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Abstract 

Title of Dissertation: Spatiotemporal Regulation of Myosin II Dynamics during Cell 

Movement. 

 

Nicole Elizabeth Snell, Doctor of Philosophy, 2019 

 

Dissertation Directed by:  M. A Rizzo, Ph.D. 

Associate Professor  

Department of Physiology 

 

The goal of this research was to investigate how the phosphorylation of non-muscle 

myosin II (NMMII) by myosin light chain kinase (MLCK) and myosin light chain 

phosphatase (MLCP) regulates cell motility. Cellular movement is important to both 

biological processes such as immune response, organism development, and axon 

guidance and to diseases such as cancer metastasis and hypertension. Movement requires 

a complex series of coordinated events involving the simultaneous buildup and tear down 

of the actomyosin cytoskeleton.  The actomyosin cytoskeleton stabilizes cellular 

protrusions by joining with proteins in the extracellular matrix (EM), like fibronectin, and 

together they produce stress fibers that allow movement. NMMII regulatory light chain 

(RLC) phosphorylation at Serine 19 and Threonine 18 helps drive cell movement. 

Removing NMMII causes cells to lose structure and lose their migratory capabilities. 

Phosphorylation allows NMMII to bind to actin filaments and create actomyosin 

crossbridges, the structural components, of the leading and lagging edges of moving 



	

cells. The dynamic activity of NMMII and MLCK at the leading edge remains 

undetermined in live cells, and it is also not well understood where MLCP influences cell 

movement on the motile edge. I investigated the moving edge of the cell using a 

multiparametric imaging approach with Förster resonance energy transfer (FRET) 

biosensors for NMMII, MLCK, and MLCP. Transfected NIH3T3 fibroblasts were 

imaged using fluorescence polarization microscopy. My results suggest that NMMII and 

MLCK activity are compartmentalized at the leading edge during cell motility and that 

there are differential phases of activity on a retracting membrane. We aim to understand 

the spatial relationship of NMMII phosphorylation with its regulators in different areas of 

the cell during movement. Taken together, this thesis work advances our understanding 

of non-muscle myosin II phosphorylation and regulation during random cell migration. 
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Chapter 1 . Introduction1 

Cellular Cytoskeleton  

Cell migration plays an important role in a variety of biological processes, such as 

wound healing, cancer metastasis, and embryonic development (Ridley et al., 2003). 

Motility is both complex and precise; it requires the assembly and disassembly of the 

cellular cytoskeleton. In order to provide structure and functionality, the cytoskeleton 

utilizes distinct filaments such as microtubules, microfilaments (actin filaments), and 

intermediate filaments. These structures provide shape to the cell and organize the 

organelles. Spatiotemporal regulation of the cytoskeleton enables efficient cell migration 

(Vicente-Manzanares et al., 2009) through the crosslinking, building, and binding of 

cytoskeletal proteins. Cells reorganize the cytoskeleton to configure themselves into 

difficult areas, onto diverse surfaces, and through tight spaces to reach their destination. 

Cell movement relies on coordinated changes in the shape that allow the cell to protrude 

forward, adhere, contract, and retract.  

Numerous signaling pathways are involved in mediating directed cell migration 

and cytoskeletal rearrangement (Ridley et al., 2003). Actin polymerization and 

actomyosin contraction are essential components to migration (Matsumara & Hartshorne, 

2008; Pollard et al., 2000). Migration involves the coordination of non-muscle myosin II 

(NMMII) and actin (Gupton & Waterman-Storer, 2006).  1 

  The assembly and disassembly of the actomyosin cytoskeleton requires stress 

fibers, bundles of actin filaments and NMMII, which form a structural network that 

																																																								
1. Portions of this chapter have been published, and appear in Snell, N. E., Rao, V. P., 
Seckinger, K. M., Liang, J., Lesesr, J., Mancini, A. E., and Rizzo, M. A. (2018). 
Homotransfer FRET Reporters for Live Cell Imaging. Biosensors, 8(4), 89. 
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attaches to the extracellular matrix through focal adhesions (Lee & Kumar, 2016).  Actin 

filaments can organize into an assortment of structures to generate bundles and fibers that 

have mechanical properties (Blanchoin et al., 2014). 

 Non-muscle Myosin II 

Myosin is necessary for cytokinesis (Dean et al., 2005), oogenesis (He et al., 

2010), and tissue morphogenesis (Winter et al., 2001; Conti & Adelstein, 2008). Myosin 

was first discovered in rabbit skeletal muscle over 30 years ago (Casadei et al., 1984) and 

now there are around 30 classes of myosin. Myosin II is a unique class because they are 

able to polymerize into filaments and contract. Members of the myosin family share three 

domains in common, a globular head, neck, and tail domain.  

Non-muscle myosin II (NMMII) is ubiquitously expressed in mammalian cells 

(Shutova & Svitkina, 2018) and plays a role in various cytoskeletal functions, and 

maintains cells during development (Haque et al., 2017). NMMII is able to maintain cell 

shape due to the arrangement of stress fibers (Verkhovsky et al., 1995) where the 

filaments serve as cross-linkers that facilitate cell contraction. NMMII consists of a motor 

domain with two myosin heavy chains (HC) that hydrolyze ATP into mechanical work 

along actin filaments, two essential light chains (ELC), and two regulatory light chains 

(RLC). The HC contains three domains, a globular ATP-binding domain, a supercoiled 

long domain that facilitates dimerization, and a non-helical tail (Juanes-Garcia et al., 

2016). In the inactive conformation, NMMII is compact with the non-helical tail folded. 

After phosphorylation, NMMII undergoes a conformational change that allows the HC to 

bind to actin filaments (Fig. 1.1) (Juanes-Garcia et al., 2016).  

Additionally, NMMII is regulated by phosphorylation of the RLC at Ser19 and 
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Thr18 by myosin light chain kinase (MLCK) and dephosphorylation of the RLC by 

myosin light chain phosphatase (MLCP) (Amano et al., 1996; Somlyo & Somlyo, 2003). 

Ser19 is the critical phosphorylation site on the RLC. Phosphorylating Ser19 permits the 

conformational change from coiled to extended (Fig. 1.1) (Aguilar-Cuenca et al., 2014; 

Betapudi, 2010). There are multiple phosphorylation sites on the RLC: S1, S2, T9, T18, 

and S19 (Betapudi, 2014). MLCK, rho-associated kinase (ROCK), p-21 activated kinase 

(PAK) can phosphorylate Ser19. Phosphorylation of the RLC on both phosphorylation 

residues, Ser19 and Thr18, increases ATPase activity and connection with actin (Vicente-

Manzanarase & Horwitz, 2010). Protein kinase C (PKC) phosphorylates S1, S2, and S3 

amino acids to inactivate myosin II (Varlamova et al., 2001). Phosphorylation at these 

sites is essential to NMMII fiber formation through its interaction with actin (Ikebe & 

Hartshorne, 1985; Ikebe et al., 1986), as a result, cell motility and morphology are greatly 

affected by changes to the myosin light chain (Fukata et al., 1998); however, questions 

about NMMII regulation during these processes still remain. 
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Figure 1. 1. Non-muscle myosin II 

(A) (Left) NMMII in the inactive conformation before RLC phosphorylation. (Right) 
After RLC phosphorylation the molecule extends and becomes active. The essential light 
chain (ELC) and regulatory light chain (RLC) bind to the heavy chain (HC). (B) NMMII 
molecules (blue) assemble into filaments. The globular head binds to actin filaments (red) 
and the ATPase activity of the HC drives NMMII along the actin filaments. This figure is 
reproduced with permission from (Vicente-Manzanares et al., 2009), © 2009 Macmillan 
Publishers Limited.  

A

B
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Myosin Light Chain Kinase  

Myosin light chain kinase (MLCK) is an enzyme required for cellular mobility 

and regeneration (Chen et al., 2014; Jian et al., 1996). MLCK contains a catalytic 

domain, autoinhibitory domain, and calmodulin-binding domain as well as other binding 

domains that control localization (Stull et al., 1998). There are two forms of MLCK, long 

MLCK (~221kDa) and a short MLCK (~150kDa), which is thought to not associate with 

actin (Blue et al., 2002). MLCK phosphorylates the myosin regulatory light chain (RLC) 

at Ser19 and Thr18. Additionally, phosphorylating the RLC activates non-muscle myosin 

II (NMMII) which binds to actin filaments and create actomyosin cross bridges and stress 

fibers that are responsible for cellular contraction and retraction (Totsuawa et al., 2004; 

Kassianidou et al., 2017).  

It has been shown that MLCK naturally remains in an inactive state due to the 

binding of the autoinhibitory and catalytic domain (Stull, 1993). MLCK is activated 

through calcium (Ca2+)/calmodulin (CaM) binding. As Ca2+ concentrations increase and 

Ca2+ binds to CaM, Ca2+/CaM then binds to MLCK, thereby activating it and allowing 

MLCK to phosphorylate the NMMII RLC (Somylo & Somylo, 2003). The cooperative 

regulation of actomyosin organization in fibroblasts is facilitated by MLCK to create 

actin bundles and stress fibers (Totsukawa et al., 2000). Regulating MLCK has become 

an interest of therapeutic approaches, where it has been shown that inhibiting MLCK 

leads to a decrease in cell motility (Kaneko et al., 2002; Antoine & Shukla, 2014). 

Myosin Light Chain Phosphatase  

Myosin light chain phosphatase (MLCP) is a serine/threonine-specific enzyme 

required for dephosphorylating NMMII. This enzyme is conserved, and has been 
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observed in all organisms that have smooth muscle as well as non-muscle myosin (Terrak 

et al., 2004). MLCP contains three subunits: a catalytic subunit (protein phosphatase 1 

(PP1 ~38kDa)), a myosin binding subunit (MYPT1 ~130kDa), as well as a M20 subunit 

which has unknown properties. The catalytic subunit, PP1, contains two manganese ions, 

which are used as catalysts to dephosphorylate the RLC, and causes a conformational 

change (Terrak et al., 2004). Once NMMII is dephosphorylated, it reverts to its original 

conformation and can no longer interact with actin until it is phosphorylated again and 

undergoes another conformational change.  

MLCP is regulated by RhoA GTPase and Rho-associated kinase (ROCK). 

MYPT1 is mainly phosphorylated by ROCK. ROCK phosphorylates Thr696 and Thr853 

on MYPT1 (Khasnis et al., 2014). CPI-7 and PH-1 can also inhibit MYPT1, but are not 

the main regulators (MacDonald et al., 2001). RhoGTPase regulates the organization of 

the actoymyosin cytoskeleton (Hall, 1998). Rho GTPases are activated by guanine 

nucleotide exchange factors (GEFs) that activate Rho by loading GTP, while GTPase-

activating proteins (GAPs) inactivate Rho by stimulating GTP hydrolysis (Heasman & 

Ridley, 2008) leads to activation of ROCK. 

Introduction to FRET 

 Fluorescent proteins (FPs) form the backbone of modern intracellular biosensors. 

Genetic encoding permits utilization of the natural protein expression machinery to allow 

cell-type specific labeling, even in whole organisms. Fusion to biosensing protein 

domains also enables the reporting of dynamic subcellular events, such as changes in 

second messenger concentrations or post-translational modifications. Such biosensors are 

designed to modulate either the intensity of a single fluorescent protein or energy transfer 
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between two different fluorophores. Each of these design strategies has different 

strengths. Intensity-modulated sensors are optimal for reporting the patterns of rapidly 

changing phenomena, such as action potential-driven calcium changes in neurons 

(Akerboom et al., 2013). Ratiometric sensors are well suited for quantification, and they 

have been used to measure the calcium concentration in vascular smooth muscle 

(Mauban et al., 2014). The strengths and weaknesses of these two design strategies have 

been reviewed extensively elsewhere (Mehta & Zhang, 2011; Piston & Kremers, 2007; 

Pietraszewska-Bogiel & Gadella, 2011; Okumoto et al., 2012; Spiering et al., 2013). We 

will highlight recent advances for a subtype of ratiometric biosensors that incorporate 

homotransfer and are advantageous for live cell experimentation. 

 The two fluorescent protein design-strategy relies on transferring energy from the 

excited state of the donor fluorescent protein to the unexcited acceptor fluorescent 

protein, which is then free to emit a photon. Energy migration proceeds through the 

Förster resonance energy transfer (FRET) mechanism. Importantly, FRET efficiency is 

highly sensitive to both the separation distance and the relative orientation of the FRET 

pair (Dale et al., 1979; Clegg, 2002; Iqbal et al., 2008). Distance changes as small as one 

nm can substantially affect the observed amount of energy transfer (Stryer & Haugland, 

1967; Shrestha et al., 2015). Thus, FRET is especially well-suited for reporting the 

protein conformation changes that occur during biosensor activation. 

 Differently colored donor and acceptor fluorophores are typically incorporated 

into FRET-based biosensors (Zhang et al., 2002; Bajar et al., 2016). Such heterotransfer 

FRET designs use a blue-shifted donor, such as a cyan fluorescent protein (CFP), paired 

with a red-shifted acceptor like a yellow fluorescent protein (YFP). FRET can then be 
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quantified by exciting the donor and measuring the ratio of donor and acceptor 

fluorescence. While this strategy has proven robust, the broad spectra of fluorescent 

proteins can limit some applications. First, it is difficult to pair two-color sensors with 

secondary sensors or optical tools such as channelrhodopsins (ChR). Second, both the 

donor and acceptor emission spectra of the FRET pair overlap, thereby hindering 

quantification and requiring the use of special illumination conditions to avoid crosstalk 

(Rizzo et al., 2006), or corrective algorithms to account for bleed-through of the donor 

fluorescence into the acceptor channel (Gordon et al., 1998; Erickson et al., 2001; Thaler 

et al., 2009). 

 Both of these issues can be resolved by re-engineering two-color sensors to 

incorporate fluorescent proteins of the same color. FRET between two identical 

fluorescent species, known as homotransfer, was first observed in the early 20th century 

(Weigert, 1920; Gaviola et al., 1924), well before the application of two-color FRET to 

experimental biology in the late 1960s (Stryer & Haugland, 1967). The principles of 

FRET theory, including the dependence of energy transfer efficiency on the separation 

distance and the relative orientation of the FRET pairs, were first derived from 

homotransfer measurements between fluorescein molecules in a concentrated glycerol 

solution (Förster, 1948; Clegg, 2006). 

 Current methods of homotransfer FRET measurement use polarized light to 

separate photons from the donor and acceptor fluorophores (Axelrod, 1989; Clayton et 

al., 2002). Polarization microscopy is particularly beneficial for quantification because it 

can be measured much more precisely than fluorescence intensity (Axelrod, 1989; Inoué 

et al., 2002; Mattheyses et al., 2010; Piston & Rizzo, 2008; Rizzo & Piston, 2005). Here, 
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we will discuss the use of polarized light to perform homotransfer FRET measurements 

and recent developments in homotransfer biosensors for biological experimentation in 

living cells. 

Photoselection during Fluorescence Illumination 

 The fluorescence illumination must first be linearly polarized to measure 

homotransfer FRET using fluorescence polarization microscopy. Light waves have 

oscillating electric and magnetic fields that arise perpendicularly to each other. The 

extent that an electric field oscillates with spatial uniformity is its polarization. The 

modern convention is to describe planar polarization relative to the orientation of the 

light’s electric field. Linear polarizers that restrict the electric fields to a single direction 

(Figure 1.2A) are the primary type used for polarization microscopy. 
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Figure 1. 2. Photoslection during fluorescence illumination.  

(A) Plate polarizers are used to constrain the illumination light to a single orientation; (B) 
polarized light can only stimulate absorption in fluorophores with compatible molecular 
geometries; (C) fluorescent proteins illuminated with polarized light will emit light in the 
same polarization plane. Photons emitted from Förster resonance energy transfer (FRET) 
excited fluorophores come from alternate orientations, depolarizing fluorescence as a 
function of FRET efficiency. 
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The absorption of light by organic fluorophores is selective for specific light 

polarizations (Ha et al., 1996). Since light absorption involves the physical displacement 

of an electron from one orbital to another, it is highly dependent on the geometry of the 

photon’s electric field, in addition to its energy. Thus, the illumination of a solution of 

randomly oriented fluorophores with polarized light will only excite a small subset of 

molecules that can accommodate the orientation of the light wave. This phenomenon is 

known as photoselection (Figure 1.2B) (Albrecht, 1961). 

 The extent that emission retains its polarization during photoselection is a 

function of how quickly the dye can rotate during the lifetime of the excited state. 

Fluorescence lifetimes generally last a few nanoseconds. Small fluorophores in aqueous 

solutions, such as fluorescein, have rotational diffusion times in the hundreds of 

picoseconds. Extensive movement during the excitation state produces essentially 

isotropic fluorescence (i.e., photons of any geometry), indicated by a loss of measurable 

polarization. Large fluorescent proteins, on the other hand, rotate much more slowly and 

have rotational diffusion times that are roughly 10-fold greater than their fluorescence 

lifetimes (Swaminathan et al., 1997; Bader et al., 2007; Borst et al., 2005). Consequently, 

they do not move much during the fluorescence cycle, and the measured polarization of 

the emitted photons is very close to the photoselection plane. Fluorescent protein 

fluorescence, is thus, highly anisotropic. 

 The constraint placed by molecular size on fluorescent protein anisotropy is so 

strong that the only practical method to depolarize fluorescence is to transfer energy to a 

second molecule outside the photoselection plane through FRET (Figure 1.2C). Further, 

the amount of depolarization observed is strongly proportional to the amount, i.e., 
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efficiency, of FRET. For example, shortening the distance separating two tandem 

fluorescent proteins increases depolarization through enhanced FRET (Rizzo et al., 2006; 

Ross et al., 2018). The theory underlying these experimental observations is quite sound, 

as it was this relationship between depolarization and fluorophore distance/orientation 

that led to the discovery of FRET, and the derivation of the Förster equation (Förster, 

1948; Clegg, 2006). 

FRET Efficiency and Depolarization 

 The “efficiency” of FRET between two fluorophores is the fraction of donor 

molecules that transfer energy to acceptors. There are several available methods for 

calculating two-color FRET efficiency, including fluorescence lifetime measurements of 

the donor (Wouters & Bastiaens, 1999; Hoppe et al., 2002), photobleaching methods that 

destroy acceptor fluorescence (Rizzo et al., 2006; Wouters & Bastiaens, 2001), and 

spectral imaging (Zimmermann et al., 2002). All of these approaches rely on the separate 

collection of donor and acceptor fluorescence, which can be challenging depending on 

the FRET pairing and the available optics. 

 Homotransfer FRET, however, can be quantified by measuring fluorescence 

polarization, since FRET efficiency is proportional to the depolarization of fluorescence 

emission. Polarizations are conventionally described by their anisotropy (𝑟), which is 

defined by the difference between the two measured orientations, parallel (P) and 

perpendicular (S) intensity, over the total fluorescence:  

𝑟 =
(𝑷− 𝒈𝑺)
(𝑷+ 𝟐𝒈𝑺) (1) 
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where (g) corrects for polarization bias in the instrumentation. Förster (Förster, 1948) 

related changes in the degree of polarization with quantum yield according to: 

𝒑
𝒑𝒎𝒂𝒙

=
𝟔𝒏𝟏 𝒏

(𝟓 +  𝒏𝟏 𝒏)
 (2) 

where 𝒏 is the total quantum yield of fluorescence, 𝒏𝟏 is the quantum yield of 

fluorescence of the donor molecules, 𝒑 is the degree of polarization of the sample, and 

𝒑𝒎𝒂𝒙  is the maximum degree of polarization in the absence of the energy transfer. The 

degree of polarization is defined by the P and S intensities: 

𝒑 =
𝑷 − 𝑺
𝑷 +  𝑺

 (3) 

Fluorescence depolarization is related to the rate of energy transfer, 𝒌𝑬𝑻, by way of 

quantum yield. The donor fluorophore’s quantum yield is dependent on the total quantum 

yield of both the donor and acceptor, and the rate of energy transfer: 

𝒏𝟏 = 𝒏
𝟏 +  𝝉𝒌𝑬𝑻
𝟏 +  𝟐𝝉𝒌𝑬𝑻

 (4) 

The FRET efficiency, 𝑬, is defined as: 

𝑬 =  
𝝉𝒌𝑬𝑻

𝟏 +  𝝉𝒌𝑬𝑻
 (5) 

where 𝝉 is the average lifetime of the excited state in the absence of an acceptor. Through 

substitution, Equations (2), (4), and (5) can be combined to give: 

𝑬 =
𝟔(𝒑𝒎𝒂𝒙  −  𝒑)

𝟓𝒑  (6) 

Polarization can then be written in terms of anisotropy to arrive at the final equation: 
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𝑬 =  
𝟏𝟐(𝒓𝒎𝒂𝒙 −  𝒓)
𝟓𝒓(𝟐 + 𝒓𝒎𝒂𝒙)

 (7) 

The relationship between depolarization and the FRET efficiency is similar for 

heterotransfer. The FRET efficiency expressed in terms of anisotropy is thus: 

𝑬 =  
𝟔(𝒓𝒎𝒂𝒙 −  𝒓)

𝟓(𝒓 + 12)
 (8) 

Experimental FRET efficiency measurements for heterotransfer match this derivation 

reasonably well (Figure 1.3). 
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Figure 1. 3. FRET efficiency vs. polarization. 

FRET efficiency increases with decreasing anisotropy. FRET efficiency for 
heterotransfer is plotted for various anisotropy values (r = 0 to r = 0.3) according to 
Equation (8). A maximum anisotropy of 0.3 is assumed. FRET values (mean S.D., n = 7 
cells) from previously published standards (Rizzo et al., 2006; Pathway et al., 2015) were 
quantified using fluorescence polarization microscopy. 
 

     

	  



	 16	

Calculating FRET Efficiency from Time-Resolved Anisotropy Measurements 

 Time-resolved anisotropy measurements can also be used to calculate 

homotransfer FRET efficiency. Based on the rate of fluorescence anisotropy decay, the 

FRET efficiency can be estimated, and it is used to calculate interfluorophore distances 

(Gautier et al., 2001; Sharma et al., 2004). Furthermore, the average number of proteins 

in a cluster can be calculated from three additional parameters: the anisotropy of 

monomeric fluorophores, the anisotropy of fluorophores excited by energy transfer, and 

the steady-state anisotropy (Runnels & Scarlata, 1995; Bader et al., 2011). Though time-

resolved anisotropy measurements permit the detailed study of molecular complexes, 

obtaining sufficient photons for computational analysis can be challenging (Lidke et al., 

2005). 

Steady-State Polarization Measurements 

 Widefield systems can be configured for steady-state fluorescence polarization 

microscopy by the addition of plate polarizers into the optical pathway (Piston & Rizzo, 

2008; Markwardt et al., 2018). An excitation polarizer can be placed between the light 

source and the fluorescence filter cube. Depending on the microscope vendor, this can be 

within the microscope stand (e.g., Zeiss) or adjacent to the illumination source (e.g., 

Nikon). The orientation of the polarizer is generally fixed either horizontally or vertically 

to facilitate the capture of the required emitted light polarizations. 

 After the emitted light passes through the fluorescence filter cube, images 

containing parallel (P) and perpendicular (S) components may be simultaneously 

collected with a single camera using an image-splitting device. Polarization-compatible 

devices are available from Optical Insights (Dual-view), Hamamatsu (W-view Gemini), 
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and Cairn (Opto-split), and we have implemented each of these solutions successfully. 

Alternatively, P and S images can be collected sequentially using a filter wheel to 

exchange suitably oriented polarizers. 

Time-Resolved Measurements 

 Dynamic, time-resolved anisotropy can also provide information on FRET (Bader 

et al., 2007; Tramier et al., 2003; Nguyen et al., 2012). The decay in anisotropy over 

nanosecond timescales can be measured using pulsed excitation and ultrafast recording 

strategies, such as time-correlated single photon counting (Volkmer et al., 2000). The 

resulting data is fit to a model that contains two main decay components: the slow decay 

component represents the rotational correlation time of the fluorophore, while the fast 

decay component represents the energy transfer due to FRET. Although the ability to 

separately quantify molecular rotation and FRET can be quite powerful, lifetime 

microscopy is a photon ‘hungry’ technique (Zhao et al., 2011). Collection of large 

numbers of photons necessitates tradeoffs, such as long integration times or low spatial 

resolution, which can limit live cell experimentation. 

Optical-Sectioning 

 Optical-sectioning technologies, such as laser scanning confocal microscopy, can 

be challenging to configure for fluorescence polarization microscopy for several reasons. 

Fiber optics can degrade laser polarization if they are used to deliver light to the scanning 

unit. The collection of P and S images is also problematic, as many commercial sources 

do not presently offer configurations that incorporate plate polarizers into the emission 

pathway. 

 We have had more success configuring two-photon microscopes for polarization 
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imaging (Rizzo et al., 2006; Piston & Rizzo, 2008; Ross et al., 2018). The photon pulses 

needed for two-photon excitation necessitate free-space coupling of the laser to the 

microscope, which also preserves laser polarization. Further, fluorescence emission can 

be collected in a so-called non-descanned configuration that bypasses the scanning 

mirrors. This configuration is easily accessed and allows straightforward placement of the 

emission polarizers in front of the detectors (Piston & Rizzo, 2008). 

 Two-photon excitation is also more photo-selective, raising the measured 

anisotropy of fluorescent proteins from 0.3 to 0.4 (Rizzo et al., 2006). On the other hand, 

the photoselection advantage can be theoretically offset in thick tissues by depolarization 

from light scattering (Cameron et al., 2016). Even so, several groups have successfully 

performed two-photon homotransfer imaging for specimens as varied as acute 

hippocampal brain slices (Vishwasrao et al., 2012), mouse skeletal muscle (Ross et al., 

2018), and Drosophila larvae (Vishwasrao et al., 2012). Light scattering in thick tissues 

has not yet been an insurmountable limitation. 

 While polarization microscopy is indeed compatible with conventional optical 

sectioning microscopy methods, such as confocal and two-photon, it is far from an 

optimal marriage of technologies. Information from P and S images are typically ratioed, 

which is particularly sensitive to low signal-to-noise (Padilla-Parra & Tramier, 2012). 

Indeed, this necessitates long collection times, sometimes exceeding several minutes even 

in widefield, to generate images of sufficient quality for analysis. Consequently, sample 

photodamage can become limiting for polarization imaging, particularly during optical 

sectioning applications. 

 Newly developed optical sectioning approaches can improve image signal-to-
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noise and provide gentler sample illumination conditions. Inverted selective plane 

illumination microscopy (iSPIM) (Wu et al., 2011), which illuminates the sample with a 

light sheet positioned perpendicularly to the collection lens, has been successfully 

configured to accommodate polarization microscopy (Markwardt et al., 2018; Hedde et 

al., 2015). Using this method, we were able to perform homotransfer FRET biosensor 

imaging over a seven-hour period in developing C. elegans embryos (Markwardt et al., 

2018). Image collection speeds during this experiment approached video rate, which is at 

least 10 times faster than the previous optical sectioning methods that we have tested. 

Double-Fluorophore Biosensors 

 The most straightforward method for constructing a homotransfer reporter is to 

convert a validated heterotransfer biosensor by swapping out the fluorescent proteins for 

a homotransfer pair. Calcium biosensors were among the first converted to homotransfer 

(Ross et al., 2018; Kim et al., 2017), but several others have since been adapted (Table 

1.1), including the fluorescence anisotropy reporters, or FLAREs (Ross et al., 2018). 

 Several biosensors of varied design have been successfully converted to 

homotransfer reporters, demonstrating the robustness of the approach. Classic “molecular 

switch” type sensors, such as the Protein Kinase A activity reporters (AKARs) that 

contain both external sensing domains and internal effector-binding domains, have been 

converted to homotransfer reporters in four different colors (Ross et al., 2018). Sensors 

that report changes in a full sequence protein, like myosin light chain kinase (MLCK) 

(Ross et al., 2018) or glucokinase (Seckinger et al., 2018), have also been successfully 

converted to FLAREs. 

 Homotransfer reporters can be optimized using the same strategies developed for 



	 20	

heterotransfer reporters. One approach that is particularly noteworthy is the use of 

circularly permuted fluorescent proteins. Such variants are generated by fusing the 

natural N and C termini of the fluorescent protein, and creating alternate starting and 

ending positions in the fluorescent protein sequence (Baird et al., 1999). Incorporation of 

circularly permuted fluorescent proteins effectively introduces an alternate chromophore 

position for the biosensor, which may improve the dynamic range of the sensor compared 

to ones containing the non-permuted variant.  
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Sensor Color 

Protein Kinase A (AKAR) Cyan fluorescent protein (CFP), yellow 
fluorescent protein(YFP), green 

fluorescent protein (GFP), mCherry 
Cyclic adenosine monophosphate (ICUE3) YFP 

Calcium (Cameleon) CFP, YFP, mCherry 

Calcium (Twitch-4) YFP 

ER Calcium (D1) CFP 

Myosin Light Chain Kinase YFP 

Protein Kinase C (CKAR) CFP, YFP, mCherry 

Mitogen-activated Protein Kinase (EKAR) CFP, YFP, mCherry 

Glucokinase YFP 

Table 1. 1. Double-fluorescent protein homotransfer reporters. 
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Circularly permuted versions of the mCerulean3 CFP (Markwardt et al., 2016) and the 

mVenus YFP (Nagai et al., 2001) have been used to successfully optimize several 

FLAREs, including AKAR4 (Ross et al., 2018). Interestingly, the combination of 

mVenus and a circularly permuted mVenus has thus far been the most effective pairing 

for homotransfer reporters, as measured by the dynamic range (Ross et al., 2018). The 

superior performance of mVenus variants in homotransfer reporters is likely to be related 

to the fluorescence properties of mVenus,which is both an excellent FRET donor because 

of its high quantum yield, and a superb FRET acceptor because of its high extinction 

coefficient (Shaner et al., 2007). 

Single-Fluorophore Biosensors 

 Biosensors can also be created using a single fluorescent protein label (Table 1.2) 

since biomolecules frequently form dimeric or multimeric complexes that bring them 

close enough to observe homotransfer. For membrane-associated molecules, like 

phospholipids, FRET can be used to detect clustering into subdomains (Varma & Mayor, 

1998). Similarly, fluorescent protein markers of lipid subdomains (Bader et al., 2007) or 

phospholipid aggregation (Warren et al., 2015) also exhibit homotransfer in living cells. 

Fluorescence polarization has also been used to quantify the oligomerization state of 

membrane proteins, such as the epidermal growth factor receptors (Yeow & Clayton, 

2007; Bader et al., 2009).  
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Sensor Color 

Actin GFP 

Non-muscle myosin II CFP, GFP, mCherry 

Ca2+/calmodulin-dependent protein kinase II YFP 

Akt pleckstrin homology domain mCherry 

Glycophosphatidylinositol GFP 

Epidermal growth factor receptor GFP 

Nicotinamide adenine dinucleotide phosphate (apollo) CFP, YFP 

Table 1. 2. Single-fluorescent protein homotransfer reporters. 
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Conformational changes within protein complexes have also been resolved using 

homotransfer. Structural rearrangement of singly-labeled Ca2+/calmodulin-dependent 

protein kinase II has been observed during its activation using homotransfer (Thaler et 

al., 2009). Homotransfer can also be used to quantify green fluorescent protein (GFP)-

labeled actin polymerization into fibers (Vishwasrao et al., 2012). 

 Single-color sensors can also be engineered using rational design. The Apollo 

nicotinamide adenine dinucleotide phosphate (NADP+) probe uses a catalytically 

inactive glucose-6-phosphate dehydrogenase mutant as the sensing domain (Cameron et 

al., 2016). Dimerization of singly-labeled subunits occurs as NADP+ rises and is fully 

reversible. A single fluorescent protein sensor for non-muscle myosin II was similarly 

created by targeting reversible dimerization. The regulatory light chain of myosin II 

naturally dimerizes until activated by phosphorylation. Fusion of this myosin subunit 

with a fluorescent protein permits detection of the phosphorylation event by monitoring 

homotransfer (Markwardt et al., 2018). 

Multisensor Applications 

 One of the principal advantages of employing homotransfer reporters is the ability 

to accommodate secondary fluorescence and optogenetics tools. It remains challenging to 

measure multiple two-color FRET sensors in the same cell at the same time. FRET 

reporters generally use either the cyan/yellow or green/red FP combinations. Since these 

pairs take up a broad swath of the useful visible light spectrum, pairing them with a 

second FRET reporter may require stretching into the near-infrared (Shcherbakova et al., 

2018). Further, the color combinations available for heterotransfer sensors are not very 

flexible. For example, the most prevalent heterotransfer pairs generally include a YFP or 
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GFP, making them difficult to pair with secondary green indicators. 

 Homotransfer sensors, however, can be more easily switched to optically 

compatible areas of the spectrum. For example, the Apollo NADP+ sensor was converted 

from YFP to CFP for use with a green peroxide indicator (Cameron et al., 2016). 

Additionally, an mCherry-tagged phosphoinositide reporter was combined with a 

CFP/YFP heterotransfer FRET calcium sensor (Warren et al., 2015). Our homotransfer 

myosin II reporter also shows similar flexibility. We paired a CFP version with red 

phosphoantibodies for colocalization experiments and then switched the sensor to 

mCherry for experiments with CFP/YFP heterotransfer biosensors (Markwardt et al., 

2018). Homotransfer sensors of various colors can also be combined for multiplexed 

experimentation. Oscillatory calcium and cyclic adenosine monophosphate circuits have 

been measured in individual pancreatic beta cells using compatible homotransfer 

FLAREs (Ross et al., 2018). Proof of principle studies have shown that as many as three 

FLARE biosensors (CFP calcium sensor, YFP Mitogen-Activated Protein Kinase sensor, 

and mCherry Protein Kinase A sensor) can be used together in a single living cell. 

 Intravital, multiplexed imaging of FLAREs has also been performed using two-

photon microscopy (Ross et al., 2018). The biosensor color combinations for two-photon 

imaging requires special consideration because the two-photon absorption spectra for 

fluorescent proteins is broader than for single-photon absorption (Drobizhev et al., 2011). 

Using a broadband fluorescence filter for collection, along with selective excitation 

conditions, we were able to exclusively excite a YFP FLARE calcium sensor or an 

mCherry FLARE AKAR sensor expressed together in a skeletal muscle preparation 

(Ross et al., 2018). We observed independent activation of the sensors to either local 
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electrical stimulation or systemically-administered isoproterenol (Ross et al., 2018). 

Compatibility with Other Optical Tools 

 The spectral flexibility of homotransfer reporters is also advantageous for 

combination with optical reporters. Light-gated ion channels, such as the ChRs, tend to 

have absorbances that overlap with CFP, GFP, and YFP. For example, a commonly used 

ChR has a peak excitation at approximately 460 nm (Nagel et al., 2003), making it 

optically incompatible with conventional CFP/YFP heterotransfer reporters. In contrast, 

red homotransfer sensors are compatible with ChR. We have even used a YFP FLARE to 

detect calcium responses during ChR activation (Ross et al., 2018). 

 The flexibility of the homotransfer sensors also permits them to be used with 

other optogenetic tools such the photo-inducible protein assembly using the light-oxygen-

voltage-sensing (LOV) domain (Möglich & Moffat, 2010). Fusion proteins containing 

LOV domains have been used to control DNA binding (Strickland et al., 2008), enzyme 

activity (Möglich et al., 2009), dimerization (Yazawa et al., 2009), and localization 

(Niopek et al., 2014). Despite improvements in photocycle lifetimes (Zoltowski et al., 

2009), LOV domains have limited capacity for color tuning. The flavin chromophore 

present in all LOV domains is small and rigid providing little room for adjustment. 

Similar to ChR, LOV domains absorb blue light with a peak absorbance at 450 nm 

(Pudasaini et al., 2015). Studies using LOV domains have previously incorporated red 

fluorescent protein reporters (Shcherbakova et al., 2018). Thus, mCherry homotransfer 

reporters would also be compatible. 

Quantitative Analysis 

 Despite less overlap between the donor and emission spectra, homotransfer 
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reporters still compare favorably to heterotransfer biosensors in generating contrast. The 

signal-to-noise ratios of the sensors, as measured by the maximal change in response 

divided by the standard deviation of the basal state (Markwardt et al., 2016) ranges from 

a 5-fold to over a 30-fold change for FLAREs. Direct comparison to heterotransfer 

reporters shows that homotransfer can be 4–5 fold more efficient by this metric 

(Seckinger et al., 2018). The improved contrast of homotransfer reporters primarily 

results from the increased precision of fluorescence polarization measurements 

(Seckinger et al., 2018). 

 The nature of the data collected for polarized FRET is also advantageous for 

quantitative analysis because channel crosstalk is eliminated. For heterotransfer FRET, 

acceptor excitation (Rizzo et al., 2006) and donor bleed-through into the acceptor channel 

(Gordon et al., 1998; Erickson et al., 2001) can both complicate FRET quantification. 

Single color studies do not require bleed-through correction, and they can also be 

normalized to the total fluorescence through the anisotropy calculation. Simplifying 

FRET quantification facilitates comparison between samples, even at the image pixel 

level. 

 We first used automated image analysis of homotransfer data to study protein-

protein interactions in the endoplasmic reticulum (ER). The sarco(endo)plasmic calcium 

ATPase (SERCA) pumps calcium into the ER/sarcoplasmic reticulum lumen, and it is 

regulated by several small transmembrane peptides (Periasamy et al., 2008), including 

sarcolipin (SLN) and small ankyrin 1 (sAnk1), which form multimeric aggregates in the 

ER membrane. Association between sarcolipin and sAnk1 can be detected using a 

bimolecular complementation approach, in which a fluorescent protein sequence is split 



	 28	

into two parts and used to label the proteins separately. Tagged SLN and sAnk1 give rise 

to a full fluorescent mVenus molecule when they associate, and multimerization results 

in homotransfer between the SLN–sANK1:mVenus complexes (Desmond et al., 2017). 

 To examine the effect of SERCA interaction on SLN–sANK1:mVenus 

homotransfer across many cells, we developed a computationally automated analysis 

approach (Desmond et al., 2017). Previously, we calculated anisotropies from individual 

cells using hand-selected regions of interest. In contrast, our automated analysis extracted 

pixel anisotropies from approximately one hundred cells and pooled the data together. 

The resulting data set contained information from ~10,000 pixels and revealed that 

SERCA could affect the structure of the SLN–sANK1:mVenus multimers (Desmond et 

al., 2017). 

 We used the automated pixel-by-pixel analysis in combination with a two-

fluorescent protein biosensor for glucokinase activity (Seckinger et al., 2018), which 

undergoes a complex series of conformational transitions when it becomes activated. 

Several different pathways can lead to glucokinase activation. Even so, the relationship 

between the different post-translationally activated conformational states has been 

challenging to understand, particularly in living cells. We used a homotransfer reporter 

for glucokinase and pixel level quantitative analysis to show that the different activation 

mechanisms induce a singular activated state. Information from hundreds of images was 

extracted and sorted using the R statistical computing package and EBImage (Pau et al., 

2010). Anisotropy values from approximately 100,000 pixels per group were compiled 

for comparison, permitting a quantitative assessment of the FRET distributions for 

different glucokinase conformations in living cells. 
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 We performed a similar analysis to track myosin phosphorylation in developing 

C. elegans (Markwardt et al., 2018). Here, we knew the number of sensor conformational 

states but needed to calculate the anisotropies of the two states from iSPIM data sets, 

comprised of 60 optical sections taken every 5 min over seven hours. Analysis of 

anisotropies at the pixel level not only provided the volume of information needed to fit 

the distribution of values to a two-state model but also greatly facilitated the speed of 

analysis. Handling data at the pixel level allows us to bypass the computational load 

required to display the data set graphically. 

 Large-scale pixel level analyses are much more difficult to apply to heterotransfer 

FRET data, at least in our experience. Although numerous corrective methodologies 

(Gordon et al., 1998; Xia & Liu, 2001; Zal & Gascoigne, 2004) have been devised to 

handle the bleed-through problem, we have not found a satisfactory method for treating 

the error in the corrective factor measurements. Further, the intensity values used for 

heterotransfer calculations are inherently noisier, frequently necessitating data reduction 

methods, such as baseline normalization and reliance on means. Our application of 

homotransfer to the glucokinase problem was our solution to the technical difficulties that 

arose while using heterotransfer glucokinase reporters. 

 Fluorescence polarization microscopy also provides an alternative for FRET 

image representation (Figure 1.4). Typically, donor and acceptor images (or P and S, 

Figure 1.4A) are ratioed to generate a map of intracellular FRET dynamics. While ratio 

images are a generally useful approach, the loss of intensity information is 

disadvantageous if the sensor is compartmentalized. For example, Figure 1.4B shows a 

FRET ratio image for the myosin II FRET sensor in a fibroblast. The ratio image 
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neutralizes intensity differences, which obscures compartmentalization on fibers, 

particularly in and around the nucleus (Figure 1.4B, bottom panel). 

 Intensity information can be preserved in polarization FRET images using image 

subtraction, rather than image ratioing. Since the S channel is isotropic by definition, it 

can be subtracted from the P image to highlight regions with the most polarization. 

Further, the S channel can be multiplied by a normalization factor to mask areas of less 

than the desired anisotropy threshold (Markwardt et al., 2018). Normalized image 

subtraction using this method can be useful for sensors like the myosin II sensor (Figure 

1.4C) that become compartmentalized upon activation. 
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Figure 1. 4. Image analysis of an NIH3T3 fibroblast expressing the mCerulean3 
myosin II biosensor. 

 (a) P and S images were collected using widefield polarization microscopy; (b) the 
images can be ratioed (P/S) using a conventional processing strategy. Bottom shows an 
enlarged area of the lower perinuclear region; (c) alternatively, a scaled S image can be 
subtracted from the P image to preserve differences in sensor localization that are 
obscured by the intensity-independent image ratio method. Scale bars are 5 µm. 
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Chapter 2 . A Genetically Encoded Biosensor Strategy for Quantifying Non-muscle 

Myosin II Phosphorylation Dynamics in Living Cells and Organisms12 

	

Abstract  

Complex cell behaviors require dynamic control over non-muscle myosin II (NMMII) 

regulatory light chain (RLC) phosphorylation. Here, we report that RLC phosphorylation 

can be tracked in living cells and organisms using a homotransfer fluorescence resonance 

energy transfer (FRET) approach. Fluorescent protein-tagged RLCs exhibit FRET in the 

dephosphorylated conformation, permitting identification and quantification of RLC 

phosphorylation in living cells. This approach is versatile and can accommodate several 

different fluorescent protein colors, thus enabling multiplexed imaging with 

complementary biosensors. In fibroblasts, dynamic myosin phosphorylation was 

observed at the leading edge of migrating cells and retracting structures where it 

persistently colocalized with activated myosin light chain kinase. Changes in myosin 

phosphorylation during C. elegans embryonic development were tracked using 

polarization inverted selective-plane illumination microscopy (piSPIM), revealing a shift 

in phosphorylated myosin localization to a longitudinal orientation following the onset of 

twitching. Quantitative analyses further suggested that RLC phosphorylation dynamics 

occur independently from changes in protein expression. 

																																																								

1 A version of this chapter has been published, and appears in *Markwardt, M. L., 
*Snell, N. E., Guo, M., Wu, Y., Christensen, R., Liu, H. et al. (2018). A Genetically 
Encoded Biosensor Strategy for Quantifying Non-muscle Myosin II Phosphorylation 
Dynamics in Living Cells and Organisms. Cell Rep, 24(4), 1060-1070.e4.  * Co-First 
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Introduction  

Regulatory light chain (RLC) phosphorylation controls non-muscle myosin II 

(NMMII) engagement with actin filaments, driving formation and contraction of the 

actomyosin cytoskeleton (Conti & Adelstein, 2008). Notable signal transduction 

processes that regulate RLC phosphorylation include myosin light chain kinase (MLCK) 

that phosphorylates myosin RLC through a calcium dependent mechanism (Somlyo & 

Somlyo, 2003) and myosin phosphatase, which is inactivated by Rho-dependent kinase 

(Somlyo et al., 2000). Although NMMII activity is known to be an essential contributor 

to cellular cytoskeletal dynamics, how RLC phosphorylation is precisely controlled at the 

subcellular level is less clear. 

Compartmentalized NMMII activity has been proposed at multiple sites in 

migrating cells. NMMII participation is required for focal adhesion maturation (Kuo et 

al., 2011), actin arc formation at the leading edge (Burnette et al., 2011), and cell steering 

through its action in the trailing cell posterior (Petrie et al., 2009; Vicente-Manzanares et 

al., 2008). Pathways thought to influence RLC phosphorylation are known for their 

dynamic spatiotemporal regulation. Compartmentalized regulation of both RhoA (Kunida 

et al., 2012; Pertz et al., 2006; Wu et al., 2009) and MLCK (Chew et al., 2002) in 

migrating cells have been described. Less clear is whether RLC is stably phosphorylated 

or is dynamic. This is important because stable actomyosin fibers are required to generate 

the force that propels cells forward (Case & Waterman, 2015). Further, it is unknown 

how certain fibers are stabilized but not others, or whether phosphorylated RLCs in 

actomyosin fibers require active maintenance. 

 Questions of persistence and dynamics are relevant to other contexts, such as 
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embryonic development. NMMII activity has been broadly implicated in shaping 

organisms and tissues (Mammoto & Ingber, 2010; Siedlik & Nelson, 2015). Polarized 

contraction, either in select groups of cells or compartmentalized within individual cells, 

is thought to help shape organisms (Aldaz et al., 2013), organs (Gutzman et al., 2015) 

and even finer structures (Ewald et al., 2008; Kim et al., 2013). Because both filament 

orientation and the duration they persist are thought to be vitally important for polarized 

contraction (Kasza et al., 2014), an optical approach for measuring myosin RLC 

phosphorylation would be useful for understanding how NMMII activity is controlled 

and sustained throughout development. 

 Fluorescence imaging is invaluable for tracking spatiotemporal regulation of 

molecules in living specimens, particularly so when combined with sensors that can 

report molecular activities in vivo (Guo et al., 2014; Jones-Tabah et al., 2017; Liang et 

al., 2016). Biosensor imaging has been applied to classic models of embryonic 

development less frequently than whole animal physiology, with only a handful of 

successes reported in zebrafish (Andrews et al., 2016; Muto et al., 2011; Xu et al., 2012; 

Zhao et al., 2015), Drosophila (Markova et al., 2015), and C. elegans (Kelley et al., 2015; 

Vuong-Brender et al., 2018). Consequently, less is known about protein activities during 

development outside of gene expression. 

 Presently available tools are not well suited for measuring RLC phosphorylation 

in living cells and organisms. Ideally, a myosin RLC phosphorylation assay should reveal 

the location of phosphorylated RLC proteins within living cells and organisms, provide 

compatibility with existing optical biosensor technologies, and permit quantification of 

phosphorylated RLC levels. Fluorescence resonance energy transfer (FRET)-based 
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strategies that incorporate fluorescent proteins (FPs) meet many of these expectations 

because their ratiometric readout is inherently quantitative. Even so, the conventional 

two-color FRET approach has drawbacks. Incorporation of two FPs leaves little of the 

visible spectrum for other sensors and optical tools, such as photoactivatable channels 

and proteins. FRET experiments also generally require high signal-to-noise images for 

calculation of an accurate FRET ratio (Padilla-Parra & Tramier, 2012). The light dosage 

needed for quantitative ratio imaging frequently introduces phototoxicity and 

photobleaching issues that limit experimentation. 

 To address these limitations, we developed an approach to report FP-tagged-

myosin RLC phosphorylation using a homotransfer FRET approach. Because FP 

fluorescence is highly polarized, fluorescence polarization microscopy can be used to 

detect the depolarization of fluorescence that accompanies FRET (Jares-Erijman & Jovin, 

2003; Rizzo & Piston, 2005; Mattheyses et al., 2004). Fluorescence depolarization, or 

equivalently a reduction in fluorescence anisotropy, between fluorescein molecules in 

solution led to the discovery and characterization of FRET (Förster, 1948). Polarization-

based FRET measurements are not only indicative of FRET, but are advantageous for 

quantitative imaging because polarization can be measured more precisely than intensity 

(Rizzo & Piston, 2005; Rizzo et al., 2006). 

 Here, we report that fluorescence polarization imaging enables quantification of 

myosin RLC phosphorylation dynamics in living cells. It can also accommodate 

complementary fluorescence approaches, including conventional biosensors and 

fluorophores. We then combined polarization imaging with a live-cell light sheet 

microscopy approach (Wu et al., 2011) to enable quantitative imaging over several hours 
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in developing organisms. This approach revealed information about the regulation of 

RLC phosphorylation in living systems. 

 

Methods 

Cell culture 

REF52 rat embryonic fibroblasts were a generous gift from Dr. Joseph Kao (University 

of Maryland School of Medicine). They were maintained at 37C in Dulbecco's Modified 

Eagle's Medium (Mediatech) containing 10% fetal bovine serum (Hyclone) and 100U/ml 

streptomycin and 100U/ml penicillin (Hyclone). Transfections were performed using 

LipoD293 from SignaGEN, as per the manufacturer's instructions 24-48 h before 

experimentation. Before imaging, media was replaced with Hank's Balanced Salt 

Solution (Gibco) supplemented with 0.1% BSA. For imaging, cells were either directly 

plated on glass-bottom dishes (MatTek) containing No. 1.5 coverslips, or dishes treated 

with 10 µg/ml FN from human plasma (Sigma) in sterile-filtered PBS for 1 h before 

plating. 

 

C. elegans strain culture. 

Strains used in this paper include BV24 ([ltIs44 [pie-1p-mCherry::PH (PLC1delta1) + 

unc-119 (+)]; zuIs178 [ (his-72 1kb::HIS-72::GFP); unc-119 (+)] V]) and ML1148 [mlc-

4 (or253)/qC1; mcEx399;mlc-4p::GFP::mlc4WT, rol-6 (su1006)] (Gally et al., 2009). 

Strain BV24 was obtained from the Bao lab, and strain ML1148 was obtained from the 

Labouesse lab. Strains were raised at 20°C on NGM media seeded with OP50 E. coli. For 

imaging, gravid adults were placed in a watch glass containing M9 buffer and were cut in 
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half to liberate embryos. Embryos were transferred via pipette onto a poly-L-lysine 

coated coverslip in an iSPIM imaging chamber filled with M9 buffer for C. elegans and 

imaged as previously described (Wu et al., 2011). 

 

Construct preparation 

Human myosin II regulatory light chain was amplified by PCR and subcloned into 

mCer3-C1 (Markwardt et al., 2011), pEGFP-C1 (Clontech) or mCherry-C1 (Shaner et 

al., 2004) using XhoI and BamHI restriction sites. Phosphorylation site mutations were 

made using the QuikChange methodology (Agilent). A brighter variant of an existing 

MLCK sensor (Isotani et al., 2004) was also generated by swapping the previous CFP for 

mCer3. To accomplish this, mCer3 was amplified by PCR, and inserted into the existing 

sensor using XhoI and AgeI restriction sites. Similarly, an existing RhoA (Pertz et al., 

2006) sensor was modified to incorporate mCer3 by first amplifying the segment 

containing ECFP and the Rho-binding domain. This sequence was subcloned into the 

EGFP position in the pEGFP-N3 vector using NheI and NotI restriction sites. mCer3 was 

then amplified from the pmCer3-C1 vector and exchanged for ECFP using NheI and 

BsrGI. The newly made Rho-binding domain-mCer3 sequence was re-amplified and 

inserted into the original vector using NcoI and NotI restriction sites. 

 

Widefield microscopy 

FRET experiments were performed on Zeiss AxioObserver widefield systems configured 

for fluorescence polarization microscopy (Desmond et al., 2015). A polarizer was 

introduced between the light source and fluorescence filter cube (Figure 2.1A) (Piston & 
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Rizzo, 2008). P and S polarizations were separated using either an Optical Insights Dual-

view containing the manufacturer’s polarization-splitting filter set (Desmond et al., 2015) 

or a custom-configured W-view (Hamamatsu) (Figure 2.1A). 455 LED illumination was 

used for exciting mCer3 and the MLCK sensor, and collection used standard high-

efficiency filter sets for cyan and yellow fluorescent proteins (Zeiss) located in the 

microscope reflector turret. 530nm excitation and the Zeiss dsRed high-efficiency filter 

set were used for mCherry illumination. Alexa-594 imaging was performed with 590 nm 

LED excitation and a matching re dZeiss filter cube (#63HE). A1.63Optovar lens was 

moved into the collection path for increased magnification for the immunostaining 

studies. Objective lenses (Zeiss) used in this study were a 203, 0.75 NA plan-apochromat 

and a 403, 1.3 oil plan-apochromat. Cooled CCDs, either an ORCA-R2 (Hamamatsu) or 

Axiocam 506 (Zeiss), were used to collect images. Typical exposure times ranged from 

0.2 to 1 s per image. 

 

Antibody staining 

REF52 cells were fixed and stained as previously described (Ding et al., 2011), using 

rabbit antibodies for phospho-myosin light chain 2 (Cell Signaling Technologies) and an 

Alexa 594 conjugated secondary (Jackson Immunoresearch).  

 

Preparation of EGFP-labeled beads  

Agarose beads were liberated from HiTrap columns (GE Healthcare) and labeled with 

recombinant H6EGFP protein. Bead (Piston & Rizzo, 2008) and protein preparation 

(Rizzo et al., 2006) were performed as previously described.  
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piSPIM setup  

The iSPIM system was modified from our original, symmetric objective design (Wu et 

al., 2011), by using an asymmetric combination: a 0.3 NA excitation objective (Nikon 10 

3, 3.5mm working distance) to introduce the light-sheet, and a 1.0 NA detection objective 

(Zeiss,WPlan-Apochromat 633, 2.1mm working distance) to collect fluorescence 

(Lakdawala et al., 2014). Emitted light was filtered through a 525/50 nm bandpass filter 

(Semrock). A tube lens (Applied Scientific Instrumentation, f = 250 mm) focused emitted 

fluorescence through an image splitter (Hamamatsu) equipped with wire grid polarizers 

(Meadowlark) to separate P and S polarizations (Figure 2.1B). An electron-multiplying 

charge coupled device (EM-CCD, Andor, iXon DU-897T) was used for detection. The 

488 nm excitation power was set at 200 mW (as measured before the excitation 

objective), and the excitation polarization was adjusted by a rotatable half-wave plate 

(Thorlabs) (Figure 2.1B). The acquisition was modified to a stage-scanning mode in 

which the sample stage is translated through the stationary light sheet (Kumar et al., 

2016). We recorded enough planes per volume for each embryo to fully span the entire 

embryo (a maximum of 60 planes), spacing planes every 1 mm. The exposure and 

readout time for each plane was set to 55 ms, corresponding to a maximum total time of 

3.3 s per volume. For experiments that spanned from the comma stage to hatching, 

volumes were acquired every 5 min. Less expansive datasets were included for 

calculating anisotropies of the two RLC states. Imaging intervals ranged from 1 to 5 min 

over periods ranging from comma to hatching, with the total number of z stacks ranging 

from 30 to 100. 



	 41	

 

Quantitative and Statistical Analysis 

Data analysis for widefield experiments 

Widefield P and S images were first split by selectively duplicating each respective half. 

Images were then recombined into separate channels and registered either in FIJI using 

the StackReg package (Thevenaz et al., 1998) or using AxioVision software. Mean pixel 

values from hand-selected regions of interest were used to quantify cellular and 

background fluorescence. Color-coded lookup tables for FRET images were applied in 

FIJI. Kymograph analyses in Figures 2.2C, 2.2D, and 2.3D were performed using both 

FIJI and R. Individual channel kymographs first generated from aligned images in FIJI 

and imported into R. Automated scripts were used to calculate anisotropy and FRET 

values. Threshold values were adjusted to align detected edges within 1 pixel for double 

FRET sensor studies. Anisotropy and FRET values within 3 microns of the edge were 

pooled together for analysis. 

 

piSPIM image analysis 

The raw images were first background-subtracted and transformed using an ImageJ 

macro. The transformation deskews the raw images acquired with stage-scanning mode 

so that they appear as conventional 3D stacks, viewed as if the light-sheet is scanned 

through a stationary sample (Kumar et al., 2016). Registration of P and S images was 

implemented in the open-source MIPAV programming environment as previously 

described (Wu et al., 2013). Data were then analyzed using the R programming language 

with the EBImage package (Bioconductor). Pixel anisotropy values were calculated for 
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the entire dataset, and data for analysis was extracted using the following constraints: 

inclusion of intensity values in the P image between 4000 and 15680, and pixel 

anisotropy values between 0.1 and 0.4. Inclusion criteria were applied uniformly to each 

dataset. Curve fitting was performed using Prism software (GraphPad). 

 

Statistical analysis 

All statistical tests and curve fittings were performed in GraphPad Prism. For Student’s t 

tests, two-tailed, unpaired tests were run, and p < 0.05 was considered significant. The 

number of replicates, and nature of error bars (SD, SEM), are indicated in the figure 

legends. 

 

Normalized Subtraction Image Processing 

Scaling factors were calculated from theoretical P and S values and plotted against their 

anisotropy using the correction or ‘G factor’ (Piston & Rizzo, 2008) appropriate 

widefield and piSPIM microscopes (Figure 2.3). To mask pixels with anisotropies less 

than the determined value, the S image was multiplied by the scaling factor. The scaled S 

image was then subtracted from the P image using the Image Calculator function in FIJI. 

 

Phosphomyosin path tracing 

Quantitative image analysis of phosphomyosin fiber lengths and orientations were 

performed on maximum intensity projections derived from normalized subtraction 

images at the indicated embryonic stages. Images were smoothed, and contiguous 

phosphomyosin regions were traced using the ‘Simple Neurite Tracer’ FIJI plugin. Traces 
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were skeletonized, and path length was quantified using the ‘Analyze Skeleton (2D/3D)’ 

plugin. Path orientations were measured by hand. Additional segmentation was 

performed on regions displaying sharp changes of direction at acute or right angles. 

Orientations were normalized to the transverse axis of the embryo. 

 

Deconvolution 

Where noted, constrained, iterative deconvolution was performed on three-dimensional 

datasets using Axiovision 4.8 software (Carl Zeiss Microscopy). A theoretical point 

spread function for deconvolution was generated using the specifications of the collecting 

piSPIM objective lens. 

Table 2.1  

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 

Phospho-myosin light chain 2 (Thr18,Ser19) Cell Signaling 

Technology 

3674P, RRID: 

AB_10858220 

 

Donkey anti-Rabbit, Alexa 594 conjugate Jackson 

Immunoresearch 

711-585-152 RRID: 

AB_2340621 

Chemicals, Peptides, and Recombinant Proteins   

PDGF-BB, human recombinant PeproTech Cat# 100-14B 

Fibronectin, from Bovine plasma Sigma Cat# F1141 

ML-7 Millipore Cat# 475880 

LipoD293 SingaGen Cat# SL100668 
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Table 2.1 Continued   

Rhodamine 101 Sigma Cat# 83694 

HiTrap Chelating HP columns GE Healthcare Cat# 17-0408-0 

Latrunculin A Sigma Cat# L5163 

Critical Commercial Assays   

QuikChange XL-II site-directed mutagenesis kit 

 

Agilent, Inc. Cat# 200521 

Experimental Models: Cell Lines   

REF52 cells J. Kao lab RRID:CVCL_6848 

Experimental Models: Organisms/Strains   

C. elegans, Strain ML1148 (GFP-MLC4) 

mlc-4 (or253)/qC1; mcEx399{mlc-

4p::GFP::mlc4WT, rol-6 (su1006) 

 

Labouesse lab 

 

N/A 

C. elegans, Strain BV24 (GFP-histone) 

ltIs44 [pie-1p-mCherry::PH (PLC1delta1) + unc-

119 (+)]; zuIs178 [ (his-72 1kb::HIS-72::GFP); 

unc-119 (+)] V] 

 

Bao lab N/A 

Oligonucleotides   

Primer, myosin RLC forward 

TTTTCTCGAGTTATGTCCAGCAAGCGGGCC 

 

Integrated DNA 

Technologies 

(IDT) 

N/A 
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Table 2.1 Continued 

Primer, myosin RLC reverse 

GGCCGGATCCCTAGTCGTCTTTATCCTT 

IDT N/A 

Primer, RLC T19D/S20D sense 

CAAGAAGCGGCCACAGCGGGCCGATGACA

ATGTCTTCGCAATGTTTGAC 

IDT N/A 

Primer, RLC T19/S20D antisense 

GTCAAACATTGCGAAGACATTGTCATCGGC

CCGCTGTGGCCGCTTCTTG 

IDT N/A 

Primer, RLC T19A/S20A sense 

GCCACAGCGGGCCGCAGCCAATGTCTTCGC 

IDT N/A 

Primer, RLC T19A/S20A antisense 

GCGAAGACATTGGCTGCGGCCCGCTGTGGC 

IDT N/A 

mCer3 for MLCK, forward, 

TTTTACCGGTAGCAAGGG CGAGGAGC 

IDT N/A 

mCer3 for MLCK, reverse, 

TTTTCTCGAGGTCACTTG 

TACAGCTCGTCCATGC 

IDT N/A 

Rho-binding domain/CFP fragment forward, 

TTTTGCTAGCACCATGGCACACCATCACC 

IDT N/A 

Rho-binding domain/CFP fragment forward, 

TTTAGCGGCCGCGCCACTACCACC 

IDT N/A 

mCer3 for RhoA sensor, forward IDT N/A 
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Table 2.1 Continued 

mCer3 for RhoA sensor, forward, 

TTGAGCTCGAGATCTGAGTCCGG 

IDT N/A 

Recombinant DNA   

Myosin II RLC, human MYL9 (10398) Open 

Biosystems 

NM_006097 

Plasmid: mCer3-RLC This paper N/A 

Plasmid: mCer3-RLC (T19A/S20A) This paper N/A 

Plasmid: mCer3-RLC (T19D/S20D) This paper N/A 

Plasmid: pEGFP-RLC This paper N/A 

Plasmid: EGFP-RLC (T19A/S20A) This paper N/A 

Plasmid: EGFP-RLC (T19D/S20D) This paper N/A 

Plasmid: H6-EGFP (Rizzo et al., 

2006) 

N/A 

Plasmid: mCherry-RLC This paper N/A 

Plasmid: mCherry-RLC (T19A/S20A) This paper N/A 

Plasmid: mCherry-RLC (T19D/S20D) This paper N/A 

Plasmid: MLCK (mCer3) biosensor This paper N/A 

Plasmid: RhoA (mCer3) biosensor This paper N/A 

Software and Algorithms   

Axiovision 4.8 Carl Zeiss 

Microscopy 

 

Prism 7.0 GraphPad www.graphpad.com 
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Table 2.1 Continued 

FIJI (Schindelin et 

al., 2012) 

www.fiji.sc 

R The R project https://www.r-

project.org 

RStudio R Studio https://www.rstudio.co

m 

Bioconductor Bioconductor http://bioconductor.org 

MatLab MathWorks https://www.mathwork

s.com 

Pixelmator 3.6 Pixelmator http://www.pixelmator

.com/ 

Graphic Indeeo, Inc. https://graphic.com 

Excel Microsoft www.microsoft.com 

MIPAV NIH https://mipav.cit.nih.g

ov 

Other   

Dual-view image splitter for widefield Optical Insights Model# DV1 

ORCA-R2 CCD camera for widefield Hamamatsu Cat# C10600-10B 

W-view Gemini image splitter for piSPIM Hamamatsu Cat# A12801-01 

Wire Grid Polarizers for W-view Meadowlark 

Optics 

Versalight Polarizers 

Half wave plate for piSPIM Thorlabs Cat# WPH10M-488 
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iXon EM-CCD for piSPIM Andor Model # DU-897T 

Table 2. 1. Reagents and Resources 

 

Results 

Anisotropy FRET NMMII Phosphorylation Assay Phosphorylation of myosin 

RLCs triggers dissociation of RLC:RLC dimers, promoting a conformational change in 

NMMII that facilitates binding to F-actin (Vicente-Manzanares et al., 2009). RLC 

domain separation presents an opportunity to detect their phosphorylation by monitoring 

FRET between two FP-RLC fusions (Figure 2.4A). Homotransfer FRET measurements 

can be collected using a standard widefield microscope configured for polarization 

microscopy. A plate polarizer is first placed in the excitation path. Two emission 

polarization images, oriented parallel (P) and perpendicular (S) to the excitation plane, 

are needed to calculate the fluorescence anisotropy. These can be simultaneously 

collected on a single camera using an image splitter equipped with polarization-splitting 

optics (Figure 2.1A). 

N-terminal FP-RLC fusions incorporating the mCer3 cyan FP (Markwardt et al., 

2011) were transfected into REF52 fibroblasts plated on either glass or fibronectin (FN) 

to promote actomyosin filament formation (Figure 2.4B). The mCer3-RLC anisotropies 

in glass-plated cells were significantly lower compared to anisotropies from FN-plated 

cells (Figure 2.4C), consistent with increased homotransfer and RLC dimerization in the 

dephosphorylated state. The anisotropy of mutant RLC that lack the regulatory 

phosphorylation sites (S18A, T19A; AA) was reduced significantly compared to mCer3-

RLCs containing phosphomimetic aspartate mutations (S18D, T19D; DD) (Figure 2.4D). 
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These results suggest that phosphorylation-induced RLC conformational changes can be 

quantified using fluorescence polarization microscopy. Similar observations were made 

using EGFP-RLC and mCherry-RLC fusion proteins (Figure 2.2), demonstrating the 

flexibility of this approach across different FP colors. 
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Figure 2. 1. Optical configurations for fluorescence polarization microscopy. 

(A) A widefield sample configuration. LED illumination is filtered by a plane polarizer 
before deflection to the objective lens by a standard fluorescence filter cube. The emitted 
light is filtered for color first by the filter cube. P and S polarizations are separated by an 
image splitting device and collected simultaneously using a single camera. Commercial 
polarization splitting configurations are available from Optical insights (Dual-View) or 
Cairn (Opto-Split). Alternatively, the W-view Gemini from Hamamatsu can be custom 
fitted with polarization splitting optics. Optics i-iii are Versalight unmounted wired grid 
polarizers (Meadowlark Optics). (B) For piSPIM imaging, laser polarization is controlled 
using a rotatable l/2 waveplate (iv, Thorlabs) inserted into the beam path. A W-view 
fitted with the polarization optics depicted in A (ii, iii) was used to separate emitted P and 
S polarizations.  
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Figure 2. 2. EGFP and mCherry RLC biosensors.  

Alternate RLC biosensors were constructed using EGFP (A) and mCherry (B). RLC 
phosphorylation sites (Ser19, and Thr18 (Ikebe et al., 1986)) were mutated to alanines 
(AA) to prevent phosphorylation or aspartates (DD) to mimic RLC phosphorylation. 
Anisotropies were calculated from widefield (20 ́ magnification, 0.8 NA lens) images of 
cells expressing the indicated constructs, as described in the methods. T-tests were used 
to determine statistical significance for EGFP-RLC (****, p < 0.0001; AA, n = 21; DD, 
n=19 biological replicates) and mCherry-RLC (****, p < 0.0001; AA, n = 19; DD, n=17 
biological replicates). Bars indicate mean ± SD. 
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Figure 2. 3. Scaling factor calculations. 

Theoretical P and S values were used to calculate fluorescence anisotropies and scaling 
factors 𝑃/(𝑆 × 𝑔) for normalized subtraction. Calculations are shown for the two g factors 
used in this study (g = 1.05 for widefield; g = 1.2 for piSPIM). 
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Next, mCer3-RLC expressing cells were grown on FN-coated coverglass and 

immunostained (Figures 2.4E–2.4I) using an antibody to phosphorylated myosin RLC. 

Although high anisotropy regions (Figure 2.4F, blue) revealed the location of actomyosin 

fibers, low anisotropy pixels sometimes obscured them (arrows). This effect is likely 

related to image ratioing, which equalizes intensity differences across the cell. Further 

isolation of the myosin fibers was achieved by thresholding the ratiometric image to 

mask anisotropy values below 0.133, which is 1 SD above the mean value for the AA 

mutant (Figure 2.4D). This only marginally improved contrast in cell regions that contain 

high amounts of low-anisotropy pixels (Figure 2.4G). Intensity information can be better 

preserved by subtracting a scaled S image (normalized to exclude anisotropies <0.133; 

Figure 2.3) from the anisotropic P image (Figure 2.4H). Normalized subtraction 

effectively isolated high anisotropy regions and closely resembled the phosphomyosin 

RLC immunostain (Figure 2.4I), suggesting that the localization of phosphorylated 

myosin RLCs can be revealed using fluorescence polarization imaging. mCer3-RLC 

pixel anisotropies from regions co localized with the phospho-myosin immunostain were 

significantly higher than non-colocalized pixels (Figure 2.4J). The average pixel intensity 

from either subset was not significantly different than the mean pixel brightness over the 

entire cell (Figure 2.4K). 

To test whether actin filament binding affected mCer3-RLC anisotropy, we plated 

cells expressing the mCer3-RLC (DD) mutant on FN. Anisotropy measurements were 

taken before treatment with latrunculin A to depolymerize actin filaments. Latrunculin A 

application changed the localization of mCer3- RLC (DD) from filamentous (Figure 

2.4L) to diffusely cytoplasmic (Figure 2.4M), but did not significantly alter the 



	 54	

fluorescence anisotropy of mCer3-RLC (DD) (Figure 2.4N). These data suggest that RLC 

phosphorylation, rather than actin binding, is the primary mechanism underlying reduced 

RLC FRET. 
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Figure 2. 4. A FRET Assay for RLC Phosphorylation. 

(A) Phosphorylation of NMMII RLCs results in dissociation of RLC homodimers, actin 
binding, and diminished FRET. (B) REF52 fibroblasts expressing mCer3-RLC were 
plated on uncoated or fibronectin (FN)-treated glass coverslips and imaged using 
widefield microscopy. (C) The fluorescence anisotropy of mCer3-RLC (n = 10 biological 
replicates) was measured in cells plated on uncoated or FN-treated glass coverslips (t test, 
****p < 0.0001, n = 15 cells, bars indicate SD). (D) RLC phosphorylation sites (Ser19 
and Thr18) (Ikebe et al., 1986) were mutated to alanines (AA) to prevent phosphorylation 
or aspartates (DD) to mimic RLC phosphorylation and expressed in REF52 cells. 
Fluorescence anisotropies were measured in REF52 cells expressing mutant mCer3-
RLCs (t test as in C, ****p < 0.0001, n = 28 biological replicates for AA and 27 for DD, 
bars indicate SD). (E) REF52 cells expressing mCer3-RLC were plated on FN and fixed. 
(F) A ratio image was generated and pseudocolored to show high anisotropy (i.e., 
phosphorylated) regions in blue. Some regions contain both high and low anisotropy 
pixels, making identification of phosphorylated myosin structures in the ratio image 
difficult (arrows). (G and H) Anisotropy pixels above 0.133 were identified either by 
thresholding the ratio image (G) to mask low anisotropy pixels or performing a 
normalized image subtraction (H). (I) Cells were immunostained with phospho-myosin 
antibodies to identify phosphorylated RLC. (J) mCer3-RLC anisotropy data from 
phosphomyosin immunostained cells was sorted into regions lacking co-localization 
(Non-Phos) and regions colocalized with phosphomyosin (Phos). Phos regions contained 
significantly higher anisotropies (n = 10 biological replicates; ****p < 0.0001, t test, bars 
indicate SD). (K) The mean brightness for each region was not significantly different 
than the total cellular brightness (p > 0.05, ANOVA, Tukey multiple comparison test, n = 
10 biological replicates, bars indicate SD). (L–N) Cells expressing mCer3-RLC (DD) 
were treated with 500 nM latrunculin A to depolymerize the actin cytoskeleton (pre-
stimulation, L; post-treatment, M). The anisotropy of mCer3-RLC (DD) was not 
significantly affected. (N) Anisotropy values were normalized to the mean from untreated 
cells. Latrunculin A treatment did not significantly alter measured mCer3-RLC (DD) 
anisotropy (p > 0.05, t test, n = 10 biological replicates, bars indicate SD). 
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Figure 2. 5. MLCK Activity and RLC phosphorylation. 

 (A and B) REF52 fibroblasts expressing WT mCherry-RLC (A) or mCherry-RLC (AA) 
(B) were left untreated or incubated with 20 mM ML-7 to inhibit MLCK (5 min; n > 18 
biological replicates; bars indicate SD; ****p < 0.0001 t test). (C) A REF52 cell 
coexpressing an MLCK biosensor and mCherry-RLC was plated on an uncoated glass 
coverslip and treated with 90 mM KCl to activate MLCK. MLCK biosensor (CFP, YFP) 
and mCherry-RLC polarization (P, S) images before stimulation are shown. Increases in 
MLCK CFP/ YFP FRET-ratios and mCherry-RLC anisotropies are represented by the 
indicated color scheme. Scale bar, 10 µm. Activation of both sensors was observed in the 
cytoplasm (white arrows). Activation of MLCK in the nucleus (oval) was also observed. 
(D and E) Normalized ratio changes for MLCK (CFP/YFP) and myosin RLC (P/S) are 
plotted for selected regions of interest for the cytoplasm (D), and the nucleus (E). KCL 
was added 5 min from the initiation of the experiment. (F and G) Data were normalized 
to the mean of the first 10 ratios. Changes in nuclear and cytoplasmic mCherry-RLC (F) 
and MLCK (G) were quantified across 10 cells. (H and I) Control experiments were 
performed in cells expressing mCherry-RLC (AA) (H) and the MLCK sensor (I) (p < 
0.05, t test; n = 10 biological replicates, bars are SD). 
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Dynamic Measurement of RLC-FRET in Living Cells  

Myosin RLC-FRET dynamics were explored in living cells using mCherry-RLC. 

REF52 fibroblasts expressing mCherry-RLC were treated with 20 mM ML-7 for 5 min to 

inhibit MLCK activity. ML-7 treatment reduced mCherry-RLC anisotropy compared to 

untreated cells (Figure 2.5A), consistent with inhibited RLC phosphorylation. ML-7 

treatment did not affect the anisotropy of mCherry-RLC (AA), which lacks 

phosphorylation sites (Figure 2.5B). To examine myosin RLC dynamics alongside 

MLCK, we co-expressed mCherry-RLC with an MLCK FRET biosensor (Isotani et al., 

2004) modified to include the brighter mCer3 cyan FP (Markwardt et al., 2011) (Figure 

2.5B). Image capture times were similar for heterotransfer and homotransfer sensors and 

ranged between 200 ms and 1 s depending on the expression level. Cells were plated on 

an uncoated glass coverslip to promote myosin dephosphorylation. Depolarization of the 

cell with KCl activated the MLCK sensor and caused a coincident increase in 

cytoplasmic mCherry-RLC polarization (Figures 2.5C, white arrows, 2.5D, and 2.5F). 

Changes in nuclear RLC phosphorylation were less apparent (Figures 2.5C, oval, 2.5E 

and 2.5F), although the MLCK sensor reported activation in both the nucleus and 

cytoplasm (Figures 2.5D, 2.5E, and 2.5G). Expression of the mCherry- RLC (AA) mutant 

blocked myosin sensor response to KCl (Figure 5H) but did not affect MLCK sensor 

activation (Figure 2.5I). 

MLCK activity and myosin phosphorylation were next examined in randomly 

migrating REF52 cells plated on an FN matrix (Figure 2.6). Ratiometric images for the 

MLCK sensor and anisotropy subtraction images for myosin RLC phosphorylation are 

shown at the onset of data collection and 30 min later (Figure 2.6A). A kymograph was 
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generated at the indicated line (Figure 2.6B) and shows persistent colocalization of 

MLCK activation and high anisotropy regions of mCherry-RLC, consistent with NMMII 

phosphorylation. MLCK activity and RLC phosphorylation colocalized at the leading and 

retracting edges of the cell. In cells expressing wild-type (WT) myosin RLC, increased 

myosin phosphorylation was observed at the leading edge compared to AA myosin RLC 

controls (Figure 2.6C). Expression of AA myosin RLC did not affect activation of the 

MLCK biosensor (Figure 2.6D), which was activated at the leading edge compared to the 

cell interior. Interestingly, retraction progressed in two stages; an initial ‘‘slow’’ phase 

characterized by the presence of both phosphorylated myosin and MLCK activity, 

followed by a rapid phase lacking either phosphorylated myosin or MLCK activation. 
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Figure 2. 6. MLCK Activity and RLC Phosphorylation in Cell Migration. 

 (A) MLCK activity, represented by a ratio image, and myosin phosphorylation, indicated 
by normalized subtraction, are shown for a randomly migrating REF52 over a 30-min 
period. (B) Kymographs were generated for pixels positioned along the orange line to 
show changes over time. Arrows identify colocalized MLCK activation and RLC 
phosphorylation. Scale bars, 10 µm. (C) RLC anisotropy values within 3 µm of the 
detectable cellular edge were elevated compared to mutant RLC (AA) (n > 10 biological 
replicates; **p < 0.01 by t test; bars indicate mean and SD). (D) The MLCK sensor was 
similarly activated at the edges of WT and mutant RLC expressing cells in the same 
region (p > 0.05, t test; bars indicate SD). FRET ratios were normalized to values in the 
middle of the cytoplasm. 
  



	 61	

	

Figure 2. 7. RLC Phosphorylation during Retraction of a Cell Protrusion. 

 (A–C) Localized changes in RLC phosphorylation were stimulated using a microfluidic 
pipette to deliver 10 ng/mL PDGF to one portion of a REF52 cell expressing mCer3-
RLC. (A) Rhodamine (in red) was used to mark the area of stimulation for several 
minutes before addition of PDGF. The P image of mCer3-RLC presented (cyan). (B) 
Fluorescence anisotropies are represented by the indicated color scale. Pixel intensities 
from the yellow bar (top right) were used to create a kymograph. Scale bar, 10 µm. (C) 
Application of rhodamine (red) and PDGF (cyan) are indicated by the bars. The white 
arrows mark a PDGF-dependent shift in phosphorylated RLC that precedes an increase in 
the rate of retraction (pink arrow). Rapid myosin dephosphorylation during this phase is 
indicated by the blue arrow. (D) RLC anisotropy values (black) and were calculated 
within 3 µm of the retracting edge for cells expressing WT RLC or AA RLC. 
Displacement of the edge from the initial position is indicated in blue (n = 10 biological 
replicates, bars indicate SEM, a reference baseline at y = 0 [gray] was drawn for clarity). 
PDGF was added at time 0. WT RLC anisotropies were significantly less than pre-
stimulation levels 10 min after PDGF treatment (p < 0.01, t test). 

 

 



	 62	

To look more closely at RLC phosphorylation during retraction, we applied 

PDGF to a cell protrusion with a microfluidic pipette (Ainla et al., 2012). Rhodamine 

was used to mark the area under stimulation, and application of the fluorescent dye alone 

did not observably affect cell morphology (Figure 2.7A). PDGF stimulation resulted in 

the retraction of a cell protrusion initiating 5 min into the treatment (Figures 2.7A, 2.7B). 

The morphology of the cell outside of the treatment area did not undergo substantial 

alterations. Before retraction, the tip of the protrusion contained stable high-anisotropy 

phosphorylated regions (Figure 2.7B). Retraction proceeded through a multi-phasic 

process similar to those during random migration. Initially, cytoskeletal movements were 

observed 10–20 mm deep into the protrusion (Figure 2.7C, white arrows). These were 

followed by a slow retraction with elevated RLC anisotropy maintained at the tip of the 

retracting edge (Figure 2.7C, preceding the pink arrow). Myosin dephosphorylation, both 

at the leading edge (Figure 2.7C, following the pink arrow) and internally (Figure 2.7C, 

blue arrow), was associated with an increase in the speed and magnitude of retraction. 

Changes in myosin RLC anisotropy were quantified along the retracting edge for the 

duration of the experiment (Figure 2.7D). RLC-anisotropy decreased alongside 

displacement of the cellular edge. Anisotropy of mCer3-RLC (AA) at the edge did not 

significantly change after 10 min of PDGF treatment. The PDGF induced retraction was 

not significantly affected by expression of mCer3-RLC (AA) compared to mCer3-RLC 

WT. Activation of p190RhoGAP (Ronnstrand & Heldin, 2001), which deactivates RhoA 

and promotes dissolution of actomyosin fibers (Ridley et al., 1993), is a likely 

mechanism. In support of this hypothesis, local PDGF treatment reduced RhoA biosensor 

activity during retraction, especially during the rapid phase (Figure 2.8). 
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Figure 2. 8. Local changes in RhoA activity during retraction.  

RhoA activity in response to local application of PDGF was assessed in REF52 
fibroblasts expressing a FRET biosensor. A. Application of PDGF (10 ng/ml) with a 
microfluidic pipette was marked using rhodamine (red). Cyan fluorescence from the 
REF52 cell is overlaid with the rhodamine image. B. FRET ratio images were generated 
for the REF52 cell over time, showing a PDGF- induced retraction. The pink line in panel 
1 was used to create a kymograph (C). Retraction proceeds slowly at the beginning (pink 
arrow). Accelerated movement (white arrow) is associated with a decrease in the 
YFP/CFP FRET ratio, indicating deactivation of RhoA. Scale bars are 10 microns, and 
the FRET ratios are indicated by pseudocolor as shown. Images are representative of 6 
biological replicates.  
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Whole Organism piSPIM Imaging of the NMMII Phosphorylation Biosensor 

We next explored RLC phosphorylation dynamics in developing C. elegans 

embryos expressing GFP-MLC-4 (Gally et al., 2009), a C. elegans homolog of NMMII 

RLC. Due to the specimen thickness and light sensitivity of developing C. elegans 

embryos, we adapted inverted selective plane illumination microscopy (iSPIM) for 

polarization FRET imaging. Light sheet microscopy restricts illumination to an optical 

section, limiting light exposure to the sample. This minimizes photodamage compared to 

other technologies (Huisken & Stainier, 2009) and enables long-term observation of 

developing organisms. Compared to widefield microscopy, exposure times were reduced 

at least 10-fold from over 200 ms to 20 ms. The iSPIM approach mounts both the light 

sheet and the collecting objective lenses at the top of an inverted microscope, which 

facilitates imaging of living specimens. 

An iSPIM system was adapted for polarization experiments by incorporating an 

image-splitting device fitted with polarization optics in front of the detection camera. A 

half-wave plate was used to rotate the laser polarization systematically and optimally 

align it to the collection optics (Figure 2.9). Anisotropies of GFP labeled beads (Piston & 

Rizzo, 2008) in piSPIM were similar to measurements made in widefield microscopy 

(Figure 2.9B). Embryos expressing GFP-MLC-4 were imaged as soon as fluorescence 

was detectable by eye, before the start of elongation. Three-dimensional z stacks that 

spanned the entire embryo were collected every 5 min until hatching, indicating that the 

approach was gentle enough for long duration (7 hr) imaging of C. elegans embryonic 

development. Embryo morphologies at key milestones were consistent with unperturbed 

development (Figure 2.10). 
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Figure 2. 9. GFP polarization measurements using piSPIM.  

A. A half-wave plate was inserted in the beam path and rotated at regular increments to 
optimize the laser polarization for piSPIM. GFP-labeled beads were imaged at the 
indicated angles and the P/S polarization ratio computed. Bars indicate mean ± SD. (n=13 
biological replicates per point, each angle is a technical replicate) B. The measured GFP-
bead anisotropy in piSPIM agreed well with bead measurements taken by widefield 
microscopy. Bars indicate mean ± SD. (n= 32 biological replicates for widefield; n=13 
biological replicates for piSPIM; mean r values are not statistically different (t-test, p > 
0.05)).  
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Figure 2. 10. Embryo morphology during piSPIM imaging. 

Maximum intensity projections are shown for z-stacks collected by piSPIM imaging of 
GFP-MLC-4. Developmental stage, time since the onset of imaging, and embryonic time 
defined from fertilization are indicated. Scale bar = 10 µm.  
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The distribution of phosphorylated GFP-MLC-4 was examined at different 

developmental stages (Figure 2.11). Early expression was confined to the seam epidermal 

cells (Figure 2.11A). Phosphorylated myosin was localized along the cell periphery, 

mainly in puncta, but also indiscriminately along all edges of these cells (Figure 2.11B, 

arrows). In the stage preceding twitching, the discrete localization becomes less 

pronounced (Figure 2.11C), and the peripheral localization of phosphorylated RLC 

remained, both longitudinal and transverse (arrows) to the dorsal-ventral axis (Figure 

2.11D). At the onset of twitching (Figures 2.11E and 2.11F), the transverse component 

becomes less apparent (Figure 2.11F, arrows). In contrast, the longitudinal distribution 

became more pronounced through the later stages of elongation (Figures 2.11G and 

2.11H) and was maintained through cuticle synthesis (Figures 2.11I and 2.11J). The 

orientation and length of contiguous phosphorylated fibers were quantified in subtraction 

images using a neurite tracer plugin in FIJI. Post-twitch myosin phosphorylation 

redistributed perpendicularly to the transverse axis of the egg (Figures 2.11K and 2.11L). 

The length of measurable phospho-myosin fibers significantly increased after the onset of 

twitching (Figure 2.11M), compared to measurements made in the comma stage (n = 5 

embryos). These changes grew more pronounced in later stages compared to earlier ones 

as phosphorylated GFP-MLC-4 became more distinctly localized to the seam cells. 
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Figure 2. 11. RLC Phosphorylation during Embryonic Development in C. elegans. 

(A–J) Changes in phosphorylated GFP-MLC-4 distribution were followed using piSPIM. 
Embryos were imaged starting at the first signs of GFP-MLC-4 expression. Z stacks were 
taken every 5 min until hatching. Comma (A and B), pre-twitching (C and D) and post-
twitching (E and F) 2-fold, late elongation (G and H), and post-cuticle induction (I and J) 
stages are shown. Maximum intensity projections derived from image volumes for 
deconvolved S polarization images are shown alongside normalized subtraction images 
that indicate the location of GFP-MLC-4 phosphorylation (r > 0.27) (A, C, E, G, and I). 
Parallel striations in (C) and (E) result from under-sampling in the z dimension. Boxed 
regions of interest were enlarged (B, D, F, H, and J). In the comma stage, (B) 
phosphorylated myosin is organized around cell exterior (arrows and dashed lines) 
without apparent preference. Beginning in the twitching stage, myosin phosphorylation 
primarily becomes organized longitudinally to the embryo axis (compare pre-twitch, D, 
and post twitch, F); arrows highlight the transverse organization in the pre-twitch state 
that is lost once twitching begins). This distribution becomes more pronounced as the 
embryo develops (H and J, arrows). Scale bars, 10 µm. (K–M) The orientation (L) and 
length (M) of contiguous phosphomyosin regions were quantified in maximum intensity 
projections of subtraction images for embryos at the indicated stages (n = 5 biological 
replicates). Orientations were normalized to the transverse axis (K) of the egg. Mean 
values were compared to the comma phase (ANOVA, Dunnett’s multiple comparison 
test; NS, p > 0.05; ***p < 0.001; ****p < 0.0001; bars indicate SD). 
 
  



	 70	

To quantify the amount of myosin RLC phosphorylation at each stage, we devised 

an approach that takes advantage of the large volume of information generated during a 

piSPIM experiment. Typically, around 5,000 images are collected that contain both P and 

S views. Although <1% of the pixels had an adequate signal above background for 

computational purposes, there were still an ample number of pixels per three-dimensional 

volume (104 to 105) for quantitative analysis. The variance for a single anisotropic state 

was estimated using C. elegans embryos expressing GFP-histone (Figure 2.12A). Unlike 

GFP-MLC-4, the anisotropy of GFP-histone remained constant until hatching over a 6 hr 

period (Figure 2.12B). The distribution of GFP pixel anisotropies converges on a 

singlecomponent Gaussian fit (Figure 2.12C), indicating the presence of a single 

anisotropic state. Measured standard deviations were consistent through three 

independent experiments (Figure 2.12D) and were used for quantitative analysis of 

GFPMLC- 4 image data. 
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Figure 2. 12. piSPIM imaging of GFP-tagged histone in C.elegans. 

A. BV24 embryos expressing a GFP-histone were imaged using piSPIM from the mid-
elongation phase until hatching. Maximum intensity projections of an embryo 200 min 
before hatching are shown for both P and S polarizations, scale bar = 5 µm. B. The 
average anisotropy for individual time points was calculated for three biological 
replicates (bars = SEM). C. The distribution of pixel anisotropies for an entire data set is 
shown. The data was fit to a one component Gaussian fit. D. Measured standard 
deviations from three biological replicates were averaged and used for fitting the GFP-
MLC-4 anisotropies. Bars indicate mean ± SD.  
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The mean anisotropies of the two GFP-MLC-4 states were then estimated using 

quantitative analysis. Pixel anisotropies from a 6 hr GFP-MLC-4 imaging experiment (5-

min intervals, 60 frames/vol, 55 ms/frame) were pooled together and fit using a two-state 

Gaussian model. The SD of GFP-histone fluorescence was used as a constraint. Figure 

2.13A shows the distributions of the high-FRET (blue) and phosphorylated MLC (red) 

components. The analysis was repeated for 5 independent datasets, and the mean 

anisotropies of the two states converged well (Figure 2.13B). GFP-MLC-4 expression 

and phosphorylation were quantified with mean anisotropies of the two identified states. 

Three independent piSPIM datasets spanning from pre-elongation to hatching 

were analyzed. For each time point, GFPMLC- 4 pixel data were extracted, and 

information from each z stack was pooled together for analysis. Time points were 

normalized to hatching to estimate the age of the embryo, and the total fluorescence 

(Figure 2.13C) was calculated. The percent phosphorylated GFP-MLC-4 (Figure 2.13D) 

and quantity of each GFP-MLC-4 state were calculated using values generated from a 

two-state Gaussian fit (Figure 2.13E). GFP-MLC-4 fluorescence rises sharply throughout 

the early elongation period. Once elongation ends, GFP-MLC-4 fluorescence reaches a 

steady state and then slowly declines until hatching. The percentage of phosphorylated 

myosin RLCs displayed an inverted trend compared to overall fluorescence. This was 

strongly reflected by changes in the dephosphorylated pool, which was more dynamic 

than the phosphorylated RLC pool (Figure 2.13E). Phosphorylated myosin levels rose 

steadily through elongation and persisted until the beginning of cuticle synthesis. These 

results suggest that changes in GFP- MLC-4 expression are uncoupled from regulation of 

myosin-RLC phosphorylation and function. 
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Figure 2. 13. Quantification of GFP-MLC-4 FRET Dynamics during C.elegans 
Embryonic Development. 

(A) To calculate the anisotropies of the two GFPMLC- 4 conformational states, we 
compiled data from a piSPIM imaging session of a GFP-MLC-4 expressing embryo. The 
embryo was imaged from comma to hatching, with one 60-frame z stack acquired every 5 
min over an 7 hr period. Pixel anisotropy values from ~5,000 images were pooled 
together, and the distribution of values was fit to a two-component Gaussian distribution 
(gray). Individual components for the FRET (blue) and phosphorylated states (red) are 
shown. (B) Calculated mean anisotropy values for each state are shown from 5 biological 
replicates. Bars indicate mean ± SD. (C) Changes in GFP-MLC-4 levels throughout the 
development was quantified by calculating the total fluorescence for each time point (n = 
3 biological replicates, bars = SEM, developmental times were normalized to hatching 
[min]). (D and E) Pixel anisotropy values for each time point were then fit to a two-state 
Gaussian model. Peak amplitudes for each state were then used to calculate the relative 
percentage of phosphorylated pixels (D, n = 3 biological replicates, bars = SEM), and the 
quantity (E, n = 3 biological replicates, bars = SEM, FRET pixels are blue, and 
phosphorylated pixels are red). 
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Discussion 

FRET Reveals RLC Phosphorylation 

Taking advantage of the natural dimeric character of myosin RLC, we observe 

changes in homotransfer FRET between FP labeled myosin RLC proteins that are 

associated with phosphorylation. Stimulation of stress fiber formation increased the 

measured anisotropy, indicating reduced homotransfer. Direct mutation of the 

phosphorylation sites modulated fluorescence anisotropies in a manner consistent with 

manipulation of homotransfer FRET in FP-RLCs. Further, changes in RLC anisotropy 

are independent of binding to fibers, as treatment with latrunculin A did not affect FP-

RLC (DD) anisotropy. These results indicate that phosphorylation-mediated effects on 

RLC-FP homotransfer FRET are the primary mechanism underlying the observed 

anisotropy changes. 

Previous FRET-based approaches to measuring RLC phosphorylation in living 

cells include in vitro myosin labeling and microinjection (Post et al., 1994, 1995) and a 

two-color FRET based sensor (Yamada et al., 2005). Even so, these methods are not 

easily combined with secondary measures because two-color FRET approaches occupy 

much of the useful visible spectrum. Here, we show that the anisotropy RLC approach 

can be flexibly deployed using cyan, green, and red FPs, making it optically compatible 

with existing reagents. Thus, the RLC phosphorylation biosensor can be paired with other 

optical tools, including classic cyan/yellow FRET biosensors (Figures 2.5 and 2.6), or 

indicator dyes for marking chemical application with a microfluidic pipette (Figure 2.7). 

When combined with piSPIM, the dynamics of myosin RLC phosphorylation can be 

followed in vivo (Figures 2.11 and 2.13). 
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Phosphorylated RLC regions can be readily identified using a normalized 

subtraction image processing protocol that takes advantage of their high anisotropy. 

Scaling the intensity of the isotropic S image allows masking of low anisotropy, 

dephosphorylated regions when subtracted from the P image. Unlike ratiometric 

representations, normalized subtraction preserves intensity differences within the image 

that result from myosin compartmentalization as it binds actin fibers. Thus, image 

subtraction was effective at identifying phosphorylated RLCs, particularly in images that 

also contained a substantial pool of inactive myosin. For example, during the peak of 

GFP-MLC-4 expression, the proportion of dephosphorylated to phosphorylated GFP-

MLC-4 is approximately 5 to 1 (Figure 2.13D). 

Compared to other optical sectioning technologies, like confocal or two-photon 

microscopy, the iSPIM approach is particularly beneficial for polarization imaging 

(Hedde et al., 2015). Notably, iSPIM allows for full-frame imaging with a high quantum 

yield camera, thereby reducing scanning in volumetric imaging to a single dimension 

along the optical detection axis. This increases data collection speeds (in this study, ~18 

frames per second) and enables simultaneous collection of both P and S images using an 

image splitting device. Incorporating polarization into iSPIM is fairly straightforward. 

Alternatively to the solution described here, Hedde et al. (2015) constructed a similar 

configuration using fiber optic-coupled lasers and a custom-built image splitting strategy 

for polarization imaging in fibroblasts. 

The volume of data generated by piSPIM allowed us to perform a more extensive 

quantitative analysis of RLC phosphorylation than is typically permitted when pixels are 

pooled together for statistical analysis by hand-selected regions of interest. Although we 
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considered the latter approach, we decided to pursue an alternative data analysis strategy 

for several reasons. First, the multi-dimensionality of the data was difficult to reduce 

using hand-selected regions of interest. Second, we needed to identify the anisotropies of 

both the phosphorylated and the dephosphorylated states to locate phosphorylated RLC 

by normalized image subtraction. This would have been difficult using hand-selected 

regions of interest. Processing data at the pixel level also turned out to be 

computationally efficient, because it allowed us to bypass visualization and subsequent 

analysis at the whole image level. 

 

Dynamic RLC Phosphorylation in Fibroblasts 

Our studies on myosin phosphorylation in single cells revealed noteworthy 

insights about regulation of the actomyosin cytoskeleton by MLCK. In response to KCl, 

colocalization of MLCK activation and RLC phosphorylation was not uniform. Although 

cytoplasmic myosin RLC increased along with MLCK activation in the cytoplasm, 

nuclear myosin RLC did not, despite MLCK activation. This underscores the value of 

measuring myosin RLC independently of its regulators. Tighter colocalization of MLCK 

activation and myosin RLC phosphorylation was observed in a randomly migrating 

fibroblast. We found colocalization at both leading and trailing edges. MLCK 

colocalization with phosphorylated RLC persisted for the duration of the structure, 

suggesting that the MLCK activity may play a role in maintaining actomyosin fibers. 

Interestingly, the disappearance of both MLCK and myosin phosphorylation was 

associated with an increase in the rate of retraction. The retraction process was biphasic, 

where MLCK and myosin phosphorylation associated with the initial phase. Similarly, 
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the disappearance of phosphorylated myosin is associated with faster retraction in 

response to local application of PDGF. This treatment also inactivated RhoA, which in 

turn promotes myosin phosphatase activity through decreased phosphorylation by Rho-

kinase (Somlyo & Somlyo, 2003). 

 

RLC Phosphorylation Dynamics in Embryonic C. elegans 

NMMII phosphorylation has long been thought to be a pivotal control point for 

embryonic elongation. Direct regulators of MLC-4 phosphorylation, LET-502 kinase, and 

MEL-11 phosphatase have been shown to be complementary and essential regulators of 

actomyosin driven shape changes during elongation (Piekny et al., 2000; Wissmann et 

al., 1997). Genetic evidence points to the complexity of MLC-4 regulation at this 

developmental stage. NMMII kinases (Gally et al., 2009), upstream GTPases (Martin et 

al., 2016), and their regulators (Chan et al., 2015; Diogon et al., 2007; Martin et al., 

2014) are all thought to provide essential contributions to the developmental program. 

Indeed, our data show that the percentage of phosphorylated MLC-4 falls throughout 

elongation, even though gene transcription of LET-502, MEL-11, and MLC-4 rise and 

peak at the end of this stage (Boeck et al., 2016). In contrast, the amount of 

phosphorylated MLC-4 then remains steady through cuticle synthesis, suggesting 

essential functions for MLC-4 in these later stages of development. The mechanisms 

underlying these observations have yet to be determined, but our approach provides a tool 

for measuring changes in MLC-4 activity during embryonic development. 

Our studies also suggest that the orientation of phosphorylated RLC changes 

during twitching. Mechanotransduction has been proposed as a driver of cellular 
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differentiation (Zhang et al., 2011), and the alignment of strong mechanical forces along 

the dorsal:ventral axis (Vuong-Brender et al., 2017) is thought to play a role in shape 

development during elongation. Unlike in Drosophila (Rauzi et al., 2008; Simone & 

DiNardo, 2010) and zebrafish (Behrndt et al., 2012; Urven et al., 2006), the overall 

distribution of myosin does not favor the dorsal:ventral axis pre-twitching. This finding is 

supported by our piSPIM measurements of RLC phosphorylation. Even so, Vuong-

Brender et al. (2017) found evidence that actin fibers begin aligning in the dorsal:ventral 

axis before twitching, and the force generation (i.e., mechanical stress) becomes 

increasingly aligned with this axis as elongation progresses. Our measurements suggest 

that once contraction begins, phosphorylated myosin aligns along this axis and remains 

throughout the remainder of development. Once cuticle synthesis initiates, the structural 

need for myosin II likely abates, as we see a steady decrease in the quantity of 

phosphorylated RLC through hatching. 
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Chapter 3 . Myosin light chain phosphatase activity is compartmentalized in 

migrating cells. 

 

Abstract 

Phosphorylation of non-muscle myosin II (NMMII) regulatory light chain regulates the 

formation and contraction of the actomyosin cytoskeleton during cell 

migration. However, the dynamics of how dephosphorylation and cytoskeletal teardown 

are regulated are poorly understood. We developed a myosin light chain phosphatase 

(MLCP) Förster resonance energy transfer (FRET) biosensor to explore the dynamics of 

NMMII dephosphorylation during cell migration. Biosensor FRET was sensitive to 

modulation of the pseudosubstrate as a result of mutation and application of 

pharmacological inhibitors. During cell spreading on a fibronectin matrix, there was 

colocalization of MLCP and myosin light chain kinase (MLCK) activity. When pairing 

the MLCP biosensor with an MLCK biosensor, we observed partial colocalization of 

MLCK and MLCP activity central to the cell edge, with MLCK activation in regions 

more proximal to the cell periphery than MLCP. In addition to MLCK dynamics, MLCP 

and RhoA were measured in motile cells. While investigating the regulation of cell 

migration, MLCP demonstrated activation adjacent to MLCK activation and NMMII 

phosphorylation, which were constrained to the periphery. These results suggest the 

importance of compartmentalized MLCP and MLCK activity during cell movement. 

 

Introduction 

Cells migrate by coordinating lamellar protrusion with assembly of the leading edge 

to create new adhesions. This is followed by contraction of the cell body, disassembly of 



	 81	

the lagging edge, and results in cellular movement (Horwitz & Parsons, 1999). Non-

muscle myosin II (NMMII) binds to actin filaments and stabilizes cellular protrusions by 

joining with proteins in the extracellular matrix (EM). Together they produce a 

contractile force that facilitates migration on an EM (Ridley et al., 2003; Somlyo & 

Somlyo, 2003). Consequently, the spatial and temporal regulation of NMMII 

phosphorylation allows for changes in actomyosin cytoskeletal dynamics and therefore in 

cell migration (Vicente-Manzanares et al., 2009). 

Phosphorylation of NMMII regulatory light chains (RLCs) on Ser19 and Thr18 

promotes the dissociation of dimerized RLCs required to permit the head group to bind to 

actin filaments (Somlyo & Somlyo, 2003). Myosin light chain kinase (MLCK) is the 

predominant NMMII kinase and is activated by association with Ca2+/Calmodulin (CaM). 

On the other hand, the primary phosphatase is myosin light chain phosphatase (MLCP) 

(Pettit & Fay, 1998; Nishio et al., 1997), which is inhibited downstream of activated 

RhoA GTPase. MLCP is directly phosphorylated at Thr696 and Thr853 (Khasnis et al., 

2014) by Rho-dependent kinase (ROCK) (Feng et al., 1999; Kimura et al., 1998), on the 

pseudosubstrate site of the myosin phosphatase target subunit 1 (MYPT1) subunit 

(Murányi et al., 2005). The phosphorylated sequence can then occupy the catalytic 

subunit active site, inhibiting its phosphatase activity. Whereas ROCK (Wu et al., 2009) 

and MLCK (Chew et al., 2002) regulation in migrating cells have been defined. Further 

questions remain about real-time MLCP activation and regulation of NMMII in migrating 

cells. 

Compartmentalized MYPT1 regulates cell motility, adhesion (Matsumura & 

Hartshorne, 2008), and epithelial cell morphology (Mitonaka et al., 2007; Fukata et al., 
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1998). MYPT1 can localize to areas where myosin is absent; such as the nucleus (Eto et 

al., 2005; Wu et al., 2005), underscoring the need to measure MLCP activity and NMMII 

phosphorylation in the same location at the same time. MLCP inhibition by ROCK 

increases NMMII phosphorylation, which also has been hypothesized to increase cell 

motility (Somlyo & Somlyo, 2003). MLCP is recognized as a regulator of cytoskeletal 

dynamics, but less is known about its spatial and temporal activity. Here, we report the 

development of an Förster resonance energy transfer (FRET) based biosensor to measure 

MLCP activation in living cells. Biosensors allow us to determine spatial differences in 

NMMII dephosphorylation/phosphorylation between MLCP and MLCK as cell 

movement occurs. 

The optical biosensor for MLCP activation was designed with mOrange2 (Shaner et 

al., 2008) and mCherry (Shaner et al., 2004) red fluorescent protein, inserted into 

strategic positions in MYPT. Introduction of nitric oxide (NO) induced MLCP activity. 

Chemical generation of NO did not affect cell spreading on a fibronectin matrix when 

associated with MLCP activation. Modifications to the MLCP phosphorylation site 

(T694) demonstrated changes in conformational states. Quantifying different modes of 

regulation at the same time through the use of FRET biosensors is useful for identifying 

specific information such as temporal and spatial dynamics. This approach is valuable 

because it can be combined with additional sensors. For example, the MLCP FRET 

biosensor is compatible with existing optical technologies including two-color FRET 

sensors (heterotransfer) and one-color FRET sensors (homotransfer), such as: the NMMII 

homotransfer biosensor (Markwardt et al., 2018), MLCK homotransfer biosensor (Ross 

et al., 2018), and RhoA heterotransfer biosensor (Markwardt et al., 2018) which 
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allows multiple measurements of activation at the same time in the same cell. Our 

findings uncovered information about the compartmentalized regulation of MLCP in 

motile fibroblasts.  

	

Methods 

Vector Preparation  

The optical FRET biosensor for MLCP activation was constructed by strategically 

fusing mOrange2 (Shaner et al., 2008) on the N-terminus of the MLCP regulatory 

subunit regulatory subunit. The FRET acceptor, mCherry (Shaner et al., 2004), was 

inserted into the middle of the protein, adjacent to the autoinhibitory sequence. T694 

Phosphorylation site mutations were made using the QuikChange methodology (Agilent). 

 

Reagents 

 DNA preparation kits were from Qiagen. Okadiac acid, microcystin, and diethylamine 

NONOate were from Milipore. Ionomycin was purchases from Cell Signaling 

Technology. Other reagents were from Sigma-Aldrich unless otherwise noted. 

 

Cell Culture  

NIH3T3 fibroblasts were cultured at 37°C in Dulbecco's Modified Eagle's Medium 

(Mediatech) containing 10% Fetal Bovine Serum (ThermoFisher) and 1% penicillin-

streptomycin solution (HyCloneSV). Transfections were performed 48 h before 

experimentation using LipoD293 (SignaGen Laboratories) according to the 

manufacturer’s instructions. For experiments, glass-bottomed 35 mm dishes (No. 

1.5, MatTek Corporation) were coated with 10 µg/mL fibronectin and 2 mL Hank’s 
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Balanced Salt Solution (HBSS) imaging media (ThermoFisher). Transfected cells were 

placed onto a fibronectin-coated dish with 2 mL HBSS 45 min before imaging.  

 

Imaging  

Imaging experiments were performed with a Zeiss AxioObserver inverted microscope in 

a Zeiss incubation system at 37°C with 5% CO2. Images were obtained with a water-

cooled Hamamatsu C10600 Orca-R2 CCD camera. Definite focus motorized focusing 

was used to eliminate Z drift (Zeiss). Imaging was performed using a 40x, 1.3 NA Plan-

Apochromat oil-immersion objective (Zeiss). Dual-View equipped with a Polarization 

Anisotropy Module for homotransfer sensors, CFP and YFP filter sets, or OFP and RFP 

filter sets for heterotransfer sensors (Optical Insights) (Seckinger et al., 2018). For MLCP 

heterotransfer experiments, cells were excited with 530 nm LED and a Xylen Orange 

(LP) filter cube (Zeiss) with the orange/red Dual-View. For RhoA heterotransfer 

experiments, cells were excited with a 455 nm LED, a 47 HE CFP filter cube, and a 46 

HE YFP filter cube. MLCP co-imaging with RhoA required the addition of a Texas Red 

filter cube (Zeiss). For Myosin homotransfer experiments, cells were excited with 455 nm 

LED and a 47 HE CFP filter cube. During MLCK homotransfer experiments, cells were 

excited with 505 nm LED and a 46 HE YFP filter cube.   

 

Statistical Analysis 

 Statistical tests and curve fittings were performed in GraphPad Prism. The t-tests with p-

values < 0.05 were considered significant.  
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Data Analysis 

 Images were aligned using AxioVision software. Channel separation and registration 

were performed in FIJI. Color lookup tables (LUT) for FRET images were applied in 

FIJI. Kymograph analyses were performed using FIJI and RStudio. Automated scripts 

were used to calculate anisotropy and FRET values for cell edge analysis (Markwardt et 

al., 2018). 

Results 

A FRET biosensor for MLCP activation  

The optical FRET biosensor for MLCP activation was constructed by strategically 

fusing mOrange2 (Shaner et al., 2008) on the N-terminus of the MLCP regulatory 

subunit (MYPT) regulatory subunit. The FRET acceptor, mCherry (Shaner et al., 2004), 

was inserted into the middle of the protein, adjacent to the autoinhibitory sequence 

(Figure 3.1A). Phosphorylation of MYPT1 generates a conformational change in MLCP 

and leads to the release of the autoinhibitory gate. This domain separation allows for the 

detection of phosphorylated and dephosphorylated MLCP states because when MLCP is 

active the donor, mOrange2, and acceptor, mCherry, are close together and exhibit high 

FRET. Conversely, when MLCP is inactive, low FRET is measured due to a separation 

of the fluorophores.  

Protein phosphatase 1 (PP1) is a serine/threonine phosphatase holoenzyme that 

contains a catalytic subunit and regulatory subunits (Hartshorne et al., 1998; Somlyo & 

Somlyo, 2003). NIH3T3 fibroblasts are known to express the necessary PP1C isoform for 

proper MLCP sensor function. To test whether the release of the autoinhibitory sequence 

from the catalytic subunit causes a change in FRET between the two fluorescent proteins, 
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okadaic acid was applied to cells expressing the MLCP OFP/RFP biosensor (Figure 

3.1B). Okadaic acid irreversibly binds to the PP1C subunit thereby preventing interaction 

with the pseudosubstrate (Figure 3.1A). When the interaction between the PP1C and 

pseudosubstrate interrupted, an increase in FRET was observed (Figure 3.1B); suggesting 

that activation of the sensor is associated with increased FRET.  

The conformation of the MLCP biosensor was also validated with microcystin-LR, a 

selective inhibitor of PP1 (Sutherland et al., 2016). As expected, microcystin inhibited 

PP1 of MLCP, and we observed an increase in FRET thereby demonstrating the non-

phosphorylated state (Figure 3.1C). Similar observations were made when the proposed 

phosphorylation site T694 was altered to alanine (T694A) to constitutively activate the 

sensor and resulted in increased FRET (Figure 3.1D). Conversely 

introducing a phosphomimetic mutation to the T694 phosphorylation site (T694D) 

prevented activation, and we therefore measured decreased FRET (Figure 3.1D). 

Together, these data suggest that MLCP phosphorylation induced conformational 

changes can be quantified using a FRET sensor, and activation of the MLCP sensor 

increases FRET.  
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Figure 3. 1. FRET-based MLCP biosensor.  

 (A) Model of the FRET-based MLCP biosensor. Orange and red fluorescent proteins 
(OFP, RFP) were inserted into the MLCP regulatory subunit sequence. 
Dephosphorylation of Thr696 results in opening of the autoinhibitory gate and a 
conformational change in the sensor bringing RFP and OFP within close proximity, 
demonstrating high FRET. (B) NIH3T3 fibroblasts expressing WT MLCP O.R were 
treated with 500nM Okadaic Acid to increase FRET (5min; n=8 cells, avg 3 time points; 
bars indicate SEM; ****p<0.0001 t-test). (C) NIH3T3 fibroblasts expressing WT MLCP 
O.R were treated with 500nM Microcystin to increase FRET (5 min; n =14 cells, avg 3 
time points; bars indicate SEM; ****p<0.0001 t-test). (D) Phosphorylation site Thr696 
was mutated to alanine (A) to prevent phosphorylation or aspartate (D) to mimic 
phosphorylation. FRET ratios were measured in NIH3T3 cells expressing WT MLCP 
O.R, MLCP T694A, and MLCP T694D (MLCP; n =12, T694A; n=11, T694D n=12 
cells; bars indicate SEM; ****p<0.0001 ANOVA). 
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3.2 Nitric oxide induces MLCP activity in fibroblast cells 

Vasodilation requires nitric oxide (NO) to act as an inhibitor during smooth muscle 

cell contraction and allows for the dilation of blood vessels (Reho et al., 2015). One of 

the roles of NO is to induce relaxation through elevating cGMP and increasing myosin 

phosphatase activity (Aburima et al., 2017). To test whether NO stimulation leads to 

activation of the MLCP and correlates with a conformational change of the biosensor in 

living cells, NIH3T3 fibroblasts expressing the MLCP biosensor were treated with 

100µM Diethylamine NONOate (D-NONOate), a pharmacologic NO donor.  

To elucidate NO’s effect on the activity of myosin phosphatase in a moving cell, we 

examined NIH3T3 cells transfected with the MLCP biosensor plated on a fibronectin 

matrix and observed cell spreading over 30 min (Figure 3.2). Images of OFP MLCP were 

taken before and after treatment with 100 µM D-NONOate, and the ratio images reveal 

increased areas of MLCP FRET activation shown in yellow (Figure 3.2A). The addition 

of NO did not significantly alter cell area (Figure 3.2A), suggesting that the increase in 

MLCP activation did not artificially alter cell shape or induce apoptosis. NO treatment 

showed ~10% increase in MLCP FRET (Figure 3.2B). The results were consistent with 

the average MLCP activity measured from 6 cells (Figure 3.2C). NO was added at 5 min 

and was found to significantly increase the FRET ratio, thereby demonstrating that NO 

stimulation can activate the MLCP sensor (Figure 3.2C). These results indicate NO 

induces phosphatase activity in live cells. 
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Figure 3. 2. Nitric oxide activates myosin phosphatase. 

 (A) A NIH3T3 fibroblast	expressing WT MLCP O.R was imaged before and after 
treatment with 100µM D-NONOate. Ratio image shows increased FRET activity in the 
cell after NO (scale bar indicates 10µm). (B) Application of an NO-releasing chemical 
opens the MLCP sensor and increases the FRET ratio. NIH3T3 fibroblasts expressing 
WT MLCP O.R were treated with 100µM D-NONOate (5 min; n=6 cells, avg 3 time 
points per cell; bars indicate SEM; ****p<0.0001). (C) Average cell traces for MLCP 
(n=6) with NO added at t=5 min demonstrate phosphatase activity over time.	
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3.3 Activation of myosin phosphatase in motile cells 

We have previously shown NMMII phosphorylation in migrating cells using a 

mCer3-NMMII phosphorylation homotransfer biosensor (Markwardt et al., 2018). In 

order to investigate the regulation of NMMII phosphorylation by MLCP during cell 

motility, we used fluorescence microscopy. NIH3T3 fibroblasts were co-transfected with 

the MLCP biosensor and mCer3-NMMII sensor. The cells were plated on fibronectin and 

allowed to randomly migrate. Representative images for NMMII (cyan) and MLCP (red) 

were displayed next to the ratio images revealing sensor activation (Figure 3.3A). 

Ratiometric images revealed MLCP activation in the cytoplasmic membrane, with 

higher activation in the center of the fibroblast (Figure 3.3A). We also observed a 

decrease in anisotropy, the unit of measurement when quantifying fluorescence 

polarization of homotransfer sensors (Snell et al., 2018), from the NMMII sensor, 

which represents a reduction in myosin phosphorylation in the same areas as MLCP 

activation (Figure 3.3A). To further examine MLCP activity, a kymograph was generated 

at the indicated line in Figure 3.3A and illustrates the FRET ratio over 20 min (Figure 

3.3B). The red arrow was drawn through the cell edge where there was an increase in 

MLCP FRET activity central to the myosin activation on the stress fiber.  

The distribution of NMMII and MLCP throughout the cell was examined with a 

kymograph generated through the cell body (green arrow) (Figure 3.3C). 

The kymograph shows a spatially constrained increase in MLCP FRET in the cell 

interior, contrast with NMMII where NMMII is localized on the edges of the cell. To 

further investigate the dynamic relationship between MLCP activation and NMMII 

phosphorylation relationship, NIH3T3 cells expressing both sensors were quantified 
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while naturally moving over time (Figure 3.3D). An increase in MLCP activity was 

observed at t = 15 min when there was a decrease in NMMII activity suggesting MLCP is 

dephosphorylating. Quantitative measurements were taken from NIH3T3 fibroblasts co-

expressing MLCP O.R and RLC-NMMII. When MLCP was activated, there was a 

significant decrease in NMMII FRET (Figure 3.3E). When MLCP activity was decreased 

at the onset of movement, t = 0 min, measurements from RLC-NMMII showed a 

significant increase in NMMII (Figure 3.3F).  

To look more closely at the cell dynamics during movement, the intensity profile of 

mOrange2 fluorescence and mCer3 fluorescence was measured of the cell edge while it 

moved a total of 30 µm over 20 min (Figure 3.3G). There is a noticeable increase in 

MLCP just before a surge in myosin activity. Kymographs of the intensity profiles of 

MLCP and NMMII during expansion is shown in Figure 3.3H. The blue arrow indicates 

presence of MLCP before NMMII. The red arrow signifies NMMII’s increase in intensity 

around 50 µm, even this mostly stationary cell travels a quite few microns over time 

(Figure 3.3H).  
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Figure 3. 3. Polarized activation of MLCP. 

(A) A NIH3T3 cell co-expressing the RLC-NMMII (Myosin) (cyan, cyan) and MLCP 
(orange, red) biosensors was observed over time. FRET ratio images were generated 
showing differential activation of NMMII phosphorylation and MLCP. Scale bar is 10 
µm. (B) Temporal changes in biosensor activation along the indicated line are displayed 
in a kymograph (red arrow). The kymograph shows FRET activity along the edge. (C) A 
kymograph was generated through the cell (green arrow). The kymograph shows a 
spatially constrained increase in MLCP FRET in the cell interior, opposite of Myosin. 
(D) MLCP activation and NMMII phosphorylation were quantified over time. (n=7 cells, 
avg 3 time points; bars indicate SEM). (E) NIH3T3 fibroblasts expressing areas of active 
MLCP O.R and RLC-NMMII (n=7 cells, avg 3 time points; bars indicate SEM; 
***p<0.001 t-test). (F) NIH3T3 fibroblasts expressing areas of decreased MLCP O.R 
activity and RLC-NMMII (n = 7 cells, avg 3 time points; bars indicate SEM; *p<0.05 t-
test). (G) The intensity profile of mOrange2 fluorescence and mCer3 fluorescence in a 
cell edge moving 30 µm over 20 min, (n = 5 slices; bars indicate SD). (H) Kymograph 
slice of intensity profile (G). MLCP intensity during expansion is shown with the blue 
arrow. Red arrow indicates NMMII increase intensity in (G).  
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3.4 Activation of myosin phosphatase is proximal to myosin kinase  

MLCK is essential for cellular mobility (Chen et al., 2014) and regeneration (Jian et 

al., 1996), and has been extensively studied compared to MLCP. Previous studies have 

mentioned that the ratio of MLCK to MLCP (Somlyo & Somlyo, 2003) helps regulate 

cell migration, but this spatiotemporal connection between the two main regulators of 

NMMII needs further investigating in live cells. Having demonstrated that MLCP is 

active where NMMII is inactive, we then investigated MLCP’s role with the opposing 

regulatory mechanism of myosin phosphorylation, MLCK. To explore this relationship, 

we used NIH3T3 cells co-transfected with the MLCP FRET sensor and homotransfer 

MLCK FRET sensor (Ross et al., 2018) spreading on fibronectin matrix and monitored 

over 20 min (Figure 3.4A). Venus (YFP) fluorescence from the MLCK sensor and red 

(RFP) fluorescence from the MLCP sensor are shown next to the FRET ratio images 

indicating FRET activity. A kymograph was generated at the indicated line (red arrow). 

Kymographs of MLCP and MLCK show the spatial and temporal colocalization of the 

two regulatory proteins near the migrating cell edge (Figure 3.4B). The activity of MLCK 

(yellow arrows) is adjacent to the cell periphery compared to MLCP (red arrows). This 

reveals that peripheral areas with active MLCK have less active MLCP. 

Next an intensity profiles of mOrange2 and mVenus fluorescence were examined 

along a cell edge naturally moving 20 µm over 20 min (Figure 3.4C). The blue arrow of 

the kymograph indicates the MLCP intensity increase, and the red arrow indicates an 

MLCK increase intensity. Analysis of the cell center shows MLCP activation and 

NMMII phosphorylation over time (Figure 3.4D). Although both MLCK and MLCP have 

FRET ratios above 1.0 designating that they are active, MLCP had slightly higher activity 
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in the center. Normalized FRET ratios were also measured from NIH3T3 fibroblasts co-

expressing MLCP O.R and MLCK (Figure 3.4E), and we observed a significantly lower 

FRET ratio of the MLCK sensor. 

Previous experiments have demonstrated that KCL activates the MLCK 

homotransfer sensor (Ross et al., 2018). Because Ca2+/CaM also activates MLCK, we 

wanted to explore the effect of Ca2+ addition on MLCK and MLCP dynamics. Average 

cell traces (n = 3) of NIH3T3 fibroblasts expressing MLCK treated with 1 µM ionomycin 

at t = 5 min (Figure 3.4F), after which there is a significant increase in MLCK activity. 

Ionomycin, an ionophore that acts as a mobile ion carrier of Ca2+, will be used to raise the 

intracellular Ca2+ levels. Normalized anisotropy measurements were also taken from the 

NIH3T3 fibroblasts expressing MLCK before and after treatment with 1µM ionomycin 

thereby activating MLCK (Figure 3.4G). Finally, we investigated the effect of ionomycin 

on MLCK and MLCP in NIH3T3 fibroblasts expressing the MLCP and MLCK sensors 

after treatment with 1 µM ionomycin (Figure 3.4H). Compared to Figure 3.3E, MLCK 

activity increased, while MLCP was still marginally active.  
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Figure 3. 4. Colocalization of MLCP and MLCK in migrating cells. 

(A) NIH3T3 cells expressing the MLCK homotransfer FRET sensor and MLCP 
herterotransfer FRET sensors plated on fibronectin-coated dishes, and monitored by 
FRET microscopy over 20 min. Venus (YFP) fluorescence from the MLCK sensor and 
Red (RFP) fluorescence from the MLCP sensor. FRET ratio images were generated for 
MLCK and MLCP. Scale bar indicates 10 µm. (B) Despite intensity overlap, kymographs 
were generated at the indicated lines (red arrow (B)) and show increased MLCK FRET 
(yellow arrows) in regions more proximal to the cell periphery compared to increased 
MLCP FRET (red arrows). Scale bar indicates 10µm. (C) The intensity profile of 
mOrange2 fluorescence and mvenus fluorescence along a cell edge moving 20µm over 
20 min. Below is a Kymograph slice of the intensity profile. MLCP intensity increase is 
shown with the blue arrow. Red arrow indicates MLCK increase intensity. (D) MLCP 
activation and RLC phosphorylation were quantified over time. (n=7 cells, avg 3 time 
points; bars indicate SEM). (E) NIH3T3 fibroblasts expressing inactive MLCP O.R and 
MLCK (n = 8 cells, avg 3 time points; bars indicate SEM; ***p<0.001 t-test). (F) 
Average cell traces (n = 3) of NIH3T3 fibroblast expressing MLCK treated with 1µM 
ionomycin at t = 5min. (G) Normalized Anisotropy measurements of NIH3T3 fibroblasts 
expressing MLCK before and after treatment with 1µM ionomycin (n = 3 cells, avg 3 
time points; bars indicate SEM; ***p<0.001 t-test). (H) NIH3T3 fibroblasts expressing 
MLCP sensor and MLCK sensor after treatment with 1 µM ionomycin to increase Ca2+ 
(n = 3 cells, avg 3 time points; bars indicate SEM; *p<0.05 t-test). 
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3.5 Fibroblasts spreading on matrix have MLCP inhibition at active RhoA  

RhoA is a small protein of the Rho GTPase family that is directly upstream of Rho-

associated protein kinase (ROCK) and leads to inhibition of MLCP. To investigate 

RhoA/MLCP regulation, we co-transfected NIH3T3 cells with an OFP/RFP MLCP 

FRET sensor and an optimized mCer3-RhoA FRET sensor, which were then plated on a 

fibronectin matrix (Figure 3.5A). The spatial localization of MLCP and RhoA FRET 

sensors were observed.   

  FRET ratio images of non-zero pixels were generated for RhoA and MLCP to 

demonstrate changes in FRET where active regions are in yellow and inactive regions in 

blue (Figure 3.5B). We observed that during spreading, the mobile edge of the cell had a 

gradational increase in FRET, thus indicating activation. RhoA was found to have 

consistent activation in the more central portion of the cell, less proximal to the edge. Co-

expression of the two FRET sensors allowed us to observe decreased MLCP in areas of 

increased RhoA activity, suggesting a possible visualization of real-time ROCK 

regulation. Magnified regions of the cell FRET ratios showed distinct areas of RhoA and 

MLCP activity along the cell edge (Figure 3.5C). The red arrow indicates MLCP FRET 

increase at the cell tip, and the white arrow points to the RhoA increase along the edge.  

Similar to the MLCK experiments, normalized FRET ratios of NIH3T3 cells co-

expressing MLCP and RhoA were quantified (Figure 3.5D). In areas where MLCP was 

active (>1), RhoA was less active (<1). To exclude Ca2+ as a cause for changes in MLCP, 

NIH3T3 cells co-expressing MLCP and RhoA were treated with 1µM ionomycin, to 

increase Ca2+ (Figure 3.5E). Ionomycin did not significantly affect the FRET values for 

the MLCP sensor when compared to pre Ca2+ values, ns t-test. No relative change in 
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FRET activity with MLCP after ionomycin indicates that Ca2+ is not modulating the 

interactions of MLCP and RhoA as its regulator. 
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Figure 3. 5. Reduced colocalization between RhoA and MLCP. 

(A) RhoA activation at the mobile edge of a cell spreading on a fibronectin-coated dish 
was observed in a NIH3T3 cell co-expressing the optimized RhoA sensor containing 
mCer3 (cyan, venus), and the MLCP Biosensor (orange, red). Scale bar indicates 10µm. 
(B) FRET ratio images of non-zero pixels were generated for RhoA and MLCP to 
demonstrate changes in FRET. Scale bar indicates 10µm. (C) Magnified region of FRET 
ratios for RhoA and MLCP (red box). Red arrow indicates MLCP FRET increase at the 
cell edge. White arrow indicates RhoA FRET increase in cell interior. Scale bar indicates 
10 µm. (D) Normalized FRET ratios of NIH3T3 cells co-expressing MLCP and RhoA. (n 
= 10 cells, avg 3 time points; bars indicate SEM; ****p<0.0001 t-test). (e) NIH3T3 cells 
co-expressing MLCP and RhoA after treatment with 1µM ionomycin, to increase Ca2+ (n 
= 6 cells, avg 3 time points; bars indicate SEM; ****p<0.0001 t-test). 
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Discussion 

MLCP is a regulator of myosin II and actomyosin contractility that has been 

investigated for its ability to regulate directed cell migration on an extracellular matrix 

(ECM) (Matsumura & Hartshorne, 2008; Matsumura et al., 2011). All of our experiments 

were conducted on fibronectin (FN). Studies have also shown NMMII activity on non-

adhesive surfaces, such as glass (Zang & Spudich, 1998); where they demonstrated 

NMMII experiences normal behavior on ECM, and on glass it undertakes the same 

activities but slower. These results suggest using ECM models physiologic NMMII 

behaviors. Altogether, there is less information about the activity of MLCP with its 

interacting proteins during different types of cell movement, from NMMII directed 

migration to less directed amoeboid movement. Rearrangement of the actomyosin 

cytoskeleton is a critical component to cell function in 2D environments like ECM. 

Understanding the mechanisms that control cytoskeletal reorganization is important for 

understanding cell progression. 

 Recent studies have focused on MLCP’s regulation of NMMII phosphorylation 

levels (González-Torres et al., 2018), where knocking down MYPT1 was shown to 

increase phosphorylation levels in migrating cells. Our investigation of MLCP during cell 

progression revealed compartmentalized activity. Using FRET sensors to quantify 

spatiotemporal activity of MLCP in combination with MLCK, NMMII phosphorylation, 

and RhoA activity over time demonstrated three interesting findings: (1) when NMMII 

decreases, MLCP increases (Figure 3.2A), (2) MLCK and MLCP are both 

compartmentally active, and (3) when RhoA increases, MLCP decreases (Figure 3.4B).  
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Fibroblasts transfected with the MLCP FRET sensor and treated with okadaic acid 

and microcystin showed an increase in FRET. This change in FRET confirms the release 

of the autoinhibitory sequence from the catalytic subunit demonstrating a change in 

fluorescent protein distance. Mutations also demonstrated the capability of the MLCP 

biosensor. We altered the T694 phosphorylation site to prevent phosphorylation T694A 

(increase FRET) and as a phosphomimetic T694D (decrease FRET). We found that in 

response to D-NONOate, NIH3T3 fibroblasts expressing MLCP showed an increase in 

activity. We discovered not only an increase in activity, but also no change in membrane 

spreading after the addition of NO.  

Based on our previous work with the NMMII phosphorylation and MLCK FRET 

sensors in fibroblasts, (Markwardt et al., 2018) we’ve been able to demonstrate the 

regulation of the actomyosin by MLCK. We observed colocalization of MLCK activation 

and NMMII phosphorylation in a migrating fibroblast. This study further emphasizes the 

importance of understanding the regulation of NMMII phosphorylation from multiple 

sources, MLCP as well as MLCK.   

With co-expression of MLCP and NMMII phosphorylation, MLCP activity was 

resolved in areas of low phosphorylation. Using FRET sensors to measure the activation 

of MLCP and NMMII phosphorylation reveals their dynamic spatiotemporal relationship. 

Although there are distinct areas in which MLCP activity is high and RLC 

phosphorylation is low, MLCP activation does not correspond to an exact decrease in 

NMMII phosphorylated in that same area. This is an additional reason why measuring the 

sensors independently is beneficial to understanding how these proteins work together.  
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Multiparametric measurements were taken to determine the localization of active 

MLCP and MLCK during cell spreading. Differential regulation of MLCK and MLCP 

was observed along the membrane, and enhanced MLCK activity and decreased MLCP 

activity was observed adjacent to the edge. The relationship between the two regulatory 

elements of NMMII phosphorylation was examined as well. Our measurements suggest 

coordinated activation of MLCP and MLCK along the cell edge. Determining the 

relationship of MLCK/MLCP is essential to the regulation of cell movement. 

Next we showed that MLCP activity and RhoA activity were compartmentalized in 

opposing areas during live-cell imaging. Cells plated on a fibronectin matrix showed 

decreased MLCP at RhoA sites of activation. Finally, we determined Ca2+ influence over 

MLCP, MLCK, and RhoA. Ca2+ increased MLCK activity without affecting RhoA’s 

inhibition of MLCP’s activity. Thus validating that the changes we see with the MLCK 

sensor and MLCP are due to MLCK and not ROCK/RhoA because Ca2+ changes MLCK 

and not ROCK. In summary, measuring the regulation of NMMII phosphorylation during 

cell migration can lead to advancing our understanding of cytoskeletal dynamics; 

specifically how the dephosphorylating of NMMII by MLCP may play a role in 

prohibiting unregulated cell migration.  

Author Contributions: Conceptualization, N.E.S and M.R.; Validation, N.E.S, M.L.M.; 
Formal Analysis, N.S.; Writing-Original Draft Preparation, N.E.S.; Vector Preparation, 
N.E.S, M.L.M, S.H.W. 
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Chapter 4 . Single-color, ratiometric biosensors for detecting signaling activities in 

live cells and dynamic regulation of non-muscle myosin II in motile fibroblasts13 

	

Abstract 

Non-muscle myosin II (NMMII) is a part of the actomyosin complex and is regulated by 

phosphorylation on the regulatory light chain (RLC) by myosin light chain kinase 

(MLCK) and myosin light chain phosphatase (MLCP). Yet, the regulation of NMMII 

phosphorylation during migration is poorly understood. We used homotransfer biosensors 

(FLuorescence Anisotropy REporters (FLARE)) to investigate NMMII, MLCK, and 

MLCP activity. First we developed two MLCK FLARE sensors and performed validation 

experiments with calcium. Next, the relationship between NMMII and MLCK was 

investigated with the presence and absence of calcium. Finally, the relationship between 

NMMII and MLCP was tested with okadaic acid and Y27632 to inhibit MLCP and 

ROCK.  

Introduction 

Genetically encoded biosensors have revolutionized the study of cell signaling by 

allowing the real- time monitoring of signaling activities, such as enzymatic activity or 

the release of second messengers, in live cells. They are therefore critical tools for 

uncovering the precise spatial and temporal regulation of signal transduction cascades.  

Sensors with a ratiometric readout, such as those based on Forster Resonance Energy 

Transfer (FRET) enable quantitative measurements of second messenger concentrations 

																																																								
1.	Portion of this has been published in Ross, B.L., Tenner, B., Markwardt, M.L., 
Zviman, A., Shi, G., Kerr, J.P., Snell, N.E. et al. (2018). Single-color, ratiometric 
biosensors for detecting signaling activities in live cells. Elife, 7. 
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and better comparisons between experiments. However, the requirement for two distinct 

color channels limits their application in multiplexed imaging. Rather than using the 

emission ratio between the FRET and donor channels, we instead used the loss of 

polarization of emitted light as a readout for FRET between two fluorescent proteins 

(FPs). Because this approach does not require the donor and acceptor to have distinct 

emission wavelengths, it can be used for either hetero-FRET (e.g. between different 

chromophores) or homo-FRET (e.g. between identical chromophores). Homo-FRET 

measurements have been useful for detecting protein clustering and protein 

oligomerization in live cells (Bader et al., 2011, 2009; Gautier et al., 2001), but only 

recently has the possibility of using homo-FRET in biosensor designs been explored 

(Warren et al., 2015; Cameron et al., 2016). These sensors are named FLuorescence 

Anisotropy REporters, or FLAREs. 

FRET sensors were converted into FLAREs for non-muscle myosin II (NMMII), 

myosin light chain kinase (MLCK), and myosin light chain phosphatase (MLCP). FRET 

biosensors have been used to quantify MLCK activity for over a decade (Chew, 2002). It 

remains challenging to measure multiple two-color FRET sensors in the same cell at the 

same time. To increase compatibility we developed two MLCK FLARE biosensors. 

Then, MLCK mutations were made to examine if there is a dimeric state detected by the 

biosensors.  

Mammalian cells exert forces on their surroundings, which regulate shape and 

motility (Burnette et al., 2014). Regulation of the cytoskeleton allows for rapid changes 

in cell structure. Spatiotemporally regulated actomyosin contractility generates cell 

movement and drives directed cell migration. The NMMII motor protein is part of the 



	 106	

actomyosin complex and is regulated by phosphorylation on the regulatory light chain 

(RLC) by MLCK and MLCP. NMMII localization within fibroblasts has traditionally 

been investigated by immunofluorescence for antibodies specific to ser19 

phosphorylation and has been investigated throughout the entire cell (Matsumura et al., 

1998). Studies have also shown NMMII expression in the central and rear areas of the 

cell, likely regulating tail retraction (Vicente-Manzanares et al., 2008). Despite this role 

for NMMII in various areas of the cell, the molecular mechanism that regulates NMMII 

phosphorylation during migration is poorly understood. The relationship between 

regulators and NMMII phosphorylation determines how cells move. We aim to 

distinguish the regulatory dynamics of NMMII during cell movement. 

Ca2+ mediated MLCK is essential to many cellular processes such as 

embryogenesis, wound healing, and migration of non-muscle cells (Somylo & Somylo, 

2003). Decreased MLCK disrupts migration due to the dysregulation of focal adhesions 

and leads to non-directed movement (Kim & Helfman, 2016). Accurately measuring 

MLCK will allow us to determine how active MLCK is during certain cellular movement 

in-vitro. MLCK and NMMII were examined in the same cell at the same time under 

natural and pharmacologic induced states to determine their relationship during 

movement.  

Rho-associated Kinase (ROCK) increases NMMII phosphorylation by inhibiting 

MLCP (Kimura et al., 1998; Totsukawa et al., 2000). MLCP inhibition by ROCK 

increases NMMII phosphorylation (Somylo & Somylo, 2003). It remains unclear how 

MLCK and ROCK differentially contribute to NMMII phosphorylation induced cell 

movement. We investigated activity and NMMII phosphorylation after the addition of 
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okadaic acid and Y27632, a ROCK inhibitor. Pharmacologic ROCK inhibitors have been 

reported to reduce NMMII phosphorylation levels (Watanabe et al., 2007). It remains 

unclear how intracellular cytoskeletal proteins regulate movement in real-time. However 

we are able to determine the localization and quantity of NMMII phosphorylation. 

	

Methods 

	
Cell Culture 

NIH3T3 fibroblasts were cultured at 37C in Dulbecco's Modified Eagle's Medium 

(Mediatech) containing 10% Fetal Bovine Serum (ThermoFisher) and 1% penicillin-

streptamycin solution (HyClone). Transfections were performed using LipoD293 from 

SignaGen Laboratories according to the instructions from the manufacturer 1-2 days prior 

to experimentation. Cells were plated on 35mm Matek No 1.5 (MatTek Corporation) 

glass bottom dishes coated with 10ug/ml fibronectin (Sigma-Aldrich) and filled with 

2mL Hank’s Balanced Salt Solution (HBSS) imaging media. 

 

Vector Preparation  

MLCK YFP.mVenus was prepared by replacing the CFP portion of an existing two-color 

sensor (Isotani et al., 2004) with a PCR amplified mVenus fragment flanked by XhoI and 

AgeI restriction sites. Next the MLCK mVenus.mVenus was prepared by replacing the 

YFP portion of the existing YFP.mVenus sensor (Ross et al., 2018). MLCK mutant 

sensors have the mVenus attached to either the N3 or C1 termini. MLCK.mVenus (N3) 

was prepared by inserting MLCK to an mVenus (N3) vector using NheI and BamHI 

restriction sites. mVenus.MLCK (C1) was prepared by inserting MLCK into an mVenus 
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(C1) vector using SacII and BamHI restriction sites. MLCP mVermilion.mVermilion was 

prepared by replacing first replacing the OFP portion of an existing MLCP.OFP.mCherry 

with a PCR amplified mVermilion fragment flanked by NheI and EcoRI restriction sites. 

Next the mCherry portion of the sensor was replaced with PCR amplified mVermilion 

fragment flanked by BsrGI and SalI restriction sites. 

 

Imaging 

Imaging experiments were performed with a Zeiss AxioObserver inverted microscope in 

a Zeiss incubation system at 37C with 5% CO2 (Carl Zeiss MicroImaging). Images were 

obtained with a water-cooled Hamamatsu C10600 Orca-R2 CCD (Hamamatsu 

Photonics). Imaging was performed using a 40x, 1.3NA Plan-Apochromat oil-immersion 

objective (Zeiss). Dual view equipped with a Polarization Anisotropy Module (Optical 

Insights Company). mCerulean3 fluorescence images were obtained through illumination 

of a 455nm light emitting diode (LED) and captured with a high-efficiency CFP filter set 

(47 HE, 436/25nm bandpass exciter, 455nm dichroic beam splitter, 480/440nm emission 

filter; Zeiss). mVenus fluorescence images were obtained through illumination of a 

505nm LED to and captured with a high-efficiency YFP filter set (46HE, 500/25nm 

bandpass exciter, 515nm dichroic beam splitter, 535/30nm emission filter; Zeiss). 

mVermilion fluorescence images were obtained through illumination of a 555nm LED 

and captured through the high-efficiency TripleBandPass-RFP Semrock filter set 

(Semrock Brightline, LED-CFP/YFP/mcherry-3X-A-ZHE). Images were acquired using 

Zeiss Zen software.  
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Image analysis 

Image analysis was performed using (Fiji) ImageJ software (Schindelin et al., 2012) and 

figures were made using Graphpad Prism Software. Fiji is an open-source image 

processing software. Polarization images were cropped and aligned using either the Zeiss 

Axiovision software or Fiji’s built-in StackReg registration plugin. In Fiji, regions of 

interest (ROIs) were drawn around each cell, as well as one in the background. ROI 

intensities were background subtracted in each channel to estimate fluorescence emission 

intensity, and anisotropy was calculated. 

Results 

	
Myosin Light Chain Kinase Homotransfer Sensor 

A myosin light chain kinase (MLCK) sensor was converted to a FLARE by 

exchanging the cyan FP for mVenus (Isotani et al., 2004). Calmodulin (CaM) association 

with the MLCK-CaM binding domain in between the FPs decreases FRET, leading to an 

increase in fluorescence anisotropy upon forced calcium (Ca2+) entry with 30 mM KCl  

(Figure 4.1A). After treatment of 30mM KCL there is a significant increase in MLCK 

activity (Figure 4.1A) compared to vehicle (Figure 4.1B). We can visualize the disperse 

activation of MLCK in Ref52 fibroblast due to KCL in Figure 4.1C. This demonstrates 

the clear activation of the newly developed FLARE MLCK sensor, and its responsiveness 

to Ca2+ increase due to KCL.  

To create the FLARE probes, I adapted existing FRET-based biosensors for 

homo-FRET measurements by replacing the traditional FRET pair with two FPs of the 

same color. The resulting biosensors include a molecular switch, which changes 

conformation in the presence of a particular biochemical activity, flanked by two 
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spectrally similar FPs at the N- and C-termini. Changes in the conformation of the 

molecular switch, and thus the biochemical activities under study, are then monitored by 

observing the fluorescence anisotropy of the sensor using fluorescence polarization 

microscopy, with increased anisotropy corresponding to a lower-FRET state of the 

sensor, similar to the effect of increasing the intramolecular distance between the FRET 

pair (Figure 4.1, D, E, F). 
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Figure 4. 1. Homotransfer MLCK.yfp.venus Characterization. 

A. Domain structure of FLARE-MLCK (top). Anisotropy time course of a representative 
REF52 cell expressing YFP-Venus FLARE-MLCK treated with 30 mM KCl at t = 0 (N = 
13, blue), or vehicle control (N = 10). Summary of anisotropy changes, calculated as the 
mean difference between the anisotropy at t = 0.333 min and the anisotropy of the 
baseline, before KCl addition (upper right, two-tailed t-test, p<0.0001). Representative 
pseudocolor anisotropy images before and after KCl treatment (lower right). Dashed lines 
above and below time course traces reflect the standard error of the mean. FP, fluorescent 
protein; CaM BD, MLCK calmodulin-binding domain. B). Individual (gray) and average 
(red) cell traces for FLARE-MLCK (N=13) with KCl added at t=0 min (N=13). C). 
Individual (gray) and average (red) cell traces for FLARE-MLCK with vehicle only 
added at t=0min (N=10). The dashed lines above and below the red curve reflect the 
standard error of the mean. The magnitude of the signal was calculated by taking the 
Δanisotropy at t = 0.33 min and subtracting the mean Δanisotropy of the baseline before 
drug addition. Anisotropy vs. Intramolecular Distance. Anisotropy measurements of 
monomer, as well as tandem dimers separated by either a long (44 amino acid) or a short 
(10 amino acid) linker, of D). mCerulean3, E). mVenus, and F). mCherry. The mean for 
each is shown, with the error reflecting the standard error of the mean. 
  

A B C

D E F
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MLCK FRET sensor mutations 

The MLCK yfp.mVenus FLARE sensor was previously characterized by KCL 

activation in Ref52 fibroblasts (Ross et al., 2018). We replaced the YFP with an mVenus 

to increase the sensitivity of the biosensor. We first investigated whether 

MLCK.mVenus.mVenus FLARE would be activated by calcium. NIH3T3 fibroblasts 

transfected with MLCK.FLARE (MLCK.mVenus.mVenus) were treated with 1uM 

ionomycin. Ionomycin significantly activated MLCK (Figure 4.2A).  Next, NIH3T3’s 

were transfected with the original FLARE sensor MLCK.yfp.mVenus and treated with 

1uM ionomycin to demonstrate that ionomycin and KCL are comparable activators of 

MLCK. Ionomycin also significantly activated MLCK.yfp.mVenus (Figure 4.2B) which 

is consistent with previous work (Ross et al., 2018).  These results suggest that Ca2+ 

activation of MLCK was seen in both FLARE sensors (Figure 4.2A, 4.2B). To further 

establish the spatial affects of Ca2+ on the sensors activation, ratio images were 

constructed. Overall, after treatment with 1uM ionomycin, both MLCK.FLARE and 

MLCK.yfp.mVenus cells showed increase activation. 

To address questions pertaining to MLCK dimerization, we created two MLCK 

biosensors that contain only one FP. The sensors were created so that the FP was attached 

to either the N3 or C1 termini, to determine if dimerization was dependent on localization 

of the FP.  We investigated whether MLCK monomers can dimerize and create a FRET 

response. In order for FRET to occur the MLCK monomers would have to come into 

close proximity, 10nm, of another MLCK. 

The MLCK.mVenus (N3) sensor was put into NIH3T3 fibroblasts and treated 

with 1uM ionomycin (Figure 4.2C), and there was no change in anisotropy. Similarly, 
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(C1) mVenus.MLCK fibroblasts did not have a change in anisotropy after the addition of 

1uM ionomycin (Figure 4.1D). Ratio images were produced from NIH3T3 fibroblasts 

expressing MLCK.mVenus (N3) or (C1) mVenus.MLCK before and after treatment with 

1uM ionomycin (Figure 4.2C, 4.2D). In both images, after the introduction of ionomycin, 

the cells do not respond; shown by the no change in color  (Figure 4.2C, 4.2D). Taken 

together, these results suggest that there is no FRET caused by MLCK dimerization.  

Control sensor mVenus-C1, that does not contain MLCK, was treated with 1uM 

ionomycin (Figure 4.2E). mVenus-C1 showed no response to the drug, similar to the 

mutant MLCK.mvenus sensors. Therefore, the activation of the MLCK FLARE sensors 

that we see from ionomycin treatment is due to the conformational change of MLCK in 

the presence of Ca2+/Cam and not because of MLCK dimerization. 
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Figure 4. 2. No change in FRET with single FP MLCK sensors. 

(A) NIH3T3 fibroblasts expressing MLCK.FLARE were treated with 1µM ionomcyin to 
activate MLCK (5min; n=7; bars indicate SEM; ****, p<0.0001 t test). NIH3T3 cell 
expressing MLCK.FLARE before and after treatment with 1µM ionomycin to activate 
MLCK. FRET-ratios are represented by color bar. The scale bar indicates 10µm.  (B) 
NIH3T3 fibroblasts expressing MLCK.yfp.mVenus were treated with 1µM ionomcyin 
(5min; n=7; bars indicate SEM; *, p<0.05 t test). NIH3T3 cell expressing 
MLCK.yfp.venus before and after treatment with 1µM ionomycin. FRET-ratios are 
represented by color bar. The scale bar indicates 10µm. (C) NIH3T3 fibroblasts 
expressing MLCK.mVenus (N3) were treated with 1µM ionomcyin (5min; n=6; bars 
indicate SEM; NS, p>0.05 t test). NIH3T3 cell expressing MLCK.mVenus (N3) before 
and after treatment with 1µM ionomycin. FRET-ratios are represented by color bar. The 
scale bar indicates 10µm. (D) NIH3T3 fibroblasts expressing mVenus.MLCK (C1) were 
treated with 1µM ionomcyin (5min; n=6; bars indicate SEM; NS, p>0.05 t test). NIH3T3 
cell expressing mVenus.MLCK (C1) before and after treatment with 1µM ionomycin. 
FRET-ratios are represented by color bar. The scale bar indicates 10µm. (E) NIH3T3 
fibroblasts expressing mVenus-C1 were treated with 1µM ionomycin (5min; n=7; bars 
indicate SEM; NS,  p>0.05 t-test). NIH3T3 cell expressing mvenus-C1 before and after 
treatment with 1µM ionomycin. FRET-ratios are represented by color bar. The scale bar 
indicates 10µm. 
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MLCK regulation of NMMII in NIH3T3 fibroblasts 

 To examine MLCK activity and NMMII phosphorylation at the same time in the 

same cell, FRET biosensors were used to track the spatiotemporal activity during edge 

expansion (Figure 4.3). Our lab has previously shown that MLCK colocalizes with 

NMMII phosphorylation in the cell body (Markwardt et al., 2018). These data 

demonstrate that there is colocalization of MLCK and NMMII phosphorylation along the 

cell edge. 

 Anisotropy maps were used to show activation of MLCK and NMMII 

phosphorylation. In a magnified region, we recorded NMMII phosphorylation along the 

edge of the cell, most likely along the stress fibers that maintain the integrity of the cell 

periphery (Figure 4.3). Whereas MLCK activation was identified more central to the 

periphery. Once there is edge expansion, NMMII and MLCK have colocalized actively 

on the periphery demonstrated by the pink and white arrows.  
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Figure 4. 3. Expression of MLCK and NMMII on a moving edge. 

NIH3T3 fibroblasts co-expressing NMMII and MLCK FLARE were plated on FN and 
imaged for 30 min to examine activity during edge expansion. (A) NMMII sensor in 
cyan. Boxed region magnified shows edge activity over time. Edge expansion occurred at 
both white and pink arrows. Anisotropy maps are represented by color bar below; an 
increase in activity is shown by warmer colors. The scale bar indicates 10µm. As the 
edge progresses forward, there is an increase in NMMII phosphorylation. (B) MLCK 
sensor. MLCK activity increases at both pink and white arrows, which indicate edge 
expansion. The MLCK activation areas colocalize with NMMII phosphorylation. The 
scale bars indicate 10µm.  
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Ionomycin activates MLCK and NMMII  

 Using fluorescence polarization microscopy, the effect of ionomycin on 

NIH3T3 fibroblasts co-expressing NMMII and MLCK biosensors was examined for 

spatiotemporal activity of both proteins (Figure 4.4). Ionomycin is an ionophore that is 

used to raise intracellular Ca2+ levels. After 3 min, 1µM ionomycin was delivered to one 

portion of the cell using a microfluidic pipette to activate MLCK. The data suggests that 

there is a relationship between an increase in NMMII phosphorylation and ionomycin, 

although the increase is not statistically significant (Figure 4.4A). The anisotropy of the 

non-drug exposed area of the cell indicated no response to ionomycin (Figure 4.4B). 

Next, the influence ionomycin had on MLCK was investigated. MLCK had a significant 

increase in anisotropy after ionomycin (Figure 4.4C). Similar to the NMMII sensor, the 

non-drug area of the cell showed no response to ionomycin (Figure 4.4D). 

 MLCK activity and NMMII phosphorylation were examined in NIH3T3 cells 

plated on a FN matrix (Figure 4.4). Images were captured of the NMMII sensor (Figure 

4.4E), MLCK sensor (Figure 4.4F), and combined images (Figure 4.4G) before (2min), 

during, and after (15min) treatment with 1µM ionomycin. Ionomycin mixed with 

rhodamine, for visualization, was delivered to the edge of the cell. There were no 

dramatic changes to cell shape after ionomycin treatment. Anisotropy maps represent 

high anisotropy regions, similar to a FRET ratio for two-colored sensors. Anisotropy 

maps for NMMII phosphorylation and MLCK activity are shown at the onset of data 

collection and 15 min later (Figure 4.4H, 4.4I). NMMII phosphorylation and MLCK 

activity had localized increases after ionomycin indicated by the white arrows (Figure 

4.4H, 4.4I).  
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Figure 4. 4. Ionomycin increases MLCK activity. 

NIH3T3 fibroblasts co-expressing NMMII and MLCK FLARE plated on FN and imaged 
for 20 min were treated with 1µM ionomycin using a microfluidic pipette to deliver the 
drug to a specified area of the cell. (A) NIH3T3 fibroblasts expressing NMMII were 
treated with 1µM ionomycin were measured (3min; n=4; bars indicate SEM; ns).  (B) 
Normalized anisotropy measurements from the non-drug exposed area of the NMMII 
cell. (C) NIH3T3 fibroblasts expressing MLCK were treated with 1µM ionomycin  
(3min; n=4; bars indicate SEM; *, p<0.05 t-test). The same area of the cell was measured 
for NMMII and MLCK data points. (D) Normalized anisotropy measurements from the 
non-drug exposed area of MLCK. (E) NIH3T3 cell expressing NMMII before (2min), 
during, and after (15min) treatment with 1µM ionomycin. (F) The same cell as (E) 
showing the MLCK sensor localization before, during, and after ionomycin treatment. 
(G) Merged images showing the NMMII and MLCK sensors combined. The scale bar 
indicates 10µm. (H) NMMII anisotropy map before and after (15min) treatment with 
1µM ionomycin. Anisotropy maps are represented by the adjacent LUT color bar, 
warmer colors are increase in activation. (I) MLCK anisotropy map before and after 
(15min) treatment with 1µM ionomycin. The scale bar indicates 10µm.   
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Non-phosphorylatable NMMII AA, lacks regulatory phosphorylation sites (S18A, 

T19A), was examined for localized changes in activity after increasing Ca2+. NMMII AA 

was examined in randomly migrating NIH3T3 cells plated on FN. Like the previous 

experiments, quantitative measurements and images were taken of a NIH3T3 cell 

expressing NMMII AA before and after treatment with 1µM ionomycin (Figure 4.5). 

Ionomycin treatment did not alter NMMII AA anisotropy (Figure 4.5A). The average 

trace data displays no change in anisotropy after ionomycin was added at t = 5 min 

(Figure 4.5B). To examine cell morphology, images were taken of the NIH3T3 cell 

expressing the NMMII sensor (Figure 4.5C). After the cell was exposed to ionomycin, 

there were minimal changes in morphology. Anisotropy maps of the same NMMII AA 

cell further showed insignificant changes in activation before and after treatment (Figure 

4.5D). A kymograph was generated at the indicated line (red) through the exposed area of 

the cell and the non-exposed area of the cell (green) (Figure 4.5E, 4.5F). There were non-

significant changes in anisotropy or morphology in either kymograph. 

 Actin formation was investigated using the LifeActin (Riedl et al., 2008) GFP 

sensor converted into mCer3. LifeActin does not interfere with actin dynamics and 

allows for the visualization of filamentous actin. To examine localized changes in actin, 

NIH3T3 cell expressing mCer3LifeActin was plated on FN and imaged before (2min), 

during, and after (15min) 1µM ionomycin treatment (Figure 4.5G). To determine if there 

were changes in activity over time, a kymograph was created at the red line and shows no 

change in actin formation, consistent with the lack of change in NMMII after ionomycin 

(Figure 4.5H). 
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Figure 4. 5. No change associated with Ionomycin treated NMMII AA or Actin. 

Localized changes in NMMII AA were stimulated using a microfluidic pipette to deliver 
1µM ionomycin to the NIH3T3 cell expressing mCer3myosin2 AA. Rhodamine (red) 
was used to mark the area of stimulation. (A) NIH3T3 fibroblasts expressing 
mCer3myosin2 AA were treated with 1µM ionomycin (5min; n=3; bars indicate SEM; ns 
t-test). (B) Average cell traces for NMMII AA (n=3) with ionomycin added at t=3 min 
showing response over time. (C) NIH3T3 cell expressing mCer3myosin AA before 
(2min), during, and after (15min) treatment with 1µM ionomycin (red). The scale bar 
indicates 10µm. (D) NMMII AA anisotropy map before and after (15min) treatment with 
1µM ionomycin. Anisotropy maps are represented by the adjacent LUT color bar, 
warmer colors are increase in activation. (E) A kymograph (red arrow) was drawn 
through the exposed area of the cell to show movement over time. The scale bar indicates 
10µm. (F) A kymograph (green arrow) was drawn through the non-exposed area of the 
cell to show movement over time. The scale bar indicates 10µm. (G) NIH3T3 fibroblasts 
expressing mCer3LifeActin were treated with 1µM ionomycin. The scale bar indicates 
10µm.  (H) A kymograph was drawn through the exposed area of the cell to show 
movement over time. The scale bar indicates 10µm. 
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Decreasing Ca2+ reduces MLCK activity 

 To investigate reducing Ca2+ on NMMII and MLCK dynamics, MLCK was 

decreased through the addition of EGTA. Since the cells were not permeabilized, EGTA 

prevented Ca2+ influx into the cell.  NIH3T3 fibroblasts co-expressing NMMII and 

MLCK biosensors were treated with 5mM EGTA after t = 3 min to reveal the effect of 

decreased Ca2+. EGTA treatment reduced NMMII anisotropy, consistent with a decrease 

in NMMII phosphorylation (Figure 4.6A). There was no change in anisotropy in the non-

exposed area of the cell (Figure 4.6B). To remain constant, the same area measured in 

Figure 4.6A, is measured for MLCK activity. MLCK anisotropy was reduced after 5mM 

EGTA treatment (Figure 4.6C). Consistent with NMMII, the non-exposed area of the cell 

demonstrated no change in MLCK anisotropy representing no change in activity (Figure 

4.6D). 

  Images were captured of the cell before, during and after 5mM EGTA treatment. 

The NMMII sensor (Figure 4.6E) and MLCK sensor (Figure 4.6F) images were separated 

to show their individual reactions and then combined (Figure 4.6G). No significant 

changes in cell morphology occurred after EGTA treatment. To further explore the 

myosin dynamics, anisotropy maps were created to represent the changes in localized 

activation for each sensor (white arrows). Live cell imaging reveals colocalization of 

reduced MLCK and NMMII phosphorylation on the drug-exposed edge. NMMII and 

MLCK demonstrated decreased anisotropy in the region where EGTA was delivered as 

well as areas tangential to the exposed area (Figure 4.6H, 4.6I), comparable with 

decreased phosphorylation and kinase activity. 
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Figure 4. 6. EGTA decreases MLCK activity. 

NIH3T3 fibroblasts co-expressing NMMII and MLCK FLARE plated on FN and imaged 
for 20 min were treated with 5mM EGTA using a microfluidic pipette to deliver the 
rhodamine/drug to one specified area. (A) NIH3T3 fibroblast expressing NMMII was 
treated with 5mM EGTA, (3min; n=1). (B) Normalized anisotropy for the non-drug 
exposed area of the NMMII cell (3min; n=1). (C) NIH3T3 fibroblast expressing MLCK 
was treated with 5mM EGTA (3min; n=1). The same area of the cell was measured for 
NMMII and MLCK.  (D) Normalized anisotropy for the non-drug exposed area of 
MLCK sensor (3min; n=1). (E) NIH3T3 cell expressing NMMII sensor before (2min), 
during, and after (15min) treatment with 5mM EGTA to decrease MLCK. (F) MLCK 
sensor localization before, during, and after 5mM EGTA treatment. (G) Merged images 
showing the NMMII and MLCK sensors. The scale bar indicates 10µm. (H) NMMII 
anisotropy map before and after (15min) treatment with 5mM EGTA. Anisotropy maps 
are represented by the adjacent LUT color bar, warmer colors are increase in activation. 
(I) MLCK anisotropy map before and after (15min) treatment with 5mM EGTA. The 
scale bar indicates 10µm.   
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Randomly migrating NIH3T3 cells were plated on FN. Quantitative 

measurements were taken from fibroblasts expressing NMMII AA before and after 

treatment with 5mM EGTA (Figure 4.7). EGTA treatment did not change NMMII AA 

anisotropy (Figure 4.7A). The average trace data verifies that there is no difference in 

anisotropy after EGTA was added (Figure 4.7B).  

  Morphology was also examined in NIH3T3 cells expressing the NMMII AA 

sensor before, during, and after EGTA treatment. The entire cell was treated with EGTA, 

shown in red (Figure 4.7C). EGTA treatment did not stimulate cell movement. The 

spatial activity was next examined with anisotropy maps (Figure 4.7D). Two distinct 

areas of the cell were investigated for movement with kymographs (red and yellow 

arrows) through the drug-exposed edge of the cell (Figure 4.7E, 4.7F).   

 Actin dynamics were established in fibroblasts after reducing Ca2+ to reduce 

MLCK. Interestingly, after the addition of EGTA there was a retraction in actin (Figure 

4.7). Rhodamine (red) was combined with EGTA to identify drug delivery. NIH3T3 cell 

expressing mCer3LifeActin was and imaged before (2min), during, and after (15min) 

5mM EGTA treatment (Figure 4.7G). Kymographs  (red and green arrows) were 

generated through the drug-exposed edge of the cell (Figure 4.7H, 4.7I). EGTA treatment 

stimulated retraction in thick and thin actin filaments (Figure 4.7H, 4.7I). 
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Figure 4. 7. EGTA stimulates retraction. 

NMMII AA was stimulated using a microfluidic pipette to deliver 5mM EGTA to the 
NIH3T3 cell expressing mCer3myosin2 AA. Rhodamine (red) was used to indicate the 
area of stimulation. (A) NIH3T3 fibroblasts expressing mCer3myosin2 AA were treated 
with 5mM EGTA (5min; n=3; bars indicate SEM; ns t-test). (B) Average cell traces for 
NMMII AA (n=3) with EGTA added at t=5 min showing response over time. (C) 
NIH3T3 cell expressing mCer3myosin AA before (2min), during, and after (15min) 
treatment with 5mM EGTA (red). The scale bar indicates 10µm. (D) NMMII AA 
anisotropy map before and after (15min) treatment with 5mM EGTA. Anisotropy maps 
are represented by the adjacent LUT color bar. (E) A kymograph (red arrow) was drawn 
through the exposed bottom area of the cell to exhibit movement over time. The scale bar 
indicates 10µm. (F) A kymograph (yellow arrow) was generated through the exposed top 
area of the cell. The scale bar indicates 10µm. (G) NIH3T3 cell expressing LifeActin 
before (2min), during, and after (15min) treatment with 5mM EGTA. (H) A kymograph 
(red arrow) was drawn through the exposed area of the cell to show movement over 20 
min. The scale bar indicates 10µm. (I) A kymograph (green arrow) was drawn adjacent to 
the exposed area of the cell to show movement over time. The scale bar indicates 10µm. 
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Active MLCP in motile fibroblasts 

MLCP acts as the direct inhibitor of NMMII phosphorylation through its 

dephosphorylation of Ser19 and Thr18. The dynamic regulation of MLCP on NMMII 

phosphorylation was explored in NIH3T3 fibroblasts during natural motility. NIH3T3 

cells co-expressing NMMII and MLCP biosensors were imaged for 30 min after being 

plated on FN. NMMII phosphorylation as well as MLCP activation was examined using 

an anisotropy map at 0 min, 15 min, and 30 min (Figure 4.8A). At the onset of retraction, 

NMMII phosphorylation is increased at the cell periphery while MLCP is decreased. This 

is more clearly shown in the kymographs created from the retracting tip of the cell for 

both NMMII and MLCP (Figure 4.8B, 4.8C). As the retraction increases there is an 

increase in MLCP activity and a decrease in NMMII phosphorylation along the edge. 
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Figure 4. 8. MLCP regulation of NMMII on a retracting edge. 

NIH3T3 fibroblasts co-expressing NMMII and MLCP FLARE were plated on FN and 
imaged for 30 minutes to examine activity during motility. (A) NMMII and MLCP 
anisotropy maps at time 0 min, 15 min, and 30 min are represented by color bar below, an 
increase in activity is shown by warmer colors. The scale bar indicates 10µm. (B) A 
NMMII kymograph was drawn through the exposed area of the cell to show retraction 
over time. The scale bar indicates 10µm. (C) A MLCP kymograph was drawn through 
the exposed area of the cell. The scale bar indicates 10µm. 
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Inhibition of MLCP increases NMMII phosphorylation. 

Okadaic acid (OKA) was used to inhibit MLCP activity, while we have 

previously shown that the drug promotes the MLCP anisotropy to appear active due to 

OKA binding to PP1. The regulation of MLCP on NMMII was investigated in NIH3T3 

cells co-expressing NMMII and MLCP biosensors before and after treatment with 500nM 

OKA (Figure 4.9). Anisotropy measurements were taken from cells expressing NMMII 

and MLCP to report activation. NMMII anisotropy increased after OKA treatment 

indicating an increase in NMMII phosphorylation (Figure 4.9A).  Since the microfluidic 

pipette was utilized to direct drug delivery, only a portion of the cell edge was treated. 

Fluorescein (yellow) was combined with the OKA so that it could be visualized. The 

portion of the cell not exposed to OKA demonstrates no change in NMMII anisotropy 

(Figure 4.9B). There was also no difference in anisotropy in the same cellular regions as 

Figure 4.9B in the MLCP sensor (Figure 4.9D). 

 Next, we looked more closely at the counterbalanced regulation of NMMII by 

MLCP at the edge. A NIH3T3 cell co-expressing NMMII and MLCP was treated with 

500nM OKA (Figure 4.9). The co-expressing cell was imaged before, during, and after 

OKA addition. To demonstrate the variations in morphology the NMMII sensor (Figure 

4.9E) was separated from the MLCP sensor (Figure 4.9F) and then combined to show 

colocalization in Figure 4.9G. Anisotropy maps for NMMII phosphorylation and MLCK 

activity are shown at the onset of data collection and 15 min later (Figure 4.9H, 4.9I). 

NMMII phosphorylation has localized increases after OKA (white arrows) (Figure 4.9H).  
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Figure 4. 9. Okadaic Acid increase NMMII phosphorylation. 

NIH3T3 fibroblasts co-expressing NMMII and MLCP biosensors plated on FN and 
imaged for 20 min, at t = 3 min cells were treated with 500nM okadaic acid (OKA) using 
a microfluidic pipette. Fluorescein (yellow) was used to mark the area of stimulation. (A) 
Normalized anisotropy measurements from NIH3T3 fibroblasts expressing NMMII 
treated with 500nM OKA to inhibit MLCP, (3min; n=3; bars indicate SEM; *, p<0.05 t-
test). (B) Normalized anisotropy measurements from the non-drug exposed area of the 
NMMII sensor after OKA (3min; n=3; bars indicate SEM; ns; t-test). (C) Normalized 
anisotropy measurements from NIH3T3 fibroblasts expressing MLCP sensor treated with 
500nM OKA  (3min; n=3; bars indicate SEM; ns; t-test). The same area of the cell was 
measured for NMMII and MLCP data points. (D) Normalized anisotropy measurements 
from the non-drug exposed area of the MLCP. (3min; n=3; bars indicate SEM; ns; t-test). 
(E) NIH3T3 cell expressing the NMMII sensor before (2min), during, and after (15min) 
treatment with 500nM OKA. (F) MLCP sensor localization before, during, and after 
OKA treatment. (G) Merged images showing the NMMII and MLCP sensors combined. 
The scale bar indicates 10µm. (H) NMMII anisotropy map before and after (15min) 
treatment with OKA. Anisotropy maps are represented by the adjacent LUT color bar; 
warmer colors are increase in activation. (I) MLCP anisotropy map before and after 
(15min) treatment with 500nM OKA. The scale bar indicates 10µm.   
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To resolve whether MLCP inhibition promotes changes in NMMII AA activity, 

the AA mutant was examined in randomly migrating NIH3T3 cells plated on FN. 

Quantitative measurements were taken from NIH3T3 cells expressing NMMII AA before 

and after treatment with 500nM OKA (Figure 4.10). OKA treatment did not affect 

NMMII AA anisotropy (Figure 4.10A). The average trace data revealed no change in 

anisotropy after OKA was added at t = 5 min (Figure 4.10B). To examine cell 

morphology, images were taken of a representative NIH3T3 cell expressing the NMMII 

AA sensor (Figure 4.10C). After exposure to OKA, the cell displayed minimal changes in 

morphology. Anisotropy maps of the same NMMII AA cell further exhibited non-

significant changes in activity before and after OKA treatment (Figure 4.10D). A 

kymograph was produced at the indicated line (red) through the exposed area at the edge 

of the cell (Figure 4.10E). There were non-significant changes in anisotropy or 

morphology in either kymograph after OKA was added at 5 min. 

Actin dynamics were explored in fibroblasts after treatment with OKA to inhibit 

MLCP (Figure 4.10F). Addition of OKA did not stimulate actin (Figure 4.10).  

Kymograph (red) was generated through the drug-exposed edge of the cell (Figure 

4.10G). OKA treatment did not stimulate movement of actin filaments (Figure 4.10G). 
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Figure 4. 10. MLCP inhibition does not alter NMMII AA or Actin. 

A microfluidic pipette delivered 500nM OKA to NIH3T3 cells expressing 
mCer3myosin2 AA. Localized changes in actin formation were also investigated in 
NIH3T3 cell expressing mCer3LifeActin treated with 500nM OKA. Rhodamine (red) 
indicates the area of stimulation. (A) NIH3T3 fibroblasts expressing mCer3myosin2 AA 
sensor were treated with 500nM OKA to inhibit MLCP (5min; n=5; bars indicate SEM; 
ns t-test). (B) Average cell traces for NMMII AA (n=5) with ionomycin added at t=5 min 
establishing response over time. (C) NIH3T3 cell expressing NMMII AA before (2min), 
during, and after (15min) treatment with 500nM OKA to inhibit MLCP. The scale bar 
indicates 10µm. (D) NMMII AA anisotropy map before and after (15min) treatment with 
OKA. Anisotropy maps are represented by the adjacent LUT color bar, warmer colors are 
increase in activation. (E) A kymograph (green arrow) was drawn through the exposed 
area of the cell to show spatial activity over time. The scale bar indicates 10µm. (F) 
NIH3T3 cell expressing mCer3LifeActin before (2min), during, and after (15min) 
treatment with 500nM OKA to inhibit MLCP. The scale bar indicates 10µm. (G) A 
kymograph (red arrow) was drawn through the exposed edge of the cell to depict 
movement over 20 min. The scale bar indicates 10µm. 
 

 20

 15

 10

 5

0

Ti
m

e(
m

in
)

A B

C

D

2min +Okadaic Acid 15min

15min

AA +OK
0.90

0.95

1.00

1.05

1.10

No
rm

ali
ze

d A
nis

ot
ro

py

0 5 10 15
0.90

0.95

1.00

1.05

1.10

Time (min)

No
rm

ali
ze

d A
nis

ot
ro

py
E

20

15

10

5

0

Ti
m

e(
m

in
)

F G
2min +Okadaic Acid 15min

NM
M

II 
AA

NM
M

II 
AA

Li
fe

Ac
tin



	 133	

Inhibition of ROCK decreases NMMII phosphorylation. 

Y27632 dihydrochloride is a cell-permeable, ATP-competitive inhibitor of ROCK 

and was used to inhibit ROCK activity. The regulation of MLCP on NMMII was 

investigated with NIH3T3 cells co-expressing both NMMII and MLCP biosensors before 

and after treatment with 1µM Y27632 (Figure 4.11). Fluorescein (yellow) was combined 

with Y27632 for visualization. Anisotropy measurements were taken from cells 

expressing NMMII and MLCP. NMMII anisotropy decreased after Y27632 treatment 

indicating a decrease in NMMII phosphorylation likely due to an increase in MLCP 

activity (Figure 4.11A). The portion of the cell not exposed to Y27632 revealed no 

change in NMMII anisotropy (Figure 4.11B). Next, MLCP had increased anisotropy after 

Y27632 treatment indicating increase in activity (Figure 4.11C). There was also no 

change in anisotropy in the non-exposed area of the MLCP channel (Figure 4.11D). 

 MLCP activity and NMMII phosphorylation were examined in NIH3T3 cells 

moving on a FN matrix (Figure 4.11). Images were captured of the NMMII sensor 

(Figure 4.11E), MLCP sensor (Figure 4.11F), and combined (Figure 4.11G) before 

(2min), during, and after (15min) treatment with 1µM Y27632. Anisotropy maps for 

NMMII phosphorylation and MLCP activity are shown at the onset of data collection and 

15 min later (Figure 4.11H, 4.11I). NMMII phosphorylation has localized decreases 

around the cell edge (white arrows) after Y27632 (Figure 4.11H). MLCP activity was 

also increased after Y27632 (Figure 4.11I). 
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Figure 4. 11. Y27632 increases NMMII phosphorylation. 

NIH3T3 fibroblasts co-expressing NMMII and MLCP biosensors were plated on FN and 
imaged for 20 min, at t = 5 min 1µM Y27632 was added using a microfluidic pipette. 
Fluorescein (yellow) was used to mark the area of stimulation. (A) Normalized 
anisotropy measurements from NIH3T3 fibroblasts expressing NMMII treated with 1µM 
Y27632 to inhibit ROCK, (5min; n=3; bars indicate SEM; *, p<0.05 t-test).  (B) 
Normalized anisotropy measurements from the non-drug exposed area of the NMMII cell 
after Y27632 (5min; n=3; bars indicate SEM; ns t-test).  (C) Normalized anisotropy 
measurements from NIH3T3 fibroblasts expressing MLCP treated with 1µM Y27632  
(5min; n=3; bars indicate SEM; ns; t-test). The same area of the cell was measured for 
each NMMII and MLCP data points.  (D) Normalized anisotropy measurements from the 
non-drug exposed area of the MLCP cell after Y27632 (5min; n=3; bars indicate SEM, ns 
t-test). (E) NIH3T3 cell expressing NMMII before (2min), during, and after (15min) 
treatment with 1µM Y27632. (F) MLCP sensor localization before, during, and after 
Y27632 treatment. (G) Merged images showing the NMMII and MLCP sensors. The 
scale bar indicates 10µm.  (H) NMMII anisotropy map before and after (15min) 
treatment with Y27632. Anisotropy maps are represented by the adjacent LUT color bar, 
warmer colors are increase in activation. (I) MLCP anisotropy map before and after 
(15min) treatment with Y27632. The scale bar indicates 10µm.   
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To determine the influence ROCK inhibition has on NMMII AA, localized 

changes in activity were examined in randomly migrating NIH3T3 cells plated on FN. 

Anisotropy measurements and images were taken of a representative NIH3T3 cell 

expressing NMMII AA before and after treatment with 1µM Y27632 (Figure 4.12). 

Y27632 treatment did not significantly affect NMMII AA anisotropy, indicating no 

variation in activity (Figure 4.12A). The average trace data shows no difference in 

anisotropy after Y27632 was added at t = 5 min (Figure 4.12B). Images were taken of the 

NIH3T3 cell expressing the NMMII sensor demonstrating localization (Figure 4.12C). 

After the cell was exposed to Y27632, there was a minimal change in morphology 

(Figure 4.12). Anisotropy maps of the same NMMII AA cells further showed minor 

changes in spatial activation before and after treatment (Figure 4.12D). A kymograph was 

generated at the indicated line (red) through the exposed area of the cell and depicted no 

alterations in activity or movement (Figure 4.12E).  

 To resolve MLCP’s role in actin dynamics, localized changes in actin formation 

were explored in fibroblasts after treatment with Y27632 to inhibit ROCK (Figure 

4.12F). ROCK inhibits the ability for MLCP to dephosphorylate NMMII. The addition of 

Y27632 at t = 3 min promoted actin retraction (Figure 4.12). A kymograph (red) was 

generated through the drug-exposed edge of the cell (Figure 4.12G). Y27632 treatment at 

t = 3 min stimulated retraction in actin filaments (Figure 4.12G). 
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Figure 4. 12. NMMII AA and Actin after Y27632. 

Changes in activation were observed after a microfluidic pipette delivered 1µM Y27632 
to NIH3T3 cells expressing mCer3myosin2 AA and mCer3LifeAct. Rhodamine (red) 
was administered with Y27632 to mark the area of stimulation. (A) NIH3T3 fibroblasts 
expressing mCer3myosin2 AA were treated with 1µM Y27632 to inhibit ROCK (5min; 
n=3; bars indicate SEM; ns t-test). (B) Average cell traces for NMMII AA (n=3) with 
Y27632 added at t=5 min representing response over time. (C) NIH3T3 cell expressing 
NMMII AA before (2min), during, and after (15min) treatment with 1µM. The scale bar 
indicates 10µm. (D) NMMII AA anisotropy map before and after (15min) treatment with 
1µM Y27632. Anisotropy maps are represented by the adjacent LUT color bar, warmer 
colors are increase in activation. (E) A kymograph (red arrow) was drawn through the 
exposed area of the cell to show movement over time. The scale bar indicates 10µm. (F) 
NIH3T3 fibroblasts expressing mCer3LifeAct were treated with 1µM Y27632. Images 
before (2min), during, and after (15min) treatment with Y27632. The scale bar indicates 
10µm. (G) A kymograph (red arrow) was generated through the exposed area of the cell 
to show movement over 20 min. The scale bar indicates 10µm. 
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Discussion 

Understanding the coordination of events that regulate cell motility requires a 

multimetric approach to tease out the intricacies of NMMII activation. Single metric 

approaches for illuminating the roles of proteins involved in cell movement have 

produced the groundwork of data to now ask where and when the proteins are active. In 

order to look closer at the mechanism of NMMII regulation, FRET biosensors were 

needed to reveal spatial temporal activation compared to expression that was previously 

analyzed by qRT-PCR and westerns (Totsukawa et al., 2004). Our data provides insight 

to the live cell interactions of active MLCP. We now know that different areas of the cell 

have different levels of myosin regulation after stimulation and these alterations in spatial 

control can be detected by real-time FRET imaging.  

During the motility process, changes in NMMII phosphorylation, MLCK, and 

MLCP activity were observed through the use of three separate FRET biosensors 

transfected, as pairs, into living cells. Our data proposes differential regulation of NMMII 

phosphorylation by MLCK and MLCP in and along a moving membrane. Kinase 

inhibitors have been used to demonstrate the importance of MLCK in antagonizing 

MLCP along the cell periphery (Totsukawa et al., 2004). It is possible that directional 

migration is due to the cycle of MLCK and MLCP activity, which leads to edge 

protrusion and retractions. This investigation allows for a potential understanding of the 

short-term result of NMMII phosphorylation during cell movement. Understanding how 

distinct cells naturally move will provide a baseline to eventually compare against in 

disease states. 
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We examined the effects of ionomycin, EGTA, Y27632, and okadaic acid as 

activators and inhibitors of NMMII regulation on NMMII phosphorylation, MLCK, and 

MLCP activity of the cell body and established edge. Ionomycin increased MLCK 

activity and NMMII phosphorylation, although it did not alter the cells morphology. 

EGTA not only decreased MLCK activity, but also decreased NMMII phosphorylation. 

Inhibiting MLCP with okadaic acid promoted an increase in NMMII phosphorylation, 

while inhibiting ROCK led to a decrease in NMMII phosphorylation.  

 My data suggests that MLCP mediates the role of retraction by ROCK inhibition 

using Y27632 as an inhibitor. We believe that increased levels of MLCP decrease 

NMMII phosphorylation leading to a fast retraction phase. Consistent with this 

observation, when MLCK activity was decreased leading to a decrease in NMMII, there 

was a retraction. Although, we did not see changes in actin formation with ionomycin or 

okadaic acid, this could be due to a variety of reasons like using too low of a 

concentration or we can consider that there are more factors involved to progress the cell 

forward than promote a retraction. 

The dephosphorylation of NMMII is specific to MLCP while the kinase 

responsible for phosphorylation can be variable at times. It has been previously described 

that periphery stress fibers are not as disturbed by Rho-kinase inhibitors as central stress 

fibers (Katoh et al., 2001). We had similar results, high MLCK activity was constrained 

to the peripheral edges and RhoA activity was more centralized.  However, how these 

interactions transcend through the layers of the cell in a 3D manner is still yet to be 

investigated. Consequently, the distinct roles of NMII regulators, MLCK and MLCP, in 

living cells are still being determined.  



	 139	

 

Author Contributions: Figures: N.E.S. Figures 4.1 & 4.2 are N.E.S from manuscript: 

Ross et al., 2018. Writing: N.E.S. Formal Analysis: N.E.S. Vector preparation: N.E.S, 

S.H.W, M.L.M 

  



	 140	

Chapter 5 . Concluding Remarks 

Summary 

This thesis explores non-muscle myosin II (NMMII) phosphorylation, myosin 

light chain kinase (MLCK), myosin light chain phosphatase (MLCP), and RhoA activity 

in moving fibroblasts using FRET biosensors. The subsequent sections express the 

significance of each chapter in a broader context and consider supplementary studies that 

can enhance the understanding of NMMII dynamics in migration.  

 

Significance of NMMII phosphorylation studies 

I demonstrated the accuracy and viability of a FRET based biosensor for NMMII 

phosphorylation, using the natural dimeric character of myosin regulatory light chain 

(RLC). Changes were observed in FRET between NMMII RLC proteins that indicate 

phosphorylation-induced conformational states. This investigation provided insight into 

MLCK’s role during regulation of the actomyosin cytoskeleton. After activation with 

KCL, colocalization of MLCK activity and NMMII phosphorylation was not exact 

because the robust activation of MLCK did not reflect in high levels of NMMII 

phosphorylation. I suggest that MLCK may have an active role in maintaining 

actomyosin fibers at the leading and lagging edges.  

NMMII has been comprehensively investigated in cell migration. Our studies 

have focused on measuring NMMII phosphorylation in elongated mesenchymal cells, 

fibroblasts. Both amoeboid and directed migration use NMMII (Georgouli et al., 2019) 

for different modes of migration to travel through 2D and 3D environments. Directed cell 

migration utilizes actomyosin driven contraction to migrate through the ECM, while 

amoeboid migration is generally bleb based and is driven by pressure induced protrusion 
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to invade 3D environments (Friedl & Wolf, 2003; Jiao et al., 2018). Studies have also 

shown NMMII to have a role in regulating diseases, where its pathway can be directly or 

indirectly mutated, and these mutations in tern become disease causing (Newell-Litwa et 

al., 2015). Although, it is unknown exactly how NMMII goes awry and leads to the 

progression of many diseases: cancer, inflammatory diseases (Betapudi, 2014). The 

majority of these studies describe cytoskeletal dynamics of cell shape during migration 

on an ECM coated surface, which promotes an adhesive environment for strong fiber 

connections and direct migration. In our investigation I demonstrated that a 

phosphomimetic RLC-DD sensor, transfected into fibroblasts, exhibited increased stress 

fibers on FN. The ECM is essential to the tumor microenvironment, and could potentially 

play a role in generating overactive migrating cells.  

I demonstrated that MLCK activity at the leading and lagging edges promotes 

stress fibers, by stimulating the phosphorylation of NMMII. I think the overexpression of 

MLCK could lead to the over phosphorylation of NMMII at the cell edges thereby 

making it easier for the cell to distortedly move (protrude and retract). Other studies have 

shown the overexpression of myosin II to have roles in tumor cell proliferation and 

migratory invasion (Aguilar-Cuenca, 2014). Increased levels of NMMII have also been 

established to enable amoeboid migration (Orgaz et al., 2014; Sanz-Moreno et al., 2011). 

While, additional studies have shown that the presence of NMMII is critical for cells to 

migrate efficiently (Thomas et al., 2016). Considering the overexpression of NMMII 

(Aguilar-Cuenca, 2014) leads to an adverse phenotype, and absence of NMMII leads to 

less effective migration (Thomas et al., 2016) these data suggests there is a fine balance 

necessary to regulate cell movement.  
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I hypothesize that in normal cells, regulation is in place that doesn't allow for an 

influx of MLCK to create robust NMMII phosphorylation. I demonstrated a large 

increase in MLCK activation with KCL, does not result in colocalization of high levels of 

NMMII phosphorylation. The normal cell is under a physiologic balance, but if there was 

a mutation in that pathway that allowed MLCK to phosphorylate all of the NMMII at 

once then that could lead to the overexpression of NMMII seen in tumor cells. These 

active/invading cells could possibly have elevated NMMII phosphorylation driving them 

forward. 

Finally, I observed a decrease of NMMII phosphorylation during a quick 

retraction phase of the cell. I hypothesize that retraction occurs in steps very similar to 

overall movement, which is broken into protrusion, adhesion, contraction, and retraction. 

NMMII is important in the retraction of blebs used by amoeboid cells to move (Charras 

et al., 2006; Charras et al., 2005). The bleb retracts back into the cell body in a similar 

method as a mesenchymal cell retracts the lagging edge into the cell body. If any of these 

steps are not regulated it can generate problems.  I hypothesize that NMMII has different 

functions in different areas of the cell, which may play a role in cell migration in different 

types if environments, 2D and 3D. We can continue to investigate how NMMII is the 

actyomyosin cytoskeleton dynamics contribute to cell progression to determine this 

balance in cells. 

Significance of MLCP studies  

We developed a FRET biosensor to quantify the spatiotemporal activity of MLCP 

in live cells. Using FRET biosensors, I have demonstrated correlations between: MLCP 

as a regulator of NMMII phosphorylation, MLCP and MLCK as co-regulators, and RhoA 
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as a regulator of MLCP. I hypothesize that there are dynamic relationships between these 

proteins as the cell progresses forward. Overall, MLCP has been an under-investigated 

component of the NMMII migration field. From our studies, I believe MLCP is 

treadmilling with MLCK to regulate NMMII phosphorylation and thus regulate cell 

movement. In kymographs of MLCK and MLCP activity, both proteins appear active and 

present in waves, with MLCK preceeding MLCP (Figure 5.1). I observed a spatial 

relationship between MLCK and MLCP at the edge of cells, and I hypothesize that the 

ratio of MLCK to MLCP weighs in the favor of MLCP to inhibit excessive movement. 

Fibroblasts move through 3D environments in healthy and pathological states. For 

example, if there is a wound, fibroblasts move through the dermis to the site of the tissue 

damage where they make a matrix (Petrie & Yamada, 2015). Although this mechanism 

can also be used in cancer cells, where 3D migration is involved in intravasation and 

extravasation of a metastatic cell. MLCP has been shown to have a role in disease 

development and hypertension (Guan et al., 2013). MLCP can also alter cell 

proliferation, migration, and invasion of gastric cancer (GC) cells (Wang & Sun, 2018). 

MLCP was decreased in SNU-5 cells, and overexpression of MLCP inhibited cell 

proliferation. In the clinical study, MLCP expression was related to overall survival of 

GC patients (Wang & Sun, 2018), with high MLCP expression correlating to patients 

with longer survival time (Wang & Sun, 2018). I hypothesize that MLCP is a regulator of 

altered cell migration, and without high levels of MLCP to de-phosphorylate NMMII 

phosphorylation, the cell can migrate abnormally. I believe MLCP can inhibit cell 

migration in the over active cancer cells and that’s why there was higher MLCP 

expression in the postoperative patients than the preoperative.  



	 144	

Understanding how MLCP operates across the cell is a critical aspect of 

understanding the biology of directed migration. I have presented that when MLCP is 

increased, NMMII phosphorylation is decreased. I think MLCP activity was able to 

balance out the phosphorylation of NMMII leading to decreased migration. It is 

important to understand MLCP regulation of NMMII because overactive NMMII can 

lead to changes in cell motility (Newell-Litwa et al., 2015), like increased migration and 

invasion (Li et al., 2015). NMMII is also essential in physiological settings like during 

corneal wound repair, keratocytes transform into fibroblasts which then develop 

intracellular stress fibers and reorganize the ECM (Miron-Mendoz et al., 2015). I 

hypothesize that in low levels of MLCP the cell can still detach and move forward, but 

the ability to move forward with MLCK/NMMII activity is enhanced. This supports a 

model in which MLCP and MLCK differentially regulate phosphorylation of NMMII 

during cell movement.  

Significance of MLCK, MLCP, NMMII studies 

I imaged the spatiotemporal activity of MLCK on NMMII phosphorylation in 

motile fibroblasts. I also investigated the relationship of MLCP as a regulator of NMMII 

phosphorylation, and demonstrated that MLCP is active during retraction. Retraction also 

occurred when MLCK activity is decreased. Activity of NMMII, MLCK, and MLCP was 

probed by locally applying inhibitors to areas of the cell using a microfluidic pipette. 

Inhibition of ROCK by Y27632 led to increased levels of MLCP and decreased NMMII 

phosphorylation.  

In healthy conditions cells are actively migrating, but under diseased conditions 

migration can increase, and fibroblasts can transition between modes of migration 
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depending on the environment. Regulatory pathways can be affected by mutations to 

cause disease states; for example, inhibiting ROCK diminishes the directionality of breast 

cancer epithelial cells (Wang & Schneider, 2017). So far, the most promising therapeutic 

options for NMMII related disorders are ROCK inhibitors (Pan et al., 2013). 

Furthermore, there are remaining questions pertaining to how overexpression of ROCK 

can eventually lead to cancer metastasis (Betapudi, 2014). ROCK inhibitors are 

undergoing preclinical trials in animal models for Parkinson and Alzheimer’s as a 

potential treatment for these neurodegenerative disorders (Zhao et al., 2015; Newell-

Litwa et al., 2015).  I hypothesize that increased of ROCK leads to cancer metastasis 

because of increased motility due to increased levels of NMMII phosphorylation. 

First I demonstrated that in areas of MLCP activity, there is decreased NMMII 

phosphorylation. Next, I determined that inhibition of ROCK by Y27632 leads to an 

increase of MLCP activity and decrease of NMMII phosphorylation. This decrease in 

ROCK also led to retraction of the actin cytoskeleton. Although ROCK is known to 

phosphorylate RLC at Ser19, significant contraction force is not seen unless there is Ca2+ 

and MLCK activity to increase phosphorylation. My data advances the discussion by 

looking at protein activity and not just presence. I showed that Ca2+ does not affect 

RhoA’s ability to inhibit MLCP. Our recent studies have suggested coordination of 

NMMII directed cell motility is more complicated then one protein on and off, and that 

the levels of activation differ in different areas of the cell at alternating times. My results 

point to a model in which RhoA/ROCK regulate MLCP and increase NMMII 

phosphorylation, offering new quantitative connections between kinase activity, 

phosphatase activity, and NMMII phosphorylation.  
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Future directions 

It is known that NMMII performs complex roles during cell migration. During 

our investigation we used NIH3T3 fibroblasts and REF52 fibroblasts because they are the 

standard for studying NMMII in cell migration (Totsukawa et al., 2004). Not only are 

these fibroblasts easy to transfect with multiple sensors; they also are a naturally motile 

cell type. Although, NMMII is prevalent in many different cells, such as endothelial cells 

and synapses where it mediates synaptic vesicle recycling (Chandrasekar et al., 2013). 

Fibroblasts are essential to the tumor microenvironment because they create ECM (Liu et 

al., 2015). Normal fibroblasts, which we have been using to investgate cell migration, 

maintain the homeostasis of the ECM (Erdogan et al., 2017; Kalluri & Zeisberg, 2006). 

While fibroblasts modulated to become cancer-associated fibroblasts (CAF) have been 

shown to alter the structure of the ECM thereby altering cell migration and growth 

(Kaukonen et al., 2016; Orimo et al., 2005). In the future we can investigate using CAF 

as models of abnormal cell migration since CAFs are closely associated with primary 

tumor cells, but still related to fibroblasts. CAFs assemble FN to mediate their directional 

migration and can promote tumor progression (Erdogan et al., 2017). We could continue 

to investigate the regulation of NMMII phosphorylation and actomyosin dynamics in a 

disease-presenting cell. After understanding how normal fibroblasts move, we can then 

use CAFs to establish the mechanisms of motility used by a single invading cell and 

determine what has changed.  

Next, in order to thoroughly investigate the spatiotemporal organization of the 

actomyosin cytoskeleton, we could transition to a 3D model of cell movement. Our 

studies have looked at the bottom of the cell where it attaches to the ECM, which is an 
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critical part of the migration picture but not the entire picture of MLCP regulation of 

NMMII during cell movement. We want to understand how NMMII contractility exerts 

such a large effect on membrane, not just at the bottom where the ECM attaches but the 

entire cell. It’s crucial to not assume that NMMII provides the same role on the bottom of 

the cell as the top or around the nucleus. One of the weaknesses of widefield imaging is 

the increased exposure times of multi-sensor experiments which can lead to photo-

toxicity. Another weakness of widefield imaging is the out-of-focus light, light that 

comes from outside the focal plane and can obscure finer structures. Polarized inverted 

selective-plane illumination microscopy (piSPIM) illuminates one slice of the cell at a 

time by restricting illumination to an optical section, and limiting overall light exposure. 

This technique reduces photo-damage and enables long-term observations (Huisken & 

Stainier, 2009). We can use this technology to provide a highly detailed picture of 

NMMII regulation of cell migration, and understand the roles of NMMII in multiple 

layers of the cell.  

Finally, measuring NMMII independently of its regulators can be essential to 

prevent making assumptions about activity. I have been able to successfully measure 

MLCK, MLCP, RhoA, and NMMII phosphorylation. It is well known that migration 

occurs in many different pathological and physiological processes, and that quicker and 

less regulated migration is usually obtained through acquiring altered signaling pathways 

and cytoskeletal dynamics. Since ROCK is an essential component to NMMII migration 

in both healthy and disease cells, creating a ROCK sensor can help answer questions 

about its activity during movement. Although we can make inferences by using ROCK 

inhibitors and looking at RhoA activity, this does not compare to looking at ROCK 
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directly. ROCK is essential to organizing the actomyosin cytoskeleton upstream, and 

being able to directly measure ROCK can answer more question about the activity of this 

protein while cell moving (Heasman & Ridley, 2008). The cellular mechanics of 

migration are thoroughly investigated, but techniques to study real-time spatiotemporal 

remodeling of the actomyosin cytoskeleton can always be improved. 

 

Model 

 

Figure 5. 1. NMMII Model of Cell Motility 

Regulation of NMMII phosphorylation by MLCK and MLCP at the edge of a motile cell. 
MLCP is treadmiling with MLCK to regulate NMMII phosphorylation and thus regulate 
cell movement. Under increased MLCP activity, potentially by ROCK inhibition, there is 
increased MLCP presence and less NMMII phosphorylation leading to restricted 
movement. When MLCK activity is increased, potentially due to Ca2+ increase, NMMII 
phosphorylation is increased and this leads to increased movement.   

MLCK 
MLCP 

Ca2+
RhoA/ROK

NMMII
NMMII
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