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 Rapid remodeling of the actin cytoskeleton is essential for many cellular processes 

including cell growth, differentiation, division and motility. The structure and dynamics of the 

actin cytoskeleton are modulated by various actin-binding proteins. Drebrin, coronin and cofilin 

are three important players in actin’s organization in the cell. This dissertation focuses on 

characterizing the mechanisms of drebrin, coronin and cofilin interactions with actin and 

studying their independent and inter-dependent roles in actin structure and dynamics. 

 First, we investigate DrABD binding interface on actin filaments. Our results 

reveal polymorphism in DrABD binding to F-actin and suggest the existence of two binding 

sites. We find that DrABD binding is centered on actin subdomain 2 and that this protein bridges 

two adjacent actin protomers. We also examine the structural effects of drebrin on F-actin in 

solution. We use the full length protein and its C-terminal truncated constructs to clarify which 

domains of drebrin are required for its interactions with actin. We demonstrate that F-actin is 
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stabilized by drebrin binding. Also, in different cases of longitudinal and lateral interprotomer 

contact perturbations, we observe the rescue of filament formation by drebrin. Overall, our data 

suggests that drebrin stabilizes actin filaments through its effect on their interstrand and 

intrastrand contacts. 

Next, we examine coronin and study the effects of its specific Crn∆CC construct (a.a. 1-

600) on actin filaments. Using a combination of site-directed mutagenesis, solution biochemistry 

methods, electron and TIRF microscopy, we analyze the effects of coronin on the structure of 

actin filaments by studying its effect on inter-protomer contacts in F-actin. We compare 

coronin’s effects on F-actin to the changes in filaments induced by cofilin. We also study how 

the two proteins act when they are present together, to shed light on the mechanism(s) by which 

coronin modulates cofilin’s effects on actin filaments. Our results provide a plausible mechanism 

for the synergistic effect Crn∆CC has on the severing activity of cofilin. We find that coronin 

increases the binding of cofilin to the actin filament and also causes slight structural changes that 

promote severing by cofilin. Coronin-induced filament rigidity generates a bigger change in 

stiffness between cofilin free regions and those to which cofilin is bound. This added mechanical 

asymmetry causes the increase in cofilin’s severing of actin filaments. 
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CHAPTER 1 

Introduction 
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Actin is a highly conserved cytoskeletal protein and the most abundant in virtually all 

eukaryotic cells due to its crucial role and direct involvement in motility based cellular 

processes. Cell migration and cell shape regulation are central to many biological processes, 

including wound healing, tissue formation during embryonic morphogenesis, angiogenesis and 

immune responses. These functions—vital to the development and existence of living 

organisms— rely primarily on cellular structures, such as stress fibers, dendritic lamellar arrays, 

cortical networks, filopodial bundles and focal adhesions, the formation of which is modulated 

by the actin cytoskeleton (1).  

The first actin isoform was discovered in muscle cells along with myosin, in 1942. Later, 

other actin isoforms with a highly conserved sequence were identified in both muscle and non-

muscle cells. In fact, sequence conservation among different actin isoforms and across different 

species is yet another manifestation of the important role this 42-kDa protein has in the cell. 

Birds and mammals have six genes encoding for six different actin isoforms expressed in a tissue 

and temporal specific pattern. The six actins are divided into three main groups- alpha, beta, 

and gamma, with α-actins being the most acidic, γ-actin the most basic and β-actin in-between 

(2, 3). Four isoforms, αskeletal-actin, αcardiac-actin, αsmooth-actin, and γsmooth-actin, are expressed 

primarily in skeletal, cardiac, and smooth muscles, respectively. The remaining two isoforms, 

βcyto-actin and γcyto-actin are cytoplasmic actins and are found in both muscle and non-muscle 

cells. All isoforms possess very similar amino acid sequences, with ~ 93% identity among them. 

βcyto-Actin and γcyto-actin, which are exactly conserved from birds to mammals, differ only by 

four biochemically similar amino acids out of the three hundred seventy-five residues (4, 5). 

More recently, evidence for a bacterial cytoskeleton has also been obtained and although it might 

not be as intricate and complex as the eukaryotic one, it contains proteins that are similar to 
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actin. Structural studies have demonstrated that MreB is a prokaryotic homologue of actin that 

can assemble into helical filamentous structures in a nucleotide-dependent manner (6, 7, 8). 

ParM, another bacterial protein, has also a high degree of structural similarity to eukaryotic actin. 

Along with MreB, it is essential for cell viability and is involved in cell morphogenesis, 

chromosome segregation and cell polarity (9, 10).  

The Structure of Monomeric Actin 

The first high resolution structure of monomeric actin (G-actin, for globular) was solved 

in its complex with DNaseI by X-ray crystallography, in 1990 (11). Since then, over 80 

structures of actin from different species have been obtained, using a variety of techniques to 

prevent it from spontaneously polymerizing under high salts conditions. The majority of these 

structures are of actin in complex with other proteins or small molecules which block its 

polymerization, while the rest have been obtained by chemically modifying or mutating actin in 

order to inhibit its polymerization. These structures are compiled in a table format in a recent 

review (12). Regardless of the ligand bound or the nature of the modification, the conformation 

of an actin monomer remains nearly unchanged. It follows a clam-shaped structure, flattened in 

one dimension, formed by two major domains—α and β (referred to as inner and outer domains, 

respectively, due to their orientation in the filament); the outer and inner domains are further 

subdivided into two subdomains (SD) each—SD1 and SD2 and SD3 and SD4, respectively 

(Figure 1.1). Each subdomain contains structural elements important for the stabilization of actin 

and its interactions with other proteins.  

The N- and C-termini reside on opposite faces of the molecule in SD1; these termini are 

flexible and are often disordered in X-ray structures. SD2 is the smallest sudomain and by far the 

most flexible one; the outer part— residues 40 to 51— forms a loop that binds DNase I and is 
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therefore called the DNase I binding loop (D-loop). Due to its high flexibility, the D-loop is 

disordered in most X-ray structures of actin published to date. It is however predicted to have a 

β-turn conformation, but has been depicted as an α-helix in one of the crystal structures 

(Dominguez 2001). However, it is possible that the α-helical D-loop structure is an artifact of 

crystal packing rather than indeed an intrinsic structure of the protein. The upper cleft found 

between the α and β domains (the nucleotide binding cleft) binds adenosine nucleotides and its 

ligated divalent cations (Mg
2+

 under physiological conditions). These cofactors link the two 

major domains and impart stability to actin and the filaments. The lower cleft, located between 

SD1 and SD3 is enriched in hydrophobic residues and constitutes the major binding site for most 

actin binding proteins (ABP) (13). This site, called the hydrophobic cleft, is also important for 

longitudinal contacts between actin protomers. Its blocking by the insertion of a 

tetramethylrhodamine (TMR) molecule prevents filament formation (14). The binding affinities 

of many ABPs depend on the cofactors bound and the structural cross-talk between these two 

adjacent clefts. The hydrophobic cleft is not to be confused with the hydrophobic loop of actin 

(H-loop; a.a. residues 262–274), another structural element postulated to swing out from the back 

of the molecule, between SD3 and 4, and insert into the opposing strand of the filament, 

establishing important inter-strand contacts in the filament (15, 16, 17, 18). These structurally 

important regions, along with the WH2-binding loop (W-loop; residues 165–172), are highly 

dynamic and contribute to inter-and intra-strand contacts along the filament (19). Figure 1.1 

shows the structure of ATP- bound monomeric actin with the previously mentioned regions 

highlighted in different colors. 
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Figure 1.1- Crystal Structure of Monomeric Actin (PDB ID: 1YAG).  

The actin monomer is rather flat, fitting into a rectangular prism with dimensions 55 Å× 55 Å 

×35 Å. ATP (orange molecule) and Mg
2+

 (lime green sphere) are bound to G-actin. Located in 

Subdomain 1, the N-terminus is shown in red while the C-terminus is colored cyan. In yellow is 

the D-loop (residues 40-51), in blue is the W-loop (residues 165-172) and in magenta is the     

H-plug (residues 264-271). SD1 and SD2 are located in the α domain. SD3 and SD4 are located 

in the β domain. The original structure is that of yeast actin in complex with human gelsolin 

segment 1- (20). 
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Actin Polymerization and the Treadmilling Effect 

Under physiological conditions, actin monomers spontaneously polymerize into stable 

double stranded filaments with a helical arrangement, F-actin (for its filamentous form). Actin 

filaments are polar and the actin protomers in F-actin all point in the same direction. This 

polarity can be determined by decorating the filament with myosin heads "S1 fragments”, 

creating a “barbed-end” and a “pointed-end” on the filament. This nomenclature arises from the 

resemblance of the filaments to arrowheads in electron microscopy images. The barbed end is 

commonly referred to as the “plus-end”, as this ends grows much faster during polymerization 

than the pointed end, commonly referred to as the “minus-end”. Actin has an intrinsic ATPase 

activity: the terminal phosphate of ATP is hydrolyzed upon incorporation of ATP-G-actin into a 

filament; the subsequent release of the inorganic phosphate (Pi) turns actin into the adenosine 

diphosphate bound form (ADP-actin). The ADP+Pi-actin is the intermediate form present 

between the hydrolysis and Pi release events (Pollard older review). Kinetics studies on α-

skeletal actin polymerization report the hydrolysis event at a rate of 0.006 s
-1

 and the release of 

the inorganic phosphate to be a much slower, with a lag time of ~10 minutes (21, 22). The 

hydrolysis of ATP is not required for actin polymerization as actin bound to ADP or a non-

hydrolyzable ATP analogue can still form filaments (23). The nucleotide state of actin is often 

used as an age indicator as newly polymerized filaments consist predominately of ATP/ADP+Pi-

bound actin protomers, whereas older filaments contain ADP-bound protomers. The hydrolysis 

and release of the γ-Pi causes conformational changes in actin and results in a destabilization of 

the pointed-end of the filament, accelerating the dissociation of actin protomers by 5-10 fold at 

this end of F-actin (24). In the presence of free ATP, the released G-actin subsequently 

exchanges its bound ADP with ATP, often with the help of other proteins such as profilin. It then 
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re-incorporates into the barbed-end of the actin filament. This polarized cycling of filaments, 

called treadmilling, maintains actin filaments in a state of constant flux, or turnover. Figure 1.2 

below is a schematic representation of actin treadmilling.  

 

Figure 1.2- Schematic Representation of Actin Treadmilling at Steady-State. 

ATP-G-actin binds to the faster growing (+) end and ADP-G-actin dissociates slowly from 

the (-) end. Actin has an intrinsic ATPase activity that is 40 times faster in the filamentous 

form; ATP is hydrolyzed as F-actin “ages”, creating a polarized filament that contains a 

mixture of ATP-actin, ADP+Pi actin, and ADP-actin. ADP-bound G-actin exchanges its 

ADP for ATP and the polymerization cycle is renewed. ABPs have different binding 

affinities to actin depending on the bound nucleotide. 

 

The dynamic turnover of actin networks is needed as it allows a rapid and precise 

reconfiguration of actin filaments in response to different spatial and temporal cues in the cell. 

Diverse physiological processes, such as cell migration, endocytosis, cytokinesis and cell 
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morphogenesis are actin-based cellular processes that rely on the force and structural 

organization generated by the dynamic remodeling of the actin cytoskeleton. Eukaryotic cells use 

a large repertoire of proteins to regulate the assembly and turnover rate of actin filaments, 

maintain a pool of actin monomers, initiate polymerization and restrict the length of actin 

filaments (25). These proteins are known as actin binding proteins (ABPs). 

Actin Binding Proteins 

Actin binding proteins modulate the structure and dynamics of actin filaments and play 

an important role in actin’s organization in the cell. In vitro, under physiological solvent 

conditions, pure actin filaments treadmill very slowly in the absence of regulatory proteins, 

whereas in vivo cells need “faster action” (26). The steady-state treadmilling of pure actin 

polymers in vitro is much slower than of F-actin in living cells due to the rate-limiting step of 

actin dissociation from the pointed-end (27, 28). Actin binding proteins present in vivo, such as 

ADF/cofilin, accelerate treadmilling rates to close to those observed in motile lamellopodia by 

increasing the actin dissociation rate from the filaments’ pointed-ends. Another example of slow 

kinetics is the event of nucleation, when actin monomers associate to form dimers and trimers, 

actin seeds, which are needed for further polymerization. Although the elongation from actin 

polymers is fast, the spontaneous assembly of pure actin monomers is unfavorable due to the 

instability of actin dimers and trimers. Without “accessory” proteins to help speed up the process 

(in this case actin nucleators), actin’s de novo nucleation will not be fast enough for certain 

responses to stimuli in the cell. This is why the numerous actin-associated proteins are important 

in the reconfiguration of actin networks in vivo. Each protein has its own activity (or set of 

activities), timing and location, but they all act in concert to control and regulate the processes 

and mechanisms by which the actin cytoskeleton is remodeled via nucleation, elongation, 



9 
 

bundling and severing processes. Many of the proteins involved in these key processes are 

expressed ubiquitously in different types of cells and have been studied extensively, leading to a 

better understanding of their biochemical and cellular functions. A few categories include—

myosins (motor proteins), cofilins (filament destabilizing proteins), tropomyosins/drebrin 

(filament stabilizing proteins) and Spir/formins/Arp2/3 complex (actin nucleators) (29). Many 

proteins however remain understudied (or maybe not even discovered yet), the importance of 

their activity remaining unclear and to a certain extent under-estimated due to insufficient 

knowledge. In this thesis the main focus has been on three different actin binding proteins, 

drebrin, coronin and cofilin. 

Drebrin 

Drebrin, a short for developmentally regulated brain protein, is a mammalian neuronal 

protein enriched at dendritic spines of mature neurons. Dendritic spines are the postsynaptic 

receptive regions of most excitatory synapses and the shape, size and density of these very 

dynamic structures have been shown to change during development and adulthood. Dendritic 

protrusions on immature neurons start out as thin, headless filopodia that eventually mature into 

spines during later stages of development (30). This maturation is associated with learning, 

aging, as well as diseases such as mental retardation (31, 32, 33). Indeed, morphological studies 

of spines in dementia patients show a correlation between brain dysfunction and abnormal spine 

morphology (34, 35). This has been the driving force behind studying the mechanisms that 

govern spine maintenance, to further understand higher brain functions, such as memory and 

learning.  

Originally identified in neuronal cells and tissues, drebrins exist in three isoforms –

drebrin-A, E1 and E2– generated by the alternative RNA splicing mechanisms of the same gene 
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(dbn1), and synthesized in patterns depending on the specific developmental stage (36, 37). 

Drebrin E is the ubiquitous isoform and predominates in the developing brain; drebrin El is 

abundant at the developmental stage when neurons are migrating, and drebrin E2 is abundant at 

the stage when neurons are extending their cell processes (36, 38). Drebrin A is the neuron-

specific isoform and is predominately expressed in adulthood (36, 38, 39). While drebrins have 

long been considered, by and large, to be specific for the nervous system, a drebrin-E splice 

variant (drebrin-E2) has been detected in diverse non-neuronal cells (40, 41, 42). 

Immunoelectron microscopy studies showed actin to be another major cytoskeletal element in 

dendritic spines (43, 44); it is thought to play a pivotal role in the mechanisms regulating spine 

plasticity (43, 45, 46, 47). Drebrin binds to and modulates F-actin in dendrites (48).  

In addition to organizing the dendritic pool of actin, drebrin also mediates interactions 

between F-actin and microtubules and acts as a positive regulator of microtubule entry into 

spines (49). There is increasing evidence that when molecular pathways linked to drebrin 

malfunction, this results in developmental abnormalities and disease. Indeed, drebrin protein 

levels were found to be decreased in Alzheimer’s disease patients (50). This decrease was also 

observed in brain samples from patients with Down Syndrome, both from adult and fetal brain 

samples (51, 52). Furthermore, down-regulation of drebrin-A expression in developing 

hippocampal neurons suppresses the accumulation of F-actin within dendritic spines (47). A 

natural intrigue then emerges about the mechanism by which drebrin governs F-actin dynamics 

and structure in its role in spinal plasticity.  

Drebrin is a multidomain protein containing an ADF/cofilin homology (ADF-H) domain 

in its N-terminal region (residues 8–134) (53). This domain does not bind on its own nor does it 

depolymerize actin filaments (54). The 85 amino acid sequence in the N-terminal region 
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(residues 233–317), highly conserved among mammals, is sufficient for the strong binding of 

drebrin to F-actin, and causes the same rearrangements in the actin cytoskeleton as the full-

length drebrin (55). Drebrin can self-assemble and form higher-order oligomers named 

drebrosomes (42, 56). It was hypothesized that such structures allowed for maintaining a high 

local concentration of these regulatory proteins in the needed regions in cells. 

 

 

Figure 1.3- Schematic Representation of the Drebrin Molecule. 

ADF-H stands for Actin Depolymerization factor-homology domain. CHM is the Charged 

Helical domain. ABD stands for Actin Binding Domain. The shaded region is the brain 

specific exon that is present in Drebrin-A but is absent in Drebrin-E. 

 

 

Drebrin binds to F-actin with a stoichiometry of one to five protomers (Kd of  0.12 μM) 

(54, 57) and competes and inhibits actin binding activity of several F-actin-binding proteins, 

such as fascin, tropomyosin and α-actinin (54, 58). Drebrin also inhibits the actin-activated 

ATPase activity of myosin and reduces the sliding velocity of actin filaments on immobilized 

myosin. According to the in vitro studies, cofilin can displace drebrin from actin filaments (59). 

This observation is consistent with the finding that drebrin’s loss is accompanied by increased 

levels of cofilin in the brains of Alzheimer's disease patients (50). More recently, it was shown 

that full length drebrin-A inhibits but does not abolish cofilin-induced severing of actin filaments 

(60). Taken together, these findings suggest that drebrin modulates the organization of the actin 
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cytoskeleton within spines, playing a role in the structure-based plasticity of synapses. More 

recent reports revealed a direct effect of drebrin on the structure of F-actin: Atomic force 

microscopy (AFM) analysis showed that binding of drebrin-A to actin filaments increases their 

persistence length and helical pitch (∼40 nm versus 36 nm for “bare” actin) (57). This stimulated 

a more detailed probing of drebrin’s effects on the structure and dynamics of actin filaments, to 

help elucidate the mechanism by which these two spine-resident proteins regulate spine plasticity 

and affect brain functions.  

Coronin 

Coronin is one of the conserved actin-binding proteins whose influence on actin 

dynamics in the cell is not well understood yet, but whose involvement in the rearrangement of 

the actin cytoskeleton is undeniably substantial. Originally identified as a major co-purifying 

protein in a preparation of contracted actin–myosin from Dictyostelium discoideum, it was 

named coronin due to its localization to crown-like extensions on the surface of these cells (61). 

Since then, a wide variety of coronins have been identified in many eukaryotic organisms 

including yeast, nematode, fish and mammals. While Saccharomyces Cerevisiae and 

schizosaccharomyces Pombe have a single coronin gene, other organisms like Drosophila 

Melanogaster, Dictyoselium discoideium and Caenorhabditis elegans have 2 to 3 coronin genes. 

Mammals have up to seven different coronin-related genes; they are expressed in most tissues, 

except for coronin1A which is preferentially expressed in T lymphocytes and other 

hematopoietic cells (62, 63). Coronins are divided into three subclasses based on their amino 

acid sequence lengths: Type 1 coronins include coronin-1A, -1B, and -1C; type II coronins 

include coronin -2A and -2B; finally, type III coronins encompass mammalian coronin -7 and the 

POD-1 proteins from Caenorhabtidis elegans and Drosophila melanogaster. Type and I and II 
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coronins’ structure consists of a three- part domain layout. It includes the β-propeller domain 

which is the N-terminal domain containing 7 WD40 repeats (5 canonical ones flanked by the two 

non-canonical), followed by a highly variable “unique” region as well as a C-terminal domain 

that forms a coiled coil (CC) structure (Figure 1.5).  Type III coronins differ in their sequence as 

they are composed of tandem coronin repeats but lack the CC region (64). The crystal structure 

of the β-propeller domain of murine coronin1 was solved in 2006 (Figure 1.5, 65). 

 In principle, the β-propeller structures often serve as a platform to support protein-

protein interactions, but so far only F-actin has been identified as a binding partner of this 

domain of coronin. The N-terminal extension contains a crucial phosphorylation site (Ser-2) that 

regulates interactions of coronin with its binding partners (66, 67). The middle linker, or 

“Unique” region varies in both length and sequence among different coronins.   
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Figure 1.5- The Overall Structure of Murine Coronin1 (PDB ID: 2AQ5).  

Ribbon diagrams show the “top” and “bottom” side of the β propeller domain. Individual 

blades are numbered from one to seven (colored cyan, blue, magenta, purple, green, yellow 

and orange, respectively). The N-terminus extension (grey) and the C-terminal extension (red) 

are also shown. The N-terminus is labeled NT. The “side” view highlights the C-terminal 

extension tightly packing against the “bottom” surface of the propeller (65). 
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S. Cerevisiae Crn1 and D. Melanogaster Dpod1 share noted sequence homology with the 

microtubule binding region of mammalian MAP1B and bind to microtubules, crosslink them and  

crosslink actin filaments in vitro; this has been confirmed by genetic analyses (68, 69, 70). The 

coiled coil (CC) region is a classic heptad repeat CC domain that mediates homo-

oligomerization. It contains an actin binding site and an Arp2/3 binding site (71, 72).  

Functional studies in these organisms have shown coronins to be important regulators of 

actin based processes such as cytokinesis, cell migration and lamellopodial formation. 

Dictyostelium cells deficient in coronin move at about half the rate of wild-type controls, have a 

high frequency of failed cytokinesis and in addition, coronin-null cells also have severe defects 

in fluid-phase endocytosis. There are no gross defects when coronin is deleted from budding 

yeast, but when the deletion is coupled with a mutation in actin, cofilin or Apr2/3, synthetic 

defects in growth and cytoskeletal organization are observed (68). Also overexpression of the 

S.Cerevisiae coronin gene (Crn1) is lethal and disrupts actin organization: it induces the 

formation of aberrant coronin and Arp2/3 containing F-actin loops (73). In Drosophila, coronin 

mutations cause disruptions in the actin cytoskeleton of the embryonic imaginal disks and an 

early pupal lethal phenotype, indicating that this protein is essential for morphogenesis (74). In 

primary human neutrophils, the inhibition of Coronin1 function by transduction of a dominant-

negative form of the protein leads to inhibition of chemotaxis and a reduction in neutrophil 

spreading and adhesion (75). The list of studies demonstrating the effects of deleting or mutating 

the different coronin genes is long and emphasizes the importance of the different coronin genes 

and their role as key players in the proper functioning of eukaryotic cells.  

Unraveling the actin-binding interface is an essential step in understanding coronin’s role 

as a key player in the cytoskeleton. It shows the nature of the interactions of the two proteins, 
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allows further establishing the structural effects they have on each other, and sheds light on the 

mechanisms used by coronin to regulate other actin binding proteins’ activity on actin filaments. 

A significant effort has been invested in addressing this issue, with different approaches being 

used for probing coronin’s action; however, different modes of binding were proposed by 

different groups. The first mechanism relied on electron microscopy and three dimensional (3D) 

reconstruction (76) of coronin1-A decorated actin filaments, the second was revealed by 

systematic mutational analysis of yeast coronin mutant alleles (77) and lastly, Ge et al. very 

recently generated high resolution cryo-EM images of the coronin-actin complex and mapped 

protein-protein contacts with high precision (78). Galkin et al. EM and 3D reconstruction of 

coronin-F-actin lead to specific predictions of contact surfaces between these proteins and 

showed that mammalian Coronin-1A stabilizes F-actin by bridging adjacent actin protomers 

along the long-pitch strand and stapling opposite protomers on different strands of the actin 

filament. Gandhi et al. used a systematic mutagenesis approach to identify surfaces on the β-

propeller domain of Crn1 required for actin binding. They used a “charge-to-alanine” strategy to 

design mutations and identified five actin binding coronin surfaces. The models of coronin-F-

actin structures (in both ADP- and ADP-BeFx-states) derived from the cryo-EM data in (78) are 

consistent with the interaction surface identified by (77).  

All sets of data agree on coronin’s interaction with two or more actin subunits in the 

filament. The EM methods show this directly, while the mutagenesis implicates it since it is 

difficult to imagine how all of the predicted actin binding surfaces could be interacting with a 

single actin subunit in the filament. These findings fuel the natural interest to study the structural 

effects of coronin on actin filaments and to investigate the mechanisms by which it regulates the 



17 
 

functions of cofilin and the Arp2/3 complex. The results of such investigations are presented in 

Chpater 4. 

Cofilin 

Cofilin is a member of the Actin Depolymerization Factor- Homology (ADF-H) domain 

family of proteins and is an essential actin regulatory protein that severs filaments and 

accelerates actin assembly dynamics by increasing the number of filament ends at which 

subunits add and dissociate from (79, 80). The involvement of cofilin in controlling the temporal 

and spatial extent of actin dynamics is seen in processes as diverse as cytokinesis in yeast (81), 

tumour metastasis in mice (82), neuronal plasticity in rats (83), and Alzheimer’s disease (84).  

Cofilin is a small 16 kDa protein that is found in all eukaryotic cells and that binds both 

monomeric and filamentous actin.  Unicellular organisms produce only one member of this 

family, whereas mammals produce three members of the ADF/cofilin family – ADF, non-muscle 

cofilin (cofilin 1) and muscle cofilin (cofilin 2) (85). High resolution 3D crystal structures and 

NMR solution structures of ADF-H domains from different proteins show that the basic ADF-H 

fold is composed of four alpha helices (α1–4) surrounded by six beta strands (β1–6) (86, 87, 88, 

89, 90, 91). Several groups have mapped the binding sites of cofilin onto both G and F-actin via 

mutagenesis, fluorescence probing, and chemical cross-linking in an effort to understand 

cofilin’s functions (92, 93, 94, 95, 96). The actin-cofilin interactions are mediated by two 

separate binding regions of the ADF-H domain, called the G-site and the F-site. The G-site is 

sufficient to interact with actin monomers (or even the Arp2/3 complex), while both the G- and 

the F-sites are required for binding to F-actin (97). Grintsevich et al. (92) showed that cofilin 

binds to the hydrophobic cleft between subdomains 1 and 3 on G-actin. Further supporting this 

conclusion, the atomic structure of the C terminal ADF-H domain of mouse twinfilin-1 in 
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complex with rabbit α-skeletal G-actin revealed that the G-site is incorporated between SD1 and 

SD3 at the barbed face of the actin monomer and forms contact with its hydrophobic groove and 

the C-terminus (98). A more recent 3D reconstruction of rabbit α-skeletal F-actin decorated with 

human cofilin-2 showed that the interaction of ADF-H domains with actin filaments is mediated 

by two distinct regions, which bind to two adjacent actin subunits within the single-stranded 

helix of the actin filament (99). One of these resembles the G-site found in the twinfilin-G-actin 

complex and forms a contact with the barbed face of the upper actin subunit. The other region is 

composed of two loops, one loop binds to the SD4 and the other to the SD1 region of the lower 

actin subunit.  
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Figure 1.6 Atomic structure of the C-terminal ADF-H domain of twinfilin in 

complex with rabbit α-skeletal actin monomer. 

ADF-H is shown in magenta and actin in gray with its sudomains denoted as SD1, 

SD2, SD3 and SD4. (The structure is shown from PDB code 3DAW) (Paavilainen 

et al., 2008). 

 

The ADF/cofilin proteins bind co-operatively to F-actin and display higher affinity for 

the ADP–actin subunits than for actin subunits bound to ATP or to ADP and inorganic phosphate 

(Pi) (100, 101). Cofilin is “inactivated” upon phosphorylation of Ser3 at its N-terminus; this 

modification generates a charge repulsion that inhibits actin binding without altering the protein 

conformation (102, 103). Cofilin is activated by the Slingshot family of phosphatases (104). 

Cofilin binds better to older ADP-bound actin filaments and accelerates the release of subunits 

from the pointed-end through depolymerization and severing, and/or by both processes, while the 

rate of dissociation from the barbed ends remains unchanged (101, 106, 107). This large increase 

in the rate-limiting step of the treadmilling cycle at steady state is responsible for the increase in 

the rate of actin-based motile processes. Because cofilin severs actin filaments, it also acts 

SD 1 

SD 2 

SD 3 

SD 4 

http://www.rcsb.org/pdb/explore.do?structureId=3DAW
http://www.sciencedirect.com/science/article/pii/S0171933513000964#bib0375
http://www.sciencedirect.com/science/article/pii/S0171933513000964#bib0375
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indirectly as a nucleator, with severing generating free barbed-ends from which polymerization 

can occur (108).  

The mechanism of depolymerization and severing by cofilin has been studied 

extensively. Using cryo-electron microscopy and image reconstructions, McGough et al. (30) 

showed that ADF/cofilin changes the helical twist of F-actin by 5° between 

protomer n and n + 1, and reduces torsional rigidity upon binding to F-actin. This change 

decreases the helical strands crossover distance (from 365 Å in bare actin to ~270 Å when cofilin 

is bound) and modifies the interprotomer contacts (108). More recently, using cryoelectron 

microscopy, Galkin et al. generated a 9-Å resolution three-dimensional reconstruction of cofilin-

decorated actin filaments showing that human cofilin 2 (Hcof2) substantially displaces 

subdomain 2 of muscle skeletal actin and causes it to be disordered.  Essentially, cofilin disrupts 

the connection between SD1 and SD2 of adjacent protomers within the same strand and forms a 

direct contact with them, bridging the two subunits by providing extra contacts and therefore 

resulting in net stabilization of subunit-subunit contacts (99). This structural effect acts as a 

double-edged sword. On one edge, cofilin acts as an actin nucleator, able to rescue the 

polymerization of mutated or chemically modified actin that can no longer polymerize due to 

weakened inter- and intrastrand contacts (TMR labeled actin, Grimlysin cleaved actin, T203C 

actin; 109, 110). Kudryashov et al. proposed that cofilin is able to rescue polymerization by 

creating a new interface between SD1/ SD3 cleft of the upper protomer to SD2 of the lower 

protomer, thus reversing the destabilizing effects of actin mutations/modifications (111). On the 

other hand, the local weakening of the F-actin structure propagates as long-range allosteric 

effects which result in the destabilization of both inter- and intra-strand filament contacts where 

cofilin is not bound. This creates mechanical asymmetry along filaments which promotes local 
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stress accumulation and consequently, causes filaments to sever. Hence, the proposed model of 

its action is that stabilization occurs under saturating conditions of cofilin, whereas severing 

occurs more efficiently at the boundaries of changed and unchanged filament segments, under 

sub-saturating conditions, where regions partially decorated with cofilin accumulate stress that is 

propagated along the filament in a cooperative manner.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6. Model of cofilin decorated F-actin.  

Cofilin (hot pink) binds F-actin (gray) and decreases its twist by 5°, from -167° (a) 

to -162° (b). Arrows mark the crossover length.  

The reconstruction is shown from PDB code 3J0S. The figure showing the change 

in twist is adapted from McGough et al., (108). 
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Overview of the Dissertation 

This dissertation focuses on the modulation of actin structure and dynamics by three 

major actin binding proteins, drebrin, coronin and cofilin. Drebrin is a filament-binding protein 

involved in organizing the dendritic pool of actin. Previous in vivo studies identified the actin-

binding domain of drebrin (DrABD), which causes the same rearrangements in the cytoskeleton 

as the full-length protein. 

Chapter 2 investigates the mapping of the DrABD binding interface on actin filaments. 

Site-directed mutagenesis, electron microscopy images reconstruction, and chemical cross-

linking combined with mass spectrometry analysis were employed for this study. Our results 

showed that DrABD binding bridges two adjacent actin protomers. Site-directed mutagenesis 

combined with chemical cross-linking and mass spectrometry analysis suggested that the "core" 

DrABD is centered on actin subdomain 2 and may adopt a folded conformation upon binding to 

F-actin. The results of electron microscopic reconstruction further revealed polymorphism in 

DrABD binding to F-actin and suggested the existence of two binding sites. These results 

provided new structural insight into the previously observed competition between drebrin and 

several other F-actin-binding proteins.  

Chapter 3 of this dissertation examined the structural effects of drebrin on F-actin in 

solution. Full-length drebrin and its C-terminal truncated constructs were used to clarify the 

domain requirements for the observed effects. Depolymerization and differential scanning 

calorimetry assays show that F-actin is stabilized by the binding of drebrin. Also, using solution 

biochemistry methods and electon microscopy (EM), we observed the rescue of filament 

formation by drebrin in different cases of longitudinal and lateral interprotomer contact 
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perturbations. Overall, our data suggested that drebrin stabilizes actin filaments through its effect 

on their interstrand and intrastrand contacts. 

Chapter 4 examines another actin binding protein, coronin, and the effect of its shorter 

but fully active construct on actin filaments. Using a combination of site-directed mutagenesis, 

solution biochemistry methods, electron and TIRF microscopy, we looked at the effects of 

coronin on the structure of actin filaments by studying its effect on inter-protomer contacts in F-

actin. We also examined how some of these effects compare to those induced by cofilin, 

studying how the two proteins behave when they are present together, to shed light on the 

mechanism(s) by which coronin modulates cofilin’s effects on actin filaments. Our results shed 

light on the small, yet important structural changes that coronin induces in actin filaments, and 

provide a plausible mechanism by which coronin mediates cofilin-induced disassembly of actin 

filaments.  
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CHAPTER 2 

Mapping of Drebrin Binding Site on F-actin 

Reprinted from Journal of Molecular Biology, 398, Elena E. Grintsevich,Vitold E. Galkin, 

Albina Orlova, A. Jimmy Ytterberg, Mouna M. Mikati, Dmitri S. Kudryashov, Joseph A. Loo, 

Edward H. Egelman, Emil Reisler, Mapping of Drebrin Binding Sire on F-actin, 542-554, 

Copyright 2010, with permission from Elsevier Ltd. 
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Supplementary Information 

APPENDIX A 

Drebrin constructs purification -- The collected E. coli cells were frozen in liquid nitrogen 

and stored at -80 °C. All glutathione S-transferase (GST)-tagged drebrin constructs were 

recovered from the soluble fractions. Lysis buffer (Buffer A: 10 mM Na2HPO4, 1.8 mM 

KH2PO4, 140 mM NaCl) was supplemented with 0.2 mM PMSF and protease inhibitors cocktail 

(Roche). Additional wash step was introduced for all the constructs (Buffer A containing 0.64 M 

NaCl). For pelleting experiments, N-GST fused constructs were eluted with 10 mM glutathione 

buffer and further purified on Superdex-75 gel-filtration column. Alternatively, on-column 

thrombin cleavage was performed overnight at 4 °C. For CD experiments, DrABD constructs 

were additionally purified on Superdex-75 column. 

Samples preparation for mass spectrometry analysis -- 50 µg of each sample were 

precipitated with 100% acetone overnight at -20˚C. The aggregates were collected by 

centrifugation and the pellets were washed by incubation in 80% acetone, 10% methanol, 0.2% 

acetic acid and 9.8% water for 30 minutes at -20˚C. The supernatant were removed after 

centrifugation, and the pellet were incubated in 20 µl DMSO for 30 min at room temperature on 

a shaker. The proteins were then digested overnight with trypsin (1:20 protease to protein ratio) 

in 50 mM ammonium bicarbonate and 30% DMSO. The resulting peptides were extracted, 

lyophilized and resuspended in 5% formic acid. 

Electron microscopic reconstruction of DrABD-decorated F-actin -- Five model volumes 

with additional density attached to each of these sites, along with the naked F-actin volume, were 

projected and cross-correlated with the 9,749 raw segments. Each class was reconstructed 
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separately, starting from a featureless solid cylinder. A substantial number of segments (n = 

3,668) were found to be naked filaments and resulted in the reconstruction shown in Fig. 3(c) 

with helical symmetry of -166.3°/27.6Å. The three largest occupied classes of segments yielded 

reconstructions having the drebrin molecule attached in between Subdomain 1 (SD1) and 

Subdomain 2 (SD2) (n = 1,413, Fig. 3(d)), to the front of SD1 (n = 1,336, Fig. 3(e)), or side of 

SD1/SD2 (n = 1,047, Fig. 3(f)). The corresponding symmetries for each class were found as 

being 165.8°/27.1 Å, 165.8°/27.6 Å, and 166.2°/27.1 Å, respectively. The two small classes 

revealed drebrin attached to the side (n = 925, Fig. 3(g)) or back (n = 613, Fig. 3(h)) of SD1 of 

actin. These classes converged to the symmetries of 166°/27.5 Å and 166.1°/27.2 Å, 

respectively.  
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APPENDIX B 

 

 

 

 

 

 

 

 

 

  (B) 

F-actin 

 

Drebrin [M+2H]
2+

 Error (ppm) [M+3H]
3+

 Error (ppm) 

DEDETTALVCDNGSGLVK VASASGGSCDAPAPAPFN 1762.18 -56 1175.26 61 

 

 

   (C) 

F-actin  Drebrin ion types [M+H]
+
 

CDNGSGLVK  VASASGGSCDAPAPAPFN y9-M 2508.25 

VCDNGSGLVK  VASASGGSCDAPAPAPFN y10-M 2607.31 

LVCDNGSGLVK  VASASGGSCDAPAPAPFN y11-M 2720.39 

ALVCDNGSGLVK  VASASGGSCDAPAPAPFN y12-M 2791.37 

TALVCDNGSGLVK  VASASGGSCDAPAPAPFN y13-M 2892.41 

TTALVCDNGSGLVK  VASASGGSCDAPAPAPFN y14-M 2993.42 

DEDETTALVCDNGSGLVK  VASASGGSCD M-b10 2740.30 

DEDETTALVCDNGSGLVK

VASASSGGSCDAPAPAPFN

DEDETTALVCDNGSGLVK

VASASSGGSCDAPAPAPFN

 (A) 
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DEDETTALVCDNGSGLVK  VASASGGSCDA M-b11 2811.31 

DEDETTALVCDNGSGLVK  VASASGGSCDAPA M-b13 2979.34 

DEDETTALVCDNGSGLVK  VASASGGSCDAPAPA M-b15 3147.38 

DEDETTALVCDNGSGLVK  VASASGGSCDAPAPAPF M-b17 3391.35 

 

 

APPENDIX 2. C308 on DrABD cross-links to C10 of actin (minor population). DrABD 

cross-linked to two adjacent actin protomers were isolated by size exclusion chromatography, 

digested with trypsin and analyzed by nanoESI-MS/MS. Two peaks were unique to the cross-

linked sample compared to controls (skeletal actin and DrABD) and the peptides were matched 

to actin and drebrin. (a) Schematic representation of actin peptide 1 – 18 cross-linked to the 

drebrin peptide 300 - 317 (y-ions are indicated by left-facing bars, b-ions are indicated by right-

facing bars). Actin peptide 1 – 18 is acetylated on the N-terminus, and the actin and drebrin 

peptides are linked through a disulfide bond. The formation of the disulfide bond was verified by 

reducing the sample with DTT and reanalyzing the digest. As expected, the two peaks 

corresponded to the cross-linked peptide disappeared after reduction. (b) Indicates the mass and 

error of the two detected charge states and (c) lists some of the cross-linked fragments with 

deconvoluted masses. ‘M’ indicates intact peptide.       
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APPENDIX C 

Summary of the observed ions resulting from the fragmentation of the actin-drebrin EDC 

cross-linked peptide at m/z [M+4H]
4+

 = 663.61 (error 30.8 ppm)  

#
 Cross-link (-); alternative fit (/); M – intact peptide; wl – loss of water; al – ammonia loss  

*isobar fit – two or more matches with identical composition/masses 

**best fit – more than one match with different masses, all within experimental error. The best 

alternative is reported. 

*** fit within experimental error and supported by additional fragments 

 

[M+H]+ Error [M+2H]2+ Error [M+3H]3+ Error 
Type of 

Ion # 

Peptide Sequence 
Site Comment 

Actin Drebrin 

86.10 39.8     im L L   Isobar fit* 

974.52 24.3     1b9 VAPEEHPTL    

1087.61 28.1     1b10 VAPEEHPTLL    

147.12 52.3     1y1 K    

244.18 40.2     1y2 PK    

341.19 37.0     1y3al NPK    

358.22 39.8     1y3 NPK    

471.31 38.8     1y4 LNPK    

551.32 10.8     1y5al PLNPK    

568.37 36.5 284.69 35.4   1y5 PLNPK    

639.41 36.6     1y6 APLNPK    

768.45 36.4     1y7 EAPLNPK    

851.47 13.4     1y8wl TEAPLNPK    

869.50 34.4 435.25 28.7   1y8 TEAPLNPK    

982.59 31.1     1y9 LTEAPLNPK    

1095.67 30.7     1y10 LLTEAPLNPK    

1293.78 32.6 647.39 17.8   1y12 PTLLTEAPLNPK    

  715.91 7.5   1y13 HPTLLTEAPLNPK    

1218.64 34.1     

[1b2:12]/ 

[1b3:13]/ 
[1b4:14] 

APEEHPTLLTE/ 

PEEHPTLLTEA/ 
EEHPTLLTEAP 

  Isobar fit 

493.23 54.6     
[1b3:6]/ 

[1b4:7] 
PEEH/EEHP   Isobar fit 

  459.25 22.3   1b3:10 PEEHPTLL    

235.13 47.8     1b6:7 HP    

203.11 36.0     1a11:12 TE    

231.11 42.1     1b11:12 TE   Best fit** 

302.15 39.1     1b11:13 TEA    

396.24 31.8     1b13:16 APLN    

183.16 34.8     1a14:15 PL    

211.15 38.4     1b14:15 PL    
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325.20 38.5     

[1b14:16]

/[1b15:17
] 

PLN/ 

LNP 
  Isobar fit 

215.15 50.4     
[1b8:9]/ 

[1b10:11] 

TL/ 

LT 
  Isobar fit 

175.13 37.7     2y1  R   

312.19 44.1     2y2  HR  Best fit 

441.24 36.1     2y3  EHR   

1221.60 40.6 611.42 228.2   b5-M VAPEE GSEEHR 
99/10

0 
 

1358.65 32.7 679.83 27.9   b6-M VAPEEH GSEEHR 
99/10

0 
Best fit 

  835.43 30.0 557.29 40.8 b9-M VAPEEHPTL GSEEHR 
99/10

0 
 

  877.81 -148.7 585.64 21.7 a10-M VAPEEHPTLL GSEEHR 
99/10

0 
Best fit 

    589.29 1.5 b10-Mal VAPEEHPTLL GSEEHR 
99/10

0 
 

  891.97 28.3   b10-M VAPEEHPTLL GSEEHR 
99/10

0 
Best fit 

  933.49 27.8 622.66 23.1 b11-Mwl VAPEEHPTLLT GSEEHR 
99/10

0 
Best fit 

  942.49 27.0 628.66 21.6 b11-M VAPEEHPTLLT GSEEHR 
99/10

0 
Best fit 

  993.00 13.4   a12-M VAPEEHPTLLTE GSEEHR 
99/10

0/107 
Best fit 

  998.01 28.5   b12-Mwl VAPEEHPTLLTE GSEEHR 
99/10
0/107 

 

  1007.02 28.2 671.68 24.0 b12-M VAPEEHPTLLTE GSEEHR 
99/10

0/107 
 

  1033.53 24.9 689.36 30.5 b13-Mwl VAPEEHPTLLTEA GSEEHR 
99/10
0/107 

 

  1042.53 26.0 695.36 24.6 b13-M VAPEEHPTLLTEA GSEEHR 
99/10

0/107 
 

  1147.61 28.8   b15-M 
VAPEEHPTLLTEA

PL 
GSEEHR 

99/10
0/107 

 

      M-M 
VAPEEHPTLLTEA

PLNPK 
GSEEHR 

99/10

0/107 
 

1023.52 10.9     y7-b3 EAPLNPK GSE 107  

1134.60 46.4     y7-b4wl EAPLNPK GSEE 107 Best fit 

1152.60 41.6 576.80 36.8   y7-b4 EAPLNPK GSEE 107 Best fit 

    827.77 25.4 y16-M 
PEEHPTLLTEAPLN

PK 
GSEEHR 

99/10

0/107 
 

  785.89 35.0   b2:9-M APEEHPTL GSEEHR 
99/10

0 
Best fit 

  842.43 31.5   b2:10-M APEEHPTLL GSEEHR 
99/10

0 
Best fit 

  948.47 26.7 632.66 33.9 

[b2:12-
Mwl]/ 

[b3:13-

Mwl]/ 
[b4:14-

Mwl] 

APEEHPTLLTE/ 
PEEHPTLLTEA/ 

EEHPTLLTEAP 

GSEEHR 
99/10

0/107 
Isobar fit 

  957.48 28.2 638.59 -67.2 

[b2:12-M] 
/[b3:13-

M]/ 

[b4:14-M] 

APEEHPTLLTE/ 

PEEHPTLLTEA/ 

EEHPTLLTEAP 

GSEEHR 
99/10

0/107 
Isobar fit 

1051.48 37.4 526.27 79.5   b3:5-M PEE GSEEHR 
99/10

0 
 

1160.56 45.6 580.86 168.9   
[a3:6-M]/ 

[a4:7-M] 
PEEH/EEHP GSEEHR 

99/10

0 
Isobar fit 

1188.55 42.8     
[b3:6-M]/ 

[b4:7-M] 
PEEH/EEHP GSEEHR 

99/10

0 
Isobar fit 

1358.62 8.5 679.83 32.6   a3:8-M PEEHPT GSEEHR 
99/10

0 
*** 

  684.83 42.9 456.88 23.0 b3:8-Mwl PEEHPT GSEEHR 
99/10

0 
 

1386.66 40.8 693.83 35.6 462.88 15.9 b3:8-M PEEHPT GSEEHR 99/10  
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0 

  736.37 33.9 491.27 68.7 a3:9-M PEEHPTL GSEEHR 
99/10

0 
Best fit 

  741.36 30.8 494.58 27.1 b3:9-Mwl PEEHPTL GSEEHR 
99/10

0 
Best fit 

  750.38 45.3 500.58 31.5 b3:9-M PEEHPTL GSEEHR 
99/10

0 
 

  792.90 15.6   a3:10-M PEEHPTLL GSEEHR 
99/10

0 
 

  806.91 27.6 538.26 0.5 b3:10-M PEEHPTLL GSEEHR 
99/10

0 
 

  848.43 27.6   
b3:11-

Mwl 
PEEHPTLLT GSEEHR 

99/10

0 
 

  857.45 38.6 571.98 68.6 b3:11-M PEEHPTLLT GSEEHR 
99/10

0 
 

  921.96 31.6 614.97 21.1 b3:12-M PEEHPTLLTE GSEEHR 
99/10

0/107 
Best fit 

  1119.57 20.9   
[b3:16M]/

[b4:17-M] 

PEEHPTLLTEAPLN

/ 

EEHPTLLTEAPLNP 

GSEEHR 
99/10

0/107 
Isobar fit 

  758.39 35.8   b4:10-M EEHPTLL GSEEHR 
99/10

0 
 

953.40 98.0     

[a7:13-
b3]/ 

[a8:14-

b3] 

PTLLTEA/TLLTEA

P 
GSE 107  

  491.27 43.5   

[b7:13-

b3]/ 

[b8:14-
b3] 

PTLLTEA/TLLTEA

P 
GSE 107 Isobar fit 

824.45 -0.9 412.72 13.6   

[a7:13-

b2]/ 
[a8:14-

b2] 

PTLLTEA/TLLTEA
P 

GS 107  

971.49 -8.5     
b6:13-

b2wl 
HPTLLTEA GS 107  

989.53 23.5     b6:13-b2 HPTLLTEA GS 107  
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APPENDIX D. Primers used for cloning and site-directed mutagenesis 

 

Drebrin 

construct 

Forward primer Reverse primer 

Drebrin 

full 

length 

(pCR2.1-

TOPO) 

 

CATGGCCGGCGTCAGCTTCAGC 

 

CTAATCACCACCCTCGAAGCCCTCTTCC 

Drebrin 

full 

length 

(pGEX-

4T1)
#
 

 

GATCGGATCCGCCGGCGTCAGCTTCAGC 

 

CCGCTCGAGTTACTAATCACCACCCTCG

AAGCCCTC 

DrABD, 

seq 233-

317* 

 

 

GATCGGATCCGAGGAGCACAGGAGGAAAC

AGCAG 

 

CCGGAATTCCTAGTTGAAGGGTGCAGGC

GCAGG 

DrABD3

00; 

Drebrin 

1-300 

 

CAGCAGGAACGAGTGTAATCGGCCTCTGG

TGGC 

 

GCCACCAGAGGCCGATTACACTCGTTCC

TGCTG 

K238C GAGGAGCACAGGAGGTGCCAGCAGAGTCT

GGAAGC 

GCTTCCAGACTCTGCTGGCACCTCCTGT

GCTCCTC 

K248C GAAGCTGAAGAAGCCTGCAGGAGGTTAAA

GGAG 

CTCCTTTAACCTCCTGCAGGCTTCTTCAG

CTTC 

K252C GCCAAGAGGAGGTTATGCGAGCAGTCTAT

C 

GATAGACTGCTCGCATAACCTCCTCTTG

GC 

K270C GAAGAGTCCCAGATGTGCAAGTCGGAGTC

AGAG 

CTCTGACTCCGACTTGCACATCTGGGAC

TCTTC 

K271C GAGTCCCAGATGAAGTGCTCGGAGTCAGA

GGTG 

CACCTCTGACTCCGAGCACTTCATCTGG

GACTC 

 

# The PCR product was subcloned into the BamH1 and XhoI sites of pGEX-4T1 expression vector 

*The PCR product was  subcloned into the BamH1 and EcoR1 sites of pGEX-4T1 expression vector  
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Supplemental Figure 1. The position of DrABD in its five modes of binding to F-actin 

relative to the additional density in the overall reconstruction. The overall reconstruction of 

F-actin segments decorated with a derbrin construct revealed traces of the bound drebrin all over 

SD1, SD2, and the top of SD4. Actin crystal structure is shown as blue ribbons (pdb entry 

1HLU). To evaluate whether that density was a superposition of multiple states of binding rather 

than being arising from a single drebrin molecule a set of models were designed to decompose 

the additional density into several classes based on a possible location of drebrin on F-actin. The 

size of the additional mass along with the quality of the actin portion of the map was used as a 

guideline in the sorting process. All the five modes of binding of drebrin to F-actin that are 

shown in Figure 6 are related to the additional density in the overall reconstruction, and this is 

marked with red (major mode) and blue (minor mode) arrows.  
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CHAPTER 3 
Drebrin-Induced Stabilization of Actin Filaments 

This research was originally published in Journal of Biological Chemistry. Mouna A. Mikati, 

Elena E. Grintsevich, Emil Reisler. Drebrin-Induced Stabilization of Actin Filaments. J. Biol. 

Chem. 2013; 288:19926-19938. © the American Society for Biochemistry and Molecular 

Biology. 
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CHAPTER 4 

The Effects of Coronin on the Structure 

and Dynamics of Actin Filaments. 
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INTRODUCTION 

Coronin is one of the conserved actin-binding proteins and its different isoforms have 

been identified in many eukaryotic organisms including yeast, fish and mammals (1, 2, 3). 

Functional studies in these organisms have shown coronins to be important regulators of actin 

based processes such as cytokinesis, cell migration and lamellopodia formation. S.Cerevisiae’s 

coronin, along with other coronins of the Type I class, has a structure that consists of three 

domains. The defining feature of this structure is the presence of a β-propeller domain containing 

7 WD40 repeats at the N-terminal part of the protein, generally believed to be a scaffold to 

support protein–protein interaction. A highly variable “unique region” in the middle segment 

links the β-propeller to a coiled coil (CC) structure at the C-terminal segment of coronin.  

Coronin’s mode of influencing actin dynamics in the cell is not well understood yet, but 

its involvement in the rearrangement of the actin cytoskeleton is substantial and physiologically 

important. Type I coronins interact with and inhibit the Arp2/3 complex—which nucleates the 

formation of new branches of actin filaments off the sides of existing ones, at an angle of  ~70
º 
to 

the original filament (1, 4, 5). Another study showed that yeast coronin not only inhibits but can 

also activate Arp2/3 nucleating activity. These dual modes of regulation by Crn1 showed a 

concentration-dependent switch between activating Arp2/3 nucleating activity —by enhancing 

its filament binding at low coronin concentrations, and inhibiting the nucleation— by blocking 

its binding at higher coronin concentrations (6). The activation function relies on a sequence 

called CA located in the “unique region” of Crn1. This sequence is conserved in WASp/Scar 

proteins (the prototypical activators of Arp2/3 complex) and point mutations in it abolished the 

activation of Arp2/3 complex by Crn1 in vitro.  
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There is also clear evidence for coronin’s conserved function in regulating cofilin-

dependent actin disassembly. The deletion of the yeast coronin gene, Crn1 does not produce 

aberrant defects in the cells; however, when the null-mutation is combined with another mutation 

that slows the actin turnover rate in the cell, like the example of cof1-22, it enhances the 

defective phenotype (7). Originally, contradicting regulatory effects of coronin on cofilin had 

been proposed (4, 8, 9). This paradox was later addressed by Ghandi et al., (10)
 
who showed that 

the full length coronin (Crn1, Figure 4.1) synergizes with cofilin in the severing of ADP-F-actin 

(older filaments), but it antagonizes cofilin’s severing of ATP/ADP+Pi-F-actins (newly formed 

filaments). Coronin and cofilin’s cooperation in actin disassembly is therefore conditional and 

depends on the nucleotide state of actin, facilitating the disassembly of older filaments and 

inhibiting the disassembly of the newly formed ones. Furthermore, filaments were shorter in the 

presence of Crn1 alone, suggesting that it may sever ADP-F-actin filaments independently of 

cofilin. The same study showed that the C-terminal truncated construct lacking the CC domain 

(Crn∆CC, a.a.1-600, Figure 4.1) also increases cofilin’s severing activity. 
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Figure 4.1- Schematic representation of coronin and coroninΔCC. 

A- Full length coronin- Crn1.  

B- The C-terminal truncated construct lacking the coiled-coil domain- Crn∆CC (a.a.1-600). 

 

Actin interacting protein 1 (AIP1) was identified as a major co-factor that collaborates 

with cofilin to disassemble F-actin. AIP1 can bind to the cofilin–F-actin complex and strongly 

enhance the severing activity of cofilin on actin filaments by capping the barbed ends of the 

severed filaments, resulting in acceleration of actin depolymerization (11). Evidence from 

microscopy indicates that AIP1 can actively disassemble cofilin-bound actin filaments (11). 

Interestingly, the addition of AIP1 in a mixture of full length coronin, cofilin and F-actin 

increased the severing activity of cofilin the same way that CrnΔCC did (personal 

communication, unpublished results, Goode et al.). We can speculate that AIP1 blocks the 

inhibitory effect of Crn1’s coiled-coil domain (perhaps by binding to it) and activates its 

synergistic role in the cofilin-mediated severing. In addition, class-average images of filament 

segments of actin filaments decorated with either full length coronin or CrnΔCC were 

indistinguishable by two-dimensional classification-averaging analysis (12).  Taken together, 

these results strengthen the significance of observations on the mechanism of CrnΔCC action on 

actin filaments, shedding light on the role of the full length protein.  

A 

B 
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Examining the direct effect of Crn∆CC on the structure and dynamics of actin filaments 

will allow for a basic understanding of the mechanisms by which coronin regulates the different 

actin-based processes in a cell, both independently and also in concert with other actin binding 

proteins, such as Arp2/3, cofilin and AIP1. In this chapter, using a combination of site-directed 

mutagenesis, solution biochemistry methods, electron and TIRF microscopy, we examined the 

effects of coronin on the structure of actin filaments by studying its impact on inter-protomer 

contacts in F-actin. We also examined how some of these effects compare to those induced by 

cofilin, studying how the two proteins act when they are both present and co-bound to actin. Our 

goal has been to shed light on the mechanism(s) by which coronin modulates cofilin’s effects on 

actin filaments. 
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MATERIALS AND METHODS 

Protein expression and purification :  

GST fused Crn∆CC constructs were expressed in Rosetta 2 DE3 cells and recovered in 

soluble fractions. The protein was purified using Glutathione-Uniflow Resin (Clontech 

Laboratories). On-column thrombin cleavage was performed overnight at 4 °C and followed by 

gel filtration (Superdex 75).  Skeletal actin was isolated from rabbit muscle (13). Yeast actins 

were purified as described before (14).  

Seeded polymerization of actin: 

F-actin seeds were prepared by polymerizing 2 µM Mg-G-actin with 2 mM MgCl2 and 

50 mM KCl overnight, on ice. The seeds were incubated with Crn∆CC at different mole ratios to 

actin for 20 minutes at room temperature. 2 µM Mg-G-actin was then added under polymerizing 

conditions (10mM Hepes pH 7.4, 2 mM MgCl2, 50 mM KCl, 0.2 mM ATP, 1 mM DTT) to the 

seeds. Pyrene fluorescence increase, which monitors actin’s polymerization, was measured using 

TECAN microplate reader. 

Total internal reflection  fluorescence microscopy (TIRF): 

Coronin severing was probed by mixing Alexa 488-labeled F-actin (5 μM, 25% 

Alexa488) and yeast CrnΔCC (7.5 μM, occupancy~0.8). After 30 min incubation at RT, the 

reaction mixtures were diluted to 5 nM actin in F-buffer (2mM MgCl2, 50mM KCl in 20mM 

Pipes pH 6.8, 20mM Hepes pH 7.5 or 5mM Tris pH8.0), supplemented with 0.2 mM ATP and 

100 mM DTT (imaging buffer), and applied on the polylysine-coated coverslips.  

Filaments were imaged using DMI6000 TIRF microscope (Leica, Wetzlar, Germany). 

Filaments’ length was analyzed using Fiji software. 
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Cross-linking of actin: 

Free thiols were removed from yeast actin cysteine mutant samples using Sephadex G-50 

spin columns equilibrated with G-buffer containing 10 mM Hepes pH 7.5, 0.2 mM CaCl2 and 0.2 

mM ATP. Actin was polymerized for 2 hours on ice with 3.0 mM MgCl2 and 50mM KCl. When 

needed, actin was polymerized in the presence of 100 µM BeCl2 and 50mM NaF, final to yield 

BeFx-actin. ADP-F-actin contained an extra 0.4 mM ADP added after polymerization. The 

molar ratio of Crn∆CC/Yeast Cofilin to F-actin was 1: 1. Disulfide cross-linking of actin mutants 

was catalyzed by 5 µM CuSO4 or 10 µM MTS reagents and the reaction was stopped with 2mM 

N-ethyl maleimide (NEM). The progress of disulfide cross-linking was monitored by SDS-

PAGE under non-reducing conditions. The decay of the actin monomer band with cross-linking 

progress was quantified using Scion Image software.  

Electron microscopy (EM): 

Undiluted actin samples from each experiment were applied to carbon-coated grids and 

stained with 1% uranyl acetate. The grids were examined in a JEM1200-EX electron microscope 

(JEOL) under minimal-dose conditions at an accelerating voltage of 80 keV and a nominal 

magnification of 80,000. 

Rhodamine phalloidin release from actin: 

Phalloidin was obtained from Sigma and rhodamine phalloidin was obtained from 

Molecular Probes (Eugene, OR). Rhodamine phalloidin release from F-actin (5.0 μM) was 

measured on yeast F-actin solutions (in 10 mM Hepes, 3.0 mM MgCl2, 50 mM KCl, 0.2 mM 

CaCl2, 0.2 mM ATP, 1 mM DTT at pH 7.4) pre-incubated overnight on ice with 0.2 μM 

rhodamine phalloidin and 4.8 μM phalloidin. Rhodamine phalloidin fluorescence was monitored 
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at 575 nm (emission wavelength) before and after the addition of Crn∆CC and/or cofilin (5.5 

μM). 

Ɛ-ADP collisional quenching experiments:  

Excess ATP was removed from yeast and skeletal actin samples using G-50 spin columns 

equilibrated with G-buffer (10 mM Hepes pH 7.5, 0.2 mM CaCl2, 1 mM DTT). Actin was 

incubated then with 10X molar excess of Ɛ-ATP overnight on ice. Prior to experiments, excess Ɛ-

ADTP was removed on another G-50 spin column and Mg-G- actin was polymerized with 3 mM 

MgCl2 and 50 mM KCl for 2 hours on ice. By then Ɛ-ATP was hydrolyzed to Ɛ-ADP. Finally, F-

actin was incubated with CrnΔCC or F-buffer for 20 minutes at RT before recoding the 

quenching of Ɛ-ADP by nitromethane using a PTI spectrofluorometer, with excitation 

wavelength set at 350 nm and the emission wavelength set at 420 nm.  

Fluorescence spectroscopy: 

Before measurements of the effect of CrnΔCC on cysteine reactivity to acrylodan in actin 

mutants, DTT was removed from G-actins by passing them through a Sephadex G-50 column 

equilibrated with G-buffer (10 mM Hepes pH 7.5, 0.2 mM CaCl2 and 0.2 mM ATP). 

Subsequently, F-actin (5.0 μM) was prepared from DTT-free Ca-G-actin by incubating it with 

0.05 mM MgCl2 and 0.4 mM EGTA for 5 min at room temperature, followed by the addition of 

3 mM MgCl2 and 50 mM KCl. CrnΔCC (5.5 μM) was added to F-actin and the sample was 

incubated for at least 30 min on ice. Before acrylodan labeling experiments were conducted, the 

samples were incubated for 10 min at 25°C, but were kept on ice at all other times. Acrylodan 

labeling solution was prepared at 5.0 μM in dimethylformamide using an extinction coefficient 

of 20,000 at 391 nm (Molecular Probes Handbook). The pseudo-first-order labeling reactions 
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were carried out at a 1:100 acrylodan/actin molar ratio and were monitored via an increase in 

acrylodan emission at 465 nm, with the excitation wavelength set at 385 nm. 

To record emission spectra of acrylodan-labeled actins, DTT-free G-actins were labeled 

with a 1.1- to 1.2-fold mole excess of acrylodan for 3 hours, at 4°C. The reactions were stopped 

with 1 mM DTT. Actin was polymerized with 3 mM MgCl2 and 50 mM KCl in 20 mM Hepes, 

0.2mM ATP and 1mM DTT at pH7.4. Fluorescence emission spectra of 5 µM F-actin +/- 5.5 µM 

CrnΔCC (400–650 nm) were recorded with the excitation wavelength set at 385 nm. All 

fluorescence experiments were carried out on a spectrofluorometer using FeliX32 Analysis, 

version 1.1 (Photon Technology International, Lawrenceville, NJ).  

Differential scanning calorimetry 

Differential scanning calorimetry (DSC) experiments were carried out in an N-DSC II 

calorimeter (CSC). Mg-ATP-G-actin in G buffer (20 mM Hepes, 0.2 mM CaCl2, 0.2 mM ATP, 

0.1 mM tris(2-carboxyethyl)phosphine (TCEP), 0.4 mM EGTA, 0.05 mM MgCl2 (pH 7.4)) was 

polymerized with 3 mM MgCl2 and 50 mM KCl. Final protein mixtures contained 20 

mM Hepes, 0.2 mM CaCl2, 0.2 mM ATP, 4mM βME, 3.0 mM MgCl2, and 50 mM KCl (pH 7.4). 

Binding of cofilin to BeFx-F-actin. 

Yeast F-actin (4.0 μM) was prepared from Ca-G-actin by incubating it with 0.05 mM 

MgCl2 and 0.4 mM EGTA for 5 min at room temperature, followed by the addition of 3 mM 

MgCl2 and 50 mM KCl and incubated for 1 hour at room temperature (in 10 mM Hepes, 3.0 mM 

MgCl2, 50 mM KCl, 0.2 mM CaCl2, 0.2 mM ATP, 1 mM DTT at pH 7.4). F-actin was then 

incubated with 100 µM BeCl2 and 50mM NaF for 6 hours, on ice, in the same buffer. Samples 

were created by the addition of yeast cofilin at different concentrations (0.5, 1, 1.5, 2, 3, and 

4.0 μM) and 2.0 or 1 μM Crn∆CC, and incubated for 30 minutes at room temperature. The 
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samples were centrifuged at 312,500g for 20 min, at 4 °C, in a Beckman TLA-100 rotor. The 

resulting pellets were solubilized in gel sample buffer and analyzed by SDS-PAGE. Gels were 

stained with Coomassie Blue. The intensities of the bands were estimated using Scion Image 

Software. To quantify the amount of cofilin co-sedimented with F-actin, we loaded 170–340 μg 

of the purified protein on each gel as the standards. Graphs were generated using SigmaPlot 

software. 
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RESULTS 

To sever or not to sever?  

In addition to the previously reported activity of coronin in regulating cofilin’s severing 

activity, EM and atomic force microscopy (AFM) images (Reisler lab unpublished data) 

observations alluded to a severing activity of F-actin by CrnCC itself. Seeded polymerization 

assays were used to study coronin’s possible severing of F-actin. In this assay, actin is 

polymerized for an hour at room temperature (RT). These pre-formed filaments serve as “F-actin 

seeds” when diluted to a 0.5 µM concentration in polymerizing buffer, which contains also 2 µM 

gel-filtered 5% pyrenyl monomeric yeast actin and/or CrnΔCC, yeast cofilin (Ycof) and human 

cofilin-1 (hCof1). Assembly rates, measured via increase in pyrene fluorescence, are faster in the 

presence of a severing protein because severing of existing filaments creates additional new 

barbed ends to which actin monomers can add and elongate these filaments. Different 

concentrations of CrnΔCC were used to determine if and how this activity varies, in addition to 

probing the effect at different pH settings (Figure 4.2). Addition of CrnΔCC does not produce a 

visible increase in the initial elongation rates compared to that when F-actin seeds are added 

alone.  This result points to a lack of significant severing activity of coronin alone (Figure 4.2A, 

pink and red traces vs. the purple trace).  

In a control type test of the above conclusion the addition of Ycof at two different sub-

stoichiometric ratios to actin causes an increase in the initial elongation rates (Figure 4.2A, light 

green and cyan traces), as expected from the known severing activity of yeast cofilin on yeast F-

actin (16, 17, 18). CrnΔCC enhances this severing activity as the elongation rates are faster when 

the proteins are added together (Figure 4.2A, light green and cyan grey traces vs. the dark blue 

and maroon traces).  
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A previous report has shown that hCof1 does not sever yeast actin filaments 

(McCullough et al., 2011). This is reconfirmed in our assays as Hcof1, like CrnΔCC, does not 

increase initial elongation rates upon its mixing with F-actin seeds. A speculation that CrnΔCC 

may “switch on” yeast actins severing by hCof1 was not confirmed. As shown in Figure 4.2B 

CrnΔCC does not “activate” any yeast F-actin severing by Hcof1 (all fluorescence traces are 

superimposable with the red trace corresponding to the addition of F-actin seeds alone to G-

actin).    

In addition to the above, TIRF microscopy was used for a direct observation of coronin’s 

possible severing of F-actin. If severing were taking place, there would be clear breaks seen in 

the filaments with some broken filament fragments diffusing away from the focal plane. This 

experiment was repeated several times but there were no severing events observed over a time 

frame of fifteen minutes (results not shown). TIRF was also used in companion experiments to 

measure the average filament lengths of F-actin in the presence of CrnΔCC, at different pH 

values. The average length was ~5.5 µm in the presence and absence of CrnΔCC (Figure 4.3). 

Thus, neither experiment showed any significant severing activity by coronin alone. We did 

confirm previous reports of CrnΔCC enhancing yeast cofilin’s severing activity, showing that 

our CrnΔCC was indeed active. 
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Figure 4.2- Investigating the potential severing activity of CrnCC. 

A and B, Seeded polymerization assays: yeast F-actin was pre-polymerized for 1 hour at room 

temperature; to be used as “F-actin seeds”, which were then diluted in polymerizing buffer with 

gel-filtered 5% pyrenyl monomeric yeast actin and different molar ratios of CrnΔCC and/or yeast 

cofilin (Ycof) (A), or CrnΔCC and/or human cofilin-1 (Hcof1) (B). 

B B A 
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Figure 4.3- Investigating the potential severing activity of CrnCC by TIRF microscopy. 

5 µM actin filaments labeled with Alexa-488 are incubated with 5.5 µM CrnΔCC for 30 min at 

room temperature at different pH values. The samples are carefully diluted 1000X, immobilized 

on poly-lysine slips and imaged by TIRF microscopy. The average filament length was ~5.5 µm 

(
+
/- 1.8) for all samples. 
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CrnCC does not bind ATP or ADP. 

The binding affinity to F-actin for human coronin1B is approximately 50-fold higher for 

freshly polymerized ATP/ADP+Pi F-actin compared with ADP-bound actin filaments (4). 

Similar observations have been made for the budding-yeast coronin (10). Due to the different 

binding affinities reported previously and because of its dual effect on F-actin severing by 

cofilin, it was almost imperative to eliminate the possibility of an intrinsic binding of ATP or 

ADP to coronin and its consequences on coronin’s interaction with actin, as opposed to its 

recognition of the different states of actin and preferential binding to ATP/ADP+Pi bound actin 

over ADP-actin. To test whether coronin itself binds any of these nucleotides, fluorescent 

analogs of ATP and ADP, Ɛ-ATP and Ɛ-ADP, were used. Our results did not reveal any 

significant effect of coronin on Ɛ-ATP or Ɛ-ADP fluorescence, indicating that coronin lacks a 

high affinity nucleotide binding site (Figure 4.4).  The negative results allowed for a further 

investigation of coronin related changes in the actin nucleotide phosphate site, discussed in a 

later section, as they relate to the effects of coronin on the structure of F-actin.  
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Figure 4.4- CrnΔCC does not bind ADP or ATP. 

A, 5 µM CrnΔCC was incubated with increasing amounts of Ɛ-ADP: 5-37.5 µM, at 2.5 µM 

increments. B, 5 µM CrnΔCC was incubated with increasing amounts of Ɛ-ATP: 5-37.5 µM, 

at 2.5 µM increments. For all samples, the excitation wavelength was set at 325 nm and 

emission wavelength was read at 409 nm. 
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CrnΔCC affects the lateral and longitudinal interfaces of F-actin.  

Cryo-EM reconstruction (12) shows CrnΔCC to bind between two longitudinally 

adjacent protomers in F-actin, making contacts with subdomain 1 (SD1) (C-terminal region) of 

the first actin protomer and SD1 and SD2 (DNAse I Binding loop, D-loop) of the next one. It 

also shows coronin to be in close proximity to SD4 of the laterally adjacent protomer; these 

contacts look more prominent with ADP vs. ATP-bound F-actin. This leads us to a hypothesis 

that coronin binding has an effect on the structure of F-actin by modulating its longitudinal and 

lateral interfaces. Conveniently, CrnΔCC does not contain any endogenous cysteines, which 

makes it easier to assess its effect on inter-protomer contacts in F-actin via actin cysteine based 

cross-linking studies. Double cysteine actin mutants Q41C and S265C were employed to analyze 

the extent of longitudinal (intra-strand) cross-linking between residues Cys41 (D-loop) and the 

endogenous Cys374 (C-terminus) and the lateral (inter-strand) cross-linking between Cys265 

(hydrophobic loop, H-loop) and Cys374 in the presence and absence of CrnΔCC. In these actins, 

a cysteine was introduced at either residue 41 or 265 to create the corresponding mutants while 

retaining the endogenous cysteine 374. The copper-catalyzed cross-linking of these actins has 

been used previously to examine the longitudinal and lateral interfaces in F-actin (18).  

A similar approach was used in this work: the inter-protomer cross-linking reactions in 

the above mentioned mutant actin filaments were monitored via SDS-PAGE by quantifying actin 

monomer depletion resulting from un-catalyzed F-actin disulfide cross-linking. Different gel 

patterns are obtained in the presence and absence of CrnΔCC (Figure 4.5, 4.6 and 4.7). CrnΔCC 

accelerates the longitudinal cross-linking between actin residues Q41C (D-loop) and Cys374 (C-

terminus) (Figure 4.4 and 4.5). Because cryo-EM reconstruction showed that CrnΔCC had more 

contacts in ADP-F-actin vs. BeFx F-actin, particularly in SD2, the Q41C cross-linking 
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experiments were done using both ADP and BeFx F-actin. Coronin’s effect on the cross-linking 

of Q41C was the same regardless of the nucleotide state of F-actin (Figure 4.5 and 4.6).  

The lateral cross-linking between residues Cys265 (hydrophobic loop, H-loop) and 

Cys374 is however inhibited by CrnΔCC (Figure 4.7), indicating that the time average mean 

distance between residues 265 and 374 is increased upon coronin binding. 

Overall, these actin cross-linking studies show a direct effect of coronin on the lateral and 

longitudinal interfaces in F-actin. 
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Figure 4.5- CrnΔCC accelerates the longitudinal cross-linking of Q41C in BeFx-F-actin.  

A, F-actin model showing mutated residue Q41C and the endogenous Cys374. B, Plots of actin 

monomer band decay (Monomer/Monomert=0) with time of the cross-linking reaction. The data 

were taken from SDS-PAGE patterns shown in (C) and (D) for the reaction in the absence of 

CrnΔCC (●) and for the reaction in the presence of CrnΔCC (●), respectively. Symbols AM, 

AD, AT correspond to actin monomer, actin dimer and actin trimer disulfide-bonded species, 

respectively. ΔCC corresponds to CrnΔCC. All experiments were done in triplicate and yielded 

similar results; a representative plot of each actin mutant reaction is shown.  
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Figure 4.6- CrnΔCC accelerates the longitudinal cross-linking of Q41C in ADP F-actin.  

A, Plots of actin monomer (AM) band decay (Monomer/Monomert=0) with time of the cross-

linking reaction. The data were taken from SDS-PAGE patterns shown in (B) and (C) for the 

reaction in the absence of CrnΔCC (●) and for the reaction in the presence of CrnΔCC (●), 

respectively. Symbols AM, AD, AT correspond to actin monomer, actin dimer and actin trimer 

disulfide-bonded species, respectively. ΔCC corresponds to CrnΔCC.  
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Figure 4.7- CrnΔCC affects the lateral cross-linking of S265C yeast actin mutant.  

A, F-actin model showing mutated residue S265C and the endogenous Cys374. B, Plots of actin 

monomer band decay (Monomer/Monomert=0) with time of the reaction. The data were taken 

from SDS-PAGE patterns shown in (C) and (D) for the reaction in the absence of CrnΔCC (●) 

and for the reaction in the presence of CrnΔCC (●), respectively. Symbols AM, AD, AT 

correspond to actin monomer, actin dimer and actin trimer disulfide-bonded species, 

respectively. ΔCC corresponds to CrnΔCC. All experiments were done in triplicate and yielded 

similar results; a representative plot of each actin mutant reaction is shown.  
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To further probe coronin’s effects on the lateral/longitudinal F-actin interfaces, we 

examined cross-linked actin filaments of co-polymers of two different single cysteine mutants, 

K50C/C374A co-polymerized with S265C/C374A and K50C/C374A co-polymerized with 

A167C/C374A. The first cross-linking involves the D-loop with the H-loop, whereas the second 

one involves the D-loop and the WH2-binding loop (W-loop). There is high level of 

conformational plasticity in the inter-protomer region as the D-loop can be cross-linked in F-

actin by disulfide bonds to residues in the H-loop, C-terminus and the W-loop. However, some 

of these cross-linked co-polymers dismantle upon cross-linking, indicating that they “capture” 

and freeze intrinsically destabilizing dynamic states or fluctuations of these structural elements 

(19). Cofilin increases the cross-linking of the D-loop with these three regions. Interestingly it 

also prevents the dismantling of filaments, while rescuing their formation if added after the 

cross-linking is induced (unpublished data, Reisler lab).  

In our experiments filaments were formed by co-polymerizing two different single 

cysteine yeast mutants: K50C/C374A was co-polymerized at a 1:1 ratio with S265C/C374 

(referred to as the C50/C265 co-polymer, for short) and K50C/C374A was co-polymerized at a 

1:1 ratio with A167C/C374A (referred to as the C50/C167 co-polymer). Cross-linking between 

the different cysteines was induced by the addition of equimolar amounts of CuSO4. Like cofilin, 

Crn∆CC rescues filament formation from the cross-linked actins, but inhibits the cross-linking 

reactions (Figure 4.8 and 4.10). SDS-PAGE gels analysis shows the actin dimer band (C50/C265 

or C50/C167actins) appearing at a slower rate when CrnΔCC is added to the F-actin co-polymer 

(Figure 4.8A and figure 4.10A). The increase in light scattering after CrnΔCC is added to the 

cross-linked actins sample indicates a rescue of filament formation of C50/C265 mutant by 

CrnΔCC (Figure 4.9A, blue trace).  The same rescue is seen with the C50/C167 mutant (Figure 
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4.11A, blue trace) and the inhibition of cross-linking by CrnΔCC can be deduced from the lack 

of signal decrease upon addition of cross-linking catalyst (CuSO4) in the presence of CrnΔCC 

(Figure 4.11A, red trace). The effect of CrnΔCC was the same for both co-polymers and the 

results show decreased range of dynamic rearrangements which yield intrinsically destabilizing 

states. In the presence of coronin, these states are visited less frequently. Electron microscopy 

(EM) images were taken to confirm that the decrease and increase in light scattering was indeed 

due to the depolymerization and polymerization rescue of actin filaments, respectively (Figure 

4.9B and 4.9C for the C50-C265 co-polymer and 4.11B for the C50-C167 co-polymer). The 

images of C50-C167 oxidized F-actin are not shown because of their poor quality.   
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Figure 4.8- Effect of Crn∆CC on the C50-C265 co-polymer. 

A, Plots of actin monomer band decay (M/M0) with time of the disulfide cross-linking reaction. 

The data were taken from SDS-PAGE patterns shown in (B), (C) and (D) for the reaction of 

C50-C265 alone (●), in the presence of CrnΔCC (●) or in the presence of yeast cofilin (▼), 

respectively. B, C and D, SDS-PAGE patterns of C50-C265 F-actin (10 µM) cross-linked alone 

(B), in presence of 10 μM CrnΔCC (C) or 10 µM Ycof (D). Reaction aliquots taken after 0, 0.5, 

1, 1.5, 2, 4 and 8 min of the cross-linking reaction are analyzed in the corresponding 

lanes. Symbols AM, AD correspond to actin monomer and actin dimer disulfide-bonded species, 

respectively. ΔCC corresponds to CrnΔCC and Ycof to yeast cofilin. 
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Figure 4.9- Crn∆CC rescues the polymerization of the C50-C265 cross-linked co-polymer. 

A, 10 µM C50-C265-actin was polymerized at 25 °C with 3 mM MgCl2 and 50 mM KCl. At the 

time points indicated by (arrows), 20 µM CuSO4 was added and the decrease in light scattering 

for each sample was recorded. At the time points indicated by (● arrows), 10 µM CrnΔCC (blue 

trace) or 10 µM Ycof (green trace) was added and the increase in light scattering indicates 

rescue of filaments formation. A.U., arbitrary units. Inset, F-actin model showing mutated 

residues K50C (purple dots) and S265C (red dots).  B, EM image showing C50-C265 F-actin 

cross-linked alone. C, EM image showing the sample from (B) after CrnΔCC addition. 
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Figure 4.10- Effect of Crn∆CC on the C50-C167 co-polymer. 

A, Plots of actin monomer band decay (M/M0) with time of the cross-linking reaction. The data 

were taken from SDS-PAGE patterns shown in (B), (C) and (D) for the reaction of C50-C265 

alone (●), in the presence of CrnΔCC (●), respectively. B and C, SDS-PAGE patterns of C50-

C265 F-actin (10 µM) cross-linked alone (B), in presence of 10 μM CrnΔCC (C). Reaction 

aliquots taken after 0, 0.5, 1, 1.5, 2, 4, 6, 8 and 15 min of the cross-linking reaction are analyzed 

in the corresponding lanes. Symbols AM, AD correspond to actin monomer and actin dimer 

disulfide-bonded species, respectively. ΔCC corresponds to CrnΔCC. 
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Figure 4.11- Crn∆CC rescues the polymerization of the C50-C167 cross-linked co-polymer. 

A, Blue trace, 10 µM C50-C167-actin was pre-polymerized at 25 °C with 3 mM MgCl2 and 50 

mM KCl. At the time point indicated by (arrow), 20 µM CuSO4 was added and the decrease in 

light scattering was recorded. At the time point indicated by (● arrow), 10 µM CrnΔCC was 

added and the rescue in polymerization was observed via the increase in light scattering. Red 

trace, 10 µM C50-C167-actin was polymerized with CrnΔCC at 25 °C with 3 mM MgCl2 and 50 

mM KCl. At the time point indicated by (arrow), 20 µM CuSO4 was added and no decrease in 

light scattering was observed. A.U., arbitrary units. B, EM image showing C50-C167 cross-

linked co-polymer after the addition of CrnΔCC. 
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The fungus toxin, phalloidin, binds to three actin protomers in two filament strands (20, 

21). It stabilizes the lateral contacts and the structure of F-actin, reducing the critical 

concentration for actin polymerization by two orders of magnitude (22). Thus, to shed more light 

on coronin effects on lateral contacts in F-actin, we used rhodamine phalloidin (phalloidin 

conjugated to the red-orange fluorescent dye, tetramethylrhodamine) as a probe for the state of 

the inter-strand interface.  It was previously demonstrated that cofilin binds weakly to F-actin 

saturated with a rhodamine phalloidin/phalloidin mixture, and produces subsequent 

conformational changes that result in phalloidin release from F-actin (23). This was due to 

cofilin’s effect on lateral inter-protomer contacts and its weakening of the inter-strand coupling 

in actin filaments. CrnΔCC does not cause similar release of rhodamine phalloidin, indicating 

that it does not induce major conformational changes in the lateral interface of the actin filament 

which would not accommodate the binding of phalloidin (Figure 4.12, red trace). Interestingly, 

CrnΔCC does however increase the rate at which cofilin induces the release of rhodamine 

phalloidin from a fraction of F-actin (Figure 4.12, black trace vs. blue trace). This effect could be 

due to a combined perturbation of phalloidin stabilized F-actin structure, resulting in the 

accelerated release of phalloidin from the filament. 
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Figure 4.12- Rhodamine phalloidin release from F-actin by Crn∆CC and cofilin. 

Yeast F-actin (5.0 μM) was stabilized with a rhodamine phalloidin/phalloidin mixture and after 

recording the initial rhodamine phalloidin fluorescence, the release of rhodamine phalloidin was 

monitored via a decrease in its fluorescence intensity (λem=575 nm) upon the addition of cofilin 

(5.5 μM, black curve), CrnΔCC (5.5 μM, red curve), or both (5.5 μM both, blue curve). 
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Crn∆CC decreases the accessibility of the nucleotide binding cleft. 

Furthermore, we probed coronin’s effect on another major structural element of F-actin, 

the nucleotide binding cleft site and the related intra-molecular rearrangements in actin 

protomers. It is possible that coronin induced changes in the nucleotide binding cleft, and/or in 

the sites impacted by the nucleotide cleft state, if present, are related to the increase in cofilin’s 

severing activity. To assess whether such changes indeed occur in F-actin, we examined the 

effect of CrnΔCC on the nitromethane quenching of etheno-ADP (Ɛ-ADP) in F-actin (Figure 

4.13). Stern-Volmer quenching constant (KSV) values obtained in the absence and presence of 

CrnΔCC were 5.4 M
-1

 and 3.3 M
-1

, respectively, which indicates that CrnΔCC induces 

perturbation in the nucleotide binding cleft and decreases the accessibility of the F-actin bound 

nucleotide to collisional quenchers. This effect was slightly more pronounced than that of cofilin 

(KSV= 3.9 M
-1

) and did not change significantly in the presence of both proteins (KSV= 3.1 M
-1

), 

suggesting a more dominant effect of coronin.  

We also tested for the nucleotide binding cleft “closing” in the presence of coronin using 

two double cysteine yeast actin mutants, Q59C/D211C and S60C/D211C and homo-bi-

functional, thiol specific reagents, methanothiosulfonates (MTS). MTS reagents have different 

spacer arm lengths and can therefore be used as molecular rulers. Residues 59 and 60 are located 

in subdomain 2 (SD2), on one side of the nucleotide cleft, whereas residue 211 is located in SD4 

on the other side of the cleft (Figure 4.14A, inset). CrnΔCC decreases the cross-linking rates 

between residues S60C and D211C when any of the MTS reagents is used (data not shown). 

Results are however different with the Q59C/D211C mutant: Less cross-linking is observed on 

CrnΔCC decorated F-actin vs. bare F-actin in the presence of MTS1, whereas the opposite is true 

when MTS2 is used. MTS3 shows no significant difference in cross-linking percentage +/- 
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CrnΔCC (Figure 4.14A and B). These results suggest that CrnΔCC tightens the nucleotide 

binding cleft by stabilizing it in a particular semi-open conformation. 
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Figure 4.13- Effect of CrnΔCC on the nucleotide binding cleft of yeast F-actin. 

A, nitromethane quenching of Ɛ-ADP in 5 µM F-actin alone (●) and in the presence of 5.5 µM 

CrnΔCC (●). B, nitromethane quenching of Ɛ-ADP in 5 µM F-actin alone (●), in the presence of 

5.5 µM Ycof (●), and 5.5 µM Ycof + CrnΔCC (▼).  
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Figure 4.14- Effect of CrnΔCC on the nucleotide binding cleft of yeast F-actin. 

A, cross-linking (%) of Q59C/D211C F-actin in the absence (grey bars) and presence (blue bars) 

of CrnΔCC using three different MTS reagents, MTS1 (5.4Å), MTS2 (5.9Å) and MTS3 (6.4Å). 

Cross-linking (%) was estimated as follows: [actin total (before the reaction) – uncross-linked 

actin monomer left after cross-linking time]/total actin, %.]; inset, G-actin model showing 

mutated residue Q59C and D211C. B, SDS-PAGE patterns of the cross-linking reactions of 

C59/C211 yeast actin mutant; the final concentrations of actin and CrnΔCC were 10 μM each. 

The reactions were stopped with NEM after 15 sec and 1 min. Symbols A, XL-A and ΔCC 

correspond to actin, cross-linked actin and CrnΔCC, respectively. Relative intensities of protein 

bands were determined by densitometric analysis.  
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Effect of Crn∆CC on the structural elements of the actin filament. 

To further study the effects of coronin on inter-protomer contacts in F-actin, specific 

single cysteine actin mutants were probed using fluorescence spectroscopy. As mentioned 

before, the D-loop is a highly dynamic structural element of actin that is involved in inter-

protomer contacts in the longitudinal interface. Crystal structures of ADP-G-actin and ATP-G-

actin along with metadynamic simulations propose an allosteric relationship between the D-loop 

conformation (ordered or disordered) and the nucleotide state of actin (24, 25, 26). Cryo-EM 3-D 

reconstruction docks CrnΔCC next to the D-loop (12) and both Crn1 and CrnΔCC’s affinity to F-

actin have been linked to the nucleotide state of actin (8, 10). In this work, three mutants were 

chosen along the D-loop, Q41C/C374S (C41), V45C/C374S (C45) and K50C/C374S (C50) to 

study the effect of CrnΔCC on the loop region. These mutants were labeled with the small 

fluorescent probe acrylodan, and the changes in the emission properties of acrylodan-actin upon 

CrnΔCC binding were followed. Coronin induced small changes in the emission spectra of 

acrylodan attached to these mutants (Figure 4.15). C41 showed a 5 nm red shift with a 

corresponding slight decrease in acrylodan fluorescence intensity, suggesting an exposure of the 

label upon coronin binding (Figure 4.15A, B and C). Acrylodan at residues C45 and C50 showed 

both a blue shift (3 nm and 7 nm, respectively) and an increase in the acrylodan fluorescence 

intensities, suggesting a burial of the label upon coronin binding (Figure 4.15A and B). Results 

of the C50 residue are in agreement with the cryo-EM model predictions (12). The reactivity of 

these D-loop cysteines toward acrylodan was determined under pseudo-first-order reaction 

conditions (a representative plot for C45 modification by acrylodan is shown in Figure 4.16B). 

Interestingly, coronin had no effect on the reactivity of the cysteine introduced at residue 50, as 
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seen by a lack of change in label uptake upon its binding (Figure 4.16A); it however caused an 

increase in acrylodan label uptake for both C41 and C45 (Figure 4.16A). Although changes are 

overall small, our results show a structural effect of coronin on the D-loop region. 

Using M1C/C374S yeast actin mutant (C1), we also probed the N-terminal region of 

actin located in its SD1. C1 conjugated acrylodan showed 10 nm blue shift with a corresponding 

increase of ~30% in its fluorescence intensity, suggesting the label is more buried upon coronin 

binding (Figure 4.15A and B). CrnΔCC was already shown to have an effect on the C-terminus 

of actin, as it also induced a blue shift along with a small increase in the fluorescence intensity 

(~15%). Although the C-and N-terminus are both located in SD1, they reside on opposite faces 

of this subdomain. According to the cryo-EM reconstruction data analysis, the N-terminus of 

actin is not located at the actin binding interface with coronin. Our results therefore show that 

coronin binding induces structural changes in this region of the actin molecule. 

Another structural element, the H-loop, was also probed by looking at the effect of 

CrnΔCC on S265C/C374S yeast actin mutant (C265). Coronin binding causes no significant 

change in fluorescence emission (Figure 4.15A and B). Also, it does not have any effect on the 

reactivity of the cysteine introduced at this position, as it does not cause a change in the rate of 

acrylodan label uptake (Figure 4.16A). 

W-loop residue 167’s reactivity in the presence of coronin was also assessed using 

A167C/C374S yeast actin mutant. There is no change in acrylodan label uptake upon CrnΔCC 

binding (Figure 4.16A), suggesting that coronin does not have an effect on this important 

structural element of the actin filament.  
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Figure 4.15- Cysteine scanning of yeast actin mutants with acrylodan.  

A, λmax of the fluorescence emission of acrylodan conjugated to cysteine mutants in F-actin 

alone (♦) or in the presence of CrnΔCC (■) versus mutant cysteine sequence position. B, 

Fluorescence emission at λmax of acrylodan conjugated to cysteine mutants in F-actin alone (♦) 

or in the presence of CrnΔCC (■) versus mutant cysteine sequence position. Fluorescence 

intensities (F) are reported relative to that of actin mutant alone (Fmax FA). C, Representative 

acrylodan emission spectra of Q45C/C374S yeast F-actin mutant alone (black trace), in the 

presence of CrnΔCC (red trace) are shown.  
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Figure 4.16- Acrylodan labeling of single cysteine yeast actin mutants.  

A, acrylodan-labeling rates of single cysteine mutants alone (♦) and with CrnΔCC (■) as a 

function of sequence position. Modifications by acrylodan were monitored via fluorescence 

increase at 462 nm. The resulting rate constants were normalized to the rate constant of F-actin, 

under pseudo-first-order conditions. B, Representative acrylodan labeling plot of V45C/C374S 

actin is shown. The rate of V45C/C374S F-actin labeling in the presence of CrnΔCC (red trace) 

increased approximately 1.8-fold over that of F-actin alone (black trace). 
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CrnCC restores the polymerization of TMR-actin. 

Modification of Cys374 on rabbit skeletal actin with tetramethylrhodamine-maleimide 

(TMR) blocks actin polymerization into filaments (24, 25, 27). It is assumed that the probe 

occupies a hydrophobic pocket in the cleft between SD1 and SD3, the same position where other 

depolymerizing factors, such as gelsolin segment 1 and vitamin D-binding protein bind, blocking 

the interactions of subdomain 2 with that site (28). Cofilin was shown to rescue the 

polymerization of TMR-actin (29); it bridges between SD1-3 and SD2 of two adjacent 

protomers, establishing new inter-protomer contacts that substitute for the disrupted longitudinal 

interface. We used it here for comparison with the effect of coronin on TMR-actin 

polymerization (Figure 4.17A and B). Similarly to cofilin, CrnΔCC also restores the 

polymerization of TMR-modified actin as indicated by the observed increase in light scattering 

(Figure 4.17A and B). This rescue is effective both when coronin is added to TMR-actin after it 

failed to polymerize for ~12 minutes on its own (with MgCl2 and KCl) and when it is premixed 

with TMR-G-actin before the addition of MgCl2 and KCl. Electron microscopy (EM) images do 

not show any filaments of TMR-actin alone, however filaments can be observed when coronin is 

added to the sample (Figure 4.17C and D). The observed increase in light scattering is indeed 

due to at least partial filament formation and not protein aggregation. Notably, the rescue of 

filament formation from TMR-actin by coronin and cofilin appears equally efficient. 
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Figure 4.17-Crn∆CC rescues the polymerization of TMR labeled actin. 

These experiments were carried out with different TMR-yeast actin preparations yielding similar 

results. Representative plots are shown. A, (black trace) neither addition of polymerizing salts 

(3.0 mM MgCl2 & 50 mM KCl, (● arrow) nor addition of CrnΔCC dialysis buffer (arrow) 

changed the light-scattering from 10 μM ATP-G-TMR-actin. Alternative addition of 10 μM 

CrnΔCC (light blue trace) or 10 μM cofilin (light green trace) were made after the same initial 

incubation time (indicated by the same arrow) and caused fast polymerization of TMR-G-actin. 

B, 10 μM Mg-TMR-actin was polymerized at 25 °C with 3 mM MgCl2 and 50 mM KCl in the 

presence of 10 μM CrnΔCC (dark blue trace), or 10 μM Ycof (dark green trace). At the time 

points indicated by (arrow), polymerizing salts (3.0 mM MgCl2+ 50 mM KCl) were added. A.U., 

arbitrary units.  EM images of TMR-actin alone (C) and in the presence of CrnΔCC (D) are 

shown.  
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CrnCC increases the melting temperature of ADP-F-actin. 

Equimolar amounts of CrnΔCC increase the melting temperature (Tm) of ADP-F-actin 

by 1.3°C +/- 0.1°C in DSC assays (Figure 4.18), which is consistent with F-actin stabilization. 

CrnΔCC does not change the Tm of BeFx-ADP-F-actin, which is already higher than that of 

ADP-F-actin. Thus, there is no further stabilization of BeFx-ADP-F-actin by the addition of 

coronin. The effect of coronin on the melting temperature of F-actin is reproducible but small. 

This can be attributed to the fact that CrnΔCC itself undergoes a thermal unfolding with a Tm at 

48°C, i.e. 15°C below that of F-actin (Figure 4.18). Considering the fact that there is no overlap 

between the CrnΔCC and F-actin melting peaks, and the relatively high temperature, it is 

possible that only a fraction of coronin remains bound to the filaments and is protected from 

melting under the conditions of our DSC experiments. The stabilizing effect of coronin is 

therefore most likely underestimated in this assay. 

 

 

 

 

 

 

 

 

 

Figure 4.18- Crn∆CC increases the stability of yeast F-actin. 

DSC scans showing molar heat capacity (MHC) of 15 μM yeast F-actin alone 

(black trace) and in the presence of 15 μM CrnΔCC (red trace). Similar results 

were reproduced in two independent experiments. Representative plots are 

shown.  
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DISCUSSION 

In this chapter, CrnΔCC’s effects on the structure and dynamics of actin filaments were 

examined using a combination of methods, including site-directed mutagenesis, solution 

biochemistry assays, fluorescence measurements, chemical cross-linkings, and electron and 

TIRF microscopy.  

Crn1 enhances cofilin’s severing activity of ADP-F-actin but is also suspected to sever 

actin filaments independently of other factors (10). Moreover, EM and atomic force microscopy 

(AFM) images (Reisler lab, unpublished data) observations implied a severing activity of F-actin 

by CrnΔCC on its own. Earlier seeded polymerization assays had also pointed towards a severing 

role of CrnΔCC; an increase in the assembly rate of actin was observed when CrnΔCC was 

incubated with the pre-formed F-actin before the pyrene-labeled monomeric actin was added. 

The increase in cofilin severing of actin filaments could be due to an additive effect of the two 

proteins. To test the possibility of independent severing of actins filaments by CrnΔCC we used 

real-time TIRF microscopy. In these experiments no breaks occurred in F-actin over 15 minutes 

incubation time under different pH conditions.  

The above conclusion was confirmed in seeded polymerization assays modified such that 

F-actin would be handled more “gently” to minimize any potential shearing caused by mixing or 

pipetting. Our results showed that CrnΔCC does not increase the assembly rate of actin (Figure 

4.2A and B). In addition, the average filament length was measured to be the same with or 

without coronin when actin filaments were immobilized on poly-Lysine slips and imaged by 

TIRF microscopy (Figure 4.3). It appears that prior indications of filament severing by coronin 

might be due to its effect on their mechanical properties. Coronin may decrease the mechanical 

stability of filaments and increase their shearing when subjected to mechanical stress. In vitro, 
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this could be induced by “harsh” handling procedures such as vortexing and pipetting while in 

vivo, this could be caused by cellular functions and the presence of other structural elements 

and/or proteins. This possibility requires further scrutiny.  

The role of coronin in the plasticity of the actin cytoskeleton is undeniably important in 

the immune system cells, cancer cell proliferation and neurite outgrowth. Many studies that have 

been conducted in which “coronin-mediated mechanisms” have been tampered with show 

defects in these various cellular processes. Most strikingly, coronin 1 deficiencies give rise to 

immune deficiencies in mice and humans that are characterized by severe T lymphocytopenia, 

whereas complete absence of coronin-1A—the hematopoietic-specific member of 

the Coronin family— is associated with severe combined immunodeficiency in humans (30). 

Recent reports identified Coronin-1A as a mediator of the critical role of F-actin deconstruction 

in cytotoxic function and immunological secretion. Using super-resolution nanoscopy, 

mammalian Coronin-1A was demonstrated to promote the deconstruction of F-actin density that 

facilitates effective delivery of lytic granules to the immunological synapse (31). In vitro studies 

also suggested Coronin-1A to have a suppressive effect on neurite outgrowth by inhibiting the 

polymerization of actin filaments (32). Also, new findings suggest that the post-transcriptional 

silencing of Coronin-1C by a microRNA, miR-206, reduces tumor cell migration and affects the 

actin skeleton and cell morphology in triple-negative breast cancer (TNBC) cells (33).  

CrnΔCC rescues the polymerization of TMR-labeled yeast and skeletal actin as observed 

by light scattering and EM. This result is in agreement with the increase in longitudinal disulfide 

cross-linking of Q41C yeast actin mutant by CrnΔCC and the EM evidence of coronin’s contacts 

with two actin protomers in the filament. The acceleration of disulfide formation by CrnΔCC 

suggests a decrease in the time average mean distance between Cys-374 and the DNase I binding 

javascript:void(0);
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loop on adjacent actin protomers in F-actin. This could lead to tighter contacts between the two 

regions, providing increased stability to the actin filament. Because of dynamic motions within 

the filaments, certain unfavorable states are allowed to occur, albeit infrequently. Our results 

suggest that coronin increases the frequency of the filament-preferred states and reduces the 

amplitude of the destabilizing states by reducing their occurrence frequency.  

The nucleotide binding cleft is a major structural element of actin. Coronin related 

changes in the nucleotide and phosphate site on actin were assessed by looking at the effect of a 

quencher (nitromethane) on the etheno-nucleotide bound to F-actin. CrnΔCC’s recognition of the 

nucleotide binding cleft is indicated by an increase in the fluorescence emission and a decrease 

in the accessibility of etheno-ADP to collisional quenchers (nitromethane) in the presence of 

CrnΔCC. This decrease in accessibility could be due to a tighter conformation of the nucleotide 

cleft in the presence of coronin, or to a steric hindrance imposed by coronin binding to the actin 

filament. We tested for the nucleotide binding cleft “closing” in the presence of coronin using 

two double cysteine yeast actin mutants, Q59C/D211C and S60C/D211C, and homo-

bifunctional, thiol specific reagents, methanothiosulfonates (MTS). CrnΔCC decreased the cross-

linking rates between residues S60C and D211C with all three MTS reagents and this indicates a 

decrease in the average distance between the two residues. Although CrnΔCC had a different 

effect on the cross-linking of Q59C and D211C with each of the MTS reagents, the overall effect 

was also a decrease in the mean distance between the two residues. One possible interpretation of 

our results is that CrnΔCC tightens the nucleotide binding cleft by stabilizing it in a particular 

semi-open conformation, reducing its flexibility to open and close. These results are in 

agreement with the collisional quenching experiments, since rendering the cleft less flexible 

would decrease the accessibility of the bound nucleotide to collisional quenchers. 
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Some of the inter-protomer actin cross-linkings explored in this work occur because of 

dynamic motions within the filaments, which involve also “visiting” infrequently populated 

states that destabilize actins filaments structure (C50-C265 and C50-C167 cross-linkings are 

shown in figures 4.8 and 4.10, respectively). These cross-linkings were enhanced by cofilin yet 

inhibited by coronin. This finding attests to the opposite effects these two proteins have on the 

actin filament dynamics. Cofilin binding increases the occurrence of these low frequency states, 

as it enhances filament dynamics. Cofilin may even stabilize the formation of such states by 

providing additional contacts that block filament disruption. In contrast, coronin is limiting some 

of the filament dynamics and decreasing the probability of transient occurrence of unstable 

conformations. Coronin’s ability to bind to two or three actin protomers in the filament appears 

sufficient, however, to allow for its ability to rescue the polymerization of actin dimers trapped 

by cross-linking in conformations which do not favor their filament formation. These results 

point yet again to decreased dynamics of coronin-actin filaments and/ or increased rigidity.  

In contrast to the acceleration of Q41C cross-linking, CrnΔCC inhibited the lateral 

disulfide cross-linking of S265C yeast actin mutant (Figure 4.7). The inhibition of disulfide 

formation suggests that coronin binding causes an increase in the mean distance between Cys-

374 and the hydrophobic loop, either by shifting the H-loop away or by inhibiting its close 

approach to the C-terminus of the adjacent protomer in F-actin. The H-loop is one of actin’s 

structural elements and its mobility is necessary for filament stability; when the loop is locked by 

intra-molecular disulfide bond formation to the surface of the G-actin monomer, filaments are 

not formed (34). Cofilin also inhibits the cross-linking of Cys374 to Cys265 (23), whereas 

phalloidin accelerates the cross-linking by stabilizing the extension of the H-loop to the opposite 

strand (35). Phalloidin is a cyclic-peptide toxin which stabilizes actin filaments by promoting 



115 
 

inter-strand contacts on the lateral interface (21, 34, 36), whereas cofilin destabilizes actin 

filaments by weakening the lateral contacts of the actin filament (23, 37) and their binding to 

actin filaments is mutually exclusive (15, 38). The inhibition of the S265C cross-linking is the 

only effect shared by both coronin and cofilin. Independently, the two proteins induce opposite 

effects on all the other cross-linkings, but when added together the effect of cofilin is the 

dominating one. Because of their similar effect with the S265C cross-linking, it was interesting 

to look at coronin’s effect on the release of phalloidin, which would shed further light on its 

effect on the lateral filament contacts. This was done by using rhodamine phalloidin as a 

fluorescent probe. Although coronin on its own did not cause the release of rhodamine-

phalloidin, it highly accelerated the release induced by cofilin. This effect could be due to 

coronin causing an increased destabilization of the lateral interface, potentially allowing a faster 

binding of cofilin and intensifying its effect on the release of phalloidin. 

To test for that, we looked at the effect of CrnΔCC on the binding of yeast cofilin to 

BeFx-F-actin. Beryllium fluoride (BeFx)—an inorganic phosphate (Pi) analog—belongs to the 

group of F-actin stabilizing factors, along with aluminum fluoride (AlF4) and phalloidin. These 

small molecules are antagonistic to ADF/cofilin binding and stabilize F-actin by reducing the 

critical concentration for polymerization and introducing conformational changes in the filament 

structure. BeFx stabilizes in particular the structure of subdomain 2, as indicated by strong and 

cooperative inhibition of its cleavage by subtilisin (in the DNase I binding-loop (D-loop)) and 

trypsin (in the 60–69 loop) (39), and by electron microscopy studies (40). The complexes of 

beryllium and aluminum with fluoride were found to be good structural analogs of Pi (41) and 

are widely used in studying the activity of various nucleotide binding proteins. Yeast cofilin 

binds to BeFx-F-actin, albeit at a much slower rate and lower affinity than to F-actin (42). This 
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yields a system that allows for easier detection of any improvement in its binding to F-actin. 

Although Pi alone also inhibits the binding of yeast cofilin to F-actin (43), BeFx binds to F-actin 

with orders of magnitude higher affinity (Kd = 2 μM) than Pi (Kd = 1.5 mM) (44). BeFx 

competes with Pi for binding to the nucleotide-binding cleft of ADP-F-actin protomers at the 

place of the γ-phosphate of ATP (45) without altering the ionic strength of the solution; this 

makes it a more suitable choice for our experimental purposes. Our results show that CrnΔCC 

indeed increases the binding of yeast cofilin to yeast BeFx-F-actin, as measured by co-

sedimentation assays (Figure 4.19). A conversation with members of the Goode lab during a 

poster presentation at the 2013 American Society of Cell Biology meeting further validated our 

interesting results. Multi-color TIRF microscopy was used in real-time for spatial and temporal 

assays of effects of coronin on cofilin-mediated actin severing to show coronin accelerated 

cofilin decoration of filaments and enhanced severing by 6-10 fold.  However, the time interval 

from appearance of cofilin decoration to severing was not altered (unpublished results, Goode 

lab).  
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Figure 4.19- The effect of Crn∆CC on the binding of cofilin to BeFx-F-actin. 

A, plots of amount of cofilin bound to BeFx-F-actin as measured by high speed co-

sedimentation assays and quantified from SDS-PAGE patterns in the absence of CrnΔCC (●) 

and in its presence (●). B, SDS-PAGE patterns of 4 µM BeFx-F-actin pelleted with varying 

amounts of cofilin (0.5, 1, 1.5, 2, 3, and 4 µM) in the presence (lanes 1-7) and absence (lanes 

8-13) of 2 µM CrnΔCC; the pellets were concentrated 5X by re-suspending them in a smaller 

volume. 
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Taken together, our results provide a plausible two-fold mechanism for the synergistic 

effect CrnΔCC has on the severing activity of cofilin. Coronin increases the binding of cofilin to 

the actin filament and causes also slight structural changes that promote severing by cofilin. 

Cofilin binding lowers both the persistence length of actin filaments and the filament flexural 

rigidity by approximately 5-fold (46). The increased flexibility of cofilin-decorated filaments 

results from reorganization of actin subdomain 2 (18, 47, 48, 49) and as a consequence promotes 

severing due to a mechanical asymmetry (50, 51). Coronin-induced changes in filament 

dynamics and/or rigidity further promotes this mechanical asymmetry as it generates a bigger 

change in stiffness between coronin bound regions and those where cofilin is bound and causes 

the increase in cofilin’s severing of actin filaments.  

Overall, our results shed light on the structural changes that coronin induces in actin 

filaments, and provide a plausible mechanism by which coronin mediates cofilin-induced 

disassembly of actin filaments.  
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Actin is a highly conserved cytoskeletal protein and the most abundant in virtually all 

eukaryotic cells. Rapid remodeling of the actin cytoskeleton is essential for many cellular 

processes including cell growth, differentiation, division and motility. However, without 

“accessory” proteins, actin-based processes will not proceed fast enough in response to stimuli in 

the cell. These actin-associated proteins are numerous and important in the reconfiguration of 

actin networks in vivo. Each protein has its own role, timing and location of action, but they all 

act in concert to control and regulate the processes and mechanisms by which the actin 

cytoskeleton is remodeled. Understanding the biochemical and cellular aspects of the interactions 

of these proteins with actin is crucial as it leads to a better understanding of the structure and 

dynamics of the actin cytoskeleton. This dissertation focuses on characterizing the mechanisms 

of drebrin, coronin and cofilin interactions with actin and studying their independent and inter-

dependent roles in actin structure and dynamics. 

We first mapped the DrABD binding interface on actin filaments. Our results reveal 

polymorphism of DrABD binding to F-actin and suggest the existence of two binding sites. 

Despite a difference in affinities (Kd~7.5 µM for DrABD and ~0.17 µM for Drb1-300), the same 

modes of F-actin binding and binding polymorphism are observed for both DrABD and Drb1-

300 constructs. DrABD binding is centered on actin subdomain 2 and bridges two adjacent actin 

protomers. This DrABD binding site overlaps with the cofilin binding site on F-actin, which 

would explain the competition between these two proteins (1). Our results also explain the 

observed displacement of α–actinin from dendritic spines by drebrin overexpression. The 

binding site of both proteins are found to involve the C-terminus of actin and an overlapping 

region in SD1, namely actin residues 86-117 for α–actinin and actin residues 99-107 for DrABD. 

This study was therefore important as it provided structural insight into the reciprocal 
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relationship between drebrin and other ABPs that are also involved in the regulation of the actin 

cytoskeleton in neuronal cell.  

Next, using depolymerization assays, differential scanning calorimetry (DSC), and 

polymerization deficient actins as tools, we demonstrate that F-actin is stabilized by drebrin 

binding. Also, in different cases of longitudinal and lateral inter-protomer contact perturbations 

that impair actin polymerization, we observe the rescue of filament formation by three drebrin 

constructs, Drb1-300, Drb2-252 and Drb-FL. Despite being the strongest binding module within 

the drebrin molecule, DrbABD alone does not rescue the polymerization of these actins. 

Furthermore, our combined results provide a structural analysis of the drebrin-induced actin 

filament stabilization. Although drebrin inhibits F-actin depolymerization from both B- and P-

ends, we show that drebrin protects the P-end of actin to a lesser degree than the B-end. These 

results, obtained with both the Drb-FL and Drb 1–300 constructs, suggest that the intrinsically 

disordered C-terminal part of the drebrin molecule is responsible for the stronger inhibition of B-

end depolymerization. Structural information available on F-actin-ADF/cofilin interactions (2, 3, 

4), together with our previously mentioned drebrin-actin interface mapping results, suggest that 

the unstructured C-terminal part of drebrin may be oriented toward the B-end of the filament. 

This means that the N-terminal part of drebrin, in which the actin binding “core” is localized, is 

oriented toward the P-end of the filament. The dissociation of actin monomers will therefore 

weaken the drebrin-F-actin complex more drastically at the P-end than at the B-end, explaining 

why drebrin protects the filament from depolymerizing better at the B-end than at the P-end.  

Overall, this study points to the likely role and mode of action of drebrin in preserving 

the integrity of F-actin structures in dendritic spines. 



127 

 

In this thesis, we also examine another actin binding protein, coronin, and study the 

effects of its shorter construct, Crn∆CC, on actin filaments. Class-average images of actin 

filament segments decorated with either full-length coronin or CrnΔCC were indistinguishable 

by two-dimensional classification-averaging analysis (5). CrnΔCC was also shown previously to 

function similarly to the full-length protein, and to synergize with cofilin both in the in 

vitro and in vivo assays (6). Interestingly, the addition of Aip1 in a mixture of full length coronin, 

cofilin and F-actin increased the severing activity of cofilin the same way that Crn∆CC did 

(personal communication, unpublished results, Goode et al.). We can speculate that Aip1 blocks 

the inhibitory effect of Crn1’s coiled-coil domain (perhaps by binding to it) and activates its 

synergistic role in the cofilin-mediated severing. Taken together, these results strengthen the 

significance of observations on the mechanism of Crn∆CC action on actin filaments.  

Using a combination of site-directed mutagenesis, solution biochemistry methods, 

electron and TIRF microscopy, we examine the effects of Crn∆CC on the structure of actin 

filaments by studying its effect on inter-protomer contacts in F-actin. We compare coronin’s 

effects on F-actin to the changes in filaments induced by cofilin. We also study how the two 

proteins act when they are present together, to shed light on the mechanism(s) by which coronin 

modulates cofilin’s effects on actin filaments. We find that coronin causes slight structural 

changes that decrease the flexibility or dynamic motions of some structural elements of F-actin 

and/or increases the rigidity of actin filaments. Crn∆CC also increases the binding of cofilin to 

the actin filament. Our results provide a plausible mechanism for the synergistic effect Crn∆CC 

has on the severing activity of cofilin. Coronin-induced filament rigidity generates a bigger 

change in stiffness between cofilin free regions and those where cofilin is bound. This added 

mechanical asymmetry causes the increase in cofilin’s severing of actin filaments. 
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Overall, our results shed light on the structural changes that coronin induces in actin 

filaments, and provide a plausible mechanism by which coronin mediates cofilin-induced 

disassembly of actin filaments.  

The work in this thesis emphasizes the importance of understanding the functions of the 

different actin binding protein, to explain the cross-talk that occurs between them and to 

elucidate the mechanism by which they modulate the structure and dynamics of the actin 

cytoskeleton. 
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