined
using assembiy protocols (E5510S N EB). Constructs with an internal mVenus FP were
created for both wild type vinculin ( Vin-iVenus WT) and an actin binding mutant

variant (Vin-iVenus 1997A).

4.2.2 Cell culture and construct expression

Mouse embryonic fibrob lasts lacking endogenous vinculin (vinculin  -/- MEFs)
were generously provided by Drs. Ben Fabry, Wolfgang Goldman, and Wolfgang
Ziegler [194]. Vinculin -/- MEFS expressing MnTS, VinTS-1997A, VIinTS-A50I, Vin -
iVenus WT, and Vin-iVenus 1997A were maintainedinhigh gl ucose Dul becco’ s
ModifiedEagl e’ s Medi um (D6429; Sigma Aldrich) supp
serum (H yClone), 1% non-essential amino acids(Gibco), and 1% ariibiotic -antimy cotic
solution (PSM, Sigma Aldrich).

Transient expression of the single FP,vinculin internal cons tructs were achieved
through cationic lipid -mediated transfection using Lipofect amine 2000 Reagent
(Invitrogen) and OptiMEM (Gibco) at a 1:2.5atio of DN A to lipofectamine (pg: pL)
followingthemanuf act ur er ' s p rseignofwioculin terfSitorasersoe e x pr e

constructs within vinculin  -/- MEFs was induced via lentiviral transdu ction, and the
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selection of cells expressingphysiological levels of each vin culin -based sensor were

achieved as previously reported [191, 192]

4.2.3 Cell seeding

To facilitate cell adhesion, glass bottomimaging dishes (World Precision
Instruments) were prep ared by coating glass cwerslip s (#1.5, Bioptechs, Butler, ) with
10 ug/ml fibronectin (Fisher Sci entific, Pittsburgh, PA)in PBS,incubat ed at 4
overnight, then rinsed with sterile PBS.

For experiments involving live imaging, cells were seeded at a density of ~65,000
cells per dish and allowed to spread in complete media for ~3 hours before washing
with sterile PBS and changing to liv e imaging media. Cells were incubated in imaging
media for an additional hour before imaging. Live imaging media was composed of
DMEM ¢&FP-2 (Evrogen), supplemented with 10% fetal bovine serum, 1%non-essential
amino acids, and 1% antibiotic-antimycoti ¢ solution.

For the fixed experiments, cells were seededat a density of ~25,000 cells per dish
and allowed to spread in complete media for 4-6 hours before washing with sterile PBS
and being fixed wit h freshly prepared, warm 4% EM grade methanol-free
paraformal dehyde (PFA, Electron Microscopy Sciences) for 10minutes, followed by

washing once with PBS.
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4.2 .4 Inhibitor treatments

To inhibit Rho-associatedkinase (ROCK), MEFs stably expressing vinculin
constructs were treated with the ROCK inhibitor Y -27632(Y-0503, Sigma) Prior to
treatment, cells were seeded on fibronectin coated glass coverslips and allowed to
spread for 4 h. Cells were then treated with complete media containing 25uM Y-27632,

diluted from a 10 mM stock solution in DIH 20, for 20 minutes prior to fixation.

4.2.5 Immunofluorescent staining

To label vinculin, cells were permeabilized using 0.1% Triton -X100in PBS for 5
min at room temperature and then rinsed with PBS. Fresh, 2% bovine serum albumin
(BSA, Sigma Aldrich) in PBS was used as blaking buffer for 30 min. Primary ,
monoclonal vinculin antibody (V9131, Sigma) at a 1:500 dilution in blocking buffer was
applied for 60 min at room temperature. Cells were then rinsed in PBS and blocked for
an additional 30 min. Secondary antibody tagged with A lexaFluor 647 (A21236 Life
Technologies) at a 1:500 dilution in blocking buffer was then applied for 60 min at room
temperature. Cells were then rinsed three times in PBS and imaged within 48 hours of

fixatio n. Addition al details can befound in sedion 3.2.3and Table 3.1 inChapter 3.

4.2.6 Imaging, segmentation, semi-automated image analysis

Samples were imagedat 60x magnification on an inverted, widefield
epifluorescent microscope systemthoroughly described in sedion 3.5 of Chapter 3.

Single-channd fluorescence imaging was employed to visualize immunofluorescently
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labeled constructs and FRET imaging via sensitized emission was performed according
to the details in secions 3.5.3-3.5.4 of Chapter 3, using combinations of the mTFP1 and
Venus excitation/emission filters coupled with the Cy5 filter s. Segmentation and
analysis of individual focal adhesions (FAs)and cells, including FRET and stoichiometry

calculations were performed as described in Chapter 3, sections3.6-3.7.

4.2.7 Data analysis and statistics

Line scans of individual FAs were drawn axially starting at the FA tip proximal
to the cell body, using ImageJ software (National Institutes of Health ). Specifically, the
Line tool was used to visualize the int ensity profile of immunofluore scently (IF) labeled
vinculin across single, large, elongated FAs at the cell peiphery within stain channel
images. The coordinates of these line scans were then transferred to masked ratiometric
images (Vinculin -FP/ Vinculin -IF intensity). Ratiometric in tensity profiles from
individual FAs were saved as JMP files for subsequent analysis.

E-Splane analyses were performed on experimental data according to the details
outlined in Chapter 3, section3.8. Briefly, pixels from i mages of single cells masked m
FAs were plotted as 2D histograms for calculated values of apparent FRET efficiency
and FP goichiometry using MATLAB -based protocols. Pixels with negative FRET
efficiencies or values above one were remwed as these are notinterpretable.

All statist ical analyses were performed using JMP Pro 15 software (SAS), with a

p-value of p < 0.05 being considered statistically significant. For all data setswith
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unequal variance as determined by alL e v i n e, ansAnaveevdthaWelc h’' s correct i

was performed to determine significant differences. If a statistically significant
difference was observed, aSteelDwass nonparametric post hoc test was performed. All
reported data was obtained from a minimum of three independent experiments. As the
sample sizes(n) for individual FA measurements were extremely large, statistical
analysis was not performed on FA-averaged data. Rather, these data were included to
demonstrate global trends and agreementwith central tend ency measurements ofdata

at the single cell level.

4.3 Results

To determine if the function of FPs within MTSs can be affected by the molecular
forces and loading conditions within cells, we evaluated differences in FRET and
fluorophore stoichiometry measurements within FRET-based vinculin tension sensors.
Vin culin was selected as the model system forevaluating force effects on MTSs fortwo
primary reasons. First, vinculin is a well-studied mechanosensitive protein, known to
play a critical in force transmission inside cells [213-218]. Within focal adhesions (FAS),
vinculin serves to mediate force transmission from the actin cytoskeleton to integrin
transmembrane proteins, through talin, and finally to the underlying substrate. Loss of
vinculin has been shown to result in a decrease incellular traction forces up to 5-fold .
Conversely, traction forces were demonstrated to increaseupon expression of

constitutively active forms of vincul in [216]. Second, the vinculin tension s ensor (VinTS)
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was the first calibrated MTS and was developed to enable the visualization and
guantitative measurement of forces across vinculin inside cellsby leveraging the highly
sensitive, distance-dependent phenomena of FRET (Figure 4.1, A-B) [184]. Since then,
VinTS has been extensively characterized validated, and utilized in a broad array of
applications. Moreover , a suite of sensorvariants harboring binding mut ations for actin
and talin have been created and thoroughly validated to enable modulation of actin -
mediated loading across vinculin (Figure 4.1, C)[188, 192, 219, 220By creating a suite
of vinculin tension sensor variants harboring thesebinding mutations, the effects of
force onvinculin turnover have recently been characterized[192]. In sum, the vinculin
tension sensor variants provide a powerful toolbox for validating a new analytical
framework for probing force effects on sensa read-outstowards enable deeper insights

into intracellular forces.
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Figure 4.1: Design and function of FRET -based vinculin tension sensor and actin -
binding mutants. (A) Tension sensor module (TSmod), consisting of donor and acceptor
FPs separated by an ungructured poly peptide linker, was inserte d within vinculin to
create the vinculin tension sensor (VIinTS). (B) When subected to mechanical loads, the
FPs are separated resulting in aproportional decrease in FRET sigal. (C) In additio n to
wildtype VinTS, sensor variants with mutations disrupting vinculin -actin binding
(1997A) and vinculin -talin binding (A50I) were utiliz ed to enablemodulation of the
magnitude and duration of actomyosin loading.

As MTSswere developed to observe and measure applied loads across specific
proteins inside cells, a thorough understanding of the mechanical properties and
responses of allsensorcomponents is critical for the appropriate use and interpretation
of MTSs. While linker mechanics have been extensively investigated and modeled for a
variety of structured and unstructured protein domains, the effects of forces on FP
structure and function remain poorly understood [7]. To date, mechanical studies on FPs
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have been limited to in vitr o pulling e xperiment, where loading rates, load duration, and
load magnitudes may not be representative of intracellular single molecule forces.

To determine if intracellular forces affect FP function within MTSs, the
stoichiometry of the FPs within the sensors is evaluated. As the vinculin tension sensor
design consists of two FPs connected by a polypeptide linker (Figure 4.1, A), these
constructs have a known stoichiometry (S) of 1:1 for donor to acceptor fluorophores. For
a population of single chain sensors containing fully functiona | donor and acceptor
fluorophores, the calculated fluorophore stoichiometry (S) would be S =0.5 (Figure 4.2)
(see Chapter 3, section B for more details). However, if the function of the donor FP i s
modulated, apparent stoichiometry would decrease in magnitu de. Conversely,
perturbation of acceptor FP function would result in an increase in apparent
stoichiometry. As the purpose of this study is to evaluate possible mechanical
modulation of FP functi on, and functional fluoroph ores areessential for quantit ative
FRET measurements, calculated FRETefficiencies from sensor readouts cannot be
presumed absolute. Thus, from this point forward FRET efficiency values are reported
asan apparent FRET efficiency (Eapp). Similarly, to account for possible perturbations in
FP function, the calculated fluoroph ore stoichiometry is reported as apparent FP

stoichiometry (Sapp).
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Figure 4.2: Schematic of apparent fluorophore stoichiometry for single -chain FRET
sensors.In principle, singl e-chain FRET sensors are comprised obne donor fluorophore
and one acceptorfluorophore (1:1). If both fluorophores are functional, S = 0.5. However,

if the donor fluorophore becomes nonfunctional, calculated stoic hiometry de creases.
Conversely, if the acceptor fluorophore becomes nonfunction al, soichiometry increases.

4.3.1 Gradients in FP stoichiometry within vinculin tension sensors
observed across individual FAs

To determine if the function of FPs within MTSs i s influenced by the molecular
forces and loadin g conditions within cells, we compiled and analyzed previously
acquired experimental images for VinTS in live and fixed cells [192, 212] For these
experiments, VinTS was stably expressed within vinculin -/- MEFs atendogenous
expression levels.FRET imaging and analysis was performed as describedpreviously
elsewhere anddetailed in Chapter 3 [192, 212] Using these previously acquired FRET
images, we investigated the relationship between Spp and Eapp With in vinculi n tension
sensors at focal @ahesions (FAs) near the periphery of cells.

Prior work has established the unloaded FRET efficiency of the calibrated tension
sensor module (TSmod) to be ~28.8% and demonstrated that decreased efficiencies
indicate in creasedtensile loads across vinculin [184, 191] Additionally, previous studies

have shown the spdial distribution of loads experienced by V inTS to be asymmetric
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within indivi dual FAs, with the highest loads at th e distal tip s [134]. Importantly, this
spatial variation in FRET within F As was demonstrated to be independent of vinculin
concentration [192]. Consistent with these reports, we observed decreased FRET
efficiencies at membrane proximal tips of peripheral FAs with VinTS , indicati ve of
higher tensile loads at these regions (Figure 4.3, D-F). Interestingly, the apparent
stoichiometry of the sensor fluo rophores within FAs demonstrated a similar pattern of
spatial distribution with increasing stoichiometry at the distal tips, colocalized to regions
of low FRET efficiency (high force) (Figure 4.3, G-1). In FAs demonstrating high spatial
variabilit y, apparent FP stoichiometry was observed torange from ~0.5, indicative of
two fully functional fluorophores, to stoichiometric values > 0.7 in some instances These
high stoichiometries suggestthe presena of a significant sensorsubpopulation
containing nonfunctional acceptor FPs, thus with additional free donor contributions to
sensor readouts The griking spatial correlation between regions of increasing apparent
FP stoichiometry and decreasing apparent FRET efficiency in VinTS , highly suggests
that perturbation of FP function may be a consequence of vinculin loading within FAs .
As variation in apparent stoichiometry is preferentially observed to increaserather than
decrease theseobservations indicate that the acceptor fluorescent protein, mVenus,
appears to be more susceptble to mechanical quenching than the donor in this context.
However, it is worth noting that stoichiometry calculations are derived from ense mble

measurements, and as sich the calculated values describe the average statef a
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population. As such, the donor FP,mTFP1, may also be experiencing mechanical
guenching within the population to a lesser degree at these experimental timescales.
To determine if the observed spatial variatio n in sensor readouts is retained
followi ng fixati on, we evaluated a compiled data set of over >100 cellsstably expressing
VinTS that had been fixed with 4% PFA for 10 min (Figure 4.3, JK) [192, 212] As in live
cels, asymmetric gradients in both apparent FRET eficiency and FP stoichiometry were
observed across FAsin fixed cells (Figure 4.3 L-O). Lower apparent FRET efficiencies
were observed at themembrane proximal tips of FAs (Figure 4.3, M). Likewi se,these
low FRET regions corresponded with areasof high apparent FP stoichiometry (Figure
4.3 0). If measurementsof central tendency are evaluated, as when taking the mean of
ensemble measurements acrossndividual FAs or cells, spatially dependent patterns
may be lost but global effects can be assesed. No significant difference is observed for
FA- or cell-averaged measurementsof Eapp (Figure 4.4, A-B; Table 4.1 or Sipp (Figure 4.4,
C-D, Table 4.2) between live and fixed cells. This observation is consistent with a loss of

FP function within a relatively small sensor population.
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Figure 4.3 Asymmetric gradients in apparent FRET efficiency and FP stoichiometry of
VinTS observed in live and fixed ce |l s.Representative acceptor (B), donor (C), apparent
FRET efficiency (EF) and FP stoichiometry (H-1) images of VinT Sin live (B-C) and fixed
(FK) cells. Increased apparent FP stoichiometries are observed at membrane proximal
FA tips (1 & O) and appearsto be co-localized wi th regions of low apparent FRET
efficiency (F & M) in both live and fixed conditio ns. Scalebar is 50ums.

Collectively, these resultsindicate that FP function may be modulated at regions
of high vinculin tension in FAs and that spatial information wit hin sensa measurements
is maintained following fixation . It is worth noti ng, that previous reports have indicated
that specific fixation protocols can result in the quenching of fluorescent proteins, such
as the use ofmethanol as a fixative or employing long incubation times with PFA [221-

223]. However, the conserved spatial distri butions within FAs of fixed cells, as shown
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here, suggest that this is not a significant factor within this system (Figure 4.3, M, O).
Despit e the potential introduction of artifacts in sensor measurementsdue to aloss of FP
function, changesin FRET within VinTS still provide s useful information on the loads
experienced by vinculin relative to control constructs . Additio nally, evaluation of the
apparent stoichiometry of sensor fluorophores can provide valuable insights into the

guality of sensor data.
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Figure 4.4: Fixation has no effect on ensemble averages of apparent FRET efficiency or
Stoichiometry .Box and whisker plots of FA-averaged (A) and cell-averaged (B) apparent
FRET efficiencies compaed to previously established zero-load (dotted line)
measurements indicate that vinculin is under tension in both fixed and live cells withn o
significant diffe rence beween groups. Plots of apparent FP stoichiometry averaged per
FA (C) and per cell (D) indicate fixation has no significant effect on fluorop hore function
as compared to unperturbed stoichiometry ( dotted line ). Differences between groups
was detected using an Anovawi t h a Wel ch’' s corr ec,followmed f or wun

by a SteelDwass post hoc test. Rvalues for all comparisons canbe found in Table 4.1 &
4.2. Live experiments consist ofn= 15588 FAs and 206 cells, from 13 indeendent
experiments. For fixed experiments, n= 28142 FAs and 331 cells, from 9 independent
experiments.
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4.3.2 FPs can be mechanically quenched within genetically encoded
MTSs in a manner dependent on the magnitude and duration of
actomyosin-mediated loading

Gradients of apparent FP stoichiometry within VinTS at FAs suggests that FP
function may be mechanically modulated within MTSs. To more directly testthe
hypothesis that gradients in apparent FP stoichiometry within vinculin sensors are due
to mechanical quenching of the FPs, we evaluated the function of two previously
established sensor variants containing point mutations that modulate the mechanical
states of vinculin [192]. The VinTS 1997A sensor variant harbors a point mutation in the
tail domain of vinculin which disrupt s vinculin 's abili ty to bind actin [188, 192, 22Q]As
this mutation strongly inhibits act in binding, te nsile loads across this construct have
been shown to be significantly lower than those reported by VinTS , and statistically
indistin guishable from the cytosolic (zero-load) module [192]. The VIinTS A50I variant
contains a point mutation in the vinculin head domain which servesto disrupt talin
binding [188, 192, 219]Previous work has shown that the A50I point mutation results in
an increase invinculin head-tail inhibition by up to 3 -fold, causing this mutantto int he
closed conformation constitutively [206, 224] Additionally, a recentstudy comparing
the 1997A and A50I sensor variants to VinTS showed that the A50I variant was under
reduced tensile loads (~1.6 pN) compared to VinTS (~2.0 pN) being mostly attributed to
actin polymerization rather than myosin contraction . Furthermore, in this w ork the

authors demonstrated that the turnover for A50l was much faster than that of VinTS,
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with no significant difference in protein tu rnover rate between Vin TS and VinTSI1997A
[192]. Thus, the 1997A and A501 mutant s provide critical control s for differentially
probing the effects d load magnitude and load duration on vinculin -based MTSs
respectively.
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Figure 4.5: Sub-FA spatial variance in apparent FRET efficiency and apparent FP
stoichiometry diminished in vinculin binding mutants.  Representaive apparent FRET
efficiency (Expp) and apparent FP stoichiometry (Sepp) images for VIinTS (A-E), VInTS
1997A actin binding mutant (F -J), and VIinTSA50I increased turnover mutant (K-O).
Decreased spatial variance in Sepp and Eapp 0bserved within 1997A (G-J)and A50I (L-O)
FAs compared to VinTS (B-E), indicating that both the magnitude and duration of
actomyosin-mediated loading may affect FP function.

When compared to the striking spatial gradi ents observed in VinTS (Figure 4.5,
A-C; VinTS data from Figure 4.3 repeated here for convenient comparisons), 1997A

demonstrates a dramatic reduction in the overall spatial distributions for both the
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apparent FRET efficiency and stoichiometry in FAs (Figure 4.5, F-J). However, a slight
decrease inthe apparent FRET efficiency was still observed at the distal tips of FAs
(Figure 4.5, H) corresponding to regions with a slight increase in apparent stoichiometry
(Figure4.5, J. This indicates an gpreciable reduction in | oad across the 1997A variant
compared to VIinTS, agreeing with previ ous reports. Interestingly, A50l does not
demonstrate any significant variation in the apparent FRET efficiency within individual
FAs (Figure 4.5, K-M). Similarly, no pattern in the spatial distribution of S app was
observed within the A50I group (Figure 4.5, N-O), indicating no loss of FP function
within the sensor population at elongated, peripheral FAs. As A50I is thought to bear
loads similar in magnitude to VinTS but with faster turnover, these results suggest that
loading dura tion in addi tion to magnit ude may play a critical role in the modulation of
FP mechanosensitive function inside cells, and that FPs may exhibit differential
sensitivity t 0 various mechanical contexts.

Borrowing a recently formalized technique for assessirg the quality of FRET
experimental data for intracellular biosensors [199], 2D histograms of sensor Sspp and Eapp
distributions w ere plotted . These"ES’ plots depict the relationship between FP function
and FRET measurements within a population by displaying signature data profiles
[199]. If the function of either fluorophore is modulated within a sensor population ,
constructs with donor only and/or acc eptor only contribut ions will be present,

potentially impacting sensor readouts For such mixed popula tions, an ensembe of

112



sensors can exist in one of 4 possible states: sensors with two functional fluorophores,
sensors with a nonfunctional acceptor, sensrs with a nonfuncti onal donor, and sensors
with both fluorophores being nonfunctional . For a population with tw o functioning
fluorophores, the corresponding E-Scurves should demonstrate a data cloud
corresponding to S =0.5 and the averageapparent FRET dficiency of the sensor. Upon
increased loading with no perturbation to fluorophore fu nction, the data cloud wi Il shift
left with decreasing FRET efficiency measurementsand stoichiometry will remain
constant (Figure 4.6, A). If donor signal is being lost, free acceptor would be present in
the sensor population, resulting in a proportional decrease in catulated stoichi ometry
with no effect on apparent FRET efficiency (Figure 4.6, B). In contrast, if free donor is
present due to loss of acceptorwithin the population, both Sapp and Eapp are aff ected
(Figure 4.6, B). If both donor and acceptor function is | ost, no sensor signal would be
contributed . The computational effects of this variability on ensemble measurements can
be defined theoretically interms of p‘paar e nt ' andveguatiorss $or calculating Eapp
and Sspp and their derivations are described in Chapter 3. While FP misfolding or slow
maturation rates were originally considered primary sources of deviations from
unperturbed stoichiometry (S =0.5) within E-S plots, this framew ork can easily be
applied to visualize the effects of force-induced loss of FP function wit hin MTSs. Thus,

in addition to providing valuable information on the quality of FRET sensordata, E-S
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plots enable unique insights into how forces may influenc e FPfunction within MTSs and
the computational effects on ensemble measuremerts.

To determine the molecular origins of loads reported by the sensors, E-S plots
were generated for VIinTS, VinTS-1997A, and VinTS-A50I sensor variants by plotting 2D
histograms of Spp and Eapp calculated per pixel within masked FAs (Figure 4.6, GE).
VinTS E-S plots demonstrated a high population density of loaded sensor, with a
calculated Eapp less thanzero force FRET efficiency €o), centralizing at ~19% (Figure 4.6,
C). Similarl y, E-S plots of VinTS-A50I data demonstrate an Expp 0f ~20%, indicating a
populatio n of sensor under tension, although less loaded than VIinTS (Figure 4.6,E).
Conversely, the VinTS-1997A ES plotindicates a significant reduction in tension loads as
demonstrated by a high population density with Eapp of ~28% (Figure 4.6, D), wit h most
of the population near Eo = 28.8%. While the m ajority of VinTS sensordata demonstrated
a calculated Sipp ~0.5, indicating a predominant population of fully functional sen sor,
subpopul ations contributing divergent stoichiometries are observed (Figure 46, A). Data
skewing upwards and to the left, as well as downwards , indi cate the presence oboth
free donor (acceptor loss) and free acceptor (donor loss) subpopulations, respectively.
Interestingly, no apparent data skew indicative of acceptor loss is observed wi thin the E
S plots of the 1997A or A501 mutant variant s (Figure 4.6, D-E). However, subpopulations
with stoichiometry S < 0.5 ae observed in the A50I high turn over group (Figure 4.6, E),

indicating a loss of donor function within these sensors. Cunulati vely, these
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observations demonstrate that both donor and acceptor function can be mechanically
modulate d. Furthermore, the se findings support the premise that both the magnitu de

and duration of the applied load likely play a role in modulating FP fun ction in this

system.
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Figure 4.6 Visualizing the eff ects of free donor o r fre e acceptor fluorophore s on MTS
measurements.(A) Theoretical ES plot depicting changes in MTS histograms under
applied loads of increasing magnitud e in functional MTSs. For MTSs with two
functional fluorophores at a 1:1 donor to acceptor ratio, calculated stoichiometry would
be S= 0.5horizontal, dotted line ) and unloaded FRET €ficiency would be E . (vertical,
dotted line ). As force increases,Eapp Wi ll decrease,and the population of data will shift
horizontally to the left w ith Sapp = 0.5.(B) Theoretical ES plot with traject ories
corresponding to contributio ns from free donor or free acceptor to ensemite
measurements of MTSs. Expeimental E-S plots of apparent S vs E for VinTS (C), VinTS
1997A (D), and VinTS-A50I (E). Unloaded apparent FRET efficiercy for TSmod has
previously been determined to be & ~ 0.28 yertical, dotted lin €).
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Upon examination of population averages a much higher variance isobserved in
FA and cell- averaged Eapp Within the VIinTS population comparted to the 1997A and
A50I groups (Figure 4.7, A, C), indicating that VinTS is subject to adistribution of loads
within this system . Moreover, Eappis significantly lower in Vin TS than 1997A or A50I,
supporting previous findi ngs that VinTS is under the highest loads of the group. In
agreemernt with earlier reports, Eapp is significantly lower in A50l compared to 1997A,
demonstrating that thi s group is under load, albeit to a lesse extent than VinTS (Figure
4.7,A, C; Table 4.1) As VIinTS-1997A demonstrates amean Eapp at ~ 0.28 this sensor
appears to be predominat ely unloaded in this system. VinTS demonstrates abroader
distribution of S app than 1997A and A50I (Figure 4.7,B, D), indic ating that both mVenus
and mTFPL1 function is being affected. Interestingly, cell-averaged Spp in VINTS is
significantly higher than that of 1I997A or A50I, supporting the earlier observations
within FAs which suggest a slightly predominate loss of ac ceptor function within this
population (Figure 4.7, D; Table 4.2).These finding agrees well with the trends
demonstrated in the E-S plots. Interestingly, the mean Spp for Vin TS'A50I is significantly
lower than VIinT S or 1997A(Figure 4.7, B, D; Table 4). This is possibly due to a loss of
donor function that is somehow specific to the increasedturnover in this s ensor. Further
investigation is needed to fully elucidate the biophysical mechanisms underlying this

observation.
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Taken together these results govide compelling evidence for the role of
mechanical loading in modulating FP function with in MTSs, and strongly suggest that
both the magnitude and dura tion of the applied load are contributing factors in effecting
FP function inside cells. The observeddiffer ence in the spatial dependence of VinTS and
VinTS-A50I1 suggest that FP function may be differentially aff ected by distinct
mechanical states of vinculin. While measurements of central tendency do allow for
accurate representation of overall populatio nal differences within vinculin sensor
variants in this system, spatial patterns and some data variability in sensorreadouts are
inherently lost. Thus, E-S plots provide a u seful meansfor vis ualizing changes in sensor

populations that might be lost in averaged measurements.
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Figure 4.7: Box-whisker plots of FA - and cell -averaged apparent FRET efficiency an d
apparent FP stoichiometry. Average apparent FRET efficiency (A) and apparent FP
stoichiometry measurements (B) per FA for VinTS, and the 1997A and A50l mutant

sensor variants. Cellaveraged apparent FRET effciency (C) and apparent FP
stoichiometry measurements (D) for all vinculin sensor variants. VinTS has significantly
lower Eapp than A50I or 1997A, indicatin g it i s under the greatest tension 1997A is
statistically indistinguishable from the zero -force efficiency measurements (dotted line).
Simultaneously, VinT Shas sgnificantly hi gher Sapp than the other sensor variants,
indicating an increase in free donor contributio nsto MTS measurements Experiments
for VinTS, VIinTS-1997A, and VinTS-A50I consist of n = 206, 173, and 46 cells,ral n =
15588, 17809and 3773FAs, respectively. Data was aajuired from a minimum of three
independent experiments. Differences between group s was detected using an Anova
with a Welch’s cor r ec,follooved by aoSteetDwass gastdndctest ar i an c €
(***p < 0.001, *p <0.01,*p < 005). P-values for all comparisons can be found in Tables
4.1&4.2.
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4.3.3 FP mechanical quenching occurs independent of intramolecular
FRET

To ensure that differences in stoichiometry were n ot artifactsof FRET
measurements via sensitized emission, vinculin internal constructs containing a single
internal FP were created for both wildtype (WT) vinculin and an actin binding point
mutant variant (1997A) (Figure 4.8, A). Modulation of FP functio n was identified by a
decreasein th e ratio of FP fluorescence intensity normalized to vinculin concentration as
determined through immu nofluorescently labeled vinc ulin ( Vinculin -1F) within select
FAs (Figure 4.8, B). Specifically, elongated FAs at the petipheral of the cell
demonstrating a perpendicul ar orientation to the cell body were chosen for evaluation,
as this morphology has been associated with FAs exp eriencing in creased actomyosin
mediated loads. As these constructs only have one FP, the sensor isiot capable of
intramolecu lar FRET.Thus, any observed spatial dependencyin ratiometric signal
would indicate that modulation of FP fu nction can occur independent of FRET events
within the sensor.

WT and 1997A vinculi n-internal constructs were transiently expressedin vinculin
-/- MEFs, seeded ontofibronectin coated glass coverslips, fixed, and stained as
previously described (Figure 4.8, C-M). Manually dr awn line scans were used to
guantify spatial vari ation in FP function with in select FAs moving fr om the proxim al to
distal tips (Figure 4.8, B). A decrease in the ratio of FP fluorescence intensity normalized

to fluorescently labeled vinculin (Vinculin -1F) is indicative of a loss of FP fluorescace.
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Differences in the spatial profile s of mVenus fluore scene was observed between WT
(Vin-iVenus WT) and 1997A (Vin-iVenus 1997A) vinculin internal constructs. Within th e
WT group, a sub-FA gradient in ratiometri ¢ signal was observed, with the highest
values atthe proximal FA tip and decreasingoutwards towards the distal tips (Figure
4.8, G-H). This decrease inratiometric signal indicatesa modulation of FP fluorescenae
at membrane proximal edges (Figure 4.8, 1), and the spatial trends supports our
observations of asymmetric actomyosin-mediated loss of FP function in VinTS (Figure
4.5, A-E). Notably, no spatial variation in ratiometric signal was observed for Vin-iVenus
1997A (Figure 4.7, N-P). In summary, these results demonstrate that loss of FP fundion is
observed withi n vinculin constructs in the absene of intramoleaular FRET.
Furthermore, theseobservations support our previous findings that FP function can be

modulated by actomyosin -dependent loading at FAs.
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Figure 4.8: Actomyosi n-mediated loss of FP function occu rs in th e absence of
intram olecular FRET events.(A) Vinculin internal constructs, containing a single
internal FP, were credaed for wildtype vinculin (Vin -iVenus WT) and the 1997A actin
bindin g mutant (Vin-iVenus 1997A). (B) Modulation of FP function was assessd by
measuring the spatial profile of the ratio of FP intensity to immunofluorescently labeled
vinculin ( Vinculin -FPNinculin -IF). Representative images of FP intensity, Vinculin -IF,
and the FP/IF ratio for the WT (C-H) and 1997A mutant (J-O) are given. Line scans are
shown of the ratio of FP fluorescence to vinculin mncentration across peripheral FAs
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from proximal to di stal tips. Lines represent individual a dhesion (n =16 FAs from three
independent experiments). Scale bar is 5qums.

4.3.4 FPs mechanical quenching is a reversible process within
vinculin tension sensor

Loss of spatial gradients in the apparent FRET efficiency and FP stoichiometry
within 1997A and A50I point mutant variant s indicate the involvement of actomyosin -
mediated contractility in the loss of FP function within VinT S. To more directly test this
hypothesis, we examined how inhibition of ROCK, a downstream effector of RhoA,
influenced FP stoichiometry (Figure 6). ROCK inhibitor Y -27632 serves to perturb the
activation of myosin Il motor fun ction while leaving its crosdinking function unaffected.
Vinculin -/- MEFs stably expressing sensor variantswere treated with 25 pM of Y -27632
for 20 minutes, as reported in previou s work [192]. This treatment time was previously
determined to be the shortestduration which elicited a significa nt reduction in vinculin
tension. In addition, these treatment conditions were shown to have no appreciable
effect on sensor function asthere was no changein VinTS FRETwi thin the cytosol [192].
Upon treatment, ROCK inhibi tion showed loss of Eapp gradients in VinTS (Figure 49, B-
C) and VinTS-1997A (Figure 4.9, G-H). These observationscorrespond with an overall
increase inthe mean Expp for Vi nTStreated wit h ROCK inhibit or, demonstrating loss of
vinculin tension to levels equivalent to the zero-force state (Figure 4.9, Q & S, Table 4.1).
Data for all vinculin sensor variants (presented in Figure 4.7) were replotted here to
facilitate the convenient comparisons of groups w ith and without treatment. Although

no effect to spatial distri butions of Eapp within VinTS -A501 FAs was observed (Figure 4.9,
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L-M), a significant decreasein the mean Eapp could be observed for the A50I variants
treated with i nhibit or as previously reported (Figure 4.9, Q & S, Table 4.1)As a result,
distinct loadin g mechanisms for VinTS-A501 have beenspeculated [192]. In examining
the spatial profile of FP stoichiometry within FAs , gradients were no longer observed in
VinTS and VIinTS 1997A populations. While ROCK inhibition resulted in no discernable
change in Spp distribution f or A501 sensors. Taken together, these esults confirm the
role of actomyosin contractility in FP quenching within VinTS and demonstrate that this
effect is reversible. Based on these findings, significant modulation of FP function within
vinculin sensorsappears to requir e the ability to simult aneously bind actin and talin. As
the binding of both actin and talin is associated with increased bond lifetimes in vinculi n
(vinculin catchbond) [225], this provides further evidencethat both load magnitude and

duration are important in FP mechanical quenching.
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(dashedboxes). Upon tr eatment with 25uM Y -27632, average apparent FP stoichiometry
within VIinTS cel Is returned to baseline (P, R), coresponding with an increase in average
apparent FRET Efficiency (Q, S)to previously established zero-load measurements
(dotted lin €). Data for all untreated sensor variants is replotted here (from Figure 4.7) to
facilitate the convenient comparisons between groups with and without treatment. Data
was aaqquired from a minimum of three in dependent experiments. Differences between
groups was detectedusing an AnovawithaWel ch’' s correcti on,
followed by a SteelDwass post hoc test(***p <0.001, **p< 0.01). Exact pvalues for all
comparisons can be found in Tables4.1& 4.2.

4.4 Discussion

The goal of this chapter was to investigate the effects offorce on FP function
within vinculin -basedMTSs and determine any computatio nal effectson ensemble
senor measurements inside cells.By combining a 2D planar analysis of apparent FRET
efficiency and FP stoichiometry with vi nculin bindin g mutants, we were able to
visualize the effects of actomyosin-mediated loadi ng on FPfunction within vinculin
sensors Our analysis demonstrates that FP stoichometry w ithin VinTS is modulated
significantly withi n individual FAs at the cell periphery in an actomyosin-dependent
manner, in both live and fixed conditions. Moreover, our results show th at force-
mediated loss of FPfunction, or mechanical quenching, is a reversible process,
consistentwith nonequilibriu m transitions in protein struc ture. These results were
further validated upon inhibition of cytoskeletal contractility, as demonstrated by an
apparent FP doichiometr y within VinTS returning to baseline.

Interestingly, our observations indicate that FPsdemonstrate differential

mechano-response to molecular loads inside cells. Specifically, the acceptor FP (mVenus)
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demonstrates greater susceptibility to me chanical quenching than the donor (nTFP1)
under | oading conditions specific to wil dtype vinculin at p eripheral FAs. As VinTS at
peripheral adhesions has been shownto demonstrate force-stabilized bond dynamics
[192], this is further evi dence suggesting a likely time -dependence in FP mechanical
guenching. While a preferential loss of acceptor fluorescene is observed wit hin VinTS,
loss of donor fluores cenceis obseved with in the A501 mutants, where vinculin is
predominantly in the closed position but still loading through ROCK-indep endent
mechanisms. Relatedly, recent work has presented evidence implicating actin

polymer ization as the source for mechanical loading of the vinculin A 501 mutant [192].
Based on these observationswe propose that FP mechantal quenching within M TSs
could potentially serve asan entire new way to visualize and probe mechanical
consequences wit hin force-sensitive proteins. This work presents a generalizable assay
for directly probing force effects on FPfunction within intracellular MTSs Furthermore,
this analytical appr oach enablesthe expanded use and interpretation of MTSs through
exploiting the mechanosersitive nature of FPsto provide new biological insights into
molecular forces inside cells.

Table 4.1:P-values from Steel-Dwassfor all apparent FRET comp arisons

Group A Group B p-Value | Significance
Live VInTS-I997A Live VIinTS +Y 0.9993| ns
Live VinTS Fixed VinTS 0.9921( ns
Live VinTS-A501 +Y | Fixed VIinTS 0.9742| ns
Live VinTS-A501 + Y | Live VIinTS 0.%525]| ns
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Live VInTSI997A +Y | Live VInTS + Y 0.9519| ns
Live VIinTS-1997A + Y | Live VinTS-1997A 0.9372| ns
Live VIinTS-A50I Live VIinTS +Y 0.8213| ns
Live VinTS-1997A + Y | Live VinTS-A50I 0.0287| *
Live VinTS-1997A Live VinT S A50I 0.0184| *
Live VinTS-A501 + Y | Live VinTS-A50I 0.00B | **
Live VinTS-A50l +Y | LiveVinNnTS +Y 0.001L | **
Live Vin TS-A50I Live VIinTS <0.0001 | ***
Live VIinTS-A50I Fixed VinTS <0.0001 | ***
Live VinTS +Y Live VinTS <0.0001 | ***
LiveVinTS +Y Fixed VinTS <0.0001 | ***
Live VInTS-1997A + Y | Live VinTS-A50l + Y | <00001 | ***
Live VinTS-1997A Live Vin TSA501 + Y | <0.0001 | ***
Live VInTS-I997A + Y | Live VInTS <0.0001 | ***
Live VIinTS-I997A Fixed VIinTS <0.0001 | ***
Live VInTS-I997A + Y | Fixed VinTS <00001 | ***
Live VinTS-1997A Live VIinTS <0.0001 | **=*

Table 4.2: P-values from Steel-Dw ass for all apparent stoichiometry comparisons

Group A Group B p-Value | Significance
Live VInTS-I997A + Y | Live VInTS-A50l +Y | 0.9997| ns
Live VInTS-A50l +Y | Live VinTS +Y 0.9924| ns
Live VinTS A0l + Y | Live VinTS-A50I 0.9886| ns
Live VinTS-A50I Live VinTS+Y 0.9506( ns
Live VinTS1997A +Y | Live VinTS-A50I 0.4817| ns
Live VInTS-I997A Live VinTS-A501 + Y| 0.2612| ns
Live VInTS-1997A + Y| Live VinTS + Y 0.204( ns
Live VIinTS Fixed VinTS 0.063 | ns
Live VinTS-1997A + Y | Live VinTS-1997A 0.05/8| ns
Live VIinTS1997A Live VInNTS +Y 0.0037| **
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Live VIinTS-A501 +Y | Live VIinTS 0.0027( **

Live VinTSI1997A Live VIinTS-A50I 0.0011] **

Live VInTS-I997A Live VIinTS 0.0003] ***
Live VIinTS+Y Live VinTS 0.0002] ***
Live VinTS-I997A + Y | Live VIinTS 0.0001| ***
Live Vin TS-A50I Live VinTS <0.0@1 | ***
Live VINnTS-AS0l + Y | Fixed VIinTS <0.0001 | **=*
Live VInTS +Y Fixed VIinTS <0.0001 | ***
Live VinTS-A50I Fixed VIinTS <0.0001 | ***
Live VInTS-1997A +Y | Fixed VinTS <0.0001 | ***
Live VinTS-1997A Fixed VinTS <0.0001 | **=*

5. Creation of an engineered actin crosslinking FRET
sensor for improved studies on FP mechanoresponse

5.1 Introduction

While the biochemical bass of cell regulation is well established, significant
evidence hasrecently emerged demonstrating that mechanical stimuli can influ encethe
form and function of cells [14, 94, 226228]including fundamental processs such as
division [3], differentiation [1, 2], and migration [229]. Cells areregulated by mechanical
cues from the extracellular environment through the snsing and transduction of forces
into biochemical signals through a processknown as mechanotransduction. While it is
recognized that mechanotransduction events are often mediated by force-induced
changes in protein structure and function , furth er mechanistic understanding is limited

by the ladk of moleaular tools to study these processes mside cells.
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To address this need a class of biosensors collectively known as molecular
tension sensors (MTSs) have been developd to visualize and measure forcesacross
specific proteins inside living cells. While much advancemen has occurred towards the
rational design of MTSs with di stinct force sensitivities, their quantitative capability
remains limi ted by the intrinsic proper ties of the individual sensor components [153,
197]. Thus, extensive efforts have beenmade to engineer sensor elemens with desirable
properties, often focusing on the extensible domain rather than the fluorophores.
Recenty, single molecule studies have demonstrated that FP function can be reversibly
modulated th rough small force-induced structural transitions, distinct from
denaturation events[157]. Asthesestudies had been performed in vi tro, it remained
unclear if cell-generated forceswere sufficient to effect FP function within genetically
encoded FRETFbased sensors.

To determine if FP function could be modulated under intracellular loading
conditions, we developed a gereralizable approach for evaluating FP contributions to
ensamble MTS measurementsinside cells (Chapter 4). Using this approach, we
demonstrate that FP function can be reversibly modulated in an actomyosin-dependent
manner insid e cels. Our findings suggestthat FPs, like mechanaosensitive signaling
proteins, can undergo nonequilibrium t ransitions in response to cellgenerated forces.
While this new approach is promising , much remains to be understood about FP

mechanoresponse within intracellular contexts. To leverage FP medanosensitivity
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towards expanding the appli cation of MTSs and the creation of new tools, an improved
platform is needed to further probe force effects on FP function.To address this
limitation , we sought to create asensorsystem free of biochemical regulation and where
the FPs would be subjectedto higher loads.

Actin networks can befound throughout the cell, and as the prominent mediator
of mechanical signal transmission, forces at these structues are genegrlly understood to
be higher than those across indiv idu al proteins within adhesion complexes([78, 79]
Furthermore, as actin filaments are polar and highly dynamic, a var iety of assemblies
and structures can be rapidly created and modified , eat possessing unigue physical
and mechanical properties to fadlit ate their distin ct rolesin diverse cellular processes
[85]. On 2D surfaces motile cells such asfibroblast s exhibit a variety of subcellular
structures, such as lamellipodia, filopodia, and stress fibers (Figure 5.1) which play
critical roles in processeswhich mediate migration [78, 79, 8284]. For instance, lamella
and lamellipodia, comp rised of bundled and branched actin networks respectively
(Figure 5.1), exhibit unique roles in mediating migr ation such as contibuting to leadi ng
edge protrusion, adhesion assenbly, and transmission of forces at adhesion sites [79,
230]. To leverage the stuctu ral and mechanical diversity with in actin networks, we
developed a“ g nt h eite.j non:natgral) FRET-based actin crosslinking sensor to

report on the forces between adin filament s. This engineered actin indin g MTS
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provides a useful platform probi ng increasedforce effects on FP functon insid e cdls, as
well as exploring the biological consequences of modulating actin crosslinking.

Lamellipodia
Branched

Lamellum

Filopodia
Bundled

Stress Fibers

Figure 5.1: Organization of h igher order actin structures within fibrob lasts.Actin
network s within cells provide structural support and facilitat e the transmission and
transduction of forces within the cell. Motil e cells exert forces on the surrounding matrix
at focal adhesions (FASs) through bundled, contractile actin filaments known as stress
fibers. Filopodia and lam ellipodi a are protrusions consisting of bundled and branched
actin, that form at th e leading edge of motile cells and facilitate migration and
mechanosensing.

Within thi s new platform, greater mechanical quenching of the aceptor
fluor ophore is observed atdynamic actin structures nearthe cdl periphery.
Furthermore, we show that force -induced modulat ion of FP stoichiometry within ABD
sensors is mediated by nornrmuscle myosin Il (NMII) a ctivity and is rever sible.
Collectively, thesefin dings demonstrate that intracellular forces can induce

nonequilibrium transitions in FP structure, resul ting in FP modu lation within MTSs
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inside cells. In sum, this new sensor system enableghe improved st udy of FP
mechanoregonse insid e cells and opens the door to the creation of an entir ely new class
of MT Ss which leverage FP mechanoresponse to inform onthe mechanical

consequences of proteins bearing loads inside cells.

5.2 Experimental methods
5.2.1 Creation of cDNA constructs

Cloning of the actn binding domain (ABD) sensorswithin pcDNA 3.1+
expression vector was achieved using standard molecular cloning techniques as
described previously . Briefly, large DNA fragments encoding the sensors and plasmid
with modified to c ontain overlapping ends via PCR. The final cDNA con structs
encoding the engineered actin crosslinking sensor (ABDTS)and the force-insensitive
control (ABDTL) were then assembledwithin pcDNA 3.1+ expression plasmids via

Gibson Assembly (E5510S; NEB.

5.2.2 Cell culture and construct expression

NIH -3T3 cels were obtained from ATCC (CRL-1658)and maintained in high
gl ucose Dulibfeicead ' BEdidgiqRbd29; Sma Aldrich) supplemented
with 10% fetal bovine serum (HyCl one), and 1%antibiotic -antimycotic solution (PSM,
Sigma Aldri ch). In preparation f or live experiments, one hour prior to imaging cells
were switched to live imaging media. Live imaging media was composed of DMEM GFP-2

(Evrogen), 10% fetal bovine serum,and 1% antibiotic-antimycotic solut ion.
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Transient expression of ABD sensors wasachieved throu gh transfedion using
Lip ofectamine 2000 Reagent (Invitrogen) and OptiMEM (Gibco) at a 1:25 ratio of DNA
to lipofectamine (ug: pL') f ol | owi ng t petocolaBmiefly, Abooblasts were’ s
transfected at ~45% cell confluency, using 2 ug of DN A to 5 uL Lipofectamine2000in a
total volume of 300 pL OptiMEM per well of a 12well tissue culture polystyrene (TCPS
culture dish . Following transfection, cells wer e incubated at 5% COzat 37°C for 5 hours,
before being washed once with sterile PBS and replacing media with fresh antibiotic-free
media. Cells were then incubated overnight, for a total period of 24 hours post-

transfection, prior to seeding on prepared surfaces.

5.2.3 Cell seeding

To facilitate cell adhesion, glass bottom dishes (World Predsion Instruments)
were prepared by coating glass coverslips (#1.5, Bioptechs, Btler, PA) with 10 pg/ml
fibronectin (Fisher Scientific, Pittsburgh, PA) in PBS, incubated at 4 Cight, thenr n
rinsed wi th sterile PBS.For experimentsinvolving live imag ing, cels were sea@ed with
~65,®0 cells per dish and allowed to spread in complete media for ~3hours before
washing with sterile PBS and changing to live imaging medi a for an additio nal hour
before imaging. For thefixed conditi on, cells were seeded with ~25,0® cells per dish and
allowed to spread in complete media for 4-6 hours before washing with sterile PBS and

being fixed with freshly prepared, warm 4% EM grade methanol-free paraformaldehyde
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(PFA, Blectron Microscopy Sdences) for 10 minutes, follow ed by washing once with

PBS.

5.2.4 Inhibitor treatments

Prior to inhibitor treatment, cells were seded on fibronectin coated glass
coverslips and allowed to spread for 4 h.Inhibitor solutions for a range of treatment
concentrations were prepared by dilut ing stock solutions to desired concentrations in
complete media. Specifically, 20, 30, and 50uM solutions of Blebbistatin (B056Q Sigma)
were prepared from a5 mM stock solution in DMSO, 250 nM, 500 nM, and 1 pM of
Latrunculin A (L5163, Sigma) were prepared from a2 mM stock solution in DMSO, and
0.1, 1, and 5 nMof Calyculin A ( CAS 10193271-2, SantaCruz) were prepared from a 10
UM stock solution in D MSO. To create soltion s for treatment with vehicle , sterile-
filt ered DM SO (D2650, Sgma) was added to complete media to fin al concentrations of
7mM and 0.14 M. For all inhibitor studies , cells were treated for 15 minutes at 37°C and

washed once with sterile PBSprior to fi xation.

5.2.5 Immunofluorescent staining

For all immu nofluorescert staining, cells werefirst fixed with warm 4% EM
grade methanol-free paraformaldehyde (PFA, Electron Microscopy Scierces) for 10
min utes and then rinsed with PBS. Cells were then permeabilized with 0.1% Triton -X for
5 minutes and then rinsed with PBSthreetimes. Fresh, 2% lovine serum albumin (BSA,

Sigma Aldrich) in PBS was used as blocking buffer for 30 min utes. Specific proteins
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were immunofluorescently labeled within cells according to details in Table 5.1 All
primary a ntibod ies were applied for a 80-minute incubation t ime in blocking buffer and
then rinsed three times with PBS before a blocking againfor 60 min utes. All
fluorescently labeled secondary antibodies were incubated for 60 min utes followi ng the
second blocking step. Following the final antibody incubation step, cellswere rinsed
three times with PBS and imaged within 48 hours of fixation.

To fluorescently label actin networks and the cell nucleus, staining solution s was
prepared according to the dilut ions listed in Table 5.1in blocking buffer. Samples were
incubated in stainin g solution for 60 minutes at room temperature. Samples were then
rinsed three times with PBS and wrapped in foil until microscopy could be performed.
All imaging was performed within 48 hours of fixation.

Table 5.1: Antibodies and dyes u sed for immun ofluorescent labeling

: , . S dary Antibody/D
Protein/Structure | Primary Anti body e_co.n ary Antibo y ye
(Dilution/concentration)
Polyclonal AlexaFluor Life
Myaosin light rabbit Abcam 488goat .
: . .. | Technologies
chain 2 (pS19/20) | pMLC 2 ab2480 anti-rabbit A11034
(1:500) (1:500)
AlexaFluor
Monoclonal )
Thermo 594 goat Life
. mouse _ . .
Paxillin Fisher anti- Technologies
PXN (1:100 AHOO0492 | mouse A11032
(1:100) (1:500)
Phalloidin - | Thermo
Actin -- -- AlexaFluor | Fisher
647(1:100) | A22287
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Life
Nucleus -- -- DAPI Technologies

(15000) | 51a06

5.2.6 Imaging, segmentation, semi-automated image analysis

Samples were imaged onthe microscope system as described inChapter 3,
section 3.5 at 60x magnification. Single-channel fluorescerce imaging to visualize
immunofl uorescently labeled constructs and FRETimaging via sensitized emission was
performed according to the details in Chapter 3, section 3.5 using combinations of the
mMTFP1 and Venus excitation/emission filters, coupled with the Cy5 filter. Segmentation
and analysis of individual FA s and cells, including FRET and stoichiometric calculations
were performed as described in Chapter 3, sections 3.63.7. Differential interference
contrast (DIC) images were aquired at 60x magnification as previously described in
Chapter 3, section 3.5.3 The Nomarski pri sm wit hin the DIC slider was adjusted to
achieve optimum contrast prior to each experiment. DIC images were manually

registered to corrected acceptor channel imagesusing Matlab.

5.2.6 Data analysis and statistics

To evaluate the optical response d the new engineered sensor, ABDTS and TL
were transiently expressed in NIH -3T3 fibroblasts via cationic lipid transfection
protocols. Cells were then seeded on a fibronectin-coated glass coverslip at ~65,000cells
per dish and allow ed to spread for atotal time of 4-6 hours before being imaged using

multimodal microsco py techniques. FRET images were acquired via sensitized emission
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using a 3-channel imaging approach as previously d esaibed [190, 197] Additionally

Differential Interference Contrast (DIC) imaging was performed to o btain a reference

image of the cell, from which cell edges could be readily visualized and cell masks for

downstream analysis could be generated (Figure 5.2). Following correction for

background contributions, spectral contaminati on, and artifacts adherent to the imaging

system (Chapter 3, section3.6), apparent FRET efficieng/ (Eapp) and FP stoichiometry

(Spp) Were calculated (equations 16-11) and corresponding images were generated.

Microscopy

3-Channel
Fluorescent Imaging

FRET Force Curve
\

\

F

Ep

E-S Plot

¥~

Eupp

DIC Image

Image Analysis

¥ Stoichiometry

T

B

Cell masks

Data Analysis

v

Data Table

Figure 5.2 Pipeline for image ac quisition and subsequent analysis.A series of
fluorescent images are t&en for FRET measurements.DIC images are usedo id entify
cell edgesand generate cell masks, which are gplied to generated images to exclude
extracellular signal contributions to c omputation.

E-Splane analyses were performed on experimental data accarding to the details

outlined in Chapter 3, seg¢ion 3.8. Briefly, pixels from masked images of single cellswere

plott ed as 2D histograms for calculated values of apparent FRET efficiency (Eapp) and
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Stoichiometry (Spp) using MATLAB -based protocols. Pixels with negative FRET
efficiencies or values above one, were removed as theseare not interpretable.
All statisti cal analyseswere performed using JMP Pro 15 software (SAS), with a
p-value of p < 0.05 being considered statistically sigificant. For all data sets with
unequal variance as dg¢ermined by aLevine ' s ,angnswawithaWelc h’' s correcti o
was performed to determine significant differences. If a statistically significant
dif ference was observed, aGamesHowell nonparametric post hoc test was performed.
For data with equal variance, an Anova test was performed to determine significant

difference, followed by a Tukey $ post hoc test, as necessary.

5.3 Results

Previously, we discovered that intracellular forces could modulate fl uorophore
function withi n MTSs. To better study this effect, we create a sSmplifie d, synthetic cross
linker sensor that would be under higher loadsinside cells. Due to its unique features
and role in intr acellular force transmission, the actin cytoskeleton (CSK) makes an

attractive experimental system for probing force effectson FP function within MTSs.

5.3.1 Design and creation of an engineered FRET-based actin
crosslinking sensors (ABDTYS)

F-tractin is an engineered actin binding domain, derived from ami no acids 940
of rat inositol-trisphosphate 3-kinase A (ITPKA) [222, 231, 232]Due to a high affinity for
F-actin (Ka of ~ 10uM), F-tractin has been primarily used as a genetically encoded tag

for labeling actin i n live cells [233, 234] Whil e seweral other actin binding prot ein
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domains (ABDSs) exist, F-tractin was chosen for creation of the ABD sensors due toits
prior use in both N - and C-terminally encoded actin labels, aswell as its efficient
binding of all actin -based strudures [235, 236] In a recent comparison of various
genetically encoded ABD -probes, Ftractin demonstrated the most accurate labeling of
all actin structures [235]. LifeAct, for instance, exhibited a much lower affinity for F-actin
compared to F-tractin, and appeared to be excluded from filopodia protr usions and
disrupted t he formation of actin filaments in a concentration -dependent manner. [237,
238]. Moreover, LifeAct also exhibits a relatively high backgr ound fluorescencedue to
its affinity for G -actin [239]. Additionally, F -tractin domain s arerelatively innocuous in
size (~27kDa). This is advantageous in the context of M TSsas small domain s are
considered less likely to experience misfolding events or to sterically perturb the
structures to which they bind.

Using standard molecular cloning techniques, cDNA constructs encoding an
engineered actin crosslinkin g MTS (ABDTS) and force-insensitiv e control (ABDTL) were
created aspreviously described (Figure 5.3, A). The sensor design involves encoding the
original calibrated tension sensing modu le (TSmod), comprised of mTFP1 and mVenus
separated by an unstructured poly peptide linker, between two terminal F-tractin actin
bindin g domains (ABDTS) (Figure 5.3, B). Similarly, a force-insensitive control construct

was created, by encoding a single F-tractin domain on the N -terminus (ABDT L). As the
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TL construct can only bind actin on one end, tensile forces cannot be transmitted across

the construct, enabling a zero-force readout (Figure 5.3, C).

A ABDTS
Spel Xhol
pcDNA 3.1+ . .
—-@— F-tractin | mTFP1 |l.| mVenus | F-tractin
ABDTL
Spel Xhol
pcDNA 3.1+ m Firactn | mTeP1 mvenus TR (GPGGA),
B C
ABDTS Low FRET

TSmod am V
e -
5 ~Fta,

mTFP1 v =8
Pe J Venus Load e Load
’ R + e l’ 4 -

! ¢ Ftractin -

G ABDTL < " High FRET

“ Ftractin T P 2 e,
Fetractin >
actin binding domains D -

Figure 5.3: Design and function of FRET -based actin crosslinking senso rs.(A) Actin
binding domain sensor (ABDTS) and force-insensitive control (ABDTL) constructs were
constructed withi n pcDN A3.1+ mammalian expression sensorunder the CMV promoter
(Pcewv). (B) ABD sensor design involves incorporating calibrated FRET module (TSmod)

between two terminal F-tractin actin binding domains. (C) Flanked by two F-tractin
domains, ABDTSreports on the loads between actin filaments with a d ecrease in FRET.
With only one terminal F -tractin domain, ABDTL is insensi tive to tensile loads and
serves as a zeraforce control.

5.3.2 Increased FP mechanical quenching observed within
engineered actin crosslinking sensor near cell periphery

Using this approach, the Eapp and Sepp Of transiently expressed ABDTS and
ABDTL withi n 3T3fibro blasts, were evaluated (Figure 5.4). For the ABDTL control, Eapp

indicates the sensor isunloaded and homogenous throughout the cell (Figure 5.4, ).
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Within ABDTS, decrea®d Expp Was observed at the cell periphery (Figure 5.4, E),
corresponding with increased Sipp at theseregions (Figure 5.4, F). Stoichiometry above S
= 0.5indicates aloss of acceptor contributio n with in these populati ons of sensor near the
periphery of cells, which agrees with an observed decrease in acceptor signaht these
locales (Figure 5.4, D). Importa ntly, no appreciable spatial variation was observed in Eapp
or Sepp measurements wit hin the ABDTL control, even dong cell edges orat protrusion
structures (Figure 5.4, G-J), indicating that the observed optical response in ABDTS is

force-mediated.
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Figure 5.4: Creation and expression of ABD sensors. (A) A calibrated FRET-based
tension sensing module, comprised of donor (mTFP1) and acceptor (Venus) FPs linked
by an unstructured polypeptide, was encoded betwe en two actin binding F -tractin
domains to create an engineered actin crosslinking sensor (ABDTS). A for ce-insensitive
control (ABDTL) was aeated with only one terminal F-tractin d omain. (B) Terminal F-
tractin domains mediate sensor localization and crosslinking of actin structu res with
high affinity . (C) Represenfative images of donor, acceptor, appaent FRET efficiency
and apparent stoichiometry of tr ansiently expressed of ABDTS (C-F) and ABDTL (G-J)
constructs. Decreased apparent FRET (E) and FP stoichimetry (F) is observed a the
periphery of ABD TSexpressing cells, while no appreciable change isobserved in the
ABDTL control (I1-J) Sale bar is 50ums.
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5.3.3 Differential FP mechanosensitivity observed within ABD sensor
in fixed cells

Analysis with E-S plots is arecently formalized technique [199] that was
previously utilized to depict the relationship between FPfunction and FRET
measurementswithin a population of vinculin MTSs (Chapter 4) by displaying signatur e
data profiles. If the function of eith er fluorophore i s modulated within a sensor
population, constructs with donor only and/or acceptor onl y contribut ions will be
present, impacting sensor readouts in specific ways. In a population of sensors
containing two functioning fluor ophores, the corresponding E-Splots should
demonstrate a data cloud correspondin g to the average apparent FRET efficiency of the
sensor and an apparent FP stoichiometry of S = 0.5 for gnsors with a 1:1 donor to
acceptor ratio (detailed description can befound in Chapter 3, sedion 3.8) [199]. Upon
increasedloading w ith no p erturbation to fluoroph ore function, the data cloud will shift
left wit h decreasing FRET efficiency measuranents, and constant stoichiometry (S = 0.5)
Upon loss of donor signal, additional contribution from free aceptorswill be present,
resulting in a proportional decrease in calculated stoichiometry and no effect on
apparent FRET eficiency. In contrast, if free donor is present due to loss of acceptor
function within the population , both Sipp and Eapp Will be affected, and the data will skew
upward and to the left. If both d onor and acaeptor functio n is lost, no sensor signal

would be contributed. Thus, in addition to providi ng valuable information on the
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guality of FRET sensor data, E-S plots enable unique insights into how forces may
influence FP function within MTSs inside cells.

E-S plots were generated for live and fixed cells expressing ABDTS and ABDTL
by plotting 2D histograms of Sepp and Eapp calculated per pixel within maske d cells
(Figure 5.5, AD). In both live and fixed cells expressing ABDTS, a high population
density of loaded sensorwas observed, with a calculated Eapp less thanthe zero force
FRET efficiency (Eo = 0.28, centralizing at ~21% (Figure 5.5, A, C). Conversely, the E-S
plots for liv e and fixed ABDTL indica te reduced tensional loads as demonstratedby a
high populati on density with E app near Eo = 028 (Figure 5.5, B, D). Additionally, data
skewing upwards and to the left in both live and fixed ABDTS is indicative of
popul ations of sensor wi th free donor (acceptor loss) (Figure 5.5, A, C). Interestingly, a
subpopulatio n of ABDTS sensornot reporting load (Eapp ~ Eo) and demonstrating
decreased FP sbichiometry (donor loss) is also observedin live cells but not in fixed .
After isolating and evaluating live cells responsible for these | ow d o n doautibnsc ont r i
decreaseddonor signal was observed acrossthe entire cell with no spatial var iation at
the cdl edges(data not shown). The lack of spatial variability points to impr oper folding
or maturation as the lik ely cause of donor loss within these cells, rather than donor
mechanical quenching. Thus, as free donor appears to bemore prevalent than free
acaeptor in these systems,we conclude that mVenus is more susceptible t o mechanical

perturbation than mTFP1 within ABDTS.
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To quantitati vely assess thesabservations, the mean apparent FRET efficiency

(Eapp) and mean FP stoichiometry (Sapp) per cdl was determined. ABDTS demonstrated

significantly lower Eappthan ABDTL in both live and fixed cells indicating that sensor

was under load in both conditions (Figure 5.5, E). Similarly, live and

fixed ABDTS

showed higher Sapp per cell than ABDTL, indicating a significant increase inthe loss of

acceptor (mVenus) function in both liv e and fixed condi tions (Figure 5.5, F).

Import antly, no signific ant difference was observed foll owin g fixation for either

measurements (Figure 5.5; E, F).Based on heseresults, we conclude that fixation d oes

not affect ABD sensor readouts within this system.
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Figure 5.5: Investigating fixation effect s on ABD sensor function and ensemble
measurements.Experimental E-S plots of apparent S vs Efor live cells expressing
ABDTS (A) and ABDTL (B), and fixed cells expressing ABDT S (C) and ABDTL (D).
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FRET efficiencyfor unloaded cytosolic module indicated at Eo = 0.28 (dotted line). (E)
Box-whisker plots of cell -averaged apparent FRET eficiency and (F) apparent FP
stoichiometry demonstrating no significant difference between live and fixed conditions .
Data was acquired from a minimum of th ree independent experiment s. Dif ferences
between groups was detectedusinganAnov a wi t h omecteforarequal c
variance, followed by a Games-Howell post hoc test (***p < 0.0QL). P-values for all
comparisons can be found in Tables 5.2 & 5.3.

5.3.4 FP mechanical quenching within ABD sensors occurs at
dynamic actin structures proximal to the cell edge

To furt her elucidate context-specific effects, ABD sensors at higher order actin
structures were evaluated wit hin 3T3 fibroblasts transiently expressing the ABDTS
sensorand the force-insensitive TL control. Specifically, the Eapp and Sipp at various
cytoskeletal structures were qualitatively assessed (Figure 56).

Stress fibers (SH and protr usions at the cell edge (P) were obseved in fibrob lasts
expressing ABDTS (Figure 5.6, A, ,A "Yahd ABDTL (Figure 5.6, E, .Within E’ ')
ABDTS, an appreciable decreasein acceptor signal was observed at protrusi ons (Figure
5.6, B’ ’d)o steessfibpra (Figure 5.6,B' ) ,  w h atial eariamaz in &/
fluorescence was seerin ABD TL. ABDTS reported higher loading (decreased Epp) at
protrusion s (Figure 5.6, C’ ) pmamdro stress fibers (Figure5.6, C’ Also, increased FP
stoichiometry (Sepp) Was also obsened at ABDTSlamellipodia (Figure 5.6, D’ '‘compared
to stress fibers (Figure 56,  Drdigati ng an increase in free donor contributions
(acceptorloss). Impor tantly, no difference in accepor signal, Eapp Or Sepp Was observed
between stressfibers or protrusion s of ABDTL, indic ating that the differen tial response
observed in ABDTS was force mediated. Interestingly , FP mechanical quenchingis not
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only observed at protrusions, but also posterior to protru sions at the leading edge, in a
region known as the lamellum (Figure 5.6, D). Collectively, these olservations indicate
that FP mechanical quenching within ABDTS occurs preferentially at dyn amic actin
networ ks rather than at the more static stressfibers. This is surprising as the forces
transmitted by stress fibers are generally proportional to amount of myosin within that
fiber, which is likely amuch higher number than within dynamic structures [240]. Thus,
greater forces and consequently greaer FP mechanical quenching would be anticip ated

at more static stress fibers.
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Figure 5.6: Cytoskeletal structur es within fibroblasts expres sing ABDTS and ABDTL
constructs.The presence of stress fibers (SF) angrotrusion (P) structures were
evaluated within cdls expressng ABDTS (A-D) and ABDTL (E-H). Representative
images of actin networks labeled wit h phalloid in (A, E), the acceptor chanrel (B, F), and
generated Epp (C, G) and Spp (D, H) images on unmasked cells. Regions contdning
stressfibers (SH and protrusion (P) structures (dashed box) were identi fied and zoomed
in views presented for each representative image. Both stress fibersand protrusions

fominABDTS (A, A', A’'') and ABDTL (E,ncaE’, E’' ')
guenching preferentially occurs atprotrusions within ABDTS (D, D'’') compared to stress
fibers (D, D ".)
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5.3.5 FP mechanical quenching within ABD sensors is areversible,
NMIl-dependent process

Intracellular forces at the various actin structures with in a cell are either
generated passively by actin polymerization o r actively by myosin Il motor activity
through the hyd rolysis of ATP. During the simultaneous poly merization and
depolymerization of actin filaments, a drag force termed retrograde actin flow is exerted
on attached proteins or structures [85, 86] Alter natively, ensembles of non-muscle
myosin Il (NM II) motors serve as molecular force generators by converting chemical
energy through ATP hydrolysis in to translation movement [43, 86] In addition to its
motor activity, N M Il can in dependently function as a cytoskeleton crosdinking protein
through phosphorylation [90]. Specifically, the reversible phosphorylation at Serl9
regulatesNMIl activity by reducihg ATP hydr ol ysi s withaffmity al t er i n
for actin filaments [89].

To pharmacologically mo dulate the generation and transmission of intracellular
forces, 3Tstransiently expressing ABD sensors (TS/TL) were treated with several
differ ent inhibitors targeting myosin Il activity, acti n polymerization, and
serine/threonine protein phosphatase actvity. However, prior to experiments,
appropriate treatment d osagesneeded to be determined. To identify appropriate
treatment concentrations, adose-response study was performed in which a range of
literature -based concentrations were tested. Specifically, NIH -3T3fibr oblasts were

treated with three different concentrati ons of variou s inhibitors known to modulate
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intracellular force generation for 15minutes, washed with sterile PBSand then fixed
and permeabilized as previously described. Cells were immun ofluorescently labeled to
enable visualization of actin stru ctures, phosphoryla ted myosin light chain 2 (pMLC2),
and the cell nucleus (Table 5.1). Final experimental concentrations were selected based
on a qualitative evaluation of anticipated effects on gecific morph ological features, with
the lowest effective dosage dentified for eachinhibitor (Figure 5.6). Briefly, the
mechanism of actin for each inhibitor and its anticip ated effects on fibroblast
morphology will be discussed, highlighting the lowest dosage corresponding to the
induction of this phenotype.

Generally, Blebbistatin fun ctions to prevent actomyosin contractility by
preferentiall y inhibiting NM Il ATPaseactivity (Straight, Science, 2003)More
specifically, Blebbistatin bind s to the myosin-ADP -Pi complex with hi gh affinity and
interferes with the release of a phosphate group, thereby causing myosin to stay in a
functionally inact ive state, detached fromactin [241-243]. As such, an effective dosage
would be expected toillicit a translocation of phosphorylat ed NM 1l from stress fibers to
the cytoplasm, resulting in an increase in cytosolic pMLC2 signal and a loss d basd
stress fibers. Cells were treated with either 20 uM, 30 uM, or 50 uM Blebbistatin. For all
concentrations tested, an increase in cytosolicpMLC2 signal was observed, with a loss of
stress fibers(Figure 5.7, 1-K). According ly, the lowest dosage (20pM) of Blebbistatin was

selected for experimental use (Figure 5.7, 1, L).
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Latrunculin A binds to actin monomers (G-actin) with a 1:1 stoichiometry,
disru ptin g the organization of actin filaments and inhibiting actin polymerizatio n [244].
Due to the direct inhibition of actin assembly, this inhibitor also functions to indi rectly
inhi bit NMII -mediated contractilit y of actin filaments. As such, the consquences of
Latrunculin A cannot be entrely attribute d to either actin polymerization or NMlII
activity , but rather must be interpret ed in conjugation with the res ults of other inhibitor
treatments. Thus, an effective dosageof Latrunculin A i s expeded to result in the
disruption of the actin cytoskeletal network and loss of cell shape. Cells were treated
with 250 nM, 500nM, or 1 uM Latrunculin A , and while disrupt ion of the adin
cytoskeletal network was observed in some cellswit h the medium dosage (500nM), the
highest concentration yielded a much more ubiquitou s effect (Figure 5.7, E-G). To ensure
that all cells were demonstrating a full response to thetreatment, the highest
concentration (1 uM) of latrunculi n A w as seleded for experimental use (Figure 5.7, G-
H).

Calyculin A is a promiscuous phosphataseinhib itor which targets the activity of
the PP1 and PP2A family of protein phosphat ases PP1 and PP2Aphosphatasesinduce
serine/thr eonine phosphorylation with broad substrate specificity thereby effecting a
plethora of cellular functions [245, 246] Cumulative ly, these enzymesaccount for a large
fraction of all phosphat ase ativity in eukaryotic cells. Enzymatic targets of PP1linclude

regulatory proteins for many impo rtant cellu lar functions such as gycogen metabolism,
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muscle contraction, protein synthesis, cell division and mitosis, and regulation of
membrane receptorsand channels [247, 248. Alternatively, PP2A activity hasbeen
demonstrated to effect proteins within oncogenic signaling cascades, including Raf,
MEK, and AKT, indicating a role in tumor s uppression [249, 250] As such, treatment
with Calyculin A nonselectively affects avariety of processes within the cdl, including
the upregulation of myosin activity by inhibiting myosin -light chain (MLC) phosphatase
from dephosphorylatin g myosin [251], increasing the stressfiber formation and cellular
traction forces [252]. Thus, following trea tment wit h either 0.1nM, 1 nM, or 5nM
Calyculin A, cells were evaluated for an increase in stress fiber formation and pMLC2
compared to vehicle treated controls (Figure 5.7, A-C). Qualitatively, an increasein

pM LC2 signal and stress fiber formation was observed a the highest dosage of
Calyculin A (5 nM) tested (Figure 5.7, C-D).

Finally, as the solvent in whi ch each nhibit or was dissolved, cells were treated
with D MSO to test for vehicle effects on cel morpho logy (Figure 5.7, M-N). Two
different concentrations were evaluated, corresponding to the DMSO concentrations
within the highest and low estinhibitor tr eatments (7 mM-141 mM). As there was no
discernable differencein cell morphology between the high and low DM SO-treated
groups, the highest concentation (141 mM) wasselected for experimental use (Figure

5.7, N-O).
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Figure 5.7 Inhibitor dose -response study to determin e appropriate concentrations for
treatment. Three dif ferent concentration s for Calyculin A (A -C), Latrunculin A (E-G),
and Blebbistatin (1-K), were evaluated to determine lowest effective dosages for a 15
minute treatment time based on specificmorph ological changes anticipated for each

inhibitor. A qualitative evaluation led to the conclusion that 5nM Calycul in A (D),
500nM Latrunculin A (H), and 2QuM Blebbistatin (L) were sufficient to ind uce
appropriate biological responses in NIH -3T3 fibroblasts. No appreciable effects of
DM SO (vehicle) were obsrved at eith er the lowest (M) or highest (N) concentrations
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wi thin i nhibit or solutions. Zoom -in views of cells from dosages chosen for further
experiments (boxed regions) (D, H, L, O).

As myosin activity an d actin polym erization are both key sources for
intracellu lar force generation, we hypothesized that FP mechanial quenching with in
ABDTS would be occurring by one or both mechanisms. To test this hypothesis,
actomyosin contractility was modulated using in hibito rs that target dif ferent aspects of
the force generation pathw ay, using concentrations determined from the dose-response
study . Specifically, cell expressing ABD sensorswere treated with 5 nM Calyculin A to
enhanceMLC phosphorylation at Serl9 1 uM Latrunculin A to disrupt actin assembly,
or 20 uM Blebbistatin to inhibit MLC motor function. To assssthe effects of residual
vehicle in the treatment solutions, cells were also treated with 0.14 M DMSO. Cells were
treated for a period of 15 minutes for all groups, washed with sterile PBS,fixed and
permeabili zed, and then stained with fluorescently ta gged phalloidi n as previously
described. Fluorescene and FRET images were aquired and analyzed, and images
depicting Eapp and Spp were generated for all treatment groups (Figure 58) as previously
desaibed (Chapter 3, sections 3.6-3.7) [190, 197] E-S plots were generated by plotting 2D
histograms of Eapp and Sipp for all treated groups. Qualitatively, a n upwards and to the
left skew of the data is observed within the DM SO (Figure 5.8, I-J and Calyculin A
(Figure 5.8, M-N) treated ABD TS groups compared to TL controls, indicating a
preferential loss of acceeptor FP contribution. While multimodal populations were

observed in Latrunculin A (Figure 5.8, Q-R) and Blebbistatin (Figure 5.8, U-V) treated
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ABDTS groups, no skew or dro p in Sapp Was obsened, suggesting a normdization of
acceptor fluorescence upon treatment with t hese inhibitors.

Upon averaging Eappand Sepp per cell, ABDTS cells treated with DMSO
demonstrated a signifi cantly lower Eapp and a significantly highe r Sepp than ABDTL
(Figure 5.8, K-L), and treatment with the vehicle, DMSO, yielded no distin guishable
effect in ABDTS or ABDTL compared to untreated groups (p-values listed in Tables 5.2
& 5.3). Thus, DMSO demonstrated no appreciable effect on sensor function or molecular
force genertion within cells.

As inhibition of serine/threonine phosphata se activity w ith Calyculin A has been
demonstrated to result in increased stess iber formation and increased traction forces
[252], we expected forces between actin filaments to increase. As a result, we anticipated
an increasein FP mechanical quenching in treated ABDTS celk canpared to vehicle
treated group. Upon a qualitative comparison between ABD TS treated with Calyculin A
and vehicle, Spp appeared to increase inupon Calyculin A inhibition. However, a
guantitative analysis of cell-averaged Eapp and Sepp between groups revealed that while a
significant difference was maintained between ABDTS and ABDTL groups (Figure 5.8,
O-P), Calyculin A did not result in a significant difference in sensor function as
compared to treatment with vehicle only ( p-values listed in Tables 52 & 5.3). Somewhat
surprisingly, these results indicate that treatment wit h Calyculin A did not signi ficantly

increase the forcesexperienced by thesesensors in this system.
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However, upon inhi bition of actin polymerization with Latrunculi n A, both Eapp
and Sapp measurements in ABDTS were significantly indistinguishable from zero-force
baseline as indicaed by the forceinsensitive control, ABDTL (Figur e 58, ST). This
normalization of sensor Sapp to that of the zero-force control, indicat es a restorationof FP
fluore scence Upon disruption of organized actin structures by treatment with
Latrunculin A, N Ml I-mediated contractility i s also indirectly inhi bited. Thus, it is
unclear if the observed mitigation of FP mechanical quenching was dueto the direct
inhibition of actin polymerization forces or the indirect disruption of NMIl -mediated
contractility. Li kewise, upon inhibition of myosin activity with Bl ebbistatin, no
difference was observed in the Eaxpp Or Sipp between ABDTS and the TL control indicating
anormalization of FP fluorescence (Figure 8, W-X). Cumulatively, these results
indicate that FP mechanical quenching wit hin ABD sensors is a reversibé process that is
mediated by NMII contract ility. Furthe rmore, the role of actin polymeri zation forces in

FP mechanica quenching remains unclear.
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Figure 5.8: Pharmacd ogical modulation of actin contractile forces in 3T3 fibroblasts
expressing ABD sensors.Representative imagesfor phalloidin, donor, acceptor, E app,

157



and Sypp images for DMSO treated ABDTS (A1-A5) and ABDTL (B1-B5), Calyculin A
treated ABDTS (C1-C5) and ABDTL (D1-D5), Latrunculin A treated ABDTS (EX-E5) and
ABDTL (F1-F5), and Blebbistatin treated ABDTS (G1-G5) and ABDTL (H1-H5).
Experimental E-S plotsfor DMSO treated ABDTS (I) and ABDTL (J), Calyculin A treated
ABDTS(M) and ABDTL (N), Latrunculin A tr eated ABDTS (Q) and ABDTL (R), and
Blebbistatin treated ABDTS (U) and ABDTL (V). Box-whisker plots depicting effects of
vehicle (K, L), Calyculin A (O, P), Latrunculin A (S, T), and Blebbistatin (W, X)
treatments on ABDTS and ABDTL with in 3T3 fibro blasts. Data was aajuired from a
minimu m of three independent experiments. Differences between groups was detected

using an AnovawithaWel ch’ s correcti on,folloned hya@anesa |
Howell post hoc teg (***p <0.001, **p <0.01, *p <0.05. P-valuesfor all comparisons can
be found in Tables5.2 & 5.3.

5.4 Discussion

The goal of the work presented in this chapter was to create an improved
experimental platform for studyin g FP mechanoresponsewithin i ntracellular MTSs.
Using a newly created syntheti c actin crosslinker sensor (ABDTS), increasedFP
mechanical quenching was achieved, while maintaining the differential
mechanoresponse between sensor FPsThe amount and spatial distribution of the
reported loads and FP signal can be manipulat ed by inhibit ing force generation at actin
structures, demonstrating that these effects are cellmediated and not imaging artifacts.
Interestingly, higher loads and increased FP mechanical guenching were observed at
lamellipodia protrusions and throughout the lamellum. Furthermor e, inhibitio n of actin

polymerization and NMII motor activity resulted in an a blation of loads acoss ABDTS

and a normalization of FP stoichiometry at dynamic actin structures.
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5.4.1 Sensor response is consistent with NMIl-mediated forces at
both the lamellum and lamellipodia

NMII plays a r ole in the formation of and generation of f orcesat different actin
structures within the cell including stress fibers, | amellipodia and the lamellum [87].
Lamellipodia protrusions and the lamellum are dynamic actin structures which have
specific roles in cell migration [253]. The branched actin netw ork with in lamellip odia is
regulated by actin nucleator protein Arp 2/3, whereas actin filaments coalesce into thick
bundles within t he lamellum. Actin polymerizat ion kinetics present another
differen tiatin g feature between the lamella and lamellipodi a. Specifically, lamelli podia
are characterized by fast retrograde actin flow, whereas slower actin fl ow is observed in
the lamellum [230]. By driving retrograde acti n flow within the F-actin networks of the
lamellum , NMIl generatestension on nascentadhesions and mediatesboth force-
induced adhesion maturation and formation of protrusions [124, 130, 230254, 255]
While NMII doe s not appear to reside in or a play a role in the organization of actin
network s within lamelli podia, it can affect the formation o f protrusions and the rate of
actin retrograde flow with in protr usive structures [230, 254, 255]

Basedon our findings, FP mechanical quenching wit hin ABDTS occurs
predominately at dynamic actin networks rather than at the more static stress fibers
concomitantly with higher tensile loads. One possible explanation for the lack of sensor
loading at stress fibers, is that ABDT Smay not be physically lo ng enough to span the

distance between adtin fil aments within stre ss fibersand thus cannot effectively
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crosslink them. Another potential causefor the lack in ABD TS optical response, is if
NMII contracti lity r esults in the parallel translocation of stress fibers. If stressfibers are
being contracted in parallel, then the crosslinking sensor would not experience a

sepaation force and thus would not report a change in optical response.

5.4.2 Summary and implications

To better study FP mechanoresponse in the context of intr acellular forces,a
system wi th increased loading conditions was neededto reliably detect forceeffects on
FPs.ldeally, this platform would also be compatible with standard fixation protocol sto
enable higher throughp ut analysis. Towards this goal, we developed an engineered
FRET-based actin crosslinking sensor to report on the forces between actin filaments in
live or fixed cells. In addition, this synthetic actin crosslinker allows us to pr obe the
biological consequencesof tunin g actin crosslinking , independent of endogenous
signaling. Within this new sensor system increased loading and FP modulation w ere
observed at dynamic actin structures near the cell periphery, rather than at more stable
stress fibers.Addition ally, sensorloading and concomitant FP medanical quenching
were abrogated upon inh ibition of actin polymerization and NM Il activity. In sum, these
findings demonstrate that ABDTS loading and the concomitant, reversible modulati on
of FP function predominantly occurs at dyn amic actin networks in a NMIl -dependent

manner.

160



Excitingly, this new sensorfacilitates a significant expansion of the MTStoolbox

to include non-native molecular tools to modulate mechanical contextsinside cells. In

future, thi s new system can be coupled wi th computational models describin g

intracellular force effectson FP function to create a new classof MTSs which leverage

diff erential FP mechanoresponseto provide new biological insights into molecular

forces inside cells.

Table 5.2: P-values from Game s-Howe Il for all apparent FRET comparisons

Group A Group B p-Value [ Significance
Fixed ABDTL + Latrun culinA | Fixed ABDTL + CalyculinA 1|ns
Fixed ABDTL + LatrunculinA | Live ABDTL untreated 1|ns
Live ABDTL untreated Fixed ABDTL + CalyculinA 1|ns
Fixed ABDTL + Blebbistatin Fixed ABDTS +Blebbistatin 1{ns
Fixed ABDTS DMSO Fixed ABDTS + CalyculinA 1l]|ns
Fixed ABDTL DMSO Fixed ABDTS + LatrunculinA 1{ns
Live ABDTL untreated Fixed ABDTS DMSO 0.996| ns
Live ABDTL untreated Fixed ABDTS +LatrunculinA 0.9898( ns
Fixed ABDTS + Latrunculin A | Live ABDTL untr eated 0.982]| ns
Fixed ABDTL + CalyculinA Fixed ABDTS + LatrunculinA 0.9767( ns
Fixed ABDTL + LatrunculinA | Fixed ABDTL DMSO 0.9742| ns
Fixed ABDTL + Latrunculin A | Fixed ABDTS +Latruncu linA 0.9741| ns
Fixed ABDTL + CalyculinA Fixed ABDTL DMSO 0.965 | ns
Fixed ABDTS + CalyculinA Live ABDTS untreated 0.8795( ns
Live ABDTL untreated Fixed ABDTS DMSO 0.6909| ns
Fixed ABDTS DMSO Live ABDTS untreated 0.6875( ns
Live ABDTL untreated Fixed ABDTS untreated 0.5655( ns
Fixed ABDTS + LatunculinA | Fixed ABDTS DMSO 0.3191| ns
Fixed ABDTS + Blebbistatin | Live ABD TL untreated 0.1336] ns
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Fixed ABDTL untreated Fixed ABDTS + CalyculinA 0.1149( ns
Live ABDTL untreated Fixed ABDTL untr eated 0.113 | ns
Fixed ABDTS + Blebbistain Fixed ABDTL + LatrunculinA 0.1074| ns
Fixed ABDTL DMSO Fixed ABDTL untreated 0.076| ns
Fixed ABDTS + Blebbistatin Fixed ABDTL + CalyculinA 0.0666( ns
Fixed ABDTL + Blebbistatin Live ABDTL untreated 0.0692]| ns
Fixed ABDTS + Latrunculin A | Fixed ABDTS +CalyculinA 0.0468| *
Fixed ABDTL + Bebbistatin Fixed ABDTL + Latru nculinA 0.045] *
Fixed ABDTL + Blebbistatin Fixed ABDTL + CalyculinA 0.0261| *
Fixed ABDTL + LatrunculinA | Fixed ABDTL untreated 0.0238( *
Fixed ABDTL DMSO Fixed ABD TS DMSO 0.023( *
Fixed ABDT S + Blebbistatn Fixed ABDTS+ Latrunculin A 0.019( *
Live ABD TL untreated Fixed ABDTS DM SO 0.0124]| *
Fixed ABDTL + Blebbistatin Fixed ABDTS + LatrunculinA 0.0074( **
Fixed ABDTL + CalyculinA Fixed ABDTL untreated 0.0074 | **
Fixed ABDTS + Blebbistdin Fixed ABDTL DMSO 0.007L | **
Fixed ABDTL + LatrunculinA | Fixed ABDTS DMSO 0.0053] **
Fixed ABDTL + CalyculinA Fixed ABDTS DMSO 0.0042| **
Fixed ABDTL untreated Live ABDTS untreated 0.0036] **
Fixed ABDTL + Blebbistatin Fixed ABDTL DMSO 0.0025( **
Fixed ABDTS + CalyculinA Fixed ABD TSuntreated 0.0019 | **
Fixed ABDTS +LatrunculinA | Live ABDTS untreated 0.0013] **
Fixed ABDTS DMSO Fixed ABDTS untreated 0.0013] **
Live ABDTL untreated Fixed ABDTS + CalculinA 0.0002 | ***
Fixed ABDTL untr eated Fixed ABDTS + CalyculinA 0.0002( ***
Fixed ABDTS + Blebbistatin Fixed ABDTL un treated <0.0001 | ***
Fixed ABDTL + LatrunculinA | Fixed ABDTS + CalyculinA <0.0001 | ***
Fixed ABDTL DMSO Live ABDTS untreated <0.0001 | ***
Fixed ABDTL + CalyculinA Fixed ABDTS + CalyculinA <00001 | ***
Fixed ABDTL + Blebbistatin Fixed ABDTL untreated <00001 | ***
Live ABDTL untrea ted Live ABDTS untreated <0.0001 | ***
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Fixed ABDTS + Blebbistatin | Fixed ABDTS DMSO <0.0001 | ***
Fixed ABDTL + LatrunculinA | Live ABDTS untreated <0.0001 | ***
Fixed ABDTL + CalyculinA Live ABDTSuntreated <0.001 | ***
Fixed ABDTL + Blebbistatin | Fixed ABDTS DMSO <0.0001 | ***
Fixed ABDTL + Blebbistatin Fixed ABDTS + CalyculinA <0.0001 | ***
Fixed ABDTL + Blebbistatin Fixed ABDTS +CalyculinA <00001 | ***
Fixed ABDTS + Blebbistatin Live ABDTS untreated <0.0001 | ***
Fixed ABDTS + LatrunculinA | Fixed ABDTS untreated <0.0001 | ***
Fixed ABDTL + Blebbistatin Live ABDTS untreated <0.0001 | ***
Fixed ABDTL untreated Fixed ABDT S untreated <0.0001 | ***
Fixed ABDTL + Latrunculin A | Fixed ABDTS untreated <0.0001 | ***
Live ABDTL untreated Fixed ABDTS untreated <0.0001 | ***
Fixed ABDTL DMSO Fixed ABDTS untreated <0.0001 | ***
Fixed ABDTL + Blebbistatin Fixed ABDTS untreated <0.0001 | ***
Fixed ABDTS + Blehbistatin Fixed ABDTS untreated <0.0@1 | ***
Fixed ABDTL + Calyculin A Fixed ABDTS untreated <0.00@ | ***

Table 5.3: P-values from Games -Howell for all apparent stoichiometr y comparisons

Group A Group B p-Value [ Sgnificance
Fixed ABDTL + LatrunculinA | Fixed ABDTS + LatunculinA 1{ns
Live ABDTS untreated Fixed ABDTS DM SO 1{ns
Fixed ABDTS DMSO Fixed ABDTS + Blebbistatin 1{ns
Live ABDTS untreated Fixed ABDTS + Blebbistatin 1{ns
Fixed ABDTL DMSO Fixed ABDTL + Calycul inA 1|ns
Fixed ABD TSuntreated Fixed ABDTL + Blebbigatin 1l]|ns
Fixed ABDTS + CalyculinA Live ABDTS untreated 0.999( ns
Fixed ABDTS + CalyculinA Fixed ABDTS DMSO 0.9998| ns
Fixed ABDTS + LatrunculinA | Fixed ABDTL DMSO 0.9981]| ns
Fixed ABDTL + CalyculinA Live ABDTL untre ated 0.9957( ns
Fixed ABDTL + Blehbistatin Fixed ABDTS + LatrunculinA 0.9%7 | ns
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Live ABDTL untr eated Fixed ABDTL untreated 0.9936] ns
Fixed ABDTS + Blebbistatin Fixed ABDTS untreated 0.9867| ns
Fixed ABDTS + CalyculinA Fixed ABD TS +Blebbistatin 0.9836| ns
Fixed ABDTS + LatrunculinA | Fixed ABDTL + CalyculinA 0.9819| ns
Fixed ABDTL + Blebbistatin Fixed ABDTL + LatrunculinA 0.9758| ns
Fixed ABDTL + LatrunculinA | Fixed ABDTL DMSO 0.971( ns
Fixed ABDTS untreated Fixed ABDTS+ LatrunculinA 0.966( ns
Fixed ABDTS DMSO Fixed ABDTSuntreated 0.9563( ns
Fixed ABDTL DMSO Live ABDT L untreated 0.9444 | ns
Live ABDTS untreated Fixed ABDTS untreated 0.9406| ns
Fixed ABDTS + Blebbstatin Fixed ABDTL + Blebbistatin 0.9254| ns
Fixed ABDTSDMSO Fixed ABDTL + Blebbistatin 0.87 | ns
Fixed ABDTL + Latrunculi nA | Fixed ABDTL + CalyculinA 0.8536( ns
Fixed ABDTSuntreated Fixed ABDTL + LatrunculinA 0.8452| ns
Live ABDTS untreated Fixed ABDTL + Blebbistatin 0.8353| ns
Fixed ABDTS + LatrunculinA | Live ABD TL untreated 0.6981( ns
Fixed ABDTS + Blebbstatin Fixed ABDTS + LatrunculinA 0.6372| ns
Fixed ABDTSDMSO Fixed ABDTS + LatrunculinA 0.5642]| ns
Live ABDTS untreated Fixed ABDTS + Latrunculin A 0.5246]| ns
Fixed ABDTS + Blebbistatin Fixed ABDTL + Latruncul inA 0.3812| ns
Fixed ABD TSDMSO Fixed ABDTL + LatrunculinA 0.3735| ns
Live ABDTS untreated Fixed ABDTL + Latrunculin A 0.3312]| ns
Fixed ABDTL + LatrunculinA | Live ABDTL untreated 0.3029| ns
Fixed ABDTS + CalyculinA Fixed ABDTS untreated 0.2918 | ns
Fixed ABDTL + CalyculinA Fixed ABDTL untreated 0.2855 | ns
Fixed ABDTS + CalculinA Fixed ABDTL + Blebbistatin 0.1597 | ns
Fixed ABDTL + Blebbistatin Fixed ABDTL DMSO 0.1576| ns
Fixed ABDTS + LatrunculinA | Fixed ABDTL untr eated 0.1128| ns
Fixed ABDTS +CalyculinA Fixed ABDTS + Latrunc uli nA 0.0861( ns
Fixed ABDTL DMSO Fixed ABDTL untreated 0.0754( ns
Fixed ABDTL + Blebbistatin Fixed ABDTL + CalyculinA 0.0581]| ns
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Fixed ABDTS untreated Fixed ABDTL DM SO 0.0454] *
Fixed ABDTS DMSO Fixed ABDTL DMSO 0.03B | *
Live ABDTS untreated Fixed ABDTL DM SO 0.0295( *
Fixed ABDTS + CalyculinA Fixed ABDTL + Latrunculin A 0.019 | *
Fixed ABDTS +Blebbistatin Fixed ABDTL DMSO 0.0187( *
Fixed ABDTS DMSO Fixed ABDTL + CalyculinA 0.0178( *
Fixed ABDTS untreated Fixed ABDTL + CalyculinA 0.0137( *
Live ABDTSuntreated Fixed ABDTL + CalyculinA 0.0135( *
Fixed ABDTS + Blebbistatn Fixed ABDTL + CalyculinA 0.007]| **
Fixed ABDTL + Blebbistatin Live ABDTL untreated 0.0065]| **
Fixed ABDTS DMSO Live ABDTL untreated 0.0027] **
Fixed ABDTL + LatrunculinA | Fixed ABDTL untreated 0.002( **
Live ABDTS untreated Live ABDTL untreated 0.002( **
Fixed ABDTSuntreated Live ABDTL untre ated 0.0016| **
Fixed ABDTS + Blebbistatin | Live ABDTL un treated 0.0008| ***
Fixed ABDTS + CalyculinA Fixed ABDTL DMSO 0.0003| ***
Fixed ABDTS +CalyculinA Fixed ABDTL + LatrunculinA 0.0001( ***
Fixed ABDTS DMSO Fixed ABDTL untreated <0.00QL | ***
Live ABDTS untreated Fixed ABDTL untreated <0.0001 | ***
Fixed ABDTS + CalyculinA Live ABDTL untreated <0.0001 | ***
Fixed ABDTS + Blebbistatin Fixed ABD TL untreated <0.00@ | ***
Fixed ABDTL + Blebbistatin Fixed ABDTL untre ated <0.0001 | ***
Fixed ABDTS+ Calyculin A Fixed ABDTL untreated <0.0001 | ***
Fixed ABDTS untreated Fixed ABDTL untreated <0.0001 | ***
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6. Probing stiffness effects on FP mechanosensitive
function within an engineered actin crosslinking sensor

6.1 Introduction

Sincetheir discovery, fluorescent proteins (FP9 have becomeinvaluable tool s for
visualiz ing and studying the dyna mic inner workings of cells [256, 257] FPs have been
extensively engineered to impart desirable optical and structu re properties, such as
faster folding kinetics, stability, and brighter em issions spanning the visible spectrum,
thus enabling broader applications in biologi cal science [258, 259] Through r ecent
advances in FP engineering and microscopy techniques, genetically encoded FRET-
based biosen®rs have been designed tostudy mechanical processesdnside cells[7, 260]
Thesetechnologies, collectively referred to as molecular tension sensors (MTSs), have
enabled the visualization and measurement of loads across specific proteins inside cells,
thus mediating the elucidation of molecular pr ocesseainderlying mecha notransduction
[261, 262]

It has been well established that FP function is intrinsically linked to its structure,
and a growing body of evidence indicates that even small force-induced changes in
conformation canresult in pertu rbation to FP fluorescence[157]. To determine if the
forces associated wih mechanotransduction events were sufficient to affect FP function,
we developed a generalizable approach for evaluating FP optical responses within MTSs
inside cells (Chapter 4). Using this approach in conjunction with v inculin -basedMTSs,

we found that FPscan undergo reversible mechanical quenching in response to
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actomyosin-mediated loads. Our fi ndin gs suggest that FPs,like mechanosensitive
signaling proteins, can und ergo force-induced changes in conformation. Thus, FP
mechanical quenching may provide a new way to evaluate mechanically indu ced
changesin protein structure com monly assciated with mechanotransduction events.

To better study FP mechanoresponse and potetially leverage FP
mechanosensitivity towards expand ing the design and application of MTSs, an
improved platf orm was needed where FPs would be subjected to higher loads and be
free of endogenous regulatory processes To address this need, we developed a
simplified, non -native FRET-based actin crosslinking sensor (ABDTS), whic h bears
higher loads and is independent of biochemical regulation (Chapter 5). Using this new
tool, we observed increasedsensorloading and reversible FP mechanical quenching at
dynami c actin structures in a NMII -mediated manner. Expanding on these findin gs, we
sought to determine how changes in actin organi zation or dy namics affect sensor
loading and FP mechanoresponsewithin ABD se nsors.

As substrate stiffness is a key biophysical regulator of cell function a nd
morphology [263-268], we hypothesized that altering substrate stiffn esswould influence
the organization and mechanical properties of actin network s within the cell, and that
we would be able to visualize these effects through changes in ABD sensor

measurements.
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To test this query, w e aultured f ibroblasts expressing ABD sensors on 2D
engineered substrates of varying stiffnessto probe the effects of environmental
mechanical cueson sensormeasurements at dynamic actin structures. Upon comparing
ABD sensor responseswithin c ells cultured on soft and stiff PEGDA hydrogels, higher
loads and increased FP mechanical quenching were observed within ABDTS at dynamic
actin structures on softer substrates. Furthermore, our findings indicate a potential
interplay between ABD crosslinki ng and processes governing cellular rig idity sensin g.
In sum, this work establishes the use of ABD sensors in probin g forces at dynamic actin

structures in a manner compatible with engineered bio materials platforms.

6.2 Experimental methods
6.2.1 Creation of cDNA constructs

The cDNA constructs encoding the engineered actin crosdinki ng sensor
(ABDTS) and the force-insensitive control (ABDTL) were constructed and assembled

within pcDNA 3.1+ expres sion plasmids as previously described (Chapter 5, Figure 5.2).

6.2.2 Cell culture and construct expression

NIH -3T3 cells were obtained from ATCC (CRL-1658) and maintained in hig h
glucose Dulbecco’ s Modi f iigmhAl@ianydupplensenttee di um ( D6
with 10% fetal bovine serum (HyClone), and 1% antibiotic -antimycotic solution (PSM,
Sigma Aldrich) . In preparation for live experiments, one hour prior to imaging cells

were switched to live imaging media.
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Transient expression of ABD sensors was achieval through transfection using
Lipofectamine 20® Reagent (Invitrogen) and OptiMEM (Gi bco) at a 1:2.5ratio of DNA
to lipofectamine (ug: p L) followi ng the manufacture r * s p Brefty dilerablbsts were
transfected at ~45% cell cafluency, using 2 ug of DNA to 5 L Lipofectamine2000 in a
total volume of 300 UL OptiMEM per well of a 12 well tissue culture polystyrene (TCPS)
culture dish . Follow ing transfection, cdls were incubated at 5% CCQat 37°C for 5 hours,
before being washed once with sterile PBS andreplacing media with fresh ant ibiotic -free
media. Cells were then incubated overnig ht, for a total period of 24 hours post-

transfection, prior to seeding on prepared surfaces.

6.2.3 PEGDA synthesis

Synthesis of PEGDA was perform ed following well establi shed methods (Figure
6.1)[269, 270] Briefly, dry PEG (Fluka) was dissolved in anhydrous dichl oromethane
(DCM; Sigma) and reacted with acryloyl chloride ( CsHsClO; Sigma) in the presence of
triethylamine (TEA; Sigma) at a 1:4:2 molar ratio (PEG:CsHsCIO: TEA), stirring under
argon overnight at ~25°C. The resulting produ ct was purified from the chlor ide salt by
gravity -drive n phase separatbn using 1.5 M K2COs(Sigma). The organic phase
containing the PEGDA polymer wa s retained, dried using anhydro us MgSOs, and then
filtered. The PEGDA was then precipitated with col d diethyl et her (Fisher), filtered
again, and dri ed under vacuum. The final product was stored under argon at -80°C, in

amber vials sealed with parafilm , until use. The resulting PEGDA pr oduct was
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characterized by *H-NMR (500 MHz, Bruker), dissolved in deu terated chloroform
(CDCl5s) containing 0.03% tetramethylsilane (Figure 6.4).
0] 1 TEA, DCM 9
HO H i 2 (0] =
o} . \)j\cn R /\n, £~o ’ﬂn\/
2. K,COg4
PEG acryloyl chloride PEGDA

Figure 6.1: Scheme for the synthesis of pol y (ethylen e glycol) -diacrylate (PEGDA).

6.2.4 PEG-RGDS synthesis

To enable celk to adhere to hydrogel surfaces,PEG-RGDS macromers were
created for incorpor ation within crossli nked hydrogels. To achieve this, the cell adhesive
peptide RGDS (Genscript) was conjugated to monoacrylate-PEG-succinimidyl v alerate
(3200 Da, PEG-SVA; Laysan Biolnc., Arab, AL) to form PEG-RGDS (igure 6.2). In this
reaction, the RGDS peptide was first dissolved in anhydrous dimethyl sulfoxide (DMSO;
Sigma) with 2 pthylamife (DdREA; Signm) aodotlyeh added drop wise
to PEG-SVA at amolar ratio of 1.2:1 (peptide: PEG). The resulting product was then
purifi ed via dialysis against water in a regenerated cellulose membrane (MWCO 5000;
Spectrum Laboratories, Inc.) and lyophilized. The conjugation product was stored at -
80°C under argon in amber vials sealed with parafilm until use. Conjugation was
validate d using gel permeation chromatography (GPC) (Figure 6.5), equipped with a
PLgel column (5 pm, 509) UARYisafdah gvaperativelighto or at or i e

scattering (ELS) detector (Folymer Laboratories) (Figure 3.5 A). The PEG-RGDS was
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dissolved in 0.1% ammonium acetate in dimethylformamide (DMF) and tested a gainst a

PEG-SVA standard. All products used exhibited > 85% conjugation.

¢ N

0 0. DIPEA [o) N
VLP\/ Ln/\/\ff Ei/> +  HNRGDS-COOH ———» \)LOK M “RaDs
o] & (o} i

DMSO, RT
Acrylate-PEG-SVA RGDS peptide Acrylate-PEG-RGDS

Figure 6.2: Reaction schematic for the conjugation o f the cell adhesive ligand RGDS
to monoacrylate -PEG succinimidyl valerate (PEG -SVA).

Adhesive functionality of PEG -RGDS was tesed using an adhesion assay(Figure
6.6). Here, NIH 3T3 fibroblasts were seeded on the surface of 2.5% (w/v) and 10% (w/v)
PEGDA hydrogels containing 3.5 mM PEG-RGDS (hydrogel formation described in the
next section). PEGDA hydrogels without PEG -RGDS were dso seeckd, to serve as non
adhesive controls. Cells were allowed to spread for ~ 6 hours, and then evaluated using

phase contrast imaging, at 10x magnification.

6.2.5 PEGDA hydrogel formation

PEG-DA hydrogels were forme d using UV -mediated photopolymeriza tion
according to previously described methods[271, 272] Briefly, hydrogel precursor
solutions at various polymer concentrations were prepared by combining 10 kDa PEG -
DA in 10 mM HEPEShuffered saline (HBS, pH 7.4), and adding 10 pul/mL of DMP A in
n-vinylpyrrolidone (NVP) (300 mg/mL), and then filtered u sing 0.22um sterile filters
(EMD Millipore). Hydrogel discs were formed by sandwiching 20 { ! droplets of

precursor solution between a methacrylate-functionalized cov erslip (# 1.5) and a glass
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slide that has been treated to have a hydrophobic surface, flanked by two 400 um thick
polydimethylsiloxane (PDMS) spacers (Figure 6.3). Crosslinking was induced through
exposure to ultraviolet light (B-200SP UV lamp, UVP; 10mW/an2, 365nm) for 3 minutes
to achieve polymerization and hydrogels were stored in PBS until u se (West,
Macromolecules, 1999). Sandwiching the hydrogels between a hydrophobic slide and a
methacrylate-functionalized coverslip mediates easier handling of the gds as they are
covalently attached to the coverslip following polymerization and the slide can be easily
removed from the hydrogel without causing appreciable surface defects. Methacrylate -
functionalized coverslips were p repared by first thoroughly cleanin g the glass with an
overnight soak in highly corrosive piranha solution (7:3 H 2SO: to H202), followed by
treatment with 2% (v/v) 3 -(trimethyloxysilyl) propyl methacrylate for 48 hours.
Functionalized coverslips were stored under argon, sealed in parafilm, and protected

from ambient li ght.

Methacrylate-functionalized
glass coverslip

% N PEG@Bpolymer
.'\ OO © DMPA photoinitiator ’\I ; ) ; 3 ;
} 4 > Invert
NI pGEEDS . & S
Hydrogel precursor solution Hydrophobic Culture dish
glass slide

Figure 6.3: Schematic for the formation of hydrogels through photoinduced
crosslinking. A given volume of hydrogel precursor solution is sandwiched b etween a
hydrophobic slide and a methacrylate -functionalized cov erslip on top of PDMS spacer

of a defined height. Network formation and gelation occurs upon light -mediated
crosslinking.
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6.2.6 Mechanical testing of PEG hydrogels

The compressive moduli of PEG-based hydrogels were determined using
compressive testing on an RSAMicrostrain Analyzer (TA Instruments). Hydrogels we re
formed from 20 L precursor droplets using 1 mm thick PDMS spacers as previously
described. After photo -crosslinking, hydrogels wer e allowed to swell in PBS for a
minimum of 4 hours prior to be ing subjected to uniaxial strain at 0.003 mm/s.The
compressive modulus for each condition was calculated from the linear region of the
stress vs strain plot. Reported moduli represent the average of a minimum of 6

independent measurements per condition (Figure 6.7).

6.2.7 Cell seeding

To facilitate cell adhesion, 3.5 mM acrylate-PEG-RGDS was added to the
hydrogel precursor solution and incorporated within the bulk hydrogel through
participation in radical-initiated polymerization at the terminal acrylate gr oup, as
previously described . Following polymerization, gels wer e submerged in PBS for at least
4 hours to well and washed with fresh PBS at least twice. Swollen gels wereincubated in
completemedi a at 37 C for ~1 hour peddderl10@d,000 cel | se€
cells per dish and allowed to adhere to and spread on the gel surface for 56 hours prior

to fixation.
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6.2.8 Immunofluorescent staining

For all immunofluo rescentstaining, cells were first fixed with warm 4% EM
grade methanol-free paraformaldehyde (PFA, Electron Microscopy Sciences) for 10
min utes, prepared fresh in warm growth media immediately prior to use. Cells were
then rinsed with PBS and permeabilized with 0.1% Triton -X100 for 10 min utes, followed
by three sequential washeswith PBS. Fresh, 2% bovine serum albumin (BSA, Sigma
Aldrich) in PBS was used as blocking buffer for 30 minutes. To visualize actin networks,
cells were stained with phalloidin con jugated with Alexa Fluor 647 (A22287, Thermo
Fisher), at a 1: 100 dilutionin blocking buffer. Samples were incubated in staining
solution for 60 minutes at room temperature. Samples were then rinsed three times with
PBS and wrapped in foil until microscop y could be performed. All imaging was

performed within 48 hours of fixation .

6.2.9 Imaging, segmentation, semi-automated image analysis

Samples wereinverted and imaged on the microscope system described in
Chapter 3, section3.5, at 60x magnification. Sngle-channel fluore scence imaging to
visualize immunofluorescently labeled constructs and FRET imaging via sensitized
emission was performed according to the details in Chapter 3, using combinations of the
MTFP1 and Venus excitation/emission filters, coupled with the Cy5 fil ter. Segmentation
and analysis of individual cells, including FRET and stoichiometric calculations were

performed as described in Chapter 3, sections 3.63.7.
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6.2.10 Data analysis and statistics

E-Splane analyses were performed on experimental data according to the details
outlined i n Chapter 3, section 3.8. Briefly, pixels from masked images of single cells were
plotted as 2D histograms for calculated values of apparent FRET efficiency (Epp) and
Stoichiometry (Sapp) using MATLAB -based protocols. Pixels with negative FRET
efficiencies or values above one, were removed as these are not interpretable.

Parameters describing cell size and shape, including cell area, aspect ratio, and
circularity, were calculated using ImageJ software (National Institutes of Health) from
binary cell masks generated in MATLAB according to the details in Chapter 3, section
3.2.6.Specifically, cellular aspect ratio was quantified by taking the ratio of the major
axis of the cell to the minor axis (major axis/minor axis). Circularity is a parameter
describing both the roundness of a cell and how continuous the cell perimeter is, and is
defined by C = 41t A /2,Rvhere A is the cell area and P is the perimeter.

Lamellipodia protrusions and stress fibers within sensor expressing cells were
manually counted using ImageJ software (US National Institutes of Health). To
distinguish from actin filaments, stress fibers were identified within the phalloidin
channel as striations that spanover half the length of the cell, with an intensity greater
than 2x background fluorescence.

All statistical analyses were performed using JMP Pro 15 software (SAS), with a

p-value of p < 0.05 being considered statistically significant. For all data sets with
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unequal wvariance as determined by a Levine’'s t
was performed to determine significant differences. If a statistically significant

differ ence was observed, a GamesgHowell nonparametric post hoc test was performed.

For data with equal variance, an Anova test was performed to determine significant

di fference, followed by a Tukey’'s post hoc tes

6.3 Results

Previously, the ABDT Ssensor systemwas developed as an improved platform
enabling us to better investigate force effects on FP functioninside cells. This sensor was
observed to be preferentially loaded within dynamic actin structures in the la mella and
in protrusions near t he cell edge.To further elucidate the molecular origins of loading
on ABDTS, we modulated substrate stiffness to influence the assembly, organization,
and dynamics of actin structures inside the cell.

With engineered in vitro culture systems, substrates with tunable biochemical
and mechanical properties can be used to provide specific cues to adherent cells As
such, we used a highly tunable PEG-based hydrogel system, to probe the effects of
substrate stiffness onthe loads reported by ABD sensors within intracellular actin

networks.

6.3.1 Creation and validation of PEG-based hydrogels

Poly (ethylene glycol) (PEG)-based hydrogels were chosen as the biomaterial

platform used in these studies as the mechanical and biological properties of these
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systemscan be independently tuned with a high degree of control. By modulating

molecular weight and concentration of the polymeric backbone, a range of substrate

moduli and swelling ratios can be achieved similar to those of various biological tissues

[65, 273, 274] While, PEG hydrogels are intrinsically inert and resistant to non -specific

protein adsorption a nd consequential cell adhesion, they can be readily functionalized

with specific bioactive moieties to imbue specific bi ological functionality [275, 276] Due

to the highly tunability of mechanical and biological properties, PEG hydrogels serve as

a biocompatible “blank sl ate” for the reation
mimetic model systems.

While a variety of crosslinking chemistries exist for the creation of PEG -based
hydrogel systems, diacrylate-functionalization of PEG monomers (PEGDA) was used
here as this modality enables simultaneous hydrogel formation and bioactive
functionalization through photoinduced radical -initiated chain growth polymerization

at the acrylate groups.

6.3.2 Synthesis of PEGDA and PEG-RGDS

The synthesis of PEGDA and degree of acryl substitution was evaluated by H -
NMR (Figure 6.4), as previously described [277-279]. PEGDA has a characterisic peak at
approximately 3.7 ppm corresponding to the PEG protons adjacent to the acrylate
groups. Additionally, the degree of acr ylate substitution was determined by comparing

the ratio of integrated PEG backbone and summed acrylate peaks to the known average
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molecular weight of PEG (MW rec) prior to acrylation, as defined by equation ( 10) [277,

280]

[ Acrylate peaks (ppm ~s.e—e4) MWpED
(10)  Acryiation (%) = TP e X 100

&

In this equation, the integrated peaks are normalized to the number of protons
represented. Additionally, the average molecular weight of PEG is normalized to the
mass of the repeating monomeric unit of PEG (44 g/mol). Based on thisrelationship, the

PEGDA product was calculated to possess above #0.0%acrylate substitution.
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Figure 6.4: 1H-NMR spectrum of 10 kDa PEG -DA polymer. Area under the different
peaks were normalized to the tetramethylsilane peak at 0.0 ppm.
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To enable @ll attachment and spreading on an otherwise inert hydrogel surface,
a cell adhesive ligand must be incorporated into the substrate. To achieve this,a
fibronectin -derived cell adhesive peptide RGDS was conjugated tomonoacrylate-PEG-
SVA to form PEG-RGDS (Figure 6.2), as previously described. Conjugation was
validated using GPC, against a PEGSVA standard (Figure 6.5). All products used

exhibited > 85% conjugation.
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Figure 6.5: GPC spectra validating successful conjugatio n of peptides to PEG

polymer. Conjugation of PEG-RGDS was confirmed by a decreasein retention time as
compared to the PEG-SVA standard.

To test thefunctionality of PEG -RGDS macromersin enabling cell adhesion,
NIH -3T3 fibroblasts were seeded oncrosslinked 2.5% (w/v) and 10% (w/v) PEGDA
hydrogels, with and without 3.5 mM PEG-RGDS. After ~6 hours, adherent, well-spread

cells were observed on the surface of RGDSunctionalized hydrogels compared to no
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RGDS controls (Figure 6.6). Thus, this hydrogel system fadlitates selective cell adhesion

through immobilized RGDS peptides.

+ 3.5 mM PEG-RGDS No PEG-RGDS

&

10 % PEGDA

2.5 % PEGDA

Figure 6.6: Adhesion assay validating bioactivity of PEG -RGDS macromer.To test the
bioactivity of the PEG -functionalized c ell adhesive ligand RGDS, 3T3fibroblasts were
seeded on the surface of PEGDA hydrogels, with or without PEG-RGDS. Cells were
observedto adhere and spread on the surface of 10% (w/v) (A) and 2.86 (w/v) (C)
PEGDA hydrogels containing 3.5 mM PEG-RGDS, as copared to no PEG-RGDS
controls (B, D). Scale barepresents200ums.

6.3.3 Mechanical testing of PEG hydrogels
The compressive moduli of PEG-based hydrogels were determined through

compressive testing by calculating the slope from the linear region s of the stress vs

strain plot s. For 10k MW PEG-DA hydrogels, 2.5%, 5%, and 10% (w/v) gels
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demonstrated average compressive moduli of ~3 kPa ~10 kPa, and ~30 kParespectively
(Figure 6.7).) Assumi ng a P ov)dfs=0049fm nearly peifeatly elastic
substrates, these values can be used to approximate average shear moduliG) of ~0.06
~0.2, and ~0.6 for 2.5%, 5%, and 10% (w/v)gels, respectively using the relationship G =
3K(1-2v)/2(1 +v), where K represents the bulk compressive modulus [281]. Based on
this relationship, an assumption of v = 0.5 forlinear elastic materials cannot be made as

this would yield a G = 0, which is nonphysical.
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Figur e 6.7: PEGDA hydrogels of different polymer concentrations were characterized
via compressive testing. Each daa set represents a minimum of n=6gels per condition.
Values are reported as meant S. D.Due to unequal variances, differences between
groups was detectedusinganAnova with a WefolowedByaSeatr ect i on
Dwass post hoc test(**p < 0.4, *p <0.05).P-values for all comparisons can be found in
Tables 6.7.
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6.3.4 Cells on softer substrates demonstrate higher tensile loads and
increased FP mechanical quenching within ABD sensors

To investigate how stiffness-mediated changes in actin structures affect sensor
measurements, 3T3 fibrdblasts expressing ABD sensors were seeded on the surface of
PEG-based hydrogels of varying polymer density. Specifically, 2.5% and 10%(w/v)
PEGDA hydrogels were created, demonstrating compressive moduli of ~3 kPa and ~3
kPa, respectively. To facilitate cell adhesion, 3.5 mM PEGRGDS was incorporated
within the hydrogel upon photoinduced crosslinking . Cells expressing ABDTS and the
force insensitive ABD TL control, were seeded on soft and stiff hydrogels and allowed to
spread for ~ 6 hours prior to fixation. For the unloaded ABDTL control, donor and
acceptor fluorescencecould be clearly seen throughout the cells (Figure 6.8, A-B & |-J),
and Eapp wWas shown to be ~28.6%on both soft and stiff surfaces (Figure 6.8, C U). These
measurements agreewell with previously reported FRET efficiendes of TSmod [184,
192, 197]and ABDTL within cells seeded on glass surfaces (Chapter 5, Figure 5.4)
indicating that imaging on PEG hydrogels does nat introduc e appreciable artifacts in
sensor readouts. On soft and stiff substrates, loss of both donor and acceptor signal was
observed at the periphery of ABDTS-expressing céls (Figure 6.8, EF & M -N). This
modulation in FP fluorescence was coincidental to a decrease in Epp (Figure 6.8,G, O)
and an increase in Spp at these regions(Figure 6.8, H, P) These observations indicate
that sensor populations within these subcellu lar regions are under higher tensile loads

and exhibiting increased FP mechanicalquenching. Moreover, as Sy > 0.5 acceptor
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function is being modulated to a greater extent than donor on both soft and stiff gels.
Interestingly, much higher Eapp and Sipp Were observed for cells on soft substrates (2.5%)
(Figure 6.8, O-P) compared to stiff (10%)(Figure 6.8, GH). Thesedata suggest that cells
on softer substrates are generaing higher loads at dynamic actin structures, compared
to cells on stiffer gels. While this initially seems due to a well-established positive
correlation between substrate stiffness and increased stess fiber formation and traction
force generation [266-268, 282] previous work has shown that cells on softer substrates
demonstrate an increase in highly dynamic actin structure s and actin fluidity [264, 265]
Our data demonstrating th at ABDTS loading at dynamic actin structures increases on
softer substrates,is well supported by these earlier findings. Furthermore, as filaments
in freely flowing actin are unable to anchor to the substrate to transmit forces through
FAs [283], more dynamic actin networks, induced by greater substrate compliance,
would be expected to generate decreased traction forces.

To evaluate the molecular origins of force-mediated changes in FP stoichiometry,
E-S plots were generated for ABDTSand TL by plotting 2D histograms of Sepp and Eapp
calculated per pixel within masked cells seeded on soft and stiff substrates. On both soft
and stiff surfaces, ABDTS demonstrates a high population density of loaded sensor, with
a calculated Expp less than the zero force FRET efficiency (Eo = 28.6%), centralizing at
~20% (Figure 6.8, Q, S)Supporting our qualitative assessment of the sensor images

ABDTS on softer gels demonstrated a greater population density with Sapp > 0.5, with a
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tighter distribution compared to stiff gels (Figure 6.8, Q, S).Despite the higher
variability observed for ABDTS on stiffer gels, the data skews predominately upwards
and to the left in both conditions, indicating a greater force -mediated loss of acceptor
signal compared to donor. Importan tly, the variability observed within E-Splots is likely
contributed by cell -to-cell variability and not representative of heterogeneity within
sensor populations at the subcellular level. In contrast, the ES plots for ABDTL on both
soft and stiff surfaces demonstrate a high population densit y of unloaded sensorwith
Eapp Of ~28% (Figure 6.8R, T), which is approximately equivalent to the zero force FRET
efficiency. Furthermore, ABDTL populations demonstrate a Sapp centralized at S ~ 0.5,
indicating that both the donor and acceptor FPs are functional within these sensor
populations. Interestingly, a slight, rightward skew of the data is observed for both
ABDTS and ABDTL on both soft and stiff gels (Figure 6.8,Q-T). This increase in
apparent FRET measuremeats may be indicative of a small popul ation of sensorsunder
compressive forceswithin this system . However, as the original tension sensing module
(TSmod) was not calibrated for FRET values above the unloaded state(Eo = 28.6%)
(Hoffman, Nature, 2010), it is difficult to interpret apparent FRET measurements within
the compressed regime.Further investigation is needed to fully explicate this
observation.

To quantify global effects mediated by differences in substrate stiffness, average

Eapp and Sepp measurements per cell were evaluated. For both conditions, ABDTS
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demonstrated a significantly lower Eapp, and significantly higher Sapp compared to
ABDTL Figure 6.8, U-V; Table 6.16.2). This observation is consistent with both increased
loading and increased lossof FP function within ABDTS sensorpopulati ons compared
to the TL control. Moreover, a significantly decrease in Eapp Was observed for ABDTS on
soft PEGDA gels compared to stiff (Figure 6.8, U, Table6.1). Concurrently, ABDTS on
softer gels demonstrated a significantly higher Sapp than on stiff gels (Figure 6.8, V; Table
6.2). These data support our earlier findings in demonstrating that ABDTS is under
significantly higher tensi le loads and exhibits significantly greater FP mechanical
guenching on soft gels compared to stiff. Importantly, n o signifi cant difference was
observed in cell-averaged measurements of Epp (Figure 6.8, U; Table 6.1) or Spp (Figure
6.8, V; Table 6.2) for ABDTL -expressing cellsacross stiffness groups.Theseobservations
verify that dif ferencesin ABDTS sensor measureanents are in response to changes in
substrate stiffness and not artifacts of the system.

Collectively, theseresults support our observations that sensors on softer
substrates areexperiencing higher loads and greater FP mechanical quenching than
within c ells on stiffer hydrogels. Furthermore, the increase in the populational variance
of Eapp and Sipp Within ABDTS on both soft and stiff gels, suggests that cells on hydrogel

substrates may present more complex actin medanics as conpared to cells on glass.
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Figure 6.8:Effects of substrate stiffness on ABD sensor measurements within 3T3
fibroblasts soft and stiff substrates. Representative images of donor, acceptor, apparent
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FRET efficiency, and apparent FP stoichiometry for ABDTS and ABDTL within cells
seeded on 10% (w/v) (stiff) (A -D & E-H, respectively) and 2.5% (w/v) (soft) PEGDA
hydrogels (I-L & M -P, regectively). Experimental E-S plots of apparent S vs E forcells
expressing ABDTS @, S and ABDTL (R, T) on soft and still substrates. FRET efficiency
for unloaded sensor module indicated at Eo = 0.28 yertical dotted line ), and the
calculated stoichiometry for single chain sensors containing functional fluorophores is S
= 0.5 porizontal dotted line). Box-whisker plots of cell -averaged apparent FRET
efficiency (U) and apparent FP stoichiometry (V) demonstrating a significant difference
between TS and TL onboth stiffness conditions, and a higher effect in ABDTS on soft
gels comparedto stiff. Data was acquired from a minimum of three independent
experiments. Diffe rences between groupswith unequal variance was detectedusing an
Anova wit h coaectithe followwed by a GamesHowell post hoc test(***p <
0.001, **p < 0.01, *p <.05). For data with equal variance, an Anova was used to detect
differences,followed by a Tukey’' s post hoc tesP (***p <
values for all comparisons can be found in Tables 6.1 & 6.2 Scale bar represents 5ums.

6.3.5 Substrate stiffness demonstrated small effects on cell size and
shape

Cell shape has been slown to regulate fundamental cell ular processes such as
proliferation (Chen, Science, 197) and differentiation [1], as well as mechanical
properties of the actin cytoskeleton [1, 284] Interestingly, FA dynamics and traction
forces, which are regulated by substrate stiffness[285-287], appear to influence cell
shape[288, 289] Thus, a relationship between cell shape and actin organization asa
function of substrate stiffness, appears to exst. While we know that both cell shape and
substrate stiffness influence the organization and mechanical properties of actin
networks [266-268], the interplay between these parameters ispoorly underst ood.

To inv estigate stiffnessmediated effects on the size and shape of ABD expressing
cells, parameters describing various geometric features of the cell were assessed
Specifically, the cell area, the aspect ratio (AR), and cell circularity (C) were evaluated.

187



The cellular aspect ratio describes how elongated a cellis and is defined as the major
axis/minor axis. A perfectly isotropic cell would exhibit an AR equal to 1, whereas an
elongated cell would demonstrate an AR greater than 1. Additionally, c ircularity is a
parameter describing both the roundness of a cell and how monotonic the cell perimeter
is. For instance, a perfectly round cell would demonstrate a C equal to 1. However, C
approaches Ofor more elongated cells or cells with increase inflecti on points along their
perimeter (e.g., increasing protrusive structures or membrane ruffles). Upon evaluating
cellular aspect ratio, no significant difference was observed between ABDTS and TL in
cells on either stiffness (Figure 6.9, A). Moreover, no signifi cant diffe rence was observed
in the aspect ratio of sensor expressing cells on soft gels compared to stif{Figure 6.9, A).
(Figure 6.9, B). These results indicate tha neither th e introduction of the ABD
crosslinking sensor nor substrate stiffness sigrifi cantly aff ected cell elongation.

In examining circularity, n o significant difference was seenbetween cells
expressing ABDTSor TL on stiff gels (Figure 6.9, B) However, a significant increase was
observed in the circularity of cells expressing ABDTScompared to ABDTL on soft gels
(Figure 6.9, B, Table 6.4)indicating that ABDTS expression may influence membrane
protrusions formation on soft substrates. Interestingly, the circularity of ABDTS
expressing cellson soft gels is not statistically distingu ishable from cells on stiff gels.
This suggests that crosslinking by ABDTS may induce changes in cell shape, toa

morphotyp e commonly associated with stiffer substrates.
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While small effects on cell size and shape were observed, he lack of a stronger
stiffness-dependent responsewas surprising for several reasons. First, a positive
correlation between substrate compliance, and the area and elongationof cells has been
well established [21, 267, 288]While no signif icant differ encein cell area was observed
between ABDTS and TL for cells seeded on either softor stiff gels (Figure 6.9, C, Table
6.3), ABDTS cells on stiff gels demonstrate a signific antly high er cell area than cells
expressing ABDTL on soft gels. While statistically significant, it is unclear if this
difference is biologically meaningful . Interestingly, a slight, albeit insignificant, increase
in cell area isobservedin ABDTS compared to TL on soft gels (Figure 6.9, C). One
possible explanation for theseobservations is that ABD -mediated actin crosslinking
(ABDTYS) affects cellular rigidi ty-sensing responsesAccordingly, a recent study
demonstrated that cellular adaption to matrix rigidity is controlled by the mechanical
properties of the actin cytoskeleton in a crosslinker-dependent manner [290].
Alternatively, i tis worth n oting that the measured compressive moduli for the soft
(2.5%) PEGDA gels was ~3kPA(Figure 6.7), which is near the stiffness at which
fibrob lasts demonstrate an abrupt change in spread area[267]. As such cellular or
subcellular variability in substrate mechanical properties could lead to confounded
cellular responses. Second,previous work has shown an increase inlamellipodia activity
and the formation of dynamic actin structures in cells cultured on more compliant

surfaces[132]. As such, adecrease incell circularity was expected for cells on softer
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surfaces but only ABDTL expressing cells demonstrated this dif ferential re sponse

(Figure 6.9, B) Again, it is possible that the 2.5% PEGDA hydrogels are on the alge of

wha't t he

cell s

woul d

perceive

a s ethsaxdedted ”

morpho typic response. Moreover, if substrate mechanical properti es exhibit high

variability at the cellular or sub -cellular level, broader distributions in cell size and

shape would emerge for cells cultured on thesesofter surfaces.Further investigation is

needed to fully elucidate the biophysical causesunderlyin g theseunexpected

observations.
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Figure 6.9: Effects of substrate-stiffness on the shape and size of 3T3 fibroblasts
expressing ABD sensors. The aspect ratio (A), circularity ( B), and area (C)of sensor
expressing cells seeded on 2.5% (w/v) (soft) and 1% (w/v) (stiff) PEGDA hydrogels was
evaluated. While no appreciable change in celular aspect ratio was observed, a
difference in cell circularit y and area were observed between TS and TL for soft
substrates and stiff and soft substrates, respectively.Data was acquired from a
minimum of three independent experiments. Differences between groups was detected
a Wefbraregusl vatiamae rfalowedibpanGames
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**p < 0.01, *p < 0.05)P-values for all comparisons can be found in Tables 6.3 & 6.4.
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6.3.6 Higher substrate stiffness mediates increased stress fiber
formation, but does not change ABDTS loading or FP stoichiometry

To further investigate stiffness-mediated effects on the formation of specific actin
structures within sensor expressing cells, the number of stress fibers and lamellipodia
protrusio ns were quantified for cells on both soft and stiff hydrogels. To enable
visualization and quantification of actin structures, cells expressing A BD sensors were
seeded on soft and stiff hydrogels, allowed to spread for ~6 hours, then fixed and
stained with fluorescently labeled phalloidin as previously described . Individual stress
fibers and lamellipodia protrusions were manually counted for each conditionin a
blinded analysis. Cells in all conditions exhi bited mesenchymal morphological features,
with distinctive protrusi ons (Figure 6.10, AD). For cells cultured on both soft and stiff
gels, no significant difference was observed between the number of stress fibers per
ABDTS and TL expressing cells (Figure6.10, E; Table &). Similarly , no significant
diff erence was obseved in the number of protrusions per cell between ABDTS and
ABDTL expressing cellson either soft or stiff gels (Figure 6.10,F; Table 6.6). In addition ,
a significant increase was observedin both the number of stress fibers and number of
protrusions per ABDTS expressing cells on stiff gels compared to soft(Figure 6. 10, EF;
Table 6.5-6.6). Importantly, no difference was observed between cells expressing ABDTL
as a function of substrate gdiffness. Moreover, w hile not statistically signifi cant, ABDTS
expressing cellson stiffer gels exhibited an appreciably higher number of stress fibers

than in cells expressing ABDTL. Cumulatively , these observations indicate that the
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presence of ABDTS mayinfluence cellular stiffness sensing in ways theseinitial studies

cannot elucidate.

ABDTS ABDTL

10 % PEGDA

2.5 % PEGDA
. .

14 6.0

21, 3 20 :
2 8
g 5 Lo
=10 Q45 ns
g ns @
ios 240 ns
) e
3 s
&06 Sas

; S
204 ns Z 30
o >
g s 7
502 005
>
x <

0 0

ABDTL ABDTS ABDTL ABDTS ABDTL ABDTS ABDTL ABDTS
2.5% PEGDA 10% PEGDA 2.5% PEGDA 10% PEGDA

Figure 6.10: Effects of substrate -stiffness on stress fibers and lamelli podia protrusions
form ation .Representative images offluorescently labeled actin networks within cells
expressing ABDTS and ABDTL on 10% (w/v) (tiff) (A -B) and 2.5% (w/v) (soft) (C-D)

PEGDA hydrogels. Bar plots demonstrating the number of stress fibers (E) and
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lamellipodia protrusion (F) per sensorexpressing cells onsoft compared to stiff
hydrogels. Due to unequal variance, differences between goups were detected using an
Anova witha We |l ¢ h’ s ,fdlevedbg & Gameshlowell post hoc test(***p <
0.001, **p <0.01, *p < 0.05)P-values for all comparisons can be found in Tables 6.5 & 6.6.
Scale bar represents 5Qums.

6.4 Discussion

In this work, we demonstrate the use of ABDTSto visualize changes in loads at
dynamic actin structures as a function of substrate diffness. We find that ABDTS is
under higher loads and exhibits increased FP mechanical quenching on softer substrates
compared to stiff. Furthermore, ABDTS expressing cells on softer substrates
demonstrate less stress fiberand protrusion formation than cells on stiffer substrates.
Additionally, the diff erences in stiffnessmediated effects between ABDTS and ABDTL
expressing cells swggests a potential interplay between actin crosslinking by ABD
sensors and processes governing cellular rigidity sensing. Bycoupling the power of
FRET-based MTSs with the tunability of in vit ro culture models, we demonstrate the use

of ABD sensors for probing environmental effects on dynamic actin structures.

6.4.1 Softer substrates mediate higher tensile loads and increased FP
mechanical quenching within dynamic actin networks

Our previous work , we have shownthat ABD sensors experience higher tensile
loads and increased FP modulation at dy namic actin networks in a NMIl -mediated
manner. As substrate stiffness has been shown to modulate the organization and
dynamics of actin stru ctures [134, 265, 266]we sought to probe stiffnessmediated

changes inthe loads within dynamic actin networks using the ABD sensor system.
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Interestingly, we found tha t ABDTS within cells on softer gels reported increased tensile
loads and demonstrated increased FP mechanical quenching thancompared to cells on
stiffer gels. As ABDTS appears to localize to and report loads within dynamic actin
networks at the cell edgeand within the lamellum, these findings sugg e that forces
within lamellar networks increase on softer surfaces.

It has previously been shown that within cell s cultured on softer substrates, actin
mechanical properties demonstrate more fluid -like behavior compared to cells on stiff
surfaces[265]. Furthermore, on softer surfaces, cellshave been shown to present a more
circular shape and a highly dynamic actin cytoskeleton with fibers aligned to the cell
boundary, and actin flowing inward towards the cell ce nter [264, 265] Thus, our
observations of increased loads within the dynamic actin networks of cells cultured on
soft gels is broadly consistent with prior reports of inc reased actin flow and decreased

filament rig idity within cells on c ompliant surfaces.

6.4.2 Crosstalk between ABD-mediated actin crosslinking and
substrate stiffness may affect cell rigidity sensing

The effects of substrate stiffnesson fundamental cell processes such as
proliferation [291], differentiation [22], and migration [4, 292294] have been well
documented. Additionally, cell sha pe has also been shown to regulate the proliferation
[3], differentiation [1], and migration [295] of cells, as well as cell stiffness and
mechanical properties of the actin CSK[1, 284] While substrate stiffness is a key

regulator of FA dynamics and traction force s[286, 287, 296]they in turn appear to
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influence cell shape [288, 289] Thus, a relationship appears to exist between cellshape
and actin organization as a function of substrate stiffness. While we know that both cell
shape and substrate stiffness influence the organizationand mechanical properties of
actin networks [266-268], the interplay between these parametersis largely unknown.

To explore the relationship between stiffness sensing and cell geometry, we
evaluated the size and shape of fibroblasts expressing ABD sensor on both soft and stiff
substrates. In evaluating the aspect ratioof sensor expressing cels, we observed no
stiffness-mediated effedsin ABDTS or TL groups, indicating that neither the
introduction of the ABD c rosslinking sensor nor substrate stiffn ess significantly affected
cell elongation. Additionally, ABDTS expres sing cells on soft gels danonstrated an
increase in circularity to levels consistent with cells on stiff gels, suggesting that ABDTS
crosslinking m ay mediate changes in cell morphology to one typically associated with
cells on stiffer substrates.

While a strong positive correlation between substrate compliance and cell aea
has been well established [21, 267, 288}ve saw no significant differe nce in cell area for
cells cultured on either soft versus stiff gels. Interestingly, the cell area for ABDTS
expressing cells appears to be Bghtly largely than TL on soft gels. One possible

explanation for this trend is that ABD -mediated actin crosslinking (ABDTS) may affect

the cell’s ability to sense substrate stiffnes
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In addition to size and shape, we also evaluated the formation of stressfibers
and protrusions within sensor expressing cells as a function of stiffness. In these studies,
we observed significant increases in both stress fiber and protrusion formation in cel Is
expressing ABDTS when cultured on stiffer substrates, with no s tiffnessdependent
effectsobserved in TL. Unlike ABDTL which cannot bear tensile loads, ABDTS can
crosslink actin filaments through terminal acting binding domains. Thus, these findings,
together with earlier observations of increased cell area in ABDTS «pressing cellson
soft substratescompared to TL, further supports the hypothesi s that ABDTS may
interact with cel lular rigidity sensing processes by crosslinking actin structures. Notably,
a precedent has beenestablished for this in recent work demonstrating that organization
of the actin cytoskeleton and substrate rigidity sensing in fibroblasts were dependent on
the extent of actin crosslinking [290]. Further investigatio n is necessary to further

elucidate the nature of these interactions.

6.4.3 Summary

In conclusion, we have established that ABDTS loading is regulated in response
to substrate stiffness. The amount of loadng and concurrent FP modulation within these
sensors @n be manipulated by tuning the stiffness of the underlying su bstrate.
Interestingly, we saw an increase in ABDTS loaling and FP mechanoresponse on efter
substrates. Previous work h as shown that the organization, dynamics, and mechanical

properties of the actin network can be modified in re sponse to substrate compliance,
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with increased actin fl ow being observed on softer surfaces. Thus, our findings are
broadly consistent with measurements of increased actin dynamics on soft surf aces.

Table 6.1:P-values I OUWEOOwW3 U0l a7z UwESFRETUPUOOU WO wE :

Group A

Group B

p_
Value

Significance

ABDTL on 10% PEGDA

ABDTL on 2.5% PEGDA

0.9818

ns

ABDTL on 2.5% PEGDA

ABDTS on 10% PEGDA

0.0164

*

ABDTL on 10% PEGDA

ABDTS on 10% PEGDA

0.0038

*%*

ABDTS on 10% PEGDA

ABDTS on 2.5% PEGDA

0.0002

*k*k

ABDTL on 10% PEGDA

ABDTS on 2.5% PEGDA

<0.0001

*k*k

ABDTL on 2.5% PEGDA

ABDTS on 2.5% PEGDA

<0.001

*k*k

Table 6.2: P-values for all Games -Howell comparisons of apparent stoichiometry

Group A

Group B

p_
Value

Significance

ABDTS on 10% PEGDA

ABDTL on 2.5% PEGDA

0.1346

ns

ABDTL on 10% PEGDA

ABDTL on 2.5% PEGDA

0.1037

ns

ABDTS on 10% PEGDA

ABDTL on 10% PEGDA

0.0034

*%*

ABDTS on 10% PEGDA

ABDTS on 2.5% PEGDA

0.0001

*k*k

ABDTS on 2.5% PEGDA

ABDTL on 2.5% PEGDA

<0.0001

*k*k

ABDTL on 10% PEGDA

ABDTS on 2.5% PEGDA

<0.0001

*k*k

Table 6.3: P-valuesfor EOOwW3 UOI a7z UWEOOXxEUPUOOUWOI wET

Group A Group B Sl;zllue Significance
ABDTS on 2.5% PEGDA | ABDTL on 10% PEGDA 0.999]| ns
ABDTL on 10% PEGDA | ABDTL on 2.5% PEGDA | 0.3112| ns
ABDTS on 2.5% PEGDA | ABDTL on 2.5% PEGDA | 0.1921| ns
ABDTS on 10% PE®A | ABDTL on 10% PEGDA | 0.0985| ns
ABDTS on 10% PEGDA | ABDTS on 2.5%PEGDA | 0.0852| ns
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ABDTS on 10%PEGDA | ABDTL on 2.5% PEGDA | 0.0004

*k%k

Table 6.4:P-YEOUI Uwi OU wE peOaorss 6fodll dirguline O O

Group A

Group B

p_
Value

Sgnificance

ABDTS on 2.5% PEGDA

ABDTS on 2.5% PEGDA

0.9964

ns

ABDTS on 2.5% PEGDA

ABDTL on 2.5% PEGDA

0.7435

ns

ABDTS on 2.5% PEGDA

ABDTL on 2.5% PEGDA

0.658

ns

ABDTS on 2.5% PEGDA

ABDTS on 2.5% PE®A

0.4157

ns

ABDTS on 2.5% PEGDA

ABDTS on 2.5% FEGDA

0.2355

ns

ABDTSon 2.5% PEGDA

ABDTL on 2.5% PEGDA

0.0334

*

cell

Table 6.5:P-values for all Games-Howell comparisons of numbe r of stress fibers per

Group A

Group B

p_
Value

Significance

ABDTL on 2.5% PEGDA

ABDTS on 2.5% PEGDA

0.6237

ns

ABDTL on 10% PEGDA

ABDTL on 25% PEGDA

0.2927

ns

ABDTS on 10% PEGDA

ABDTL on 10% PEGDA

0.1908

ns

ABDTL on 10% PEGDA

ABDTS on 2.5% PEGDA

0.0325

*

ABDTS on 10% PEGDA

ABDTL on 2.5% PEGDA

0.001

*

ABDTS on 10% PEGDA

ABDTSon 2.5% PEGDA

<0.0001

*k*k

cell

Table 66: P-values for all Games-Howell comparisons of number of protrusions per

Group A

Group B

Value

Significance

ABDTL on 2.5% PEGDA

ABDTS on 2.5% PEGDA

0.9895

ns

ABDTS on 10% PEGDA

ABDTL on 10% PEGDA

0.9042

ns

ABDTL on 10% PEGDA

ABDTL on 2.5% PEGDA

0.2896

ns

ABDTL on 10% PEGDA

ABDTS on 2.5% PEGDA

0.0975

ns

ABDTS on 10% PEGDA

ABDTL on 2.5% PEGDA

0.0921

ns
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*

ABDTS on 10% PEGDA | ABDTS on 2.5% PEGDA | 0.02

Table 6.7: P-values for all Steel -Dwass comparisons of compr essive modul i

Group A Group B p-Value | Significance
5% PEGDA 2.5% PEGDA| 0.0141| *
10% PEGDA | 2.5% PEGDA| 0.0095| **
10% PEGDAO | 5% PEGDA 0.0095 | **
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7. Future directions

While the work presented in thi s dissertation provides a significant contributi on
towards the improved use and further development of molecular tools for studying
mechanobiology, it also provides opportunities for further expl oration in a variety of
reseach directions. Most immediately , continued exploration of the biophysical basis of
FP mechanoresponse in MTSs could provide a more mechanistic understanding of the
processes mediating mechanotransduction. Furthermore, the advances presented in this
work open the door for the expanded application of existing MTSs for studying
mechanobiol ogy with in a variety of other systems where exploration has previously

been limited, including those where larger forces are presumed important.

7.1 Creation of a new suite of molecular tools to better evaluate
FP mechanoresponse

FPs have been extensiely engineered to diversify their optical and physical
properties through exploitation of the highly conserved structure -function relationship.
By coupling directed evolution w ith high throughput screening te chniques, protein
engineers have been able to igntify variants with unique or desirable characteristics. In
addition to brightness, thermodynamic stability is considered a highly desirable featu re
in fluorescent proteins as it decreases maturation time and environmental sensitivity.

In terms of mechanical stability , loss of FP fluorescencehas primarily been

attrib uted to quenching of the chromophore upon protein denaturation . However, in
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this dissertation we show that FPs within MTSs demonstrat e functional sensitivity to
cell-generatedforces and can be reversibly modulated inside cells (Chapter 4). To enable
deeper insights into intracellular force effects on FP function within MTSs, we created a
“synith’et MTS whi c h ntbroughsternirialrekgmeeredactin binding
domains (ABDTS) (Chapter 5). Not only does this sensor system provides an improved
platform for study ing actomyosin-mediated force effects on FPs,but it also enables the

development of new “ s y n t hoels for probing forces at actin structur es.

7.1.1 Creation of a modular engineered plasmid to enable high
throughput sensor production

While FP mechanosensitivity open the door for expanding the toolbox of MTSs
to gain new insights i nto the molecular forces inside cells, it also makes the useand
interpretability of MTSs for non -experts more challenging. Screening FRET pairs for
differential responses tointracellular loads, could provide further insight into the
biophysical basis of FP mechanosensitivity and enable the creation of sensors with
specific force sensitives- designed to explore systems where very small or very large
forces may be important.

Towards this goal, engineered plasmid s have been createdenabling the fast and
efficient production of a library of FRET-based ABD sensors(engABDs). Through a
modular design that incorporates sequences recognized by highfidelity enzymes, each

component of the sensor can be rapidlyexchanged using standard restriction digests
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(Figure 3.4, A). Using this high thro ughput production scheme, over 30 FRET-based

ABD sensor constructs have been created to date

7.1.2 Creation and qualitative evaluation of a library of FRET-based
sensors to explore differential mechanosensitive function of FPs

A major question raised by this work is what physical featur es, if any, contribute
to FP mechano®nsitivity. By coupling steeredmolecular dynamics (SMD) simulations
with experiments using truncated FP variants, the role of specific structural features in
the stability and function of FPshas beendemonstrated [156]. Specifically, upon deletion
of an N-termin al alpha helix, FP fluorescencedecreased by over two orders of
magnitud e within EGFP and EYFPvariants. Under a constant tensile force, SMD
simulations identified three possible mechanical intermediate s for GFP which are
thought t o be medi ar&dnlby ©Dhet Won bswrtheddp hobi ¢ r es
terminal helix [156]. While these intermediate states may be specific to FPs containing
the N-terminal -helix, astructural motif common to A. Victoria-derived FP variants,
variability in FP structural features may contribute to the differential mechano sensitivity
observed betweenFPs .9, mVenus and mTFP1 as demondrated in Chapters 4, 5, and
6). Interestingly, mVenus, an A. Victoria-derived FP variant possessing an Nterminal
alpha helix [297], demonstrated greater sensitivity to m echanical quenching than
mTFP1, which is derived from Clavularia coral [298] and possessan unstructured N -
terminus. While the biophysical basis of FP mechanical stability is likely more

complicated than simple differences in terminal structural motifs, this observation does

202



presentan interesting hypothesis, that identification o f common stru ctural features in
highly stable and highly labile FPs may enable the rationale design of MTSs with
tunable FP mechanoresponse

To explore the relationship between structural features and FP
mechanosensitivity , alibrary of modular ABD sensors (engABDs) hasbeen created by
utilizing the engineered plasmid (Figure 3.4, A) to enable high throughput sensor
production . Specifically, 20 sensors have been created to datthrough either the
exchange of the donor compatible with a red FP acceptor (Fgure 3.4, B) or by altering
the acceptor for a blue FP donor (Figure 3.4, C). Currently efforts are focused on
establishing a qualitative approach for screening FP mechanical sensitivities within
various FRET pairs in an effort to identify interesting responses It is our hop e that these
investigations will not only provide insight into the biophysical basis of FP
mechanosensitivity , but also reveal variants which unique characteristic responses to

intracellular forces which can be leveraged towards new biotechnology applicati ons.

7.1.3 Utilizing cp variants within engineered ABD sensors to probe
orientation effects on FP mechanoresponse

A variety of n ew optical tools have been developed by modulating the structure
of FPs to achievedifferential functional responses.Such structure-functi on sensors are
often comprised of FP variants that have undergone artificially engineered circular
permutation. Circular permuted (cp) protein sdemonstrate a different primary amino

acid sequence, whie maintaining similar t ertiary prote in stru cture. This is achieved
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through covalently linking the N - and C-termini with an unstructured polypeptide
linker and creating new termini at a different location on the protein [179]. For FPs, the
fun ctional consequences for circular permutation are that differences in connectivity
often results in decreased thermodynamic stability, resulting in greater lability of the

protein’ s optThigiacteasein fangtenaltséngtisity makescpFPs ideal
candidates for structure-function model systems [180].

To explore the effects of connectivity and orientation on FP mechanosensitivity, a
suite of ABD sensors containing a single cp fluoropho re were created. To facilitate
efficient cloning of cDNA constructs, asecond engineered plasmid was createdwith
compatible restrictio n sites to acommercially available cp-based FRET sensotibrary
(Figure 3.5, A-B) [193].

The use of this pre-existing library provided an attractive option for the
construction of the cpABD sensors as itis comprised of standard and cpFP vari ants of
mTFP1and mVenus. As this is the same FRETpair used in our prior work, direct
comparisons could be made across studies Through standard cl oning appro aches, four
derivatives of ABD TS, and their zero load controls, have been created with either the
wildtype mVenus acceptor, or one of three cpVenus variants (e.g., cpV157, cpl73,

cpV229). Using these constructs, weintend to explore the effects of FP orentation on the

mechanosensitive function of mVenus within the ABD platfor m.
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8. Conclusion

It is becoming increasingly recognized that mechanical signals from the cellular
environment play a key role in regulating t he form and function of cells [10, 299, 300]
Cells sense and respnd to mechanical cues from their environment through a poorly
understood processknown as mechanotransduction [10]. Enabling technologies, such as
molecular tension sensors (MTSs) have been ceated to investigate the molecular
processes underlying mechanosensitive regulation by enabling the measurement of
forces experienced by specific proteins inside cells[261, 262] However, an incomplete
understanding of the effects d intracellul ar forces onthe function of flu orescent proteins
(FPs)within the context of force sensors limits the applicatio n and int erpretation of
MTSs[7, 227] In order to advance our understanding of the molecul ar processes
mediating mechanotransduction, it is necessary to improve on existing tools and
analyses aswell as to develop new technologies for probing mechanical consequences
inside cells. In this dissertation, we developed new appro aches for the improved use and
interpretation of existing MTS te chnology, and created a new platform for probing the
relationship between forces atdynamic actin networks and extracellular cues. We
applied these tools to study the effects of celtgenerated forces on FP functionwit hin
MTSs and discovered that FPs can bereversibly quenched in response to forces

generated inside cels in a variety of m echanical contexts.
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In our initial work, we sought to investigate the fun ctional consequences of FPs
bearing load within MTSs. By adapting an existing formalism for evaluating
perturbations in FP function due to protein interactions in solution, we developed a
generalizable approach for detecting force-induced loss of FP function. We validated
this approach using an extensive dataset of vin culin -based MTSs and discoveredthat FP
function can be reversibly modulated under actomyosin -mediated forcesin a manner
dependent on both the magnitude and dur ation of the applied load . These results
establish FPs as forcesensitive proteins and demonstrated a generalizable approach for
evaluating fluorophore function in the context of FRET -basedsenrs.

To further explore FP mechanical quenching within MTSs and its effects on
ensemble sensor measurements, we developed asimplified recombinan t FRET sensr
that would experience higher intracellular forces and be free of endogenous biochemical
regulation. Through terminalengi neered actin bi rnwditrhgegtd crhaiarcd,i |
crosslinking sensor (ABD sensor) reports on the loads between actin fil aments. Upon
expression in fibroblast cells, this sensor wasobserved to beunder higher loads at
dynamic actin structures, specifically at actin rich protrusion and wit hin the lamellum.
Importan tly, a strong increase in FP mechanial quenching was observed within these
regions. Through a seriesof inhibitor studies aimed at attenuating actin contractile
forces we found that FP mechanical quenching within these sensorsappears to be

reversible and mediated by NMII activity . We also found that the donor and acceptor
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FPs within these sensors demonstrated diferent sensitivities to applied loads. This work
resulted in the creation of a new FRET-based actin crosslinking sensor which reports on
loads between acin filaments within dynamic network sto enable improved studies of
intracellular force effects on FPfunction within MTSs. Together, the findings from this
study suggest that like mechanosenstive signaling proteins, FPs can undergo distinct
nonequilibrium transitions in response to forces within a variety of mechanical contexts.

In continuation of this w ork, we investigated how modulating the organization
and mechanical properties of cellular actin networks would affect ABD sensor readouts.
By comparing cells cultured on soft and stiff substr ates, we observed th& cells on softer
substratesdemonstrated increased tensile loads across ABD sensa@within dynamic
actin networks, with a cancomitant increase in FP mechanical quenching.Although we
did not see stong stiffness-mediated changes in cédl morphology, our ob servations do
indicate a potential interpla y between actin crosslinking and cellular rigidity sensing
mechanisms. In sum, these resukts demonstrate the usefulness ofthe ABD sensor system
both as aplatform for improved studies on intr acellular force effects on FP function, as
well as an investigative tool for probing forces within dynamic actin networks.

Through out the work de scribed in this dissertation, we have shown that FPs can
undergo reversible quenching in response to molecular forces inside cells.Ad ditional ly,
using a variety of systems,we have demonstrated the functional consequences of FP

mechanical quenching on ensemble FRET measurements.Based on the resultspresented
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in this work , we propose that FP mechanical quenchingwithin MTSs could pot entially
serve as an entirdy new way to vi sualize and probe mechanical consequences within
force-sensti ve proteins.

Moving forward, there is much to be learned about the biophysical basis of FP
mechanosensitivity. Towards that goal, we have developed a nodular engineered
plasmid to enable efficient production of ABD -based MTSs. Using this high throughput
cloning system, a variety of M TSs with different sensor components can be quickly
constructed. To date, a library of over 20 sensorshas been created forthe purpose of
characterizing the mechanical sensitivities of various FRET pairs. In addition, 6 sensors
containing circularly permu ted variants of mVenus have been creatal to probe the
effects of orientation and connectivity of FP me chanoresponse.

Beyond new tools, this dissertation work also sets the stage for new analytical
methods which could expand the capabilitie s of existing MT Ss. Specifically,
collaborative efforts are underway to develop a computational model describing the
effects of FP mechani@l quenching on ensemble MTS measurementsBy coupling
modeling approaches with 2D planar analysis, anew analytical framewor k could be
developed which leveragesdifferenti al FP mechanosensitivity within MTSs to provide
new biological insights into the mol ecular forces inside cells.In concept, such a tool
would enable us to differentiate between donor/acceptor-specific affects, and effects of

load magnitude vs load duration .
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In conclusion, the work presented in this dissertation represents a significant
advancementtowards improving the use and in terpretability of MTSs, and the
development of new technolo gies to probe molecular events mediating

mechanotransduction.

209



References

1. McBeath, R., et al.,Cell shape, cytoskeletal tension, and RhoA regulate stem cell lineage
commitmentDevelopmental cell, 2004.6(4): p. 483495.

2. Ruiz, S.A. and C.S.Chen, Emergence of patterned stem cell differentiation within
multicellular structures.Stem Cells, 200826(11): p. 29217.

3. Chen, C.S., et al. Geometric control of cell life and dedleience, 19972765317): p.
14251428.

4, Lo, C.M., et al,, Cellmovement is guided by the rigidity of the substr8iephys J,
2000.791): p. 14452,

5. LaCroix, A.S., K.E. Rothenberg, and B.D. Hoffman, MolecularScale Tools for
Studying Mechanotransductignn Annual Review of Biomedical Engineering, Vol 17
M.L. Yarmush, Editor. 2015. p. 28%316.

0. Grashoff, C., et al.,Measuring mechanical tension across vinculin reveals regulation of
focal adhesion dynamiddature, 2010.4667303): p. 263266.

7. Ham, T.R., K.L. Collins, and B.D. Hoffman, Molecular Tensio Senscs: Moving
Beyond ForceCurr Opin Biomed Eng, 2019. 12 p. 8394.

8. Gates, E.M., et al. Improving Quality, Reproducibility, and Usability of FREBased
Tension Sensor€ytometry A, 2019. 952): p. 201213.

9. Hoffman, B.D., C. Grashoff, and M.A. Schwartz, Dynamic molecular processes
mediate cellular mechanotransductidfature, 2011.475 p. 316323.

10. Geiger, B., J.P. Spatz, and A.D. Bershadskygnvironmental sensing through focal
adhesiondNat Rev Mol Cell Biol, 2009.10(1): p. 2133.

210



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Hy nes, RO., The extracellular matrix: not just pretty fibrilScience, 20093265957):
p. 12169.

Lu, P., et al.,Extracellular matrix degradation and remodeling in development and
diseaseCold Spring Harb Perspect Biol, 2011.3(12).

Schwarz, U.S and M.L. Gardel, United we stand: integrating the actin cytoskeleton
and celmatrix adhesions in cellular mechanotransductidi@ell Sci, 2012125Pt 13):
p. 305%60.

DuFort, C.C., M.J. Paszek, and V.M. WeaverBalancing forces: architectural cooit
of mechanotransductiomMature Reviews Molecular Cell Biology, 2011. 12(5): p.
308-319.

Berk, A., Z. S, and L. H,Molecular cell biologyFourth Edition ed. 2000.

Nelson, C.M. and M.J. Bissell,Of extracellular matrix, scaffolds, and signalirigsue
architecture regulates development, homeostasis, and cAnoarRev Cell Dev Biol,
2006.22: p. 287309.

Collins, K.L., et al., Bio-Instructive Cues in Scaffolds for Musculoskeletal Tissue
Engineering and Regenerative Mediciio-Instructiv e Scafblds for
Musculoskeletal Tissue Engineering and Regenerative Medicine, ed. J.L. Brown,
S.G. Kumbar, and B.L. Banik. 2017, London: Academic Press LteElsevier Science
Ltd. 3-35.

Adams, J.C. and F.M. Watt,Regulation of development and differetitia by the
extracellular matrix.Development, 1993.1174): p. 118398.

Juliano, R.L. and S. Haskill, Signal transduction from the extracellular matrixCell
Biol, 1993.12((3): p. 57%85.

Meredith, J.E., Jr., B. Fazeli, and M.A. Schwartz,The &tracelular matrix as a cell
survival factor.Mol Biol Cell, 1993. 4(9): p. 95361.

211



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Discher, D.E., P. Janmey, and Y.L. WangTissue cells feel and respond to the stiffness
of their substrateScience, 20053105751): p. 113943.

Engler, A.J., etal., Matrix elasticity directs stem cell lineage specificatioall, 2006.
126(4): p. 677689.

Trappmann, B., et al., Extracellularmatrix tethering regulates steftell fate Nat
Mater, 2012.11(7): p. 6429.

Wen, J.H., et al.,Interplay of matrixstiffness and protein tethering in stem cell
differentiation.Nat Mater, 2014.13(10): p. 97987.

Baker, B.M. and R.L. Mauck, The effect of nanofiber alignment on the maturation of
engineered meniscus construd@somaterials, 2007.28(11): p. 196777.

Burdick, J.A. and K.S. Anseth, Photoencapsulation of osteoblastajedtable RGP
modified PEG hydrogels for bone tissue engineeBiggnaterials, 2002.23(22): p.
431523.

Gilchrist, C.L., et al., Micro-scale and messtale architectural cues cooperand
compete to direct aligned tissue formatiBramaterials, 2014. 35(38): p. 1001524.

Kim, I.L., et al., Fibrous hyaluronic acid hydrogels that direct MSC chondrogenesis
through mechanical and adhesive clsmaterials, 2013.34(22): p. 557180.

Chan, B.P. and K.W. Leong,Scaffolding in tissue engineeringeneral approaches and
tissuespecific considerationBur Spine J, 200817 Suppl 4: p. 46779.

Shin, H., S. Jo, and A.G. Mikos,Biomimetic materials for tissue engineering.
Biomaterials, 2003.24(24): p. 435364.

Parsons, J.T., A.R. Horwitz, andM.A. Schwartz, Cell adhesion: integrating
cytoskeletal dynamics and cellular tensibiat Rev Mol Cell Biol, 2010. 11(9): p. 633
43.

212



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Reddig, P.J. and R.L. JulianoClinging to life: c# to matrix adhesion and cell survival.
Cancer Metastasis Rev, 200524(3): p. 42539.

Schwartz, M.A. and D.W. DeSimone, Cell adhesion receptors in
mechanotransductiorCurr Opin Cell Biol, 2008. 20(5): p. 5516.

Brennan, A.B. and C.M. Kirschner, Bic-inspired Materials for Biomedical
Engineering 2014: John Wiley& Sons.

Hern, D.L. and J.A. Hubbell, Incorporation of adhesion peptides into nonadhesive
hydrogels useful for tissue resurfacidgurnal of biomedical materials research,
1998.39(2): p. 266-276.

Ruoslahti, E., RGD and other recognition sequentasintegrins.Annual review of
cell and developmental biology, 1996. 12(1): p. 697715.

Knight, C.G., et al., The collagetbinding A-domains of integrins alpha(1)beta(1) and
alpha(2)leta(1) recognize the same specific amino acid sequence, GFOG#&i#vgin n
(triple-helical) collagensl. Biol Chem, 20002751): p. 3540.

Reyes, C.D. and A.J. GarciaAlpha2betal integrirspecific collagemimetic surfaces
supporting osteoblastic diffentiation.J Biomed Mater Res A, 200469(4): p. 591600.

Reyes, C.D., et al.,.Biomolecular surface coating to enhance orthopaedic tissue healing

and integration Biomaterials, 2007.28(21): p. 322835.

Martino, M.M., et al., Engineering the groth factor microenvironment with
fibronectin domains to promote wouadd bone tissue healin§ci Transl Med, 2011.
3(100): p. 100ra89.

Sen, S., A.J. Engler, and D.E. Discheiatrix strains induced by cells: Computing
how far cells can fee€lell Mol Bioeng, 2009.2(1): p. 3948.

213



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Zilberberg, L., et al., Specificiy of latent TGFbeta binding protein (LTBP)
incorporation into matrix: role of fibrillins and fibronectid.Cell Physiol, 2012.
227(12): p. 382836.

Murrell, M., et al., Forcing cellsnto shape: the mechanics of actomyosin contractility.
Nat Rev Mol Cell Biol, 2015.advance online publication .

Babensee, J.E., L.V. Mcintire, and A.G. MikosGrowth factor delivery for tissue
engineeringPharm Res, 200017(5): p. 497504.

Mosiewicz, K.A., et al., In situ cell manipulation through enzymatic hyaiyel
photopatterningNature materials, 2013.12(11): p. 10721078.

Wang, X., et al.,Growth factor gradients via microsphere delivery in biopolymer
scaffolds for osteochondral tissungjineeringJ Control Release, 2009134(2): p. 8%
90.

Pritchard, E.M. and D.L. Kaplan, Silk fibroin biomaterials for controlled release drug
delivery.Expert Opin Drug Deliv, 2011. 8(6): p. 797811.

Evans, N.D., et al.,Substrate stiffness affaatarly differentiation events in embryonic
stem cellsEur Cell Mater, 2009.18(1e13): p. 13e4.

Giannone, G. and M.P. Sheetz Substrate rigidity and force define form through
tyrosine phosphatase and kinase pathwasends in Cell Biology, 2006.16(4): p. 213
223.

Gilbert, P.M., et al., Substrate elasticity regates skeletal muscle stem cell-satewal
in culture. Science, 20103295995): p. 107881.

Higuchi, A., et al., Physical cues of biomaterials guide stem cell differentiation fate.
Chemical reviews, 2013.1135): p. 32973328.

214



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Kraning -Rush, C.M., J.P. Califano, and C.A. ReinhartKing, Cellular traction
stresses increase with increasing metastatic poteRi@b one, 20127(2): p. e32572.

Lanniel, M., et al., Substrate induce differentiation of human mesenchymal stem cells
on hydrogels wittimodified surface chemistry and controlled moduBgft Matter,
2011.7(14): p. 65016514,

Murphy, C.M., et al., Mesenchymal stem cell fate is regulated by the composition and
mechanial properties of collageglycosaminoglycan scaffoldsMech Behav Biomed
Mater, 2012.11: p. 53-62.

Semenov, 0.V, et al. Engineered polyelectrolyte ntildhyer substrates for adhesion,
proliferation, and differentiation of human mesenchymal stels ¢&sue Engineering
Part A, 2009.15(10): p. 29772990.

Shih, Y.R., et al. Matrix stiffness regulation of integrimediated mechanotransduction
during osteogenic differentiation of human mesenchymal stemXBlts e Miner Res,
2011.26(4): p. 7308.

Ulrich, T.A., E.M. de Juan Pardo, and S. Kumar,The mechanical rigidity of the
extracellular matrix regulates the structure, motility, and proliferatmf glioma cells.
Cancer Res, 200969(10): p. 416774.

Hoffman, A.S., Hydrogels for biomedal applicationsAnn N 'Y Acad Sci, 2001.944
p. 62-73.

Kloxin, A.M., et al., Mechanical properties of cellularly responsive hydrogels and their
experimetal determination Adv Mater, 2010. 22(31): p. 348494.

Liu, X., J.M. Holzwarth, and P.X. Ma, Functionalized synthetic biodegradable polymer
scaffolds for tissue engineeriidacromol Biosci, 2012.12(7): p. 9119.

Pham, Q.P., U. Sharma, and A.G. Mkos, Electrospinning of polymeric nanofibers for
tissue engineering applications: a revi@ussue Eng, 200612(5): p. 1197211.

215



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Orr, S.B., et al.,Aligned multilayered electrospun scaffolds for rotator cuff tendon tissue
engineeringActa Biomater, 2015.24: p. 11726.

Moffat, K.L., et al., Novel nanofibebased scaffold for rotator cufpaér and
augmentationTissue Eng Part A, 200915(1): p. 11526.

Sill, T.J. and H.A. von Recum, Electrospinning: applications in drug delivery and
tissueengineeringBiomaterials, 2008.29(13): p. 19892006.

Nemir, S., H.N. Hayenga, and J.L. West PEGDA Hydrogels With Patterned
Elasticity: Novel Tools for the Study of Cell Response to Substrate Rigidity.
Biotechnology and Bioengineering, 2010.1053): p. 636-644.

Kim, D.H., et al., Nanoscale cues regulate the structure and function of magiosco
cardiac tissue constructBroc Natl Acad Sci U S A, 20101072): p. 56570.

Hollister, S.J.,Porous scaffold design for tissue engineerNag. Mater, 2005.4(7): p.
51824.

Burg, K.J., S. Porter, and J.F. KellamBiomaterial developments foone tissue
engineeringBiomaterials, 2000.21(23): p. 234759.

Pan, Z. and J. Ding,Poly(lactideco-glycolide) porous scaffolds for tissue engineering
and regenerative medicinmterface Focus, 20122(3): p. 36677.

Wu, L. and J. Ding, Effectsof porosity and pore size on in vitro degradation of three
dimensional porous poly(Dslactidecoglycolide) scaffolds for tissue engineerihg.
Biomed Mater Res A, 2005.754): p. 76 F77.

Mikos, A. and J. Temenoff, Formation of highly porous biodedeable scaffolds for
tissue

engineeringElectron J Biotechnol, 20002(3): p. 234.

216



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Nikkhah, M., et al., Engineering microscale topographies to controctiiesubstrate
interface Biomaterials, 2012.33(21): p. 523046.

Bettinger, C.J., R. Langerand J.T. Borenstein Engineering substrate topography at
the micre and nanoscale to control cell functidngew Chem Int Ed Engl, 2009.
48(30): p. 540615.

Kim, D.H., et al., Matrix nanotopography as a regulator of cell functidrCell Biol,
2012.1973): p. 35160.

Dalby, M.J., et al., The control of human mesenchymal cell differentiation using
nanoscale symmetry and disordiat Mater, 2007.6(12): p. 9971003.

Oh, S., et al.,Stem cell fate dictated solely by altered nanotube dimeriion Natl
Acad Sci U S A, 2009106(7): p. 21305.

Kyburz, K.A. and K.S. Anseth, Synthetic mimics of the extracellular matrix: how
simple is complex enon@Ann Biomed Eng, 2015.43(3): p. 489500.

Fletcher, D.A. and R.D. Mullins, Cell mechanicsral the cytoskeletomNature, 2010.
463(7280): p. 48592.

Gardel, M.L., et al., Mechanical Integration of Actin and Adhesion Dynamics in Cell
Migration. Annual Review of Cell and Developmental Biology, 2010. 26(1): p. 315
333.

Wegner, A., Head to td polymerization of actind Mol Biol, 1976.1081): p. 13950.

Pollard, T.D., Rate constants for the reactions of AHAd ADP-actin with the ends of
actin filaments.J Cell Biol, 19861036 Pt 2): p. 274754.

Carlier, M.F. and D. Pantaloni, Cortrol of actin dynamics in cell motilityd Mol Biol,
1997.2694): p. 45967.

217



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Ridley, A.J., et al.,Cell migration: integrating signals from front to ba&cience,
2003.3025651): p. 17049.

Wilson, C.A., et al., Myosin Il contributes to celscde actin network treadmilling
through network disassembMature, 2010.4657296): p. 3737.

Small, J.V., M. Herzog, and K. Anderson, Actin filament organization in the fish
keratocyte lamellipodiund. Cell Biol, 19951295): p. 127586.

Alberts, B., Molecular Biology of the CelBixth Edition ed, ed. J.L. Alexander
Johnson, Martin Raff, Keith Roberts, and Peter Walter. 2015, New York: Garland
Science. 11342.

Vicente-Manzanares, M., et al.,Non-muscle myosin Il takes centre stage in cell
adhresion and migratioriNat Rev Mol Cell Biol, 2009. 10(11): p. 77890.

Kim, K.Y., et al., Diseaseassociated mutations and alternative splicing alter the
enzymatic and motile activity of nonmuscle myosinB lhnd [FC. J Biol Chem, 2005.
280(24): p. 22'B9-75.

Somlyo, A.P. and A.V. Somlyo, Ca2+ sensitivity of smtio muscle and nonmuscle
myosin Il: modulated by G proteins, kinases, and myosin phosphatgsiol Rev,
2003.83(4): p. 132558.

Sellers, J.R., E. Eisenberg, and R.S. Adelsteiithe birding of smooth muscle heavy
meromyosin to actin in the presend¢dP. Effect of phosphorylatiod.Biol Chem,
1982.257(23): p. 1388a3.

Kanchanawong, P., et al.,Nanoscale architecture of integiirased cell adhesions.
Nature, 2010.4687323): p. 58-584.

Hynes, R.O., Integrins: bidirectional, allosteric sigiing machinesCell, 2002.11Q(6):
p. 67387.

218



93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Harburger, D.S. and D.A. Calderwood, Integrin signalling at a glancel Cell Sci,
2009.122Pt 2): p. 15963.

Sun, Y., C.S. Chen, and JFu, Forcing stem cells to behave: a biophysical perspective of
the cellular microenvironmenf&nnu Rev Biophys, 2012.41: p. 51942.

Mitra, S.K., D.A. Hanson, and D.D. Schlaepfer, Focal adhesion kinase: in command
and control of cell motilityNat Rev Mol Cell Biol, 2005. 6(1): p. 5668.

Mitra, S.K. and D.D. Sdlaepfer, Integrin-regulated FAKSrc signaling in normal and
cancer cellsCurr Opin Cell Biol, 2006. 18(5): p. 51623.

Huveneers, S. and E.H. Danen,Adhesion signhaling crosstalk betweentegrins, Src
and RhoJ Cell Sci, 2009122(Pt 8): p. 105969.

Lessey, E.C., C. Guilluy, and K. Burridge, From mechanical force to RhoA activation.
Biochemistry, 2012.51(38): p. 742632.

Livne, A. and B. Geiger, The inner workings of stres&fil bl @ OO WE OOUUEEUDOI
machinery to focal adhesions and bd€ell Sci, 20161297): p. 1293304.

Burridge, K. and C. Guilluy, Focal adhesions, stress fibers and mechanical tension.
Exp Cell Res, 20163431): p. 1420.

Eghiaian, F., A. Rigato, and S. Scheuring,Structural, mechanical, and dynamical
variaklity of the actin cortex in living cellsBiophys J, 20151086): p. 13301340.

Stewart, M.P., et al.,Hydrostatic pressure and the actomyosin cortex drive mitotic cell
rounding. Natur e, 20114697329): p. 22630.

Fischer, R.S.Move your micovilli. J Cell Biol, 20142071): p. 911.

219



104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Svitkina, T., The Actin Cytoskeleton and ActiBased Motility.Cold Spring Harb
Perspect Biol, 201810(1).

Wold, F., In vivo chemical mdification of proteins (podtanslational modification).
Annu Rev Biochem, 1981.50: p. 783814.

Sacco, F., et al.The human phosphatase interactome: An intricate family porff&BS
Lett, 2012.586(17): p. 27329.

Lee, M.J. and M.B. Yaffe Protein Regulation in Signal Transductio@old Spring
Harb Perspect Biol, 2016.8(6).

Ardito, F., et al., The crucial role of protein phosphorylation in cell signaling and its use
as targeted therapy (Reviewnt J Mol Med, 2017.40(2): p. 271280.

Neuman, K.C. and A. Nagy, Singlemolecule force spectroscopy: optical tweezers,
magnetic tweezers and atomic force microsddaiure Methods, 2008.5(6): p. 49t
505.

Pruitt, B.L., et al., Mechanetransduction: from molecules to tissuB$.0S Biol, 2014.
12(11): p.e1001996.

Kellermayer, M.S., et al., Folding-unfolding transitions in single titin molecules
characterized with laser tweezeSgience, 19972765315): p. 1112%5.

Basu, A., et al.,Direct mechanical stimulation of tip links ihair cells throgh DNA
tethers Elife, 2016.5.

Hughes, M.L. and L. Dougan, The physics of pulling polyproteins: a review of single
molecule force spectroscopy using the AFM to study protein unfolRieg Prog Phys,
2016.79(7): p. 076601.

Yao, M., et al., Mechanical activation of vinculin binding to talin locks talin in an
unfolded conformatiorScientific Reports, 2014 4.

220



115. del Rio, A, et al., Stretching single talin rod molecules activates vinculin binding.
Science, 20093235914): p.638-41.

116. Bustamante, C., et al.,Mechanical processes in biochemisétgnual Review of
Biochemistry, 2004.73: p. 705748.

117. Bell, G.I.,Models for the specific adhesion of cells to &dlence, 1978: p. 61827.

118. Rief, M., J.M. Fernandez, ad H.E. Gaub, Eladically coupled tweevel systems as a
model for biopolymer extensibilitthysical Review Letters, 1998.81(21): p. 4764
4767.

119. Wang, K., et al.,Regulation of skeletal muscle stiffness and elasticity by titin
isoforms: a test of thsegmental exteiosi model of resting tensioRNAS, 1991.16: p. 710t
7105.

120. Chen, H., et al.,Dynamics of equilibrium folding and unfolding transitions of titin
immunoglobulin domain under constant forcdsAm Chem Soc, 2015137(10): p.
35406.

121. Vogel, V., Mechanotransduction involving multimodular proteins: converting force into
biochemical signalss\nnu Rev Biophys Biomol Struct, 2006. 35: p. 45988.

122. Gardel, M.L., et al., Chapter 19: Mechanical response of cytoskeletal networks.
Methods Cell Biol, 2008.89: p. 48%519.

123. Kiosses, W.B., et al.Rac recruits higkaffinity integrin alphavbeta3 to lamellipodia in
endothelial cell migratioriNat Cell Biol, 2001. 3(3): p. 31620.

124. Choi, C.K.,, et al., Actin and alphaactinin orchestratette assembly and tumation of
nascent adhesions in a myosin Il meitedependent manneNat Cell Biol, 2008. 10(9):
p. 103950.

221



125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Aratyn -Schaus, Y. and M.L. Gardel, Transient Frictional Slip between Integrin and
the ECM in Focal Adhesions under MyosinTension.Current Biology, 2010.20(13):
p. 11451153.

Nicolas, A., B. Geiger, and S.A. SafranCell mechanosensitivity controls the
anisotropy of focal adhesiofsoc Natl Acad Sci U S A, 2004101(34): p. 125265.

Walcott, S. and S.X. SunA mechanical modef actin stress fiber formation and
substrate elasticity sensing in adherent céMsic Natl Acad Sci U S A, 201010717):
p. 775%62.

Zemel, A., et al., Optimal matrix rigidity for stress fiber polarization in stem ceNat
Phys, 2010.6(6): p. 468-473.

Balaban, N.Q., et al.,Force and focal adhesion assembly: a close relationship studied
using elastic micropatterned substratisture Cell Biology, 2001. 3: p. 466472.

Riveline, D., et al., Focal contacts as mechanas®nr: Externally pplied local
mechanical force induces growth of focal contacts by an ru@@dndent and ROCK
independent mechanisidournal of Cell Biology, 2001.1536): p. 11751185.

Chrzanowska-Wodnicka, M. and K. Burridge, Rhostimulated contratility drives
theformation of stress fibers and focal adhesid@ell Biol, 19961336): p. 140315.

Pelham, R.J., Jr. and Y. WangCell locomotion and focal adhesions are regulated by
substrate flexibility Proc Natl Acad Sci U S A, 1997 94(25): p. 136615.

Cavalcanti-Adam, E.A., et al., Cell spreading and focal adhesion dynamics are
regulated by spacing of integrin ligandd@ophys J, 200792(8): p. 296474.

Sarangi, B.R., et al.Coordination between Intraand Extracellular ForceRegulates
Focal Adhesion DynamicdNano Lett, 2017.17(1): p. 399406.

222



135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

Elosegui-Artola, A., et al., Rigidity sensing and adaptation through regulation of
integrin types.Nat Mater, 2014.13(6): p. 63%7.

Danen, E.H., et al., The fibronectirbinding integrins alpha5betal and alphavbeta3
differentially modulate RhoA&TP loading, organization of cell matrix adhesions, and
fibronectin fibrillogenesisl Cell Biol, 20021596): p. 107186.

Sawada, Y, et al., Force sensing by mechanical extensibtine Src family kinase
substrate p130Ca€ell, 2006.1275): p. 101526.

Chodniewicz, D. and R.L. Klemke, Regulation of integrirmediated cellular responses
through assembly of a CAS/Crk scaff@thchim Biophys Acta, 2004.16922-3): p.
63-76.

ten Klooster, J.P., et al.,Targeting and activation of Racl are mediated by the exchange
factor betaPix. J Cell Biol, 20061725): p. 75969.

Nobes, C.D. and A. Hall, Rho, rac, and cdc42 GTPasegulate the assembly of
multimolecular focal coplexes associated with actin stress fibers, lamellipodia, and
filopodia.Cell, 1995.81(1): p. 5362.

Chambard, J.C., et al. ERK implication in cell cycle regulatioBiochim Biophys
Acta, 2007.17738): p. 1299310.

Panciera, T., et al. Mechambiology of YAP and TAZ in physiology and dise&éat
Rev Mol Cell Biol, 2017.18(12): p. 758770.

Dupont, S., et al.,Role of YAP/TAZ in mechanotransductioNature, 2011.
474(7350): p. 179U212.

Etienne-Manneville, S. and A. Hall, Rho GTPaseis cell biology Nature, 2002.
420(6916): p. 62935.

223



145. Machacek, M., et al.,Coordination of Rho GTPase activities during cell protrusion.
Nature, 2009.461(7260): p. 99103.

146. Lawson, C.D. and K. Burrid ge, The onroff relationship of Rho and Rac cagi
integrin-mediated adhesion and cell migrati®mall GTPases, 20145: p. €27958.

147. Harris, A.K., P. Wild, and D. Stopak, Silicone rubber substrata: a new wrinkle in the
study of cell locomotiorgcience 1980.2084440): p. 1779.

148. Jurchenko, C.and K.S. Salaita,Lighting Up the Force: Investigating Mechanisms of
Mechanotransduction Using Fluorescent Tension Prolks.Cell Biol, 2015. 35(15):
p. 257082.

149. Becker, N.B., A. Rosa, and R. EveraersThe radial distribution function of worrhike
chains.Eur Phys J E Soft Matter, 201032(1): p. 5369.

150. Erickson, H.P., Protein unfolding under isometric tensiamhat force can integrins
generate, and can it unfold FNIII domain€arr Opin Struct Biol , 2017.42: p. 98-105.

151. Ringer, P., et al.,Multiplexing molecular tension sensors reveals piconewton force
gradient across talil. Nat Methods, 2017.14: p. 10961096.

152. Kumar, A., et al., Local Tension on Talin in Focal Adhesions Correlates Fiftttin
Alignment at the Nanometer ScaRiophys J, 20181158): p. 15691579.

153. LaCroix, A.S., et al., Tunable molecular tension sensors reveal extesissed control
of vinculin loading.Elife, 2018.7.

154. PerezJimenez, R., et al. Mechanical ufolding pathways of the enhanced yellow
fluorexent protein revealed by single molecule force spectrogddmy.Chem, 2006.
281(52): p. 400164.

155. Dietz, H. and M. Rief, Exploring the energy landscape of GFP by simytdecule
mechanical experimentB8roc Natl Acad Sci U S A, 2004101(46): p. 16.927.

224



156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Saeger, J., et alGFP's Mechanical Intermediate Stat®os One, 20127(10).

Ganim, Z. and M. Rief, Mechanically switching singlenolecule fluorescence of GFP by
unfolding and refoldingProc Natl Acad Sci U S A, 2017.11442): p. 1102-11056.

Barstow, B., et al.,Alteration of citrine structure by hydrostatic pressure explains the
accompanying spectral shiRroc Natl Acad Sci U S A, 2008.10536): p. 133626.

Barstow, B., et al, Coupling of pressurenduced structural shtk to spectral changes in
a yellow fluorescent proteiBiophys J, 200997(6): p. 171927.

von der Mark, K., et al., Relationship between cell shape and type of collagen
synthesised as chondrocytes libgdr cartilage phenotype in culturblature, 1977.
267(5611): p. 5312.

Petersen, O.W., et al.]nteraction with basement membrane serves to rapidly
distinguish growth and differentiation pattern of normal and malignant human breast
epithelial cellsProc Natl Acad Sci U S A, 199289%(19): p. 90€l-8.

Benya, P.D. and J.D. ShafferDedifferentiated chondrocytes reexpress the differentiated
collagen phenotype when cultured in agarose @el. 1982.30(1): p. 21524.

Emerman, J.T. and D.R. Pielka, Maintenance and induction of morpholoagiic
differentiation in dissociated mammary epithelium on floating collagen membhanes.
Vitro, 1977.13(5): p. 31628.

Hynes, R.O., Integrins: a family of cell surface receptd@sll, 1987.48(4): p. 54954.

Burridge, K., et al., Focal adhesiongransmembrane junctions between the extracellular
matrix and the cytoskeletoAnnu Rev Cell Biol, 1988.4: p. 487525.

Lauffenburger, D.A. and A.F. Horwitz, Cell migration: a physically integrated
molecular proces€ell, 1996.84(3): p. 35969.

225



167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Reinhart-King, C.A., M. Dembo, and D.A. Hammer, The dynamics and mechanics of
endothelial cell spreadinBiophys J,2005.89(1): p. 67689.

Khetan, S. and J.A. Burdick,Patterning network structure to spatially control cellular
remodeling and sterell fate within 3dimensional hydrogel®iomaterials, 2010.
31(32): p. 822834.

Huebsch, N., et al., Harnessingraction-mediated manipulation of the cell/matrix
interface to control stercell fate Nature materials, 2010.9(6): p. 518526.

Heim, R., D.C. Prasher, and R.Y. TsienWavelength mutations and posttranslational
autoxidation of green fluorescent pgist. Proc Natl Acad Sci U S A, 199491(26): p.
1250%4.

Chattoraj, M., et al., Ultra-fast excited state dynamics in green fluoraspeotein:
multiple states and proton transfdProc Natl Acad Sci U S A, 199693(16): p. 83627.

Costantini, L.M., et al., A palette of fluorescent proteins optimized for diverse cellular
environmentsNat Commun, 2015. 6: p. 7670.

Galior, K., et al., Titin -Based Nanoparticle Tension Sensors Map Hitggnitude
Integrin Forces within Focal Adhesioridano Letters, 2016.16(1): p. 341348.

Austen, K., et al., Extracellular rigidity sensing by talin isoformpecific mechanical
linkagesNatur e Cell Biology, 2015.17(12): p. 15971606.

Mauring, K., et al., Enhancement of the fluorescence of the bluesigent proteins by
high pressure or low temperatutkPhys Chem B, 200510926): p. 1297631.

Nakai, J., M. Ohkura, and K. Imoto, A high signatto-noise Ca(2+) probe composed of
a single green fluorescent protelNat Biotechnol, 2001.19(2): p. 13741.

Nagai, T., et al.,Circularly permuted green fluorescent proteins engineered to sense
Ca2+.Proc Natl Acad Sci U S A, 200198(6): p. 3197202.

226



178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Chen, Z. and H.W. Ai, Single Fluorescent ProteiBased Indicators for Zinc lon
(Zn(2+)). Anal Chem, 2016.88(18): p. 902936.

Bl i ven, S . Cieculad pernutatiénrinl prot€insPLoS Comput Biol, 2012.
8(3): p. €1002445.

Kostyuk, A.l., et al., Circularly Permuted Fluorescent ProteBased Indicators:
History, Principles, and Classifition. Int J Mol Sci, 2019.20(17).

Ichimura, T., et al., Engineering strairsensitive yellow fluorescent proteidhem
Commun (Camb), 2012.48(63): p. 78713.

Brantley, J.N., et al.,Mechanically modulating the photophysical properties of
fluorescent protein biocomposites fatio- and intensiometric sensorAngew Chem
Int Ed Engl, 2014.53(20): p. 508892.

Wang, Y., et al.,Yellow fluorescent proteibased labdlee tension sensors for
monitoring integrin tensionChem Commun (Camb), 2020.56(41): p. 55565559.

Grashoff, C., et al.,Measuring mechanical tension across vinculin reveals regulation of
focal adhesion dynamidsature, 2010.4667303): p. 2636.

le Duc, Q., et al.,Vinculin potentiates Ecadherin mechanosensing asdécruited to
actinranchoredites within adherens junctions in a myosirdépendent manned. Cell
Biol, 2010.1897): p. 110715.

Yonemura, S., et al. alphaCatenin as a tension transducer that induces adherens
junction developmentNat Cell Biol, 2010.12(6): p. 53342.

Thievessen, I., et al.,Vinculin-actin interaction couples actin retrograde flow to focal
adhesions, but is dispensable for focal adhesion gradoutinal of Cell Biology, 2013.
2021): p. 163177.

227



188. Case, L.B., et al.Molecular mechanism of vinculiactivation and nanoscale spatial
organization in focal adhesiori$at Cell Biol, 2015.17(7): p. 88092.

189. Han, M.K.L. and J. de Rooij, Converging and Unique Mechanisms of
Mechanotransduction at Adhesion Sitd@sends Cell Biol, 2016.26(8): p. 612623

190. LaCroix, A.S., et al.,Construction, imaging, and analysis of FRiBaised tension
sensors in living celldvethods Cell Biol, 2015.125. p. 161-86.

191. Rothenberg, K.E., et al.,Controlling Cell Geometry Affects the SgatDistribution of
Load Acras Vinculin.Cellular and Molecular Bioengineering, 2015. 8(3): p. 364
382.

192. Rothenberg, K.E., et al.,Vinculin ForceSensitive Dynamics at Focal Adhesions Enable
Effective Directed Cell MigratiorBiophys J, 2018114(7): p. 16801694.

193. D. Fritz, R., et al.,A Versatile Toolkit to Produce Sensitive FRET Biosensors to
Visualize Signaling in Time and Spacgcience Signaling, 20136(285): p. rs12rs12.

194. Mierke, C.T., et al., Vinculin facilitates cell invasion into thre#éimensional collagen
matrices.J Biol Chem, 201028517): p. 1312130.

195. Chen, H., et al.,Measuement of FRET efficiency and ratio of donor to acceptor
concentration in living cellsBiophys J, 200691(5): p. L3941.

196. Vassy, G. and T. Perlaki.

197. Gates, E.M., et al. Improving Quality, Reproducibility, and Usability of FREBased
Tension Sensgs. Cytometry Part A, 2019. 95A(2): p. 201213.

198. Aubin-Tam, M.-E., et al.,SingleMolecule Protein Unfolding and Translocation by an
ATP-Fueled Proteolytic Machin€ell, 2011.1452): p. 257267.

228



199. Coullomb, A, et al., QuanTI-FRET: a framework fajuantitative FRET measurements
in living cells.Sci Rep, 202010(1): p. 6504.

200. Zamir, E., et al., Molecular diversity of celinatrix adhesions] Cell Sci, 1999112 ( Pt
11): p. 1655609.

201. Doyle, A.D., et al., Onedimensional topography underlidgeedimensional fibrillar
cell migration.J Cell Biol, 2009184(4): p. 48190.

202. Provenzano, P.P. and P.J. KeelyMechanical signaling through the cytoskeleton
regulates céproliferation by coordinated focal adhesion and Rho GTPase sigrialing.
Cell Sci, 2011.124(Pt 8): p. 1195205.

203. Heo, S.J., et al.pPifferentiation alters stem cell nuclear architecture, mechanics, and
mechanesensitivity. Elife, 2016.5.

204. Butcher, D.T., T. Alliston, and V.M. Weaver, A tense situation: forcing tumour
progressionNat Rev Cancer, 20099(2): p. 10822.

205. Hoffman, B.D., The detection and role of molecular tension in focal adhesion dynamics.
Prog Mol Biol Transl Sci, 2014.126 p. 3-24.

206. Freikamp, A., et al., Investigating piconewton forces in cells BRET-based molecular
force microscopylournal of Structural Biology, 2017.197: p. 37-42.

207. Austen, K., et al., Generation and analysis of biosensors to measure mecharteal fo
within cells.Methods Mol Biol, 2013. 1066 p. 16984.

208. Gayrard, C. and N. Borghi, FRET-based Molecular Tension Microscopjethods,
2016.94: p. 3342.

209. Rao, B.D., M.D. Kemple, and F.G. PrendergastProton nuclear magnetic resonance
and fluorescence spectroscopic studies of segmental mobility in aequorin and a green
fluorescent protein from aequorea forskdeaphys J, 198032(1): p. 63062.

229



210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

Ward, J.H., J.P. Kushner, and J. KaplanTransferrin receptors of human fibroblasts.
Analysis ofreceptor properties and regulatiddiochem J, 19822081): p. 19-26.

Bokman, S.H. and W.W. Ward, Renaturation of Aequorea gréaorescent protein.
Biochem Biophys Res Commun, 1981101(4): p. 137280.

LaCroix, A.S., et al., Tunable moleculatension sensors reveal extenshmased control
of vinculin loading.Elife, 2018.7: p. 36.

Thievessen, I., et al.,Vinculin-actin interaction couples actin retrograde flow to focal
adhesions, but is dispensable for focal adhesion grdwil Biol, 2013.202(1): p. 163
77.

Mierke, C.T., et al., Mechanecoupling and reglation of contractility by the vinculin
tail domain.Biophys J, 200894(2): p. 66%70.

Jannie, K.M., et al.,Vinculin-dependent actin bundling regulates cell migration and
traction forcesBiochem J, 20154653): p. 38393.

Dumbauld, D.W., et al., How vinculin regulates force transmissidaroc Natl Acad
SciU S A, 201311024): p. 978893.

Kipper, K., et al., Tyrosine phosphorylation of vinculin at position 10@5difies focal
adhesion dynamics and cell tractioBsochem Biophys Res Conmun, 2010.3994):
p. 5604.

Diez, G., et al.,Head/tail interaction of vinculin influences cell mechanical behavior.
Biochem Biophys Res Commun, 2011406(1): p. 858.

Cohen, D.M., et al., A conformational switch in vinculin drives formation and
dynamics of a talirvinculin complex at focal adhesiodsBiol Chem, 2006281(23): p.
1600615.

230



220. Thompson, P.M., et al.,ldentification of an actin binding surface on vinguthat
mediates mechanical cell and focal adhesion prop&tiiesture, 2014.22(5): p. 697
706.

221. Brock, R., .LH. Hamelers, and T.M. Jovin, Comparison of fixation protols for
adherent cultured cells applied to a GFP fusion protein of the epidgrowath factor
receptorCytometry, 1999. 35(4): p. 35362.

222. Schnell, U., et al.,Immunolabeling artifacts and the need for loadl imaging.Nat
Methods, 2012.9(2): p. 152-8.

223. Ganguly, S., A.H. Clayton, and A. Chattopadhyay, Fixation alters fluoescence
lifetime and anisotropy of cells expressing EM&fged serotoninlA recept@iochem
Biophys Res Commun, 20114052): p. 2347.

224. Pertz, O., et al.,Spatiotempaal dynamics of RhoA activity in migrating celldature,
2006.44Q(7087): p. 106972.

225. Huang, D.L., et al., Vinculin forms a directionally asymmetric catch bond witldtin.
Science, 20173576352): p. 703706.

226. Mammoto, T. and D.E. Ingber, Mechanical control of tissue and organ development.
Development, 2010.137(9): p. 140720.

227. Jaalouk, D.E. and J. Lammerding,Mechanotransduction gone awtiat Rev Mol
Cell Biol, 2009.10(1): p. 6373.

228. Wozniak, M.A. and C.S. Chen, Mechanotransductiomi development: a growing role
for contractility. Nat Rev Mol Cell Biol, 2009. 10(1): p. 3443.

229. Lecuit, T., P.F. Lenne, and E. Munro,Force generation, transmission, and integration
during cell and tissue morphogenegisnu Rev Cell Dev Biol, 2011.27: p. 15784.

231



230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

Ponti, A., et al., Two distinct actin networks drive the protsion of migrating cells.
Science, 20043055691): p. 1782%.

Yi, J., et al. Actin retrograde flow and actomyosin Il arc contraction drive receptor
cluster dynamics atte immunological synapse in Jurkat T céilsl Biol Cell, 2012.
23(5): p. 83452

Johnson, H.W. and M.J. SchellNeuronal IP3 3kinase is an factin-bundling protein:
role in dendritic targeting and regulation of spine morpholddgl Biol Cell, 2009.
20(24): p. 516680.

Brehm, M.A., et al., Identification of the actibinding domain of Ins(1,4,5)P3ldnase
isoform B (IP3KB). Biochem J, 2004382Pt 1): p. 35362.

Melak, M., M. Plessner, and R. GrosseActin visualization at a glancel Cdl Sci,
2017.130Q(3): p. 525530.

Belin, B.J., L.M. Goins, and R.D. Mullins, Comparative analysis of tools for live cell
imaging of actin network architecturBioarchitecture, 2014.4(6): p. 189202.

Lopata, A., et al., Affimer proteins for Fadin: novel affinity reagents that labet#&ctin
in live and fixed cellsSci Rep,2018.8(1): p. 6572.

Munsie, L.N., et al., Lifeact cannot visualize some forms of stindsiced twisted F
actin, in Nat Methods 2009: United States. p. 317.

Sandes, T.A., E. Llagostera, and M. Barna,Specialized filopodia direct lomgnge
transport of SHH during vertebrate tissue patternitdature, 2013.497(7451): p. 628
32.

Riedl, J., et al. Lifeact: a versatile marker to visualiz&&in. Nat Methods, 2008.
5(7): p. 6057.

232



240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

Burridge, K. and E.S. Wittchen, The tension mounts: sss fibers as forgenerating
mechanotransducer3.Cell Biol, 201320Q(1): p. 919.

Ramamurthy, B., et al., Kinetic mechanism of blebbistatin inhibition of nonmuscle
myosin llb.Biochemistry, 2004.43(46): p. 148329.

Kovacs, M., et al.,Mechanism of blebbistatin inhibition of myosin 0.Biol Chem,
2004.27934): p. 3555763.

Shu, S., X. Liu, and E.D. Korn,Blebbistatin and blebbistatimactivated myosinli
inhibit myosin I-independent processes in Dictyostelidtnoc Natl Acad SciU S A,
2005.1025): p. 14727.

Braet, F., et al. Microfilamentdisrupting agent latrunculin A induces and increased
number of fenestrae in rat liver sinusoidal endothek#is: comparison with cytochalasin
B. Hepatology, 1996.24(3): p. 62735.

Ishihara, H., et al., Calyculin A and okadaic acid: inhibitors of protein phosphatase
activity. Biochem Biophys Res Commun, 19891593): p. 87%7.

Resjo, S., et al.Phosphorylation and activation of phosphodiesterase type 3B (PDE3B)
in adipocytesn response to serine/threonine phosphatase inhibitors: deactivation of
PDES3B in vitro by protein phosphatase type Bfochem J, 1999341 ( Pt 3Pt 3): p.
83945.

Tournebize, R., et al. Distinct roles of PP1 and PP2hke phosphatases in control of
microtubule dynamics during mitosi&mbo j, 1997.16(18): p. 553749.

Fong, N.M., et al., Identification of binding sites on protein targeting to glycogen for
enzymes of glycogen metabolisnBiol Chem, 200027545): p. 350349.

Mumby, M., PP2A: unveiling a reluctant tumor suppressdzell, 2007.130(1): p. 21
4.

233



250.

251.

252.

253.

254,

255.

256.

257.

258.

259.

260.

Virshup, D.M. and S. Shenolikar, From promiscuity to precision: protein phosphatases
get a makeovekMol Cell, 2009.33(5): p. 537#45.

Fabian, L., J. Troscianczuk, and A. Feer, Calyculin A, an enhancer of myosin, speeds
up anaphase chromosomeuwamentCell Chromosome, 2007.6: p. 1.

Peterson, L.J., et al.Simultaneous stretching and contraction of stress fibers in vivo.
Mol Biol Cell, 2004. 157): p. 3497508.

Heath, J.P. and B.F. Holifield, Cell locomotion: new research tests oth&glon
membrane and cytoskeletal fla®ell Motil Cytoskeleton, 1991. 18(4): p. 24557.

Cai, Y., et al.,Nonmuscle myosin lIAdependent force inhibits cell spreading andealr
F-actin flow.Biophys J, 200691(10): p. 390720.

Vicente-Manzanares, M., et al., Regulation of protrusion, adhesion dynamics, and
polarity by myosins IIA and IIB in migrating cellg. Cell Biol, 2007 1765): p. 57380.

Rodriguez, E.A., etal., The Growing and Glowing Toolbox of Fluorescent and
Photoactive ProteinS.rends Biochem Sci, 201742(2): p. 11%129.

Hochreiter, B., A.P. Garcia, and J.A. Schmid,Fluorescent proteins as genetically
encoded FRET biosensors in life sciersesors Basel), 201515(10): p. 26281314.

Kremers, G.J., et al. Fluorescat proteins at a glancéd. Cell Sci, 2011124(Pt 2): p.
157-60.

Costantini, L.M., et al., A palette of fluorescent proteins optimized for diverse cellular
environments.

Wang, Y., J.Y. Shyy, and S. ChienF-luorescence proteins, lreell imaging,and
mechanobiology: seeing is believiignu Rev Biomed Eng, 2008.10: p. 1-38.

234



261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

Jurchenko, C., et al. Integrin-Generated Forces Lead to Streptaviiatin Unbinding
in Cellular AdhesionsBiophysical Journal, 2014.106(7): p. 14361446.

Cost, A.L., S. Khalaji, and C. Grashoff, Genetically Encoded FREBased Tension
SensorsCurr Protoc Cell Biol, 2019.83(1): p. €85.

Tee, S.Y., A.R. Bausch, and P.A. Janmey{hemechaical cell.Curr Biol, 2009.
19(17): p. R7458.

Prager-Khoutorsky, M ., et al.,Fibroblast polarization is a matrsgidity -dependent
process controlled by focal adhesion mechanoseNsituge Cell Biology, 2011.
13(12): p. 1457U178.

Gupta, M., et al., Adaptive rheology and ordering of cell cytoskeleton governxmatri
rigidity sensing.Nat Commun, 2015. 6: p. 7525.

Gupta, M., et al., Cell shape and substrate stiffness drive alstised cell polarityPhys
Rev E, 201999(1-1): p. 01242.

Yeung, T., et al.,Effects of substrate stiffness on cell morphologgskeletal structure,
and adhesiorCell Motil Cytoskeleton, 2005. 60(1): p. 24 34.

Califano, J.P. and C.A. ReinhartKing, Substrate Stiffness and Cell Area Predict
Cellular Traction Stresses in Single Cells and Cells in Cont@etl Mol Bioeng, 2010.
3(1): p. 6875.

Seliktar, D., Designing cellcompatible hydrogels for biomedical applicati®sgence,
2012.3366085): p. 11248.

Peppas, N.A., et al.,Hydrogelsin phamaceutical formulation€ur J Pharm
Biopharm, 2000.50(1): p. 2746.

235



271.

272.

273

274.

275.

276.

277.

278.

279.

280.

Leslie-Barbick, J.E., J.J. Moon, and J.L. WesGovalentlyimmobilized vascular
endothelial growth factor promotes endothelial cell tubulogenesis in poly(ethylene glycol)
diacrylate hydrogels) Biomater Sci Polym Ed, 200920(12): p. 176379.

Saik, J.E., et al.Covalently immobilized plateleterived growth facteBB promotes
angiogenesis in biomimetic poly(ethylene glycol) hydrogets. Biomater, 2011.7(1):
p. 13343.

Schweller, R.M. and J.L. WestEncoding Hydrogel Mechanics via Netwdtkoss
Linking Structure.ACS Biomater Sci Eng, 20151(5): p. 335344.

Beamish, J.A., et al.,The effects of monoacrylated poly(ethylene glycol) on the properties
of poly(¢hylene glycol) diacrylate hydrogels used for tissue engineetiBipmed
Mater Res A, 201092(2): p. 44150.

Alcantar, N.A., E.S. Aydil, and J.N. Israelachvili, Polyethylene glycetoated
biocompatible surfacesBiomed Mater Res, 200051(3): p. 343-51.

Hahn, M.S., et al., Physiologic pulsatile flow bioreactor conditioning of poly(ethylene
glycol}based tissue engineered vascular grafits Biomed Eng, 2007.352): p. 190
200.

Dust, J.M., Z.H. Fang, and J.M. Harris, PROTON NMR CHARACTERIZATIO N
OF POLY(ETHYLENE GLYCQ.S) AND DERIVATIVES. Macromolecules, 1990.
23(16): p. 37423746.

Peter, M. and P. Tayalia,An alternative technique for patterning cells on poly(ethylene
glycol) diacrylate hydrogel®sc Advances, 20166(47): p. 4087840885.

Zhang, W., et al., Ankyrin Repeats Convey Force to Gate the NOMPC
Mechanotransduction Channetell, 2015.1626): p. 13911403.

Cruise, G.M., D.S. Scharp, and J.A. Hubbell Characterization of permeability and
network structure of interfaally photopolymerized poly(®tlene glycol) diacrylate
hydrogelsBiomaterials, 1998.19(14): p. 128794.

236



281. Landau, L., etal., Theory of ElasticityThird Edition ed. Vol. 3. 1986: Pergamon
Press.

282. Legant, W.R., C.S. Chen, and V. Vogel[Forceinduced fbronectin assembly and
matrix remodeling in a 3D microtissue model of tissue morphogehesigrative
Biology, 2012.4(10): p. 11641174.

283. Case, L.B. and C.M. Waterman,Integration of actin dynamics and cell adhesion by a
threedimensional, mdmnosasitive molecular clutchNature Cell Biology, 2015. 17
p. 955.

284. Tee, S.Y., et al.Cell shape and substrate rigidity both regulate cell stiffrigisphys J,
2011.10Q(5): p. L257.

285. Legant, W.R., et al.,Measurement of mechanical tractiaeered by cells in three
dimensional matricedNat Methods, 2010.7(12): p. 96971.

286. Elosegui-Artola, A., et al., Mechanical regulation of a molecular clutch defines force
transmission and transduction in response to matrix rigiditiat Cell Biol, 2016.
18(5): p. 5408.

287. Trichet, L., et al.,Evidence of a largecale mechanosensing mechanism for cellular
adaptation to substrate stiffne$&oc Natl Acad Sci U S A, 201210918): p. 69338.

288. Han, S.J., et al.Decoupling substrate stiffnesqreadarea, and micropost detys a
close spatial relationship between traction forces and focal adh&soputg/s J, 2012.
1034): p. 6408.

289. Oakes, P.W., et al. Geometry regulates traction stresses in adherent &iiphys J,
2014.1074): p. 8%5-33.

290. Doss, B.L., et al. Cell response to substrate rigidity is regulated by active and passive
cytoskeletal stresBroc Natl Acad Sci U S A, 2020117(23): p. 1281712825.

237



201.

292.

293.

294.

295.

296.

297.

298.

299.

300.

Peyton, S.R., et al.The use of poly(ethylene glycol) hydrogels testigae the impact
of ECM chenistry and mechanics on smooth muscle cBltsmaterials, 2006.27(28):
p. 488%93.

Ghibaudo, M., et al., Traction forces and rigidity sensing regulate cell functid®wit
Matter, 2008.4. p. 1836.

Smith, J.T., J.TEIkin, and W.M. Reichert, Directed cell migration on fibronectin
gradients: effect of gradient slopsp Cell Res, 2006312(13): p. 242432.

Huttenlocher, A., M.H. Ginsberg, and A.F. Horwitz, Modulation of cell migration
by integrinrmediated cytdelethlinkages and ligandinding affinity. J Cell Biol, 1996.
134(6): p. 155162.

Zhong, Y. and B. Ji,Impact of cell shape on cell migration behavior on elastic substrate.
Biofabrication, 2013.5(1): p. 015011.

Legant, W.R., et al.,Measuremst of mechanical tractions ested by cells in three
dimensional matricedNat Meth, 2010. 7(12): p. 969971.

Kremers, G.J., et al.Cyan and yellow super fluorescent proteins with improved
brightness, protein folding, and FRET Forster radBmchemistry, 2006.4521): p.
6570-80.

Ai, H.W., et al., Directed evolution of a monomeric, bright and photostable version of
Clavularia cyan fluorescent protein: structural characterization and applications in
fluorescence imagin@iochem J, 2006400(3): p. 531-40.

Chen, C.S. Mechanotransductiona field pulling together3 Cell Sci, 2008121(Pt
20): p. 328592.

Orr, AW., et al., Mechanisms of mechanotransducti@ev Cell, 2006.10(1): p. 11
20.

238



Biography

Kasie Collins did not have a traditional educational experience.Largely self-
taught, Kasie's formal education began at Southwest TexasJunior College in 2007 with
Professor Garcids General Chemistry class Kasie transferred though mult iple
univer sities, eventually earning dual baccalaureate degreesin Chemistry and
Biochemistry from East Carolina University in 2012 with honors, summa cum laudeshe
began her graduate work in the groups of Dr. Brenton Hoffman an d Dr. Jenifer West at
Duk e University in 2013.Kasie earneda Master's degreein Biomedical Engineering
concurrently with a PhD in Chemistry in 2021.Kasie is the recipient of the NRSA T32

training fellowship and the GP Nanos Graduate fellowship .

Publication s
*Indicates equal contribution
Ham, T.R,, Collins, K.L., and Hoffman, B.D., “Molecular Tension Sensors: Moung

Beyond Force,” Current O pinion in Bio medical Engineering, vol. 12, Dec. 2019, pp. 83-
9.

Coallins, K.L .*, Gates E.M.*, Gilchrist, C.L., and Hoffman, B.D., “ Bio-Instructive Scafolds
for Musculoskeletal Tissue Engineering and Regeneraive Medicine ,” Academic Press
Oct. 2017, pp. 3-35.

Fellowships & Awards

Keynote Speaker: Dutham Sdool Days 2018
NCTERMS Poster Awards: st Place 2016
Kewaunee Student Sevice Award (CBTE at Duke) 2015
NIH T32 Biotechnology Pre-doctorial Training Fellowship (CBTE at Duke) 2015

239



Nanoscience Graduate Fellowship 2014
Outstanding Senior Award: East Carolina Unive rsity 2012
Outstanding Student Teaching Award: Texas State University 2010

240



