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ABSTRACT 

Palladin is an actin crosslinking protein that uses an immunoglobulin (Ig) domain to bind 

F-actin.  Expression of palladin correlates with increased cell motility in normal cells during 

development and wound healing, but also correlates with the invasive motility of abnormal cells 

such as those involved in metastasis. In particular, the correlation between the loss of palladin 

and decreased levels of actin polymer suggests that palladin may have a direct role in stabilizing 

F-actin and/or enhancing actin polymerization. While palladin has been causally linked to the 

invasive cell motility associated with metastasis, the mechanistic roles of palladin in organizing 

cellular actin networks and governing actin filament dynamics have remained unclear. 

Here we show that the actin binding domain of palladin (designated as Palld-Ig3 from 

here on) increases the rate of actin polymerization in vitro via a mechanism that involves 

filament nucleation and elongation. While Palld-Ig3 does not alter actin critical concentration, it 

does modestly enhance the rate of filament elongation. The major effect of Palld-Ig3 in 

stimulating actin filament formation is due to an increase in nucleation rate. The filaments 

nucleated by Palld-Ig3 domain are also highly crosslinked. Our results suggest dual roles for 

Palld-Ig3 that includes both promoting actin polymerization and modifying the stability of actin 

filaments. These roles provide a possible mechanistic explanation for palladin’s critical in vivo 

functions in generating actin filament structures required for normal cell adhesion as well as cell 

motility associated with cancer metastasis. 
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CHAPTER 1 

INTRODUCTION 

1.1 The Actin cytoskeleton 

Actin is one of the most abundant proteins in cells, and together with microtubule and 

intermediate filament networks, it provides the basis for all cellular architecture for eukaryotic 

cells. Actin polymerizes into filaments that are essential for many types of cellular motility such 

as chemotaxis, normal growth cone movement, wound healing, embryonic development, 

pathogen invasion, as well as muscle contraction (1-3). One of the most important functions of 

the actin cytoskeleton is to drive the locomotion of eukaryotic cells by extending the pseudopods 

(filopodia, lamellipods, ruffles or growth cones) as shown in Figure 1.1.  

 

Figure 1.1: A simple schematic diagram of actin cytoskeleton (4). A. This schematic cell 
contains major structures found in a migrating cell without corresponding to particular cell types. 
B. A lateral view of cell, showing several points: ventral lamelopodia and podosomes, dorsal 
structures of ruffles. 
 
The extension of pseudopods is driven by the regulated assembly and disassembly of a 

specialized actin filament network which is controlled by a variety of actin binding proteins 
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(ABPs) at the leading edge of the cells that push forward the plasma membrane  (ABPs, see 

section 1.2). Different functional properties have been reported for several types of actin 

structures, such as lamellipodia that are sheet like protrusions and found in the leading edge of 

cells, pseudopodia and peripheral ruffles that are membrane protrusions and allow for cell 

movement and cell spreading, and the finger like protrusions, filopodia, that contain actin 

bundles and function to serve as antennae for cells to probe their environment.  Cellular actin 

exists in two forms: globular/monomeric actin, G-actin, and the filamentous actin polymer, F-

actin.  G-actin monomers assemble into helical actin filaments, which constantly grow or shrink 

according to the need of cell.  Furthermore, actin filaments can be assembled into a highly 

ordered meshwork of actin structures.  The ability of actin to participate in this reorganization to 

yield this variety of structures is associated with the dynamic nature of the actin cytoskeleton.  

1.1.1 G-actin: The building block of filaments 

G-actin is comprised of 374 amino acid residues and has a molecular weight of about 43 

kDa. Actin is unusually well conserved in amino acid sequence in species ranging from plants 

and animals to primitive unicellular organisms (5). The mammalian actin is 90% identical in 

amino acid sequence to yeast actin. Eukaryotic organisms express three different isoforms of 

actin including β-actin and γ-actin, which are expressed in non-muscle cells, and three isoforms 

of α-actin, which is expressed in skeletal, cardiac and smooth muscle cells (6). These actin 

isoforms possess very similar amino acid sequences, sharing 93% identity with each other (6), 

but have different functions and localization/tissue distributions (7). For instance, β-actin and γ-

actin coexist together and are found at the leading edge of cells where they are involved in 

pseudopod mobility. The three isoforms of α-actin are found in skeletal, cardiac, and smooth 
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muscles and are the major component of contractile apparatus (8). These muscle isoforms are 

99% identical and are expressed in overlapping patterns (6). 

Structurally, G-actin is folded into two major domains, separated by two clefts (upper and 

lower), which are called smaller (right side) and larger (left side) domains as shown in Figure 

1.2. The smaller domain is further subdivided into subdomains 1 and 2, while the larger domain 

is again subdivided into subdomains 3 and 4 (9). The lower cleft (between subdomains 1 and 3) 

consists of mainly hydrophobic residues, provides the major binding site for most actin binding 

proteins, and mediates important longitudinal contacts between actin subunits in the filament 

(10,11). The upper cleft which is between subdomain 2 and 4 binds nucleotides (ATP or ADP) 

along with their associated divalent cations (Mg+2 in cells) and provides an important linkage 

between the major domains (8). Furthermore, subdomain 2 contains the DNase-binding loop (D-

loop) which essentially provides longitudinal, intersubunit contacts in the filament. 

G-actin is an acidic protein, with an isoelectric point of 4.8. Therefore, at physiological 

pH it bears several negative charges. Charge neutralization is a determining factor in the function 

of actin binding and polymerizing proteins, which are predominately basic in nature (12-14). 

Since binding of G-actin to the cationic ABPs occurs predominantly through electrostatic 

interactions, an increase in ionic strength decreases the affinity of binding. For example, Gimona 

& Mital (15) and Amann et al. (16) demonstrated that basic residues of the ABPs calponin and 

dystrophin were required for binding G-actin; however the deletion of the putative actin binding 

sites failed to abrogate F-actin binding by these proteins. Studies suggest that bundling and 

crosslinking can also be explained by an electrostatic mechanism, which is in contrast to the 

traditional model of crosslinking where two distinct actin binding sites are necessary to bind two 

neighboring filaments or dimerization of the crosslinking protein allows for binding with two 
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neighboring filaments (17). For example, the isolated actin binding domains of vinculin (18), 

smooth muscle calponin (14) and the vaccinia virus F17R protein (19) do not have two actin 

binding sites, but research has indicated these ABPs crosslink actin filaments using an 

electrostatic mechanism. 

 

 
 
Figure 1.2: X-ray crystal structure of G-actin (PDB ID: 1ATN) (8).  Subdomains 1, 2, 3 and 
4 are shown with two binding clefts between subdomain 2 and 4 (Nucleotide cleft) and 
subdomain 1 and 3 (target binding cleft). The N- and C-termini, as well as ATP and divalent 
metal cation (Ca+2), are shown. The G-actin structure is oriented using the usual convention 
keeping the barbed-end at the lower part and pointed-end at the upper part. 
 

1.1.2 Filament dynamics: polarity, ATP hydrolysis, and treadmilling 

Actin filaments are linear polymers of monomeric actin that exist as a single, left-handed 

helix with an average of 13 monomers repeating every six turns, in an axial distance of 35.9 nm 
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and a diameter of about 7 nm, as shown in Figure 1.3 (8). The filament looks like two slowly 

turning right-handed chains as the twist per molecule is close to 180o. Furthermore, the actin 

monomers orient themselves only in one direction, which results in filaments that have distinct 

polarity at their ends, namely a dynamic barbed-end (+ end) and a less active pointed-end (- end) 

. 

When ATP-G-actin assembles into the filament, the hydrolysis of ATP to ADP occurs, 

gradually resulting in a greater density of ADP-G-actin at the pointed-end of the filament and 

ATP-G-actin at the barbed-end of filament. Nucleotide hydrolysis generates filament instability 

that results in disassembly.  The instability is caused by an alteration in inter-monomer contacts 

between monomers that result from the release of Pi (20,21). During hydrolysis of ATP, there are 

two sequential steps that occur. First, a rapid release of γ-phosphate of ATP occurs before a 

slower release of the phosphate from the nucleotide binding pocket (22). However, the 

mechanism governing ATP cleavage and phosphate release is not well understood (23). In fact, 

some studies suggest that ATP hydrolysis is not crucial for polymerization to occur because G-

actin containing either ADP or a non-hydrolysable ATP analog is both able to polymerize into 

filaments. This raises a question of whether ATP is required for polymerization for energetic or 

conformational reasons and remains a matter of debate given the fact that ATP hydrolysis does 

not occur immediately upon incorporation into the growing filament (24-27).  

G-actin has a 3-fold higher affinity for ATP than ADP (28). Previous studies of G-actin 

have revealed that there are slight structural differences between the ATP- and ADP-bound G-

actin. These structural differences are located mostly in sub-domain 2 of actin, primarily in the 

loops adjacent to the bound nucleotide and in the DNase I binding-loop (29,30). During the 

transition from ATP to ADP-actin, there is a conformational rearrangement of the unstructured 
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DNase I binding-loop (a 12 residue peptide containing His 40 through Asp 51) to generate an α-

helix in the ADP-bound structure (20). This conformation change has substantial effects on 

actin’s functions, as ATP-actin can polymerize much faster than ADP-actin.  There are also some 

actin binding proteins, such as cofilin, that have greater affinity for ADP-actin (31). More 

recently, Oda et al. (2009) described the propeller-like twist of domains 2 and 4 (outer domains) 

with respect to domains 1 and 3 (inner domains) of G-actin, which are positioned in a more 

flattened orientation in F-actin (Figure 1.3 B and C).  In F-actin the twist of about 17o to 18o 

positions the D-loop in an open conformation, while inserting this loop into the target binding 

cleft of another G-actin immediately above it. 

Actin polymerization is a rapidly reversible process, where filaments can disassemble and 

assemble continuously as needed. Thus, there is an equilibrium established between actin 

monomers and filaments that is dependent on the cellular free monomer concentration.  When 

the ATP-G-actin concentration is near the critical concentration of the barbed and pointed-ends, 

then the filament will be in steady-state. This equilibrium is also called treadmilling, as filaments 

are growing from the barbed-end as disassembly occurs at the pointed-end. The dissociated 

ADP-G-actin is rapidly exchanged with ATP, thus enabling another cycle of polymerization and 

depolymerization (32).  In the migrating cell, treadmilling of actin filaments is the mechanism 

that allows for the turnover of actin filaments assembling at the leading edge of the cell and 

subsequent shrinking, or disassembly, at the cell rear.  
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Figure 1.3: The helical structure of actin filament derived from cryo-electron 
microscopy(10) and schematic and crystal structure of propeller twist necessary for G-to F-
actin transition (8) . (A) The filament can be envisaged as a single left-handed helix with an 
average of 13 monomeric actin subunits repeating every six turns in an axial distance of 35.9 nm 
and a diameter of about 7 nm. (B) The schematic diagram for propeller twist of G- to F-actin 
transition with reference to subdomains 1-4 (8). (C) Crystal structures of G- and F-actin, 
highlighting the rearrangement of the D-loop involved in propeller twist, PDB ID 1J6Z for G-
actin and 2ZWH for F-actin.  
 
1.1.3 Actin polymerization 

It is noteworthy to mention that G-actin can assemble into filaments in both the ATP- and 

ADP-bound states with either high affinity divalent cation (Mg+2 or Ca+2) in vitro, yet in vivo 

actin assembly occurs predominantly from ATP-bound monomers (with Mg+2 cation) (33). G-

actin has nanomolar affinity for divalent cations Mg+2 and Ca+2 in vitro (34,35). However, G-

actin is predominantly found in the Mg+2 form in vivo due to the higher free ion concentration of 

A                                                                                                                                                                       

B                                                                                                                                                                       

C                                                                                                                                                                      
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magnesium (0.5 mM) versus calcium (0.1 µM) in the cytoplasm. The bound adenine nucleotide 

and its high affinity metal ion affect the conformation of the actin monomer as well as assembly 

kinetics, which favors the ATP-bound form (36). Hence, unless otherwise noted, we have used 

physiological relevant Mg+2-bound G-actin throughout this work by exchanging Ca+2 to Mg+2 

right before inducing polymerization. Furthermore, G-actin is stored in Ca+2 because the critical 

concentration of Ca+2 G-actin is ten times higher than Mg+2 G-actin and also calcium G-actin can 

be extracted in high concentration without polymerizing (5,37). The low affinity cation binding 

sites of ATP-G-actin must be sufficiently occupied to induce putative conformational changes 

for the activation of G-actin to initiate polymerization (34,38). In vitro, actin polymerization can 

be initiated by adding the physiological concentrations of neutral salts of 1-2 mM Mg+2 and/or 

10-100 mM K+.  

Actin polymerization proceeds in three distinct steps in vitro: (1) nucleation, (2) 

elongation, and (3) steady state phases as shown in Figure 1.4 (39). Polymerization begins with a 

nucleation phase in which monomeric actin aggregates to form very unstable oligomers that 

eventually combine to form the nucleus (typically, 3 or 4 monomers).  With isolated G-actin, this 

step is energetically unfavorable and occurs with the slowest rate. Once nuclei form, then the 

second phase of elongation begins as monomers rapidly add to the both ends of the nuclei. The 

third phase of polymerization is called steady state because the filament dynamics reach an 

equilibrium state with the assembly and disassembly of monomers from the barbed- and pointed-

ends maintaining a balance governed by the critical concentration of G-actin in the cytosol. The 

equilibrium concentration of the pool of unassembled G-actin in a steady state is called the 

critical concentration (Cc).  The Cc of G-actin in vitro is 0.1 µM and only above this value, G-

actin will polymerize and below this value, the F-actin will disassemble (39). The barbed-end of 
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the filament elongates 5 to 10 times faster than pointed-end of the filament. This unequal 

elongation rate is due to the difference in critical concentration values at both ends . 

  

 
 
Figure 1.4: Assembly of actin filaments in three sequential steps. (1) Nucleation: ATP-G-
actin monomers (orange) slowly form stable complexes of actin trimers (purple). (2) Elongation: 
Monomers are rapidly added to the nuclei (trimeric form of actin) from both ends. (3) Steady 
state: both filament ends are in steady-state exchange with monomeric ATP-G-actin. The 
hydrolysis of ATP occurs after their incorporation to the filament to ADP-F-actin (white). ATP-
G-actin joins the filament orienting at the same direction in F-actin, resulting a barbed-end and 
pointed-end with different exchange rates caused by the difference in critical concentration 
values at two ends. 
 
1.2 Regulation of actin dynamics by actin binding proteins (ABPs) 

In vitro actin filaments can be assembled from monomers by adding salts or disassembled 

by dilution of filaments. However, in vivo cells must regulate actin polymerization by a 

different mechanism that functions in a relatively constant cytosolic ionic concentration (39). A 

myriad of actin binding proteins, along with scaffolding proteins, and signaling proteins are 

present in the cells to regulate actin polymerization through direct and indirect interactions. 

Actin binding proteins have diverse functions as shown in Figure 1.5 (40). ABPs can be 

divided into nine groups according to their specificity of binding to monomeric actin or 

filament actin: 1) actin nucleating proteins such as the Arp2/3 complex, formins; 2) elongating 

proteins, such as Ena/VASP and formins; 3) sequestering proteins or monomer binding proteins 

such as thymosin 4;  4) depolymerizing proteins, such as cofilin; 5) filament end-binding 
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proteins, such as the pointed-end binding tropomodulin or the barbed-end binding CapZ; 6) 

filament severing proteins, such as gelsolin; 7) actin cross-linking proteins, such as filamin or 

-actinin; 8) stabilizing proteins such as tropomyosin or 9) motor proteins, such as myosin.  

One of the most important functions of ABPs includes enhancement of nucleation and/or 

elongation of actin filaments.  This introduction will focus on the function of some of the best 

studied nucleating and elongating ABPs.  

  

 
 
Figure 1.5: Actin polymerization is regulated by actin binding proteins involved in a wide 
variety of functions (40).  
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1.2.1 Regulation of actin nucleation 

  Nucleation is the first step of actin polymerization and involves the de novo formation of 

actin nuclei containing three or four monomers. This step is energetically unfavorable due to 

highly unstable polymerization intermediates (dimers or trimers of G-actin) that rapidly 

dissociate and prevent spontaneous nucleation. However, in cells there are a large number of 

actin binding proteins that can eliminate this lag period. So far, three major groups of actin 

nucleation factors have been acknowledged, as shown in Figure 1.6: (1) the Arp2/3 (actin related 

protein 2/3) complexed together with the nucleation promotion factors (NPFs) (41), (2) the 

formins (42), and  (3) the tandem monomer binding nucleators like Spire (43), Cobl (44), Lmod 

(45), JMY (46) and APC (47). 

Furthermore, several studies suggest that these actin nucleators may not function individually 

but cross-regulation may occur between these nucleators in cells such as Drosophila Spire and 

the formin protein Cappuccino (CAPU) which directly interact and cooperate in actin assembly 

(48). Another example of coupled roles is APC and mDia1, where APC synergizes mDia1 to 

nucleate actin filaments and ectopic actin assembly in cells (47). The cross-talk between 

nucleators has been shown by the dotted arrow in Figure 1.6. 
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Figure 1.6: Models for actin nucleation (49). Left: Arp2/3 is inefficient nucleator, its activation 
requires binding to the nucleation promoting factors (NPFs) and binding to the side of actin 
filaments. Once activated, the Arp2/3 complex nucleates the formation of daughter filament at a 
70° angle to the side of the mother filament. Right: This model depicts both the function of 
formin FH1 and FH2 dimers. FH1 recruits profilin-actin and FH2 associates itself to the barbed-
end of actin filaments in close proximity to FH1 to recruit the actin monomers to the growing 
filament. In yeast, Bud14p interacts with the FH2 domain and displaces formins from growing 
barbed-ends. Middle: The tandem-monomer binding nucleators possess tandem repeats that bind 
actin monomers through these actin binding motifs to form a nucleus.  
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1.2.1.1 Arp2/3   

The first nucleator identified was the complex of Arp2/3, which is composed of seven 

proteins (Arp 2, Arp 3 and ARPC 1-5). The Arp2/3 complex employs a structural mimicry 

mechanism to nucleate and elongate daughter filament from the existing filament at a 70o angle 

and thus generates a branched structure (50,51). However, the complex of Arp2/3 itself is an 

ineffective nucleator and requires nucleation promoting factors (NPFs) for activation (52).  Once 

activated, the Arp2/3 complex can bind to the pointed-end of F-actin with high affinity 

(50,51,53,54).  

NPFs usually consist of a C-terminal WCA region that contains three distinct segments 

referred to as the WASP homology 2 (WH2), connector region (C) and acidic motif (A) (55).  

WH2 motifs bind to the actin monomer, while acidic and connector motifs bind Arp2/3 to 

stabilize the activated conformation, as shown in Figure 1.6 (56). After nucleation, the WCA 

domain dissociates from the complex. More precisely, NPFs perform two special roles in 

Arp2/3-mediated nucleation. First, NPFs trigger the conformational changes in the Arp2/3 

complex by bringing Arp2 and Arp3 closer together, thereby creating actin dimer mimic. 

Second, NPFs bind to free monomeric actin and deliver it to the Arp2/3 complex, a critical step 

in nucleation.  

This ‘dendritic’ nucleation activity, regulated by Arp2/3, plays crucial roles in both cell 

motility and membrane protrusion. The resulting branched network is found in actin structures 

such as Listeria comet tails, lamellipodia, focal adhesions, and yeast endocytic patches (54). 

 

 

 



  14 
 

1.2.1.2 Formins  

    The formin proteins are a second class of actin nucleators, which are found in all eukaryotes 

and work independently of the Arp2/3 complex (57).  Formins catalyze the formation of linear 

actin networks. Phylogenetic investigation of metazoan FH2 domain reveals eight distinct 

formin groups: Dia (diaphanous), DAAM (disheveled-associated activator of morphogenesis), 

FMNL (formin-like protein) or FRL (formin-related gene in leukocytes), FHOD (formin 

homology domain-containing protein), INF (inverted formin), FMN (formin), WHIF (WH2 

domain containing formin), and Delphilin (58,59).  

All formins contain highly conserved Formin Homology 1 and 2 (FH1 & FH2) domains, 

which are generally found in the C-terminus of the protein. Formins can promote both nucleation 

and elongation of actin. The FH1 domain contains proline-rich sequences that are capable of 

binding profilin and SH3 domains (60). The exchange of ADP to ATP on actin monomers is 

accelerated by profilin, which provides a cellular pool of ATP-actin for new filament assembly 

(61).  The FH2 domain is critical for actin polymerization and formins utilize the donut-shaped 

head-to-tail FH2 dimers to nucleate filaments. After nucleation, the FH2 domain remains 

associated with the barbed-end by acting as a processive capper that “walks” with the barbed-end 

of the actin filament as it elongates, as shown in Figure 1.6 (62). The FH2 dimer can be found in 

two different conformational states at the barbed-end of the filament. In the closed conformation, 

the FH2 dimer caps two actin subunits and hence, does not allow binding of either monomer or 

other capping factors to prevent polymerization. Once FH2 is in the open conformation, 

nucleation and elongation of actin filaments can proceed (63). Formins assemble linear, 

unbranched actin networks that are involved in diverse actin structures, including stress fibers, 

cytokinetic actin rings, and actin cables. 
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1.2.1.3 Tandem monomer binding nucleators 

The third group of actin nucleators are tandem monomer binding nucleators that include: 

Spire (43), Cobl (44), Lmod (45), JMY (46) and APC (47). These nucleators contain tandem G-

actin binding motifs, which recruit actin monomers to form nucleation complexes to seed actin 

polymerization. The WH2 domains are G-actin binding modules in all of these nucleators; 

however, these nucleators contain additional actin-binding elements that result in considerably 

different modes of action. For example, Spire and JMY have extra monomer-binding linker 

regions (43); APC contains actin-nucleating sequences (ANS1, 2); and leucine-rich repeats 

(LRR) are found in Lmod.   

The Spire sequence involved in actin polymerization includes both tandem WH2 domains 

and a linker region that stably associates with four actin monomers in a prenucleation seed.  The 

resulting structure looks like a short, single-stranded segment of a nascent filament (Figure 1.5). 

Studies have shown that Spire nucleates actin in a low Spire:actin ratio and conversely 

sequesters actin in high Spire:actin ratio (43,64). It has also been suggested that Spire tends to 

generate free barbed-ends by associating with the side or pointed-ends of the filament after 

nucleation; however, post-nucleation activities of Spire remain to be fully explored. Regardless 

of how Spire works precisely, genetic studies indicate that Spire nucleation is similar to that of 

FH1-FH2 domains of the fly formin named Cappuccino and less like that of the activated Arp2/3 

complex.  Yet, the full length Spire activity has not been explored.  It is well established that 

Spire plays an important role in cytoskeletal interactions by mediating actin-microtubule 

interactions through direct association and bundling with microtubules and is involved in Golgi 

to plasma membrane transport. 
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Cobl nucleates non-bundled, unbranched filaments from the barbed-end. Cobl requires all 

three WH2 domains and the extended linker (L2) to bind actin monomer (Figure 1.5) (44). 

Similar to Spire, nucleation is associated with low Cobl:actin ratios and sequestration of 

monomer is associated with the high Cobl:actin ratio (65). Cobl binds to F-actin and also 

partially prevents disassembly from the barbed-end. 

Lmod is expressed in both striated and smooth muscle and shares two actin binding sites with 

a pointed-end filament protein called tropomodulin (Tmod), a flexible N-terminal region 

containing only one tropomyosin binding site, and a leucine-rich-repeat (LRR) region. Lmod 

also contains a polyproline region, two predicted -helices, and a C-terminal WH2 domain. 

Lmod uses its flexible N-terminal LRR and WH2 regions to form trimeric actin seeds to nucleate 

the polymerization (Figure 1.6). In vitro studies by Chereau et al. in 2008 reveal that Lmod is 

localized at the pointed-end of filaments to stabilize trimeric seeds for nucleation and that this is 

enhanced by tropomyosin. In contrast, study by Tsukada et al.  in 2010 suggests that Lmod 

antagonizes the function of the pointed-end capping protein Tmod and thereby allows elongation 

from the pointed-ends. It is currently unclear both how Lmod binds to the pointed-end of actin 

filaments and how it regulates the assembly of actin in muscle cells. Yet, in vivo studies suggest 

that down regulation of Lmod reduces cell adherence and compromises sarcomere assembly 

(66). Similarly, overexpression of Lmod results in aberrant actin filament structures with 

disruption in sarcomere assembly. 

1.2.2 Elongating factors in regulation of actin polymerization 

 Elongating factors are among those ABPs that increase the rate of elongation of the actin 

filaments after nucleation typically by shielding the growing filament from any capping proteins. 

Formins are quite interesting because these classes of ABPs are capable of functioning both as 
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nucleating and elongating factors for actin assembly. To date there are only two ABPs that have 

been shown to promote elongation of actin filaments, namely formins and Ena/VASP.  However, 

other ABPs may be added to this list as research progresses in the future. As stated earlier 

regarding the role of formin as a filament nucleator, these ABPs use donut-shaped dimeric FH2 

domains to crown the barbed-end and after nucleation, and then remain associated at the barbed-

end to prevent any other capping factors from binding (67,68). For the subsequent elongation of 

actin filaments, formins also require an adjacent FH1 domain.  The FH1 domain is a long, 

polyproline region that recruits profilin-actin monomers and then delivers this complex to the 

FH2-capped barbed-end for rapid addition, as shown in Figure 1.7. It has been reported that for 

various formins, the elongation rate is accelerated to variable extents (1.25 – 5.0 fold) above the 

rate of elongation of free barbed-ends. 

 Enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) is another elongating factor 

that can only promote the elongation of filaments, without promoting nucleation of the filaments 

under physiological salt conditions (69). Ena/VASP has diverse cellular functions, including 

axon guidance, cell adhesion, endocytosis, cell motility and intracellular pathogen motility and is 

found in actin-rich structures such as focal adhesions, cell-cell contacts, lamellipodia and 

filopodial tips (70,71). To protect the barbed-end and accelerate barbed-end elongation, 

Ena/VASP forms tetramers and bundles filaments, but does not processively move with the 

filament ends like formins. Although Ena/VASP also binds to profilin-actin (as shown in Figure 

1.7), conflicting results have been reported for the elongating activity of Ena/VASP in solution 

as opposed to a clustered/immobilized assay (54). Recent total internal reflection fluorescence 

(TIRF) microscopy results show that both human and Dictyostelium VASP proteins accelerate 

elongation of filament substantially, by about 2 and 7 fold respectively (72). However, previous 
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studies showed that the rate of elongation with mouse VASP was only increased by 1.2 fold in 

solution.  

 
 

 

Figure 1.7: Model for elongation of actin filaments by formins and Ena/VASP (54). Formins 
use both FH1 and FH2 domains to elongate the actin filament. FH1 recruits profilin-actin and 
delivers the complex to FH2, which is bound to the barbed-end of filament for rapid addition of 
monomer. Little is known about how Ena/VASP elongates the filament; however tetramerization 
may involve multiple barbed-ends simultaneously.   
 

 As discussed above, numerous ABPs participate in cell motility. Arp2/3 and formins build 

distinct sets of actin networks with different properties, such as linear versus branched or 

protected versus unprotected (73-75). Earlier it had been thought that Arp2/3 and formins are 

only players in the formation of flat sheet protrusions, lamellipodia, because they consist of 

dense networks of interconnected actin filaments with their barbed-ends oriented towards the 

plasma membrane (76). However, the new insight suggests that there is collaboration between 

actin nucleators such as Arp2/3, formins and elongating factors such as Ena/VASP in the 

formation of lamellipodia.  This novel association also suggests the possibility of new players 
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with unique mechanisms that will to add to the complexity of regulation of the actin 

cytoskeleton. 

 As stated earlier, regulation of the assembly of actin filaments from monomeric actin is 

essential for cell migration and adhesion (77). There are currently at least 150 different actin 

binding proteins that have been shown to regulate the assembly and disassembly of actin 

filaments, thus driving the structure and function of the actin cytoskeleton as discussed in section 

1.2. These diverse ABPs allow the formation of highly dynamic structures such as lamellipodia, 

filopodia and stress fibers that are needed to fulfill the various cellular requirements to maintain 

a healthy and growing organism (Figure 1.1). However, actin dynamics and its associated 

proteins are also involved in formation of invadapodia and podosomes, which are actin-based 

protrusions that contribute to invasive motility associated with the deadly cancer invasion and 

metastasis (78). These two invasive structures are similar in appearance but with distinct 

functions. While invadapodia can cross the extracellular matrix (79), podosomes cannot. 

Invadapodia are found in invasive cancer cells and in transformed fibroblasts, whereas 

podosomes are also found in non-cancerous cells such as dendritic cells, macrophages, 

monocytes and smooth muscle cells (79). The formation of both podosomes and invadapodia is 

regulated by actin cytoskeleton regulatory proteins such as cortactin, cofilin, Mena, fascin, 

formin, Neural Wiskott-Aldrich syndrome protein (N-WASP) and the Arp2/3 complex (80-85). 

Palladin is a new player that has also been linked to highly motile cells in both cultured cell 

studies and microarray analysis of gene expression. While palladin has been casually linked to 

cell motility that is associated with metastasis, it is not clear how this essential protein regulates 

actin-based motility. Furthermore, palladin expression correlates with cell motility in normal 
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cells during development and wound healing. Our objective here is to determine how palladin is 

involved in actin-based cell motility. 

1.3 Palladin 

 Palladin is a cytoskeletal protein that is required for maintaining the proper organization 

of the actin cytoskeleton. Two research groups identified this protein independently and 

simultaneously, namely the Otey group in the USA and the Carpen group in Finland. Since its 

discovery, multiple studies have shown that palladin is an actin-associated protein that binds 

directly to actin via one of its immunoglobulin domains (Ig3) (86).  Palladin also binds to a large 

number of actin regulating proteins that include: VASP , profilin (87), and Eps8 (88), Palladin also 

interacts with actin cross-linking proteins such as α-actinin , Lasp-1 (89) and Ezrin ; and binds 

directly to signaling intermediaries ArgBP2 and SPIN-90 (90,91). The interaction of palladin with 

multiple binding partners that in turn also bind to F-actin (such as profilin, α-actinin, Ezrin, 

Lasp-1, Eps8 and Ena/VASP) implies that palladin acts as a scaffolding protein in cells (92). 

Hence, palladin may regulate the organization of the actin cytoskeleton via multiple pathways.  

1.3.1. Palladin family 

 Palladin is a member of a novel protein family, containing relatives’ myotilin and 

myopalladin that all share strong structural and sequence homology with each other (92). All of 

these cytosolic proteins have multiple immunoglobulin-like (IgC2 or Ig) domains (Figure 1.8). 

IgC2 or Ig domains contain  ̴100 amino acids and consist of seven to nine β-strands that adopt a 

β-sandwich fold. These domains are typically associated with soluble extracellular proteins or 

cell surface proteins, which are involved in binding, recognition, and adhesion properties of 

cells.  
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Figure 1.8: The structural homology in palladin/myotilin/myopalladin family (92).  Ig 
domains of this family have strongest homologies. 
 

Palladin, myotilin, and myopalladin are members of novel protein family. Myotilin was 

the first member to be studied and it was noted that expression is restricted to skeletal muscle in 

both human and mouse. Myotilin is structurally homologous to the Ig4 and Ig5 domains of 

palladin and also to titin Z-disc Ig domains 7 and 8 (93). Myotilin does not possess any 

conventional actin-binding domains, but can competently bundle and stabilize actin filaments 

(94). Studies show that the tandem Ig-domains play a key role for actin bundling activity, and 

dimerization between the Ig domains appears to provide the mechanism for actin bundling 

activity (92). A similar mechanism is supported by recent results from the Beck lab showing that 

the Ig3 domain of palladin homodimerizes upon binding actin (95). Myotilin binds to other actin 

bundling proteins such as α-actinin and filamin C.  The α-actinin binding site is also well 

conserved in the N-terminus in myotilin and palladin, whereas no similar sequence was found in 

myopalladin. Studies show that overexpression of myotilin in non-muscle cells results in 

abnormally thick F-actin bundles, with co-localization of α-actinin and myotilin (94).  

Myopalladin is a key component of cardiac sarcomeres and its expression is highly 

restricted to cardiac and skeletal muscle. Myopalladin consists of five Ig domains, but lacks the 

proline rich region (96). The common feature of this family is the ability to bind α-actinin; 

however, myopalladin uses all three C-terminal Ig domains, unlike myotilin and palladin. Studies 

Ig 1 Ig 2 Ig 3 Ig 4 Ig 5 Myopalladin 

Ig 3 Ig 4 Ig 5 PR2  
90 kDa Palladin 

Ig 4 Ig 5 
 Myotilin 
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have shown that the interactions of myopalladin with α-actinin and nebulin are necessary for 

structural regulation of muscle cells and are likewise involved in some cardiomyopathies. 

 A small number of other vertebrate intracellular proteins have also been reported that 

contain Ig domains similar to those of the palladin family, including titin , myomesin (97), 

MyBP-C  (98), MyBP-H (98), and filamin A (FLNa) (99). This small number of cytoplasmic 

proteins, which inherit Ig domains that are typically found in transmembrane proteins, all bind 

directly to actin, myosin, or both and are intimately involved in regulating actin-dependent cell 

functions (100). To the date, the precise function of Ig domains of palladin family is still under 

investigation; however, its direct actin binding and actin-induced dimerization functions have 

been established (86,95).  The role of palladin in binding and bundling F-actin is of great interest 

to the Beck lab because recent studies have shown that overexpression of palladin correlates with 

invasion and metastasis of cancer cells.  Furthermore, recent studies show that filamentous actin 

(F-actin) levels are significantly decreased in palladin-deficient cells (101).  Coupled with the 

fact that actin polymerization and filament stability have been implicated as playing a critical 

role in cancer metastasis led us to the hypothesis that palladin may be involved in both 

polymerization of monomeric actin and/or stability of actin filaments to drive invasive cell 

movement.   

1.3.2 Isoforms and domains of palladin 

A single gene encodes palladin, but there are more than seven different isoforms of 

palladin that result from alternative splicing and early transcript termination, as indicated from 

transcriptome databases (102). The function of three major isoforms, with molecular weights of 

200 kDa, 140 kDa and 90 kDa, are well characterized while little is known about the other 

isoforms (Figure 1.9). These three major isoforms are expressed in all vertebrates, chicken, 
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mouse and human tissues, but have different expression patterns in each species. The 90 kDa 

isoform of palladin (also known as isoform 4) is expressed ubiquitously in all embryonic cells of 

developing rodent tissues, but is down regulated in many adult organs (103). The 140 kDa 

isoform of palladin is widely expressed in embryonic mice, but is restricted to smooth muscles in 

adult animals (89). The 200 kDa isoform of palladin was originally detected in the developing 

heart, but it has been also found in embryonic and neonatal bone. Additionally the 200 kDa 

isoform of palladin closely resembles myopalladin, a protein family member that is also only 

expressed in cardiac tissue. Due to this close sequence homology and overlapping localization, 

palladin and myopalladin likely share functional roles in the heart (89). The isoforms of palladin 

are also categorized according to the number of the immunoglobulin C2 type (IgC2 or Ig) 

domains they contain. The most common isoform (90 kD) contains three carboxy-terminal IgC2 

domains, and is referred to as the 3Ig isoform. The Ig domains in these three major palladin 

isoforms appear to play a role in protein-protein interactions because these structural domains are 

known to be present in both extracellular and intracellular proteins (86). Two proline-rich (PR) 

regions are also located between the IgC2 and IgC3 domains in the 200 kDa and 140 kDa 

isoforms but only one PR domain remains in the amino-terminus of the 90 kDa isoform. These 

two PR regions are very significant for palladin function because several actin-associated 

proteins bind to the PR domains of palladin. 
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Figure 1.9: The seven isoforms of palladin with their apparent molecular weights displayed 
at left. Immunoglobulin C2 type (Ig C2) has been written as Ig for convenience. PR denotes 
proline-rich regions. 

 

To date, the precise functions of palladin family Ig domains are still under investigation, 

however, studies revealed that the Ig3 domain of palladin (Palld-Ig3) directly interacts with F-

actin and represent the minimal domain for its actin binding and bundling activity (86,104).  The 

functions of N-terminal Ig1 and Ig2 remain to be determined. The structure of Palld-Ig3 with its 

basic residues highlighted is shown in Figure 1.10.  

Studies have also shown that Ig4 and Ig5 of palladin bind to Ezrin, a member of the ERM 

family associated with actin scaffolding. In addition to the function of palladin, results from our 

group recently showed that the Palld-Ig3 domain homodimerizes upon binding actin (95). While 

the Ig4 domain does not interact with actin, the presence of this domain (as a tandem Ig3-Ig4 

domain) increases both the binding and bundling affinity, as compared to that of Ig3 alone (95). 

Ig 1 Ig 2 Ig 3 Ig 4 Ig 5 PR 1 PR 2 200 kDa 

Ig 1 Ig 2 Ig 3 Ig 4 Ig 5 122 kDa 

Ig 2 Ig 3 Ig 4 Ig 5 PR 1 PR 2 140 kDa 

Ig 3 Ig 4 Ig 5   PR 2 90 kDa 
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Ig 1 Ig 2 59 kDa 
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The newly uncovered dimerization mechanism, which increases the actin recruiting capacity 

(47), thus provides an explanation for the higher binding and bundling activity of Ig3-Ig4.  

Previous research has shown that interactions between palladin and F-actin are 

electrostatically driven. Specifically, basic patches in the Palld-Ig3 (lysine residues 15, 18 and 

51) are necessary for F-actin binding (86,104).   When these sites were mutated to an uncharged 

alanine residue, a dramatic decrease in F-actin binding was measured. Further support for the 

electrostatic interaction between Palld-Ig3 and F-actin comes from Dixon et al. who showed that 

F-actin binding by Palld-Ig3 was strongly salt-dependent and dramatically more binding was 

associated with lower salt concentration (25 mM) in comparison to higher concentration (200 

mM) .    

 

  

 

 

 

 

 

 

 
 
 
 
 
Figure 1.10: Ribbon representation of solution structure of Ig3 domain of Palladin (PDB ID 
2LQR). Highlighting basic amino acids known to be involved in actin binding are labeled and 
shown as sticks.  
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The ability of Palld-Ig3 to bind and bundle F-actin is of greatest interest to us because 

studies have shown that reorganization of the actin cytoskeleton occurs during cancer metastasis 

(105).  Furthermore, recent studies show that filamentous actin levels are significantly decreased 

in palladin deficient cells (101).  This suggests that palladin may be involved in both 

polymerization of monomeric actin and/or stability of actin filaments, hence driving invasive cell 

movement. 

1.3.3. Palladin binding partners 

 Palladin is an actin binding and crosslinking protein and has an active role in the 

organization of cellular networks. Furthermore, palladin directly binds to actin regulating 

proteins such VASP, profilin and Eps8 and actin cross-linking proteins such as α-actinin, Lasp-

1, and Ezrin suggesting that palladin functions as a unique cytoskeletal scaffolding molecule for 

both multiple actin-binding proteins and actin crosslinking proteins to organize actin filament 

arrays (86,92).  

 Aside from the Ig domains, the three most highly expressed isoforms of palladin contain 

one or two proline-rich (PR) regions (Figure 1.11). These PR regions are structural motifs that 

contain a minimum of five proline residues in a row without any nearby bulky sidechains (87). 

PR 2 region is found in all three of the common palladin isoforms and it is major binding site 

for actin binding proteins profilin, Eps8 (106) and VASP. Only the 140 kDa and 200 kDa 

palladin isoforms have the PR1 domain, which binds to Lasp-1. Studies have shown that 

expression of Lasp-1 is required for cell migration and mis-regulation of Lasp-1 has been 

related to the motility in ovarian and breast cancer cell lines.  
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Figure 1.11: Palladin is a scaffold for actin-binding proteins. The binding sites for various 
actin binding proteins known to interact with palladin are shown. This schematic shows the 
longest 200 kDa palladin isoform; however, it is the 90 kDa palladin isoform that is expressed 
ubiquitously and consists only of the N-terminal PR2 and C-terminal Ig3, Ig4, Ig5 domains (see 
Figure 1.9). 
 

VASP binds to palladin at the PR2 region and it has been shown that the VASP family of 

proteins are crucial for normal cell migration (107). Palladin and VASP colocalize at the sites of 

active actin polymerization, such as in focal adhesions and at the leading edge of migrating 

cells.  However VASP is known to form bundles and also stabilizes actin filaments (107). 

Profilin can bind directly to both VASP and palladin and it has been suggested that profilin 

might be recruited to the site of actin polymerization in cells through this interaction. 

Furthermore, profilin also binds to palladin directly in the absence of VASP , which suggests 

that palladin could be a part of protein complexes that recruit profilin to the site of actin 

dynamics because profilin recruits actin monomers (87). 

The Ig3 and Ig4 domains of palladin both interact with the α-helical domains of the active 

form of ezrin (108). Ezrin has been implicated as playing a critical role in metastasis of different 

types of tumors, suggesting that palladin might also be involved in invasive motility via 

association with ezrin (109).  
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The first binding partner identified for palladin was α-actinin, which docks in the region 

between the PR2 and Ig3 domain. α-actinin plays a role in cell-cell and cell matrix adhesion 

besides its function in stabilizing the filaments (110). There are four α-actinin genes encoding 

four proteins namely α-actinin 1-4 in humans. Two isoforms (α-actinin-1 and -4) are restricted to 

non-muscle cells, while the other isoforms (α-actinin-2 and -3) are restricted to striated muscle. 

Studies have shown that overexpression of α-actinin-1 and 4 correlate with metastasis (111). 

Given the strong binding affinity between α-actinin and palladin, it is suggested that palladin 

may share its function in the dis-regulation in cancer cells.  

Eps8 is a barbed end capping protein and it is recruited to actin dynamic sites, and studies 

have shown that actin-based propulsion was impaired upon its removal (112). Palladin also binds 

to Eps8 in the PR2 region and together these two proteins play a role in remodeling of the actin 

cytoskeleton by promoting the formation of podosomes and dorsal ruffles upon phorbal ester and 

PDGF treatment (106).  

In addition to binding to the numerous actin binding proteins, palladin also binds to 

several signaling intermediaries such as SPIN-90 and ArgBP-2 (90,91). ArgBp-2 is directly 

associated to intracellular signaling cascades by its interaction with Abl family kinases, Pyk2 and 

the ubiquitin ligase Cbl and also binds with actin associated proteins like WAVE 1 (activator of 

Arp2/3 complex) (90). This protein co-localizes with palladin in stress fibers and focal adhesion 

and is involved in regulation of actin cell motility and cell-cell adhesion (79). SPIN-90 binds to 

several signaling proteins, such as, p190RhoGAP, Vav2 , and actin-regulating proteins the 

Arp2/3 complex , palladin  and actin itself. Studies suggested that SPIN-90 is involved in 

regulating actin cytoskeleton during lamellipodia formation and cell movement. 
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Palladin also participates in rearrangements of cytoskeletal actin during the formation of 

podosomes by binding to Src, a family of protein tyrosine kinases that play key roles in 

regulating signal transduction (91). Src is predominantly inactive under normal conditions. 

However, dephosphorylation and other protein interactions act to regulate Src by either directly 

activating Src or recruiting Src to the sites of action. Once Src is activated, it induces cytoskeletal 

effects including disruption of stress fibers, cell-cell adhesions, formation of podosomes and 

membrane ruffles. 

Taken as a whole, palladin’s unique role as a molecular scaffold for multiple actin-

binding proteins and also as an actin crosslinking protein suggests that palladin regulates the 

organization of the actin cytoskeleton via direct and indirect pathways.  

 1.3.4 Palladin’s cellular function 

 Many lines of evidence suggest that palladin localizes to many actin-based structures, and 

it plays a critical role in formation of stress fibers, dorsal ruffles, cell adhesions, growth cones, 

and podosomes (88,103,113,114). Recent evidence suggests that palladin may regulate cell 

motility by organizing actin filaments into functional arrays needed for cell migration and 

cellular contractility (89). For example, when palladin expression was down-regulated in 

cultured fibroblasts, the cells displayed loss of stress fibers, focal adhesions and cell motility 

(103). Conversely, when palladin expression was up-regulated in astrocytes and Cos7 cells, a 

robust actin bundling phenotype was observed (89,115). Furthermore, the previous results were 

strengthened by Liu et al. who recently observed both a decreased amount of polymerized actin 

and a reduction in stress fiber density in cells harvested from the embryonic lethal palladin 

knockout mouse (101). These studies revealed that palladin is required for normal embryonic 
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development as their palladin knockout studies yield a lethal phenotype in the embryo, as well as 

neural closure defects (85).  

 Palladin has also been found in growth cones of developing dendrites and is required for 

neurite extension in cortical neurons (113). Studies have suggested that palladin is involved in 

tissue remodeling that occurs in response to injury. For example, Boukjelifa and colleagues (115) 

reported that in reactive astrocytes palladin was up-regulated after injury to the central nervous 

system. Their results indicate that an increase in the concentration of palladin causes the cells to 

become more migratory by assembling filamentous actin arrays. These studies also show that 

palladin is up regulated in animal models when there are injuries in the brain, aorta, and skin, as 

well as in human wound granulation (115,116). The closing of wounds requires a high degree of 

cell motility and cell contractility, therefore the presence of palladin at these wounds suggests 

that palladin could be a central player in these processes. 

 In addition to cellular processes associated with healing, growth, and development, 

palladin has been implicated as playing a critical role in invasive motility associated with 

metastasis of cancer. Studies demonstrate that expression levels of palladin are higher in 

malignant tissues than in benign breast cancer tissues (114). Similarly, high levels of palladin 

expression were found in both invasive pancreatic and renal cell carcinomas. These results 

suggest that palladin may play a key role in the invasive cell motility that characterizes 

metastatic cancer cells.  

 Invadapodia and podosomes are the actin-rich structures that are found in cells crossing 

tissue boundaries. One study shows that higher amounts of palladin expression are required for 

the formation of invadapodia that degrade the matrix for metastasis (117). Another study shows 

that knocking down palladin’s expression leads to a significant decrease in podosome formation 
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in invasive breast cancer cell lines (114). These results imply that palladin plays a key role in 

regulating normal cell migration and adhesion, but also contributes to the invasive motility of 

metastatic cells.  

1.3.5 Palladin and cancer 

As stated earlier, multiple actin binding proteins contribute to the invasive motility of 

metastatic cancer cells including Lasp-1 , cofilin (118), Eps8, and α-actinin (111,119). Upon its 

discovery, palladin was not suspected to play a role in cancer, so it was studied purely in the 

context of its role in wound healing and development. However, multiple recent studies suggest 

its possible role in cancer motility. First, the Kern lab used serial analysis of gene expression to 

identify a cluster of invasion-specific genes in colorectal and pancreatic cancers, and the palladin 

gene was found within that cluster (120). The Condeelis lab applied an innovative approach to 

capture actively migrating cells and they found that the palladin gene was upregulated three-fold 

in the invasive cells (121). The most direct proof for palladin’s role in invasive cancer came from 

the study of genes involved in pancreatic cancer. In fact, the palladin field of studies changed 

directions in response to a decade-long study of Family X, who is suffering from a highly 

penetrant familial form of pancreatic cancer that had been documented for over four generations 

(122). The Brentnall lab at the University of Washington identified a single point mutation in the 

palladin gene that perfectly correlated with all members of Family X that succumbed to 

pancreatic cancer. The point mutation was hydrophobic proline to hydrophilic serine at position 

239 (P239S), which happens to lie within the α-actinin binding region of palladin (122). 

However, it was not known whether this point mutation would alter palladin’s ability to bind α-

actinin or to any of its other binding partners. When this P239S mutant form of palladin was 

transfected in HeLa cells, the cells exhibited abnormal actin bundle assembly and significant 
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changes in actin cytoskeleton with an increase in cell motility (122). This single point mutation 

was only identified in members of Family X with the familial pancreatic cancer, and since then 

no other families have been identified with this mutation. Furthermore, this P239S mutation does 

not appear to affect the interaction between palladin and -actinin (123). This suggests that it is 

not certain whether this palladin mutation causes pancreatic cancer, but it definitely warrants a 

more thorough investigation of this mutation and the role of wild type palladin in pancreas to 

yield insight into the molecular pathways that are involved in inherited pancreatic cancer.  

This connection to metastatic cancer is bolstered by the fact that palladin binding partners 

Ezrin and Eps8 (124) are both upregulated and participate in metastatic invasion. Studies show 

that these genes are mutated in inherited forms of cancer or are mis-regulated through other 

mechanisms in sporadic forms of the disease. While it is still unclear what mechanisms are at 

play in promoting the metastasis of cancers, it is evident that an actin–organizing molecular 

pathway is synchronized to regulate highly invasive cancer cells. 
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CHAPTER 2 

AIMS OF STUDY 

 According to the American Cancer Society, cancer is the second leading cause of 

death in the United States (125). In most cases, cancer survival is directly linked to the ability of 

cancerous cells to spread from the original tumor site, or metastasize, and there are currently no 

therapeutic agents that can target directly the migratory cancer progression. Both normal and 

metastatic cell motility involve the coordinated reorganization of the actin cytoskeleton, and 

recent analyses have yielded insights into which proteins are specifically upregulated during 

metastasis. One such protein is palladin, an actin-binding and -crosslinking protein that has an 

active role in the coordinated reorganization of cellular actin networks. In normal cell migration, 

the expression of palladin is correlated with embryonic development and wound healing. In 

contrast, elevated palladin expression is also correlated with the increased motility of abnormal 

cells in cancer metastasis. Our goal is to understand how one actin-binding protein, palladin, 

regulates actin-based motility by examining the polymerization of actin and organization of actin 

arrays in the presence of palladin. 

Previous research reveals that palladin can directly bind and crosslink or bundle filaments 

of actin (86). In addition, studies also show that polymerized or filamentous actin (F-actin) levels 

are significantly decreased in palladin-deficient cells (101).  This suggests that palladin may be 

involved in both polymerization of monomeric actin (G-actin) and/or stability of actin filaments, 

hence driving invasive cell movement.  On this basis, we hypothesize that palladin: 

1. Accelerates actin assembly by promoting nucleation and/or stabilizing filaments. 

2. Alters the critical concentration of barbed end of filaments to accelerate actin assembly. 

3. Has an important role in formation of different cytoskeletal structures and speculate that 
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the kinetics of bundle assembly is correlated with actin polymerization. 

We aim to understand the mechanisms by which palladin influences actin filaments, thus 

providing a potential link between palladin and cancer metastasis. We have used biochemical 

assays to isolate palladin and understand its direct role in regulating actin networks outside of the 

complex cellular environment. We believe our studies will lead to a better understanding of the 

molecular role of palladin and its contribution to actin dynamics during cell motility and 

invasion. 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Protein preparation and purification 

The Ig3 domain of palladin (Palld-Ig3) was sub-cloned from the pMAL-Ig3 construct 

into the pTBSG expression vector and transformed in BL21 (DE3)-RIL E. coli cells (Agilent 

Technologies). Selection plates had 50 mg/ml ampicillin (Gold Biotechnology) and 34 mg/ml 

chloramphenicol. A single colony from selection plates was placed in a 100 ml LB broth starter 

culture with antibiotics (50 mg/ml ampicillin + 34 mg/ml chloramphenicol) and grown overnight 

at 37 ºC with shaking (200 rpm). LB broth was made of 5 g yeast extract, 10 g NaCl, 10 g 

tryptone in 1 L water and then autoclaved to sterilize before adding antibiotics. Then 10 ml of the 

overnight starter culture was transferred into 2.8 L flasks containing 1 L medium with antibiotics 

(50 mg/ml ampicillin + 34 mg/ml chloramphenicol) and grown overnight at 37 ºC until the 

OD600 ~ 0.5. Next, 0.5 mM IPTG was added to the culture to induce protein expression. 

Concomitantly, the incubator temperature was lowered to 18 ºC and cultures were grown 

overnight in the IS-971 incubator/shaker. After 12-16 hours, the cells were spun down using a 

Beckman Coulter centrifuge at 4,000 xg for 20 minutes and the cell pellet was resuspended in 50 

ml Lysis buffer (25 mM Tris, pH 7.5, 100 mM NaCl, 5 mM imidazole) for 4 L of growth. A 

protease inhibitor cocktail of 1X BAL (1000X BAL = 10 mg/ml benzamidine, 2 mg/ml antipain 

(CalBiochem), and 1 mg/ml leupeptin) was added and pellets were stored in 50 ml conical vials 

in freezer at -20 ºC until ready for lysis or continued purification without freezing cell pellet. 

For purification, cells were lysed for 1 hour by sonicating 5 s on and 5 s off in a Fisher 

Scientific sonicator at 100% amplitude while sonicating in steel container immersed in ice water. 

The resulting lysate after sonication was poured into centrifuge tubes and centrifuged at 18,000 
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rpm (25,000 x g) for 1 hour in a Beckman Coulter J2-MC centrifuge. The standard nickel column 

purification method was followed for first step of purification, using the crude supernatant 

fraction after centrifugation. The supernatant was applied to a ~40 mL nickel-column and 

washed with 2-3 column volumes of wash buffer (25 mM Tris, pH 7.5, 100 mM NaCl, 25 mM 

imidazole).  The protein was eluted using elution buffer (25 mM Tris, pH 7.5, 100 mM NaCl, 

500 mM imidazole). TEV protease (1 ml 100 µM for 4L growth) was added to the eluted protein 

fractions to cleave the histidine affinity tag from the protein and was allowed to digest at room 

temperature for 4 hours followed by overnight at 4 ºC. An SDS-PAGE gel was used to confirm 

the removal of the His6-tag. After removal of affinity tag, the protein was dialyzed in 4 L of S-

column buffer A (25 mM KH2PO4 pH 5.5, 100 mM NaCl, 2 mM DTT). A brown precipitate was 

often observed after dialysis, if so, then the protein solution was centrifuged for 30 minutes at 

4,500 x g before loading the protein solution via a super-loop onto the cation exchange column 

(S-column, GE Heath Sciences) and eluted by a 0 to 100% gradient to S-column B buffer (25 

mM KH2PO4, pH 5.5, 1 M NaCl, 2 mM DTT). The fractions were collected and the presence of 

Palld-Ig3 was confirmed by running in SDS-PAGE gel. After purification, Palld-Ig3 was 

dialyzed into a HEPES buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM DTT), stored at 4 

°C and used within 2-4 weeks. Cell growth, DNA, and protein concentration were measured by 

using an Optizen UV/VIS Spectrophotometer. The extinction coefficient of 11,585 M-1cm-1 was 

used to measure the concentration of Palld-Ig3 at 280 nm.  Reagents were purchased from Fisher 

Scientific unless otherwise noted. 

Actin was purified from rabbit muscle acetone powder (Pel-Freez Biologicals) using the 

method of Spudich and Watt (126). For 1 gram of acetone powder, 20 ml of chilled G-buffer 

with DTT was added and stirred for 30 minutes at 4 °C while keeping in an ice-bucket. A 
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Beckman Coulter J2-MC centrifuge with a JA-20 rotor at 16,000 rpm was used to spin down the 

extract for 30 minutes at 4 °C. Glass wool was used to filter the supernatant and 50 mM KCl, 2 

mM MgCl2 and 1 mM ATP were added to polymerize the actin. The reaction mixture was 

allowed to process at room temperature for 30 minutes followed by 60 minutes at 4°C in an ice 

bucket with mild stirring.  Additional KCl (0.8 mM) was added to the reaction mixture to 

completely dissociate tropomyosin. The KCl was added with slow stirring to avoid introducing 

bubbles or shearing F-actin and then centrifuged for 2 hours in Ti-45 rotor at 35,000 rpm at 4 °C 

in a Beckman Coulter Optima LE-80K Ultracentrifuge. A clear gelatinous pellet was obtained 

which was rinsed with G-buffer and the entire pellet was carefully lifted out of the tube by 

sliding a spatula underneath. Pellets were transferred to a dounce homogenizer along with a 

loose pestle and 3 ml of G-buffer with DTT for each gram of acetone powder was added to 

resuspend the pellet. The filamentous actin was dialyzed in 12-14 kDa (Fisher brand) dialysis 

tubing in G-buffer for 3 days with daily buffer exchange and mixing the contents of the tube by 

inverting it several times. Any remaining filamentous actin was pelleted at 37,000 rpm in the LE-

80K ultracentrifuge. The top two-thirds of the supernatant were carefully removed for gel-

filtration purification, while the bottom one-third was aliquoted and snap-frozen in liquid 

nitrogen to be used for co-sedimentation assays. The top fraction of the supernatant was then gel-

filtered using a 16/60 Sephacryl GE HiPrepTM S-200 column equilibrated with G-buffer. The 

fractions from the front of the peak were collected, pooled, and the concentration was measured 

using an Optizen UV/VIS spectrophotometer at 290 nm with the extinction coefficient of 26,600 

M-1cm-1. The fractions at the back peak were also collected, pooled and the concentration 

measured and quickly frozen in liquid nitrogen to be used for co-sedimentation assays. Purified 



  38 
 

monomeric actin was stored at 4 °C in G-buffer (5 mM Tris-HCl, pH 8, 0.1 mM CaCl2, 0.2 mM 

DTT, 0.2 mM ATP, 0.02% sodium azide) and used within 2-4 weeks.  

Pyrene-labeled actin was prepared by the reaction of N’-[3-pyrenyl]-maleimide (M.W. 

297.3, Sigma-Aldrich) with gel-filtered G-actin as described previously (127) with several 

improvements.  First, gel-filtered G-actin was dialyzed into G-buffer without DTT overnight at 4 

°C to remove the reducing agent. Next, G-actin was polymerized by adding 100 mM KCl and 1 

mM MgCl2. For pyrene labeling, the ratio between gel-filtered G-actin and pyrene maleimide 

was 1:1.1.  Given the fact that the solubility of pyrene maleimide in water is 45 µM, the highest 

concentration of G-actin used was 40 µM. Thus, a 1:1.1 molar ratio of pyrene maleimide was 

added and mixed with large bore pipet tip, up and down three times, and incubated at room 

temperature for 20 minutes. Another 1:1.1 molar ratio of pyrene maleimide was added and 

incubated for one hour at room temperature. Excess pyrene maleimide was removed by ultra-

centrifugation at 40,000 rpm for 1 hour at 4 °C. Fresh G-buffer with DTT was added (3 ml/g of 

acetone powder) to the actin pellet and dialyzed at 4 °C for 2 days to depolymerize actin.  It was 

important to cover the dialysis flask with aluminum foil to avoid photo-bleaching. One buffer 

change was carried out each day. After dialysis, the labeled G-actin was ultra-centrifuged at 

40,000 rpm for 1 hour and supernatant was collected to determine the concentration and 

percentage of labeling. The percentage labeling was measured by correcting the actin absorbance 

at 290 nm, because pyrene absorbs at 344nm. The extinction coefficient for G-actin of 26,600 M-

1cm-1 was used to measure actin concentration at 290 nm and the extinction coefficient of 

2.22x104 M-1cm-1 was used to quantitate pyrene label at the 344 nm. The following formulas were 

used to correct the A290 and then determine the percent pyrene labeling: 

Corrected A290 for actin X* = X – (0.127)Y, where X = A290, Y = A344 
% labeled = [pyrene]/[actin] 
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3.2 Actin polymerization and crosslinking by co-sedimentation assay 

The actin co-sedimentation assay was adapted to determine whether Palld-Ig3 could 

induce polymerization of G-actin (86). In these assays Ca-G-actin (5 µM) was incubated with 

various amounts of Palld-Ig3 (0-25 µM) under non-polymerizing conditions (G-buffer) for 1 

hour. To isolate F-actin-bound Palld-Ig3, the reaction mixture was centrifuged at 100,000 x g for 

30 min (Beckman TL-100 ultracentrifuge). The supernatant was removed, the pellet was 

resuspended in 100 µl of 0.1% SDS buffer (25 mM Tris, pH 8.3, 25 mM glycine, and 0.1% SDS) 

and the proteins in both pellet and supernatant were separated by using 16% SDS-PAGE gels. 

Coomassie stain (0.1% Coomassie R250, 10% acetic acid, 40% methanol) was used to visualize 

the band of interest for 15-30 minutes and distained using distaining solution (20% methanol, 

10% acetic acid) until the background is nearly clear. The amount of actin and/or Palld-Ig3 

present in each fraction was quantified by using ImageJ software (128). At least three data sets 

were averaged and standard deviation calculated. 

To quantify the effect of Palld-Ig3 on actin crosslinking that occurs during co-

polymerization as opposed to Palld-Ig3-induced crosslinking of preformed actin filaments, 10 

µM Ca-G-actin was incubated with various amounts of Palld-Ig3 (0-20 µM) under either in non-

polymerizing conditions (G-buffer) or polymerizing conditions of F-buffer, also referred to as 

MKEI buffer (5 mM Tris-HCl, pH 8.0, 100 mM KCl, 2 mM MgCl2) respectively. The reaction 

mixtures were supplemented with 1 mM DTT and 0.2 mM ATP. The reaction mixtures were 

incubated for 1 hour and then centrifuged at 5,000 x g for 10 min to pellet the bundled F-actin. 

To pellet all remaining actin filaments, the supernatant was then centrifuged at 100,000 xg for 30 

minutes. Supernatant and pellet fractions were separated, and quantified by SDS-PAGE as stated 

above for the binding assay.  
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3.3 Actin monomer binding assay 

The interaction of Palld-Ig3 with G-actin can be measured by monitoring the 

fluorescence enhancement assay as described (129). For this assay 100 nM, 100% pyrene-labeled 

G-actin was used with and without 20 µM Palld-Ig3 and incubated for 1 hour at room 

temperature. The steady-state pyrene fluorescence was measured using 365 nm as excitation 

wavelength and 385 nm as emission wavelength in fluorescence spectrophotometer (PTI).  

 For Native PAGE assays, the samples were prepared using 3 µg or 4.5 µg of gel-filtered 

dark G-actin that had been pre-incubated with 10 µM Latrunculin A (monomer sequestering 

factor) for 30 minutes at room temperature in F-buffer (10 mM Tris, pH 8, 100 mM KCl and 0.5 

mM DTT). Different concentrations of Palld-Ig3 (0 – 7.5 µM) were added to the G-actin/Lat A 

mixture and incubated for another hour at room temperature. Then 4X PAGE loading buffer 

without SDS (10 mM Tris, pH 9, 250 mM NaCl, 2.5 mM DTT and 40% glycerol) was added to 

each sample to run in native PAGE gel.  Before loading the sample onto the 10% polyacrylamide 

gels, they were pre-run at a constant 300 V for 15 minutes at 4 oC as described by Safer (130). 

Next, a 20 µl aliquot of each reaction mixture was loaded onto the pre-run gel and 

electrophoresed for 1 hour 15 minutes at 300 V at 4oC. 

 Binding of Palld-Ig3 to G-actin was measured by using a fluorescence monomer binding 

assay (47). The samples were prepared by using 100 nM, 100% pyrene-labeled G-actin that was 

pre-incubated with 100 nM Latrunculin A for 5 minutes in G-buffer (2 mM Tris, pH 8, 0.2 mM 

ATP, 0.1 mM DTT and 0.005% NaN3). Various concentrations of Palld-Ig3 ranging from 0–300 

nM were added to the above sample and incubated for 1 hour at room temperature before steady-

state fluorescence was measured using an excitation wavelength of 365 nm and an emission 

wavelength of 385 nm.  
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3.4 Pyrene fluorescence assay  

3.4.1 Effect of palladin on spontaneous actin polymerization  

Polymerization of G-actin was quantified by the increase in fluorescence intensity of 5% 

pyrenyl F-actin, which is 7-10 times greater than the fluorescence intensity of monomeric actin 

as described (127). Pyrenyl actin and unlabeled G-actin were mixed together to make 10 µM, 5% 

pyrene labeled G-actin stock. Right before the experiment, 5 µM of this stock was incubated for 

2 minutes upon addition of 10X priming solution (10 mM EGTA and 1 mM MgCl2) to convert 

Ca-G-actin into Mg-G-actin. Polymerization was then induced by adding 25 mM KCl 

(polymerizing conditions) or without KCl (G-buffer conditions) and all the pyrene fluorescence 

was measured with excitation at 365 nm and emission at 385 nm. An equal amount of storage 

buffer was included in each reaction sample by taking the volume from highest amount of Palld-

Ig3 used to insure that no contributions from Palld-Ig3 storage buffer affected polymerization. 

The experiments were repeated at least twice with similar results.  For the kinetic evaluations 

only, raw data were normalized by subtracting the baseline fluoroscence and dividing by the 

steady-state plateau fluorescence. The overall polymerization rate of each polymerization curve 

was determined by plotting the slope of the linear region of curve and converting relative 

fluoroscence units/s into nM actin/s. This correction is based on the assumption that at 

equillibrium, the total amount of polymer is equal to the total concentration of actin minus the 

critical concentration, as Palld-Ig3 does not alter the critical concentration . 

3.4.2 Barbed-end actin assembly  

Barbed-end assembly was measured in the presence and absence of Palld-Ig3 as 

described (131). Briefly, dark G-actin was polymerized at a high concentration (20 µM) by 

adding MKEI polymerization buffer. This mixture was incubated at room temperature for 1 hour 
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and subsequently vortexed for 30 s to use the fragments as a seeds for elongation. The 

concentration of vortexed F-actin seeds relative to the total actin concentration was below 5% 

(12). The seeded barbed-end assembly was performed using 5 µM, 5% pyrene actin, 20 µM 

Palld-Ig3 and 0.5 µM F-actin seeds.  The rate of the barbed-end elongation assay was determined 

using 5 µM, 5% pyrene actin in the presence of Palld-Ig3 (10 or 20 µM) with varying 

concentrations of F-actin seeds (0.1- 0.5 µM) until saturation was achieved. To normalize the 

data, the baseline fluorescence was subtracted from the raw florescence measurements. 

3.4.3 Pointed-end actin assembly 

Gelsolin-actin seeds were formed by mixing plasma gelsolin (Cytoskeleton, Inc.) with a 

two-fold molar excess of actin in G-buffer in the presence of 500 µM CaCl2 and 10 mM Tris, pH 

8.0. The reaction mixture was incubated for 2 hours at room temperature and then incubated at 4 

°C overnight before adding 10% of the total volume of 10X KME (10 mM EGTA, 10 mM 

MgCl2, 250 mM KCl). This mixture was employed with five-fold excess 5% pyrene actin, either 

with or without 20 µM Palld-Ig3. Gelsolin-actin seeds were warmed to room temperature before 

mixing.  The data points were baseline corrected by subtracting baseline fluorescence.  

3.4.4 Critical concentration determination  

The critical concentrations of both barbed and pointed ends of actin filaments were 

determined by serially diluting polymerized actin or gelsolin-capped F-actin to a range of 

concentrations (0-3 µM) with and without the addition of Palld-Ig3. For the barbed end critical 

concentration, 10 µM 5% pyrene actin was polymerized and serially diluted, however, for 

pointed end critical concentration measurements, gelsolin-actin seeds were made first  and then 

added in a 1:5 ratio (gelsolin-seed: pyrene actin) to make filaments (131). In both circumstances, 

MKEI polymerization buffer (2 mM MgCl2, 50 mM KCl, 1 mM EGTA, 20 mM imidazole, pH 



  43 
 

7), was added to polymerize actin. Upon dilution of polymerized actin, 1 mM DTT and 0.2 mM 

ATP were added to polymerizing condition reactions. The diluted reaction mixtures were then 

incubated at room temperature for 4 hours and the steady state pyrene fluorescence was 

measured. The critical concentration of actin in the presence or absence of Palld-Ig3 was 

determined from the intersection between the fluorescence intensity measurements for 

monomeric actin and either serially diluted F-actin or gelsolin-seeded F-actin. 

3.4.5 Actin filament depolymerization  

Pyrene-labeled F-actin (10 µM, 5% pyrene) was prepared by incubating G-actin for one 

hour at room temperature in MKEI polymerization buffer as described previously.  In 200 µl 

reactions, 2 µM, 5% pyrene pre-assembled filaments and variable concentrations of Palld-Ig3 (1-

20 µM) were mixed along with 1 mM DTT and 0.2 mM ATP. After 30 minutes of incubation, 2 

µl of 1 mM Latrunculin A (Calbiochem) prepared in DMSO was added to the mixture and actin 

filament disassembly was immediately monitored by pyrene fluorescence for 600 s. At steady 

state, the fluorescence signal of each sample was normalized to 1 AU by dividing the first point 

of fluorescence intensity to the rest of the polymerization curve. 

3.4.6 Determination of the nucleus size 

The nucleus size of actin was determined by measuring the time course of polymerization 

at several different concentrations of G-actin (5-20 µM) with and without 20 µM Palld-Ig3. 

Polymerization was induced by adding 25 mM KCl to pre-exchanged Ca+2 to Mg+2 5% pyrene 

monomeric actin; then the nucleus size was estimated by plotting the polymerization time for 5% 

completion (T5%) as a function of actin concentration (132). The slope of the plot was determined 

for the plot of ln[actin] versus ln(T5%).  
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3.4.7 Salt dependence of palladin on actin polymerization 

The salt dependence of palladin was monitored by measuring the time course of actin 

polymerization at different concentrations of KCl (25-100 mM) with 5 µM, 5 % pyrene G-actin 

in the absence or presence of 20 µM palladin. Prior to polymerization, Ca-actin was pre-

exchanged to Mg-actin by adding priming solution and polymerization was initiated by adding 

different concentrations of KCl. The data were normalized by subtracting the baseline 

fluorescence and dividing by the plateau in fluorescence. 

3.4.8 Comparison of WT palladin and lysine triple mutated palladin 

A lysine triple mutant (K15/18/51A) of Palld-Ig3 domain was previously generated and 

shown to diminish F-actin binding and bundling by palladin (104). The triple mutant protein 

was expressed and purified as described for wild type Palld-Ig3. Polymerization of 5 µM, 5% 

pyrene actin with 1 µM and 20 µM of WT Palld-Ig3 or triple mutant Palld-Ig3 were initiated by 

adding 25 mM KCl after changing Ca-actin to Mg-actin. The raw data were normalized by 

subtracting baseline fluorescence and dividing by the plateau fluorescence. 

3.5 Mathematical modeling of actin polymerization with and without palladin 

Actin polymerization kinetics was simulated in the presence and absence of Palld-Ig3 

using the MLAB modeling program (Civilized Software). Fluorescence values were converted to 

actin filament concentrations by assuming that 0.1 M actin (Cc) remained unpolymerized at 

equilibrium. We used a model based on the previous work of Wegner and Engel, as modified by 

Cooper et al.  and further refined by Beall and Chalovich (12).  In this model it was assumed that 

nucleation consisted of a two-step addition of activated actin monomers: A1 + A1 = A2 and A1 + 

A2 = A3.  The rate equations for these two steps of nucleation are then identical, resulting in rate 

constants for the forward k3 (M-1s-1) and reverse k4 (s-1) reactions.  To solve the differential 
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equations describing the time course of A3, it was necessary to make the assumption that the 

value of An=An+1 so that A4 can be set equal to A3. Elongation was then assumed to occur by 

addition of actin monomers to the nucleus (A3), with the forward rate constant k5 (M-1s-1) and the 

reverse rate constant k6 (s-1) as described elsewhere (12,133,134).  The equations for the 

simulations and data fitting are given below and have been slightly modified from: 

 dA1/dt = k1(Atotal – A1 - 2*A2 - 3*A3 - 4*P) + 2*k4*A2 – k2*A1 – k3*A1
2  (1) 

 dA2/dt = k3*A1
2 + k4*A3 – k4*A2 – k3*A2*A1     (2) 

 dA3/dt = k3*A2*A1  + k6*P – k5*A1*A3 – k4*A3     (3) 

 dP/dt = k5*A3*A1 – k6* A3        (4) 

MLAB was first used to simulate an individual data set by adjusting the rate constants so that the 

time course of polymerization (P) matched that of experimental curves.  Then the data were fit 

globally by varying k3 and/or k5, while the values of the other rate constants were held constant 

at k1 = 1 x 108 s-1, k2= 1 x 10-4 s-1, k4 = 500 s-1, and k6 = 0.1 s-1.  It was also necessary to float k6 

to obtain some of these fits. 

3.6 Sample preparation for electron and confocal microscopy 

G-actin was purified from rabbit muscle as explained in section 3.1 and after purification 

it was stored in a -80 °C freezer. Before the experiment, G-actin was thawed and dialyzed into a 

modified G-buffer solution (5 mM HEPES, pH 7.5, 0.2 mM CaCl2, 1% NaN3, 1 mM ATP, and 2 

mM DTT) to have the same HEPES buffer used for Palld-Ig3 storage. Then, G-actin was 

centrifuged to remove any F-actin by ultracentrifugation at 40,000 rpm for 1 hour and only the 

upper two-thirds of the supernatant was used for polymerization reactions. 

   For negative stain transmission electron microscopy, 2 µM of G-actin was mixed with 

20 µM of Palld-Ig3 and incubated for 7-15 min before loading on carbon-covered discharged 

copper grids. The specimens were then negatively stained with 2% uranyl acetate (135). Images 
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were collected with a CCD-digital camera using a Tecnai-12 electron microscope (FEI, Inc.) 

with an accelerating voltage of 80 kV and 30,000X magnification in the lab of Dr. Edward 

Egelman at University of Virginia. 

 For confocal microscopy, Oregon Green 488 iodoacetamide (Molecular Probes) labeled 

G-actin was prepared as described previously (136). In G-imaging buffer conditions (5 mM Tris-

HCl, pH 8 0.2 mM CaCl2, 0.2 mM DTT, 0.2 mM ATP, 0.040 mg/mL catalase, 0.2 mg/mL 

glucose oxidase), 1 µM G-actin (5% labeled) was mixed with 1-2 µM Palld-Ig3 (1-2 µM) and 

incubated for 50 minutes before mounting on the microscope slide. Similarly, 1 µM actin was 

polymerized for 50 minutes in F-imaging buffer (5 mM Tris-HCl, pH 8, 100 mM KCl, 2 mM 

MgCl2, 0.2 mM DTT, 0.2 mM ATP, 0.040 mg/mL catalase, 0.2 mg/mL glucose oxidase) then, 

Palld-Ig3 was mixed and further incubated for 50 minutes before mounting on a microscope 

slide. All images were collected on the Leica TCS SP5 (Leica Microsystems) confocal 

microscope with Oregon Green setting for excitation and emission with a 63x oil immersion lens 

objective.  

3.7 Visualization of actin filaments with and without palladin by Total Internal Reflection    

Fluorescence (TIRF) Microscopy.  

An Olympus X71 inverted TIRF microscope equipped with a 63x, 1.45 n.a. oil objective 

lens, an Argon laser with an ORCA-Flash 4.0 CMOS camera (Hamamatsu) was used to collect 

the live images of actin filaments with the assistance of Dr. Dorothy Schafer at the University of 

Virginia. Images were collected at 2 s/frame over 5–10 min as controlled using Metamorph 

software.  

At first, glass slides (25 X 75 X 1 mm) were cleaned by the technique as follows. Slides 

were sonicated for 45 minutes in 2% (v/v) Versa clean detergent while keeping the glass plates in 

vertical staining jars and washed with hot water 10 times. The slides were sonicated again for 
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additional 30 minutes. Slides were rinsed with distilled water 10 times followed by incubation in 

1 M KOH for 3 hours at 42 oC. Again, the slides were cleaned with double distilled water 

(ddH2O) and incubated in 1 M HCl at 42 oC overnight.  Glass slide-containing jars were brought 

back to room temperature and rinsed with ddH2O five times. Again, the slide-containing jar was 

sonicated twice, once in ddH2O for 30 minutes followed by rinsing and sonicating in 1 mM 

EDTA for another 30 minutes. The latter steps reduce any calcium contamination. Then 70% 

ethanol was used to store the clean glass slides. 

Sample chambers or flow cell containing 3-5 µl of fluid were prepared as described 

(136). Two-and-one-quarter-inch parafilm strips were stretched and placed across the long axis 

of 24 X 50 mm coverslip leaving a 2-mm gap. A clean glass slide from above was placed 

perpendicular across the parafilm strips and parafilm was compressed by using firm hand 

pressure to the top of the slide to seal the sides of the chamber. Since the microscope was an 

inverted microscope, the chambers were used with cover slip down facing the objective lens. 

Sample solution was loaded via capillary action into the chamber.  

Samples for microscopy were prepared by using the freshly prepared flow cells which 

were washed first with 10 µl of 1% BSA in low salt Tris-buffered saline (50 mM Tris, pH 7.6, 50 

mM NaCl). To prepare samples, actin monomers (1 mM, 33% Oregon Green-labeled) were 

combined with and without 10 µM Palld-Ig3 in TIRF imaging buffer (10 mM imidazole, pH 7.0, 

100 mM KCl, 1 mM MgCl2, 1 mM EGTA, 0.3% methylcellulose, 40 mM DTT, 80 μg/ml glucose 

oxidase, 40 μg /ml catalase, and 0.2 mM ATP).  Then, 10 µl aliquots of sample were loaded on to 

the flow cell and placed on the microscope to begin immediate imaging.  Images were taken 

every 10 seconds for a total of 10 minutes.    
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CHAPTER 4 

RESULTS 

4.1 The role of Palld-Ig3 in actin polymerization 

4.1.1 Interaction of Palld-Ig3 with G-actin 

 Previous studies showed that the Ig3 domain of palladin (Palld-Ig3) is sufficient for 

binding and bundling of F-actin (86,104). However, whether or not Palld-Ig3 directly influences 

de novo assembly of actin monomers is not known. Liu et al. (101) showed that fibroblasts 

cultured from the palladin knockout mouse displayed a reduction in stress fiber density and a 

decrease in the amount of polymerized actin. Therefore we hypothesized that Palld-Ig3 directly 

regulates actin assembly and/or disassembly.  

 
Figure 4.1: Co-sedimentation assays show that the Ig3 domain of palladin induces 
polymerization of G-actin. (A.) Representative co-sedimentation assay SDS-PAGE gels under 
G-buffer conditions with supernatant fractions (top) and pelleted fractions (bottom) at varying 
concentrations of Palld-Ig3 (0-25 M). (B.) G-actin (5 µM) was mixed with various 
concentrations of Palld-Ig3 and allowed to incubate for 1 hour. The amount of actin in the 
supernatant and pellet was quantified from the relative band intensity on the gel and the molar 
fraction of actin in the pellet was calculated.   
 

To directly test the effects of Palld-Ig3 on actin polymerization, we used the well-

established actin cosedimentation assay. Typically this assay is used to assess binding and/or 
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bundling of F-actin under conditions where actin filament polymerizes, however, in our case 

polymerization of actin was induced by Palld-Ig3 in non-polymerizing conditions (G-buffer) in 

the presence of increasing concentrations of Palld-Ig3. We assessed the amount of polymerized 

actin in the pellet fraction and virtually all of the actin sedimented upon high-speed 

centrifugation in the presence of Palld-Ig3 (Fig. 4.1A). The polymerization of actin was 

dependent on the concentration of Palld-Ig3 and reached a plateau at a 2:1 ratio (Palld-Ig3: actin) 

(Figure 4.1B). Care was taken to ensure that ionic contributions from the buffer containing 

palladin did not contribute to the polymerization by maintaining a constant volume of the buffer 

in all samples. These data suggest that Palld-Ig3 promotes polymerization of actin filaments 

under conditions where actin monomers are typically refractory to assembly. Therefore, we next 

sought to determine whether Palld-Ig3 can bind directly and recruit actin monomers. 

4.1.2 Monomer binding assay 

 To determine if Palld-Ig3 binds to monomeric actin, we measured the fluorescence 

enhancement of pyrene-labeled G-actin  upon binding of a ligand as described (129). In pyrene-

G-actin, cysteine 374 is labeled with pyrene-maleimide. For this work, 100% pyrene actin was 

used with and without 20 µM ligand (in our case Palld-Ig3) in G-buffer condition (low ionic 

strength condition that should prevent polymerization of pure actin). If Palld-Ig3 and pyrene-G-

actin interact, then this will change the pyrene environment resulting in a change in fluorescence 

properties. Fig. 4.2A shows that Palld-Ig3 significantly increased the fluorescence of pyrene-G-

actin in excitation as well as emission scans. Although, we observed that Palld-Ig3 enhanced 

fluorescence of pyrene-G-actin, it is possible that enhancement in fluorescence might be from 

polymerization of pyrene-G-actin, which is particularly of concern given that we observed that 
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Palld-Ig3 can stimulate actin polymerization even in low salt buffer (G-buffer) as shown in Fig 

4.1. 

 

Figure 4.2: Fluorescence enhancement of pyrene-G-actin upon binding of Palld-Ig3. The 
excitation (300-375 nm) and emission (375-525 nm) scans are plotted together. The excitation 
and emission spectra were recorded at the emission wavelength of 386 nm and the emission 
spectra with excitation at 386nm. A. The excitation and emission scan of 1 µM pyrene actin with 
and without 20 µM Palld-Ig3. B. Excitation and emission scan of 1 µM pyrene actin, 1.1 µM Lat 
A with and without 20 µM Palld-Ig3. C. The excitation and emission scan of 1 µM pyrene actin, 
1.1 µM Lat A with and without 20 µM Palld-Ig3 and Palld-Ig4. 

 

To distinguish whether fluorescence enhancement resulted from polymerization or 

binding, we used Latrunculin-A (Lat A, monomer sequestering factor). Lat A binds to 

monomeric actin in 1:1 stoichiometry and blocks the actin polymerization (137,138).  Fig. 4.2B 

shows that in presence of Lat A, there was no fluorescence change with or without Palld-Ig3. 
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This suggested that it is possible that in the presence of Lat A, Palld-Ig3 cannot bind to the G-

actin or the G-actin binding sites of Lat A and Palld-Ig3 might overlap. To eliminate the 

confusion, we used the Ig4 domain of palladin (Palld-Ig4), which does not have an actin binding 

site. Fig. 4.2C shows that the excitation and emission of Palld-Ig3 and Ig4 in presence of Lat A 

are both similar to the control (pyrene-G-actin alone), suggesting that Palld-Ig3 does not bind to 

G-actin in presence of Lat A.  

Furthermore, we tested whether Palld-Ig3 could bind actin monomers in the presence of 

Lat A based on its ability to increase the fluorescence signal of pyrene-G-actin (100 nm) under 

G-buffer conditions. Fig. 4.3 shows that there was not any change in pyrene fluorescence with 

varying concentrations of Palld-Ig3. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3:  Fluorescence-based assay for concentration-dependent binding of Palld-Ig3 to 
pyrene G-actin. 100%, 100 nM pyrene-G-actin was used for the binding of Palld-Ig3 (0-300 
nM).  
 Native PAGE (polyacrylamide gel electrophoresis) was next used to explore the 

possibility if Palld-Ig3 can bind directly to G-actin. Since G-actin is an acidic protein (pI = 4.8), 
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it will migrate towards the anode, whereas Palld-Ig3 should migrate towards the cathode due its 

high number of basic residues (pI = 9.3; Fig. 4.4).  Taking an advantage of these opposite modes 

of electrophoresis, we combined a mixture of G-actin, Palld-Ig3, and Lat A and ran this sample 

on two separate gels to determine whether the migration of this mixture was altered by a 

complex of G-actin and Palld-Ig3. Fig. 4.4 shows separate bands of Palld-Ig3 and G-actin 

suggesting that Palld-Ig3 was not able to associate with G-actin in presence of Lat A. If we had 

observed a single band for this complex, then we could infer that Palld-Ig3 was physically 

associating with G-actin.  

 

Figure 4.4: Native PAGE assay for Palld-Ig3 binding to G-actin. A. Actin samples migrate 
toward anode. B. Palld-Ig3 samples migrate toward cathode with G-actin in the loading wells. 
Gels were stained with Coomassie blue.  

 

Collectively, these monomer binding assay results indicate that Palld-Ig3 is unable to 

bind monomeric actin, which might appear to contradict our actin polymerization co-

sedimentation assay where we saw clearly that Palld-Ig3 is able to stimulate actin 

polymerization. However, the caveat to each of these experiments is that we must use the Lat A 
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monomer sequestering agent to prevent polymerization of G-actin.  Therefore the negative 

results we have obtained in this set of assays might be due to the fact that Lat A and Palld-Ig3 

share the same actin binding sites or to the close proximity of binding sites for G-actin.   Lat A-

binding to G-actin also generates an alternative conformation of the monomeric actin, and this 

may prevent Palld-Ig3 from binding to G-actin.  What we can conclude is that after Lat A binds 

to G-actin, Palld-Ig3 is not able to bind to G-actin.   

4.1.3 Palladin promotes actin polymerization  

Although the monomer binding assays did not help us determine whether palladin can 

bind directly to G-actin, we still have definitive results from actin polymerization co-

sedimentation assay that indicate palladin is involved in the nucleation step of actin 

polymerization.  Therefore, we next included another technique to further explore the mechanism 

of Palld-Ig3’s effect on actin polymerization. To monitor the effect of Palld-Ig3 on the kinetics 

of F-actin assembly, we quantified the rate of polymerization in bulk solution using pyrene-actin 

(127). When pyrenyl-G-actin polymerizes, the fluorescence intensity increases 7-10 fold and this 

increase is directly proportional to the amount of G-actin incorporated into F-actin (127). To 

evaluate how Palld-Ig3 affects the rate and extent of actin polymerization, we measured the 

complete time course of polymerization using 5 µM G-actin in the presence of increasing 

concentrations of Palld-Ig3 (0-30 µM) under both non-polymerizing conditions (Fig. 4.5A) and 

polymerizing conditions (Fig. 4.5B). Palld-Ig3 increased the rate of F-actin polymerization in a 

dose-dependent manner (Fig. 4.5C, D), with a four-fold increase in polymerization rate in G-

buffer and two-fold increase in F-buffer compared to control (actin alone) reactions.  
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Figure 4.5: In vitro actin polymerization assays reveals that the Palld-Ig3 accelerates actin 
polymerization. Spontaneous assembly reactions were performed by simulatanoues addition of 
actin (5% pyrene labeled, primed with 1 mM EGTA and 0.1 mM MgCl2) and increasing 
concentrations of Palld-Ig3 in G-buffer (A) or F-buffer (B). Polymerization was monitored by 
measuring an increase in fluorescence intensity. At all concentrations examined, Palld-Ig3 
increased the rate and extent of actin polymerization. Plots of overall polymerization rate, nM/s 
versus palladin concentration in G- (C) and F-buffer conditions (D).  

 

The polymerization rate reached a plateau around 4 nM/s in both buffers, indicating that 

Palld-Ig3 stimulates actin polymerization even in the absence of KCl. It is striking that the lag 

phase, corresponding to a nucleation step, was not observed for Palld-Ig3-induced 

polymerization under either buffer condition. This suggests that Palld-Ig3 either stabilizes actin 

A 

, µM 
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nuclei that initiate the assembly of G-actin or lowers the critical concentration for polymer 

formation. 

4.1.4 Effect of palladin on elongation from the barbed-ends 

 The observed increase in the rate of F-actin polymerization by Palld-Ig3 could have 

resulted from several different mechanisms, including nucleus stabilization or a decrease in the 

critical concentration for actin assembly at barbed ends. We first considered whether Palld-Ig3-

actin interactions altered the critical concentration, which is the lowest concentration of actin 

(0.1 µM) above which filaments are in steady state equilibrium with G-actin and below which 

actin cannot exist as filaments. Critical concentration measurements were made by observing the 

steady-state fluorescence of varying concentrations of pyrenyl-F-actin in the presence and 

absence of 1 µM Palld-Ig3 (Fig. 4.6). Palld-Ig3 did not significantly alter the critical 

concentration, which is 0.07 µM in the presence and absence of 1 µM Palld-Ig3.   

 Our spontaneous polymerization data (Fig. 4.5) show that Palld-Ig3 reduces the lag phase 

for polymerization, indicating again that palld-Ig3 promotes nucleation of actin monomers. To 

test the possible effects of Palld-Ig3 on filament elongation, as opposed to nucleation, we 

measured actin assembly from sonicated actin filament seeds. Our data show that assembly of G-

actin stimulated by seeds resembles the spontaneous assembly of G-actin in the presence of 

Palld-Ig3 (Fig. 4.7A), where the nucleation phase is considerably diminished. Moreover, the 

extent of actin polymerization in Palld-Ig3 with actin seeds was higher in comparison to either 

Palld-Ig3 or actin seeds alone, suggesting that Palld-Ig3 may also affect filament elongation.  
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Figure 4.6: Barbed-end critical concentration measurements made by the net 
depolymerization of pyrene-labeled F-actin. Pyrene fluorescence (AU) is plotted against actin 
concentration for samples incubated in G-buffer (closed circles), MKEI (open squares) and actin 
incubated with 1 µM Palld-Ig3 (closed squares). The intersection between the plots of G-actin 
and F-actin indicates the critical concentration. 
 

 Proteins that alter nucleation can also influence the rate of barbed-end elongation (3).  

Therefore we determined the elongation rate constant by initiating polymerization of increasing 

concentrations of short actin filament nuclei, or seeds, in the presence or absence of Palld-Ig3. 

The concentration of both G-actin and Palld-Ig3 was held constant and the sonicated F-actin 

seeds did not contribute more than 5% of total actin. Our results revealed that the rate of 

elongation increased linearly with increasing concentrations of F-actin seeds for samples with 10 

µM Palld-Ig3 (Fig. 4.7 B), and did not reach a plateau. However, a plateau was reached at 0.3 

µM F-actin seeds with higher concentrations of Palld-Ig3 (20 M) and these results showed that 

the addition of more F-actin seeds had no effect on the rate of elongation. The initial slope of 

each plot was used to find the rate constant for elongation (mt1/2), which was then plotted against 

the sonicated actin concentration  in the absence and presence of Palld-Ig3 (10 or 20 M) (Fig. 
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4.7 B). The nucleation rate with 10 µM Ig3 increased by a factor of ~2 over that of actin seeds 

alone, as highlighted by the gap between the two lines plotted that occurs even in the absence of 

any seeds. Yet, the slopes for the change in elongation rate as a function of actin or Palld-Ig3 

concentration were not exactly parallel (Fig. 4.7B) and there was an additional increase in actin 

polymerization in the presence of both seeds and Palld-Ig3, which indicated that Palld-Ig3 also 

affected filament elongation.  

 

 

Figure 4.7: Effect of Palld-Ig3 on the elongation from barbed ends in the presence of F-
actin nuclei (A &B). (A) Time course of polymerization in the absence (pink and black) and in 
the presence (yellow and green) of F-actin seeds was followed in the presence of 20 µM Palld-
Ig3. (B) The elongation rate was measured by using varying amount of F-actin sonicated seeds 
(0-0.5 µM) with 5 µM G-actin in the absence (closed circles) or in presence of 10 µM (closed 
triangles) or 20 µM Palld-Ig3 (open squares).  
 

4.1.5 Palld-Ig3 promotes assembly of actin from the pointed end  

            Since Palld-Ig3 has some effect on barbed-end polymerization, we next sought to 

determine whether Palld-Ig3 might also regulate elongation from the pointed ends. To examine 

the influence of Palld-Ig3 on the pointed-ends of actin filaments, gelsolin-actin seeds (1 µM) 



  58 
 

were diluted five-fold with 5 µM 5% pyrene actin in presence or absence of 20 µM Palld-Ig3 

before measuring the assembly. Remarkably, our results showed that Palld-Ig3 promoted the 

pointed end assembly of actin filaments (Fig. 4.8A).  

 

Figure 4.8: Effect of Palld-Ig3 at the pointed ends of actin filament. We measured 
spontaneous actin assembly and critical concentration in presence of gelsolin seeds. (A) Time 
course of polymerization in the absence (pink and black) and in the presence (yellow and green) 
of 1 µM gelsolin-actin seeds with or without 20 µM Palld-Ig3. (B) Pyrene fluorescence (AU) is 
plotted against actin concentration for samples incubated in G-buffer (closed circles) for samples 
containing actin with gelsolin in MKEI (open squares) and gelsolin with Palld-Ig3 in MKEI 
(closed squares). The intersection between the plots of G-actin and F-actin indicates the critical 
concentration. 
 

Actin assembly initiated in the presence of Palld-Ig3 and gelsolin-actin seeds was 

accelerated 2-fold by Palld-Ig3, suggesting Palld-Ig3 influences actin polymerization at pointed-

ends. The final fluorescence values of actin polymerization initiated with gelsolin-capped seeds 

only (control, black squares) were lower than without gelsolin as expected, given the pointed-end 

critical concentration is 0.6 µM; whereas the barbed-end critical concentration is 0.12 µM (139). 

Actin polymerization initiated by gelsolin-actin seeds in the presence of 20 µM Palld-Ig3 did not 

result in lower steady-state fluorescence values and remained identical to actin polymerization 
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with 20 µM Palld-Ig3 in the absence of gelsolin (where both ends were free) suggesting that 

Palld-Ig3 affected the rate of pointed end assembly.  

We next examined whether Palld-Ig3 alters the critical concentration for monomer 

addition at pointed ends. This critical concentration was determined under polymerizing 

conditions by serially diluting gelsolin capped actin filaments in the presence of 1 µM Palld-Ig3. 

There was no change in the critical concentration of pointed ends, which remained at 0.6 µM in 

the presence and absence of Palld-Ig3 (Fig. 4.8B). 

4.1.6 Nucleus size remained identical with and without Palld-Ig3 

Palld-Ig3 may also influence the number of actin monomers required to form a stable 

nucleus for subsequent elongation. The size of the nucleus can be determined approximately 

when polymerization curves obey nucleation elongation kinetics (132). We compared the time 

required for 5% polymerization (T5%) as a function of actin concentration with and without 

Palld-Ig3 to estimate the size of the nucleus (Fig. 4.6). Since the actin concentration was much 

greater than the critical concentration, we assumed irreversible polymerization in this analysis. 

The plot of ln [actin] versus ln (T5%) was then used to estimate the size of actin nuclei, where the 

slope is equal to one-half the number of actin monomers required for nucleation. Although the 

time to reach 5% total polymerization was decreased substantially in the presence of Palld-Ig3 at 

all concentrations of G-actin, the resulting slopes for actin alone (2.07) and with Palld-Ig3 (2.17) 

remained essentially identical. This suggests that the actin nucleus generated in the presence of 

palladin is a tetramer, similar to that for actin alone (Fig. 4.9).   
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Figure 4.9: Nucleus size estimation by taking the time to 5% polymerization as a function 
of actin concentration. A 5µM G-actin was induced to polymerize by addition of 25 mM KCl in 
the absence and presence of 20 µM Palld-Ig3. The time to reach 5% polymerization of the final 
change in fluorescence (T5%) was determined and plotted in ln scale as a function of actin 
concentration. The slope was 2.07 for actin alone and 2.17 with Palld-Ig3, as determined by least 
square analysis from the plot ln [actin] versus ln T5%.  
 

4.1.7 Role of electrostatics in palladin-induced actin polymerization  

Charge neutralization is also a determining factor in the function of actin binding and 

polymerizing proteins that are predominately basic by nature. Previous research has shown that 

interactions between palladin and F-actin are electrostatically driven (12-14). Specifically, basic 

patches in the Palld-Ig3 (lysine residues 15, 18 and 51) were found to be necessary for F-actin 

binding (86,104). In general, an increase in ionic strength correlates with a decrease in the 

affinity of a cationic protein ligand to an anionic filamentous substrate, such as actin (14). To 

understand how electrostatics may modulate Palld-Ig3 actin interactions, we measured the effect 

of ionic strength on Palld-Ig3 induced actin polymerization. As expected, the nucleation activity 
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of Palld-Ig3 was greatly enhanced when the concentration of KCl was decreased (Fig. 4.10A); as 

opposed to the higher polymerization of actin reported previously with increasing salt 

concentration (0-100 mM KCl) .  

 

Figure 4.10: Effect of electrostatics (A) and triple mutation (B) on Palld-Ig3-induced actin 
polymerization. (A) The salt dependence of palladin was monitored by measuring the time 
course of actin polymerization at different concentrations of salt, KCl (25 mM- 100 mM) with 5 
µM, 5 % pyrene G-actin and in the absence (circles) or presence (triangles) of Palld-Ig3. Prior to 
the polymerization, Ca-actin was pre-exchanged to Mg-actin by adding priming solution and the 
polymerization was initiated by adding KCl of different concentrations. (B) The polymerization 
of 5 µM, 5% pyrene actin with 1 µM and 20 µM of WT Palld-Ig3 and triple mutant Palld-Ig3 
were initiated by 25 mM KCl. Prior to the polymerization, Ca-actin was pre-exchanged to Mg-
actin by adding priming solution and the data were normalized. 

 

To determine whether the basic patches on the Ig3 domain of palladin are also involved 

in Palld-Ig3 induced polymerization of actin, we compared the polymerization of actin in the 

presence of wild type Palld-Ig3 and a mutant Palld-Ig3 with three lysine residues mutated to 

alanine (K15/18/51A) (Fig. 4.10B). As predicted, the rate of actin polymerization in the presence 

of Palld-Ig3 was significantly reduced in the presence of the lysine triple mutant compared to 

that obtained with wild type Palld-Ig3. This suggests that disruption of the Palld-Ig3 actin 
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interaction likewise interferes with actin polymerization. However, other charged residues are 

likely involved in the interaction of Palld-Ig3 and actin, as these lysine mutations do not 

completely abolish actin-binding or enhanced actin polymerization. 

4.1.8 Palladin prevents depolymerization 

 To determine whether Palld-Ig3 has any role in actin filament stability, we measured the 

disassembly rate of pyrene-labeled actin filaments in the presence and absence of various 

concentrations of Palld-Ig3 (0-20 µM) and 10 µM Latrunculin A (Lat A), an actin monomer 

sequestering agent (94). As expected, the fluorescence intensity decreased in a time-dependent 

manner in the presence of Lat A alone, indicating net actin filament depolymerization (Fig. 

4.11).  

We measured the rate of disassembly of filaments from the initial slope of the curves. In 

the presence of Lat A, the rate of disassembly was increased by 12-fold when compared to actin 

filaments alone. Addition of Palld-Ig3 decreased the rate of disassembly significantly in a dose-

dependent fashion. For the highest concentration of Palld-Ig3 (20 µM), the rate of Lat A-induced 

disassembly was decreased by 10-fold compared to actin alone. These results indicate that 

binding of Palld-Ig3 to F-actin protects the filaments from depolymerization and decreases the 

dissociation of monomers from filaments. 
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Figure 4.11: Palld-Ig3 stabilizes actin filaments. G-actin (2 µM, 5% pyrene labeled) was 
preassembled to filaments in F-buffer with various concentrations of Palld-Ig3 (1-
Depolymerization was induced by adding Latrunculin A after 30 minute to each reaction mixture 
at time point 0, and fluorescence measurement were taken immediately by transferring reaction 
mixture to a quartz cuvette. The fluorescence signal was adjusted so that fluorescence of G-actin 
was 0 and F-actin was 100. 
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4.2 Nucleation rate induced by palladin estimated by mathematical modeling 

To determine the effect of Palld-Ig3 on the various rate constants associated with actin 

polymerization, we simulated our pyrene-actin polymerization time courses using a 

mathematical model similar to that of Beall and Chalovich (12). This model assumes that 

nucleation consists of a two-step addition of activated actin monomers, followed by elongation 

(12). The nucleation step was optimized by globally fitting the data from time courses at a range 

of conentrations, while fixing all other kinetic parameters (Fig. 4.12 A and B; Tables 4.1 and 

4.2). This model fit the experimental data well, yielding a good visual fit and a low best weighted 

sum of squares  (Fig. 4.12). Optimization of the nucleation rate showed that k3 approaches a 

minimum threshold (1.5 x 103 M-1s-1), beyond which increases in the on rate do not improve the 

fit (Fig. 4.12 C and D). The nucleation rate constant (k3) increased five-fold (in G-buffer) and 

three-fold (in F-buffer) in the presence of 30 M Palld-Ig3, while the elongation rate (k5) only 

increased slightly for Palld-Ig3 in F-buffer.  This marginal difference in elongation rate reiterates 

the distinction noted for the seeded polymerization assays (Fig. 4.7B), where the slope for the 

elongation rate in the presence of PaldIg3 only varied slightly from that of actin alone. 
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Table 4.1. G-actin fitting parameters 

*k5 =0.5 and k6=0.4 
** k6=0.4  
      
Table 4.2. F-actin fitting parameters  

[Palld-Ig3] , M k3
* k3                        k5

** k3                   k5              k6 

0 0.422 0.639 0.409 0.666 0.406 0.359 

1 0.568 0.613 0.460 0.587 0.483 0.439 

5 0.888 0.606 0.627 0.588 0.596 0.510 

10 1.117 0.747 0.645 0.716 0.614 0.549 

20 1.185 1.054 0.539 0.958 0.552 0.528 

30 1.300 1.295 0.501 1.155 0.531 0.526 

*k5 =0.5 and k6=0.4** k6=0.4  

  

[Palld-Ig3], M k3
* k3                                     k5

** k3                  k5                k6 

0 0.291 0.241 0.562 0.284 0.377 0.178 

1 0.519 0.862 0.381 0.893 0.374 0.374 

5 0.981 1.016 0.489 N.A. N.A. N.A. 

10 1.378 1.099 0.589 0.944 0.618 0.622 

20 1.425 1.571 0.466 N.A. N.A. N.A. 

30 1.554 1.647 0.479 N.A. N.A. N.A. 
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Figure 4.12: Simulated fits of Palld-Ig3 enhanced polymerization of actin. Representative 
plots of pyrene-actin polymerization (symbols) with simulated fit (solid lines) at various 
concentrations of Palld-Ig3 (0-30 µM) in G-buffer conditions (A) and F-buffer conditions (B). 
The theoretical curves were generated by using equation 1-4 and a series of rate constants for G-
buffer conditions (C) and F-buffer conditions (D). The data were globally fitted by varying k3 
and/or k5 while keeping other constants constant, k1= 1 x 108 s-1, k2= 1 x 10-4 s-1, k4= 500 s-1, and 

k6= 0.1 s-1. The rates of nucleation (k3), elongation (k5), and disassembly (k6) as determined from 
least-squares fitting for these values are plotted as a function of the concentration of Palld-Ig3 for 
G-buffer (C) or F-buffer (D) conditions. 
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4.3 Palladin enhances crosslinking during polymerization 

Crosslinking of actin filaments is a dynamic process that may also be altered by palladin, 

however we were unable to detect this change in our bulk pyrene kinetic assays that only 

measure overall filament formation. While previous crosslinking experiments have been carried 

out with pre-polymerized actin to reveal that the Palld-Ig3 domain bundles F-actin , we wanted 

to determine whether Palld-Ig3 alters the extent of actin filament crosslinking that occurs during 

polymerization. Therefore, we revisited the cosedimentation assay to compare the amount of 

bundled F-actin formed in the presence of Palld-Ig3 when incubated with either F-actin or G-

actin. We show that the crosslinking that occurs during co-polymerization with G-actin far 

exceeds that resulting from addition of Palld-Ig3 to preformed filaments (Fig. 4.13). This 

suggests that Palld-Ig3-induced polymerization of G-actin involves both nucleation and 

crosslinking activities.  

Furthermore, electron micrographs and confocal images of Palld-Ig3 added to F-actin 

reveal cross-linked actin filaments arrayed in linear bundles; whereas, co-polymerization with G-

actin reveals a relatively more cross-linked network (Fig. 4.14). These results also indicate that 

actin crosslinking occurs early in the polymerization process, and suggest that Palld-Ig3 binds to 

actin by forming or stablizing a nucleus from which geniune actin filament bundles could 

assemble.  
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Figure 4.13: Differences in actin crosslinking when Palld-Ig3 is added before or after 
polymerization of actin.  Co-sedimentation studies were used to quantitate the amount of F-
actin bundles formed during co-polymerization of Palld-Ig3 and G-actin versus bundles formed 
when Palld-Ig3 is added to pre-polymerized actin. The amount of actin in bundles (black), 
monomers (white) and filaments (gray) recovered from incubation of either F- or G-actin with 
Palld-Ig3 was quantitated with ImageJ. 
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Figure 4.14: Different structures form in the presence of Palld-Ig3 when added to 
monomeric versus filamentous actin. Negatively stained electron micrograph images of actin 
filaments formed after co-polymerization of Palld-Ig3 (20 µM) with G-actin (2 µM) in G-buffer 
condition (A) and Palld-Ig3 incubated with preassembled actin filaments under F-buffer 
conditions. The scale bars in panels A and B represents 100 nm (B). Confocal images of 
crosslinked actin filament formed after copolymerization of actin (1 µM) with Palld-Ig3 (2-4 
µM) (C) and bundled actin filaments formed by incubating Palld-Ig3 with preassembled actin 
filaments in F-buffer condition (D). The scale bars in B and D panels represents 25 µm. 
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4.4 Palladin induces actin polymerization in real time 
The pyrene fluorescence assay only determines the concentration of F-actin generated 

with respect to time, or the kinetics of the polymerization reaction.  To determine the influence 

of palladin on the rate of filament elongation and filament structure simultaneously, we used 

total internal reflection fluorescence (TIRF) microscopy (136). TIRF microscopy is the only 

technique that permits monitoring individual filaments as they grow in real time.  

Palladin is known to bundle actin filaments, so we monitored whether bundles arose from 

linking preformed filaments or bundles arose concomitant with polymerization. No definitive 

conclusions from TIRF microscopy can be drawn from this preliminary experiment, which we 

conducted at the University of Virginia with the help of Dr. Dorothy Schaffer. However, we did 

notice more entangled filaments of actin in presence of palladin than actin only (Fig. 4.15).  The 

images clearly show that actin filaments form a more interconnected meshwork in the presence 

of palladin, with thicker bundles and branches.  These experiments will be repeated in our TIRF 

microscope to shed light on the direct influence of palladin on the rate of actin filament 

elongation and filament structure. 

 

 

 

 

 

 
Figure 4.15: More entanglement of actin filaments in presence of Palld-Ig3 than WT Palld-
Ig3.  Shown are frames representing the time course of polymerization for G-actin upon addition 
of priming solution in frames A-G top panel and Palld-Ig3 induced polymerization/bundling in 
A-G lower panels.  The times indicate the time after addition of Ig3 and/or priming solution.  
Both reactions contain the same concentration of G-actin and the time course. 
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CHAPTER 5 

DISCUSSION 

5.1 Effects of palladin on actin polymerization 

In this study we reveal an important facet of palladin’s role with our discovery of robust 

actin polymerization in the presence of Palld-Ig3. Previous studies revealed that the Ig3 domain 

of palladin directly interacts with actin and represents the minimal domain for its actin binding 

and bundling activity (86,104). Here we show that Palld-Ig3 also regulates polymerization 

dynamics directly. We used several quantitative pyrene assays that provided new insights into 

the mechanism by which palladin contributes to the regulation of actin polymerization kinetics. 

5.1.1 Palladin is an actin filament nucleator  

Our quantitative fluorescence assay provides insight into the mechanism for how palladin 

enhances actin polymerization. First, we observed dose-dependent effects of Palld-Ig3 on 

spontaneous actin assembly that eliminated the initial lag phase observed in solutions of actin 

monomer alone (Fig. 4.5). Furthermore, Palld-Ig3 increased the initial rate of actin 

polymerization by up to 4-fold in G-buffer and 2-fold in F-buffer.  

Three distinct processes contribute to actin filament assembly: 1) generation of new 

filament ends by severing; 2), an increase in the rate of filament elongation; and 3) de novo 

filament nucleation (43). Actin binding proteins may employ one or more of these processes to 

accelerate actin filament assembly. Based on our results, we rule out actin filament severing 

activity by Palld-Ig3 because addition of the Palld-Ig3 decreased the rate of disassembly rather 

than increased it as expected for a severing factor (Fig. 4.11). On the other hand, we observed an 

additional increase in the rate of elongation by Palld-Ig3 in F-actin seeded assembly assays, 

suggesting that Palld-Ig3 has a significant effect on barbed-end elongation (Fig. 4.7). In addition, 
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Palld-Ig3 did not alter the critical concentration from the barbed-ends (Fig. 4.6), which indicates 

that it does not cap filaments. A considerable increase in actin polymerization by Palld-Ig3 

results from enhanced filament nucleation; however, this must be combined with the moderate 

effects on filament elongation. Moreover, when we consider the higher apparent binding affinity 

for actin of full-length palladin (Kd ~2 µM) versus the isolated Palld-Ig3 domain (Kd ~60 µM), it 

is likely that full-length palladin may have a more dramatic effect on actin polymerization (86). 

Unfortunately this has been difficult to establish given the instability of the recombinant, full-

length palladin.             

               To understand mechanistically how Palld-Ig3 influences actin polymerization kinetics, 

we used simulations and subsequent fitting routines to model the polymerization kinetics as a 

function of Palld-Ig3 concentration. This analysis allowed us to explicitly model how Palld-Ig3 

affects both the rate of nucleation (k3) and rate of elongation (k5) for actin polymerization. Our 

results revealed that the rate of nucleation (k3) increased six-fold at the highest concentration of 

Palld-Ig3 used compared to actin alone. In contrast, we found no significant difference in the rate 

of elongation (k5) for Palld-Ig3 induced actin polymerization as compared to actin alone in our 

seeded elongation assays (Table 4.1 & 4.2). Overall the kinetic simulations and non-linear least 

squares fitting provided a more detailed understanding of the specific steps in actin 

polymerization that were affected by Palld-Ig3 and emphasize that Palld-Ig3 has pronounced 

effect on the nucleation process compared to filament elongation. 

5.1.2 Palladin can promote assembly from pointed ends  

        Numerous studies have shown that actin filaments primarily elongate at filament barbed-

ends in cells (140-144). However, we observed only a modest effect on barbed-end assembly by 

Palld-Ig3. Our biochemical studies suggest that Palld-Ig3 promotes filament growth from 
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filament pointed-ends, without altering the critical concentration for assembly. Recently, 

pointed-end actin assembly by Lmod and SALS was shown to play important roles in 

maintaining the highly organized sarcomeric structure of muscle cells (66,145-147). Thus, it is 

intriguing that Palld-Ig3 appears to function at pointed ends; we speculate that palladin may 

regulate pointed end filament initiation in muscle and non-muscle cells.  

5.2 Effect of palladin on actin filament stabilization and organization  

Palld-Ig3 also stabilizes actin filaments as revealed from assays of filament 

depolymerization. This supports a model in which palladin decorates actin filaments to stabilize 

them. Palld-Ig3 produces long, linear bundles of actin when added to preformed filaments; but 

co-polymerization of actin and Palld-Ig3 results in shorter, orthogonally crosslinked filaments, as 

observed from confocal, TIRF and electron microscopy (Fig. 4.14 and 4.15). This difference in 

actin structures is also supported by our bundling assays that revealed a significant increase in 

crosslinking observed when palladin was added prior to polymerization versus after filaments 

formed. These observed differences in actin filament structure may be indicative of the plasticity 

of palladin activity in actin organization; consistent with its involvement in formation of distinct 

protrusive structures that execute both normal and metastatic cell motility.     

5.3 Palladin differs from known nucleators            

Actin nucleators are known to use one of three different processes to promote nucleation: 

1) by structurally mimicking the filament barbed-end, like Arp2/3 ; 2) by stabilizing the 

spontaneously formed intermediates, like formins ; or 3) by aligning and/or recruiting the actin 

monomers to form polymerization seeds, like WH2 domain proteins such as Spire , Cobl (44), 

Lmod , and JMY (46). Unlike the Arp2/3 complex, Palld-Ig3 does not require any cofactors, and 

also lacks recognizable WH2 sequences. Yet, Palld-Ig3 may share some formin-like properties, 
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such as stabilization of polymerization intermediates via dimerization. This mechanism is 

supported by our recent results showing that the Palld-Ig3 domain forms homodimers upon 

binding to actin and may therefore stabilize nuclei by providing multiple binding sites for actin 

(95). In contrast to formins, Palld-Ig3 requires saturating concentrations to significantly enhance 

polymerization and likely decorates actin filaments, as evident from the significant co-

localization with actin stress fibers (115). This interaction with actin is electrostatic as Palld-Ig3 

induced actin polymerization was dramatically reduced by increasing salt concentrations. This 

indicates that Palld-Ig3 may overcome the kinetic barrier leading to actin polymerization through 

specific or non-specific charge neutralization of actin’s surface. Additional support for this 

mechanism comes from the fact that the Palld-Ig3 is highly basic in nature (pI >9) and specific, 

surface-exposed basic residues are critical for the interaction with actin (104). Therefore, charge 

neutralization may also account for the actin polymerization we observed in the presence Palld-

Ig3 in non-polymerizing condition (G-buffer). 

5.4 Palladin’s role in cell motility 

Previous research has established the importance of palladin in diverse actin based 

structures including podosomes (114), stress fibers (103), dorsal ruffles (106), cell adhesions , 

growth cones , and lamellipodia . Furthermore, elevated expression of palladin has been linked to 

the invasive cell motility of malignant cells (117,121,122). The majority of this previous research 

has focused on the scaffolding activity of palladin, whereas our results here add a new dimension 

to the relationship between palladin and actin by highlighting the direct role of palladin in actin 

assembly.  

Based on our data, we propose the following model for Palld-Ig3 induced actin 

polymerization (Fig. 5.1). Each Palld-Ig3 molecule interacts with an actin monomer, which may 
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induce local structural changes in the actin molecule that support the formation of an actin 

nucleus containing four monomers. However, our results also suggested a stoichiometry of 2:1 

(Palld-Ig3: actin), which may be reflective of dimerization of Palld-Ig3 induced by its interaction 

with actin (95). This dimerization of Palld-Ig3 sustains the crosslinking and/or bundling of actin 

filaments. The fact that high (micro-molar range) concentrations of Palld-Ig3 are required to 

saturate all binding site also fits with the model where palladin decorates actin filaments, thereby 

decreasing filament depolymerization even in the presence of a monomer sequestering molecule 

such as latrunculin A.  

 

 

 

 

 

 

 

 
 
 
Figure 5.1: Model of actin polymerization by Palld-Ig3 involving nucleation, actin 
branching, filament stabilization, and/or depolymerization.  Palld-Ig3 (green) can influence 
nucleation by stabilizing actin monomer (pink) upon binding to it, thus resulting in the formation 
of a polymerization seed (A) from where filament can assemble (B). Binding of Palld-Ig3 to 
actin monomer results in dimerization. This dimer is involved in subsequent 
crosslinking/bundling of two actin filaments (C). Palld-Ig3 can also influence stability of actin 
filaments by decoration of single filaments and can also prevent potential depolymerization 
events (D).   
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The presence of palladin in several different types of actin-rich structures (dorsal ruffles, 

stress fibers, podosomes, invadapodia, etc.) raises important questions about how palladin 

regulates cytoskeletal organization in healthy and diseased conditions. The overall cellular 

function of palladin is likely tied to two roles, one that involves direct manipulation of actin 

filament structures/networks via nucleating, crosslinking, and stabilizing activities and the other 

in which palladin acts as a scaffold for other actin binding proteins (ABPs) and signaling 

partners. A scaffolding function for palladin has been the focus of most work to date and reveals 

that palladin either activates and/or recruits several important ABPs such as profilin, α-actinin, 

and ENA/VASP (87,107,123). Additionally, as we show here, palladin may also organize 

assembly of actin filament networks by directly manipulating actin filament dynamics. An 

intriguing possibility is that increasing the pool of filamentous actin may concomitantly 

influence the localization of palladin and its recruitment of other actin regulatory proteins. 

Nuclear localization of palladin occurs upon binding the transcription factor MRTF, which 

accumulates in the nucleus in response to decreased cytoplasmic G-actin levels (148,149). By 

extension, control of actin nucleation, bundling, and monomer availability by palladin in the 

cytoplasm may also influence transcriptional regulation by nuclear actin. Future research will 

address this possibility more directly. Our work provides the first connection between palladin 

and the dynamic regulation of cytoplasmic actin filaments. 

Palladin is recognized for its key role in invasive protrusions, which was associated with 

the activation of cdc42, ENA/VASP, EPS8, and matrix metalloproteases (MT1-MMP14) 

(106,117,150). Previous studies showed that palladin overexpression promotes invadapodia 

formation, however, a direct link between palladin and the alterations to actin assembly required 

for protrusions has yet to be established. The actin nucleators, Arp2/3 and formins, have well-
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established roles in dendritic and linear actin filament formation in invadapodia (82,151). Our 

results suggest that palladin decorates filaments heavily, which helps guide monomers onto the 

ends of the filaments in order to stimulate polymerization.  This function of palladin could then 

promote nucleation and/or stabilize actin filaments at invadapodia, perhaps in collaboration with 

Arp2/3 complex. 

In conclusion, we suggest a mechanism for palladin that could link filament dynamics 

and cytoskeletal rearrangements with gene expression. Given the high structural similarity of 

palladin, myotilin, and myopalladin, we suggest similar effects on filament dynamics by other 

members of this distinct actin binding protein family. Further research will integrate the complex 

network of interactions involving palladin to understand its role in linking actin dynamics to 

gene expression and the cytoskeletal rearrangements associated with normal development and 

during invasive metastasis of tumors. 
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CHAPTER 6 
 

FUTURE DIRECTIONS 
  

Our work has demonstrated that palladin has an important role in regulating actin 

polymerization as well as in maintaining the organizational flexibility of the actin cytoskeleton. 

However, further research is necessary to address a new set of questions generated from our 

findings. Given that our results suggest that palladin increases the rate of nucleation in actin 

polymerization, it would follow that palladin would also bind to monomeric forms of actin. Yet, 

we were unable to provide definitive proof of G-actin binding by palladin.  So the question 

remains whether Palld-Ig3 binds to monomeric actin. We have obtained negative results for 

monomer binding using latrunculin A, however this may result from the caveat that Lat A and 

Palld-Ig3 share similar G-actin binding sites or binding of Lat A to G-actin causes change in 

conformation of G-actin after which prevents Palld-Ig3 from binding to G-actin It is suggested 

that latrunculin A binds at the nucleotide binding cleft of actin monomer (138), which implies 

that we need to use another G-actin binding molecule that does not have a same binding site as 

Lat  A on G-actin. .  Unfortunately no drugs exist that bind to actin monomers other than Lat A. 

However, non-polymerizable actin mutant (AP actin) was reported which would not polymerize 

(152). So carrying out monomer binding assay with AP actin and Palld-Ig3 may shed light on 

whether Palld-Ig3 binds to monomeric actin or not.  

 Another question that remains is: does palladin affect actin dynamics at the pointed-end? 

When we used barbed-end capping gelsolin-seeds, we observed increased actin polymerization 

from the pointed end. Therefore it is possible that Palld-Ig3 primarily stabilizes the pointed end 

and also enables growth of the filament from the pointed end. Consequently future studies should 

include actin polymerization assays in the presence of a pointed end capper, such as Arp2/3 
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(without its activator it nucleates poorly (52,153)) alongside Palld-Ig3 to clearly demonstrate 

whether palladin affects pointed end and/or barbed end actin polymerization.  

 We are also interested in further examination of actin structures initiated by palladin to 

determine whether the organization is different from those initiated by other cytoskeletal 

proteins, such as the Arp2/3 complex and formins. ABPs control the actin polymerization that 

contributes to many cellular processes which initiate nucleation, cap filament ends, promote 

filament turnover, and maintain a pool of unpolymerized monomers. To understand these 

mechanisms stimulated by different proteins, we need to carry out additional single-molecule 

TIRF microscopy assays and implement quantitative analysis of our TIRF microscopy assays in 

order to reveal the presence of branches, the number of filaments, and direction of growth upon 

addition of palladin.  

We have also only analyzed the minimal actin-binding domain of palladin, Palld-Ig3, 

however the greater binding and bundling previously observed for the tandem domain containing 

both Ig3 and Ig4 (Palld-Ig3-4) would suggest that Palld-Ig3-4 will affect actin polymerization to 

an even higher degree than the isolated Palld-Ig3 domain. Therefore future studies will explore 

how the actin assembly of Palld-Ig3 and Palld-Ig3-4 are different. This Palld-Ig3-4 domain might 

be a better model for full-length palladin as we were not able isolate stable, full-length palladin 

due to rapid degradation of the protein. 
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