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Abstract 

Every biological process, ranging from cell migration to embryogenesis, relies on 

the cell’s ability to adapt to changing mechanical environments.  Cellular contractility is 

governed by a control system of proteins that integrates internal and external cues to drive 

diverse shape change processes.  This contractility controller includes myosin II motors, 

actin crosslinkers, and protein scaffolds, which exhibit robust and cooperative 

mechanoaccumulation. However, the biochemical interactions and feedback mechanisms 

that drive the controller remain unknown.  Here, we use a proteomics approach to identify 

direct interactors of two key nodes of the contractility controller in the social amoeba 

Dictyostelium discoideum: the actin crosslinker cortexillin I and the scaffolding protein 

IQGAP2.  We highlight several unexpected proteins that suggest feedback from metabolic 

and RNA-binding proteins on the contractility controller.  Quantitative in vivo biochemical 

measurements reveal interactions between myosin II and cortexillin I, which form the core 

mechanosensor. Further, IQGAP1 negatively regulates mechanoresponsiveness by 

competing with IQGAP2 for binding the myosin II-cortexillin I complex.  These myosin II-

cortexillin I-IQGAP2 complexes are pre-assembled into higher order mechanoresponsive 

contractility kits (MCKs) poised to integrate into the cortex upon diffusional encounter 

coincident with mechanical inputs.  
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Bar et al., 2015; Chugh and Paluch, 2018; Dogterom and Koenderink, 2019).  This term 

includes components that build cell-cell and cell-matrix interactions (“adhesome”), as well 

as all the proteins and networks commonly included in the “contractome” (Zaidel-Bar et 

al., 2015; Horton et al., 2016).  The benefit of the larger umbrella term “mechanobiome” is 

that it recognizes that each of these seemingly discrete systems are integrated with one 

another.  In addition, although actin, microtubule, and intermediate filament networks have 

often been considered independently, these networks really work synergistically to drive 

cellular processes (Zhou et al., 2010; Huber et al., 2015; Henty-Ridilla et al., 2016; 

Dogterom and Koenderink, 2019).   

The cell cortex is an approximately 200-500-nm thick composite material that 

includes the plasma membrane and the dense actin meshwork that lies just below the 

membrane (Fig. 1.1) (Reichl et al., 2008a; Robinson et al., 2012; Clark et al., 2013).  Along 

with the underlying and penetrating cytoplasm, the cell cortex contributes to the 

mechanical properties of a cell.  Cells are active viscoelastic fluids and the collection of 

mechanical stresses at the cell cortex leads to a cortical (surface) tension that serves to 

minimize the ratio between surface area and volume of the cell, in essence a rounding 

pressure (Robinson et al., 2012; Moeendarbary and Harris, 2014).  The membrane itself 

constitutes an upper limit of approximately 2-5% of the total cortical tension value (Luo et 

al., 2014).  The remaining active and passive portions of cortical tension are largely 

generated by the cytoskeletal network.  These networks are viscoelastic in nature, 

allowing for time-scale dependent behaviors in response to mechanical stresses (Gardel 

et al., 2004; Robinson et al., 2012; Pegoraro et al., 2017; Chugh and Paluch, 2018).  The 

elastic component is derived from the strong interactions between actin filaments and 

crosslinkers that build the cytoskeletal meshwork, whereas the viscous component is a 

result of those structures remodeling over time to relieve the stress imposed on the 

system.    
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Here, I focus on the biochemical interactions and feedback mechanisms that 

regulate the cytoskeletal network primarily at the cellular level.  Specifically, I discuss the 

application of theoretical principles from control engineering to cellular systems to 

understand how the actomyosin network influences cell behaviors.  Cells integrate 

biochemical and mechanical inputs through the use of control systems that rely on 

sensors, actuators, and feedback loops.  Examples of control systems in the context of 

the actin cytoskeletal network demonstrate mechanisms that regulate the setpoint 

(baseline) through differential protein-binding affinities, post-translational modifications, 

force-sharing across a network, and complex assemblies.   Additionally, we explore how 

seemingly unrelated processes (e.g. gene regulation, metabolism, and cell fate 

determination) and cell mechanics feedback onto each other to orchestrate complex 

cellular events.  I primarily use myosin II as an example of a protein that functions both as 

a sensor and actuator in the context of setpoint and feedback.  However, these concepts 

also apply more broadly to many other components of the mechanobiome as well.  The 

application of control theory principles will provide systems-level insight into how cells 

respond to the forces they encounter during normal and disease-state processes. It is 

worth noting that the mechanics of cell-cell junctions, cell-extracellular matrix, and tissues 

have been recently reviewed elsewhere (Charras and Yap, 2018; Chen et al., 2018; Yap 

et al., 2018; Sun et al., 2019).   

Control systems 

To ensure robust cellular mechanical behaviors, the cytoskeletal network functions as a 

control system, which includes sensors to detect environmental cues or deviations away 

from a desired behavior, and actuators, which execute the desired behavior or process 

(Fig. 1.2A) (Ren et al., 2009; Kee et al., 2012; Srivastava and Robinson, 2015; Srivastava 

et al., 2016; Schiffhauer and Robinson, 2017; Schiffhauer et al., 2019).  Inherently, control 
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systems may be open- or close-looped.  In the open-loop scenario, the actuator response 

is based on sensed changes to an input. In the closed-loop situation, the system monitors 

the progress of the desired behavior or process and makes adjustments, thus closing 

positive and/or negative feedback loops. The system behavior is measured against an 

adjustable setpoint, which establishes the reference point that the system uses to define 

baseline (Fig. 1.2B).  By regulating the setpoint, each individual system is poised to 

respond differently to disturbances.  All components, sensors, actuators, feedbacks, and 

setpoints are tunable.   

In the cell, macromolecules such as receptor proteins, small GTPases, 

metabolites, and mechanoresponsive proteins (proteins that sense and accumulate in 

response to a local mechanical stress) function as sensors, receiving biochemical and 

mechanical inputs and signaling to actuators.  In many cases, proteins in a control system 

function as both sensors and actuators, allowing the cell to use the same system that 

generates the foundational mechanical properties to also adapt to constantly changing 

inputs.  For instance, the force-sensing, actin-binding cooperativity, and corresponding 

allostery in the actin filament allow myosin II to sense and respond to load (force) in the 

actin network, thus functioning as both a sensor and actuator (Galkin et al., 2012; Kee et 

al., 2012; Luo et al., 2012).  Mechanoresponsive actin crosslinkers, such as alpha-actinin 

and filamin, also provide a similar functionality as well (Luo et al., 2013; Schiffhauer et al., 

2016; Schiffhauer and Robinson, 2017).   

One example for the action of a control system may be observed during cleavage 

furrow ingression, which is a critical step in ensuring genomic fidelity and therefore needs 

to be an incredibly robust process with the ability to adapt to a dynamic environment.  

Thus, relying on a control system that integrates many inputs and implements feedback 

would be advantageous.  In fact, in Dictyostelium, cleavage furrow assembly is driven by 

the cellular contractility control system, which can be described in a few components: the 
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cytokinetic signaling module (signal input), the plant, which includes the contractile 

machinery (myosin II and actin crosslinker cortexillin I, which are the sensors and 

actuators), and feedback loops constructed in part by IQGAP regulatory proteins (Fig. 1.2 

A,C) (Kee et al., 2012; Srivastava and Robinson, 2015).  The cell must transition from its 

default setting of resisting shape change to coordinating a major shape-change event, 

thus requiring differential sensitivities, or thresholds, to mechanical stresses.  First, the 

system has a setpoint that is tuned and varies across the cell cycle. Second, through 

feedback in response to internally- or externally-generated stress, the system tunes the 

amount of contractile proteins that accumulates at the cleavage furrow cortex, ensuring 

robustness. 

Initially, the cytokinetic signaling module built from a kinesin 6 protein (Kif12 in 

Dictyostelium) and inner centromere protein (INCENP) provides the initial input that leads 

to recruitment of contractile proteins.  The associated shift in setpoint is demonstrated by 

the changes in the amount of force that is required to elicit a myosin II mechanoresponse 

over the cell cycle.  During anaphase, the system becomes extremely sensitive to 

mechanical stress, and low forces are sufficient to induce a myosin II mechanoresponse 

(Effler et al., 2006; Ren et al., 2009).  However, the same magnitude of response requires 

a significantly higher force (~2.5-fold) during interphase and the early phases of mitosis.  

In fact, a metaphase cell can be clamped with a micropipette used to apply a defined 

amount of mechanical stress, and the myosin II will not undergo mechanoresponsive 

accumulation (mechanoaccumulation) until the cell enters anaphase.  This setpoint 

appears to be established by the RacE small GTPase, as null mutants of racE require only 

low mechanical stresses throughout the cell cycle to trigger myosin II 

mechanoaccumulation.  As RacE maintains certain actin crosslinkers (dynacortin), as well 

as regulators of myosin II (14-3-3 proteins), on the cortex, this mutant identifies two 

mechanisms for modulating setpoint control: force sharing and myosin II assembly 
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regulation (see below) (Robinson and Spudich, 2000; Zhou et al., 2010; West-Foyle et al., 

2018). 

Using theoretical concepts from control engineering, we could explain the biphasic 

nature of the mechanosensory response of cells (Luo et al., 2013; Mohan et al., 2015).  

Myosin II accumulation is biphasic, first accumulating to resist deformation, then 

contracting against load, and finally dissipating as the deformation is corrected.  

Previously, mathematical models had been used to explain the experimentally observed 

accumulation of contractile proteins at the site of mechanical perturbations (Luo et al., 

2012).  However, these models could not explain the biphasic nature of these 

accumulations.  Incorporating the role of myosin II as a sensor and an actuator that 

provides force feedback was an important step in explaining the system.   

The architecture of control systems is also observable in other processes involved 

in cell motility and tissue morphogenesis, including those driven by excitable, pattern 

forming, and self-organizing systems.  In Xenopus laevis, waves of contractility regulators 

lead to cortical remodeling that eventually coordinates furrow formation (Bement et al., 

2015).  In Dictyostelium, the signal transduction excitable network (STEN) promotes 

protrusions and cytoskeletal reorganization that lead to cell migration.  Decreasing the 

threshold, or setpoint, of STEN by synthetically decreasing the levels of 

phosphatidylinositol-4-5-bisphosphate alters the actin-based protrusive activity and drives 

transitions between distinct migratory modes (Miao et al., 2017).  Similarly, the positive 

and negative feedback through phosphorylation and dephosphorylation cycles of the 

myosin light chain kinase and the resulting contractions of myosin II generate a self-

organized control system that regulates the pulsatile contractions that promote tissue 

morphogenesis during germband extension in Drosophila melanogaster (Munjal et al., 

2015).   
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Establishing the setpoint 

 By shifting the baseline, or setpoint, of a control system, a single cell can have 

different sensitivities and outputs in response to biochemical and mechanical cues (Fig. 

1.2B).  The setpoint may be established by varying protein affinities, post-translational 

modification states, the assembly state of the protein(s), and protein-protein interactions.  

For example, an optimal actin-binding affinity is required for actin crosslinkers filamin and 

alpha-actinin to be mechanoresponsive.  If the actin-binding affinity is too low, the 

crosslinker is prevented from binding the network sufficiently, whereas in the case of a 

very high binding affinity, sufficient turnover to allow the dynamic behavior of the protein 

is inhibited (Schiffhauer et al., 2016).  Modeling this relationship between actin-binding 

affinities and mechanoresponse allowed for the accurate prediction of which mammalian 

crosslinker isoforms would mechanorespond.  Specifically, theory predicted and 

experiment verified that filamin B and alpha-actinin 4 mechanorespond strongly.  In 

contrast, theory predicted that alpha-actinin 1 would not respond and filamin A would do 

so very weakly and over a much longer timeframe; neither protein displayed 

mechanoaccumulation experimentally (Schiffhauer et al., 2016).  These observations 

suggest that the actin-binding affinity at the level of interaction between a single actin 

binding domain and actin helps define the mechanoresponsive ability and the kinetics of 

the response.  By changing expression patterns of these isoforms, modulating effective 

affinities through post-translational modifications, or steric hindrance caused by protein-

protein interactions, cells may alter their setpoints, and thus their mechanoresponsive 

abilities.   
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Setpoint control also provides insight into the functions and behaviors of different 

cell types.  The baseline fraction of assembly of non-muscle myosin IIB into bipolar thick 

filaments (BTFs) predicts its mechanoresponsive ability across a wide range of cell types, 

including NIH 3T3 fibroblasts, HeLa, and Jurkat cells (Schiffhauer et al., 2019).  The 

mechanism underlying this setpoint control depends upon phosphorylation of the myosin 

heavy chain, which serves to maintain each cell-type’s particular ratio of unassembled 

(free) to assembled (bipolar filaments) myosin IIB subunits for each cell type.  In Jurkat 

cells, 20% of myosin IIB is assembled and robustly mechanoresponds.  3T3 and HeLa 

cells, in which myosin assembly is 5% and 30%, respectively, have a poor myosin IIB 

mechanoresponse.  As heavy chain phosphorylation inhibits myosin IIB assembly, 

manipulation of the Serine 1935 residue or PKCζ kinase, which phosphorylates this 

residue, was sufficient to shift the systems towards the 20% myosin IIB assembly, 

increasing its mechanoresponse (Fig. 1.2D) (Schiffhauer et al., 2019).  This example 

illustrates how protein post-translational modification, phosphorylation in this case, can be 

used by cells to control setpoint.  In addition, the load-bearing capabilities of the structural 

proteins themselves can have impact at a distance, allowing force-sharing between the 

proteins to be another means of tuning the setpoint.   

Force-sharing 

The RacE-mediated tuning of myosin II mechanoresponsiveness discussed earlier 

suggested force-sharing as a means of controlling setpoint (Effler et al., 2006; Ren et al., 

2009).  Direct studies of the molecular entities that generate the foundational mechanics 

confirmed force-sharing as a mechanism of distribution of forces across a cytoskeletal 

network (Luo et al., 2013).  Traditionally a phenomenon studied in engineering, the 

concept of force-sharing describes multiple components bearing the load of a system or 

network.   
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Because forces across the cortex are shared between the actin crosslinkers and 

myosin II, the more proteins across which to distribute the load, the less load each protein 

experiences.  Furthermore, changes in the total amount of load-bearing proteins impact 

the amount of load experienced by the mechanoresponsive proteins, thereby affecting 

their ability to mechanorespond.  For example, in Dictyostelium, the cross-linker alpha-

actinin only displays mechanoresponsiveness in the absence of myosin II, suggesting that 

this crosslinker only experiences enough force to mechanorespond when myosin is not 

sharing load in the network.  In addition, removal of some types of actin crosslinkers, 

including those which are not mechanoresponsive (e.g. dynacortin), reduces the amount 

of stress necessary to trigger a myosin II mechanoresponse (Luo et al., 2013).  Thus, force 

sharing represents a systems-level determinant of setpoint positioning. 

Once the forces are experienced by the crosslinkers, the actin-binding lifetime is 

modulated by the catch-slip characteristics of the crosslinker-actin bond.  A catch-slip 

bond is a type of bond where low to moderate forces increase the binding lifetime and 

higher forces decrease binding lifetime.  If the force surpasses a threshold, this decreases 

the binding affinity, causing the bond to fail (Chan and Odde, 2008).  Thus, if load is too 

widely distributed across the network, individual crosslinkers may not sense sufficient load 

to engage.  Conversely, if there are too few crosslinkers sharing the load, the force of each 

of them may be too great, causing the crosslinkers to slip and release from the actin.  

Therefore, the catch-slip-bond nature of proteins predicts the scenario of a biphasic 

relationship between load and the ability of a protein to engage with the network, and an 

“optimal” force that allows for proteins to mechanorespond.   

Myosin II represents a special case where mechanical load triggers the myosin II 

to stall in the isometric transition state, which is also the cooperative binding state.  In this 

state, the lifetime of binding to the actin filaments is increased and induces allosteric 

conformational changes along the actin filament that allows for cooperative binding of 
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myosin motors and localized assembly of bipolar thick filaments (Mahajan et al., 1989; 

Veigel et al., 2003; Ren et al., 2009; Tokuraku et al., 2009; Uyeda et al., 2011; Luo et al., 

2012).  This behavior allows for the tension in the cytoskeletal network to be shared across 

many myosin motors.  These motors can then maintain tension or remodel the network, 

relieving the stress.  In fact, differences in the actin-binding duty ratio of non-muscle 

myosin II molecules likely contribute to different behaviors of the mammalian myosin II 

isoforms.  For example, the higher-duty ratio of non-muscle myosin IIB allows it to bear 

resistive strains over long-time scales (Kovacs et al., 2007; Nagy et al., 2013), thus 

allowing it to form stable structures at the rear of a migrating cell (Shutova et al., 2017).   

In the context of cytokinesis, these force-sensitive properties of the crosslinkers 

and myosin II have unexpected consequences.  Studies found that depletion of actin 

crosslinkers and myosin II increases the velocity of cytokinesis furrow ingression during 

late stages of cytokinesis, whereas their over-expression can lead to cytokinetic failure 

(Robinson and Spudich, 2000; Zhang and Robinson, 2005; Mukhina et al., 2007; Kee et 

al., 2012; Descovich et al., 2018).  This behavior is due to the interface between 

contractility, cortical viscoelasticity, and the passive fluid mechanics of the furrow 

ingression process.  Furthermore, as the network becomes loaded, the crosslinkers and 

motors bind more tightly, leading to a stiffer network (strain-stiffening mechanics) (Reichl 

et al., 2008a; Poirier et al., 2012; Srivastava and Robinson, 2015).   

In addition, force-sharing is visible in the context of superdiffusive behaviors of the 

cortex.  Much of the super-diffusive behaviors of the cell are lost in Dictyostelium cells with 

a myosin II heavy chain knockout (encoded by the mhcA gene; myoII null), and this super-

diffusivity is not restored by an uncoupler myosin II mutant that has normal ATPase 

activity, but a short step size (Girard et al., 2006). These observations naturally implicate 

myosin II as the active component that drives fluidity.  However, depletion of actin 

crosslinker dynacortin in the myoII null cells significantly restores their super-diffusive 
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behavior, suggesting that myosin II activity promotes the active components of the cortex, 

but does not necessarily generate them on its own.  In fact, multiple molecular components 

contribute to these dynamical phenomena and cell mechanics, and in essence, one role 

of myosin II is to help “stir the pot”, antagonizing some of the cross-linkers and allowing 

these super-diffusive behaviors to emerge (Girard et al., 2006).  

On a larger scale, measuring cortical flow behaviors in the Caenorhabditis elegans 

zygote has revealed the concept of morphogenetic degeneracy (Naganathan et al., 2018). 

Actin cortex structure and dynamics (including cortical flow velocities, chirality, and myosin 

II foci) were quantified upon depletion of various actin-binding proteins and actomyosin 

regulators.  Through dimensional analysis, certain proteins that had similar effects on 

cortical flow could be grouped into specific phenotypes, including changes in chirality 

index and oscillations of cortical flow.  The interpretation is that cortical mechanics are 

“course-grained,” allowing various components to contribute similarly to a single 

phenomenon, which on a molecular level may be explained by force-sharing.  Force-

sharing may then be a mechanism that generally provides robustness to shape change 

processes.   

Feedback across long-time scales 

Feedback through mechanoresponsive proteins can occur within time scales from 

a few seconds to minutes, although the associated feedback loops also function over 

prolonged periods of time to integrate different cellular processes.  Mechanically-

transduced transcription factors have emerged as key regulators of the feedback between 

the mechanical state of the cell and changes in gene expression to maintain homeostasis 

and cellular identity (Broders-Bondon et al., 2018; Salvi and DeMali, 2018; Kassianidou et 

al., 2019).  Among these are the Hippo pathway proteins Yes-associated protein (YAP) 

and its transcriptional coactivator with PDZ-motif (TAZ), which regulate E-cadherin 
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junctional organization, chromatin remodeling, and even cell metabolism (Panciera et al., 

2017).  In fact, the Hippo pathway is known to be homologous to the septation initiation 

network (SIN) and mitotic exit network (MEN) in S. pombe and S. cerevisiae, respectively.  

These pathways coordinate chromosome segregation with cytokinesis through a 

sequence of signaling cascades through well-conserved kinases, their regulatory 

components, and scaffolding proteins (Hergovich and Hemmings, 2012; Simanis, 2015).  

In mammalian systems, various Hippo pathway proteins have been shown to have cell 

cycle progression phenotypes (Yabuta et al., 2007; Hergovich and Hemmings, 2012).   

Feedback between cell mechanics and YAP is critical for cell identity determination 

(Dupont et al., 2011).  Studies found that physiologically relevant mechanical cues, such 

as substrate stiffness, help dictate the differentiation of progenitor stem cells, and that 

myosin II plays a central role (Engler et al., 2006).  Moreover, YAP translocation in and 

out of the nucleus in response to substrate stiffness is required for stem cells to 

differentiate accurately (Guilak et al., 2009; Lian et al., 2010; Smith et al., 2017; Totaro et 

al., 2017).  This mechanically transduced transcriptional pathway also engages in positive 

feedback with the cytoskeletal network. YAP is not only a downstream effector of 

mechanical inputs, it also has a cell autonomous impact on cortical tension and works 

through TEAD to drive expression of key mechanical proteins, including myosin light chain 

(Bai et al., 2016).  In addition, a recent study found that the chromatin remodeling 

SWI/SNF complex binds to YAP in the nucleus through ARID1A, which prevents the 

interaction between YAP and the transcription factor TEAD.  This, in turn, prevents YAP-

mediated progenitor-like properties in human mammary epithelial cells (HMECs) (Chang 

et al., 2018).  Here, SWI/SNF functions as a negative regulator of YAP using sequestration 

of YAP to maintain differentiated states.  Loss of ARID1A or SWI/SNF through genetic 

lesions may have decreased thresholds for YAP activation, leading to loss of 

differentiation in tumor cells (Chang et al., 2018).  Similarly, the loss of negative regulation 
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of YAP by myosin II allows for activation of pro-growth pathways in cancer cells and 

tumorigenesis (Picariello et al., 2019).   

YAP/TAZ also generate a negative feedback loop that is critical for maintaining 

persistent cell migration.  YAP regulates myosin II phosphorylation through multiple 

compensatory pathways of myosin II light chain phosphorylation and modulates cell 

migration (Mason et al., 2019).  Thus, while myosin II activity is critical for motility, 

increased activity is inhibitory to migration, highlighting the importance of both positive and 

negative feedback loops mediated by transcription factors to drive cellular processes.  In 

this scenario, YAP/TAZ displays the function of both a sensor and an actuator that 

ultimately integrates with other feedback controllers like myosin II.   

 A number of recent studies have also explored the feedback between cell 

mechanics and metabolism.  Actin dynamics affect mitochondrial fission and fusion, which 

in turn impacts mitochondrial function (Beck et al., 2012; Hatch et al., 2014).  In addition, 

recruitment of mitochondria to the leading edge of a cell also promotes cell migration and 

invasion in tumor cells (Caino et al., 2015; Cunniff et al., 2016).  Furthermore, the signaling 

between focal adhesions, integrins, and metabolic enzymes also provide a possible 

means for feedback.  For example, the application of shear stress or force on E-cadherin 

at cell-cell junctions results in the activation and recruitment of AMP-activated protein 

kinase (AMPK) to adhesion complexes, which results in increased phosphorylation and 

activation of myosin II.  This also increases glucose intake and ATP production, providing 

the cell with increased energy to actively respond to the change in its environment (Bays 

et al., 2017; Salvi and DeMali, 2018).   

Moreover, AMPK signaling drives changes in cortical tension that regulates 

entosis, the process whereby softer cells engulf stiffer cells, that is found in many solid 

tumor types and likely a response to the nutrient deprivation in highly competitive growth 

conditions (Overholtzer et al., 2007; Sun et al., 2014; Hamann et al., 2017).  In the breast 
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cancer cell line MCF-7, glucose deprivation results in a bimodal distribution of cells, which 

are characterized by either a low or high elastic modulus.  The increase in elastic modulus 

is driven by AMPK activation, highlighting the role of AMPK as a transducer of metabolic 

signals to cellular mechanics (Hamann et al., 2017).  More recently, another study 

demonstrated a myosin II-dependent increase in stiffness of brown/beige adipose tissue 

and isolated brown adipocytes in response to cold challenge (Tharp et al, 2018). Here, 

actomyosin contractility was critical for the thermogenic capacity of the cells and the 

induction of uncoupled respiration through YAP/TAZ-mediated gene regulation (Tharp et 

al., 2018).  Therefore, these studies are beginning to reveal parts of the sophisticated 

systems that are in place to regulate cell mechanics in the context of other cellular 

processes.     

In Dictyostelium, the contractility controller finely tunes the amount of contractile 

protein that accumulates at a site of stress through a mechanical feedback loop (Kee et 

al., 2012; Srivastava and Robinson, 2015).  IQGAP scaffolding proteins sense inputs from 

small GTPases and also feedback onto the cytokinetic signaling module (Faix et al., 2001; 

Kee et al., 2012).  Importantly, the cell has two IQGAP proteins that have opposing roles 

in modulating mechanoaccumulation: IQGAP1 provides an inhibitory function while 

IQGAP2 alleviates this inhibition (Kee et al., 2012; Srivastava and Robinson, 2015; Kothari 

et al., 2019b).  This cross-antagonism and feedback between the signaling module, the 

IQGAP proteins, and the contractile machinery regulate the setpoint of this control system, 

which allows for a 3-5-fold dynamic range in myosin II accumulation.  However, the 

biochemical interactions that drive this control system and the negative regulation by 

IQGAP1 remained unclear.  In my thesis work, I have endeavored to use the model 

organism Dictyostelium discoideum to identify the biochemical interactors that builds the 

mechanobiome.  By measuring the protein-protein interactions that drive a cell’s ability to 

generate, sense, and respond to forces, we may begin to understand the mechanical 
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alterations that drive disease state progression, and ultimately develop therapeutics return 

these systems to their normal state.  

 

Note: Text and figures have been adapted from (Kothari et al., 2019a).   
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Chapter 2 Materials and Methods 

Quantitative methods that measure cell mechanics, mechanoresponse, protein dynamics, 

and molecular interactions are necessary to provide insight into both the mechanical and 

biochemical components involved in cytokinesis and cell shape regulation. Fluorescence 

Correlation and Cross-Correlation Spectroscopy (FCS/ FCCS) have become valuable 

methods for measuring protein dynamics in vivo that occur on nanometer to micron length-

scales, and microsecond to minute time-scales. The methods provide the ability to quantify 

the dynamics and interactions that allow changes on the molecular level to impact the 

cell’s ability to change shape and undergo cytokinesis.  Although trans-illumination 

microscopy has provided us with a wealth of information regarding dividing cells, this 

approach fails to capture the spatial and temporal details of this complex mechanical 

process. While cytokinesis occurs over the time-scale of minutes, the process is driven by 

associations, interactions, and forces that occur on a millisecond to seconds time-scale. 

During any shape change process, the cell’s ability to respond to various external 

perturbations is dependent upon transient and dynamic interactions that allow for rapid 

molecular-level responses. The methods described here are applicable to single-cell 

systems, and have been used with the social amoeba Dictyostelium discoideum (Kee et 

al., 2012; Srivastava and Robinson, 2015), Drosophila melanogaster S2 cells (Kim et al., 

2015; Duan et al., 2018), as well as mammalian cells (Sun et al., 2014; Schiffhauer et al., 

2016; Schiffhauer et al., 2019).   

Reagents 

The plasmids for GFP-mCherry (linked), and GFP- and/or mCherry-tagged fusions 

of myosin-II, myosin-II 3xAsp, cortexillin-I, IQGAP1, IQGAP2, mmsdh, Rac-1A, filamin, 

and RNP-1A have been described previously (Effler et al., 2006; Lee et al., 2010; Zhou et 

al., 2010; Kee et al., 2012; Luo et al., 2013; West-Foyle et al., 2018). For the FLAG 
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constructs, FLAG-GFP was cloned into the pDRH plasmid using Bgl II and Sal I restriction 

sites, and cortexillin I or IQGAP2 were added between Sal I and Not I restriction sites. 

GFP-myosin II S1-mCherry pDM181 was built by cloning the myosin II S1 fragment into 

GFP-pDM181 between the Sal I and Not I sites, and subsequently inserting mCherry 

between Not I and Mlu I sites. Discoidin-1A was cloned by PCR using template genomic 

DNA from the WT strain KAx3 with forward primer 5’ 

GTCGACATGTCTACCCAAGGTTTAGTTCAACTCCTCG (including a 5’ Sal I site), and 

reverse primer 5’ GCGGCCGCTTATTCCAAAGCGGTAGCAATGTAATCAG (including a 

3’ Not I site). The Sal I and Not I sites were then used to clone the gene into GFP-pDM181. 

The monoclonal antibody 241-438-1 against cortexillin I developed by Günther Gerisch 

(Max Planck Institute) was obtained from the Developmental Studies Hybridoma Bank 

(University of Iowa, Iowa City, IA). An M2 anti-FLAG antibody and anti-FLAG affinity 

agarose gel (F3165 and A2220, Sigma-Aldrich, St. Louis, MO) were used for IP.  The 

myosin II heavy chain antibody (anti-my6) (Peltz et al., 1985) and anti-FLAG antibody were 

used for western analysis (1:10,000 and 1:1000, respectively). Biotinylated antibodies 

rabbit-anti-GFP (600-406-215, Rockland Immunochemicals, Pottstown, PA), rabbit-anti-

RFP (ab34771, Abcam, Cambridge, United Kingdom), and rabbit-anti-HA (ab26228, 

Abcam) were used at 1:300 for SiMPull. Latrunculin A was obtained from Sigma-Aldrich. 

Cell strains and Culture 

A complete list of the strains used is provided in Table 1.  Cells were grown in 

Hans’ enriched 1.5x HL-5 media, enriched with 8% FM, containing penicillin and 

streptomycin, at 22°C on polystyrene petri dishes.  Wild-type strains used were KAx3 and 

rescued strains (Ruppel et al., 1994).  Mutant cell lines used have been previously 

described:  myoII, cortI, cortI/II, iqg1, iqg2, and iqg1/2 (Robinson and Spudich, 2000; Lee 

et al., 2010). Cells were transformed with the expression plasmids by electroporation using 
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a Genepulser-II electroporator (Bio-Rad, Hercules, CA).  Cells were then grown in 

selection with media containing 15 μg/mL G418, 40 μg/mL hygromycin, or both drugs 

when transforming two plasmids.  Expression levels were checked by fluorescence 

imaging or Western analysis.  For Latrunculin A treatment, cells were pre-treated with 

0.1% DMSO for 4 hrs. Cells plated in imaging chambers were washed with low flow media 

with 0.1% DMSO, and were incubated with 5 μM Latrunculin A diluted in low flow med ia 

for 10 min.  Slides were changed after 15 min of imaging.  
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Table 1. List of Dictyostelium strains used. 
  

Background Strain Plasmids transformed 

myoII mCherry-myosin II pDRH; 14-3-3 GFP pLD1 

myoII  GFP-myosin II pDRH; mCherry-YHWAQ pDM181 

myoII  GFP-myosin II pDRH; mCherry-YHWAS pDM181 

cortI FLAG-GFP-cortexillin I pDRH; pDM181 

cortI FLAG-GFP pDRH; pDM181 

iqg2 FLAG-GFP-IQGAP2 pDRH; pDM181 

iqg2 FLAG-GFP pDRH; pDM181 

cortI/II FLAG-GFP-IQGAP2 pDRH; pDM181 

cortI/II FLAG-GFP pDRH; pDM181 

KAx3 FLAG-GFP pDRH; pDM181 

KAx3 GFP pDM181; mCherry pDRH 

KAx3 GFP-5aa-mCherry pDM181; pDRH 

myoII GFP-myosin-II pBig; mCherry pDRH 

myoII GFP-myosin S1-mCherry pDM181 

myoII GFP-myosin-II pBig; mCherry-cortI pDRH 

myoII GFP-IQGAP2 pExp4; mCherry-myosin-II pDRH 

myoII GFP-myosin II pBig; mCherry-IQGAP2 pDRH 

myoII GFP-myosin II-3xAsp pBig; mCherry-IQGAP2 pDRH 

myoII GFP-IQGAP2 pExp4; mCherry-cortI pDRH 

cortI GFP-IQGAP2 pExp4; mCherry-cortI pDRH 

cortI GFP-myosin-II pBig; mCherry-cortI pDRH 

cortI GFP-IQGAP2 pExp4; mCherry-myosin-II pDRH 

iqg1 GFP-myosin-II pBig; mCherry-cortI pDRH 

iqg1 GFP-IQGAP1 pExp4; mCherry-cortI pDRH 

iqg1 GFP-myosin-II pBig; mCherry-IQGAP1 pDRH 

iqg1 GFP-IQGAP2 pExp4; mCherry-myosin-II pDRH 

iqg2 GFP-myosin-II pBig; mCherry-cortI pDRH 

iqg2 GFP-IQGAP2 pExp4; mCherry-cortI pDRH 

iqg2 GFP-IQGAP2 pExp4; mCherry-myosin-II pDRH 

iqg2 GFP-myosin II pBig; mCherry-IQGAP2 pDRH 

iqg1/2 GFP-IQGAP2 pExp4; mCherry-cortI pDRH 

iqg1/2 GFP-IQGAP2 pExp4; mCherry-myoII pDRH 

iqg1/2 GFP-myosin-II pBig; mCherry-cortI pDRH 

KAx3 14-3-3-GFP pLD1; pREP 

cortI GFP-mmsdh pDM181; mCherry-cortI pDRH 

myoII GFP-mmsdh pDM181; mCherry-myoII pDRH 

cortI GFP-Rac1A pDM181; mCherry-cortI pDRH 

cortI GFP-RNP-1A pLD1; mCherry-cortI pDRH 

cortI GFP-Filamin pDXA; mCherry-cortI pDRH 

cortI GFP-Discoidin 1A pDM181; mCherry-cortI pDRH 

iqg2 GFP-Rac1A pDM181; mCherry-IQGAP2 pDRH 

iqg1 GFP-Rac1A pDM181; mCherry-IQGAP2 pDRH 

cortI GFP-Rac1A pDM181; mCherry-IQGAP2 pDRH 

iqg2 GFP-Filamin pDXA; mCherry-IQGAP2 pDRH 

iqg1 GFP-Filamin pDXA; mCherry-IQGAP2 pDRH 

iqg2 GFP-Discoidin 1A pDM181; mCherry-IQGAP2 pDRH 

orfJ GFP-myosin II 3xAsp; pLD1 

orfJ GFP-myosin II 3xAsp; mmsdh pLD1 
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Anti-FLAG Co-immunoprecipitation 

Logarithmically growing cells (cortI::FLAG-GFP-cortI, cortI::FLAG-GFP, 

iqg2::FLAG-GFP-IQGAP2, iqg2::FLAG-GFP; cortI/II::FLAG-GFP-IQGAP2; cortI/II::FLAG-

GFP) were collected, washed in 1X phosphate buffered saline, and resuspended in lysis 

buffer (100 mM PIPES pH 6.8, 2.5 mM EGTA, 1 mM MgCl2, 1 mM ATP, 0.1% Triton X-

100, and protease inhibitor cocktail) at a cell density of 1 x 107 cells/mL.  Cells were 

incubated with rotation at 4°C for 30 min and lysates were centrifuged at 15,000 x g for 5 

min at 4°C to separate the soluble and cytoskeletal fractions.  The pellet from the 

‘cytoskeletal’ sample was dissolved in Release Buffer (100 mM PIPES pH 6.8, 2.5 mM 

EGTA, 1 mM MgCl2, 1 mM ATP, 200 mM NaCl and protease inhibitor cocktail), and 

incubated on a rotator for 15 min at 4°C.  The ‘cytoskeletal’ sample was then centrifuged 

at 15,000 x g for 5 min at 4°C, and the supernatant was processed for co-

immunoprecipitation.  Lysates were pre-cleared with agarose-bead-conjugated mouse 

IgG (Sigma-Aldrich) for 30 min and centrifuged at 5000 x g for 1 min.  Supernatants were 

transferred to tubes containing 40 μL pre-washed agarose-bead-conjugated-anti-FLAG 

antibody (Sigma-Aldrich) overnight at 4°C.  The resin was washed four times with 1X TBS, 

and eluted with sample buffer for western analysis. 

Single-Molecule Pull-down (SiMPull) 

We can use single-molecule pull-down to measure the stoichiometries of proteins 

in complexes.  Proteins of interest fused with fluorescent proteins are co-expressed in 

cells.  Transformed cells were washed once in 1X phosphate buffered saline, resuspended 

in lysis buffer (as described above) at a cell density of 5x107 cells/mL. Cells were rotated 

at 4°C for 15 min, and centrifuged at 15,000 x g for 5 min to remove cell debris. Lysate 

was added to slides coated with biotinylated antibodies as previously described 
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Fluorescence Correlation Spectroscopy (FCS) 

The diffusion and mobility of a protein dictates its lifetime dynamics and the 

complexes it may be part of.  This information is invaluable for developing quantitative 

models that explain the behavior of the individual protein, and ultimately, the process in 

which it participates. Macromolecules can passively diffuse or actively move within the 

cytoplasm of a cell. Passive diffusion is dependent upon the viscosity of the cytoplasm 

and the size and shape of the molecule, occurring on the order of 5 μm2/s. Molecular 

motors, such as kinesin and myosin, drive directed transport along microtubules and actin, 

moving cargo on the order of 1 μm/s.  Molecular motors can also “stir” the cytoplasm, 

actively increasing the apparent diffusion of a protein (Guo et al., 2014).  Determining 

diffusion times of proteins may help decipher mechanisms of a process, and help establish 

mathematical models that predict biological behavior. Models that describe the 

mechanosensing behavior of proteins and the cortical viscoelasticity of the cell enhance 

our understanding of the role of a mechanical meshwork of actin, motors, and crosslinking 

proteins during furrow ingression (Luo et al., 2012; Poirier et al., 2012; Luo et al., 2013; 

Mohan et al., 2015).   

Fluorescence Correlation Spectroscopy (FCS) is a particularly powerful method for 

measuring diffusion and mobility inside cells. FCS has been used to measure diffusion of 

molecules in vitro and in vivo, under different stages of the cell cycle and mechanical and 

pharmacological perturbations. Diffusion and mobility parameters can be extracted from 

the intensity fluctuations of a fluorescently-labeled protein or molecule in a confocal voxel. 

A correlation function is used to determine the number of fluorescent particles present in 

the volume over the time course, and single- or multiple-component fits are used to 

calculate the diffusion time, which is the average time required to diffuse across the 

confocal volume. The diffusion time extracted is then used to determine diffusion 

coefficients. This quantitative analysis also provides information on complex assembly and 
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concentration changes. A change in a protein’s diffusion time can reflect a change in the 

cytoskeletal and biochemical interactions in the network. For example, changes in the 

dynamics of cortexillin I, an actin-bundling protein, and IQGAP2, a scaffolding protein, 

were studied by FCS in different genetic backgrounds of Dictyostelium cells. In an iqgap2 

null background, cortexillin I showed a 30% increase in cytoplasmic diffusion time, 

suggesting that it engages in different biochemical interactions when IQGAP2 is absent 

(Srivastava and Robinson, 2015).  In addition, FCS was used to demonstrate that global 

mechanical stresses change protein dynamics, as cortexillin I in compressed cells had 

two-fold slower diffusion rates (Srivastava and Robinson, 2015).  The ability to study these 

dynamics in live cells on the microsecond and nanometer scale is crucial for 

understanding how changes in the cell cycle and external perturbations affect protein 

diffusion and mobility, which ultimately affect the cell’s biochemistry.   

 

Experimental Setup 

FCS experiments were performed on interphase cells as described at ambient 

temperature (~20-23°C, normal growth temperatures for Dictyostelium cells) using a Zeiss 

AxioObserver with 780-Quasar confocal module & FCS, with a C-Apochromat 40x (NA 

1.2) water objective to image a confocal volume of approximately 0.5 femtoliter (Srivastava 

and Robinson, 2015; West-Foyle et al., 2018) An avalanche photodiode detects the 

fluorescence fluctuations within the volume and the signal is auto-correlated over time 

(Fig. 2.2) (Bacia et al., 2006; Bulseco and Wolf, 2013).  Having a small number of particles, 

ideally less than 100, in the volume is essential for accurately identifying small changes. 

Software, such as Zen, include equations with single- or multiple- component fits to 

determine correlation values and diffusion times (Carl Zeiss Microimaging, Guide to Basic 

FCS Experiments). Fluorescence fluctuations are the result of species mobility, as well as 

various inter- and intramolecular interactions. Fluctuations may also occur due to a change 
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and pinhole. 100 nM Rhodamine 6G was used for pinhole alignment and structural 

parameter calculation as previously described (Srivastava and Robinson, 2015).  A 

structural parameter of 6 was used and the confocal volume was measured to be 0.45 fL 

(Bacia et al, 2006; Srivastava and Robinson, 2015). The correction collar of the objective 

must be adjusted to achieve the highest count rate from the dye. This adjustment corrects 

for the thickness of the cover glass. Next, the pinhole must be aligned; most software 

packages have automatic adjustments in the x and y directions to maximize the count rate 

from the dye. The pinhole should be set to one airy unit to create the smallest confocal 

volume possible.  

 

II. Monitoring fluorescence fluctuations 

When imaging the calibration dye or a fluorescently-labeled species in solution, images 

can be acquired continuously for ten seconds with ten repetitions. When imaging in live 

cells, shorter acquisition times with fewer repetitions (we typically use five repetitions of 

two-second time-lapses for Dictyostelium) should be used to avoid artifacts from active 

cell migration and photobleaching.  While Dictyostelium were imaged at ambient room 

temperature (approximately 25°C), mammalian cells were allowed to settle on glass 

coverslips overnight and imaged at 37°C and 5% CO2.   

 

III. Fitting to models 

The fluorescence fluctuations over time are analyzed to yield an auto-correlation value, 𝐺𝑥 (Equation 3):  

 

𝐺𝑥 =  〈𝛿𝐹(𝑡) ∙ 𝛿𝐹(𝑡 + 𝜏)〉〈𝐹(𝑡)〉2 , (3) 
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where t is time and F(t) is the fluorescence fluctuation detected. While 𝐺𝑥 is a value from 

0 to 1, 0 being no correlation and 1 being complete correlation, the software adjusts this 

range from 1 to 2 to simplify calculations (Bulseco and Wolf, 2013).   

The structural parameter is the ratio of the axial resolution to the radial resolution 

and is typically between 5 and 7. This is calculated from the diffusion time of the calibration 

dye. To account for the triplet state excitation, a triplet state component is added to the fit. 

However, since this state should be rapid, its fit should be restricted to a maximum of 8 

μs. Thus, data was fit to a single-component 3D diffusion model, including a triplet-state 

component with an upper limit of 8 µs (as described in (Kothari et al., 2017).  In addition, 

the data can be fit to a single-component or multiple-component 3D diffusion model, 

depending on the species measured. Because the algorithm may not correctly identify 

separate groups within the data, we focused on simpler models that include single 

components. The data are then fit to a one-component model to generate a parameter set 

that may represent a distribution of species.   

 

IV. Data analysis  

Once the correlation plots have been fit to the models, the resulting parameters can be 

analyzed to extract information on the number of species within the volume and their 

average diffusion time. However, not every trace may fit the model well. The residual trace 

shows how the data deviates from the fit and is helpful in determining whether the model 

is an accurate representation of the data. Occasionally, the fluorescently-labeled species 

may aggregate, either in solution or in live cells. During live cell FCS, an organelle or large 

fluorescing species may enter the imaging volume. Such aggregates or disturbances can 

be detected in the trace as significant deviations or non-uniform fluctuations in the count 

rate. These traces may be removed from the analysis. Traces that show photobleaching 
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over time should also be discarded. The remaining traces are averaged, the data is fit to 

the model, and an average diffusion time is extracted. This diffusion time can then be 

converted into a diffusion coefficient using the dye as calibration for the confocal volume 

shape and size. This analysis is used to measure diffusion times, and also to determine 

the assembly of complexes, binding stoichiometry, and changes in the network. To 

measure interactions between two specific proteins or molecules, FCS may be performed 

with two colors, a technique known as Fluorescence Cross-Correlation Spectroscopy (see 

next).  

  

Fluorescence Cross-Correlation Spectroscopy (FCCS) 

Fluorescence Cross-Correlation Spectroscopy (FCCS) involves imaging intensity 

fluctuations of two different fluorophores within the same focal volume. A significant cross-

correlation between the species suggests that the two species might associate based on 

the probability of the two different fluorophores diffusing in or out of the volume 

simultaneously. FCCS allows for quantitative interaction measurements between two 

species in vitro and detection of associative interactions in vivo, yielding information on 

interaction strengths, dissociation constants, and binding stoichiometries. Traditional 

methods of studying protein-protein interactions in cells, such as co-immunoprecipitation 

(co-IP) and Förster Resonance Energy Transfer (FRET), have their own significant 

limitations. Co-IP requires lysing the cells and a time delay as the extracts are exposed to 

beads, washed, and eluted; this readily detects very stable associations, but disrupts more 

transient ones. FRET requires that the donor and acceptor fluorophores reside within a 

minimal distance in a relatively optimal orientation. FCCS circumvents both types of 

issues; cells remain intact, and fluorophores do not have to reside within an optimal 

distance or orientation. Performing FCCS in vivo facilitates analysis of protein-protein 

interactions in context and allows for the relatively easy process of incorporating acute 
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and genetic perturbations. In the context of cytokinesis, it allows for a comparison between 

interactions at the cleavage furrow and those that occur globally. In addition, FCCS is 

sensitive enough to identify transient interactions that may not be detectable by co-IP 

(Bacia et al., 2006; Bacia and Schwille, 2007).   

FCCS requires that two species be labeled with different fluorophores with little 

overlap in excitation and emission spectra to prevent cross-talk. However, the confocal 

volumes must have significant overlap to allow for accurate cross-correlation. If the system 

has one confocal pinhole, then the volume must be adjusted to a single wavelength. 

However, if two pinholes are used, the two volumes may be set for closer overlap. 

Although FCCS in vitro can provide reliable measurement of a dissociation constant, Kd, 

measurement in vivo is limited to relative interaction strengths. This limitation comes from 

the fact that proteins may be involved in interactions with multiple cellular factors, which 

complicates the measurement of a true Kd. Further, expression of the fluorescent protein 

in addition to an unlabeled endogenous population complicates the Kd assessment as well. 

In addition, the presence of organelles and cytoskeletal networks will also affect cross-

correlation. However, the relative interaction strength is still a valuable measurement for 

characterizing novel, transient interactions that have an impact on biological processes.    

For negative controls, we measured the interaction between co-expressed soluble 

GFP and mCherry, as well as co-expressed soluble mCherry and GFP-myosin, to 

compensate for the slower diffusion time of larger proteins.  As positive controls, we 

compared the interaction between GFP attached to mCherry by a 5-amino acid flexible 

linker as well as fluorophores linked by the myosin II S1 fragment.  Where possible, we 

also switched fluorophores to ensure binding affinities were not dependent upon 

fluorophore interactions.  In addition, to confirm the full range of the experimental setup, 

we measured dual-color fluorescent beads in solution, which showed maximal auto-and 

cross-correlations of 0.25 and a measured KD of 1 pM.   
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The in vivo KD was calculated using Equation 4, where N is Avogadro’s number, 

V is volume, Gx is the cross-correlation and Ga and Gb refer to the auto-correlation values 

for GFP and mCherry as extracted from the Zen imaging software (Bierbaum and 

Bastiaens, 2013; Kothari et al., 2017; West-Foyle et al., 2018). 

𝑖𝑛 𝑣𝑖𝑣𝑜 KD =  𝐺𝑥𝑁 ∙ 𝑉 ∙ 𝐺𝑎 ∙ 𝐺𝑏 ∙ (𝐺𝑎𝐺𝑥 − 1) ∙ (𝐺𝑏𝐺𝑥 − 1) . (4) 

 

The cross-correlation function, 𝐺𝑥 , is a measure of how well the fluorescence fluctuations 

from the two different channels correlate over time, and is calculated using Equation 5: 

 

𝐺𝑥 =  〈𝛿𝐹𝐴(𝑡) ∙ 𝛿𝐹𝐵(𝑡 + 𝜏)〉〈𝐹𝐴(𝑡)〉〈𝐹𝐵(𝑡)〉 , (5) 

 

where t is time, and F(t) is the fluorescence fluctuation in either the green or red channel. 

The cross-correlation value ranges from 0 to 1, with 0 being no cross-correlation, and 1 

being complete correlation. The scale is again adjusted from 1 to 2, and we find that values 

generally range between 1.001 to 1.1 in live cells, and between 1.05 to 1.2 for species in 

solution.  

The experimental setup used for FCCS is similar to the one used for FCS, but the 

additional laser that excites the second fluorophore creates a second confocal volume. 

When acquiring traces, the two lasers simultaneously excite the sample, and fluorescence 

fluctuations from both channels are recorded. This results in three plots: two auto-

correlation plots (one for each channel), and one cross-correlation plot. The traces with 

aggregates or photobleaching are discarded, and the correlations are fit to the model.  
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Fluorescence Recovery after Photobleaching (FRAP) 

Fluorescence Recovery after Photobleaching (FRAP) is a commonly used 

technique to measure turnover dynamics of proteins in cells. A region of a cell expressing 

the fluorescent protein of interest is photobleached using a laser, and that region is imaged 

over time to measure the rate of fluorescence recovery by unbleached, fluorescent 

molecules from outside the region (Jacobson et al., 1976; Lippincott-Schwartz et al., 

2001).  The resulting recovery curve can be used to calculate the rate of movement, the 

release time from other binding interactions, and the fraction of the protein that is mobile. 

For proteins that recover on the order of hundreds of milliseconds to seconds, the recovery 

time is generally dominated by the unbinding kinetics of the protein from its binding 

partners. This unbinding may reflect the release time of the bleached protein or, more 

commonly, release of the unbleached protein from nearby pools. In contrast, a protein with 

low turnover dynamics may be incredibly stable. Proteins may also fail to recover to the 

initial fluorescence intensity due to their deep associations in larger complexes and 

networks. Once the images have been corrected for photobleaching, the percent recovery 

represents the population of the protein that is mobile within the cell.  

Experimental Setup 

A few images of the region of interest are taken to quantify the intensity of the 

fluorescence before photobleaching. A small region is photobleached with a laser of the 

excitation wavelength of the fluorescent protein. This region is then imaged over time until 

recovery has saturated. An unbleached region of the cell is also imaged simultaneously 

to account for photobleaching due to image acquisition over time. The average intensity 

of the bleached region, the control unbleached region, and background are quantified.   

 

After background correction, the intensity is fit to a single exponential form, Equation 5: 
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 𝑁𝐼 (𝑡) =  𝑚1(1 − 𝑚2 ∙ 𝑒−𝑘𝑡 , (5) 

where 𝑚1and 𝑚2 are fitting parameters.  The immobile fraction may be quantified by 

Equation 6: 

𝐹𝑖 =  1 − 𝑚11 − 𝑚1 + 𝑚2 , (6) 

Quantifying this recovery of intensity can yield insight into the kinetics and complexes of 

protein dynamics (Srivastava and Robinson, 2015).   

Agarose Overlay 
 
Agarose overlay is used to apply a global compressive stress to cells (Kee et al., 2012).  

Proteins that are mechanoresponsive respond by accumulating at the cell cortex.  Thin 

sheets of 2% agarose in MES starvation buffer (50 mM MES pH 6.8, 2 mM MgCl2, and 

0.2 mM CaCl2) were made as described previously (Kee et al., 2012; Srivastava and 

Robinson, 2015).  Cells were plated for one hour before changing the media to MES 

starvation buffer and imaging the cells in their normal, uncompressed state. A sheet of 

agarose was placed on the cells and the buffer below was removed.  Imaging was started 

after cells appeared flattened (~2-5 minutes).  Cells were imaged for 10 minutes before 

changing slides.  

Statistics 

Pre-established data inclusion/ exclusion criteria: For FCCS, a single cell trace was only 

excluded if photobleaching was detected or the count rate deviated over 50%, indicating 

the presence of an organelle or aggregate diffusing through the confocal volume. For 

SiMPull, images were only excluded from analysis if molecules were pre-bleached due to 

an acquisition issue during the experiment.  
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Statistical analysis: An ANOVA followed by a Fisher’s Least Square Difference post hoc 

test (  0.05) or Kruskal-Wallis followed by a Wilcoxon-Mann-Whitney test was used. 

Statistical analysis was performed using KaleidaGraph (Synergy Software) or the 

Hartigans’ dip test for unimodality (R statistical package).   

 

Note: Text and figures from this section have been adapted from (Kothari et al., 2017; 

Kothari et al., 2019b).   
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eliminating any endogenous myosin II.  However, because 14-3-3 is an essential protein, 

its gene cannot be deleted.  In comparison to the GFP-mCherry fusion positive control, 

which measured an in vivo KD of 0.62  0.075 µM, the negative control (cells co-expressing 

GFP-myosin II and mCherry alone) measured 1.43  0.63 µM.  We then measured the 

association between mCherry-myosin II and 14-3-3-GFP to be 0.90  0.21 µM, which was 

significantly different from the negative control, suggesting that indeed myosin II and 14-

3-3 interact in the same complex in live cells (Fig. 3.1).  Interestingly, titration experiments 

of purified myosin II tail fragment against 14-3-3 measured an apparent KD of 0.45  0.25 

µM, which is within range of the measured value from FCCS, suggesting that at least in 

this case, the in vivo KD values measured are comparable to those measured in vitro.   

In addition to studying these interactions with Dictyostelium proteins, purified 

mammalian 14-3-3 isoforms, including  and , also solubilized myosin IIA (human), 

myosin IIB (human), and myosin IIC (mouse) tail fragments.  Because of the high 

sequence identity between 14-3-3s from Dictyostelium and humans, we explored the 

interactions between Dicytostelium myosin II and human 14-3-3 proteins.  Indeed, in 

Dictyostelium, human mCherry-labeled 14-3-3s  and  also interact with GFP-myosin II 

by FCCS, returning in vivo KD values of 1.2  0.31 µM and 0.89  0.23 µM, respectively 

(Fig. 3.1).  This work, in combination with the in vitro biochemistry, genetics, and 

biophysical measurements, supports the hypothesis that 14-3-3 directly binds myosin II 

inhibits assembly into bipolar thick filaments.  This regulation provides insight into a 

mechanistic link between microtubule dynamics, small GTPase RacE, and myosin II 

assembly that controls cortical dynamics and cell shape change (Zhou et al., 2010).    

   

Note: Text and figures from this section have been adapted from (West-Foyle et al., 2018). 
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Chapter 4 Contractility kits promote assembly of the 
mechanoresponsive cytoskeletal network 

As mentioned before, the molecular mechanisms and biochemical interactions 

through which mechanoresponsive proteins accumulate at the sites of stress in the cortex 

are poorly understood.  One possibility is that diffusion-dependent encounters with the 

cortex allows for proteins to bind the cytoskeletal network individually, eventually leading 

to accumulation.  Alternatively, pre-assembled complexes, or “assembly kits”, of 

mechanoresponsive proteins may exist in the cytoplasm, ready to engage with the cortical 

network upon the detection of two events: (1) encountering the cortex upon diffusion and 

(2) sensing a specific chemical or mechanical signal.  These assembly kits may then be 

unpacked, providing all the necessary components for mechanoresponse, thus permitting 

a faster response to mechanical stress than if the proteins had to accumulate individually 

(Fig. 4.1A).  However, such a view of mechanoresponse has not been explored. 
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Identification of direct, biochemical interactions within the mechanobiome 

We first identified the molecular interactions that might be central to the 

mechanobiome using a proteomics approach in Dictyostelium.  We used 

immunoprecipitation followed by liquid chromatography-mass spectrometry (LC-MS) to 

detect biochemical interactors of two key nodes, IQGAP2 and cortexillin I.  We used 

cytoskeletal fractionation to identify protein interactions in the cytoplasm and in the cortical 

cytoskeleton. By doing so, we aimed to increase the likelihood of identifying key 

interactors, which could differ between these cellular compartments.     Performing LC-MS 

on cytosolic and cytoskeletal precipitates of FLAG-GFP-IQGAP2 in an iqg2 null and 

FLAG-GFP-cortexillin I in a cortI null allowed us to identify relevant molecular complexes, 

as well as novel regulators of contractility.  As cortexillins are major interactors of the 

IQGAPs (Faix et al., 2001), we also carried out proteomic analysis on IQGAP2-binding 

proteins in a cortI/II null background to identify cortexillin-independent interactions. G-

score analysis identified 51 and 24 unique binding partners of cortexillin I and IQGAP2, 

respectively.  Consistent with previous reports, we confirmed the IQGAP2-cortexillin I 

interaction, as well as cortexillin I interactions with Rac1A, IQGAP1, and cortexillin II, 

thereby validating our approach (Faix et al., 1998; Faix et al., 2001; Lee et al., 2010; 

Mondal et al., 2010).  Interestingly, IQGAP1 did not co-precipitate with IQGAP2, 

suggesting two separate cellular pools of cortexillin I-IQGAP complexes.   

We compared the significant hits with other proteins we have previously implicated 

in the mechanobiome, generating a list of fourteen potential interactors of cortexillin I and 

IQGAP2 (Fig. 4.1B).  Interestingly, several hits were previously discovered through 

genetic suppression selections in Dictyostelium.  We detected methylmalonate-

semialdehyde dehydrogenase (mmsdh), an enzyme that catalyzes the production of 

propionyl- and acetyl-coA, as an interactor of cortexillin I.  Overexpression of mmsdh was 

previously shown to suppress the dominant-negative phenotype of a myosin II 
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phosphomimetic in Dictyostelium (Ren et al., 2014).  RNA-binding protein 1B (RNP-1B) 

was also identified as a binding partner of cortexillin I, which is curious since 

overexpression of the related protein RNP-1A suppresses the effect of nocodazole on 

growth of Dictyostelium (Zhou et al., 2010; Ngo et al., 2016).  The galactose-binding lectin 

discoidins, which were previously demonstrated to be genetic suppressors of cortI null 

cells (Robinson and Spudich, 2000), were detected as interactors with IQGAP2 by 

proteomics in the presence of cortexillin I and II. 

In addition, several cytoskeletal proteins emerged as cortexillin I and IQGAP2 

binding partners and were detected in the absence of actin, suggesting they directly 

interact or exist in complexes within the cytoplasm independent of actin filaments.  Actin 

precipitated in the cytosolic fraction of cortexillin I, which is expected since cortexillin I is 

known to bind and cross-link filamentous actin.  However, actin was undetectable in the 

cytoskeletal fraction of the cortexillin I precipitate, which was isolated by salt extracting the 

initial pellet isolated during preparation of the cytosolic fraction.  In this cortexillin I 

cytoskeletal fraction, we still detected interactions with myosin II, cortexillin II, IQGAP1, 

IQGAP2, Rac1A, and RNP-1B, indicating that these are not simply indirect interactions 

through the actin cytoskeletal network.  In addition, actin was absent from the soluble 

precipitate of IQGAP2 in the complemented iqg2 null and cortI/II null background, where 

interactions with myosin II, capping protein acpB, and cell division cycle protein 48 were 

still detected.  

Significantly, myosin II (heavy chain and the essential light chain) emerged as a 

strong interactor of cortexillin I and IQGAP2 in the cytoskeletal and cytosolic fractions (Fig. 

4.1B), suggesting that large multi-protein complexes exist within the cell cortex and 

cytoplasm. The IQGAP2-myosin II interaction was preserved in the cortI/II background, 

indicating that this association occurs independently of cortexillin.  The saturating 

Mg2+•ATP conditions during the immunoprecipitations, which minimize stable myosin II-
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actin binding, and the absence of actin in the cortexillin I cytoskeletal fraction and IQGAP2 

cytosolic fraction precipitates indicate that actin is not necessary for these interactions. 

We also validated the cortexillin I-myosin II association through co-immunoprecipitation 

with FLAG-GFP-cortexillin I in the cytosolic and cytoskeletal fractions (Fig. 4.1C).  Given 

the importance of cortexillin I, IQGAP2, and myosin II in the contractility controller, we next 

characterized these interactions in vivo, studying their associations in the relevant context, 

rather than in cell lysates.  

Cortexillin I and IQGAP2 interact with myosin II in vivo 

We used Fluorescence Cross-Correlation Spectroscopy (FCCS) in live interphase 

cells to quantitatively characterize key protein interactions identified through mass 

spectrometry within their native cytoplasmic environment.  Interactions were measured in 

each corresponding complemented-null background wherever possible to account for 

unlabeled protein in the cell.   

We again measured in vivo KD values of positive and negative controls to assess 

the dynamic range of FCCS in our system.  As a negative control and lower limit for 

binding, cells co-expressing GFP or GFP-myosin II with mCherry measured in vivo KD 

values of 3.5 µM (Fig. 4.2B).  In contrast, cells where GFP was directly linked to mCherry 

by either a 5-amino acid flexible linker or the myosin II-S1 fragment showed in vivo KD 

values of 0.50 µM (Fig. 4.2B), representing positive controls, or maximum binding.  We 

found that protein concentration did not correlate with in vivo KD within our measurable 

range (Fig. 4.3).  Next, we measured the in vivo KD between cortexillin I and myosin II to 

be ~0.6 µM in myoII null and cortI null backgrounds, indicating their presence within the 

same complexes in vivo.  Importantly, this interaction was maintained in iqg1, iqg2, and 

iqg1/2 null backgrounds (in vivo KD values of 0.96, 0.38, and 0.42 µM, respectively) (Fig. 

4.2C).  Thus, the cooperative mechanoresponsiveness of myosin II and cortexillin I that is 
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retained in an iqg1/2 null background (Kee et al., 2012; Luo et al., 2012) is likely due to 

their association in these complexes, or mechanoresponsive contractility kits (MCKs). (All 

concentrations and binding affinity values may be found in Table 2.).  
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II in vivo KD, indicating that interactions detected by FCCS are independent of the actin 

network (Fig. 4.2C). However, Latrunculin A treatment did decrease the mobility of myosin 

II in the cortI null background (Fig. 4.4B).  If indeed more myosin II-cortexillin I complexes 

are formed in the cortI null, changing the cytoskeletal architecture of the cells may release 

bound complexes from the network, causing a detectable mobility shift in myosin II. 

We then turned to the cortexillin-binding partner IQGAP2, which relieves IQGAP1-

mediated inhibition of myosin II mechanoresponsiveness (Kee et al., 2012).  We detected 

a positive interaction between IQGAP2 and myosin II by FCCS when complementing a 

myoII null (in vivo KD of 0.36 µM), but the interaction was much weaker in an iqg2 null (in 

vivo KD of 1.5 µM) (Fig. 4.2D). Removing IQGAP1 from the cell restored the interaction 

(0.31 and 0.53 µM in iqg1 and iqg1/2 nulls), implicating IQGAP1 as an inhibitor of the 
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also interacts with an assembly-deficient phosphomimetic myosin II, myosin-3xAsp, 

indicating that the IQGAP2-myosin II binding is independent of wild-type myosin assembly 

(Egelhoff et al., 1993) (Fig. 4.2D).  The correlation times of myosin II increase upon over-

expression of IQGAP2 in a myoII null, suggesting increased complex formation (Fig. 

4.4C).  For IQGAP1 to prevent or disassemble the IQGAP2-myosin II complexes through 

competition, IQGAP1 could also interact with myosin II, which we detected by FCCS (in 

vivo KD of 0.28 µM) (Fig. 4.4D).   

Regulatory proteins also interact with the contractility controller 

In addition to characterizing the core components of the contractility controller, we 

also measured the binding affinities of several other interactions identified through the 

proteomics effort.  Filamin interacted with cortexillin I and IQGAP2 as determined by FCCS 

(in vivo KD values of 0.40 and 0.69 µM, respectively) (Fig. 4.5A).  Although Rac1A was 

found to be an interactor of cortexillin I through proteomics, this interaction could not be 

detected by FCCS (in vivo KD of 1.8 µM, not statistically significantly different from the 

negative control due to the width of the distribution), which could be due to the presence 

of both active and inactive populations of Rac1A and speaks to the sensitivity of mass 

spectrometry.  However, IQGAP2 did weakly interact with Rac1A in a complemented iqg2 

null and a cortI null (in vivo KD values 1.5 and 1.3 µM, respectively), but failed to interact 

in the absence of IQGAP1 (in vivo KD of 12 µM) (Fig. 4.5B).  Either IQGAP1 is required 

for the Rac1A-IQGAP2 interaction, or increased competition from myosin II or cortexillin I 

in the iqg1 null prevents detection of the interaction.  By FCCS, we also detected mmsdh 

interactions with cortexillin I, as suggested by mass spectrometry, and with myosin II (in 

vivo KD values of 1.5 and 0.87 µM, respectively) (Fig. 4.5C).  RNP-1A also interacts with 

cortexillin (in vivo KD of 0.33 µM), and the discoidin complex subunit 1A associates with 

cortexillin I and IQGAP2 (in vivo KD values of 1.6 and 1.5 µM, respectively) (Fig. 4.5C,D).  
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IQGAP1 inhibits the interaction between cortexillin I and IQGAP2 

We used FCCS to determine whether IQGAP1 has a similar inhibitory effect on the 

IQGAP2-cortexillin I interaction.  We found an association between IQGAP2 and cortexillin 

I in a complemented cortI null (in vivo KD of 0.38 µM), and in the absence of myosin II (in 

vivo KD of 0.21 µM), but not in the complemented iqg2 null (in vivo KD of 2.7 µM) (Fig. 

4.6A).  Competition from unlabeled cortexillin I in the iqg2 null may prevent detection of 

an interaction, implicating IQGAP2 as the limiting factor for this complex.  Consistently, 

distribution of the correlation times for cortexillin I is weakly bimodal (p=0.045), suggesting 

a population of bound and unbound protein, while correlation times for IQGAP2 increase 

from the cortI to the iqg2 null (Fig. 4.6B).  In addition, endogenous IQGAP1 may compete 

with IQGAP2 for binding cortexillin I.  Consistent with this idea, removing IQGAP1 

increased the binding affinity between IQGAP2 and cortexillin I by 30-fold, shifting the in 

vivo KD to 0.12 µM in an iqg1/2 null (Fig. 4.6A).  Moreover, the correlation times of IQGAP2 

and cortexillin I increased 7-18-fold over that seen with the cortI null, reflecting much larger 

complexes in the cytoplasm of an iqg1/2 null (Fig. 4.6B).  These drastic changes in 

affinities and correlation times were unperturbed upon treatment with Latrunculin A, 

indicating that the shifts are not due to interactions with the actin network or the formation 

of complexes sufficiently large to be restricted by the actin meshwork pore size (Fig. 4.7A, 

B).  Since cortexillin I binds IQGAP1 as well (Faix et al., 2001) (Fig. 4.4D), to further probe 

the formation of the MCKs in the cytoplasm, we examined the stoichiometries of the 

individual interactions. 
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GFP-IQGAP1 and GFP-IQGAP2 using antibodies against GFP, RFP, and cortexillin I 

further confirmed cortexillin I binding to IQGAP1 and IQGAP2 and motivated analysis of 

the stoichiometries of these complexes (Fig. 4.8B,C).  
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  The linked and unlinked GFP and mCherry showed ~20% two-step 

photobleaching, while the known dimeric protein 14-3-3-GFP showed 35% two-step 

photobleaching.  The mean-plus-two standard deviations of the linked and unlinked 

fluorophores was 27%, and thus, we considered 27% two-step photobleaching as a 

threshold whereby proteins that scored above or below this level were considered 

predominantly dimeric or monomeric, respectively.  Based on these metrics, we conclude 

that both cortexillin I and IQGAP1 form complexes with two subunits each, while just a 
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Table 2: Concentrations and in vivo KD’s by FCCS 
 
Concentrations and in vivo KD’s are presented. Top row in italics indicates genetic 
background for each parameter set. Concentrations of Cortexillin I, Myosin II, IQGAP1, 
and Filamin are in µM dimer (in this case, when we refer to the myosin II dimer, this is the 
hexamer with two heavy chains and four light chains, which constitutes the functional 
‘monomer’) while concentrations of IQGAP2, Mmsdh, RNP1A, Rac1A, and Discoidin 1A 
are in µM monomer. Concentrations were normally distributed in real space and are listed as 
mean ± s.e.m.  For in vivo KD’s, values were broadly distributed and nearly log normal. 
Therefore, in the top row, the log-space median values are provided with real space 
transformed medians with units in µM included in the parentheses.  The log-space mean 
± s.e.m. values are provided in the bottom row.    
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 cortI myoII iqg2 iqg1/2 

 Conc. in vivo KD Conc. in vivo KD Conc. in vivo KD Conc, in vivo KD 

Cortexillin I 4.4 ± 0.44 µM -0.42 (0.38 µM) 
-0.43 ± 0.05 

3.6 ± 0.43 µM -0.68 (0.21 µM) 
-0.71 ± 0.03  

3.3 ± 0.29 µM 0.44 (2.7 µM) 
0.53 ± 0.19 

5.6 ± 0.67 µM -0.92 (0.12 µM) 
-0.96 ± 0.11 IQGAP2 4.4 ± 0.43 µM 6.2 ± 0.65 µM 6.1 ± 0.69 µM 6.9 ± 0.55 µM 

 

 cortI myoII iqg2 iqg1/2 

 Conc. in vivo KD Conc. in vivo KD Conc. in vivo KD Conc. in vivo KD 

Cortexillin I 3.1 ± 0.17 µM -0.19 (0.65 µM) 
-0.17 ± 0.08 

2.0 ± 0.11 µM -0.30 (0.50 µM) 
-0.25 ± 0.11 

2.0 ± 0.22 µM -0.42 (0.38 µM) 
-0.48 ± 0.14 

1.8 ± 0.16 µM -0.37 (0.42 µM) 
0.12 ± 0.33 Myosin II 2.1 ± 0.11 µM 1.6 ± 0.13 µM 2.0 ± 0.28 µM 1.5 ± 0.38 µM 

 
 
 
 
 
 

 cortI myoII iqg2 iqg1/2 

 Conc. in vivo KD Conc. in vivo KD Conc. in vivo KD Conc. in vivo KD 

IQGAP2 5.8 ± 0.72 µM -0.07 (0.85 µM)  
0.08 ± 0.32  

7.2 ± 0.50 µM -0.45 (0.36 µM)  
-0.46 ± 0.09 

4.9 ± 0.93 µM 0.17 (1.5 µM)  
0.24 ± 0.17 

8.3 ± 1.3 µM -0.10 (0.80 µM) 
-0.07 ± 0.14 Myosin II 3.6 ± 0.27 µM 2.9 ± 0.25 µM 2.6 ± 0.53 µM 4.4 ± 0.5 µM 

 
 
 
 
 
 

  
 
 

 

 

 

  

 iqg1 

 Conc. in vivo KD 

Cortexillin I 2.5 ± 0.21 µM -0.23 (0.58 µM) 
-0.29 ± 0.10 Myosin II 1.7 ± 0.15 µM 

 iqg1 

 Conc. in vivo KD 

IQGAP2 6.4 ± 1.6 µM -0.51 (0.31 µM) 
-0.55 ± 0.15 Myosin II 3.3 ± 0.38 µM 

 iqg1 

 Conc. in vivo KD 

Cortexillin I 7.1 ± 0.69 µM -0.63 (0.23 µM) 
-0.73 ± 0.10 IQGAP1 5.2 ± 0.44 µM 

 iqg1 

 Conc. in vivo KD 

Myosin II 2.2 ± 0.19 µM -0.56 (0.28 µM) 
-0.55 ± 0.08 IQGAP1 3.5 ± 0.56 µM 
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 iqg2 cortI iqg1 

 Conc. in vivo KD Conc. in vivo KD Conc. in vivo KD 

IQGAP2 4.6 ± 0.41 µM  -0.17 (0.69 µM) 
-0.10 ± 0.11 

5.7 ± 0.49 µM -0.05 (0.90 µM)  
-0.09 ± 0.09  

11 ± 2.1 µM -0.43 (0.37 µM)  
-0.41 ± 0.13  Filamin 1.3 ± 0.13 µM 2.1 ± 0.26 µM 2.6 ± 0.48 µM 

 

 iqg2 cortI iqg1 

 Conc. in vivo KD Conc. in vivo KD Conc. in vivo KD 

IQGAP2 5.0 ± 0.66 µM 0.19 (1.5 µM)  
0.26 ± 0.22 

7.2 ± 0.49 µM 0.11 (1.3 µM) 
0.17 ± 0.10 

19 ± 2.9 µM 1.1 (12 µM) 
0.98 ± 0.13 Rac1A 5.9 ± 1.1 µM 10 ± 1.1 µM 6.5 ± 0.57 µM 

 
 
 
 
 
 

 
 
 
 
 

 

 cortI 

     Conc. in vivo KD 

Cortexillin I 3.7 ± 0.26 µM 0.17 (1.5 µM) 
0.08 ± 0.10 Discoidin 1A 5.9 ± 0.78 µM 

 
 

 cortI 

 Conc. in vivo KD 

Cortexillin I 3.2 ± 0.20 µM 0.24 (1.8 µM)  
0.37 ± 0.17 Rac1A 8.3 ± 0.69 µM 

 myoII 

 Conc. in vivo KD 

Myosin II 3.6 ± 0.44 µM  -0.06 (0.87 µM)  
-0.02 ± 0.07 Mmsdh 4.3 ± 1.0 µM 

 cortI 

 Conc. in vivo KD 

Cortexillin I 4.3 ± 0.53 µM  0.17 (1.5 µM)  
0.11 ± 0.07 Mmsdh 3.4 ± 0.87 µM  

 iqg2 

 Conc. in vivo KD 

IQGAP2 10.9 ± 2.0 µM 0.18 (1.5 µM)  
0.03 ± 0.20 Discoidin 1A 10.1 ± 1.9 µM 
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Chapter 5 Uncovering the role of mmsdh in the contractility 
controller 

  The proteomics analysis identified methylmalonate-semialdehyde 

dehydrogenase (mmsdh) as an interactor of cortexillin I.  Mmsdh catalyzes the production 

of propionyl- and acetyl-coA from coenzyme A and substrates from valine degradation.  

The potential interaction between mmsdh and cortexillin I is particularly exciting because 

overexpression of mmsdh suppresses the dominant-negative phenotype of a myosin II 

phosphomimetic in Dictyostelium (Ren et al., 2014).  Phosphorylation of three key 

threonines in the tail region of myosin II significantly reduces assembly of bipolar filaments.  

A phosphomimetic, 3xAsp-myosin II, fails to accumulate at the cleavage furrow in myoII 

null cells, and in a wild-type background, inhibits growth of Dictyostelium in suspension 

culture (a highly restrictive growth condition for cells with impaired cytokinesis).  Mmsdh 

overexpression partially rescued suspension growth and promoted GFP-3xAsp-myosin II 

accumulation at the cleavage furrow of myoII null cells (Ren et al., 2014).  Further, 

detecting positive cross-correlations between mmsdh and both myosin II and cortexillin I 

by FCCS also suggests a biochemical interaction between these proteins (Kothari et al., 

2019b).  Interestingly, myosin II has been shown to be acetylated during mitosis in mitotic 

cells (Chuang et al., 2010).  Moreover, imposing mechanical stress on rat sarcomeres 

increases the acetylation of cardiac myosin II, increasing myosin’s actin-binding affinity 

and power output (Samant et al., 2015).   

Therefore, it is possible that myosin II and other cytoskeletal proteins are modified 

by propionylation as well.  Histone acetyltransferases PCAF and p300 use propionyl-coA 

as a substrate in vitro, and histone deacetylase Sir2 removes the modification (Liu et al., 

2009; Choudhary et al., 2014; Kaczmarska et al., 2017).  Histones and p53 are both known 

to be propionylated in vivo, although little is known about this PTM’s role in regulation or 

what other propionylated proteins may exist (Liu et al., 2009).  We hypothesize that 
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propionylation is a post-translational modification that regulates the load-dependent 

activity of myosin II, and potentially other proteins in the control system.  Overexpression 

of mmsdh, which rescues the phosphomimetic 3xAsp-myosin II phenotype, could 

generate a larger pool of propionyl-CoA, which may lead to increased modification of 

cytoskeletal proteins and facilitate positive regulation of the mechanosensory system. 

To characterize the role of mmsdh in the contractility controller, we first explored 

whether 3xAsp myosin II dynamics were altered after overexpression of mmsdh.  We 

generated WT (Ax3(Replicase orf+), a.k.a. orfJ) cells co-expressing GFP-myosin II 3xAsp 

with either a vector control or overexpressing mmsdh. By Fluorescence Recovery After 

Photobleaching (FRAP), we did not detect any change in the immobile fraction or recovery 

time of myosin II 3xAsp (Fig. 5.1).   

Since the mutant myosin II had been shown to accumulate at the furrow of dividing 

myoII null cells, we wondered whether this was specific to load sensing or required 

chemical signaling during cytokinesis.  We used the same cell lines generated above to 

perform the agarose compression assay to test whether 3xAsp would respond to global 

      
Figure 5.1. Dynamics of GFP-3xAsp myosin II in the presence of mmsdh By FRAP, there 
is no significant difference between immobile fraction or recovery time of 3xAsp myosin II with 
overexpression of mmsdh.  
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compression to the cells, as wild-type myosin II does.  Interestingly, with the 

overexpression of mmsdh, we measured an increase in the coarseness index, or the 

standard deviation of the pixel intensity of GFP-myosin II 3xAsp cortical localization under 

global compression (Fig. 5.2).  These data suggest that mmsdh may alter filament 

assembly or myosin II actin-binding affinity specifically under load.  

 
 
 

 

A 

 
B 

 
Figure 5.2 Mmsdh overexpression alters cortical accumulation of an assembly-

deficient myosin II upon mechanical stress (A) Representative GFP and DIC images 
of WT (orfJ)::GFP-myoII 3xAsp cells expressing either pLD1 or mmsdh pLD1. Images 
of cells are shown before and after compression with an agarose sheet.  Scale bar is 10 
μm. (B) Mmsdh overexpression alters GFP-myosin II 3xAsp localization, as measured 
by normalized standard deviation of pixel density along the cortex. 
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Chapter 6 Conclusions 

At this point, we have recognized that the contractile system is structured as a 

control system composed of feedback and tunable setpoints.  The purpose of such as 

system is to respond quickly to disturbances (inputs), thereby returning the system to its 

setpoint.  This then begs the question as to how large molecular assemblies can be built 

on the 10-100 seconds time-scale.  The answer appears to lie in preformed complexes 

that exist in an equilibrium before their activation by spatial and temporal signals.   

Here, we built from an unbiased mass spectrometry analysis to highlight previously 

unappreciated components of the mechanobiome and to characterize the biochemical 

interactions that drive the contractility controller (Fig. 6.1A,B).  The combination of 

proteomics and quantitative in vivo biochemical analysis indicates that myosin II and 

cortexillin I form complexes in the cytoplasm, providing a biochemical basis for their 

cooperative mechanoaccumulation (Luo et al., 2012).  The IQGAPs also bind the 

cortexillin I-myosin II complexes, providing key regulation of these mechanoresponsive 

proteins.  Although myosin II has not been shown to interact biochemically with cortexillin 

I or IQGAP2 in Dictyostelium previously, myosin II has been shown to bind the IQGAP2 

paralog, Rng2, in Schizosaccharomyces pombe (Laporte et al., 2011; Laplante et al., 

2016).  Moreover, mammalian IQGAP1 interacts with non-muscle myosin II essential light 

chain through its IQ motif in vitro (Weissbach et al., 1998) (although it should be noted 

that the Dictyostelium IQGAPs do not contain the IQ motif).  Thus, the ability of IQGAPs 

to interact with myosin II proteins appears to be a highly conserved function, spanning a 

billion years of evolution. Perhaps it is of no surprise then that IQGAPs provide such an 

essential role in the contractility controller.   
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proteins pre-form into complexes in the cytoplasm has precedence.  Myosin II, for 

example, exists in the cytoplasm as a functional hexamer, with two essential and two 

regulatory light chains bound to a dimeric heavy chain.  It would be impractical for the cell 

to mount a response to a mechanical stress input, which propagates on the timescale of 

sub-to low numbers of seconds, if it had to assemble each heavy chain and light chain 

independently.  Scaling up, the cell appears to use this same strategy of utilizing pre-

assembled complexes by creating kits of cortexillin I-IQGAP2-myosin II (MCKs), which are 

then primed to be rapidly activated when the appropriate chemical or mechanical stimulus 

is experienced (Fig. 6.1A).   

To ensure that the system it is not overly mechanosensitive, IQGAP1 serves as a 

competitive inhibitor of IQGAP2 for cortexillin I and myosin II.  While IQGAP1 is thought 

to bind cortexillin I’s C-terminal domain and IQGAP2 binds cortexillin’s N-terminal domain, 

it is possible that interactions with two IQGAP1 molecules occlude the binding sites on 

cortexillin I for IQGAP2 (Faix et al., 2001; Mondal et al., 2010).  IQGAP1 also impedes the 

formation or promotes the disassembly of the MCKs to create a population of free, 

unbound IQGAP2 monomers thereby attenuating the sensitivity of the controller.  

Moreover, interactions between cortexillin I, IQGAP2, activated Rac1A, and filamin 

provide further spatial and temporal regulation of the controller (Faix et al., 2001; Mondal 

et al., 2010).  

Precedence for this idea of complex assembly also exists in Schizosaccharomyces 

pombe where pre-cursor nodes are used to build the cytokinetic ring. Careful 

concentration measurements and super-resolution imaging of key cytokinetic proteins 

indicate that pre-cursor structures form during mitotic entry, which are regulated by mitotic 

kinases, such as Cdr1p and Cdr2p (Vavylonis et al., 2008; Akamatsu et al., 2014; 

Akamatsu et al., 2017).  Upon mitotic entry, the sequential addition of Mid1 (anillin), Myo2 

heavy and light chains, and Rng2 (IQGAP2) forms the nodes that then coalesce along the 
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equatorial region to build the cytokinetic ring (Wu and Pollard, 2005; Akamatsu et al., 

2014).  Interestingly, these nodes initially form during interphase and coalesce to drive 

ring constriction. Their presence in interphase suggests the potential for functions beyond 

cytokinesis as well (Martin and Berthelot-Grosjean, 2009; Moseley et al., 2009; Akamatsu 

et al., 2014).  While these MCKs appear to be critical during mechanoresponse in 

interphase cells, it is likely they are also the components that build the cytoskeletal 

meshwork at the equatorial region during cytokinesis to drive furrow ingression. This 

raises the intriguing question of whether these kits are functionally similar to the relatively 

stable cytokinetic nodes in fission yeast.  It is possible that these stable assemblies (with 

minute-time-scale dynamics) appear within the lower concentrations of actin and 

cytokinetic proteins present in yeast, whereas much faster dynamics (on a time-scale of 

seconds) are at play in Dictyostelium where their concentrations are also much higher 

(Wu and Pollard, 2005; Laporte et al., 2011; Robinson et al., 2012; Srivastava and 

Robinson, 2015).  

In the textbook model, cytokinesis is a process driven by the contractile actomyosin 

ring that forms at the cleavage furrow.  However, a number of studies have revealed that 

a complex meshwork of actin filaments, myosin II bipolar filaments, actin cross-linkers, 

and regulatory proteins promotes accurate cleavage furrow ingression, actively tuning the 

protein amounts and mechanical properties (power output, viscoelasticity, and strain 

stiffening) of the contractile machinery in Dictyostelium (Effler et al., 2006; Reichl et al., 

2008b; Kee et al., 2012; Luo et al., 2012; Srivastava and Robinson, 2015), Caenorhabditis 

elegans (Descovich et al., 2018), and mammalian systems (Manukyan et al., 2015; 

Schiffhauer et al., 2016).  Our work reveals key biochemical interactions that are critical 

for the contractility controller and emphasizes that the mechanobiome is composed of 

more than just actin-binding cytoskeletal proteins.  



  
65 

Detecting interactions between the contractility controller and several unexpected 

proteins by proteomics and FCCS suggests that the mechanobiome consists of a network 

of proteins that integrates feedback from various seemingly unrelated processes (Fig. 

6.1B).  For example, mmsdh may facilitate feedback between metabolism, nutrient 

sensing, and cell mechanics, and such cross talk between these fundamental cellular 

mechanisms has been uncovered in other systems (Bays et al., 2017; Hamann et al., 

2017).  Since the RNP-1A was initially discovered in a genetic suppression of nocodazole, 

these RNPs may provide cross-talk between microtubules and the actin cytoskeletal 

network (Zhou et al., 2010; Ngo et al., 2016).  The discoidins, which are traditionally 

considered lectins, may link the plasma membrane to the cytoskeletal network.  The 

presence of these proteins in the mechanobiome reveals that the contractility controller 

does not function in isolation, but rather in concert with various cellular processes.  Our 

work has demonstrated that multiple regulatory features of the mechanobiome are crucial 

for allowing the cell to robustly adapt to its changing environment. 

The myosin II machinery, which includes actin, myosin II and actin crosslinkers, 

can no longer be viewed as a merely passive, downstream effector of upstream signal 

transduction networks.  Contractility, often considered the main function of myosin II, is 

only one of its many roles.  In reality, myosin II contributes in at least eight different ways 

to cell function: cortical tension, viscoelasticity, fluidization, mechanoresponse, 

membrane-cortex attachment, adhesion, feedback, in addition to contractility.  More 

accurately, the myosin II network is a sophisticated integrator of mechanical and 

biochemical signaling inputs that continuously ‘senses’ and ‘monitors’ its status by using 

its control system structure in order to promote cell- and tissue-level morphogenetic 

processes.  Furthermore, the myosin II contractile machinery communicates and 

integrates these inputs into changes on the longer-time-scale that are induced by directing 

the gene expression and metabolic profiles.  In addition, many components identified in 
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the control systems include elements that feed into signaling, growth, and cell identity 

pathways.  While it is necessary to consider the broader concepts of genomics and 

epigenetics, proteomics and metabolomics, investigating the role the mechanobiome 

plays in integrating these ‘omics’ to drive the behavior of cells, tissue, and ultimately 

organisms will be essential. 
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Chapter 7 Future Directions 

In the future, there are many directions in which this study could progress.  Here, 

I have focused on identifying and measuring the biochemical interactions of the 

contractility controller in live cells.  It would be interesting to determine whether these 

interactions of the mechanoresponsive contractility kits exist in vitro.  An in vitro 

sedimentation assay with purified cortexillin I and a myosin II tail fragment did not show 

any interaction, although the dynamic range for the technique is limited (data not shown).  

Purification of the components (myosin II, cortexillin I, IQGAP1, and IQGAP2) and 

measurements of binding affinities, changes in myosin II bipolar thick filament assembly, 

and binding affinities under load in an optical trap could yield insight into whether there is 

direct competition between the IQGAPs for binding myosin II and cortexillin I. Measuring 

changes under load could also inform the molecular mechanisms behind the cooperative 

mechanoresponsive behavior of myosin II and cortexillin I.  Identifying the direct 

interactors could also help us understand the mechanisms of formation of the MCKs and 

the balance between the mechanoresponsive and non-mechanoresponsive populations.   

Further, determining whether the MCK concept holds true in mammalian cells will 

be crucial. Many recent reports have shown the importance of complex assemblies in the 

cytoplasm (as mentioned above) and understanding the role of these MCKs could be 

critical for understanding the contractility controller in mammalian cells. Since IQGAP1 

and anillin, which we consider to be the functional homolog of cortexillin I, have been 

shown to bind myosin II, it is possible that these proteins form cytoplasmic complexes in 

mammalian cells as well (Weissbach et al., 1998; Straight et al., 2005).  As the actomyosin 

dynamics are slightly different between Dictyostelium and mammalian cells, mammalian 

cells may not require the same complex formation for rapid accumulation under stress.  In 

addition, while we can study all the conserved proteins between Dictyostelium and 
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mammalian systems, an unbiased mass spectrometry approach could identify additional 

components that are required.  For example, the BioID proximity-dependent labeling 

approach could be used to identify differential protein-protein interactions in the presence 

or absence of stress, perhaps through global agarose compression.  Identifying the key 

players could provide greater insight into the molecular mechanisms that drive the 

contractility controller in mammalian cells.  It would also be informative to determine 

whether there are alterations in the protein complexes in normal versus disease states, 

and across different cell lines.  Evidence suggests that IQGAP1 may act as an oncogene, 

whereas IQGAP2 may act as a tumor suppressor (White et al., 2009).  These IQGAPs 

have been shown to interact with a number of proteins in different signaling pathways, and 

thus their roles in tumorigenesis may be the result of activation of these growth pathways.  

It is also possible that if IQGAPs similarly regulate components of the mechanobiome, 

these protein-protein interactions could play a role in tumor progression.   

Studying the functions of the “unusual suspects” that were identified both through 

the proteomics and genetic suppression selections will shed light on the feedback between 

mechanics and gene regulation, glycobiology, and metabolism.  The RNA-binding proteins 

(RNPs), discoidins, and mmsdh have all been shown to contribute to the mechanobiome 

through multiple distinct approaches.  Mmsdh, which we have shown interacts with both 

cortexillin I and myosin II by FCCS, could potentially play a role in regulating MCKs.  

Performing the genetic suppression selection of the assembly-deficient myosin II (myoII-

3xAsp) with the catalytically dead mutant of mmsdh will be critical in determining whether 

the catalytic activity of mmsdh is required for rescuing the phenotype.  This would point to 

a potential metabolic role and perhaps a post-translational modification such as 

propionylation that could impact myosin II function.  Specific sites of proteins that are 

propionylated could be identified by mass spectrometry, and further mutational analysis 

could inform on the function of the post-translational modification.  If the catalytic activity 
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is not important for the function of mmsdh in the contractility controller, mmsdh may act as 

a scaffold for the MCKs or alter certain protein-protein interactions.  These “unusual 

suspects” could be integral to the mechanoresponsive system, and it is possible that, once 

again, alteration in regulation of these proteins in normal versus disease states could 

generate insight into disease progression and potential therapeutic options.       

The impact of fusing control theory with the concepts of the mechanobiome has a 

wide range of benefits.  Not only does this integration provide a framework for 

understanding how cells, and ultimately tissues, function, it provides the next generation 

of entry points for creating optimal therapeutic interventions.  For example, one might want 

to pharmacologically target a key component, e.g. a non-muscle myosin II, to treat cancer 

(Surcel et al., 2015; Wong et al., 2015; Picariello et al., 2019; Surcel and Robinson, 2019).  

However, if the system is shifted one way or the other relative to the system’s setpoint 

optimum, it would be possible to erroneously shift the system so that the disease scenario 

is exacerbated instead of corrected or improved.  Another potential application might be 

found in cell engineering strategies. Cellular behaviors might be able to be engineered 

more precisely if it is understood where the system is poised and in which direction it 

should be shifted.  Finally, we hope to encourage broadening our tendency to consider 

linear pathways by incorporating the universal principles of control theory to create a truly 

systems-level understanding of biology.   
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