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ABSTRACT

Cytoskeletal structure and dynamics are key for cells to function. Not only does the cy-

toskeleton give static support to the cell, its self-organization and restructuring are critical

for cytokinesis, muscle movement, lamellipodia driven cell movement and more. Visualiza-

tion of the actin cytoskeleton is necessary for various fields of biological research, and there

are several actin labels available. For live-cell imaging, the most popular label is Lifeact, a 17

amino-acid peptide derived from actin binding protein (ABP) 140 in yeast. Despite its use

in over 7,000 studies, Lifeact has several known concentration-dependent side e↵ects, likely

due to its competitive binding with important ABPs, cofilin and myosin. I addressed this

problem by creating a light-sensitive version of Lifeact that has low a�nity in the dark, but

high a�nity for actin when excited by blue light. Using previous designs of optogenetic tools

as a guide, I designed LILAC (Light-Induced Label for ACtin) by strategically integrating

Lifeact into the reversibly unfolded J↵ helix of AsLOV2, a photosenstive protein from oat.

Reversible, light-induced recruitment of LILAC to filamentous actin was validated both in

live cells and with purified proteins. Pre-illumination subtraction and correlative imaging

allow for enhanced visualization of actin, and the recovery time constant can be modulated

with bu↵er conditions. I also utilized LILAC to pattern actin filaments in vitro, a tool

that could be applied to elucidate how components of the actin cytoskeleton are integrated

spatiotemporally to form complex structures. In my thesis, I describe the development

and application of LILAC as an imaging and patterning tool, though a wide array of other

applications remain.
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CHAPTER 1

INTRODUCTION

1.1 The measurement problem

An overarching issue in science is that as we observe things, we inevitably perturb them.

This principle permeates nearly all length scales. On the quantum scale, this is known as

the measurement problem. When we observe or measure the spin of a particle, we disrupt

its quantum state and force it to assume a definite spin value. The act of measurement

introduces an unavoidable interaction between the measured system and the measurement

apparatus, leading to the collapse of the wave function and the manifestation of a particular

spin state. On the ecological scale, let us use the example of birds. To observe their migration,

we must track them, which can be done with several methods. The simplest method is to just

observe birds in their wild habitat. Obviously this is the least intrusive, yet gives us the least

resolved and least accurate data, as the observers cannot confidently know which bird they

are seeing and can only study a small number of locations. Another method is to catch the

birds and tag them with small labeled bands, then periodically catch them and document

when and where each specific bird is. Clearly this is better than the simple observation

method, as each bird can be accurately identified, but requires considerable intervention

with the birds each time data is collected. The best data comes from attaching trackers that

relay real-time global positioning system (GPS) data. However, these data could be from

perturbed samples. For all we know, the birds with GPS trackers cannot fly for as long,

are not incorporated into the flock normally, fly slower, etc. This is all to say that when we

observe more thoroughly, we are often interacting with our system of interest more, until we

are changing the system so much that it is no longer a good representative of the system of

interest. In sum, better data, comes at a higher cost.

In the field of cellular biology, our birds are cellular molecules, and our GPS trackers
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are molecular labels. The relative scales of these molecules vary widely, and often include

large molecular labels for small cellular molecules. Imagine a tiny finch with a gigantic GPS

tracker the size of a refrigerator; this is sometimes all we have available in our toolkit as

cellular biologists. What if we could leave the birds be, but only when we wanted the GPS

coordinates, the tracker magnetized instantly and appeared on the bird’s foot. Then, we

quickly obtain the data, and the tracker de-magnetizes and fell o↵. Therefore, the bird is

only perturbed for the short period of time where we acquired the coordinates. This is the

principle behind LILAC, a light-sensitive actin-binding peptide, where our bird is actin, a

structural, cytoskeletal protein, and our tracker is a fluorescent protein.

1.2 The actin cytoskeleton

1.2.1 Introduction to the cytoskeleton

Cells require exquisite coordination to perform the various functions necessary for life. Cells

crawl, grow, divide, transport cargo, and much more [Blanchoin et al., 2014]. Specific cell

types such as cochlear hair cells have long protrusions to sense sound and relay the signal to

the brain [Vélez-Ortega and Frolenkov, 2019]. Ciliated cells in the lungs transport foreign

molecules to clear the airways and in the Fallopian tubes, they facilitate the movement of

eggs and embryos through the reproductive tract [Brooks and Wallingford, 2014]. Muscle

fibers contract to produce enormous force generated by small repeating structures known

as sarcomeres [Rassier, 2017]. To execute these incredible tasks successfully, cells use an

ever-changing architectural network known as the actin cytoskeleton.

The actin cytoskeleton consists of thin filaments of polymerized actin, a 42 kDa protein

that exists in monomeric (G-actin) and filamentous states (F-actin) and forms a double-

stranded right handed helix [Dominguez and Holmes, 2011]. Actin binds to adenosine

triphosphate (ATP) as an energy source for polymerization, as well as an indicator of fila-
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ment age [Dominguez and Holmes, 2011]. Newly formed filaments contain ATP, while older

filaments contain the hydrolyzed product, ADP [Oosterheert et al., 2022]. The turnover of

ATP to ADP is necessary for recycling of actin.

F-actin, in conjunction with many other actin binding proteins (ABPs), form a diverse

array of substructures within cells [Kadzik et al., 2020, Michelot and Drubin, 2011]. For

example, thin filaments are bundled together tightly by bundling proteins, such as fascin,

to create structures including filopodia, long protrusions used for environmental sensing

[Bartles, 2000, Courson and Rock, 2010, Jansen et al., 2011]. Stress fibers form by bundling

actin filaments with alpha-actinin, a bundler that leaves more space between the filaments

[Courson and Rock, 2010, Foley and Young, 2014, Ribeiro et al., 2014]. Vinculin, another

ABP, anchors the ends of stress fibers to adhesion molecules on the outside of the cell to

facilitate cell migration [Kadzik et al., 2020, Michelot and Drubin, 2011]. Protein complexes

like the Arp2/3 complex create branch sites, allowing for highly intricate, dense networks

of actin at the leading edge of the cell, critical for movement [Rogers et al., 2003]. These

structures, known as lamellipodia, also must be disassembled at the rear of the moving cell

so the parts can be recycled for use elsewhere. Along these various structures, myosin motors

walk, carrying cargo around of the cell [Hartman and Spudich, 2012]. Extreme coordination

of these molecules in a spatiotemporal manner is necessary for each of these processes to

occur. Yet, we do not fully understand how the pool of the individual parts coalesce to

perform this sophisticated orchestra of actions.

As such an integral component for a plethora of cellular processes, interruption in cy-

toskeletal function has implications in several diseases. Cancer growth and metastasis relies

on cell division, migration and invasion. Each of these processes are highly reliant on the

actin cytoskeleton, thus it is no surprise that disruption of the actin cytoskeleton is im-

plicated in cancer [Ong et al., 2020]. Neuronal cells are highly polarized, morphologically

distinct cells that require cytoskeletal coordination to form synapses and transport cellular
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components long distances. In diseases such as Alzheimer’s, Parkinson’s, and Huntington’s

disease, cytoskeletal abnormalities are observed [Muñoz-Lasso et al., 2020]. As actin is a

main component of muscle contraction, alterations to actin and its associated proteins have

implications in cardiac diseases and muscular diseases [Parker et al., 2020, Rassier, 2017].

In total, the actin cytoskeleton is an essential structure, and dependable visualization of its

structure is critical for many areas of research.

1.2.2 Cytoskeleton imaging

The visualization of actin-based structural features is critical for cell biologists. To visualize

cells, we use a number of microscopy methods. One of the most common methods for

visualizing cells is phase contrast microscopy, which allows for visualization of clear samples,

such as single cells, and does not require labeling, staining, or other sample preparation.

However, it does not specifically label cellular structures of interest. In contrast, fluorescence

microscopy uses fluorescent molecules to specifically label molecules of interest within the

cell. Multiple colors can be combined to image various structures simultaneously, and single

molecule resolution is possible. Several di↵erent fluorescent probes can be used to label the

molecule of interest within cells. Dyes like AlexaFluor dyes and quantum dots are useful

tools, but can be challenging to conjugate to proteins in cells [Bera et al., 2010, Panchuk-

Voloshina et al., 1999]. Green fluorescent protein (GFP), a protein found in bioluminescent

jellyfish, was a monumental discovery, as it could be directly expressed with and attached to

proteins in cells for labeling [Chalfie et al., 1994]. Derivatives of GFP have been developed

to provide an array of colors, stability, and multimerization states [Rodriguez et al., 2017].

These tools for live-cell imaging allow us to dependably visualize the cytoskeleton in cells.

We currently have a suite of labels for actin visualization, each with its own benefits

and drawbacks [Melak et al., 2017, Belin et al., 2014]. The gold standard for actin filament

labeling is phalloidin, a toxin from the death cap mushroom. Phalloidin is a small molecule
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that very specifically binds actin filaments, not monomers. Fluorophores of various colors

are attached to phalloidin for fluorescence microscopy. The drawbacks to phalloidin labeling

are that it stabilizes actin filaments, and cannot permeate the plasma membrane, therefore

lending it not suitable for live-cell imaging, only fixed staining. Another common method is

to express actin monomers in cells with a fluorescent protein (FP) attached. However, over-

expression of FP-actin is unsuitable for cells, and this method can lead to high background

signal from labeled monomers [Aizawa et al., 1997]. Another method for live-cell actin la-

beling is to use FP-tagged actin binding proteins, such as Lifeact, F-tractin and utrophin

[Riedl et al., 2008, Brehm et al., 2004, Burkel et al., 2007]. Downsides to these labels are

that they often bind certain actin structures more than others and can have side e↵ects at

high expression levels.

Lifeact, the most common of these labels, is a 17 amino-acid peptide derived from ABP140

in yeast [Riedl et al., 2008]. It is remarkably popular, having been used in around 7,000

studies, typically at unspecified concentrations. Though widespread in its use, negative side

e↵ects of Lifeact overexpression are widely reported and range from sterility in Drosophila,

altered actin patch dynamics in yeast, and altered stem cell morphology [Spracklen et al.,

2014, Courtemanche et al., 2016, Flores et al., 2019, Xu and Du, 2021]. Recently, the

structure of the Lifeact-F-actin structure was solved, revealing that Lifeact binds at the D-

loop on the actin filament [Kumari et al., 2020, Belyy et al., 2020]. This is the same location

that cofilin, a disassembly protein, and myosin, a motor protein, bind. Thus, it is easy to

imagine that constitutive Lifeact binding alters the disassembly of actin filaments and the

movement of motor proteins.

Returning to the bird tracking example, our actin label Lifeact, alters the dynamics we

wish to observe. In other words, our bird (actin) is a↵ected by interacting with our tracking

device (Lifeact). We aim to reduce the negative e↵ects of Lifeact labeling by temporally

controlling labelling using optogenetics.
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1.3 Optogenetics

1.3.1 Overview of optogenetics

With actin as our metaphorical bird and Lifeact as our GPS tracker, we now need a mag-

netization system. For this, we turn to optogenetics. Optogenetics utilizes light-sensitive

proteins found in nature. These proteins are involved in phototropism, the underlying mech-

anism for how plants and algae sense and grow towards the sunlight.

The field of optogenetics consists of two main branches: light-activated ion channels

called opsins, and soluble, non-opsin photosensitive proteins that change conformation in

response to light. Light-sensitive ion channels like channelrhodopsins (ChRs) and its rel-

atives are ideal for spatiotemporal control of voltage-sensitive cells, as light-activation can

be used to depolarize specific cells [Deisseroth, 2015, Paoletti et al., 2019]. This allows for

the study of complex neuronal circuits in a non-invasive way in comparison to the use of

probes for activation. This has revolutionized the field of neurobiology, allowing for the

enhanced understanding of the complex relationships between neuronal activation and be-

havior. With this technology, we have advanced our understanding of the mechanisms behind

processes such as learning, memory, and sensory processing, and also diseases like addiction

and depression [Adamantidis et al., 2015, Adesnik and Abdeladim, 2021, Chen et al., 2022].

Channelrhodopsin optogenetics have also been used to study other polarizable cells such

as cardiomyocytes, or heart muscle cells [Ambrosi et al., 2014, Abilez, 2012, Joshi et al.,

2020]. Light-sensitive muscle tissue can be grown with ChRs, and has been integrated to

create optogenetic robots. These robots come in a variety of shapes, from swimming fish to

walking bots, and are controllable by direction and speed with light pulses [Lee et al., 2022,

Ricotti et al., 2017, Park et al., 2016, Kim et al., 2023]. Though incredible, the field of ChR

optogenetics can only actuate with electrochemical signaling. The other branch of non-opsin

optogenetics utilizes a number of plant-derived photosensitive proteins to actuate a diverse
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array of intracellular signals.

1.3.2 Non-opsin optogenetics

A number of non-opsin systems have been characterized and implemented as optogenetic

tools (Figure 1.1) [Lu et al., 2020]. Most of these are dimerization or oligomerization systems

that form upon blue light excitation. For example, a fungal receptor, VVD, homodimerizes

in its wild-type form, allowing for precise control of protein protein interactions (PPIs).

However, this interaction has a relatively low a�nity, just 13 µM, and as a homodimer,

one cannot bring two di↵erent proteins together [Zoltowski et al., 2007]. To extend the

capabilities of VVD, a positively charged version (pMag) and negatively charged version

(nMag) were developed as a way to force heterodimerization instead of homodimerization

[Kawano et al., 2015]. They refer to this set of proteins as the magnet system, and developed

a number of variants to improve switching and kinetics.

Cryptochrome 2 (CRY2) is another photosensitive protein used in optogenetics. The first

CRY2-based tool is the CRY2-CIB1 heterodimerization system. Upon illumination, these

two units bind, and recovery times are rather slow at 16 minutes [Liu et al., 2008]. For systems

in which minimizing the number of blue light pulses is ideal, this can be beneficial. However,

the wild type CRY2-CIB1 system had limitations including low expression and unwanted

nuclear localization, which was resolved through rational mutation of the sequence [Taslimi

et al., 2016]. CRY2-CIB1 has been used to control gene-expression, cell signaling, cell death,

movement and more [Duan et al., 2017]. In addition to forming heterodimers with CIB1,

CRY2 forms homo-oligomers upon photoactivation. These clusters can be large enough

to be visualized with microscopy, but require high concentrations, and the oligomerization

tendency of the attached proteins plays a role as well [Park et al., 2017]. Mutants with

increased propensity to cluster such as CRY2olig CRY2clust were developed to solve this

problem [Park et al., 2017, Taslimi et al., 2016]. CRY2olig was used to cluster myosin motor
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heads together to create a functional motor upon photo-excitation. This induced filopodia

formation in a light-dependent manner, allowing for the investigation into the role of filopodia

in axolotl limb regeneration [Zhang et al., 2021]. The multi-modal abilities of CRY2 can be

useful, but it is important to consider that when using the CRY2-CIB1 system, there is homo-

oligomerization occurring upon photo-excitation as well. Also, the recovery time is much

longer than that of other optogenetic tools, which can be either a pro or a con depending on

the use. In Drosophila embryonic development, slow recovery of CRY2-CIB1 is ideal, and

short pulses lead to long-term furrow formation in response to light [Izquierdo et al., 2018].

Overall, CRY2 is an optogenetic tool with a number of variants and multimerization modes,

lending itself to broad applications.

1.3.3 AsLOV2 dynamics and chemistry

AsLOV2 (LOV2) is the second light-oxygen-voltage (LOV) domain from oat phototropinI

[Sakai et al., 2001, Kennis et al., 2004]. This protein has been highly studied and character-

ized, lending itself remarkably useful as a base for optogenetic tool development. AsLOV2

contains two main structural elements, its PAS core, containing beta sheets that bind to

the flavin chromophore at the center, and the A’↵ and J↵ helices, which dynamically and

reversibly unfold in response to blue light.[Crosson and Mo↵at, 2002, 2001, Harper et al.,

2003, Zayner et al., 2019] The N-terminal A’↵ helix is 7 amino acids long, and the C-terminal

J↵ helix is 24 amino acids long. When the flavin mononucleotide (FMN) chromophore is

photo-excited, it forms an adduct with cysteine 450 of the core, causing a conformational

change that induces unfolding of the A’↵ and J↵ helices [Christie et al., 1999, Halavaty and

Mo↵at, 2007]. Then, after the chromophore is quenched, the helices refold. The timing of

this refolding is 80 second in vitro with wild-type protein, but can vary from tens of seconds

to multiple minutes by varying bu↵er conditions and with mutations in LOV2 [Zoltowski

et al., 2009, Zayner and Sosnick, 2014, Zayner et al., 2013]. For example, the Q513D muta-
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tion reduces the recovery time to 5 seconds, while the Q513L mutation lengthens recovery

time to 1793 seconds [Zayner and Sosnick, 2014]. Recovery time is also sensitive to pH and

reduces greatly with the addition of imidazole [Zayner and Sosnick, 2014]. This tunability

is useful in optogenetic systems where specific kinetics are required.

1.3.4 Optogenetic dimerization systems using AsLOV2

A number of optogenetic tools have been developed using LOV2. The Zdk protein was

developed as a binding partner to LOV2 in its folded, dark state, but does not bind the

light-activated, unfolded state [Wang et al., 2016]. Zdk-LOV2 is used as a light-sensitive

dimerization system where two proteins can be chimerically attached to Zdk and LOV2

respectively. The proteins will remain in close proximity in the dark, but upon activation,

they will separate with the release of Zdk and LOV2.

Conversely, a number of protein dimerization systems have been designed such that LOV2

does not bind its target in the dark, but has high a�nity for the target in the light. This is

achieved by incorporating helical peptides or proteins into the J↵ helix of LOV2 such that

the peptide is caged by the core of LOV2 and cannot bind its target in the dark. Upon

photoexcitation, the J↵ helix unfolds and becomes flexible, allowing for the peptide to bind

its target (Figure 1.1). One of these LOV2-based dimerization systems is TULIPs, which

cages the PDZ-binding peptide ”pep” in the dark, but is active after blue light illumination

[Strickland et al., 2012].

Another common LOV2-based dimerization system is iLID [Lungu et al., 2012, Guntas

et al., 2015]. ILID incorporates the SsrA peptide into the J↵ helix, with SspB as the target

protein [Lungu et al., 2012]. Multiple variations of iLID were developed with varying binding

a�nities in the light vs dark, but retain similar dynamic ranges [Guntas et al., 2015]. For

example, iLID nano has very weak binding a�nity in the dark, but also relatively low binding

in the light, while iLID milli has much higher lit-state binding, but also has higher dark-
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state binding. Depending on the use case and the system, di↵erent variations of iLID can

be ideal. For a system where dark-state activity is highly unwanted, the iLID nano system

is more appealing, whereas for a system in which high activity is needed in the light, the

iLID milli system is an ideal candidate. One popular implementation of LOV2-dimerization

systems is local recruitment of guanine exchange factors (GEFs) to induce contractions in

adherent cells [Wagner and Glotzer, 2016, Varadarajan et al., 2022, Cavanaugh et al., 2020].

Recruitment of GEFs to the membrane increases their local concentration, resulting in signal

cascades leading to cell contraction.

LOV2-based dimerization systems are ideal as they are well-characterized and tunable.

They are ”plug and play” systems that do not require detailed characterization to obtain a

functional system. The modularity and versatility of these tools allows for users to simply

add these domains to the protein pair that they would like to control and are o↵ to the races.

1.3.5 Other AsLOV2-based optogenetic systems

In addition to dimerization systems, there is a suite of LOV2-based optogenetic tools result-

ing from the incorporation of peptides of interest into the J↵ helix. Examples include:

photo-activatable myosin cargo binding peptides (LOVDab), nuclear localization signals

(LEXY/LINUS), and calcium/potassium channel e↵ectors (BACCS/BLINK) [French et al.,

2017, Niopek et al., 2014, Ishii et al., 2015]. Unlike the dimerization systems, each of these

requires trial and error to ensure the joining between the LOV2 domain and the peptide

leads to maximal dynamic range between light and dark state activities. However, it allows

for modulation of systems that would not otherwise be able to be controlled with spatiotem-

poral resolution. We took this approach with Lifeact, as we wanted to control the specific

activity of a small peptide.

A variety of other highly creative tools have been developed using LOV2. MyLOV builds

a gear-shifting myosin motor from the ground up with a wild-type catalytic head domain,
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spectrin repeats as rigid arms, and LOV2 as a light-sensitive hinge [Nakamura et al., 2014,

Chen et al., 2012]. Light changes the step length of this motor, leading to di↵erences in

motor activity and direction. Z-lock harnesses the LOV2-Zdk interaction as a clamp with a

protein of interest in between the two [Stone et al., 2019]. The LOV2-Zdk interaction blocks

the catalytic domain in the dark, caging the protein of interest, but upon excitation, the

catalytic domain becomes exposed and active. Circularly permutated LOV2 (cpLOV2) alters

the location of the N and C termini such that the C-terminus of peptides can be integrated

into the J↵ helix, rather than the N-terminus [Kumar et al., 2013, He et al., 2021]. Each of

these approaches utilizes the conformational change of LOV2 in a distinct manner to alter

protein activity.

The breadth of LOV2-based optogenetic tools highlights the utility of such spatiotemporal

control of proteins. With a base of knowledge and previous work to inspire us, we built

LILAC (Light-Induced Localization to ACtin). In the following chapters, I describe the

design, validation, and implementation of LILAC, first as an imaging tool, and second, as a

patterning tool.

Figure 1.1: Schematic of non-opsin optogenetics.
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CHAPTER 2

DESIGN AND VALIDATION OF LILAC

2.1 Design based on structure/residue assessment

Avena Sativa LOV2 (AsLOV2 or LOV2) is the second LOV (light-oxygen-voltage) domain of

photosenstive protein found in oat [Sakai et al., 2001, Kennis et al., 2004]. The LOV domain

is part of the Per-Arnt-Sim (PAS) protein fold family, and binds to a chromophore, flavin

mononucleotide (FMN) [Christie et al., 1999, Halavaty and Mo↵at, 2007]. Upon blue light

excitation, the FMN forms an adduct with cysteine 450, causing a conformational change

core which leads to unfolding of the N-terminal A’↵ and C-terminal J↵ helices (Figure 2.1)

[Crosson and Mo↵at, 2002, 2001]. This conformational change of AsLOV2 has been utilized

to create a number of optogenetic tools. In general, an optogenetic tool is a protein that

is able to be turned on/o↵ using light. A popular set of LOV2-based optogenetics utilizes

LOV2 to create light-sensitive dimers [Strickland et al., 2012, Lungu et al., 2012, Guntas

et al., 2015, Wang et al., 2016]. A second sector of LOV2-based optogenetics harnesses the

conformational changes of LOV2 with light to disrupt the activity of a protein of interest

(POI) [He et al., 2021, Stone et al., 2019]. By inserting LOV2 into the loops of the POI, one

can disrupt the structure when the J↵ helix of LOV2 unfolds.

Another convenient method of creating optogenetic tools is with helical peptides Strick-

land et al. [2012], Lu et al. [2020], French et al. [2017], Niopek et al. [2014], Ishii et al. [2015].

Because the J↵ helix of LOV2 is dynamic in response to light, it is intuitive to add other

helical peptides at the end of the J↵ helix (Figure 2.1). The J↵ helix has two surfaces,

visualized easily with a helical wheel representation (Figure 2.2a) [noa, 2022]. Shown as the

top half in the figure, one side, which faces solution, has more polar and charged groups.

The other side, with hydrophobic residues, contacts LOV2’s core. For a successful design,

it is important to not disrupt the hydrophobic residues, as they are critical for refolding of

12



Figure 2.1: Structure of the AsLOV2 helix in the dark and lit states. In the dark, the Ja
and A’a helices and folded (shown in red and blue). Upon excitation with blue light, these
helices unfold reversibly, as modeled here. The recovery time of wild type AsLOV2 is 80
seconds in vitro. Adapted from PDB 2V1A.

the J↵ helix and caging of the peptide. This is exemplified by the I539E mutation, which

mutates a hydrophobic residue on the hydrophobic face of the J↵ helix (shown in Figure

2.2a) to a charged glutamic acid, resulting in the J↵ helix remaining unfolded, in a constant

lit-mimetic state.

Here, we designed LILAC(Light-induced localization to actin), an optogenetic version of

Lifeact, an actin binding peptide [Riedl et al., 2008]. The actin cytoskeleton is critical for

myriad cellular processes, including cell transport, division, movement, and more [Blanchoin

et al., 2014]. Therefore, visualization of the cytoskeleton with microscopy is important for

the field of cellular biology. Lifeact, an actin label for live-cell microscopy, has concentration-

dependent negative side e↵ects on cells despite its widespread use [Spracklen et al., 2014,

Courtemanche et al., 2016, Flores et al., 2019, Xu and Du, 2021]. By reducing Lifeact’s

a�nity for the cytoskeleton in the dark, we aimed to reduce these negative e↵ects. Also,

the ability to switch Lifeact on and o↵ with optogenetics allows for new image processing
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Figure 2.2: Helical wheel representation of the LOV2 J↵ helix. (a), Lifeact (b), and the
predicted F-tractin helix (c). Nonpolar residues are yellow,, polar uncharged residues are
grey, polar positively charged residues are red, and polar negatively charged residues are
blue. Made using https://cpt.tamu.edu/galaxy-pub.

methods for enhanced actin imaging.

When designing a new optogenetic tool, the first consideration should be the structure

of the protein of interest. Now, with the availability of structure prediction models such as

Alphafold, a quick prediction can be obtained on the protein of interest [Tunyasuvunakool

et al., 2021, noa, 2023]. If the sequence is a small peptide, the prediction might result in

a helical structure, an ideal candidate for incorporation into the J↵ helix. This can also

be predicted with helicity-predicting software such as Agadir [Müller et al., 2017]. In our

example, Lifeact is a small, 17 amino acid, helical peptide, perfect for incorporation into the

J↵ helix. By incorporating Lifeact into the C-terminal J↵ helix, it is caged, and unable to

bind actin in the dark (Figure 2.3a). For the example of F-tractin, another actin-binding

sequence, the N-terminus of the Alphafold-generated model is unfolded with a helical C-

terminus(Figure 2.4) [Brehm et al., 2004]. The lack of helical structure at the N-terminus

would likely not work for a canonical addition of the peptide to the C-terminus of the J↵
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helix. However, recent work has shown success of a circularly permutated LOV2 variant,

cpLOV2, in which the N and C-terminus of wild type LOV2 are fused, and a new N-terminus

is created at the beginning of the J↵ helix [Kumar et al., 2013, He et al., 2021]. Therefore,

the J↵ helix is now at the N-terminus, instead of the C-terminus of the protein. This allows

for optogenetic control of peptides like F-tractin, with structured C-terminal helices. In this

design, the N-terminus of F-tractin would be unstructured at the N-terminus of the protein,

and the C-terminus of F-tractin would integrate into the J↵ helix. It should be noted that

if the unstructured N-terminus is su�cient to bind actin, this design would likely not cage

F-tractin in the dark.

Figure 2.3: Schematic of LOV2-based optogenetics for Lifeact and F-tractin. Schematic
demonstrating the need for a circularly permutated LOV2 to cage F-tractin. Wild type
LOV2 can cage Lifeact with it’s C-terminal J↵ helix. However, due to the unstructured
N-terminus of F-tractin, it must be joined to cpLOV2, which is reconfigured to have the J↵
helix at the N-terminus.

When deciding at which exact residues to combine the J↵ helix and the peptide of interest,

creating a peptide wheel can be helpful. Helical wheels can allow for easy visualization of

amphipathic helices, where one face of the helix is hydrophobic and the other is hydrophilic.

If this is the case, the hydrophilic and hydrophobic faces of the peptide of interest can be
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Figure 2.4: Predicted structure of F-tractin. (a) Alphafold-predicted structure of F-tractin,
an actin binding peptide. (b) Predicted lDDT (a confidence metric) for the Alphafold-
predicted structures. (c) Predicted helicity of each residue of F-tractin. Structure prediction
from Alphafold (https://github.com/deepmind/alphafold) and Agadir (http://agadir.
crg.es/).

aligned with the corresponding faces on the J↵ helix for better chances of being refolded in

the dark. Not only does this have the benefit of not disrupting the hydrophobic interaction

between the J↵ and core of LOV2, but it also places the hydrophobic face, which likely is the

binding interface, towards the core of LOV2, occluding the POI from its binding partner.

For Lifeact, there are two distinct faces, allowing for relatively easy integration into the J↵

helix (Figure 2.2b). The F-tractin helix is highly non-polar, meaning nearly any way it is

integrated with the J↵ helix, it should not significantly disrupt the non-polar interactions

between the helix and the core (Figure 2.2c).

With this in mind, a suite of possible designs can be created with di↵erent conjugation

points between the J↵ helix and POI. To find the design with the highest dynamic range,

at least a few of these designs should be expressed and tested. If the POI is inserted too far

into the J↵ helix, the helix will not be able to refold, resulting in strong dark-state binding.

Contrarily, if the POI is not inserted far enough into the J↵ helix, it will dangle away from
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LOV2 and always be able to bind, also resulting in dark-state binding. To test our design,

we examined binding of LILAC to actin structures in live cells using TIRF (total internal

fluorescence microscopy) and actin cosedimentation.

2.2 Assay development and fluorescent protein selection

When working with light-sensitive proteins, the selection of fluorescent proteins (FPs) is

crucial for visualization of both the optogenetic tool and any other proteins that need to be

visualized simultaneously [Rodriguez et al., 2017]. LOV2 is excited by blue light, complicat-

ing the use FPs that are either blue or excited by blue light, such as GFP and CFP [Chalfie

et al., 1994]. The easiest option is to use red-shifted colors, such as red FPs like mCherry or

near-infrared FPs like mIFP663 [Shaner et al., 2004, Liu et al., 2022]. By using red-shifted

labels, one can be sure that the excitation and emission spectra of the FPs would not excite

LOV2, allowing for visualization of these FPs while LOV2 is in its dark-state.

On the other hand, blue-shifted FPs including GFP and CFP can be used in conjunction

with LOV2-based tools, if they are used strategically. For example, if only the photo-excited

image is necessary, GFP can be directly attached to the LOV2-based protein and both can

be excited simultaneously. Alternatively, if an RFP is attached to LOV2, it can be visualized

first, in the dark. Then, a second GFP-tagged protein can be imaged, simultaneously exciting

LOV2. Then the RFP-LOV2 can be imaged again, this time in the excited state from the

blue light used to excite GFP. To ensure that LOV2 is excited, both the RFP and LOV2 can

be excited with green and blue lasers. Therefore, the recovery dynamics between the GFP

image and excited LOV2 image are not of concern.
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2.3 S2 cell maintenance and information

Drosophila melanogaster Schneider 2, or S2 cells are a common insect cell line derived from

early stage fly embryos. We chose to use S2 cells for a number of reasons: they are popular,

have a characteristic and prominent actin ring after spreading, and are simple to transfect

and maintain.

Our maintenance protocol is based on Bunch et al. [1988].

2.3.1 Materials

• T25 or T75 tissue culture flasks

• Schneider’s insect media

• Insect media supplement

• Penicillin/Streptomycin for cell culture

• Kimwipes

• 70% ethanol

• Autoclaved 1.5 mL microcentrifuge tubes

2.3.2 Equipment

• Hemocytometer

• Phase contrast microscope

• Tissue culture hood
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2.3.3 S2 cell maintenance

S2 cells must be handled in a tissue culture hood and divide in Schneider’s insect media

supplemented with 10% fetal bovine serum (FBS) or 10% insect media supplement. Because

media supplement is more consistent and cheaper, this is often preferred, but notably, cells

are often shipped/frozen in FBS and must slowly be weaned to media supplement. To reduce

contamination, antibiotics such as penicillin (50 units/mL) and streptomycin (50 /textmu

g/mL) are often also added. S2 cells are conveniently stored in the dark at room temperature

without CO2 and can either be shaken in suspension flasks or grown in a monolayer in tissue

culture flasks, as they are semi-adherent. Cells can be stored up to 28°C for faster growth.

At around 5*106 cells/mL, cells are confluent and typically float and form clumps, which

does not have negative e↵ects on the cells. When working with S2 cells, pipette up and

down, ensuring that cells are dislodged from the surface while pipetting. The bottom of the

flask will look clearer where cells have been dislodged, and the clumps will be broken up.

Cells can begin to reattach within minutes, so make sure to resuspend them each time they

are pipetted.

Cells are counted using a hemocytometer. Begin by resuspending the cells. Then dilute

the cells 1:10 by adding 100 µL of cells to n microcentrifuge tube with 900 µL of media.

Remove the tube from the tissue culture hood; then, mount 10 µL of the dilution to a

hemocytometer. Count the number of cells in one section of the hemocytometer under the

microscope. Normally, this number is multiplied by 104 to get the density of cells/mL.

However, we have diluted the cells 1:10, so multiply by 105. For example, if 150 cells are

counted, the density is 15*106 cells/mL.

Cells double every 24-36 hours. Split them to 2-4*106 cells/mL every 3-6 days by adding

a small amount of cells to a new flask with fresh media. They should never be split below

0.5*10textsuperscript6 cells/mL and should not grow to higher than 15-20*106 cells/mL.
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2.4 S2 cell transfection

Transfection is the process of inserting foreign DNA into eukaryotic cells. It allows for the

expression of labeled proteins, proteins from other cell types, and for expression level control.

There are a variety of transfection methods including physical methods like electroporation

and microinjection, as well as chemical methods such as calcium phosphate precipitation

and lipofection. Lipofection using cationic lipids such as DDAB is advantageous because it

results in high transfection e�ciency and low cell toxicity. Here, we describe transfection

of mCherry-LILAC in the pMT vector, which contains the metallothionein promoter from

Drosophila. This allows for the concentration-dependent induction of expression with the

addition of copper to the cell media with precise timing. Of note, each cell will uptake a

di↵ering plasmid copy number. This causes cell-to-cell variation in expression level given

a constant copper sulfate concentration, allowing for analysis of concentration-dependent

e↵ects within a single transfection.

Our transfection protocol is based on the protocol developed in Han [1996].

2.4.1 Materials

• Didodecyldimethylammonium bromide

• Plasmid DNA for LILAC expression in insect cells

• 100 mL beaker

• 50 mL conical tube

• Vacuum filter/storage system

• 1.5 mL microcentrifuge tubes

• 0.5 M CuSO4
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• Schneider’s insect media

• Insect media supplement

2.4.2 Equipment

• Sonicator

• Hemocytometer

• Phase contrast microscope

• Tissue culture hood

2.4.3 Transfection protocol

Make DDAB solution. Begin by making the didodecyldimethylammonium bromide

(DDAB) solution at 250 /textmu g/mL in water. DDAB is di�cult to solubilize into water.

This can be solved by heating up the solution at 60°C until it is no longer cloudy. Then,

sonicate for at least 30 minutes to ensure it is in solution. Filter to sterilize using a 0.4

micron filter.

Make DDAB:media mixture. Transfections should be done 2-4 days after cells are

split while they are quickly dividing. Begin by mixing the media and the DDAB mixture

2:1. For example, if using a 6 well plate for transfection, each well will need 145 µL of the

mixture. Make 7 reactions to have extra just in case. That means 7*145=1015 µL total.

Therefore, 677 µL media should be combined with 338 µL of DDAB. Let this sit for five

minutes.

Count cells. While waiting for the media:DDAB mixture, count the cells.

Add DNA. For a 6-well plate, add 100-500ug of DNA to a labeled 1.7 mL tube for

each well. The amount of DNA needed can vary. It is useful to test a variety of DNA
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concentrations to find the optimum conditions. Gently add 145 µL of the media:DDAB

mixture to each tube. Let that sit for 15 minutes.

Prepare wells. For transfection, cells should be at 1.35*106 cells/mL. While the DNA

and media:DDAB mixture sit, calculate the volumes of cells and media needed to dilute to

1.35*106 cells/mL. For example, if using all 6 2mL wells, make 14 mLs of cells at the desired

concentration. If the cells are at 5.4*106 cells/mL, add 3.5 mLs of cells and 10.5 mLs of

media to a 15 mL tube. Then add 2mLs of the diluted cells to each well. While waiting for

the rest of the 15 minutes, label wells and clean up the work space.

Add transfection reagents to cells. Add 145 µL of DNA and media:DDAB mixture

to each cell drop wise and slowly while gently shaking the 6-well plate in a circular motion.

Store cells in a dark area, such as a clean styrofoam box.

Induce expression. If using the pMT promoter, the next day, add between 0.5-2 µL of

0.5M CuSO4. The copper will induce the cells to express the protein of interest, and the more

copper is added, the more they will express on average. Test various concentrations to find

the optimal conditions. Give the cells at least 12 hours to express protein before imaging,

especially if using a fluorescent protein, which takes time to fold. If the cells express high

concentrations of exogenous proteins for an extended period of time, they often begin to

localize the exogenous protein to lysosomes. This can be seen by imaging the cells with

fluorescence microscopy.

2.5 TIRF Microscopy

To test designs and mutations of LILAC, we imaged S2 cells expressing either mCherry-

tagged LILAC or Lifeact. Fluorescence microscopy allows for the visualization of specifically

labelled molecules. There are a number of di↵erent fluorescence microscopy methods, most

of which illuminate a large volume of the sample. This has two disadvantages: increased

photobleaching of the sample, and the illumination of the sample outside of the focal plane
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resulting in increased background photons. To avoid this, we image with total internal reflec-

tion fluorescence microscopy (TIRFM). With TIRFM, the illumination is on an angle such

that it induces total internal reflection, and an evanescent wave is created. This illuminates

just a thin layer of the sample at the surface of the glass. This is particularly useful for

imaging S2 cells, as the main actin structure, the lamellipodia, is thin and on the surface of

the glass. It is also highly favorable for single-molecule imaging of actin filaments in vitro, as

filaments are specifically visualized as they come into contact with the glass surface. Here,

we image LILAC by exciting either just the mCherry tag (dark) or by exciting the mCherry

and LOV2 (light). This allows us to see if there is a di↵erence in actin labeling in the dark

versus the light.

Our imaging protocol is based on the protocol described in Buster et al. [2010].

2.5.1 Materials

• Concanavalin A

• 35mm glass bottom dishes

2.5.2 Equipment

• TIRF microscope with mCherry/GFP channels

2.6 Live TIRFM protocol

Prepare dishes for imaging. S2 cells spread on concanavalin A (ConA) coated glass. To

prepare dishes for imaging, solubilize ConA at 0.5 mg/mL. Depending on the area of the

glass in the dish, add 15-50 µL of ConA to the glass in the dish in the tissue culture hood.

Spread the solution gently using the pipette tip, and leave the dishes in the hood for 15-20
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minutes until the water evaporates. Put the dishes in a sterile container and store them for

later use.

Seed cells for imaging. 12-24 hours post-induction, harvest cells for imaging. Use

the pipette to dislodge cells and add 100-300 µL of cells to the ConA-coated glass-bottom

dish. Cells take around 30 minutes to spread. To see filopodia in landing cells, image cells

immediately to watch them spread.

Prepare the microscope. Make sure the microscope has the appropriate channels

for imaging LILAC. Most importantly, a normal mCherry channel (green excitation, red

emission filter) is necessary. It is also necessary to excite LILAC. Ideally, simultaneous

excitation of mCherry/LILAC with green and blue can be achieved, while observing with

the red emission filter. If this is not an option, the green fluorescent protein (GFP) channel

(blue excitation, green emission), can be used to excite LILAC, but not visualize it. followed

imediately but visualization with the mCherry channel.

Place cells on the TIRF microscope. Because S2 cells grow at room temperature,

stage heating and CO2 is not needed for live imaging. When finding focus, use the mCherry

channel, so that it is not necessary to wait 2 minutes for LILAC to return to the dark state

for a pre-excitation image. Try to focus on the glass surface, as the actin-rich filopodia and

lamellipodia will be found there.

Image cells. After finding a cell, image the cell with the mCherry signal. This gives the

pre-excitation image of LILAC in the cell body. Next, excite LILAC with either the GFP

channel or the mCherry/LILAC channel. LILAC recruits to actin structures in under one

second, and in normal media, recovers to the dark state with a time constant of about one

minute. Next, image again with the mCherry channel within a few seconds, giving enough

time for LILAC to go to actin structures, but imaging soon enough such that it is still bound.

If desired, continue imaging with the mCherry signal for 2 minutes until LILAC recovers to

the dark state. LILAC can also be continually excited to continual imaging of actin.
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2.7 Protein purification

Expression and purification of proteins is vital to understand the biochemical properties and

function of proteins, as well as understanding protein interactions. In this case, purification

of LILAC allows for the later determination of the binding a�nity between LILAC and actin

filaments in the light and dark states. Structural properties of purified LILAC can also be

studied using biophysical methods such as circular dichroism, a method for measuring the

secondary structure of proteins. There are many protein expression systems, but the simplest

is E. coli, as it does not require a biosafety hood. A number of tags can be used to purify

proteins, but the most common is the addition of 6 histidine residues, which bind to nickel

columns. This expression protocol takes 5 days, but protein can be stored at -80 C.

2.7.1 Materials

• E. coli for protein expression (such as BL21)

• Plasmid DNA for 6xHis-tagged LILAC expression in E. coli

• SOC medium

• LB agar plates with antibiotics

• Autoclaved LB media

• Spectrophotometer cuvettes

• Lysis bu↵er (50 mM Tris pH8.0, 100 mM NaCl, 5 mM Imidazole)

• Wash bu↵er (50 mM Tris pH8.0, 100 mM NaCl, 20 mM Imidazole)

• Elution bu↵er (50 mM Tris pH8.0, 100 mM NaCl, 200 mM Imidazole)

• Dialysis bu↵er
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• Dialysis tubing

• 1.5 mL microcentrifuge tubes

• 50 mL conical tubes

2.7.2 Equipment

• Heated water bath

• Spectrophotometer

• Shaking incubator

• Sonicator

• Centrifuge

• Nickel column

• Stir plate

• Dialysis tubing clips

• Stir bar

• Ice bucket

2.7.3 Purification Protocol

Transform E. coli with LILAC plasmid. Defrost competent E. coli on ice. Add 10-20

ng of DNA to the cells, then wait 5 minutes. Add cells to the heated water bath at 43°C for

45 seconds. Immediately remove cells and place them on ice for at least two minutes. Add

100-300 µL of SOC medium to cells. Shake cells at 250 rpm at 37°C for 30 minutes. Plate
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50-100 µL of cells onto the agar plate with antibiotics according to the chosen expression

plasmid. Leave in an incubator at 37°C overnight.

Inoculate 5 mL culture. Add antibiotic according to the chosen expression plasmid

to 5 mL of autoclaved LB, making sure to flame the LB tube. Gently touch either a pipette

tip or inoculating loop to a single colony, flame the LB tube,and briefly swirl the tip or loop

in the media to release the colony. Shake overnight at 37°C and 250 rpm.

Inoculate larger culture (1L). Add antibiotic according to the chosen expression

plasmid to 1 L of autoclaved LB. Take 1 mL of sample and add to a cuvette as a blank

sample. Inoculate 1 L culture with the 5 mL culture. Shake at 37°C and 250 rpm until the

OD at 600 nm is 0.6.

Harvest cells. Spin cells at 4,000 xg for 15 minutes to pellet the cells. Pour of the

media supernatant. The pellet can be aliquoted into 0.5-1 g aliquots and stored at -80°C

indefinitely.

Lysis. From this step forward, try to reduce the light exposure of LILAC as much as

possible by covering tubes with foil or using black tubes . Resuspend the cell pellet in 45

mL of lysis bu↵er. Sonicate cells on ice in a cold room in the dark. Sonication settings

depend on instrumentation, however, it is always important to ensure that the sample does

not overheat. Additionally, it is important to ensure that the sonicator tip does not contact

the tube wall. This can happen when the sample heats up, melts the ice around it, and

moves. To prevent this, check on the sample every 20 minutes and adjust its position. Take

50 µL of sample post lysis for gel analysis.

Remove cell debris. Spin cells at 15,000 xg for 40 minutes to pellet cell debris. Take

50 µL of the supernatant for gel analysis.

Purify LILAC using nickel a�nity. A large benefit to using an FP-tagged protein is

the ease of protein purification. With an FP, the protein is visible by eye, such that it can

be seen when the protein binds to the column and elutes o↵, and the relative concentration
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can be visualized. To reduce light exposure, cover the column with aluminum foil and store

LILAC in black tubes. When using the nickel column, make sure to always have at least one

mL of solution above the column. If it dries out, it can form bubbles, damage the column,

and disrupt the protein as it flows through the column. If the nickel column is stored in

ethanol, let the ethanol flow through, then equilibrate with water. Prepare the nickel column

by flowing at least 5 column volumes of the lysis bu↵er. Next, flow the supernatant with

6xHis-tagged LILAC over the column, to allow the protein to bind the column. Save the

flow through and take 50 µL of the flow through for gel analysis. Flow 10x column volume of

wash bu↵er to remove binding of other proteins to the column. Save the wash flow through

and take 50 µL of it for gel analysis. Flow 3x column volume of elution bu↵er to remove the

LILAC from the column. Collect the flow through in 1-2 mL fractions. If using an FP, the

fractions with protein will be visibly fluorescent, and the higher concentrations even more so.

Determine the concentration of the fractions using a nanodrop, and pool them as necessary.

Dialyze LILAC into the assay bu↵er. Make a large volume (1-2L) of the dialysis

bu↵er for the next experiment. Be cognizant of how much imidazole is in the bu↵er, as it

changes the recovery time of LOV2 . It is easiest to make a 10X stock and dilute imediately

before each dialysis. Cut about 6 inches of dialysis tubing. Rehydrate the tubing in the

dialysis bu↵er for two minutes. Fold over 0.5 inches of the tubing and clamp it with a

dialysis tubing clip. Pinch the tubing and wiggle back and forth to open it. Add the protein

inside the tubing and fold over and clip the other side. Add the tubing to the dialysis bu↵er

and let it stir slowly, overnight in a cold room. Cover in foil to ensure minimal exposure.

2.8 Actin cosedimentation

When polymerized into filaments, F-actin sediments at 100,000 xg in an ultracentrifuge.

This can be used to determine the binding a�nity between actin filaments (F-actin) and

other proteins, as bound proteins will be pulled into the pellet with the actin filaments.
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By titrating the protein of interest (POI) and measuring the cosedimentation with actin,

the binding a�nity can be determined through fitting with a hyperbolic curve. Here, we

detail the protocol for determining the binding a�nity of mCherry-Lifeact or mCherry-

LILACI539E, a lit-mimetic mutant, with F-actin, derived from Heier et al. [2017]. The

lit-mimetic mutant was chosen due to the challenging nature of illuminating protein in an

ultracentrifuge. A schematic of the protocol is shown in Figure 2.5.

Figure 2.5: Schematic of measuring a�nity by cosedimentation. First, samples are incubated.
Then, a total sample is removed for analysis. Next, the sample is sedimented, and the
supernatent is removed for analysis. Finally, the pellet is resuspended and placed into a new
tube for analysis. Green tubes indicate samples to be used for gel electrophoresis. The black
tube is an ultracentrifuge-safe tube for sedimentation.

2.8.1 Materials

• Purified actin monomers

• 10x G-bu↵er 20mM Tris-Base, 2mM CaCl2, 0.1% Azide

• 50x Polymerization salts 2.5 M KCl, 0.1 M MgCl2
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• 50x ATP 0,1M

• 0.1 M DTT

• Assay bu↵er 25 mM KCl, 25 mM imidazole, pH 7.5, 1 mM K-EGTA, 4 mM MgCl2, 1

mM DTT

• Ultracentrifuge tubes

• 1.5 mL microcentrifuge tubes

• Loading bu↵er

2.8.2 Equipment

• Ultracentrifuge

• Gel electrophoresis tank

2.8.3 Actin cosedimentation protocol

Polymerize actin filaments. Calculate the necessary volume of actin monomers to add

to reach a final concentration of 10 uM. For example, if the G-actin stock is 20 uM, to make

100 µL of F-actin, add 50 µL of G-actin stock. Next, add 10 µL 10x G-bu↵er and 2 µL 0.1M

DTT and 34 µL of water. After these have been mixed, add 2 µL 50x ATP and 2 µL of 50x

polymerization salts. For quick filaments, let sit at room temperature for at least an hour.

For longer filaments, leave at 4°C overnight. To stabilize filaments, add phalloidin to reach

a 1:1 monomer to phalloidin ratio. In some cases, phalloidin can compete for binding with

other molecules, but it has previously been shown to not compete with Lifeact.

Prepare LA or LILAC-lit. First pre-spin the POI at 50,000xg for at least 10 minutes

in an ultracentrifuge tube to remove any aggregates. Transfer to a microcentrifuge tube,
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ensuring that any aggregate on the bottom of the tube is not aspirated, and measure the

concentration of the protein.

Incubate LA or LILAC-lit with F-actin. Choose the concentration to hold actin at

as the POI is titrated. It is important that the actin be well under the approximate binding

a�nity. In this case, the binding between Lifeact and F-actin has been reported between

2-14 uM, so we will use an actin concentration of 0.5 uM. Binding a�nities depend on bu↵er

conditions such as pH and salt, so be sure to keep this in mind. Also, be aware that F-actin

begins to depolymerize at low concentrations. Create two sets of samples in ultracentrifuge

tubes, half that will incubate with actin and half that do not, to ensure that sedimentation

of the POI is due to binding and cosedimentation with actin, not from aggregation. The

samples without actin will be the background sedimentation samples. Calculate the volume

of POI that must be added for each desired concentration, and the volume of assay bu↵er

to bring the sample to a desired final volume. For example, to create a 100 µL centrifuge

sample with a Lifeact final concentration of 1 uM, add 5 µL of 10 uM F-actin, 1 µL of 100

uM Lifeact, and 94 µL of assay bu↵er. Remove 1/5 of each centrifuge sample (20 uL) and

mix with 20 µL of 4x loading bu↵er and 20 µL of water in microcentrifuge tubes. These

are the total samples for gel analysis, and are diluted 4x. Incubate all centrifuge samples at

room temperature for 60 minutes in the rotor. Mark with a sharpie the top of the tube in

the rotor to more easily remove the supernatant from the pellet without disrupting it.

Sediment F-actin. Spin the centrifuge samples at 100,000xg for 30 minutes.

Remove supernatant. If the supernatent samples are to be saved, remove ¾ of the

supernatant (60 uL) and mix with 20 µL of 4x loading bu↵er in microcentrifuge tubes. Be

careful to not disrupt the pellet, which will be a clear gel. A benefit to purifying with an

mCherry-tagged Lifeact or LILAC is that the pellet will appear pink if the POI is bound.

Finally, go back and carefully remove the rest of the supernatant and discard it.

Resuspend pellet. Resuspend the pellet in 1x loading bu↵er of the centrifuged volume,
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in this case 80 uL. To ensure the pellet is suspended, I like to first add 10 µL of loading

bu↵er to each sample, vigorously pipetting and scraping the tip to remove the pellet from

the bottom. Then, after letting this sit for 5 minutes, I add the other 70 µL of loading

bu↵er, pipetting vigorously again, and transferring all 80 µL from the ultracentrifuge to

microcentrifuge tubes.

Run gel electrophoresis. Boil samples at 95°C for 5 minutes to denature the protein.

Then, add samples to gel wells. Ideally, all samples are run on the same gel to be able to

compare band intensities. However, there can be a large number of samples, making this

di�cult. It is most important that the pellet samples with and without actin are on the

same gel. If not all samples fit on the gel, stain them together to minimize di↵erences. Take

note of what fraction of each sample is added to the well for later analysis, (i.e., 20 µL of

the 80 µL sample is ¼ of the total sample).

Analyze gel images. Select the first lane of the gel using the rectangle tool in ImageJ.

Add this lane using the Analyze¿Gels¿[Select first lane] option in ImageJ. Move the box and

use Analyze¿Gels¿[Select next lane] to add the other lanes. Use Analyze¿Gels¿[Plot lanes]

to plot the lanes. Use the line tool to draw the band boundaries, and measure the intensity

in the area with the wand tool, saving the results. This results in actin and POI band values

for each sample.

Fit data. For each group of samples (total, pellet, background), account for loading

di↵erences by dividing by the fraction that was added to the gel. For the total sample,

multiply by 5, as 1/5 of the sample was removed. Create a reference curve by plotting the

concentration of POI added versus the intensity of that band in the total sample. This

should be linear, and can serve as a reference for converting between band intensity and

concentration. For the pellet, subtract the background sedimentation from the pellet for

each sample. Measure the actin for each pellet sample, and divide the actin in each pellet by

the average actin in all of the pellets to determine their relative actin amounts. Divide the
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POI band intensity for each sample by its corresponding relative actin value, to normalize for

loading inconsistencies. Then plot as a function of initial POI concentration. If bound, the

amount of POI should be greater than background sedimentation. Also, if the binding does

not saturate, there is either too much actin or too little POI at the highest concentrations.

Once there is saturated binding, fit this data to a Hill function or hyperbolic curve to

determine the binding constant (Figure 2.6).

Hyperbolic fit:

Y =
BmaxC

Kd + C

Figure 2.6: Actin cosedimentation of Lifeact. Free protein plotted against bound protein in
the pellet after co-sedimentation to determined binding a�nities of Lifeact (Kd=3.9 µM).
Data were normalized to the maximum observed and fitted to a hyperbola.
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2.9 Image Processing

Images taken using LILAC can be processed and analyzed in a variety of ways to gain clearer

visualization of actin, insight into LILAC dynamics, and more. All image processing is done

in FIJI, an open-source and widely used software. The methods of image acquisition and

desired information determine which image processing methods are most useful with LILAC.

2.9.1 Image subtraction

If images of LILAC have been acquired both pre- and post-excitation, image subtraction

can be used to highlight the actin structures labeled by LILAC with blue light (Figure 2.7).

In FIJI, make a substack of the pre-excitation image. Then, using the Image Calculator

plug-in, select the post-excitation image(s) and subtract the pre-excitation substack. If the

32-bit float box is not selected, negative values will be floored to zero. This means that areas

such as the center of the cell, where LILAC is depleted post-excitation will all be floored to

zero. The contrast will likely need to be adjusted in this image. If the 32-bit float box is

selected, enriched, positive values will be white, unchanged values will be zero, and depleted,

negative values will be black. This allows for visualization of areas where LILAC is depleted

upon excitation. It is suggested to try both and see which images are preferred.

2.9.2 Actin Labeling Ratio

To quantify the labeling of actin for each image, we use the actin labeling ratio (ALR).

This is the ratio of the average pixel intensity of the outer lamellipodial actin ring and the

average pixel intensity of the cell interior (Figure 2.8a). The higher the ALR, the brighter

the lamellipodial actin is in relation to the interior of the cell. This is useful in that it

quantifies how bright the actin ring looks when looking at the cell. If just the lamellipodial

ring intensity was used, it would be di�cult to know if the actin was labeled well, or if the
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Figure 2.7: Image subtraction highlights actin structures in live cells. TIRF images of an
S2 cells expressing LILAC at various stages of excitation in their raw from (top). The pre-
excitation image can be subtracted by either flooring negative values (center row) or by
outputting a 32-bit float, showing where LILAC has been depleted.

cell was brighter overall. In addition to these pixel intensities, if we also measure the area of

each of these, then we can calculate the overall average cell intensity. To measure this, using

the freehand selection tool, trace the outer edge of the cell and save the region of interest

(ROI) using the [t] shortcut. Next, trace the inner boundary of the lamellipodia and save the

ROI. Select both ROIs and use the XOR function to create an ROI that contains only the

lamellipodial ring. Use multi measure to record the average pixel intensity for each frame,

as well as whatever shape parameters are of interest for both the outer and inner regions.

ALR =
mean pixel intensityouter
mean pixel intensityinner

35



Figure 2.8: Actin labeling ratio (ALR) is used to measure actin binding in S2 cells. (a) TIRF
images of an S2 cells expressing LILAC pre- and post-excitation. Blue highlights the traced
regions for calculating the ALR. (b) ALR over time for a repeatedly-excited cell. Recovery
time constants were calculated using exponential fit.

2.9.3 Switching Ratio

As a proxy for the ratio of LILAC-actin binding in the light versus the dark we use the

switching ratio (Figure 2.8a). The switching is defined as the ALR post-excitation and pre-

excitation, such that a switching ratio over 1 indicates enriched actin labeling post-excitation.

SwitchingRatio =
ALRpost

ALRpre

2.9.4 Recovery Time Constants

It is important to know the recovery time of LILAC when determining how often to excite

cells for optimal imaging results. For example, if cells are recovering to the dark state quickly,

it is important to minimize the time between blue light excitation and capturing the post-

excitation image. Conversely, if cells are recovering slowly, if multiple excitations are desired

with both pre and post-excitation images, enough time must pass such that LILAC fully
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recovers to the dark state. To do this, when acquiring the images, pulse blue light, then

return to the dark state, just imaging the FP. Then acquire the ALR of the cell for each

frame, and plot it. Then, fit the data to an exponential fit (Figure 2.8b).

2.9.5 Correlative Imaging

Another advantage of imaging actin with LILAC is the ability to use correlative imaging

(Figure 2.9). Correlative imaging is the method of perturbing the fluorescence signal in

a controlled manner, and then applying lock-in detection analysis to amplify the signal of

interest [Marriott et al., 2008]. This highlights pixels that are responding temporally to the

perturbation, allowing for increased visualization of dynamic, but dim pixels. In this case,

we modulate the fluorescence using activation of LILAC with blue light. First, identify a

rectangular region in the lamellipodia that responds to blue light excitation in FIJI. This

response function should look similar to the ALR. Then, sum the intensity of this area

for each frame to obtain the response function. Obtain the Pearson correlation coe�cient

between the response function and the intensity of each pixel along the time axis. To create

a single image, use the entire time axis, or to create a movie, use a sliding window.
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Figure 2.9: Correlative imaging with LILAC. (a) Post-excitation image of an S2 cell with
pre-excitation image subtracted. (b) OLID (optical lock-in detection)26 image of an S2 cell.
White pixels are correlated, black anticorrelated, and mid-gray are uncorrelated. We used
the first 50 frames of a movie (0.5 s/frame) where the excitation pulse arrives in frame 2 to
generate the OLID image.
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CHAPTER 3

LILAC: ENHANCED ACTIN IMAGING WITH AN

OPTOGENETIC LIFEACT

This chapter is derived from the following publication:

Kroll, K. L., French, A. R., Sosnick, T. R., and Rock, R. S. LILAC: Enhanced actin

imaging with an optogenetic Lifeact. Nature Methods 20, 214-217 (2023).

3.1 Abstract

Lifeact is a popular peptide-based label of actin filaments in live cells. We have designed an

improved Lifeact variant, LILAC, that binds to actin in light using the LOV2 protein. Light

control allows the user to modulate actin labeling, enabling image analysis that leverages

modulation for an enhanced view of F-actin dynamics in cells. Furthermore, the tool reduces

actin perturbations and cell sickness caused by Lifeact overexpression.

3.2 Main

Reliable actin visualization is vital for various fields of biological research. Phalloidin is the

gold standard for actin filament visualization; however, it is membrane impermeable and

limited to fixed staining. Fluorescent protein-tagged actin monomers, utrophin, F-tractin,

actin chromobodies, and Lifeact [Melak et al., 2017] are all alternatives for live-cell imaging.

Lifeact, the first 17 amino acids of yeast actin binding protein 140, is the dominant actin

filament label in live cells [Riedl et al., 2008].

Lifeact, however, has undesirable e↵ects, including sterility in Drosophila, morphology

changes in mesenchymal stem cells, and altered actin patch and cytokinetic ring dynamics in

fission yeast [Spracklen et al., 2014, Flores et al., 2019, Courtemanche et al., 2016]. These side

e↵ects are likely due to competition between Lifeact and other proteins, such as cofilin and
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myosin, for binding at the actin D-loop [Belyy et al., 2020, Kumari et al., 2020]. To address

this problem we designed LILAC (Light-Induced Localization to ACtin), an optogenetic

tool that has low actin a�nity in the dark. When photoactivated, LILAC binds and labels

actin filaments in 1 s. LILAC photocycles and returns to the low-a�nity state in seconds to

minutes, thereby minimizing side e↵ects. Light control also enables additional image analysis

capabilities.

Figure 3.1: LILAC reversibly binds actin in S2 cells. a, Sequences of the LOV2 C-terminal
J↵ helix (turquoise) and Lifeact (gray). The template was created by integrating Lifeact
while retaining the hydrophobic residues (orange) that interact with the core of LOV2. b,
Structural representations of LOV2 and LILAC. Actin (blue) is shown bound to Lifeact from
Protein Data Bank (PDB) 7AD9. Light gray, LOV2 core; turquoise, J↵ helix; orange, key
hydrophobic residues. LOV2 residues that sterically clash with actin in the dark state are
shown in dark red. The LILAC model was created by extending the J↵ helix of AsLOV2
(PDB 2V0W) with the residues of Lifeact in helical form. c, Total internal reflection flu-
orescence images of a representative S2 cell (from > 300) that is expressing LILAC taken
before, during and after excitation with blue light. Scale bar, 5 µm. d, Line scan of the cell
area highlighted in yellow in c before blue light excitation at 0 s and 1–60 s after excitation,
where 0 µm is outside of the cell. e, Kymograph of the outer cell edge highlighted in yellow
in c, where the top is the inside of the cell, and the bottom is outside the cell.
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Figure 3.1 continued: f, ALR (actin labeling ratio) of a repeatedly excited cell. The black line
is an example single exponential fit of the first recovery. Tau represents the time constant
for each recovery, obtained from single exponential fits. Dashed lines indicate the minimum
and maximum ALRs.

In our design we used AsLOV2, the second light-sensitive light–oxygen–voltage (LOV) do-

main from Avena sativa (oat) phototropin 1. In response to blue light the flavin chromophore

forms an adduct with C450, resulting in conformational changes in the core [Crosson and

Mo↵at, 2001, Kennis et al., 2004]. These changes disrupt the seven-residue amino-terminal

A’↵ helix and 24-residue carboxy-terminal J↵ helix, causing them to unfold [Halavaty and

Mo↵at, 2007]. This light-dependent conformational change of LOV2 has been used in a

variety of optogenetics tools [Strickland et al., 2008, French et al., 2017, Niopek et al., 2014,

Guntas et al., 2015, Strickland et al., 2012]. Mutations and bu↵er conditions can alter re-

covery times [Zayner and Sosnick, 2014, Zayner et al., 2019, 2013, Alexandre et al., 2007] or

mimic the photoexcited (I539E) and dark states (C450A) as well as assist in design [Harper

et al., 2004, Matsuoka and Tokutomi, 2005, Harper et al., 2003].

Using previous LOV2-based optogenetic platforms as a guide, we designed LILAC to

maintain hydrophobic contacts with the J↵ helix (Figure 3.1a). These contacts help cage

Lifeact in a manner that sterically blocks actin binding when the J↵ helix is folded (Figure

3.1b). Upon unfolding of the J↵ helix, Lifeact is uncaged and binds actin filaments.

After blue light excitation, Drosophila melanogaster S2 cells expressing mCherry-LILAC

have increased fluorescence in the outer lamellipodial actin ring as compared with the dark

state (Figure 3.1c and Supplementary Videos 1–4). This labeling decays with a time con-

stant similar to wild-type LOV2, suggesting that dark-state reversion controls actin binding

a�nity (Figure 3.1d). By subtracting the pre-excitation image, we e↵ectively eliminate the

background fluorescence from the cytosolic, unbound LILAC. This subtraction highlights

the structures of interest (Figure 3.1c and Figure 3.4a–d), increases the image contrast in

the lamellipodium 2.5-fold (Figure 3.41e) and reduces the influence of variations in cellular
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thickness. Optimal subtraction requires excess LILAC such that the cytosolic signal is un-

a↵ected by actin binding. Lower LILAC expression levels can lead to over-subtraction and

regions of negative signal.

Subtraction of the pre-excitation image also enhances kymographs of actin retrograde

flow (Figure 3.1e and Figure 3.4c,d). Retrograde flow occurs at a rate of 3.5 ± 0.12 µm/min

(mean ± s.e.m.), similar to the rate of 4.0 ± 0.44 µm/min reported previously [Rogers et al.,

2003]. Beyond lamellipodia, post-excitation images also show small patches in the cell body

(Figure 3.5) and filopodia in landing S2 cells (Figure 3.6). Phalloidin staining confirmed that

central and peripheral structures labeled by LILAC and Lifeact are actin rich (Figure 3.7).

Moreover, LILAC coupled with pulsed excitation enables other enhanced imaging modes

such as optical lock-in detection (OLID) [Marriott et al., 2008] (Figure 3.8), which shows

regions of correlated actin labeling. A single excitation pulse train can be analyzed with

either background subtraction or OLID, depending upon user need.

To quantify labeling over time, we define the actin labeling ratio (ALR) as the ratio of

mean pixel intensity in the actin-rich lamellipodium to the mean pixel intensity of the cell’s

interior (Figure 3.1f and Figure 3.8c,d). S2 cells expressing larger amounts of LILAC tend

to have lower maximum ALRs (R2 = 0.27, P = 2.3 ⇤ 10�6, Figure 3.9a), which is likely

to be due to a high background level from excess LILAC. We found that the maximum

ALRs of LILAC are similar to Lifeact, implying that the activated LILAC binds filamentous

(F) actin with a similar a�nity and specificity as Lifeact(Figure 3.9c). To confirm this,

we expressed mCherry-Lifeact and mCherry-LILACI593E (photoexcited mimetic) and de-

termined their a�nity to F-actin through co-sedimentation. The binding a�nities of Lifeact

and LILACI539E were Kd = 3.9 µM and 3.4 µM, respectively (Figure 3.10), between the

reported Lifeact values of 2.0 µM [Riedl et al., 2008] and 14.9 µM [Belyy et al., 2020]. We

did not measure the LILAC binding a�nity for globular (G) actin given that previous work

found no detectable binding of Lifeact to G-actin6.
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We define the switching ratio as the fold change of the actin labeling from post- to

pre-excitation. LILAC has a switching ratio of 1.6, while Lifeact and LILACI539E have

switching ratios of 1, as expected (Figure 3.9d). The maximum switching ratio does not

correlate strongly with cell intensity (R2 = 0.13, P = 1.3 ⇤ 10�3, Figure 3.9b).

The ALR increases after excitation, followed by recovery to pre-excitation levels. This

photo-excitation can be repeated multiple times, with no reduction in e�cacy (Figure 3.1f).

To test sustained actin labeling, we excited cells for up to 60 s, with little reduction in

labeling (Figure 3.11a and Supplementary Videos 3,4). We varied excitation time and found

that the maximum switching ratio increased with increased excitation time but saturated

between 500 ms and 1 s (Figure 3.11b).

We next examined the dark state recovery process to determine how rapidly the cells

reset after imaging. On average, cells recover with a time constant of 63 s, close to the

characteristic 80 s in vitro time constant of LOV2 [Halavaty and Mo↵at, 2007] (Figure

3.12a,b). We repeated this measurement with our T406A/T407A mutation that stabilizes

the N-terminal A’↵ helix, reduces the recovery time constant and increases caging12,17.

The average time constant decreased to 50 s, similar to the 54 s time constant measured

previously17 (Figure 3.12a,b).

Unexpectedly, we observed considerable cell-to-cell variability in recovery times. For

a given cell, however, the first and second recovery times were strongly correlated (R2 =

0.64, P = 2.4 ⇤ 10�17, Figure 3.12a). This correlation suggests that each cell has its own

dark state recovery time that is linked to its cellular state (for example, metabolite con-

centrations or pH)20,21. To determine whether we could easily perturb recovery times, we

added imidazole to cell media, given that LOV2 recovery time is known to be reduced by

imidazole in vitro21. We found that in vivo recovery times depended strongly on imidazole

(R2 = 0.52, P = 3.5 ⇤ 10�24, Figure 3.12c–e). It decreases the dark state recovery times and

cell-to-cell variance without a↵ecting the intracellular correlation between time constants
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(R2 = 0.77, P = 7.3 ⇤ 10�46, Figure 3.12d,e). The strong dependence of LILAC release

on imidazole suggests that unbinding from actin is concurrent with dark state recovery. It

also shows that imidazole can promote dark-state recovery, which is helpful in generating

background-subtracted or OLID movies using multiple excitation cycles.
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Figure 3.2: LILAC reduces the concentration-dependent side e↵ects of Lifeact. a, Cells at
various intensities expressing Lifeact, LILAC and LILACI539E. NA, not applicable. Scale
bar, 10 µm. b,d, Quantification of cell circularity (b, P = 1.57 ⇤ 10�4; LILAC-Lifeact,
P = 3.5 ⇤ 10�5; LILAC-LILACI539E, P = 4.7 ⇤ 10�4) and cell area (d, P = 3.77 ⇤ 10�6;
LILAC-Lifeact, P = 6.7 ⇤ 10�4; LILAC-LILACI539E, P = 7.2 ⇤ 10�7) of Lifeact, LILAC
and LILACI539E. The center line represents the median. Boxes span the 25th and 75th
percentiles. Whiskers extend from the 25th percentile minus 1.5 fold the interquartile range
(IQR) and from the 75th percentile plus 1.5 fold the IQR. Data beyond the whiskers represent
outliers and are plotted individually.
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Figure 3.2 continued: c,e, Cell circularity (c) and cell area (e) are shown as a function of
intensity with a linear regression fit to log-transformed data and shaded regions indicate the
95% confidence interval. Circularity in b and c is arbitrary units (a.u.) and Cell area in d
and e is in square microns (µm2). For b, and d, overall P values are for a one-way ANOVA
test (n = 27 for Lifeact, n = 18 for LILAC, n = 23 for LILACI539E), with a post-hoc Dunn
test for pairwise P values. ***P  0.001, ****P  0.0001.

We examined the deleterious e↵ects of high mCherry-Lifeact expression on S2 cells. At

low expression levels, cells are circular with the characteristic lamellipodial actin ring at the

outer edge. However, at increasing concentrations of mCherry-Lifeact, cells form long F-actin

bundles and protrusions (Figure 3.2a). Such cells have irregular shapes and impaired spread-

ing onto the coverslips. Due to its minimal F-actin binding in the dark, LILAC reduces these

morphological defects. At the highest level of expression, LILAC-expressing cells maintain

their circular shape and lack the prominent F-actin bundles (Fig. 2a). Cells overexpressing

Lifeact have significantly reduced circularity compared with LILAC (Kruskal–Wallis test,

P = 1.57 ⇤ 10�4, Figure 3.2b,c). Circularity also depends more on Lifeact (R2 = 0.12)

than on LILAC expression level (R2 = 0.012). Lifeact-expressing cells also have reduced

area as a function of expression (R2 = 0.21). This e↵ect is absent when expressing LILAC

(R2 = 2.8⇤10�4, Figure 3.2d,e). Moreover, the photoexcited-mimetic LILACI539E recapitu-

lates the morphological defects seen in S2 cells overexpressing mCherry-Lifeact (Figure 3.2a).

Similarly to mCherry-Lifeact, circularity (R2 = 0.40, Figure 3.2b,c) and area (R2 = 0.36,

Figure 3.2d,e) correlate with expression level. Overall, we find that LILAC is nearly inert

in the dark, even when highly overexpressed, due to e↵ective caging of the Lifeact pep-

tide. This caging minimizes Lifeact-induced perturbations to the actin cytoskeleton and cell

morphology.

In conclusion, LILAC enables additional imaging modes that leverage photoswitching

while also minimizing cytoskeletal perturbations. By subtracting the pre-excitation image,

we substantially reduce the cytosolic background and obtain enhanced actin cytoskeleton

images. For cytosolic background subtraction, current methods require a separate cytosolic
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fluorescent label, whereas LILAC enables background subtraction with a single construct.

LILAC can be tagged with various fluorophores depending on user needs. For example,

if tagged with a green fluorescent protein (GFP), excitation of the fluorophore and LOV2

would be simultaneous. This enables the use of a single excitation line but eliminates the

option of pre-excitation image subtraction. Alternatively, GFP may be used to label a second

protein of interest, which can be imaged given the understanding that such imaging will also

excite the LILAC. An image sequence of pre-excitation LILAC, GFP-protein of interest, and

post-excitation LILAC would enable the same background subtraction as in Fig. 1c. Thus,

LILAC can be used in multiple ways.

3.3 Methods

3.3.1 DNA preparation

A LILAC G-block was purchased from Integrated DNA Technologies and incorporated into

a pet21 vector containing 6xHis-mCherry-TEV using Gibson assembly containing AsLOV2

(401–543) with the mutations G528A/I532A/N538E for improved switching [Strickland et al.,

2010] to make LOV2opt (Figure 3.3a,b). LOV2 was removed to create the pET21-mCherry-

Lifeact vector using the NEB Q5 protocol (Figure 3.3c). Next, we used Gibson assembly

to incorporate mCherry-TEV-LILAC into a pMT vector from the Glotzer Laboratory (The

University of Chicago) (Figure 3.3d). The TEV protease site was then replaced with a

3xGGS linker using the NEB Q5 protocol (Figure 3.3e). LOV2 was removed to create the

pMT-mCherry-Lifeact vector using the NEB Q5 protocol (Figure 3.3f). The T406A/T407A

and I539E mutations were created using the NEB Q5 protocol.
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Figure 3.3: LILAC constructs. Schematics of LILAC (a) and other vectors used. a, Schematic
of LILAC, including LOV2opt(AsLOV2401-543 G528A/I532A/N538E). Vectors used for pro-
tein expression (b,c) and expression in S2 cells (d–f), where TEV is the TEV protease cleavage
site.

3.3.2 Cell maintenance

Insect S2 cells from the Fehon Laboratory (The University of Chicago) were maintained

in Schneider’s insect media (Sigma) with insect media supplement (Sigma), 50 units/ ml

penicillin and 50 µg/ml streptomycin (Thermo). Cells were split 1:6 every 4–6 days at

around 10–15 million cells/ml at 20 ml in T75 flasks.
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3.3.3 Transfection and imaging preparation

Cells were transfected as previously described [Han, 1996]. In brief, 2 ml fast-growing cells

were added at 1.35 million cells/ml to a six-well plate. Dimethyldioctadecyl-ammonium

bromide (DDAB) at 250 µg/ml was added to the media in a 1:2 ratio and left for 10 min.

Then, the DDAB–media mixture was added to 500 ng pMT vector to reach 150 µl and left

for 15 min. This was added dropwise to the cells. One day later, cells were induced with 1.5

µl 0.7 M CuSO4. Cells were transferred 1 day later on glass-bottom dishes coated with 15 µl

0.5 mg/ml concanavalinA [Buster et al., 2010]. For Figure 3.12, 1 M pH 7.5 sterile filtered

imidazole was added to the media to reach the final desired concentration. Unless otherwise

noted, cells were imaged after 45 min to allow for cell spreading.

3.3.4 Fixation and staining

Cells were transfected with either LILAC or Lifeact and spread onto concanavalin A-coated

coverslips 1 day after induction. After removal of the media, cells were rinsed with PBS, and

4% paraformaldehyde (diluted in PBS) was added for 15 min under blue light. Cells were

permeabilized with 0.2% Triton X-100 in PBS. After rinsing with PBS, cells were stained

with Alexa Fluor 488 phalloidin and rinsed again with PBS.

3.3.5 Imaging

Dishes were imaged using a ×100, 1.65 numerical aperture objective (Olympus) on a custom-

built total internal reflection microscope using an electron-multiplying charge-coupled device

(EMCCD) camera (iXon; Andor Technologies) with an mCherry-specific emission filter.

This microscope was controlled with the open source Micro-Manager program (https://

micro-manager.org/). Unless otherwise noted, cells were excited first with 561 nm, then

with 488 nm and 561 nm, and recovery images were taken with 561 nm excitation only, all at

1% power for 500 ms exposure with an electron multiplication gain of 200 with no delay time
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between images. This results in an irradiance of 1 W/ cm2 of blue light, which is 10–20-fold

the level typically used to saturate LOV2 [Ruijgrok et al., 2021]. Cells excited more than

twice were imaged in exactly the same manner with 5 s between images instead of 500 ms.

Cells in Fig. 2 were imaged on the same microscope on the same day to best guarantee that

cells of the same brightness are expressing similar protein levels.

3.3.6 Image analysis

Outer and inner rings of the cells were traced by hand, and kymographs were created in

FIJI (https://imagej.net). Inset images were created using a FIJI macro (https://

imagej.nih.gov/ij/macros/tools/Zoom_in_Images_and_Stacks.txt). Brightness, cell

perimeter, area, circularity and roundness values were exported from FIJI for inner and

outer cell areas for each cell. From this, actin labeling ratio (ALR) and switching ratios were

calculated.

ALR =
mean pixel intensityouter
mean pixel intensityinner

SwitchingRatio =
ALRpost

ALRpre

Time constants were calculated by fitting ALR to a single exponential. Data analysis

and figures were generated using Python scripts.

We quantified morphological changes by calculating the cell circularity, area and round-

ness. When cells are circular, this value is 1, and when cells have large perimeters, it

approaches 0. R2 values were calculated using the circularity or the cell area versus the

logarithm of the cell intensity:

Circularity =
4⇡Area

Perimeter2
=

4⇡(⇡r2)

(2⇡r)2
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3.3.7 OLID image analysis

OLID analysis was performed in a similar manner to the original report26. We identified

a rectangular region of the lamellipodium with LILAC enrichment after a blue light pulse,

and summed this region to determine a LILAC response function. This response function

had a similar rise and decay as shown in Fig. 1f. We determined the Pearson correlation

coe�cient for each pixel (along the time axis) with the response function, to generate the

single static image shown in Figure 3.8. To generate the related movie, we performed similar

correlations using a sliding window over time (30 frames, o↵set 5 frames at a time), where

the window was applied to both the response function and the source movie.

3.3.8 Protein expression and purification

Proteins were expressed and purified as previously described27. In brief, all proteins were

expressed in Escherichia coli BL21 (DE3) cells grown in lysogeny broth at 37°C to an optical

density at 600 nm of 0.6 and induced with 1 mM isopropyl-�-D-thiogalactopyranoside. After

18 h in the dark, cells were pelleted and resuspended in 50 mM Tris (pH 8.0), 100 mM NaCl,

5 mM imidazole, 5% glycerol. Cells were lysed by sonication and clarified by centrifugation

at 14,000 g for 40 min. Proteins were purified using metal a�nity chromatography. After

purification the protein was dialyzed into assay bu↵er (25 mM KCl, 25 mM imidazole pH

7.5, 1 mM K-EGTA, 4 mM MgCl2, 1 mM dithiothreitol).

3.3.9 Co-sedimentation

Co-sedimentation assays were performed as previously described [Heier et al., 2017]. In brief,

G-actin was polymerized, and filaments were stabilized with phalloidin. After preparation

of the protein of interest by a hard spin to remove aggregates (100,000 g for 10 min), protein

was incubated with 0.5 µM actin at room temperature for 60 min in assay bu↵er. After

centrifugation at 100,000 g for 30 min, the supernatant was removed and the pellet was
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resuspended before analysis of the samples using SDS-PAGE. Gels were analyzed in FIJI

(https://imagej.net). To account for loading di↵erences, pelleted protein was normalized

by pelleted actin in each lane.

Y =
BmaxC

Kd + C

3.3.10 Statistics and reproducibility

Switching in Figure 3.1c, 3.4a,b, Figure 3.8 was observed at some level in more than 300

cells expressing LILAC under varying conditions in eight biological replicates. Actin patches

as seen in Figure 3.5 were observed in 50 LILAC-expressing cells after excitation in eight

biological replicates. Filopodial labeling was observed in all five cells that were observed

with filopodia. Figure 3.7a is a representative image of 15 Lifeact and phalloidin co-labeled

cells. Figure 3.7b is a representative image of 25 LILAC and phalloidin co-labeled cells.

3.3.11 Data availability

The sequence of pMT-mCherry-LILAC has been deposited to GenBank (OP764687).

3.4 Author contributions

K.L.K., A.R.F., T.R.S., and R.S.R. designed research; K.L.K. performed research; K.L.K.,

T.R.S., and R.S.R. contributed new reagents/analytic tools; K.L.K., T.R.S., and R.S.R.

analyzed data; and K.L.K., A.R.F., T.R.S., and R.S.R. wrote the paper.
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3.5 Supplementary Figures

Figure 3.4: LILAC highlights actin structures through background subtraction. TIRF image
of an S2 cell expressing LILAC without (a) and with (b) pre-excitation image background
subtraction to eliminate cytosolic background. Kymographs of the region in yellow without
(c) and with (d) pre-excitation background subtraction. (e) Histograms of normalized pixel
intensities in the outer ring of the cell with (CV = 0.58) and without (CV = 0.23) image
subtraction.
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Figure 3.5: LILAC labels actin patches in S2 cells. TIRF images of live S2 cells expressing
mCherry-LILAC taken pre- and post-488 nm (blue) laser excitation. Scale bar is 5 µm. Inset
images are 3x magnified.
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Figure 3.6: LILAC labels filopodia in landing S2 cells. TIRF images of live S2 cells expressing
mCherry-LILAC taken pre- and post-488 nm (blue) laser excitation. Cells are imaged as
they land on the ConA coated coverslip. Scale bar is 5 µm. Inset images are 2x magnified.
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Figure 3.7: Phalloidin, Lifeact, and LILAC co-label actin structures in S2 cells. TIRF
images of fixed S2 cells expressing (a) mCherry-Lifeact or (b) mCherry-LILAC stained with
phalloidin. Cells were fixed under blue light. Pearson’s correlation coe�cients are displayed
on the merge image. Scale bar is 5 µm.
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Figure 3.8: Image processing methods with LILAC. (a) Post-excitation image of an S2
cell with pre-excitation image subtracted. (b) OLID (optical lock-in detection) [Marriott
et al., 2008] image of an S2 cell. White pixels are correlated, black anticorrelated, and
mid-gray are uncorrelated. We used the first 50 frames of a movie (0.5 s/frame) where
the excitation pulse arrives in frame 2 to generate the OLID image. An S2 cell expressing
mCherry-LILAC before (c) and after (d) blue light excitation. The outer lamellipodial ring
and interior disk of cells are hand traced in FIJI (yellow). Scale bar, 5 µm. Actin labeling
ratio: ALR = mean pixel intensityouter/mean pixel intensityinterior, actin switching ra-
tio: ASR = ALRpost/ALRpre.
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Figure 3.9: Quantification of labeling and switching of LILAC. Max actin labeling ratio (a,
R2 = 0.27, P = 2.3 ⇤ 10�6, n = 72) and switching ratio (b, R2 = 0.13, P = 1.3 ⇤ 10�3, n =
72) of LILAC-expressing cells as a function of cell intensity. Maximum actin labeling (c,
P = 0.11) and switching ratios (d, P = 9.66⇤ 10�15) of LILAC, Lifeact, and the light-mimic
mutant, LILACI539E. The center line represents the median. Boxes span the 25th and 75th
percentiles. Whiskers extend from the 25th percentile - 1.5x the interquartile range (IQR)
and from the 75th percentile + 1.5x IQR. Data beyond the whiskers represent outliers and
are plotted individually. For c and d, P values were determined initially using a one-way
ANOVA test (n = 32 for Lifeact, n = 18 for LILAC, n = 23 for LILACI539E). A post-
hoc Dunn test was used to determine pairwise P values (LILAC-Lifeact: P = 1.7 ⇤ 10�15,
LILAC-LILACI593E: P = 1.4 ⇤ 10�5, Lifeact-LILACI593E: P = 2.4 ⇤ 10�3) (⇤⇤ = P 
0.01, ⇤ ⇤ ⇤ = P  0.001, ⇤ ⇤ ⇤⇤ = P  0.0001).
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Figure 3.10: Binding of Lifeact and LILAC to F-actin. a,b, SDS-PAGE of the protein of
interest (P), either mCherry- LILACI539E (a) or mCherry-Lifeact (b), in the pellet after
co-sedimentation with 0.5 µM actin (A). Concentration of free protein added to each lane
is labeled above in µM. c, Free protein plotted against bound protein in the pellet after
co-sedimentation to determined binding a�nities of Lifeact (Kd=3.9 µM) and LILAC539E
(Kd=3.4 µM). Data were normalized to the maximum observed and fitted to a hyperbola.
The constitutively active form of LILAC was used because excitation of LILAC cannot be
maintained in the dark ultracentrifuge.

Figure 3.11: LILAC excitation dynamics. a, Min-max normalized actin labeling ratio traces
for cells initially in the dark, then activated with blue light continually through the end of
the movie. b, Max switching ratios for cells excited for various lengths of time at 1% laser
power, colored by cell.
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Figure 3.12: Dark state recovery time constants are cell specific and tunable. a, First and
second recovery time constants for individual cells expressing wild type (R2 = 0.70, n = 34)
and T406A/T407A (R2 = 0.56, n = 26) LILAC. Gray line is X = Y. b, Kernel density
estimations of the first time constants for wild type (blue) and T406A/T407A (lilac) LILAC.
Mean is indicated by vertical lines. c, Min-max normalized actin labeling ratio traces of
LILAC(T406A/T407A)expressing cells with (teal) and without (lilac) 1 mM imidazole. Cells
were activated with blue light every 60 and 130 seconds respectively. d, First and second
recovery time constants for individual cells expressing LILAC(T406A/T407A) with varying
imidazole concentrations (R2 = 0.77, n = 128, Pearson P = 7.3 ⇤ 10�46). Gray line is X
= Y. e, First recovery time constants as a function of imidazole concentration (R2 = 0.52,
Pearson P = 3.5 ⇤ 10�24) with a linear regression fit to log-transformed data and shaded
regions indicating the 95% confidence interval. Data with 0 and 1 mM imidazole were taken
at di↵erent times with di↵erent starter cultures of S2 cells than all other concentrations,
which were imaged on the same day.
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CHAPTER 4

SPATIOTEMPORAL ILLUMINATION OF LILAC

4.1 Spatiotemporal activation of optogenetics

Optogenetics is a particularly powerful tool due to the ease of spatiotemporal control of

light. With most methods for modulating protein function, one must choose between spatial

and temporal control. For spatial control, we can use promoter systems that express a

protein of interest (POI) in specific cell types. Other common methods include siRNAs and

microinjection which change protein levels but at relatively slow time scales. Cells must

take up the genetic material and use protein expression machinery, which takes on the order

of hours depending on the system. Faster alteration can be achieved using the addition

of drugs. However, this often has little spatial control, especially in regards to subcellular

structure. Some of these methods, do have some level of both spatial and temporal control,

but none are as fast, highly resolved, and easy to use as light. What makes optogenetics so

remarkable, is that we can control light on the micron and millisecond and sub-micron scale

with ease, allowing for unparalleled spatiotemporal control.

4.2 Spatiotemporal illumination of LILAC in cells

Previous work with other optogenetic tools includes induced cell movement, amplification

of filopodia generation for limb regeneration, microtubule disassembly, and more [Izquierdo

et al., 2018, Cavanaugh et al., 2020, Ruijgrok et al., 2021, Meiring et al., 2022, Oakes et al.,

2017, Hughes and Lawrence, 2014, He et al., 2021]. For example, CRY2olig motors, which

induce filopodia, formation elucidated the role of filopodia in axolotl limb regeneration. Re-

searchers exposed the regenerating limbs expressing the optogenetic motors to either light or

dark observed limb morphology over time [Ruijgrok et al., 2021]. Stone et al. [2019] devel-

oped a cofilin-Z-lock construct to subcellular activate cofilin, an actin disassembly protein.
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Z-lock blocks the cofilin active site with the LOV2-Zdk interaction, but upon illumination,

the disassociate and free cofilin for activity. By illuminating an outer region of the cell,

cofilin was locally active, promoting actin remodeling and invadopodia formation. With this

technology, researchers can drive cells around towards the light. Similarly, Cavanaugh et al.

[2020] induced local cellular contractions at cell-cell junctions using the TULIPs system to

subcellularly activate RhoA [Strickland et al., 2012]. In these examples, the specific place

and time of activation is critical for understanding the underlying biology. With this in

mind, we wanted to investigate if LILAC could be used in a spatiotemporal manner in live

cells.

Patterned illumination of LILAC has myriad potential uses both in a cellular context

and in vitro. For example, if a cofilin-LILAC chimera could be subcellularly recruited to

actin structures of interest, it would promote actin filament disassembly within illuminated

areas. As a proof of concept, we subcellularly illuminated LILAC to determine the e�cacy

of such an illumination system. We also posited that subcellular illumination could further

reduce toxicity of Lifeact, and potentially lead to insights about di↵usion and kinetics in the

cellular milieu. LILAC molecules illuminated in the area of activation have the potential

to remain active and travel outside of the activation area and label actin elsewhere. This

distance traveled by activated LILAC would theoretically depend on Lifeact-actin binding

kinetics and intracellular di↵usion rates. For example, the border between illuminated and

non-illuminated areas should appear sharper if di↵usion and Lifeact o↵ rates are slow.
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Figure 4.1: Schematic of the sample used for projector calibration. A sample of mCherry is
placed between the slide and coverslip, and illuminated here, in a checkered pattern.

4.2.1 Projector setup and alignment

The in-house built TIRF microscope was modified to allow for sub-micron patterning and

illumination. Lenses were removed from a video projector to focus the emitted image to

infinity. A beamsplitter cube was used to join the projector image with the excitation laser

line. Then, a projector plugin was installed to allow for control of the projector illumination

with MicroManager.

Figure 4.2: Addition of a neutral density filter (NDF) allows for extended exposure time.
(a) Without an NDF, the exposure time needed for live-cell imaging results in a highly
over-exposed image. However, the 50 ms exposure time allows for crisp visualization of the
checkered pattern. (c) With an NDF, the entire projector could be illuminated without
overexposure. Scale bar is 5 µm.
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To confirm that the projector was aligned properly, we used an mCherry sample and

monitored the emitted image, in this example a a checkered pattern, through an mCherry-

specific filter (Figure 4.1). An exposure time of 500 ms was chosen, as that is the setting I used

for imaging LILAC in S2 cells. However, at 500 ms of exposure, the image was overexposed.

This was avoided by using 50 ms exposure times, but warranted another solution for longer

time scale imaging (Figure 4.2). We solved this issue by inserting a neutral density filter in

front of the projector in order to reduce the projector image intensity. Our filter mount was

useful in that it contains two slots, and we have a variety of neutral density filters that can

be used in various combinations to create the desired projector intensity. Additionally, the

projector plugin allows for illumination of areas highlighted as regions-of-interest in ImageJ.

Although this function worked some of the time, it was very sensitive to the calibration and

often illuminated areas not in the ROI (Figure 4.3). We continued with the setup as is,

making sure to keep in mind the calibration limitations.

Figure 4.3: Illumination of regions of interest with a projector using TIRF. The projector
plugin could be used to illuminate custom regions of interest successful (top). If the calibra-
tion was not working, some areas would illuminate outside of the illuminated ROI (yellow,
bottom).
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4.2.2 Subcellular illumination of LILAC

In an e↵ort to reduce actin labeling outside of the excitation area, we sped up the photocycle

by using the LOV2Q513D mutation, which has an in vitro recovery time constant of just

5 seconds, as well as 1mM imidazole [Zayner and Sosnick, 2014]. We posited that LILAC

molecules excited in the ROI travel outside of the ROI through di↵usion. The sooner LILAC

recovers, the less distance it can travel from the ROI whilst activated. Additionally, quick

LILAC recovery allows for faster imaging so data can be acquired per day. To determine if

LILAC was activating locally, we first excited using the original protocol of excitation with

the 488 nm blue laser (Supplementary Video 5). After allowing LILAC to reset for 20-30

seconds, we begin recording and after a few frames, turned on the projector to excite the

ROI. For simplification, we began with exciting the entire ROI illuminated by the projector.

To visualize this clearly, we subtracted both the pre-illumination image, and the image

produced by exciting the ROI without cells in the field of view. With this procedure, we

would be confident that if an area was brighter, this was due to changes in labeling, and not

the background signal from the projector.

Activation with the projector resulted in increased actin labeling, but labeling did not

appear greater in the ROI vs outside (Figure 4.4). The ROI used was large, so we repeated

this with a smaller excitation area to see if this led to more clear subcellular recruitment.

Reduced excitation area was achieved by placing an index card over half of the image emit-

ted by the projector. However, even with a reduced excitation area, subcellular excitation

was not obvious (Figure 4.5). We attempted to illuminate low di↵usion areas, such as the

lamellipodia, and high di↵usion areas, such as the cell interior. However, in low di↵usion

areas, there is not enough LILAC to label actin structures, and in high di↵usion areas, ex-

cited LILAC di↵uses and label actin throughout the cell. This finding is copacetic, given

that di↵usion on the length scale of a cell is in milliseconds, while recovery kinetics are on

the order of seconds.
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Figure 4.4: Illumination of a large ROI in S2 cells. (a) Pre-excitation subtraction image of
an S2 cell illuminated in the entire ROI. (b,c) Pre-excitation subtraction image of the same
cell illuminated in the ROI indicated in yellow. In (b) and (c), the projector signal was also
subtracted from the image.

Figure 4.5: Illumination of a small ROI in S2 cells. Pre-excitation subtraction image of an
S2 cell illuminated in the entire ROI (left). Pre-excitation subtraction image of the same
cell illuminated in the ROI indicated in yellow on either the cell edge (middle) or interior
(right). On the left and right, the projector signal was also subtracted from the image.
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Unfortunately, subcellular labeling of actin with free LILAC does not seem to be possible,

in contrast to successful subcellular recruitment with other optogenetic tools. These other

optogenetic tools nearly always rely on membrane-anchored segments, thus substantially

reducing the e↵ects of di↵usion of excited molecules and recruitment outside of the activated

area. The only example of subcellular activation with a non-membrane bound system is opto-

katanin [Meiring et al., 2022]. Opto-katanin is unique in that it contains two optogenetic

units, a VVD dimerization system for recruitment to microtubules, and an iLID system for

recruitment of the catalytic p60 domain. This reduces the dark state binding, as it requires

both optogenetic tools to be on for activity. Thus, this likely works despite non being

membrane-bound because only one of the two photosenstive domains needs to recover to

reduce activity outside of the region of interest. In the future, a membrane-anchored LILAC

could potentially subcellularly recruit actin filaments to the membrane with more success.

We also could engineer a second photosenstive domain using the opto-katanin model, to

reduce activity outside of the illumination area.

4.3 Spatiotemporal patterning of actin with LILAC

4.3.1 Actin patterning methods

Next, we shifted focus to patterning actin with LILAC. We hoped that this would work since

by keeping LILAC fixed to a surface, it cannot di↵use, eliminating the issues with subcellular

excitation of LILAC. We were motivated to pattern actin filaments in vitro to understand the

influence of spatiotemporal dynamics on the interactions of actin and its associated binding

proteins. Actin structures in the cells form dynamically in concert with the plethora of actin

binding proteins in the cellular milieu including, bundlers, crosslinkers, motors, assembly

and disassembly factors, and more. To understand how these parts coalesce, researchers

purify actin and its associated proteins and examine their interactions in vitro. However,
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the spatial organization of actin filaments likely plays a role in how cytoskeletal proteins

interact with each other and actin itself. Currently, the most popular way to recapitulate

the spatial organization of actin filaments is to micropattern actin nucleation factors, such

as pWa [Reymann et al., 2012, Gressin et al., 2015, Letort et al., 2015, Reymann et al.,

2010]. The limitations of this approach are that patterns must be pre-established, and that

temporal control is not possible. Optogenetics have been applied to pattern microtubules

(MTs) [Tas et al., 2018]. LOVpep (of the TULIPs famil)y was fixed to glass, and ePDZ was

attached to kinesin, a microtubule motor. Upon light activation, kinesin molecules bound

to MTs was recruited to the surface, leading to both MT recruitment and movement by the

kinesin motor. In a similar vein, LOVdab, an optogenetic cargo binding domain for myosin,

an actin motor, was used to recruit actin filaments to the surface with light [French et al.,

2017]. The limit to this approach was that it was not reversible; once recruited, filaments

never released. Importantly, both of these system require the expression and purification of

molecular motors kinesin and myosin, which are very large and require intensive methods

for clean purification of significant amounts of protein. We hoped that LILAC could recruit

actin reversibly with a design that is easier to produce.

4.3.2 Fluorescent protein selection

As described previously, we tagged LILAC with a 6xHis tag for purification, as well as

an mCherry for fluorescence. MCherry is excited by green (561 nm) light, which allows

for independent excitation of LILAC (488 nm) and mCherry (561 nm) with common laser

colors. The mCherry tag is not necessary in this assay, as the LILAC should remains fixed

to the glass; however, it is still beneficial to keep this tag for a number of reasons. First,

protein purification with nickel columns is much easier with a FP. The column turns bright

pink when the protein attaches, and the elution is also bright pink. Therefore, it is clear

where the protein of interest (POI) is at all times. Also, after LILAC is attached to glass,
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Figure 4.6: Distribution of mCherry-LILAC on functionalized glass. TIRF images of
mCherry-LILAC at low (a) and high (b) concentrations. (c) Histograms of pixel intensi-
ties in the above images.

the mCherry can be imaged to estimate the relative concentration of LILAC on the glass,

as well as the distribution of molecules (Figure 4.6). Bright puncta can also be seen, likely

due to the weak oligimerizaiton tendency of mCherry. To visualize actin we needed an even

further red-shifted fluorophore so as to not interfere with LILAC or mCherry. Accordingly,

we chose an Alexa 647 nm phalloidin to label and stabilize actin filaments.

4.3.3 Imaging method

Conventional widefield fluorescence microscopy illuminates the entire sample, and the illu-

mination beam passes through the entire sample (Figure 4.7a). In contrast, total internal

fluorescence (TIRM) micropscopy selectively illuminates only a thin layer close to the glass
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Figure 4.7: Schematic of widefield and TIRF illumination. (a) Schematic of widefield mi-
croscopy, where the entire sample is illuminated. (b) Schematic of total internal fluorescence
(TIRF) microscopy, where an evanescent wave illuminates a thin layer of the sample close
to the glass.

with an evanescent wave (Figure 4.7b). In comparison to widefield, TIRF microscopy has

increased resolution and contrast for cellular structures that are near the surface. TIRF

is also useful for single molecule imaging of molecules that are near the surface. For actin

pattern with LILAC, TIRF is the ideal microscopy technique as we can visualize specifically

when actin molecules are close to the glass surface. Therefore, when we see actin filaments

in focus with TIRF, we can be confident that they are bound to the surface and not floating

in solution above the glass. By monitor the change in actin binding to the surface with and

without blue light, we can assess LILAC’s ability to pattern actin.

4.3.4 Protein fixation methods

In order to pattern actin with LILAC, we must attach LILAC to a glass surface. There

are a number of ways to attach proteins to glass. First, we attempted to stick LILAC onto

nitrocellulose-covered glass. This is a common method for creating a non-specifically sticky

surface. LILAC was then flowed over the surface allowing it to bind to the surface. To create

a flow chamber, we placed two thin pieces of double sided tape onto a slide about 5mm apart

and then placed the coverslip on top. It is important to place the functionalized side of the

glass down to the inside of the chamber. Then, excess LILAC is washed o↵, and bovine

serum albumin (BSA) is added to bind any exposed area of the nitrocellulose covered glass.
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This extra step is important, as when the actin filaments flow over, they must only stick

to the glass through binding to LILAC, not through nonspecific binding to the sticky glass.

However, with this method, we did not observe any di↵erential binding of actin filaments to

the surface with blue light. Possibly with a nonspecific surface, LILAC sticks to the glass

in an orientation that occludes binding. Therefore, we decided to try other glass surfaces

which specifically orient LILAC.

We then shifted to surfaces that are functionalized for specific binding. Our first attempt

was using supported lipid bilayers (SLPs) [Nye and Groves, 2008]. These bilayers were

created by filtering vesicles repeatedly until they were very small, then placing them on a

surface so that they spread. SLPs can contain lipids with nickel head groups that bind to

His-tagged proteins. Nickel binding is convenient for both specificity, and for orienting the

molecule. With the His-tag at the N-terminus, the C-terminus of LILAC is free to bind

actin. Unfortunately, we found that the SLPs were inconsistent, time consuming, patchy,

and did not result in a functional assay.

Our next attempt was using a biotin-avidin system (Figure 4.8). This requires biotiny-

lating LlLAC, which was achieved with an aviTag [Fairhead and Howarth, 2015a]. A small

peptide sequence is incorporated into the construct and biotynylated at a specific residue

in the sequence. When an aviTagged protein is expressed in cells co-expressing the BirA

enzyme, it is biotynlated as it is produced in the cells before purification. With this setup,

we began with plasma-cleaned glass. Then, we added biotinylated (BSA), followed by Beta-

casein for blocking. We then added neutravidin to bind to the biotin on BSA. LILAC

was then flowed into the flow chamber and is fixed to the glass through the connection to

neutravidin. Finally, far-red actin is added with an oxygen scavenging system to reduce pho-

tobleaching. In the end, LILAC was fixed to the glass with its C-terminus, which contained

Lifeact, oriented towards the solution containing labeled actin.
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Figure 4.8: Schematic of the surface for in vitro actin patterning. First, the surface is coated
with biotinylated bovine serum albumin (BSA). Then, casein is added to block nonspe-
cific binding to the surface. Next, neutravidin is added to bind to the biotinylated BSA.
mCherry-LILAC is biotinylated with the aviTag system, and attached to free binding sites
on neutravidin. Finally, actin stained with far-red phalloidin in flowed over in assay bu↵er
and an oxygen scavenging system.

4.3.5 Results

We found that the first time we attempted to pattern actin, the actin filaments seemed

to bump into the surface without binding in the light or the dark (Supplementary Video

6, Figure 4.9). We thought that this could be due to a non-functional LILAC, but upon

further consideration, realized it could be due to bu↵er conditions. The standard assay bu↵er

contains 25 mM imidazole, which greatly reduces the recovery time of LOV2. Therefore, we

hypothesized that LILAC was being activated, but was very quickly returning to the dark

state.

Logically, we next repeated the experiment in the absence of imidazole. With these con-

ditions, we were able to recruit actin filaments to the surface with blue light (Supplementary

Video 7, Figure 4.10). The filaments seemed to rain down and irreversibly stick to the sur-

face. Unfortunately, there was also binding of some filaments in the dark as well. The release

of filaments requires each bound LILAC molecules to revert to the dark state and release the

actin subunit. Thus, recovery time, filament length, and LILAC concentration are all factors

71



Figure 4.9: LILAC does not recruit filaments in 25 mM imidazole. Representative TIRF
images of actin filaments in 25 mM imidazole assay bu↵er. The filaments bounce o↵ the
LILAC on the surface of the glass in both the light and dark. Scale bar is 5 µm.

that can determine the release of actin filaments. Faced with the opposing problem to our

previous issue, we decided to titrate imidazole, hoping that there would be a Goldilocks’s

concentration where LILAC is activated long enough to recruit filaments, but not so long

that filaments do not release in the dark.

As imidazole concentration increased, we observed reduced dark state filament binding

(Figure 4.11). We also noted that filaments begin to wiggle when returning to the dark

(Supplementary Video 8). This implies that segments of the filaments are releasing, but

they are trapped at the surface by remaining bound segments. It also implies that reducing

the recovery time does aid in the release of filaments. However, we still did not observe

su�cient filament release, so we decided to work with smaller actin filaments and reduced

LILAC concentration at the surface. Shorter actin filaments were created by shearing them

with a pipette against the edge of a microfuge tube. We also reduced the concentration of

LILAC on the surface by flowing less LILAC into the chamber. The mCherry signal was

lower, confirming that we had less LILAC on the surface. With 6mM imidazole, shorter actin

filaments and less LILAC, nearly all filaments quickly release from the slide (Supplementary

Video 9, Figure 4.12). Occasionally longer filaments remained, confirming that filament

72



Figure 4.10: LILAC irreversibly not recruits filaments in 0 mM imidazole. Representative
TIRF images of actin filaments in 0mM imidazole assay bu↵er. Some filaments are bound
in the dark between 0 and 1 minute, but not many more filaments accrew in that time.
Between 1 and 2 minutes, blue light excites LILAC on the surface and filaments recruit to
the surface. Between 2 and 3 minutes, the blue light is turned o↵, but filaments do not
release from the surface. Scale bar is 5 µm.

Figure 4.11: Imidazole reduces dark state binding of actin to LILAC. TIRF images of actin
filaments on the surface of LILAC-coated glass in the dark. As imidazole increases, filaments
stick to the glass less. Scale bar is 5 µm.

length is a factor in release time. The recruitment and release of filaments was quantified,

and release time constants averaged 19 and 28 seconds for various quantification methods

(Figure 4.13.

With reversible filament recruitment working, we wanted to tweak earlier experiments

to reversibly recruit longer filaments. By drastically reducing LILAC concentration (10x)

and adding 6mM imidazole, many long filaments released within minutes (Supplementary

Video 10). With longer filaments, the sequential landing and release of filaments can be

observed. This is easily visualized using kymographs (Figure 4.14). In the two examples

shown, filaments first land at one end, and then zip up along the rest of the filament onto
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Figure 4.12: Recruitment of filaments is reversible with ideal conditions. TIRF images of
sheared actin filaments reversibly recruited to a LILAC-coated glass surface at three locations
on the surface. Images are taken with 6mM imidazole, and 0.2 mg/ml of LILAC added to
the glass. Scale bar is 5 µm.

Figure 4.13: Quantification of actin filament recruitment. For three cells, shown in orange,
green, and blue, LILAC was activated with light between from t=30 seconds to t=100
seconds. Filament recruitment was quantified using both the average area over a threshold
pixel value (a), or the average particle size over a threshold pixel value (b). Using the first
method, the average release time constant is 19 seconds, and using the second method it is
28 seconds.
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Figure 4.14: Kymographs of filament landing and release. (a) Filaments used for kymograph
creation in (b,c). (b,c) Kymographs of filaments 1 and 2 landing and releasing from the
LILAC surface. The horizontal axis is x, and vertical axis is time. (b) The filament releases
from the center first, anchored by the endpoints. (c) The filament releases from the edges
first, anchored by the center.

the glass. The release mechanisms are di↵erent, however. Filament 1 first releases from

the center, with its two ends as anchor point, while filament 2 first releases on the ends

with the center as its anchor point (Figure 4.14b,c). In conclusion, LILAC and imidazole

concentrations should be optimized depending on the filament length and desired release

time.

Now that we had a functional recruitment system with LILAC, our next goal was to

pattern actin onto specific regions of interest (ROI) within the field of view. We used the

same projector illumination setup that was used for cells discussed previously. As before,

we needed to adjust the projector intensity such that it was bright enough to excite LILAC,

but not so bright that the projector signal overpowered the actin signal. We found that the
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dual neutral density filter holder did not give su�cient options given our number of filters

that fit into the holder, so we switched to a dual neutral density filter wheel, allowing for

even easier adjustment of projector intensity.

We began by illuminating the entire projector ROI. This resulted in successful recruitment

of filaments into the area. However, the ROI was large, and we wanted to see if we could

more precisely pattern filaments. As we did earlier, we placed an index card over part of the

projector beam to reduce the illumination area. We found that filaments precisely recruited

to the illuminated area, which we visualized by subtracted the pre-excitation from post-

excitation image (Figure 4.15a). This recruitment increases over time (Figure 4.15b). We

also quantified this recruitment and found that filaments recruit more inside the illumination

area versus outside (Figure 4.15c). It is notable that we found recruitment slower with

the projector illumination than with the full field-of-view laser illumination, likely due to

the di↵erences in illumination intensity. Because the projector is a more broad spectrum

illumination, it should be set to a lower intensity to image actin, to reduce the projector

signal that leaks into the Alexa-647 emission channel.

With a functional patterning method, we next tested if LILAC could be frozen after

purification. Previously, we used freshly purified LILAC, which begins to degrade around

5 days after purification. Degradation is clear through an increase in dark state binding of

filaments as well as an increase in puncta in the mCherry channel. This is inconvenient for

those looking to use LILAC as a part of more complex assays. We froze freshly dialyzed

protein in both the -20 C and -80 C freezers. The -80 C frozen protein showed minimal

clumping and dark state binding, and retained reversible recruitment of filaments. Addi-

tionally, we spun the thawed sample at 15,000xg for 2 minutes to sediment the clumps we

saw in imaging. This step reduced the clumps and dark state binding. We also made new

actin filaments which were longer than previously, and obtained movies of filaments up to

20 µm long landing and releasing from the surface (Supplementary Video 11, Figure 4.16).
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Figure 4.15: LILAC-coated glass patterns actin filaments with light. (a) Pre-post illumi-
nation subtraction images at three separate locations. The area inside the green box is
illuminated. (b) Pre-post illumination subtraction images over three time points. Increas-
ing length of time allows more filaments to recruit to the area. (c) Quantification of actin
recruitment inside and outside of the illuminated region of interest (ROI).

Kymographs of the filaments over time show the variety in filament landing and release

methods. Many land on one end and zip up to the other end, while others begin landing

in the middle. When releasing, the partially stuck ends appear as fuzzy on the kymograph,

since the unstuck ends of the filament are fluctuating in and out of the TIRF field. Overall,

the fact that we can obtain such high quality images with thawed LILAC means that LILAC

can be easily stored and thawed for use, making for a much more user-friendly system.

Next, we re-calibrated the projector, this time removing the NDFs so that the mCherry

signal was bright. This improved the calibration significantly, and allowed for more precise

illumination patterns. We even observed filaments that were stuck in the ROI, with the rest

of the filament detached and wiggling outside of the ROI. Such a level of precision means

that it is possible to do a large number of complex maneuvers with filaments, i.e. clamping

down one half at a time to produce a stepping motion.
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Figure 4.16: Kymographs of filament landing and release. (a) Filaments used for kymograph
creation in (b-e). (b-e) Kymographs of filaments landing and releasing from the LILAC
surface. The horizontal axis is x, and vertical axis is time. (b) The filament lands from
left to right. Next, the edges release before the entire filament releases. (c) The filament
lands from the center out. Then, the right half releases shortly before the left half. (d) The
filament lands from right to left. The left half quickly releases and the right half remains.
(e) Slowly, the filament lands from left to right. The edges of the filament release, first right
then the left side.
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4.3.6 Conclusions and future work

The foundational work of developing a system for spatiotemporal actin patterning has been

completed. Next, creative light patterns should be explored to examine the limitations of

just how much control we have over actin with LILAC. Future possibilities include: testing

the limits of just how small of an illumination area we can use to precisely pattern single

filaments, flashing a light gradients to move filaments from darker to lighter areas, recruiting

filaments with particular spacing and observing the e↵ects of cross-linkers, and more.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

With this work, I have demonstrated the methodology for designing a helical peptide-based

optogenetic tool, as well as shown the utility of a light-sensitive actin-binding protein, LILAC.

LILAC has two uses currently: as an imaging reagent with reduced morphological defects

and novel imaging modes, and as an in vitro actin filament patterning tool. However, there

are a vast array of potential applications of LILAC that can be harnessed to address new

questions in biology.

5.1 LILAC in sensitive cell types

One aspect that I would have liked to explore more is the use of LILAC in various cell types.

There are a number of cell types that are sensitive to Lifeact overexpression which could

benefit from the use of LILAC instead. For example, I have heard from colleagues that

neurons are particularly challenging. The cells are quite sensitive, and the use of Lifeact

requires careful expression level calibration as a first step in many projects. I would be

interested in looking at the ideal expression level of Lifeact and LILAC in parallel to see how

much more LILAC can be tolerated. I would also be interested to see if LILAC needs less

careful, if any, expression level calibration.

5.2 Spatiotemporal cross-linking

The spatial and temporal organization of the actin cytoskeleton is fundamental to cells,

yet we currently do not understand the underlying principles of how these filaments self

organize. Additionally, it is currently unknown exactly how ABPs recognize specific actin

networks, despite many ABPs being well characterized biochemically. These questions could
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be addressed by spatiotemporally using LILAC to cross link actin filaments with various

interfilament distances to see if these bundlers cosegregate.

In cells, there are two main categories of bundled filaments: tightly packed parallel net-

works that make up filopodia and microvilli, and widely spaced, mixed polarity networks

that make up stress fibers, sarcomeres, and cytokinetic rings [Blanchoin et al., 2014, Winkel-

man et al., 2016, Bartles, 2000, Michelot and Drubin, 2011, Kadzik et al., 2020, Jansen

et al., 2011, Courson and Rock, 2010, Foley and Young, 2014, Ribeiro et al., 2014]. Despite

the importance of cross-linkers to actin network structure and sti↵ness and their spatiotem-

poral complexity, the field lacks a spatiotemporally controllable cross-linker. I would use

a Lifeact-Spectrin(X)-LILAC or “LAAX” chimera as a light-sensitive cross linking protein.

With this tool, I would determine if ABPs use interfilament distance to di↵erentiate actin

structures. Winkelman et al. [2016] found that compact bundlers fimbrin, fascin, and espin

cosegregate from alpha-actinin bundled filaments, suggesting that these proteins recognize

interfilament distance. To test this hypothesis, I would image actin filaments as they cross-

link with varying interfilament distances and observe if fascin/alpha-actinin recruit to tightly

or loosely cross-linked filaments. My first step in creating the light-activated actin LAAX

cross-linker would be to add an N-terminal Lifeact peptide to LILAC to anchor one side to

a filament. Upon illumination, the second Lifeact peptide would uncage, allowing LAAX

to bind two filaments (Figure 5.1). This should provide an interfilament distance of 6 nm,

which is similar to the interfilament distance of fascin bundles. To increase the interfilament

distance to the nearly 35 nm of alpha-actinin bundles, I could add spectrin repeats (Lifeact-

SpectrinX-LILAC), which are 5 nm long (Figure 5.2). If fascin and alpha-actinin recognize

interfilament distance, fascin would preferentially colocalize to light activated areas cross-

linked with LAAX without spectrin repeats, while alpha-actinin would recruit to bundles

made with LAAX with at least 6 spectrin repeats. By controlling interfilament distance at

precise locations along a bundle, we could determine if ABPs detect this distance to control
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Figure 5.1: Schematic of LAAX. In the dark, the N-terminal Lifeact (green) binds to an
actin subunit on a filament (orange). The blue LOV2 of LILAC blocks the second Lifeact
from binding another filament. Upon excitation, LOV2 partially unfolds allowing the second
Lifeact to cross-link and bind another actin filament.

their spatial patterning.

If LILAC re-caging is too fast or too slow, I could alter the refolding time with previ-

ously investigated LOV2 mutations/bu↵er conditions (range 10 sec to 20 min) [Zayner and

Sosnick, 2014, Zayner et al., 2013]. For better visualization, I could label filaments at low

concentration of phalloidin for a sparse labeling of filaments, which is necessary for high or

super-resolution. When cross-linking filaments, it is possible that the filaments might slide

parallel to each other, decreasing the interfilament distance. To reduce this, I would add an

L-shaped kinked helix between the N-terminal Lifeact and LOV2. By increasing the rigidity

between these subunits, sliding between filaments should be more di�cult. The Kovar lab at

the University of Chicago has successfully expressed fascin, espin, fimbrin, and alpha-actinin

and can assist with plasmids and purification protocols. Other approaches include using

other ABPs at the N-terminus of LAAX, such as utrophin or F-tractin [Burkel et al., 2007,

Brehm et al., 2004].
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Figure 5.2: Schematic of LAAX with spectrin spacers. When LOV2 (blue) is excited, the
N-terminal and C-terminal Lifeact peptides (green) bind to an actin subunit on a filament
(orange). Addition of spectrin repeats (red) increases the interfilament distance.

5.3 Alteration of cardiomyocyte dynamics

The coordination of cardiomyocyte contraction in space and time is critical for successful

beating of the heart. Therefore, optogenetic tools are an extremely useful method as one

can express them in living cells and control them noninvasively with high spatiotemporal

resolution. Two main causes of heart arrhythmia are channelopathies, genetic defects in ion

channels, and cardiac infarction. Previous use of optogenetics to investigate channelopathies

used opsin-based optogenetics [Beiert et al., 2014, Entcheva and Kay, 2021, Wang et al.,

2017, Men et al., 2020, Abilez, 2012, Ambrosi et al., 2014]. These light-sensitive ion channels

are useful for examining electrical activation and communication between cells and have been

used as a less invasive alternative to electrical stimulation. Unlike previous cardiac optoge-

netics, LILAC could alter the physical, not electrical, properties of beating cardiomyocytes.

This could allow us to understand how cardiac mechanotransduction a↵ects cardiomyocyte

beating.
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During myocardial infarction, reduced blood flow decreases ATP in myocytes [Saleh and

Ambrose, 2018, Doenst et al., 2013, Lyon et al., 2015]. Without ATP, cells lack energy for the

myosin power stroke. Electrochemical signaling has been extensively studied in myocytes,

while less focus has been on the e↵ects of cell sti↵ening. Deformation triggers mechanotrans-

duction signaling pathways including stretch-activated ion channels and changes in chemical

gradients [Doenst et al., 2013, Lyon et al., 2015, Romito et al., 2017, Pasqualini et al., 2016].

Mechanotransduction allows cells to modulate cell sti↵ness in response to deformation. The

extracellular matrix drives the passive biomechanical properties of the heart, while actin and

myosin provide active contractile forces [Doenst et al., 2013, Lyon et al., 2015]. Therefore,

spatiotemporal reduction of acto-myosin contraction could elucidate how infarction-induced

sti↵ening alters beating dynamics.

To reduce the beating of HL-1 cardiomyocytes illuminated with blue light, I would trans-

fect them with FP-LILAC. Because Lifeact has been shown to compete for binding with

myosin through a shared actin binding site [Belyy et al., 2020, Kumari et al., 2020], by

uncaging LILAC, I hope to reduce bound myosin, thus stalling beating. Fast Fourier trans-

form (FFT) analysis of videos of beating cells has been previously used to quantify cardiomy-

ocyte beating [Reno et al., 2018, Hossain et al., 2010, Bazan et al., 2011]. If my strategy

is successful, the beating amplitude and/or frequency should reduce in the location where

LILAC is excited.

Next, I would like to determine how mechanical force a↵ects cardiomyocyte synchroniza-

tion. Nitsan et al. [2016] showed that cardiomyocytes can be trained to synchronize with

mechanical probes mimicking neighboring cells [Nitsan et al., 2016]. This e↵ect lasts for

an entire hour post stimulation, unlike electrical stimulation, suggesting long term e↵ects

of deformation. Additionally, actomyosin contractility was necessary for this process, but

the spatiotemporal e↵ect of actomyosin contractility was not explored [Nitsan et al., 2016,

Cohen and Safran, 2018]. To address this, I would illuminate a group of cells with the intent
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of stalling them in a ring of varying size and determine the size at which cells inside and

outside the ring no longer beat synchronously through FFT video analysis. To investigate

the e↵ect of temporally modulating contractility, I would pulse the rings of light and examine

synchronicity.

If inducing beating in HL-1 cardiomyocytes proves to be challenging, one could use iPSC

derived cardiomyocytes, which have been shown to beat spontaneously [Pushp et al., 2020].

I would increase expression levels and illumination intensity if I find that LILAC is not

reducing cell contraction. If the transfection e�ciency is low, I would sort cells based on

fluorescence intensity with flow cytometry and select LILAC expressing cells. To quantify

beating dynamics, I can also image on a gel loaded with fluorescent beads, which has been

extensively used in the Gardel lab, here at The University of Chicago.

5.4 Light-powered protein folding motor

Canonical motors like myosin or kinesin walk along filaments using ATP as an energy source

[Hartman and Spudich, 2012]. This motion is accomplished by nucleotide state-dependent

changes in binding a�nities. The lever arm power stroke, or “step” is asymmetrical, leading

to a direction bias, so over time there is net movement in one direction along the filament.

The essence of this process is an energy cycle, states with di↵erent binding a�nities, a step,

and directional bias. Following this core parts list, LILAC could possibly perform as a motor

that is powered directly by light, unlike all canonical motor proteins which rely on chemical

energy (Figure 5.3). In the dark state, the AsLOV2’s J↵ remains folded so that Lifeact

is caged and unable to bind actin. Upon blue light absorption, the J↵ helix of AsLOV2

unfolds, which releases Lifeact to search and bind actin. In the next step, the J↵ helix

refolds and returns to the dark state, pulling on the actin filament. In the final step, the

Lifeact unbinds and AsLOV2 relaxes back to its ground state where the Lifeact is caged so

that when exposed to another light pulse, it can bind a new actin site. This motor thus uses
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a light pulse train as an energy source, harnessing the unfolding of the J↵ to cage Lifeact and

create states with di↵erent binding a�nities. LILAC accomplishes a step with the partial

refolding of the J↵, and the anchoring of the N-terminal of the J↵ causes Lifeact to di↵use

to binding sites on the left in more than on the right in Figure 5.4. This process can also

be viewed as a continuum ratchet, like those described by [Kolomeisky and Fisher, 2007]

with varying energy surfaces and conformational probabilities depending on the light versus

dark state. When bound at position n, LILAC can rotate. However, because the Lifeact

peptide binds along the asymmetric filament, there is an inherent asymmetry. At each of

the three rotational positions shown, the core is at a di↵erent distance to the three nearby

binding sites. This is shown in the graph below. Because position n-1 is on average further,

symmetry is broken. It is estimated by nuclear magnetic resonance (NMR) that there is a

2-3 kcal/mol change in binding free energy in the dark and light states of LOV2 available

for use by this motor [Yao et al., 2008].

Figure 5.3: Schematic the LILAC motor photocycle. In the dark state, the ASLOV2’s J↵
remains folded so that Lifeact is caged and unable to bind actin. Upon blue light absorption,
the J↵ helix of AsLOV2 unfolds, which releases Lifeact to bind actin. In the next step, the
J↵ helix refolds and returns to the dark state, pulling on the actin filament. In the final
step, the Lifeact unbinds and AsLOV2 relaxes back to its ground state where the Lifeact is
caged so that when exposed to another light pulse, it can bind a new actin site.
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Figure 5.4: Schematic the LILAC motor asymmetry. When bound at position n, LILAC can
rotate. However, because the Lifeact peptide binds along the filament, there is an inherent
asymmetry. At each of the three rotational positions shown, the core is at a di↵erent distance
to the three nearby binding sites. This is shown in the graph below.
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Figure 5.5: Schematic the addition of a second LOV2 domain for lever arm length. A second
LOV2 domain inserted between the core and J↵ helix extends the motor lever arm.

Functionality of the motor could be assessed using a gliding filament assay. In this assay,

many LILACmolecules are fixed to a glass slide and filaments are added. Using red phalloidin

labeled actin, the filaments can be visualized by excitement with far-red phalloidin, leaving

488nm free for exciting the LOV2-based motor. Pulsing 488nm light would lead to the

binding and unbinding of LILAC to the filaments. Timing is critical for this to work; if

LILAC recovers too fast, it cannot bind to a new actin subunit, but if it recovers too slowly,

the filament will drift away. Luckily, the photocycle of LOV2 is tunable, and can be changed

through sequence mutations, or addition of a base such as imidazole, which deprotonates the

flavin mononucleotide of LOV2, leading to a shorter photocycle Zayner and Sosnick [2014],

Zayner et al. [2013]. It is also possible that the unfolded J↵ and Lifeact would not be long

enough to reach the next binding site on actin. This can be addressed by inserting a second

LOV2 domain into the loop before the J↵, thus doubling the lever arm length (Figure 5.5). In

conclusion, given more time, I would anticipate creating a novel, light-driven protein motor

that elucidates the core parts necessary for a protein motor.
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5.5 Final remarks

In conclusion, I have developed a useful tool for analyzing the actin cytoskeleton in a number

of ways. Thus far, LILAC has been used to improve cytoskeletal imaging by reducing negative

side e↵ects of labeling, and allowing for a number of imaging modes. LILAC also can be

used to easily pattern actin filaments in a spatiotemporal manner, opening up the ability to

answer a number of questions about the fundamental properties of the actin cytoskeleton. I

proposed a number of additional ways LILAC can be used to answer myriad questions about

the cytoskeleton, and hope that others find even more creative applications for this novel

tool.
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APPENDIX A

TESTING A SECOND LILAC DESIGN

To ensure that the LILAC design is optimal, we tested a second integration of Lifeact into

the J↵ helix. This design, known as LILAC2, inserts the Lifeact peptide after I539, aligning

A540 of LOV2 with A4 of Lifeact (Figure A.1).

We tested the switching of LILAC2 by imaging mCherry-LILAC2 in insect cells before

and after excitation with blue light. S2 cells for lamellipodial rings, allowing for quantification

of switching using the pre/post actin labeling ratio (intensity in lamellipodium/intensity in

cell interior, Figure A.1). LILAC2 does show increased switching in comparison to Lifeact

(t-test p=3.6 e-20). However, LILAC2 has a significantly lower switching ratio than LILAC

(t-test p = 1.8 e-4). Therefore, we conclude that LILAC is the ideal integration of Lifeact

with the J↵ for maximal switching.

Figure A.1: LILAC2 has reduced switching behavior. Left, Sequences of the LOV2 C-
terminal J↵ helix (turqoise) and Lifeact (gray). The template was created by integrating
Lifeact while retaining the hydrophobic residues (orange) that interact with the core of LOV2.
LILAC and LILAC2 were integrated to minimize disruption of the core, while inserting
Lifeact su�ciently to cage Lifeact binding in the dark. Right, Maximum switching ratios
(A.U.) of LILAC, LILAC2, and Lifeact., T-test results: LILAC2-Lifeact p=3.6e-20. LILAC-
LILAC2 p=1.8e-4.
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APPENDIX B

LILAC LABELING IN U2OS CELLS

We wanted to check that LILAC would label actin in a variety of cell types. U2OS cells

were chosen as they were available and have long, beautiful actin structures when healthy.

As shown in Figures B.2 and B.2, LILAC specifically labels U2OS actin structures post

blue-light illumination in the lamellipodia. However, we did not see the stress fibers that we

expected. This is likely due to the lack of a CO2 and heating system that many use for live

imaging of mammalian cells.

U2OS cells were maintained in DMEM (Thermo) +10% fetal bovine serum. Cells were

split at 50-80% confluency every 2-3 days in 6-well plates after washing wish DPBS (Sigma)

and trypsinizing for 2 minutes. For imaging, cells were seeded onto Delta T dishes (Fisher)

for 24 hours. Then, cells were transfected using FuGene (Promega) according to the standard

protocol. After 8 hours, media was changed to Fluoribrite DMEM (Thermo) and the dish

was heated using a stage heater and objective heater set to 37°C.
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Figure B.1: LILAC labels U2OS actin structures in multiple cells. TIRF images of three
U2OS cells expressing LILAC before and after excitation with blue light. The di↵erence
between pre and post excitation in shown on the right.
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Figure B.2: LILAC specifically labels U2OS actin structures post blue-light illumination.
TIRF images extracted from movies of a U2OS cell expressing LILAC. In movie 1, the cell is
not exposed to blue light between frames 1 and 2. In movie 2, the cell is excited by blue light
between the frames. The di↵erence between the two images in shown in the left column.
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Boujemaa-Paterski, and Manuel Théry. Nucleation geometry governs ordered actin net-
works structures. Nature Materials, 9(10):827–832, October 2010. ISSN 1476-1122, 1476-
4660. doi: 10.1038/nmat2855. URL https://www.nature.com/articles/nmat2855.

Anne-Cécile Reymann, Rajaa Boujemaa-Paterski, Jean-Louis Martiel, Christophe Guérin,
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