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Abstract 

The extracellular environment is a key regulator of cell behavior , prov iding b oth 

biochemical factors and mechanical signals to influence the form and function of cells. 

The process by which cells sense and respond to environmental mechanical signals is 

often mediated through force -dependent changes in protein structure and function  

through a poorly understood process known as mechanotransduction. Towards 

elucidat ing the molecular processes underlying mechanosensitive regulation, molecular 

tension sensors (MTSs) have been created to 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 

sensor application and interpretation. To advance our understanding of the molecular 

events mediati ng mechanotransduction, it is necessary to improve on existing 

approaches as well as to develop new technologies for probing mechanical 

consequences inside cells. In this dissertation  we aim to address this limitation  by 

creating a generalizable assay for probing the effects of cell-generated forces on FP 

function  towards improv ing the use and interpretation of MTSs. Additionally, we 

describe the development of a new “synthetic” actin crosslinking sensor which leverages 

FP mechanosensitivity to provi de new insights into mechanical processes inside cells. 
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In our  initial efforts , we focused on investigating the effects of cell generated 

forces on FP function within vinculin -based MTSs. 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 characterized, 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 for evaluating 

changes in ensemble MTS measurements in terms of fluorophore contributions.  

Furthermore, we validated this new method on an extensive MTS data set containing 

over 2000 cells expressing vinculin sensors. Our analysis revealed that FP stoichiometry 

within VinTS was modulated 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 loads in 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 
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found  that FP mechanical quenching with in these sensors was mediated by non-muscle 

myosin II (NMII) activity and  appears to be reversible. In addit ion, 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 fness within  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 tunabilit y of in  vitro culture models, 

we demonstrated the application of ABD sensors to probe changes in tensile loading 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 -

based tension sensors. Using these tools, we found that FPs, like mechanosensitive 

signaling proteins, can undergo nonequilibrium transitions in response to cell -generated 

forces. Based on these observations, 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 mechanical consequence, new insights into molecular force-sensitive processes 

inside cells may be obtained. 
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1. Introduction 

Tradi tionally, cellular processes have been understood through the paradigm of 

solution chemistry , where characteristic diffusion rates, binding aff in ities, reaction 

kinetic s, and molecular transformations  regulate biological processes. As such, 

numerous biochemical tools have been developed, serving to advance our 

understanding of the molecular mechanisms underly ing biochemical regulatory 

processes. In addition to biochem ical factors, significant eviden ce has emerged 

demonstrating that me chanical signals play a key role in regulating fun damental cellular 

processes, such as differentiation [1, 2], proli feration [3], and migration [4]. Cells are 

regulated through the sensing and transduction of environmental forces into 

biochemical signals through a process known as mechanotransduct ion [5]. Whil e it is 

recognized that mechanosensitive signaling and mechanotr ansduction events are often 

mediated by force-induced changes in pro tein structure and function, furthe r 

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 biosensors collectively known as 

molecular tension sensors (MTSs) have been developed to enable the visualization and 

quantifica tion of for ces across specific proteins inside cells [6, 7]. However, utilization of 

MTSs to their  maximum capability  has not yet been achieved, due in part , to a lack of 
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standardized methods for the characterizatio n, validati on, and application of these 

FRET-based molecular tools [7, 8]. This work det ailed in t his dissertation aims to address 

this issue by developing generalizable approaches and new molecular tools to facilit ate 

the expanded use and interpretation of MTSs. 

Broadly, this wor k focuses on elucidating the effects of 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 intracellu lar FRET-based MTSs and used this approach to demonstrate that 

intracellul ar forces can reversibly modulate, or “mechanically quench”, FPs within 

MTSs. Furthermore, to enable improved studying of FP mechanoresponse inside cells 

we developed an engineered, FRET-based actin crosslinking sensor wh ich 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 t hat enables the efficient construction of FRET sensor libraries. Using this high 

throughput approach, we have created over 38 sensors to date, aimed at further 

elucidat ing the biophysical basis of FP mechanoresponse. Overall, thi s 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 
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wi ll  fundamentall y change our perspective on the application  and interpretation of 

MTSs and enable the creation of next-generation FRET sensors to provide new insights 

into the molecular  forces inside cells.  

Broadly, Chapter 2 of this dissertation serves to introduce 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 f orces in regulating cellular 

processes, discussing the mechanics of intracellu lar force generation and transmission 

by the actomyosin network and focal adhesions (FAs), and detailing the molecular 

effects of forces on prot ein structure and function . Next, this chapter discusses force-

sensitive FRET-based biosensors as enabling technologies for the measurement of 

protein lo ad, confirmation, and dynamics within cells, and addresses  several critical 

li mi tations in the design, use, and interpretation of such molecular tools. Finally,  the 

need for improved  technologies for studying mechanobio logy in more physiologi cally 

relevant contexts is established. Specifically, this dissertation focuses on the 

development of genetically encoded molecular tools and analyti cal approaches 

compatible with engineered biom aterials systems, aimed at elucidating molecular events 

mediating mechanotransduction.  
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Chapter 3 describes the core techniques and systems for the development and 

appl ication of FRET-based molecular tension sensors in the context of thi s thesis. 

Beginning wi th the methods used for sensor creation, 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 are analyzed. Finally , we detail  

new experimental processes utilized in thi s work. In total, this Chapter established all 

necessary methods for the creation and use of intracellu lar FRET-based tension sensors, 

and for evaluating the effects of cell-generated 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 vali dated this approach using an experimental 

data set comprised of ~2000 cells 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 “mechanically quench,” FPs within 

vinculin -based MTSs, and that donor and acceptor FPs demonstrate different 

sensitiviti es to intracellular loads. Moreov er, w ith this app roach, we establish that FP 

mechanical quenching within the vinculin tension s ensor (VinTS) is mediated by 

actomyosin contractil ity, 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 
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secondary structu re. In sum, this chapter establishes that FP function can be modulated 

under the loading condit ions experienced by mechanosensitive protei ns inside cells, 

while establishing a generalizable approach for pro bing force effects on FP function and 

FRET measurements 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 in the context of 

intr acellular forces. In addition, this synthetic actin crosslinker allows us t o probe the 

biological consequences of tuning actin crosslinking, independent of endogenous 

signaling. Within t his new platform, hi gher tensile loads and FP mechanical 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 II (NMII)  activity and appears to be reversible. Excitingly , this new 

sensor facilit ates a significant expansion of the MTS toolbox to include “synthetic” 

molecular tools to both further characterize sensor technologies, as well as modulate 

mechanical contexts inside cells.  

As the cellular microenvironm ent is a primar y source of regulatory cues driving 

cell form and function, it is critical  that molecular tools  aimed at elucidating biological 

processes be compatible with biomaterial approaches.  In Chapter 6, we further  explor e 
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the use of ABD sensors in conjunction  with  engineered tissue culture platforms.  

Specifically, we detail the creation and use of a tunable biomaterial pla tform with ABD 

sensors, and through t his effort discover that tensile loading and FP modulation  withi n 

ABD sensors at dynamic actin structur es is increased on softer substrates compared to 

stiff . This work marks  a necessary first step for d emonstrating method compatibility  

with engineered in vitro culture systems and for pro bing the effects of substrate stiffness 

on sensor response. Furthermor e, these efforts open the door for  the creation of an 

entirely new class of MTSs, which leverage FP mechanoresponse to inform on the 

mechanical consequences of proteins bearing loads inside cells.   

In Chapter 7, we discuss potential future direc tions for this dissertation work. 

Specifically, we describe several newly created tools and ongoing efforts towards further 

elucidating the biophysical basis of FP mechanoresponse.  

Finally, in Chapter 8, we summarize the work described in this dissertation, and 

consider key find ings and conclusions. We end this chapter with a discussion on the 

broader implication s of this work and its importance in the development  of improved 

molecular technologies.  

Overall, this dissertation provides  an enhanced understanding of  the effects of 

intracellul ar forces on FP function, and its implication in the use of MTSs. The results of 

this work are expected to achieve the following : (1) provide novel methodology f or 
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evaluating FP function  withi n FRET sensors; (2) promote the development of 

computational approaches to describe and predict force effects on FPs; (3) introduce and 

advance the idea that FP mechanoresponse can be leveraged to provide new insights 

into molecular forces inside cells; and (4) serve as a catalyst for the creation of a new 

class of MTSs, which exploit FP mechanoresponse to enable expanded sensor 

capabilities.
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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 solut ion 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 increasingly  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 biophys ical signals to help guide cell behavior [11]. However, the 

ECM is not a static network. Cells can actively modify their loca l environment through 

depositing additional matrix, and by degrading and rearranging the surrounding ECM 

[12].  

To facilitate  the physical remodeling of their environment, c ells have specialized 

machinery that enables them to generate 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 cues into biochemical signals in a process known as 

mechanotransduction [14].  
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This dynamic reciprocity between internal and external biochemical and 

mechanical signals maintains the delicate balance of cellular and tissue-level 

homeostasis. Furthermore,  pathologies characterized by perturbed mechanics, referred 

to as mechanosensitive diseases, are being increasingly identified . A molecular 

understanding 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 that 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 (Figure 2.1) [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 to their 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 surface that can bind to a diversity of l igands. 

Receptor ligation, involving the binding of a specific receptor –ligand pai r, often results 
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in biochemical responses in the cell interior, including activation of downstream 

signaling pathways. For instance, biochemical cues are potent regulators of cell 

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.  

 

Figure 2.1: Cellu lar detection o f the microenvironment. Cells detect a variety of 

biochemical and mechanical cues from the environ ment whi ch help d riv e cell behavior. 

2.1.1.2 Components of t he cellular microenvir onment   

In addition to receiving and responding  to environmental  cues, cells in 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 production of 

constituent elements including both soluble and insoluble factors, homotypic and 
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heterotyp ic interactions between neighboring cells, and the assembly or re-arrangement 

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 both their 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 roles as a depot of biochemical signals and a mechanical scaffold for 

cellular support and maintena nce of tissue shape [18-20]. In general, biophy sical cues 

within the microenvironment consist of any physical property o f 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 rheometry [22-24]. Currently, a complete un derstanding of 



 

12 

how cell function i s affected 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 specific ECM ligands, scaffold topographies or archi tecture, and 

mechanical properties such as stiffness on cell behavior and tissue formation  [22, 25-28]. 

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 select cues may not sufficiently represent native tissue structure and 

function. These findings suggest that the successful recapitulation of complex 

combinations of cues is likely necessary to accurately model physiol ogical systems. As 

the cellular microen vironment contains a wealth of bio chemical and biophysical cues 

that are often interconnected, a key challenge is to understand which o f these cues are 

necessary in directing specific cellular  responses. Therefore, a more complete 

understanding of how cell s sense, interpret, and convert these microenvironmental cues 

into down stream biochemical responses is needed to accelerate the advancement 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 envir onmental cue regulates will be necessary for the 

development of rationally designed bioinstructive sc affolds. Ideall y, this mechanistic 

understanding will eventually facili tate 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 cell behavior. Such 

biomaterial scaffolds serve a similar 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 achieve 

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 

Scaffold materials may be categorized as “natural,” “synthetic,” or “semisyn-

thetic” hybrids that incorporate aspects from both the natural and synthetic materi al 

categories [30]. As these names suggest, natural 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). Each 

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 microenvir onment contains an array of biochemical signals that influence 

cell processes such as 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 incorporating one or more ECM 

components into a scaffold material via chemical cross-linking or conjugation, or 

physical entrapment. One common source of tissue-specific ECM signals is 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-glycine-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., collagen-mimicking 

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 III 9–10) and growth factor 

binding (FN III 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 designed to bind α2β1 integrins important in osteogenes is and 

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 pro teins 

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 functional in 

a bound state or 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 control local cell differentiation 

and direct heterogeneous tissue formation, such as the 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 kinetics of signaling molecule release has also 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 macroscopic 

tissue-scale to the cellular level microenvironment. At the ti ssue-scale, a scaffold must be 

able to resist mechanical loads and perform a tissue's mechanical functions in vivo. At 

the cellular scale, the biophysical properties of the  microenvironment are critical for 
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promoting specific cellular responses. Biomaterial systems have been engineered to 

include a variety of  biophysical  features to direct cell behavior, includ ing material 

stiffness, anisotropy, porosity, and topography  (Figure 2.2).  

As described earlier in t his chapter, the stiffness of the surrounding  

microenvironm ent can directly influe nce cell behavior such as differentiati on, 

morphology, contractility, mot ility, and proliferation  [4, 22, 48-57]. It is important to note 

that the mechanical requirements at different length -scales can be dramatically different 

(e.g., a relatively soft microenvironment but high tissue -level stiffness), adding to the 

challenge of biomaterial design. Materials w ith such length -scale dependent 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 cross-link 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 cellu lar level, anisotropy may involve c ell alignment, directionally 

biased cell connectivity and migration, as w ell as cell-facilitated 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 electrospin 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 electri cal 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 successfully  employed to 

engineer anisotropic features [65, 66]. 

In addi tion to mechanical stiffness and anisotropy, another physical character-

istic that can be tuned 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 mesh-like networks of ECM protein s, GAGs, and other polysaccharides 

with  pores in between, rather than a continuous 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, pores are approximately 20 μm in diameter, whereas in bones 

they range from 200 to 400 μm [68]. 

By introducing pores into a biomaterial, numerous aspects of a scaffold may be 

altered. The biomaterial surface area-to-volume rat io changes with porosity, affecting 

such properties as the rate of biochemical release and diffusion, scaffold degradati on, 

and protein adsorption [69, 70]. Increasing porosity can also alter the mechanical 

propert ies 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 diameters range from 0.5 to 3 μm wide and basement membrane 

contains pores 1–5 μm in diameter, while cells are on the order of 1–100 μm long [72]. 

These topographical differences may restrict the availabil ity o f 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 l scaff olds. Various 

characteristics of the cell microenvironment  have been engineered within in vitro culture 

systems to mimic 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 cues are still in the early stages of 

development. The sensing systems utilized by cells are molecular in nature and 

complex, often involving interconnected signaling pathways and dyn amic feedback 

mechanisms. The next step towards understanding cell -environment 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 cues and intracellular signaling pathways  in more 

physiologically relevant contexts.  

2.3 Mechanosensitive processes within cells 

Recently, the idea that 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 cells and 

facilitates a variety of critical functions [78, 79]. Filamentous actin (F-actin) is a polar 

ensemble structure, with a barbed end and a poin ted end. Monomeric or globular actin 

(G-actin) units more strongly associate with one end, commonly referred to as the 

barbed end, while  strongly disassociating at the other, or pointed end of F-actin. This 

asymmetric assembly and disassembly of filam entous actin, in conjugation with the 

ability to tune the association and disassociation rates of the actin monomers, facilitates 

the directional  polymerization and depolymerization o f actin structures within the cell  

in a controlled manner [43, 80, 81]. Asymmetric a ctin polymerization at the cell 

membrane can generate protrusive forces at the leading edge of migrating cells, 

resulting in the fo rmation of a variety of protrusive  structures used by cells 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 process by 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 forces being exerted on 

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

2.3.1.2 M yosin-medi ated contractility  

The active generation and transmission 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 molecu lar level, non-muscle myosin II (NM II) motors serve as molecular 

force generators by converting  chemical energy throug h ATP hydrolysis into translation 

movement [86]. The structure of NM II proteins consists of a globular head domain, a 

neck domain, and a long α-helical tail domain. While NM II 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 filament 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 placement of the myosin filament [43].  
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Three distinct NM II isoforms exist in mammalian cells, NM IIA, IIB, 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 t his site reduces ATP hydrolysis 

without altering myosin’s affinity for actin filaments, thus enabling NM II to 

independently function as cytoskeleton crosslinking protein [90].  

As both NM II -dependent and NM II -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 adhesions and the actin cytoskeleton play key roles in  

facilitat ing 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 adhesions 

Focal adhesions (FAs), large macromolecular complexes comprised of over 200 

proteins, serve as the primary mechanical linkage between a cell 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 

facilitate a cell’s ability to sense external mechanical cues and transmit cell-generated 
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forces to their surround ings. Within FAs composition  is highl y dynamic  and protein 

association and dissociation regulated by both intracellular and extracellular cues. 

Additional ly, FAs have spatiotempora lly regul ated architecture which  is closely linked 

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

 

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 as a bidirectional port for mec hanical and biochemical signals. 

2.3.2.1.1 Mechanosensitive structure and composition of FAs 

Recently, 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 d istinct functional roles. The i ndivi dual layers have been described as an integrin 

extracellular l ayer, an integrin signaling layer,  a force transduction layer, and an actin 

regulatory laye r (Figure 2.4) [91]. 

2.3.2.1.1.1 Integrin extracellular layer 

The integrin extracellular layer de scribes a region on the other side of the plasma 

membrane, where physical connections between cells and ECM proteins occur. The 

primary medi ators of thi s link age withi n FAs are a family 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 heterodim ers, integrins are comprised of a single α and β subunit. In humans,  

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]. Activation can occur in response to “inside-out” or 

“outside-in” signaling, meaning that both intracellular and ex tracellular cues regulate 

FA structure and func tion. 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 their cytoplasmic tails, enabling the initiation of int ernal 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 extracel lular and signaling 

domains. 

 

Figure 2.4: Focal adhesion architecture .Focal adhesions possess a 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 as the cytoplasmic region adjacent to the 

integrin extracellular domain insi de cells, is the regulatory conduit for  both inside-out 

and outside-in int egrin signal ing. N ot surprisin gly, this layer is comprised of proteins 

classically associated with  integrin signal transduction, including FAK and paxillin.  

As an example, integrin activation can lead to autophosphorylation of focal 

adhesion kinase (FAK), a protein l inked to mechanosensing, cell shape control, and focal 



 

29 

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 cell contractility  as well as 

FA formation [97, 98].  

2.3.2.1.1.3 Force transduction layer 

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

Various scaffolding and signaling proteins have been shown to localize 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 l 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, 159,160].   

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 as vasodilator-stimulated 

phosphoprotein (VA SP) and α-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 Mechanosensitive structure and composition 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 be rapidly created 

and modified , each possessing unique phy sical and mechanical properties, which 

facilitate  diverse cellular processes specific 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 migrat ion can be found 

on 2D surfaces: filopodia , lamellipodia , and stress fibers (Figure 2.5, Top).  

Filopodia  are long, finger -like projections consisting of highly c rosslinked actin 

bundled i n a parallel arrangement. Filopodia  function s to 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 c actin network . The 

accessory protein Arp 2/3 facilitates the creation of these highly branches actin 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 as an environ mental 

sensor like  filopodia . The two-dimensional structures often arise at the leading edge of 

cells during  mesenchymal migration  [86]. Stress fibers are linear, highly crosslin ked 

actin bundles, commonly  extending across the length of the cell and connecting 
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adhesions at the leading edge to those at the retracting edge of a migrating cell  [86, 99]. 

Stress fibers are associated with high contractility , as they are formed on stiff substrates, 

colocalize with large, mature adhesions under  higher loads, and grow in response to 

force [100].  

In contrast, epithel ial monolayers serve as a protective barrier  separating 

underlying t issue from lum inal spaces and as such form prevalent cell-cell adhesions. 

These cells 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 resi stance to hydrostatic 

pressure, and mechanically link cell -cell and cell-substrate adhesions [101, 102]. 

Microvil li, another characteristic actin structure observed in epit helial 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 area of luminal -

exposed regions for absorption of water and key n utrients  [103].  
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Figure 2.5: Characteristic actin s tructure s in fib roblast and epi thelial cell s.(Top) 

Filopodia, lamellipodi a, and stress fibers are commonly observed in migrat ory fibrobl ast 

cells. (Bottom) Cort ical actin and microvill i facilities  epithelia function by providing 

mechanical integrity and enabling nutr ient absorption. 

A host of accessory proteins regulate the architecture and mechanics of various 

actin cytoskeletal structures (i.e., α-actinin, 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 fila ments, accessory  proteins can 

mediate a variety of  functions including  nucleation of f ilament assembly, stop filament 

growth , crosslink nearby filaments, and reinfo rce filament in tegrity . In addition, 

accessory proteins also mediate the coupling of actin s tructures 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 long-range transmission of forces [78, 79]. 

After reviewing the subcellular structu res which  mediate the sensing and 

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 enabling 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).  

2.3.3.1 Intr oduction and general pri nciples of PTMs  

Conceptually , the genetic code specifies 20 primary amino acids of whi ch all 

proteins are compri sed. However, proteomic degradation profiles  show a compilati on of 

several hundred different amin o acids [105]. This proteic variation is introduced through 

a process in which the  nascent polypeptides 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 lves the covalent 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 enables new molecular inte ractions and often 

induces a slight change in protein confirmation , which  can mediate downstr eam 

signaling events [107, 108]. Phosphate groups can also be removed, making th is 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 , facili tating its role as the primary mediator of biochemical signal 

transduction  [106]. 
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2.3.3.2 Force can function  as a PTM  

A central dogma 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 phosphorylat ion events mediate slight  changes in protein 

confirm ation, molecular scale forces can similarl y indu ce structural changes in proteins 

with downstream functiona l outcomes (Figure 2.6). In this way force can be thought of 

as analogous to a PTM. Similar  to PTMs, forces can activate (or inhibit) 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 pr otein-protein inte ractions. In contrast to traditional  PTMs, this 

concept describes a scenario in which  downstream biochemical outcomes are initiated 

via a mechanical rather than chemical input  (i.e., force).  
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Figure 2.6: Changes in prote in structu re mediate changes in function. Post-translational 

modification , such as phosphorylation, alter protein function t hrough induced 

conformational changes. Similarly , force can also alter protein structure mediating  

changes in downstream signaling events. 

In the context of mechanotransduction, the forces required 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 force 

microscopy (AFM), magneti c tweezers, or optical traps [109-113]. Using single molecule 

approaches, a conformational  change within indivi dual domains of talin, marked by the 

exposure of a cryptic vin culin binding site, was achieved wi th as lit tle as 2 pN force [114, 

115]. Moreover, experiments using an optical trap have measured the generated force 

output  for a single myosin  motor to range between 2-5 pN, indicating the likely  

relevance of transitions mediated by small forces in vivo  [110].  
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2.3.4 Protein response to mechanical load 

2.3.4.1 Protein mechanical stability  

The effect of force on a molecule as it transitions from one distinct  state (A) to 

another state (B) can be illustrated with  an energy diagram of a two-state system (Figure 

2.7). In such systems, both states occupy a local free energy minimu m, at XA and XB 

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 B relative to state A [116, 117]. 

This effect results in an increase in the forward reaction rate and increases the 

probability for t he populat ion of state B. 

 

Figure  2.7: Energy diagram  of  the reaction for  a tw o-state system in the absence (black 

lin e) and presence (red line) of force. For a simple process describing the transition from 
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state A to state B, application of force results in a decrease 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 conf ormation are inherently mo re complicated and cannot be readil y 

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 mechanical experiments or modeling ap proaches [116]. 

Under in vitro experimental conditi ons, proteins unfold in  a highly cooperative manner 

as secondary structures do not exhibit  significan t 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 t ime-

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 physiol ogical functi on. For 

instance, the alpha-helical protein  spectrin is a cytoskeletal protein that helps maintain 

plasma membrane integrity  and is a key contributor  to the elasticity of erythrocytes, 

which must de form and squeeze through blood vessels [118]. In contrast, titin’s 

resistance to mechanical load, contributed by its stiff  beta-sandwich  structure, enables its 

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 possess extremely 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 

changes where generally considered unlikely to play a major role  in 

mechanotransduction. However, in a more recent study using ultra stable magnetic 

tweezers, the force-dependent free energy landscape of the I27 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 confi rmation may 

be significantly altered at low fo rces, 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 mechanosensitive pr oteins and 

revolutionize how we think  about protein mechanoresponse and mechanotransduction.  

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

modulate the interactions between protein s. 

2.3.4.2 Catch and slip bonds  

Proteins bind and interact with one an other through transient, non-covalent 

interactions. These int eractions can be classified based on the molecular mechanisms 

mediating th ese interactions and their relative bindin g kinetics. Not surpri singly , forces 



 

40 

can alter the binding  kinetics for interactin g protein domains , resulting in eith er an 

increase in eith er an increase or decrease in disassociation rate (Figure 2.8). In typical 

molecular  contexts, an applied force results in an increase in disassociation rate, 

reducing bond lifetime. These standard bonds are referred to as slip bonds  (Figure 2.8, 

A). A typi cally, force can also cause the disassociation rate to decrease and thus bond 

li fetime to increase. These lesser-known  bonds are referred to catch bonds, and while 

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 the bond lifet ime between interacting 

amino acid residues by low ering the required transitiona l energy barrier  for the change 

in conformation . In contrast, catch bonds demonstrate an increase in transition energy 

state, slowing the rate of transition  (Figure 2.8, B). As we will examine in the follo win g 

sections, force-sensitive bond dy namics play  key roles in a cell’s ability to  transmit, 

sense, and respond to mechanical stimuli .  
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Figure 2.8: Force-sensitive bond d ynamics mediate diffe rent typ es of molecular  

bonds.Slip and catch bonds direct prote in confirmatio n and protein -protein i nteraction 

li fetimes. Slip bonds (red) demonstrate a reduced bond lifetime (A) and transition state 

energy barrier (B) in response to application of loa d, while catch bond (blue) li fetimes 

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

2.4 Mechanotransduction at the molecular 

2.4.1 Signal transduction in cellular biology 

Cells are highly responsive to environ mental cues, and their ability  to sense and 

appr opriat ely process environmental  information i s necessary to maintain homeostasis. 

The process that cells use to receive, 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, signal transduction can also 

occur in response to mechanical stimuli  (Figure 2.9). 

 

Figure 2.9: Illustration of b iochemical and mechan ical signal transd uction  inside 

cells.Mechanical signal transduction can be understood through  the paradigm of  

traditional biochemical signal transduction . In these processes, a signal is received, 

which then leads to various int racellular transduction events, which ultimately  

precipitate  a change in cell behavior or phenotype. 

2.4.2 Mechanotransduction as a three-step process 

Mechanotransducti on is the process of sensing and converting m echanical force 

into biochemical signals which illicit a biological response. As with  biochemical signal 

transduction , the process of mechanotransduction can be conceptually div ided in to 

three steps: mechanotransmission, mechanosensing, and mechanoresponse [9]. The 
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steps of mechanotransduction rely on the central premise that specific cellular structures 

are sensitive to mechanical stimuli  and that forces can be transmi tted across these 

features, often leading to force-induc ed changes in confirmation . Mechanically induced 

changes in confirmation can then mediate biochemical changes resultin g in downstr eam 

biochemically detectable outcomes, such as signaling events, transcri ption and 

translation , and ultim ately cell behavior . “Mechanotransmission” refers to the 

transmission of initial  mechanical signal across deformable elements. That transmitted 

signal is biochemically  sensed during t he “Mechanosensing” step, wh ich ulti mately 

leads to a downstream biochemical outcome or “Mechanoresponse” (Figure 2.10) [9, 

121]. 

 

Figure 2.10: Mechanotr ansduction as a three-step process. Mechanical loading  of the 

physical connection between a mechanosensitive protein (dark blue) and the actin-

cytoskeleton (red) facilit ates mechanotransmission throu gh the mechanosensitive 

protein . Continued force transmission can result in alteration s to protein confirmation  in 

a step referred to as mechanosensing. Mechanoresponse refers to the down stream effects 

of mechanosensing, such as the recruitment of  addition al proteins (li ght blue). 

2.4.2.1 Mechanotransmis sion  

In the first step, mechanotransmission, a force is transmitted across deformable 

elements wit h some degree of mechanical continui ty.  Actin cytoskeletal filame nts, for 
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instance, are relatively  stable structures 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 signali ng protei ns can parti cipate in thi s mechanical linkage and allow the 

forces to propagate for even longer distances. 

2.4.2.2 M echanosensing 

Mechanosensing describes a structura l response to a transmi tted force across a 

protein. This could be the force-induced confirmation change, exposure of cryptic 

binding domains , or mechanical switch to a force-mediated activation  state [121]. 

Fibronectin fib rillogenesis, the process of forming fibrils, occurs in response to force. 

Fibril assembly is mediated by the exposure of cryptic  binding sites following protein 

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

2.4.2.3 Mechanoresponse 

Mechanoresponse refers to a downstream response that occurs due to sensing 

the force induced change within the system. As mechanosensing events can often 

involve the exposure of cryptic bi nding domains  or phosphorylat ion sites, initiation  of 

new protein-protein intera ctions or force-induced signaling cascades, represent possible 

mechanoresponses. Typically, mechanoresponse refers to a sustained outcome, over 

minutes to hours, that can be detected 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 focal adhesions.  

2.4.3. Mechanotransduction at focal adhesions 

2.4.3.1 Mechanosensit ive regulation and function of FAs 

2.4.3.1.1 FAs are mechanically regulated 

As the composition and organiz ation of indiv idual FAs is highly d ynamic and 

intr insically connected to its function, FAs can be classified based on phenotype. Three 

categories are commonly used to di stinguish FA classes, nascent adhesions, focal 

complexes, and mature FAs. These classes distin guish FAs at various maturat ion poi nts, 

whi ch is closely linke d to di fferences in connected actin structures, load transmission, 

and cellular location [13]. In general, nascent adhesions form w hen activated integrins 

binding ECM begin to cl uster [123]. If actin bundles  become engaged, nascent adhesions 

continue to mature into larger focal complexes which concomitan tly occurs with 

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 FAs wh ich are typically elo ngated in the direction  of attached stress fibers [126]. 

As such, mature FAs are thought to play a role in direction-dependent ri gidity sensing 

and response [127, 128].  

2.4.3.1.2 FAs function as mechanosensors 

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

which can be from both intra- and extracellular sources, such as actin retrograd e flow, 
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Rho-mediated myosin II con tractilit y at stress fibers, or from externally applied static 

stresses [124, 129-131]. Furthermore, FA maturat ion can be additionally modu lated by 

other biophysical properties of the extracellular environment, such as ECM compli ance 

and ligand density [132, 133]. Asymmetrical forces across FAs that are temporally  

dyn amic. Additionally, studies using h igh resoluti on techniques have demonstrated that 

stresses across individual FAs are spatiall y and temporally variabl e [134]. Cumulatively , 

these findin gs indi cate that FAs mediate detection of and response to key biophysical 

cues from both the intracellular and extracellular environments in a process that is 

high ly  dynamic and intercorrelat ed.  

In addi tion to struc ture, FA composition and organization change wit h force-

mediated matu ration. Moreover, the exact composition can vary based on the properti es 

of the surroun ding substrate. For instance, variou s integrin subtypes  demonstrate 

differentia l responses to ECM stiffness, composition, and density , potentially  mediating  

such changes in FA organization [133, 135, 136].  

Within FAs, forces can also significant ly alter th e confirmation  of compositional 

prot eins, thereby mediatin g potential  mechanosensitive changes in protein  function s. 

For instance, force-indu ced changes in protein structure could enable differential 

protein-protein i nteractions, resulting in c hanges to 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 dynamic ally regulated by 

force, FAs act as mechanosensitive signalin g hubs for regulating  diverse cellular 

functions  and cellular mechanoresponse. Withi n FAs, integrin -mediated adhesion leads 

to the force sensiti ve recruitment o f FAK, resulting in autophos phory lation at tyr osine 

397 and the consequential exposure of a Src bindi ng site for the Src-homology 2 (SH2) 

domain in other signaling proteins. Src binding initiate s a feedforward mechanism 

resulting i n the formation of an active FAK-Src complex through  increased FAK 

phosphorylat ion and exposure of additio nal protein bindi ng sites [96]. This FAK -Src 

complex facili tates the additional  recruit ment and activation of other key force sensitive 

signaling prote ins, includin g P130Cas and paxill in. In turn  P130Cas leads to the 

stimulation of  Rac1, while paxil li n activ ity leads to CDC42 stimulation  [138, 139]. Rac1 

and CDC42 are Rho GTPases responsible for the promot ion 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 also be mechanically regul ated. The MAP K/Erk pathway , or the FAK> RAS> RAF> 

MEK> MAPK  pathway as it 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 as epidermal 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 signal transduction  is initi ated through activati on of the mitogen-activated 

protein kinase (MAP K) cascade [141]. Specifically, activated Ras initiat es the 

serine/threonine protein  kinase activity  of RAF kinase, which in t urn activates MEK 

(MEK1 and M EK2) via phosphorylat ion. Act ive MEK phosphorylates MA PK (a 

serine/tyrosine/threonine protein  kinase, also known as ERK) which regulates a variety 

of transcription factors whic h control  mRNA t ranslation to protein. 

Two such transcriptional cor egulators, YAP and TA Z, have been shown to affect 

gene expression and differe 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 and cell spread area, leading to 

dif ferentiation  of human mesenchymal stem cell s [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 regulat ion and function  of actin network s 

Whi le a variety of actin accessory  proteins play diverse roles in the organization  

and dynamics of the actin cytoskeleton, its primary reg ulators are members of a family 

of small signaling G proteins, specifically the Rho-family GTPases, including RhoA, 

Rac1, and Cdc42. While RhoA is commonly  associated with the formation and 

contraction of stress fibers, Rac1 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, Rac1 is primarily attributed  with 

lamell ipodia  format ion, broad cellular protrusi ons comprised of branched network of F-

actin filaments , while Cdc42 is commonly associated wi th filopodia , thin  cellular 

projections consisting of ti ghtly bundled F-actin.  

GTPase activity involves a large amount of crosstalk and is spatially and 

temporal ly  regulated by phosphorylation and  dephosphorylation via guanine 

nucleotide exchange factors (GEFs) and GTPase-activating  proteins (GAPs) respectively 

[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 mediati ng this mechanosensitive 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 strong mechanotransducer, enabling 

the rapid detection and adapti on to forces with in the cellular  environment [147].  

2.5 Molecular tension sensors for studying 
mechanotransduction 

Towards understanding  how forces are sensed and transduced by cells at a 

molecular level, a variety of sensors based on Förster Resonance Energy Transfer (FRET) 

have been designed 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) is to couple a 

mechanically in duced conformation change to an optical signal. The physical 

phenomena pr imarily  leveraged in the use of many molecular tension sensors is Förster 

Resonance Energy Transfer (FRET). FRET is the 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 

dissipation of transfer energy as heat (i.e., no photon emission) respectively. This 

electrodynami c process is the result of long-range dipole-dipole interactions between the 

donor and acceptor molecules, and as such is highly di stance-dependent (Figure 2.11, 

A). While the probably of FRET is directly re lated to the separation distance of the donor 

and acceptor/quencher molecules, the exact relationship is also dependent of the 

orientation an d mobilit y of the fluorophores . However, FRET is often assumed to decay 

as 1/r^6. (Figure 2.11, B). 
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Figure 2.11: FRET-based tension sensor design.(A ) FRET is a distance-dependent 

phenomenon, with  higher FRET occurring  between fluoro phores in proximity , and 

lower  FRET as the fluorophor es become farther apart . (B) FRET decreases as function of 

fluorophore separation distance. 

Broadly, FRET-based tension sensors are comprised of a mechanosensitive 

module containing a FRET-capable fluorophore pair separated by an extensible linker [5, 

148]. Tension sensors can be classified by the nature of the mechanically  induced 

conformation change as well as the location of their int ended use- intra cellular  or 

extracellular  [7]. The latter is a key distinction, as intracellular  sensors are typically 

genetically  encoded to ease producti on and deli very to the intr acellul ar environment.  

2.5.1.1 Sensor components  

Dogmatically, the optic al properties of the chromophore s, such as their spectral 

overlap, stability, and br ightness, have been though to dictate the photophysical  

characteristics of the sensor, while linker st iffn ess and persistence length were thought 

to govern sensor mechanical properties. While chromophore selection is an important 
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driver in  dynamic range, the design of the extensible linker is also a contribut or.  The 

relaxed end-to-end distance of the linker (i.e., contour length) sets the unloaded 

separation between the flu orophores and thus the maximum FRET (assuming no 

compressive forces at play).  The linker’s mechanical properties set the range of forces it 

is capable of measuring and how much of the attainable dynami c range is 

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

For quantitativ e FRET measurements, the use of calibrated sensors is typically 

required, which are commonly based on the deformation of unstruct ured polypeptides 

(GPGGA or GGSGGS repeats) or synthetic polymers (polyethylene glycol (PEG). The 

mechanical properties of unstructur ed linker s can be conceptualized as a non-linear 

spring. Quantita ti vely  the deformation of unstructured  linkers is well -described by the 

worm -like chain model  [149]. Mechanical resistance within the linker is due to a 

decrease in linker entropy upon d eformation . A di stinct advantage of using 

unstructured linkers is that they are likely t o be in equilibrium, rapi dly  sampling all 

possible ensemble states. This guarantees that the linker will deform reversibly, without  

hysteresis, and in a manner independent 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 monomers in the 

lin ker. Sensors containing unstructure d l inkers have analogue force-sensitivity cur ves, 
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where each force corresponds to a distinct force. Thus, these sensors report the exact 

load a molecule or protein is experiencing, subject to limit s set by the temporal and 

ensemble averaging that occurs durin g imaging and the mechanical sensitivity  of the 

sensor. 

2.5.1.2 Intra- vs extra-cellula r tension  sensors 

To date, a broad toolbox of MTSs has been created for 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 design strategies, imp lementation, and 

data interpret ation. Typically, c alibrated i ntracellula r M TSs are genetically encoded and 

engineered within a load bearing  POI. As such they are usually compr ised of a 

fluorescent protein-based FRET pair linked by an unstructured polypepti de linker. In 

contrast, extracellul ar MTS designs 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 sur face-imm obil ized 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 receptors at the cell-material  interface, 

such as integrins and growth f actor receptors. Currently extracellu lar MT Ss have been 

constrained to use on 2D glass surfaces, signif icantly  limiting our ability t o probe 
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cellular mechanobiology in more physiological contexts such as on softer 2D surfaces or 

within 3D in vitro c ultu re systems.   

 

Figure 2.12: M olecular t oolb ox of FRET-based tension sensors.An expansive suite of 

MTSs has been created to probe the role of forces in directing a vari ety of cellular 

processes, both in intracellular  and extracellular  contexts. Ad apted from [7]. 

Beyond design differences, the primary te chnical distinction  between 

intracell ular and extracellular  MTSs are the loading conditions they are likel y to 

experience due to differences in the context of their use. In addition to diff erential 

environmental effects on sensor mechanical response, which is discussed in more detail  

the next section, extracellular MTSs are covalently atta ched to a substrate and therefore 

do not undergo turnover  as intracellu lar sensors do. As such, these sensors are more 

susceptible to effects from  longer load durations  or loading h istory.  
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2.5.1.3 Current chal lenges wi th the use and inte rpretat ion of MTSs  

As both the depth of tension sensing modules available and the breadth of their 

application have grown, discrepancies in force measurements and data interpretation 

have emerged. With various sensor designs and appl ications, disparate measurements 

of the forces experienced by the same proteins have been reported. 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 than 6 pN and 

between 7-10 pN reported [151, 152]. 

Whil e the origins of these differences are unclear, one obvious source for 

potential discrepancies is the dif ferences in experimental condi tions between studies. 

Another possibl e 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 envi ronments is lacking . Typical ly , sensor calibration is 

performed using single molecule force spectroscopy (SMFS) techniques to directly assess 

linker mechanical properties. For the calibrations to be applicable to t ension sensors, at 

least three condi tion s must be met: force must indu ce equilibrium  transitions in the 

sensor, environmental effects on sensor mechanical response must be accounted for, and 

all components of the sensor must be able to withs tand the applie d loads [7].  

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

equilibr ium transitions in the  sensor. If not, the exact force inducing the t ransition will  
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be dependent on the rate, duration, and history  of appl ied load, which in the context of 

intra cellular condition s is unknown . 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 be induced by a variety of forces depending on the exact loading 

conditions, rendering exact force measurements impossible to achieve. 

In addition , environmental effects on sensor calibration must be considered. This 

is particu larly 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, w ith di stinct 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 developed using linker mechanical propert ies 

measured in cells to predict sensor mechanical sensitiv ity, enabling a bypass of in v itro 

calibration, genetically encoded sensors based on structured domains still require in 

vitro calibra tion with SMFS techniques [153].  As SMFS techniques cannot be performed 

in li ving cells, the environmental contr ibuti on to the mechanical response of structured 

domains is currently unknown.  

Finally , all  key components of the sensor must 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. Single 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  

bathochromi c spectral shifts to the reversible loss of fluorescence via mechanical 

quenching have been reported [157-159], while at very high forces complete 

denaturation coupled wi th an irreversible loss of fluore scence is observed [154-157]. As 

these experiments were performed in vi tro, the effects of cell generated force on FP 

function within cells has yet to be explored and may have significant implicati ons for the 

use and interpreta tion of MTSs.  

While  consideration of the operating principle s of each sensor within its speci fic 

context is key to generating accurate force readouts and correctly int erpreti ng biological 

significance, it is unlik ely that the technical details of MTS alone full y account for 

discrepancies in the field. Attention mus t also be paid to the key molecular-scale 

pri nciples of mechanobiology. As many of these are current ly 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. 

2.5.1.4 Unmet needs for advancing the  fi eld of mechanobiolog y 

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

environment, that provid es a plethora of biochemical and mechanical regulator y cues in 
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the form of variou s ECM components, heterotypic cell interac tions, and soluble 

signaling factors. However, most of what we understand  about cell behavior and 

mechanobiology has been obtained fr om studies of cells cultured on two-dimensional 

(2D) stiff surfa ces, such as tissue culture polystyrene (TCPS) and glass. The assumption 

here is that these observations represent physiological 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 of dimensionally different cell 

behaviors is the processes 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 path through proteolytical degradation to enable extension processes [168]. 

In terms of mechanobiology  and mechanotransduction , several key findings 

have highl ight ed the importance of considering dimensional contexts. Sti ffness-

dependent effects on osteogenic differentiation  of mesenchymal stem cells (MSCs) were 

markedly different in 2D vs 3D  cultur e environments. In 2D studies, MSC osteogenesis 

increased with i ncreasing stiffness until a plateau was reached [22]. In 3D studies, 

mesenchymal stem cells (MSCs) showed a bimodal response in osteogenic 

differentiat ion, with maximum osteogenesis occurri ng at int ermediate stiffness [169]. In 



 

59 

addition , integrin cl ustering-dependence on MSC osteogenesis was observed in 3D 

culture,  but not observed for 2D systems or very stif f 3D substrates [169]. While clearly a 

factor, considering dimensionality  as the key di fference between systems is an 

oversimp lif ied view. How  regulatory  cues may be altered or int roduced due to system 

differences must also be appreciated. For instance, ligand presentation will  differ  greatly 

betw een 2D and 3D contexts. Additiona lly, 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 

a variety of cellular processes, which wou ld not have been possible in 3D contexts with 

current technology. How ever, as new 3D regulatory mechanisms come to light , culture 

systems will n ecessaril y 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 approaches with  novel molecular sensors compatible 

wi th biomimetic  in vitro  culture systems would  open the door to studying  cell behavior 

in more physiologically relev ant contexts, such as 3D systems. Moreover, the 

development of robust modeling approa ches to predict force-induced conformational 

changes of protei ns util izi ng proteomics data and mechanical simulation , could replace 

time-intensive and costly in vitro deformati on experiments and serve to better inf orm 

FRET-based sensor studies in both 2D and 3D contexts. However , as FRET-based 
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biosensors predominately  utilize fluorescent p roteins (FPs) to inform on molecular 

changes within proteins inside cells, it is necessary to consider how specific contexts 

may affect the structure and function of  the encoded FPs.  

2.6 Force effects on fluorescent proteins 

As intracellu 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 to 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 a two - 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-equili brium  system, the unfol ding and/or refolding rates are comparable to the 

experimental tim escales, and thus distinct states (i.e., fluorescent and nonfluo rescent for 

FPs) 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 exact loading conditions.  As loading 

condit ions imposed by cells on proteins are unknown, challenging to estimate, and 

unlik ely to be simple force clamps commonly used in SMFS experiments, it is di ffi cult to 

predict how  cell generated forces will affect FP function within the cont ext of MTSs. 

Methods facil itati ng the direct measurement or computational  modeli ng of protein 

mechanical stability in relevant c ontexts are needed to elucidate force effects on FP 

structu re and funct ion.  
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Figur e 2.13: Depict ion of the energy landscape for GFP unfol din g.Represented as a 

two -state system, the energy landscape for GFP unfolding de monstrates two energy 

minim a correspondin g to the folded/fl uorescent state 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 GFP under constant tensile force: the corked state, the 

barrel state, and the ripped state [156]. The corked state represents the point when  the 

N-terminal α-helix (residues 1-6) has been pulled away from the β-barrel and unraveled, 

leaving hyd rophobic residues Leu7 and Phe8 “corked” within a hydroph obic pocket of 

the surface of the protein barrel . The barrel state was predicted to occur upon 

“uncorking” of residues Leu7 and Phe8, resulting in the continued separation and 

unraveling of  N-terminu s residues 1-13. Finally,  the ripped state was simulated when 

the β1 strand was completely pulle d away from the protein barrel.  Based on 

spectroscopic analysis of EGFY and EYFP vari ants, in which increasing  portions of the 

N-termin i were removed to model the various intermediate states, increasing loss at the 
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terminus  resulted in a decrease in the population of molecules with a chromoph ore in 

the anionic, or fluorescent, state [170, 171]. Although SMD simulations typically utilize  

force magnitudes and timescales that are significan tly  divergent from in vitro or in vivo 

conditions , intermediate mechanical states may demonstrate modu lated funct ionality . 

Whil e the corked and barrel interm ediate state may be specific to FPs containing the N-

terminal  α-helix structural motif common to  A. Victoria-derived FP variants, 

mechanically  induced changes in FP structure could enable alternative nonradiati ve 

relaxation pathways of an excited state chromophore resulting in fluor escence 

quenching. Due to prolific  protein engi neering efforts to expand the FP toolbox, protei n 

variants have been developed to emit along the entire visibl e electromagnetic spectrum 

by modula ting the molecular structure of the chromophore  or how the chromophore is 

solvated (i.e., the chromophore microenv ironment)  [172]. With  this increase in structur al 

diversit y, mechanical responses across FP variants will  likely  differ . Accordi ngly , 

irreversible GFP quenching under mechanical load from integrins was observed using 

an extracellular MT S [173]. In contrast, SMFS experiments have revealed that the YPET-

mCherry FRET pair did not denature in response to loads of 24 pN applied for 300 sec 

[174].   

In vitro pulling experiments  have likewise shown that mechanical load can have 

substantial effects on FP structur e and optical properties . At very high force s, complete 

protein denaturation was observed, which corresponds with an  ir reversible loss of 
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fluorescence [154-157]. At lower forces, a variety of  changes to FP optical pro perties have 

been reported, including  shifts in spectral profiles and quantum yield, and the reversible 

loss of fluorescence due to mechanical quenching [157-159, 175]. Furthermore , a recent 

study using an optical trap demon strated that reversible FP mechanicall y quenched 

could  be induced prior t o disruption of secondary structur e, indicating that small 

transitions may be sufficient to affect FP function [157]. Collectivel y, computational and 

in vitro  observations reiterate the tigh tly coupled structure-function re lationship within  

FPs.  

In the context of FRET-based MTSs, force-mediated pertur bations to FP function 

are particularly  problematic as a measured decrease in FRET may not correspond solely 

to changes in fluoropho re distance or orientation. Addi tionally,  any force-induced 

unfolding of the FPs would alter the mechanical properties of the sensor. Furthermore , 

for approaches involving ensemble measurements, these effects may be subtle and 

manifest in innocuous ways such as an increase in system variance.  

2.6.2 Comparison to key mechanosensitive linkages inside cells 

While informative, these experimental studies were performed in vitro and  the 

abil ity of smaller int racellular  forces to affect FP function has not been directly pro bed. 

To estimate the relative ris k of FP mechanical quenching or unfoldin g during MTS use, 

we compared SMFS data on force-sensitive bond lifetimes of  variou s mechanosensitive 

li nkages wit h GFP/YFP denaturing and GFP mechanical quenching transiti on times (τ, 
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in seconds) (Figure 2.14). The lifetimes of some of the mechanosensitive 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.  

 

Figure 2.14: Comparison of  mechanosensitive bond lifetimes  with GFP/YFP transition 

times.An overlay of SMFS-based bond life times for commonly  studied 

mechanosensitive proteins shows that many may experience bond li fetimes approximate  

to those of FP transitions associated with flu orescence 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 encoded calcium and zinc 
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indicators (GECIs and GEZIs respectively)  utilize changes in protein structure as the 

underlying  functi onal mechanism for sensor read-out [176-178]. Such sensors are often 

comprised of FP variants that have undergone artificially engineered circular  

permutation. Circular permut ed (cp) protein va riants demonstrate a different pri mary 

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 rmin i 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 protein’s optical properties, making 

cpFPs ideal candidates for structure -funct ion sensors [180].  

In the context of tool development, sensors which utilize the s tructure -functi on 

relationship to report mec hanical stimuli are less common. Like GECI and GEZI sensors, 

cpFP variants have been used in the creation of sensors which report mechanically 

induced changes in FP function by modulating prot ein structure. Due to its altered 

connectivity and orientation , cpYFP has been used as an intracellular single 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 emission spectra, while 
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GFPuv demonstrated fluorescence quenching upon application of loa d [182]. In a more 

recent work , a surface immobil ized eYFP with a termina l cell adhesive ligand was 

utilize d as a label-free tension sensor to monitor integrin tension [183]. Upon appl ication 

of integr in-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 

fluorescence have typically relied on a loss in signal to indicate a function al outcome. 

Such “negative-signal” sensors have limited usefulness and applicat ion due to 

challenging interpretabili ty and an intrin sic low signal to noise. The development of 

new approaches to characterize force effects on FRET-based sensors would improve the  

use and interpretation of existin g MTSs and enable the creation of new 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 and then reference these techniques in later 

chapters.  

3.1 Introduction and rationale 

To study mechanical loads inside cells, a variety of Forster resonance energy 

transfer (FRET)-based molecular tension sensor (MTS) have been developed, enabling 

the visualizat ion and measurement of molecular-scale forces across specific proteins. 

The first calibrated genetically encoded MTS was created to study vinculin [184], 

solidifying  vinculins  role in int racellular force-sensing and transmission processes [6, 

130, 185-188]. Since then, a plethora of different MTSs have been developed, 

demonstrating the broad usefulne ss and importance of this technology [7, 189].    

With the broad expansion of the MTS toolbox, methods to validate the correct 

use and interpretation of FRET-based sensors is becoming increasingly important. As 

accurate MTS measurements require all sensor components to demonstrate a known 

mechanical response, understanding force-effects on prot ein 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 generated force on FP 

function within cells has yet to be explored and may have significant 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 of force on FP function within MTSs and evaluate how 

modul ation of  FP function may influen ce ensemble sensor measurements inside cells. 

With a newfound understanding of intracellular force -effects on FP function, new MTSs 

can be created to gain deeper insights into the molecular forces inside cells. 

As this thesis work extensively utiliz es a variety of FRET-based molecular 

tension sensors (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 sensors is required. In the f irst section of this chapter, the design and 

fabrication strategies for the various FP-based sensor constructs are discussed. Next the 

various experimental methods are detailed, and fin ally, the various data analysis 

approaches are 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 (VinTS) (Figure 3.1) with in pcDNA 3 .1+ expression 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 S-A50I) and 

actin bindin g (VinTS-I997A), respectively, were previously created withi n pcDNA 3.1+ 

as described elsewhere [192]. These constructs serve as important controls for probing 

the effects of actomyosin-mediated forces. 
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Figure 3.1: I l lustration of TSmod and var ious vincul in sensor varian ts. A calibrated 

FRET-based module (TSmod) was used to create the ori ginal vinculin tension sensor 

(VinTS), and I997A and A50I point mutant sensors (VinTS-I997A and VinTS-A50I), 

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

3.2.2 Vinculin internal constructs 

Vinculin constructs w ith a single internal FP, termed “vinculin internals,” were 

generated to serve as controls for intramolecul ar FRET effects. To generate vinculin 

internal constructs, engineered plasmids were first created containing KpnI and AgeI 

restriction sites within the polyproline region of vinculin and the I997A vinculin mutant  

using Gibson Assembly (Figure 3.2, A) (Primers A & B, Table3.1) [190]. PCR was used to 

introduce flanking KpnI and AgeI  restrictio n sites on the induvial FPs (primers detailed 

in Table 3.1, C-D). The vinculin int ernal construct (Vincul in-iFP) and the I997A variant 

(Vinculin -iFP I997A) were then created by inserting individu al flu orescent prot eins 
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within the engineered vincul in and vinculi n mutant plasmids at the KpnI and AgeI 

restriction sites using standard cloning techniques (Figure 3.2, B). Sequences were 

veri fied thr ough sanger sequencing. 

 

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 sites within  the polyproline region of vinculin and  an I997A point  mutant. (B) 

Then a single FP was inserted between the head and tail domains to create Vinculin -iFP 

and Vinculin -iFP I997A.
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3.2.3 Actin binding domain (ABD) sensors 

The Actin Binding Domain (ABD ) sensor (TS) consists of TSmod inserted 

between terminal F-Tractin domain s, was created using Gibson Assembly cloning 

techniques 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 control  (Figure 3.3). 

 

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 unmod ified A BD sensors, a second modular ABD sensor design 

(engABD) was created (Figure 3.4) to enable efficient construction of new sensor 

modules through the exchange of sensor components using standard restrict ion digests. 

This plasmid was engineered to contain  restr iction sites between sensor components of 

the original  ABD sensors. Specifically, the N-terminal FP is flanked by KpnI and AgeI  

restriction sites, while EcoRI and NotI sites border the C-terminal FP (Figure 3.4, A). 

Primers E and F were used to create the fi rst 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 created using this engineered plasmid, 
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through either the exchange of the donor with FP, keeping mScarlet-I as the acceptor 

(Figure 3.4, B), or varying the acceptor FP, and maintaining  mTFP1 as the donor ((Figure 

3.4, C) (primers list ed in Table 3.1). The sequences of all constructs were verified throug h 

sanger sequencing.  

 

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) library of FRET modules could be quickl y 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 sensor plasmid was created (Figure 3.5) wit h different restriction si tes 

between sensor components to enable compatib ility wi th a commercially avai lable cp-

based FRET sensor libra ry  (Kit #1000000021, Addgene) [193]. Specifically,  this 

engineered plasmid was created by inserting BamHI and KpnI r estr iction sites on either 

side of the internal  sensor module using primers P and Q (Table 3.1) (Figure 3.5, A). 

Wi th this engineered plasmid, a suite of cp-based ABD (ABDcp) sensor 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 created (TS and TL) 

using standard cloning techniques. These sensor modules are each comprised of an 
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mTFP1 donor and mVenus, or one of three cpVenus variants (cpmVenus-157, 

cpmVenus-173, cpmVenus-229), as the acceptor FP (Figure 3.5, B). The sequences of all 

constructs were verifi ed through sanger sequencing. 

 

Figure 3.5: I ll ustratio n of the design and creation of  a second modular ABD (ABDcp) 

sensor.(A) An additional modular ABD platform was created to enable compatibil ity 

with a commerci ally available library  of FRET sensors containing cp-Venus variants. 

Table 3.1 Primers for creation of cDNA  construct s 

For Vinculin Internals Sequence (5'- 3') ID 

Vinculin-KA     

Kpn1-AgeI-Insert_Gib_F ATGAGGGTACCttACCGGTCGAGTTCCCAGAGCAGAAAGCAG A 

Kpn1-AgeI-Insert_Gib_R GAACTCACCGGTaaGGTACCCTCATCTTTTTCTTCAGGGGGTG B 

Vinculin I997A-KA     

Kpn1-AgeI-Insert_Gib_F ATGAGGGTACCttACCGGTCGAGTTCCCAGAGCAGAAAGCAG A 

Kpn1-AgeI-Insert_Gib_R GAACTCACCGGTaaGGTACCCTCATCTTTTTCTTCAGGGGGTG B 

Vinculin-iVenus WT     

Kpn1-FPa_F tttt GGTACCATGGTGAGCAAGGGCGAG C 

AgeI-FPa_R ttttA CCGGTCTTGTACAGCTCGTCCAT D 

Vinculin-iVenus I997A     

Kpn1-FPa_F ttttGGTACCATGGTGAGCAAGGGCGAG C 

AgeI-FPa_R ttttACCGGTCTTGTACAGCTCGTCCAT D 

For engABDs Sequence (5'- 3') ID 

engABD TS 
    

mNeonGreen-mScarleti   
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Kpn1-FPb_F ttttGGTACCATGGTCTCTAAAGGGGAGGAGG E 

mScarI_BsrGI_Rev aaaaCTTGTACAGCTCGTCCATGCCGC F 

engABD TL 
    

mNeonGreen-mScarleti  

NotI-FLAG-For aaaaGCGGCCGCGGACTACAAGGACGACGATGACAAGTAA G 

NotI-Rev ttttGCCCGCGGCCGCCTT H 

engABD TS/TL 
    

mVenus-mScarleti  

Kpn1-FPa_F ttttGGTACCATGGTGAGCAAGGGCGAG C 

AgeI-FPa_R ttttACCGGTCTTGTACAGCTCGTCCAT D 

engABD TS/TL 
    

YPET-mScarleti  

KpnI_YPET_F ttttGGTACCATGGTGAGCAAAGGCGAAGAGCTG I 

AgeI_YPETsdm_R  ttt tACCGGTTTTGTACAGTTCATTCATTCCCTCTGTGATCCCGG J 

engABD TS/TL     

mClover-mScarleti  

Kpn1-FPa_F ttt tGGTACCATGGTGAGCAAGGGCGAG C 

AgeI-FPa_R ttttACCGGTCTTGTACAGCTCGTCCAT D 

engABD TS/TL   

mCerulean3-mScarleti  

Kpnl-mCer3_F aaaaGGTACCATGGTGAGCAAGGGCG K 

AgeI-FPa_R ttttACCGGTCTTGTACAGCTCGTCCAT D 

engABD TS/TL     

mTFP1-mScarleti  

Kpn1-FPa_F ttttGGTACCATGGTGAGCAAGGGCGAG C 

AgeI-FPa_R ttttACCGGTCTTGTACAGCTCGTCCAT D 

engABD TS/TL     

mTFP1-mCherry  

EcoRI_mScarleti_F  ttttGAATTCATGGTGAGCAAGGGCGAGG L 

mCherry_Notl_Rev aaaaCGCGGCCGCCTTGTACAGCTCGTCCATGCCGCC M 

engABD  
    

mTFP1-YPET TS/TL 

EcoRI_YPETsdm_F aaaaGAATTCATGGTGAGCAAAGGCGAAGAGCTGTTCAC N 

Notl_YPETsdm_Rev tttCGCGGCCGCTTTGTACAGTTCATTCATTCCCTCTGTGATCCCGGG O 

For ABDcps Sequence (5'- 3')  ID 

engABDcp TS/TL     

KpnI_FLAG_For aaaaGGTACCGACTACAAGGACGACGATGACAAGTAATCTAGAGGGC                     P 

BamHI_Ftractin_Rev ttttGGATCCGGCGACCGGcAGCGC  Q 
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3.3 Cell culture and construct expression 

Mouse embryonic fibroblasts lacking endogenous vin culi n (vinculin  -/- MEFs) 

were generously provi ded by Drs. Ben Fabry, Wolfgang Goldman , and Wolfgang 

Ziegler [194]. All  MEF cell lines were maintained in high glucose Dul becco’s Modified 

Eagle’s Medium (D6429; Sigma Al dr ich) suppl emented wit h 10% fetal bovine serum 

(HyCl one), 1% non-essential amino acids (Gibco), and 1% antibiotic -antimycotic solution 

(PSM, Sigma Aldrich).  NIH -3T3 cells were obtained from ATCC (CRL-1658) and 

maintained in high glucose  Dulbecco’s Modified Eagle’s Medium (D 6429; Sigma 

Aldrich) suppl emented wit h 10% fetal bovine serum (Hy Clone), and 1% antibiotic-

antimyc otic soluti on (PSM, Sigma Aldrich). Live imaging media for each cell line was 

prepared simi larly to the full growth medi a for that specific cell line  using anti -bleaching 

live cell visualizati on medium, DMEM GFP-2 (Gibco, Medium 199), as the basal media. 

Specif ically,  for MEFs the live imaging media was composed of DMEM-GFP, 10% fetal 

bovine serum, 1% non-essential amino acids, and 1% antibiotic-antimycot ic solution. For 

NIH -3T3s, the live imaging media was composed of DMEM -GFP, 10% fetal bovine 

serum, and 1% antibioti c-antimycotic solutio n. 

Lenti viral transduction allowed for stable expression of  vinculin tension sensor 

encoding DNA within v inculin -/- MEFs. Cells expressing physiological levels of each 

vincul in-based sensor were selected as previously repor ted [191, 192]. Transient 

expression of DNA construc ts was achieved through transfection using Lip ofectamine 
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2000 Reagent (Invitrogen) and OptiME M (Gibco) at a 1:2.5 ratio of DNA to li pofectamine 

(µg: µL) following the manufacturer’s protocol. 

Briefly, for imaging experiments fibroblasts were transfected at ~45% cell 

confluency, using 2 µg of DNA  to 5 µL Lipofectamine2000 in a total volume of 300 µL 

OptiME M per well of a 12 well tissue culture polystyr ene (TCPS) culture dish. Following 

transfection, cells were incubated at 5% CO2 at 37°C for 5 hours, before being washed 

once with sterile PBS and replacing media wit h fresh antibiotic -free media. Cells were 

then incubated overnight, for a total period of 24 hours post-transfection, prior to 

seeding on prepared surfaces.  

To facilit ate cell adhesion, glass bottom dishes (World Precision Instruments) 

were prepared by coating glass coverslips (#1.5, Bioptechs, Butler, PA) wi th 10 µg/ml 

fibronectin (Fisher Scientific, Pittsburgh, PA) in PBS, incubated at 4⁰C overnight , then 

rinsed with sterile PBS. For experiments involving live imaging, cells were seeded with 

~65,000 cells per dish and allowed to spread in complete media for  ~3 hours before 

washing wit h sterile PBS and changing to live  imaging media for an  additional ho ur 

before imaging. For the fixed condition, cells were seeded with ~65,000 cells per dish and 

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 immunofluorescent staining, cells were first fixed with warm 4% EM 

grade methanol-free paraformald ehyde (PFA, Electron Microscopy Sciences) for 10 

minutes and then rinsed with PBS. Cells were permeabilized with 0.1% Triton -X100 for 5 

minutes and then rinsed with PBS three times. Fresh, 2% bovine serum albumin (BSA, 

Sigma Aldri ch) in PBS was used as blocking buffer for 30 minutes.  Specific proteins 

were immuno fluorescently labeled within cells according to details in Table 3.4. All 

primary  antibodies were applied for a 60-minute  incubation time in blocking buffer and 

then rinsed three times with PBS before a blocking again for 60 minutes. All 

fluorescently labeled secondary antibodies were incubated for 60 minutes 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. Follow ing a 60-minute  

incubation in stain ing soluti on, samples were rinsed three times with PBS prior to 

imaging.  

Table 3.2: Antibodies and dyes used for immunofluorescent labeli ng 

Protein/ Structure Primary Antibody 
Secondary Antibody/Dye 
(Dilution/concentration) 

Vinculin 
Monoclonal 
mouse 

Sigma V9131 
AlexaFluor 405 
goat anti-mouse 
(1:500) 

Life 
Technologies 
A31553 
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hVin-1 (1:500) 
AlexaFluor 647 
goat anti-mouse 
(1:500) 

Life 
Technologies 
A21236 

Myosin light chain 2 
(pS19/20) 

Polyclonal rabbit 
pMLC2 (1:500) 

Abcam 
ab2480 

AlexaFluor 488 
goat anti-rabbit 
(1:500) 

Life 
Technologies 
A11034 

Paxillin 

Monoclonal 
mouse Thermo 

Fisher 
AHO0492 

AlexaFluor 594 
goat anti-mouse 
(1:500) 

Life 
Technologies 
A11032 

PXN (1:100) 

Actin 

-- -- 
Phalloidin-
AlexaFluor 405 
(1:100) 

Thermo Fisher 
A30104 

-- -- 
Phalloidin-
AlexaFluor 647 
(1:100) 

Thermo Fisher 
A22287 

Nucleus -- -- DAPI (1:5000) 
Life 
Technologies 
D1306 

 

3.5 Imaging 

3.5.1 Microscope equipment 

All imaging  was performed using a widefield  Olympus IX83 inverted 

epifluore scent microscope (Olympu s), containing a LambdaLS 300W ozone-free xenon 

bulb  (Sutter Instruments), a sCMOS ORCA-Flash4.0 V2 camera (Hamamtsu Photonics), 

motorized filter wheels (Sutter Instrum ents 10-3), and an H117EIX3 automated stage 

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

1%, 10%, 25%. 50%, 75%, and 100% ND filters. Metamorph 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 objective (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 consistent temperature  of 37°C and a stable pH across 

the entire sample, an objective heater (Bioptechs 150819-13) in conjunction with a stage 

heater (Bioptechs Stable Z System 403-1926) and a gas humidifier  CO2 perfu sion system 

(Bioptechs 130708) was used.  

The objective heater was installed onto the 60x oil-immersion objective and set to 

36°C. The stage heater was mounted onto the stage in a detachable 6-well plate holder, 

taped in place, and set to 36°C. The heated lid was set midway between “0-100”, as 

previously determined in optim ization studies where sample temperature was held 

stable at 37°C. CO2 was perfused onto the sample at 2 mg/mL flow rate. The humidified 

CO2 perfusion system was attached to the sample dish pr ior to inserti ng the sample dish 

int o the stage heater, the heater lid was attached. Once the entire apparatus was 

assembly, the system was secured in place 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.    
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3.5.3 Single-channel fluorescence and DIC imaging 

Images of immuno fluo rescently  labeled cells were obtained using the 

DA/F I/TR/Cy5-4X4M-C BrightLine Sedat filter set (Semrock) and dichroic mirror 

(FF410/504/582/669-Di01). Exposure times for imaging with  the DAPI/405, FITC/488, 

TRITC/594, Cy5/647 channels were 500ms, 1500ms, 1500ms, and 1000ms respectively 

unless otherwise stated.  

Differential interference contrast (DIC) images were acquired at 60x 

magnific ation using a polarizer  (IX-LWPO) mounted above the condenser, and an 

attachable DIC slider (I -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 required to quantit atively calculat e FRET efficiency 

using sensitized emission FRET microscopy. FRET images were acquired using a custom 

filter set consisting of an mTFP1 excitation filter (ET450/30x; Chroma Technology Corp), 

an mTFP1 emission filter (FF02-485/20-25; Semrock), a Venus excitation filter (ET514/10x; 

Chroma Technology Corp), Venus emission fil ter (FF01-571/72; Semrock), and a dichroic 

mirror (T450/514rpc; Chroma Technology Corp). FRET images were obtained using a 

three-image sensitized emission acquisition sequence [195]. Specifically,  for mTFP1-
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Venus sensors, includi ng sensor containing cp variants of mVenus, images were 

acquired sequentially as follows: acceptor image (IAA ; Venus excitation, Venus emission) 

at 1000 ms exposure, FRET image (IDA ; mTFP1 excitation, Venus emission) at 1500 ms 

exposure, and donor i mage (IDD; mTFP1 excitation, mTFP1 emission) at 1500 ms 

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 ident ified and corrected as 

previou sly described [190]. To correct for dark current, background signal regis tered by 

the detector due to thermal fluctuations, approximately 40 images were acquired and 

averaged with all shutters  closed. Uneven il lumination is correc ted for by acquirin g 

approximately 20 “shade images” for each imaging channel in the desired focal plane of 

a cell-free dish. Shade images are normalized by the maximum intensity of each image 

and averaged across all images. To better account for day-to-day variabi lity, shade 

images are ideally 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 corrections, 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 objects which are physically co-localized in 3-dimen tional  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 as registration, 

according to previously described methods [190]. Briefly, 500nm fluorescent polymeric  

microspheres (Fluoresbrite YG and TetraSpeck) are dilu ted in PBS and adsorbed to a 

glass coverslip. After washing three times with PBS, coverslip with imaged in PBS, 

taking 21 image Z-stacks (100nm step size). For YG beads, image stacks in the mTFP1 

and FRET channel were acquired. For TetraSpeck beads, images stacks for the following 

channels were obtained: FRET, Venus, FITC, TRITC, DAPI, and Cy5. All images are 

registered to the FRET channel 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 edges to remove edge artifacts.  

3.6.2 Background subtraction and correction of spectral 
bleedthrough 

In addi tion to corrections for uneven illumina tion, background intensity, 

chromatic aberrations, and performing image registration,  background noise was 

subtracted from each image and all  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 in tensity values are estimated as the mode 

of the pixel  intensities for  each image and subtracted from the entire image.  

As FRET requires some overlap between donor and acceptor spectra, spectral 

contamination from a single fluorophore appearing in other channels can occur and 

must be accounted for. Crosstalk refers to signal from one fluoro phore appearing  in the 

other fluorophore’s channel (i.e., donor signal appearing under acceptor imaging 

conditions or acceptor fluorescence observed with donor imagin g conditions). In o ur 

imaging set-up, well -designed filte rs are used rendering crosstalk between channels 

negligi ble. Alternatively, b leedthrough  typic ally refe rs to signal from a single 

fluo rophore appearing in the FRET channel, such as donor fluorescence being captured 

by the acceptor emission filter or by dir ect excitation of the acceptor fluorophore under 

donor excitation conditions. To measure the bleedthroughs in each channel, samples of 

soluble mTFP1 and mVenus fluorescent proteins were imaged in the donor (IDD), 

acceptor (IAA ), and FRET (IDA) channels. The donor bleed through coefficient (dbt) 

represents the amount of donor emission captured in th e FRET channel and was 

determined using equation (1). Similarly, the  acceptor bleed through coefficient (abt) is 

the amount of acceptor signal in response to donor excitation and was calculated using 

equation (2). 

(1)  
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(2)  

To determine bleedthrough coefficients, approximately 10-20 images were taken 

in each channel (IDD, IAA , IDA), with expression levels that span the intensity rang e of the 

detector. All pixels  are then binned by in tensity, 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 FRET int ensity 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 il lumination, 

and background signal, corrected FRET images (Fc) were generated by removin g 

bleedthrough contributions  based on the relation defined  by equation (3). 

(3)  

FRET index can then be calculated based on the relationship i n equation (4) to 

make relative comparisons between groups. 

(4)  

Corrected FRET measurements can be converted to absolute values of FRET 

efficiency for any single-chain FRET biosensor through the calculation of two calibration 

constants, G and k. The constants are obtained through  imaging donor-acceptor fusion  

constructs that serve as FRET standards- whi ch possess constant but dif ferin g FRET 
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efficiencies [197, 198]. These constants are specific to the imaging 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 Δ indicates the 

difference between two donor -acceptor fusion protein  standards.  

(5)  

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). 

(6)  

For each experimental set-up, 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].  

(7)  

 

(8)  
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For single-chain sensors with a known 1:1 ratio for donor t o acceptor 

fluorophores, the  numerator of equation (8) describes the concentration of donor 

molecules corrected for FRET. Similarly , the denominator describes the concentration of 

acceptor molecules. Therefore, the stoichiometry of  the fluorophores (S) within single 

chain sensors can then be calculated based on a recently published formalism , using 

DPA calculations according to equation (9), where nD is the number of donor molecules, 

nA is the total number of acceptor molecules in the system [195, 199]. 

(9)  

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 signal is nonlinear. 

For all TSMod and Vi nTS constructs and mutants, cells with average acceptor intensity 

below 1000 or above 40000 were omitted to 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, 
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cells that were not fully spread, exhibited nonstandard morphology, or were  not in  focus 

were also excluded from an alysis.  

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 images was 

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

 3.8 E-S plane analysis 

Borrowing a technique from single -molecule studies, an approach for assessing 

the quality o f a FRET experiment for 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 measurements 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 sensors (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. 
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Assuming both FPs are fully functional within the sensor population, the calculated FP 

stoichiometry ( S) will be S=0.5 based on 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 

ensemble of N sensors can exist in any one of 4 possible states: sensors with two 

functional fluorophores (D1A1), sensors with a n onfunctional  acceptor (D1A0), sensors 

with a nonfunctional donor (D0A1), and sensors with both fluorophores being 

nonfunctional (D0A0)  (Figure 3.6).  

 

Figure 3.6: Illustration of MTS ensembles and the computation of observed E and S 

when the function of d onor (D) an d acceptor (A) fluorescent proteins can be 

modulated by  force. 

For a population with two functioning fluorophores (D1 A1), the corresponding 

E-S curves should demonstrate a data cloud corresponding to S=0.5 and the 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 measurements, with  

stoichiometry being constant (Figure 3.7, B). If donor signal is being lost, free acceptor 
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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 efficiency would be  

observed because without 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 acceptor function, both S and E are affected (Figure 3.7, D). The 

computational effects of this variat ion on ensemble measurements can be defined 

theoretically in terms of “apparent” values. Specifically, if free donor exists then E 

becomes an apparent FRET efficiency (Eapp) as described in equation (10), with free 

acceptors having no effect on E.  Similar ly , the formula for apparent FP stoichiometry  

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

(10)  

(11)  

E-S plots thus provide a valuable analytical tool for evaluating the quality of 

sensor ensemble measurements. More specifically, the “signature” curves of E-S plots 

can inform on how f orces 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 analyses were performed using the software JMP Pro 15 (SAS). 

Comparisons of data with equal variances were analyzed with a  one-way ANOVA , and 

Tukey’s HSD post hoc tests when necessary. Datasets with unequal variances, as 

determined with Levene’s test, were analyzed w ith the non-parametric Welch’s ANOVA 

and, if necessary, an appropriate nonparametric post hoc test. The Steel-Dwass 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 p value of p < 0.05 was considered statistically significant.  Al l 

illustrations an d figures were constructed in A dobe Illustrator (Adobe, Inc.), with data 

plots being im ported direct ly 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 loads is increasingly  

recognized as a key regulator of fundamental  cellular  processes, such as migration [4, 

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 mechanot ransduction  [5]. Broadly, the 

premise of mechanotransduction  involves the transmission of  mechanical loads across 

protein linkage s, inducing  small  changes in protein structure which result in modifie d 

protein funct ion or signaling. These force-induced changes in protein structure, or 

conformation, are full y reversible, enabling dynamic regulation of  force-sensitive 

signaling  [121]. A challenge in elucidat ing the molecular mechanisms of 

mechanotransduction is measuring the forces borne by specific proteins inside cells. To 

address this need, molecular tension sensors (MTSs) were created which leverage the 

distance-dependent phenomena of Förster Resonance Energy Transfer (FRET) to 

measure the deformation of mechanosensitive proteins of interest [7, 190, 205-207]. Since 

the first calibrated  MTS which was developed to study  vinculin  [184], a broad array of 

sensor designs and application s have been instituted, demonstrating the importance and 

usefulness of this technology [7, 208].   
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As a natural consequence to a rapidly 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 sensor components is critical [7, 153]. Collectively, 

MTSs are comprised of two  FRET-capable flu orescent proteins linked by a protein 

domain whose mechanical sensitivity  is known  a priori (Chapter 2, Figure 2.10). One 

possible source of variabili ty  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 barrel is very 

thermodynamically stable , and that loss of this structure results in l 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 unfold ing of FPs requi res 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 forces likely differ in cells, anticipat ing FP responses to intracellular 

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 probabil ity of  force-induced perturbation to FP function 

within the context of MTSs, SMFS data describing 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 lifetime of several key bonds, such as the 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. Furt hermore, 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 forces required to reach intermediate 

mechanical states are less than those required to induce complete denaturation, force-

induced change in FP function may occur in the same regime as changes in protein 

conformation s commonly associated with mechanotransduction. 

To probe the effects of cell-generated forces of FP function, we developed a 

generalizable approach for evaluating changes in ensemble MTS measurements in terms 

of fluorophore contri butions. Specifically, we adapted a previously established 

formalism for detecting the presence of single FPs in FRET-based studies of protein -
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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  II activity  or disrupti on of 

force-sensitive binding interactions, we can evaluate the effects of actomyosin-mediated 

forces on fluorophore fun ction. To validate this appro ach, we compiled and analyzed an 

extensive data set of FRET-based vinculin tension sensors, containing over 2000 sensor-

expressing cells from both previously  publi shed and newly obtained experimental data 

[192, 212].  

In this work we present evidence that FP function can be reversibly modula ted in 

an actomyosin-dependent manner inside cells. Additionally, our observations indicate 

that FPs demonstrate different sensitivities to intracellu lar mechanical loads. Together, 

these data suggest that FPs, like mechanosensitive signaling proteins, can undergo 

nonequilibrium transitions in response to cell-generated forces. By exploitin g the 

mechanosensitivity  of FPs as a mechanical consequence, new insights into molecular 

force-sensitive processes inside cells may 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 I997A actin-bind ing mutant (V inTS-I997A), and the A50I high  turnover  

mutant (VinTS-A50I) (Figure 3.1) within pcDNA 3.1+ expression vect ors 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) w ithin 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 assembly protocols (E5510S; NEB). Constructs with an internal mVenus FP were 

created for both wild type vinculin ( Vin -iVenus WT) and an actin binding  mutan t 

variant (Vin -iVenus I997A).  

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 VinTS, VinTS-I997A, VinTS-A50I, Vin -

iVenus WT, and Vin-iVenus I997A were maintained in high glucose Dulbecco’s 

Modi fied Eagle’s Medium (D6429; Sigma Aldrich) supplemented with 10% fetal bovine 

serum (H yClone), 1% non-essential amino acids (Gibco), and 1% antibiotic -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 1:2.5 ratio of DN A to lipofectamine (µg: µL) 

following th e manufacturer’s protocol. Stable expression of vinculin tensi on sensor 

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

achieved as previously reported [191, 192].  

4.2.3 Cell seeding 

To facilitate cell adhesion, glass bottom imaging dishes (World Precision 

Instruments) were prep ared by coating glass coverslip s (#1.5, Bioptechs, Butler, PA) with 

10 µg/ml fibronectin (Fisher Sci entific, Pittsburgh, PA) in PB S, incubated at 4⁰C 

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 GFP-2 (Evrogen), supplemented with 10% fetal bovine serum, 1% non-essential 

amino acids, and 1% antibiotic-antimycoti c solution. 

For the fixed experiments, cells were seeded at 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 10 minutes, followed by 

washing once with PBS. 
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4.2.4 Inhibitor treatments 

To inhibit Rho-associated kinase (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 25 µM 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 -X100 in 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 blocking 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 be found  in section 3.2.3 and Table 3.1 in Chapter 3.  

4.2.6 Imaging, segmentation, semi-automated image analysis 

Samples were imaged at 60x magnification on an inverted, widefield 

epifluorescent microscope system thoroughly described in section  3.5 of Chapter 3. 

Single-channel 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 sections 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, sections 3.6-3.7.  

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 periphery 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-S plane analyses were performed on experimental data according to the details 

outlined in Chapter 3, section 3.8. Briefly, pixels from i mages of single cells masked on 

FAs were plotted as 2D histograms for calculated values of apparent FRET efficiency 

and FP stoichiometry using MATLAB -based protocols. Pixels with negative FRET 

efficiencies or values above one were removed as these are not interpretable.     

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 sets with 
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unequal variance as determined by a Levine’s test, an Anova with a Welch’s correction 

was performed to determine significant differences. If a statistically significant 

difference was observed, a Steel-Dwass nonparametric post hoc test was performed. All 

reported data was obtained from a minimum of three  independent experiments. As the 

sample sizes (n) for ind ividual FA measurements were extremely large, statistical 

analysis was not performed on FA-averaged data. Rather, these data were included to 

demonstrate global trends and agreement with central tend ency measurements of data 

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 for evaluating force effects on MTSs for two 

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 i n a decrease in cellular traction forces up to 5-fold . 

Conversely, traction forces were demonstrated to increase upon 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 

quantitative measurement of forces across vinculin inside cells by 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 sensor variants 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, 220]. By creating a suite 

of vinculin tension sensor  variants harboring these binding mutations,  the effects of 

force on vinculin 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 sensor read-outs towards enable deeper insights 

int o 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 unstructured polypeptide linker, was inserte d within vinculin to 

create the vinculin tension sensor (VinTS). (B) When subjected to mechanical loads, the 

FPs are separated resulting in a proportional decrease in FRET signal. (C) In additio n to 

wildtype VinTS, sensor variants with mutations disrupting  vinculin -actin binding  

(I997A) and vinculin -talin binding (A50I) were utiliz ed to enable modulation of the 

magnitude and duration of actomyosin loading.  

As MTSs were developed to observe and measure applied loads across specific 

proteins inside cells, a thorough understanding of the mechanical properties and 

responses of all sensor components 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 load ing rates, load duration, and 

load magnit udes 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 l donor and acceptor 

fluorophores, the calculated fluorophore stoichiometry (S) would be S  = 0.5 (Figure 4.2) 

(see Chapter 3, section 3.8 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 are essential for quantit ative 

FRET measurements, calculated FRET efficiencies from sensor readouts cannot be 

presumed absolute. Thus, from this point forward FRET efficiency values are reported 

as an apparent FRET efficiency (Eapp). Similarly, to account for possible perturbation s 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 of one donor fluorophore 

and one acceptor fluorophore (1:1). If both fluorophores are functional, S = 0.5. However, 

if t he donor fluorophore becomes nonfunctional, calculated stoichiometry de creases. 

Conversely, if the acceptor fluorophore becomes nonfunction al, stoichiometry 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 at endogenous 

expression levels. FRET imaging and analysis was performed as described previously 

elsewhere and detailed in Chapter 3 [192, 212]. Using these previously acqui red FRET 

images, we investigated the relationship between Sapp and Eapp with in vinculi n tension 

sensors at focal adhesions (FAs) near the periphery of cells.  

Prior work has established the unloaded FRET efficiency of the calibrated tension 

sensor module (TSmod) to be ~28.6% and demonstrated that decreased efficiencies 

indicate in creased tensile loads across vinculin [184, 191]. Additionally, previous studies 

have shown the spatial 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  vincul in 

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-I). In FAs demonstrating high spatial 

variabilit y, apparent FP stoichiometry w as observed to range from ~0.5, indicative of 

two fully functional  fluorophores, to stoichiometric values > 0.7 in some instances. These 

high stoichiometries suggest the presence of a significant sensor subpopulation 

contain ing nonfunctional acceptor FPs, thus with additional free donor contributions to 

sensor readouts. The striking spatial  correlation between regions of increasing apparent 

FP stoichiometry and decreasing apparent FRET efficiency in VinTS , highly suggests 

that perturbat ion of FP function may be a consequence of vinculin loading within FAs . 

As variation in apparent stoichiometry  is preferentially observed to  increase rather than 

decrease, these observations indicate that the acceptor fluorescent protein, mVenus, 

appears to be more susceptible 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 such the calculated values describe the average state of a 
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population. As such, the donor FP, mTFP1, may also be experiencing mechanical 

quenching within the population to a lesser degree at these experimental timescales.   

To determine i f the observed spatial variatio n in sensor readouts is retained 

followi ng fixati on, we evaluated a compiled  data set of over >100 cells stably expressing 

VinTS that had been fixed with 4% PFA for 10 min  (Figure 4.3, J-K) [192, 212]. As in live 

cells, asymmetric gradients in both apparent FRET effici ency and FP stoichiometry were 

observed across FAs in fixed cells (Figure 4.3, L-O). Lower apparent FRET efficiencies 

were observed at the membrane proximal tips of FAs (Figure 4.3, M). Likewi se, these 

low FRET regions corresponded with areas of high apparent FP stoichiometry  (Figure 

4.3, O). If measurements of central tendency are evaluated, as when taking the mean of 

ensemble measurements across individual FAs or cells, spatially dependent  patterns 

may be lost but global effects can be assessed. No signif icant difference is observed for 

FA- or cell-averaged measurements of Eapp (Figure 4.4, A-B; Table 4.1) or Sapp (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 relati vely 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 ll s.Representative acceptor (B), donor (C), apparent 

FRET efficiency (E-F) and FP stoichiometry (H-I) images of VinT S in l ive (B-C) and fixed 

(J-K) cells. Increased apparent FP stoichiometries are observed at membrane proximal 

FA tips (I & O) and appears to be co-localized wi th regions of low apparent FRET 

efficiency (F & M) in both live and fixed conditio ns. Scale bar is 50 µms. 

Collectively, these results indicate that FP function may be modulated at regions 

of high vinculin tension in FAs and that spatial information wit hin  sensor 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 of methanol 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 measurements due to a loss of FP 

funct ion, changes in FRET with in 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 i nto the 

qualit y 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 compared to previously established zero-load (dotted line) 

measurements indicate that vinculin is under tension in both fixed and live cells with n o 

significant diffe rence between 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 Anova with a Welch’s correction for unequal variance, followed 

by a Steel-Dwass post hoc test. P-values for all  comparisons can be found in Table 4.1 & 

4.2.  Live experiments consist of n= 15588 FAs and 206 cells, from 13 independent 

experiments. For fi xed 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 wi thin MTSs. To more di rectly test the 

hypothesis that gradients in apparent FP stoichiometr y 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 I997A sensor variant harbors a point mutation in the 

tail domain of vinculin which  disrupt s vinculin 's abili ty to bind actin [188, 192, 220]. 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  

indis tin guishable from the cytosolic (zero-load) module [192]. The VinTS A50I variant 

contains a point mutation in the vinculin head domain which serves to disrupt talin  

binding  [188, 192, 219]. Previous work has  shown that the A50I point  mutation results in 

an increase in vinculin head-tail inhibition by up to 3 -fold, causing this mutant to in t he 

closed conformation  constitutivel y [206, 224]. Additionally,  a recent study  comparing 

the I997A 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 attri buted to 

actin polymerization rather than myosin contraction . Furthermore, in this w ork the 

authors demonstrated that the turnover for A50I was much faster than that of VinTS, 



 

111 

with no significant difference in protein tu rnover rate between Vin TS and VinTS I997A 

[192]. Thus, the I997A and A50I mutant s provide  critical control s for differentially 

probing the effects of load magnitude and load duration  on vinculin -based MTSs, 

respectively. 

 

Figure 4.5: Sub-FA spatial variance in  apparent FRET efficiency and apparent FP 

stoichiometry diminished in vinculin binding mutants. Representative apparent FRET 

efficiency (Eapp) and apparent FP stoichiometry (Sapp) images for VinTS (A-E), VinTS-

I997A actin binding mutant (F -J), and VinTS-A50I increased turnover mutant (K-O). 

Decreased spatial variance in Sapp and Eapp observed within  I997A (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), I997A 

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 in the 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 appreciable reduction in l oad across the I997A variant 

compared to VinTS, agreeing with previ ous reports. Interestingly, A50I 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 i n magnitude to VinTS  but w ith 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 o various mechanical contexts.  

Borrowing a recently formalized  technique for assessing the qualit y of FRET 

experimen tal data for intracellular biosensors  [199], 2D histograms of sensor Sapp 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 ensemble of 
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sensors can exist in one of 4 possible states: sensors with two functional fluorophores, 

sensors with a nonfunctional acceptor, sensors with a nonfuncti onal donor, and sensors 

with both fluorophores being nonfunctional . For a populati on with tw o functioning 

fluorophores, the corresponding E-S curves should demonstrate a data cloud 

corresponding to S = 0.5 and the average apparent FRET effic iency of the sensor. Upon 

increased loading  with no perturbation to fluorophore fu nction, the data cloud wi ll shi ft  

left with  decreasing FRET efficiency measurements, and 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 calculated stoichi ometry 

with no effect on apparent FRET efficiency (Figure 4.6, B). In contrast, if free donor is 

present due to loss of acceptor within the  population, both Sapp and Eapp are affected 

(Figure 4.6, B). If  both donor and acceptor function is l ost, no sensor signal would be 

contributed . The computational effects of this variability  on ensemble measurements can 

be defined theoretically in terms of “apparent” values, and equations for calculating Eapp 

and Sapp and their derivations  are described in Chapter 3. Whil e FP misfolding or slow 

maturation rates were originally considered primary sources of deviations from  

unperturbed stoichiometry (S = 0.5) wi thin E-S plots, this framework 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  sensor data, E-S 
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plots enable unique insights into  how forces may influenc e FP function within MTSs and 

the computational effects on ensemble measurements.   

To determine the molecular origins of loads reported by the sensors, E-S plots 

were generated for VinTS, VinTS-I997A, and VinTS-A50I sensor variants by plotting 2D 

histograms of Sapp and Eapp calculated per pixel  within masked FAs  (Figure 4.6, C-E). 

VinTS E-S plots demonstrated a high population density of loaded sensor, with a 

calculated Eapp less than zero force FRET efficiency (EO), centralizing  at ~19% (Figure 4.6, 

C). Similarl y, E-S plots of VinTS-A50I data demonstrate an Eapp of ~ 20%, indicat ing a 

populatio n of sensor under tension, although  less loaded than VinTS (Figure 4.6, E). 

Conversely, the VinTS-I997A ES plot indicates 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 = 28.6%. While the majority of VinTS sensor data demonstrated 

a calculated Sapp ~0.5, indicating a predominant population  of fully functional sen sor, 

subpopul ations contributing divergent stoichiometries are observed (Figure 4.6, A). Data 

skewing upwards and to the left, as well as downwards , indi cate the presence of both 

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 I997A or A50I mutant variant s (Figure 4.6, D-E). However, subpopulations 

with stoichiometry S < 0.5 are observed in the A50I high turn over group  (Figure 4.6, E), 

indicating a loss of donor function within  these sensors. Cumulati vely, these 
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observations demonstrate that both donor and acceptor function can be mechanically 

modulated. Furthermore, these 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.  

 

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= 0.5 (horizontal, dotted line ) and unloaded FRET efficiency would be E o (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 ensemble 

measurements of MTSs. Experimental E-S plots of apparent S vs E for VinTS (C), VinTS-

I997A (D), and VinTS-A50I (E). Unloaded apparent FRET efficiency for TSmod has 

previously been determined to be Eo ~ 0.28 (vertical, dotted lin e). 
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Upon examination of population  averages, a much higher variance is observed in 

FA and cell- averaged Eapp within the VinTS population comparted to the I997A and 

A50I group s (Figure 4.7, A, C), indicating that VinTS is subject to a distribution of loads  

within this system . Moreover, Eapp is significantly lower in Vin TS than I997A or A50I, 

supporting previous findi ngs that VinTS is under the highest loads of the group . In 

agreement with earlier reports, Eapp is signif icantly lower in A50I compared to I997A, 

demonstrating that thi s group is under load,  albeit to a lesser extent than VinTS (Figure 

4.7, A, C; Table 4.1). As VinTS-I997A demonstrates a mean Eapp at ~ 0.28, this sensor 

appears to be predominat ely unloaded in this system. VinTS demonstrates a broader 

distribution of S app than I997A and A50I (Figure 4.7, B, D), indic ating that both mVenus 

and mTFP1 function is being affected. Interestingly, cell -averaged Sapp in VinTS is 

significan tly higher than  that of I997A or A50I, supporting  the earlier observations 

within FAs  which suggest a slightly predominate loss of acceptor 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 Sapp for Vin TS-A50I is significantly 

lower than VinT S or I997A (Figure 4.7, B, D; Table 4.2). This is possibly due to a loss of 

donor function  that is somehow specific to the increased turnover 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 provide  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 contribut ing factors in effecting  

FP function inside cells. The observed differ ence in the spatial dependence of VinTS and 

VinTS-A50I suggest that FP function may be differentially aff ected by dist inct 

mechanical states of vinculin.  While measurements of central tendency do allow for 

accurate representation of overall populatio nal di fferences within vinculin sensor 

variants in this system, spatial patterns and some data variability in sensor readouts are 

inherentl y lost. Thus, E-S plots provide a u seful means for visualizing changes in sensor 

popula tions that might be lost in av eraged measurements.  
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Figure 4.7: Box-whisker plots of FA - and cell -averaged apparent FRET efficiency an d 

apparent FP stoichi ometry. Average apparent FRET efficiency (A) and apparent FP 

stoichiometry measurements (B) per FA for VinTS, and the I997A and A50I mutant 

sensor variants. Cell-averaged apparent FRET efficiency (C) and apparent FP 

stoichiometry measurements (D) for all vinculin sensor variants. VinTS has significantly 

lower Eapp than A50I or I997A, indicatin g it i s under the greatest tension. I997A is 

statistically indistinguishable from the zero -force efficiency measurements (dotted line). 

Simultaneously, VinT S has significantly hi gher Sapp than the other sensor variants, 

indicating an increase in free donor contributio ns to MTS measurements. Experiments 

for VinTS, VinTS-I997A, and VinTS-A50I consist of n = 206, 173, and 46 cells, and n = 

15588, 17809, and 3773 FAs, respectively. Data was acquired from a minimum of three 

independent experiments. Differences between group s was detected using an Anova 

with a Welch’s correction for unequal variance, followed by a Steel-Dwass post hoc test 

(***p < 0.001, **p < 0.01, *p < 0.05). 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 artif acts of FRET 

measurements via sensitized emission, vinculin internal constructs containing a single 

internal FP were created for both wildtype (WT)  vi nculin  and an actin binding  point 

mutant variant  (I997A) (Figure 4.8, A). Modulation of FP functio n was identified by a 

decrease in th e ratio of FP fluorescence intensity normalized to vinculin concentration as 

determined through  immu nofluorescently labeled vinculin ( Vinculin -IF) within select 

FAs (Figure 4.8, B). Specifically, elongated FAs at the peripheral of the cell 

demonstrating a perpendicul ar orientation to the cell body were chosen for evaluation , 

as this morphology has been associated with FAs experiencing in creased actomyosin-

mediated loads. As these constructs only have one FP, the sensor is not capable of 

intramolecu lar FRET. Thus, any observed spatial dependency in ratiometric signal 

would indicate that modulation of FP fu nction can occur independent of FRET events 

within the sensor .   

WT and I997A vinculi n-internal constructs were transiently expressed in vinculin 

-/- MEFs, seeded onto fibronectin coated glass coverslips, fixed, and stained as 

previously described  (Figure 4.8, C-M). Manually dr awn li ne scans were used to 

quantify spat ial vari ation in FP function with in select FAs, moving fr om the proxim al to 

distal t ips (Figure 4.8, B). A decrease in the ratio of FP fluorescence intensity normalized 

to fluorescently labeled vinculin (Vinculin -IF) is indicative of a loss of FP fluorescence. 
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Dif ferences in the spatial profile s of mVenus fluore scence was observed between WT 

(Vin -iVenus WT) and I997A (Vin -iVenus I997A) vinculin internal constructs. Within th e 

WT group, a sub-FA gradient in ratiometri c signal was observed, with the highest 

values at the proximal FA tip and decreasing outwards towards the distal tips (Figure 

4.8, G-H). This decrease in ratiometric signal indicat es a modulation  of FP fluorescence 

at membrane proximal edges (Figure 4.8, I), and the spatial trends supports our 

observations of asymmetric actomyosin-mediated loss of FP functi on in Vi nTS (Figure 

4.5, A-E). Notably, no  spatial variation in ratiometric signal was observed for Vin -iVenus 

I997A (Figure 4.7, N-P). In summary, these results demonstrate that loss of FP function  is 

observed withi n vinculin constructs in the absence of intramolecular FRET. 

Furt hermore, these observations 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 created for wildtype vinculin (Vin -iVenus WT) and the I997A actin 

bindin g mutant (Vin -iVenus I997A). (B) Modulation of FP function was assessed by 

measuring the spatial profi le of the ratio of FP intensity to immunofluorescently labeled 

vinculin ( Vinculin -FP/Vinculin -IF). Representative images of FP intensity, Vinculin -IF, 

and the FP/IF ratio for the WT (C-H) and I997A mutant (J-O) are given. Line scans are 

shown of the ratio of FP fluorescence to vinculin concentration 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 50 µms. 

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  I997A 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 

activati on of myosin II  motor fun ction while leaving its crosslinking function unaffected. 

Vin culin -/- MEFs stably expressing sensor variants were treated with 25 µM of Y-27632 

for 20 minutes, as reported in previou s work  [192]. This treatment time was previously 

determined to be the shortest duration which elicited a significa nt reduction in vinculin 

tension. In addition, these treatment conditions were shown to have no appreciable 

effect on sensor function as there was no change in VinTS FRET wi thin the cytosol [192]. 

Upon treatment, ROCK inhibi tion showed loss of Eapp gradients in VinTS (Figure 4.9, B-

C) and VinTS-I997A (Figure 4.9, G-H) . These observations correspond with an overall 

increase in the mean Eapp for Vi nTS treated wit h ROCK inhibit or, demonstrating loss of 

vin culin tension to levels equivalent  to the zero-force state (Figure 4.9, Q & S, Table 4.1). 

Data for all v inculin 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 -A50I FAs was observed (Figure 4.9, 
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L-M) , a significant decrease in 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-A50I have been speculated [192]. In examining  

the spatial profi le of FP stoichiometry within FAs , gradients were no longer observed in 

VinTS and VinTS I997A populations. Whi le ROCK inhi bition resulted in no discernable 

change in Sapp distr ibution f or A50I sensors. Taken together, these results confir m 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  sensors appears 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 

(vin culin  catch bond) [225], this provides  further evidence that both load magnitude and 

duration  are important in  FP mechanical quenching. 



 

124 

 

Figure 4.9: Reduction of cytoskeletal  tension by ROCK  inhibition  results  in  loss of 

sub-FA gradients wi thin VinTS and norm alization of average FP 

stoich iomet ry.Representative images of acceptor, donor, masked apparent FRET 

efficiency, and masked apparent stoichiometry are shown for cel ls expressing VinTS (A-

E), VinTS-I997A (F-J), and VinTS-A50I (K-O), wit h zoomed-in views o f indicated r egions 
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(dashed boxes). Upon tr eatment with 25uM Y -27632, average apparent FP stoichiometry 

within VinTS cel ls returned to baseline (P, R), corresponding with an increase in average 

apparent FRET Efficiency (Q, S) to previous ly  established zero-load measurements 

(dotted lin e). Data for all untreated sensor variants is replotted here (from Figure 4.7) to 

facilita te the convenient comparisons between groups with and without treatment.  Data 

was acquired f rom a minimum of three in dependent experiments. Differences between 

groups was detected using an Anova wit h a Welch’s correction for unequal variance, 

followed by a  Steel-Dwass post hoc test (***p < 0.001, **p < 0.01). Exact p-values for all 

comparisons can be found in Tables 4.1 & 4.2. 

4.4 Discussion 

The goal of this chapter was to investigate the effects of force on FP function 

within vinculin -based MTSs and determine any computational effects on ensemble 

sensor measurements inside cells. By combining a 2D planar analysis of apparent FRET 

efficiency and FP stoichiometry  with vi nculi n bindin g mutants, we were able to 

visualize the effects of actomyosin-mediated loadi ng on FP function within vinculin 

sensors. Our  analysis demonstrates that FP stoichiometry 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 resul ts show th at force-

mediated loss of FP function, or mechanical quenching, is a reversible process, 

consistent w ith nonequilibriu m transitions  in protein struc ture. These results were 

further  validated upon inhibition of cytoskeletal contractility, as demonstrated by an 

apparent FP stoichiometr y within VinTS  returning to baseline .   

Interestingly, our observations  indicate that FPs demonstrate 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 (mTFP1) 

under l oading conditions specific to wil dtype vinculin at p eripheral FAs. As VinTS at 

peripheral adhesions has been shown to demonstrate force-stabilized bond dynamics  

[192], this is further evi dence suggesting a l ikely time -dependence in FP mechanical 

quenching. While  a preferential loss of acceptor fluorescence is observed wit hin VinTS, 

loss of donor fluores cence is observed with in the A50I mutants, where vinculin is 

predominantly in the closed  position but still loading  through  ROCK-independent 

mechanisms. Relatedly, recent work has presented evidence implicating actin 

polymer ization as the source for mechanical loading of the vinculin A 50I mutant [192]. 

Based on these observations, we propose that FP mechanical quenching within M TSs 

could pot entially serve as an entire new way to visualize and probe mechanical 

consequences wit hin force-sensitive proteins. This work presents a generalizable assay 

for di rectly probing force effects on FP function  within intracellular  MTSs. Furthermo re, 

this analytical appr oach enables the expanded use and interpretation of MTSs through 

exploiting  the mechanosensitive nature of FPs to provide new bio logical insights into 

molecular forces inside cells. 

Table 4.1: P-values from Steel-Dwa ss for  all apparent FRET comp arisons 

Group A  Group  B p-Value Significance 

Live VinTS-I997A Live VinTS + Y 0.9993 ns 

Live VinTS Fixed VinTS 0.9921 ns 

Live VinTS-A50I + Y Fixed VinTS 0.9742 ns 

Live VinTS-A50I + Y Live VinTS 0.9525 ns 



 

127 

Liv e VinTS-I997A + Y Live VinTS + Y 0.9519 ns 

Live VinTS-I997A + Y Live VinTS-I997A 0.9372 ns 

Live VinTS-A50I Live VinTS + Y 0.8213 ns 

Live VinTS-I997A + Y Live VinTS-A50I 0.0287 * 

Liv e VinTS-I997A Live VinT S-A50I 0.0184 * 

Live VinTS-A50I + Y Live VinTS-A50I 0.0028 ** 

Li ve VinTS-A50I + Y Live VinT S + Y 0.0011 ** 

Live Vin TS-A50I Live VinTS <0.0001 *** 

Live VinTS-A50I Fixed VinTS <0.0001 *** 

Liv e VinTS + Y Live VinTS <0.0001 *** 

Liv e VinTS + Y Fixed VinTS <0.0001 *** 

Live VinTS-I997A + Y Live VinTS-A50I + Y <0.0001 *** 

Li ve VinTS-I997A Live Vin TS-A50I + Y <0.0001 *** 

Live VinTS-I997A + Y Live VinTS <0.0001 *** 

Live VinTS-I997A Fixed VinTS <0.0001 *** 

Live VinTS-I997A + Y Fixed VinTS <0.0001 *** 

Live VinTS-I997A Live VinTS <0.0001 *** 

 

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

Group A  Group B p-Value Signif icance 

Live VinTS-I997A + Y Liv e VinTS-A50I + Y 0.9997 ns 

Live VinTS-A50I + Y Live VinTS + Y 0.9924 ns 

Liv e VinTS-A50I + Y Live VinTS-A50I 0.9886 ns 

Live VinTS-A50I Live VinTS + Y 0.9506 ns 

Live Vi nTS-I997A + Y Live VinTS-A50I 0.4817 ns 

Live VinTS-I997A Live VinTS-A50I + Y 0.2612 ns 

Live VinTS-I997A + Y Live VinTS + Y 0.204 ns 

Live VinTS Fixed VinTS 0.0631 ns 

Live VinTS-I997A + Y Live VinTS-I997A 0.0578 ns 

Liv e VinTS-I997A Live VinTS + Y 0.0037 ** 
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Live V inTS-A50I + Y Live VinTS 0.0027 ** 

Live Vi nTS-I997A Live VinTS-A50I 0.0011 ** 

Live VinTS-I997A Live VinTS 0.0003 *** 

Live VinT S + Y Live VinTS 0.0002 *** 

Live VinTS-I997A + Y Live VinTS 0.0001 *** 

Live Vin TS-A50I Live VinTS <0.0001 *** 

Liv e VinTS-A50I + Y Fixed VinTS <0.0001 *** 

Live VinTS + Y Fixed VinTS <0.0001 *** 

Live VinTS-A50I Fixed VinTS <0.0001 *** 

Live VinTS-I997A + Y Fixed VinTS <0.0001 *** 

Live VinTS-I997A 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 basis of cell regulation is well established, signif icant 

evidence has recently emerged demonstrating tha t mechanical stimuli can influ ence the 

form and funct ion of cells [14, 94, 226-228] including fundamen tal processes such as 

division  [3], differentiation  [1, 2], and migration  [229]. Cells are regulated by mechanical 

cues from the extracellular environment  through the sensing and transduction of forces 

into biochemical signals through a process known 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 lack of molecular tools to  study these processes inside cells.  



 

129 

To address this need, a class of biosensors collectively known as molecular 

tension sensors (MTSs) have been developed to visualize and measure forces across 

specific proteins inside living cells. While much advancement 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 senso r components [153, 

197]. Thus, extensive efforts have been made to engineer sensor elements with  desirable 

properties, often focusing on the extensible domain rather than the fluorophores . 

Recently, single molecule studies have demonstrated that FP function can be reversibly 

modulated th rough  small force-induced structural transitions, distinct  from 

denaturation events [157]. As these studies had been performed in vi tro, it  remained 

unclear if cell-generated forces were sufficient  to effect FP function within genetically 

encoded FRET-based sensors. 

To determine if FP function could be modulated under intracellular loading 

condit ions, we developed a generalizable approach for evaluating  FP contributions to 

ensemble MTS measurements inside cells (Chapter 4). Using this approach, we 

demonstrate that FP function can be reversibly modulated in an actomyosin-dependent 

manner insid e cells. Our fi ndings suggest that FPs, like mechanosensitive signaling 

proteins, can undergo nonequilibrium t ransiti ons in response to cell-generated forces. 

While this  new approach is promising , much remains to be understood about FP 

mechanoresponse within in tracellular contexts. To leverage FP mechanosensitivity 
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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 a sensor system free of biochemical regulation and where 

the FPs would be subjected to higher loads.  

Actin networks can be found throughout the cell, and as the prominent mediator 

of mechanical signal transmission, forces at these structures are generally 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 , each possessing unique physical 

and mechanical properties to facilit ate their distin ct roles in diverse cellular processes 

[85]. On 2D surfaces, motile cells such as fibroblast s exhibit a variety of  subcellular  

structures, such as lamellipodia, f il opodi a, and stress fibers (Figure 5.1), whic h play 

critical roles in processes which mediate migration [78, 79, 82-84].  For instance, lamella 

and lamellipodia, comp rised of bund led and branched actin networks  respectively 

(Figure 5.1), exhibit unique roles in mediating migr ation such as contributing to leadi ng 

edge protrusion, adhesion assembly, and transmission of forces at adhesion sites [79, 

230]. To leverage the structu ral and mechanical diversity with in actin networks, we 

developed a “synthetic” (i.e., non-natural) FRET-based actin crosslinking sensor to 

report on the forces between actin filament s. This engineered actin bindin g MTS 
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provides a useful platform probi ng increased force effects on FP function inside cells, as 

well as exploring the biological consequences of modulating actin crosslinking.  

 

Figure 5.1: Organization of h igher order acti n structures within fibrob lasts.Actin  

network s within cells provide st ructural  support and facilitat e the transmission and 

transduct ion of forces within the cell. Motil e cells exert forces on the surrounding matrix 

at focal adhesions (FAs) 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 acceptor 

fluor ophore is observed at dynamic actin structures near the cell periphery. 

Furthermore, we show that force -induced modulat ion of FP stoichiometry within ABD 

sensors is mediated by non-muscle myosin II (NMII) a ctivity and is rever sible. 

Collectivel y, these fin dings demonstrate that intracellula r for ces 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 enables the improved st udy of FP 

mechanoresponse insid e cells and opens the door to the creation of an entir ely new class 

of MTSs, which leverage FP mechanoresponse to inform on the mechanical 

consequences of proteins bearing loads inside cells.   

5.2 Experimental methods 

5.2.1 Creation of cDNA constructs 

Cloning of the actin binding doma in (ABD) sensors within 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 assembled within  pcDNA 3.1+ expression plasmids via 

Gibson Assembly (E5510S; NEB). 

5.2.2 Cell culture and construct expression 

NIH -3T3 cells were obtained from ATCC (CRL-1658) and maintained in high 

glucose Dulbecco’s Modified Eagle’s Medium (D6429; Sigma Aldrich) supplemented 

with 10% fetal bovine serum (HyCl one), and 1% antibiotic -antimycotic solutio n (PSM, 

Sigma Aldri ch). In preparation f or live experiments, one hour pri or 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 was achieved throu gh transfection using 

Lip ofectamine 2000 Reagent (Invitrogen) and OptiMEM (Gibco) at a 1:2.5 ratio of DNA 

to lipofectamine (µg: µL) following the manufacturer’s prot ocol. Briefl y, fibroblasts were 

transfected at ~45% cell confl uency, using 2 ug of DN A to 5 µL Li pofectamine2000 in a 

total volume of 300 µL OptiMEM per well of a  12 well t issue culture polystyrene ( TCPS) 

culture dish . Following transfection, cells wer e incubated at 5% CO2 at 37°C for 5 hours, 

before being washed once with sterile PBS and replacing media w ith fresh anti biot ic-free 

media. Cells were then incubated overnight, for a tot al 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 Precision Instruments) 

were prepared by coating glass coverslips (#1.5, Bioptechs, Butler, PA) with 10 µg/ml 

fibronectin (Fisher Scientific, Pittsburgh, PA) in PBS, incubated at 4⁰C overnight, then 

rinsed wi th sterile PBS. For experiments involving live imag ing, cells were seeded with 

~65,000 cells per dish and allowed to spread in complete media for ~3 hours before 

washing with sterile PBS and changing to live imaging medi a for an additio nal hour 

before imaging. For the fixed conditi on, cells were seeded with ~25,000 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, Electron Mic roscopy Sciences) for 10 minutes, follow ed by washing once with 

PBS. 

5.2.4 Inhibitor treatments 

Prior  to inhibitor treatment, cells were seeded 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 50 µM solutions of Blebbistatin (B0560, Sigma) 

were prepared from  a 5 mM stock solution in DMSO, 250 nM, 500 nM, and 1 µM of 

Latrunculi n A (L5163, Sigma) were prepared from a 2 mM  stock solution in DMSO, and 

0.1, 1, and 5 nM of Calyculin A ( CAS 101932-71-2, Santa Cruz) were prepared from a 10 

µM stock solution in D MSO. To create solution s for treatment with vehicle , sterile-

filt ered DM SO (D2650, Sigma) 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 PBS prior to fi xation.  

5.2.5 Immunofluorescent staining 

For all immu nofluorescent staining, cells were first fi xed with warm 4% EM 

grade methanol-free paraformaldehyde ( PFA, Electron Microscopy Sciences) for 10 

minutes and then rinsed with PBS. Cells were then permeabil ized with 0.1% Triton -X for 

5 minutes and then rinsed with PBS three times. Fresh, 2% bovine 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 60-minute incubation t ime in blocking buffer and 

then rinsed three times with PBS before a blocking again for 60 minutes. All 

fluorescently labeled secondary antibodies were incubated for 60 minutes followi ng the 

second blocking step. Following the final antibody incubation step, cells were 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 5.1 in 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 fi xation.   

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

Protein/Structure  Primary Anti body  
Secondary An tibody/Dye 

(Dilution/concentration)  

Myosin light 

chain 2 (pS19/20) 

Polyclonal 

rabbit 

pMLC 2 

(1:500) 

Abcam 

ab2480 

AlexaFluor 

488 goat 

anti -rabbit 

(1:500) 

Life 

Technologies 

A11034 

Paxillin  

Monoclonal 

mouse 
Thermo 

Fisher 

AHO0492 

AlexaFluor 

594 goat 

anti-

mouse 

(1:500) 

Life 

Technologies 

A11032 
PXN (1:100) 

Actin  -- -- 

Phalloidin -

AlexaFluor  

647 (1:100) 

Thermo 

Fisher 

A22287 
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Nucleus -- -- 
DAPI 

(1:5000) 

Lif e 

Technologies 

D1306 

 

5.2.6 Imaging, segmentation, semi-automated image analysis 

Samples were imaged on the microscope system as described in Chapter 3, 

section 3.5 at 60x magnification. Single-channel fluorescence imaging to visualize 

immunofl uorescently labeled constructs and FRET imaging via sensitized emission was 

performed according to the details in Chapter 3, section 3.5, using combinations of the 

mTFP1 and Venus excitation/emission filters, coupled wi th the Cy5 fi lter . Segmentati on 

and analysis of individual FA s and cells, including  FRET and stoichiometric calculations 

were performed as described in Chapter 3, sections 3.6-3.7. Differential interference 

contrast (DIC) images were acquired at 60x magnif ication 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 images using Matlab.  

5.2.6 Data analysis and statistics  

To evaluate the optical response of 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 ~65,000 cells 

per dish and allow ed to spread for a total 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 escri bed [190, 197]. Additionally , 

Di fferential  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).  Follow ing correction for 

background contr ibutions, spectral contaminati on, and artifacts adherent to the imaging 

system (Chapter 3, section 3.6), apparent FRET efficiency (Eapp) and FP stoichiometry  

(Sapp) were calculated (equations 10-11) and corresponding images were generated.  

 

Figure 5.2: Pipeline for image ac quisition and subsequent analysis.A series of 

fluorescent images are taken for FRET measurements. DIC i mages are used to identify 

cell edges and generate cell masks, which are applie d to generated images to exclude 

extracellular signal contributions to c omputation.  

E-S plane analyses were performed on experimental data accord ing to the details 

outlined in  Chapter 3, section 3.8. Briefly, pixels from masked images of single cells were 

plott ed as 2D histograms for calculated values of apparent FRET efficiency (Eapp) and 
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Stoichiometry (Sapp) using MATLAB -based protocols. Pixels with negative FRET 

efficiencies or values above one, were removed as these are not interpretable.  

All sta tisti cal 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 

unequal variance as determined by a Levine’s test, an Anova with a Welch’s correction 

was performed to determine signif icant differences. If a statistically significant 

dif ference was observed, a Games-Howell  nonparametric post hoc test was performed. 

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

difference, followed by a Tukey’s 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 ef fect, we create a simplifie d, synthetic cross-

li nker sensor that would  be under  higher loads inside 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 effects on FP function w ithin MTSs. 

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

F-tractin is an engineered actin binding domain, derived from ami no acids 9-40 

of rat inositol-trisphosphat e 3-kinase A (ITPKA ) [222, 231, 232]. Due to a high  affin ity for 

F-actin (Kd of ~ 10 µM), F-tractin has been primarily used  as a genetically encoded tag 

for labeling actin i n live cells [233, 234]. Whil e several other actin binding prot ein 
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domains (ABDs) exist, F-tractin was chosen for creation of the ABD sensors due to its 

prior use in both N - and C-terminally encoded actin labels, as well  as its efficient 

binding of all actin -based structures [235, 236]. In a recent comparison of various 

genetically encoded ABD-probes, F-tractin demonstrated the  most accurate labeling of 

all actin structures [235]. LifeAct, for instance, exhibi ted 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]. Mor eover, LifeAct also exhibits a relatively high backgr ound f luorescence due to 

its affinity for G -actin [239]. Additionally, F -tractin domain s are relatively  innocuous in 

size (~27kDa). This is advantageous in the context of M TSs as 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 as previously  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  polypeptide li nker, 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). 

 

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 pcDNA3.1+ mammalian expression sensor under the CMV promoter 

(PCMV). (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, ABDTS reports 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 zero-force control.  

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

Using this approach, the Eapp and Sapp of transiently expressed ABDTS and 

ABDTL withi n 3T3 fibro blasts, were evaluated (Figure 5.4). For the ABDTL  control , Eapp 

indicates the sensor is unloaded and homogenous throughout the cell (Figure 5.4, I). 
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Wi thin ABDTS, decreased Eapp was observed at the cell periphery  (Figure 5.4, E), 

corresponding with increased Sapp at these regions (Figure 5.4, F). Stoichiometry above S 

= 0.5 indicates a loss of acceptor contributio n with in these populati ons of sensor near the 

periphery of cells, which agrees with an observed decrease in acceptor signal at these 

locales (Figure 5.4, D). Importa ntly, no  appreciable spatial variation  was observed in Eapp 

or Sapp measurements wit hin the ABDTL control , even along cell edges or at 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 created 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) Representative images of donor, acceptor, apparent FRET efficiency 

and apparent stoichiometry of tr ansiently expressed of ABDTS (C-F) and ABDTL (G-J) 

constructs. Decreased apparent FRET (E) and FP stoichiometry (F) is observed at the 

periphery of ABD TS expressing cells, while no appreciable change is observed in the 

ABDTL control (I -J) Scale bar is 50 µms. 
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5.3.3 Differential FP mechanosensitivity observed within ABD sensor 
in fixed cells 

Analysis with  E-S plots is a recently forma lized technique [199] that was 

previously utilized to  depict the relationship  between FP functi on and FRET 

measurements wi thin  a population of vinculin MTSs (Chapter 4) by displaying signatur e 

data profi les. 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 wi ll be 

present, impacting sensor readouts in specific ways. In a population of sensors 

containing  two f unctioning fluor ophores, the corresponding E-S plot s 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 sensors with a 1:1 donor to 

acceptor ratio (detailed descript ion can be found in Chapter 3, section 3.8) [199]. Upon 

increased loading w ith no p erturbation to fluoroph ore function , the data cloud will shift 

left wit h decreasing FRET efficiency measurements, and constant stoichiometry (S = 0.5). 

Upon loss of donor signal, addit ional contr ibution from free acceptors will be pr esent, 

resultin g in a proportional decrease in calculated stoichiometry  and no effect on 

apparent FRET efficiency. In contrast, if  free donor i s present due to loss of acceptor 

function within the population , both Sapp and Eapp will  be affected, and the data wi ll skew 

upward and  to the left. If both donor and acceptor functio n is lost, no sensor signal 

would be contributed. Thus, in addit ion to providi ng valuable information on the 
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quality 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 fi xed cells expressing ABDTS and ABDTL 

by plotting 2D histograms of Sapp and Eapp calculated per pixel within maske d cells 

(Figure 5.5, A-D). In both live and fixed  cells expressing ABDTS, a high population 

density of loaded sensor was observed, with a calculated Eapp less than the 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 demonstrated by a 

high populati on density with E app near Eo = 0.28 (Figure 5.5, B, D). Additionally,  data 

skewing upwards and to the left in both live and fixed ABDTS  is indicat ive of 

popul ations of sensor wi th free donor (acceptor loss) (Figure 5.5, A, C). Interestingly, a 

subpopulatio n of ABDTS sensor not report ing l oad (Eapp ~ Eo) and demonstrating 

decreased FP stoichiometry  (donor loss) is also observed in live cells but not in fixed . 

Af ter isolating  and evaluating live cells responsible for  these “low donor” contribution s, 

decreased donor signal was observed across the entire cell with no spatial var iation at 

the cell 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 be more prevalent than free 

acceptor in these systems, we conclude that mVenus is more susceptible t o mechanical 

perturbation than mTFP1 with in ABDTS. 
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To quantitati vely assess these observations, the mean apparent FRET efficiency 

(Eapp) and mean FP stoichiometry (Sapp) per cell was determi ned. ABDTS demonstrated 

significantly lower Eapp than ABDTL in both li ve 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 in the 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 these results, we conclude that fixation d oes 

not affect ABD sensor readouts within this system.  

 

Figure 5.5: Investigating fixation effect s on ABD sensor function and  ensemble 

measurements.Experimental E-S plots of apparent S vs E for live cells expressing 

ABDTS (A) and ABDTL (B), and fixed cells expressing ABDTS (C) and ABDTL (D). 
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FRET efficiency for unloaded cytosolic module indicated at Eo = 0.28 (dotted line). (E) 

Box-whisker plots of cell -averaged apparent FRET efficiency and (F) apparent FP 

stoichiometry demonstrating  no significant difference between live and fixed conditions . 

Data was acquired from a mini mum of th ree independent experiment s. Dif ferences 

between groups was detected using an Anova with a Welch’s correction for unequal 

variance, followed by  a Games-Howe ll  post hoc test (***p < 0.001). 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 

sensor and the force-insensitive TL control. Specifically, the Eapp and Sapp at various 

cytoskeletal structures were qualitatively  assessed (Figure 5.6).  

Stress fibers (SF) and protr usions at the cell edge (P) were observed in fibrob lasts 

expressing ABDTS (Figure 5.6, A, A’, A’’) and ABDTL  (Figure 5.6, E, E’, E’’). Within 

ABDTS, an appreciable decrease in acceptor signal was observed at protrusi ons (Figure 

5.6, B’’) compared to stress fibers (Figure 5.6, B’), while no spatial variance in FP 

fluorescence was seen in ABD TL. ABDTS reported higher loading (decreased Eapp) at 

protrusion s (Figure 5.6, C’’) compared to stress fibers (Figure 5.6, C’). Al so, increased FP 

stoichiometr y (Sapp) was also observed at ABDTS lamellipodia  (Figure 5.6, D’’) compared 

to stress fibers (Figure 5.6, D’), indicati ng an increase in free donor contributions 

(acceptor loss). Impor tantl y, no difference in  acceptor signal, Eapp or Sapp was observed 

between stress fibers or protrusion s of ABDTL, indic ating that the differen tial response 

observed in ABDTS was force mediated. Interestingly , FP mechanical quenching is not 
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only  observed at protrusions, but also posterior t o protru sions at the leading edge, in a 

region known as the lamellum (Figure 5.6, D). Collectively, these observations indicate 

that FP mechanical quenching within ABDTS occurs preferentially at dyn amic actin 

networks rather than at the more static stress fibers. This is surprising as the forces 

transmitted by stress fibers are generally propor tional to  amount  of myosin within that  

fiber , whic h is likely a much higher number than within dynamic structures [240]. Thus, 

greater forces and consequently greater FP mechanical quenching would be ant icipated 

at more static stress fibers. 
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Figure 5.6: Cytoskeletal structur es within fibroblasts expres sing A BDTS and ABDTL  

constructs.The presence of stress fibers (SF) and protrusion  (P) structures were 

evaluated wi thin cells expressing ABDTS (A-D) and ABDTL  (E-H). Representative 

images of actin networks labeled wit h phalloid in (A, E), the acceptor channel (B, F), and 

generated Eapp (C, G) and Sapp (D, H) images on unmasked cells. Regions containing 

stress fibers (SF) and protrusion  (P) structures (dashed box) were identi fied and zoomed 

in views presented for each representative image. Both stress fibers and protrusions 

form in ABD TS (A, A’, A’’) and ABDTL (E, E’, E’’) expressing cells. FP mechanical 

quenching preferentially  occurs at protrusions within ABDTS (D, D’’) compared to stress 

fibers (D, D’). 
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5.3.5 FP mechanical quenching within ABD sensors is a reversible, 
NMII-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 II motor activity  

through the hyd rolysis of ATP. During the simultaneous poly merization and 

depolymeriza tion  of actin filaments, a drag force termed retrograde actin flo w is exerted 

on attached proteins or structures [85, 86]. Alter natively, ensembles of non-muscle 

myosin II (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 II can in dependently function as a cytoskeleton crosslinking protein  

through phosphorylat ion [90]. Specifically, the  reversible phosphorylat ion at Ser19 

regulates NMII act ivity by reducing  ATP hydrolysis without altering myosin’s affini ty 

for actin filaments [89]. 

To pharmacologically mo dulate the generation and transmission of  intracellular 

forces, 3T3s transiently expressing ABD sensors (TS/TL) were treated with several 

differ ent inhibitors targeting myosin  II activity, acti n polymerization, and 

serine/threonine protein phosphatase activity.  However, prior to experiments, 

appropriate treatment d osages needed to be determined. To identify  appropriate 

treatment concentrations, a dose-response study was perform ed in which a range of 

literature -based concentrations were tested. Specifically,  NIH -3T3 fibr oblasts were 

treated with three different concentrati ons of variou s inhibitors known to modulate 
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intracellular force generation for  15 minutes, washed with sterile PBS, and then fixed 

and permeabilized as previ ously 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 specific morph ological features, with 

the lowest effective dosage identif ied for  each inhibitor  (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 correspondi ng to the 

induction of this phenotype.  

Generally, Blebbistatin fun ctions to prevent actomyosin contractility by 

preferentiall y inhibiting NM II ATPase activity (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 from actin [241-243]. As such, an effective dosage 

would be  expected to ill icit a translocation of phosphorylat ed NM  II  from stress fibers to 

the cytoplasm, resulting in an increase in cytosolic pMLC2 signal and a loss of basal 

stress fibers. Cells were treated with ei ther 20 µM, 30 µM, or 50 µM Blebbistat in. For all 

concentrations tested, an increase in cytosolic pMLC2 signal was observed, with a loss of 

stress fibers (Figure 5.7, I-K). According ly, the lowest dosage (20 µM) of Blebbistatin was 

selected for experimental use (Figure 5.7, I, L).  
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Latrunculin  A binds  to actin monomers (G-actin) with a  1:1 stoichiometry, 

disruptin 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 fil aments. As such, the consequences of 

Latrunculin A cannot be entirely attribute d to either actin polymerization or NMII 

activity , but rather must be interpret ed in conjugation with the res ults of other inhibitor 

treatments. Thus, an effective dosage of Latrunculin A i s expected to result in the 

disruption of the actin cytoskeletal network and loss of cell shape. Cells were treated 

with 250 nM, 500nM, or 1 µM  Latrunculin A , and while disrupt ion of the actin 

cytoskeletal network was observed in some cells wit h the medium  dosage (500 nM), 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 the treatment, the highest 

concentration (1 µM) of latrunculi n A w as selected for experimental use (Figure 5.7, G-

H) .  

Calyculin A is a promiscuous phosphatase inhib itor which targets the activity of 

the PP1 and PP2A family of protein phosphat ases. PP1 and PP2A phosphatases induce 

serine/threonine phosphorylation  wi th broad substrate specificity  thereby effecting a 

plethora of cellular functions  [245, 246]. Cumulative ly, these enzymes account for a large 

fraction of all phosphat ase activity in eukaryot ic cells. Enzymatic targets of PP1 include 

regulatory proteins for  many impo rtant cellu lar functions such as glycogen metabolism, 
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muscle contraction, protein synthesis, cell division and mitosis, and regulat ion of 

membrane receptors and channels [247, 248]. A lternatively, PP2A activity  has been 

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 a variety of processes within the cell , including  

the upregulation of myosin activity  by inhibiting myosin -light chain (MLC) phosphatase 

from dephosphorylatin g myosin [251], increasing the stress fiber formation  and cellular 

traction forces [252]. Thus, following trea tment wit h either 0.1 nM, 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 increase in 

pM LC2 signal and stress fiber formation was observed at the highest dosage of 

Calyculin A (5 nM) tested  (Figure 5.7, C-D).  

Finally, as the solvent in whi ch each inhibit or was dissolved, cells were treated 

with D MSO to test for vehicle effects on cell morpho logy (Figure 5.7, M-N). Two 

different concentrations  were evaluated, corresponding to the DMSO concentrations 

within the highest and low est inhibitor tr eatments (7 mM-141 mM). As there was no 

discernable difference in cell morphology between the high and low DM SO-treated 

groups, the highest concentration (141 mM) was selected 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 concentrations for Calyculin A (A -C), Latruncu lin A (E-G), 

and Blebbistatin (I -K), were evaluated to determine lowest effective dosages for a 15-

minute treatment time  based on specific morph ological changes anticipated for each 

inhibitor. A qualitat ive evaluation led to the conclusion that 5nM Calycul in A  (D), 

500nM Latrunculin A  (H) , and 20µM Blebbistatin  (L) were sufficient to ind uce 

appropriate biological responses in NIH -3T3 fibroblasts. No appreciable effects of 

DM SO (vehicle) were observed at eith er the lowest (M)  or highest (N) concentrations 
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wi thin i nhibit or solutions. Zoom-in views o f 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 mechanical quenching  with in 

ABDTS would be occurr ing 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 sensors were treated with  5 nM Calyculin A  to 

enhance MLC phosphorylation at Ser19, 1 µM Latru nculin A to disrup t actin assembly, 

or 20 µM Blebbistatin to inhibit  MLC  motor function. To assess the 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. Fluorescence and FRET images were acquired and analyzed, and images 

depicting Eapp and Sapp were generated for all  treatment groups (Figure 5.8) as previously 

described (Chapter 3, sections 3.6-3.7) [190, 197]. E-S plots were generated by plotting 2D 

histograms of Eapp and Sapp for  all treated groups. Qualitatively, a n upwards and  to the 

left skew of the data is observed within the DMSO (Figure 5.8, I-J) and Calyculin A 

(Figure 5.8, M-N)  treated ABDTS groups compared to TL controls, indicating a 

preferential loss of acceptor 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 observed, suggesting a normalization of 

acceptor fluorescence upon treatment with t hese inhibitors. 

Upon averaging  Eapp and Sapp per cell, ABDTS cells treated with DMSO 

demonstrated a signifi cantly lower Eapp and a significantly highe r Sapp 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 generation within cells.  

As inhibition of serine/threonine phosphata se activity w ith Calyculin A has been 

demonstrated to result in  increased stress fiber formation and increased traction forces 

[252], we expected forces between actin filaments to increase. As a result, we anticipated 

an increase in FP mechanical quenching in treated ABDTS cells compared to vehicle 

treated group. Upon a quali tative comparison between ABDTS treated with Calycul in A 

and vehicle, Sapp appeared to increase in upon Calyculin A inhibition. However, a 

quanti tative analysis of cell-averaged Eapp and Sapp between groups revealed that while a 

significant difference was maintained between ABDTS and ABDTL groups (Figure 5.8, 

O-P), Calycul in A  did not  result in a significant difference in sensor function as 

compared to treatment with vehicle only ( p-values listed in Tables 5.2 & 5.3). Somewhat 

surpr isingly, these results indicate that treatment wit h Calyculin A did not signi fi cantly 

increase the forces experienced by these sensors in this system.  



 

156 

However, upon inhi bition of act in polymerization with Latrunculi n A, both Eapp 

and Sapp measurements in ABDTS were significantly indistinguishable from zero-force 

baseline as indicated by the force insensitive control, ABDTL (Figur e 5.8, S-T). This 

normalization of sensor Sapp to that of the zero-force control, indicat es a restoration of FP 

fluore scence. Upon disruption of organized  actin structures by treatment with 

Latrunculin A, N MI I-mediated contractility i s also indirectly inhi bited. Thus, it is 

unclear if the observed mitigation of  FP mechanical quenching was due to the direct 

inhibi tion of actin polymerization forces or the indirect di sruption of NMII -mediated 

contractility. Li kewise, upon i nhibit ion of myosin activity with Bl ebbistatin, no 

difference was observed in the Eapp or Sapp between ABDTS and the TL control indicating 

a normalization  of FP fluo rescence (Figure 5.8, W-X). Cumulatively, these results 

indicate that FP mechanical quenching wit hin ABD sensors is a reversible process that is 

mediated by NMII contract ility. Furthe rmore, the role of actin polymeri zation forces in 

FP mechanical quenching remains unclear.  
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Figure 5.8: Pharmacological  modulat ion of  actin contractile forces in  3T3 fibroblasts 

expressing ABD sensors.Representative images for phalloidin, donor, acceptor, E app, 
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and Sapp images for DMSO treated ABDTS (A1-A5) and ABDTL (B1-B5), Calyculin A 

treated ABDTS (C1-C5) and A BDTL (D1-D5), Latrunculin A treated ABDTS (E1-E5) and 

ABDTL (F1-F5), and Blebbistatin treated ABDTS (G1-G5) and ABDTL (H1 -H5).  

Experimental E-S plots for DMSO treated ABDTS (I) and ABDTL (J), Calyculin A treated 

ABDTS (M) and ABDTL (N), Latruncu lin A tr eated ABDTS (Q) and ABDTL (R), and 

Blebbistatin treated ABDTS (U) and ABDTL (V). Box-whisker plo ts 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 acquired  from a 

minimu m of three independent experiments. Differences between groups was detected 

using an Anova with a Welch’s correction for unequal variance, followed  by a Games-

Howe ll  post hoc test (***p < 0.001, **p < 0.01, *p < 0.05). P-values for all comparisons can 

be found in Tables 5.2 & 5.3. 

5.4 Discussion 

The goal of the work pr esented in this chapter was to create an improved 

experimental platform for studyin g FP mechanoresponse within i ntracellular MTSs. 

Using a newly created syntheti c actin crosslinker sensor (ABDTS), increased FP 

mechanical quenching was achieved, while  maintaining the di fferential 

mechanoresponse between sensor FPs. The amount and spatial distr ibution  of the 

reported loads and FP signal can be manipulat ed by inhibit ing force generation at actin 

structures, demonstrating that these effects are cell-mediated and not imaging  artifacts. 

Interestingly, higher loads and increased FP mechanical quenching were observed at 

lamell ipodia  protrusions and throughout the lamellum.  Furthermor e, inhibitio n of actin 

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

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

NMII plays a r ole in the formation of and generation of f orces at different actin 

structures within the cell including stress fibers, l amellipodia  and the lamellu m [87]. 

Lamellipodia protrusions and the lamellu m 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. Specifical ly,  lamelli podia 

are characterized by fast retrograde actin flow, whereas slower actin fl ow i s observed in 

the lamellum [230]. By driving retrograde acti n flow within  the F-actin networks of the 

lamellum , NMII  generates tension on nascent adhesions and mediates both force-

induced adhesion maturation and formation  of protrusions [124, 130, 230, 254, 255]. 

While NMII doe s not appear to reside in or a play a role in the organizati on of actin 

network s within la melli podia, it can affect the formation o f protrusions and the rate of 

actin retrograde flow  with in protr usive structures [230, 254, 255].  

Based on 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 ABDTS may not be physically lo ng enough to span the 

distance between actin fil aments within stre ss fibers and thus cannot effectively 
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crosslink them.  Another potential cause for the lack in ABDTS optical response, is if 

NMII contracti lity r esults in the parallel translocation of stress fibers. If stress fibers are 

being contracted in parallel, then the crosslinking sensor would not experience a 

separation 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 needed to reliably  detect force effects on 

FPs. Ideally, this platform would also be compatible with standard fixation protocol s to 

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 

li ve or fixed cells. In addition, this synthetic actin crosslinker allows us to pr obe the 

biological consequences of tunin g actin crosslinking , independent of endogenous 

signaling. Within this new sensor system, increased loading and FP modulat ion w ere 

observed at dynamic actin structures near the cell periphery, rather than at more stable 

stress fibers. Addition ally , sensor loading and concomitant FP mechanical quenching 

were abrogated upon inh ibition of actin polymerization and NM II 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 NMII -dependent 

manner.  
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Excit ingly, this new sensor facilitates a significant expansion of the MTS toolbox 

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

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

intracellular force effects on FP function to create a new class of MTSs which  leverage 

diff erential FP mechanoresponse to provide new biological insights into molecular 

forces inside cells.  

Table 5.2: P-values from Game s-Howe ll 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 A BDTL untreated 1 ns 

Live A BDTL unt reated Fixed ABDTL + CalyculinA   1 ns 

Fixed ABDTL + Blebbistatin Fixed ABDTS + Blebbistatin 1 ns 

Fixed ABDTS DMSO Fixed ABDTS + CalyculinA  1 ns 

Fixed ABDTL DMSO Fixed ABDTS + LatrunculinA  1 ns 

Live ABDTL untreated  Fixed ABDTS DMSO 0.996 ns 

Live ABDTL unt reated 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 0.9675 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 unt reated Fixed ABDTS untreated 0.5655 ns 

Fixed ABDTS + Latruncu linA   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 0.1134 ns 

Fixed ABDTS + Blebbistatin Fixed ABDTL + Latruncul inA  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  0.0592 ns 

Fixed ABDTS + Latrunculin A  Fixed ABDTS + CalyculinA  0.0468 * 

Fixed ABDTL + Blebbistatin 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 ABDTS DMSO 0.023 * 

Fixed ABDTS + Blebbistatin Fixed A BDTS + Latrunculin A  0.019 * 

Live ABD TL untreated Fixed ABDTS DMSO 0.0124 * 

Fixed ABDTL + Blebbistatin Fixed ABDTS + LatrunculinA  0.0074 ** 

Fixed ABDTL + CalyculinA  Fixed ABDTL unt reated 0.0074 ** 

Fixed ABDTS + Blebbistatin  Fixed ABDTL DMSO 0.0071 ** 

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 ABDTS untreated 0.0019 ** 

Fixed ABDTS + LatrunculinA  Live ABDTS untreated 0.0013 ** 

Fixed ABDTS DMSO Fixed ABDTS untreated 0.0013 ** 

Live ABDTL untreated Fixed ABDTS + Calycul inA  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  <0.0001 *** 

Fixed ABDTL + Blebbistatin Fixed ABDTL untreated <0.0001 *** 

Live ABDTL untrea ted Live ABDTS untreated <0.0001 *** 
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Fixed ABDTS + Blebbistatin Fixed ABDTS DMSO <0.0001 *** 

Fixed ABDTL + Latrun culin A  Li ve ABDTS untreated <0.0001 *** 

Fixed ABDTL + CalyculinA  Live ABDTS untreated <0.0001 *** 

Fixed ABDTL + Blebbistatin Fixed ABDTS DMSO <0.0001 *** 

Fixed ABDTL + Blebbistatin Fixed ABDTS + CalyculinA  <0.0001 *** 

Fixed ABDTL + Blebbistatin  Fixed ABDTS + CalyculinA  <0.0001 *** 

Fixed ABDTS + Blebbistatin  Live ABDTS unt reated <0.0001 *** 

Fixed ABDTS + LatrunculinA  Fixed ABDTS untreated <0.0001 *** 

Fixed ABDTL + Blebbistatin Live ABDTS untreated <0.0001 *** 

Fixed ABDTL untreated  Fixed ABDTS untreated <0.0001 *** 

Fixed ABDTL + Latrunculin A  Fixed ABDTS untreated <0.0001 *** 

Live A BDTL untreated Fixed ABDTS untreated <0.0001 *** 

Fixed ABDTL DMSO  Fixed ABDTS untreated <0.0001 *** 

Fixed ABDTL + Blebbistatin Fixed ABDTS untreated <0.0001 *** 

Fixed ABDTS + Blebbistatin  Fixed ABDTS untreated <0.0001 *** 

Fixed ABDTL + Calyculin A  Fixed ABDTS untreated <0.0001 *** 

 

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

Group A  Group  B p-Value Signif icance 

Fixed ABDTL + LatrunculinA  Fixed ABDTS + LatrunculinA  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 ABDTS untreated Fixed ABDTL + Blebbistatin  1 ns 

Fixed ABDTS + CalyculinA  Liv e ABDTS untreated 0.9999 ns 

Fixed ABDTS + CalyculinA  Fixed ABDTS DMSO 0.9998 ns 

Fixed ABDTS + LatrunculinA  Fixed ABDTL DMSO  0.9981 ns 

Fixed ABDTL + Calyculi nA  Live ABDTL untreated 0.9957 ns 

Fixed ABDTL + Blebbistatin  Fixed ABDTS + LatrunculinA  0.9957 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 ABDTS + 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 + Latrunculi nA  0.966 ns 

Fixed ABDTS DMSO Fixed ABDTS untreated 0.9563 ns 

Fixed ABDTL DMSO  Live ABDT L unt reated 0.9444 ns 

Live ABDTS untreated Fixed ABDTS untreated 0.9406 ns 

Fixed ABDTS + Blebbistatin Fixed ABDTL + Blebbistatin  0.9254 ns 

Fixed ABDTS DMSO Fixed ABDTL + Blebbistatin 0.867 ns 

Fixed ABDTL + Latrunculi nA  Fixed ABDTL + CalyculinA  0.8536 ns 

Fixed A BDTS untreated 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 + Blebbistatin Fixed ABDTS + LatrunculinA  0.6372 ns 

Fixed ABDTS DMSO 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 ABDTS DMSO 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 A BDTL untreated 0.2855 ns 

Fixed ABDTS + CalyculinA  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 + Calyculi nA  Fixed ABDTS + Latrunculi nA  0.0861 ns 

Fixed ABDTL DMSO  Fixed ABDTL unt reated 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 0.0378 * 

Live ABDTS untreated Fixed ABDTL  DM SO 0.0295 * 

Fixed ABDTS + CalyculinA  Fixed A BDTL + Latrunculin A  0.0191 * 

Fixed ABDTS + Blebbistatin  Fixed ABDTL DMSO  0.0187 * 

Fixed ABDTS DMSO Fixed ABDTL + CalyculinA  0.0178 * 

Fixed ABDTS untreated Fixed ABDTL + Calyculi nA  0.0137 * 

Live A BDTS unt reated Fixed ABDTL + CalyculinA   0.0135 * 

Fixed ABDTS + Blebbistatin Fixed ABDTL + CalyculinA   0.007 ** 

Fixed ABDTL + Blebbistatin Live ABDTL untreated  0.0065 ** 

Fixed ABDTS DMSO Live ABDTL untreated  0.0027 ** 

Fixed ABDTL + Latru nculinA  Fixed ABDTL  untreated 0.002 ** 

Live ABDTS untreated Live ABDTL untreated  0.002 ** 

Fixed ABDTS untreated 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 <0.0001 *** 

Live ABDTS untreated Fixed ABDTL untreated  <0.0001 *** 

Fixed ABDTS + CalyculinA  Live A BDTL untreated <0.0001 *** 

Fixed ABDTS + Blebbistatin Fixed ABDTL untreated <0.0001 *** 

Fixed ABDTL + Blebbistatin  Fixed ABDTL untre ated <0.0001 *** 

Fixed ABDTS + CalyculinA  Fixed ABDTL untreated  <0.0001 *** 

Fixed ABDTS untreated Fixed ABDTL untreated  <0.0001 *** 

 



 

166 

6. Probing stiffness effects on FP mechanosensitive 
function within an engineered actin crosslinking sensor 

6.1 Introduction 

Since their discovery, fluorescent proteins (FPs) have become invaluable 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 biosensors have been designed to study  mechanical processes inside cells [7, 260]. 

These technologies, 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 ocesses underlying 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  can result in pertu rbation to FP fluorescence [157]. To determine if the 

forces associated with 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 -based MTSs, 

we found that FPs can 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 

changes in protein structure com monly  associated with  mechanotransduction  events.  

To better study FP mechanoresponse and potentially 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 increased sensor loading 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 mechanoresponse within 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 ess would 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 cultured f ibroblasts expressing ABD sensors on 2D 

engineered substrates of varying stif fness to probe the effects of environmental 

mechanical cues on sensor measurements at dynamic actin structures. Upon comparing  

ABD sensor responses within 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 f indings 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 crosslinki 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 Modified Eagle’s Medium (D6429; Sigma Aldrich) supplemente d 

with 10% fetal bovine serum (HyClone), and 1% antibiotic -antimyco tic solution (PSM, 

Sigma Aldrich) . In preparation for live experiments, one hour pri or to imaging cells 

were switched to live imaging media.  
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Transient expression of ABD sensors was achieved through transfection using 

Lipofectamine 2000 Reagent (Invitrogen) and OptiMEM (Gi bco) at a 1:2.5 ratio of DNA  

to lipofectamine (µg: µ L) followi ng the manufacturer’s protocol. Briefly, fibroblasts were 

transfected at ~45% cell confluency, using 2 ug of DNA  to 5 µL Lipofectamine2000 in a 

total volume of 300 µL OptiMEM per well of a  12 well tissue culture polystyrene (TCPS) 

culture dish . Follow ing transfection, cell s were incubated at 5% CO2 at 37°C for 5 hours, 

before being washed once with sterile PBS and replacing 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 PEG-DA 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 ( C3H 3ClO; Sigma) in the presence of 

triethylamine (TEA; Sigma ) at a 1:4:2 molar ratio (PEG: C3H 3ClO: TEA), stirring under 

argon overnight at ~25°C. The resulting produ ct was purified from the chlor ide salt by 

gravity -driven phase separation using 1.5 M K2CO3 (Sigma). The organic phase 

containing the PEGDA polymer wa s retained, dried using anhydro us MgSO4, 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 1H-NMR (500 MHz, Bruker), dissolved in deu terated chloroform 

(CDCl3) containing 0.03% tetramethylsi lane (Figure 6.4). 

 

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

6.2.4 PEG-RGDS synthesis 

To enable cells 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-succinimi dyl v alerate 

(3200 Da, PEG-SVA; Laysan Bio Inc., Arab, AL) to form PEG-RGDS (Figure 6.2). In this 

reaction, the RGDS peptide was first dissolved in anhydrous dimethyl sulfoxide (DMSO; 

Sigma) with 2 μL of diisopropylethylamine (DIPEA; Sigma) and then added drop wise 

to PEG-SVA at a molar ratio of 1.2:1 (peptide: PEG). The resulting product was then 

purifi ed via d ialysis 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 

validated using gel permeation chromatography (GPC) (Figure 6.5), equipped with a 

PLgel column (5 μm, 500 Å; Polymer Laboratories), UV-Vis and an evaporative light 

scattering (ELS) detector (Polymer 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. 

 

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 tested 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 also seeded, 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  HEPES-buffered saline (HBS, pH 7.4), and adding 10 µl/mL of DMP A in 

n-vinylpyrrolidone (NVP) (300 mg/mL), and then filtered u sing 0.22 µm sterile filters 

(EMD Millipore). Hydrogel discs were formed by sandwiching 20 ʈl 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 µm thick 

polydimethylsiloxane (PDMS) spacers (Figure 6.3). Crosslinking was induced through 

exposure to ultraviolet light (B-200SP UV lamp, UVP; 10mW/cm2, 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 gels as they are 

covalently att ached 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 2SO4 to H 2O2), 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.  

 

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 RSA Microstrain Analyzer (TA Instruments). Hydrogels we re 

formed from 20 µL 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 were incubated in 

complete media at 37⁰C for ~1 hour prior to cell seeding. Cells were seeded at ~100,000 

cells per dish and allowed to adhere to and spread on the gel surface for 5-6 hours prior 

to fixation.  
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6.2.8 Immunofluorescent staining 

For all immunofluo rescent staining, cells were first fixed with warm 4% EM 

grade methanol-free paraformaldehyde ( PFA, Electron Microscopy Sciences) for 10 

minutes, 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 washes with 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 dilution in 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 were inverted and imaged on the microscope system, described in 

Chapter 3, section 3.5, at 60x magnification. Single-channel fluorescence 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 3.6-3.7. 
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6.2.10 Data analysis and statistics  

E-S plane 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 (Eapp) 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 (Nat ional 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). Circula rity is a parameter 

describing both the roundness of a cell and how continuous the cell perimeter is, and is 

defined by C = 4πA/P2, where A is the cell area and P is the perimeter.  

Lamellipodia protrusions and stress fibers within sensor expressing cells were 

manually counted using Im ageJ software (US National Institutes of Health). To 

distinguish from actin filaments, stress fibers were identified  within the phalloidin 

channel as striations that span over 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 variance as determined by a Levine’s test, an Anova with a Welch’s correction 

was performed to determine significant differences. If a statistically significant 

differ ence was observed, a Games-Howell nonparametric post hoc test was performed. 

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

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

6.3 Results 

Previously , the ABDTS sensor system was developed as an improved platform  

enabling us to better investigate force effects on FP function inside 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 on the 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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systems can 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 slate” for the creation of physiologically or pathophysiologically 

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 1H-

NMR (Figure 6.4), as previously described [277-279]. PEGDA has a characteristic 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 PEG) prior to acrylation, as defined by equation ( 10) [277, 

280].  

(10)  

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 this relationship,  the 

PEGDA product was calculated to possess above a 90.0% acrylate substitution.  

 

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 cell 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 to monoacrylate-PEG-

SVA to form  PEG-RGDS (Figure 6.2), as previously described. Conjugation was 

validated using GPC, against a PEG-SVA standard (Figure 6.5). All products used 

exhibited > 85% conjugation. 

 

Figure 6.5: GPC spectra validating successful conjugatio n of  peptides to PEG 

polymer. Conjugation of PEG-RGDS was confirmed by a decrease in retention time as 

compared to the PEG-SVA standard. 

To test the functionality of PEG -RGDS macromers in enabling cell adhesion, 

NIH -3T3 fibroblasts were seeded on crosslinked 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 RGDS-functionalized hydrogels compared to no 
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RGDS controls (Figure 6.6). Thus, this hydrogel system facil itates selective cell adhesion 

through immobilized RGDS peptides.  

 

Figure 6.6: Adhesion assay validating bioactivity of PEG -RGDS macromer.To test the 

bioactivity of the PEG-functionalized c ell adhesive ligand RGDS, 3T3 fibroblasts were 

seeded on the surface of PEGDA hydrogels, with or without PEG-RGDS. Cells were 

observed to adhere and spread on the surface of 10% (w/v) (A) and 2.5% (w/v) (C) 

PEGDA hydrogels containing 3.5 mM PEG-RGDS, as compared to no PEG-RGDS 

controls (B, D). Scale bar represents 200 µms. 

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 kPa, respectively 

(Figure 6.7). Assuming a Poisson’s ratio (ν) of ν = 0.49 for nearly perfectly elastic 

substrates, these values can be used to approximate average shear moduli (G) of ~0.06, 

~0.2, and ~0.6, for 2.5%, 5%, and 10% (w/v) gels, respectively using the relationship G = 

3K(1 - 2ν)/2(1 + ν), where K represents the bulk compressive modulus [281]. Based on 

this relationship, an assumption of ν = 0.5 for linear elastic materials cannot be made as 

this would yield a G = 0, which is nonphysical.  

 

Figur e 6.7: PEGDA hydrogels of different polymer concentrations were characterized 

via compressive testing. Each data set represents a minimum of n=6 gels per condition. 

Values are reported as mean ± S. D. Due to unequal variances, differences between 

groups was detected using an Anova with a Welch’s correction, followed by a  Steel-

Dwass post hoc test (**p < 0.01, *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 fibroblasts 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 ~30 

kPa, respectively. To facilitate cell adhesion, 3.5 mM PEG-RGDS was incorporated 

within the hydrogel  upon photoinduced crosslinking . Cells expressing ABDTS and the 

force insensitive ABDTL 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 fluorescence could be clearly seen throughout the cells (Figure 6.8, A-B & I -J), 

and Eapp was shown to be ~28.6% on both soft and stiff surfaces (Figure 6.8, C, U). These 

measurements agree well with previously reported  FRET efficiencies 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 not 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 cells (Figure 6.8, E-F & M -N). This 

modulation in FP fluorescence was coincidental to a decrease in Eapp (Figure 6.8, G, O) 

and an increase in Sapp 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 mechanical quenching. Moreover, as Sapp > 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 Sapp were observed for cells on soft substrates (2.5%) 

(Figure 6.8, O-P) compared to stif f (10%) (Figure 6.8, G-H) . These data suggest that cells 

on softer substrates are generating 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 stress 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  fl owing 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 ABDTS and TL by plot ting 2D histograms of Sapp 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 Eapp 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-S plots is likely 

contributed by cell -to-cell variability and not representative of heterogeneity within 

sensor populations at the subcellular level. In contrast, the E-S plots for ABDTL on both 

soft and stiff surfaces demonstrate a high population densit y of unloaded sensor with 

Eapp of ~28% (Figure 6.8, R, 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 measurements may be indicative of a small popul ation of sensors under  

compressive forces within 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 di fficult  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 Sapp 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 6.1-6.2). This observation is consistent with both increased 

loading and increased loss of FP function within ABDTS sensor populati 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, Table 6.1). 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 

quenching on soft gels compared to stiff.  Importantly, n o signifi cant difference was 

observed in cell-averaged measurements of Eapp (Figure 6.8, U; Table 6.1) or Sapp (Figure 

6.8, V; Table 6.2) for  ABDTL -expressing cells across stiffness groups. These observations 

verify  that dif ferences in ABDTS sensor measurements are in response to changes in 

substrate stiffness, and not artifacts of the system. 

Collectively, these results support our observations  that sensors on softer 

substrates are experiencing higher loads and greater FP mechanical quenching than 

within c ells on stiffer hydrogels. Furthermore, the increase in the populational variance 

of Eapp and Sapp within  ABDTS on both soft and stiff gels, suggests that cells on hydrogel 

substrates may present more complex actin mechanics as compared to cells on glass.  



 

186 

 

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, respectively).  Experimental E-S plots of apparent S vs E for cells 

expressing ABDTS (Q, S) and ABDTL (R, T) on soft and still substrates. FRET efficiency 

for unloaded sensor module indicated at Eo = 0.28 (vertical  dotted line ), and the 

calculated stoichiometry  for single chain sensors containing functional fluorophores is S 

= 0.5 (hori zontal 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 on both stiffness conditions, and a higher effect in ABDTS on soft 

gels compared to stiff. Data was acquired from a minimum of three independent 

experiments. Diffe rences between groups with unequal variance was detected using an 

Anova with a Welch’s correction, followed by a  Games-Howell  post hoc test (***p < 

0.001, **p < 0.01, *p < 0.05). For data with equal variance, an Anova was used to detect 

differences, followed by a Tukey’s post hoc test (***p < 0.001, **p < 0.01, *p < 0.05). P-

values for all comparisons can be found in Tables 6.1 & 6.2. Scale bar represents 50 µms. 

6.3.5 Substrate stiffness demonstrated small effects on cell size and 
shape  

Cell shape has been shown to regulate fundamental cell ular  processes such as 

proliferation (Chen, Science, 1997) 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  as a 

function of substrate stiffness, appears to exist. 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 is poorly underst ood.   

To inv estigate stiffness-mediated 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. 
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The cellular aspect ratio describes how elongated a cell is and is defined as the major 

axis/minor axis. A perfectly isotropic  cell would exhibit an  AR equal to 1, whereas an 

elongated cell wou ld demonstrate an AR greater than 1. Additionally, c ir cularity  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 0 for 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 stiff (Figure 6.9, A) . 

(Figure 6.9, B). These results indicate that neither th e introduction of th e ABD 

crosslinking sensor nor substrate stiffness signifi cantly aff ected cell elongation.  

In examining circularity, n o significant difference was seen between cells 

expressing ABDTS or TL on stiff gels (Figure 6.9, B). However, a significant increase was 

observed in the circularity of cells expressing ABDTS compared to ABDTL on soft gels 

(Figure 6.9, B, Table 6.4), indicat ing that ABDTS expression may influence membrane 

protrusions formation on soft substrates. Interestingly, the circularit y of ABDTS 

expressing cells on soft gels is not statistically distingu ishable from cells on stiff gels. 

This suggests that crosslinking by ABDTS may induce changes in cell shape, to a 

morphotyp e commonly associated with stiffer substrates.  
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While small  effects on cell size and shape were observed, the lack of a stronger 

stif fness-dependent response was surprising for several reasons. First, a positive 

correlation between substrate compliance, and the area and elongation of cells has been 

well established [21, 267, 288]. While no signif icant differ ence in cell area was observed 

between ABDTS and TL for cells seeded on either soft or 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  statistical ly significant, it is unclear if this 

difference is biologically meaningful . Interestingly, a slight , albeit insignificant,  increase 

in cell area is observed in ABDTS compared to TL on soft gels (Figure 6.9, C). One 

possible explanation for these observations is that ABD-mediated actin crosslinking 

(ABDTS) affects cellular rigidi ty-sensing responses. Accordingly, a recent study 

demonstrated that cellular adaption to matrix  rig id ity is controlled by the mechanical 

properties of the actin cytoskeleton in a crosslinker-dependent manner [290]. 

Alternatively, i t is 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 in lamellipodia activity 

and the formation of dynamic actin structures in cells cultured on more compliant 

surfaces [132]. As such, a decrease in cell circularity was expected for cells on softer 
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surfaces, but only ABDTL expressing cells demonstrated this dif ferential response 

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

what the cells would perceive as “soft,” and thus do not fully demonstrate the expected 

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 these softer surfaces. Further  investigation is 

needed to fully elucidate the biophysical causes underlyin g these unexpected 

observations. 

 

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 10% (w/v) (stiff) PEGDA hydrogels was 

evaluated. While  no appreciable change in cellular 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 

using an Anova with a Welch’s correction for unequal variance, followed by a  Games-

Howell  post hoc test (***p < 0.001, **p < 0.01, *p < 0.05). For data wit h equal variance, an 

Anova was used to detect differences, followed by a Tukey’s post hoc test (***p < 0.001, 

**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 specifi c actin 

structures within sensor expressing cells, the number of stress fibers and lamellipodia 

protrusio ns were quantifi ed 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 conditi on in a 

blinded analysis.  Cells in all conditions exhi bited mesenchymal morphological features, 

with distinctive protrusi ons (Figure 6.10, A-D). 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 (Figure 6.10, E; Table 6.5). Similarly , no significant 

diff erence was observed in the number of protrusions per cell between ABDTS and 

ABDTL expressing cells on either soft or stiff gels (Figure 6.10, F; Table 6.6). In addition , 

a significant increase was observed in both the number of stress fibers and number of 

protrusions per ABDTS expressing cells on stiff gels compared to soft (Figure 6. 10, E-F; 

Table 6.5-6.6). Importantly, no difference was observed  between cells expressing ABDTL 

as a function of substrate stiffness. Moreover, w hile not statistically signifi cant, ABDTS 

expressing cells on 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 may influence cellular stiffness sensing in ways these in itial studies 

cannot elucidate.  

 

Figure 6.10: Effects of substrate -stiffness on stress fibers and lamelli podia protrusions 

form ation .Representative images of fluorescently labeled actin networks within cells  

expressing ABDTS and ABDTL on 10% (w/v) (stiff) (A -B) and 2.5% (w/v) (soft) (C-D) 

PEGDA hydrogels. Bar plots demonstrating  the number of stress fibers (E) and 



 

193 

lamell ipodia protrusion (F) per sensor expressing cells on soft compared to stiff 

hydrogels. Due to unequal variance, differences between groups were detected using an 

Anova wi th a Welch’s correction, followed by a  Games-Howell  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 50 µms. 

6.4 Discussion 

In this  work, we demonstrate the use of ABDTS to visualize changes in loads at 

dynamic actin structures as a function of substrate stiffness. 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 fiber and protrusion  formation than cells on stiffer substrates. 

Additionally, the diff erences in stiffness-mediated effects between ABDTS and ABDTL 

expressing cells suggests a potential interplay between actin crosslinking by ABD 

sensors and processes governing cellular rigidity  sensing. By coupling 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 shown that ABD sensors experience higher tensile 

loads and increased FP modulation at dynamic actin networks in a NMII -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 stiffness-mediated 

changes in the 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 than compared to cells on 

stiffer gels. As ABDTS appears to localize to and report loads within dynamic actin 

networks at the cell edge and within the lamellum, these findings sugg est 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, cells have been shown to present a more 

cir cular 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 id ity 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 stiffness on fundamental cell processes such as 

proliferation [291], differentiation [22], and migration [4, 292-294] 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 a nd traction forces [286, 287, 296], they in turn appear to 



 

195 

influence cell shape [288, 289]. Thus, a relationship appears to exist between cell shape 

and actin organization as a function of substrate stiffness. 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 is 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 ratio of sensor expressing cells, we observed no 

stiffness-mediated effects in 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 demonstrated 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 area 

has been well established [21, 267, 288] we 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 sli ghtly largely than TL on  soft gels. One possible 

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

the cell’s ability to sense substrate stiffness.  
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In addition to size and shape, we also evaluated the formation of stress fibers 

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 ls 

expressing ABDTS when cultured on stiffer substrates, with no s ti ffness-dependent 

effects observed 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 expressing cells on 

soft substrates compared 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 been established 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 loading and concurrent FP modulation within these 

sensors can be manipulated by tuning  the stiffness of the underlying su bstrate. 

Interesting ly, we saw an increase in ABDTS loading and FP mechanoresponse on softer 

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 ÍÖÙɯÈÓÓɯ3ÜÒÌàɀÚɯÊÖÔ×ÈÙÐÚÖÕÚɯÖÍɯÈ××ÈÙent FRET 

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 *** 

ABDTL on 10% PEGDA ABDTS on 2.5% PEGDA <0.0001 *** 

ABDTL on 2.5% PEGDA ABDTS on 2.5% PEGDA <0.0001 *** 

 

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 *** 

ABDTS on 2.5% PEGDA ABDTL on 2.5% PEGDA  <0.0001 *** 

ABDTL on 10% PEGDA ABDTS on 2.5% PEGDA <0.0001 *** 

 

Table 6.3: P-values for ÈÓÓɯ3ÜÒÌàɀÚɯÊÖÔ×ÈÙÐÚÖÕÚɯÖÍɯÊÌÓÓɯÈÙÌÈ 

Group A  Group  B 
p-

Value 
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% PEGDA 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 *** 

 

Table 6.4: P-ÝÈÓÜÌÚɯÍÖÙɯÈÓÓɯ3ÜÒÌàɀÚɯÊÖÔparisons of cell circularity  

Group A  Group B 
p-

Value 
Significance 

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% PEGDA  0.4157 ns 

ABDTS on 2.5% PEGDA ABDTS on 2.5% PEGDA  0.2355 ns 

ABDTS on 2.5% PEGDA ABDTL on 2.5% PEGDA 0.0334 * 

 

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

cell  

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 2.5% 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 ABDTS on 2.5% PEGDA <0.0001 *** 

 

Table 6.6: P-values for all Games-Howel l  comparisons of number  of protrusions  per 

cell  

Group A   Group B 

p-

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% PEGDA0 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 

research 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 appl ication of existing MTSs for studying 

mechanobiology 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 extensively 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 identify variants with unique or desirable characteristics. In 

addi tion 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 fluorescence has 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-generated forces 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 

“synthetic” MTS which crosslinks actin through terminal engineered ac tin 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 “synthetic” tools 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 use and 

interpretability of MTSs for non -experts more challenging. Screening FRET pairs for 

differential responses to intracellular  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 created enabling the fast and 

efficient production of a library of FRET-based ABD sensors (engABDs).  Through a 

modular design that  incorporates sequences recognized by high-fidelity enzymes, each 

component of the sensor can be rapidly exchanged 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 t his work is what physical featur es, if any, contribute 

to FP mechanosensitivity. By coupling steered molecular dynamics (SMD) simulations 

with experiments using truncated FP variants, the role of specific structural features in 

the stability and function of FPs has been demonstrated [156]. Specifically, upon deletion 

of an N-termin al alpha helix, FP fluorescence decreased by over two orders of 

magnitud e within EGFP and EYFP variants. Under a constant tensile force, SMD 

simulations identified  three possible mechanical intermediates for GFP which are 

thought to be mediated by the “uncorking” of two hydrophobic resides on the N-

terminal helix [156].  While  these intermediate states may be specific to FPs containing 

the N-terminal α-helix , a structural motif common to A. Victoria-derived FP variants, 

variability in FP structural features  may contribute to the differential mechano sensitivity  

observed between FPs (e.g., mVenus and mTFP1 as demonstrated in Chapters 4, 5, and 

6). Interestingly, mVenus , an A. Victoria-derived FP variant possessing an N-terminal 

alpha helix  [297], demonstrated greater sensitivity to m echanical quenching than 

mTFP1, which is derived from Clavularia coral [298] and possess an 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 
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present an interesting hypothesi s, that identification o f common structural f eatures 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 , a libra ry of modular ABD sensors (engABDs) has been created by 

utilizing the engineered plasmid (Figure 3.4, A) to enable high throughput sensor 

production .  Specifically, 20 sensors have been created to date through either the 

exchange of the donor compatible wi th a red FP acceptor (Figure 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 hope 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 achieve differential functional responses. Such structure-functi on sensors are 

often comprised of FP variants that have undergone artificially engineered circular 

permutation. Circular permuted (cp) protein s demonstrate a different primary amino 

acid sequence, while 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 

functional consequences for circular permutation are that differences in connectivity 

often results in decreased thermodynamic stability, resulting in greater lability of the 

protein’s optical properties. This increase in functional sensitivity  makes cpFPs 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 o f cDNA constructs, a second engineered plasmid was created with  

compatible restrictio n sites to a commercially available cp-based FRET sensor library  

(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 it is comprised of standard and cpFP vari ants of 

mTFP1 and mVenus. As this is the same FRET pair  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, cp173, 

cpV229). Using these constructs, we intend to explore the effects of FP orientation 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 respond to mechanical cues from their environment through a poorl y 

understood process known as mechanotransduction [10]. Enabling technologies, such as 

molecular tension sensors (MTSs), have been created 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 of intracellular forces on the 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 as well as to develop new technologies for probing mechanical consequences 

inside cells. In this  dissertation, we developed new approaches for the improved use and 

interpretation of existing MTS te chnology, and created a new platform for probing the 

relationshi p between forces at dynamic actin networks and extracellular cues. We 

applied these tools to stud y the effects of cell-generated forces on FP function wit hin 

MTSs and discovered that FPs can be reversibly quenched in response to forces 

generated inside cells in a variety of m echanical contexts.     



 

206 

In our initial work, we  sought to investigate the functional 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 data set of vin culin -based MTSs and discovered that FP 

function can be reversibly modulated under actomyosin -mediated forces in a manner 

dependent on both the magnitude and dur ation of the applied load . These results 

establish FPs as force sensitive proteins and demonstrated a generalizable approach for 

evaluating fluorophore function in the context of FRET -based sensors.  

To furthe r explore FP mechanical quenching within MTSs and its effects on 

ensemble sensor measurements, we developed a simplified recombinan t FRET sensor 

that would experience higher intracellular forces and be free of endogenous biochemical 

regulati on. Through terminal engineered actin binding domains, this “synthetic” actin 

crosslinking sensor (ABD sensor) reports on the loads between actin fil aments. Upon 

expression in fibroblast cells, this sensor was observed to be under higher loads at 

dynamic actin structures, specifically at  actin rich protrusion and wit hin the lamellum. 

Importan tly,  a strong increase in FP mechanical quenching was observed within  these 

regions. Through a series of inhibitor studies aimed at attenuating actin contractile 

forces, we found that  FP mechanical quenching within these sensors appears 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 different sensitivities to applied loads. This work 

resulted in the creation of a new FRET-based actin crosslinking sensor which reports on 

loads between actin filaments within dynamic network s to enable improved studi es of 

intracellular force effects on FP function within MTSs.  Together, the findings from this 

study suggest that like mechanosensitive 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 proper ties of cellular  actin networks would affect  ABD sensor readouts. 

By comparing cells cultured on soft and stiff substr ates, we observed that cells on softer 

substrates demonstrated increased tensile loads across ABD sensors within dynamic 

actin  networks, w ith  a concomitant increase in FP mechanical quenching. Although we 

did not  see strong stiffness-mediated changes in cell morphology, our ob servations do 

indicate a potential interpla y between actin crosslinking and cellular rigidity sensing 

mechanisms. In sum, these results demonstrate the usefulness of the ABD sensor system 

both as a platform for improved studies on  intr acellular force effects on FP function, as 

well as an investigative tool for probing forces within dynamic actin networks.   

Throughout the work de scribed in this dissertation, we have shown tha t FPs can 

undergo reversib le 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 results presented 



 

208 

in this work , we propose that FP mechanical quenching within MTSs could pot entially 

serve as an entirely  new way to vi sualize and probe mechanical consequences within 

force-sensiti ve proteins. 

Moving forward,  there is much to be learned about the biophysical basis of FP 

mechanosensitivity. Towards that goal, we have developed a modular engineered 

plasmid to enable efficient production of ABD -based MTSs. Using this high throughput  

cloning system, a variety of MTSs with different sensor components can be quickly 

constructed. To date, a library of over 20 sensors has been created for the purpose of 

characterizing the mechanical sensitivities of various FRET pairs. In addition, 6 sensors 

containing circular ly permu ted variants of mVenus have been created to probe the 

effects of orientation and connectivity of FP mechanoresponse.  

Beyond new tools, this dissertation work also sets the stage for new analytical 

methods which could expand the capabilitie s of existing MTSs. Specifically, 

collaborative efforts  are underway to develop a computational model describing the 

effects of FP mechanical quenching on ensemble MTS measurements. By coupling 

modeling approaches with  2D planar analysis, a new analytical framewor k could be 

developed which leverages differenti al FP mechanosensitivity  w ithi n 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 

advancement towards improving the use and in terpretability of MTSs, and the 

development of new technolo gies to probe molecular events mediating 

mechanotransduction.  
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