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ABSTRACT 
 

 Palladin, an actin-binding and bundling protein, plays an important role in normal cell 

adhesion and motility via organizing the actin cytoskeleton. Palladin exists in multiple isoforms 

in humans and its canonical isoform contains five immunoglobulin (Ig) domains and Ig3 domain 

is the minimum requirement for actin-binding and bundling, while Ig4 does not bind directly to 

actin, the tandem Ig3-4 domain binds and bundles actin more efficiently than Ig3 alone. In our 

quest to understand palladin’s role in the actin cytoskeleton we have explored the following 

topics in this dissertation:  actin–induced dimerization, phospholipid-binding and regulation of 

function, structural and functional outcomes of a recently identified point mutation of a critical 

tryptophan residue, and the role of the linker between the Ig3 and Ig4 domains. First, we 

demonstrated that actin induces dimerization in the actin-binding domain of palladin, which is 

confirmed by chemical crosslinking. Our results also provide biochemical proof that the 

phospholipid phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) functions as a moderator of 

palladin activity. A mutation in the Ig4 domain of palladin has been found in a pancreatic cancer 

cell line that displays increased cell motility. Our results reveal a severe disruption of Ig4 domain 

folding, stability, and actin bundling function. To gain insight into role of the linker between the 

Ig3 and 4 domain, we have generated a series of mutations to shorten the linker, swap domain 

linkers, and add phosphomimetic modifications that will allow us to study the effects on actin-

binding, bundling, and polymerization. In this report we also highlight the development of a 

novel His-tag based fluorophore, a tool that will be useful in several future studies, and initial 

studies of a unique actin polymerization mechanism involving actin oligomerization. Our overall 

results provided conclusive evidence for Ig3-4 actin bundling mechanism and identified key 

residues involved in lipid-binding.  
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CHAPTER 1 

INTRODUCTION 

1.1 Actin Cytoskeleton 

  The cytoskeleton provides the basic cellular architecture to the eukaryotic cell and is 

composed of actin filaments, intermediate filaments, and microtubules. The actin component of 

the cytoskeleton plays a fundamental role in a variety of biological processes, including cell 

motility, embryonic development, wound healing, and tumor cell metastasis [1-3]. 

Reorganization of the actin cytoskeleton, which includes actin polymerization and crosslinking, 

drives cell motility by extending protrusions such as lamellipodium and filopodium, as shown in 

Figure 1.1A [4]. The leading edge of a motile cell consists of densely branched actin arrays 

called lamellipodium that push on the plasma membrane by using actin polymerization as a 

force. Once actin filaments extend beyond 1 µm, the filaments will arrange into parallel actin 

bundles to form finger-like protrusions called filopodium to provide a directional response to the 

cell [5]. Both actin cytoskeleton-mediated protrusions and remodeling are regulated actin-

binding proteins (ABPs).  

While normal cell motility is tightly regulated by ABPs, disruption of actin cytoskeleton 

dynamics is involved in cancer metastasis. Other actin cytoskeleton protrusions involved in 

invasive cell motility are podosomes and invadopodia, and both are ventral, actin-rich structures 

that promote protease activity in order to degrade the extracellular matrix [6].   These two 

structures are very similar in structure and function, but differ in the size and the cells in which 

they have been identified, as shown in Figure 1B. Podosomes are about 1 µm in diameter and 0.5 

µm in length and are found in cells such as macrophages, dendrites, smooth muscle cells, 

epithelial cells, and osteoclasts as part of their normal function[7]. Invadopodia are associated 
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with carcinoma cells with sizes up to 8 µm in diameter and 2–5 µm in length and support 

invasion into the extracellular matrix (ECM) of metastasizing cancer cells [8]. In comparison 

with podosomes, invadopodia can protrude further into the ECM and have increased stability that 

results in cancer cell metastasis [9]. While both podosomes and invadopodia are involved in cell 

motility, it is still not clear what their specific roles are or what ABPs regulate their formation. 

Therefore it is important to understand how actin-binding proteins influence actin cytoskeleton 

dynamics and which ABPs are associated with normal cell motility and cancer cell motility. 

 

	

	

	

	

	

	

 
 

 
 
 
 
 
 
 
 

Figure 1.1 Organization of the diverse structures of actin cytoskeleton with in a cell. (A) The 
distribution of actin structures in the formation of filopodium, lamellipodium, focal adhesions, 
and stress fibers at specific regions in a migrating cell. (B and C) Structures of podosomes and 
invadopodia involved in two forms invasive of invasive cell motility (B, podosomes and C, 
invadapodia), where both are actin rich structures that differ in size and mode of degradation. 
Increased actin polymerization activity and short, disorganized actin cores surrounded by a ring 
of adhesion structures are observed in both the cases.  However, invadopodia can remain stable 
for several hours to promote invasion while podosomes are short-lived structures. 
	

A 

B C 
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 1.1.1 Actin  

Actin is one of the most abundant proteins in the cell and exists in two forms: (1) 

globular, or G-Actin, and (2) filamentous, or F-actin. Eukaryotic organisms express three 

isoforms of actin that differ in tissue distribution and function. These three isoforms (α-actin, β-

actin, and γ-actin) have 93% sequence identity [10, 11].  It was long assumed that actin was 

found only in the cytoplasm, but nuclear actin has recently been confirmed [12]. Actin is 

expressed in non-muscle as well as striated, cardiac, and smooth muscle cells [13]. G-actin 

belongs to the structural superfamily with hexokinases and Hsp70 [14]. Actin is composed of 

two major domains and each domain is further divided into 2 subdomains. The smaller domain is 

divided into subdomains 1 and 2, while the larger domain is divided into subdomains 3 and 4 

[15].  The two major domains are separated by an upper and lower cleft, which both act as 

binding sites for various ligands. The upper cleft, located between subdomain 2 and 4, is 

associated with divalent cations (Mg+2 and Ca+2) and nucleotide binding to provide a linkage 

between domains [13]. The lower cleft, located between subdomain 1 and 3, is predominantly 

composed of hydrophobic residues that act as a major binding site for ABPs and mediates 

longitudinal contacts between domains [16, 17].  

 

 

 

 

 

 

 

Figure 1.2 X-ray crystal structure of G-
actin (PDB: 4PKI). 
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 At physiological pH, actin is an acidic protein carrying a net negative charge with pI of 

4.8 [18, 19] and interactions with cationic ABPs are predominantly mediated by electrostatic 

interactions with basic amino acids in ABPs. Conversion from G-actin to F-actin and vice versa 

is mediated by binding of ATP/ADP, ionic strength and a variety of ABPs. In the case of 

electrostatic interactions between actin and ABPs, slight changes in ionic strength influence 

actin-binding greatly.  For example, an increase in ionic strength will decrease the ability to bind 

actin. Three distinct steps are involved in in vitro actin polymerization: (1) nucleation, (2) 

elongation, and (3) steady state.  In the nucleation step of actin polymerization, three (or four) 

ATP-bound actin monomers aggregate to form a nucleus. In the elongation step, actin monomer 

subunits can join either end of the nucleus. At steady state, filamentous actin assembly and 

disassembly of actin monomers reaches equilibrium, as shown in Figure 1.3. During actin 

polymerization, actin monomers typically orient in only one direction, which results in two 

distinct ends. One end is referred to as the barbed or fast end (denoted with a “+”), while the 

other is the pointed or slow end (“-“). ATP-bound actin is assembled into the rapidly growing 

plus end, followed by ATP hydrolysis into ADP actin as shown in Figure 2. Furthermore, ADP-

actin dissociates rapidly from the minus end while ATP-actin addition at the plus end leads to 

growth of the filament, this results in a difference in the critical concentration of monomers 

required at the two ends. As a result the plus end of actin polymerizes faster than the minus end 

due to critical concentration difference between the two [20]. The actin filament is also 

asymmetric with a single, left-handed short pitch helix and two right-handed, long-pitch helices 

[21]. Actin filaments can be organized into a variety of structural networks such as branched, 

parallel, or mixed polar bundles to provide mechanical stability and regulate cellular architecture 

[22, 23]. Numerous actin-binding proteins regulate the actin structural network formation. 
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Figure	1.3.	Assembly of actin filaments occurs in three steps.  (A) The nucleation step occurs as 
ATP-G-actin monomers form stable complexes of actin trimers called nucleus to initiate actin 
polymerization (B) Elongation is the addition of ATP-G-actin monomers to the both the ends of 
the nucleus, but the plus end elongates much faster due to differences in binding affinity or 
critical concentration. (C) Eventually the steady state is reached where both ends of the filament 
exchange with monomeric ATP-G-actin (red). Once ATP bound actin is assembled into rapidly 
growing filament it undergoes ATP hydrolysis to form ADP F-actin (blue) [24]. 	
 

1.1.2 Actin-binding proteins regulate actin cytoskeleton dynamics 

Actin cytoskeleton dynamics include rapid interconversions from monomer to the 

filamentous form, as well as formation of higher order structure formation.  Actin-binding 

proteins tightly regulate both processes and in some cases divalent cations Ca+2 and Mg+2; 

however, nearly constant cytosolic ionic strength in cells give rise to exclusive regulation by 

actin-binding proteins. Currently at least 150 different ABPs are known and have been classified 

according to function into the following categories: capping (CapZ, gelsolin), nucleating (Arp2/3 

and formins), sequestering (thymosin β-4), crosslinking (filamin, α-actinin), depolymerizing 

(ADF/cofilin), and elongating (Ena/VASP). While ABPs may differ significantly in both 
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structure and function, there is some similarity in the actin-binding motifs with several key 

residues involved in actin-binding.  Some of the known actin-binding motifs are calponin 

homology (spectrin), gelsolin homology (villin), formin homology (formins), Wiskott–Aldrich 

syndrome homology module (WASP), actin depolymerizing factor domains (ADF) and RPEL 

domains (myocardin transcriptional co-activator). Though each class of proteins differs in the 

actin-binding motif structure, most ABPs interact with actin in the lower cleft between 

subdomains 1 and 3. 

 	

Figure	1.4	Actin	cytoskeleton	dynamics	are	regulated	by	actin-binding	proteins.	G-actin	(red	
balls)	polymerizes	in	to	F-actin	and	F-actin	forms	several	different	structural	networks	and	a	
wide	variety	of	functions	of	actin	are	regulated	by	actin-binding	proteins	(green	balls)[25].	
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1.1.3 Actin crosslinking and bundling proteins 

Actin crosslinking proteins organize actin filaments into a meshwork and/or closely 

spaced bundles of F-actin, as shown in Figure 1.4 [22]. Both the type of actin crosslinking 

protein and its spatiotemporal regulation largely dictate the architecture of these assemblies [26]. 

Assemblies of loosely spaced and orthogonally connected, three-dimensional, crosslinked actin 

filaments are present in the cellular cortex to support the cell membrane, lamellipodium, and 

membrane ruffles. These structures provide mechanical strength and shape as well as fluidity to 

irreversible deformation of the cell [27, 28]. Likewise actin bundles can be tightly or loosely 

packed into parallel actin filaments that provide mechanical support to microvilli, stereocilia, and 

filopodia for their specialized functions [29, 30]. The architecture of filament meshworks is also 

determined by the binding affinity and stoichiometry of the crosslinking protein involved. The 

distinction between actin crosslinking and bundling activities of ABPs is complicated in some 

cases because the ability to transform actin filaments from a weakly crosslinked complex into a 

tightly bundled network is partially determined by the their local concentration, which is only 

quantifiable in in vitro assays. Espin, fascin, and α-actinin, for example, all form crisscrossed 

arrays of actin filaments at low crosslinker concentrations that evolve into tightly bundled 

filaments at higher crosslinker concentrations as shown Figure 1.5 B [31-33]. Nonetheless, other 

classes of crosslinking proteins only produce isotropically crosslinked networks at any 

crosslinker ratio. Actin crosslinking proteins are characterized by a pair of actin-binding sites and 

the distance between these two actin-binding sites dictates the formation of either an isotropic 

network or bundles [34]. Two types of actin bundles are observed, either closely spaced or 

widely spaced, based on the distance between two parallel filaments of approximately 14 nm and 

40 nm, respectively. The majority of crosslinking proteins contain two actin-binding sites, 
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however intrinsic homodimerization or actin-induced dimerization can also join two adjacent 

actin filaments as shown in Figure 1.5A, B and C [35, 36]. Some of the most common actin 

crosslinking proteins are α-actinin, fascin, fimbrin, villin and vinculin, and each warrants further 

discussion. Fimbrin is a 68 kDa actin-binding and bundling protein that is expressed in the 

microvilli, microspikes, and stereocilia [37, 38]. The fimbrin structure consists of two actin-

binding domains with calponin homology and one calcium-binding domain, consisting of a pair 

of EF-hand domains. The two actin-binding domains of fimbrin are in close proximity and direct 

formation of tight bundles of F-actin [52]. The actin crosslinking ability of fimbrin is regulated 

by calcium binding and/or phosphorylation, depending upon the fimbrin isoform [39, 40].  

α-Actinin is a actin-binding protein that belongs to the spectrin superfamily and consists 

of an N-terminal actin-binding domain that is composed of two consecutive calponin homology 

(CH) domains and multiple spectrin repeats connected by a neck region to the two C-terminal 

EF-hand repeats [41, 42]. During actin crosslinking or actin bundling, α-actinin undergoes 

antiparallel dimerization by using central spectrin repeats to create two actin-binding sites and at 

lower concentration it forms a crosslinking network or gel like structure, while increasing 

concentrations of α-actinin result in stable bundles [43]. The actin-binding ability of α-actinin is 

regulated by calcium concentration and membrane phospholipids, respectively [44-46].  

Fascin is a 55 kDa actin-binding and bundling protein that localizes in filopodia, 

microspikes, and actin-based protrusions [47]. Fascin is composed of two actin-binding domains 

that consist of a β-trefoil group fold and it is regulated by phosphorylation at serine 39 [48, 49].  



	 9	

	

 

 

	

	

	

	

	

	

	

	

	

	

	

Figure 1.5 Different actin crosslinking proteins mechanism and structures are associated with 
different ABPs and vary with crosslinker concentration. (A) Fascin organizes actin filaments into 
tight bundles by using two actin-binding sites on fascin. (B-C) α-actinin and fimbrin undergo 
dimerization to cross link actin filaments. (D) The architecture of a cross-linked actin network is 
dependent on the type of crosslinking protein and concentration of the crosslinking protein. With 
the increasing concentration of actin crosslinking protein will induce transition from weakly 
crosslinked into tight actin bundles[50]. 

A. B. 

C. 

D. 
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1.1.4 Actin-binding proteins regulation 

 Actin-binding proteins are regulated through various signaling pathways, calcium 

concentration, phosphorylation and membrane phosphoinositides to ensure regulation of actin 

dynamics in cell[51]. For example, serine and threonine phosphorylation regulate the function of 

actin-binding protein Ena/VASP while ABP 280 is regulated by tyrosine phosphorylation [52, 

53]. Some actin-binding proteins are regulated in multiple ways. For example, villin is regulated 

by calcium concentration, tyrosine phosphorylation, and membrane phospholipids [54, 55]. 

Given our results, this discussion will focus on actin-binding proteins that are regulated by 

membrane phosphoinositides.	

The membrane phosphoinositide, phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), 

plays a fundamental role in membrane associated cellular processes such as cytokinesis [56], 

intracellular signaling [57], vesicle trafficking [58], and restructuring of the cellular cytoskeleton 

[51]. PI(4,5)P2 is concentrated on the cytosolic face of the plasma membrane and accounts for 

less than 1% of the total cellular pool of lipids [51, 59]. In particular, PI(4,5)P2 plays an 

important role in actin cytoskeleton remodeling by directly interacting with and controlling 

subcellular localization of several actin-binding proteins both spatially and temporally. For 

instance, PI(4,5)P2 promotes actin polymerization near the cell membrane by activating the actin 

nucleating and branching protein Arp2/3 complex via activation of N-WASP [60] and/or 

blocking the barbed-end capping activity of gelsolin [61, 62]. PI(4,5)P2 also downregulates the 

activity of filamin and α-actinin and thereby decreases crosslinking of F-actin [63, 64]. PI(4,5)P2 

can also upregulate adhesion by inducing conformational changes in otherwise autoinhibited 

actin crosslinking proteins vinculin and talin [65]. Moreover, reduced cellular concentrations of 

PI(4,5)P2 results in the loss of cytoskeleton adhesion from cell membranes [66]. In general, the 
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phosphoinositol head group mediates the interaction of PI(4,5)P2 with actin-binding proteins, 

which is facilitated by electrostatic interactions between the negatively charged lipid head group 

and positively charged basic amino acids of the protein. However, in some cases the acyl chain 

of PI(4,5)P2 also facilitates this interaction with proteins [67]. Moreover, some actin-binding 

proteins are indiscriminate in recognizing other phosphoinositides (PI, PI(4)P, PI(3,4)P2, 

PI(3,4,5)P3). For example, PI(4,5)P2 is capable of inhibiting the actin depolymerization activity 

of cofilin proteins in chicken and yeast, yet cofilin can likewise bind to PI(3,4)P2 and PI(3,4,5)P3 

with relatively high affinity [67, 68]. These diverse actions highlight the broad scope of PI(4,5)P2 

activities in re-organizing the actin cytoskeleton. Two actin-binding and bundling proteins, villin 

and vinculin, undergo dimerization and are both regulated by membranes phospholipids as 

discussed in the next section. 

	
	

 

	

	

	

	
	
	
	
	

	
	
 Figure 1.6. Regulation of actin-binding proteins by PI(4,5)P2.  Several actin-binding proteins 
associate with PI(4,5)P2 at the cell membrane (labeled A-F).  These interactions can result in 
activation (green plus sign) or deactivation (red negative sign) of interactions with actin.  Figure 
from reference [51].	
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1.1.5 Villin 

Villin is an epithelial, cell-specific, actin regulatory protein that is expressed in the 

gastrointestinal, urogenital and renal epithelial cells to regulate cell migration, filopodia 

assembly and microvilli formation [69-71]. This actin crosslinking protein also regulates actin 

dynamics by controlling polymerization, depolymerization, bundling, nucleating, severing and 

capping. Villin is a 97.5 kDa protein with a unique structure consisting of an N-terminal core 

domain, with a gelsolin homology domain connected to a C-terminal headpiece domain by a 

forty residue linker [72, 73]. As with most actin crosslinking proteins, it has two actin-binding 

sites: one in the core domain and another in the headpiece domain. Actin-binding by villin is 

regulated by calcium concentration, phosphatidylinositol 4,5-bisphosphate, and tyrosine 

phosphorylation of villin, as shown in Figure 1.7 B [54, 55]. Villin’s actin-binding site in the 

core domain is responsible for severing and capping of F-actin and full-length villin is required 

for the actin nucleation.  Eventhough it has two actin-binding sites, both in vivo and in vitro 

studies have revealed that only the headpiece domain is essential for actin bundling. The villin 

headpiece undergoes dimerization in the presence of actin or PIP2, which in turn creates two 

actin-binding sites that promote actin bundling. Villin dimers are required for cell migration and 

filopodial assembly [74, 75].  

Villin exists in an autoinhibited form, which is released by PIP2, actin, Ca+2 or tyrosine 

phosphorylation to activate by inducing a conformational change. Villin has two different 

binding sites for PIP2 which are identical to the actin-binding site, arginine 138 in the core 

domain and lysine 822 and 824 in the headpiece domain [76]. Villin function depends on where 

PIP2 is bound. When PIP2 binds to the core domain, it inhibits actin severing and capping.  

Whereas PIP2 binding to the headpiece promotes actin bundling by facilitating a conformational 
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change that exposes a dimerization site in the headpiece, as shown in Figure 5B. Tyrosine 

phosphorylation of villin prevents actin bundles in filopodia by interfering with dimerization 

[74]. Villin also has two calcium binding sites with varying effects on villin function. One 

binding site regulates actin capping, while both sites together regulate actin severing by villin 

[77].  

 

 

 

 

 

	

	

	

	

	

	

	

	

	

	

 
Figure 1.7 Structure, regulation and actin crosslinking mechanism for villin. (A) Schematic 
representation of the actin crosslinking protein villin highlighting the actin-binding sites, actin 
nucleating site, actin bundling site and PIP2-binding sites [76]. (B) Villin is found in the closed 
conformation initially, but binding to actin and PI(4,5)P2 induces a conformational change that 
results in the exposure of the villin dimerization site and  promotes actin bundle formation [75].	

B.	

A.	
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1.1.6	Vinculin	

Vinculin is a scaffolding and cell adhesion protein that is found at focal adhesions and 

adherence junctions.  This crosslinking protein plays an important role in cell motility, force 

transduction, and cell morphology [78, 79]. Vinculin is 117 kDa α-helical protein that consists of 

three domains: head piece (Vh, 97 kDa), tail (Vt, 21 kDa) and proline-rich linker (4.6 kDa) [80] 

[81].  Vinculin also acts as a scaffolding protein by binding to various proteins. The Vh domain 

interacts with α-actinin [82], α-catenin [83], talin [84]; while the Vt domain interacts with 

paxillin [85], PIP2 [86], F-actin [87], and the proline-rich linker interacts with the Arp2/3 

complex [88] and VASP [89]. Vinculin function is regulated by its conformation, where the 

autoinhibited form is inactive and the Vh and Vt domains interact with each other. In the 

presence of ligands, vinculin undergoes a conformational change that releases the tail domain to 

become activated [36]. FRET experiments have revealed that only the activated vinculin 

localizes to focal adhesions, whereas the inactive form is found throughout the cytosol. The 

autoinhibited form of vinculin is released when ligand binds to the Vh and Vt tail domain 

synergistically, but not by only one ligand binding to either domain [81]. The vinculin tail 

domain is necessary for actin-binding and bundling and actin association with Vt induces 

conformation change to expose a cryptic dimerization site that promotes F-actin bundles [36, 

90]. The Vt domain structure consists of five helix bundles (H1 to H5) with an N-terminal strap 

and an extended C-terminus.  The N-terminal strap interacts with H1 and H2 bundles, while the 

C-terminus interacts with loops of the H1, H2, H3, and H4 [91]. From mutagenesis studies, 

actin-binding has been mapped to the hydrophobic residues in the Vt domain [92].  Low 

resolution EM data shows that Vt binds to F-actin through two surfaces where H1 and H2 
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interact with the actin upper cleft and the H3, H4, and C-terminus interact with the lower cleft of 

actin [93]. Recent results shown that the single point mutation (I997A), which lies in the Vh/Vt 

interface, can disrupt actin-binding and bundling [94].  

Another ligand for vinculin is PIP2, which binds to the tail domain to promote 

oligomerization and vinculin activation that regulates focal adhesions [36, 95] [96-98]. Lipid-

binding is mapped to the basic residues: K952, K956, R963, R966, R1060, and K1061 [97] and 

results from multiple studies have shown that the formation of an actin-induced dimer, self-

association dimer, and the lipid induced dimer are structurally different. 

	

	

	

	

	

	

	

	

	

	

Figure 1.8 Vinculin structure and activation. (A) Ribbon diagram of the crystal structure of full-
length vinculin (PDB: 1ST6). (B) The crystal structure of Vt (modified from PDB: 1ST6). (C) 
Cartoon diagram for the inactive conformation of vinculin and (D) synergistic activation of 
vinculin that involves binding of a Vh ligand (talin) and a Vt ligand (F-actin) to switch vinculin 
from its inactive to active state. (E) Actin-binding to Vt causes a conformational change to 
promote formation of a dimer that can bundle F-actin filaments [91]. 
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1.2	Palladin	
	

             Palladin is a ubiquitously expressed protein that is highly conserved among vertebrates 

and co-localizes with actin-rich structures such as stress fibers, Z-disc structures, focal adhesions 

and podosomes. When palladin expression was knocked down in cultured fibroblasts, the cells 

lost stress fibers and focal adhesions [99].  Conversely, upregulation of palladin in astrocytes and 

Cos7 cells shows a significant increase in the size and number of actin bundles [100].  Palladin’s 

role in cell motility has also been studied in a knockout mice model and the results reveal that 

palladin is required for early embryonic development as the null mouse did not survive beyond 

embryonic day 15 [101]. Furthermore, palladin-null fibroblasts show profound defects in both 

ventral and dorsal body wall closure, actin organization, cell motility, adhesion and integrin 

expression. These results suggest that palladin regulates cell motility by organizing filamentous 

actin into functional arrays required for cell motility [100]. The fact that palladin expression is 

upregulated when monocytes differentiate into dendritic cells and when epithelial cells 

differentiate into mesenchymal cells suggests that palladin expression is tightly controlled during 

key developmental stages. Wound healing assays have also revealed that palladin is involved in 

tissue repair.  Palladin is upregulated in cultured astrocyte cells along the wound edge and in 

response to injury in animal models.  Similar phenomena are observed in the skin, brain, and 

human wound granulation tissue. Generally, wound closing requires increased cell motility and 

contractility; therefore, these results suggest that palladin is involved in the both of those 

processes [102, 103].  

  Overexpression of palladin induces strong stress fibers by regulating expression of 

smooth muscle cell (SMC) marker genes [104]. One possible mechanism in regulation of SMC 
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marker genes is through myocardin related transcription factor (MRTF).  MRTF is a 

transcription factor found in the nucleus and is regulated by G-actin concentration in the 

cytoplasm as binding of G-actin to MRTF inhibits MRTF activity by preventing nuclear 

accumulation [105-107].  As part of this putative mechanism of regulation, palladin could 

increase the F-actin population relative to G-actin by promoting polymerization, which would 

result in decreases in concentration of cytosolic G-actin which would then lead to nuclear 

accumulation of MRTF [104]. In support of this model, research shows that the C-terminus of 

palladin directly interacts with MRTF; however, further investigation is required to understand 

how palladin influences MRTF [104]. In a recent study, podocytes were transfected with N- and 

C-terminal segments of palladin to reveal an interesting feature of palladin, where C-terminal 

half (containing three Ig domains) is localized in the nucleus, while the N-terminal half is found 

in the cytoplasm [108]. This suggests that the N-terminus might contain a nuclear export signal 

or interact with other proteins with nuclear export signals.  At this point, it is still not clear how 

palladin shuttles between the nucleus and cytoplasm; however, palladin binding proteins LASP-1 

and LPP localize in the nucleus and profilin shuttles between the cytoplasm and nucleus [109-

111]. 

 Multiple recent studies suggest that palladin plays an important role in invasive cell 

motility.  In fact, the palladin gene is found in a cluster of invasion specific genes related to 

pancreatic and colorectal cancer. Another study shows that the human palladin gene is highly 

upregulated (~3 fold) in invasive cancer cells. Palladin expression levels in breast cancer patients 

is elevated in malignant tissue compared to normal breast tissue samples and significantly higher 

palladin expression is observed in the invasive breast cancer cell lines as compared to the non-

invasive cell lines [112]. Palladin is also thought to play an important role in promoting 
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podosome formation as palladin knock-down cells show decreased invasive cell motility and 

podosome formation [112]. Overexpression of palladin promotes podosome formation and 

research suggests that palladin may facilitate the assembly of these matrix-degrading structures 

to promote invasion. The Brentnall lab at the University of Washington investigated familial 

pancreatic cancer in Family X, a family where pancreatic adenocarcinoma is inherited in an 

autosomal dominant fashion. Customized microarray and RT-PCR results revealed a single point 

mutation in the palladin gene found in all members of Family X that developed pancreatic 

cancer, providing strong evidence for a role of palladin in familial pancreatic cancer.  This 

mutation also lies within the α-actinin binding region of palladin; however, previous studies 

indicate that this mutation does not affect the interaction between palladin and α-actinin [113]. 

This mutation was not identified in any other patients with pancreatic cancer but further studies 

are required to determine how this mutation might affect function. 

 In addition, overexpression of palladin is linked to sporadic pancreatic cancer. In the 

comparison of seven sporadic pancreatic cancer cell lines, five of them exhibited palladin 

overexpression and the genetic comparison of one specific mutation identified in the PaTu2 cell 

line revealed a point mutation that resulted in a conserved tryptophan switching to cysteine, 

named as PaTu2 mutation. When this mutant form of palladin was transfected into HeLa cells, 

abnormal actin bundle assembly and increased cell motility were observed [114]. Other palladin-

binding proteins, ezrin and Eps8, are also upregulated in pancreatic tumors and metastatic tumor-

derived cell lines. Lasp-1 is also implicated in the motility of ovarian cancer[115-117]. Further 

investigation is required in understanding palladin role in promoting cell motility and cancer cell 

motility.	
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1.2.1 Palladin Isoforms 

            A single palladin gene encodes nine different isoforms of palladin from alternative 

splicing and each isoform is expressed in a tissue specific manner with different sizes as shown 

in Figure 1.9 [100]. Three major palladin isoforms with molecular sizes of 90 kDa, 140 kDa, and 

200 kDa are well characterized. The 90 kDa isoform is expressed ubiquitously in both embryonic 

and adult mice [99]. The 140 kDa isoform is only expressed predominantly in the neonatal 

tissues such as heart, brain, kidney, stomach, intestine and skin, while it is downregulated in 

many adult tissues and restricted to only cardiac muscle. The 200 kDa isoform is found only in 

the striated muscle and bone of neonatal tissues and is highly expressed in skeletal and cardiac 

muscle of adult mice [100]. This tissue and developmental stage specific expression of various 

isoforms suggests that palladin has different roles at different stages of tissue development. All 

the palladin isoforms consist of multiple immunoglobulin-like domains and several contain one 

or two proline-rich regions, but isoforms vary in number of immunoglobulin domains from 2 to 

5. [100]. The 200 kDa and 140 kDa isoforms of palladin contain two proline rich regions PR1 

and PR2, while the 90 kDa consists only of PR2. Here we focused on palladin Ig domain 

structure, function, and stability. 

1.2.2 Palladin Family 

 Palladin belongs to a novel subfamily that includes two structurally related proteins, 

myotilin and myopalladin, that are present in skeletal and heart muscle, respectively. All three 

proteins are characterized by multiple immunoglobulin (Ig) domains as shown in Figure 1.10 

[118, 119]. In general, Ig domains are composed of six to seven β-strands that form two β-sheets 

that are both right-hand twisted and stack on top of one another to enclose a hydrophobic core. 

All palladin family members are known to regulate actin directly and/or indirectly by interacting 
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with actin-binding proteins. 		

 

 

 Figure 1.9. Palladin isoforms shown with the apparent molecular weights. Seven different splice 
variants of palladin where PR denotes proline-rich regions and Ig for immunoglobulin C2 type 
[120]. 
 
 Myotillin is an actin-binding and bundling protein that is expressed in the striated muscle 

and consists of a two Ig domains, a unique serine rich N-terminus and a short PDZ-motif in the 

C-terminus [121]. Myotillin plays an important role in assembly and structural maintenance of 

the sarcomeric Z-discs and mutations in this protein cause muscle disorders such as myofibrillar 

myopathy and limb-girdle muscular dystrophy type 1A [122-124]. Myotillin Ig domains Ig1 and 

Ig2 are sequence homologs to palladin domains Ig3 and Ig4, and likewise to myopalladin Ig4 and 

Ig5. The Ig domains of myotillin mediate interactions with actin crosslinking proteins filamin C, 

α-actinin, and Z-disc proteins FATZ-1 and FATZ-2 [121, 125, 126]. These tandem Ig domains 

are required for optimal actin-binding and deletion of either domain weakens, but does not 

abolish actin-binding. This occurrence is consistent with other tandem Ig domains that are 
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involved in direct actin-binding, such as palladin and titin [127]. The actin-binding region of 

myotillin is not sufficient for actin bundling, which also requires amino acids from 185 to 498 

and includes short segments after both the C- and N-terminus of both Ig domains.  In addition the 

C-terminal Ig domain of myotillin is involved in homodimerization, which serves to facilitate 

actin bundling [127]. Currently identified disease-causing mutations are located in the N-

terminal region of myotillin and do not appear to affect actin-binding and bundling.  However, 

further studies are required to determine how these mutations affect myotilin function.  

 Myopalladin is a 140 kDa protein that is expressed in both cardiac and skeletal muscle, 

where it localizes to the Z-disc [128]. Mutations in myopalladin are associated with dilated 

cardiomyopathy (DCM) and idiopathic dilated cardiomyopathy (IDM) [129]. Myopalladin 

consists of five Ig domains, similar to palladin isoform 5, but lacks the proline rich region found 

in palladin [128]. A characteristic feature of the palladin family involves specific Ig domain 

interactions with α-actinin.  Myopalladin’s interaction with α-actinin involves all the five Ig 

domains, in contrast to that palladin interact with α-actinin in region N-terminal to Ig3 and 

myotillin interaction with α-actinin has been mapped to the N-terminal to the Ig2 domain[121, 

128, 130]. Myopalladin also binds to the skeletal protein nebulin and cardiac ankyrin repeat 

protein CARP [128]. Nebulin regulates actin filament length in the sarcomere assembly and the 

interaction is mediated by the SH3 domain of nebulin and tri-proline PPP (645-647) motif in the 

myopalladin Ig3 domain. Research suggests that myopalladin interactions with nebulin and 

α-actinin may regulate Z-disc assembly [128].  

 Ig domains like those found in the palladin family members are also found in other 

cytoskeletal organizing proteins including myomesin, titin, myBP-C, and myBP-H, where they 

maintain the structural integrity of the sarcomere. Titin is the largest protein at three million 
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Dalton, consisting of 160 Ig and fibronectin-like domains. This single protein spans from the Z-

disc to the M-band of the sarcomere to maintain the structural integrity of the sarcomere [131].  

Mutations in the titin gene are associated with tibial muscular dystrophy (TMD), limb-girdle 

muscular dystrophy  (LGMD2J), and dilated cardiomyopathy [132-134]. Myosin binding protein 

C (MyBP-C) is a 137 kDa protein that consists of seven Ig-like domains and three fibronectin 

type III domains [135, 136].  Furthermore, mutations in MyBP-C are linked to two different 

types of familial heart disease, dilated cardiomyopathy (DCM) and hypertrophic cardiomyopathy 

(HCM) [137].  

 

  Figure 1.10 The structural homology of palladin family members [119].	

 
1.2.3 Palladin as actin scaffold 
 
 Actin-binding proteins regulate actin cytoskeleton assembly and disassembly through 

direct interactions with actin and other actin-binding proteins. Palladin is an actin-associated 

protein that directly interacts with actin regulatory proteins, actin crosslinking proteins, and 

signaling molecules. Two structural components of palladin are Ig domains and PR regions, 

which both mediate protein-protein interactions [118]. The proline rich region 2 (PR2) plays an 

important role in mediating interactions with actin-binding proteins VASP, profilin, epsin, and α-

actinin. Profilin maintains a steady pool of ATP-bound G-actin monomers to promote filament 

growth by interacting with VASP and other ligands [138, 139]. In vivo results show that profilin 
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and palladin co-localize in filamentous actin-rich structures and in vitro experiments also show 

profilin directly binds to palladin [140]. Furthermore, palladin and VASP strongly co-localize in 

stress fibers and partially co-localize in lamellipodia, focal adhesions. VASP directly binds to 

palladin through the PR2 region (FPLPP) and PR1 region (FPPPP) [141]. VASP plays an 

important role in regulating actin filament growth by interacting with profilin and palladin 

molecular interactions with VASP recruit profilin at the site of actin polymerization to regulate 

filament growth. Palladin co-localizes with α-actinin in the focal adhesions and stress fibers of 

cultured non-muscle cells and α-actinin may also recruit palladin into stress fiber dense regions 

to decorate actin filaments [99, 130]. Binding sites for α-actinin were mapped to the region N-

terminal to palladin Ig3 domain in yeast two-hybrid analyses[130]. Interestingly, the other two 

palladin family members myopalladin and myotillin also directly interact with α-actinin, 

revealing that this is a characteristic feature of the family [119, 121, 128]. Palladin co-localizes 

with Epsin-8 in dorsal ruffles and the PR2 region of palladin also mediates this interaction. This 

molecular interaction promotes formation of membrane protrusions such as podosomes and 

dorsal ruffles upon PDGF and phorbol ester treatment [142]. Palladin isoforms 140 and 200 kDa, 

which also include the PR1 region, interacts with Lasp-1, an actin-binding protein localized in 

the focal lamellipodia, focal adhesions and stress fibers [143].    

The tissue specific expression pattern of palladin suggests that interacting with selective binding 

partners contributes to the acquirement of different cell morphologies [100]. Palladin Ig3 and Ig4 

domains bind to the α-helical domain of the active form of ezrin and both proteins co-localize in 

smooth muscle cells and lamellipodium but the significance of this interaction is still under 

investigation [144]. Palladin also binds to several signaling molecules such as AbI/Arg kinase 
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binding domain, Src, and SPIN-90 [145, 146].  Palladin’s interactions with a variety of proteins 

suggest that it acts as molecular scaffold to regulate actin cytoskeleton dynamics. 

 

	
	
Figure 1.11 Palladin binds to various actin-binding proteins and acts as a scaffold for actin-
binding proteins. This schematic diagram shows the longest 200 kDa palladin isoform and sites 
of interaction with various actin-binding proteins (VASP, profilin, Eps8, α-actinin, and ezrin) as 
well as direct interaction with actin. 

	
1.2.4 Actin-binding domain of palladin 
	
 Most actin-binding protein domains are predominantly alpha helical in structure, such as 

the proteins gelsolin, DNaseI, profilin, twinfilin, and the FH2 and WH2 alpha-helical domains. 

Palladin is one of the few actin-binding proteins that contains immunoglobulin domains, which 

are entirely β-strand in structure. Studies show that the Ig3 domain of palladin is essential for 

actin-binding and bundling, while the Ig4, Ig5 and the linker between these domains does not 

contribute to binding or bundling of filamentous actin as shown in Figure 1.12 [147]. Recently, 

our lab showed that the Ig3 domain promotes polymerization of G-actin by eliminating the initial 

lag phase and increasing the initial rate of polymerization by 4 fold. Furthermore Ig3 

polymerizes actin in a dose dependent manner as shown in Figure 1.13. This increase in actin 

polymerization by palladin promotes actin nucleation and does not affect the critical 

concentration of actin but instead stabilizes filaments by preventing depolymerization [148].  
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Figure 1.12 Determination of palladin actin-binding domain using actin co-sedimentation assay 
with isolated and tandem domains. Actin co-sedimentation assay performed using palladin Ig3, 
Ig4, Ig5 purified fragments and the results show only Ig3 domain binds directly to F-actin. 
However, the addition of the linker region and Ig4 in conjunction with Ig3, seem to enhance F-
actin-binding[147] 	
 

 The tandem Ig3-4 domains of palladin increase the F-actin-binding affinity as compared to 

the isolated Ig3 domain, where Ig3 has a Kd of ~70 µM and Ig3-4 has a Kd of ~10 µM [147].  

The actin-binding region of palladin was mapped to two positively charged surfaces on opposite 

faces of the Ig3 domain as established with results from mutagenesis studies shown in Figure 

1.14. Replacing charged lysines (K15, K18 and K51) in the Ig3 domain of palladin with alanine 

revealed two actin-binding sites that are critical for actin-binding, crosslinking, and 

polymerization [149]. When these lysine mutations were introduced into the full-length protein, 

Figure 1.13 In vitro actin polymerization assays reveals that the Palld-Ig3 accelerates actin 
polymerization. Spontaneous assembly reactions were performed by simultaneous 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). 
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palladin localized to the nucleus.  This surprising result hints at a new and important role of 

palladin interaction with nuclear actin [149].  

 

 Figure 1.14 Palladin Ig3 domain lysine residues play key role in actin-binding. (A) Wildtype 
and lysine point mutants of the Ig3 domain were assayed for actin-binding by co-sedimentation.  
Mutations of lysine 15, 18, and 51 all significantly reduced binding to F-actin, however the 
mutations K36A and K38A have no effect on the binding of actin by Ig3. (B) Electrostatic 
surface view of Ig3 highlighting basic patch 1 (K51) and patch 2 (K15/K18).  
 
    Similar to other actin-binding proteins, the palladin Ig-3 domain interaction with actin is likely 

based on charge neutralization, in which the positively charged lysine residues interact with 

negatively charged residues on the surface of actin.  This is supported by assays where increased 

KCl concentration significantly decreases actin-binding and polymerization [147]. The palladin 

Ig3-4 tandem domain also shows increased actin bundling activity as compared to Ig3.  While 

two actin-binding sites in are Ig3 critical for actin bundling, the role of Ig4 domain is still under 

investigation [147].  

 One interesting feature of the tandem Ig3-4 domain is linker between these two domains, 

which is significantly larger compared to the linker between all other tandem Ig domains found 

A. 
B. 
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in palladin family members. Moreover, Chin and Toker identified an Akt1-mediated 

phosphorylation of a specific serine residue (S507) that also resides in the linker region between 

the Ig 3 and 4 domains of palladin.  Phosphorylation at this site seems to affect not only 

migration of breast cancer cells but also the in vivo bundling activity of palladin [150]. 

                        Actin crosslinking proteins interact with actin through dimerization or bivalent binding.  

Homodimerization is a common mechanism for proteins with small actin-binding domains to 

bind two filaments simultaneously. In fact, the palladin related protein myotilin forms dimers via 

two Ig domains that are homologous to palladin’s Ig domains 4 and 5. However full-length 

palladin and individual Ig domains are monomeric in solution [147, 149]. This highlights the 

importance of determining the mechanism by which the actin-binding domain of palladin 

modulates actin filament architecture. 
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CHAPTER 2 

ACTIN-INDUCED DIMERIZATION OF PALLADIN PROMOTES ACTIN-BUNDLING	
Excerpt from:  Vattepu, R, Yadav, R, Beck, MR. Protein Sci. 2015 Jan; 24(1): 70-80. 

2.1 Abstract 

 A subset of actin-binding proteins is able to form crosslinks between two or more actin 

filaments, thus producing structures of parallel or networked bundles.  These actin crosslinking 

proteins interact with actin through either bivalent binding or dimerization. We recently 

identified two binding sites within the actin-binding domain of palladin, an actin crosslinking 

protein that plays an important role in normal cell adhesion and motility during wound healing 

and embryonic development. In this study we show that actin induces dimerization of palladin. 

Furthermore, the extent of dimerization reflects earlier comparisons of actin-binding and 

bundling between different domains of palladin. On the basis of these results we hypothesized 

that actin-binding may promote a conformational change that results in dimerization of palladin, 

which in turn may drive the crosslinking of actin filaments. The proximal distance between two 

actin-binding sites on crosslinking proteins determines the ultrastructural properties of the 

filament network, therefore we also explored interdomain interactions using a combination of 

chemical crosslinking experiments and actin cosedimentation assays. Limited proteolysis data 

reveals that palladin is less susceptible to enzyme digestion after actin-binding. Our results 

suggest that domain movements in palladin are necessary for interactions with actin and are 

induced by interactions with actin filaments.   Accordingly, we put forth a model linking the 

structural changes to functional dynamics.  

2.2 Introduction 

Actin regulates diverse cellular processes including cell division, adhesion, motility, and 

vesicle trafficking through dynamic turnover between monomeric (G-actin) and filamentous (F-
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actin) forms. Actin-binding proteins (ABPs) are responsible for constructing a wide array of 

filament assemblies that range from meshworks of individual crosslinked actin filaments to 

closely spaced bundles of F-actin [151]. The architecture of these assemblies is largely dictated 

by the type of actin crosslinking protein and its spatial and temporal regulation [26]. Assemblies 

of loosely spaced and orthogonally connected three dimensional crosslinked actin filaments are 

present in the cellular cortex to support the cell membrane, lamellipodium, and membrane 

ruffles.  These structures provide mechanical strength and shape as well as fluidity to irreversible 

deformation of the cell [27, 28]. Likewise actin bundles can be tightly or loosely packed into 

parallel actin filaments that provide mechanical support to microvilli, stereocilia and filopodia 

for their specialized functions [29, 30]. The architecture of filament meshworks is also 

determined by the binding affinity and stoichiometry of the crosslinking protein involved [152]. 

The distinction between actin crosslinking and bundling activities of ABPs is complicated in 

some cases because the ability to transform actin filaments from a weakly crosslinked complex 

into a tightly bundled network is partially determined by the their local concentration, which is 

only evident in in vitro assays. Espin, fascin, and α-actinin, for example, all form crisscrossed 

arrays of actin filaments at low crosslinker concentrations that evolve into tightly bundled 

filaments at higher crosslinker concentrations [31-33]. Nonetheless, other classes of crosslinking 

proteins only produce isotropically crosslinked networks at any crosslinker ratio. 

The actin-binding protein palladin is ubiquitous in developing and adult vertebrate tissues 

and localizes in actin rich structures such as stress fibers, focal adhesions, podosomes, and Z-

discs [99].  Many recent studies suggest that deregulation of palladin expression may play a key 

role in the invasive cell motility that characterizes metastatic cancer cells as well as in the 

development of cardiovascular diseases [112, 153-155]. Localization of palladin in invadopodia 
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and filopodia alongside other actin organizing proteins in these structures suggests that palladin 

is an important player in both normal and invasive motility. Despite the growing correlative 

evidence linking palladin to increased invasiveness, anti-migratory functions for actin bundling 

by palladin are also reported [150].  Due to this lack of clarity regarding the precise role of 

palladin in cancer progression, our goal was to determine the specific actin crosslinking 

mechanism that palladin employs to enable a better understanding of the dynamic coordination 

between the cytoskeleton and tumor cell invasion. 

Palladin belongs to a novel subfamily that includes two structurally related proteins, 

myotilin and myopalladin, that are present in skeletal and heart muscle, respectively, and all 

three are characterized by multiple immunoglobulin (Ig) domains (Figure 1.10). Similar Ig 

domains are also found in other cytoskeletal organizing proteins including myomesin, titin, 

myBP-C and myBP-H, where they maintain the structural integrity of the sarcomere [118, 119]. 

Crosslinking of F-actin was initially only associated with the tandem Ig3-4 domain of palladin. 

However, while characterizing the actin-binding functions of the Ig3 domain, Beck et al. 

observed that the Ig3 domain could also crosslink F-actin at higher concentrations than employed 

in initial experiments [149]. Beck et al. also identified mutations to two basic patches on the 

surface of the Ig3 domain that are involved in binding actin. It was inferred that crosslinking of 

actin filaments could occur at these two sites, however this does not rule out the possibility that 

palladin self-associates to promote actin bundling.  

Homodimerization is a common mechanism for proteins with small actin-binding 

domains to bind two filaments simultaneously. In fact, the palladin-related protein myotilin 

forms dimers via two Ig domains that are homologous to palladin’s Ig domains 4 and 5 [121]. 

Involvement of regions outside the actin-binding domain cannot be ruled out, as the tandem Ig3-
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4 domain of palladin shows significantly higher binding and bundling activity than the isolated 

Ig3 domain [149]. Moreover, Chin and Toker have identified an Akt1-mediated phosphorylation 

of a specific serine residue (S507) in the linker region between the Ig 3 and 4 domains of 

palladin that seems to affect not only migration of breast cancer cells but also the in vivo 

bundling activity of palladin [150]. 

This highlights the importance of determining the mechanism by which the actin-binding 

domain of palladin is able to modulate actin filament architecture. In contrast to villin and α-

actinin that can both self-associate even in the absence of actin, our group showed that the Ig3 

domain remains monomeric in the absence of actin [149]. Therefore, we wanted to determine 

whether palladin uses a crosslinking mechanism similar to vinculin, VASP, and scruin whereby 

actin-binding results in homodimerization [156]. We employed chemical crosslinking techniques 

to determine the role of the different palladin Ig domains in actin crosslinking as well as the role 

actin itself plays in controlling the activity of palladin. These results shed light on the mechanism 

whereby actin-binding induces dimerization of palladin, which in turn affects the phase transition 

of actin from single filaments to bundles.  
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2.3 Experimental Methods 

2.3.1 Materials 

 Muscle acetone powder for actin purification was purchased from Pel-Freez Biologicals 

(Rogers, AR). Crosslinkers DFDNB (1,5-difluoro-2,4-dinitrobenzene), DSP or Lomant’s reagent 

{dithiobis(succinimidyl propionate)}, and BS3 {bis(sulfosuccinimidyl)suberate}, 

and trypsin were purchased from Thermo Fisher Scientific (Waltham, MA). Chymotrypsin was 

obtained from Worthington Biochemical Corporation (Lakewood, NJ). Polyclonal IgG 

antibodies against palladin and alpha actin were purchased from Proteintech (Chicago, IL). 

Biotinylated anti-IgG secondary antibody and the immune detection system (VECTASTAINVR 

Elite ABC kits) were purchased from Vector Laboratories (Burlingame, CA).  

2.3.2 Expression and purification of recombinant palladin protein domains 

 The coding sequences of Ig3, Ig4, and Ig3–4 domains of palladin, previously cloned into 

pMAL-c2x[147], were subcloned into the pTBSG vector containing an N-terminal hexa-histidine 

tag and TEV protease cleavage site for purification of recombinant proteins[157]. pTBSG Ig3–4 

was further modified by inserting the MBP coding sequence between the histidine tag and TEV 

protease site to avoid aggregation during recombinant protein expression. All constructs were 

verified by sequencing and were transformed into BL21(DE3) derived T7 Express lysY 

competent Escherichia coli cells (New England Biolabs; Ipswich, MA) for protein expression. 

Cell cultures were grown at 37oC and induced by 0.5 mM IPTG at OD600 of 0.7 and further 

grown overnight at 18oC. Cell cultures were pelleted down and resuspended in lysis buffer (50 

mM Tris pH 8.0, 300 mM NaCl, 10 mM imidazole) followed by sonication and clearing of cell 

lysate by centrifugation. Supernatant was loaded onto a pre-equilibrated Ni-NTA column and 

protein was purified according to the manufacturer’s guidelines (Thermo Fisher Scientific, 
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Waltham, MA). The N-terminal histidine tag was cleaved by TEV protease and further purified 

as previously reported[147]. All three palladin domains were finally dialyzed in HBS buffer (20 

mM HEPES, pH 7.4, 100 mM NaCl). 

2.3.3 Chemical crosslinking 

  Chemical crosslinking was done on purified Ig3, Ig4, and Ig3–4 proteins in the presence 

and absence of F-actin. We have used three crosslinkers (DFDNB, DSP, and BS3) that react with 

primary amines and differ in their spacer arm length with 3.0 Å, 12.0 Å, and 11.4 Å, 

respectively. The DSP crosslinker was used for its DTT or TCEP cleavable disulfide bond in the 

spacer arm. Stock solutions of 2 mM DFDNB, DSP, and BS3 were prepared just before each 

experiment by dissolving the crosslinker in DMSO and/or water, respectively. All crosslinkers 

were used at final concentrations ranging from 15 to 100 mM and crosslinking reaction times 

ranging from 10 to 40 min, then reaction was quenched by addition of Laemmli buffer. G-actin 

for crosslinking experiments was prepared from the purified actin stock made by dialyzing G-

actin in to buffer containing 2 mM NaHCO3, pH 7.6, 0.2 mM CaCl2, 0.2 mM ATP, and 0.02% 

NaN3.  

2.3.4 Immunoblotting 

  Homo- and hetero-dimers of palladin and actinpalladin fragments were verified by 

immunoblotting. Samples containing palladin and actin with and without crosslinkers were run 

on SDS-PAGE in duplicate and transferred on to PVDF membranes (Millipore). Membranes 

were blocked at 4 °C for 6 h with 5% skim milk in TBS-T (0.05% Tween-20). Blots were 

incubated overnight at 4 °C with primary antibody against palladin (1:1000 dilutions) or alpha 

actin (1:1000 dilutions). Blots were washed with TBS-T buffer and further incubated for 1 h at 

25 °C with biotinylated anti-rabbit secondary antibody (1:500 dilution) followed by incubation 
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with Vectastain ABC solution for 30 min. For detection, 1 mg/ mL DAB was dissolved in 100 

mM imidazole, pH 7.0, 2.5 mM CoCl2 and immediately before use 0.002% H2O2 was added. The 

reaction was stopped by washing with water twice. 

2.3.5 Actin co-sedimentation assay in presence of crosslinkers 

 Actin co-sedimentation assays in the presence of crosslinker were carried out by 

incubating both the crosslinker and protein at various concentrations, and followed by addition of 

F-actin in buffer containing 10 mM Hepes, pH 7.5, 100 mM KCl, 2 mM MgCl2. Samples were 

incubated for 60 min at room temperature then reaction was quenched by addition of 1M Tris, 

pH 7.5 and centrifuged at 100,000g for 30 min. Supernatants were removed carefully followed 

by pellet resuspension in 2X SDS buffer. Samples were run on a 12 or 15% polyacrylamide gel 

according to the requirements of the experiment. Gels were stained in PageBlue protein staining 

solution (Thermo-Fisher) and analyzed by using ImageJ [158]. Bundling of F-actin by Ig3–4 was 

carried out in the presence of crosslinker as before except with an additional step involving 

centrifugation of samples at low speed (5,000xg) to pellet high molecular weight bundled actin 

before high speed centrifugation. 

2.3.6 Limited proteolysis 

Ig3–4 was incubated in presence of F-actin in 20 mM Hepes, 100 mM NaCl buffer at room 

temperature for 60 min, and then centrifuged at 150,000xg for 30 min. The supernatant 

containing unbound Ig3–4 was separated and the pellet containing actin bound Ig3–4 was then re 

suspended in 20 mM Hepes, 100 mM NaCl. Both the unbound and bound Ig3–4 were then 

digested by the addition of either chymotrypsin (1:500) or trypsin (1:1000) to each sample, 

followed by incubation at room temperature for 0 to 80 min. The reaction was quenched by 

addition of 1 mM PMSF. Samples were run on 12–15% polyacrylamide gel. 
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2.4 Results 

2.4.1 Palladin immunoglobulin domains exist as monomers in the absence of actin 

 Our previous study revealed that the Ig3 domain of palladin has two F-actin-binding sites, 

suggesting that bundling of F-actin occurs through binding at these two sites [149]. However, 

actin bundling by the tandem Ig3–4 domain is much more robust than Ig3 alone, resulting in 

more bundles at lower concentrations of palladin [149]. One explanation is that the Ig4 domain 

of palladin may be involved in dimerization to enhance actin bundling. We hypothesized that the 

F-actin bundling activity of Ig3, as well as the enhanced bundling by Ig3–4 domains of palladin, 

may be due to the self-association of palladin. Therefore, we wanted to determine whether the 

palladin domains (Ig3, Ig4, and/or Ig3–4) have any propensity to form homodimers in solution in 

the absence of actin. Previous sedimentation equilibrium measurements indicated that these 

domains have similar apparent and predicted molecular weights, which suggests that these 

domains exist as monomers in solution [149]; however, these experiments were carried out at 

micromolar concentrations of protein and therefore may not be able to detect weak oligomeric 

species.  

 We used the chemical crosslinkers DFDNB and BS3 to detect oligomerization of the Ig3, 

Ig4, and Ig3–4 domains in the absence of actin. First, we used DFDNB with reactive fluorine 

groups that form stable aryl-amine bonds with nearby amine groups. Our results in Figure 2.1 

(B–D) show that neither of the C-terminal Ig domains of palladin form any high molecular 

weight oligomeric species in the absence of actin under moderately stringent crosslinking 

conditions (7.5 µM protein, 30 µM crosslinker, and 40 min reaction time). Increased crosslinker 

concentrations and reaction times can induce minor dimerization in the absence of actin, which 

likely do not represent a biologically relevant dimeric state. Interestingly, when Ig3–4 was 
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allowed to react with the BS3 crosslinker in the absence of actin, a significant fraction of protein 

was found in an intramolecular crosslinked monomer (Figure 2.1.E), which migrates faster than 

native Ig3–4 in a SDS-PAGE gel. We do not see this intramolecular crosslinked species of Ig3–4 

in the presence of DFDNB (Figure 2.1.D), which is likely due to the shorter spacer arm length of 

DFDNB (3.0 Å) as compared with BS3 (11.4 Å). This suggests that both of the Ig domains in 

Ig3–4 maintain a close distance in the absence of actin. 

 
Figure 2.1 No evidence of homodimerization from chemical crosslinking of palladin domains. 
(A) Schematic representation of palladin’s largest (200 kDa) isoform, which includes 
immunoglobulin (Ig) domains 1 through 5 and two polyproline regions represented by triangles. 
The brackets demarcate the most abundant isoform (90 kDa) of palladin that incudes only the 
second polyproline region to the C terminus. The Ig3–4 domains of palladin are highlighted with 
the dashed square. (B–E) Various palladin domains (7.5 µM) were incubated with varying 
concentrations of the chemical crosslinker (15–30 µM) for the indicated times, ranging from 10 
to 40 min. Reaction products were subsequently analyzed for crosslinking on SDSPAGE. 
Crosslinking of Ig3 (B), Ig4 (C), Ig3–4 (D) with DFDNB does not show any dimer or other 
oligomeric species. E: Ig3–4 chemical crosslinking with BS3 reveals the formation of an 
intramolecular crosslinked monomer (denoted by star) that migrates faster than the monomeric 
species in SDS-PAGE gels. 
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2.4.2 Actin induces dimerization in the actin-binding domain of paladin. 
 
Previous studies with the vinculin tail (Vt) domain indicate that actin can play an active role in 

modulating its own filament organization by inducing oligomerization [36, 93]. Therefore, we 

next employed chemical crosslinking studies to ascertain whether dimerization of the Ig3, Ig4, 

and Ig3–4 domains of palladin occurs in the presence of actin. DFDNB crosslinking of the Ig3 

domain in presence of actin reveals two different oligomeric crosslinked species, corresponding 

to a 24 kDa Ig3 homodimer and a 54 kDa Ig3:actin heterodimer (Figure 2.2A). The composition 

of these homo- and hetero-dimeric species, as well as other high molecular weight oligomers of 

Ig3 and actin, were confirmed by probing the Western blots with both palladin and actin 

antibodies (Figure 2.3). Chemical crosslinking of Ig3–4 with DFDNB in the presence of actin 

likewise reveals Ig3–4 homodimers of 53 kDa as well as 69 kDa heterodimers (Figure 2.2D), 

also confirmed by immunoblotting (Figure. 2.3B). Homodimerization of Ig3 requires greater 

concentrations of protein as compared to the Ig3–4 actin induced dimerization. These results 

indicate that the Ig3 domain is sufficient for actin-induced dimerization, just as it is sufficient for 

both binding and bundling. However, the tandem Ig3–4 domain has a lower threshold for 

dimerization, which recapitulates the increased bundling activity of Ig3–4 that was previously 

observed [147]. Similar crosslinking experiments with the isolated Ig4 domain did not show any 

dimer in the presence of actin, which is most likely due to inability of Ig4 to interact directly 

with actin (Figure 2.2 B). However, the presence of the Ig4 domain in tandem with the Ig3 

domain showed much greater bundling of F-actin compared to Ig3 alone, suggesting a yet 

unknown role of Ig4 in enhancing actin crosslinking activity. To examine the role of Ig4, we 

used the DFDNB crosslinker in a mixture of equal concentrations of Ig3 and Ig4 domains in the 

presence of F-actin, with reaction conditions identical to the tandem Ig3–4 domains. Our results 
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for the mixture of Ig3 and Ig4 reveal actin-induced dimers of Ig3 at 24 kDa and 54 kDa (Figure 

2.2 C) that are similar in quantity to previous actin-induced Ig3 oligomerization in the absence of 

Ig4 (Figure 2.2 A). Moreover, actin cosedimentation assays with a mixture of Ig3 and Ig4 

revealed that actin-binding is not higher than Ig3 alone (data not shown); suggesting that the free 

Ig4 domain in solution does not affect Ig3 binding to F-actin. Another possible explanation is 

that the linker region between Ig3 and Ig4 orients theIg4 domain favorably during actin bundling 

and thereby exposes a second dimerization site on Ig4. This conformation could manifest itself 

only in the presence of the tandem Ig3–4 domains.  

 Chemically crosslinked products were also sedimented at high speed to separate the actin 

bound and free fractions of palladin. Palladin Ig3–4 homodimers co-sediment exclusively with 

the actin filament (Figure 2.4 A) pellet lanes. This finding is consistent with the idea that actin-

binding induces palladin dimerization and suggests that the homodimeric form of palladin is 

functionally active (Figure 2.4 A). To determine how the concentration of actin affects palladin 

dimerization, we performed chemical crosslinking reactions where the concentration of Ig3–4 

was held constant while varying the actin concentration (1.25–20 µm) in the presence of a 

chemical crosslinker. Our results show that even very low concentrations of F-actin can induce 

palladin dimerization (Figure 2.4 B). This substantiates the proposition that actin has a critical 

role in dimerization of palladin’s actin-binding domain. 
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Figure 2.2 Palladin homodimerizes in presence of actin. Palladin domains (5–10 µmM) were 
incubated with F-actin (10 mM) and varying concentrations of the chemical crosslinker DFDNB 
(30–100 mM) for 20/40 min. Reaction products were analyzed for crosslinking by SDS-PAGE. 
(A) Ig3, (B) Ig4, (C) Ig3+Ig4, (D) Ig3–4 chemical crosslinking with DFDNB. Palladin 
homodimers (arrowhead) and palladin:actin heterodimers (star) are observed in Ig3, Ig3 1 Ig4, 
and Ig3–4 as indicated. The size of various dimers correspond to: Ig3 homodimer, 24; Ig3:actin, 
54 kDa; Ig3–4 homodimer, 53 kDa; and Ig3–4:actin heterodimer, 69 kDa 
 



	 40	

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3. Western blots confirm the presence of both homo- and heterodimeric species upon 
chemical crosslinking of palladin in the presence of F-actin. Samples from the previous 
experiment (Figure 2.2 A, D) were probed against palladin and actin antibodies to identity the 
species formed during chemical crosslinking reactions. DFDNB crosslinking reactions 
containing (A) 10 µM Ig3 + 10 µM actin and (B) 5 µM Ig3–4 + 10 µM actin with either the 
palladin or actin antibody alongside the molecular weight ladder. 
 
 
                                  
 

 
 
 
 
 
 
 
 
 
 

Figure 2.4. Homodimers of palladin present in actin bound fraction and at very low 
concentrations of actin. (A) Purified paladin domains (10 µM) were incubated with F-actin (10 
µM) and DFDNB before being subjected to a high-speed centrifugation (100,000xg). Pellets (P) 
and supernatants (S) and were analyzed on SDS-PAGE. The Ig3–4 dimer (star) and actin:Ig3–4 
heterodimer (arrowhead) were observed in the pellet fraction only. (B) The Ig3–4 domain of 
palladin was incubated with DFDNB and varying actin concentrations (1–20 µM) for 1 h. 
Reaction products were then analyzed on SDS-PAGE. Both the Ig3–4 homodimer (star) and 
actin:Ig3-4 heterodimer (arrowhead) were observed at all concentrations of F-actin. 
 
 
 
 
 

Actin Conc (µM) 
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2.4.3  Interdomain flexibility of Ig3–4 is important for F-actin-binding and bundling 
 
 We further explored the possibility of changes in the interdomain interactions and the 

importance of the flexible linker region between the Ig3 and Ig4 domains using a series of 

chemical crosslinking experiments. As we show in Figure 2.1E, crosslinking of the tandem Ig3–4 

domain by BS3 induces a significant fraction of Ig3–4 to form an intramolecular crosslinked 

species in the absence of actin. To determine the conformational flexibility and/or role of the 

tandem domains in the presence of actin, we used BS3 crosslinking of Ig3–4 in presence of actin 

under three different conditions. First, Ig3–4 and BS3 crosslinker were both added to 

polymerized actin at the same time to establish whether intramolecular crosslinking of 

monomeric Ig3–4 is favorable in the presence of F-actin (Figure 2.5A, Lane 1). In the second 

condition, Ig3–4 was first crosslinked with BS3 in the absence of F-actin. This crosslinking 

reaction was quenched to prevent any further crosslinking and then followed by addition of F-

actin, thereby giving ample time for Ig3–4 to form intramolecular crosslinked species before 

actin-binding (Figure. 2.5A, Lane 2). In the final condition, Ig3–4 was incubated first with F-

actin for 60 min and then BS3 crosslinker was added, giving the least opportunity for Ig3–4 to 

form intramolecular crosslinked species (Figure. 2.5A, Lane 3). Our results show that Ig3–4 

homodimers and Ig3–4:actin heterodimers are still present when F-actin is available for 

interaction before crosslinker was added (Figure 2.5 A). Moreover, the quantity of 

intramolecular crosslinked Ig3–4 species varied significantly under different conditions, 

suggesting different positions of the Ig4 domain with respect to Ig3 in the presence versus 

absence of actin (Figure 2.5 B). In conditions where Ig3–4 was crosslinked before actin-binding, 

the absence of any Ig3–4:actin heterodimer combined with the increased amount of 

intramolecular crosslinked species also suggest that domain movement within Ig3–4 is necessary 

or is induced when palladin interacts with F-actin. To further explore the importance of 
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flexibility between the Ig3–4 domains we used the crosslinker DSP, which is similar to BS3 in its 

spacer arm length but has the advantage of a disulfide bond in the spacer arm that can be cleaved 

upon reduction. We first carried out an actin cosedimentation assay with Ig3–4 in the presence of 

DSP without any reducing agent, which resulted in formation of the intramolecular crosslinked 

species. Furthermore, this intramolecular crosslinked species of Ig3–4 caused a reduction in the 

amount of actin-binding and bundling (Figure 2.5 C, D). This reduction could be due to the 

intramolecular crosslinked structural confinement of Ig3–4 or may result from the chemical 

modification of lysine residues because lysine residues in palladin are involved in actin-binding 

and bundling [149]. Actin-binding and bundling activity were both partially restored by cleaving 

the spacer arm of DSP, suggesting that the loss of actin bundling and binding is the result of 

intramolecular crosslinking and does not result from chemical modifications of lysine residues. 

Our results also indicate that actin bundling is abolished completely in the absence of reducing 

agent whereas actin-binding is only diminished (Figure. 2.5 C, D). This dichotomy suggests that 

interdomain flexibility is more important for bundling and suggests that actin-binding induces a 

conformational change in Ig3–4 that leads to the exposure of an additional dimerization site on 

Ig3 or Ig4. This additional binding site could then enhance homodimerization of Ig3–4 to a 

greater degree than for Ig3 and provides an explanation for the previous results that revealed that 

Ig3–4 is a better actin bundling protein than Ig3. 

 



	 43	

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5. Intramolecular crosslinking of palladin Ig3–4 domains displays cause and effect 
relationship with actin-binding and bundling. (A) Lane 1 contains Ig3–4 (10 µM), BS3 (30 µM), 
and F-actin (10 µM) that were incubated together for 1 h. Lane 2 is Ig3–4 treated with BS3 for 1 
h at RT in the absence of F-actin to allow the formation of intramolecular crosslinked monomers 
(star), followed by a 1 h incubation with F-actin. Lane 3 is Ig3–4 incubated with F-actin for 1 h, 
before addition of BS3. (B) Quantification of the intramolecular crosslinked (ICL) Ig3–4 species 
from lanes in A. (C and D) Ig3–4 was treated with the thiol-cleavable BS3 analog DSP for 1 h in 
the absence of F-actin to yield intramolecularly crosslinked monomers (ICL). Following a 30 
min incubation in either the absence or the presence of 50 mM DTT (C), the binding of DSP 
treated Ig3–4 to F-actin was assessed by a co-sedimentation assay followed by SDS-PAGE and 
quantification of Ig3–4 band by densitometry. (D) Bundling of F-actin by DSP treated Ig3–4 was 
also assessed by a differential sedimentation assay and the actin bands were quantified in similar 
manner. The percentage of actin present in each fraction is represented as supernatant (light 
gray), pellet (dark gray), and bundle (black). 
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2.4.4 Actin induced structural changes in Ig3–4 are revealed by limited proteolysis 

 We carried out limited proteolysis experiments with Ig3–4 in the presence and absence of 

F-actin to determine whether Ig3–4 undergoes a conformational change upon binding F-actin. 

First, we performed proteolysis of Ig3–4 with trypsin and chymotrypsin at varying incubation 

times and protease concentrations and our results show that the rate of degradation is greater for 

trypsin as compared to chymotrypsin (Figures 2.6 and 2.7). Furthermore, we found that, in the 

absence of F-actin, Ig3–4 is more susceptible to enzyme digestion than the actin-bound form 

(Figure 2.6). Trypsin completely digested Ig3–4 in the supernatant within 20min, whereas actin-

bound Ig3–4 was not completely digested until 60 min. The amount of intact Ig3–4 that remained 

after proteolysis was also quantified and reveals that ~60% of actin-bound Ig3–4 remains after 

20 min (Figure 2.6 C, D). On the other hand, Ig3–4 that is not bound to actin was nearly 

completely digested after only 10 min (Figure 2.6 A, B). These results suggest that actin-binding 

by Ig3–4 causes a change in conformation or orientation of the two domains that causes 

protection from proteolysis. We also performed proteolysis of Ig3 under similar conditions, 

however, we did not observe any change in extent of proteolysis between free Ig3 and actin 

bound Ig3 (Figure 2.8). Ig3 remained quite stable even when we employed higher concentrations 

of both the proteases and furthermore, binding of Ig3 to F-actin does not appear to involve any 

detectable change in conformation. We therefore suggest that this actin-induced conformational 

change most likely occurs in the tandem Ig3–4 domain and results in a new orientation of the 

two domains relative to each other. 
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Figure 2.6 Actin-binding protects palladin from proteolysis. The Ig3–4 domain of palladin (50 
µg) was incubated with F-actin (50 µg) and then centrifuged at 100,000xg to separate the actin 
bound (pellet) and free (supernatant) fractions of Ig3–4. Both fractions were then subjected to 
limited proteolysis by using trypsin (1:1000) before separation and detection of fragments by 
SDS-PAGE (A and B). The percentage of intact Ig3–4 (arrowhead) found in the supernatant (A 
and C) or actin bound pellet (B and D) was quantitated by densitometry measurements of 
corresponding gels. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.7 Limited proteolysis of Ig3-4 actin co-sedimentation fractions with chymotrypsin. 
Purified palladin Ig3-4 domain (50 µg) was incubated with F-actin (50 µg) and then centrifuged 
at 100,00x g. After centrifugation, supernatants and pellets were separated and subjected to 
limited proteolysis by using chymotrypsin (1:500) before separation and detection of fragments 
by SDS-PAGE (A, B). The percentage of intact Ig3-4 (arrowhead) found in the supernatant (A, 
C) or actin-bound pellet (B, D) was quantitated from densitometry measurements of the 
corresponding gels. 
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Figure 2.8 Additional limited proteolysis of Ig3 domain actin co-sediementation fractions with 
trypsin and chymotrypsin. The Ig3 domain of palladin (50 µg) was incubated with F-actin (50 
µg) and then centrifuged at 100,000 x g to separate the actin bound (pellet) and free (supernatant) 
fractions of Ig3. Both fractions were then subjected to limited proteolysis by using trypsin 
(1:1000) or chymotrypsin (1:500) before separation and detection of fragments by SDS-PAGE. 
Ig3 treated with trypsin in the pellet (A) or supernatant (B) fractions. Fractions containing Ig3 
digested with chymotrypsin in (C) pellet or (D) supernatant. 
 

2.5 Discussion 

 The general understanding from previous studies with a variety of crosslinking proteins is 

that the crosslinking activity results from more than one actin-binding site. This can be achieved 

either through two structurally related but different binding sites on the same polypeptide or one 

binding site on each polypeptide that are then brought together through oligomerization. The 

proximity of these binding sites appears to correlate with the architecture of the resulting actin 

filament network. Two proximal actin-binding sites, in fimbrin and in the tandem calponin 

homology (CH) domains of fascin, both result in tightly packed parallel bundles of actin 

filaments. [159, 160]  
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 Non-covalent dimerization is another a common actin crosslinking mechanism. For 

example, villin has an N-terminal dimerization site that regulates self-association, with or 

without actin, but is also critical for bundling actin filaments[74, 161]. In a similar fashion, the 

formin family of proteins homodimerize and bundle actin filaments via their FH2 domain[162]. 

Homodimers of filamin, where C-terminal self-association and N-terminal actin-binding sites are 

distantly located, provide flexibility to crosslink distant actin filaments and assemble them into a 

loose and orthogonal network[163, 164]. Similarly, crosslinking of actin filaments by α-actinin is 

facilitated by the central rod domain of spectrin repeats that form an antiparallel dimer while N-

terminal CH domains provide a pair of actin-binding sites[165] To understand the network 

mechanics and organization of the actin cytoskeleton, it is imperative to determine the binding 

interactions and structural role of the growing list of ABPs using well-defined in vitro 

biochemical techniques. 

 In this study, we demonstrated that the dimerization of palladin’s actin-binding domain 

can be induced upon binding to actin and that translates into bundling of actin filaments. Palladin 

domains (Ig3, Ig4, and Ig3–4) do not self-associate in the absence of actin, as revealed by our 

chemical crosslinking experiments with DFDNB crosslinker and also confirmed in previous 

studies of palladin oligomerization [36, 149, 160].  Intramolecular crosslinked species were 

observed with Ig3–4 in the presence of crosslinker (BS3, 11.4 Å) with a longer spacer arm length 

than DFDNB (3.0 Å); suggesting that domains in Ig3–4 may exist in an anti-parallel, “U”- 

shaped orientation connected through the 41 residue linker (discussed more thoroughly in a later 

section).  

 The homodimers of Ig3 and Ig3–4 that we observed only in the presence of actin (Figure 

2.2) suggest that palladin utilizes a mechanism whereby two Ig3 or tandem Ig3–4 domains self-
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associate only upon binding to actin in order to crosslink two actin filaments. In contrast to α-

actinin, utropin, and filamin, where actin-binding and dimerization activities reside in two 

separate domains [164-166] the Ig3 domain of palladin seems to possess both an actin-binding 

site and at least one dimerization site that represents the minimum requisite for actin bundling 

activity. Having different actin-binding and dimerization domains separated by a flexible linker, 

as observed in various other ABPs, alters the structural and viscoelastic properties of the 

crosslinked actin filaments. Filamin, for example, contains more linker domains than α-actinin 

and this results in actin filament structures that are characterized by actin bundles that have more 

viscoelasticity than those formed by α-actinin [167]. The viscoelastic properties of actin filament 

structures formed by the isolated Ig3 and Ig3–4 domains have not been studied yet but the 

rheological properties of full length palladin-actin networks are similar to those formed by α-

actinin [168]. Conventional wisdom would suggest that, since actin-binding and dimerization 

sites reside in the same domain (Ig3), palladin should form a stiffer actin network than those 

formed by α-actinin. On the contrary, our results suggest that actin bundling by palladin is not a 

straightforward single domain mechanism as the Ig3–4 domain displays far greater bundling and 

actin-induced dimerization capabilities.            

  Although this study focused on these two domains, it has implications for full-length 

paladin as all but one of the seven isoforms contains the Ig3 and Ig4 domains. It is important to 

note that other regions of palladin are involved either directly or indirectly in actin-binding 

because the binding affinity of full-length palladin is significantly greater (Kd ~ 2 µM) than the 

Ig3 domain (Kd ~ 60 µM) [147]. This difference in actin-binding affinity is also evident from the 

difference in intensity of homodimer protein bands present in the case of Ig3 versus the more 

prevalent Ig3–4, when similar protein and actin concentrations are used (Figure. 2.2). This 



	 49	

reduction in homodimer formation for the single domain could likewise result from the lower 

actin-binding affinity of Ig3 (Kd ~ 60 µM) as compared to Ig3–4 (Kd ~ 9 µM), which would 

require an increase in the Ig3:actin molar ratio to saturate binding and cause more substantial 

actin bundling. Distinct homodimers and higher actin-binding affinity were observed with Ig3–4 

and this can also be correlated with significantly higher bundling of actin filaments, as shown 

even at lower Ig3–4:actin molar ratios (Figure. 2.5).  

 Despite the fact that the isolated Ig4 domain of palladin has no direct interaction with 

actin, this domain enhances the binding affinity of tandem Ig3–4 by an unknown mechanism. On 

the basis of our results, we put forth a mechanism to explain this increased actin-binding and 

crosslinking whereby a conformational change occurs in Ig3–4 that is induced by actin-binding. 

In this model, the conformational change leads to (1) the exposure of either second binding or 

dimerization site on the Ig4 domain or (2) exposure of an otherwise cryptic actin-binding site on 

the Ig3 domain or linker between Ig3 and Ig4 domains that enhances the affinity of Ig3 for actin 

(Figure 2.9). 

 Intramolecular crosslinked species that migrate faster in SDS-PAGE were only observed 

in samples of Ig3–4 containing the crosslinkers with a longer spacer-arm length (BS3 and DSP), 

which suggests that the orientation of the actin-bound form of Ig3–4 domain assumes a more 

extended form than the free form. We found that the presence of intramolecular crosslinked 

species inversely correlates with Ig3–4 bundling activity. This indicates that interactions between 

actin and Ig3–4 inhibit intramolecular crosslinking and results in a more open conformation of 

the Ig3–4 domain (Figure. 2.5 A,B). Probing this phenomenon further with the reversible DSP 

crosslinker revealed that the decreased actin-binding and bundling caused by 
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Figure 2.9 Model for actin bundling and palladin Ig3–4 self-association. (1) Dimerization of 
palladin requires a conformational change to take place, shown here as a loop displacement. 
Dimers of palladin may sporadically form but they are unstable and the equilibrium is shifted 
toward the monomeric form. (2) Palladin binds to F-actin through the Ig3 domain, which results 
in conformational change that favors dimerization. (2 and 3) Upon dimerization, palladin 
promotes interaction between actin filaments and their subsequent zippering into tight bundles. 
(4) Palladin-induced bundles could then elongate by polymerization of crosslinked actin 
filaments (4) and, although not determined yet, it is possible that palladin assembles both 
unipolar and mixed polarity bundles. 
 

intramolecular crosslinking could be partially restored by cleaving the spacer arm of DSP 

(Figure 2.5 C, D). Similar intramolecular crosslinked species were also observed in the case of 

vinculin tail fragment (V884-1066) that likewise decreased actin-bundling activity [36]. This 

outcome suggests that interdomain flexibility allows for an open conformation that is critical for 

actin-bundling activity and is more important for bundling than for binding to actin. Our results 

suggest that actin-binding induces a conformational change in Ig3–4 that favors both 

dimerization and bundling; therefore, actin plays an active role alongside palladin in 

transforming cytoskeletal organization. This active role for actin in controlling bundling is a 

mechanism common to structurally different actin bundling proteins, as previously identified in 

WLIM1 from Nicotiana tabacum, where actin promotes and stabilizes the monomer to dimer 
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transition. This dimerization of WLIM1 then promotes actin crosslinking [169]. Vinculin uses a 

similar mechanism where actin inhibits native dimerization of the tail fragment but exposes a 

cryptic dimerization site that is essential for actin bundling through conformational change in tail 

domain [36].  

 We further analyzed the actin-induced conformational change in Ig3–4 by limited 

proteolysis and, as seen with vinculin tail domain (Vt), conformational changes within the 

domain brought about after actin-binding resulted in an increase in protease susceptibility. 

Contrary to what was observed for Vt, actin-binding by Ig3–4 results in diminished protease 

reactivity. This suggests that an open conformation of Ig3–4 is induced or favored by actin-

binding and results in stronger Ig3–4 homodimerization and subsequently decreases the 

susceptibility. 

 We demonstrate that the actin-binding and bundling domains of palladin remain 

monomeric in the absence of actin but oligomerize following incubation with actin. Our evidence 

that actin-binding decreases the susceptibility of palladin to proteases supports the idea of actin-

induced restrictions in conformational flexibility of palladin. Interestingly, we also observed that 

restricted domain movements brought about by intramolecular crosslinking prevented actin-

binding and bundling by palladin. Together our results provide a causal link between actin-

palladin interactions and oligomer formation. Similar actin-induced protein oligomerization 

mechanisms have been reported for vinculin, vilin, and WLIM1 [36, 75, 169].  Our results 

suggest that palladin joins these structurally unrelated ABPs in a common mechanism, whereby 

control of actin-bundling is facilitated by actin itself. On the basis of these results we put forth a 

model for palladin dimerization and bundling activity, where actin induces a conformational 

change in palladin that gives rise to a palladin structure that is more amenable to dimerization 
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(Figure 2.9). This conformational change, in turn promotes binding to multiple actin filaments 

and subsequent crosslinking of these actin filaments into tight bundles. 
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CHAPTER 3 
 

PHOSPHOINOSITIDE BINDING INHIBITS ACTIN CROSSLINKING AND 
POLYMERIZATION BY PALLADIN 

 
Excerpt from:  Yadav R, Vattepu R, Beck MR. J Mol Biol. 2016 Oct 9; 428(20): 4031-4047. 
 
3.1 Abstract 
 Actin cytoskeleton remodeling requires the coordinated action of a large number of actin-

binding proteins (ABPs) that re-organization actin cytoskeleton by promoting polymerization, 

stabilizing filaments, causing branching, or crosslinking filaments. Palladin is a key cytoskeletal 

actin-binding protein whose normal function is to enable cell motility during development of 

tissues and organs of the embryo and in wound healing, but palladin is also responsible for 

regulating the ability of cancer cells to become invasive and metastatic. Membrane 

phosphoinositide (PI(4,5)P2) is a well known precursor for intracellular signaling, as well as a 

bonafide regulator of actin cytoskeleton re-organization. The actin-binding domain of palladin 

(Palld-Ig3) contains a phosphoinositide binding motif [R/K-(X)4-(R/K)-X-(RR/KK)] located 

opposite to the known actin-binding region, suggesting a likely interaction between 

phosphoinositide (PI(4,5)P2) and palladin. Our results show that two palladin domains (Ig3 and 

Ig3-4) interact with the head group of PI(4,5)P2 with moderate affinity (~ Kd = 17 µM), and 

PI(4,5)P2 binding site resides mainly in the Palld-Ig3 domain. Interaction of PI(4,5)P2 decreases 

the actin polymerizing activity of Palld-Ig3. Further, NMR titration and docking studies show 

that residues K38 and K51, present on the β−sheet C and D, form salt bridges with the head 

group of PI(4,5)P2. Moreover, charge neutralization at lysine 38 in the Palld-Ig3 domain severely 

limits the actin polymerizing and bundling activity of Palld-Ig3. Our results provide biochemical 

proof of the PI(4,5)P2 as moderator of palladin’s activity and also identified residues directly 

involved in the crosslinking activity of palladin.   
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3.2  Introduction 
 
 The membrane phosphoinositide, phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), 

plays a fundamental role in membrane associated cellular processes such as cytokinesis [56], 

intracellular signaling [57], vesicle trafficking [58], and restructuring of the cellular cytoskeleton 

[51]. PI(4,5)P2 is concentrated on the cytosolic face of the plasma membrane and accounts for 

less than 1% of the total cellular pool of lipids [51, 59]. In particular, PI(4,5)P2 plays an 

important role in actin cytoskeleton remodeling by directly interacting with and controlling 

subcellular localization of several actin-binding proteins both spatially and temporally. For 

instance, PI(4,5)P2 promotes actin polymerization near the cell membrane by activating the actin 

nucleating and branching protein Arp2/3 complex via activation of N-WASP [60] and/or 

blocking the barbed-end capping activity of gelsolin [61, 62]. PI(4,5)P2 also downregulates the 

activity of filamin and α-actinin and thereby decreases crosslinking of F-actin [63, 64]. PI(4,5)P2 

can also upregulate adhesion by inducing conformational changes in otherwise autoinhibited 

actin crosslinking proteins vinculin and talin [65]. Moreover, lowering the PI(4,5)P2 

concentration results in the loss of cytoskeleton adhesion from cell membranes [66]. In general, 

the phosphoinositol head group mediates the interaction of PI(4,5)P2 with actin-binding proteins 

and that is facilitated by electrostatic interactions between the negatively charged lipid head 

group and positively charged basic amino acids of the protein. However, in some cases the acyl 

chain of PI(4,5)P2 also facilitates this interaction with proteins [67]. Moreover, some actin-

binding proteins are indiscriminate in recognizing other phosphoinositides [PI, PI(4)P, PI(3,4)P2, 

PI(3,4,5)P3]. For example, PI(4,5)P2 is capable of inhibiting the actin depolymerization activity 

of cofilin proteins in chicken and yeast, yet cofilin can likewise bind to PI(3,4)P2 and PI(3,4,5)P3 
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with relatively high affinity [67, 68]. These diverse actions highlight the broad scope of PI(4,5)P2 

activities in re-organizing the actin cytoskeleton.  

Palladin, a cytoskeletal actin-binding protein, is widely expressed in muscle and non-

muscle cells of vertebrates [144]. It is functionally linked to the regulation of actin dynamics in 

normal embryonic development [101], wound healing [170, 171] and in invasive cancers [172, 

173]. Suppression of palladin expression results in the loss of stress fibers in fibroblasts cells 

[99], decreases in the amount of filamentous actin [174], defects in cell motility by reducing the 

expression of contractile proteins [104], and loss of cytoskeletal organization. Conversely, 

overexpression of palladin in cultured cells increases the number and size of actin bundles [100].  

Palladin is multi-domain scaffolding protein that also interacts directly with actin and 

crosslinks actin filaments [147, 149]. Its scaffolding activity regulates actin dynamics via 

interactions with other actin-binding and crosslinking proteins such as ENA/VASP[141], profilin 

[140], α-actinin [130], Lasp-1 [100], and Ezrin [144]. Moreover, palladin interacts with signaling 

intermediates (Src, SPIN-90 and Abl/Arg kinase binding protein (ArgBP2)) that are associated 

with cytoskeletal reorganization [145, 146]. The largest isoform of palladin (isoform #1, M.W. ~ 

200 kDa) contains five immunoglobulin (Ig) domains; two amino terminal Ig domains (Ig1, Ig2), 

followed by two polyproline rich regions and three C-terminal Ig domains (Ig3-Ig5) [119, 175].  

The Ig3 domain of palladin (Palld-Ig3) is both necessary and sufficient for both actin-binding 

and crosslinking [147-149]. Despite the fact that the Ig4 domain and the linker between the Ig3 

and Ig4 domains of palladin do not interact directly with actin, their addition increases actin-

binding and crosslinking activity significantly over that of the Ig3 domain alone (Palld-Ig3) 

[176]. Two lysine patches (K15/18 and K51) on the surface of Palld-Ig3 are implicated directly 

in its actin-binding activity and it was suggested initially that these sites are also involved in its 
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actin crosslinking activity [149]. Vattepu et al. (2015) showed that actin crosslinking is the result 

of actin induced homodimerization of the Palld-Ig3 domain [176] but the residues of Palld-Ig3 

involved in homodimerization are not yet identified.  

 Functional regulation of the actin cytoskeleton by membrane phospholipid (PI(4,5)P2) is 

well known for several cytoskeletal regulatory proteins [51, 59]. Our lab recently showed that 

palladin can increase the rate of actin polymerization and also alter organization of the resulting 

filaments [148]. Moreover, removal of the actin-binding domain (Palld-Ig3) results in the 

relocation of palladin to the nucleus [149], suggesting that direct binding with actin has major 

implications for palladin’s role in cytoskeletal reorganization. Palladin also binds numerous 

cellular components other than F-actin, including multiple other actin-binding proteins, signaling 

intermediates, and transcription factors. Many of these binding partners regulate actin assembly 

and thus palladin resides at the center of a complex network to organize actin architecture. 

Therefore, it is crucial to understand the mechanisms through which interactions in this network 

are regulated. Despite its well-established role in normal and invasive cell motility, regulation of 

palladin remains unexplored.  

 Here, we have determined the functional regulation of palladin by anionic membrane 

phospholipids. We show that PI(4,5)P2 directly interacts with the actin-binding domain of 

palladin (Palld-Ig3). The Palld-Ig3 interaction with PI(4,5)P2 appears to be electrostatic in nature 

and that also drives its interaction with PI, PI(4)P and Ins(1,4,5)P3. Functionally, binding of 

PI(4,5)P2 to Palld-Ig3 decreases its crosslinking activity and de novo actin filament assembly 

without significantly affecting its actin-binding ability. We also identified the potential PI(4,5)P2 

interacting residues in the Palld-Ig3 domain. Interestingly, these interactions involve two lysine 

residues that do not have any significant effect on actin-binding and lie on the opposite face of 
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one of the known actin-binding sites. While mutation of these sites does not affect the actin-

binding activity, the actin crosslinking activity and the rate of actin polymerization by Palld-Ig3 

are both significantly decreased. Together, these results suggest that PI(4,5)P2 is a potent 

regulator of palladin that interferes with actin crosslinking. 

 
 
3.3 Experimental Methods 
3.3.1 Expression and purification of palladin domains, palladin mutant (K38/51A), and 
actin 
 
 The Mus musculus Ig3, Ig4, and Ig3-4 domains of palladin were subcloned into the 

pTBSG (or pTBMalE) expression vector as described [176]. All constructs were transformed 

into BL21 (DE3) Escherichia coli cells (New England Biolabs; Ipswich, MA) for protein 

expression. E. coli cultures were grown at 37 °C until the OD600 reached 0.7 and were further 

grown overnight at 18 °C in ZYM-5052 auto-induction media as described [177] . Cell cultures 

were pelleted down and resuspended into lysis buffer (50 mM Tris (pH 8.0), 300 mM NaCl, and 

10 mM imidazole), followed by sonication and clearing of cell lysate by centrifugation. 

Supernatant was loaded onto a pre-equilibrated Ni-NTA column, and protein was purified 

according to the manufacturer's guidelines (ThermoFisher Scientific; Waltham, MA). The N-

terminal histidine tag was cleaved by TEV protease and further purified as previously reported 

[147]. Additionally, the MBP fusion protein was removed from the Palld-Ig3-4 construct by 

loading the TEV-digested Palld-Ig3-4 on amylose resin and was purified as per manufacturer's 

guidelines (New England Biolabs; Ipswich, MA). All three palladin domains were finally 

dialyzed in HBS buffer (20 mM Hepes (pH 7.4), 50 mM NaCl, and 1 mM DTT). A double lysine 

pointmutation (K38/51A) in the Palld-Ig3 domain was cloned in pQlinkH vector, and mutations 

were verified by sequencing. Palld-Ig3 K38/51A protein was purified as described for WT 



	 58	

protein. Uniform 15N-isotopically labeled Palld-Ig3 was prepared by growing the E. coli cells in 

N-5052 auto-induction minimal media containing 10 mM 15NH4Cl (Sigma-Isotec, St. Louis, 

MO) as the sole nitrogen source [177]. Furthermore, Palld-Ig3 was purified as described for 

unlabeled protein and buffer exchanged into NMR buffer (20 mM Hepes (pH 6.9), 50 mM NaCl, 

1 mM DTT, 0.05% NaN3, and 10% D2O). Actin was purified from rabbit muscle acetone powder 

(Pel-Freez Biologicals; Rogers, AR) using the method described by Spudich and Watt [178] and 

was gel-filtered on 16/60 Sephacryl™ S-200 column (GE Healthcare Life Sciences). Purified G-

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, and 0.02% NaN3) and was used within 1–2 weeks. Pyrene-labeled actin was prepared 

by the reaction of N-(1-pyrenyl) iodoacetamide (Sigma-Aldrich) with gel-filtered G-actin as 

described previously [179].   

3.3.2 Preparation of phospholipid vesicles and vesicle co-sedimentation assay  

 POPC, L-α-PI (18:2), and L-α-PI(4)P (18:4; 1 mg/mL) dissolved in chloroform:methanol 

or chloroform were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). PI(4,5)P2 

(diC8) in lyophilized form was purchased from Echelon Biosciences, Inc. (Salt Lake City, UT). 

A liposome co-sedimentation assay was carried out as described previously [180] to determine 

whether Palld-Ig3/Ig4/Ig3-4 interacts with POPC and PI(4,5)P2 . In brief, lipid vesicles of POPC 

with different ratios of PI(4,5)P2  (5– 20%) were made by mixing various quantities of PI(4,5)P2  

(12.5– 50 µg) and POPC (237.5– 200 µg). Lipid mixtures were then vacuum dried overnight and 

resuspended in HBS buffer before extensive sonication in a water bath for 15 min with highest 

power (model G112SPIT; Laboratory Supplies, Inc. Hicksville, NY). Care was taken to keep the 

pH of lipid vesicles identical to the protein solutions. Similarly, lipid vesicles of POPC and 

PI/PI(4)P (15%) were prepared. Protein stock solutions of Palld-Ig3/Ig4/Ig3-4 were centrifuged 
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at 100,000 xg for 50 min (BeckmanTL-100 ultracentrifuge; Beckman-Coulter) to remove any 

protein aggregates. Liposomes of POPC and POPC/PI(4,5)P2  were mixed with 10 µ M Palld-

Ig3/Ig4/Ig3-4 and incubated for 30 min before centrifugation at 100,000xg  for 40 min. The 

supernatants were 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 pellet and supernatant were 

separated using 10% tricine-SDS-PAGE gels. The amount of protein pelleted in each fraction 

was quantified by using ImageJ software [158]. At least three data sets were averaged, and SD 

was calculated. Further statistical analysis was done by one-way ANOVA test on GraphPad 

Prism software version 6 for Windows, (GraphPad Software, San Diego, California). Differences 

between values were considered significant if P <  0.05. 

3.3.3 Tryptophan fluorescence quenching assay 

  Tryptophan fluorescence spectra of Palld-Ig3/Ig4/Ig3-4 were collected on a Cary-Eclipse 

spectrofluorometer (Varian, Agilent Technologies, Inc.). POPC vesicles (4 mM stock) were 

prepared for this experiment as described above, while 4 mM PI(4,5)P2  micelle stock was 

prepared by resuspending PI(4,5)P2  powder in HBS buffer, followed by sonication in water bath 

for 5 min. Palld-Ig3 (10 µM), Palld-Ig3-4 (10 µM), or Palld-Ig4 (20 µM) in HBS buffer was 

placed in a 1-cm square quartz cuvette with a sample volume of 200 µL at constant temperature 

of 25 °C. POPC vesicle or PI(4,5)P2 micelles at final concentrations ranging from 2.5 µM to 70 

µM were used in increments of 0.25 or 0.5 µL. Tryptophan fluorescence spectra were collected 

twice after 5 min of incubation at excitation wavelength of 295 nm and slit width of 5 nm for 

excitation and emission. The total volume of vesicle/micelles added did not exceed 2% of the 

initial protein solution at lower concentrations of POPC/PI(4,5)P2 . The decrease in fluorescence 

emission of Palld-Ig3 at 329 nm was plotted as a function of PI(4,5)P2 concentration, and the 
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change was assumed to be proportional to the concentration of protein– PI(4,5)P2  complex. The 

apparent dissociation constant, Kd, for Palld-Ig3 and PI(4,5)P2  was calculated using the Equation 

(1) as described by Ward  [181] and Lin [182] and shown here: 

 

∆𝐹 =
∆𝐹!"# × lipid!
𝐾! +  lipid!

                  Eq. 1 

where ΔF  is the fluorescence quenching at a given PI(4,5)P2  concentration, ΔFmax  is the total 

fluorescence quenching of the protein saturated with ligand, and (lipidT) is the concentration of 

PI(4,5)P2 . Data were fitted, and ΔFmax and Kd were both determined for Palld-Ig3 and PI(4,5)P2  

binding by nonlinear regression analysis in GraphPad Prism version 7. 

3.3.4 Actin crosslinking, co-polymerization, and pyrene fluorescence assay 

  Actin co-sedimentation assays were carried out to quantitate the effect of PI(4,5)P2  on 

actin crosslinking by Palld-Ig3 that occurs during co-polymerization. PI(4,5)P2  (0– 150 µM) was 

incubated with 20 µM Palld-Ig3 for 30 min and was further incubated with Ca-G-actin in non-

polymerizing conditions (G-buffer). The reaction mixtures were incubated for 1 h and then 

centrifuged at 5000xg for 10 min. To pellet all actin filaments, we centrifuged the supernatant at 

100,000xg for 50 min (Beckman TL-100 ultracentrifuge). Supernatant and pellet fractions were 

separated. All the fractions were resuspended in 100 µl of 0.1% SDS buffer that was further 

separated on 15% SDS-PAGE gels. The amount of Palld-Ig3 present in each fraction was 

quantified by using ImageJ software [158]. The actin co-sedimentation assay was adapted to 

determine the effect of PI(4,5)P2  binding on the actin polymerizing activity of Palld-Ig3/Ig3-4. 

In these assays, Palld-Ig3/Ig3-4 (10 µ M) was incubated with various amounts of PI(4,5)P2  (0–

150 µM) in HBS buffer with 1 mM EGTA for 30 min; thereafter, G-actin (10 µM) was added in 

non-polymerizing conditions (G-buffer) and further incubated for 1 h. To quantify the 
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polymerized actin induced by PI(4,5)P2 -Palld-Ig3/Ig3-4, we centrifuged the reaction mixtures at 

100,000xg  for 30 min. The supernatants were removed carefully, and the pellets were 

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

SDS). Pellet and supernatant fractions were further analyzed on 15% SDS-PAGE gels. The 

amount of actin polymerized in each sample was quantified by using ImageJ software [158]. To 

ascertain the effect of PI(4,5)P2  on the rate of actin polymerization by Palld-Ig3, we measured 

the change in fluorescence intensity of 5% pyrenyl-actin, which is 7–10 times greater than the 

fluorescence intensity of G-actin as described[179]. Palld-Ig3 (20 µM) was mixed with various 

concentrations of PI(4,5)P2  (20– 100 µM) and incubated for 15 min at room temperature. 

Pyrenyl-G-actin and unlabeled G-actin were mixed together to make a 20 µM and 5% pyrene-

labeled G-actin stock. Right before the experiment, 5 µM of this stock was incubated for 2 min 

upon the addition of 1 mM EGTA. Polymerization was then initiated by the addition of PI(4,5)P2 

-Palld-Ig3/34 mixture with 25 mM KCl (polymerizing condition) to 5 µM G-actin. Pyrene 

fluorescence of actin was measured with excitation at 365 nm and emission at 385 nm in 

fluorescence spectrophotometer (PTI, Edison, New Jersey). We added equal amounts of storage 

buffer in the entire reaction sample to ensure that no contributions from Palld-Ig3 storage buffer 

affected polymerization. Baseline fluorescence was subtracted from the raw data. To determine 

the rate of overall polymerization, we first normalized the raw data by subtracting the baseline 

fluorescence and then dividing the fluorescence values by the steady-state plateau fluorescence. 

Then, the overall polymerization rate of each polymerization curve was determined by plotting 

the slope of the linear region of the curve and converting the relative fluorescence units/s into 

nM actin/s. We can assume 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 
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concentration [148]. Similar experiments were done to determine the effect of Palld-Ig3 

K38/51A mutation on actin polymerization. In brief, 5 µM pyrenyl-Ca-G-actin (5% labeled) was 

converted to Mg-G-actin by incubation in priming solution (1 mM EGTA and 0.1 mM MgCl2 ) 

for 2 min. Palld-Ig3 K38/51A (0– 20 µM) was added with 25 mM KCl to collect the 

fluorescence signal with instrument setting identical to previously described. Positive controls of 

WT Palld-Ig3/Ig3-4 were also recorded for each experimental condition. All fluorescence values 

were corrected for baseline fluorescence signal. 

3.3.5 NMR chemical shift mapping of Palld-Ig3–Ins(1,4,5)P3 complex 

  NMR spectra were collected on a Bruker Avance 800 MHz NMR instrument equipped 

with TCI cryoprobe and Z -axis pulsed field gradients at the University of Kansas Bio-NMR 

Lab. For the NMR experiments, the Palld-Ig3 solution was concentrated to 0.6 mM in NMR 

buffer. The PI(4,5)P2  head group, Ins(1,4,5)P3, in lyophilized form was purchased from Echelon 

Biosciences, Inc., and 1 mg was dissolved in NMR buffer to make a 2-mM stock solution. 2D 

15N–1H HSQC experiments were recorded for 0.2 mM Palld-Ig3 without and with Ins(1,4,5)P3  

(1 mM). Spectra were processed using NMRPipe [183] and analyzed by CARA [184] . CSPs 

were analyzed using CARA version 1.8.4, and combined CSPs with ΔδTOTAL of 1HN  and 15N 

nuclei were weighted to normalize the larger chemical shift range of 15N following the method as 

described by Williamson (2013)[185].  The cutoff of significance was measured by the mean 

value of the chemical shift difference (δmean); the 84 chosen residues were 22.9 ppb, and the SD 

(δstd) was 19.5 ppb. The residues whose chemical shift changed by more than 41.4 ppb (δmean  + 

δstd) or 0.04 ppm were deemed significant CSPs [186]. 

3.3.6 Molecular docking 

  To validate the Ins(1,4,5)P3  binding site onto the Palld-Ig3 domain, we performed the 
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docking utilizing guru interface of HADDOCK2.2 [187] with 5000 structures for rigid-body 

docking. Palld-Ig3 coordinates used for the docking were extracted from the NMR structure of 

Palld-Ig3 (PDB ID: 2LQR) [149]. The ligand coordinates used for molecular docking were 

extracted from the X-ray crystal structure of the inositol 1,4,5-trisphosphate receptor binding 

core in complex with Ins(1,4,5)P3  (PDB ID: 1N4K). HADDOCK2.2 docking of Ins(1,4,5)P3  

onto Palld-Ig3 resulted in a total of 198 conformers clustered in three groups that represented 

99.0% of the water-refined models. All conformers were clusters according to their HADDOCK 

score, which is defined as a weighted sum of different energies (1*EVDW  + 0.2Eelec  + 0.1EAIR  + 

1*Edesolv). The results of the docking were visualized and analyzed by UCSF Chimera [188], 

WeNMR [189], and LIGPlOTv.4.5.3 [190]. 

3.3.7 Actin co-sedimentation assay and crosslinking assay of Palld-Ig3 K38/51A mutant 

  Actin co-sedimentation assays were carried out to quantitate the F-actin-binding of Palld-

Ig3 K38/51A mutant. In this assay, G-actin (10 µM) was polymerized into F-actin by the 

addition of polymerizing buffer(10 mMTris (pH 7.5), 100 mM KCl, and 2 mM MgCl2) for 40 

min. Subsequently, it was incubated for 1 h with 10– 40 µM Palld-Ig3K38/51A. This mixture of 

F-actin and protein was centrifuged at 100,000 xg for 50 min (Beckman TL-100 ultracentrifuge). 

To isolate the co-pelleted protein with F-actin, the supernatant was removed carefully and the 

pellet was resuspended in100 µl of 0.1% SDS buffer and further separated on 15% SDS-PAGE 

gels. The amount of Palld-Ig3K38/51A present in each fraction was quantified by using ImageJ 

software [158], while Palld-Ig3WTwas used as positive control. To quantitate the effect of Palld-

Ig3K38/51A on actin crosslinking that occurs during co-polymerization, we incubated 10 µM 

Ca-G-actin with various amount of Palld-Ig3 (0– 40 µM) in non-polymerizing conditions (G-

buffer). Reaction conditions and sample analysis were done by following the protocol similar to 
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the crosslinking of actin by Palld-Ig3 in the presence of PI(4,5)P2. 

 
3.4 Results 
 
 3.4.1 Palld-Ig3/Ig3-4 domains interact with PI(4,5)P2 -enriched liposomes 

 As a preliminary experiment to determine the interaction of PI(4,5)P2 with palladin 

domains (Palld-Ig3, 4, or 34), we used the well-established liposome co-sedimentation assay 

[180, 191, 192]. In liposome co-sedimentation assays, the amount of protein bound to liposomes 

was examined using a constant concentration of Palld-Ig3/4/34 (10 µM) while varying the 

PI(4,5)P2 concentration (5–20%) in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) 

vesicles (95–80%). We observed significant co-pelleting of both Palld-Ig3 and Ig3-4 with 

increasing concentrations of PI(4,5)P2 in POPC vesicles ( Figures 3.1 A and B). Although Palld-

Ig4 showed some increase in sedimentation at higher PI(4,5)P2 concentrations (15–20%), the 

pelleted amount was significantly lower than Palld-Ig3 or Ig3-4. Moreover, Palld-Ig3-4 showed 

significantly more co-sedimentation (P < 0.0001) than Palld-Ig3 (P < 0.0014) at all PI(4,5)P2 

concentrations and nearly all of the Palld-Ig3-4 pelleted at higher concentrations of PI(4,5)P2 

(15–20%). Co-sedimentation of these individual palladin domains with only POPC vesicles 

produced minimum sedimentation of proteins in comparison to POPC:PI(4,5)P2  vesicles; 

however, co-sedimentation of Palld-Ig3-4 is greater than that for Palld-Ig3 or Ig4 with POPC 

vesicles. Importantly, co-sedimentation of palladin domains increased significantly with 

increasing concentrations of PI(4,5)P2  in the vesicles. 

3.4.2 Electrostatic interaction mediates PI(4,5)P2 interaction with Palld-Ig3/34 

 The next set of experiments was carried out to determine whether interactions between 

Palld-Ig3 and Ig3-4 with PI(4,5)P2 are dependent on the charge of the head group of anionic PI 

and whether other anionic membrane phospholipids have any propensity to interact with Palld-
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Ig3 and Ig3-4. Vesicle co-sedimentation assays were repeated with vesicles prepared by mixing 

POPC with 15% PI, PI(4)P, or PI(4,5)P2. These phospholipids (PI) differ in their subcellular 

distribution and the charge on their head group. PI, PI(4)P, and PI(4,5)P2 carry net charges of −1, 

−2, and −3, respectively[193]. Although some phospholipid-binding proteins can discriminate 

between different phosphoinositides (PI(4,5)P2, PI(3,4)P2, and PI(3,5)P2) in in vitro binding 

assays, the cellular concentration and membrane distribution of these phosphoinositides ensure in 

vivo binding specificity. As the most abundant phosphorylated phosphoinositide, PI(4,5)P2 

represents ~1–2% of the total pool of cellular phospholipids and is distributed asymmetrically to 

the inner leaflet of the plasma membrane [51]. Yet, PI(3,4)P2, which is also present in the inner 

leaflet of the plasma membrane, has a concentration that is 100-fold lower than that of PI(4,5)P2 

(at 2–5% of total phosphoinositide pool). While PI(3,5)P2 carries net negative charges similar to 

that of PI(4,5)P2, it is localized almost entirely to the late endosomes and comprises only ~0.05% 

of total phosphoinositides in mammalian cells [194].  We observed significant co-sedimentation 

of Palld-Ig3 and Ig3-4 with these vesicles; however, the amount of pelleted protein increased 

with the order of PI < PI(4)P < PI(4,5)P2 ( Figures 3.1 C and D). This suggests that phospholipid-

binding by Palld-Ig3 and Ig3-4 increases with increasing charge on the head group and is 

indicative of an electrostatically driven interaction between the negatively charged head group of 

PIs and the positively charged amino acids of Palld-Ig3.The interaction of vesicles of different 

lipid compositions with Palld-Ig3 was further investigated by monitoring changes in the NMR 

signal upon titration with increasing amounts of phospholipids [195, 196]. As shown in Figure 

3.14, small signal losses were observed upon titration of Palld-Ig3 with liposomes containing 

PC; however, PC liposomes containing increasing amounts of PI(4,5)P2 resulted in significantly 

increased signal attenuation, indicating that PI(4,5)P2 enhances the affinity of palladin for 
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liposomes. A more moderate effect was measured for PI(4)P-containing liposomes, and PS 

promoted even less effective binding at similar concentrations. This result clearly indicates that 

the perturbation is increased with increasing amounts of negatively charged lipids. 

 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.1 Influence of lipid constituents on Palld-Ig3/4/34 domains binding to liposomes 
determined by co-sedimentation. (A) Indicated proteins with different concentrations of 
PI(4,5)P2 (5–20%) in PC vesicles were incubated and centrifuged. Supernatant (S) and pellet (P) 
fractions obtained were separated on tricine-SDS gels. Representative gels from one of the three 
independent experiments are shown. (B) Quantitative representation of (A), where the amount of 
indicated protein in supernatant and pellet was quantified from the relative band intensity on the 
gel. Three independent experiments were performed; error bars indicate SD. Significance tested 
by one-way ANOVA test: **, P < 0.001; ***, P < 0.0001; n.s., non-significant. (C) Indicated 
proteins (10 µM) were incubated with POPC vesicle enriched with 15% PI, PI(4)P, or PI(4,5)P2 
lipids and were centrifuged. Supernatant (S) and pellet (P) fractions obtained and separated on 
tricine-SDS gels and the representative gels are shown. (D) Quantitative representation of (C), 
where the amount of indicated protein in supernatant and pellet was quantified as reported 
earlier. 
 
3.4.3 Quenching of intrinsic tryptophan fluorescence by PI(4,5)P2 

 Intrinsic tryptophan quenching assays were performed next to further characterize the 

interaction of PI(4,5)P2 with palladin domains. Tryptophan quenching was previously employed 

to measure PI(4,5)P2 binding to several other ABPs [182, 197, 198]. The fact that most Ig 

domains have a single tryptophan in the hydrophobic core, including the Ig3 and Ig4 domains of 

palladin [199] facilitates the use of tryptophan quenching studies. In this assay, PI(4,5)P2 was 
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serially added to the protein solution and the fluorescence signal was recorded. We did not detect 

any red or blue shift in the position of emission maxima wavelength, that remained around 330 

nm for all three domains, suggesting that the addition of PI(4,5)P2 does not affect the structural 

integrity of the palladin domains. Similar to the results obtained in our vesicle co-sedimentation 

assay, maximum quenching of tryptophan fluorescence was observed for both the Palld-Ig3 and 

Ig3-4 domains upon addition of PI(4,5)P2 (Figures 3.2 a and c), whereas no significant change in 

the intensity was observed for Palld-Ig4 (Figure 3.2 D). We analyzed fluorescence quenching 

data as a function of PI(4,5)P2 concentration to determine the binding affinity of Palld-Ig3 and 

Ig3-4 with PI(4,5)P2 by fitting the respective values in Eq.(1), which yielded a dissociation 

constant (Kd) of 17.3 ± 2.1 and 13.5 ±4 µM, respectively (Figure 3.2 b). Titration of PI(4,5)P2 in 

Palld-Ig3-4 resulted in fluorescence quenching akin to the titration of PI(4,5)P2 in Palld-Ig3, 

albeit with higher SD. Yet, the overall trend remained similar in all three repetitions for Palld-

Ig3-4. A similar assay was carried out to ascertain the effect of POPC on palladin domains and 

we observed minimal tryptophan quenching for all three proteins in comparison to the results 

obtained for PI(4,5)P2 titration (Figure 3.3); however, we did detect some minor differences in 

the extent of quenching. Here, the most significant quenching occurred for Palld-Ig3-4 followed 

by Ig3 and Ig4 and this trend mirrored the results we obtained in the POPC vesicle co-

sedimentation assay. POPC, although zwitterionic, displays only a slightly negatively charged 

behavior in salt solutions, which has been attributed to the binding of anion to the 

trimethylammonium group of the POPC lipid [200, 201]. This propensity to carry a net negative 

charge by POPC lipids is a likely explanation for the minimal binding to palladin domains that 

leads to some measurable co-sedimentation and tryptophan quenching in our assays. Together, 

these results suggest that while Palld-Ig4 has very minor affinity for PI(4,5)P2, the primary 
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PI(4,5)P2  binding activity resides in the actin-binding domain of palladin (Palld-Ig3).  

 

Figure 3.2 Binding affinity assessed by quenching of fluorescence. (A, C, and D) PI(4,5)P2 (0–
70 µM from 4 mM stock solution) was sequentially added to Palld-Ig3/4/34 and the quenching of 
intrinsic tryptophan fluorescence. The observed intensity was normalized by dividing each data 
point with the fluorescence intensity of protein without PI(4,5)P2 and was plotted against 
wavelength. Analysis of binding of Palld-Ig3 and Ig3-4 with PI(4,5)P2 was done by plotting 100-
(F/Fmax x 100) against PI(4,5)P2 concentration. (B) Data points were fitted to the experimental 
data with nonlinear curvefit program in Prism GraphPad. The apparent dissociation constant 
(Kd) for Palld-Ig3 and Ig3-4 with PI(4,5)P2 was found to be similar (17.3 ± 2.1 and 13.5 ± 4 µM, 
respectively) for this experiment. Three separate experiments were performed and error bars 
indicate SD. 
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Figure 3.3 Tryptophan quenching of Palld-Ig3/4/34 is significantly lower than that observed for 
PI(4,5)P2 upon titration with POPC. POPC (0-70 µM from 2 mM stock solution) was 
sequentially added in to Palld-Ig3/4/34. Quenching of fluorescence intensity observed is 
normalized by dividing each data point with fluorescence intensity of protein without PIP2 and 
plotted against wavelength (A, B, C.). 
 
3.4.4 Binding of PI(4,5)P2 decreases actin crosslinking and polymerizing activity of palladin  
 
 Dixon et al. showed that both Palld-Ig3 and Ig3-4 can bind to F-actin and that the actin-

binding activity of palladin resides mainly within the Ig3 domain [147]. Although the Ig4 

domain and the intervening linker between the Ig3 and Ig4 domains of palladin shows no direct 

interaction with actin [147], the actin-binding and crosslinking activity of the tandem Ig3-4 
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domain are both significantly greater than the isolated Palld-Ig3 domain [147, 149]. Recognizing 

that the Ig3 domain is the minimal structural unit of palladin that is sufficient for actin-binding 

and crosslinking, we wanted to know the functional significance of PI(4,5)P2  interaction with 

this domain. First, we performed conventional actin-binding co-sedimentation assay with F-actin 

and Palld-Ig3 in the presence of varying concentrations of PI(4,5)P2. This assay revealed that the 

addition of PI(4,5)P2 has minimal effect on the actin-binding activity of Palld-Ig3 (Figure 3.6). 

Therefore, we next investigated the effect of PI(4,5)P2 on the actin crosslinking activity of Palld-

Ig3. We chose non-polymerizing conditions because the actin crosslinking activity of Palld-Ig3 

is significantly higher as a result of co-polymerization with actin, as opposed to the addition of 

Palld-Ig3 to pre-polymerized actin filaments [148]. We observed a significant decrease in actin 

crosslinking (15– 40% with PI(4,5)P2  as opposed to 60% without PI(4,5)P2) in a dose-dependent 

manner upon the addition of varying concentrations of PI(4,5)P2  mixed with Palld-Ig3 and 

globular or monomeric actin (G-actin) (Figures 3.4 A and B). The fact that PI(4,5)P2 reduces the 

actin crosslinking activity of Palld-Ig3 without significantly altering its actin-binding activity 

suggests that the actin-binding and crosslinking sites on Palld-Ig3 are structurally independent. 

Recently, we showed that the Palld-Ig3 domain also promotes de novo actin nucleation and 

polymerization [148]. Therefore, we next sought to determine whether PI(4,5)P2 binding has any 

effect on palladin's actin nucleation and polymerization activity. Consequently, we first used an 

actin co-sedimentation assay with the modification and we initiate the reaction with G-actin, 

instead of F-actin, and strictly avoid any polymerization-inducing cations (K+ and Mg2+). 

Moreover, we have added 1 mM ethylene glycol tetraacetic acid (EGTA) to the G-actin and G-

buffer just prior to the experiment to chelate any calcium, that could cause aggregation of 

PI(4,5)P2. Most of the G-actin was polymerized and is found in high-speed pellets in the control 
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sample (without PI(4,5)P2) for both Ig3 and Ig3-4 (Figure 3.4 C, first lanes). However, we 

detected an increasing amount of G-actin in the supernatant fraction upon co-incubation of G-

actin with a complex of PI(4,5)P2 (50–150 µM) and Palld-Ig3 or Ig3-4 in G-buffer conditions. 

Likewise, less palladin was co-pelleted with actin with increasing concentrations of PI(4,5)P2  

(Figures 3.4 C and D). As much as a 50% decrease in actin polymerization was observed at the 

highest concentration of PI(4,5)P2 ( Figure 3.4 D). Moreover, chelation of calcium from the G-

actin did not alter the actin nucleation and polymerization activity of paladin and that is in 

agreement with the mechanism proposed by Gurung et al. where the binding of Palld-Ig3 to actin 

transforms G-actin to a nucleation- and polymerization-competent form through charge 

neutralization or conformational change [148].  

 Next, we monitored the effect of PI(4,5)P2  on the rate of F-actin assembly as promoted 

by Palld-Ig3/ Ig3-4 in a bulk solution assay that takes advantage of the fact that the fluorescence 

intensity of pyrenyl-G-actin increases 7- to 10-fold upon polymerization, that is directly 

proportional to the amount of G-actin incorporated into F-actin[179]. We measured the complete 

time course of actin polymerization using 5 µM G-actin and 20 µM Palld-Ig3 or 10 µM Ig3-4 in 

the presence of varying concentrations of PI(4,5)P2  (0–100 µM) under polymerizing and non-

polymerizing conditions. We observed a decrease in actin polymerization with increasing 

concentrations of PI(4,5)P2  in both Palld-Ig3 and Ig3-4 in F-buffer conditions (Figure 3.5 A and 

B). Moreover, a lag phase that is characteristic of a slow nucleation step in actin polymerization 

was observed at higher concentrations of PI(4,5)P2. A similar trend for actin polymerization by 

Palld-Ig3 in the presence of PI(4,5)P2 was observed in non-polymerizing conditions (Figure 3.7). 

Similar experiments with Palld-Ig3-4 in non-polymerizing conditions could not be monitored 

accurately due to the extremely fast polymerization rate and that could not be resolved well at 



	 72	

initial time points. Importantly, we observed a significant decrease in the rate of actin 

polymerization promoted by Palld-Ig3 or Ig3-4 with increasing concentrations of PI(4,5)P2. 

Moreover, the rate of actin polymerization was found to be twofold higher for Palld-Ig3-4 (15 

nM/s) than for Palld-Ig3 (7 nM/s) at saturating concentrations of these proteins (Figure 3.5 C). 

This difference likely reflects the fact that Palld-Ig3-4 has a greater, apparent actin- binding 

affinity (Kd  = ~9 µM), which is closer to that of full-length palladin (Kd  = ~2.1 µM) than Ig3 

(Kd  = ~60 µM) [147]. 
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Figure 3.4. Interactions with PI(4,5)P2 affect actin crosslinking and polymerizing activity of 
palladin. (A) A differential centrifugation assay was used to assess the effect of PI(4,5)P2 (0–150 
µM) on Palld-Ig3's (20 µM) ability to crosslink actin (10 µM) in G-buffer condition. Samples 
were subjected to low-speed centrifugation, and crosslinked actin filaments (B) were obtained 
before sedimenting the remaining F-actin by ultracentrifugation and resolving the supernatant (S) 
and pellet (P) from these spins by SDS-PAGE. Representative gels from one of the three 
independent experiments are shown. (B) Quantification of actin crosslinking was analyzed by 
densitometry of the actin bands to estimate the effect of PI(4,5)P2.The percentage of actin found 
in the low-speed bundle is represented by the black bar; soluble portion is gray and high-speed 
pelleted actin is white. Three separate experiments were performed and error bars indicate SD 
(C) Representative SDS-PAGE gels of co-sedimentation assay of actin and mixture of 
protein:lipid (Palld-Ig3/34:PI(4,5)P2) in G-buffer conditions. Palld-Ig3/34 (10 µM) was 
incubated for 30 min with PI(4,5)P2 (0–150 µM) and this mixture was further incubated with G-
actin (10 µM) in G-buffer condition for 1 h. Supernatant (S) and pellet (P) fractions were 
separated by centrifugation. (b.) Supernatant fraction of Palld-Ig3/34 protein and unpolymerized 
G-actin was quantified from relative band intensity on the gel and plotted against PI(4,5)P2 
concentration. 
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Figure 3.5 In vitro actin polymerization assays show that binding of Palld-Ig3/34 to PI(4,5)P2 
decreases its actin polymerizing activity. Spontaneous assembly reactions were performed by the 
addition of 5 µM actin (5% pyrene labeled with 1 mM EGTA) and 20 µM Palld-Ig3 (A) or 10 
µM Palld-Ig3-4 (B) with increasing concentrations of the PI(4,5)P2 (0–100 µM) in F-buffer (25 
mM KCl). (C) Plots of overall polymerization rate (nM/s) versus PI(4,5)P2 concentration for 
Palld-Ig3 and Ig3-4 in the binding of PI(4,5)P2 with Palld-Ig3 or Ig3-4 decrease the rate of actin 
polymerization in F-buffer conditions.  
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Figure 3.6 Co-sedimentation assay shows that binding of PI(4,5)P2 with Palld-Ig3 does not 
affect its actin-binding activity. (A.) Representative SDS-PAGE gels of co-sedimentation assay 
of actin and mixture of Palld-Ig3:PI(4,5)P2 in F-buffer conditions (without Mg2+). 10 µΜ Palld-
Ig3 was incubated for 30 minutes with PI(4,5)P2 (0-150 µΜ) and this mixture was further 
incubated with F-actin (10 µΜ) in F-buffer condition for 1 hour. Supernatant (S) and pellet (P) 
fractions were separated by centrifugation. (B.) Pellet fraction of Palld-Ig3 protein was 
quantified from relative band intensity on the gel and plotted against PI(4,5)P2 concentration.  
 

 

 

 

 

 

 

 

Figure 3.7 In vitro actin polymerization assays by Palld-Ig3 in presence of PI(4,5)P2 in non-
polymerizing condition. Spontaneous assembly reactions were performed by addition of 5 µM 
actin (5% pyrene labeled, with 1 mM EGTA) and 20 µM Palld-Ig3 with increasing 
concentrations of the PI(4,5)P2 (0-100 µM) in G-buffer conditions. 
 

3.4.5 Mapping of inositol 1,4,5-triphosphate-induced chemical shift change 

 To define the nature and specific binding site for PI(4,5)P2 on Palld-Ig3, we collected a 

pair of 1H–15N heteronuclear single quantum correlation spectroscopy (HSQC) spectra of Palld-
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Ig3 (0.2 mM) with or without saturating concentrations (1 mM) of Ins(1,4,5)P3 (i.e., head group 

of PI(4,5)P2). Since we were interested in the specific interaction of the PI(4,5)P2 head group 

without any interference by the acyl tail of PI(4,5)P2, we choose to collect NMR spectra with 

Ins(1,4,5)P3. However, we did observe significant chemical shift perturbations (CSPs; >0.04 

ppm) for a cluster of residues on the Palld-Ig3 domain: K38, I39, W41, F42, Q47, S49, K51, and 

I57 (Figure 3.8 A). In addition, we detected few residues (F9, T64, H68, and N86) that were 

spatially separated from the first cluster of residues but display significant chemical shift changes 

upon titration of Ins(1,4,5)P3 (Figure 3.8 B). Mapping these significantly perturbed residues onto 

the solution structure of Palld-Ig3 (PDB ID: 2LQR) reveals that the most perturbed residues lie 

at the interface between β-strands C and D and the loop between these strands (Figures 3.9 A and 

B). Interestingly, these residues are located on the face opposite to that of the known actin-

binding site (K15 and K18) [149]. The only tryptophan (W41) present in the Palld-Ig3 domain, 

which is partially buried in the hydrophobic core, shows strong chemical shift deviations in the 

presence of Ins(1,4,5)P3. This strong CSP substantiates the previously observed tryptophan 

quenching results and indicates that W41 resides near the PI(4,5)P2 binding site. We infer from 

the CSP result that two surface-exposed lysines (38 and 51) might play an important role in 

Ins(1,4,5)P3 interactions. Decreased actin-binding and crosslinking activity are associated with 

the mutation of one of these lysine residues (K51A) [149]. However, a similar mutation K38A in 

Palld-Ig3 did not affect actin-binding in previous actin co-sedimentation assays [149]. The 

exposure of strong CSPs for both K38 and K51 upon Ins(1,4,5)P3 titration suggests that 

electrostatics is an important determinant for palladin's interactions with Ins(1,4,5)P3, 

reminiscent of palladin's interactions with actin. 
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3.4.6 Molecular docking of Ins(1,4,5)P3  onto the Palld-Ig3 structure 

The polar head group of PI(4,5)P2 (Ins(1,4,5)P3) was used for docking studies aimed at 

identifying the sites of interaction between Palld-Ig3 and PI(4,5)P2. The docking procedure was 

initiated with the NMR structure of Palld-Ig3 domain (PDB ID: 2LQR) [149] and Ins(1,4,5)P3 

(PDB ID: 1N4K) as starting coordinates using the guru interface of High Ambiguity Driven 

protein–protein DOCKing (HADDOCK2.2)[187] Rigid-body docking with flexible side chains 

of Palld-Ig3 and Ins(1,4,5)P3 resulted in a total of 198 water-refined conformers in three clusters. 

The cluster with the lowest HADDOCK score (−114.6 ± 3.2 kCal/mol) contained 175 

conformers with an RMSD of 0.5 from the lowest energy structure. Examination of the best 

representative conformer from the cluster suggests that the Ins(1,4,5)P3 molecule binds at the 

concave side formed between β-strand C and D via basic residues from the β-strand C and the 

following loop (K38 and K51). The Ins(1,4,5)P3 molecule interacts with Palld-Ig3 via a salt 

bridge between side chains of K38, Q47, S49, K51, R59 and inositol phosphates (Figures 3.9 C 

and D). Lysine mutation of K38/51A decreases the actin crosslinking substantially. A previous 

study revealed that alanine substitutions of lysine 38 in Palld-Ig3 had only minor or no effect on 

actin-binding, while mutation of lysine 51 resulted in a 10% decrease in binding in comparison 

to wild-type (WT) Palld-Ig3 [149]. Identification of these residues as the likely lipid-binding site 

from docking studies prompted us to revisit the actin-binding assay with a Palld-Ig3-K38/51A 

double mutant protein. We observed that ~30% of WT Palld-Ig3 co-sediments with F-actin at 

and above saturating concentrations and that is similar to the previously published data [149]. 

However, actin-binding for Palld-Ig3 K38/51A mutant only reached 20–22% at saturating 

concentrations in similar reaction conditions as for WT Palld-Ig3 (Figures 3.10 A and 3.11A). 

While this decrease in actin-binding for the K38/51A mutant is minor, it may be important in 
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terms of highlighting a potential secondary actin-binding site that could facilitate the crosslinking 

of F-actin. In the previous study by Beck et al. (2014), an actin crosslinking model was proposed 

in which two basic patches are involved in actin-binding, namely one involving lysine 15 and 18 

and a second located at lysine 51 on the opposite face of Palld-Ig3 [149]. Both lysines 38 and 51 

are located on the face opposite of lysines 15 and 18; so, our results suggest that K51 is joined by 

K38 to form a cluster of lysine residues that is involved in actin-binding and/or bundling. 

Therefore, we next examined the actin crosslinking activity of the K38/51A Palld-Ig3 mutant. 

We chose non-polymerizing conditions for this assay similar to that of Palld-Ig3 actin 

crosslinking in the presence of PI(4,5)P2. In this co-polymerization bundling assay, crosslinking 

by Palld-Ig3-K38/51A was dramatically decreased to approximately 5–15% as opposed to 70% 

for WT Palld-Ig3 (Figures 3.10 B and 3.11 B). Moreover, a significant fraction of actin remained 

monomeric when incubated with mutant Palld-Ig3, suggesting that this mutation also affects the 

polymerizing activity. Therefore, we have identified the lysine residues (K38 and K51) in the 

actin-binding domain of palladin that affect actin crosslinking to a much greater degree than 

actin-binding. This finding will be useful in teasing apart the two separate roles for palladin in 

actin-binding versus crosslinking. To monitor the effect of these mutations on the rate of actin 

polymerization, we repeated the actin polymerization kinetic assay with Palld-Ig3-K38/51A 

(Figure 3.12). In contrast to our previous experiments invovling PI(4,5)P2:Palld-Ig3 complexes, 

we used a priming solution here (0.1 mM MgCl2  and 1 mM EGTA) to convert to Mg-actin just 

prior to each assay. The K38/51A mutant took twice as long as WT Palld-Ig3 to reach the plateau 

(Figure 3.12). Moreover, polymerization of actin exhibited a lag phase even at higher 

concentrations of Palld-Ig3 K38/51A, suggesting a minimal effect on the rate of actin 

polymerization. 
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Figure 3.8 Mapping of Ins(1,4,5)P3 binding region on Palld-Ig3 by CSP measurement. (A) 
Overlay of 1H–15N HSQC spectra of 0.2 mM Palld-Ig3 with (blue) and without (red) 1 mM 
Ins(1,4,5)P3. Peaks showing significant CSP are highlighted with red. (B) CSPs for Palld-Ig3 and 
Ins(1,4,5)P3 interaction were calculated and plotted against the residue number. A CSP cutoff of 
0.04 ppm was considered as significant. 
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Figure 3.9 Mapping of Ins(1,4,5)P3 binding region on Palld-Ig3 structure and docking model for 
Palld-Ig3:Ins(1,4,5)P3 complex. (A) Residues showing significant CSPs upon binding to 
Ins(1,4,5)P3 are highlighted by stick representation (light brown) onto the structure of Palld-Ig3 
(PDB ID: 2LQR), and known actin-binding residues are marked and shown in magenta. (B) The 
proposed Ins(1,4,5)P3 binding region is zoomed in to show the highlighted residues clustered on 
the β-strand C and D and the loop in between. (C) The representative docking model of Palld-
Ig3:Ins(1,4,5)P3 with the highest HADDOCK score resulted from HADDOCK docking and was 
visualized by UCSF Chimera [188]. Side chains of the residues involved in the binding model 
are represented in stick (light brown), and Ins(1,4,5)P3 carbon ring is colored in cyan. (d) Stick 
representation of Palld-Ig3:Ins(1,4,5)P3 interface as analyzed by LIGPLOTv.4.5.3[6969] 
Ins(1,4,5)P3 carbon ring is colored in cyan, and the hydrogen bond between ligand and protein is 
shown in green color. 
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Figure 3.10 Actin-binding and crosslinking activity reduced by double mutation (K38/51A) of 
Palld-Ig3. (A) Quantitative analysis of the amount of WT Palld-Ig3 and mutant bound to F-actin. 
For all co-sedimentation assays, various concentrations of palladin protein (10–40 µM) were 
incubated with 10 µM actin. Each experiment was repeated three times with SD error bars 
shown. (B) Differential centrifugation assay was used to assess the crosslinking in G-buffer 
condition by Palld-Ig3 K38/51A mutant and was compared with WTPalld-Ig3. Quantification of 
actin crosslinking was analyzed by densitometry of the actin bands to estimate the ability of 
various palladin mutant and WT concentrations to crosslink actin. In all of these assays, the 
concentration of actin was held constant at 10 µM, and the WT and mutant were varied from 10 
µM to 40 µM. The percentage of actin found in the low-speed bundle is represented by the black 
bar; soluble portion is gray and high-speed pelleted actin is white. Three separate experiments 
were performed and error bars indicate SD. 
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Figure 3.11 Palld-Ig3 lysine mutant K38/51A reduces its actin-binding and crosslinking activity. 
(A) F-actin-binding co-sedimentation assays with increasing concentration of Palld-Ig3K38/51A 
mutant and positive control of WT Palld-Ig3. Supernatant (S) and pellet (P) fractions were 
analyzed by gel electrophoresis. Representative gels from one of the three independent 
experiments are shown. (B) Differential centrifugation assay was used to assess crosslinking in 
G-buffer condition by Palld-Ig3K38/51A mutant and compared with WT Palld-Ig3. Samples 
were subjected to a low speed centrifugation, and crosslinked actin filaments (B) were obtained 
before sedimenting the remaining F-actin by ultracentrifugation and resolving the supernatant (S) 
and pellet (P) from these spins by SDS-PAGE. Representative gels from one of the three 
independent experiments are shown. 
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Figure 3.12 Palld-Ig3K38/51A mutant signifcantly reduces in vitro actin polymerization. 
Spontaneous assembly reactions were performed by simulataneous addition of actin (5% pyrene 
labeled, primed with 1 mM EGTA and 0.1 mM MgCl2) and increasing concentrations of the 
Palld-Ig3WT (A) or Palld-Ig3K38/51A (B) in F-buffer Polymerization was monitored by 
measuring an increase in fluorescence intensity. 
 

3.5 Discussion 

  Previous studies have demonstrated the role of palladin as a cytoskeletal scaffold and an 

actin crosslinking protein. Recently, our group showed that Palld-Ig3 is capable of de novo  actin 

nucleation by promoting the G➔ G* transition of G–actin, leading to an increased rate of actin 

polymerization and stabilization of actin filaments [148]. This previous work has provided 

causative links between overexpression of palladin and altered cytoskeletal dynamics that lead to 

the formation of invadopodia required for metastasis of cancer cells [112, 148, 173]. However, 

the mechanism for regulating the actin-binding activity of palladin is not well understood. 

Several studies of ABPs illustrated that surface-exposed and positively charged residues 

facilitate interactions with actin, which has also been found true in the case of paladin [149]. 

Previous studies also showed that some acidic phosphoinositides, such as PI(4,5)P2, can mask or 

expose actin-binding sites and thereby modulate the actin dynamics essential to cell surface 

events [51] . In this study, we report that membrane phosphoinositide PI(4,5)P2 interacts with the 

actin-binding domain of palladin with moderate affinity and also diminishes the actin 
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polymerization activity of palladin. Moreover, we also identified two lysine residues (K38 and 

K51) in the actin-binding domain of palladin that do not significantly affect actin-binding but 

notably reduce the actin crosslinking activity. 

  Our data show that the Ig3 and Ig3-4 domains of palladin bind to acidic phospholipids 

under physiological conditions, whereas the isolated Ig4 domain did not show significant co-

sedimentation in similar experimental conditions. Interestingly, while Palld-Ig4 binding to 

POPC:PI(4,5)P2 liposomes was minimal, a much higher degree of PI(4,5)P2 co-sedimentation 

was observed for the tandem Palld-Ig3-4 compared to that for Palld-Ig3 alone. This enhancement 

is similar to the previous reports for actin-binding of Palld-Ig3 as compared to Ig3-4 [147]. 

While the isolated domain of Palld-Ig4 does not bind directly to actin, this isolated domain does 

enhance the actin-binding and crosslinking activity of Palld-Ig3 when present as the tandem 

domain (Palld-Ig3-4) [147]. Although the mechanism governing this phenomenon is not fully 

known, a previous study by Vattepu et al. suggested that actin-binding stabilizes palladin 

homodimers, which in turn enhances actin-binding and crosslinking [176]. A similar mechanism 

for the enhanced co-sedimentation of Palld-Ig3-4 with POPC:PI(4,5)P2 cannot be resolved at this 

point. However, it is quite likely that the weak interaction of Palld-Ig4 with POPC:PI(4,5)P2 or 

of Palld-Ig3-4 with POPC contributes to the enhanced co-sedimentation.  

As part of our analysis, we determined the dissociation constant, Kd, for Palld-Ig3 and PI(4,5)P2 

using a tryptophan quenching assay. We determined that PI(4,5)P2 interacts with Palld-Ig3 with 

moderate affinity (Kd = ~17 µM), which is similar to PI(4,5)P2 binding affinities reported for 

gelsolin (40 µM), CapG (32 µM), and vilin (39.4 µM) from similar fluorescence quenching 

assays [77, 182]. While the isolated Ig3 domain of palladin displays similar binding affinities for 

both actin (60 µM) and PI(4,5)P2  (~17 µM), the binding affinities of full-length palladin and 
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Palld-Ig3-4 for actin are both stronger (Kd  = ~2 µM and ~9 µM, respectively), which represent 

the binding affinity of palladin for actin [147]. Both the nonhomogeneous distribution and 

discrete clustering of PI(4,5)P2 in the cell membrane affect the local concentration of PI(4,5)P2 in 

vivo [108], which in turn can modulate the interaction of lipid-binding proteins. Therefore, the 

competing interaction between palladin and actin may not preclude its interaction with PI(4,5)P2  

in dense regions of this phospholipid in the cell membrane environment. Although there is no 

direct evidence for PI(4,5)P2 interactions with palladin in vivo, plenty of indirect evidence 

supports this interaction. In general, it is well established that palladin localizes at the cell 

membrane and is involved in communication with various forms of external stimuli. Palladin co-

localizes with bundles of actin filaments at dorsal stress fibers that are distributed throughout the 

cytoplasm but palladin is also found at sites that are associated with the plasma membrane where 

cells form connections to the extracellular matrix (ECM) or cell–cell association such as 

membrane ruffles, podosomes, and invadapodia [108]. Recent work from von Nandelstadh et al. 

demonstrated that the C-terminal domain of palladin (Ig3-45) interacts with the intracellular 

domain of membrane type 1 matrix metalloproteinase at ECM adhesion sites and promotes ECM 

degradation [202]. Moreover, palladin maintains the structural integrity of lamellipodia and focal 

adhesions [174]. Palladin also cooperates with lipoma partner protein at focal adhesions [103]. 

This growing list of membrane-associated functions and partners suggests that palladin belongs 

to the class of proteins that connects adhesion molecules in the cell membrane to the 

cytoskeleton and indicates an important functional role for phospholipid-binding by palladin.  

 While previous work has established that the Ig3 domain of palladin promotes actin 

crosslinking and polymerization, we show here that interactions with PI(4,5)P2 affect both 

activities. On the one hand, PI(4,5)P2 decreases actin crosslinking and polymerization by 
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palladin. This contrasts with the observation that PI(4,5)P2 did not affect actin-binding by Ig3 in 

polymerizing conditions (F-buffer). This dichotomy can be explained by highlighting the fact 

that actin-binding requires only one binding site while crosslinking and polymerization likely 

involve multiple interactions and/or conformational changes in palladin, such as actin-induced 

dimerization [176]. Our previous work indicated that Palld-Ig3 stimulates actin nucleation and 

polymerization and that the crosslinking of actin filaments that occurs during polymerization is 

far greater than the bundling of pre-formed actin filaments [148]. Here, we observe an obvious 

decrease in actin crosslinking by palladin upon binding to PI(4,5)P2 and that correlates with 

decreases in actin polymerization. Moreover, our current study clearly indicates that Palld-Ig3-4 

is at least four times more efficient than Palld-Ig3 in stimulating de novo actin nucleation and 

polymerization. This claim is based on the fact that the rate of polymerization is increased by a 

factor of 2 for half of the concentration of Palld-Ig3-4, as compared to Ig3 (Figure 3.5 C). The 

steady-state plateau in fluorescence signal intensity reached by the tandem Ig3-4 domain is more 

than double that for the single domain and reaches this concentration of polymerized actin more 

rapidly and at a lower concentration of Palld-Ig3-4 in similar experimental conditions. This 

combination of factors suggests that Palld-Ig3-4 is much more effective than Palld-Ig3 in 

promoting and stabilizing actin polymerization and is therefore a better model for in vitro studies 

where the highly unstable, full-length palladin protein cannot be used.  

 Our results suggest that electrostatic interactions between PI(4,5)P2 and Palld-Ig3 or Ig3-

4 are critical. Using NMR, we identified a cluster of residues (K38, I39, W41, F42, Q47, S49, 

K51, and I57) on the Ig3 domain of palladin that represent the putative PI(4,5)P2 and Ins(1,4,5)P3 

binding sites. Moreover, docking of Ins(1,4,5)P3 onto the structure of Palld-Ig3 substantiates the 

involvement of residues K38 and K51 in this interaction. Correlation of tryptophan fluorescence 
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quenching upon the addition of PI(4,5)P2 and the significant CSP observed for W41 in Palld-

Ig3:Ins(1,4,5)P3 suggests that PI(4,5)P2 and Ins(1,4,5)P3 share a binding region on Palld-Ig3. A 

similar phosphoinositide binding motif was identified in a group of ABPs that consists of a series 

of positively charged amino acids in the following arrangement: R/K-(X)4–(R/K)-X-(RR/KK) 

[76, 203].  Sequence comparison of Palld-Ig3 with this phosphoinositide binding motif reveals 

that at least three charged residues are conserved in the lipid-binding region of Palld-Ig3, 

between residuesK38 to K46 (Figure 3.13). In fact, palladin contains lysines that are positioned 

much like the PI(4,5)P2 binding motif in cortexillin, where every fifth position after lysine was 

occupied by another lysine. This binding motif may also suggested to be involved in PI(4,5)P2 

binding for cortexillin [204]. Two lysine residues (K43 and K46) of the putative PI(4,5)P2 

binding motif are located quite far from K38 and K51 in the three-dimensional structure (on the 

loop between β-strand C and D) and do not show significant CSP in the presence of Ins(1,4,5)P3. 

However, considering the flexibility of unstructured region (K43– D53), the role of K43 and K46 

cannot be ruled out in the case of PI(4,5)P2  interactions. Interestingly, this predicted PI(4,5)P2 

binding motif of Palld-Ig3 does not belong to the previously identified actin-binding basic patch 

(K15 and K18) [149]. The Palld-Ig3 domain has several lysine residues that are clustered on one 

face of the molecule (K13, K15, and K18) while another set of lysines (K36, K38, K43, K46, 

and K51) can be found on the opposite face of this β-sandwich structure [149]. Only three of 

these residues (K15, K18, and K51) affect actin-binding upon mutation to a neutral residue 

[149]. Interestingly, with the exception of K51, we did not observe any CSPs that were 

associated with residues involved in actin-binding (K15 and K18). The previous study by 

Vattepu et al. reveals that Palld-Ig3 dimerization enhances actin crosslinking [176]. However, 

the residues of Palld-Ig3 involved in homodimerization have not been identified. We extend that 
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finding with our results here suggesting that the PI(4,5)P2-interacting cluster of Palld-Ig3 (K38– 

K51) may be involved in this dimerization surface which in turn, would affect actin crosslinking. 

To test this hypothesis, we generated K38/51A mutation in Palld-Ig3. We observed that this 

mutation significantly reduced the in vitro actin crosslinking and polymerizing activity of Palld-

Ig3 while only modestly lowering actin-binding. 

 

 

 

 
 
 
Figure 3.13 Sequence alignment of Palld-Ig3 (residues 36– 51) and PI(4,5)P2 binding motif from 
various ABPs. The consensus sequence for the PI(4,5)P2 binding motif is R/K-(X)4-(R/K)-X-
(RR/KK). Boxes indicate identical or conservatively substituted residues among the aligned 
PI(4,5)P2 binding proteins. The numbers of the first and last residues of the aligned sequences 
are given. Bridging brackets between lysines in Palld-Ig3 and cortexillin reveal the pattern of 
lysine at every fifth residue. 
 
 Our results are the first to indicate that two different regions in Palld-Ig3 are responsible 

for actin-binding and bundling. Moreover, we also reveal that decreased bundling activity also 

affects de novo actin polymerization by palladin, perhaps by interfering with the stable palladin 

dimer. Our results also indicate a role for PI(4,5)P2 regulation of palladin's activity via alteration 

of its actin crosslinking activity. PI(4,5)P2 interferes with actin-binding in many other ABPs such 

as villin [76], vinculin [95], and cofilin [67] by competing with actin for overlapping binding 

sites. However, a similar mechanism for palladin regulation is not likely because this would 

result in localization of palladin in the cytoplasm in the absence of actin, which is contrary to the 

established result of nuclear localization of palladin when the actin-binding site is interrupted by 

mutagenesis [149]. This suggests that it is more plausible for the PI(4,5)P2 to regulate palladin's 
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activity via regulation of crosslinking activity rather than actin-binding, and our data support this 

mode of regulation. 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.14 Protein-vesicle interactions monitored by 1H NMR reveal that Palld-Ig3 binds with 
increasing affinity to PC containing liposomes containing increasing molar percentages of 
PI(4,5)P2. 1H NMR spectra of Palld-Ig3 in the presence of PC liposomes in the absence (red) and 
presence of increasing amounts of indicated lipid constituents (1 mol%, red; 2 mol%, green; 3 
mol%, black; 4 mol%, grey; 5 mol%, blue). The intensity of the spectral region between 9.5 and 
8.0 ppm, corresponding to amide signals of structured residues was integrated and used to derive 
the fraction of boundprotein. 
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CHAPTER 4 

 PALLADIN PATU2 MUTATION FROM TRYPTOPHAN TO CYSTEINE IN IG4 
DOMAIN ALTERS STRUCTURE AND FUNCTION 
 
4.1 Introduction 

 Palladin is an actin-binding and bundling protein that plays an important role in both 

normal cell adhesion and motility by organizing the actin cytoskeleton. Palladin exists in 

multiple isoforms in humans and the canonical isoform contains five immunoglobulin (Ig) 

domains. Structurally, Ig domains are characterized by a ‘sandwich’ of seven to nine β-strands 

arranged in to two sheets. The immunoglobulin (Ig) domain like fold is found in a diverse set of 

proteins that vary significantly in amino acid sequence, tissue distribution, and biological roles. 

This implies that diverse proteins adopt a similar fold for stability and to mediate protein-protein 

interactions. While the typical Ig-like domain consists of 100-120 amino acids that fold into the 

characteristic β-sandwich fold, the number of Ig domains in each protein varies considerably. 

 Higher expression levels of palladin in both pancreatic and breast cancer cell lines 

suggest a role in invasive motility associated with metastasis. A specific point mutation in 

palladin of a proline to serine (P239S) was identified in all members of a specific family that 

were diagnosed with pancreatic cancer [114]. In vivo experimental results revealed that 

introduction of this mutant form of palladin into cells results in atypical cytoskeleton aggregates, 

abnormal actin bundles, and increased cell migration. This mutation is located in the α-actinin 

binding region, but studies could not reveal any affect on α-actinin binding to palladin. 

Furthermore, this mutant was not identified in any other families and suggests further 

investigation is required to pinpoint the association with palladin function and metastatic cancer.  

 A genetic comparison of different sporadic pancreatic cancer cells lines revealed that the 

highly metastatic pancreatic tumor (PaTu2) cell line has one specific mutation that alters a highly 
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conserved tryptophan to cysteine in the Ig4 domain (W40C). Although this mutation is not 

observed in clinical samples of primary tumors, understanding how this mutation alters the 

structure and function of the Ig4 domain palladin is important because it will increase our 

understanding of the broader role of palladin in promoting metastasis and allows us to examine 

the role of the completely conserved tryptophan in immunoglobulin domain folding and stability. 

4.2 Experimental Methods 

4.2.1 Protein purification 

The Mus musculus Ig3, Ig4, and Ig3-4 domains of palladin were purified as described 

previously[205]. We have tried pTBSG Ig4 PaTu2 clone for expression but the protein ended up 

in inclusion bodies. To overcome this problem we have subcloned both the wildtype and PaTu2 

Ig3-4 sequence into pTBMalE expression vector, which has MBP solubility tag to maintain Ig3-4 

in the soluble fraction. Similar to Ig3-4, we have subcloned Ig4 PaTu2 into the pTBMalE 

expression vector as described [176]. All constructs were transformed into BL21 (λ DE3) 

Escherichia coli cells for protein expression and cell cultures were grown at 37 °C until the 

OD600 reached 0.7 and were further grown overnight at 18 °C in ZYM-5052 auto-induction 

media as described. Cell cultures were pelleted down and resuspended into lysis buffer (20 mM 

PIPES (pH 8.0), 300 mM NaCl, and 10 mM imidazole), followed by sonication and clearing of 

cell lysate by centrifugation. All the constructs were purified according to the manufacturer's 

guidelines (ThermoFisher Scientific; Waltham, MA). The N-terminal histidine tag and MBP tag 

were cleaved by TEV protease and further purified as previously reported [147]. Additionally, to 

separate the Ig3-4 PaTu2 or Ig4 PaTu2 from the cleaved MBP tag, the protein fraction was 

loaded on amylose resin and purified according to the manufacturer's guidelines (New England 

Biolabs; Ipswich, MA). To purify further, the flow-through fraction containing our palladin 
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proteins from amylose column was dialyzed into S-col buffer (20 mM KH2P04 (pH 5.5), 20 mM 

NaCl and 1 mM DTT) for 6 hours and purified using FPLC by cation-exchange on an AKTA 

FPLC. All three palladin domains were finally dialyzed into HBS buffer (20 mM Hepes (pH 

7.5), 100 mM NaCl, and 1 mM DTT).  

4.2.2 Circular dichrosim 

 Circular dichroism spectra were recorded using a Jasco J810 spectropolarimeter. Each Ig 

domain concentration is 40 µM in the 10 mM phosphate buffer, 50 mM NaF, 1 mM TCEP, pH 

7.5. Spectra were recorded between 190 nm and 260 nm in a 0.1 mm cell at room temperature 

with the 10 nm/min scan speed. In the variable temperature experiments, molar ellipticity was 

monitored at 213 nm with increasing temperature gradient from 10 to 60 °C with1 °C min−1 

heating rate. 

4.2.3 Actin co-sedimentation assay 

 Actin was purified from rabbit muscle acetone powder as described previously [178]. 

Purified G-actin was diluted into 2X polymerization buffer (10 mM Hepes, pH 7.5, 100 

mM KCl, 2 mM MgCl2) for 30 min to make F-actin. In the actin-binding assay, palldin Ig 

domains (5 µM) were incubated with varying concentration of F-actin (0–20 µM) for 1 hr 

followed by high speed centrifuge 100,000 xg for 30 min to separate supernatant and pellet. In 

the actin bundling assay, F-actin (10 µM) was incubated with varying concentration (0 – 40 µM) 

of palladin Ig domains for 1 hr, followed by low speed centrifuge at 5,000 xg for 10 min to 

separate bundles (B).  A subsequent high-speed centrifugation step (100,000 xg for 30 min) was 

then carried out to separate actin in the supernatant (S) and pellet (P). In both assays, the bundle, 

pellet and supernatant fractions were resuspended in 2X SDS buffer and samples were separated 

by SDS-PAGE. In the bundling assay, actin, and in the binding assay, palladin Ig-domains, are 
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quantified by using Image-J software[158]. 

4.2.4 Fluorescence Spectroscopy 

  Fluorescence spectra of Palld-Ig3/Ig4/ Ig3-4 were collected on a PTI spectrofluorometer 

with excitation at 275 nm and emission at 280-400 nm. For urea denaturation experiments, 

samples were prepared with 5 µM Palld Ig domains in 20 mM Hepes, 100 mM NaCl with 

gradual increase in the concentration of urea from 0 to 8M. Samples were incubated overnight 

and tyrosine emission spectra collected. The fraction folded was calculated from emission 

spectra peak maxima and plotted against urea concentration.  The data was then fit to the 

following equation with Graph Pad Prism software [206].  

                                    Y=Bottom + (Top-Bottom)/(1+10(X-Cm))            Eq.1 

Where X= Concentration of urea and Y=fraction of folded protein, Top= Observed fluorescence 

of native state, Bottom= Observed fluorescence of denatured state and Cm= Transition midpoint 

4.3 Results 

4.3.1 PaTu2 mutation influence on actin-binding and bundling 

 Previous work has already established that the Ig4 domain of palladin does not bind or 

bundle actin but instead enhances actin bundling synergistically in the tandem Ig3-4 domain 

[147]. Unpublished in vivo studies show that when Cos-7 cells were transfected with a PaTu2 

mutant version of palladin, that the expression pattern was different than in cells expressing WT 

palladin.  Namely, the lower expression level of PaTu2 was associated with weak actin filaments 

and actin bundle formation as compared to WT. In addition, WT palladin is involved in the 

contraction and aggregation of stress fibers but PaTu2 forms smaller aggregates that lack 

filamentous actin (see Figure 4.1). To understand the role of this mutant, we have employed a 

series of in vitro experiments [207]. Instead of using full-length palladin that is very unstable as 
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an isolated protein, we purified the Ig3-4 and Ig4 domains of palladin with the PaTu2 mutation, 

where we genetically engineered the point mutation to replace the sole tryptophan in the Ig4 

domain with a cysteine. We used this purified protein to determine how the mutation affects 

overall protein stability as well as actin-binding and bundling. Our actin co-sedimentation results 

provide clear evidence that there is a significant difference in actin bundling (Figures 4.2 C and 

D), while there is only a slight change in actin-binding affinity. This result also recapitulates 

earlier results that suggesting that the tandem Ig3-4 enhances F-actin bundling to a greater degree 

than any effect on binding when compared to the same comparison for the isolated Ig-3 domain.  

At increased concentrations of Ig3-4 PaTu2, the actin bundle formation is similar to wildtype 

Ig3-4 but, at lower concentrations, we observed a significant decrease for the PaTu2 mutant. 

Specifically, at the 0:5:1 and 1:1 ratios, the Ig3-4 PaTu2 mutant results in only ~20 and ~40 

percent of actin bundles, while WT Ig3-4 yields ~55 and ~95 percent actin bundle formation as 

shown in Figure 4.2. These results reinforce the notion that the Ig4 domain is critical for actin 

bundling as mutations in the Ig4 domain affect the actin bundling but not binding.  
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Figure 4.1 Palladin PaTu2 mutation prevents actin bundling in vivo. Cos-7 cells transfected with 
WT (A, top six panels) and PaTu2 (B, bottom six panels) GFP-palladin (full length, 90 kDa isoform). 
Results show cells expressing the PaTu2 mutant protein (B) fails to induce robust stress fibers, 
though it can still be seen decorating thin actin filaments (arrow heads).  Interestingly, the mutant 
palladin aggregates do not appear to contain F-actin as observed in wildtype (arrows). 

A 
 

B 
 



	 96	

 

 

 

 

 

 

Figure 4.2 Comparison of Palladin WT and PaTu2 Ig3-4 actin-binding and bundling. (A) In F-
actin-binding co-sedimentation assays, 5 µM Ig3-4 WT or Ig3-4 PaTu2 incubated with 
increasing concentration of actin subjected to high-speed centrifuge and separated. Supernatant 
(S) and pellet (P) fractions were analyzed by gel electrophoresis. Representative gels from one of 
the three independent experiments are shown. (B) Quantification of actin-binding analyzed by 
densitometry of the WT and PaTu2 Ig3-4 in pellet fractions plotted as a function of actin 
concentration. (C) In F-actin bundling assays F-actin (10 µM) with increasing concentration of 
Ig3-4 WT or Ig3-4 PaTu2 (0 to 40 µM) subjected to low speed and high centrifuge to separate 
Bundle (B), Pellet (P), Supernatant (S)) fractions and these fraction were analyzed by gel 
electrophoresis. Representative gels from one of the three independent experiments are shown. 
(D) Quantitative analysis of the amount of actin present in the Bundle, Pellet, Supernatant 
fraction in the presence of I WT or PaTu2 Ig3-4. 
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4.3.2 PaTu2 mutation alters secondary structure.  

 We also employed circular dichroism (CD) spectroscopy for secondary structure 

characterization. Generally, immunoglobulin domain CD spectra display a minima at 217 nm 

and a zero intensity peak at 206 nm and thereby reveal a high β-strand content. We have 

collected far UV circular dichroism spectra and the observed peak minimum of each domain is 

different as shown in table 4.1. The peak minima for both PaTu2 mutant proteins (Ig4 PaTu2 and 

Ig3-4 PaTu2) is very broad and shifts to lower wavelengths with respect to WT. One interesting 

feature only observed in the Ig-4 WT spectrum is peak maxima at 225 and 238 nm. Furthermore, 

a peak maximum was observed at 206 only for Ig3-4 WT while Ig4 WT has a negative peak with 

sharp transition and mutants also have a negative peak but broad transition. 

 

 

 

 

 

 

 

 

 

Figure 4.3 Palladin Ig domains secondary structure comparison using circular dichroism. 
Circular dichroism spectra of Ig4, Ig4 PaTu2, Ig3-4 and Ig3-4 PaTu2 were collected using  
40 µM in the 10 mM phosphate buffer, 50 mM NaF, 1 mM TCEP, pH 7.5. Spectra were 
recorded between 190 nm and 260 nm in a 0.1 mm cell at room temperature with the 10 nm/min 
scan speed. 
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 We also calculated the secondary structure composition from the CD spectra by using the 

webserver tool CAPTIO [208]. The secondary structure composition for each domain is 

consistent with the noted spectral differences, as shown in table 4.1. These results confirm that 

differences in the CD spectra are due to changes in β-strands composition. 

Table 4.1 Comparison of Palladin Ig constructs C.D peak minimum and percentage of β-strand. 
 

Palladin Constructs Peak minimum Percentage of  
β-strand 

Ig3-4 216 nm 69 

Ig3-4 PaTu2 210 nm 11 

Ig4  213 nm 36 

Ig4 PaTu2 211 nm 30 

 
4.3.3 PaTu2 mutation disrupts Ig4 domain folding.  

  To determine the role of tryptophan in the structure of the Ig4 domain, we also collected 

1H-15N heteronuclear single quantum correlation spectroscopy (HSQC) spectra of PaTu2 Ig4 to 

compare to the wildtype Ig4 HSQC spectrum (Figure 4.4). We observed a significant decrease in 

the chemical shift dispersion in the 1H dimension of the Ig4 PaTu2 spectrum, implying that this 

mutation caused significant unfolding of the protein. This is further confirmed by overlaying the 

HSQC spectra of WT and PaTu2, Ig-4, where significant differences in the chemical shift 

dispersion can easily be identified. These solution-state NMR results reveal that this mutation 

completely disrupts the Ig domain folding pattern and this is consistent with the fact that all Ig 

domains have a conserved, buried tryptophan that is thought to play a critical role in the Ig 

domain folding.  

 We have also observed a significant difference in the bacterial expression pattern of the 

PauTu2 protein, where WT Ig4 is expressed successfully without the need for any solubility tag 
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while Ig4 PaTu2 ends up in the inclusion bodies. This further strengthens the hypothesis that the 

conserved tryptophan in the hydrophobic core influences the Ig domain folding pattern. 

Purification of soluble and stable PaTu2 Ig4 required the addition of a maltose binding protein 

(MBP) tag.  
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Figure 4.4 Protein NMR studies revealed that PaTu2 mutation disrupts Ig4 domain folding. A) 
Overlay of 1H–15N HSQC spectra of 0.2 mM WT Ig4 (black) and PaTu2 Ig4 (green). (B) 
Palladin Ig4 WT unfolding monitored by NMR after addition of urea. Overlay of 1H–15N HSQC 
spectra 0.2 mM WT Ig4 (black), with 4 M (red) or 8 M (blue) urea and PaTu2Ig4 (green). 
  

 To determine whether PaTu2 is, in fact, the unfolded form of WT or is a folding 

intermediate, we recorded 1H-15N HSQC spectra of WT Ig4 at different urea concentrations. Our 

results show that the chemical shift dispersion in the 1H dimension decreases with increasing 

concentration of urea as the protein unfolds while the 15N dimension remains relatively well 

dispersed (See Figure 4.4 A). Interestingly, the overlay of Patu2 and WT Ig4 with different urea 

concentration reveals there is little to no overlap in peaks between PaTu2 Ig4 and WT Ig4 in 8 M 

urea (See Figure 4.4 B). These results suggest that the structure of PaTu2 Ig4 is not completely 

unfolded but, instead, differs from both the folded and unfolded forms of Ig4 WT.  This data also 

reinforces the CD data where PaTu2 showed a decrease in the β-strand composition compared to 

WT. 

4.3.4 Measuring palladin Ig domain stability 

 To determine whether the PaTu2 mutations of this conserved tryptophan had any effect 

on the overall stability of palladin Ig domains, we used fluorescence measurements of structure 

as a function of urea concentration. In this series of experiments, protein samples were prepared 

with increasing urea concentrations from 0 to 7 M and incubated overnight.   Tyrosine emission 

spectra were then measured by exciting at 275 nm. The fraction folded was then calculated from 

each protein tyrosine emission spectra and plotted against urea concentration as shown in Figure 

4.5. The transition mid-point of each protein tyrosine emission spectra is calculated by fitting 

into equation 1 yielding the following transition mid-points (Cm) listed in table 4.2. It is evident 

that the stability of both the PaTu2 mutant Ig domains decreased significantly when compared to 
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WT and this suggests that the W40C mutation affects both  structure and stability. Interestingly, 

eventhough the PaTu2 Ig3-4 tandem domain contains the WT Ig3 domain, the protein is less 

stable than both the isolated WT Ig3 and PaTu2 Ig4. This decreased stability of the tandem Ig3-4 

PaTu2 mutant is surprising because the tandem WT domain is more stable than the isolated WT 

Ig3 and Ig4 domains. Secondary structure estimation results also indicate that the PaTu2 Ig3-4 

has the lowest β-strand content as compared to the isolated Ig domains.  

 

Figure 4.5 Comparison of Palladin Ig4, Ig3-4, PaTu2 Ig4 and PaTu2Ig3-4 stability by using urea 
denaturation method. We have collected tyrosine emission spectra (Ex: 275 nm and Em: 280-400 
nm) of four Ig domains (5 µM) with increasing concentration of urea. Fraction folded was 
plotted as a function of urea concentration and data were fitted using equation 1. Panels 
correspond to the following proteins:  (A) Ig4, (B) PaTu2 Ig4, (C) Ig3-4 (D) PaTu2. Ig3-4. 
  

B. A. 

C. D. 
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Table 4.2 Palladin Ig domains Urea denaturation transition mid point values (Cm) 

Ig-Construct Cm 

Ig 4 1.75 M 

Ig 4 PaTu2 0.97 M 

Ig 3-4 2.8 M 

Ig 3-4 PaTu2 0.86 M 

 

4.4 Discussion 

 The folding mechanism of immunoglobulin domains is well studied in several proteins:  

Titin 27th I-type Ig domain, human tenascin having fibronectin type III domain and V-type Ig 

domain from rat CD2 [209-212]. The hydrophobic core of Ig domains with an I type fold plays a 

central role in folding by preserving key interactions required for the folding nucleus. While the 

amino acid composition of the hydrophobic residues varies significantly at the edge of the 

hydrophobic core, invariant positions are occupied by aromatic amino acids such as tryptophan 

and tyrosine in the center of the core region, also known as the “pin region.” In addition to 

position of these amino acids in the pin region, the side chain conformation of these two residues 

is highly conserved [213, 214]. While only the tryptophan is absolutely conserved in all Ig 

domains containing proteins, the tyrosine is highly conserved among most proteins consisting of 

Ig domain with I set folding such as Telokin, Titin M5, VCAMD1, and Twitchin 39 Ig domains. 

Furthermore, the hydrophobic core plays crucial role in folding, stability and function of the 

proteins [214].  

 In this study we have demonstrated that this conserved tryptophan in the hydrophobic 

core plays a critical role in the palladin Ig4 domain’s structure, function, and stability. Initial in 
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vivo studies revealed a single point mutation of the conserved tryptophan in the Ig4 domain of 90 

kDa palladin expressed in a pancreatic tumor cell line (PaTu2) and this mutant form of palladin 

affects actin bundle formation in these cells. Previous work established that the Ig4 domain of 

palladin is not directly involved in binding or bundling of F-actin. However, the tandem Ig3-4 

has increased actin-binding affinity as compared to the isolated Ig3 domain, where Ig3 has a Kd 

of ~70 µM and Ig3-4 has a Kd of ~10 µM [147]. Furthermore, the palladin Ig3-4 tandem domain 

also shows increased actin bundling activity as compared to Ig3 [147]. To understand the role of 

this mutation in the actin-binding and bundling, we made a tryptophan to cysteine substitution 

mutation in the Ig3-4 domain. We then compared PaTu2 Ig3-4 actin co-sedimentation results 

with  WT to reveal that there is a significant difference in actin bundling but not binding. This is 

consistent with previous results where the Ig4 domain contributes to actin bundling and this also 

explains the in vivo results where formation of actin bundles is reduced when the PaTu2 mutant 

form of palladin is expressed in cells. However, increases in the concentration of Ig3-4 PaTu2 

can overcome this deficit in actin bundle formation and result in crosslinking similar to WT Ig3-

4.  Additionally, actin-binding and bundling is not abolished completely when the PaTu2 

mutation is introduced due to the presence of an intact principal actin-binding and bundling 

domain Ig3 that is present in both the WT and mutant. The CD results suggest that there is a 

significant difference in secondary structure between WT and PaTu2 isolated Ig4 domain and 

that difference is amplified in the tandem Ig3-4 domain. This suggests that this tryptophan is 

critical for domain folding and affects both structure and function. 

 Recent NMR backbone dynamics measurements showed that the Ig1 domain residues in 

the core of myotilin undergo millisecond conformational exchange and the authors suggest that 

the conserved tryptophan (W283) has the potential to affect the whole structural integrity of the 
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protein [215]. Interestingly, this tryptophan in the C strand of the myotilin Ig1 domain is 

absolutely conserved across all of the Ig domains in the palladin family and some other Ig 

domain containing proteins. One interesting feature observed in the WT Ig4 NMR structure of 

palladin (PDB: 2DM3) is that both of the hydrophobic core residues tryptophan and tyrosine are 

in the β-bridge in contrast to palladin Ig3 and myotilin Ig1 domain where those residues are 

found in C-strand of the β -sheet. Studies showed that the folding transition state of Ig domain 

having proteins is stabilized by interactions in the center of the hydrophobic core. [216]. This 

suggests that palladin family Ig domains also share a similar folding nucleus even though there is 

a significant difference in amino acid sequence. Our NMR spectroscopy results show that the 

PaTu2 mutation affects folding and suggests that the conserved core tryptophan is likely 

involved in the folding nucleus formation as this mutation fails to induce correct Ig domain 

folding. This conclusion is also supported by the observation made during protein 

overexpression where the Ig4 PaTu2 required an additional tag for solubility that was not 

required for Ig4 WT. This misfolding of PaTu2 Ig4 is further confirmed by the results from Ig4 

urea denaturation monitored by NMR at 4M and 8 M urea where either of the denatured spectra 

of Ig4 WT do not overlap with the Ig4 PaTu2 spectra.  

 In a recent study, J. Clark et al. observed significant differences in the stability of 

proteins with Ig domains and provide evidence that this difference is largely due to variations in 

the rate of unfolding [216]. In the urea denaturation results shown in Figure 4, PaTu2 mutations 

in both Ig4 and Ig3-4 result in decreased stability as compared to WT. Previous studies indicated 

that strands B–C and E–F strands form the folding core during initial stages of Ig domain folding 

while both N-termini and C-termini will fold in later stages and during unfolding, the termini 

regions unfold early [209, 211, 217]. Insertion of amino acids to extend the loop length near the 
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folding nucleus decreases stability in the titin 27th Ig domain [218]. From these observations, one 

can conclude that decreases in the stability of PaTu2 are likely due to failure to form the core 

folding nucleus structure and subsequent stability contribution results from a partially folded 

structure. Furthermore, secondary structure estimation results show that both the PaTu2 mutants 

have lower β-strand composition as compared to WT Ig3-4 and Ig4. Further investigation is 

required to determine which specific interactions are disrupted during Ig4 domain folding.  

 These results suggest that the Ig3-4 domain structure is critical for actin bundling and 

changes in Ig4 structure result in decreased bundling. This observation is consistent with our 

recent study where we showed the inter-domain flexibility and conformation changes in the actin 

bound and free form of palladin Ig3-4 are critical for actin bundling [176]. From these results, we 

hypothesize that orientation of the Ig4 domain with respect to the Ig3 domain in the PaTu2 Ig3-4 

domain is altered from the WT and the PaTu2 mutation significantly disturbs the Ig4 domain 

structure, which leads to decreased in vitro actin bundling. This study also emphasizes the 

critical role of the tryptophan that is absolutely conserved across all palladin family member Ig 

domains and plays an important role in domain folding, stability, and function. 
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CHAPTER 5 

PILOT PROJECTS AND FUTURE DIRECTIONS 

5A:  Palladin induces actin oligomers during actin polymerization 

5A.1 Introduction to actin nucleation models 

 Actin polymerization involves three distinct steps, which are nucleation, elongation, and 

steady state. The nucleation step requires three to four actin monomers to form a nucleus. 

Molecular dynamics and simulation studies show that the formation of dimers from monomers is 

thermodynamically the most unfavorable step compared to formation of the trimer or tetramer 

from the dimer [219]. In vivo actin nucleation is initiated by actin-binding proteins, such as 

gelsolin that stabilizes actin dimer formation or Arp 2/3 complex that orients two actin molecules 

in a certain angle to promote nucleation [220, 221].  

 The actin nucleation step is initiated by two actin monomers forming an actin dimer and 

is extensively studied using chemical crosslinking methods. Furthermore, actin forms two 

distinct dimers with a difference in the electrophoretic mobility, one that runs at 88 kDa is called 

the lower dimer or anti-parallel dimer (LD or APD) and the other one is referred to as the upper 

dimer (UD) which runs at 115 kDa [222, 223]. As shown in Figure 5.1, two actin subunits are 

cross-linked via the Cys374 residues in an antiparallel orientation in the lower dimer or anti 

parallel dimer, while in the upper dimer two actin subunits are parallel and Cys374 of one 

subunit being cross-linked to Lys191 of the other subunit. Interestingly, LD formation is 

observed only during the initial phase of polymerization and gradually disappears by slowly 

forming the other UD oligomer [224, 225]. The time required to transition from LD to UD is 

dependent on polymerization conditions, where at 50 mM MgCl2 this takes only 30 sec and at 

100 mM KCl requires 5 min. This suggests that, with increased polymerization rate, the 
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formation of LD decreases and UD increases [224]. Previous work involving a combination of 

chemical crosslinking and polymerization assays suggests that the time required for transition 

from LD to UD correlates with the transition from the nucleation to the elongation phase [224, 

225]. Both of the dimer forms can be successfully purified in order to study their ability to form 

actin filaments but only the UD can induce formation of filaments [226]. Recently, using an LD 

specific antibody, immunofluorescence, and immune electron microscopy U. Silvian et al. 

showed that the LD configuration localizes to endosome vesicles [227]. Another recent study 

showed that the LD and UD modulate ABP’s nucleating activity differently, where Arp2/3 

complex actin polymerization activity increases in the presence of LD but is not affected by UD.  

Correspondingly, the nucleating activity of gelsolin is increased by UD but LD inhibits activity 

[226]. From these in vivo and in vitro studies, one model is proposed to highlight the role of LD 

and UD in actin polymerization. In the UD pathway, activated G-actin is recruited into the 

nucleus to form filamentous actin and, in LD pathway, LD incorporates into the growing 

filament with one of its subunits extended towards the outside which results in ragged 

morphology and forms daughter filaments. Subsequent conformational changes in LD result in 

the dissociation of branch filaments and actin filaments reach a steady state as shown Figure 5.1 

B. 

 Our recent study showed that palladin Ig3 enhances polymerization of actin in a dose-

dependent manner [148] and in this study we extend this investigation to determine whether 

palladin-induced actin polymerization involves the formation of specific actin oligomers (such as 

lower dimer, upper dimer and/or trimer) using previously described chemical-crosslinking 

methods. Our preliminary results corroborate with the formation of LD during the initial phase of 

polymerization and UD formation in the steady state of polymerization and suggest a specific 
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mechanism that ties enhanced polymerization kinetics and increased actin crosslinking. 

 

 

 

 

 

 

 
 
 
 
 
 
 

 
Figure 5.1 Dual pathways for actin assembly. (A) Schematic representation of actin subunit 
orientation in LD and UD. In LD two actin subunit cysteine 374 are crosslinked in an antiparallel 
orientation, whereas in UD lyssine 191 from one subunit and cysteine 374 from another subunit 
crosslink in a parallel orientation. (B) In the actin polymerization pathway, activated G*-actin 
slowly nucleates before elongation occurs by the addition of monomers and small oligomers 
such as the UD. On a the other hand, actin rapidly forms an antiparallel LD, incorporates into the 
growing filaments via one of its subunits and antiparallel dimers initiate the branching of 
daughter filaments. During the course of polymerization the lower dimer will dissociate as actin 
reaches the steady state of polymerization. 
 

  

A 

B 
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5A.2 Materials and Methods 

5A.2.1 Cloning and protein purification  

 To generate pTBSG-Ig3-noCys mutant, 3 cysteine residues were mutated to alanine using 

the following oligonucleotide sequence primers. For C26A, forward 

GCCGGTGACTTTCACGGCTCGAGTGGCTGGGAATC and reverse 

GATTCCCAGCCACTCGAGCCGTGAAAGTCACCGGC, for C62A forward 

GACCTTGATGGGACCGCCTCTCTCCAC 

ACCAC and reverse GTGGTGTGGAGAGAGGCGGTCCCATCAAGGTC, for C90A forward 

CAGGGTCGCGTCAGTGCTACAGGAAGGCTAATGG and reverse CCATTAG C 

CTTCCTGTAGCACTGACGCGACCCTG. All the mutations made by using QuikChange site-

directed mutagenesis protocol and sequence verified by Sequetech. Palladin Ig3-noCys 

expression and purification is similar WT palladin Ig3 as described previously [176]. 

5A.2.2 Chemical crosslinking 

  G-actin in buffer G (0.1 mM CaCl2, 5.0 mM Tris, 0.2 mM dithiothreitol, 0.2 mM ATP, 

pH 8) was dialyzed into crosslinking buffer (20 mM borate, 0.1 mM CaCl2, 0.2 mM ATP, pH 

9.5) for 2 days with four buffer changes. Chemical crosslinker N, N-1,4 phenylenebismaleimide 

(1,4-PBM) was dissolved in dimethyl formamide (DMF) to make 5 mM stock solution and 

diluted by using crosslinking buffer to make 12.5 µM (1µL of stock in 400 µL buffer) 

crosslinker. Chemical crosslinking reactions are carried out by simultaneous addition of G-actin 

and Ig-3-noCys mutant followed by addition of diluted 1,4-PBM at different timepoints. 

Reactions were quenched by the addition of Laemmli buffer and analyzed by SDS-PAGE gels. 
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5A.2.3 Actin co-sedimentation assay 

 G-actin was purified as described [178] and palladin Ig3-noCys mutant is purified similar 

to Ig3 WT [176]. For the actin bundling assay, G-actin was incubated with increasing 

concentrations of Palld Ig3-noCys mutant for 1 hr, followed by low speed centrifuge at 5,000 xg 

for 10 min to separate bundles (B).  A subsequent high-speed centrifugation step (100,000 xg for 

30 min) was then carried out on the low speed supernatant to separate actin in the supernatant (S) 

and pellet (P). In the next step the bundle (B) and high-speed pellets (P) are resuspended in 

borate buffer and subjected to chemical crosslinking with 1,4-PBM to identify actin upper and 

lower dimers. 

5A.3 Results and Discussion 

5A.3.1 Palladin Ig3 ABC mutant binds actin similar to Ig3 WT 

 Palladin Ig3 has three cysteine residues that could potentially interfere with chemical 

crosslinking experiments that involve disulfide bond formation. To avoid this complication we 

have successfully mutated all three cysteines to alanine, referred to as the Ig3-noCys mutant. 

Prior to use in any further experiments, it is important to characterize the Ig3-noCys mutant 

actin-binding, bundling, and polymerization to ensure this mutation does not disrupt wild type 

functions. We have performed F-actin-binding assays in which polymerized actin was incubated 

with WT or noCys Ig3. Results from the F-actin-binding assay show that both WT and noCys 

mutant have similar binding affinities as shown in figure 5.2 A.  

 To characterize actin polymerization we have performed actin co-polymerization assay as 

described previously [148]. In contrast to the F-actin-binding assay, for the co-polymerization 

assay calcium G-actin was incubated with increasing concentrations of Ig-3 WT or noCys mutant 

(0-60 µM). Our results show that both WT and noCys mutant polymerize actin in a similar 
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fashion with only slightly reduced rate for the mutant, as shown in figure 5.2 B. These results 

suggest that we can use Ig3 noCys mutant instead of using Ig3 WT in further experiments. 

 

 
 
 
 
 
 
 
 
 

 
Figure 5.2 Ig3-noCys mutant polymerizes and binds to actin similar to WT Ig3. (A) In the F-
actin-binding assay 10 µM F-actin is incubated for 1hr with increasing concentration (0-40 µM) 
of Ig3 WT or Ig3-noCys and after high-speed centrifuge supernatant and pellet fraction ran on 
SDS-PAGE gel. To measure binding affinity we have quantified Ig3 WT or Ig3-noCys in pellet 
fraction plotted as a function of actin concentration. (B) In the actin co-polymerization assay 10 
µM G-actin is incubated for 1 hr with increasing concentration (0-60 µM) of Ig3 WT or Ig3-
noCys and after high-speed centrifuge supernatant and pellet fraction ran on SDS-PAGE gel. To 
measure the amount of actin polymerized we have plotted pellet fraction as a function of Ig3 WT 
or Ig3-noCys.  
 

5A.3.2 Palladin oligomers form during actin polymerization induces actin  

  Previous studies showed that actin forms different oligomers during polymerization such 

as LD, UD and eventually the trimeric/tetrameric nucleus. We sought to determine what types of 

oligomers form during actin nucleation in the presence of the actin-binding protein palladin 

using chemical crosslinking methods. Since palladin enhances the nucleation step of actin 

polymerization, we hypothesized that palladin may promote LD formation as a mechanism of 

promoting nucleation.  We used the homo, bi-functional chemical crosslinker 1,4 PBM that was 

previously shown to form crosslinks between Cys-374 and Cys-374 or Cys-374 and Lys-191 of 
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actin to yield the LD and UD, respectively [222, 228]. Our chemical crosslinking results show 

that palladin induced actin polymerization involves the formation of both LD and UD.  

Specifically, the formation of LD is observed only when the Ig3-noCys concentration is low 

(Figure 5.3 A in the first lane) with a 1:1 ratio actin:palladin. Increasing the concentration of 

Ig3–noCys promotes polymerization and results in diminishing LD formation, followed by 

increasing UD formation (lane 2 and 3 shown in Figure 5.3A). These results are consistent with 

previous studies where LD formation is observed during the initial phase of polymerization and 

then diminishes with increasing rate of polymerization [225].  

 Previous studies also show that the actin LD is recruited into actin bundles or actin 

crosslinking network [227] while the UD is present only after actin polymerization reaches the 

steady state. To determine whether palladin also recruits the LD to bundles, we have performed 

actin co-sedimentation assays in the G-buffer to separate bundles, pellet, and supernatant before 

subjected these fractions to chemical crosslinking by 1,4 PBM. Our results show that the LD is 

only present in the actin bundle fraction whereas the polymerized actin in the pellet consists 

exclusively of UD forms.  This suggests that actin polymerization induced by palladin involves 

the same pathway as shown in Figure 5.3 B. 
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Figure 5.3 Evidence for formation of actin lower dimer (LD) during palladin-induced 
polymerization of G-actin and lower dimer (LD) in crosslinked/bundled actin fractions. (A) G-
actin is incubated with varying concentrations of the palladin Ig3-noCys mutant (Lanes 1-3 
contain actin:palladin rations of 1:1, 1:2, 1:4) with 1,4 PBM chemical crosslinker for 10 min. 
Lane 4 is actin control with PDM, Lane 5 actin with no crosslinker, Lane 6 Ladder, Lane 7 
purified actin UD and LD The reactions were analyzed for crosslinking by SDS-PAGE. Actin 
lower dimer band at 100 kDa (   ) and actin upper dimer (★) at 130 kDa. (B) G-actin is incubated 
with purified palladin Ig3-noCys mutant at 1:2, 1:4, 1:6 ratios and then separated into Bundles, 
Pellet and Supernatant by actin co-sedimentation. Actin fractions were then subjected to 
chemical crosslinking (1:1) using PDM. Actin LD is incorporated into (   ) bundles and UD (★) 
in pellet. 
 

5A.4 Conclusions and future directions 

            Previous studies showed that formation of the lower dimer occurs on pathway to the 

upper dimer during actin polymerization and is induced by either MgCl2, CaCl2 or polylysine. 

This study is the first to reveal that an actin nucleating protein can promote formation of the LD 

and provides a putative mechanism for how palladin promotes actin nucleation and enhances 

actin crosslinking during polymerization. Our previous results from electron, confocal, and TIRF 

microscopy show that palladin increases actin branching during co-polymerization [148]. This 

can be explained by formation of the lower dimer during the initial phase of polymerization and 

this LD could then disassociate during the course of polymerization as shown in Figure 5.1 B 

and previously proposed in several articles [222, 224, 227]. Our lab recently shown that palladin 
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promotes actin polymerization in vitro in a dose dependent manner and this is further confirmed 

by diminishing lower dimer formation during actin polymerization. To support our hypothesis, 

we would like to further characterize actin LD formation in vitro and in vivo by performing 

Western blot analysis with the LD specific antibody as described previously [227].  We are 

further interested in characterizing LD formation by using pyrene excimer assay as described 

previously using G-actin labeled with pyrene or using yeast actin A167C/C374A mutant labeled 

with pyrene [225, 229]. In this assay pyrene labeled actin polymerization results in formation of 

LD yields in a pyrene excimer with characteristic emission peak at 475 nm. We would initiate 

actin polymerization with Palladin Ig3 domain to monitor LD formation using excimer 

fluorescence. A recent study by Z. Qu et al. showed that the isolated actin lower dimer promotes 

Arp2/3 complex induced actin polymerization, but it inhibits the mDia formins and gelsolin 

induced actin polymerization [226]. We are interested in characterizing how palladin influences 

actin oligomers during actin polymerization. For this experiment, we would purify actin 

oligomers such as LD, UD, and the trimer and study actin polymerization kinetics as described 

previously [226]. The expected results from the proposed experiments would lead to better 

understanding of the role of oligomers in actin polymerization and shed light on the mechanism 

utilized by palladin to enhance actin polymerization.  

 
 
5B:  Investigating the role of the linker between the Ig3 and Ig4 domains of palladin 

 
5B.1 Introduction 

 Actin cytoskeleton dynamics are tightly regulated by a variety of actin-binding proteins 

that in turn regulate various cellular processes such as cell growth, shape, and motility. Palladin 

is an actin-binding and crosslinking protein that plays an important role in both normal and 
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invasive cell motility. Palladin isoforms contain three to five immunoglobulin-like  (Ig) domains 

that have been implicated in a variety of protein-protein interactions.  The Ig3 domain of palladin 

directly interacts with actin and represents the minimum domain necessary for actin-binding and 

crosslinking. Although the isolated Ig4 domain of palladin does not interact with actin, the 

tandem Ig3 and Ig4 domains display much more efficient binding and crosslinking than Ig3 

alone [147]. Recently, we established that palladin dimerizes upon binding to actin [176], which 

likely also results in a conformational change of these tandem domains. Moreover, the extent of 

dimerization mirrors the enhanced actin-binding and bundling brought about by the tandem Ig3-4 

domains [176].  

 Several unusual features of the linker between the Ig3 and Ig4 domains of palladin are 

evident.  First the length of this linker is significantly greater than that of any other serially 

linked Ig domains of the palladin family, where Palld Ig3-4 linker has 42 amino acids, 

myopalladin Ig3-4 linker has 35 amino acids, and palldin Ig4-5, myo palldin Ig4-5, and myotillin 

Ig 1-2 linker has only 30 amino acids. Muscle protein titin linker length is classified as short if it 

has less than 3 amino acids and larger if it has more than 3 amino acids. Titin has a mixture of 

smaller and larger linkers between Ig domains [230]. Additionally, phosphorylation of one serine 

in the palladin Ig3-4 linker is associated with alterations in cellular actin bundling [150] and we 

have identified additional phosphorylation sites in this linker (unpublished data).  Therefore, our 

working hypothesis is that the linker between palladin’s Ig3 and Ig4 domains facilitates a 

conformational change that is critical for actin-binding and/or bundling. To investigate the roles 

of Ig3-4 linker and Ig4 domain, we generated a series of mutations to the linker in order to (1) 

shorten, (2) swap domain 4 and 5 linkers, and (3) generate phosphomimetic sites. Initial 

investigations of these mutant palladin proteins in our actin-binding and bundling assays and 
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cellular phenotypes is underway. Our preliminary results show that these mutations in the linker 

region affect the actin crosslinking activity of palladin much more than its actin-binding activity. 

 
5B.2 Methods 

5B.2.1 Cloning 

 pTBMalE Palladin Ig3-4  plasmid used as template and following oligonucleotide 

primers we have used to generate mutations. To generate deletion3 and 12 mutants we have 

single primer as described previously. For delta 3 (GCAGTCCCCGCTCTCCC 

CATGCCAGAAGGCCTCGCTC) and for delta 12 (CAGTCCCCGCTCTCCCCCCA 

TTCAGGAGCGATTCTTCAG) primers used. For other mutations we have used forward and 

reverse primers, Forward (CGCTCTCGATCACGGGACCCCATTCAGGAGCG ATTCTTCA) 

and reverse (TGAAGAATCGCTCCTGAATGGGGTCCCGTGATCG AGAGCG) for delta 5 

mutant. For swapping Ig4 domain with Ig5 domain, forward 

(GCTCCTGGAGACCTGACGGTTGGATACCCAGTGCGGCTG) and reverse 

(CAGCCGCACTGGGTATCCAACCGTCAGGTCTCCAGGAGC). For swapping Ig3 linker 

and Ig4 domain with Ig4 linker and Ig5 domain, forward (AGTCCCCGCTC 

TCCCCAGAACTCGTTTAACCTGGAGC) and reverse (GCTCCAGG 

TTAAACGAGTTCTGGGGAGAGCGGGGACT) . All Ig3 variants were generated using 

QuikChange site-directed mutagenesis with sequences verified by DNA sequencing. 

5B.2.2 Protein expression and purification 

 All the mutants are expressed similar to palladin Ig3-4 WT [176]. For the protein NMR, 

uniform 15N-isotopically labeled Palld-Ig3, Ig4 and Ig3-4 were grown in BL21(DE3) E. coli cells 

in N-5052 auto-induction minimal media containing 10 mM 15NH4Cl  as the sole nitrogen 

source. The remaining purification steps are similar to unlabeled protein and purified protein was 
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buffer exchanged into NMR buffer (20 mM Hepes (pH 6.9), 50 mM NaCl, 1 mM DTT, 0.05% 

NaN3, and 10% D2O). NMR spectra of Ig3, Ig4 and Ig3-4 were collected on a Bruker Avance 

800 MHz NMR instrument equipped with TCI cryoprobe at the University of Kansas Bio-NMR 

Lab. 

5B.2.3 Actin co-sedimentation assays 

 Actin co-sedimentation assays were carried out to quantitate the F-actin-binding of Palld-

Ig3-4 mutants. In this assay, G-actin (10 µM) was polymerized into F-actin by the addition of 

polymerizing buffer (10 mM Tris (pH 7.5), 100 mM KCl, and 2 mM MgCl2) for 40 min. In the 

next step, Ig3-4 WT or mutants were incubated with increasing F-actin (0-15 µM) concentration. 

This mixture of F-actin and protein was centrifuged at 100,000 xg for 30 min. To isolate the co-

pelleted protein with F-actin, the supernatant was removed carefully and the pellet was 

resuspended in 100 µl of 0.1% SDS buffer and further separated on 12% SDS-PAGE gels. The 

amount of Ig3-4 or mutant present in pellet fraction was quantified by using Image J software 

[158]. 

5B.3 Results and Discussion 

5B.3.1 Palladin Ig3 and Ig4 domains interact in solution 

 Our previous crosslinking study showed that, in the tandem palladin Ig3-4 domain, two 

Ig domains Ig3 and Ig4 are in close proximity and they move further away from each other 

during actin-binding [176]. This leads to increases in actin in bundling with Ig3-4 domain 

compared to the isolated Ig3 domain.  However, the role of the Ig4 domain in the tandem Ig3-4 

domain and the intervening linker region is still under investigation.  In order to determine 

whether individual Ig3 and Ig4 domains interact with each other in solution, we collected 1H-15N 

heteronuclear single quantum correlation spectroscopy (HSQC) spectra of Ig3, Ig4 and Ig3-4. An 
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overlay of these three spectra (Ig3, Ig4 and Ig3-4) reveals differences in the chemical shifts arise 

in the tandem Ig3-4 protein in addition to the extra peaks that arise from the unstructured linker 

between the Ig3 and Ig4 domains (as shown in Figure 5.4A). The fact that there are several Ig3 

and Ig4 chemical shifts that deviate from tandem Ig3-4 residues chemical shift suggests that 

these two domains interact with each other in the tandem Ig3-4 domain. This result is consistent 

with our previous result in which Ig3-4 forms intra molecular crosslinking.  Much more 

significant chemical shift perturbations were observed in Ig3 domain residues in comparison 

with Ig4 domain as shown in Figure 5.4 B. We plotted the chemical shift difference onto the Ig3 

and Ig4 structures to highlight regions where these two domains likely interact (Figure 5.4 C).  

An additional observation is that the actin-binding (lysine residues highlighted) and lipid-binding 

regions of Ig3 domain overlap with the Ig-4 domain interacting region on Ig3 as shown in figure 

C and D [113, 205]. This suggests that the interaction between the Ig3 and Ig4 domains partially 

overlaps with the lipid-binding region.  
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Figure 5.4 HSQC reveals palladin Ig3 and Ig4 domain interact with each other in the tandem 
Ig3-4 domain. (A) An overlay of 1H-15N HSQC spectra of Ig3 (blue), Ig4 (green) Ig3-4 (red). (B) 
CSPs for Palld-Ig3 and Ig4 interaction were calculated and plotted against the residue number. A 
CSP cutoff of 0.03 ppm was considered as significant. (C) Significant chemical shift perturbation 
observed amino acids are mapped in Ig3 and Ig4 structures. (D) Significant chemical shift 
perturbation observed during lipid-binding.  Amino acids involved in lipid-binding are mapped 
onto Ig3 and Ig4 structures. On Ig3 structure, lysine residues involved in lipid actin-binding are 
in magenta.  
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Figurea5.4 (continued) 
 
5B.3.2Ig3-4 mutants 
  
 Our previous studies suggest that flexibility between the Ig3 and Ig4 domains is critical 

for actin-binding and bundling. We hypothesize that having an extended linker between these 

tandem Ig domains might facilitate flexibility and in turn orientation or conformation change 

during actin-binding and bundling.  It is not clear at this point whether the linker region or the 

Ig4 domain is responsible for the increased actin bundling observed in the tandem Ig3-4 domain. 

To investigate the role of linker region between the Ig3 and Ig4 domain we have made several 

linker deletion and domain swap mutations as shown in Figure 5.5A. We generated purified 

protein from all the constructs.  We have performed actin co-sedimentation assays with these 

mutant proteins in the hope of unraveling the role of the linker region in binding and bundling of 

actin by palladin. Our current results show that there is no significant difference between WT 

and the various deletion mutants in actin-binding ability but we have not yet performed this 

actin-binding assay with Ig3-5 domain due to difficulties in protein purification (Figures 5.5 B 

and C). 

C.  D. 
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Figure 5.5 Palladin Ig3-4 linker mutant actin-binding (A) Palladin Ig3 linker sequence with 
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different mutants red (delta 3), magenta (delta12) and blue (delta 5)  (B) Actin co-sedimentation 
assay gels of Palladin Ig3-4 WT or mutants (Ig3-4 delta 5 and delta 3) 5µM with increasing 
concentration of actin (0-20 µM) (C) Palladin Ig3-4 WT or mutant in the pellet fraction is 
quantified and plotted as a function of actin concentration 
 

5B.4 Conclusions and future directions 

 Our results show that Ig-3 linker deletion mutations did not alter actin-binding 

significantly. One possible explanation is that there is not a significant difference between Ig3 

and Ig3-4 binding affinity to actin and major difference is observed in actin bundling. We are 

planning to perform the actin bundling assay with linker mutations in the near future. We should 

also optimize protein purification of domain deletion mutants and perform actin-binding and 

bundling assays on other mutants. To understand whether the length of the linker or sequence 

amino acids are critical for its function, we plan to scramble the amino acid sequence in the 

linker region and study actin-binding and bundling. From these mutagenesis, studies we expect 

to gain a better understanding of the role of the linker region in actin regulation. Our preliminary 

results indicate that deletion of 12 amino acids increased in stability compare to Ig3-4WT and 

this could be beneficial to crystallization studies. A recent study by Vid et al. has shown that the 

myotillin tandem Ig domain displays a high degree of flexibility according to SAXS 

analysis[231]. From the myotilin results and our results we hypothesize that the palladin Ig3-4 

domain also exhibits a high degree of flexibility. Our initial NMR results show that the two 

isolated Ig domains of palladin, Ig3 and Ig4, do interact in solution.  This is confirms our 

previous results from the intramolecular crosslinking in the absence of actin suggesting two 

domains are in close proximity. If the linker facilitates this interaction, we should observe a 

stronger interaction in Ig3-4 tandem domain compared to individual domains. Further 

experiments are required to confirm binding affinity between Ig3 and Ig4 domain because we 



	 124	

hypothesize that that linker might act as hinge to pull two domains in the absence of actin and 

interaction between individual domains might be weaker. We are further interested in how this 

interaction might be regulated through other interactions (with lipids and/or actin). We are also 

interested in the conformational dynamics at play between these two domains and are currently 

collecting and analyzing backbone dynamics measurements by NMR.  To order to measure the 

binding affinity we plan to use fluorescence techniques that would necessitate labeling of Ig3 

and/or Ig4. We could also use two different fluorophores on the termini of the tandem Ig3-4 

domains to detect movement of the domains relative to each other using FRET.  Based on the 

results presented here, we do not know if the interaction is significant. To understand the role of 

Ig3 linker and Ig4 domain, we would perform bundling and polymerization studies on each 

mutant.  
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5C:  Novel Fluorescence Labeling of Histidine-Tagged Proteins and Designing a FRET 
probe for Palladin 

 
5C.1 Introduction 

 Protein labeling with fluorescent molecules allows one to monitor enzymatic reactions, 

protein conformational changes, protein interactions with ligands as well as with proteins, and to 

understand cellular localization of proteins or complexes of proteins [232-236]. Currently, there 

are several methods available to incorporate fluorophores into proteins sequences including 

genetic encoding of fluorescent proteins, lysine- or cysteine-reactive succinimidyl ester or 

maleimide dyes, enzyme fusions like Halo-Tags, SNAP tags, and incorporation of unnatural 

amino acids based on suppressor tRNA technology [237-240]. Incorporation of green fluorescent 

protein (GFP) is the most widely used technique for protein labeling because of its high labeling 

specificity and simplicity. However, the downside of this method is that it can potentially 

interfere with the structure and function of the protein due to its large molecular size [237]. On 

the other hand, lysine or cysteine amino acid labeling is challenging if there is more than one 

cysteine or lysine residue in the protein to be labeled.  If these are structurally or functionally 

critical residues might be involved in labeling then labeling may interfere [241]. To overcome 

the problems associated with fluorescent proteins and lysine- or cysteine residue incorporation, 

we can employ affinity-based metal chelation, that involves introduction of a small tag on either 

terminal of protein labeled with small fluorescent compound by using metal chelation [241]. 

Currently, available tags for metal chelation are histidine tags with a nickel-complex system, 

aspartate tags with zinc-complex system, and tetra-cysteine tag with bi-arsenical metal ligand 

[242-244].  

 We were interested in utilizing the histidine tag with a nickel-complex system because 

our palladin domains are already purified with a six-histidine tag that is widely used in protein 
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purification by affinity chromatography and will therefore not require any extra steps of 

mutagenesis or cloning. One major advantage with this system is that we can insert different 

fluorophores with same tag, where tris-NTA was conjugated with Oregon Green 488, ATTO 565 

and the Cy5-analogue, and this method was also used to monitor formation of multi-protein 

complexes [245]. In collaboration with Drs. Blake Peterson and Chamani Perera in the 

Molecular Probes Core Lab at KU, we designed and generated Pacific blue fluorescent 

monovalent, divalent, and trivalent nickel complexes that could bind a terminal His tag with 

different affinities.  These three fluorophores allowed us to identify the best system for our 

proposed Förster resonance energy transfer (FRET) experiments. Pacific blue was chosen as the 

principal fluorophore as previous studies showed that this fluorophore conjugated to tris-NTA 

with a higher affinity to the His-tag [246]. We intend to use these probes as a tool for studying 

protein-protein interactions and to study Ig3-4 conformational changes that take place during 

actin-binding by using FRET. This will also require us to we mutate all cysteine residues so that 

we can add a unique cysteine residue near the termini opposite the His tag that will allow 

conjugation to a green fluorophore such as fluorescein maleimide for FRET studies.  Our 

preliminary results suggest that we can use the trivalent probe to measure binding affinity 

between two proteins. 

5C.2 Methods 

5C.2.1 Protein purification and labeling 

 Monomeric or AP-actin purified as described previously [247].  Palladin Ig3 was 

expressed and purified as described previously without the TEV digestion to remove the His6 

tag. After Ni-column purification the His6-Ig3 was dialyzed into 20 mM Hepes, 50 mM NaCl, 

pH 7.5 overnight. The Pacific blue fluorophore synthesized by the Molecular Probes Core at KU 
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was dissolved in DMF and incubated with His-Ig3 (30 µM) using five-fold concentration (final 

concentration 150 µM) of dye overnight. To remove excess dye we further purified the protein 

by S-200 size exclusion chromatography using 20 mM Hepes, 50 mM NaCl, pH 7.5.  

5C.2.2 Fluorescence measurements 

 Emission spectra of labeled His-Ig3 were collected on a PTI spectrofluorometer with 

excitation at 410 nm and emission at 411-450 nm. To measure binding affinity between AP-actin 

and palladin Ig3, we have prepared samples of labeled His-Ig3 and unlabeled AP-actin with 

different ratios (1:0. 1:0.12, 1:0.25, 1:0.5, 1:0.75, 1:1, 1:2, 1:5). Samples were incubated for 5 

hours at room temperature before emission spectra recorded.  

 

Figure 5.6 Different His-tag Blue fluorophores (A) Monovalent His-tag binding blue 
fluorophore (B) Divalent His-tag binding blue fluorophore (C) Trivalent His-tag binding blue 
fluorophore. 

A.	 B.	

C.	
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5C.3 Results and Discussion 

 Our previous results showed that palladin Ig3 is the principal actin-binding domain and 

mutagenesis studies revealed that several surface lysine residues are critical for actin-binding 

[147, 149]. We are further interested in understanding which residues are directly involved in 

actin-binding by using protein NMR or crystallography. One major impediment to conducting 

these experiments is that actin polymerizes in the presence of Ig3 and thus complicates analysis 

of binding interactions. To overcome this problem, we are exploring use of a mutant form actin 

called AP-actin that remain monomeric but is able to turnover ATP and maintain binding 

interactions with other proteins. Two point mutations (A204E and P243K) in the actin 

subdomain 4 of AP-actin ensure that this actin does not polymerize but structural studies 

revealed that this protein structure and ATPase function are still intact [247]. 

 Our first step is to determine whether palladin can indeed bind to a monomeric form of 

actin. Thus we will conduct binding studies between AP-actin and Ig3 prior to any other 

experiments. We used a novel fluorophore to label His-tagged Ig3 in order to study direct 

interactions with AP-actin. First, to confirm excitation and emission spectrum wavelengths, we 

have collected both excitation and emission spectra of palladin labeled with the trivalent pacific 

blue fluorophore. To collect excitation spectra, we used excitation wavelengths from 260-449 nm 

and monitored emission at 450 nm and emission spectra were collected with excitation at 410 nm 

and emission at 411-450 nm. Both excitation and emission spectra plotted as function of 

wavelength are depicted in the Figure 5.7 A. To measure binding affinity, we made samples of 

His-Ig3 with AP-actin at different ratios and incubated these mixtures for 5 hrs before collecting 

emission spectra. The addition of AP-actin to His-Ig3 increased the emission spectra intensity 

gradually with increasing AP-actin concentration. We normalized the increase in fluorescence 
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upon addition of AP-actin as shown in Figure 5.7 B and plotted this as a function His-Ig3:AP-

actin ratio as shown in Figure 4.4 C. Our results show that palladin Ig3 binds to AP-actin and 

further experiments are required to quantify binding affinity.  
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Figure 5.7 Fluorescence measurements of His6-Ig3 labeled with trivalent pacific blue 
fluorophore and binding to AP-actin. (A) Excitation and emission spectra of His6-Ig3. (B) 
Emission spectra of 2.5 µM His6-Ig3 labeled with pacific blue fluorophore titrated with 
increasing AP-actin ratio (1:0. 1:0.12, 1:0.25, 1:0.5, 1:0.75, 1:1, 1:2, 1:5). (C) Binding curve 
determined from normalized emission spectra collected with different His6-Ig3:AP-actin ratios 
and fraction bound plotted against AP-actin ratio. 
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5C.4 Conclusions and future directions.  

 Here we demonstrated the design and application of a novel His-tag fluorophore to study 

protein-protein interactions. It is very common to use His-tag for affinity purification and 

recently His-tag applications increased such as in BLItz, Biacore and SPR. From these 

preliminary results, we can confirm that trivalent blue fluorophore can be used to label His6-tag 

on our palladin construct to monitor protein-protein interactions and this can be used without 

mutagenesis and without interfering with structure and function. Therefore, this probe is a better 

choice for future experiments. By using the His-tag attached fluorophore, we showed for the first 

time that Palld-Ig3 directly binds to AP-actin. This helps us design future experiments and in 

particular, those where actin polymerization is impediment.  Now, we know that we can use AP-

actin as and alternative to wildtype G-actin. Furthermore, using AP-actin we can extend our 

studies to characterize the key residues in Ig-3 and Ig3-4 that are involved in actin-binding by 

using crystallography, SAX, and protein NMR.  We will also work to establish binding affinities 

for interactions between Palladin Ig3 and AP-actin using other techniques such as isothermal 

titration calorimeter and Blitz.  

 In the next phase we plan to use this blue fluorophore in combination with a green 

fluorophore attached via a novel cysteine to carry out FRET experiments on Ig3-4 to study 

conformational changes that we hypothesize occur upon actin-binding. In order to design FRET 

probe, we are mutating six cysteine residues in Ig3-4 to alanine and will then incorporate an 

extra, novel cysteine residue in the N-terminus to label with fluorescein-5-maleimide, while 

another probe would be on the C-terminus attached to histidine tag. We are in the process of 

making these mutations currently. 
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CHAPTER 6 

CONCLUSION 

Dixon et al. have shown that palladin Ig3 is the minimal actin-binding domain and that 

the tandem domain Ig3-4 increases actin binding and bundling significantly [147]. In this study 

we have investigated the mechanism involved in palladin Ig3 and Ig3-4 binding and bundling. 

We have shown that palladin Ig domains exist as monomers in solution, but undergo actin-

induced dimerization that is similar to vinculin [36, 176]. Only palladin Ig3 and Ig3-4 undergo 

actin induced dimerization. Moreover the extent of dimerization mirrors the actin binding and 

bundling of Ig3 and Ig34, where Ig3-4 domain undergoes actin-induced dimerization at lower 

concentrations compared to Ig3 and bundles actin at lower concentrations compared to Ig3 [176].  

In this study we have also shown that flexibility between the two domains is critical for 

actin binding and bundling and the linker between two domains is larger. These 41 amino acids 

of the linker between Ig3 and Ig4 may facilitate a conformational change upon actin binding. Our 

results from pulse proteolysis also show that actin-bound Ig3-4 has increased stability compared 

to unbound Ig3-4 and these results also suggests that a conformational change occurs upon actin 

binding to increase the stability of palladin Ig3-4 [176]. 

Palladin Ig3 and Ig3-4 also bind to the PIP2, which is a membrane phospholipid known to 

play an important role in actin cytoskeleton reorganization. This binding interaction also shares 

similarity with palladin actin-binding, where Ig3 is the principal PIP2 binding domain and Ig3-4 

enhances PIP2 binding [205]. Binding of PIP2 by Ig3 decreases the amount of actin crosslinking 

and polymerization. From NMR and docking studies, we have shown that Ig3 residues K38 and 

K51 are involved in the salt bridge formation with the PIP2 head group. In addition, mutation of 
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K38 and K51 to alanine significantly decreases in vitro actin polymerization activity and actin 

crosslinking activity [205].  

To understand the role of the linker between Ig3 and Ig4 domains, we have collected 

HSQC spectra of Ig 3, Ig4 and Ig3-4 and overlaid the three spectra. Results reveal that palladin 

Ig3 and Ig4 interact in solution and we have mapped the residues involved in the domain-domain 

interaction. Strikingly, there is an overlap between residues involved in PI(4,5)P2 binding and 

residues involved in the Ig 3 domain Ig 4 domain interactions in Ig3-4.  These results suggest 

that there is an overlap between the dimerization site and PIP2 binding site. Our previous results 

show that PI(4,5)P2 binding decreases actin polymerization and crosslinking, which suggests that  

PI(4,5)P2 binding might inhibit actin-induced dimerization of palladin. Based on our experiments 

we have proposed a model where actin-induced dimerization of palladin is inhibited by 

PI(4,5)P2. In the absence PIP2, the palladin Ig3-4 domain undergoes actin-induced dimerization 

upon actin binding to promote actin bundling.  Finally, in the presence of PI(4,5)P2, we 

hypothesize that it will inhibit the formation of dimerization and results in decreased actin 

bundling. Therefore we have modified our model of actin bundling in the context of PI(4,5)P2 as 

shown in Figure 6.1.  

In the first part of the proposed model, the Ig3-4 domain exists in the autoinhibited form 

via interactions between the Ig3 and Ig4 domain in the absence of actin.  In part two, 

phospholipids bind to palladin Ig3-4, where binding of phospholipids prevents or lowers binding 

affinity for actin. In the third and fourth stages of this mechanism, the Ig3 domain of palladin 

directly binds to F-actin and undergoes a conformational change to promote dimerization and 

stimulate actin bundling. Finally, PI(4,5)P2 binding may also interfere with actin-induced 
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dimerization, which results in decreased actin bundling in the presence of phospholipids. 

However, further experiments are required to understand role of PI(4,5)P2 in dimerization. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 Model for actin binding and bundling in the presence and absence of phospholipids. 

 

 We have also investigated one specific mutation in the Ig4 domain found in the 

pancreatic tumor (PaTu2) cell line that replaces the conserved tryptophan with a cysteine to alter 

both structure and function. In vitro and in vivo results have shown that this mutation alters 

protein stability and actin bundling. Our results have shown that this conserved tryptophan is 

critical for Ig4 domain folding and this mutation has a significantly different secondary structure 

composition and lowered stability. We hypothesize that the Ig4 domain might stabilize wildtype 

Ig3-4, however the Ig4 domain is not folded properly in the PaTu2 Ig3-4 and results in decreased 

stability. 
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