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ABSTRACT
Metastasis is the most clinically significant step in cancer progression. Migration and
metastasis are not fully understood, but it is clear that the actin cytoskeleton plays an essential role.
Palladin is specifically involved in metastasis of cancer cells, but also co-localizes with actin stress
fibers in normal cells. The 90 kDa palladin is the only ubiquitously expressed isoform and contains
three Ig domains and one proline-rich region. This proline-rich region has been shown to bind
directly to the actin-regulating protein VASP. In a previous paper, our lab showed that the Ig3
domain of palladin is the minimal binding site for F-actin. In this work we wanted to compare
functions of the 90 kDa palladin to the isolated actin binding domain. Our hypothesis was that the
90 kDa palladin may be autoinhibited and may thereby block the binding site for monomeric actin.
To understand the mechanism of action for how palladin can influence actin assembly, we used
fluorescence spectroscopy to monitor pyrene actin polymerization. By using site-directed
mutagenesis via PCR we were able to mutate the putative VASP binding site within the prolinerich region of the 90 kDa palladin. We then examined binding between VASP and WT or mutant
palladin using a pulldown assay and far Western blot. Both palladin and VASP proteins are
involved in the regulation of actin filaments and understanding the fundamental mechanism of
these proteins may help us eliminate the progression of cancer invasion and metastasis. In addition,
we sought to determine how palladin and VASP are involved in actin assembly required for cell
motility. A facultative intracellular pathogen, Listeria monocytogenes, has been used to study the
regulation of palladin in the regulation of actin dynamics. Our aim is to test the hypothesis that
palladin promotes the nucleation, elongation and the stabilization of actin-based structure during
cell motility. Understanding the role of palladin in actin cytoskeleton may help us prevent cancer
cells from reaching the metastasis stage of cancer progression.
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CHAPTER 1
INTRODUCTION

1.1 The actin cytoskeleton is a highly dynamic network that consists of actin filaments and
associated regulatory proteins. The actin cytoskeleton plays an important role in cell migration and
can generate an intracellular force by transitioning from a non-polarized to polarized state. This
transition supports normal cell movement and growth, wound healing, translocation and pathogen
invasion [1-3]. Different cellular functions have been reported for several types of actin structures.
Two main features are associated with cell migration, as shown in Figure 1.1 where the
lamellipodia, a sheet-like protrusion where actin is highly branched and that is found at the leading
edge of cells, and filopodia that contain parallel actin bundles and functions to serve as antennae
for cells to probe their environment [4]. Both lamellipodia and filopodia consist of actin filaments
(F-actin) which are formed by the polymerization of globular or monomeric actin (G-actin), an
ATP binding protein. The formation of lamellipodia and filopodia are both regulated by several
actin binding proteins (ABPs).
1.1.1 Monomeric actin (G- actin) is a 43 kDa protein that consists of 374 amino acids and is
organized into two major domains which are separated by two clefts (upper and lower). Each
domain is subdivided into two subdomains, a smaller (right side) and larger (left side) (Figure 1.2).
The smaller domain is further subdivided into subdomain 1 and 2, while the larger domain is
divided into subdomains 3 and 4. The upper cleft, located between subdomains 2 and 4, binds
nucleotides (ATP or ADP) and is associated with divalent cations (Mg+2 and Ca+2) that provide a
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link between these domains [5, 6]. The lower cleft, located between subdomains1 and 3, is
composed of mainly hydrophobic residues, which provides a major binding

Figure 1.1: Schematic representation of actin cytoskeleton [7]. The three main actin structures
found in the cell: lamellipodium, filopodium and the contractile structure which is made of
antiparallel actin filaments associated with myosin.
site for most ABPs and longitudinal contacts between the domains. Monomeric actin is an acidic
protein that has a negative charge with an isoelectric point (pI) of 4.8. The function of actin binding
and polymerization proteins is primarily determined by charge neutralization [8-10]. ABPs can
form electrostatic interactions between the basic surfaces of these proteins and the acidic surfaces
of G-actin. Actin polymerization (G-actin to F-actin) and the depolymerization (F-actin to G-actin)
are controlled by ionic strength, binding to ATP/ADP, and a variety of ABPs. Therefore,
electrostatic interactions between ABPs and actin is highly influenced by the ionic strength. For
example, increasing the ionic strength lowers the polymerization rate by decreasing the binding
affinity of ABPs to actin [10].
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Figure 1.2: X-ray crystal structure of G-actin (PDB ID: 1J6Z) [2, 11, 12]. Subdomains 1, 2, 3 and
4 with two binding clefts between subdomains 2 and 4 as well as subdomains 1 and 3.
Three different steps are involved in actin polymerization in vitro: 1) nucleation, 2) elongation
and 3) steady state. The nucleation step happens when three or four ATP-bound actin monomers
come together to form the actin nucleus. During the elongation step, more of these monomers
attach to either end of the nucleus to form long actin filaments. The steady state is reached when
the filamentous actin assembly and disassembly are in equilibrium. During polymerization, actin
monomers orient and bind to both ends of the actin filament, which results in two distinct ends:
the faster growing barbed end (+) and the slower growing pointed end (-). ATP-bound actin is
assembled 5 to 10 times faster onto the barbed end than the pointed end, followed by ATP
hydrolysis into ADP-actin. ADP-actin is released faster from the pointed end than the barbed end
In other words, the monomeric actin has a greater net addition at the barbed end, and greater net
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turnover at the pointed end. A new round of polymerization will occur when actin monomers
exchange ADP for ATP and shuttle back to both ends (Figure 1.3). When the critical concentration
of the ATP-bound G-actin is reached both ends reach equilibrium, which means that the number
of monomeric actin molecules adding at the barbed ends equals the number of molecules
dissociating from the pointed ends. This equilibrium is also referred to as treadmilling [2, 12].

Figure 1.3. Assembly of actin filaments occurs in three steps [13]. (A) The nucleation step occurs
as ATP-G-actin monomers (orange) form a nucleus which consist of three monomeric actin
(trimers) to initiate the polymerization of actin. (B) The elongation step when the ATP-G-actin
monomers add to the both ends of the nucleus, but the plus end elongates much faster due to the
higher binding affinity. ATP hydrolysis can occur after incorporation into the filaments resulting
in ADP-bound F-actin (white). (C) The steady state step is reached when both ends of the filament
exchange with monomeric ATP-G-actin so that there is no net change in filament length.
1.1.2 Filamentous actin (F-actin). Actin assembly is very complex as actin can form a lot
of different structures in the cell. Actin monomers can assemble or polymerize into what it called
actin filaments (F-actin). These filaments can also form much more complex structures including
parallel or antiparallel actin bundles and/or branched actin networks [14, 15]. In vitro actin
filaments can be assembled by adding salt and disassembled by diluting the filaments. However,
there are over a hundred and fifty different proteins in cells that interact with actin and help it build
all these different structures [16]. Each of these proteins can be classified according to their
functions into different categories such as capping proteins (CapZ, gelsolin), nucleating proteins
(Arp2/3 and formins), sequestering proteins (thymosin β-4), crosslinking proteins (filamin, α-
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actinin), depolymerizing proteins (ADF/cofilin), and elongating proteins (Ena/VASP) as shown in
(Figure 1.4).

Figure 1.4: Actin Structures. Different varieties of actin structure network and different functions
of actin cytoskeleton are regulated by different actin binding proteins [17].
1.2 The actin regulatory proteins. Over 150 proteins have been identified as ABPs, some
of which are well characterized. Some of these proteins will bind to the surface of actin and have
a positive cooperativity while other will have a negative cooperativity with actin. ABPs can initiate
and facilitate the polymerization (assembly) or the depolymerization (disassembly) of actin
filaments. Others can affect the critical concentration of the filaments, ATP binding, or the rate of
actin polymerization. Some types of ABPs will bind to the thin filaments and nucleate new actin
filaments such as Arp2/3 complex [18]. Other ABPs are membrane-associated proteins or they
cross-link actin filaments such as fascin [19] or filamin A [20]. There are also nucleation promoting
factors such as WASP [21] and capping protein [22].
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1.3 The role of ABPs on the dynamic of actin cytoskeleton. Actin is an essential
component of the cytoskeleton which is the basic cellular architecture of eukaryotic cells. It also
plays an important role in maintaining cell morphology and structure.

The assembly and

disassembly of actin filaments are regulated by many different ABPs. The ABPs in eukaryotic
cells have different roles and mechanisms of action that include localization, nucleation,
elongation, crosslinking, assembly and disassembly.
1.3.1 Palladin. Palladin is a recently discovered protein found in both developing and
mature tissues. It is a cytoskeletal phosphoprotein that localizes to focal adhesions, stress fibers,
cell–cell junctions, and embryonic Z-lines and plays an important role in maintaining the
organization of the actin cytoskeleton and cell adhesion [23]. Previous studies show that palladin
can bind directly to actin via the immunoglobulin domain 3 (Ig3) [24]. Palladin also binds to many
other actin regulatory proteins via its proline rich regions (PRs), such as VASP [25, 26], profilin
[27], Eps8 [28], α-actinin [29], Lasp-1 [30]and Ezrin [31]. Palladin also binds directly to other
proteins that indirectly influence actin organization such as ArgBP2, LPP and SPIN-90 [32, 33].
The observation that palladin interacts with such a large number of actin regulatory proteins
implies that palladin acts as a scaffolding molecule in cells [34]. This also implies that palladin
plays an important role in the regulation of actin arrays by different pathways.
1.3.1.1 Palladin Family. Palladin belongs to a novel family of actin-associated proteins
that are involved in modulating the actin cytoskeleton. The two other members of this family are
myotilin and myopalladin, which share structural and sequence homology with palladin as shown
in (Figure 1.5). The common feature of all these proteins that they have a multiple
immunoglobulin-like (Ig) domains which consist of ~ 100 amino acids [34]. Myotilin was the first
discovered among the palladin family. It is a 57 kDa protein and is mainly expressed in skeletal
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muscles in both human and mouse [35]. Myotilin has two immunoglobulins domains in its Cterminus, which are homologous to the Ig4 and Ig5 domains in palladin. Similar to palladin, it
localizes to the Z-line and plays an important role in sarcomere assembly of the muscle cell.
Myotilin also binds to actin-bundling proteins such as α-actinin, an actin cross-linker protein and
the main component of Z-filaments, and to filamin C, a peripheral Z-line protein [35]. The αactinin binding site on the N-terminus is conserved in myotilin and palladin proteins. Previous
studies show that myotilin plays an important role in stabilization of actin filaments and the Ig
domains enhance actin bundles and prevent the disassembly of actin filaments by latrunculin A
(monomer sequestering factor). The third member of the palladin family is myopalladin, which is
a 145 kDa muscle protein that consists of five immunoglobulin domains with no proline-rich
regions. Previous studies show that myopalladin is responsible for tethering together the Cterminal Src homology domain of nebulin filaments (skeletal muscle) and nebulette (cardiac
muscle) with the EF hands motifs of α-actinin in the Z-lines [36, 37]. These interactions are
necessary for the regulation of muscle cells and any dysfunction is associated with various
cardiomyopathies. Ig-domains are found in a large number of different transmembrane proteins
and small number of cytoplasmic proteins such as titin, myomesin [38], MyBP-C [39], MyBP-H
[39], and filamin A (FLNa) [40]. These cytoplasmic proteins can interact with actin cytoskeleton,
and are directly involved in regulating actin-dependent cell functions [41].
1.3.1.2 Palladin isoforms. A single palladin gene produces different protein variants that
have different expression patterns for different tissues. The nine different isoforms of palladin are
widely expressed in different cell lines and in a variety of embryonic and adult tissues. Palladin
exists in three major isoforms with molecular sizes of 90 kDa, 140 kDa, and 200 kDa which are
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Figure 1.5: The structural homology between Palladin, Myopalladin and Myotilin [34]. A diagram
shows the three members of palladin family: Myopalladin, 90kDa palladin and Myotilin. The
palladin family shares structural and sequence homology.
well characterized and expressed in a tissue-specific pattern [30]. The 90 kDa isoform is the most
abundant and ubiquitous isoform found in all cell types and in tissues of both embryonic and adult
mice [23]. The 140 kDa isoform is widely expressed in the neonatal developing tissues such as
heart, brain, kidney, stomach, intestine and skin. In the late development or in adult tissue the 140
kDa is downregulated, and it restricted to only cardiac muscle and to organs rich in smooth muscle
[30]. Compared to the two previous isoforms, the 200 kDa isoform is only highly expressed in
skeletal and cardiac muscle of adult mice and it is only detected in the striated muscle and bone of
neonatal tissues [23, 30]. These various isoforms have been identified by northern and western
blot, and isoform expression has been determined by developmental stage and cell types [30]. This
suggests that certain isoforms of palladin may participate in different roles that require different
cytoskeletal organizations. The structure of all three major isoforms consists of three
immunoglobulin-like domains (Ig3, Ig4 and Ig5) and either one or two proline-rich (PR) regions.
The 200 kDa and 140 kDa isoforms of palladin contain two proline rich regions PR1 and PR2,
while the 90 kDa consists of only PR2 [30].
Migration and metastasis of cancer cells are not fully understood, but it is clear that actin
polymerization and the stability of actin filaments play an essential role. Recent studies show that
the 90 kDa isoform is upregulated in cancer cells, and the overexpression of the 90 kDa palladin,
8

correlates with invasive motility and metastatic potential in breast and pancreatic cancer cell lines
[42, 43]. Thus, knocking down palladin in breast cancer cell lines results in decreasing the cell
motility and invasiveness by 50% [44]. These data suggest that the 90 kDa palladin has an
important role in the regulation and the organization of actin-based structure which is used by
tumor cells to get to the metastasis stage of cancer progression. Here we focused on the 90 kDa
palladin and how can this specific isoform be involved in the polymerization of actin monomers
and the stabilization of actin filaments. We, then, compared the results with the isolated Ig3 domain
to understand more how the structure of palladin can influence actin function, dynamics, and
stability.

Figure 1.6: Palladin isoforms shown with their molecular weight. The immunoglobulin domains
and proline rich regions of seven different isoforms of palladin with different molecular weights.
1.3.1.3 Palladin as a scaffolding molecule. Palladin expression correlates with cell
motility and is upregulated at the wound site where cell migration and remodeling occur [45-47].
This suggests that palladin is playing a critical role in normal cell development and wound healing.
Recent studies show that palladin is also involved in the pathological type of cell migration such
as the invasive motility in breast cancer and pancreatic cancer cell lines [48]. The pathological
9

function of palladin in cancer cell lines has contributed to the fact that palladin is a key regulator
of actin cytoskeleton and that palladin is required to maintain the structure and function of actin
cytoskeleton. A recent study showed that knocking out palladin in mice cells results in defects in
cell motility and dysfunction of actin organization [49]. Other studies have shown that palladin
was overexpressed in most invasive population of cancer cells [50, 51]. These studies suggest that
palladin contributes to the regulation of actin cytoskeleton which correlates to normal cell motility.
However, the mechanism of how palladin is involved in regulating actin structure and functions
are not well understood.
Palladin localizes to actin rich structures, binds directly to F-actin and plays an important
role as an actin crosslinking protein [24]. Palladin also acts as a dynamic scaffolding molecule
which plays a critical role in organizing actin filaments. All palladin isoforms have Ig domains
that interact directly and indirectly with actin regulatory proteins. Other palladin domains that play
important roles in palladin structure are the Proline Rich regions (PR 1 and PR 2). These PR
regions contain proline rich motifs which bind to a large number of actin regulatory proteins
including Lasp-1, which binds to the PR1 is found only in the 140 and 200 kDa palladin isoforms
[30]. The PR2, found in all three abundant palladin isoforms, can bind to other actin regulatory
proteins such as profilin, Eps8 and VASP proteins [25, 27, 29, 30, 52]. Furthermore, palladin
promotes the assembly of stress fibers by binding directly and recruiting the actin regulating
proteins such as VASP, profilin and Eps8 to actin structures. It also binds to the actin cross-linking
proteins α-actinin, Lasp-1, and Ezrin, which implies a cytoskeletal scaffolding role for palladin in
organizing and maintaining the actin filament arrays. Both palladin and VASP are colocalized in
the leading edge of cells. The EVH1 domain present in the Ena/VASP/WASP family binds to the
proline rich motifs FPLPPP or FPPPP found in PR2 of palladin [53]. The proline rich motifs are
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also found in other proteins such as ActA, zyxin, and vinculin, and these proteins also bind tightly
to the EVH1 domain of VASP [54, 55]. VASP acts as an elongation factor that enhances the
formation and the stabilization of long unbranched actin filaments [56]. Profilin is a key regulator
of actin dynamics. Furthermore, profilin is recruited to the actin polymerization site by a direct
interaction with the proline rich region of palladin. The main function of profilin is the recruitment
of monomeric actin for filaments growth [27]. This suggests that palladin plays a role in the
regulation of actin dynamics. Palladin also binds to the α-helical domain of ezrin via Ig 4-5
domains of palladin [52]. Ezrin is a member of ERM (ezrin-radixin-moesin) protein and acts as a
cytoskeleton organizer and is localized in smooth muscle cells along microfilaments where
palladin is also expressed abundantly. Recent studies show that ezrin promotes tumor metastasis
for different types of tumor in different species [31, 57]. The α-actinin protein is an actincrosslinking protein and is identified as a palladin binding partner that strongly binds to the region
between the PR2 and Ig3 domains of palladin. α-actinin plays a critical role in the stabilization of
actin filaments [58]. It has two main isoforms (α-actinin-1 and -4) that are expressed in non-muscle
cells and (α-actinin-2 and -3) that are expressed in striated muscle [59]. A recent study showed
that the overexpression of the α-actinin-1 and -4 isoforms are involved in cancer metastasis [59].
Palladin also binds to Eps8 in the PR2 region which is identified as a capping protein that recruited
to the actin dynamic structure. A recent study showed that Eps8 expression increased in pancreatic
cancer cells and is involved in the dynamics of actin-based cell protrusions and cytoskeletal
organization [22, 60-62]. Many palladin binding proteins are involved in cancer cell invasion and
metastasis and the strong interaction between palladin and its binding partners suggests that they
may share a function in the deregulation of cancer cells.
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In addition, palladin binds to signaling intermediaries such as ArgBP-2 and SPIN-90 via
its PR2 [32, 33]. The ArgBP-2 protein acts as a potential link between Abl family kinases and the
actin cytoskeleton [33]. The SPIN-90 regulates lamellipodia formation of actin cytoskeleton
during cell movement. The interaction between palladin and these signaling intermediates
indicates that palladin is associated with the regulation of actin cell motility and cell adhesion.
Palladin also binds to Src via its PR2 domain, which is inactive under normal conditions [32]. Src
can be activated via different mechanisms such as receptor tyrosine kinase pathways [63]. The
activated Src reorganizes the cytoskeleton and interacts with many other cytoskeletal proteins [32].
These data suggest that palladin functions as an actin scaffolding molecule and is likely involved
in maintaining the organization of actin cytoskeleton via different pathways.

Figure 1.7: The structure of the 200 kDa palladin [24]. Schematic diagram shows 200 kDa isoform
1 palladin which consists of five immunoglobulin domains (Ig) and two proline rich regions (PR).
The Ig3 domain is the minimum binding site for actin. The PR2 region binds to many actin
regulatory proteins, which makes palladin act as an actin scaffolding molecule.

1.3.2 Enabled/vasodilator-stimulated phosphoproteins (Ena/VASP) are a family of
proteins that act as an elongation factors, promoting and stimulating the elongation of long
unbranched actin filaments by lowering the lag phase of actin polymerization [64-66]. These
proteins have multiple cellular functions that include axon guidance, cell adhesion, endocytosis,
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and migration of cancer cells [26]. Like many other cytoskeletal proteins, VASP is a multi-domain
protein and all Ena/VASP members share a conserved domain structure. The structure of
Ena/VASP consists of three main domains: the Ena/VASP homology 1 (EVH1) domain in its Nterminal site. This domain has a Pleckstrin Homology (PH)-like fold which directly binds to the
proline rich motifs found within the amino-terminal half of any target proteins such as palladin,
zyxin, vinculin, and the Listeria protein ActA [67]. Ena/VASP has a C-terminal (EVH2) domain,
which is subdivided into two subdomains: the G-actin binding (GAB) and the F-actin binding
(FAB) [68]. Both the GAB and FAB subdomains have a WH2-related sequence and C-terminal
Coiled Coil (C-C) tetramerization domains.
At the middle of Ena/VASP structure there is the Proline Rich central region domain (PR)
which binds to signaling/regulatory proteins and profilin as shown in (Figure 1.8). This proline
rich region can be found in many cytoskeletal proteins such as formins, nucleation promoting
factors (NPFs) and Arp2/3 complex. Ena/VASP proteins associate with actin rich structure and
localize on the leading edge of lamellipodia and the tips of filopodia [54, 69-73]. These two
locations have a high density of actin filaments on the barbed ends where VASP can bind to the
actin filaments and form tetramers and bundles. In this way, the actin filaments from the barbed
end are protected, and VASP catalyzes the elongation and bundling reactions from that end to form
the filopodia structure. It has been shown that VASP prevents the capping protein (Cap Z) from
binding to the barbed end of the actin filaments [56]. This finding indicates that VASP enhances
the formation of long unbranched filaments, and the depletion of VASP proteins would cause the
formation of short dense actin filaments at the leading edge [70].
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Other studies on listeria models show that depletion of VASP protein prevents the motility
of L. monocytogenes but doesn’t affect actin-based motility, while depletion of profilin would
reduce the actin-based motility. This combination of events indicates that both VASP and profilin
play an important role in the efficiency of actin motility [66, 74]. Furthermore, VASP enhances
actin nucleation, and at the same time, inhibits the formation of branched actin filaments that are
induced by Arp2/3 complex and ActA from Listeria. In other words, increasing the activity of
VASP leads to decreased branching density and stabilization of longer filaments [75]. It is not
clear how VASP can influence Arp2/3 to nucleate new actin filaments; however, the EVH1 domain
of VASP can bind to two different Arp2/3 activators (ActA and human WASP). Therefore, VASP
could stimulate the nucleation activity of actin indirectly by binding to the NPFs and delivering
the actin filaments to the Arp2/3 complex and stimulate the formation of parallel actin filaments.

Figure 1.8: Schematic organization of VASP domains and its binding partners [67]. VASP consists
of three main domains the EVH1, a central proline rich and EVH2. Each domain has its own
characteristic and it interacts with different actin-binding proteins.
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1.3.3 Arp 2/3. The Arp2/3 complex was discovered by Machesky et al. in 1994 to function
as the first actin filament nucleator which creates a new branch of actin filaments from pre-existing
F-actin [76]. However, the Arp2/3 complex by itself cannot perform any nucleation activity as it
requires other nucleation factors to recruit Arp2/3 complex onto the actin filaments side. The
Arp2/3 complex consists of the actin-like proteins Arp2 and Arp3 as well as five other smaller
(Arc) proteins [77, 78]. The Arp2/3 complex needs to be activated by NPFs [79]. Wiskott-Aldrich
syndrome protein (WASP) is a NPF that has three distinct segments on the C-terminal WCA motif:
the WASP homology 2 (WH2), the connector region (C) and the acidic motif (A) [80]. The WH2
motifs bind to actin monomers, while the connector region and the acidic motifs will bind Arp2/3.
During activation, the Arp2/3 complex changes into an actin filament-like conformation and binds
to the side of an existing “mother” filament and starts nucleation and elongation of a new
“daughter” filament at an angle of ∼70° to generate the branched actin structure [77, 78]. As a
consequence, Arp2 and Arp3 are the first two subunits at branch points in the filament network,
binding the pointed end of a new filament branch to the main filament, which leaves the barbed
end free for elongation [21, 77, 78, 80]. After nucleation, the WCA domain dissociates from the
activated Arp2/3 at the branch point. The nucleation activity of Arp2/3 is associated with dynamic
cell motility that is found in the cortical regions of mammalian cells that are rich in cytoskeletal
actin [81]. The resulting branched networks are also found in the actin “comet tails” of Listeria
which are formed by actin polymerization to drive these intracellular bacterial pathogens within
the host cell cytoplasm rapidly at speeds of 0.12-1.46 microns/sec [82].
1.4 Listeria monocytogenes. Cellular motility includes cell movement, changes in cell
shapes, cell division and migration which are all important aspects of eukaryotic development and
survival. The actin cytoskeleton plays an important role in maintaining cell shapes and motility
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including cell division and wound healing. Understanding the role of filamentous actin in cellular
motility and how the actin filaments are regulated by many regulatory proteins expressed normally
inside the cell has received major attention from researchers. Previous studies have shown that
actin regulatory proteins play many different roles on the actin cytoskeleton including nucleation,
polymerization, or stabilization of actin filaments [83].
L. monocytogenes is a ubiquitous, gram-positive bacterium that is widespread with a broad
host range and causes listeriosis, a disease that results in severe illness, including severe sepsis,
meningitis, or encephalitis, sometimes resulting in miscarriage [84]. The intracellular pathogen L.
monocytogenes has been used as a good model to address new aspects of understanding cell
motility. The bacteria can infect the host cell and uses actin structures to move around the cells
and also to spread to adjacent cells [85]. The bacterial ActA protein, composed of 612 amino acids,
plays an important role in the bacterial movement generated by host cell actin polymerization.
ActA is attached to the bacterial membrane and acts as a NPF along with WASP to recruit the
Arp2/3 complex to the surface of actin and to promote the nucleation and assembly of actin
filaments [86]. The movement and migration of L. monocytogenes within the cells are facilitated
by the formation of an actin-comet tail, which is composed of growing actin filaments as shown
in (Figure 1.9). The spreading of Listeria from cell to cell is associated with the pore-forming toxin
listeriolysin O (LLO), which damages the plasma membrane during infection [87]. LLO
expression is required to promote the release of Listeria from the host cell into other cells. Both
LLO and ActA are critical to establish an intracellular Listeria infection [88].
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Figure 1.9: Listeria monocytogenes is a facultative anaerobic intracellular pathogen. The
bacterium enters into the host cytoplasm and hijacks the host cellular machinery to its own benefit
using a variety of bacterial effectors. For example, this bacterium is able to polymerize actin, which
allows its motility throughout the infected cell [89]. http://alicelebreton.free.fr/research.html
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CHAPTER 2
Comparing 90 kDa palladin to the isolated actin binding domain Ig3
2.1 INTRODUCTION
The most clinically significant step in cancer progression is metastasis. It has been known
that the actin cytoskeleton plays an essential role in the migration and metastasis of cancer cells.
Palladin is colocalized with actin rich structure in normal cells but it also has been shown that
palladin is involved in the metastasis stage of cancer cells [62, 90]. Palladin is an actin crosslinking
protein [91], it also acts as an actin scaffolding molecule and interacts with large number of actin
regulatory proteins [24]. Palladin can exist in many isoforms; the largest isoform (200 kDa)
contains five immunoglobulin domains and two proline rich regions. The isoform that we used in
this study is the 90 kDa palladin, also known as isoform 4. The 90 kDa palladin is the only
ubiquitously expressed isoform in all cell types and is upregulated in cancer cells. The structure of
the 90 kDa palladin shows that it has three C-terminal immunoglobulin domains and one proline
rich region (PR2). The second proline rich region binds to many actin-regulatory proteins. The
immunoglobulin domain Ig3 is the minimal binding site of actin as shown from previous work
from our lab [92]. This isolated Ig3 domain of palladin enhances the actin assembly and lowers
the disassembly rate of actin filaments. The 90 kDa palladin has never been purified from bacterial
cells due to the instability and low yield of the protein. In this work, we have been able to purify
the 90 kDa palladin from E.coli and test the effect of this protein on actin structures and functions.
In addition, we wanted to compare the functions of the 90 kDa palladin to the isolated actin binding
domain. Using standard co-sedimentation assay and the fluorescence spectroscopy, we have been
able to test the binding and bundling of 90 kDa palladin and to monitor pyrene actin
polymerization.
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2.2 METHODS
2.2.1 Protein Expression and Purification. The Ig3 domain of palladin (Palld-Ig3) was
subcloned into pTBSG vector contains a His6-tag and TEV cleavage site on the N-terminus (Figure
2.1) [93]. Then, the pTBSG-Ig3 vector was transformed into BL21 (DE3) E. coli cells (Agilent
Technologies) and spread into an LB agar plate that had 50 µg/ml ampicillin (Gold
Biotechnology). A single colony was placed in a 50 ml LB broth (18 mM yeast extract, 171 mM
NaCl, and 58 mM tryptone) starter culture with antibiotics (50 µg/ml ampicillin) and grown
overnight at 37 ºC with shaking at (200 rpm). Another 4 L ZYM-5053 auto-induction media was
made as described [94]. Then 10 ml of the overnight starter culture was transferred into each 2.8
L flask containing 1 L of ZY medium with antibiotics (50 µg/ml ampicillin). The media was grown
overnight at 37 ºC until the OD600 ~ 0.5. Next, the incubator temperature was lowered to 18 ºC and
the cultures were grown overnight in the incubator/shaker. After 12-16 hours, the cells were
harvested using a Beckman Coulter centrifuge at 4,000 xg for 20 minutes and the cell pellet was
resuspended in 50 ml Lysis buffer (25 mM Tris, pH 7.5, 100 mM NaCl, 5 mM imidazole). A
protease inhibitor cocktail of 1X BAL (1000X BAL = 10 mg/ml benzamidine, 2 mg/ml antipain
(CalBiochem), and 1 mg/ml leupeptin) was added to keep proteases from digesting the protein into
peptides. The resuspended cell pellets were stored in 50 ml conical vials in -20 ºC freezer until
ready for use. On the purification day, cells were lysed for 1 hour by sonicating 5 s on and 5 s off
in a Fisher Scientific sonicator at 60% amplitude while sonicating the cells should be in steel
container placed in ice water to keep the sample cold enough during this long period of sonication.
After sonication the crude lysate was poured into centrifuge tubes and centrifuged at 18,000 rpm
(25,000 x g) for 1 hour in a Beckman Coulter J2-MC centrifuge to separate the supernatant and
pellet. For the first step of purification, a standard gravity flow nickel affinity column (packed
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with ~ 40 ml Thermo His-PurTM Ni-NTA resin) was used. The supernatant fraction after
centrifugation was poured into a ~40 mL nickel-column that had been equilibrated into lysis buffer
and washed with 2-3 column volumes of wash buffer (25 mM Tris, pH 7.5, 100 mM NaCl, 25 mM
imidazole). Then the protein was eluted using elution buffer (25 mM Tris, pH 7.5, 100 mM NaCl,
500 mM imidazole). TEV protease (1 ml 100 μM for 4 L growth) was added to the elution fractions
and allowed to digest in a water bath at 18 ºC overnight to cleave the histidine affinity tag from
the protein. A 15% SDS-PAGE gel was used to confirm the removal of the His6-tag. After cleaving
the His6 tag, the protein was dialyzed in 4 L of S-column buffer A (25 mM KH2PO4 pH 5.5, 100
mM NaCl, 2 mM DTT). Then the protein solution was centrifuged for 30 minutes at 4,500 x g
before loading the protein solution via a super-loop onto the cation exchange column (S-column,
GE Heath Sciences) and eluted by a 0 to 100% gradient to S-column B buffer (25 mM KH2PO4,
pH 5.5, 1 M NaCl, 2 mM DTT). The protein fractions were collected and the presence of PalldIg3 was confirmed by running in SDS-PAGE gel. After the s-column purification, Palld-Ig3 was
dialyzed into a HEPES buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM DTT), stored at 4
°C to remove the extra salt from the S-column buffer and used within 2-4 weeks. Cell growth,
DNA, and protein concentration were measured by using the NanoDrop Onec UV/VIS
Spectrophotometer from (Thermo Scientific). To measure the concentration of Pall-Ig3 the
extinction coefficient of 11,585 M-1cm-1 was used at 280 nm.
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Figure 2.1: An illustration of the pTBSG vector showing the His tag at the N-terminus, the fusion
partner insertion site which inserted between the restriction enzyme sites for SpeI and KpnI and
TEV cleavage site [93].
The 90 kDa isoform of palladin (90kDa-Palld) in the phrGFP II N (4.9 kb) mammalian
expression vector (a gift from Dr. Carol A. Otey) was cloned into the pTBSG bacterial expression
vector to express the protein in E. coli. The pTBSG-90 kDa palladin was transformed into BL21
(DE3)-RIPL E. coli cells (Agilent Technologies) [93]. RIPL cells have a tRNAs for rare codons
as well as an antibiotic resistance for chloramphenicol, selection plates that included both 50
mg/ml ampicillin (Gold Biotechnology) and 34 mg/ml chloramphenicol were used. The 90 kDaPalld was purified as previously described in the Ig3-Palld purifications with a few differences.
The chloramphenicol antibiotic was added along with the ampicillin during growth steps. The
growth media was then incubated at 15 ºC shacking for overnight. The slightly lower temperature
in expressing the 90 kDa-Palld increased the solubility of the protein by slowing down expression.
After sonicating and harvesting the cells, the pellet was resuspended in 50 ml Lysis buffer (50 mM
sodium phosphate pH 7.4, 300 mM NaCl, 10% glycerol, 3 mM DTT) for 8 L of growth. Then, a
PROTEINDEX™ Ni-Penta™ Agarose 6 Fast Flow column (purchased from Marvelgent
Biosciences, Inc.) was used to purify the supernatant fraction after centrifugation. The supernatant
was incubated with the nickel-column that had been pre-equilibrated into same lysis buffer for
overnight rotating at 4 ºC. On the second day, the column was washed with 3-5 column volumes
of wash buffer (50 mM sodium phosphate pH 7.4, 300 mM NaCl, 10% glycerol, 3 mM DTT, 10
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mM imidazole). The protein was eluted using elution buffer (50 mM sodium phosphate pH 7.4,
300 mM NaCl, 10% glycerol, 3 mM DTT, 300 mM imidazole) all PROTEINDEX™ Ni-Penta™
Agarose 6 Fast Flow column purification was performed at 4 ºC to prevent degradation of the
protein. A 10% SDS-PAGE gel was used to confirm the presence of the protein in the elution
fractions. Then, the protein was dialyzed into 1L lysis buffer overnight at 4 ºC to remove the high
imidazole concentration. The protein was then dialyzed in 4 L of S-column buffer A (25 mM
KH2PO4, 50 mM NaCl, 2 mM DTT [pH 6.5]) until the protein pH had been lowered to 6.5 for no
more than 6 hours. Then, this protein fraction was further purified using the cation exchange
column as previously described in the Ig3 purification. The peak fractions were collected and the
presence of the 90 kDa-Palld was confirmed by running in 10% SDS-PAGE gel. After purification,
90 kDa-Palld was dialyzed into the HEPES storage buffer and stored at 4 °C to be used within one
week. Cell growth, DNA, and protein concentration were measured by using the NanoDrop Onec
UV/VIS Spectrophotometer (ThermoScientific). To measure the concentration of 90 kDa-Palld
the extinction coefficient of 55,975 M-1cm-1 was used at 280 nm. Reagents were purchased from
Fisher Scientific unless otherwise noted.
2.2.2 Actin preparation from rabbit muscle and labeling. Actin was purified from rabbit
muscle acetone powder (Pel-Freez Biologicals) [95]. For 4 gram of acetone powder, 40 ml of
chilled G-buffer with DTT was added and stirred for 30 minutes at 4 °C while keeping in an icebucket. The extract was spun down using a Beckman Coulter J2-MC centrifuge with a JA-20 rotor
at 16,000 rpm for 30 minutes at 4 °C. Cheesecloth was used to filter the supernatant, then 50 mM
KCl, 2 mM MgCl2 and 1 mM ATP were added to the supernatant to start the actin polymerization
reaction. The mixture was allowed to continue the polymerization process at room temperature for
30 minutes followed by 60 minutes at 4 °C in an ice bucket with mild stirring. Next, 0.8 mM KCl
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was added to the reaction mixture to completely dissociate tropomyosin. To avoid forming bubbles
and shearing the actin filaments, the KCl was added with slow stirring for one more hour and then
centrifuged for 2 hours in Ti-45 rotor at 35,000 rpm at 4 °C in a Beckman Coulter Optima LE-80K
Ultracentrifuge. After centrifugation, a clear gelatinous pellet was observed and washed with Gbuffer. Pellets were completely transferred to a dounce homogenizer along with a loose pestle and
3 ml of G-buffer with 0.5 mM DTT for each gram of acetone powder was added to resuspend the
gelatinous pellet. The F-actin was dialyzed in 12-14 kDa (Fisherbrand) dialysis tubing in G-buffer
with daily buffer exchange for 3 days. The dialyzed solution was pelleted at 37,000 rpm in the LE70K ultracentrifuge and then the top two-thirds of the supernatant (G-actin) was removed for gelfiltration purification, while the bottom one-third (F-actin) was aliquoted and snap-frozen in liquid
nitrogen to be used for co-sedimentation assays. The top fraction was then gel-filtered using a
HiLoad 16/600 Superdex 200 pg column that equilibrated with G-buffer. The later fractions of the
main gel-filtration peak were collected, and the concentration of G-actin was measured using the
NanoDrop Onec UV/VIS Spectrophotometer at 290 nm with the extinction coefficient of 26,600
M-1cm-1. The rest of the fractions from the back of the peak were also collected and the
concentration was measured, and aliquots were frozen in liquid nitrogen to be used for cosedimentation assays. The gel-filtered 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, 0.02% sodium azide) and used within 2-4 weeks.
2.2.2.1 Pyrene-labeled G-actin. N’-[3-pyrenyl]-maleimide (M.W. 297.3, Sigma-Aldrich)
was used to react with the gel-filtered G-actin as previously described [96]. For pyrene labeling,
the gel-filtered G-actin was dialyzed overnight at 4 °C with G-buffer without DTT (w/o) to
completely remove the reducing agent from G-actin. Then, the dialyzed G-actin was polymerized
by adding 100 mM KCl and 1 mM MgCl2. The concentration of G-actin was measured using
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NanoDrop Onec UV/VIS Spectrophotometer at 290 nm before labeling. For the pyrene labeling, 5
ml of 62 µM G-actin was used and diluted with G-buffer w/o to 40 µM since the ratio of Gactin:pyrene is 1:1.1 and the solubility of pyrene maleimide is 45 µM in water. So, the highest
concentration of G-actin that can be reach is 40 µM. Then, 100 mM KCl and 2 mM MgCl2 and 1
mM ATP were added to trigger polymerization. Then, 11 µl pyrene stock (from 17 mM) of pyrene
was added to 5 mL actin solution and mixture was resuspended by pipetting up and down three
times and incubated at RT for 20 min. Another 11 µL pyrene stock (from 17 mM) was added and
incubated for another hour at RT. Excess pyrene was removed by centrifuging labeled actin at
40,000 rpm for 1 hour at 4 °C using Ti 70.1 rotor. Freshly prepared G-buffer with DTT was added
to the actin pellet and incubated at 4 °C for at least one hour to depolymerize actin. The
depolymerized actin was dialyzed against pH 7.5 G-buffer with DTT for 2 days with at least one
buffer change every day and covered with aluminum foil to avoid photobleaching. After dialysis,
the labeled actin was centrifuged in Ti 70.1 for 2 hours at 40,000 rpm. Then, the supernatant was
collected to determine the concentration and the labeling efficiency. The percentage labeling was
measured by correcting the actin absorbance at 290 nm with an extinction coefficient of 2.66 x104
M-1cm-1, because pyrene absorbs at 344 nm with an extinction coefficient of 2.22 x104 M-1cm-1.
The following formulas were used to determine the percent pyrene labeling:
Corrected A290 for actin 𝑋 ∗ = 𝑋 – (0.127)𝑌, 𝑤ℎ𝑒𝑟𝑒 𝑋 = 𝐴"#$ , 𝑌 = 𝐴%&&
% 𝑙𝑎𝑏𝑒𝑙𝑒𝑑 = [𝑝𝑦𝑟𝑒𝑛𝑒]/[𝑎𝑐𝑡𝑖𝑛]
2.2.2.2 Alexa-Labeled G-actin. Alexa will fluorescently label actin on random surface
lysine groups. Starting with 2 mg gel-filtered G-actin, a polymerization buffer (10X) was added
and incubated for 30 minutes at room temperature [97]. The mixture was centrifuged in TLA110
at 60 k rpm for 40 min at 4 °C. The supernatant was carefully discarded, and pellet was dissolved
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in 1 ml of the dialysis buffer (50 mM Pipes [pH6.8], 50 mM KCl, 0.2 mM ATP) for 3 hrs at 4 °C
to remove the DTT and Tris. Alexa-488 succinimidyl ester dye (Molecular probes #A20000-1mg)
was then dissolved in dimethyl formaldehyde (DMF) to make 0.5 mg final concentration. The
dissolved Alexa-488 (0.5 mg) was then added to the dialyzed actin (4 mg) very slowly at room
temperature and incubated for 12-18 hours at 4 °C (rocking) and covered with aluminum foil to
prevent exposure of the reaction to light. The reaction mixture was then centrifuged in TLA110 at
60k rpm for 40 min at 4 °C, and then, the pellet was dissolved in buffer A (2 mM Tris-Cl pH 8.0,
0.2 mM ATP, 0.5 mM DTT, 0.2 mM CaCl2, 1 mM NaN3). Alexa-actin was then dialyzed against
3X of 1 L buffer A for 1-2 days at 4 °C followed by a centrifugation in TLA 110 at 60k rpm for
40 min at 4 °C. The previous mixture was then gel-filtered on the S-200 column and then
equilibrated in buffer A. The concentration of Alexa-actin was measured at 290 nm with an
extinction coefficient of 2.66 x104 M-1cm-1 for actin, and at 491 nm with an extinction coefficient
of 0.071 x106 M-1cm-1 for Alexa. The following formulas were used to determine the percent
pyrene labeling:
[𝑎𝑐𝑡𝑖𝑛] = 38.5∗ (𝑂𝐷"#$ − 0.11∗ 𝑂𝐷&#' ),
[𝐴𝑙𝑒𝑥𝑎] =

𝑂𝐷&#'
µ𝑀(' 𝑐𝑚('
0.071

2.2.3 Actin co-sedimentation assay. The actin co-sedimentation assay was used to
measure whether the 90kDa-Palld and the Palld-Ig3 can bind and bundle actin filaments with prepolymerized actin [24]. In the co-sedimentation assays, Ca-G-actin (5 μM) was incubated with
various concentration of Palld-Ig3 or 90 kDa-Palld (0-25 μM) under non-polymerizing conditions
(G-buffer) for 1 hour. For the binding assay, the reaction mixture was centrifuged at 100,000 x g
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for 30 min (Beckman Ti-42.2 ultracentrifuge) to obtain the F-actin that bound to palladin proteins.
Then the supernatant was removed, and the pellet was resuspended in 100 μl of 1% SDS buffer.
The proteins in both pellet and supernatant were separated by using 15% for Palld-Ig3 or
10% SDS-PAGE gels for 90 kDa-Palld. For the bundling assay, an extra low centrifugation step
at 5,000 x g for 10 minutes was added to separate the bundles. Then, the supernatant was further
centrifuged at high speed to separate the supernatant and pellet. The bundles and pellet were then
resuspended in 100 µl of 1% SDS, and the bundle, supernatant and pellet fractions were then
separated by SDS-PAGE gels. To visualize the protein bands in these gels Coomassie stain (0.1%
Coomassie R250, 10% acetic acid, 40% methanol) was added to the gels of interest for 15-30
minutes and detained using the destaining solution (20% methanol, 10% acetic acid) until the
bands look clear. ImageJ software was used to quantify the amount of each proteins in each band
as previously described [98]. Three data sets were collected, averaged, and standard deviation
calculated to get accurate results. The normalized densitometry of the 90 kDa palladin that cosediments with actin in the pellet (binding assay), and the fraction of actin in the bundle,
supernatant and pellet fractions (bundling assay) were quantified using the following equation (1):
𝑌=𝑎+

(*(+)(-(.)
(/(+)

(1)

Where y is the normalized pellet densitometry of palladin with scale from minimal
normalized binding (0) to maximum normalized binding (100). The D value indicates the raw
densitometry reading. The A and B represent the raw minimal and maximal densitometry reading
respectively, while the 𝑎 and b values represent the normalized minimal and maximal densitometry
reading respectively. To fit the data, a hyperbolic curve was used for the binding assay as described
previously [24]. The resulted graph has a y axis that represent values of palladin in the pellet
(bound palladin), while the x axis represents a various concentration of actin. The curve was
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analyzed using GraphPad Prism version 5.0b for Mac, GraphPad Software, San Diego, California,
USA, www.graphpad.com. The following equation (2) was used for non-linear regression curve
fitting:
𝑌=

/0.1(23 +5678 696.:)
;<=(23 +5678 696.:)

+ NS (µ𝑀 𝐴𝑐𝑡𝑖𝑛 𝑡𝑜𝑡𝑎𝑙) + 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

(2)

where Y is the normalized pellet densitometry of palladin, and NS represent the nonspecific
binding.
2.2.4 Co-polymerization assay. The co-polymerization assays were carried out to observe
whether actin bundling occurs during polymerization of G-actin by Palld-Ig3 and the 90 kDa-Palld.
Here, G- actin (10μM) was incubated with various concentration of Palld-Ig3 or the 90kDa-Palld
(0- 20 μM) under either polymerization conditions of F-buffer (5 mM Tris-HCl, pH 8.0, 100 mM
KCl, 2 mM MgCl2 supplemented with 1 mM DTT and 0.2 mM ATP) or under non-polymerization
conditions (G-Buffer). Palladin was in either G-buffer for Ig3 domain or in storage buffer for the
90 kDa-Palld, where both buffers do not contain the MgCl2 or KCl necessary for initiation of actin
polymerization. This mixture was allowed to co-incubate for one hour and then centrifuged at
5,000 xg for 10 min to pellet the bundled F-actin. To pellet the actin filaments, the supernatant was
then centrifuged at 100,000 xg for 30 minutes. The bundle, supernatant and pellet fractions were
separated and quantified by 10% or 15% SDS-PAGE. Gels were scanned and ImageJ software was
used to quantify the percent of actin in the bundle fractions.
2.2.5 Pyrene Fluorescence Assay
2.2.5.1 Effect of palladin on actin polymerization. The effect of palladin on actin
polymerization was monitored by measuring the fluorescence intensity of the pyrene-actin upon
adding palladin [93]. The fluorescence intensity of the 5% pyrenyl F-actin results in a 7-10-fold
increase in the fluorescence intensity compared to G-actin. Dark actin (unlabeled) is mixed with
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pyrenyl-G-actin to make 10 μM of 5% pyrene/ G-actin labeled stock. To prepare 600 µL of 10
µM stock of pyrene-actin (5% labeling) from 60.4 µM pyrene actin (stock of 60% labeling) by
mixing appropriate volumes of each.
>

𝑓𝑟𝑜𝑚 60% 𝑡𝑜 5% = ?$ = 0.0833 ∗ 10 µ𝑀 = 0.833 µ𝑀

(3)

For 600 µl of 10 µM (5% labeled pyrene/actin) stock solution: 0.833 µM pyrene actin will
be mixed with 9.17 µM fresh G-actin and pre-chilled fresh 1X G-buffer with CaCl2. On the day
of the experiment, a 10X priming solution (10 mM EGTA and 1 mM MgCl2) was added to the
previous 5% pyrene/actin stock solution to convert Ca-G-actin into Mg-G-actin for 2 minutes.
Then, the stock solution was incubated with various concentrations of palladin proteins (Palld-Ig3
or 90 kDa-Palld) in G-buffer condition (without KCl). Polymerization of G-actin in G-buffer
condition was quantified with excitation at 365 nm and emission at 385 nm on fluorescence
spectrophotometer (PTI). In the reaction mixture, an equal amount of the dialyzed buffer was
added to all reaction mixture to make sure no effect of the buffer on the polymerization rate. For
data quantification, raw data were normalized by subtracting the baseline fluorescence and then
dividing the fluorescence values by the steady-state plateau fluorescence. By assuming that at
equilibrium, the total concentration of polymers is equal to the total concentration of actin minus
the critical concentration, we can measure the overall polymerization rate of each polymerization
curve under G-buffer condition by plotting the slope of the linear region of each concentration
curve and converting the relative fluorescence units/s into nM actin/s.
2.2.5.2 Actin Filaments Depolymerization. The stock solution of 10 µM of 5% pyrenelabeled G-actin was incubated at room temperature with MKEI polymerization buffer plus 1 mM
DTT and 0.2 mM ATP for one hour to make the 10 μM of 5% pyrene-labeled F-actin. In 200 μl
reactions, 2 μM 5% pyrene-labeled F-actin was incubated with various concentrations of Palld-Ig3
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or 90 kDa-Palld (1-20 μM) at room temperature for 30 minutes. After 30 minutes of incubation, 2
μl of 1 mM Latrunculin A (Calbiochem) was added to the reaction mixture and actin filaments
disassembly was immediately measured using pyrene fluorescence for 600 s. Then, the
fluorescence signal of each sample was normalized to 1 AU at steady state by dividing the first
point of fluorescence intensity to the rest of the polymerization curve.
2.2.6 Visualizing Actin Filaments in the Presence and Absence of Palladin by Total
Internal Reflection Fluorescence (TIRF) Microscopy. Live images of actin filaments were
collected using an Olympus X71 inverted TIRF microscope. Glass slides and coverslips were
prepared as previously described [99]. To assemble the flow chambers, a double-sided tape was
cut at dimensions of 20 x 2 mm while the coverglass was cut in half. The tape was then stuck to
coverslips to form individual flow chambers and the slide was placed on top of coverslips/tape. To
prepare samples for TIRF imaging, a 10% Alexa 488-actin was freshly prepared and mixed in one
tube (A) with 5% ME buffer (500 mM MgCl2, 2 mM EGTA [pH 8.0]). Tube (B) contains 2X TIRF
imaging buffer (2 mL 10X MKEI, 2 mL 1M DTT, 40 mL 0.1 M ATP, 300 mL 1 M glucose, 5 mL
2% methyl-cellulose + 460 mL H2O) and 50X glucose-oxidase/catalase (GOC) mix (20 mg
catalase, 100 mg glucose-oxidase (Sigma-Aldrich) in 10 ml cold water) with or without various
concentration of palladin proteins. Then 4 µl of tube A was mixed with 16 µl of tube B to start
reaction and immediately transferred to one channel of microscope slide to start imagining. Images
were taken every 5 seconds for a total of 20 minutes.
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2.3 RESULTS
2.3.1 Purification of the Palladin 90-kDa Isoform.
After many previous unsuccessful attempts to purify the 90 kDa palladin from E. coli, the 90
kDa palladin was cloned into the pTBSG vector and successfully expressed in BL21-CodonPlus
(DE3)-RIPL competent cells (Agilent) in high yield. Several modifications has been implemented
to alter the regular protein purification protocol to improve the expression and purification of the
90 kDa palladin. Instead of inducing with IPTG, we used the autoinduction media to grow the
bacterial cells, performing all purification steps at 4 °C and adding 10% glycerol into all
purification buffers improved the expression and stabilization of the 90 kDa palladin (Figure 2.2).
Previous studies showed that 90 kDa palladin expressed and purified from Sf9 insect cells can bind
and bundle actin filaments in the absence of other palladin binding partners [24]. Difficult protein
that fails to express in bacterial cells can be expressed in high yield in insect cells. However,
expressing proteins from insect cells is more time-consuming than bacterial cells. The ability to
successfully purify 90 kDa palladin from bacterial cells gives us the time and opportunity to
investigate the effects and the mechanism of action of full length palladin on the actin cytoskeleton
in vitro. In this study we wanted to test whether the 90 kDa palladin that we purified from bacterial
cells behaves similarly to the one from insect cells (Table 2.1). In addition, we aim to compare the
effect of 90 kDa palladin with the isolated Ig3 domain on actin organization and dynamics. Based
on previous data, the Ig3 domain can bind to actin and induce actin polymerization [92]. The Ig3
domain has also been shown to dimerize upon interaction with F-actin which sustained the
bundling and cross-linking of actin filaments [91].
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Figure 2.2: Purification of the 90 kDa palladin. (A) Nickle column purification show the followthrough (FT), wash (W), and elution (E) fractions. (B) s-column purification of the elution
fraction.
2.3.2

Actin binding activity of palladin.

To compare the actin-binding by the 90 kDa palladin and the Ig3 domain of palladin, we carried
out actin co-sedimentation assays where the concentration of palladin was held constant at 10 μM
and increasing amounts of polymerized actin were used to determine the binding affinity. We
carried out these assays for the 90 kDa palladin (Figure 2.3) under the polymerizing conditions of
F-buffer. The amount of palladin in the pellet was quantified from the relative band intensity on
the gel. The molar concentration of the bound palladin in the pellet was then calculated (y-axis)
and plotted against the known total concentration of actin (X-axis). Gels for these assays showed
that most of the actin was in the filamentous form, sedimenting to the pellet as expected.
Representative gels and the average binding curve and associated fit obtained as described in
methods section for the assay are shown in Figures 2.3. The equilibrium dissociation constants,
Kd, values are also shown in Table 2.1. The 90 kDa palladin Kd values obtained in this study
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indicated a tighter binding affinity than the isolated Ig3 domain [92], suggesting that 90 kDa
palladin has a higher affinity for F-actin than Ig3 domain.
2.3.3 Actin Crosslinking Studies of Palladin.
To determine the bundling or crosslinking efficiency of the 90 kDa palladin, we once again
turned to actin co-sedimentation assays where in this case the concentration of actin was held
constant at 10 μM and increasing amounts of palladin were used. In this assay, actin was prepolymerized with the polymerization buffer and then incubated with various concentrations of
palladin proteins for one hour. A low-speed spin was used to pellet any crosslinked actin bundles
before transferring the supernatant and centrifuging to pellet all remaining actin filaments not in
A
C

B

Figure 2.3. Standard actin co-sedimentation assay to test the binding of 90 kDa palladin to Factin. From this experiment we found that 90 kDa palladin from E. coli binds actin filaments
with higher affinity than the Ig3 domain. (A) Representative SDS-PAGE gel of cosedimentation assay with supernatant fractions (S) and pellet fractions (P) of a constant
concentration of the 90 kDa palladin (10 µM) and various concentrations of actin. (B) An
SDS-PAGE gel of actin and palladin controls (C) Binding curve show the amount of palladin
in the pellet fractions (bound to actin).
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TABLE 2.1
COMPARISON OF EQUILIBRIUM DISSOCIATION CONSTANTS
Protein

Kd

Ig3 domain [92]

~ 60 μM

90 kDa palladin (E. coli)

3.1 ± 0.9 μM

90 kDa palladin (Sf9) [24]

2.1 ± 0.5 μM

Table 2.1. Equilibrium dissociation constants, Kd, of the Ig3 domain and the 90 kDa palladin
from (E. coli) bacterial cells and (Sf9) insect cells. The 90 kDa palladin has higher binding
affinity compared to the Ig3 domain and has a similar binding affinity compare to the 90 kDa
palladin expressed in Sf9 cells.
bundles. The low-speed bundle, high-speed pellet, and supernatant were then loaded onto a
SDS-PAGE gels. The bands of F-actin were then quantified by ImageJ [98]. The percent of
F-actin in the bundle, supernatant, and pellet were calculated as fractions of the total F-actin
band intensity. These assays were carried out for the 90 kDa palladin and isolated Ig3 domain
to compare the bundling efficiency of both proteins as shown in Figure 2.4.
Based on a comparison of the data shown in Figure 2.5, the 90 kDa palladin has a higher
bundling efficiency than the Ig3 domain. Increasing the concentration of the 90 kDa palladin
increases the F-actin bundles until a saturation point is reached at 20 μM, indicating a saturating
bundling concentration of palladin has been reached.
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Figure 2.4. Standard actin co-sedimentation assay to test the bundling of 90 kDa palladin to Factin. (A) Representative SDS-PAGE gel of co-sedimentation assay with bundle (B),
supernatant (S) and pellet fractions (P) of a constant concentration of actin (10 µM) and various
ratios of actin to 90 kDa palladin (1:1, 1:2, and 2:1). (B) An SDS-PAGE gel of actin and
palladin controls (C) Binding curve show the percent of actin in the bundle fractions
(crosslinked actin).
A

B

90 kDa -Actin Bundling

120

120

100

80
60

P
S

40

B

20

% of Actin In Bundle

100

% of Actin In Bundle

Ig3- Actin Bundling

80
60

P
S

40

B

20

0
Actin
Alone

0

5 µM 90 10 µM 90 20 µM 90
kDa-Palld kDa-Palld kDa-Palld

Actin
Alone

5 µM Ig3- 10 µM
20 µM
Palld
Ig3-Palld Ig3-Palld
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90 kDa palladin on the right and the isolated Ig3 domain of palladin on the left.
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2.3.4 Co-polymerization of actin and palladin.
A co-polymerization assay was carried out to determine whether incubating palladin with
G-actin during polymerization affects the amount of crosslinked actin formed. In this set of
experiments, palladin proteins (90 kDa and Ig3) were incubated with G-actin under nonpolymerizing conditions before centrifugation to separate crosslinked actin from filaments formed
in the presence of palladin. In other words, actin filaments were not created with a prepolymerization step before the addition of palladin domains as in the previous binding and
bundling assays. Monomeric, gel-filtered actin was mixed with various concentrations of palladin,
under non-polymerizing G-buffer or F-buffer conditions before, the co-sedimentation assays were
used to quantify polymerization and bundling efficiency of both 90 kDa palladin and the Ig3
domain. The bundle, supernatant, and pellet fractions were then loaded on SDS-PAGE gels. The
bands of actin in the bundles, supernatant and pellet on the SDS gel were then quantified, and
molar fraction of actin was calculated using Image J [98]. The data shown in Figure 2.6, reveals
that the Ig3 domain of palladin is capable of polymerizing G-actin upon the addition of increasing
concentration of the Ig3 palladin in both G- and F-buffer conditions. The Ig3 domain also bundles
the actin filaments in the G-buffer condition. However, the bundling efficiency of the Ig3 domain
was 5X lower than that of 90 kDa palladin (Figure 2.6). The 90 kDa palladin has a 5X greater
ability to bundle actin filaments under F-buffer condition.
2.3.5 Polymerization of actin by palladin.
Previously, we examined the effect of palladin on monomeric actin by carrying out the copolymerization assay in the presence of palladin proteins without conducting the prepolymerization step with F-buffer. Using the co-sedimentation assays helped us to quantify
polymerization and bundling efficiency with both the 90 kDa palladin and the Ig3 domain. In this
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assay we directly measure the effect of the 90 kDa and Ig3 palladin proteins on the actin
polymerization rate. The polymerization of pyrene labeled G-actin (5%) was detected by the
increase in fluorescence intensity 7 to10 fold, which is proportional to the polymerization of Gactin into F-actin. In this assay we measure the polymerization rate of 5 µM of G-actin in the
presence and absence of various concentrations of either 90 kDa or Ig3 domain (0-20 µM) under
G-buffer condition (Figure 2.7). The data shows that 90 kDa (10 µM) has a 3X lower
polymerization rate compared to Ig3 domain (10 µM) (Table 2.2). The increase of fluorescence
intensity was due to the palladin binding to actin and enhancing the polymerization and actin
bundles. These results are in agreement with the previous co-polymerization comparison assays
where the 90 kDa palladin has lower binding and bundling ability in the G-buffer condition than
the Ig3 domain. This data suggests that the 90 kDa palladin may autoinhibit itself and prevent the
binding to monomeric actin.
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Figure 2.6 Co-Polymerization Bundling Assay. A constant amount of G-actin (10 μM) was
incubated with increasing amounts of either Ig3 domain of palladin or the 90 kDa palladin under
both G-Buffer (A and C) and F-Buffer (B and D) conditions. Bundling efficiency is markedly
increased when actin is incubated in F-buffer condition in the presence of concentration-dependent
fashion of the 90 kDa palladin compare to the Ig3 domain.
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Figure 2.7 Fluorescence spectroscopy to monitor pyrene actin polymerization. (A) Spontaneous
assembly of 5% pyrene/actin in the presence of various concentration of either the 90 kDa palladin
or the Ig3 domain under G buffer condition. The fluorescence intensity was monitored to compare
the polymerization rates of 90 kDa and Ig3 domain. (B) The raw data A was normalized by
subtracting the baseline florescence and dividing by steady-state plateau.
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TABLE 2.2
Polymerization rate of different concentration of the 90 kDa palladin and Ig3 domain
90 kDa Concentrations

Polymerization

Ig3 Concentrations

1 µM

5 µM

10 µM

1 µM

5 µM

10 µM

20 µM

0.98

0.98

0.98

0.98

1.96

2.94

2.94

rate nM/s

2.3.6 Palladin Prevents Actin Depolymerization.
To compare the effect of the 90 kDa with the Ig3 domain of palladin on actin filament
stability, we measured the disassembly rate of pyrene-labeled actin filaments in the presence and
absence of various concentrations of 90 kDa palladin or Ig3 (0-20 μM) and 10 μM Latrunculin A
(Lat A, an actin monomer sequestering agent) [100, 101]. As expected, the fluorescence intensity
decreased in a time-dependent manner in the presence of Lat A alone, indicating net actin filament
depolymerization (Fig. 2.8). We measured the disassembly rate of the actin filaments from the
initial slope of the curves. The presence of Lat A increases the disassembly rate by 12-fold when
compared to actin filaments alone. Addition of the Ig3 domain significantly decreased the
disassembly rate in a dose-dependent pattern. For the highest concentration of Ig3 (20 μM), the
rate of Lat A-induced disassembly was decreased by 12-fold compared to actin alone. However,
90 kDa palladin significantly decreased the depolymerization rate at all different concentrations.
For the highest concentration (20 μM) of both the 90 kDa palladin and Ig3 have 8- fold increase
in the disassembly rate compare to Lat A. These results indicate the ability of the 90 kDa palladin
to bind tightly to the actin filaments and prevent the depolymerization effect of Lat A. We compare
the effect of the 90 kDa palladin with that of the Ig3 domain in the stabilization of actin filaments
and found that at high concentration (10 and 20 μM) both the 90 kDa palladin and the Ig3 domain
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have similar stability of the actin filaments. However, the 90 kDa palladin stabilizes the actin
filament ~ 4X more than the Ig3 domain at low protein concentrations (2 and 5 μM). Low
concentration of the 90 kDa protects the filaments from depolymerization and decreases the
dissociation of monomers from filaments to a greater degree than the isolated Ig3 domain.
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Figure 2.8. 90 kDa palladin and Ig3 stabilize actin filaments. G-actin (2 μM, 5% pyrene labeled)
was preassembled to filaments in polymerization buffer for one hour. (A and B) The
depolymerization rate of pre-assembled F-actin (dark blue line) was depolymerized with Lat A
(orange line). Followed by incubation with various concentrations of 90 kDa palladin (A) or Ig3
domain of palladin (B) (2 -20 μM) for half an hour. The polymerized mixture was depolymerized
by adding Latrunculin A to each reaction mixture at time point 0, and fluorescence measurement
were taken immediately. The signal of the fluorescence was adjusted so that the fluorescence of
G-actin was 0 and F-actin was 100.
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2.4 DISCUSSION
In this study, we have been able to express and purify the 90 kDa palladin from E. coli
bacterial cells in high yield. The aim of this study was to determine the effect of the full-length 90
kDa palladin which is expressed in all tissues on the assembly and disassembly of actin filaments
and compare the results of the 90 kDa full-length protein with the 11 kDa Ig3 domain, which is
the minimal actin binding domain of palladin. We also sought to compare the binding affinity of
the 90 kDa palladin purified from bacteria cells with that previously measured for the 90 kDa
palladin purified from insect cells [24]. We found that our binding affinity data (Kd 3.1 ± 0.9 μM)
was in close agreement with the previously measured data from the insect cells (Kd 2.1 ± 0.5 μM)
[24]. In addition to the F-actin binding affinity, we also wanted to compare the bundling ability of
the 90 kDa palladin with our previously measured results for the isolated Ig3 domain of palladin
[92]. By determining the dissociation constant from the binding curves, we found that the 90 kDa
palladin has about a 20-fold higher binding affinity than the Ig3 domain, with 3.1± 0.9 μM and ~
60 μM values respectively. A previous study has shown that the Ig3-Ig4 tandem domains of
palladin enhances the binding affinity for F-actin with a dissociation constant 8.7 ± 1.5 μM
compared to the Ig3 domain alone [24]. This indicates that there are other regions of the 90 kDa
palladin that contribute to the interactions with actin, which explain the higher binding affinity of
the 90 kDa palladin compared to the isolated Ig3 domain. In the bundling assay, we found that the
90 kDa palladin has a significantly higher bundling capacity than the Ig3 domain. For example, at
10 μM of the 90 kDa palladin almost ~50 % of actin filaments were bundled, while at 10 μM Ig3
domain, only ~20 % of actin filaments were bundled. Furthermore, the data shows that bundling
by the 90 kDa palladin is saturated at a 1:1 ratio, which is not the case with the Ig3 domain. This
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suggests that a 10 μM of the 90 kDa palladin is a sufficient concentration to bundle actin filaments
while increasing the concentration of the Ig3 domain will still increase the actin bundles.
From previous co-polymerization studies in the Beck lab [92], we found that palladin is
able to enhance actin polymerization under non-polymerizing conditions in the absence of ionic
strength that is known to enhance actin polymerization. Here, this same co-polymerization assay
was carried out to compare the capability of 90 kDa with that of the isolated Ig3 domain to promote
the polymerization of G-actin under both F-buffer and G-buffer conditions. We found that the 90
kDa palladin generates far higher bundling of actin filaments under co-polymerization conditions
as compared to the Ig3 domain in both G- and F-buffer conditions. However, the Ig3 domain has
a greater effect in polymerizing the monomeric actin into filaments under G- and F-buffer
conditions. This data indicates that the Ig3 domain may have a higher binding affinity for the
monomeric actin than the 90 kDa palladin. More experiments need to be carried out to test the
binding between the actin monomer and the 90 kDa palladin or Ig3 domain.
There were no previous investigations on how would the 90 kDa palladin affects the rate
of actin polymerization or the effects on stabilizing actin filaments. Here, we directly measured
the effect of the 90 kDa palladin on the polymerization rate of G-actin and compared the rate with
Ig3 domain of palladin. In this study, we show that the 90 kDa palladin also regulates the
polymerization dynamic of actin filaments directly. Our data show that the Ig3 domain (10 µM)
has four-fold greater polymerization rate than 90 kDa palladin (10 µM). In addition, we found
that the Ig3 domain of palladin significantly promotes actin assembly with increasing protein
concentrations. However, increasing concentrations of the 90 kDa palladin all have the same effect
on the polymerization rate of actin, which may indicate that the actin polymerization by the 90
kDa is already saturated at the concentrations used in these assays (1, 5 and 10 µM). Therefore,
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lower concentrations of 90 kDa palladin should to be used in order to detect differences and
observe the saturation point of the polymerization rate. In addition, the Ig3 domain of palladin
shows higher polymerization rate than the 90 kDa palladin. From previous results [92], the
polymerization rate of 10 µM Ig3 concentration is almost three-fold higher than the 90 kDa with
same concentration. The co-polymerization assay indicates that the 90 kDa palladin binds and
crosslinks actin filaments five-fold above the Ig3 domain. The polymerization rate of the 90 kDa
is three-fold slower than the Ig3 domain which suggests that 90 kDa palladin interacts more with
F-actin than the G-actin. These findings support our hypothesis that the 90 kDa is likely
autoinhibited and therefore blocks the binding site for monomeric actin, while maintaining F-actin
binding capacity.
To determine whether the 90 kDa palladin contributes to the stability of actin filaments we
conducted a series of Lat-A induced depolymerization assays. In these assays, we have directly
compared the effect of various concentration (2, 5, 10, 20 µM) of the 90 kDa and Ig3 domain on
the depolymerization rate of actin filaments. The data shows that the low concentration (2, and 5
µM) of the 90 kDa palladin has a 4X greater effect on actin filament stability compared to the Ig3
domain. However, with the higher concentration (10 and 20 µM) both the 90 kDa and the Ig3
domain equally stabilize the actin filaments.
Our data indicates that the 90 kDa palladin binds tightly and crosslinks F-actin, but does
not interact significantly with G-actin as opposed to the isolated Ig3 domain. Based on our copolymerization and polymerization assays, these findings support the idea that the 90 kDa palladin
may be autoinhibited, thus blocking the G-actin binding site and preventing the binding of the 90
kDa palladin toward the monomeric actin. Our proposed models in Figure 2.9 show that the Cterminus and N-terminus of 90 kDa palladin may interact with each other to form the closed
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conformation. In both models, this closed conformation would therefore block the Ig3 domain
from interacting with monomeric actin. Another possibility is that some currently unknown cause
for a conformational change of the 90 kDa palladin triggers the closed form into an open
conformation that can then bind to the F-actin, and that binding to G-actin may not induce this
conformational change. In other words, the 90 kDa palladin stays in its closed conformation which
prevents it from binding to monomeric actin.
The autoinhibition function has been previously described for the actin binding protein
Vinculin. Vinculin is a globular protein that has five helical domains: four head domains (D1-D4)
and the vinculin tail domain (Vt) [102]. The Vt domain is known to be the actin binding site similar
to Ig3 in palladin. Vt also binds to each of the vinculin head domains to form the closed
conformation of vinculin [103]. This closed conformation of vinculin autoinhibits vinculin from
binding to F-actin at Vt [104]. Further investigations need to be done to compare and test for the
direct binding of the 90 kDa palladin to the G-actin and F-actin using the Actin Affinity
Chromatography (BioRad Affi-Gel 10) and compare the results with the Ig3 domain.
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A

B

Figure 2.9: Proposed Models for the Autoinhibition Hypothesis. A. A possible interaction between
the C-terminus and N-terminus of 90 kDa palladin forms the closed conformation which prevents
the binding of the Ig3 domain to G-actin. B. The 90 kDa closed form may undergo conformational
changes upon the interaction with F-actin or some other regulatory protein (top row), whereas no
conformational change occurs in the presence of the G-actin (bottom row).
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CHAPTER 3
Mutations in the VASP binding site of palladin affect actin binding and bundling efficiency
3.1 INTRODUCTION
Palladin functions as a cytoskeletal scaffolding molecule as it interacts with a large number
of other actin-binding proteins with important roles in organizing actin filaments. The second
proline rich region of palladin contains two proline-rich motifs (FPPPP) and (FPLPP) which are
thought to be potential binding sites for Vasodilator-Stimulated Phosphoprotein (VASP). VASP
expression is required for normal cell migration and upregulated VASP has been implicated in the
motility of breast cancer cells [105]. It is noteworthy that VASP proteins influence actin networks
by promoting formation of long, unbranched actin filaments in the cell periphery [25]. Depletion
of VASP promotes formation of dense actin networks with short, highly branched filaments.
Previous research using yeast-2-hybrid assay, has shown that VASP binds to palladin at the proline
rich region using but there is no direct evidence for binding [25]. In this work the binding
interaction between palladin and VASP was examined using direct, biochemical methods. The
putative VASP-binding region of the 90 kDa palladin (FPLPP) was mutated using site directed
mutagenesis via PCR. To determine whether this particular mutation affects the actin cytoskeleton
structure and function, first the binding interaction between VASP and WT versus mutant
(AALPP) palladin was examined using a pulldown assay and far Western blot. To measure the
binding affinity between VASP and WT palladin or the mutated palladin, and Surface Plasmon
Resonance (Open SPR) have also been used. A large degree of non-specific binding to VASP in
both assays was detected, and therefore further optimization needs to be carried out to prevent nonspecific binding (NSB).
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3.2 METHODS
3.2.1 Sub-cloning of VASP into pQlink plasmid. VASP coding sequences were
previously cloned from a pQE-80L plasmid generously provided from Dr. Frank Gertler [56] into
the pQlink (Addgene) vector to produce constructs with a His6-tag and TEV protease cleavage
sites for purification and protein binding assays [56, 93]. A double digest procedure was performed
by incubating two restriction enzymes (Hind III and BamHI) with both of the plasmids at 37 ºC
overnight. A 1% agarose DNA gel was run at 100 volts for 40 minutes to check the complete
digestion of the plasmids. Then, a DNA gel extraction kit (ThermoScientific) was used to extract
the VASP and pQlink bands from the gel. After the extraction, the fragment DNA concentration
and purity was measured using the NanoDrop Onec UV/VIS Spectrophotometer at 260 and 280
nm. Then, a 20 µl reaction mixture containing the following was prepared and incubated at 22 °C
for 1 hour: 2 µL of 10X buffer (ThermoScientific), 5 µL H2O, 10.4 ng vector, 1.6 ng insert, and 1
µL T4 ligase. Then, the ligation mixture was transformed into DH5α cells as shown in (Figure
3.1). A 1% agarose gel was used to confirm the presence of the ligated pQlink-VASP vector.

Figure 3.1: A cartoon diagram depicting the subcloning of VASP gene into pQlink vector. The
two fragments were first digested by restriction enzymes (Bam HI and Hind III) and then ligated
with T4 DNA ligase enzyme.
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3.2.2 Site-directed mutagenesis of VASP-binding site in palladin.

Site-directed

mutagenesis was used to mutate the first two amino acids (F108A) and (P109A) of a proline-rich
motif (FPLPPP) located in the PR2 of the 90 kDa-Palld. The pTBSG-Palld-FP-AA mutant that
replaces the phenylalanine and first proline (FP) with two alanine residues (AA) was generated
using TaKaRa Bio PrimeSTAR HS DNA Polymerase and a site-directed mutagenesis protocol
[106] with forward primer 5’-GGCCGCACTGGCGGCGCCACCACCGC-3’ (MB257) and
reverse primer 5’-GCGGTGGTGGCGCCGCCAGTGCGGCC-3’ (MB258). PCR was carried out
to generate the mutation using a mixture of 2X Primestar HS DNA Polymerase Premix (TaKaRa
Bio USA; Mountain View, CA), (0.3 µM) forward and reverse primers, (30 ng) WT template
vector (pTBSG-90 kDa-Palld) and 3% DMSO. The PCR cycling parameters were: initial
denaturation, 98 ºC for 30 seconds; followed by 16 cycles of (1) denaturation at 98 ºC for 30
seconds, (2) annealing at 55 ºC for 60 seconds and (3) elongation at 72 ºC 8 minutes; and ending
with a final elongation at 72 ºC for 10 minutes. The mutant was verified through Sanger sequencing
by Sequetech (Mountain View, CA).

3.2.3 Protein Purification.
3.2.3.1 FP-AA-Palld was purified using identical method previously described for the
90kDa-Palld purification.
3.2.3.2 pQlink-VASP was transformed into BL21 (DE3)-RIPL E. coli cells (Agilent
Technologies) and purified as previously described for the 90kDa-Palld. After the elution fraction
was collected from the PROTEINDEX™ Ni-Penta™ Agarose 6 Fast Flow column, a TEV
protease (1 ml of 100 μM for 4L growth) was added to the elution fractions and allowed to digest
in a water path at 18 ºC for overnight to cleave the histidine affinity tag from the protein. An SDS-
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PAGE gel was used to confirm the removal of the His6-tag. After cleaving the His6 tag of VASP,
VASP was dialyzed in 1L lysis buffer to remove the imidazole for overnight at 4 ºC. The protein
was further dialyzed in 4 L of S-column buffer A for no more than 6 hours. Then, the protein
solution was purified using the cation exchange (Mono S) column. The fractions were collected
and the presence of VASP was confirmed by running in SDS-PAGE gel. After purification, VASP
was dialyzed into a HEPES buffer and stored at 4 °C and used within 1 week. Cell growth, DNA,
and protein concentration were measured by using measured using the NanoDrop Onec UV/VIS
spectrophotometer. The extinction coefficient of 33,585 M-1cm-1 was used to measure the
concentration of VASP at 280 nm. Reagents were purchased from Fisher Scientific unless
otherwise noted.
3.2.4 Protein-Protein Interactions.
3.2.4.1 Immunoblotting. The protein-protein interaction between either WT or FP-AA and
VASP was measured using a standard pulldown assay (Figure 3.2) followed by western blot. First,
His6-tagged palladin (5 ml of 10 μM purified protein) was incubated with nickel-penta beads that
had been pre-equilibrated into Lysis buffer (50 mM sodium phosphate pH 7.4, 300 mM NaCl, 10%
glycerol, 3 mM DTT) for 4 hours. Then, the remaining unbound protein was removed from the
column with wash buffer (50 mM sodium phosphate pH 7.4, 300 mM NaCl, 10% glycerol, 3 mM
DTT, 5 mM imidazole). Then, purified VASP (with His6-tag removed) was incubated with nickelpenta beads containing the previously bound His6-palladin protein at a 1:1 ratio at 4 °C overnight.
The next day the nickel column was rinsed with wash buffer to remove any unbound proteins and
this fraction was collected. Both proteins were then eluted using elution buffer (50 mM sodium
phosphate pH 7.4, 300 mM NaCl, 10% glycerol, 3 mM DTT, 300 mM imidazole). The wash and
elution fractions were collected and run in a 12% SDS-PAGE gel, the bands on the gel were then
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transferred to a PVDF membrane (Millipore) using 1 L electro-transfer buffer (192 mM glycine,
25 mM Tris base [pH 8.3], 15% methanol, 0.02% SDS). The membrane was blocked at 4 °C for
2-4 h with 5% skim milk in 1X PBS (137 mM NaCl, 2.7 mM KCl, 10mM Na2HPO4, and 1.8 mM
KH2PO4 [pH 7.4]). Then, the PVDF membrane was washed with 1XPBS several time before
incubated overnight at 4 °C with primary polyclonal antibody against VASP (Enzo Life Sciences)
(1:1000 dilutions). Blots were washed with 1X PBS buffer and further incubated for 2 h at 25 °C
with biotinylated anti-rabbit secondary antibody (RTU biotinylated Ab anti-rabbit IgG [Ready-toUse]) (Vector Labs; cat # BP-9100)) (1:500 dilution) followed by incubation with Vectastain ABC
solution for 30 min. The presence of FP_AA or 90 kDa-Palld and VASP were detected by mixing
1 mg/mL DAB dissolved in 100 mM imidazole, pH 7.0 and 2.5 mM CoCl2. Then, immediately
before using the mixture 0.002% (100 μl of 3%) H2O2 was added. The PVDF membrane was
incubated with the DAB mixture for 2-3 minutes at room temperature. After 3 minutes the reaction
was stopped by rinsing the membrane twice with water.

Figure 3.2: Schematic representation of the pulldown assay steps.
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3.2.4.2 Far-Western Blot. Another assay to detect protein-protein interactions is a FarWestern blot which is very similar to the standard western blot assay described above, however,
in this assay the pulldown step was skipped, and the protein interaction was performed on the
PVDF membrane. In this assay, the purified 90 kDa-Palld and FP-AA Palld proteins were run on
12% SDS-PAGE and transferred to PVDF membranes (Millipore). Membranes were blocked at 4
°C for 2-4 h with 5% skim milk in 1X PBS. After blocking and washing with 1X PBS several
times, the blots were incubated with the second protein VASP with 1:1 ratio shacking at 4 °C
overnight. On the second day, the blots were washed several times with 1X PBS and then incubated
overnight at 4 °C with primary antibody against VASP (Enzo Life Sciences) (1:1000 dilutions).
Blots were washed with 1X PBS buffer and further incubated for 2 h at 25 °C with secondary
antibody (Vector Labs) with (1:1000 dilution) followed by incubation with Vectastain ABC
solution for 30 min. The presence of VASP was detected by DAB solution as previously described
in the immunoblotting assay.
3.2.4.3 Surface Plasmon Resonance (Open SPR). This protocol was adapted from Nicoya
Lifesciences (https://nicoyalife.com/products/spr-instruments/openspr/). Similar to the BLItz
system mentioned previously, a NTA sensor chips which has two Channels (Channel 1: for
immobilization ligand, and Channel 2 used as a reference channel for negative control) was used
to bind to a His-tagged protein (palladin) for immobilization (Figure 3.3). First, an NTA sensor
chip is loaded into the OpenSPR instrument, then a bubble removal step was performed to both
Channels by injecting 80% isopropanol into the injection port. After all the bubbles have been
removed, a second injection was followed with running buffer (10 mM HEPES, 150 mM NaCl, 5
mM DTT [pH 7.5]) followed by 2-3 injections of 200 μl of a 200 mM imidazole until the baseline
reaches a consistent level. Then, the sample loop was rinsed with running buffer and purged with
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air. The flow rate was lowered to 20 μl/min, and a 200 μL of the prepared 40 mM NiCl2 solution
was injected to charge the NTA sensor ship with Ni2+ ions. Then, the sample loop was rinsed
thoroughly with running buffer and purged with air. A 200 μL aliquot of palladin (90kDa- or FPAA-Palld) with a concentration of 30 μM was injected into Channel 2 through the injection port
with 5 minutes interaction time until the baseline stabilized. After the baseline stabilizes, a second
injection with His-tag Ig3 domain was injected into Channel 1 as a negative control, followed by
an injection with running buffer to remove the unbound proteins. Then, 200 μL of 10 μM VASP
protein (analyte) was injected and the signal was observed.

Figure 3.3: Representation of the NTA Sensor His-Tag protein immobilization on the Channel 2
(blue line), Channel 1 (red line), (https://nicoyalife.com/products/spr-instruments/openspr/).
3.3 RESULTS
3.3.1 Actin Polymerization induced by 90 kDa palladin and VASP. Palladin acts as a
scaffolding molecule by binding to several actin regulatory proteins via its proline rich motifs
(FPLPP and FPPPP) [30]. Recent studies show that VASP regulates actin structure by enhancing
the formation of long unbranched actin filaments [25]; however, the mechanism of action for how
VASP enhances actin polymerization is not fully understood. Here we performed actin
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polymerization assays with 5% pyrene labeled actin to monitor the effect of VASP on the
polymerization of G-actin in the presence and absence of 90 kDa palladin. G-actin (5 µM) was
incubated with and without 10 µM palladin and/or VASP. The data in (Figure 3.4) shows that
addition of VASP results in a 5-fold higher polymerization rate than 90 kDa palladin; however,
the incubation of both proteins with actin reveals an ~2-fold enhancement in the polymerization
rate compared to 90 kDa palladin alone.
3.3.2 Sub-cloning of VASP into pQlink plasmid. In order to monitor binding interactions
between VASP and the 90 kDa palladin, we subcloned VASP from the pQE-80L vector that has
uncleavable His6 tag to the pQLink vector which has a cleavable His6 tag. This would allow us to
remove the His6 tag on purified VASP by TEV proteolysis and thus prevent VASP from binding
to the nickel column on its own. Since we know that the 90 kDa palladin is an unstable protein,
we did not want to introduce an extra step in the purification procedure that might cause the protein
to degrade. On the other hand, the pQE-80L vector does not have a cleavable site which led us to
subclone VASP into the pQlink vector with a TEV cleavable site. In this cloning procedure, we
used two restriction enzymes Bam HI and Hind III to perform a double digest on both pQE-80LVASP and pQlink-Ig3 into two fragments and ran them on a DNA agarose gel. The pQlink and
VASP fragments were then extracted from the DNA gel and ligated as described in the methods
section. The successful subcloning product was then confirmed by digesting the putatitive pQlinkVASP product using the previous restriction enzymes and running a 1 % DNA agarose gel with
previous digestion mixture as shown in Figure 3.5.
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Figure 3.4. The actin polymerization induced by the 90 kDa palladin and VASP. (A) Spontaneous
assembly reaction occurs when incubating a 5 µM 5% pyrene labeled G-actin in the absence and
presence of 10 µM 90 kDa palladin (purple), 5 µM VASP (red) or a combination of VASP and
palladin (green). (B) The raw data A was normalized by subtracting the baseline florescence and
dividing by steady-state plateau.
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Figure 3.5: Agarose gel fractionation of pQlink-VASP digested DNA. pQlink-VASP/ Ig3 plasmids
were single digested or double digested with Hind III or (Bam H1 and Hind III) respectively. Then,
1% agarose DNA gel electrophoresis was running at 100 Volts for 40 minutes. Lanes with
molecular weight markers are indicated (pQlink= 4901 bp, VASP= 2298 bp, and Ig3= 315 bp),
the band size is indicated in base pair.
3.3.3 Mutation of the VASP-binding site (FP_AA) in 90 kDa palladin. The proline rich
motif (FPLPP), also known as the putative VASP binding site on the 90 kDa palladin, was mutated
using site-directed mutagenesis to replace the phenylalanine and first proline with two alanine
residues to interrupt the binding of VASP to FPLPP of palladin. This mutation is hypothesized
to prevent the interaction between the EVH1 domain of VASP to PR2 domain of palladin based
on previous research using the same alanine substitution mutation that was shown to prevent
binding of palladin to other proteins such as Lasp-1 that bind to same VASP binding site using this
proline-rich motif [30]. In this mutagenesis reaction, the mutation was generated by designing a
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forward primer and a reverse primer that replaces the FP residues by two alanine residues. Then,
a PCR reaction was performed as described in the methods section. The PCR product was then
transformed into DH5α cells, followed by a DNA extraction. The DNA was then sent to Sequetech
to verify the mutation as shown in Figure 3.6.

Figure 3.6: Small fragment of the amino acids sequence alignment of the 90 kDa (WT and
FP_AA). The sequence alignment shows that the two amino acids (F108A) and (P109A) of the
proline-rich motif (FPLPP) located in the PR2 of the 90kDa-Palld was successfully obtained.
3.3.4 Protein-protein interactions between palladin and VASP. Binding between VASP
and the 90 kDa palladin had not been measured directly in any previous work, as these interactions
were only detected by a yeast-2 hybrid assay with fragments of both proteins [25]. Therefore, we
sought direct evidence for this interaction between the proline rich motifs of palladin and the EVH1
domain of VASP using both a pulldown assay and western blot. In order to perform the pulldown
assay, the His6 tag of VASP protein was cleaved by TEV and the assay was performed by
immobilizing the bait protein, His6-palladin in our case, on Ni-NTA beads before incubating with
the putative “prey” protein, VASP. The protein-protein interaction was detected by running an
SDS-PAGE followed by Western blot using an anti-VASP antibody. In this assay, we detected the
binding between VASP protein with either WT as a positive control, Ig3 domain as a negative
control, or the FP_AA mutant as our bait protein. We found that VASP binds to both the WT and
FP_AA 90 kDa palladin; however, the data show that VASP also binds to the Ig3 domain as shown
in (Figure 3.7A) which is a negative control. These findings suggest that VASP is either binding
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to the nickel column even without the His6-tag or there is significant non-specific binding with
palladin present under these conditions. To further test the VASP binding to FP_AA, we performed
a Far-Western blot assay to remove the nickel column step in the pulldown assay in order to
prevent the possible interaction between VASP and the nickel column.
The Far-Western blot was performed as described earlier in the methods section and the
binding interactions were detected using anti-VASP antibody. We found that VASP still binds to
the FP_AA mutant and the Ig3 domain as shown in Figure 3.7 B, which shows the control gel (top)
and the Far-Western blot membrane (bottom). The first two lanes show the VASP protein at 40
kDa followed by protein ladder then the WT and FP_AA at 90 kDa. Further experiments need to
be carried out to determine if binding affinity has been affected by this mutation.
3.3.5 Surface plasmon resonance (Open SPR). We next attempted to monitor the
binding affinity between VASP and WT or FP_AA palladin by surface plasmon resonance
spectroscopy (Open SPR). We initiated this set of experiments with Ig3 domain as a negative
control for binding to VASP. First, the His6-tagged 90 kDa palladin was attached to the nickel
sensor (Channel 2) while the His6-tagged Ig3 domain was attached to the reference Channel
(Channel 1), which used as a negative control. The unbound proteins were then washed with assay
buffer (10 mM HEPES, 150 mM NaCl [pH 7.4]). Then, VASP lacking the His6-tag was flowed
over the sensor chip. We found an increase in the signal in both channels which indicates the
binding of VASP to both the positive and the negative control (Figure 3.8). These findings suggest
that VASP has a high degree of non-specific binding that needs to be prevented by optimizing the
buffer condition by adding 0.005% - 0.05% Tween 20 as recommended in future tests.
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Figure 3.7. Western blot and Far-Western blot to detect protein-protein interactions. (A) Western
blot of the pulldown where His6-pall (positive control), His6-FP_AA or His6-Ig3 (negative control)
were incubated with VASP and immunoblotted with anti-VASP antibody to check protein-protein
binding and VASP bands. The first lane represents the flow-through fraction (FT) of the pulldown
assay, followed by five washes (W1-W5), two elution fractions (E1 and E2) and a control lane for
VASP. (B) Far-Western blot to detect binding between VASP and FP_AA by anti-VASP antibody.
The first two lanes show the VASP protein (~ 40 kDa) followed by the protein ladder, then two
lane of the WT palladin and two lanes of FP_AA (~90 kDa).
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Figure 3.8: Open SPR NTA Sensor. The immobilization his-tag 90 kDa protein (WT 30 µM) was
injected into Channel 2 (blue line) as a positive control, while the His-tag Ig3 domain (30 µM) was
injected into Channel 1 (red line) as a negative control. The analyte VASP protein (10 µM) was
then injected into both Channel (1 and 2).
3.4 DISCUSSION
Previous studies have shown that the EVH1 domain of VASP binds to the proline-rich
regions of palladin, and this has been specifically attributed to the proline rich motifs FPPPP and
FPLPP [53]. The only proline rich region (PR2) found in 90 kDa palladin contains a FPLPP motif.
Both palladin and VASP are known to play essential roles in the regulation of actin filaments;
however, these two proteins appear to have two opposing mechanisms of regulation. Palladin is
known to enhance the nucleation of actin filaments that are crosslinked [107], while VASP acts as
an elongation factor that promotes the formation of long, unbranched actin filaments [54, 56, 66,
69]. The formation of branched actin filaments is known to be the key mechanism in promoting
invasive cell motility, which is associated with palladin overexpression in metastatic cancers [42].
The polymerization assay data shown in Figure 3.4 reveals both more rapid and an enhanced
degree of polymerization for VASP compared to 90 kDa palladin alone. Yet, when both proteins
are incubated with actin, the polymerization rate was enhanced by ~ two-fold when compared to
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the 90 kDa palladin alone. However, the polymerization rate of VASP alone is five-fold higher
than the polymerization rate of both proteins combined albeit with a higher plateau, or degree of
polymerization.
To understand more about the mechanism of action of these two proteins in actin dynamics
we tried to prevent the binding interaction between these two proteins by introducing point
mutations to the proline rich motif (FPLPP to (AALPP) (Figure 3.3). Previously interactions
between the VASP and FP_AA mutant were only tested through a yeast-2 hybrid screen [25].
Here, we set out to test the direct interactions between these two purified proteins from E. coli
using several different protein-protein interaction methods. Unfortunately, all methods described
in this study showed a high degree of non-specific binding (NSB) of VASP and palladin. Further
optimization of the assay buffer condition needs to be done such as use a higher protein
concentration or adding 0.005% -0.05% Tween-20 as recommended in order to prevent the issue
of NSB of VASP.
From these bulk assays it is also not clear how VASP and palladin contribute to actin
dynamics and, specifically, the formation of either branched or parallel actin filaments. TIRF
microscopy is a good future approach to visualize the effect of VASP protein on actin filaments.
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CHAPTER 4
Monitoring actin polymerization with Listeria
4.1 INTRODUCTION
Listeria monocytogenes is a facultative anaerobic intracellular pathogen that hijacks and
polymerizes host cell actin, which allows for motility throughout the infected cell. The actin
cytoskeleton is required in the infectious cycle of the invasive and motile bacterium Listeria
monocytogenes. As we have shown previously [92], palladin plays an essential role in actin-rich
structures and can nucleate actin filaments in vitro. In collaboration with Dr. Julian Guttman, we
examined the role of palladin during Listeria monocytogenes infections to understand more about
palladin’s function in actin polymerization in vivo. This collaborative work revealed that palladin
is also involved in the formation of actin comet tails and enhances the polymerization rate of actin
involved in Listeria motility [107, 108]. Palladin is recruited by L. monocytogenes during its
cellular entry and intracellular motility. Depletion of palladin resulted in short actin comet tails,
while the overexpression of actin or VASP-binding mutants of palladin caused the comet tail to
become thinner and resulted in the formation of parallel, unbranched actin filaments. Previous
work had established that L. monocytogenes recruits the Arp2/3 complex inside the host cells to
stimulate the generation of branched actin filaments which are needed for the bacterial motility
within the host cell [107]. To test whether palladin can compensate for the Arp2/3 complex,
palladin was overexpressed in cells treated with an Arp2/3 inhibitor (CK-666). These data suggest
that palladin has the ability to regenerate these comet tails and maintained the bacterial motility in
cells that were depleted of Arp2/3. From that, L. monocytogenes comet tails can be generated by
palladin in the absence of the Arp2/3 complex and palladin can compensate for Arp2/3 during
bacterial motility. Additionally, another bacterial surface protein called ActA was found to be used

62

by L. monocytogenes to interact with cytoskeletal elements of the mammalian host cell and help
the bacteria propel itself through the cell. In the Beck lab, some binding assays were performed to
determine whether ActA binds to palladin. Surprisingly, the data shows that palladin does not bind
to ActA, but does interact with another secreted Listeria protein named Listeriolysin O (LLO) as
shown from mass spectrometry data. The next direction here is to directly measure binding
interactions between palladin and LLO with the ultimate goal to understand more about the
mechanism of action with the following questions in mind: How does palladin interact with
Listeria proteins and specifically the surface protein ActA on Listeria? How do palladin’s other
binding partners co-regulate these functions in cellular motility?

4.2 METHODS
4.2.1 Protein purification. Full-length 90-kDa human palladin was subcloned into the
pTBSG expression vector to allow for expression of a His6 fusion protein. The construct was
transformed into BL21(DE3) RIPL E. coli cells and purified as previously described.
4.2.2 Purification of L. monocytogenes ActA-His. Brain Heart Infusion (BHI) plates were
prepared based on the protocol found on the BBLTM BHI Agar label (52 g of BHI agar dissolved
in 1 L H2O and autoclaved at 121 °C for 15 minutes and poured into petri dishes after cooling).
The L. monocytogenes ActA-His (strain DPL1545) bacteria were grown on a fresh BHI plate at 37
°C overnight. Then, a single colony was transferred into 25 ml BHI media with 10 μg/ml
chloramphenicol antibody and grown overnight at 37 ºC with shaking (200 rpm). The starting
culture was transfer into a larger sterilized BHI culture with the chloramphenicol antibody (475
ml) and incubated 37 ºC with shacking for 6-8 hours. The cells were spun down using a Beckman
Coulter centrifuge at 6,350 xg at 4 °C for 30 minutes. After centrifugation, the supernatant was
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saved in order to precipitate the ActA protein from the solution by adding 40% saturation
ammonium sulfate while stirring at 4 ºC for one hour. Another centrifugation step was performed
to pellet the precipitated protein from the supernatant. The pellet was resuspended in lysis buffer
(20 mM MOPS, 100 mM KCl [pH 7.0]). The protein was dialyzed in HEPES buffer (20 mM
HEPES, pH 7.5, 150 mM NaCl, 5 mM DTT) with changing the buffer 3-4 times every 6 hours.
For purification, the ActA protein was incubated with nickel-NTA column for one hour and then
washed with 3-5 column volumes of wash buffer with an imidazole gradient (20 mM MOPS, 100
mM KCl, [0 mM, 5 mM, and 20 mM] imidazole [pH 7.0]). The protein was eluted using elution
buffer ((20 mM MOPS, 100 mM KCl, 250 mM imidazole [pH 7.0]). The eluted protein was
dialyzed in HEPES buffer until used.
4.2.3 Purification of LLO protein. The pET29b-HisLLO vector (Daniel Portnoy)[109]
was transformed into Bl21 (DE3) E. coli cells was grown in 50 ml LB with 30 mg/ml Kanamycin
at 37 ºC with shacking overnight. Then, 20 ml from the overnight starter culture was transferred
into 1 L LB media and incubated at 20 ºC for 1.5- 3 hours until the OD600 ~ 0.5. At this point, the
protein expression was induced by adding 1 mM IPTG (Gold Biotechnology) and grow at 30°C
with shaking for 6 hours. These cells were harvested and centrifuged at 4,500 xg for 20-30 minutes
in Beckman centrifuge to get the pellet. The cell pellet was then resuspended in 40 ml cold lysis
buffer (50 mM sodium phosphate [pH 8.0], 150 mM sodium chloride, 20 mM imidazole, 10 mM
2-mercaptoethanol, 1 mM PMSF). Next, sonication and centrifugation steps were performed as
described previously. A Nickel-NTA resin was used and standard procedure for Ni-column
purification was performed using different Wash buffer (Lysis buffer [pH 6.0], 10% glycerol, 0.1%
Tween-20), and Elution buffer (Lysis buffer [pH 6.0], 800 mM imidazole). The elution fraction
was then dialyzed in storage buffer (140 mM NaCl, 4 mM KCl, 10 mM sodium phosphate, 0.5
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mM DTT [pH 6.0]). The LLO protein concentration was measured by absorbance at 280 nm with
an extinction coefficient of 75,750 M¯¹cm¯¹.
4.2.4 The Arp2/3 protein complex was purchased from Cytoskeleton, Inc. Actin was
purified from rabbit muscle acetone powder (PelFreez Biologicals) by the method of Spudich and
Watt [95] and gel-filtered on a 16/60 Sephacryl S-200 column (GE Healthcare Life Sciences) as
previously described here. Purified monomeric actin was stored at 4 °C in G-buffer (5 mM Tris
[pH 8.0], 0.1 mM CaCl2, 0.2 mM DTT, 0.2 mM ATP, 0.02% sodium azide) and used within 2 to
4 weeks. Pyrene-labeled actin was prepared by the reaction of N-(1-pyrenyl) iodoacetamide
(Sigma-Aldrich) with gel-filtered monomeric actin (G-actin) as described previously here.
4.2.5 Actin polymerization assay. Pyrenyl actin and unlabeled G-actin were mixed together
to make 5 µM 5% pyrene-labeled G-actin stock. Labeled G-actin (100 µl) was incubated with 10
µl of 10 priming solution (10 mM EGTA, 1 mM MgCl2) for 2 min, and then polymerization was
induced by adding 0.37 µM Arp2/3 and 10 µM full-length palladin with or without 0.3 µM ActA.
All reactions were performed in G-buffer (without KCl). Pyrene fluorescence was measured
immediately with excitation at 365 nm and emission at 385 nm on a PTI fluorescence spectrometer.
4.2.6 Immunoblotting. The protein-protein interaction between the Ig3 domain and LLO was
measured using a standard pulldown assay followed by western blot as previously described here
in Chapter 3. First, His6-tagged palladin (5 ml of 10 μM purified LLO domain) was incubated
with nickel-NTA beads that had been pre-equilibrated into Lysis buffer for 4 hours. Then, the
remaining unbound protein was removed from the column with wash buffer. Then, purified Ig3
domain (with His6-tag removed) was incubated with nickel-NTA beads containing the previously
bound His6-palladin protein at a 1:1 ratio at 4 °C overnight. The next day the nickel column was
rinsed with wash buffer to remove any unbound proteins and this fraction was collected. Both
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proteins were then eluted using elution buffer. The wash and elution fractions were collected and
run in a 15% SDS-PAGE gel, the bands on the gel were then transferred to a PVDF membrane to
perform the western blot as described previously. Then, the PVDF membrane was incubated
overnight at 4 °C with primary polyclonal antibody against palladin (Proteintech PALLD, palladin
Rabbit Polyclonal Antibody Cat. #: 10853-1-AP) (1:1000 dilutions). Membrane was washed with
1X PBS buffer and further incubated for 2 h at 25 °C with biotinylated anti-rabbit secondary
antibody (RTU biotinylated Ab anti-rabbit IgG [Ready-to-Use]) (Vector Labs; cat # BP-9100))
(1:500 dilution) followed by incubation with Vectastain ABC solution for 30 min. The presence
of protein bands was detected by mixing 1 mg/mL DAB dissolved in 100 mM imidazole, pH 7.0
and 2.5 mM CoCl2. Then, immediately before using the mixture 0.002% (100 μl of 3%) H2O2 was
added. The PVDF membrane was incubated with the DAB mixture for 2-3 minutes at room
temperature. After 3 minutes the reaction was stopped by rinsing the membrane twice with water.
4.2.7 Bio-Layer Interferometry (BLI). This protocol was adapted from ForteBio Blitz
(https://www.fortebio.com/products/label-free-bli-detection/personal-assay-blitz-system).

The

assay was used to detect binding between the Ig3 domain of palladin and LLO protein. BLI works
by detecting binding between a protein with a Histidine-tag (ligand) binds to the biosensor nickel
tip and an analyte that does not have a His-tag (analyte) with optical interferometry. In this assay,
all proteins were purified, and their concentration were measured using the UV/VIS
Spectrophotometer. Then, proteins were dialyzed into phosphate buffer (20 mM sodium phosphate
[pH 7.8], 150 mM NaCl, and 2 mM 𝛽-mercaptoethanol). The BLItz instrument was turned on 1hour prior starting the experiment. To start the experiment, a baseline run was performed using the
phosphate buffer for 180-300 seconds. Then, a His-tag ligand with various concentrations (5 µg20 µg) used to bind to the nickel sensor with an interaction time of 300-600 seconds, followed by
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a second baseline run for 60 seconds to remove unbound protein from the sensor. Then, the analyte
(mobilized) protein with higher concentration was used to characterize the binding affinity. For a
second loading test, regeneration steps were performed between different protein concentrations
using a regeneration buffer (10 mM glycine [pH 1.7]). After the regeneration step, a recharging
step is required to recharge the nickel sensors using the recharging buffer (10 mM NiCl2 in H2O).

4.3 RESULTS
4.3.1 Palladin is recruited to bacterial entry sites, actin clouds, & comet tails.
Polymerization of host actin is utilized by the microbial pathogen Listeria monocytogenes and is
involved in three different stages of infection: during the entry into host cells, intracellular motility,
and in cell-to cell spreading [110]. Listeria hijacks the actin cytoskeleton and uses it to form
dynamic morphological structures that consist of actin clouds, comet tails, and listeriopods [74].
To understand whether palladin is involved and recruited to these structures, cell-based assays
were performed by Dr. Julian Guttman’s lab using both endogenous and exogenous expression of
a GFP-tagged palladin and purified palladin proteins prepared by the Beck lab. In the first set of
experiments, an immortalized human cell line (HeLa cells) was infected with wild-type L.
monocytogenes and stained for endogenous palladin expression to detect the presence and
localization of palladin within different host cell structures. Palladin was present and recruited into
bacterial entry sites, actin clouds, and comet tails; however, palladin was absent from listeriopods
sites as shown in (Figure 4.1).
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Figure 4.1. Palladin is recruited to bacterial entry sites, actin clouds, & comet tails. L.
monocytogenes infected HeLa cells were fixed and stained with a mouse palladin-targeting
monoclonal antibody (green), DAPI (blue) to visualize DNA, and Alexa 594-phalloidin (red) to
visualize actin. Palladin is found in the invasion sites of the bacterial actin clouds, and comet tails
however, it was absent from the listeriopod region (boxed regions).
4.3.2 Palladin is required for proper maintenance of L. monocytogenes comet tails. To
test whether palladin is required for the proper formation of actin comet tails and Listeria motility,
palladin was knocked down in infected HeLa cells using small interfering RNA (siRNA) (Figure
4.2). There was no significant effect on bacterial invasion in cells with undetectable levels of
palladin, but tails in these cells were distorted and shorter. Since the bacteria were still able to
invade the host cell, the morphology of comet tails was measured. In palladin-depleted cells, the
morphology of comet tails was significantly shorter in length and were distorted compared to
control cells that expressed palladin protein.
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B

C

Figure 4.2. Palladin is Required for Comet Tails. (A) HeLa cells were either treated with nontargeting control (Ctrl) or palladin-targeted (knockdown [KD]) siRNA sequences. Cells were fixed
and stained with a mouse anti-palladin monoclonal antibody (green), DAPI (blue) to visualize
DNA, and Alexa 594-phalloidin (red) to visualize actin. (B) The average comet tail length was
significantly decreased in the palladin-targeted (KD) siRNA-treated cells compared to the comet
tail length in control (Ctrl) cells. (C) Whole-cell lysates were collected and palladin was detected
using a rabbit polyclonal anti-palladin antibody. The 90 kDa palladin (isoform 4) is indicated by
the black arrow.
4.3.3 Palladin mutants alter Listeria motility, F-actin organization, and comet tails.
The VASP binding domain (PR2), along with actin binding domain (Ig3), of palladin have been
shown to play an important role in normal protein functions such as cell development and wound
healing [111, 112]. Mutations of both the VASP-binding site (FP_AA) and Ig3 domain
(K15_18_51A) of palladin domain have previously been tested by the Beck lab and were chosen
to overexpress in the infected HeLa cells to examine their influence on L. monocytogenes
infections (Fig. 4.3). The Ig3 binding domain of palladin binds to F-actin through three key lysine
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residues (K15, K18, and K51) located in its C-terminal region [92]. Previous in vitro studies, where
the lysine residues were mutated with alanine amino acids (palladin K15/18/51A) revealed that the
F-actin binding of Ig3 was significantly decreased [111]. The GFP-palladin K15/18/51A (actin
binding mutant) and the FP_AA (VASP-binding mutant) were expressed and co-transfected with
mKate-LifeAct into HeLa cells and viewed, via time-lapse imaging during L. monocytogenes
infections. The comet tails looked more twisted with cells expressed either GFP-palladin
K15/18/51A or GFP-palladin FP_AA compared to control cells. In addition, the speed of theses
comet tails was 2-fold slower than the control that overexpressed the wild type palladin. Overall,
the comet tail speed was significantly decreased in these GFP-palladin mutants-expressing cells
by 4-fold compared to GFP-palladin-WT-overexpressing cells (Fig. 4.3).
4.3.4 Palladin compensates for Arp2/3 Complex during Listeria actin-based motility.
A recent study has shown that palladin can polymerize actin filaments in vitro and likely enhances
the nucleation step of polymerization [24]. Here, we investigated whether the nucleation function
of palladin is similar to the previously discovered nucleator Arp2/3 complex [77, 79]. Moreover,
we wanted to determine whether palladin has the ability to maintain L. monocytogenes actin-based
motility when the Arp2/3 protein was rendered functionally defective.

The motility of L.

monocytogenes was examined in cells overexpressing GFP-palladin, GFP palladin K15/18/51A,
or GFP-palladin FP_AA before and after introducing the Arp2/3 complex inhibitor CK-666 [113].
In control cells that were treated with the CK-666 inhibitor, the L. monocytogenes comet tails
vanished immediately upon drug treatment. However, in the cells that were treated with CK-666
inhibitor and overexpressing GFP-palladin, the L. monocytogenes comet tails remained intact, and
cells were still able to generate new mobile comet tails. On the other hand, cells that overexpressed
both GFP-palladin K15/18/51A, or GFP-palladin FP_AA had a crumbling and thinning comet tail
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A

Figure 4.3. Palladin mutants alter Listeria motility and F-actin organization comet tails. (A)
Schematic diagram of the 90 kDa palladin showing the proline-rich region (PR2) and the
immunoglobulin (Ig) domains. The FP_AA (purple arrowhead) mutation site on PR region and
K15/18/51A (yellow arrowheads) mutations on the actin binding site (Ig3). (B) HeLa cells were
infected with wild-type L. monocytogenes and co-transfected with mKate-LifeAct to visualize
actin and either GFP-tagged wild-type palladin, palladin K15/18/51A, or palladin FP_AA DNA
constructs. Comet tails were disrupted and got thinner in both GFP-palladin K15/18/51A and GFP
palladin FP_AA-expressing cells. (C) The average comet tail speeds were also significantly
decreased in both palladin K15/18/51A and palladin FP_AA-expressing cells.
phenotype as described earlier and, after the treatment with the CK-666 inhibitor, the bacterial
comet tails also vanished. Quantitation of the time-lapse microscopy was used to understand more
about the function of palladin upon application of the Arp2/3 inhibitor (Figure 4.4 B). These results
show that introducing the CK-666 inhibitor into the cells that overexpressed WT palladin did not
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Figure 4.4. Palladin compensates for Arp2/3 complex during the intracellular motility of L.
monocytogenes. (A) Still frames of movies of HeLa cells infected with L. monocytogenes and
transfected with mKate-LifeAct alone to visualize actin or co-transfected with mKate-LifeAct and
either GFP-tagged wild-type palladin, palladinK15/18/51A, or palladin FP_AA constructs. In
control cells, bacterial movement and comet tails were disrupted with time after treatment with the
Arp2/3 inhibitor CK-666. However, bacterial movement and comet tails in cells that overexpressed
WT palladin are unaffected with the presence of CK-666. (B and C), show the effect of the CK666 inhibitor on the comet tail speed in control cells (red) or overexpressing GFP-tagged wildtype palladin (blue), palladinK15/18/51A (yellow), or palladin FP_AA (purple) constructs. The
motility rate was measured before and after the injection of CK-666, the injection of the inhibitor
significantly decreased the cell motility rate except for cells overexpressing WT palladin.
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significantly alter the comet tail average speed (Figure 4.4 C); however, after treating the control
cells with the CK-666 inhibitor, the bacterial speeds were significantly dropped from an average
8.990 to 0.279 µm/min in control cells (Figure 4.4 C). A similar, slight decrease in comet tail speed
in cells that expressed either mutants compared to the control. This suggests a new function of
palladin in nucleating actin filaments by compensating for the Arp2/3 complex.
4.3.5 Biomimetic actin comet tail formation. To test whether palladin promotes the
formation of actin cloud and induce the elongation of the bacterial comet tails in the presence and
absence of Arp2/3 complex we used cell-free protein reconstitution assay [114]. In this biomimetic
assay, the bacteria incubated with purified components with actin polymerization regulatory
proteins such as Arp2/3 complex, profilin, cofilin, gelsolin, and F-actin. In the presence of all
previous components the comet tails and actin clouds were successfully generated as expected
(Figure 4.5). The bacteria then incubated with purified palladin instead of the Arp2/3, to test
whether the palladin can functionally replace the Arp2/3 complex. We found that the full-length
palladin was able to nucleate actin clouds around the bacteria and enhances the formation of actinbased comet tails (Figure 4.5). The formation of the actin cloud and comet tails did not occur when
the Arp2/3 complex was substituted with Ig3 domain of palladin (Figure 4.5).
4.3.6 L. monocytogenes ActA protein enhances the polymerization activity of the
palladin protein. To complement our in vivo measurements of actin polymerization, indirectly
measured via actin comet tail speed, we also turned to our pyrene-actin polymerization assay using
purified proteins. The L.monocytogenes ActA is a bacterial surface protein, acts as an actin
assembly inducing protein. ActA stimulates the function of NPFs to recruit the actin nucleator
Arp2/3 complex to actin structure to promote the nucleation for new actin filaments. In addition,
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ActA interacts with mammalian cytoskeletal elements to induce actin polymerization and generate
the actin-based comet tails.

Figure 4.5: Fluorescence image of actin clouds and bacterial comet tails formed in the
presence of Arp2/3 (top), palladin-FL (middle), or Ig3 domain of palladin (bottom). Comet tail ans
actin clouds formed in the reaction mixture that contains either Arp2/3 or palld-FL but not with
the palld-Ig3. Solid arrows indicate the comet tails and actin clouds while the open arrows point
to the bacteria.
To understand more about the mechanism of action of ActA and how palladin may be
involved in the formation of the L .monocytogenes comet tails, we measured the effect of ActA
and palladin on the polymerization rate of actin. We measured the actin polymerization rate by
monitoring the fluorescence intensity of actin in the presence of palladin alone, Arp2/3 and in the
combination of palladin and ActA. The in vitro actin polymerization rate is dramatically increased
by six-fold in the presence of the Arp2/3 complex. In addition, the polymerization rate was also
increased by almost two-fold with a reaction mixture that contains palladin and ActA compared
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to reactions using palladin alone (4). Using pyrene-actin polymerization assays, we found that
Listeria protein ActA also enhances palladin’s ability to nucleate and polymerize actin filaments
(Figure 4.6).

Figure 4.6: Actin polymerization induced by full-length palladin, Arp2/3, and ActA. Spontaneous
assembly of 5 µM actin (5% pyrene labeled, primed with 1 mM EGTA and 0.1 mM MgCl2), in
the presence of palladin (10 µM), Arp2/3 (0.37 µM), and ActA (0.3 µM) as indicated.
Polymerization was monitored by measuring an increase in fluorescence intensity of pyrene actin
at 365 nm as excitation wavelength and 385 nm as emission wavelength in the following reactions:
actin alone (blue line), actin with Arp2/3 (red line), actin with palladin (green line), and actin with
both palladin and ActA (magenta line).
4.3.7 Actin polymerization is induced by WT palladin, VASP and ActA. Monitoring
actin polymerization by pyrene fluorescence with purified proteins was used to understand more
about the mechanism of action on how ActA, VASP, and palladin influence the formation of actinbased comet tails in L. monocytogenes. The actin polymerization rate was significantly increased
by over ten-fold with purified ActA protein as shown in (Figure 4.7). The data also shows that the
presence of ActA with palladin enhances the rate of actin polymerization (Table 4.1). These data
indicate that palladin protein interact with ActA in an unknown mechanism. The next question
was whether palladin directly interacts with ActA? To answer this question, we conducted protein

75

-protein interaction assays with purified proteins to test the binding between ActA and palladin.
TABLE 4.1
Actin polymerization rates in the presence of palladin, ActA and VASP
Actin
Polymerization

0.98

Palladin

2.45

VASP

11.7

rate nM/s
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Figure 4.7. Actin polymerization induced by WT palladin, VASP and ActA. (A) Schematic of
listeria protein ActA (green) and other mammalian proteins such as profilin (p), VASP and Arp2/3
complex are inducing actin assembly the actin assembly. (B the polymerization rate and the
spontaneous assembly of 5 µM actin (5% pyrene labeled, primed with 1 mM EGTA and 0.1 mM
MgCl2), was monitored by measuring the fluorescence intensity in the presence of palladin (10
µM) (black line), VASP (10 µM) (red line), ActA (0.3 µM) (green line), a combination of WT
palladin and ActA (magenta line), or VASP and ActA ( orange line).
4.3.8 Palladin- ActA interactions
To detect potential protein interactions between palladin and Listeria proteins, we turned
to Far-Western blotting with all secreted proteins from Listeria (Figure 4.8 A). All secreted
proteins from Listeria were run on an SDS-PAGE gel, then we used palladin to detect the binding
to the Listeria proteins ActA. It was apparent from the molecular weight that the protein
interacting most significantly with palladin was not ActA. Therefore, the band at ~ 59 kDa band
was extracted from the gel and sent for mass spectroscopy analysis (Table 4.2).
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TABLE 4.2:
Mass Spectrometry (MS) of whole proteins secreted from Listeria that interact with palladin

The highlighted region in yellow indicates the closest protein sequence identified by MS with
molecular weights of ~ 59 kDa and ~ 49 kDa. The ~ 59 kDa is the closest molecular weight match
the band on the polyacrylamide gel of the Listeria secreted proteins. We found that the Listeria
protein that directly interacts with palladin was Listeriolysin O (LLO). LLO produced
by Listeria monocytogenes is typically considered a virulence factor, since it is important for the
virulence of L. monocytogenes [109].
We next sought to measure the direct binding between LLO and palladin using a pulldown
assay and Western blot. From the pulldown assay and Western blots, we found that the LLO is in
fact directly binding to the Ig3 domain of palladin (Figure 4.8 B). We do not yet know how this
interaction influences the actin dynamics as LLO has not previously been associated with actin
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cytoskeleton. Further investigation needs to be carried to understand the role of LLO and palladin
in actin cytoskeleton dynamics.

A

B

Figure 4.8. The interaction of palladin with Listeriolysin O protein (LLO). (A) Far Western blot
with secreted proteins from Listeria and palladin. Palladin does not bind directly to ActA protein,
however it does appear to interact with an unknown protein that has been since been identified as
Listeriolysin O (LLO) using MS. (B) Pulldown assay and Western blot show the direct binding
between LLO and Ig3 domain of palladin.
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4.4 DISCUSSION
Previous studies show that palladin plays an important role in the regulation of actin-rich
structures, especially those associated with cell motility [23]. The intracellular pathogen L.
monocytogenes hijacks host cell actin and uses actin-rich structures to facilitate the movement and
invasion of bacteria within cells and from cell to cell. This study shows that the depletion of
palladin in the Listeria infected cells alters the bacterial comet tail speed morphology. In addition,
we show that overexpression of wildtype palladin can replace the Arp2/3 complex in nucleating
actin filaments in the presence of Arp2/3 inhibitor CK-666. Palladin also has the ability to maintain
the actin-based motility of the bacteria in the absence of Arp2/3 complex. The mechanism of action
of how palladin contributes during the bacterial invasion is not fully understood. From a previous
study by the Beck Lab we know that the Ig3 domain of palladin binds to actin via several surfaceexposed lysine residues, and a mutation at three specific lysine residues (from K15A, K18A, and
K51A) results in a twisted comet tail and a significant decrease in comet tail speed [92]. This
finding indicates that these lysine residue mutations on Ig3 domain diminish the binding to actin
and prevent palladin from crosslinking actin filaments, which results in disoriented and warped
comet tails [115, 116].
Many studies have been conducted to understand the role of VASP in the regulation of
actin cytoskeleton [53, 54, 67, 71, 72, 75, 117]. VASP is thought to play an important role on the
bacterial surface during the L. monocytogenes infections. VASP can binds directly to the Listeria
surface protein ActA and regulates the motility rate of L. monocytogenes [117, 118]. In this study
we show that a mutation in the VASP binding site in cells expressing palladin FP_AA has a
significant effect on actin organization and comet tails morphology. A previous study has shown

80

that the absence of VASP protein enhances the formation of branching actin filaments [119], which
explains the observation of actin clumps in palladin FP_AA expressing cells.
The main discovery in our study is that palladin can nucleate and polymerize new actin
filaments and can functionally compensate for Arp2/3 complex in cells. It also plays a critical role
in the maintenance of actin clouds and comet tails morphology of L. monocytogenes. We also show
that the ActA protein interacts with palladin and enhances the polymerization rate of actin and the
nucleation activity of palladin. However, mixtures of ActA with palladin have a reduced
polymerization rate compared to the Arp2/3 complex, which suggests that there are other
mechanisms that are likely involved in palladin nucleation activity.
Palladin plays many different roles in cells, in addition to its ability to nucleate and
polymerize actin filaments, palladin can also crosslink actin filaments. Both palladin and Arp2/3
are abundant in cells, but it is not clear in which condition palladin would functionally replace the
Arp2/3 complex. While other proteins have shown the ability of either nucleate (Arp2/3 complex)
or elongate (actinin and fascin) actin filaments, here we show that palladin can assist with both
nucleation and extending branched actin filaments. The upregulation of palladin in metastatic
cancer cells and its ability to nucleate actin filaments suggest that palladin may have essential
nucleation role during actin-based motility in cancer cells [90, 120].
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CHAPTER 5
CONCLUSIONS AND FUTURE DIRECTIONS
Previous research from the Beck and Campbell labs has established that the Ig3 domain of
palladin is the minimal binding site for F-actin [24]. The Ig3 domain increases the polymerization
rate and decreases the disassembly rate of actin filaments [92].

A minor amount of previous

research has been carried out with the 90 kDa palladin that was purified from insect cells [24]. In
this study, we have been able to successfully purify the 90 kDa palladin, also named as isoform 4,
from E. coli bacterial cells for the first time. This isoform is ubiquitously expressed in all cell types
and is specifically upregulated in cancer cells [62, 90]. Furthermore, our work aims to compare
the effect of the 90 kDa palladin and the Ig3 domain of palladin on actin structure and dynamics.
This work has demonstrated that the 90 kDa palladin has a higher binding affinity and bundling
capacity for actin filaments than the isolated Ig3 domain. In addition, we have shown that the 90
kDa palladin enhances the actin polymerization rate, but to a lesser degree than the Ig3 domain,
which suggests that palladin may be autoinhibited and thereby block the binding site of monomeric
actin. In future research, we plan to detect monomeric actin binding by using actin affinity
chromatography (BioRad Affi-Gel 10). In addition, surface plasmon resonance (SPR) can be used
to test the autoinhibition hypothesis by measuring the binding affinity between different purified
fragments of the 90 kDa palladin.
Previous studies have shown that palladin and VASP are involved in the regulation of actin
filaments which play an essential role in cancer metastasis [26, 56, 117, 119]. Here, we aimed to
test whether a mutation on the proline rich motifs of palladin would affect the binding of VASP to
palladin. Based on protein-protein interaction assays we have applied here, we detected a large
degree of non-specific binding to VASP in our assays which prevents accurate determination of
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binding. In future work we hope to eliminate non-specific binding by optimizing the buffer
condition used in these assays. Furthermore, we are planning to examine the polymerization rate,
critical concentration and depolymerization of actin in the presence of VASP with WT and FPAA. We are also planning to use TIRF microscopy to visualize the effect of VASP with WT and
FP-AA on actin structure.
We have also investigated the role of palladin in the generation of actin-rich structures
during L. monocytogenes infections [107]. We found that palladin is crucial for the structural
maintenance of Listeria actin-rich comet tails. We also found that there are specific regions of
palladin, such as the actin binding and the VASP binding sites, that are required to maintain proper
morphology of the Listeria actin comet tails. The most significant discovery in this study was that
palladin can compensate for Arp2/3 complex during Listeria motility, indicating that palladin can
form the necessary branched or meshwork structures needed for highly motile cells. Our future
research will focus on understanding and investigating the effect of palladin on the organization
of actin filaments using electron microscopy (EM) and TIRF microscopy. In addition,
understanding how palladin’s other binding partners such as VASP and ActA co-regulate these
functions.
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