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ABSTRACT 
 

The assembly of actin filaments into bundles plays an essential role in mechanical strength and 

dynamic reorganization of cytoskeleton. Divalent counterions at high concentrations promote 

bundle formation through electrostatic attraction between charged filaments. Although it has 

been hypothesized that specific cation interactions may contribute to salt-induced bundling, 

molecular mechanisms of how salt modulates bundle assembly and mechanics are not well 

established. Here we determine the mechanical and dynamic properties of actin bundles with 

physiologically relevant cations. Using total internal reflection fluorescence (TIRF) microscopy, 

we measure the bending stiffness of actin bundles determined by persistence length analysis. We 

characterize real-time formation of bundles by dynamic light scattering intensity and direct 

visualization using TIRF microscopy. Our results show that divalent cations modulate bundle 

stiffness as well as time-dependent average bundle size. Furthermore, molecular dynamic 

simulations propose specificity for cation binding on actin filaments to form bundles. The work 

suggests that cation interactions serve a regulatory function in bundle assembly dynamics, 

mechanics, and structure. 

Keywords: polyelectrolyte, persistence length, bundle-specific cation binding 
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CHAPTER ONE: INTRODUCTION 
 

The following chapter intends to inform the reader on the basics of the actin structure and 

function, and how actin assembly dynamics and mechanics are regulated. Actin is an essential 

protein of living cells and its dysfunctions are linked to many diseases. The central theme of this 

thesis is to suggest molecular mechanisms of structural, mechanical and dynamic properties for 

actin bundles modulated by specific ion interactions.  

1.1 Actin Cytoskeleton  
 

Actin cytoskeleton is the essential component of cell mechanics and organization, and dynamic 

fluctuations of the cytoskeleton is greatly influenced by cellular mechanical responses to external 

stimuli (De La Cruz & Gardel, 2015; Dos Remedios et al., 2003; Pollard & Cooper, 2009). Actin 

plays a critical role in cell motility, force generation, signal transduction, neuronal synapse 

contacts, and cell division (Fernandez-Valle, Gorman, Gomez, & Bunge, 1997; Fletcher & 

Mullins, 2010; Lieleg, Kayser, Brambilla, Cipelletti, & Bausch, 2011; Pollard & Cooper, 2009; 

Yang et al., 2007). In addition, along the outer edges of the cell membrane, filopodia composed of 

actin bundles allow for movement and extracellular environmental interactions.  

1.1.1 Actin Monomer and Filament Structure. The molecular weight of G-actin is ~42kDa 

and ~375 amino acids in length (Dos Remedios et al., 2003). A nucleotide cleft can be found in 

the center of G-actin structure, usually occupied by a bound ATP, ADP+Pi or ADP separating 

subdomains 1-2 and 3-4 (Figure. 1) (De La Cruz & Gardel, 2015; Dos Remedios et al., 2003). 

The ATP bound to the nucleotide cleft can generate a complex with either Ca2+ or Mg2+ in vivo, 

which allows for an opening and closing of the nucleotide cleft (De La Cruz & Gardel, 2015; 
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Dos Remedios et al., 2003). Monomer-monomer interactions occur at designated areas on the G-

actin structure.  

The “pointed-end” and “barbed-end” are located on opposing sides of the monomer structure 

(Dos Remedios et al., 2003), corresponding with G-actin dissociation and association, respectively 

(De La Cruz & Gardel, 2015; Pollard & Cooper, 2009). Another major structure associated to G-

actin is DNase I binding loop (DB-loop) (De La Cruz & Gardel, 2015; Kang et al., 2012).  The 

DB-loop is comprised of amino acid residues within subdomain 2, and is responsible for the 

monomer-monomer contacts within the filament. The interactions coincide with the DB-loop and 

subdomain 3 of the adjacent monomer, thereby controlling filament stiffness (De La Cruz, Roland, 

McCullough, Blanchoin, & Martiel, 2010; Kang et al., 2012). 

Actin monomers polymerize into filaments that are double stranded, helical biopolymers in the 

presence of salt in solution (Figure. 1). Recently, F-actin structure has been resolved by high-

resolution electron cryomicroscopy (Fujii, Iwane, Yanagida, & Namba, 2010; Galkin, Orlova, 

Vos, Schroder, & Egelman, 2015) The structure of actin filament (F-actin) includes 13 monomers 

in 6 turns with the helix repeating every 37 subunits, a total rise of 27.3 Å, rotation of 166.15° on 

average, and a diameter of ~6-8nm (De La Cruz & Gardel, 2015; Fujii et al., 2010). Recent studies 

demonstrate that F-actin adopts multiple structural states (stated as “polymorphism” (Galkin, 

Orlova, Schroder, & Egelman, 2010; Galkin et al., 2015) with variable twist. Interactions between 

monomers occur along the diameter of the filament and mechanical properties of the filament are 

influenced by actin binding proteins (ABPs) interaction and/or surrounding environment such as 

salt concentrations or molecular crowding (Kang et al., 2014; Kang, Bradley, Elam, & De La Cruz, 

2013; Rosin, Schummel, & Winter, 2015; Tang & Janmey, 1996).  
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1.1.2 Actin Filament Assembly and Mechanics. Through the binding of ATP, numerous G-

actin spontaneously assemble to form actin filaments (Figure. 2) . The polymerization process 

begins slowly with monomer assembly forming a stable trimer structure (Dos Remedios et al., 

2003; Pollard & Cooper, 2009). The formation of the trimer embodies a nucleus to which 

additional monomers are permitted to bind, thus initiating the elongation phase (Dos Remedios et 

al., 2003; Tobacman & Korn, 1983). The elongation phase occurs at the barbed end of the 

filament and dissociation of monomers ensues at the pointed end. The hydrolysis of ATP is what 

allows for the dissociation of monomers and subsequent release of ADP + Pi however, 

dissociated actin monomers in solution may exchange their bound ADP for ATP in order to 

maintain binding and replicate further (Dos Remedios et al., 2003; Tobacman & Korn, 1983). In 

addition, ion concentrations in solution have a profound effect on filament assembly, as well as 

the bound nucleotide and divalent cations (Kang et al., 2012). 

 Actin filament has bending stiffness compared to that of commercial plastics (Young’s 

modulus of ~2GPa), allowing for inter-subunit interactions to sustain forces associated to 

movement and external force stimulation (Howard, 2001). The mechanical properties of actin 

filaments are determined by inter-subunit interactions that exhibit resistance to bending, twisting 

deformation, or twist-bend coupling (De La Cruz & Gardel, 2015; De La Cruz et al., 2010). Inside 

a cell, many ABPs and/or environmental factors regulate filament mechanics. For example, the 

forces generated by filament polymerization are capable of propelling the crawling motion of cells 

and influences their interactions with the extracellular environment (Pollard & Cooper, 2009), 

thereby indicating the physiological importance of filament polymerization on eukaryotic cells. 
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1.2 Bundle Assembly and Mechanics 
 

 The crosslinking of F-actin is an important stage in cell processes such as cell motility 

and filopodia generation. In vivo, bundle structures can occur through molecular crowding, ABPs 

and electrostatic interactions (Angelini et al., 2005; Goverman, Schick, & Newman, 1996; 

Jansen et al., 2011). Previous reports have suggested the use of ABPs in bundling F-actin to 

modulate mechanical properties (Claessens, Bathe, Frey, & Bausch, 2006; Jansen et al., 2011; 

Takatsuki, Bengtsson, & Mansson, 2014; Winkelman et al., 2016). Flexural rigidity, the amount 

of resistance presented by a structure undergoing bending, depends on the amount of filaments in 

a bundle and the effectiveness of the cross-linker. (Bathe, Heussinger, Claessens, Bausch, & 

Frey, 2008). Meanwhile, persistence length (Lp), a fundamental mechanical measurement of 

stiffness for a polymer, provides the quantitative data necessary for interpreting polymer bending 

rigidity (Graham et al., 2014). Therefore, filament cross-linking proteins and ionic electrostatic 

interactions provide possible modalities that can influence the mechanics associated with bundle 

assembly and overall structural dynamics (Tang & Janmey, 1996).  

1.2.1 Bundles Induced by Cross-linking Proteins. Actin filaments cross-linked by various 

ABPs differ in their structural properties, bending flexibility and resistance to shear stress. As a 

result, some ABPs are concentration dependent in their cross-linking effectiveness elucidating a 

limitation for bundling, while others are capable of cross-linking independent of their protein 

concentration. For example, fimbrin is capable of cross-linking filaments into bundle assemblies 

independent of concentration (Bathe et al., 2008). On the other hand, fascin, a fairly abundant 

protein, is concentration dependent but maintains the ability to cross-link bundles efficiently and 

with substantial resistance to shear forces (Claessens et al., 2006). However, this concentration 
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dependency introduces a limitation on bundle size, as well as packing density (Stokes & 

DeRosier, 1991; Takatsuki et al., 2014). All in all, the fascin bundle packing density is limited to 

roughly ~20 filaments per bundle. Yet, due to inherent protein modulation, observed helical 

twisting of the bundle for conservation of energy is observed (Claessens et al., 2006; Claessens, 

Semmrich, Ramos, & Bausch, 2008; Jansen et al., 2011). These mechanisms are necessary to 

resist sheer forces and can be illustrated in vivo, predominately in filopodia and neurosensory 

bristles which are under high sheer stress and external stimuli (Bathe et al., 2008).  

1.2.2 Cation-Induced Bundles. Actin filaments are charged biopolymers with 4e-/nm, and 

have potential to attract one another in the presence of multivalent cations (Fazli, 

Mohammadinejad, & Golestanian, 2009; Tang & Janmey, 1996). At relatively high 

concentrations, multivalent ions promote actin bundle formation through electrostatic attraction 

and van der waals forces (Figure. 3 A and B) (Angelini, Liang, Wriggers, & Wong, 2003; Fazli 

et al., 2009; Lai, Coridan, Zribi, Golestanian, & Wong, 2007; Tang, Ito, Tao, Traub, & Janmey, 

1997; Tang & Janmey, 1996). Counterions of higher valence have a corresponding binding 

affinity which leads to charged actin filaments becoming neutralized (Tang & Janmey, 1996). 

The neutralization allows for electrostatic attractive interactions induced by two or more 

filaments sharing counterions to form bundle structures (Angelini et al., 2003). Light scattering 

studies have shown bundle formation to be threshold dependent with divalent cation 

concentrations (Figure. 3C) (Tang & Janmey, 1996). The concentration of cations necessary for 

bundling increases with decreased valence, thus indicating a substantial weakening of filament 

aggregation (Tang & Janmey, 1996). Trivalent cations are capable of bundling actin filaments at 

lower concentrations due to high valence (Korkmaz Zirpel & Park, 2015), while divalent and 

monovalent cations require greater amounts of ionic concentrations (Tang & Janmey, 1996; Yu 
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& Carlsson, 2003). However, the implications of divalent cation-induced bundling mechanics, 

structural dynamics and bending flexibility has not yet become apparent.   

Development of bundles is theorized to be mediated by both electrostatic interactions and 

specific ion binding locations. However, discrete ion binding may in fact dominate filament 

mechanics, therefore governing the electrostatic screening effects. Current research suggests that 

site-specific cation binding does occur at discrete locations on actin filaments and as a result, 

controls assembly and the mechanics (Kang et al., 2013; Kang et al., 2012). Elucidating this fact, 

site-specific substitution of charged amino acids on filaments have already demonstrated 

regulation of polymerization and stiffness (Kang et al., 2012). However, divalent cation 

concentrations are capable of bundle formation only after surpassing what is required for 

polymerization (Tang & Janmey, 1996). Although filament mechanics are known to be influenced 

by ion binding at the DB-loop in SD2 (Kang et al., 2012), the mechanism of how ions modulate 

bundle mechanics is unclear. 

Bundles with relatively high stiffness induced by divalent cations have proven limitations to 

size and growth, but promote structural deformation and contain high packing densities of 

filaments through short range steric interactions (Angelini et al., 2003; Henle & Pincus, 2005; Lai 

et al., 2007). The limitation of size and growth are in accordance to the concentration of divalent 

cations in solution (Henle & Pincus, 2005). Structural modulation is evident through helical 

twisting of filaments in response to variations in cation concentrations, as previously seen 

(Angelini et al., 2003). The ions surrounding the filaments form 1D charge density waves (CDW) 

parallel to the actin filaments, which lead to a twisting distortion (Angelini et al., 2003). The 

adjustment in geometry stimulates the filament to contain negatively charged evenly spaced 



  
 

7 
 

regions, assembling filaments in a parallel arrangement which may optimize their electrostatic 

interactions (Angelini et al., 2003). In addition, the packing density of filaments within a bundle 

are affected by inter-filament spacing determined by the cross-linker diameter, the amount of time 

bundling is allotted, and salt concentration (Lai et al., 2007; Winkelman et al., 2016).  

1.3 Hypothesis  
 

Electrostatic screening, counterion condensation and discrete ion binding influence the size, 

growth, structural dynamics and mechanics of filament formation. However, it is not entirely 

understood if discrete binding sites under high divalent ionic conditions contribute to the formation 

and mechanical properties associated to actin bundling. We hypothesize that specific cation 

binding modulates the mechanical, structural and dynamic properties of actin bundles. To test our 

hypothesis, we investigate the effects of cations on bundle assembly, mechanics, and structure 

through biophysical studies and molecular dynamics simulation.   
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Figure 1. Representation of actin polymerization in presence of salt. Actin monomer structure depicts 

four subdomains. Subdomain 1 (purple), subdomain 2 (green) with DNase 1 binding loop, subdomain 3 

(yellow) and subdomain 4 (red). Image reference from: (Otterbein, Graceffa, & Dominguez, 2001) (PDB 

ID: 1J6Z). Namba model of actin filament with fifteen subunits per filament and amino terminus in blue 

and carboxyl terminus in red. Image from reference: (Fujii et al., 2010) (PDB ID: 3MFP). 
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Figure 2. Elongation of actin filament and ATP hydrolysis with dissociation of phosphate. The EM 

image depicts filament seed, and elongation phase of polymerization with ATP-actin. Association (µM-1 

s-1) and dissociation rate (s-1) constants of monomeric actin. Hydrolysis of ATP bound to actin is fast but 

release of Pi is slow. Image from reference: (Pollard & Borisy, 2003).  
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Figure 3. Schematic representation of actin filament modulation by multivalent counterions. (A) 

Uncondensed actin filaments at low multivalent salt concentrations. (B) Condensed filaments at high 

multivalent salt concentrations that form charge density wave (CDW) and assembly into a bundled 

structure. Image from reference: (Angelini et al., 2005). (C) Light scattering of F-actin in various divalent 

salts, results show threshold for bundle formation. Image from reference: (Tang & Janmey, 1996).    
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CHAPTER TWO: MATERIALS AND METHODS 
 

2.1 Protein and Sample Preparations 
 

Actin was isolated from rabbit skeletal muscle acetone powder, gel filtered over Sephacryl 

S-300 equilibrated in buffer A (0.2mM CaCl2, 1mM NaN3, 2mM Tris-HCl pH 8.0, 0.2mM ATP, 

0.5mM DTT) as described (Kang et al., 2012). Rhodamine labeled rabbit muscle actin (>99% 

purity) was purchased from Cytoskeleton, Inc. (Denver, CO). 50µL of buffer A was added to 

Rhodamine labeled G-actin to make the concentration 0.4mg/ml. Calcium bound G-actin was then 

subject to cation exchange of Ca2+ to Mg2+, 20mM EGTA and 1mM MgCl2, equal to the initial 

concentration of G-actin plus 10μM was used to convert the calcium bound G-actin to magnesium 

bound G-actin (De La Cruz et al., 2000; Kang et al., 2012). Polymerization occurred by the 

addition of 0.1 volume of 10X polymerization buffers (10-40mM Ca2+ and Mg2+, 10mM Imidazole 

pH 7.0, 1mM ATP and 1mM DTT) in separate and varying monovalent and divalent salt 

concentrations. 

2.2 Sedimentation Assay 
 

To quantify the percentage of bundles at varying cation concentrations, low-speed 

sedimentation assay was performed at 15,000 rpm for 40 minutes at 4°C. The centrifuge used was 

Sorvall MTX 150 (Thermo Fisher Scientific) and rotor was s100-AT3-2029 (Thermo Fisher 

Scientific). A total of 100µL of actin sample was placed into each centrifuge tube. The 

concentration of actin would be 10 µM for all varying salt conditions. After centrifugation, the 

supernatant was removed and placed into corresponding Eppendorf tubes (McCullough et al., 

2011; Takatsuki et al., 2014). The remaining pellet was re-suspended with 30µL of the equivalent 

polymerization buffer condition, and then placed in separate Eppendorf tubes. To check for actin 
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in the solutions a standard SDS-PAGE gel electrophoresis was performed, molecular weight 

marker Bio-Rad (Cat: 64076918) with 12% Bis-Tris gel. Wells labeled as alternating supernatant 

and pellet conditions to differentiate the samples (Takatsuki et al., 2014).  

2.3 TIRF Microscopy Imaging 
 

Actin bundles were immobilized on microscope slides by poly-L-lysine (Sigma-Aldrich, 

St. Louis, MO, USA). Images of actin bundles were taken using a Nikon Eclipse Ti TIRF 

microscope equipped with a Hamamatsu Image EM X2 CCD camera, a 100X oil immersion 

objective and Nikon LU-N4 laser with wavelengths 405-640nm to achieve total internal reflection. 

Nikon imaging software was used to image the actin bundles and perform analysis. Imaging was 

performed at room temperature (∼22 °C) (Kang et al., 2012). Microscope slides were cleaned by 

absolute ethanol, sonication bath and then extensive rinsing with ddH20 as described (Kang et al., 

2014).  

2.4 Actin Bundle Persistence Length (Lp) and Average Length Analysis 
 

Actin bundle analysis was performed using ImageJ, Persistence (Graham et al., 2014) 

and Origin softwares. Images were uploaded into ImageJ then subjected to enhancement as 

described (Graham et al., 2014; Kang et al., 2014; Kang et al., 2012). The augmentation of the 

images included background subtraction, smoothing, contrast enhancement, thresholding and 

skeletonization. The size of the pixel in microns is determined from the TIRF microscope. In this 

study the size of pixel was set to be 0.16 µm/pixel. Averaged bundle length was determined by 

population mean through Persistence (Graham et al., 2014) and analyzed with Origin. The Lp 

values were analyzed from angular correlation data of bundles (>25 images n=100-300 bundles) 

as described (Graham et al., 2014; Kang et al., 2012; McCullough et al., 2011). 
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Bending persistence lengths (Lp) of actin bundles were determined by Equation (1) from 

the two-dimensional average angular correlation (<Cs>) of the tangent angles (𝜃) which goes along 

the segment length of the filament (s) (Crevenna et al., 2015; Graham et al., 2014; Kang et al., 

2012; McCullough et al., 2011):  

< 𝐶(𝑠) >  =< 𝑐𝑜𝑠[𝜃(𝑠) − 𝜃(0)] >  = 𝑒−𝑥/2𝐿𝑝                   (1) 

The polymer bending rigidity of the bundle can be defined by using Equation (2) in which 

Lp is the persistence length, 𝜅 is the flexural rigidity of the bundle and 𝑘𝐵𝑇 using Boltzmann’s 

constant to signify the thermal stability of the bundle (Graham et al., 2014).   

𝐿𝑝 =
𝜅

𝑘𝐵𝑇
                                                         (2)   

2.5 TEM Imaging and Bundle Thickness Analysis 
 

5μL of sample solution was loaded onto an EM-grid with continuous carbon film that 

was rendered hydrophilic by glow discharge. After 60sec sample adsorption, the grid was 

washed 3 times using droplets of deionized water, followed by negative staining with 5μL of 1% 

uranyl acetate solution. Excess staining solution was blotted using a piece of filter paper. The 

sample was imaged using Tecnai G2 Spirit TWIN (FEI Co., USA) transmission electron 

microscope operated at 120kV acceleration voltage. The images were recorded using Ultracan 

4000 CCD camera (Gatan Inc., USA). TEM images were used to quantify the diameter of the 

bundles under the varying salt concentrations. Actin concentrations for imaging was 10µM. The 

pixel diameter (Dp) of each bundle was found using ImageJ length tool, measurement of the scale 

bar in pixels was determined to indicate nm/pixel (Sp). To calculate the diameter of each bundle 

analyzed we take (Dp)*(Sp), bundle diameter (BD) would then be given in nanometers (nm).  
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2.6 Time-Dependent Bundle Fluorescence Analysis 
 

Fluorescence intensity is a measure of bundle thickness. Imaging of the actin bundles in 

various time-points were performed using TIRF microscopy. The polymerized bundle samples 

were placed on microscope coverslips coated with poly-L-lysine (Sigma-Aldrich, St. Louis, MO, 

USA). Nikon imaging software allowed for analysis of bundle fluorescence. The diameter was 

measured by length analysis of each individual bundle sample, number (n) of bundles measured 

= 4800. Length tool was place along the cross section of each individual bundle. Fluorescence 

analysis of the data was recorded in µm from samples in steady state bundle imaging 

experiments. 

2.7 Dynamic Light Scattering (DLS) 
 

Analysis of all actin bundle samples solutions were performed using a Zetasizer Nano 

ZS90 DLS system equipped with a green laser (532 nm, 4 mW) and an avalanche photodiode 

detector (APD) (quantum efficiency >50% at 532 nm) (Malvern Instruments Ltd., 

England)(Zheng, Cherubin, Cilenti, Teter, & Huo, 2016). All measured light scattering 

intensities are displayed as a photon count rate with a unit of kilo count per second (kcps). A 

Hellma cuvette QS 3 mm was used as sample container. The Malvern DTS 5.10 software was 

applied to process and analyze the data. All measurements were conducted at a maximum laser 

power of 4 mW. For each sample solution, two DLS measurements were performed with a fixed 

run time of 10sec. The scattering angle was set at 90° (Zheng et al., 2016). 

A 50 µL of as-prepared actin monomer solution with the actin concentration set to 1mg/ml 

at 24µM and diluted to 10µM, was first mixed with 5 µL 0.1 volume of 10X polymerization buffers 

separately in a 1.5 mL microcentrifuge tube, followed by quickly transferring into the Hellma cell 
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for measurement. To prevent aggregation of bundles in the cuvette, slight agitation of the solution 

was performed by minimal disturbance 10sec before the proceeding time-point. DLS analysis was 

kinetically conducted every 10min in a total 2-hour time frame. The measurement results were 

directly reported as scattered light intensity.  

2.8 Molecular Dynamics Simulation 
 

The simulated structure of the actin bundle was subjected to a molecular dynamics (MD) 

simulation using NAMD (Phillips et al., 2005), and consisted of two actin filaments, with 4 

monomers per filament. The monomers in the first filament are labeled by P1, P2, P3, and P4, and 

the monomers in the second filament are labeled by P5, P6, P7, and P8. To construct the actin 

bundle model, we duplicated the Namba model of a single filament (Fujii et al., 2010) (PDB ID 

3MFP) and shifted the two filaments by 30 Å. The built all-atom model of the actin bundle was 

solvated in a 135 Å x 200 Å x 200 Å box of TIP3P water (Jorgensen, Chandrasekhar, Madura, 

Impey, & Klein, 1983). The system (with the total electrostatic charge of -96 elementary units) 

was ionized by adding 48 divalent ions. Two systems were prepared: one with Ca2+ and one with 

Mg2+ ions. The initial placement of the ions was accomplished with MEAD (Bashford, 1997). A 

12 Å minimum distance between the ions prevented the ionic clusterization near the potential 

binding sites. The final structure included 472,695 atoms. The simulation analysis was performed 

by VMD (Humphrey, Dalke, & Schulten, 1996). 

The simulations employed CHARMM26 + CMAP force field (MacKerell, Feig, & 

Brooks, 2004) and were performed in the NPT regime (the constant temperature of 25°C and the 

constant pressure of 1 atm). The simulations used periodic boundary conditions and the Particle 

Mesh Ewald method (Darden, York, & Pedersen, 1993) for full electrostatic calculations, and a 
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multiple time-stepping scheme with a 2fs basic time-step. The simulation protocol included 

25,000 steps of steepest-descent minimization followed by a 2ns equilibration and a 20ns 

production run. The coordinates of the atoms of the system were saved every 2ps, resulting in an 

MD trajectory of 10,000 frames.   
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CHAPTER THREE: RESULTS   
 

3.1 Divalent Cations Modulate Bundle Mechanics and Size Distribution 
 

The bending stiffness of cation-induced actin bundles was determined from persistence 

length (Lp) analysis of TIRF microscopy images (Figure. 4A and 4B). Estimation of bending 

stiffness was conducted utilizing the exponential fits in relation to the average cosine correlation 

function from Equation (1) (Supplemental Figure. 1). Low-speed sedimentation assay was 

conducted to evaluate bundle formation in each salt condition (Supplemental Figure. 2A and B). 

The analysis revealed bundle percentages were comparable throughout the divalent cation 

concentrations (Supplemental Figure. 2C). Neither potassium or sodium ions induce bundles at the 

range of concentrations (100-300mM), consistent with a previous study showing optimal 

monovalent salt requires >1M concentrations for bundle formation (Yu & Carlsson, 2003) 

(Supplemental Figure. 3). Ca2+- and Mg2+-induced bundles have similar stiffness from 10mM to 

30mM salt concentrations (Figure. 4B). 40mM Ca2+ displays potential saturation limit as a 

decrease in Lp is observed. However, once the divalent concentrations rise to 40mM there is a 

deviation in the Lp between the actin bundles. The difference between the bending stiffness stems 

from potential instability in relation to high concentrations of Ca2+ present within the filaments. 

On the other hand, Mg2+ bundles represent enhanced stability and stiffness. 

Ionic short range interactions affect steady-state average bundle lengths as well as length 

distributions. The average length peaks at 20mM for both divalent cations, and increasing salt 

concentrations produce shorter bundles (Figure. 4C). More importantly, both divalent cations lead 

to a narrowing of the bundle length distribution (Figure. 4D and E). The main form of growth for 

actin bundles is indicated with end to end longitudinal aggregation at high salt concentrations, in 
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which these bundles have a finite size (Lai et al., 2007). Growth of bundles is achieved in phases 

which begin with rapid lateral growth, followed by longitudinal growth (Lai et al., 2007).  

3.2 Divalent Cations Modulate Bundle Thickness 
 

Analysis of TEM images determined bundle thickness dependent on divalent cation 

concentrations. Images display polymerization of actin filaments occurring throughout each salt 

condition (Figure. 5 A-F). Diameter of bundles correlate to increase in cation concentrations with 

low Ca2+ and Mg2+ salt forming bundles but are structurally disorganized. 20mM Ca2+ and Mg2+ 

concentrations indicate polymerization is occurring, and the bundles have begun to form into 

parallel organized structures. High salt concentrations of both Ca2+ and Mg2+ display bundle 

diameter enhancement along with organization of filaments into ordered parallel assemblies. 

Bundle diameter is reduced in the lower salt concentrations indicating fewer filaments aggregating 

to form bundles (Figure. 5G). The variation in diameter is dependent on salt concentration for both 

divalent cations. At high salt conditions bundles of large diameter are produced, indicating finite 

bundle thickness and minimum energy configuration packaging to reduce binding energy as the 

bundle is formed (Haviv, Gov, Ideses, & Bernheim-Groswasser, 2008). In addition, varying 

divalent cation concentrations lead to a broadening of bundle diameter distributions (Supplemental 

Figure. 4).  

3.3 Visualization of Time-Dependent Bundle Formation 
 

To directly monitor the cation mediated bundling process, we conducted TIRF 

microscopy imaging in real time (Supplemental Figure. 5). The average bundle lengths were 

analyzed to determine cation effect on assembly dynamics (Figure. 6A and B). While both 

divalent cation induced bundles reach a steady state of elongation, growth of Mg2+ induced 
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bundles exhibit rapid growth and sharp decrease in bundle length over time. The 30mM Mg2+ 

displays the most prominent elongation phase, indicating swift bundle development and 

organization. In contrast, Ca2+ bundles demonstrate steadied growth and reach a stable bundle 

length over time. However, the 30mM Ca2+ has shown to decrease in length indicating a 

limitation in growth potential. In accordance to the results obtained, a correlation between 

average bundle length and DLS measurements (Figure. 7) can be visualized. 

Time-dependent fluorescence intensities of bundles was measured to evaluate how 

bundle thickness fluctuates in varying concentrations. Increasing cation concentration correlates 

to enhanced fluorescence as seen in Figure. 6C and D. In regards to the lower divalent cation 

concentrations, fluorescence intensities point towards small bundle diameters over time. 

Therefore, bundles below 20mM divalent cations are less organized and display a reduced 

filament packing density. The 30mM divalent concentrations indicate the greatest bundle 

thickness with Mg2+ having the highest fluorescence intensity at the 60min time point. An 

indication for filaments per bundle, fluorescence intensity allows for an insight into the number 

of filaments aggregating to form the complex structure under varying cation concentrations. 

Over time, bundle structure becomes more ordered as cation concentration increases, consistent 

with TEM imaging analysis (Figure. 5).  

3.4 Scattering Intensity Determines Actin Bundle Assembly Dynamics 
 

Dynamic light scattering (DLS) was used to monitor the kinetic process of actin bundle 

formation (Figure. 7). Filament formation is shown to occupy low cation concentration (10mM) 

based on their scattering intensity values. When filaments begin to form bundles the scattered 

light intensity increases to a maximum peak of 3000 kcps. Interestingly, scattering intensity 
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profiles from DLS analysis correlates well with bundle formation visualized by TIRF 

microscopy, in particular average bundle lengths. The high variability of the DLS measurements 

illustrates the dynamic nature of the bundling process. Our results suggest a kinetically favored 

actin aggregate formation at early stages of bundling. However, over time the bundle assembly 

reaches a thermodynamically stable state as demonstrated by scattered intensity profiles. 

Supplemental Figure. 6 demonstrates scattered intensities of 20mM Ca2+ and Mg2+ with 

an actin concentration of 5µM. The lower concentration was chosen to understand the behavior 

of bundle assembly in varying divalent cations when there is limited actin concentration. We 

observed cyclic scattering with kcps values ranging from 200-800.  In contrast to the results 

obtained in Figure. 7, there was no steady state reached during the experimental time-frame with 

the 5µM samples. This behavior could potentially be due to thermodynamic movements of actin 

in solution affecting DLS measurements. Based on the identical scattered intensity fluctuations, 

Ca2+ and Mg2+ appear to have similar physical properties when polymerized with equal cation 

concentrations (Scharf & Newman, 1995). 

3.5 Specific Cation Binding Modulates Actin Bundle Formation 
 

The molecular dynamics simulation was utilized to investigate cation interactions 

between filaments. Four monomers were used for each filament, and the filament was duplicated 

and translated 30Å, the displacement and angles of the monomers are labeled P1, P2, P3, P4, P5, 

P6, P7, and P8 (Figure. 8A). In filament 1, monomer P1 displaced 22Å and rotated 40°, 

monomer P2 displaced 7Å and rotated 25°, monomer P3 2Å and rotated 5°, and P4 displaced 

around 20Å and rotated 20° from their initial positions. In filament 2, monomer P5 displaced 

15Å and rotated 20°, monomer P6 displaced 1Å and rotated 12°, monomer P7 4Å and rotated 
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20°, and P8 displaced around 7Å and rotated 15° from their initial positions (Figure. 8B). The 

monomers P1 in filament 1 and monomer P5 in filament 2 are adjacent to each, moreover they 

move about 10Å toward each other. P1 and P6 at some point of the simulation are forced away 

from each other, but return to their initial positions. Monomer P1 and P7 move 20Å closer by the 

end of the simulation. The distal monomers in each filament (P1 and P8) remain constantly 

distanced from other. Monomer P2 from filament 1 during the simulation starts approaching P5 

and P6 from filament 2, but at the end of the simulation returns close to its initial coordinates. 

Distance of P2 from monomers P7 and P8 remains constant during the simulation. Monomer P3 

remains at a constant distance from P5, P6, P7 and P8 during all of the simulations. Finally, P4 

moves about 10Å closer to P6 and maintains a constant distance from P5, P7, and P8 from 

filament two. Herein, we analyzed the minimum distance and the average distance of the 

filaments (Figure. 8C). 

Our simulations suggest negatively charged amino acid residues interact with specific 

cation binding sites when forming bundles. The main interactions and bundling sites are located 

between subdomains 2 and 4 (Figure. 9). ASP 51 and 363 along with GLU 51 are consistently 

binding with Mg2+ ions, but the steric effects determine how efficient the cation binding is 

between the filaments. In addition, a cluster of aspartic acid residues from both filaments can be 

observed to interact with Mg2+ ions. Helical twisting motion in the distal monomers are 

visualized for both filaments. Grason et al. (Grason & Bruinsma, 2007) proposed a hexagonal 

rod model suggesting filaments twist as the bundle is formed. This theory is supported by 

previous experimental studies that have found evidence of symmetry breaking (twisting) in the 

actin filaments, which results in sections with larger charge distributions (Angelini et al., 2003). 
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This twisting is proposed to allow the filaments to electrostatically accommodate themselves to 

the most thermodynamically stable conformation.  
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Figure 4. Cation induced polymerization affects actin bundle mechanics. (A) Representative TIRF 

microscopy images of bundles formed by divalent cations, Ca2+ (top) and Mg2+ (bottom). Buffers: CaI7.0 

and MI7.0 (10mM Imidazole pH 7.0 with varying [Ca2+] and [Mg2+], 1mM ATP and 1mM DTT). Actin 

concentration for imaging is 8 µM. (Scale bars, 10µm). (B) Persistence length analysis of actin bundles 

display similar stiffness up to 30mM divalent salt. (C) Average bundle length decreases in response to rise 

in cation concentration. (D-E) Distribution of bundle length over varying divalent concentrations. 

Uncertainty bars represent the standard error (SE).  
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Figure 5. TEM imaging displays modulation of bundles by divalent cations. Representative TEM 

images of actin bundles demonstrate progression of actin filaments into ordered parallel structures with 

increase in cation concentration. Polymerization buffers: CaI7.0 and MI7.0, 10mM Imidazole pH 7.0, 1mM 

ATP and 1mM DTT. (A-C) Ca2+ and (D-F) Mg2+ actin bundles. Actin concentration is 10µM. (Scale bars, 

200nm). (G) Analysis of bundle thickness illustrates growth in diameter as result of increase in divalent 

concentrations. Uncertainty bars represent the SE.  
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Figure 6. Time-dependent average length and fluorescence of bundles. Bundle formation was induced 

with 10µM actin in polymerization buffer (CaI7.0 and MI7.0, 10mM Imidazole pH 7.0, 1mM ATP and 

1mM DTT) containing varying divalent cation concentrations. TIRF microscopy images (Supplemental 

Figure. 3) of bundles at each time point were analyzed (N= 100 bundles per condition). (A-B) Average 

length indicates dynamic bundling process over time, (A) Ca2+ and (B) Mg2+ induced bundle. (C-D) 

Fluorescence intensity correlates bundle thickness, (C) Ca2+ and (D) Mg2+. Uncertainty bars represent the 

SE. 
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Figure 7. DLS indicates kinetic and thermodynamic polymerization of actin bundles. High variability 

illustrates dynamic nature of bundling process. Over time bundle assembly reaches thermodynamic steady 

state. Scattering intensity represents bundle formation in kilo count per second (kcps). Experiment 

performed over 2-hour time frame with 10min interval readings. Measurements were performed at 

interval readings of 10sec. Actin concentration is 10μM per sample condition. 
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Figure 8. Structural dynamics of simulated actin bundle. (A) Namba model for MD simulation 

indicates interactions occurring at P1-P4 and P5-P8. (B) Displacement and rotation of individual 

monomers during simulation. (C) Evolution of the monomer-monomer distance for each pair of 

interactions during the simulation. 
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Figure 9. Cations and actin subdomain interactions form bundles. Simulation reveals the electrostatic 

interaction between actin filament (PDB ID: 3MFP) subunits. Comparison of the bundle structure before 

and after the simulation reveals the ion-induced bundling in three main positions. Filament and Mg2+ 

interaction with amino acid residues aspartic acid (D) and glutamic acid (E). 
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CHAPTER FOUR: DISCUSSION 
 

The effect of cations on bundle structure can be attributed to ionic radius, charge density 

and site specific interactions. Ionic radius contributes to properties of metal ions such as bond 

energy and polarizability (Carafoli, 1987; Feig & Uhlenbeck, 1999; Koculi, Hyeon, Thirumalai, 

& Woodson, 2007). Preceding research has demonstrated the importance of Mg2+ condensation 

and RNA stability, the small ion is capable of strong metal-oxygen bonds and displays a reduction 

in its polarizability (Koculi et al., 2007). In comparison to Ca2+, Mg2+ produces a higher charge 

density and stable RNA folding. Meanwhile, although slightly lower in charge density, Ca2+ 

produces dynamic and broader RNA folded structures (Koculi et al., 2007). Based on our results, 

we propose ionic radius influences ion and protein interactions, therefore facilitating ion protein 

binding constraints (Carafoli, 1987), packing density and mechanical modulations. Charge density 

waves are formed by counterion interactions orientated parallel to the actin filaments (Angelini et 

al., 2003). Because of the CDW, mechanical fluctuations in symmetry can be observed, over-

twisting the filaments to an energy stable conformation (Angelini et al., 2003; Claessens et al., 

2008). Our results correlate over-twisting to promote enhanced bundle stiffness and assembly, 

evident in the increase of bundle packing density and Lp measurements.  

Discrete binding sites can impact filament assembly, disassembly and structural mechanics 

associated to binding of cations and ABPs. Site specific substitution elucidated the dependence of 

salt interactions with charged amino acid residues on actin monomers (Kang et al., 2012). 

Structural bioinformatics predicated the existence of two separate binding sites termed 

“polymerization” and “stiffness” (Kang et al., 2014; Kang et al., 2012). In addition, the “stiffness” 

site is located at the junction of DB-loop and subdomain 3, therefore, mutation of this precise 
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location has shown its importance to filament mechanics and structural integrity (Kang et al., 

2012). Specific cation binding sites have been determined to promote actin filament 

polymerization and enhance filament stiffness (Kang et al., 2012). Research on cofilin (Kang et 

al., 2014) has already demonstrated interactions between the stiffness cation and cofilin binding 

sites. The overlap between the severing protein and the cation site promote ion release, therefore 

the filament becomes flexible. The interaction demonstrates mechanical modulation associated to 

cation binding on precise locations. We propose, a distinct “bundling” site on the outer residues 

which would affect inter-filament mechanics and promote bundling when ions occupy these 

specific positions.  

Persistence length is characterized by flexural rigidity of a polymer such that bundle 

bending stiffness depends largely on the number of filaments, as well as cross-linker effectiveness 

(Bathe et al., 2008; Claessens et al., 2006). Research has established that ABP induced bundles 

have high persistence lengths dependent on actin:ABP ratios. (Bathe et al., 2008; Claessens et al., 

2006; Takatsuki et al., 2014) Moreover, fascin has demonstrated tightly packed, ordered helical 

twisting of actin bundles as a result of more effective cross-linking (Claessens et al., 2008). 

Therefore, by increasing fascin:actin ratios, a significant rise in Lp occurs, with 1:2 ratio having 

the highest bundle stiffness (Takatsuki et al., 2014). However, fascin bundling is limited by the 

protein concentration, as well as the number of binding sites (Breitsprecher et al., 2011; Claessens 

et al., 2008; Jansen et al., 2011). In comparison to our results, when cation-induced bundle flexural 

rigidity was calculated and compared to that of fascin, the ABP was significantly more adept at 

enhancing stiffness with a relatively small amount of filaments (Claessens et al., 2006). However, 

the evidence we present illustrates divalent bundle density to contain a greater number of filaments 

then fascin can bundle with enhanced efficiency. Although, the binding protein is an effective 
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cross-linker it has been shown to improve severing capabilities of cofilin while readily assembling 

and disassembling bundles in vitro (Breitsprecher et al., 2011). We propose the bundles induced 

by divalent cations are potentially more resistant to sheer stress and external forces, due to the 

number of filaments densely packed and the overall electrostatic attraction between the filaments.  

In accordance to the results obtained, the highest concentrations of cations most 

efficiently reduced bundle length. As the bundles grow, additional cations become condensed in 

between filaments allowing for the charge of the bundle to remain constant (Henle & Pincus, 

2005). Steric interactions prevent internal bundle ion density from surpassing the packing 

density, and resulting in bundle size increasing by short range electrostatic repulsion (Henle & 

Pincus, 2005). Size and shape of the cations have the strong ability to influence condensation of 

the bundles and thereby affect the rate of bundle formation (Wong & Pollack, 2010). If high 

cation conditions are permitting filaments to condense at an enhanced rate, then lower 

concentrations would be presumed to have higher bundle lengths. As the multivalent ion 

attractive forces become strong enough to induce bundle formation, the entropic and electrostatic 

resistance to bundle growth becomes weak. Thus, charge density and any resistance towards 

bundle growth is irrelevant (Henle & Pincus, 2005). Our analysis of steady state and length 

distributions of bundles indicate variations dependent on cation concentrations, while narrow 

distributions propose inter-filament electrostatic attractive interactions, in which protein cross-

linking is not necessary (Biron, Moses, Borukhov, & Safran, 2005).  

Based on our observations, bundle thickness is proportional to cation concentration. Stokes 

et al. (Stokes & DeRosier, 1991) suggest a two-stage mechanism involving nucleation and growth 

of bundles. The first, a nucleation phase, is dependent on actin concentration, while the second is 
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a growth phase dependent on actin binding protein concentrations and time allotted for growth 

(Jansen et al., 2011; Stokes & DeRosier, 1991). In previous research, filaments aggregated to form 

a disk-like nucleus, that was later incorporated with fascin to surpass the electrostatic repulsion 

and overcome thresholds to form bundles (Haviv et al., 2008). Our results indicated a similar disk 

like process of formation, while also providing evidence of high salt concentration as a mechanism 

for overcoming effects of electrostatic repulsion. Protein cross-linkers are shown to form bundles 

with finite width, yet electrostatic attraction can produce finite bundle diameter by either short 

range interactions or by attractive energies being suppressed. (Haviv et al., 2008; Henle & Pincus, 

2005).  Research observations of divalent induced bundle widths correspond to initial rapid lateral 

growth, followed by longitudinal growth  (Lai et al., 2007). Lai et al. (Lai et al., 2007)  

hypothesized that varying solution conditions could influence bundle order and size. Our EM 

results validated this hypothesis, indicating increasing salt concentrations do in fact influence 

bundle organization and diameter.  

In contrast to research associated to fascin and α-actinin (Winkelman et al., 2016), our 

data strongly suggests cation induced bundling results in densely packed bundles and occurs over 

short filament spacing. It is well established that densely packed bundles are achieved by fascin 

(Bartles, 2000), while α-actinin promotes widely spaced bundling (Foley & Young, 2014). The 

average filament distances were shown to be roughly 8nm and 35nm for fascin and α-actinin, 

respectively (Winkelman et al., 2016). The bundling protein diameters then can influence the 

packing capabilities of filaments into bundles with diameters of 6nm and 35nm for fascin and α-

actinin, respectively (Winkelman et al., 2016). However, in relation to divalent cation rich 

environments, the filament spacing becomes smaller, falling within the angstrom range and 

reducing spacing requirements needed to bundle. As a result, the decreased spacing between the 
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filaments should allow for binding sites to engage more readily with one another across 

filaments, conceding to increase electrostatic interactions and more efficient modulating of 

bundle diameter. Thus, distance is a primary factor in bundle formation rather than filament 

arrangement. Limitations to concentrations and filament spacing for bundling proteins indicate 

thresholds in assembly, while divalent cations provide the basis for rapid and short range 

interactive bundling not yet seen with actin binding proteins.  

The MD simulations of the actin filament pursued two vital goals. The first goal, was to 

generate a plausible structure of a multi-filament actin bundle, whereas the second goal sought to 

provide insight into the effect of divalent cations on both actin bundle structure and its 

properties. Until now, no experiment has successfully obtained a practical or workable structure 

of either actin filament or bundle forms, the best approximation being the Namba model refined 

from electron microscopy measurements (Fujii et al., 2010). Our modeling study aspired to 

construct a plausible model structure of cation-induced bundling. In vitro mutagenesis studies 

(Kang et al., 2012) showed that multivalent cation binding to actin monomers promoted actin 

polymerization and further enhanced stiffness specifically at discrete binding sites. Our 

constructed simulation of a bundle structure was then used to revel with the highest likelihood 

the locations of cation binding, especially for those locations situated between filaments and 

therefore initiate binding, holding the bundled structure (Hocky et al., 2016). Although 

preliminary, our simulation suggests the existence of specific bundling sites on actin filaments at 

short distances.   
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CHAPTER FIVE: CONCLUSION  
 

 The fundamental understanding of cation interactions with polyelectrolytes are essential 

for determining in vivo bundling mechanisms. Experimental research on physiological systems 

such as neuronal growth cones, stereocilia, filopodia, phagocytes and various ABPs will benefit 

from the results of this study. The most direct implication of this work correlates to elucidating 

how ABPs, and other ion-dependent mechanisms function under varying concentrations of 

divalent cations while in vivo. Although previous theories proposed have demonstrated the non-

specific nature of electrostatic interactions, our study signifies discrete binding locations are 

detrimental to bundling of actin filaments. In vivo, cellular filament density is relatively high 

compared to what can be achieved by in vitro experimentation (Tang & Janmey, 1996). 

Therefore, continued research is required to provide insight to the consequences of ionic 

fluctuations in a cell.  

The results of this study have shown how environments with high concentrations of ions 

can modulate the mechanical and structural configurations of the bundle system. Research has 

since postulated the existence of discrete binding sites and further speculated at the extent of 

influence it maintains on filament packing into bundled structures. Through this research, 

properties associated with the actin bundle system have thoroughly been elucidated and have 

thus shed light on new areas of study that are both exciting and novel with impactful 

implications. We expect to build upon the foundation of this study for future research with ABPs 

in varying cation concentrations, ion-induced bundling in crowded environments and exposing 

the mechanical strength of the actin bundle system utilizing microfluidic devices. These unique 

and innovative experimental studies would shed light on in vivo cellular interactions, which all 
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lead back to bundle structure formation. It is my hope that the research performed in this study 

would provide a foundation for continued experimentation into the understanding of 

polyelectrolyte bundles and development of in vivo applications.  
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APPENDIX A: DETERMINATION OF ACTIN BUNDLE PERSISTENCE 

LENGTH  
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Supplemental Figure 1. The average cosine correlation functions are plotted against bundle segment 

lengths (s) in accordance to Equation (1). Solid lines illustrate exponential fits obtained using non-linear 

regression. Analysis was conducted from images collected in Figure. 4A. (N= 100 bundles per condition).  
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APPENDIX B: LOW-SPEED SEDIMENTATION INDICATES 

PERCENTAGE OF BUNDLES PER SALT CONDITION 
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Supplemental Figure 2. Actin bundle samples are shown as alternating supernatant (S) and pellet (P) for 

each varying salt condition. Bundle polymerization was performed with varying concentrations of 

buffers: CaI7.0 and MI7.0 (10mM Imidazole pH 7.0, 1mM ATP and 1mM DTT). Actin concentrations for 

both (A) Ca2+ and (B) Mg2+ were 10µM. (C) Analysis of low-speed sedimentation indicates similar 

bundle percentage as concentrations increase for both divalent cations. Uncertainty bars represent the SE. 
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APPENDIX C: MONOVALENT CATIONS AFFECT ACTIN  FILAMENT 

ASSEMBLY  
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Supplemental Figure 3. TIRF microscopy images of filaments formed by monovalent cations. (A) K+ and 

Na+. Polymerization of actin filaments were performed with buffers: KI7.0, NaI7.0 (10mM Imidazole pH 

7.0 with varying [K+] and [Na+], 1mM ATP and 1mM DTT). Actin concentration for imaging is 8 µM. 

(Scale bars, 10µm). (B) Persistence length (Lp) analysis of monovalent cations on actin mechanics 

indicate filament stiffness. (C) Average length measurements demonstrate filament polymerization 

varying in monovalent concentrations. Uncertainty bars represent the SE. 
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APPENDIX D: DIAMETER ANALYSIS OF TEM IMAGES 
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Supplemental Figure 4. Distribution of actin bundle diameters over divalent cation concentrations. (A) 

Ca2+ and (B) Mg2+. Polymerization of actin bundles were in buffers: CaI7.0 and MI7.0 (10mM Imidazole 

pH 7.0, 1mM ATP and 1mM DTT). Actin concentration is 10µM.   
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APPENDIX E: TIME-DEPENDENT IMAGES CORRELATE TO ACTIN 

BUNDLE LENGTHS  
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Supplemental Figure 5. Representative images demonstrate bundle assembly over time. Actin bundles 

become ordered structures as divalent concentrations increase. Fluorescence intensity of images illustrates 

formation of filament aggregates corresponding to cation concentration and potentially indicates filaments 

per bundle. (A-C) Ca2+ and (D-F) Mg2+ divalent cations. Buffers: CaI7.0 and MI7.0 (10mM Imidazole pH 

7.0, 1mM ATP and 1mM DTT). Actin concentration is 8µM. (Scale bars, 10µm). 

 



 
 

APPENDIX F: DYNAMIC BUNDLE FORMATION AT LOW ACTIN 

CONCENTRATION   
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Supplemental Figure 6. Light scattering intensity fluctuations are similar in both Ca2+ and Mg2+. 

Comparison of the results indicates kinetic and thermodynamic assembly of actin bundles over time. 

Actin concentration was 5µM. Polymerization buffers: 20mM CaI7.0 and MI7.0, 10mM Imidazole 7.0, 

1mM ATP and 1mM DTT. Measurements were performed at interval readings of 10sec with a total 

experimental time frame of 2-hours.  
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