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PREFACE

This dissertation is a compliation of two distinct manuscripts and a review paper. Chap-

ter 2 is a recently accepted review, "LIM domain proteins in mechanobiology," which was

submitted to Cytoskeleton in February 2021. David Kovar, Margaret Gardel, and Jonathan

Winkelman also contributed to Chapter 2. Chapter 3, "Evolutionarily diverse LIM domain-

containing proteins bind stressed actin filaments through a conserved mechansim," was pub-

lished in PNAS. Additional contributors to chapter 3 are Jonathan D. Winkelman, Cristian

Suarez, David R. Kovar, and Margaret L. Gardel. The manuscript that makes up Chap-

ter 4 is currently in preparation. Additional contributors to Chapter 4, "Engineering a

fluorescently-labeled fission yeast Arp2/3 complex for single molecule mechanistic investiga-

tions in vitro," are Meghan E. O’Connell and David Kovar. Prefaces at the beginning of

each chapter indicate the specific work performed by the contributors listed above.
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ABSTRACT

The actin cytoskeleton is a large, complex, dynamic network that is responsible for a myr-

iad of cellular processes, including, polarity, endocytosis, motility, cytokinesis, and force

response. Distinct filamentous actin (F-actin) networks assemble from one crowded cyto-

plasm. The ability to build several F-actin networks simultaneously with distinct architec-

tures, dynamics, location, and timing is a topic that has drawn a lot of interest. Each of

these F-actin networks associate with a set of actin binding proteins (ABPs). How ABPs

sort and and contribute to the properties of the F-actin networks is a big question in cell bi-

ology. Our lab has done extensive research on different ABPs and the roles in corresponding

F-actin networks. Our lab does use fission yeast for cell level analysis of F-actin networks.

However, a large part of our research is minimal reconstitution of F-actin networks in vitro

to directly investigate actin binding proteins. My contribution to the following projects is

the minimal reconstitution biochemistry experiments. A relatively new topic in our lab is

mechanosensitive ABPs, and I reconstitute actomyosin networks to study mechanosensitive

ABP localization.

LIM domain proteins have been studied by previous labs. There are over 70 mammalian

LIM domain proteins, and several have been shown to associate with the actin cytoskeleton.

In fact, many of them are involved in mechanotransduction pathways and associate with

the F-actin networks in a force-dependent manner. Here, we studied the mechanism of

mechanosensitive LIM domain protein recruitment with both in vivo assays and in vitro

reconstitution assays. LIM domain proteins associate with force responsive F-actin networks:

focal adhesions, adhesion junctions, stress fibers, and contractile rings. The LIM domain

containing region (LCR) is essential for localization, and the LCR is hypothesized to bind

directly to a force induced conformation of F-actin. Our lab and the Alushin lab [247, 218]

made progress in understanding the LIM domain mechanosensitive mechanism, but there is

still much more to be investigated.

xi



Another ABP discussed here is Arp2/3 complex. Arp2/3 complex is a seven component

protein that binds to actin filaments and nucleates branches. Arp2/3 complex networks are

important for force generation, like the leading edge of motile cells or the endocytic patches.

Arp2/3 complex has been studied extensively by many labs. However, the seven component

structure has made fluorescent labeling difficult. We recently labeled the fission yeast Arp2/3

complex and have successfully visualized Arps/3 complex at the branch sites. We can now

study the Arp2/3 complex-mediated branch formation pathway in greater detail and better

understand the mechanism involved.
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CHAPTER 1

INTRODUCTION

1.1 Actin

Actin is the most abundant protein and involved in the most protein-protein interactions in

most eukaryotic cells [51]. Actin originated in the earliest ancestors of all life, and the gene

family is well conserved with bacteria, archaea, and all eukaryotes having actin molecules

that are structurally and functionally related [82]. While several eukaryotes (e.g. budding

yeast, fission yeast, green algae) are able to form complex actin networks with one actin

gene, vertebrates have multiple isoforms that are differentially expressed in different tissues

[89]. Humans have three isoforms of α-actin (cardiac, smooth, and skeletal muscles), one

β-actin (non-muscle), and two isoforms of γ-actin (smooth muscle, nonmuscle) [177]. The

actin cytoskeleton has many different roles in cells, including intracellular transport, struc-

ture, motility, muscle contraction, and cytokinesis [225, 223, 220, 75]. The diversity of the

actin cytoskeleton can be contributed to the formation of distinct and dynamic networks

of filamentous actin (F-actin) and actin binding proteins (ABPs). Temporal and spatial

accuracy is essential of F-actin network assembly to maintain proper cell function.

1.1.1 Actin structure and polymerization

Actin is a 42kDa globular protein that polymerizes to form filaments. The actin monomer

(G-actin) is formed from a polypeptide that folds into a flat structure with four subdomains

(Figure 1.1A). The polypeptide weaves from the N-terminus in subdomain one to subdomains

two, three, and four and back to subdomain one to end with the C-terminus [177]. The

protein has also been classified as the outer, smaller domain (one and two) and the inner,

larger domain (three and four). While there is structural similarity between the outer and

inner domains, there is little sequence similarity. It is thought that a duplication occurred

1



early on within the actin gene and then the sequences diverged. The connection between the

two halves is relatively minimal as the polypeptide crosses over the center twice and forms

the hinge. There are also two large clefts along the hinge between the halves. The upper

cleft binds the ATP nucleotide and an associated cation (Mg2+). The lower cleft between

subdomains one and three is considered the ‘target binding cleft’ as many proteins bind at

this site [48]. The two clefts communicate, and nucleotide-dependent conformation changes

can alter the binding affinities of ABPs.

The structural basis of an actin network relies on the filamentous state of actin. Actin

filaments (F-actin) form from polymerization of actin monomers (G-actin) into two protofila-

ments that wrap around each other with a right-handed twist along the long-axis [85] (Figure

1.1B). A filament is more accurately described as a single strand with a much tighter left-

handed helix with repeating units of approximately 13 molecules occurring in six turns over

approximately 35.9 nm. F-actin is polar with a fast-growing barbed end (subdomains one

and three) and a slow-growing pointed end (subdomains two and four). The filament end

names come from the initial discovery of filament polarity. Electron microscopy images of

F-actin covered in myosin heads, which form arrowhead-shaped structures, showed uniform

directionality of the arrows resulting in ‘barbed’ and ‘pointed’ ends [101]. G-actin that has

been incorporated into F-actin has a slightly different structure than ‘free’ monomer. The

outer domain (subdomains one and three) twist relative to the inner domain (subdomains

three and four) 12-13◦, while additional bending of subdomains two and four results in a final

16-18◦ and a much flatter structure [51]. The actin monomers within the filament form in-

teractions on both the short- and long-pitch helices, but the longitudinal interactions within

the separate protafilaments are strongest [34, 70]. The most notable intra-protafilament

interaction is the DNase I binding loop (D-loop) in subdomain 2 inserting into the target

binding cleft of the adjacent monomer [51].

Actin monomers bind adenosine triphosphate (ATP) or ADP tightly [107]. A divalent

2



Figure 1.1: Monomeric and filamentous actin. (A) Monomeric actin (G-actin) (PDB:
1NWK) has four subdomains, and the polypeptide sequence starts and ends with the N-
and C-terminus both in subdomain one. There are two main binding clefts in the monomer,
nucleotide and target binding. (B) Actin monomers polymerize to form filamentous actin
(F-actin). The polar filament has a fast growing barbed end and slow growing pointed end.
While F-actin appears to be two protofilaments with right-handed twist, the overall structure
is a single left-handed twist with a repeating unit of about 35.9 nm. (C) Actin nucleation
is considered to be the lag phase as dimer and trimer formation is unfavorable. Tetramers
are stable oligomers that are capable of elongation.
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cation (Ca2+ or Mg2+) associates with the β- or γ-phosphates of ATP and stabilizes the

interaction with the monomer. Nucleotide-free monomers exist just briefly as the ATP

affinity is in the nanomolar range, but monomers in the absence of bound nucleotides can

denature within seconds [44]. While the bound nucleotide is essential for stabilizing the

monomers, it is not required for filament polymerization [177]. Spontaneous polymerization

occurs under physiological salt conditions with cations, which bind specific residues and

promote interactions between monomers [110]. Spontaneous filament assembly begins with

a slow nucleation step that is considered the lag phase (Figure 1.1C). Nucleation is limited

by the unfavorable formation of dimers and then trimers [201, 38, 69]. The formation of

a tetramer is an important transition step, as the oligomer is now a stable actin nucleus

for elongation. Elongation rate depends on the available monomer and is the same for the

freshly-established actin nucleus and the longer well-established actin filaments. However,

filament polarity impacts elongation, as barbed ends elongate about 10 times faster than

pointed ends. ATP-actin association at the barbed end occurs at the rapid rate of about

10 µM-1sec-1, while dissociation occurs at the slow rate of about 1 sec-1 [119]. The ‘critical

concentration’ of monomer for barbed end elongation is 0.1 µM, while it is 0.6 µM for pointed

end elongation.

The conformational change associated with an actin monomer incorporating into a fil-

ament increases the rate of ATP hydrolysis to 0.3 sec -1 [17]. Nucleotide hydrolysis most

likely occurs randomly along the filament, but the nucleotide state of adjacent monomers

may impact the rate [105, 116]. Although hydrolysis occurs rapidly, the γ-phosphate disso-

ciates with a half-time of about six minutes [24]. While ADP-Pi-actin is behaviorally similar

to ATP-actin, ADP-actin is much quicker to dissociate from both filament ends. The critical

concentration at both filament ends is 1.8 µM for ADP-actin. Actin filaments maintain the

ADP nucleotide and can exchange free phosphate with the surrounding buffer at a low rate

of about 2 M-1sec-1 [24]. Pointed ends have a much lower affinity for phosphate than barbed
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ends, and filament ends have a higher rate of phosphate dissociation than interior monomers.

Therefore, the slow monomer association and dissociation rates at the pointed end lead to

ADP-actin dissociating with the increased critical concentration. Therefore, the asymmetry

of filament end polymerization is likely contributed to both the conformation and nucleotide

state of the corresponding actin monomers.

The dynamics of actin filament polymerization have been well-studied with purified pro-

tein, but the behavior of actin in cells is much different [178]. The total cellular concen-

tration of actin is 50-200 µM. At this concentration, purified actin would rapidly assemble

until steady state. However, about half of the actin (25-100 µM) exists as monomer in cells,

which is far beyond the critical concentration. Filaments also assemble and dissemble at

much faster rates than in vitro. The difference is that cells contain an array of actin bind-

ing proteins (ABPs) that help regulate actin nucleation, elongation, severing, and bundling.

Understanding ABPs is essential for understanding how distinct F-actin networks are assem-

bled.

1.1.2 Actin Binding Proteins (ABPs)

There are many different actin binding proteins (ABPs) with a wide range of functions, but

they all contribute to proper spatial, temporal, and structural assembly of F-actin networks

in cells (Figure 1.2). Spontaneous random polymerization is prevented by a large pool of

profiln-bound actin monomer. Profilin is a small protein with a high affinity for ATP-actin

monomers (Kd = 0.1 µM) and a cellular concentration of 50-100 µM [177]. Profilin binds

to the barbed end of a monomer, so incorporation at the pointed end is sterically inhibited.

However, profilin-actin can be incorporated at the barbed end, and barbed end binding actu-

ally weakens the profilin association so the profilin quickly dissociates. Profilin also reduces

the affinity for nucleotides, which facilitates the release of ADP from recently depolymerized

monomers clearing the way for ATP to bind [132, 147]. Profilin also binds to the polypro-
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Figure 1.2: A selection of actin binding proteins (ABPs). Actin binding proteins
(ABPs) determine many characteristic properties of F-actin networks. Profilin binds G-
actin and inhibits spontaneous polymerization. Nucleation ABPs are activated by additional
nucleation promoting factors (NPFs) and catalyze the slow nucleation step. Formin nucleates
unbranched filaments and Arp2/3 complex nucleates branched filaments. Elongation factors
(formin, Ena/VASP) increase the polymerization rate of F-actin and inhibit capping protein.
Cross-linking proteins (fascin, α-actinin, fimbrin) create higher-order structures, including
bundles with spacing and polarity corresponding to specific cross-linkers. Several ABPs bind
to the sides of F-actin, including cofilin, tropomyosin, and myosin.
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line regions of some actin elongation factors, which then promotes actin elongation from the

barbed ends.

In vitro experiments revealed that nucleation is a slow step for actin assembly. Therefore,

a whole class of ABPs catalyze nucleation to enable the quick assembly rates required in cells.

The main actin nucleation factors are Arp2/3 complex, which produces branched filaments,

and formins, which form unbranched filaments. Arp2/3 complex is composed of actin related

protein 2 (Arp2), Arp3, and five additional proteins (ArpC1-5). Arp2/3 complex binds to

an exisiting mother filament and nucleates a daughter filament to assemble as a branch

forming 70◦ from the mother filament. Arp2/3 complex is intrinsically inactive and requires

a nucleation promoting factor (NPF), like Wiskott-Aldrich syndrome protein (WASP) for

activateion [194]. Two WASP molecules activate Arp2/3 complex and deliver two actin

monomers to initiate the formation of the daughter filament [164]. Arp2/3 complex-mediated

branched networks are ideal for producing pushing forces such as lamellipodia and endocytic

patches.

Formins are a family of multidomain, homodimeric proteins. The formin homology do-

mains (FH1 and FH2) are common domains among this family, while additional regulatory

domains are more specified for the particular formin’s cellular function. FH2 domains form

head-to-tail dimers that interact with the barbed end of an actin filament, while the FH1 do-

main has proline-rich sequences that bind profilin-actin [161]. It was originally thought that

FH2 domains stabilize actin dimers, which would indeed increase nucleation [257, 181, 168].

However, experiments showed that FH2 domains are inefficient nucleators of profilin-actin,

which is the main source of available monomer in cells. It has been revealed that additional

formin domains and NPFs may facilitate FH2 mediated profilin-actin nucleation [19]. Formin

nucleated unbranched filaments are essential for contractile rings, stress fibers, and filopodia

[91].

Formins are also important elongation factors and facilitate rapid actin elongation by
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processivley associating with the growing barbed end via the FH2 domains and delivering

profilin-actin via the FH1 domains [177]. Spontaneous actin assembly occurs at a rate of

about 10 µM sec-1 [177], but some formins can elongate ten times faster. The tetrameric

Enabled/Vasodilator stimulating phosphoprotein (Ena/VASP) interacts with the barbed end

and delivers both profilin-actin and free actin monomers to facilitate increased F-actin elon-

gation [64, 84]. Ena/VASP is not as processive or as efficient at elongating as many formins,

but it is important for elongation of trailing filaments in bundles, especially during filopo-

dia formation. Formin and Ena/Vasp both have an additional indirect effect on elongation

rate by blocking capping protein. Capping protein binds an F-actin barbed end tightly

and remains at the barbed end with a dissociation half-time of 30 minutes [56]. Capping

protein inhibits elongation and monomer dissociation, which maintains the actin monomer

pool and stabilizes actin filaments. Capping protein is essential for regulating the length

of filaments, like Arp2/3 complex-mediated networks, where short branched filaments are

needed to produce forces.

Many F-actin networks contain higher-order structures, including bundles, which are

stabilized by cross-linking ABPs. The main characteristic of cross-linkers is the ability to bind

two F-actin simultaneously with multiple actin binding domains (ABDs). ABDs typically

consist of calponin-homology (CH) domains [18]. The spacing of ABDs and the structure

of the cross-linker determines the higher-order organization of the actin filaments. Widely

separated ABDs lead to cross-linking, where two filaments are connected at one point. Cross-

linkers with ABDs relatively close together can bundle filaments by cross-linking multiple

times to keep the filaments closely aligned. The orientation of actin filaments within a

bundle can either be parallel or antiparallel and is an additional quality determined by the

cross-linker. Fimbrin has tandem CH domains that facilitate the formation of narrow (10-12

nm) actin bundles that include both parallel and antiparallel filaments [83]. Monomers of

α-actinin have one CH domain, so they must dimerize to create wider spaced bundles (30-36
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nm) that also include antiparallel and parallel filaments [205]. Instead of CH domains, fascin

contains β-trefoil domains that bind and bundle parallel filaments with very narrow spacing

(8-10 nm) [103, 237]. Cross-linking ABPs are essential for building an array of complex

F-actin networks in cells.

Both assembly and disassembly of F-actin in cells is much quicker than spontaneous actin

dynamics in vitro. Actin filament disassembly rate is increased by severing proteins, like

cofilin and gelsolin. Cofilin cooperatively binds to the sides of actin filaments and promotes

γ-phosphate release to form ADP-actin polymers in seconds instead of minutes [16]. The

expedited depolymerization facilitates rapid turnover of filaments in cells. Cell movement

and division require F-actin networks with continuous turnover.

Additional actin binding proteins can bind to the sides of actin filaments. Tropomyosin

is a coiled-coil protein that binds along the long-pitch helix, stabilizing the filament and

protecting from cofilin mediated severing [135]. Tropomyosin is found in muscle cells, where it

regulates myosin interactions. Myosins are motors that utilize ATP hydrolysis to exert force

on F-actin via a bind and release cycle. There are many types of myosin that are classified

by processivity, directionality, and force generation. Myosin are essential for transporting

cargo along F-actin tracks, anchoring organelles, and mechanotransduction [87].

1.1.3 F-actin networks

In cells, actin filaments form distinct networks with specific structures and dynamics that

drive many different cellular processes. Since the actin comes from the same pool of available

monomer, the mechanistic properties of an F-actin network are determined by the associated

actin binding proteins. Schizosaccharomyces pombe (fission yeast) cells have just one isoform

of actin, but there are three distinct F-actin networks: endocytic patches, contractile ring,

and polarizing cables [118]. Each of those distinct networks has a particular subset of ABPs

that create the optimal architecture for the corresponding cellular process. In more complex

9



Figure 1.3: Representative F-actin networks. (A) Simple schematics of the short,
branched F-actin networks that are ideal for pushing forces. The lamellipodium is a dense
F-actin network that pushes the leading edge of the cell forward. Endocytic patches uti-
lize branched F-actin networks to facilitate membrane invagination for intake of external
substances. (B) Stress fibers and contractile rings have similar basic architectures of acto-
myosin networks. Each network is more complex and specialized, but the general principle
of a contractile, bundled F-actin network is the same.
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organisms, there are more actin binding proteins and more complex F-actin structures.

The lamellipodium is found at the leading edge of migrating cells. Cell motility is a basic

process that is important for tissue remodeling, wound closure, and immune cell response.

Migrating cells utilize actin polymerization of a dense short branched network to push the

membrane of the leading edge forward (Figure 1.3). Actin filaments are nucleated by Arp2/3

complex near the membrane, and filament orientation is important as the elongation of the

fast-growing barbed ends is directed toward the membrane and pushes it forward. Capping

protein limits actin elongation and the resulting short branched filaments create a dense

network ideal for the needed pushing force [178, 149]. Similar short, branched actin filaments

are used for endocytosis, membrane invagination for intake of external substances.

Actin stress fibers (SF) are actomyosin networks that enable a cell to maintain mechan-

ical homeostasis, as they are mechanosensitive load-bearing structures that also generate

forces. SFs are generally anchored to focal adhesions (FA), which are force sensitive protein

complexes that form a bridge between the extracellular matrix and actin cytoskeleton within

cells. SFs are contractile actin bundles of 10-30 filaments with alternating regions of actin

crosslinker α-actinin and non-muscle myosin [226, 41]. This pattern is reminiscent of less

stringent muscle sarcomeres with mixed polarity actin filaments that span multiple regions.

The less organized SF is built for continuous isometric contraction [23, 169]. SFs are further

classified by their location and have slightly different morphologies. The most common SFs

are ventral, which are anchored by FAs at both ends and are capable of generating forces

[206]. Dorsal stress fibers are anchored to one FA and lack myosin and the ability to contract

[226]. Transverse arcs are not anchored at either end but contain myosin. Dorsal SFs and

transverse arcs are precursors to the more common ventral SFs [94].

Cytokinesis is the final step in the cell cycle and physically splits the cell into two. The

contractile ring is an actomyosin structure that must assemble at the right time and location

to ensure proper cell division. While the composition and organization varies between or-
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ganisms, the general idea is organized chaos that involves formin elongated actin filaments,

crosslinkers, myosins, membrane anchors, and assorted proteins [163, 179]. Tension is cre-

ated by the myosin contractility and the contractile ring constricts and pulls the membrane

inward.

1.2 Approaches to studying F-actin networks

1.2.1 Studying the actin cytoskeleton at the tissue level

The actin cytoskeleton is involved in a wide range of cellular processes, including structure,

motility, division, endocytosis, and mechanotransduction. In multicellular organisms, the

roles of actin at the cellular level impact the more complex levels of tissues and organs.

Actin is expressed in essentially every eukaryotic cell, and there are several actin isoforms

in humans that are differentially expressed throughout the body. The organismal level

effects of actin and actin binding protein mutations have been studied and connected to a

myriad of diseases [167]. Some actin mutations cause disorganization in cardiac muscle cells

resulting in cardiac function defects [246]. Structural alterations to actin bundles that form

the stereocilia, which are mechanosensing projections in the ear responsible for balance and

hearing, can cause deafness [11]. Additionally, a number of mutations affect the motility,

signaling, and proliferation of immune cells leading to immunodeficiency disorders [213].

Most actin studies done directly with complex organisms (e.g. humans, frogs, rats) use fixed

and stained tissues to study the effects of gene mutations or drug treatments. Since F-actin

networks are essential for many cellular functions, there are limitations to understanding the

changes in F-actin network dynamics at the organ and tissue levels. The mutations could

affect actin polymerization, depolymyerization, actin binding protein dynamics, or any actin

property which would then impact the F-actin network and corresponding cellular function.

Tissue or cell cultures from complex organisms enable the direct visualization of cell
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processes in real-time, which means understanding the dynamics. Cell cultures have been

used to study the involvement of F-actin in wound healing, tissue homeostasis, endocytosis,

and cell shape change [3, 59, 26]. The experimental drawbacks to cell cultures include the

concern that the difference in cellular environment could affect cellular behavior. Methods

have evolved to better mimic the corresponding environment in organisms. For instance,

adherent cells (e.g. epithelial cells, fibroblasts) are plated on collagen or fibronectin. Cell

cultures allow for manipulations that would be difficult to do with whole organisms. Laser

ablation of cells initiates wound repair, and then the dynamics of repair by F-actin lamel-

lipodia protrusions and the actomyosin purse string can be studied [3]. Simpler multicellular

organisms (e.g. worms, fruit flies, zebrafish) can be studied similar to cell cultures but as

embryos. Cell culture experiments are important for studying the involvement of F-actin

networks in cellular processes that impact tissues within an organism. However, single cell

experiments offer an even closer look at the F-actin network.

1.2.2 Studying F-actin networks at the cellular level

Most eukaryotic cells have multiple isoforms of actin and a multitude of different F-actin

structures operating simultaneously, which makes it difficult to isolate the networks to study

the formation and dynamics. Fission yeast (Schizosacchormyces pombe) is a single cell or-

ganism with one actin isoform and three distinct F-actin networks [118], which provides

a simpler platform for studying F-actin networks in vivo. Decades of research have been

dedicated to studying the composition, formation, and dynamics of the distinct F-actin net-

works in fission yeast. Genetic manipulation of fission yeast is relatively simple compared

to more complex eukaryotic organisms. Fission yeast are generally haploid with a small

genome with very little redundancy. Homologous recombination is used to directly target

the genome to quickly engineer gene deletions, truncations, point mutations, inducible pro-

moters, and fluorescent tags [118]. Directly altering the genome instead of using multi-copy
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plasmids guarantees endogenous level expression of proteins. The genetic manipulation and

fluorescent protein labeling enabled the discovery of the important proteins for the F-actin

networks. Advances in precise imaging techniques have been important in investigating the

dynamics of the F-actin networks. Single-molecule analysis of clathrin-mediated endocyto-

sis revealed a detailed timeline of the recruitment and turnover of actin and actin binding

proteins at endocytic patches [123].

Fission yeast cell studies have revealed a lot of information about the different F-actin

networks, but there are still limitations. Genetic manipulation is a great cell tool, but

the mutants can only be studied if the cells live. There are complex signaling pathways

and overlapping cellular processes that make it impossible to completely isolate an F-actin

network. Most cell experiments use drugs or mutations to perturb the cell, and the cellular

response is typically F-actin network level. For instance, CK-666 eliminates F-actin patches

[22]. The details of the F-actin networks are lost in the robust response. Live-cell fluorescent

microscopy techniques have improved significantly, but the resolution is not quite single actin

filament level.

1.2.3 Bypassing cell membranes to study F-actin networks

Breaking down the cell wall and membrane bypasses some of the constraints of the cell sys-

tem. The simplest cell extract studies are sort of ’fishing’ experiments for binding partners.

A tagged target protein is incubated in the cell extract and then removed along with anything

bound, which isolates the set of binding partners for analysis. Cell extracts were used by one

group to study the dynamics of endocytic F-actin patches. Beads coated with the budding

yeast Arp2/3 complex nucleation promoting factor Las17 (budding yeast WASP) were added

to the cell extracts. Dynamic Arp2/3 complex F-actin networks assembled around the beads,

which mimics comet tails and created motile beads [141]. The F-actin networks on the beads

were then isolated and new binding interactions were discovered. The assay was extended to
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cell extracts with mutations, and the involvement of different ABPs in regulation of F-actin

elongation in Arp2/3 complex networks was investigated [143]. Another approach was used

to isolate the function of contractile ring assembly from ring contraction. The two processes

were separated by removing the cell wall and membrane after contractile ring assembly [145].

The contractile ring remained in a ‘cell ghost’ without any remaining cytoplasmic structures.

The research group was able to determine that while myosin contractility is essential, F-actin

depolymerization and severing are not important for contractile ring constriction in vitro.

1.2.4 Minimal reconstitution of F-actin networks in vitro

Cell experiments have been crucial for understanding F-actin networks, but the question

remaining is how particular combinations of actin binding proteins interact to construct

diverse F-actin networks with distinct structures and dynamics. In vitro reconstitution

biochemistry removes the constraints of a cell system to study specific protein interactions.

Reconstitution is a bottom-up approach that studies the properties of the individual parts

and applies that knowledge to the whole. F-actin networks are formed in the presence of

numerous proteins and signaling pathways in cells. Reconstitution allows the researcher to

control the ’ingredients’ in a reaction which eliminates the unknowns.

Reconstitution has been used since the 1940’s to characterize the mechanistic and struc-

tural properties of F-actin and the many ABPs in exhaustive detail (reviewed in [73]). The

assembly and disassembly properties of actin are known in immense detail. The binding

and bundling efficiencies of the cross-linkers have been studied. The directionality and rates

of the myosins have been recorded. More recent reconstitution biochemistry research has

shifted to focus on rebuilding F-actin networks in vitro with minimal components. These

experimental setups bridge the gap between characterizing the ABPs and the complex F-

actin networks in cells. Minimal reconstitution has been used to study network homeostasis,

ABP sorting, actin cable formation, and contractile ring constriction [216, 173, 258, 35].
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Our lab used minimal reconstitution to determine how distinct F-actin networks are

simultaneously assembled in the same cytoplasm and how specific sets of ABPs sort to par-

ticular networks. Competition for G-actin regulates the size and density of the simultaneous

F-actin networks. However, the F-actin patches have nearly 15,000 Arp2/3 complexes and

consume about 50% of the G-actin, while approximately 1,000 formins use about 20% of the

G-actin [204, 252, 118]. Minimal reconstitution of the monomer competition between formins

and Arp2/3 complexes revealed that profilin inhibits Arp2/3 complex mediated actin assem-

bly [216]. Therefore, profilin enables formin to effectively compete with the higher number

of Arp2/3 complexes to maintain network homeostasis.

The F-actin networks in the cell are associated with specifice sets of ABPs, but how the

ABPs sort between the networks was not well understood. Minimal in vitro reconstitution

assays showed competitive and cooperative interactions between tropomyosin, cofilin, α-

actinin, and fimbrin create distinct F-actin networks within the same in vitro reaction [35, 36].

These experiments revealed that ABP sorting can be attributed to the interactions between

the ABPs in the absence of any signaling pathways. These interactions likely contribute

to sorting within fission yeast F-actin networks, as fimbrin and cofilin keep short, bundled

networks at endocytic patches, while tropomyosin and α-actinin associate with the contractile

ring. The in vitro reconstitution experiments were able to test different combinations of

ABPs and directly visualize the sorting of the ABPs between networks.

In vitro results should be considered in parallel to in vivo observations to determine

how the in vitro findings complement, confirm, and refine the molecular models of the cell

F-actin networks. This comparison is important to ensure the in vitro results are relevant

to cellular processes and not artifacts. In vitro biochemistry encompasses a wide range of

assays that utilize purified proteins to carefully characterize their interactions with purified

actin. A major benefit of purified proteins is being able to test a range of concentrations

in assays, which then allows for calculations of binding affinities. The limited number of
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variables within reconstitution assays also makes them ideal for mathematical modeling.

The timescale of in vitro experiments are much shorter than cell experiments, so multiple

variables can be tested in one afternoon. Protein mutations that might not be viable in

cells can often be purified and characterized in vitro, and that can offer an idea of why

those mutants are lethal to cells. Single molecule fluorescent microsocopy provides excellent

resolution for visualizing direct binding of ABPs with actin filaments. Overall, in vitro

biochemistry offers detailed understanding of protein interactions that can help elucidate

the bigger picture within cells.

Of course, there are some drawbacks to in vitro biochemistry assays. As noted earlier,

reconstitution assay results could be artifacts. In vitro assays take the proteins out of the

cell environment, which could certainly result in altered behavior. However, in vitro assays

utilize buffers, concentrations, and experimental designs inspired by cells. Then the in vitro

results are compared to cell observations to understand how the in vitro results fit into our

understanding of cells. Repetition is also key throughout experimental research. F-actin

has been characterized repetitively in the past, and those numbers give a guideline to actin

behavior in vitro. Repetition within experiments also helps average out any ’outlier’ trial

points. In vitro biochemistry involves a lot of troubleshooting to create functioning purified

proteins and repeatable assays.

1.3 In vitro biochemistry troubleshooting

1.3.1 Protein purification troubleshooting

The biggest hurdle to overcome with in vitro experiments is protein purification troubleshoot-

ing. When creating new protein constructs for in vitro, there are many things to consider:

(1) whether a truncated protein amino acid sequence is best; (2) what purification method

would produce the highest yield (e.g. affinity tag); (3) whether a fluorescent tag is necessary;
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(4) what buffers or conditions would result in stable protein. Many ABPs are often auto-

inhibited or contain other regulatory domains. Since in vitro experiments bypass signaling

pathways, the regulatory domains could be a hindrance. Therefore, unless the regulatory

domains are relevant to the experiment, protein truncations are often used in vitro.

With the exception of some proteins, most proteins are expressed and purified from E.

coli. Protein complexes or proteins that require post-translational modifcations are purified

from more complex systems. Fission yeast Arp2/3 complex is purified directly from fission

yeast cultures [203]. Actin requires post-translational modifications, so it is purified from

chicken or rabbit [214]. Bacterial protein expression systems are simpler and often produce

high protein yields. Plasmids containing the protein sequence are transformed into a codon

optimized E. coli strain. Large cell cultures are then grown prior to inducing expression of

the protein, and then the bacteria cells are easy to break open to purify the protein.

The affinity tag on a protein is how the construct is isolated from the bacteria ’cell

soup’, and the different tags each offer their own benefits and drawbacks (reviewed in [114]).

Maltose binding protein (MBP) binds amylose resin and is eluted with maltose. MBP is

bulky (45 kDa) and maltose is difficult to remove if a second round of resin is required,

but MBP increases expression and solubility of a construct preventing it from ending up in

the ’cell junk’ pellet. Glutathione S-transferase (GST) is a smaller (26 kDa) tag that binds

glutathione sepharose and is eluted with glutathione. GST expresses well in bacteria, but the

tag dimerizes in solution and can alter a protein’s function. GST tags are often used to mimic

the dimerization of full protein constructs but with smaller sequences like dimerizing the VCA

truncations of WASP. Polyhistidine tags (His-tag) typically consist of two to ten hisitidine

residues, but six is the most common length. His-tags bind to immobilized transition metal

ions (e.g Ni2+, Zn2+, Ca2+, Co2+, Cu2+, Fe3+). Most resins use immobilized Ni2+, and

elution is done with the addition of imidazole to compete for the metal ions and release

the His-tag. His-tags are the most common method with the small size and high expression
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(reviewed in [114]). However, the use of imidazole is not recommended for purification of

proteins that bind metal ions. There are many other affinity tags that could be used for

purification, but these three are the most common and used in our lab frequently.

The placement of the affinity tag can affect the protein’s activity, so it may be necessary

to test constructs with N- or C-terminally tagged proteins. By designing a protein construct

with a protein cleavage site between the protein and tag sequences, the affinity tag can be

removed following purification. Tobacco Etch Virus protease (TEV) is commonly used [114].

Protease cleavage can be done after elution or often times done on the affinity resin column

to elute the protein. Additional column separation (affinity or chromatography) steps must

be taken to separate the protein from the tag and protease.

In order for proteins to be seen in fluorescent microscopy, a fluorescent tag must be

added. Fluorescent tags can be bulky, so the benefits of visualization must be considered

along with the possibility of affecting protein activity. Fluorescent proteins (e.g. GFP,

mCherry, mNeonGreen, mKate) produce luminescent light and can be used for both in vivo

and in vitro tracking. However, there are some spectral limitations and photo-bleaching

concerns for single-molecule imaging (reviewed in [129]). The most common fluorescent

tags used in our lab our actually self-labelling enzymes: SNAP-tag and HaloTag. SNAP-

tag (New England Biolabs) is an O6-alkylguanine-DNA-alkyltransferase that reacts with

O6-benzylguanine derivatives, and HaloTag (Promega) is a haloalkane dehalogenase that

reacts irreversibly with primary alkylhalides. The fluorescent ligands for these enzymes

have been precisely developed to be bright and photostable. A major advantage to using

the self-labeling enzymes over the fluorescent proteins is the ability to label portions of the

same protein prep with different fluorophores. There are also methods to directly label

the proteins, including lysine (amine-reactive reagents) or cysteine (thiol-reactive reagents)

labeling. Direct labeling is more convenient, but there has to be an available cysteine or

lysine on the surface of the protein. Direct labeling could also cause some issues with
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protein activity. There are a lot of decisions when determining whether to fluorescently

label a protein.

The final major concern with purified proteins is stability. Buffer composition (e.g.

pH, salt concentrations, glycerol) can affect proteins differently. There are general recipes

for extraction, elution, and storage buffers that typically work for most proteins. Small

alterations to these buffers might be necessary to determine the best conditions for specific

proteins.

1.3.2 Troubleshooting and developing in vitro assays

Protein purification is the first round of troubleshooting for in vitro biochemistry. There are

a lot of biochemistry assay options, and the appropriate assay(s) for the scientific questions

must be chosen. Similar to purification, there are general experimental designs. However,

the assays must be optimized for the particular question and proteins. This may require

alterations to concentrations, timing, or buffers. The experiments must also be reproducible

for consistent results. Often times, the scientific question requires an experimental design

that differs more than just a few tweaks from the ’cookie cutter’ guidelines. Designing a new

assay can be as equally exciting as it is frustrating. This dissertation involves the design of

new biochemical assays.

1.4 In vitro reconstitution assays for biochemical characterization

of ABPs

1.4.1 ’Bulk’ pyrene assembly assays

While this dissertation includes cell level assays, the most direct approach for studying the

interactions of ABPs with actin filaments (F-actin) is in vitro reconstitution assays. I fo-

cused on in vitro assays for the majority of my thesis research. Purified proteins are used
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Figure 1.4: In vitro biochemical actin assays. (A) Schematic of a spontaneous pyrene
assembly curve. Actin assembly occurs in three main stages: lag, growth, and steady state.
(B) Schematic of sedimentation assays. The protein of interest (POI) is incubated with
preassembled actin filaments, and the tubes are spun at either a high (100,000xg) or low
(10,000xg) speed. The supernatants and pellets are run on an SDS-PAGE gel. (C) Schematic
of Total Internal Reflection Fluorescence Microscopy (TIRFM) of single fluorescent actin
filaments. Flourophores in the flow chamber are illuminated by a laser at a critical angle
that enables total internal reflection of the laser within the glass coverslip. This incident light
generates an exponentially decaying evanescent wave that only excites fluorescent molecules
close to the probe surface (within 200 nm), allowing imaging with high signal-to-noise ratio
and reduced background fluorescence [65, 5].
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to minimally reconstitute the same F-actin networks that are assembled in cells, but the

complexities of additional proteins and signalling pathways are irrelevant for in vitro as-

says. ’Bulk’ kinetic assays are an easy way to analyze F-actin assembly and ABP binding.

Pyrene assembly assays utilize fluorescent N-(1-pyrenyl)iodoacetamide (pyrene) labeled actin

monomer (G-actin) (reviewed in [52]). The fluorescent signal increases/decreases proportion-

ally to F-actin assembly/disassembly. Spontaneous pyrene assays begin with all G-actin, and

the resulting assembly curve shows the three stages of actin growth: lag phase (nucleation),

growth (elongation), and steady state (Figure 1.4A). These assays are best for comparing

actin nucleators. Seeded pyrene assays begin with preassembled dark actin filaments, which

then surpasses the lag phase and allows for easier comparison of effects on elongation rate.

The kinetic results for ’bulk’ assays can be complicated since the assembly curve includes

elongation from both the pointed and barbed ends and also nucleation of new filaments from

solution. Another limitation of pyrene assays is that changes in assembly and/or disassembly

rates is the only readout.

1.4.2 ’Bulk’ sedimentation binding assays

Pyrene is essential for analyzing how ABPs affect nucleation and/or elongation. However,

sedimentation allows for ’bulk’ analysis of ABPs that either bind or cross-link F-actin [215].

The protein of interest (POI) is incubated with preassembled actin filaments, and then the

tubes are spun at either a high or low speed (Figure 1.4B). High-speed sedimentation pellets

polymerized actin, and any protein that is bound to the F-actin will pellet. Typically, a

constant concentration of the POI is incubated with an increasing concentration of F-actin.

Low-speed sedimentation pellets cross-linked F-actin, and the supernatant reveals depletion

of F-actin with an increasing concentration of the POI. Sedimentation assays are used to

determine the actin binding affinities and for competition assays.
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1.4.3 Total Internal Reflection Fluorescence Microscopy (TIRFM)

Total internal reflection fluorescence microscopy (TIRFM), unlike the ’bulk’ assays, allows

for direct visualization of ABPs and F-actin. TIRFM was originally developed to image the

contact regions of a growing cell culture and the glass surface. With additional modifications

and the use of lasers, the method was adapted for fluorescent microscopy of fluorescent

molecules within an aqueous solution [5, 65]. TIRFM is a type of microscopy that relies on

a special objective, distinct low incidence angles of the incoming excitation laser, and an

interface between two media with different refractive indices. Typically an aqueous reaction

is added to a glass chamber. Excitation light is totally internally reflected within the glass

coverslip, and an elctromagnetic field (evanescent wave) is created at the interface of the

glass coverslip and the aqueous reaction. The evanescent wave is exponentially decaying,

and therefore, only fluorophores within 200 nm of the coverslip are excited. The benefits

of this small illumination volume include: (1) background 2,000-fold lower than normal

epifluorescence, resulting in a much higher signal-to-noise ratio; (2) low light exposure, which

lowers risk of photobleaching (Figure 1.4C) [5].

TIRFM is a very useful tool for visualizing single molecules, and our lab uses it to study

fluorescently labeled actin filaments and interactions with ABPs. We can watch actin assem-

bly in real time and investigate the kinetics of ABP with F-actin. Unlike ’bulk’ biochemical

assays, TIRFM allows us to visualize individual interactions, and we can distinguish between

nucleation and elongation of actin filaments. Therefore, the combination of bulk assays and

TIRFM can reveal a lot of information about F-actin and ABP dynamics. Thus, we can take

advantage of in vitro biochemistry assays to investigate the molecular mechanisms of isolated

F-actin structures and apply those results to cell observations to further our understanding

of how distinct F-actin networks assemble simultaneously.
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1.5 Summary

There are diverse F-actin networks within a cell that have specific roles in cell processes, and

the dynamics of those F-actin networks can be studied both in vivo and in vitro with benefits

and drawbacks to both approaches. In vitro biochemistry offers a bottom up approach to

investigating F-actin networks. It is imperative to understand the characteristics of each

individual component of the network to understand how the elements assemble to form

specific F-actin networks with appropriate structural and dynamic properties essential for the

corresponding cellular function. Minimal reconstitution assays utilize the well-characterized

ABPs to rebuild F-actin structures with the fundamental components. Reconstitution offers

a method to study the F-actin networks found in cells without the complications of unknown

variables. These reconstitution in vitro approaches have contributed to our understanding

of how distinct F-actin networks are built from the same pool of proteins and coincide in the

same cytoplasm simultaneously.

The studies included in this dissertation utilized a wide range of experiments, but I

focused on in vitro minimal reconstitution of F-actin networks to study the localization

and mechanistic properties of different ABPs. My primary project was investigating the

mechanosensitive LIM domain proteins. How actin binding proteins (ABPs) respond to

mechanical forces is a relatively new question in cell biology. Recent research has shown

that mechanical forces alter the actin binding affinity of several different ABPs [106]. LIM

domain proteins make up a large fraction of the recently identified mechanosensitive ABPs.

The main focus of my thesis research was to further understand how LIM domain proteins

localize to stressed F-actin networks. My secondary project was investigating the branching

pathway of Arp2/3 complex by purifiying and fluorescently labeling Arp2/3 complex from

fission yeast. Through a combination of in vivo cell biology and in vitro reconstitution assays,

this dissertation investigates the mechanosensitive recruitment of LIM domain proteins to
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stressed F-actin networks and the branching pathway of Arp2/3 complex.
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CHAPTER 2

LIM DOMAIN PROTEINS IN MECHANOBIOLOGY

Preface

This chapter is a recently accepted review for Cytoskeleton journal titled "LIM domain

proteins in mechanobiology." The review covers the previous research about LIM domain

protein mechanosensitivity. We included the most recent work from our group (Chapter

3: "Evolutionarily diverse LIM domain-containing proteins bind stressed actin filaments

through a conserved mechanism") and the Alushin lab. I wrote the majority of the review

with additional information and edits added by the other authors: David Kovar, Margaret

Gardel, and Jon Winkelman.

2.1 Abstract

The actin cytoskeleton is important for maintaining mechanical homeostasis in adherent

cells, largely through its regulation of adhesion and cortical tension. The LIM (Lin-11, Isl1,

MEC-3) domain-containing proteins are involved in a myriad of cellular mechanosensitive

pathways. Recent work has discovered that LIM domains bind to mechanically-stressed

actin filaments, suggesting a novel and widely conserved mechanism of mechanosensing.

This review summarizes the current state of knowledge of LIM protein mechanosensitivity.

2.2 Cells sense and respond to mechanical forces

Mechanical force plays an essential role in the control of cell shape and motion and serves as a

key input in mechanotransduction pathways controlling cell survival, growth, and fate. Cells

are subject to a myriad of external forces (e.g. tension, compression, shear), including those

from neighboring cells, fluid flow, or osmolarity. In addition to these, mechanoenzymes
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within the cell interior generate forces that are transmitted across cellular scales via the

cytoskeleton. These internally generated forces enable cell shape change and are critical

to cellular mechanosensing (e.g. environmental stiffness sensing) [228]. Cells sense and

convert mechanical stimuli into chemical signals to initiate downstream signaling pathways

[241]. Examples of force-sensitive chemistries of cytoplasmic proteins include force-dependent

changes in binding affinity (e.g. integrins, actin binding proteins) or enzymatic activity (e.g.

myosin II) [78, 106]. These molecular-scale transducers can then give rise to mechanical

sensitivities of cytoskeletal arrays and/or regulate signaling and transcriptional pathways.

The ability to sense and respond to these forces directs many cellular processes, and

any defects in mechanotransduction can lead to problems for those same cellular processes.

Blood vessels experience shear stress and tension from the flow and pressure of the blood,

and the biochemical response is expression of a corresponding set of genes that help main-

tain the integrity of the vascular system [28, 160, 131]. Medical conditions, like diabetes and

hypertension, alter the blood vessel stiffness which negatively affects the mechanotransduc-

tion pathway and increases likelihood of cardiovascular diseases [2, 195]. Epithelial tissue

homeostasis is also controlled by tensile and compressive forces. Cell stretching drives cell di-

vision and subsequently proliferation, while overcrowding compresses cells and results in cell

extrusion [183, 97, 81]. The tissue level response to these forces maintains the cell number

and prevents tumors [60]. While mechanotransduction pathways are well appreciated in cell

physiology, we are just beginning to understand the diversity of force-sensing mechanisms

within the cytoskeleton.

2.3 Mechanosensing in adherent cells

The actin cytoskeleton is a common component between sensing, transmitting, and produc-

ing mechanical forces. Cells are mechanically coupled to their local environment through

adhesions to the extracellular matrix (ECM) (e.g. focal adhesions, FAs) and surrounding
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Figure 2.1: Mechanically stressed cells and LIM domain proteins. (A) Schematic
of a layer of epithelial cells on top of an extracellular matrix (ECM). (B) Simple schematic
of a LIM domain: two zinc finger motifs. The magenta circles represent the well-conserved
residues (typically cysteine or histidine) that chelate the zinc molecules. The remaining
amino acid sequence varies between LIM domains. (C) Domain organization of the fourteen
classes of LIM domain proteins. Magenta ovals represent individual LIM domains. Zigzag
lines are used to abbreviate a few rather long structures. Other domain abbreviations:
leucine rich aspartate domains (LD), Prickle, espinas, testin (PET), membrane anchoring
domain (PDZ), headpiece domain for F-actin binding (HP), Myo5B interacting domain (M),
nebulin (N), Src homology 3 (SH3), calponin homology (CH), and homeobox (HB). (D)
Venn diagram showing the overlap of LIM domain proteins that associate with the 3 main
networks: focal adhesions (FA), adhesion junctions (AJ), and stress fibers (SF).
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cells (e.g. adherens junctions, AJs) (Figure 2.1A). The actin cytoskeleton connects ad-

hesions and transmits forces across the cell. Force sensitivity of adherent cells underlies

adhesion regulation, cellular force generation, and mechanical properties of cells and tissues

[13, 40, 66, 150, 159, 240, 254, 256]. The mechanical properties of a cell’s environment are

reflected by the actin cytoskeleton architecture. For example, F-actin networks in cells that

are growing on rigid matrices, or within tissues that are being stretched, respond by self-

organizing into thick bundles and larger FAs, which is thought to be important for generating

and withstanding increased force [210, 253].

The actin cytoskeleton includes many different actin filament (F-actin)-based networks

that vary in organization and composition. The architecture of FAs and AJs is comprised

of stratified layers of distinct proteins that work together to transmit forces sensed by

membrane-spanning adhesion receptors to actin filaments [30, 67, 109, 255]. Both FAs and

AJs exhibit force-dependent changes to their composition and size, which is typically medi-

ated by myosin-II activity within the actin cytoskeleton but can also be driven by external

force [121, 189].

Stress fibers (SFs) are contractile bundles of 10-30 actin filaments of mixed polarity and

alternating regions of the crosslinker α-actinin and non-muscle myosin, reminiscent of the

sarcomeric organization in striated myofibrils [41, 94, 226]. While sarcomere architecture

allows for recurring contraction and relaxation cycles, the less organized SF is built for con-

tinuous isometric contraction [23, 169]. SF formation, growth, orientation, and maintenance

are sensitive to both externally and internally generated forces [37]. The constant tension

makes SFs susceptible to damage, and localized damaged regions form spontaneously or in

response to the application of external forces [210]. Thus, repair of such SF strain sites

(SFSS) is important for maintaining the mechanical homeostasis of the actin cytoskeleton,

allowing cells to maintain their integrity and adapt to force fluctuations. It is likely that

the rearrangements of actin cytoskeleton networks in response to external force may also
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be driven by a similar force-induced remodeling. For instance, repeated cycles of uniaxial

stretch results in both SF thickening and reorientation perpendicular to the stretch axis

[113, 253].

Recent progress has elucidated the force-dependent biochemistry of actin binding proteins

(e.g. cadherins, vinculin, talin, alpha-catenin) [21, 96, 100, 140, 238]. These studies have

primarily considered how forces applied to actin binding proteins (ABPs) alter their binding

affinity to F-actin. However, the actin filament itself can twist, stretch, and compress, which

may also alter the binding affinity of ABPs [71]. In this scenario, the actin filament itself is

the force responsive element and could confer mechanical information about the cell and its

environment to various signaling and transcriptional pathways [47, 62].

2.4 LIM domain proteins in mechanotransduction pathways

Proteomic screens of mechanotransduction pathways have revealed an abundance of proteins

that contain one or more LIM (Lin-11, Isl1, MEC-3) domains [68, 111, 243]. The LIM domain

is a 60 amino acid sequence that forms a double zinc finger protein-protein or protein-DNA

binding interface [144] (Figure 2.1B). LIM domains occur in diverse multidomain protein

organizations and are found in a wide range of eukaryotic proteins (LIM proteins), including

70 human genes that can be divided into 14 classes (Figure 2.1C) [115]. Early in the evolution

of animal multicellularity, there was a large expansion in the number of LIM proteins as well

as LIM ‘promiscuity’, i.e. LIM has combined within multidomain proteins with many other

domains of different structure and function [8, 115]. This domain promiscuity has resulted in

a functionally diverse LIM protein family whose members play roles in a variety of biological

processes but especially those implicated in generating and responding to mechanical forces

(Figure 2.1C, Table 2.1) [108, 211].

There are 41 LIM proteins found to be enriched at cell adhesions and/or the actomyosin

cytoskeleton [211] (Figure 2.1D). To date, 26 LIM proteins have been identified in FAs
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LIM
protein

Local-
ization

LCR-
dependent

Binding partners Mechanotransduction
pathway

Zyxin FA, AJ,
SF

Yes α-actinin, VASP Ena/Vasp

Paxillin FA, SF Yes Vinculin, FAK, Src Rho GTPases, Microtubules

LIMD1 AJ, FA Yes WTIP, LATS1 HIPPO

Ajuba AJ Yes α-catenin, retinoic acid
receptor

HIPPO, Rac

FHL2 FA Yes Integrin, actin, titin, Wnt, cell cycle, p21
β-catenin

Testin FA Calcium sensing Rho kinase
receptor

Prickle FA CLASPs, LL5-β, Microtubules and CLASPs,
Disheveled, membrane Frizzled/Dischevelled, Wnt2

Pdlim5 FA α-actinin, protein kinase
C, protein kinase D, ID2

TGF-beta

Pdlim7 FA YAP

TRP6 AJ Vinculin, LATS1/2

Table 2.1: A subset of LIM domain proteins and their corresponding mechan-
otransduction pathways. There is a wide range of information known about LIM domain
proteins in mechanotransduction pathways: Zyxin [53, 92, 127, 185, 209, 230], Paxillin
[20, 46, 57, 134, 229, 242, 245], LIMD1 [99, 102, 217], Ajuba [42, 95, 102, 138, 180, 184],
FHL2 [104, 155], Testin [136, 211], Prickle [31, 128, 222, 234], Pdlim5 [32, 31, 120], Pdlim7
[61, 120], and TRP6 [55].

(including zyxin, paxillin, and LIMD1), and the localization of 21 of these is sensitive to

myosin II activity [121, 197]. Similarly, at least 11 LIM proteins display force-sensitive

localization to AJs. Numerous LIM proteins co-localize to both FAs and SFs, FAs and

AJs, or all three organelles (Figure 2.1D). Some LIM proteins contain known actin binding
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domains (e.g. the (CH) domain) that could drive their localization to F-actin networks.

However, many that localize to the actin cytoskeleton lack these. Standard biochemical

approaches have not found constitutive binding of LIM domains to actin filaments. One

notable exception is the CRP class, which canonically binds and bundles actin filaments via

their LIM domains [80, 224]. CRP is an ancient class as it is the only mammalian LIM

protein class also found in plants, suggesting the possibility that canonical actin binding

could be an ancestral function of the LIM domain. For instance, Muscle LIM protein (MLP)

is a CRP class protein that has been implicated in mechanoresponse to muscle sarcomere

stretching [231].

Several studies have implicated LIM proteins in cell signaling and gene expression mechan-

otransduction pathways [102, 139]. For instance, four-and-a-half LIM domains 2 (FHL2) is

implicated in mechanical regulation of the cell cycle. On a soft matrix, FHL2 dissociates

from F-actin networks and becomes more concentrated in the nucleus where it acts as a

transcriptional cofactor to increase p21 gene expression, which regulates cell cycle progres-

sion and inhibits growth [155]. Most force-sensitive LIM proteins display nuclear shuttling

raising questions as to whether detection of forces via LIM proteins is connected to local-

ization and function inside the nucleus (Figure 2.2A). Similarly, several LIM proteins in the

Ajuba/Zyxin classes exhibit force-dependent binding to AJs to regulate hippo and Yap/Taz

signaling pathways [182, 183].

2.5 Force-sensitive localization of LIM proteins in adherent cells

The LIM domain-containing region (LCR) has been found to drive the subcellular localization

for a large number of LIM proteins [20, 92, 209]. This has been dissected most carefully for

the LIM protein zyxin, which localizes to SFs, FAs, and AJs in a force-dependent manner.

Zyxin is necessary for stretch-mediated SF remodeling, SFSS repair, and FA maturation

[92, 209, 211, 253]. The LCR of zyxin resides at the C-terminus and contains three LIM
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Figure 2.2: Schematic of LIM domain protein localization in cells. (A) Nuclear
shuttling of LIM domain proteins (magenta ovals) occurs when cells spread out on stiff
matrices. (B) LIM domain proteins (black and magenta ovals) localize to FAs and SFs
under high tension. A subset of LIM domain proteins localizes to stress fiber strain sites
(SFSS).
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domains in tandem separated by short unstructured linkers. The LCR is required for zyxin

recruitment to SFSS and FAs. For full length zyxin, any one of the individual LIM domains

are not sufficient for its localization [230]. Recent results demonstrate that at least two

tandem repeats of LIM1 or LIM3 are sufficient for LCR localization to SFSS [247], but further

work is needed to demonstrate this sufficiency for the full-length protein. Once localized,

zyxin’s N-terminal functionality mediates SFSS repair by recruiting factors that promote

actin filament polymerization (Ena/VASP) and crosslinking (α-actinin) [211]. Therefore,

the LCR regulates force-sensitive recruitment, while the functional role is dependent on the

additional domains [210].

2.6 LIM domains from diverse proteins bind stressed actin

filaments

Recent research has made progress in understanding the mechanism of LIM protein force-

sensitive localization to the actin cytoskeleton. Two studies used complementary experi-

mental approaches to screen LIM proteins for force-sensitivity in cells. One employed cell

stretching experiments to systematically quantify the enrichment of full length and LCR con-

structs of LIM proteins on stretched SFs [218], while the other quantified LCR recruitment to

SFSS [247]. Together, these studies identified force-sensitive LCRs in 18 LIM proteins from

Zyxin, Paxillin, Tes, and Enigma classes from both animals and yeasts [218, 247]. These

complementary experimental approaches revealed that cytoskeletal strain sensing via the

LIM domains is widespread in cells and existed in the last common ancestor of yeasts and

animals.

To isolate the force-sensitive substrate of LIM, both groups used in vitro approaches to

reconstitute force-sensitive recruitment with a minimal set of purified components [218, 247].

Two types of in vitro reconstitution assays were utilized to test the stress sensitivity of a

subset of LIM proteins, and both showed localized recruitment of LIM domains directly
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to mechanically stressed regions of F-actin. Sun et al. applied tensile stresses to actin

filaments with a modified gliding filament assay. Single filaments were pulled in opposite

directions via surface-attached myosins with barbed (myosin V) and pointed (myosin VI)

end directionality. LIM proteins localize to actin filaments only after initiation of myosin

activity facilitates tensed filaments. Actin filament breakage, coinciding with stress relief,

results in LIM protein dissociation. Similarly, Winkelman et al. reconstituted contractile

actin networks comprised of F-actin, α-actinin, and myosin II. After addition of myosin II

to initiate contraction, LCRs localize to stressed regions of the network due to contractile

forces, particularly to bundle sites just prior to their rupture, after which the LCR dissociates

from the actin filaments.

To understand the mechanism by which LIM domains bind F-actin, these studies iden-

tified particular amino acids and LIM domain architectures that are necessary for binding.

With the exception of eight well-conserved residues (cysteine and histidine) responsible for

Zn2+ chelation, the sequence of LIM domains is highly variable. However, a phenylalanine

resides at a similar position in all strain sensing LIM domains and was found to be neces-

sary for force sensitivity [218]. Additionally, force-sensitive LCR all have three or more LIM

domains in tandem, each separated by a short linker. Alterations to this organization in the

LIM protein zyxin revealed that multiple LIM domains, when organized in tandem and con-

nected by short linkers (serial), but not when oligomerized (parallel), contribute additively to

stressed F-actin binding [218, 247]. Together, these data lead to a hypothesis that multiple

LIM domains that are appropriately positioned interact via a hydrophobic interaction with

a strained actin filament (Figure 2.3).
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Figure 2.3: Schematic of mechanosensitive LCR localization to stressed actin fila-
ments. The constitutive actin binding CRP class LIM proteins bind actin filaments in the
absence or presence of force. The dashed lines indicate that CRP localization is suspected
to occur for stressed actin filaments but has not been fully investigated. Mechanosensitive
LIM domain protein LCR constructs bind with high affinity to actin filaments under tension
or compression but with low affinity to relaxed filaments (adapted from [247]).
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2.7 Evolutionarily conserved mechanism of LIM domain-based

force sensing

Interestingly, despite the lack of sequence conservation in strain sensing LIMs, binding to

stressed actin filaments appears to be an ancient function of the LIM domain. Strain sensing

LIM domains may have a conserved tertiary structure despite primary sequence variability,

similar to other well studied protein folds [49]. For instance, the LCR of the fission yeast

paxillin 1 (Pxl1) binds to both SFSS in mammalian cells and purified strained vertebrate

F-actin in vitro [247]. Fission yeast do not have stress fibers (or SFSS), but there is a

phenomenon analogous to SFSS that occurs within the yeast cell. Pxl1 localizes to the

cytokinetic contractile ring (CR), and its deletion results in fragmentation of the ring during

contraction [74]. The rupture of the contractile ring in Pxl1 mutants is reminiscent of increase

rupturing of stress fibers observed in zyxin null cells [210]. Indeed, there are many interesting

parallels between CRs and SFs. Both are composed of similar molecular components and are

arranged in an architecturally similar way: antiparallel bundled actin filaments crosslinked

by α-actinin and pulled on by myosin II. Both may also display a rough sarcomeric pattern

where α-actinin and myosin form complementary domains [226]. The contractility of these

networks must be regulated so that they remain tense but do not rip themselves apart. While

SFs remain roughly the same length, the CR must shorten during constriction to pinch the

mother cell into two daughters. The organization of the CR, SF, and muscle sarcomere may

be a coincidence or belie a common origin. Since we first see clear versions of myosin II,

α-actinin, and strain-sensing LIM proteins in the unikont branch of eukaryotes, the ancestral

version of these contractile networks may have emerged near this branch.

Once contractile machinery arose in evolution, the cell must have evolved regulatory

mechanisms for their maintenance and repair. The strain sensing LIM domain may represent

one way in which cells learned to detect stressed F-actin. Other domains may be added to
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Figure 2.4: Evolution of LIM domain proteins. LIM domains have evolved over time
to become mechanosensitive. The family then expanded to include a diverse population of
proteins in mammals (adapted from [247]).

this LIM containing protein to tailor responses to LIM-detected stress, for example, some

LIM proteins contain domains that bind actin assembly factors that enable these proteins

to recruit actin assembly factors to sites of mechanical stress that has been detected by

LIM [92, 210]. One hypothesis for the development of strain sensitive LIM domains is that

general actin binding by LIM was tinkered with by evolution to tune it to bind strained actin

filaments. The most ancient and widespread LIM proteins are in the CRP family and have

been shown in multiple studies to bind unstressed actin filaments [80, 244], suggesting the

possibility that generic actin binding may be an ancestral function of LIM domains that was

tuned to bind strained F-actin (Figure 2.4).

2.8 The actin filament is a substrate for force-sensitive binding

The load dependent mechanical response of F-actin networks is likely to arise from force-

sensitive biochemistry of ABPs. A recent review summarizes evidence for force-sensitivity
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for several ABPs (e.g. Arp2/3 complex, cofilin, alpha-catenin) [106]. Filament curvature

promotes the binding of Arp2/3 complex binding to F-actin, while tension decreases the

stability of an Arp2/3 complex-mediated daughter branch [166, 188]. There are conflicting

reports of how tension may impact the binding of F-actin depolymerizing factor cofilin [88,

250], while additional research suggests torsion may impact cofilin’s F-actin severing rate

[146, 250]. Low tension applied directly to an actin filament increases the binding of alpha-

catenin to adjacent actin subunits, and the force detection is attributed to a 35 amino acid

region at the C-terminus [140]. We hypothesize that similar sensing may occur in LIM

protein, but will require further investigations.

As a common component in these mechanosensitive networks, it is likely that the actin

filament itself is a force sensor whereby the force-induced conformation of actin filaments

affects the binding interactions of the ABPs. There are many studies and hypotheses about

how mechanical forces may alter filament conformation, but there is no explicit structural

data comparing stressed and unstressed actin filaments [71]. Modeling has shown that due

to the twist of an actin filament, strain is not distributed homogenously throughout the

filament, and localized regions of strain may result [198]. Therefore, the filament level force

can impact the conformation of and interactions between adjacent subunits. These subunit

level alterations could possibly reveal additional binding sites for ABPs. We hypothesize

that LCRs recognize a binding site along an actin filament that is revealed under tensile

or compressive stress [247]. Additional research will be required to fully understand the

binding interface of LCRs and mechanically stressed actin filaments. LIM domain proteins,

and even isolated strain sensing LCRs, display overlapping but non-identical localization to

stressed actin networks, raising the question of how specificity for particular networks arise.

Additionally, stressed actin binding is distributed across several protein families involved in

diverse cellular processes. Lastly, an important remaining question that will require extensive

investigation is how binding by LIM to stressed actin filaments might regulate these diverse
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cellular processes.
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CHAPTER 3

EVOLUTIONARILY DIVERSE LIM DOMAIN-CONTAINING

PROTEINS BIND STRESSED ACTIN FILAMENTS THROUGH

A CONSERVED MECHANISM

Preface

The work in the following chapter was done in collaboration with Jon Winkelman, a previous

graduate student of the Kovar lab and current postdoc in the Gardel lab. The project was

initiated by Jon, and I became a part of the project while he mentored me during a rotation

in the Gardel lab. Jon completed the in vivo portion of the project and some analysis of the

the in vitro work. I was responsible for the majority of the in vitro work, including construct

creation, biochemical characterization, troubleshooting, and the TIRFM contractile assays.

Cristian Suarez collaborated with us to to add my protein constructs into his motile bead

assay. Jon took the lead in writing the manuscript, and I was responsible for merging our

styles to create consistent and presentable figures.

3.1 Abstract

The actin cytoskeleton assembles into diverse load-bearing networks including stress fibers,

muscle sarcomeres, and the cytokinetic ring to both generate and sense mechanical forces.

The LIM (Lin11, Isl- 1 & Mec-3) domain family is functionally diverse, but most members

can associate with the actin cytoskeleton with apparent force-sensitivity. Zyxin rapidly lo-

calizes via its LIM domains to failing stress fibers in cells, known as strain sites, to initiate

stress fiber repair and maintain mechanical homeostasis. The mechanism by which these

LIM domains associate with stress fiber strain sites is not known. Additionally, it is un-

known how widespread strain sensing is within the LIM protein family. We identified the
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LIM domain-containing region of 18 proteins from the Zyxin, Paxillin, Tes, and Enigma

proteins accumulate to stress fiber strain sites. Moreover, the LIM domain-containing re-

gion from the fission yeast protein paxillin like 1 (Pxl1) also localizes to stress fiber strain

sites in mammalian cells, suggesting that the strain sensing mechanism is ancient and highly

conserved. We then use sequence and domain analysis to demonstrate that tandem LIM

domains contribute additively, for sensing stress fiber strain sites. Employing in vitro recon-

stitution, we show that the LIM domain-containing region from mammalian zyxin and fission

yeast Pxl1 bind to mechanically stressed F-actin networks but do not associate with relaxed

actin filaments. We propose that tandem LIM domains recognize an F-actin conformation

that is rare in the relaxed state but is enriched in the presence of mechanical stress.

3.2 Introduction

Cells are subject to a wide range of omnipresent mechanical stimuli, which play essential

physiological roles. Epithelial tissue stretch modulates cell proliferation [183, 97], blood pres-

sure regulates the contractility of endothelial cells within blood vessels [28, 160], and muscle

contraction shapes connective tissue remodeling [25]. Such mechanotransduction pathways

allow for the integration of mechanical cues with the biochemical and genetic circuitry of the

cell. While much progress has been made to elucidate the importance of mechanical stimuli

in cell physiology, the underlying force-sensing mechanisms and organizational logic of many

mechanotransduction pathways are unknown. To respond to mechanical cues and dynami-

cally modulate cell mechanics, the actin cytoskeleton exploits force-sensitive biochemistry to

construct actin filament (F-actin)-based network assemblies. Focal adhesions, the adhesive

organelles between cells and their external matrix, can change in composition and size un-

der varied mechanical load [219]. At the molecular scale, these focal adhesion changes arise

primarily from force-dependent modulation of constituent proteins [219, 121, 197]. The force-

dependent association of the focal adhesion proteins, vinculin and talin, to actin filaments
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is sensitive to filament polarity [162, 96], providing a mechanism to guide local cytoskeletal

architecture under load. Protrusive forces at the leading edge of migrating cells are gener-

ated by actin polymerization into short-branched F-actin networks [174]. Compressive stress

increases the actin filament density, which, in turn, alters its force generation potential [13].

At the molecular scale, this mechanical adaptation of lamellipodial networks may arise from

increased branch formation efficiency by the actin nucleator Arp2/3 complex on extensionally

strained sides of bent actin filaments [188]. Although cofilin was reported to have a reduced

affinity for tensed actin filaments [88], this has recently been called into question [250].

While direct evidence for detection of stressed actin by actin binding proteins is still scant,

the structural polymorphism in actin filaments suggests that force-induced conformations ex-

ist and could be recognized by actin binding proteins [71]. There may be information about

the mechanical state of the cell stored within these actin filament conformations available to

be read by actin binding proteins that regulate various mechanotransduction pathways.

Within adherent cells, F-actin bundles known as stress fibers (SFs) generate contractile

force across the cell and, via focal adhesions, are coupled to the extracellular matrix. SFs

dynamically re-arrange over long (hour) time scales in response to forces applied to the

extracellular matrix [92], and this remodeling process requires zyxin and paxillin [92, 209,

253, 210, 211]. At short times, mechanical failure of the SF can occur either spontaneously or

in response to applied force [209, 210]. At such damage sites, the SF is locally weaker, leading

to a localized retraction to create a stress fiber strain site (SFSS) [210] (Figure 3.1A). Rather

than irreversible failure, a repair process at the SFSS is initiated by the rapid accumulation of

zyxin and followed by the recruitment of binding partners VASP and α-actinin to promote

actin assembly and cross-linking to repair the SF and maintain mechanical homeostasis

[210] (Figure 3.1A). The recruitment of VASP and α-actinin require known interactions at

the zyxin N-terminus [211]. However, the recruitment of zyxin to SFSS occurs through a

region near the C-terminus that contains three tandem Lin11, Isl-1 & Mec-3 (LIM) domains
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Figure 3.1: Diverse LIM domains localize to SFSS.
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Figure 3.1: (continued) (A) Cartoon of a fibroblast cell with actin stress fibers. Schematic
of the development and repair of a stress fiber strain site (SFSS). FA=Focal adhesion. L
is distance across the SFSS. (B) Domain organization of the LIM domain (pink ovals)-
containing proteins mammalian zyxin and fission yeast Pxl1. Zyxin also contains binding
sites for α-actinin (F-actin crosslinker) and VASP (F-actin elongation factor), and two nu-
clear export sequences (NES). LIM containing regions (LCR) are indicated. (C) Each LIM
domain contains two zinc finger binding domains with conserved residues (cysteine/histidine,
grey circles) to chelate the zinc, but the remaining sequence varies between different LIM do-
mains. The linker length between adjacent LIM domains is 7-8 amino acids. (D-I) Analysis
of SFSS in mouse embryo fibroblasts (MEF) with stably integrated GFP-zyxin and trans-
fected mApple-actin. Scale bar=5 µm. (D-E) Fluorescent micrograph (D) and associated
montage (E) of a representative stress fiber over time showing accumulation of zyxin on a
developing SFSS. (F, left) Kymographs of the same event: actin channel (left), zyxin chan-
nel (middle), and a merged image (right). The future SSFS (horizontal yellow line) indicates
where background measurements for (G) and a later screen will be taken. Vertical dotted
line indicates when strain has begun at t=0. (F, right) Average fluorescence intensity line
scans of 74 SFSS, measured 50 seconds before and after initiation. (G) Histogram of actin
intensities at a future SFSS (about 50 seconds prior) and random sites on the same stress
fiber. (H) Pie chart showing the distribution of where SFSS occurred. (I) Kinetics of zyxin
accumulation and actin depletion and reassembly (left y-axis), and distance across the SFSS
indicated as L in (A) (right y-axis), for a representative SFSS. (J) Left, fluorescent micro-
graphs showing laser induction of a SFSS in a representative MEF cell with stably integrated
GFP-zyxin. Blue line shows where light was targeted, and white arrow denotes developing
SFSS. Scale bar= 5 µm. Right, kymograph showing this event over time, with blue ar-
rowheads indicating time and location of laser light. (K) Representative kymograph of the
laser-induced SFSS screen, from a cell expressing GFP-zyxin and LCR(zyxin)-mCherry. (L)
Screen of 28 LIM domain proteins from Mus musculus. Y-axis is the mCherry:GFP ratio
at the strain site, error bars=95% CI. LCR constructs were used for all but those marked
with *, for which the whole protein sequence was used. (M) Domain organizations of LIM
families in mammals. Box denotes the families that bound to SFSS.
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separated by two short 7-8 residue-length unstructured linkers (Figure 3.1B,C) [210]. While

this LIM domain-containing region (LCR) is necessary and sufficient for localization to SFSS,

the underlying mechanism is not known. It has been speculated that the signal within

SFSS that the LCR senses may arise from new F-actin barbed ends, conformational changes

to an actin binding protein, or post-translational modifications of actin or zyxin’s binding

partners [211]. Moreover, the focal adhesion protein paxillin also localizes to SFSS through

its LCR [209], suggesting that this apparent mechanosensing process may be more generally

conserved.

The family of proteins that contain one or more LIM domains is large. In humans, there

are 70 genes containing LIM domains that can be divided into 14 classes [115], many of

which associate with load bearing elements of the cytoskeleton, such as focal adhesions,

cell-cell adhesions, and stress fibers [211]. There are at least 26 LIM domain-containing

proteins that localize to focal adhesions, many of which require cell contractility for proper

localization [121, 197]. While LIM domain-containing proteins are ubiquitous in diverse

mechanotransduction pathways, it is unknown whether these share a mechanism by which

mechanical stimuli is transduced. Moreover, the mechanism by which the LCR is recruited

to SFSS is unknown.

3.3 Results

3.3.1 LIM domain-containing regions (LCRs) from diverse mammalian

proteins bind to SFSS

SFs are contractile bundles of 10-30 crosslinked actin filaments with alternating bands en-

riched with either myosin II motor or α-actinin, VASP, and zyxin (Figure 3.1A) [211], a

structure similar to that in striated myofibrils [226]. SFSS develop when SFs mechanically

fail, resulting in local elongation and thinning that compromise their force transmission [210]
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(Figure 3.1A, D-F). Zyxin rapidly accumulates at the SFSS and recruits the actin assembly

factor VASP and crosslinking protein α-actinin to repair and stabilize the damaged site (Fig-

ure 3.1A) [210]. Previous work identified the LCR of zyxin to be necessary and sufficient

for accumulation on SFSS [209]. Measuring the fluorescence intensity of zyxin and actin

along the SF prior to a SFSS reveals locally diminished intensity of both proteins at the

future SFSS (Figure 3.1D-F). Examining the local actin intensity of a future SFSS, we find

that the actin intensity is depleted five-fold as compared to regions of SFs that do not fail

(Figure 3.1F,G). Moreover, we find that >65% of SFSS occur in a myosin-rich band (Figure

3.1H), and myosin II is displaced laterally from SFSS (Figure 3.2A-C). The filament density

decreases as the SFSS expands [210], and zyxin recruitment occurs nearly simultaneously as

the length L of the strain site increases (Figure 3.1I). For temporal alignment of data, we

define t=0 as the time of zyxin accumulation (Figure 3.1F,I). These data suggest that SFSS

occur at SF regions pre-disposed to failure because of lower actin density and depletion of

actin assembly and cross-linking factors. We also found that SFSS can be induced by par-

tially damaging the SF with high laser intensity (Figure 3.1J). The LCR of zyxin is recruited

to laser-induced SFSS with similar kinetics to that of spontaneous SFSS (Figure 3.1K and

Figure 3.2D). Considering force balance along the SF in either of these two scenarios, the

reduced number of actin filaments at SFSS suggests filaments and crosslinks present there

are under an increased load.

To assess whether localization to SFSS is a feature ubiquitous within the LIM family

of proteins, we developed an assay to quantify their recruitment to either endogenous or

induced SFSS. We cloned the LCR from one or more genes belonging to each LIM protein

class [115] and generated mCherry-tagged mammalian expression constructs. Each of the

28 mCherry-tagged LCRs was transiently transfected into mouse embryo fibroblast (MEF)

cells with GFP-zyxin stably integrated into the genome. Using the GFP-zyxin as a positive

marker for SFSS, we then assessed the localization of the mCherry-tagged LCRs at the site
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Figure 3.2: Diverse LIM domains from mammals localize to SFSS.
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Figure 3.2: (continued) (A) Cartoon Schematic of a stress fiber showing the periodic, com-
plementary banding pattern of Myosin and LCR. (B-C) Myosin behavior in SFSS. (B)
Kymographs taken from a time-lapse confocal movie of 3T3 cell with the heavy chain of
myosin II fused on its amino terminus with mApple (Cyan) and stably integrated. Zyxin-
mCherry transiently transfected. (Scale bar=2 µm). (C) Linescans through kymographs
such as those shown in (B), (yellow dotted line in merge) showing fluorescence intensity over
time of myosin and zyxin. (D) Kinetics of Spontaneous and laser-induced SFSS. The time
to reach half of the maximum fluorescence intensity (t1/2) was calculated by taking lines-
cans through kymographs as done in B and C. (E-M) General SFSS quantification workflow
using mouse embryo fibroblasts with integrated GFP-zyxin. Kymographs and corresponding
linescan data generated from SFSS with the mCherry-zyxin as a positive control (E-G), a
negative control consisting of just a nuclear export signa tagged with mCherry (H-J), and
the LCR being assayed, here the LCR from zyxin (LCR(zyx)) is shown (K-M). (G,J,M)
Background subtracted linescans. The signal before SFSS development is subtracted. From
the background subtracted data, we determined the peak of each curve (dotted circles) and
averaged the maximum with the two adjacent data points to determine the construct enrich-
ment at the site. The enrichment of the mCherry construct was divided by the enrichment
of GFP-zyxin to obtain the main metric, the mCherry:GFP fluorescence ratio.

(Figure 3.1K). As a control, the mCherry-tagged constructs of both full length zyxin and

the LCR of zyxin, LCR(zyx), localize very similarly to GFP-zyxin (Figure 3.1K,L). At a

SFSS, we generated kymographs (Figure 3.1K) and, from these, took linescans across the

time axis at the center of the SFSS to generate a kinetic profile of SFSS accumulation for

both GFP-zyxin and the transfected LCR-mCherry. From these profiles, the ratio of the

LCR-mCherry to GFP-zyxin was determined and normalized (Figure 3.2E-N) such that a

cytoplasmically expressed mCherry-tagged nuclear export signal (NES), which was added

to all LCRs, is zero and mCherry-LCR(zyx) is one (Figure 3.1L). Ratio averages that were

significantly above zero were scored as SFSS-binders. We observed SFSS localization of

the LCRs from 18 proteins across 4 LIM classes: Zyxin, Paxillin, Tes, and Enigma (Figure

3.1l,M). SFSS-sensing is isolated to, but ubiquitous within, these classes. The LCRs of all

but two protein sub-groups tested from these classes (Lmcd1 and Alp) localize to SFSS

significantly above background. These results identify novel LIM domain protein-sensitivity

to mechanical strain in the actin cytoskeleton and demonstrate its conserved function across

diverse LIM domain containing proteins.
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3.3.2 LIM domains from fission yeast bind to SFSS in mammalian cells via

a conserved mechanism

To explore when SFSS-binding arose in LIM domain proteins along evolutionary lines and to

determine the level of conservation, we looked for SFSS-binding homologues in more diver-

gent species. The Paxillin class first appears in the unikonts (amoebas, yeasts, metazoans)

while Tes, Zyxin, and Enigma classes arose later in the metazoans [115]. Reflecting a much

simpler genome, the fission yeast S. pombe expresses five LIM domain-containing proteins:

Rga1, Rga3, Rga4, Hel2, and Pxl1 (Figure 3.3A). The only contractile actin filament network

in fission yeast is the cytokinetic ring, where myosin-rich nodes condense into an actomyosin

bundle that constricts to drive cell division [252]. Time-lapse imaging of fission yeast Pxl1-

GFP shows strong co-localization with myosin II at the contractile ring but only after the

ring has assembled and begins to constrict (Figure 3.3B) [172, 74]. Although localization

to the constricting contractile ring may suggest mechanosensitive localization, we could not

easily manipulate the mechanics of the ring to directly test this possibility.

To determine whether SFSS localization found in mammalian LCRs is preserved in the

fission yeast LIM domain-containing proteins, we used the SFSS-localization assay developed

for mammalian cells. We transfected fission yeast LCRs tagged with mCherry into MEF cells

containing stably integrated GFP-zyxin. The LCR of fission yeast Pxl1, LCR(Pxl1), local-

izes with the periodic z-bands in SFs but is largely absent from focal adhesions (Figure

3.3C). Surprisingly, LCR(Pxl1) exhibits strong SFSS localization, similar to that observed

with LCR(zyx) (Figure 3.3C-E). Conversely, the LCR of fission yeast RhoGAPs and bud-

ding yeast Pxl1 did not display SFSS localization (Figure 3.3E). To determine if the fission

yeast LCR(Pxl1) binds to the same target in SFSS as mammalian LCR(zyx), we compared

their accumulation kinetics at SFSS (Figure 3.3F) and calculated the time to reach half

of the maximum fluorescence intensity t1/2. The t1/2 of LCR(Pxl1) is nearly identical to

50



Figure 3.3: LCR of fission yeast Pxl1 associates to SFSS and displays similar ki-
netics and competes at SFSS. (A) Domain organization of Schizosaccharomyces pombe
(fission yeast) LIM domain proteins and budding yeast Paxillin-like 1 (Pxl1). (B) Fluores-
cent micrographs of a fission yeast cell undergoing cytokinesis that is expressing myosin II
regulatory light chain Rlc1-tdTomato and full length Pxl1-GFP. Contractile ring assembly
(left panels) and beginning of contraction (right panels) are shown. (C) Mouse embryo
fibroblast (MEF) cell expressing GFP-zyxin and the LIM domains of fission yeast Pxl1,
LCR(Pxl1)-mCherry. Focal adhesions (FAs) and SFSS (yellow arrows) are labeled in the
magnified inset image. (D) Kymograph of SFSS in the MEF cell from (C). (E) Screen
for SFSS-association in fission yeast and budding yeast LCRs. Each LCR mCherry:GFP
ratio was compared to background with ANOVA, ns=not significantly different. Each point
represents individual SFSS ratio, n= average cellular ratio of 1 or more SFSS, 30>n>4 (F,
left) Plot of the accumulation of GFP-zyxin and fission yeast LCR(Pxl1)-mCherry on SFSS
over time. Grey lines indicate t1/2 for GFP and mCherry.
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Figure 3.3: (continued) (F, right) Plot of t1/2 for accumulation on SFSS. Asterisks indicate
statistical significance and ns = not significant as determined by ANOVA, n=60,24,38. (G-I)
Fluorescence intensity of zyxin and LCR(Pxl1) at SFSS correlates with expression levels. (G)
Kymograph showing competition of fission yeast LCR(Pxl1)-mCherry with GFP-zyxin at a
MEF cell SFSS. Expression levels were estimated by measuring cytoplasmic intensity. (H)
Fluorescence signal of fission yeast LCR(Pxl1)-mCherry or GFP-zyxin at SFSS as a function
of estimated expression levels of the same construct. R2=0.57, n=21. (I) Fluorescence signal
of LCR(Pxl1) at SFSS as a function of estimated expression of GFP-zyxin. R2=0.81. (I,
inset) Estimated expression of LCR(Pxl1)-mCherry as a function of GFP-zyxin expression.
R2=0.003.

LCR(zyx) (Figure 3.3F), strongly suggesting that the two highly divergent LCRs use the

same mechanism for SFSS association.

As a second test of whether LCR(Pxl1) and LCR(zyx) sense the same binding site to

associate with SFSS, we assayed whether they compete for association to the same SFSS.

For these experiments, we exploited natural variations in the expression of zyxin-GFP and

LCR(Pxl1)-mCherry in our cell populations (Figure 3.3G-I). As expected, cells expressing

high levels of zyxin showed more zyxin signal at SFSS (Figure 3.3H), which is also true

for LCR(Pxl1) (Figure 3.4A). We also verified that expression of zyxin is not correlated

with expression of LCR(Pxl1) (Figure 3.3I, inset). Importantly, high zyxin expression in-

versely correlates with reduced SFSS association of LCR(Pxl1) (Figure 3.3I). For instance,

when expressed at low levels, zyxin accumulation at SFSS is nearly completely inhibited

by LCR(Pxl1) (Figure 3.3G,I), and conversely, very little LCR(Pxl1) accumulates at SFSS

in cells expressing high levels of zyxin (Figure 3.3I). The competitive relationship between

zyxin and LCR(Pxl1) argues that these diverse LCRs (Figure 3.4B) are recruited to SFSS

via the same mechanism. Although yeasts may not have canonical SFs, the contractile ring

may still exhibit processes similar to SFSS [74, 29] that are recognized by Pxl1. Thus, al-

though fission yeast do not contain SFs, a highly conserved molecular feature that exists in

both fission yeast and mammalian SFSS is recognized by LCR(Pxl1). We conclude that the

target of SFSS-sensing LCRs existed in the common ancestor of yeast and mammalian cells,

and this association of LCRs with the actin cytoskeleton has likely been conserved since at
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Figure 3.4: LCR from fission yeast Pxl1 and zyxin compete for SFSS and display
similar kinetics. (A) The cytoplasmic signal of LCR(Pxl1) plotted against the LCR(Pxl1)-
mCherry signal at the SFSS. Cytoplasmic signal was used as a proxy for expression level.
(B) Diversity of LIM domains from fission yeast as compared with zyxin LIM domain 1, ID
=Identity; zyxin LIM 1 is compared with itself here. The three LIM domains from fission
(FY) and budding yeast (BY) Pxl1 were aligned with all other mammalian and Yeast LIM
domains and a distance matrix was generated. The distances between zyxin LIM 1 and all
other LIM domains were plotted.

least the divergence of yeasts and mammals.

3.3.3 Tandem LIM domains contribute additively to SFSS localization

Since LCRs from mammals and fission yeast appear to recognize a common target in SFSS,

we speculated that conserved amino acid sequence signatures may be required for this func-

tion. Within the LCR of zyxin, there are three LIM domains (LIM1, LIM2, LIM3) separated

by 2 short linkers (Figure 3.1C). Outside of the highly conserved amino acids that coordi-

nate the zinc ions (Cys, His, or Asp), the sequences of individual LIM domains are highly

variable. For instance, LIM2 and LIM3 share only 33% and 26% sequence identity to LIM1

(Figure 3.5A). Furthermore, LCRs from SFSS-binding and non-binding proteins show sim-

ilar level of sequence identity (30% and 28%) to LIM1 of zyxin (Figure 3.5A). Despite this
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Figure 3.5: LCRs bind to SFSS through multiple, precisely spaced domains or-
ganized in tandem. (A) Amino acid identity to mammalian zyxin’s first LIM domain
(LIM1) of zyxin’s other LIM domains (LIM2 and LIM3) and LIM domains from SFSS-
binder and non-binder classes. (B) Histogram of the number of individual LIM domains in
each SFSS-binder and non-binder protein. (C-E) Common organizational elements of LCRs
in SFSS-binders. (C) Plot of SFSS-binding vs the number of LIM domains in the LCR
construct. Data from LCRs within LIM binding classes was fit with a quadratic function
using least squares. R2=0.68. (D) Length distribution of linkers (in amino acids) connecting
LIM domains in SFSS-binding (55 linkers) and non-binding classes (47 linkers) (E) Domain
organization of a typical SFSS-binding LCR. There are typically 3 (or more) LIM domains
separated by linkers of 7-8 residues. (F) SFSS-association screen of various organizations
of zyxin’s LCR. LIM1(X3) indicates the LIM1 is repeated 3 times. TD-LIM1 indicates the
LIM1 domain was oligomerized by the addition of a modified GCN4 tetramerization domain
(TD), ns = not significantly different from background as determined by ANOVA. 15>n>5,
n= average cellular ratio of 1 or more SFSS.
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sequence diversity, results complementary to ours show that a phenylalanine at position

66 (F66) of the LIM domains in Zyxin, Hic5, and FHL3 is necessary for localization to

tensed actin filament networks both in cells and in vitro [218]. Among LIM domains from

SFSS-sensors, only 75% of these contain F66 (Figure 3.6A-C); it is possible that proximal

phenylalanine or tyrosine residues may be a suitable substitute (Figure 3.6B). However, 29%

of the non-binders also have an F66, indicating that this amino acid is not sufficient for

SFSS binding (Figure 3.6B,D). This led us to focus on other features of the LCR involved in

SFSS-localization. We noticed common organizational elements of the LCR in SFSS-binders.

First, all SFSS-binders contain three or more LIM domains in tandem organization, while

85% of non-binders have fewer than three LIM domains (Figure 3.5B). For all mammalian

and yeast proteins in Zyxin, Paxillin, Tes, and Enigma classes, we plotted the level SFSS

binding determined from the screens in (Figure 3.1M, Figure 3.3E) versus the number of

LIM domains within the LCR. We found that the degree SFSS binding is weakly correlated

(R2 = 0.7) with the number of tandem LIM domains (Figure 3.5C). Furthermore, linkers

from SFSS-binding proteins are 7-8 amino acids long, while linkers in non-binders range

widely from 7- 200 amino acids (Figure 3.5D). These findings suggest a testable hypothesis

that tandem LIM domains connected by a short linker is necessary for SFSS binding (Figure

3.5E).

We addressed these possibilities by exploring how alterations to LCR(zyx) organization

impacts its localization to SFSS using the screening approach described previously. Con-

structs containing any one LIM domain of zyxin (LIM1(x1), LIM2(x1), or LIM3(x1)) do

not localize to SFSS (Figure 3.5F). However, linkage of multiple LIM1 domains in tandem

connected by a linker 8 AA long (See materials and methods) are recruited to SFSS (Figure

3.5F). Two tandemly linked LIM domains (Lim1(X2), LIM3(X2) and LIM1LIM2) weakly

associate with SFSS (Figure 3.5F, Figure 3.7A,B). Additionally, three tandemly linked LIM

domains (LIM1(x3)) or (LIM3(x3)), exhibit SFSS localization similarly well as LCR(zyx)
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Figure 3.6: Phenylalanine (F) is enriched at position 66 in SFSS-binding LIM
domains. (A) Sequence Logos generated from multiple sequence alignments of all LIM
domains from mammals and fission yeast. Logo generated from LIM domains extracted
from SFSS-binding proteins (top) or non-binding protiens (bottom). Dashed box indicates
position 66 where F is enriched in binders. (B) Absolute number and percentage (%) of
LIM domains from SFSS-binding and non-binding proteins containing F at (1) position 66,
(2) position 66 or 67, (3) F or Y at position 66, (4) F or Y at position 66 or 67.
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Figure 3.6: (continued) (C) LIM domains from SFSS-binding proteins that do not have a
F at postion 66 have an F or Y nearby. For example LIM domain 3 from the zyxin/ajuba
family of protiens all have a cysteine (C) at 66, but F or Y at position 67. (D) Non-binders
with a F at position 66 indicate that this amino acid is not sufficient to confer SFSS-binding.
Most non-binders have less than 3 tandem LIM domains (column 2, red) except for Ablim
and Pinch classes that have 4 and 5 tandem LIMs (column 2 green). Although Ablim and
Pinch have >2 tandem LIMs, there are not >2 tandem LIMs with hydrophobic/aromatic
F or Y in position 66-70 (Column 4). Aditionally, Ablim and Pinch classes both contain
abnormally long linkers connecting LIMs together (column 3).

(Figure 3.5F). When the number of LIM1 repeats is increased to four (LIM1(x4)) or five

(LIM1(x5)), the localization to SFSS further increases, exceeding LCR(zyx) by up to two-

fold Figure (3.5F). These data suggest that each LIM domain alone may weakly bind the

target within SFSS, but multiple interactions (at least for LIM1 and LIM3) contribute to the

avidity of target binding. To determine whether the specific organization of LIM oligomer-

ization matters, we clustered four LIM1 in parallel with a synthetic GCN4 tetramerization

domain (TD) that drives the formation of a left handed coiled coil [86], TD-LIM1(x4).

However, we did not observe SFSS localization with this construct (Figure 3.5F). Since the

length of linkers in SFSS-binding LCRs is highly conserved Figure (3.5D), we tripled the

linker lengths in LCR(zyx) from 8 to 24 amino acids (Long Linker), which abrogated SFSS

localization (Figure 3.5F). Thus, full binding of LCR to the target within SFSS requires at

least three tandem LIM domains connected with a short linker. We note that the Pinch

and Ablim classes both contain more than three tandem LIM domains but fail to localize to

SFSS in our screen. This could be explained by the fact that in both classes 1) two of the

LIMs are connected by a longer (13-19 AAs) linker, and 2) the central LIM domain does not

contain an F or similar amino acid at position 66-70. This supports the notion that a serial

organization of multiple, appropriately-spaced LIM domains is necessary for SFSS binding.
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Figure 3.7: Additional analysis of mutant LCR localization to SFSS. (A) Repre-
sentative kymographs taken from cells expressing various mutant constructs in MEFs with
integrated GFP-zyxin. Top row is LCR(zyx)-mCherry, top-middle row is LIM3(x3), bottom
middle row is LIM1(X2), and bottom row is LIM1(x4). FA=Focal adhesion. (B) SFSS
binding by control LCR(zyx) compared to zyxin LIM2 constructs, n>5 cells, n = average of
mCherry:GFP ratio from multiple SFSS in a single cell, error bars = SEM. Asterisks denote
ratios that are significantly different from mCherry background using ANOVA test, ns = not
significantly different.
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3.3.4 In vitro reconstitution of LCR recruitment to contractile actomyosin

bundles

While the above experiments identify organizational features of LCR required for association

with SFSS, its binding target remains unclear. These experiments also indicate that LCR

binding to SFSS is highly conserved from mammals to fission yeast, suggesting the binding

target of LCR may be a core component of the eukaryotic contractile machinery. To identify

the target within SFSS that is recognized by LCRs, we chose an in vitro reconstitution

approach with a well-studied set of purified proteins. Untagged and SNAP-tagged LCR

proteins SNAP-LCR(Pxl1) and SNAP-LCR(zyx) (Figure 3.8A and 3.9A) were purified from

bacteria and the SNAP tag was fluorescently labeled with SNAP-surface 549 or 647 for single

molecule imaging using total internal reflection fluorescence (TIRF) microscopy. Untagged

and SNAP-tagged LCR(zyx) and LCR(Pxl1) elute from a gel filtration column as a stable

monomer.

A leading hypothesis is that LCR(zyx) binds to actin filament barbed ends produced from

filament breakage in SFSS [210]. We first tested whether LCR(zyx) or LCR(Pxl1) bind to

actin filament sides or barbed ends in standard bulk assays (Figure 3.9B,C). Actin filament

sedimentation assays revealed a barely detectable increase of either LCR in the pellet over a

range of increasing actin filament concentrations, indicating an extremely weak affinity for

actin filaments (Figure 3.9B). To query for F-actin barbed end binding, we utilized a seeded

pyrene actin assembly assay to measure relative rates of elongation. Protein binding to

assembling barbed ends usually modulates their elongation rates [174, 177], but we failed to

detect any change in the presence of LCRs (Figure 3.9C). In support of these bulk biochemical

assays, imaging of fluorescently labeled SNAP-LCR shows very minimal colocalization with

actin filaments via TIRF microscopy (Figure 3.8G; -27 and -23 min). Thus, LCR appears to

have a very low affinity to the sides or the barbed ends of relaxed actin filaments.
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Figure 3.8: Purified LCR of yeast Pxl1 and mammalian zyxin localized to stressed
F-actin networks.
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Figure 3.8: (continued) (A) Schematic of the SNAP-tagged LCR protein constructs used for
in vitro experiments. (B-I) TIRFM visualization of the recruitment of LCR protein con-
structs to actin filament networks. F-actin networks were preassembled with Mg-ATP-actin
(10% Alexa488-labeled), α-actinin, and the indicated LCR construct (SNAP-549-tagged,)
for 30-45 minutes. Network contraction was subsequently induced by flowing in polymerized
myosin II with actin (0.1 µM) and the same initial concentrations of α-actinin and LCR.
(B) A representative time-lapse of the in vitro contraction assay. After myosin is added to
the preassembled bundled F-actin network, several types of network stresses occur, including
T-junctions (white arrow) and myosin-induced F-actin deformations (white box). Scale bar
= 10 µm. (C-F) LCR localization to T-junctions. (C) Representative time-lapse mon-
tage. A preassembled network was formed with 1.5 µM actin, 75 nM α-actinin, and 100 nM
SNAP-LCR(zyx), followed by the addition of 100 nM myosin to induce network contraction.
Yellow arrows show when LCR(zyx) localizes to the T-junction prior to break. Scale bar = 2
µm. (D) Quantification of fraction of events where LCR signal was observed: at T-junctions
in the frame before breaking (break), at T-junctions that did not break (No break), or at
random sites along bundles (Random). Error bars represent SEM, n>14 events for each
condition. ns means p>0.05, asterisk = p<0.05 as determined by ANOVA. (E) Distribution
of maximum fluorescence intensity of LCR on a T-junction. Data to the right of the dotted
line were excluded from residence time calculations as shown in F. (F) Lifetime of LCR
single molecules on T-junctions that broke (stars) or did not break (circles) average lifetimes
derived from single exponential fits (lines)., error=95% CI calculated from curve fits, n =
individual LCR binding event, n>14. (G-I) LCR localization to less common breaks along
filament bundles. (G) Representative time-lapse montage of a preassembled network formed
with 3.0 µM actin, 150 nM α-actinin, and 200 nM SNAP-LCR(Pxl1), followed by the addi-
tion of 75 nM skeletal muscle myosin II to induce network contraction. Scale bar = 2 µm.
White arrows indicate broken ends of a bundle. (H) LCR(Pxl1) recruitment measured along
the F-actin bundle in (G) that breaks at time 0. (I) LCR(Pxl1) fluorescence along bundles
was measured similarly as in (H) for 5 bundle breaking events. Since LCR recruitment ap-
pears to be dynamic along the bundle, the fraction of frames with LCR localization during
the 5 minutes just prior to break was measured.
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Figure 3.9: Purified LIM domains have a low affinity for the sides and barbed
ends of F-actin. (A) SDS PAGE of Purified LCRs from mammalian zyxin and fission
yeast paxillin Pxl1. (B) High-speed (100,000 x g) sedimentation assays of 0.5 µM LCR(zyx)
with actin filaments preassembled from an increasing concentration (0, 1, 2, 5, 10 µM)
of Mg-ATP actin monomer. (B, left) Coomassie stained gel of supernatants and pellets.
(B, right) Graph of the percent of total LCR(zyx) observed in the pellet as a function of
increasing actin concentration. (C) Seeded bulk actin assembly assay. Addition of 0.5 µM
Mg-ATP actin monomers (20% pyrene labeled) onto 0.5 µM preassembled filaments in the
presence of a range of LCR(zyx) concentrations (0-2 µM). (C, inset) Plot of initial slopes
of the curves (proxy for elongation rate). (D-E) Bleaching analysis of SNAP-LCR(zyx).
(D) Stepwise bleaching of SNAP-LCR(zyx) passively adsorbed to the coverslip surface. (D,
right) Distribution of bleaching step sizes in one movie with mean and standard deviations
marked. (E) To measure the magnitude of bleaching, the length of time a single fluorophore
on SNAP-LCR(zyx) persisted without reduction in fluorescence intensity was measured. 1
-cumulative frequency plotted as a function of time and fit to a single exponential function
to obtain the average lifetime (394 sec). (F) SNAP-LCR(zyx) fluorescence within myosin II
puncta that were adhered to a PEG-passivated surface, but not associated with the F-actin
network in the in vitro contraction assay. The average LCR fluorescence within the puncta
was divided by the average local background signal to get an enrichment of LCR within
Myosin puncta compared to background. Bars = mean, error bars = SEM.
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Since Pxl1 and zyxin localize to diverse actomyosin contractile structures, we hypoth-

esized that these LCRs bind to an element common to both fission yeast contractile rings

and mammalian SFs. We reconstituted the core contractile machinery base on previously

developed protocols [153, 152]. An F-actin network was assembled from actin monomers,

α-actinin, and a SNAP-LCR (LCR(Zyx) or LCR(Pxl1)) within a buffer that contained 0.5%

methylcellulose to crowd the network to a PEG-passivated glass coverslip surface. Individual

actin filaments are mobile, but dynamics arrest as filaments elongate and are cross-linked

by α-actinin into a network of mixed polarity bundles (Figure 3.8B; 0 min). When the

network reached an appropriate density, we flowed in a fresh mixture containing the initial

concentrations of SNAP-LCR and α-actinin, the critical concentration of actin monomers

(0.1 µM) to prevent network disassembly, and pre-polymerized myosin II filaments (Figure

3.8B; 30 min). Myosin II activity on F-actin generates local stresses and deformations that

remodel and contract the network. Gently curved bundles become taut, with many break-

ing over time (Figure 3.8B; 31 min). These failures usually occurred at bundle junctions

(“T-junctions”) and more rarely along the length of a single filament or bundle (about 10%).

After rupture, bundle portions recoil and then compact into asters in which actin filaments

are compressed, bent, and severed [153]. Thus, the myosin-driven contraction of a reconsti-

tuted F-actin network occurs with a build-up of both tensile and compressive stresses on the

actin filaments that drive filament buckling and breaking [153].

Whereas LCR does not localize well to the networks initially, consistent with the ‘bulk’

F-actin sedimentation assays (Figure 3.9B), after the addition of myosin II, LCR accumulates

on a subset of the network structures most likely to be under high contractile tension (Figure

3.8C-I). The majority (about 90%) of myosin II-induced breaks in the network occurred

at T-junctions (Figure 3.8C,D) where actin filaments become highly distorted and break.

Assuming the number of filaments in a bundle is constant and forces are balanced, there

should not be increased tension at the T-junction compared to more distal sites along the
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filament bundle. However, filaments at these junctions are highly curved, which could also

be coupled to changes in filament twist [45]. Further work is needed to understand the

underlying mechanism of LCR recruitment.

LCRs bind more frequently to T-junctions that break than to non-breaking T-junctions

and random sites along the actin network (Figure 3.8C,D). A majority of the T-junction

breaks appear to bind single molecules of LCR (Figure 3.8C, left), but there is a fraction of

T-junctions that show increasing LCR fluorescence prior to breaking (Figure 3.8C, right).

To verify that we are observing single molecules, we monitored LCR bleaching in our ex-

periments and obtained the average fluorescence intensity of a single dye. 78% of the LCR

puncta monitored disappeared in a single step (Figure 3.9D). A distribution of the maxi-

mum LCR fluorescence intensity suggests that most T-junction binding show fluorescence

values consistent with that of sinlge molecules of LCR (Figure 3.8E).To get a sense of the

affinity of LIM domains for sites of stressed F-actin, we measured the residence time of LCR

single molecule fluorescence on the two T-junction populations (breaking and non-breaking).

We monitored the residence time of LCR puncta on T-junctions that displayed fluorescence

intensities consistent with single LCR molecules (Figure 3.9D, right). LCRs associate for

an average of 30 sec but LCR signal disappears from the network coincident (at our 10 s

imaging interval) with breaking of a T-junction (Figure 3.8F). Since the average bleaching

time is over 10-fold higher than the measured residence time, we conclude that the disap-

pearance of signal at the T-junction is due to LCR dissociation rather than bleaching (Figure

3.9E). An assumption that LCR association rate is between 106 – 107 M-1s-1 [176] and the

measured off rate of approximately 0.038 s-1 (1/residence time) (Figure 3.8F) suggests that

LCR may have low nanomolar affinity for actin filament conformations that are enriched at

T-junctions.

Compared to T-junctions, myosin-induced breaks along the F-actin bundle are much

rarer. However, when these breaks occur, SNAP-LCR(Pxl1) binding to the bundles appears
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Figure 3.10: Purified LCRs localizes to stressed F-actin networks where myosin
deforms F-actin bundles. (A) Representative fluorescent image of LCR(zyx) localizing
with myosin II along the network. Ovals indicate myosin on the F-actin network or on the
glass. Scale bar = 2 µm. (B) Quantification of LCR localization with myosin or myosin
associated with actin (actomyosin). n = individual myosin puncta in four different movies,
n>300, bar indicates mean, asterisk indicates p<0.05 as determined from t-test. (C) Rep-
resentative fluorescent images of a large aster that forms from a preassembled network with
3.0 µM actin and 200 nM SNAP-LCR(Pxl1) in the absence of α-actinin, followed by the
addition of 90 nM myosin II (Alexa 647 labeled). Scale bar = 10 µm. LCR(Pxl1) localizes
to the center of these asters with the myosin (white arrow).

dynamic with most localization occurring within 5 minutes prior to breaking at t=0 min

(Figure 3.8G,H). While the exact localization site varies between breaking events, SNAP-

LCR signal is detected for an average of 60% of the 5 minutes prior to bundle breakage (Figure

3.8I). LCR is also observed along control bundles that do not break throughout the course

of the movie, but for only an average of 20% of the 5 minutes (Figure 3.8I). LCR(Pxl1) only

associates to the network after myosin addition, remaining on filament portions for several

minutes prior to breaking at t=0 min (Figure 3.8H,I).

LCR also co-localizes with myosin II, especially in areas with highly deformed F-actin

networks (Figure 3.10A-C). While SNAP-LCR is detected above background on isolated

myosin II (Figure 3.9F), LCR binding is 5-fold higher when myosin is localized on the F-

actin network, suggesting this colocalization is a result of LCR binding to myosin-induced
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Figure 3.11: LCR(Pxl1) localization along reconstituted F-actin networks does
not correlate with myosin localization. (A-C) Quantitative analysis of LCR(Pxl1)
and myosin localization along an F-actin bundle in the in vitro contraction assay described
in Fig. 3.8. A preassembled network was formed with 3 µM actin, 200 nM α-actinin, and
200 nM SNAP-LCR(zyx), followed by the addition of 300 nM myosin to induce network
contraction. The network was imaged every 15 sec. (A) Myosin (cyan, left y-axis) and
LCR(Pxl1) (magenta, right y-axis) linescans taken along a single F-actin bundle over time.
Linescans for frames 75 sec apart are shown here. (B) The corresponding images for the
linescans in (A). White lines indicate the bundle starting at 0 µm and ending at 25 µm. Scale
bar = 5 µm. (C-D) Plots of LCR fluorescence vs myosin fluorescence for the bundle in (B)
over 20 frames. (C) The Pearson’s correlation coefficient was calculated for the relationship
between LCR and myosin, 0.0628. (D) As a control, the LCR channel was rotated 90 to the
right, and new values for the same ROIs in (C) were plotted against the same myosin values
in (C). The Pearson’s correlation coefficient is 0.235 for this plot.
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actin filament deformations rather than directly to myosin (Figure 3.10B). Line scans of

a bundle over time show that the majority of LCR localization is independent of myosin

localization (Figure 3.11). This further indicates that colocalization of LCR and myosin II

along the network is due to LCR binding to actin filament deformations instead of myosin

II directly (Figure 3.10A,B). In actomyosin contraction assays that lack the cross-linker

α-actinin, myosin drives contraction of the F-actin network into asters, which are dense

clusters of actin and myosin II. Previous work has shown that these so-called asters are sites

where filaments are buckled and broken due to compressive forces [153]. We observe that

SNAP-LCR localizes to these asters, suggesting that LCR localization does not require the

cross-linker α-actinin and localizes to highly compacted actomyosin (Figure 3.10C). These

data show that myosin II-generated forces on actin filaments is necessary and sufficient to

drive LIM localization to actin filaments.

3.3.5 Polymerization-generated stress is sufficient for LCR localization to

actin

To determine whether LCR localization can occur by alternate means of applying force

to actin filaments, we employed a well-established reconstitution assay that serves as a

model for actin-based motion [130, 43]. Here, 2 µm polystyrene beads were coated with

the Arp2/3 complex nucleation promoting factor pWa (Figure 3.12). Mixing the beads with

actin monomers, Arp2/3 complex, and capping protein drives the assembly of a branched

network of short actin filaments at the bead surface [1], which can be visualized by imaging

of fluorescently labeled actin. In the expanding actin shell, the outer network continuously

stretches as it is displaced outward by continuous assembly of new actin at the bead surface.

Forces generated by actin polymerization result in the buildup of circumferential tension

along the outer part of the actin shell, resulting in network tearing that breaks the symmet-

rical shell. After symmetry breaking, the so-called comet tail drives directed bead motion
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Figure 3.12: SNAP-LCR(zyx) localizes to branched F-actin networks during sym-
metry breaking (A-C) LCR(zyx) localizes to capped F-actin networks in motile bead
assays. (A) Confocal images taken from a motile bead assay, where the Arp2/3 complex
activator pWa is electrostatically bound to the surface of polystyrene beads. The beads are
mixed with 4 µM actin monomer (5% Alexa-488 labeled), 100 nM Arp2/3 complex, 12 µM
profilin, and 400 nM LCR(zyx) in polymerization buffer in the presence or absence of 200
nM capping protein. (B) Zoomed images from the white boxed region of (A). White circle
traces the beads. (C) LCR fluorescence on the actin networks in (A) in the absence or
presence of capping protein. Normalization was done relative to the total actin fluorescence
on the bead. n>10, error bars=SEM, asterisk indicates p<0.05 as determined from t-test.
(D-E) Halo-LCR(zyx) localizes to symmetry breaking events in motile bead assays. The
pWa beads are mixed with 2 µM actin monomer (5% Alexa-488 labeled), 100 nM Arp2/3
complex, 100-200 nM LCR(zyx), and 42 nM capping protein. (D) Confocal time-lapse of
a representative symmetry breaking event. White circle indicates the beads, and the yellow
arrow shows where symmetry breaks. (E) Linescans of LCR (magenta) and actin (green)
fluorescence on the circumference of the F-actin network from reactions where beads break
symmetry. Linescans are the average of 5 beads and were aligned by setting the peak LCR
intensity to position zero. Error bars=SEM.
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[130]. Previous work has demonstrated that capping protein (CP) facilitates symmetry

breaking, as short-capped filaments are more effective in force generation [12, 43, 148].

In the absence of capping protein, large amounts of actin are assembled from the bead

that elongates away from the bead surface. While the overall actin signal is much higher in

the absence of capping protein, LCR binds only slightly above background detection (Figure

3.12A-C). Conversely, in the presence of capping protein, we observed a wide distribution

of LCR binding to the shell. A subset of beads has high LCR intensity associated with

the actin shell (about 50%), while others display levels of LCR binding similar to controls

without capping protein (Figure 3.12C). However, in this set of assays, the high concentration

of capping protein inhibits formation of a complete actin shell on the bead, and we witness

no instances of symmetry breaking. In confocal sections taken through the center of beads

in the presence of a lower concentration of capping protein, LCR localizes where the actin

signal is weakest (Figure 3.12D,E). We speculate this is because symmetry begins to break

at these sites and the F-actin network thins as it is strained. To look more closely at this

phenomenon, we took confocal time-lapse movies of beads going through the process of

symmetry breaking. We observed LCR localizing most intensely to the actin shell during

the period of most rapid straining as the shell ruptures (Figure 3.12D).

3.4 Discussion

Here we show that the mechanism by which zyxin is recruited to SFSS is through binding of

its LCR exclusively to mechanically strained actin filaments and note that a parallel study has

come to the same conclusion independently [218]. We identify 18 proteins from four different

LIM domain protein classes with LCRs that localize to SFSS, indicating that this force-

sensitive interaction may function as an input into diverse cellular processes. While SFSS are

a particular feature within adherent fibroblasts, mechanical stresses are ubiquitous within the

actin cytoskeleton. Force-sensitive biochemistry is inherent to mechanical regulation of the
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Figure 3.13: Model of LCR mechanosensing. (A) Cartoon of an epithelial tissue layer
with different examples of mechanical stress that cells experience (extrusion, apical tension,
and migration). LIM domains bind the different mechanically stressed F-actin networks. (B)
Actin filament experiencing different forces: tension (middle) or bending due to compression
(bottom) which is likely coupled to changes in filament twist. The box indicates the zoomed
in diagram showing the bonds between actin subunits. The grey lines indicate regions of
low stress while the red lines indicate high stress due to tension, compression, or twist-bend
coupling. LIM domain proteins likely localize through their LCR to the regions of high stress.
(C) Phylogenetic tree showing emergence of strained actin filament binding by paxillin class
of LIM domain proteins and later expansion of LIM family in the metazoan stem lineage.
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cytoskeleton and, we suspect, also a means for transmitting information about the mechanical

status of the cell to the nucleus. The tension in SFs tends to reflect the mechanics of the

environment in which cells are embedded. Cells growing in rigid matrices or within tissues

that are being stretched build F-actin networks under increased tension [253, 183, 122].

Recent work suggests that matrix mechanics and the resulting actin networks control nuclear

localization of the LIM protein FHL2 [155, 218]. Interestingly, a majority of SFSS-binding

LIM proteins display nuclear shuttling [108], suggesting a model by which LCR binding

to stressed F-actin networks blocks nuclear import. Our data raises the possibility that

detection of cytoskeletal mechanics by LCRs from four different LIM classes [115], Zyxin,

Paxillin, Tes, and Enigma may underlie regulation of diverse transcriptional pathways they

are part of, including YAP/TAZ, Hippo, p21 signaling, and planer cell polarity. While much

work has demonstrated these to be mechanically regulated [183, 155, 54, 235], our work

implicates interactions between the LCR with strained actin filaments in diverse cytoskeletal

assemblies as a potential mechanism. We anticipate that understanding the details of how

and why diverse LIM domain containing proteins differentially localize to strained actin

filaments at focal adhesions, cell-cell adhesions, and the actin cytoskeleton will yield insight

into the regulation and architecture of these mechanotransduction pathways (Figure 3.13A).

In vitro data from both this and a parallel study [218] indicate that the LCR can be

recruited to highly tensed or compressed actin filaments, suggesting that these two distinct

force-induced filament conformations may expose a similar actin filament structure that has

high affinity for LCR (Figure 3.13B). The maximum distortion that may occur within a highly

bent filament before it breaks is estimated to be approximately 1.5A of displacement/subunit

[4]. An attractive hypothesis is that mechanical stretch, compression, or twist exposes a site

within the actin filament that is weakly recognized by each LIM domain. Future work is

needed to understand the full mechanism of the force-dependent interaction. A parallel study

identified a phenylalanine within each LIM domain that was necessary for force-dependent
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association with actin filaments [218]. Both [218] and our data demonstrate this site is not

sufficient, as tandem LIM domains are required. Our work suggests that 3 tandem domains

connected by linkers of a precise length, each contribute to binding a strained-induced feature

on an actin filament. We suspect the linker length may act as a ruler that positions individual

LIM domains to optimally bind a stress-induced feature on the actin filament (Figure 3.13B).

We show that this force-sensitivity is found in fission yeast LIM protein Pxl1. The

fact that Pxl1 both localizes to the contractile ring in fission yeast and to SFSS in animal

cells suggests that myosin II-induced strained actin filament conformations are a common

feature in contractile networks. Despite large evolutionary distances, this interaction has

been conserved, indicating that there is significant selective pressure to maintain it. Actin

is one of the most highly conserved proteins in Eukaryotes with 90.4% amino acid sequence

identity between fission yeast and mammals, so it is not surprising that the LCR of Pxl1

from fission yeast binds to a strained F-actin structure in mammals. The oldest LIM domain

protein found in plants and animals, CRP [115], binds and bundles actin filaments via its LIM

domains in the absence of mechanical stress [244, 227, 80]. We hypothesize that duplication

and divergence of an ancestral CRP-like LIM domain resulted in a modification to its actin

binding mechanism that favored a strained conformation of F-actin (Figure 3.13C). The

other core components of the contractile machinery, myosin II and α-actinin, have not been

found in plants but are clearly present in the unikonts [187, 126] and may have appeared

around similar times. We hypothesize that the emergence of contractile F-actin machinery

coincided with, or required proteins that could report on the stresses present there. The

oldest SFSS binding class from our screen appears to be paxillin [115], which is involved

in mechanical homeostasis of contractile networks in yeast [74]and mammals [209]. F-actin

strain sensing via LIM may have been co-opted by other signaling pathways later on during

the LIM family expansion that originated in the stem lineage of metazoan (Figure 3.13C)

[115].
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Zinc finger proteins have diverse functionality from regulation of cell cycle, transcription,

and protein folding through interactions with DNA, lipid, and proteins [124]. Our data

demonstrate that mechanically stressed actin filaments are an additional substrate for a sub-

set of zinc finger proteins. The extent to which mechanical forces may regulate interactions

with other known substrates is an opportunity to be explored. The use of the actin filament

itself as a force sensor, or mechanophore, within the actin cytoskeleton is a particularly at-

tractive one as means to control mechanotransduction pathways. Both its abundance and

the different types of force (twist, compression, extension) that can be sensed could provide

a wealth of control of mechanotransduction pathways. Moreover, our work suggests the pos-

sibility of other biomolecules that exclusively bind to mechanically stressed filaments that

may not be have been isolated by traditional biochemical studies.

3.5 Materials and Methods

3.5.1 Cell culture and transfection

NIH 3T3 fibroblasts (American Type Culture Collection, Manassas, VA) and mouse embryo

fibroblasts (MEFs) were cultured in DMEM media (Mediatech, Herndon, VA) and supple-

mented with 10% fetal bovine serum (HyClone; ThermoFisher Scientific, Hampton, NH),

2 mM L-glutamine (Invitrogen, Caarlsbad, CA), and penicillin–streptomycin (Invitrogen).

Zyxin(-/-) and zyxin(-/-)+EGFP-zyxin MEFs cells were a gift of Mary Beckerle’s laboratory

(University of Utah, Salt Lake City, UT) and have been described previously [92, 93]. All

cells were transiently transfected via electroporation before experiments using a Neon trans-

fection system (ThermoFisher Scientific). 1-2 µg of plasmid DNA was used per transfection.

Following transfection, cells were plated in 8-well µ-slide chambers (Ibidi USA, inc.) and

imaged 12-24 hours later.
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3.5.2 Live-cell imaging and SFSS induction

Cells were grown in 8-well µ-slide chambers with culture media supplemented with 10 mM

HEPES and maintained at 37◦C. Cells were imaged on an inverted Nikon Ti-E micro-

scope (Nikon, Melville, NY) with a Yokogawa CSU-X confocal scanhead (Yokogawa Electric,

Tokyo, Japan) and laser merge module containing 491, 561 and 642 nm laser lines (Spectral

Applied Research, Ontario, Canada). Images were collected on Zyla 4.2 sCMOS Camera

(Andor, Belfast, UK). A 405 nm laser coupled to a Mosaic digital micromirror device (An-

dor) was used to locally damage SF. A small area targeting a region of a SF was drawn in

MetaMorph and illuminated by the 405 nm laser for ˚∼5 seconds. Images were collected

using a 60x 1.49 NA ApoTIRF oil immersion objective (Nikon). All hardware was controlled

using MetaMorph Automation and Image Analysis Software (Molecular Devices, Sunnyvale,

CA). Cells were imaged in the 491 and 561 channel at various time intervals ranging from 2

– 20 seconds.

3.5.3 Image processing and analysis for LCR Screening Assay

SFSS were analyzed by measuring the ratio of the mean fluorescence of transiently transfected

mCherry-tagged LCR to the stably integrated EGFP-zyxin fluorescence as so: Ratio =

(LCR SFSS – LCR background) / (zyxin SFSS – zyxin background). Several images of

the cell culture media region without cells was captured in each channel before an imaging

experiment to obtain the background signal from camera noise, media fluorescence. These

images were averaged and subtracted. On a day of imaging, care was taken to keep imaging

settings constant. Each new day, at least two different transfections of LCR(zyx) were used

as a control to adjust for day to day differences in imaging conditions. Kymographs were

generated with imageJ reslice function, or if stress fibers moved significantly, a python script

written in imageJ from user-drawn line segments was used. Background was considered to be
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the location on the stress fiber where the SFSS eventually developed. A linescan was drawn

across the kymograph (through the time axis) to generate a profile. The signal immediately

prior to SFSS development was subtracted from both channels. The maximum fluorescence

signal was found and averaged with the two adjacent points to obtain the enrichment value

for each channel. If there was no obvious signal for the LCR being tested, then the time

point at which GFP-zyxin signal was maximal was used in measuring the mCherry-LCR

signal. The enrichment of mCherry was divided by the enrichment of GFP-zyxin to obtain

the fluorescence. To determine statistical significance, ANOVA was used to compare the

mCherry:GFP ratio of each construct to background signal (mCherry tag alone). alpha was

set 0.05.

3.5.4 Data analysis

Data analysis: Cells presented in figures are representative samples of the population be-

havior. Error bars represent the s.d., s.e.m or 95% confidence interval as indicated and were

computed in graphpad prism (version 8.0d, GraphPad Software, Inc., La Jolla, CA) or from

python’s pandas, matplotlib and scipy libraries. Statistical significance was determined using

ANOVA or independent two-sample Student’s t-test of the mean as noted.

3.5.5 Single molecule analysis

LCR puncta on T-junctions were assumed to be single molecules If the fluorescence signal

appeared and disappeared in a single step with the fluorescence intensity remaining constant

over the lifetime of the interaction. Additionally, we determined the fluorescence intensity

of single fluorphores by performing stepwise bleaching. The size of the steps in bleaching

followed a gaussian distribution. Puncta that appeared on the network and corresponded

to the mean step size were assumed to be single molecules of LCR. Bleaching in the LCR

channel was measured over the time course of the movie and the average time to bleach a
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fluorophore was greater than 10-fold the measured residence time of Zyxin and Pxl1 LCRs.

We therefore concluded that loss of LCR signal at T-junctions was largely due to dissociation

rather than bleaching. The fraction of LCR molecules bound at was determined by fitting

1-cumulative frequency to a single expontial equation f(x)=x0 ∗ exp(−x/T ).

3.5.6 Plasmid constructs for SFSS screens and protein purification

LIM domains can be roughly defined by the following sequence motif: [C][X]2[C][X]13-

20[H][X]2[C][X]2[C][X] 2 [C][X]13-20[C][X]2[C], where the zinc coordinating residue [C] is

usually cysteine but less frequently H, D, or E, and X is any amino acid. To identify LIM

domain containing proteins, the LIM hidden Markov model (HMM PF00412.22) from pFam

was used to scan mouse, fission and budding yeasts proteomes using hmmsearch (EMBL-

EBI). Primers were designed to PCR amplify LIM domains from cDNAs generated from

mouse embryo fibroblasts or fission yeast cells. 15 nucleotide overlaps were included in

primers for infusion cloning (Clontech, Mountain View, CA). Where this failed, or for gener-

ating synthetic constructs as in (Figure 3.5F), synthetic gBlock DNAs from IDT (Integrated

DNA Technologies, Inc.; Coralville, IA) were designed, optimizing codons for expression and

to reduce DNA repeat sequences. If possible, eight amino acids on either side of the first

and last zinc coordinating residues were included in the LCR clones for the screen. In syn-

thetic construct where one of LIM domains was repeated, 4 amino acids before and after the

first and last zinc-coordinating residues were included, comprising an 8 amino acid hybrid

linker. Several initial LCR clones localized strongly to the nucleus. To ensure that LCRs

were cytoplasmic, a nuclear export sequence l (NES) of zyxin was included on the amino

terminal end of the LCR clones. A vector containing CMV promoter, zyxin’s NES, BsmBI

and BamHI sites, GGSGGS linker, and mCherry. LCRs were cloned into the BsmBI/BamHI

cut vectors. BsmBI removes its own recognition sequence, so no additional residues were

added in the NES-LCR ORF. For purification constructs, zyxin (residues 381-572) and S.
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pombe Paxillin-like protein (Pxl1; residues 256-438) PCR products were either inserted into

pET21a-MBP-TEV at EcoRI/HindIII or into pET21a-MBP-TEV-SNAP at XmaI/NotI with

a flexible linker (GGSGGS) in the forward primer following the SNAP sequence.

3.5.7 LIM protein expression in fission yeast

For expression in fission yeast, full length sequences were cloned into genomic integration

vectors pJK210-41xnmt-[LIM domain protein]-GFP::ura4+ that targeted a ura4 region in

cells containing a ura4-294 loss of function point mutant, and restored the ability to grow in

the absence of uracil when successful integration had occurred. Successful integration was

secondarily screened by PCR and sequencing of the ura4 genomic region.

3.5.8 Protein purification and labeling

Zyxin and Pxl1 LCR plasmids were transformed via heat shock into the Escherichia coli

strain BL21-Codon Plus (DE3)-RP (Agilent Technologies, Santa Clara, CA) and grown on

LB Agar plates + selection antibiotics (ampicillin and chloramphenicol). Small cultures (5

mL in culture tubes) were grown overnight shaking at 37◦C in TB + salts + antibiotics. The

next morning, the small cultures were added to 50 mL of TB media with antibiotics in a 250

mL beveled flask, and this culture was grown for 3 hours shaking at 37◦C. Finally, 5-10 mL

of that culture was added to 500 mL of TB media with antibiotics in a 2 L beveled flask.

This large culture was incubated shaking at 30◦C until the OD = 0.6-0.8. Protein expression

was then induced with the addition of 0.5 mM isopropyl -D-1-thiogalactopyranoside and left

to shake for 16 hr at 16◦C.

Cells were lysed with rounds of sonication (Branson Sonifier; ultrasonic probe sonicator)

and high pressure homogenization (Emulsi-Flex-C3; Avestin, Ottawa, Canada) in extraction

buffer [10 mM HEPES (pH 7.4), 150nM NaCl, 0.02% NaN3, 0.1 mM DTT] with EDTA-free

Protease Inhibitor Cocktail (Roche, Basel, Switzerland). The addition of 50 µM ZnCl2 to
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the extraction buffers and subsequent buffers during later protein purifications resulted in

an increased protein yield. The extract was clarified into the ’cell junk pellet’ and ’soluble

protein supernatant’ fractions via centrifugation. The supernatant was incubated for 1 hr

rocking at 4◦C with amylose resin (New England Biolabs, Ipswich, MA). The resin was

loaded onto a disposable column and washed with extraction buffer until Bradford reagent

indicated clean washes. Protein was eluted with extraction buffer + 30 mM maltose, and the

Bradford blue fractions were loaded onto a SDS-PAGE gel for confirmation. The fractions

with protein were pooled and dialyzed against SNAP buffer [20 mM Hepes (pH 7.4), 200 mM

KCl, 0.01% NaN3, 10% glycerol, and 1 mM DTT]. SNAP-tagged proteins were filtered on a

Superdex 200 10/300 GL or Superose 6 Increase 10/300 GL column (GE Healthcare, Little

Chalfont, UK) and then labeled with SNAP-surface-549 (New England Biolabs, Ipswich,

MA) overnight at 4◦C following the manufacturers’ protocols. LIM proteins were flash-

frozen in liquid nitrogen and stored at -80◦C. Protein concentrations were calculated with

the absorbance at 280 nm and extinction coefficients (Table 3.1).

Actin was purified from chicken skeletal muscle acetone powder by a cycle of polymer-

ization and depolymerization and gel filtration [214]. Gel-filtered actin was labeled with

Alexa 488 carboxylic acid succinimidyl ester (Life Technologies) on lysine residues [112, 237].

Pyrene actin was labeled on Cys374 with N-(1-Pyrene)Iodoacetamide. The actin concentra-

tions were calculated with the absorbances at 290 and corresponding wavelengths for each

label (Alexa-488: 491; Pyrene: 344). Black actin concentration is found with the equation:

A290 x 38.5 µM. Alexa-488 actin concentration is found with the equations: total = [A290 -

(0.11 x A491)] x 38.5 µM; labeled = A491/0.071 µM-1. Finally, pyrene actin concentration

is calculated with the equations: total = [A290 - (0.1277 x A344)] x 38.5 µM; labeled = A344

x 45 µM.

Human α-actinin IV was expressed in bacteria and purified as described [248]. Skele-

tal muscle myosin II was purified from chicken breast and labeled with Alexa 647 as de-
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scribed. Dark myosin concentation (mg/mL) is calculated by (A280-A320)/0.52, and divid-

ing by the molecular weight (260,789 Da) converts the concentration to M. Labeled myosin

concentration uses the correction factor (0.03), extinction coefficient (265,000 M-1cm-1), and

absorbance wavelength (651) for the fluorescent dye to adjust. Total myosin (mg/mL)=

[(A280-A320) -(0.03 x A651)]/0.52. Labeled myosin (M) = A651/265,000. Arp2/3 complex

was purified from calf thymus by WASp(VCA) affinity chromatography [186]. WASP frag-

ment construct GST-human WASp pWA was purified by Glutathione-Sepharose affinity

chromatography.

Protein KV # Wavelength
(nm)

Extinction coefficient
(M-1 cm-1)

LCR(zyxin) 1081 280 78,270
SNAP-LCR(zyxin) 1092 280 99,240
LCR(Pxl1) 1094 280 99,240
SNAP-LCR(Pxl1) 1095 280 120,210
α-actinin IV (human) 749 280 125,550

Table 3.1: In vitro protein construct extinction coefficients. Protein information
for the in vitro constructs. KV # indicates the plasmid number in the lab database. The
wavelength is for absorbance, and the extinction coefficient is used to calculate protein
concentration.

3.5.9 High-speed sedimentation

20 µM Mg-ATP actin monomers were spontaneously assembled in [10 mM imidazole (pH

7.0), 50 mM KCl, 6 mM MgCl2, 1.2 mM ethylene glycol tetraacetic acid (EGTA), 50 mM

dithiothreitol (DTT), 0.2 mM ATP, 50 M CaCl2] for 1 hr to produce F-actin. A range of

F-actin (0-10 µM) was then incubated with 0.5 µM LCR construct for 20 min at 25◦C. The

mixture was spun at 100,000 g for 20 min, and the supernatant and pellet were separated by

12.5% SDS PAGE, stained with Coomassie Blue, destained, and analyzed via densiometry

with ImageJ.
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3.5.10 Seeded pyrene

Pyrene assembly assays were conducted in 96-well plates in an Infinite M200 Pro (Tecan

Systems, Inc., San Jose, CA) fluorescent plate reader to measure the fluorescence of pyrene-

actin (excitation at 367 nm and emission at 407 nm. For seeded assembly, a 5 µM stock

of unlabeled Mg-ATP actin monomers was preassembled, followed by the addition of 100x

anti-foam, 10x KMEI [500 mM KCl, 10 mM MgCl2, 10 mM EGTA, 100 mM imidazole (pH

7.0)], and a range of LCR(zyx) (0-2 µM). The final concentration of F-actin unlabeled seeds

was 0.5 µM for each well. Actin monomers (20% pyrene-labeled) were added to another row

of wells, and mixing the monomer row with the preassembled actin filament row initiated

the reactions.

3.5.11 In vitro contractility assay

Time-lapse TIRFM movies were taken using a cellTIRF 4Line system (Olympus, Center

Valley, PA) fitted to an Olympus IX-71 microscope with through-the-objective TIRF illumi-

nation and an iXon EMCCD camera (Andor Technology, Belfast, UK). The bundled actin

networks consisted of F-actin (1.5 or 3 µM, 10% Alexa 488 labeled), α-actinin (100-200 nM),

LCR (50-200 nM), and polymerization TIRF buffer [10 mM imidazole (pH 7.0), 50 mM KCl,

1 mM MgCl2, 1 mM EGTA, 50 mM DTT, 0.2 mM ATP, 50 µM CaCl2, 15 mM glucose, 20

µg/ml catalase, 100 µg/ml glucose oxidase, and 0.5% (400 cP) methylcellulose]. Based on

the glass and imaging conditions, the specific protein concentrations varied within a set range

to create contractile networks. The protein mixture was transferred to a flow chamber, and

the network was allowed to preassemble for 30-45 minutes (Figure 3.14). Simultaneously,

monomeric myosin II was polymerized separately in a low salt buffer [10 mM imidazole (pH

7.0), 1 mM MgCl2, 1 mM EGTA, 0.3 mM ATP]. To induce network contraction, polymer-

ized myosin (50-150 nM) was flowed into the chamber. The flow mixture also contained the
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critical concentration of actin (0.1 µM) and the same initial concentrations of α-actinin and

LCR. Images were then acquired at either 10 or 15 s intervals at room temperature.

3.5.12 Bead symmetry breaking assay

Polystyrene microspheres (Polysciences, Eppelheim, Germany) were coated with GST-pWA

[186]. Motile beads were imaged after 15 minutes of polymerization on an inverted micro-

scope (Ti-E; Nikon, Melville, NY) with a confocal scan head (CSU-X; Yokogawa Electric,

Musashino, Tokyo, Japan), 491, 561, and 642 laser lines (Spectral Applied Research, Rich-

mond Hill, Ontario, Canada) and an HQ2 CCD camera (Roper Scientific, Trenton, NJ).

Z-stacks were acquired, reconstructed and analyzed using ImageJ. Fluorescence ratios were

determined using the central, single plane of motile beads. Background-subtracted fluores-

cence values were measured for each fluorescent protein in the comet tail region and in the

protrusion region.
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Figure 3.14: In vitro contractility assay setup.
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Figure 3.14: (continued) (A) Simple schematic of the flow chamber setup. Double-sided
’TIRF’ tape is used to make long chambers between the coverslip and slide. The initial
reaction is flowed into the chamber, and the ’flow in’ reaction is added by using filter paper
to wick the liquid from the other side. The ’flow in’ reaction is added 30-45 minutes after
network assembly and essentially maintains the initial reaction with the same concentrations
of α-actinin and LCR and the criticial concentration of actin monomer. The addition of
myosin in the ’flow in’ reaction initiates network contraction. (B) Simple cartoon of bundled
F-actin network assembly and myosin induced contractility. Major myosin forces are tension
and compression, which deform the network.
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CHAPTER 4

ENGINEERING A FLUORESCENTLY-LABELED FISSION

YEAST ARP2/3 COMPLEX FOR SINGLE MOLECULE

MECHANISTIC INVESTIGATIONS IN VITRO

Preface

The work in this chapter is currently in progress to complete for submission in a few months.

Meghan O’Connell, Cristian Suarez, Vilmos Zsolnay, and David Kovar have contributed to

the work in this chapter so far. I initiated the project, cloned and troubleshooted the fluo-

rescent Arp2/3 complex constructs, conducted pyrene assays, did some TIRFM, formatted

all figures, and wrote the first manuscript draft. Meghan did all the cell work, most TIRFM,

and most analysis. Vilmos did the more complex computational analysis for Arp2/3 com-

plex binding. Additional data for the manuscript will be provided by Michael James and

Vladmir Sirotkin (State University of New York (SUNY) Upstate Medical University) for

patch dynamics analysis.

4.1 Abstract

Arp2/3 (actin-related protein 2/3) complex is a seven-component protein complex that binds

to a ‘mother’ actin filament and nucleates a branched new ‘daughter’ filament. Arp2/3

complex is activated by a nucleation promoting factor (e.g. WASp/Scar family proteins),

and the mechanism and pathway of Arp2/3 complex activation and branch formation has

been well-studied with limited direct visualization. Here, we have successfully engineered and

purified a fluorescently-labeled fission yeast Arp2/3 complex and visualize Arp2/3 complex

binding and branch formation in single molecule TIRF microscopy. We have made progress

into fully understanding the pathway of Arp2/3 complex-mediated branch formation.
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4.2 Introduction

Cells assemble and maintain diverse actin filament (F-actin) networks with unique architec-

tures and dynamics that are best suited to facilitate their corresponding cellular processes

[15, 142]. In fission yeast, the F-actin networks are assembled by two nucleators: formins

(Cdc12, For3, Fus1) and Arp2/3 (actin-related protein 2/3) complex [175]. Formins assem-

ble straight filaments that form polarizing actin cables (For3), the contractile ring (Cdc12)

in dividing cells, and the fusion focus (Fus1), whereas Arp2/3 complex nucleates branched

filaments for endocytic actin patches [27, 63, 118]. The different actin networks exist in

homeostasis as they compete for available actin monomers (G-actin) to maintain their den-

sity and size [22]. The G-actin binding protein profilin favors formin-mediated actin fila-

ment (F-actin) elongation and directly inhibits Arp2/3 complex-mediated actin assembly

[216, 117, 193, 58, 90, 192].

Arp2/3 complex is essential for creating short branched actin networks that are ideal for

generating forces, including the lamellipodia in motile cells, endocytic patches in budding

and fission yeast, and actin tail formation and propelling movement of pathogenic listeria

[178]. Arp2/3 complex binds to an existing mother filament and mediates daughter branch

formation (Figure 4.1A). Arp2/3 complex consists of two actin related proteins (Arp2 &

Arp3) and five additional subunits (ArpC1-5), which together form the intrinsically inactive

complex [221, 14] (Figure 4.1B). Nucleation promoting factors (NPFs) are required to activate

Arp2/3 complex. The most well-studied NPFs are the Wiskott-Aldrich syndrome protein

(WASp) and Scar/WAVE protein families. These NPFs have a C-terminal VCA (Verpolin,

Central, Acidic) region that is responsible for Arp2/3 complex activation [165]. The different

VCA (also known as WCA) components have separate roles, as VC binds G-actin and

CA associates with Arp2/3 complex [137, 33]. Therefore, VCA initiates the interaction of

the Arp2/3 complex and the first subunit of the daughter filament. This creates a trimer
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Figure 4.1: Determining the optimal labeled Arp2/3 complex. (A) Simplified
schematic of the pathway of Arp2/3 complex-mediated branch formation. Typically, one
or more VCA containing proteins brings one or more actin monomers to the Arp2/3 com-
plex and initiates binding and branch nucleation. ’B’ labels the barbed end of the filaments
(B) Cartoon of the seven-component organization of Arp2/3 complex (Arp2, Arp3, ArpC1-
5). (C) Calculated t1/2 for fission yeast growth assays of tagged Arp2/3 complex strains. n
= 3 replicates for all strains except WT, where n = 6, error bars = s.d. One-tailed t-test
with unequal variance comparing each strain to WT yielded significantly different p-values
for ArpC3-mCh (0.0288) and ArpC3-mNG (0.0235).
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Figure 4.1: (continued) (D) SDS-PAGE gel showing 0.6 µg of each purified Arp2/3 complex
construct. The components are labeled along the right side of the gel. Pink circles and blue
stars indicate shifts in ArpC3 (SNAP, NG) and ArpC5 (mCherry, Halo) with fluorescent tags,
respectively. These are the only constructs discussed any further so the abbreviations are:
SNAP (ArpC3-SNAP), mCherry (ArpC5-mCherry), 2x-mCherry (ArpC3-mCherry; ArpC5-
mCherry), NG (ArpC3-mNeonGreen), and Halo (ArpC5-Halo). (E) Relative activity of each
Arp2/3 complex construct in bulk spontaneous pyrene assays containing 1 µM actin, 100
nM Arp2/3 complex, and 100 nM VCA. The t1/2 for each construct was normalized and
compared to WT (1) and actin only (0). (F) A representative trial of spontaneous pyrene
with a range (25 nM, 50 nM, 100 nM) of wildtype or ArpC5-Halo with 100 nM VCA.

structure that is more energetically stable than a trimer formed from three actin monomers.

It has been proposed that two WASP proteins function as dimers and actually deliver two

monomers to Arp2/3 complex [164]. In addition to VCA containing nucleation promoting

factors (NPFs), the WISH/DIP/SPIN90 (WDS) family of NPFs utilize an armadillo repeat

to activate Arp2/3 complex [133, 202]. WDS proteins don’t require a pre-existing mother

filament and instead nucleate linear actin filaments [239].

The formation of a ternary structure of Arp2/3 complex, VCA (one or more), and

G-actin (one or more) is one step in the pathway leading to successful nucleation of an

Arp2/3 complex-mediated branch. Arp2/3 complex must also bind ATP and conformation-

ally change to bring Arp2 closer to Arp3 [9, 158]. The precise order and rates of the Arp2/3

complex-mediated branch formation pathway have been studied extensively over the years

[137, 10]. While there is much known on how Arp2/3 complex branching occurs, there has

been limited direct visualization of the branching pathway. Smith et al. [207, 208] visualized

the pathway with fluorescently labeled Saccharomyces cerevisiae (budding yeast) Arp2/3

complex and WASp. However, S. cerevisiae Arp2/3 complex has a minimal base level of

activity in the absence of WASp (reviewed in [77]). In Schizosaccromyces pombe (fission

yeast) and mammalian systems, Arp2/3 complex remains fully inactive in the absence of

an NPF. Additionally, fission yeast is a long-standing model system for understanding the

mechanisms and functions of the actin cytoskeleton and its associated actin binding proteins.
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Therefore, we engineered a fluorescently labeled S. pombe (fission yeast) Arp2/3 complex and

Wsp1-VCA constructs to further characterize the branching pathway with fission yeast pro-

teins. These engineered tools can now be used for further investigation into understanding

the formation and regulation of Arp2/3 complex-mediated F-actin networks in cells.

4.3 Results

4.3.1 Engineering an optimal fluorescently-labeled Arp2/3 complex for in

vitro experiments

To visualize Arp2/3 complex at the single molecule level in vitro, we initially needed to engi-

neer and purify an optimally functional fluorescently-tagged Arp2/3 complex. We required

three characteristics for an optimal construct sufficient for mechanistic studies: (1) the con-

struct should not exhibit major growth and F-actin network defects in fission yeast cells,

(2) the general F-actin branching activity should be as close to wild-type Arp2/3 complex

as possible, and (3) single molecules of the fluorescently-labeled Arp2/3 complex should be

visible by TIRF microscopy (TIRFM) imaging. As described in the following paragraphs, to

determine the most optimal fluorescently-labeled fission yeast Arp2/3 complex construct, we

(1) engineered a series of fission yeast strains in which various tags were integrated into the

genome of the ArpC3 and ArpC5 subunits of Arp2/3 complex, (2) characterized their cell

growth, general F-actin network organization and endocytic actin patch dynamics, and (3)

purified and fluorescently-labeled the Arp2/3 complexes and determined their actin assem-

bly properties in ‘bulk’ pyrene and single filament/molecule TIRFM imaging actin assembly

assays.

Since Arp2/3 complex has seven components, we wanted to create a fission yeast strain

with an endogenously tagged component of the complex. The majority of in vivo experiments

with fluorescently-labeled Arp2/3 complex tag ArpC5. However, previous studies in bud-
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Strain # Genotype Source

KV367 h-, ARPC5-mCherry-natMX6, V. Sirotkin
ade6-M216, leu1-32, his3-D1, ura4-D18

KV480 h?, protease deficient T. Pollard
KV588 h+, pAct1 Lifeact-GFP::Leu+, M. Balasubramanian

ade6-M216, leu1-32, his3-D1, ura4-D18
KV678 h+, fim1-mCherry-natMX6, Unknown

pAct1 Lifeact-GFP::Leu+, ade6-M216,
leu1-32, his3-D1, ura4-D18

KV981 h?, ARPC3-SNAP-KanMX6, This study
protease deficient

KV982 h?, ARPC3-mCherry-KanMX6, This study
protease deficient

KV984 h?, ARPC3-mCherry-KanMX6, This study
ARPC5-mCherry-NatMX6, protease deficient

KV996 h?,ARPC3-Halo-KanMX6, This study
protease deficient

KV997 h?, ARPC5-Halo-KanMX6, This study
protease deficient

KV1005 h?, pAct1 Lifeact-GFP::Leu+, This study
ARPC5-HALO-KanMX-6, protease deficient
(?)

KV1006 h?, ARPC3-mNeonGreen-KanMX6, This study
protease deficient

KV1007 h?, ARPC5-Halo-KanMX-6, This study
fim1-mCherry-natMX6, protease deficient (?)

Table 4.1: The fission yeast strains used in this paper. This is a complete list of the
fission yeast strains utilized in this manuscript. The strain number corresponds to our lab
database of fission yeast. Most of the strains were made specifically for this manuscript and
are described in the methods.

ding yeast tagged the fission yeast ArpC3 ortholog with a SNAP-tag for in vitro mechanistic

studies [207, 208]. Therefore, we engineered a series of fission yeast strains expressing dif-

ferent endogenously tagged Arp2/3 complex components: ArpC3-SNAP, ArpC3-mCherry,

2x-mCherry (ArpC3-mCh, ArpC5-mCh), ArpC3-mNeonGreen, ArpC3-Halo, and ArpC5-

Halo, as well as a previously engineered strain (ArpC5-mCherry) (Table 4.1). To determine

whether endogenously tagged Arp2/3 complex components cause general cell growth de-
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fects, we tested the tagged fission yeast strains in a bulk growth assay (Figure 4.1C). By

comparing the t1/2 for each strain to reach plateau, most of the strains grow nearly iden-

tically to WT. However, both ArpC3-mCherry and ArpC3-mNeonGreen deviate from WT

because ArpC3-mCherry has a significantly lower t1/2, while ArpC3-mNeonGreen has a sig-

nificantly higher t1/2 (Figure 4.1C). Furthermore, although the t1/2 for the ArpC3-Halo

strain is not significantly different, this strain was not considered further because it has

general growth and stability issues and the growth curve plateaus much lower than WT.

Because of their normal general growth rates, we moved forward with further analysis of

ArpC3-SNAP, ArpC5-mCherry, 2x-mCherry, ArpC3-mNeonGreen and ArpC3-Halo.

Next, we purified the remaining Arp2/3 complex constructs following previous methods

to examine their actin assembly activities [203] (Figure 4.1D). To understand the activity

levels of each Arp2/3 complex construct, we conducted spontaneous pyrene assays comparing

each construct to both actin alone and wild-type (WT) Arp2/3 complex (Figure 4.1E, 4.2).

The t1/2 was calculated for each construct and compared and normalized to WT (1) and

actin only (0) to determine relative activity level for each Arp2/3 complex construct (Figure

1E). The SNAP construct has the lowest relative activity level of about 0.22, while the Halo

construct has an activity level of about 0.6. The mCherry, 2x-mCherry, and NG constructs

are close to WT with about 0.9-1 activity levels. As our goal was to visualize Arp2/3 complex

at the single molecule level, we also tested the constructs in single molecule total internal

reflection fluorescence (TIRF) microscopy assays (Figure 4.3A,B). The ArpC3-mNeonGreen

construct is visible but only in aggregates that cause large asters (Figure 4.3B). The mCherry

and 2x-mCherry constructs do not aggregate, but the fluorescence signal at branch sites is

not above background noise. Unlike other constructs tested, the Halo Arp2/3 complex

(ArpC5-Halo) does not aggregate and is visible at the single molecule level in TIRF (Figure

4.3A). The Halo Arp2/3 complex construct is the optimal engineered tool for this research.

There are no cell growth defects, and it is visible in single molecule TIRF microscopy. The
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Figure 4.2: Representative pyrene curves. Representative spontaneous pyrene curves
for the different Arp2/3 complex constructs with their corresponding trials of WT and actin
only. Each reaction has 1 µM actin (10% pyrene-labeled), 100nM Arp2/3 complex, and
100nM VCA.
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Figure 4.3: Single molecule TIRFM of fluorescently-labeled Arp2/3 complex con-
structs
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Figure 4.3: (continued) (A) Representative images from movies of branch formation by
different fluorescent Arp2/3 complex constructs. The arrows shown in the merge indicate
Arp2/3 complex mediated branches. Scale bar = 5 µm. (B) Representative images from a
movie where the mNeonGreen Arp2/3 complex aggregates and forms asters. Scale bar = 10
µm.

decreased activity in pyrene is likely due to a fraction of inactive protein that was unable to

be separated during purification. Additional spontaneous pyrene showed that Halo Arp2/3

complex increases with an increasing range of concentration (Figure 4.1F), and the decreased

activity appears to scale with the concentration. The fraction of inactive protein should not

affect the single molecule analysis of active Arp2/3 complexes.

4.3.2 Halo-Arp2/3 complex fission yeast cells exhibit no significant F-actin

network deficiencies

As the ArpC5-Halo construct appears to be optimal for in vitro mechanistic studies, we

further analyzed the effects of the endogenous HaloTag on fission yeast F-actin networks and

the dynamics of endocytic actin patches. When cells were stained with phallicidin, a marker

for F-actin, we observe no major differences in F-actin network structures for ArpC5-Halo

cells when compared to WT fission yeast cells (Figure 4.4A). Actin patch dynamics have been

studied in immense detail [204]. Inhibiting Arp2/3 complex through the small molecular

inhibitor CK666 results in patch disassembly [157, 191], and mutations in components of

Arp2/3 complex affect the dynamics of the patches [151, 249]. We analyzed the patch

dynamics of the actin patches in WT and Halo-Arp2/3 complex cells using Lifeact (Figure

4.4). When compared to wild-type cells, we observed no significant difference in patch

dynamics.

93



Figure 4.4: Endogenous HaloTag on Arp2/3 complex has no effect on endocytic
actin patch dynamics. (A) Representative fluorescent micrographs of fission yeast cells
stained with phallicidin to mark F-actin networks. Scale bar = 5 mm. (B) Representative
time-lapse fluorescent micrographs showing fission yeast endocytic actin patches expressing
Lifeact-eGFP. (C) Lifeact-eGFP intensity and patch internalization distance in fission yeast
endocytic patches over their lifetimes for cells with wild-type or ArpC5-Halo Traces represent
the average of 10-12 endocytic patches, error bars = s.d. (D) Lifetime, assembly time, and
disassembly time of endocytic actin patches in wild-type or ArpC5-Halo cells. n = 10-12
patches, error bars = s.d. (E) Diploid tetrad analysis of myo1δ cells crossed with wild-type
or ArpC5-Halo fission yeast cells.
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4.3.3 Halo-Arp2/3 complex can be visualized at the single molecule level

Purified Halo-Arp2/3 complex was fluorescently labeled with a TMR ligand and mixed with

monomeric actin (10% Alexa-488 labeled) and a VCA fragment of S. pombe Wsp1. Actin

filament assembly was observed in single molecule TIRFM, and fluorescently labeled Arp2/3

complex was visible at 60% of branch sites (Figure 4.5A, 4.6). Reduced labeling efficiency

and bleaching events contribute to the unlabeled Arp2/3 complex-mediated branching events

(Figure 4.6). The time between Arp2/3 complex binding to the mother filament and daughter

filament branch initiation was calculated by using the observed elongation rate of the daugh-

ter filament to retrospectively determine the time of branch nucleation (Figure 4.5B). The

average time gap between Arp2/3 complex binding and branch nucleation is approximately

2.1 seconds (Figure 4.5C).

4.3.4 Halo-Arp2/3 complex is active with multiple classes of nucleation

promoting factors

In addition to the VCA containing NPFs, there is the WISH/DIP/SPIN90 (WDS) family of

NPFs that utilize an armadillo repeat to activate Arp2/3 complex [133, 202]. WDS proteins

don’t require a pre-existing mother filament for nucleation and form straight filaments instead

of branched filaments [239]. S. pombe Dip1, a member of the WDS family, creates actin

seeds that can initiate Wsp1 branch formation [7]. The cooperation between Dip1 and Wsp1

is important for endocytic branched actin network formation [6]. Purified Dip1 increases

filament nucleation, and labeled Halo-Arp2/3 complex can be seen at the pointed ends of

filaments (Figure 4.7).
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Figure 4.5: Labeled Halo-Arp2/3 complex at branch sites. (A) Representative time-
lapse images of Halo-Arp2/3 complex binding to a mother filament and remaining through
daughter branch formation. Events shown in (i) and (ii) are two distinct examples of Arp2/3
complex binding and branch formation. Reactions contained 1.5 µM Mg-ATP actin (10%
Alexa-488 labeled), 30 nM ArpC5-Halo TMR, and 300 nM VCA. The arrows in the first few
images show the Arp2/3 complex that will eventually form a branch. Scale bar = 5 µm (B)
Representative nucleation graphs from branches shown in (A). Pink line shows the step-like
increase of Arp2/3 complex signal. The daughter filament length was traced at each data
point, and the nucleation time can be calculated by using the elongation rate (slope) to
determine when the daughter filament began to grow in relation to Arp2/3 complex binding.
(C) Average nucleation graph. Average nucleation time = 2.098 +/- 2.18 sec. n = 18
branches, error bars = s.d.
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Figure 4.6: Majority of branch sites have single molecule of labeled Halo-Arp2/3
complex. (A) Representative time-lapse TIRFM images of Halo-Arp2/3 complex nucle-
ating a branch and bleaching while daughter filament elongation continues. Reactions con-
tained 1.5 µM Mg-ATP actin (10% Alexa-488 labeled), 30 nM ArpC5-Halo TMR, and 300
nM VCA. (B) Nucleation graph of a Halo-Arp2/3 complex bleaching event. The Arp2/3
complex bleached prior to the filament traces. (C) Histogram of Halo-Arp2/3 complex
fluorescence amplitude. Amplitude was calculated as the difference in fluorescence at the
branch site between the frame in which Arp2/3 complex appeared and the frame immedi-
ately prior. n = 72 branches. (D) Fraction of branch sites with fluorescently labeled or
unlabeled Halo-Arp2/3 complex. n = 3 independent movies with 111 events, error bars =
s.d.
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Figure 4.7: Dip1 robustly activates Halo-labeled Arp2/3 complex nucleation. (A)
Single color TIRFM of 1.5 µM Mg-ATP actin (10% Alexa-488 labeled) with 25 nM ArpC5-
Halo TMR, and either 0 or 50 nM fission yeast Dip1. Images at t = 3 min after initiation
of actin assembly reaction. Scale bar = 10 µm. (B) Quantification of the number of fila-
ments nucleated by Arp2/3 complex. One tailed t-test with unequal variance yielded p-value
*p=0.0492, error bars = s.d., n = 3 replicates. (C) Representative time-lapse of Halo-Arp2/3
complex activated by Dip1 to form linear filaments. Scale bar = 5 µm.
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4.3.5 F-actin binding of Arp2/3 complex increases in the presence of VCA

In order to understand how nucleation promoting factors influence Arp2/3 complex activity,

we examined how Wsp1(VCA) affects Arp2/3 complex binding to actin filaments. Previous

work [207] has demonstrated that in the presence of VCA, Arp2/3 complex binds more

frequently to actin filaments in vitro. To examine Arp2/3 complex binding dynamics, we

tethered actin filaments to the surface via biotin-actin and flowed in Halo-Arp2/3 complex

and capping protein (to prevent new filament polymerization) with or without VCA present.

Arp2/3 complex dynamics were continuously monitored. In the absence of VCA, we found

that Arp2/3 complex very rarely binds to F-actin in vitro (Figure 4.8A,B). The addition

of VCA significantly increases Arp2/3 complex binding events along actin filaments (Figure

4.8A,B). This would imply that the conformational change of Arp2/3 complex when bound

to VCA is better suited for filament binding.

Interestingly, TIRFM movies with added VCA have a noticeable increase in total Halo-

Arp2/3 complex in the field of view compared to movies without VCA. However, the fraction

of bound Arp2/3 complex molecules is not significantly different between the two conditions

(Figure 4.8C). We suspect that, as the presence of VCA increases Arp2/3 complex F-actin

binding, the presence of more Arp2/3 complex molecules may be due to increased sampling.

If the conformational change of VCA bound Arp2/3 complex increases filament binding

events, it would be likely that more Arp2/3 complex would be seen in the field of view.

4.4 Discussion

In this work, we successfully engineer and minimally characterize a fluorescently labeled

Arp2/3 complex that is critical for further single molecule analysis of the Arp2/3 complex-

mediated branch formation pathway. Arp2/3 complex branch formation involves multiple

steps, and the fluorescent Arp2/3 complex serves as an invaluable tool for analyzing each
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Figure 4.8: Binding of Arp2/3 complex in the presence or absence of VCA. (A)
Representative images showing the actin mask that was used to calculate whether the Arp2/3
complex is bound to actin filaments in the presence or absence of VCA. The magenta dots
represent bound Arp2/3 complex molecules. Reactions contained 30 nM ArpC5-Halo, 100
nM capping protein, and either 0 or 300 nM VCA. (B) Binding events of Arp2/3 complex
per µm of actin filament in the presence or absence of VCA, error bars = s.d. p = 0.047
(C) The fraction of Arp2/3 complex visible in the field bound to actin filaments, error bars
= s.d.
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step in immense detail. We discovered that fission yeast Arp2/3 complex binds a mother

actin filament and branch nucleation occurs on average 2.1 seconds later. Arp2/3 complex

‘samples’ actin filaments prior to choosing one site for binding. The sampling of F-actin is

increased with the presence of VCA, which suggests that the conformational change induced

by VCA is better suited for mother filament binding.

Future work will focus on utilizing Halo-Arp2/3 complex to examine how branch forma-

tion is regulated by other actin binding proteins. The addition of profilin to these reactions

will inhibit branch formation by competing with Wsp1(VCA) for actin monomer [216]. With

fluorescent Arp2/3 complex and VCA constructs, future studies will directly visualize the

effects of profilin on Arp2/3 complex dynamics, including mother filament binding. Further,

as recent work has demonstrated a critical link between the Wsp1 and Dip1 Arp2/3 com-

plex activation pathways in endocytic patch formation [6], direct visualization of Arp2/3

complex and both NPFs simultaneously will be crucial to understanding how these two

pathways cooperate. Investigating the Arp2/3 complex branching pathway is important for

understanding the formation and regulation of branched actin networks in cells.

4.5 Materials and Methods

4.5.1 Cloning Arp2/3 complex fission yeast strains and in vitro proteins

ArpC3-SNAP-KanMX6 (KV 981), ArpC3-mCherry-KanMX6 ArpC5-mCherry-NatMX6 (KV

984), ArpC3-mNeonGreen-KanMX6 (KV 1006), ArpC3-Halo-KanMX6 (KV 996), and ArpC5-

Halo-KanMX6 (KV 997) strains were made for this paper. The SNAP pombe targeting

vector SNAP-KanMX6, was made for this study by inserting the tag into pFa6a-KanMX6.

The HALO targeting vector was obtained from Addgene (#87029), and the others were from

previous a paper [212]. The inserts were amplified with corresponding primers (Table 4.2)

and inserted at the locus via lithium acetate transformations into a protease deficient strain
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Primer Genome homology Plasmid homology Strains

ArpC3 forward1 AACTGAAAAGGATCAT
CCCAGCAAGTGGTGGA
CTTGCTTCAGCAAGAG
ACGTTTTATGAACAAA
GCTTTG

CGGATCCCCGGG
TTAATTAA

KV
984,996,1006

ArpC reverse1 TGAAATAAAGGAAACG
GAAAAACATAAAGGCT
TTGAAATACAGTATGA
GCCAAATTATTAATTA
ATAGAC

GAATTCGAGCTC
GTTTAAAC

KV
984,996,1006

ArpC5 forward1 GGTTTTGTAGGTGGTG
GAAATATCCGGTATAG
GATGTATAGTTCGTGT
TCTCAATAGTAGACCC
GATCTA

CGGATCCCCGGG
TTAATTAA

KV 984

ArpC5 reverse1 AAACAGAATCATTGAT
TCAGTTCCATAAGCGA
CAGAATAGTAGATACC
AAAAAGTAAGATAAAG
CCATAT

GAATTCGAGCTC
GTTTAAAC

KV 984

ArpC3 forward2 AAAGGATCATCCCAGC
AAGTGGTGGACTTGCT
TCAGCAAGAGACGTTT
TATGAACAAAGCTTTG

ggaggcagtggcggtagc
GAA

KV 981

ArpC3 forward2 GGAAACGGAAAAACAT
AAAGGCTTTGAAATAC
AGTATGAGCCAAATTAT
TAATTAATAGAC

CAGTATAGCGAC
CAGCATTCAC

KV 981

Table 4.2: The primers with genome homology used to clone the Arp2/3 complex
strains in this paper.

KV480 (aka TP150). All strains were confirmed with sequence analysis. GST-VCA-linker-

Halo-6xHis was cloned by restriction digest of a HaloTag vector and insertion of an amplified

VCA segment from the GST-Wsp1(VCA) construct used for unlabeled VCA experiments.
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4.5.2 Fission yeast growth assay

Fission yeast cells were maintained in standard YE5S complete media and grown for 36 hours

in a 25◦C water bath shaker prior to any experimental procedures. Fission yeast cells were

diluted from growing liquid YE5S cultures in 96 well plates (Corning Inc., Corning, NY) to

an OD600 of 0.03 and 0.06 for each strain, with three technical replicates of each starting

OD per assay. Cells were monitored using an Infinite M200 Pro (Tecan Systems, Inc., San

Jose, CA) fluorescent plate reader with constant shaking and temperature maintenance at

25-27◦C. OD600 readings were recorded every 10 minutes for 23 hours. Growth assays were

conducted three separate times for a total of three biological replicates, each containing three

technical replicates per strain. For analysis, initial reading of each assay was set to zero.

The three technical replicates for each strain were then averaged. This was repeated for all

three separate growth curve assays.

4.5.3 In vitro protein purification

Arp2/3 complex was purified following previous protocols established for S. pombe WT

Arp2/3 complex purification [203]. Ammonium sulfate cut, GST-WASP affinity column,

and anion exchange chromatography (GE Healthcare) are the main steps of purification.

Following anion exchange, the ArpC5-Halo was additionally filtered over a HiPrep 26/60

Sephacryl S-300 HR column (Cytiva). SNAP and Halo constructs were incubated with

the corresponding SNAP-549 (New England Biolabs, Ipswich, MA) or Janelia Fluor 549

(Promega) overnight at 4◦C following the manufacturers’ protocols. All Arp2/3 complex

constructs were flash-frozen in liquid nitrogen and stored at -80◦C. Arp2/3 complex con-

centrations were calculated with absorbance at 280 nm and the corresponding extinction

coefficients (M-1cm-1): WT (250,000), SNAP (270,970), mCherry (282,890), 2x-mCherry

(318,760), NG (294,350), and Halo (308,440).
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Bovine WASP (GST-WASP(VCA)) and fission yeast Wasp fragment constructs (GST-

Wsp1(VCA)) were purified by glutathione sepharose affinity chromatography [203]. GST-

VCA-linker-Halo was also purified with the glutathione sepharose affinity column but fol-

lowed by size exclusion chromatography (Superose 6 Increase 10/300 GL) to remove aggre-

gates. Actin was purified from chicken skeletal muscle acetone powder by a cycle of poly-

merization and depolymerization and gel filtration [214]. Gel-filtered actin was labeled with

Alexa 488 carboxylic acid succinimidyl ester on lysine residues. Pyrene actin was labeled on

Cys374 with N-(1-Pyrene)Iodoacetamide. The actin concentrations were calculated with the

absorbances at 290 and corresponding wavelengths for each label (Alexa-488: 491; Pyrene:

344). Black actin concentration is found with the equation: A290 x 38.5 µM. Alexa-488 actin

concentration is found with the equations: total = [A290 - (0.11 x A491)] x 38.5 µM; labeled

= A491/0.071 µM-1. Finally, pyrene actin concentration is calculated with the equations:

total = [A290 - (0.1277 x A344)] x 38.5 µM; labeled = A344 x 45 µM. The GST-TEV-Dip1

plasmid was obtained from the Nolen lab and purified similar to their methods [7] with a

glutathione sepharose column, TEV protease cleavage, and anion exchange chromatography

(GE Healthcare).

4.5.4 Spontaneous pyrene

Pyrene assembly assays were conducted in 96-well plates in an Infinite M200 Pro (Tecan

Systems, Inc., San Jose, CA) fluorescent plate reader to measure the fluorescence of pyrene-

actin (excitation: 367 nm; emission: 407 nm). For spontaneous assembly, a 10 µM mixture of

10% pyrene-labeled Mg-ATP-actin was mixed with 10x ME [500 µM MgCl2, 2 mM ethylene

glycol tetraacetic acid (EGTA)] and added to the upper wells of the 96-well plate followed

by 100x anti-foam. The lower wells contained 10x KMEI [500 mM KCl, 10 mM MgCl2, 10

mM EGTA, 100 mM imidazole (pH 7.0)], Mg-Buffer G [ 2mM Tris (pH 8.0), 0.2 mM ATP,

0.5 mM DTT, 1 mM sodium azide (NaN3), 0.1 mM MgCl2], and the appropriate amounts
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of Arp2/3 complex and VCA. The contents of the lower wells were mixed with the actin

monomers in the upper wells, which initiated the reaction and data collection every 10 sec.

4.5.5 Phallicidin

BoDipy-phallicidin stocks were prepared by resuspending 300 units BoDipy-phallicidin (Thermo

Fisher Scientific, Waltham, MA) in methanol (1.5 ml). This solution was aliquoted (10 µl),

vacuum dried, and stored at -20◦C until use. For staining, one dry BoDipy-phallicidin aliquot

was resuspended in PEM buffer (10 µl) [0.1 M NA PIPES (pH 6.8), 1 mM EGTA, 1 mM

MgCl2] immediately prior to use.

Cells were stained with BODIPY-Phallicidin as adapted from [196]. Briefly, fission yeast

cells (1 ml) at OD600 = 0.4-0.5 were fixed with EM grade paraformaldehyde (16%, 333 µl)

for 5 minutes. Cells were washed 3 times with PEM buffer with centrifuge spins between each

wash to pellet cells. Cells were permeabilized with PEM buffer + 1% Triton X-100 (1 ml)

for 1 minute then centrifuged and washed 3 times with PEM buffer. Cells were resuspended

in PEM buffer (10 µl), and 1 unit of BODIPY-Phallicidin (Molecular Probes) was added

and incubated in the dark for 30 minutes. Cells were washed once with PEM buffer and

centrifuged to pellet then resuspended in a small volume of PEM buffer. Stained cells were

stored at 4◦C and imaged within 24 hours. Confocal images were acquired using Z-stacks of

11 slices with a 0.5 µm step-size for phallicidin stained cells.

4.5.6 Cell imaging

Confocal images were acquired on an IX83-X1 (Olympus, Tokyo, Japan) equipped with

a Yokogawa CSU-X1 Spinning Disk Confocal Unit fitted with an ImagEM X2 EM-CCD

camera (Hamamatsu, Hamamatsu, Japan) controlled by CellSens software (Olympus, Tokyo,

Japan).
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4.5.7 Patch dynamics

Fission yeast cells were placed on glass coverslips, and single plane confocal images were

collected every second for 1 minute. Actin patch dynamics were analyzed using ImageJ and

the Fiji plugin TrackMate as previously described [216]. Fluorescence intensity and distance

traveled from the cell cortex over time were measured for at least 10 actin patches per strain.

Time courses for individual patches were aligned to the initiation of patch movement (time

0) or peak intensity and averaged at each time point.

4.5.8 Glass preparation for TIRF

Microscope slides (#1.5, Fisher Scientific) and coverslips were washed for 7 min in acetone,

isopropanol, and water, followed by sonication in isopropanol (30 min). Washed glass was

incubated with piranha solution (66.6% H2SO4, 33.3% H2O2) for 30 min, then washed with

milliQ H2O and dried with air. Immediately following, glass was passivated by incubation in

either 1 mg/mL PEG-Si (5000 MW) or a 1:1000 mixture PEG-Biotin-Si (3400 MW):PEG-Si

(5000 MW) in 95% ethanol for 18 hr. After glass was rinsed with ethanol and water, flow

chambers were prepared as described previously [258].

4.5.9 TIRF microscopy

Time-lapse TIRFM movies were taken using a cellTIRF 4Line system (Olympus, Center

Valley, PA) fitted to an Olympus IX-71 microscope with through-the-objective TIRF il-

lumination and an iXon EMCCD camera (Andor Technology, Belfast, UK). Microscope

slides were cleaned with Piranha and coated with mPEG-Silane. Mg-ATP actin (1.5 µM,

10% Alexa 488 labeled) was mixed with the appropriate proteins and polymerization TIRF

buffer [10 mM imidazole (pH 7.0), 50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 50 mM DTT,

0.2 mM ATP, 50 µM CaCl2, 15 mM glucose, 20 µg/ml catalase, 100 µg/ml glucose oxidase,
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and 0.5% (400 cP) methylcellulose]. The reaction was moved to a flow chamber, and images

were acquired at 0.4 s intervals.

For the assays where the actin filaments needed to be stuck down, the coverslips were

coated with a biotin PEG -Silane mixture (1:1000). Flow chambers were incubated with

HEK-BSA for 3 min before adding 1 mg/ml neutravidin. After a 2 min incubation, the

chamber was washed with HEK-BSA and then 1X TIRF buffer. Mg-ATP actin monomer

in TIRF buffer was added to the prepared flow chamber and allowed to polymerize for 5-

10 minutes. Then a mixture of TIRF buffer, Arp2/3 complex, and capping protein with

or without the addition of VCA was flowed into the chamber. Since the biotin actin and

neutravidin effectively anchored the filaments to the coverslip, the Halo-Arp2/3 complex

could be imaged rapidly (100 ms interval) while the actin filaments were acquired occasionally

(10 s interval).

4.5.10 Data analysis: Arp2/3 complex time to nucleation

Upon branch identification, the frame with the first appearance of Arp2/3 complex binding

at the site of branch nucleation was manually identified. Then, a 2-pixel by 2-pixel square

region of interest (ROI) was defined for each frame to overlap with the fluorescence of Arp2/3

complex at the branch site for 100 seconds after initial binding and 20 seconds prior to

binding. The fluorescence of Arp2/3 complex was measured for each frame. Next, the

length of the actin branch was measured by a manually drawn line ROI for a minimum of

ten selected frames total, focusing on frames in which the branch did not overlap with other

nearby filaments for the clearest measurement. This data was plotted in Python and a line

of best-fit was calculated. The time of nucleation was calculated as the time where the actin

filament length was equal to zero. This was then compared to the time at which Arp2/3

complex first bound to the mother filament to discern the delay between binding time and

nucleation time.
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4.5.11 Data analysis: Arp2/3 complex binding dynamics.

Analysis was performed with custom Python code. To calculate the number of binding

events in a given time-frame, we processed the actin filament and Arp2/3 complex channels

separately and then counted the number of “islands” in the overlapped composite image. To

process the actin filament channel, we clipped pixel values at a maximum (maxpix= 60),

applied a Gaussian filter (sigma= 2.5), normalized pixel values between 0 and 1, binarized

(threshold= 0.2), and removed any collection of fewer than 20 bright pixels to eliminate noise.

Similarly, to process the Arp2/3 complex channel, we clipped pixel values at a maximum

(maxpix=100), applied a Gaussian filter (sigma= 0.5), normalized pixel values by the order of

magnitude of the maximum pixel value, binarized (threshold= 1.5), and removed collections

of fewer than 6 pixels to eliminate noise. The total number of Arp2/3 complex particles in the

time-frame was calculated by counting the number of isolated clumps in the Arp2/3 complex

channel, while the number of Arp2/3 complex particles bound to actin was calculated by

counting the number of regions of overlapping signal in both processed images. This number

of bound particles was then divided by the total length of actin present in each frame, which

was measured manually in FIJI.
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CHAPTER 5

FORMINS HAVE PROPERTIES THAT ARE BEST SUITED

FOR THEIR CORRESPONDING CELLULAR ROLE

5.1 Preface

This chapter covers the research that I completed for Katie Homa’s manuscript, "Formin

Cdc12’s specific actin assembly properties are tailored for cytokinesis in fission yeast," which

is currently in review at Biophysical Journal. The other authors on the manuscript are Vilmos

Zsolnay, Meghan O’Connell, Erin M. Neidt, Gregory Voth, Tamara Bidone, and David

Kovar. Meghan and I were solely involved in the biochemistry revisions. I troubleshooted the

cloning, expression, and purification of the formin chimera constructs. Meghan completed

the TIRFM with the purified formin chimeras. I have included background and a summary

of the manuscript to describe the overall question and results.

5.2 Introduction

Formins are multidomain actin assembly proteins that both nucleate and elongate un-

branched actin filaments, which form F-actin networks involved in polarization, motility,

division, and adhesion [19, 39]. Formins dimerize and processively associate with the F-actin

barbed end through the formin homology (FH) 2 domains [161] (Figure 5.1A). The FH1 do-

mains contain multiple proline rich regions, bind profilin-actin, and deliver the monomers to

the FH2 associated barbed F-actin, which facilitates elongation [39, 168, 193, 232]. The FH1

and FH2 domains are conserved in the formin family, while additional regulatory domains

are less well-conserved and more specific to each particular formin to enable proper spatial

and temporal activation [19].

Most organisms have multiple formin isoforms, from two in budding yeast, about 15 in
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mammals, and more than 20 in plants [91, 190, 199]. While the isoforms maintain similar

structure and the same general actin assembly mechanisms, the different isoforms have dis-

tinct roles in the different cell types. There are three formin isoforms in fission yeast, and

each is involved in assembling a specific F-actin network: For3 (polzarizing actin cables),

Cdc12 (contractile ring), and Fus1 (fusion focus during mating) [117, 63, 154, 27, 171, 170].

While activation at the correct time and location is essential for the functional roles of the

formin isoforms, there has been evidence that the mechanistic properties of the particular

formin could also be important [236]. In vitro experiments have revealed that the different

isoforms vary in F-actin nucleation efficiency, F-actin elongation rates, and F-actin disso-

ciation rates [76, 117] (Table 5.1). Our lab has studied and compared the actin assembly

properties of several different formins, including the three fission yeast formins (Cdc12, For3,

Fus1), and they vary significantly [200]. While the properties vary in vitro, the correlation

of the formins’ mechanistic properties and the corresponding cellular F-actin networks is not

well understood.

To determine how the formin’s mechanistic properties impact the formation of a specific

F-actin network, this study looked toward the well-studied contractile ring. The contractile

ring is formed from bundled, anti-parallel actin filaments with myosin II motors producing

force to constrict the F-actin bundles and separate the mother cell into two cells during

cytokinesis to complete the cell cycle. The contractile ring constricts via Search, Capture,

Pull, Release (SCPR). Nodes composed of numerous proteins including Cdc12 and the myosin

II Myo2 form along the medial cortex [125, 233, 252]. Cdc12 assembled F-actin from one

node is caught (Search, Capture) by Myo2 on an adjacent node, and the force of Myo2

pulling (Pull) the F-actin brings the nodes closer together. The F-actin is severed by cofilin

(Release), and the whole cycle is repeated until the contractile ring fully constricts. Since

the contractile ring is well studied and depends on the precise SCPR mechanism, it provides

an optimal model to test the effects of formin actin assembly properties on the contractile
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ring.

In the submitted manuscript, a computational 3D SCPR model determined that both

F-actin nucleation efficiency and F-actin elongation rate affect contractile ring formation,

with emphasis on the nucleation efficiency. The computational data was tested with in vivo

experiments. The FH1FH2 domains of Cdc12 were replaced with the FH1FH2 domains

of functionally, evolutionarily, and biochemically diverse formins to create formin chimeras.

Bni1 (budding yeast), mDia2 (mouse), CYK-1 (worm), For3 (fission yeast), and Fus1 (fission

yeast) chimeras were created and replaced the endogenous Cdc12. Since only the FH1FH2

domains were swapped, the formins maintained the localization and regulation of Cdc12. The

formin chimeras all had some level of cytokinesis timing and morphology defects, but the

Fus1 chimera strain was not viable. The mDia2 chimera cells experienced relatively normal

cytokinesis in the proper timing, but For3, Bni1, and CYK-1 chimera cells had delayed ring

assembly and morphological defects. A comparison of the in vitro actin assembly properties

shows that Bni1 and CYK-1 elongate actin faster than Cdc12, while For3 and mDia2 elongate

actin at the same rate as Cdc12. However, the nucleation efficiencies of the chimeras are

much lower than Cdc12: mDia2 (25%), For3 (1.5%), Bni1 (10%), and CYK-1 (3%). Since

the cytokinesis defects were minimal for mDia2 chimeras, it indicates that fission yeast

cytokinesis is robust, but the weak nucleation efficiencies of For3, Bni1, and CYK-1 are

not sufficient for consistent and efficient contractile ring assembly. Overall, the results from

the paper suggest that the mechanistic actin assembly properties of the specific formin is

important for establishing the corresponding F-actin network.

When the paper was in revisions, it was decided to add biochemistry experiments to

strengthen the conclusions made about the formin chimeras. The conclusion that the nu-

cleation efficiency is the most important mechanistic formin property for contractile ring

formation relies on the formin chimeras maintaining the same properties as previously char-

acterized for the original corresponding formins (Table 5.1). Therefore, we planned to clone,
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purify, and characterize the formin chimeras in vitro.

Formin Nuceleation Efficiency Elongation
Rate (subunits
sec-1 µM-1)

Dissociation
Rate (sec-1)

Fission yeast Cdc12 1 filament per 2-3 dimers 10-12 4.7-7.0x10-5

Fission yeast For3 1 filament per 170 dimers 10 3.6x10-5

Budding yeast Bni1 1 filament per 20 dimers 20-25 8x10-4

Mouse Dia2 1 filament per 8 dimers 12 1.3x10-4

Worm CYK-1 1 filament per 25 dimers 60 3.9-3

Fission yeast Fus1 1 filament per 2 dimers 5 6.5x10-4

Table 5.1: In vitro actin assembly properties of formins used to generate formin
chimeras. Formin nucleation efficiency (filaments per dimer), barbed end elongation rate
(in the presence of profilin), and dissociation rate from the barbed end were determined
previously with in vitro biochemical assays [117, 200, 156]

5.3 Results

5.3.1 Construction of formin chimeras for in vitro assays

We wanted to create in vitro constructs for all of the formin chimeras that were used in the

in vivo portion of the paper. The in vivo constructs contained the whole Cdc12 with just the

FH1FH2 sequence of the other formins swapped, but the in vitro constructs were abbreviated

to optimize protein expression and activity. Full length formins are long constructs that

are difficult to express for purification. The formin regulatory domains render the formins

constitutively inactive. Since the signaling and regulation mechanisms are absent in vitro, the

N-terminus is not required. Therefore, we made formin chimeras with the FH1FH2 of each

formin and a short Cdc12tail (1391-1687) (Figure 5.1B). I amplified the FH1FH2-Cdc12

region for each formin chimera from previous plasmids and cloned MBP-TEV-FH1FH2-

Cdc12-6xHis constructs for each formin chimera (Bni1, mDia2, CYK-1, For3). The cloning

took troubleshooting and had low efficiency, but I moved on to purification with all of the
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Figure 5.1: Biochemical analysis of formin chimeras with a cdc12 tail. (A) Simple
schematic of the domain organization of formins. The formin homology (FH) domains have
been labeled, while the remaining sequence contains less well-conserved regulatory domains.
(B) Schematic of fission yeast formin Cdc12 chimeras, in which the FH1FH2 actin assem-
bly domains were replaced by FH1FH2 domains from formins with diverse actin assembly
properties. Each “P” indicates a single FH1 polyproline motif.
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Figure 5.1: (continued) (C) Single color TIRFM of 1.5 µM Mg-ATP actin (10% Alexa-488
labeled) with 2.5 µM fission yeast profilin Cdc3, and either no formin (actin only) or 1 nM
Cdc12, Bni1-Cdc12, or mDia2-Cdc12 formin chimeras. Scale bar, 8 µm. (D) Quantification
of the number of filaments nucleated by formin chimera constructs. Two tailed t-tests for data
sets with unequal variance yielded p-value *p=0.047. Error bars indicate standard error of
three independent biological replicates of 10 actin filaments for actin only, Cdc12, and mDia2-
Cdc12, and two independent biological replicates of 10 actin filaments for Bni1-Cdc12 due to
a lack of Bni1-Cdc12-associated filaments in the third replicate. (E) Quantification of formin
chimera elongation rates. Two tailed t-tests for data sets with unequal variance yielded
p-values *p=0.038, **p=0.0013. Error bars indicate standard error of three independent
biological replicates of 10 actin filaments for actin only, Cdc12, and mDia2-Cdc12, and two
independent biological replicates of 10 actin filaments for Bni1-Cdc12 due to a lack of Bni1-
Cdc12-associated filaments in the third replicate.

formin chimeras. Purification protocols also required troubleshooting and a combination of

cation exchange and size exclusion chromatography to get pure formin chimeras. The For3

chimera had to be used fresh, which caused some difficulties and timing issues. Therefore,

TIRFM was only done with Cdc12, Bni1, and mDia2.

5.3.2 Formin chimeras compared with TIRFM imaging

Single color TIRFM with actin, profilin (Cdc3), and formin chimeras revealed that the formin

chimeras have similar mechanistic properties to the previously characterized formins (Figure

5.1C-E). Therefore, the biochemical characterization of the formin chimeras support the

conclusions of the manuscript. The formin chimeras affect contractile ring formation relative

to their nucleation efficiencies.

5.4 Materials and Methods

5.4.1 Plasmid construction of in vitro formin chimera proteins

A Cdc12 fragment containing the FH1FH2 domains and a portion of the C-terminal tail

[Cdc12(882-1687)] was cloned by traditional restriction enzyme cloning into pET21a-MBP-
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TEV at BamHI/XhoI. The Bni1-Cdc12 [Bni1(1228-1766)-Cdc12(1391-1687)], mDia2-cdc12

[mDia2(527-1022)-Cdc12(1391-1687)], cyk1-cdc12 [CYK-1(700-1210)-Cdc12(1391-1687)], and

For3-Cdc12 [For3(726-1265)-Cdc12(1391-1687)] chimeras were amplified from previously con-

structed plasmids and were inserted via infusion cloning (Clontech, Mountain View, CA) into

pET21a-MBP-TEV at BamHI/NotI to form MBP-chimera-HIS(x6).

5.4.2 Protein purification

The formin chimeras were expressed in Escherichia coli strain BL21-Codon Plus (DE3)-RP

(Agilent Technologies, Santa Clara, CA) with 0.5 mM isopropyl β-D-1-thiogalactopyranoside

for 16 h at 16 ◦C. Cells were lysed with sonication in extraction buffer [50mM NaH2PO4

(anhydrous), 500 mMNaCl, 10% glycerol, 10 mM imidazole, 1 0mM BME, pH 8] with EDTA-

free Protease Inhibitor Cocktail (Roche, Basel, Switzerland) and were clarified. The extract

was incubated for 1 h at 4 ◦C with Talon resin (Clontech, Mountain View, CA), loaded onto a

column, washed with extraction buffer, and the protein was eluted with 250 mM immidazole.

The formin chimeras were dialyzed into buffer [50mM HEPES (pH 7.0), 50mM NaCl, 5%

glycerol, 0.01% NaN3, 1mM DTT] for cation exchange chromatography (GE Healthcare).

The cyk1 chimera was dialyzed into the same buffer except pH 8.0. The clean fractions

were pooled and dialyzed against SNAP buffer [20 mM Hepes (pH 7.4), 200 mM KCl, 0.01%

Na3, 10% glycerol, and 1 mM DTT]. The cyk1, for3, mdia2 chimeras required additional size

exclusion chromatography and were filtered on a Superdex 200 10/300 GL (GE Healthcare,

Little Chalfont, UK). Aliquots of the all formin chimeras were flash-frozen in liquid nitrogen

and stored at -80 ◦C. Chicken skeletal muscle actin was purified as described in [214]. Fission

yeast profilin Cdc3 was overexpressed and purified from E. coli using poly-L-proline affinity

chromatography as described in [132].
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5.4.3 TIRFM with formin chimeras

TIRFM was conducted with the formin chimeras as described previously [36]. Briefly,

timelapse TIRFM movies were obtained with through-the-objective TIRF illumination on

an Olympus IX-71 microscope with an iXon EMCCD camera (Andor Technology) and a

cellTIRF 4-line system (Olympus). 1 nM of either Cdc12, Bni1-Cdc12, or mDia2-Cdc12

formin chimeras was added to a polymerization mix [10 mM imidazole (pH 7.0), 50 mM

KCl, 1 mM MgCl2, 1 mM ethylene glycol tetraacetic acid (EGTA), 50 mM dithiothreitol

(DTT), 0.2 mM ATP, 50 µM CaCl2, 15 mM glucose, 20 µg/ml catalase, 100 µg/ml glucose

oxidase, and 0.5% (400 cP) methylcellulose] along with 2.5 µM fission yeast profilin Cdc3,

which was then added to Mg-ATP-actin (10% Alexa-488 labeled) to induce actin assembly.

This mixture was added to a flow chamber and imaged at 5 s intervals at room temperature.

The nucleation activity was determined by counting the total number of actin filaments

for each TIRFM movie at frame 48, the same amount of time since the initiation of each actin

assembly reaction. Each construct (actin only, Cdc12, Bni1-Cdc12, or mDia2-Cdc12) was

counted in triplicate. To determine the actin filament elongation rate, 10 individual actin

filaments from each TIRFM movie were tracked over time, with their lengths measured every

fifth frame for 7-9 total measurements. An average elongation rate was calculated for each

filament, and then those were averaged to obtain an average for each movie. Each construct

(actin only, Cdc12, or mDia2-Cdc12) was measured in triplicate with the exception of Bni1-

Cdc12, which was only measured in duplicate due to a low number of Bni1-Cdc12-associated

filaments in the third TIRFM movie due to Bni1-Cdc12’s low nucleation activity.
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CHAPTER 6

DISCUSSION AND FUTURE DIRECTIONS

6.1 Minimal reconstitution of F-actin networks

I used minimal reconstitution biochemistry assays to investigate the mechanism and dynam-

ics of different actin binding proteins (ABPs). Minimal reconstitution enabled me to rebuild

simplified F-actin networks isolated from the complications of cells. During my graduate

studies, I successfully reconstituted mechanically stressed F-actin networks and branched

F-actin networks. I investigated mechanosensitive recruitment of LIM domain proteins and

the dynamics of Arp2/3 complex branch formation. This in vitro approach required trou-

bleshooting of cloning, protein purification, and assay design. Troubleshooting is an im-

portant aspect of science. Failed experiments, while frustrating, are just as informative as

successful ones. My graduate studies are summed up in the papers that I published, but the

real science was the problem solving.

6.2 LIM domain proteins localize to stressed F-actin networks

Cells are pushed, pulled, and much more as they experience different types of mechanical

forces both externally and internally. Cells must adapt and balance the external forces with

the forces they generate. The ability to sense and respond to these forces directs many

cellular processes, including cell survival, division, motility, and differentiation. The actin

cytoskeleton is important for maintaining mechanical homeostasis in adherent cells, largely

through its regulation of adhesion and cortical tension.

The LIM (Lin-11, Isl1, MEC-3) domain-containing proteins are involved in a myriad of

cellular mechanosensitive pathways. The LIM domain family proteins have diverse functional

cellular roles, which is likely due to the additional domains that most LIM domain proteins

possess. A fraction of LIM domain proteins have been shown to localize to stressed F-
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actin networks in cells, specifically focal adhesions (FA) and stress fibers (SF) [211]. The

most well-studied LIM domain proteins, zyxin and paxillin, localize to SF strain sites which

are regions of local damage that occur spontaneously or in response to the application of

external forces, and mediate SF repair [20, 92, 209]. The LIM domains are both necessary

and sufficient for zyxin and paxillin to localize to FAs, SFs, and SF strain sites [20, 92, 209].

Therefore, the mechanosensitivity of several LIM domain proteins can be attributed directly

to the LIM domains, but the mechanism of recruitment to mechanically stressed F-actin

networks is unknown.

6.3 LIM domain-containing regions (LCRs) are mechanosensitive

There are over 70 LIM domain proteins in mammalian cells categorized into 14 classes [115].

Since these proteins contain diverse additional domains, the first question we asked is whether

the LIM domain-containing regions (LCRs) from different LIM domain proteins localize to

the same stressed F-actin network in cells. An in vivo screen revealed that 18 proteins from

four classes (Zyxin, Paxillin, Tes, Enigma) localize to SF strain sites. The LCR of fission

yeast Pxl1 also localizes to SF strain sites in the cell screen assay. Therefore, the mechanism

of mechanosensitive LCR recruitment to stressed F-actin networks is conserved from fission

yeast to mammalian cells.

To elucidate the force-sensitive substrate of LCR, we minimally reconstituted contractile,

bundled F-actin networks in vitro with a minimal set of purified proteins. We tested the

fission yeast Pxl1 and mammalian zyxin LCRs in our in vitro assay. LCR localized to

regions of myosin contractility induced actin filament damage, including bundles just prior

to breaking. This assay was the first in vitro reconstitution of LCR mechanosensitivity.

Another set of experiments without myosin and bundlers revealed that LCR recruitment is

not myosin dependent but instead just requires a force induced conformational change in

F-actin. Another research group completed a similar study around the same time as our
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paper [218]. Their in vivo and in vitro conclusions coincide with ours, which strengthens the

impact of our work.

The final aspect of our investigation was determining the optimal LCR conformation for

mechanosensitivity. Amino acid sequence analysis and mutant LCR studies revealed that the

ideal configuration is an LCR with three tandem LIM domains spaced 7-8 amino acids apart

(linker) [247]. The parallel study revealed a necessary phenylalanine located at a similar

position in all strain sensing LIM domains [218]. However, further sequence analysis of all

stress sensing LCRs showed that the position of the phenylalanine ranged a few residues

and in some instances was substituted for a tryosine. Overall, the LCR appears to act as a

sort of ruler that can interact with strained F-actin via hydrophobic interactions. While our

study [247] and the parallel study [218] made progress into understanding mechanosensitive

LCR recruitment, the model remains vague. Future experiments are required to create a

more detailed model for LCR mechanosensitivity.

6.4 Future directions for investigating LCR mechanosensitivity

6.4.1 Determining the force-induced conformation of F-actin

Our in vitro assay successfully reconstituted LCR mechanosensitive recruitment to mechan-

ically stressed F-actin networks. However, while the stressed F-actin networks contained

minimal proteins, the precise control of forces was still lacking. The myosin contractility

produced regions of compression and tension, but we could not distinguish the direction or

magnitude of mechanical forces. Therefore, future experiments will be conducted to directly

measure how the magnitude and direction of forces on actin filaments affects LCR affinity.

Microfluidics is a relatively recent versatile tool that utilizes fluid flow to manipulate the

biochemical and mechanical properties of a reaction to observe the effects at a single actin

filament level [251]. This one approach offers a range of experimental setups. The local buffer
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and protein concentration can be maintained by consistent flow of fresh fluid, so reactions

are not limited by localized depletion of reagents. On the other hand, the buffer and protein

concentrations can also be rapidly exchanged to investigate the effects of adding or removing

a reagent. The most important aspect of microfluidics for studying LCR mechanosensitivity

is the ability to control the flow direction and force. The impact of mechanical forces on

formin elongation and cofilin disassmbly have been studied with microfluidics [250, 251]. F-

actin is tethered to the surface either directly through an anchored seed or indirectly through

an end binding protein (e.g. formin, gelsolin, capping protein). The flowing solution creates

a viscous drag that results in tensile stress being applied to the filament. The tension is

a gradient along the filament from negligible force at the free end to maximal force at the

tethered end. The flow rate and direction can easily be manipulated to change the forces

applied to the filament, and the forces can be calculated. By adding the same fluorescent

LCRs from our previous in vitro experiments to these microfluidics assays, we can determine

how the magnitude and direction of force applied to an actin filament affect the localization

of LCR. Our lab is currently establishing and troubleshooting a microfluidics system, so

these experiments will soon be possible to conduct.

6.4.2 Determining the force-induced F-actin:LIM binding interface

The main conclusion from our research and the parallel study was that the mechanosensitive

LCRs bind to a force-induced F-actin conformation [218, 247]. The pheylalanine (or tyrosine)

around position 66 in the LIM domain is necessary for force sensitivity, which would imply

some level of hydrophobic binding interaction [218]. Recent simulations from the Voth group

indicate that strain in an actin filament localizes to the longitudinal axis contacts, where

the strong interactions are attributed to the D-loop (DNase I binding loop) in subdomain 2

inserting into the adjacent monomer’s target binding cleft. The D-loop has previously been

indicated in F-actin stability, as a D-loop conformational change occurs in the less stable
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ADP nucleotide state [50]. Cofilin, F-actin severing protein, also binds between two adjacent

monomers along the longitudinal axis slightly rotating the outer domain relative to the inner

domain, which displaces the D-loop [72, 98]. Therefore, exposure of the D-loop is linked to

weakened F-actin conformations, which makes it a prime candidate for LCR recognition.

There are several potential experimental approaches to determining whether mechanosen-

sitive LCRs bind an exposed D-loop upon a force-induced F-actin conformational change.

Cofilin binding and Mical oxidation both disrupt the D-loop interactions between adjacent

monomers, so testing the effects of both on LCR F-actin localization could be very infor-

mative [98, 79]. Systematic mutations in the D-loop could also be created to directly study

the impacts on LCR localization. Our lab is currently developing a methodology to purify

recombinant fission yeast actin from insect cells, and this system could be utilized to create

mutated actin constructs. A complicated but direct investigation of the binding interface

would involve cloning unnatural azido-amino acids into the recombinant LCRs, adding them

to our in vitro contractile F-actin network assay, and using UV light to activate crosslinking.

Complete isolation of the bound protein and mass spectrometry could help determine the

binding interface. These proposed experiments will involve time and troubleshooting, but the

potential results could further our understanding of the interface between the mechanosen-

sitive LCR and F-actin.

6.5 Arp2/3 complex branching pathway

Arp2/3 complex is essential for the formation of short branched F-actin networks that are

ideal for generating forces, like endocytic patches [178]. While the pathway of Arp2/3 com-

plex activation, mother filament binding, and daughter branch filament nucleation has been

studied extensively, direct visualization of Arp2/3 complex has been very minimal. We en-

gineered a fluorescent fission yeast Arp2/3 complex and characterized the binding dynamics

and timing of branch nucleation. This project involved some combination of endogenous
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cloning, purification, and in vitro ’bulk assay’ characterization of several Arp2/3 complex

constructs (Table 6.1). The Halo-ArpC5 was the best construct for single molecule imaging.

Our results revealed that Arp2/3 complex has dynamic binding along the mother filament

(’sampling’) that is increased in the presence of VCA. We also determined that the lag time

between Arp2/3 complex binding and branch nucleation is approximately 2.1 seconds. Our

investigation has so far minimally characterized this newly engineered fluoresecent Arp2/3

complex tool, but additional experiments with this tool will be done to further analyze the

regulation and formation of Arp2/3 complex-mediated branched F-actin networks.

Construct Cloned Purified Bulk
analysis

Visible in TIRFM

ArpC3-SNAP Yes Yes Yes Only in aggregates
ArpC3-mCherry Yes No N/A N/A
ArpC5-mCherry No Yes Yes No
2x-mCherry Yes Yes Yes No
ArpC3-mNeonGreen Yes Yes Yes Only in aggregates
ArpC3-Halo Yes No N/A N/A
ArpC5-Halo Yes Yes Yes Yes

Table 6.1: The fission yeast strains tested for in vitro labeling. Several fission
yeast strains were cloned, purified, and characterized in ’bulk assays’ to determine the best
construct for fluorescent labeling.

6.6 Future directions: Arp2/3 complex

6.6.1 Addition of labeled VCA with labeled Arp2/3 complex

The Arp2/3 complex branch pathway requires three main components: actin, Arp2/3 com-

plex, and an NPF. We had hoped to engineer a functional fluorescent Wsp1(VCA) construct,

which is an equivalent Wsp1 truncation to the unlabeled VCA in our current reactions. We

could then determine the time between branch nucleation and VCA leaving the branch site.

We initially cloned a SNAP-GST-VCA construct, and initial imaging seemed promising
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Figure 6.1: SNAP-VCA in single molecule TIRFM. (A) SNAP-Arp2/3 complex and
SNAP-VCA can be imaged together binding to F-actin and nucleating branches from the
filament end or sides. The SNAP-VCA is an aggregate and causes aster formation. The
SNAP-Arp2/3 complex is only visible with the aggregating labeled VCA. (B) The mCherry-
Arp2/3 (ArpC5) complex can also be seen with the aggregating VCA and not by itself. (C)
The aggregating SNAP-VCA, Halo-Arp2/3 complex, and an actin nucleus can be imaged
moving in a complex through the solution prior to binding a filament.

(Figure 6.1A,B). However, the SNAP-VCA formed aggregates that would then create asters.

Binding dynamics of an aggregate would not be informative for single molecule analysis.

Therefore, we attempted to troubleshoot the aggregation complication. Gel filtration elimi-

nated most of the aggregates, but the activity and visibility decreased significantly. We have

cloned a GST-VCA-Halo construct, and while troubleshooting is still required, the construct

is more promising initially. Although we cannot use the SNAP-VCA for single molecule dy-

namics, an interesting phenomenon could be seen with the SNAP-VCA aggregates (Figure

6.1C). Fluorescent Arp2/3 complex, SNAP-VCA, and an actin nucleus can be seen traveling

together in solution before binding a filament and rapidly creating an aster of branches.

While not conclusive, it supports the belief that the three proteins create a complex prior to

mother filament binding.
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6.6.2 Fission yeast actin and profilin

Our experiments use the minimal components required to reconstitute Arp2/3 complex

branch formation. However, regulation and formation of branched networks in vivo re-

quire additional proteins. We briefly characterize the NPF Dip1 in our paper. Recent work

revealed that Dip1 and Wsp1 cooperate to nucleate branched networks in fission yeast [6].

Therefore, an experiment should be done by adding fluorescent Dip1 and Wsp1 to the same

reaction with Halo-Arp2/3 complex to further investigate the cooperative relationship be-

tween the NPFs. Profilin inhibits Arp2/3 complex branch nucleation and instead favors

formin elongation. It is suspected that profilin competes with VCA for G-actin [216]. Direct

visualization of how profilin affects Arp2/3 complex binding dynamics will further elucidate

how profilin drives F-actin network homeostasis. The list of possible experiments is essen-

tially limitless, including investigating how the nucleotide state of the filament affects Arp2/3

complex binding.

6.6.3 Mechanosensitivity of Arp2/3 complex

A handful of experiments have studied the mechanosensitivity of Arp2/3 complex. Filament

curvature promotes binding of Arp2/3 complex to F-actin along the convex curve with

a 1.7 fold increase [188]. Tension decreases the stability of an Arp2/3 complex-mediated

daughter branch [166, 188]. These experiments used branch formation or displacement as

an indirect measurement of Arp2/3 complex mechanosensitivity. Microfluidics experiments

with Halo-Arp2/3 complex can directly visualize and determine how mechanical forces affect

the binding dynamics of Arp2/3 complex. Curvature could either increase the ’sampling’ of

Arp2/3 complex or the fraction of ’sampling’ that becomes branching events.
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6.7 Concluding remarks

This dissertation summarizes the successful minimal reconstitution of two distinctly dif-

ferent F-actin networks to study corresponding actin binding protein (ABP) dynamics.

Mechanosensitive ABPs is a relatively new topic, and our work with LCRs had a large

impact. There is a lot of frustrating and exciting research to be done in the next few years

to further elucidate the mechanism of mechanosensitive ABPs. The branching pathway

of Arp2/3 complex was not a new topic, but the fission yeast Arp2/3 complex had never

been visualized in single molecule TIRFM. While we have just minimally characterized the

fluorescent Halo-Arp2/3 complex, we hope to complete a long list of experiments in the fu-

ture. Both of these projects coincide with our lab’s goal to understand how distinct F-actin

networks simultaneously assemble in one cytoplasm with the same pool of proteins.
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Gertler, Elaine Fuchs, Reinhard Fässler, and Mary C. Beckerle. Targeted disruption
of the murine zyxin gene. Molecular and Cellular Biology, 23(1):70–79, 2003.

[94] Pirta Hotulainen and Pekka Lappalainen. Stress fibers are generated by two distinct
actin assembly mechanisms in motile cells. The Journal of Cell Biology, 173(3):383–
394, 2006.

[95] Zhaoyuan Hou, Hongzhuang Peng, David E. White, Dmitri G. Negorev, Gerd G. Maul,
Yunfeng Feng, Gregory D. Longmore, Samuel Waxman, Arthur Zelent, and Frank J.
Rauscher. LIM protein Ajuba functions as a nuclear receptor corepressor and negatively
regulates retinoic acid signaling. Proceedings of the National Academy of Sciences of
the United States of America, 107(7):2938–2943, 2010.

[96] Derek L. Huang, Nicolas A. Bax, Craig D. Buckley, William I. Weis, and Alexander R.
Dunn. Vinculin forms a directionally asymmetric catch bond with F-actin. Science,
357(6352):703–706, 2017.

[97] Sui Huang and Donald E. Ingber. The structural and mechanical complexity of cell-
growth control. Nature Cell Biology, 1(5):E131–E138, 1999.

[98] Andrew R. Huehn, Jeffrey P. Bibeau, Anthony C. Schramm, Wenxiang Cao, Enrique
M. De La Cruz, and Charles V. Sindelar. Structures of cofilin-induced structural
changes reveal local and asymmetric perturbations of actin filaments. Proceedings
of the National Academy of Sciences, 117(3):1478–1484, January 2020. Publisher:
National Academy of Sciences Section: Biological Sciences.

[99] Christopher Jack Huggins and Irene L. Andrulis. Cell cycle regulated phosphoryla-
tion of LIMD1 in cell lines and expression in human breast cancers. Cancer Letters,
267(1):55–66, 2008.

[100] Stephan Huveneers and Johan de Rooij. Mechanosensitive systems at the cadherin–F-
actin interface. Journal of Cell Science, 126(2):403–413, 2013.

[101] H. E. Huxley. ELECTRON MICROSCOPE STUDIES ON THE STRUCTURE OF
NATURAL AND SYNTHETIC PROTEIN FILAMENTS FROM STRIATED MUS-
CLE. Journal of Molecular Biology, 7:281–308, September 1963.

134



[102] Consuelo Ibar, Elmira Kirichenko, Benjamin Keepers, Edward Enners, Katelyn Fleisch,
and Kenneth D. Irvine. Tension-dependent regulation of mammalian Hippo signaling
through LIMD1. Journal of Cell Science, 131(5), 2018.

[103] Silvia Jansen, Agnieszka Collins, Changsong Yang, Grzegorz Rebowski, Tatyana Svitk-
ina, and Roberto Dominguez. Mechanism of Actin Filament Bundling by Fascin*,.
Journal of Biological Chemistry, 286(34):30087–30096, August 2011.

[104] M. Johannessen, S. Møller, T. Hansen, U. Moens, and M. Van Ghelue. The multifunc-
tional roles of the four-and-a-half-LIM only protein FHL2. Cellular and molecular life
sciences: CMLS, 63(3):268–284, 2006.

[105] Antoine Jégou, Thomas Niedermayer, József Orbán, Dominique Didry, Reinhard
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