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ABSTRACT 
 

Ability to initiate key cellular events relies on engaging cytoskeletal machinery, including 

remodeling of the actin cytoskeleton and its interactions with the extracellular matrix. Actin remodeling is 

a dynamic process, involving assembly of globular actin into actin filaments and further assembly of 

filaments into actin bundles, which form stress fibers, lamellipodia and filopodia. Given the importance of 

these structures in cell fate, actin bundling is a tightly regulated process. Recently, it was shown that a 

subset of proteins, historically known for their membrane-modulating properties, the BAR-domain 

proteins, regulate formation of higher order actin structures. However, their exact role in the regulation of 

the actin cytoskeleton remains unclear.  

ASAP1 is a multi-domain Arf GTPase-activating protein that controls cell migration, spreading 

and focal adhesion dynamics. While its GAP activity contributes to the remodeling of the actin 

cytoskeleton, it does not fully explain all cellular functions of ASAP1. The thesis work described herein 

identifies a novel mode of regulation of the actin cytoskeleton through the N-BAR domain of ASAP1. My 

results show that the BAR domain of ASAP1 alone is sufficient and necessary for crosslinking the actin 

filaments to organize them into bundles for maintenance of stress fibers. Biochemical and cellular 

structure/function analyses suggest that this actin reorganizing activity is unique to the ASAP subfamily of 

BAR-domain containing ArfGAPs. It further shows that the actin remodeling activity of the full-length 

ASAP1 relies on directive from oncogenes CrkL and c-Src. In summary, this work extends our 

understanding of multimodal regulation of the actin cytoskeleton dynamics by ASAP1, dissects a 

GAP/Arf-independent arm of actin cytoskeleton remodeling by ASAP1 and further shifts away from the 

established notion that BAR-domain containing proteins are primarily membrane modulators. 
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HYPOTHESIS AND SPECIFIC AIMS 

The actin cytoskeleton is crucial for biological processes and is disrupted in and/or contributes to 

disease processes. All the diverse and complex actin structures that regulate cell processes arise from 

the same basic unit - the globular actin monomer. The diversity, architecture, and function of actin 

structures thus arise from proteins that bind to and remodel actin. Among the array of actin structures, 

stress fibers serve as an important element in basic cell organization and function and also in complex 

cell fate decisions. Four main types of stress fibers exist in animal cells – 1) ventral stress fibers, a 

contractile type anchored to the focal adhesions at both ends, 2) dorsal stress fibers, which connect to 

focal adhesions at one end and serve as a platform for assembly of other types of stress fibers, 3) 

transverse arcs, important in cell migration and spreading, and 4) the perinuclear actin cap, which 

controls nuclear shape during mitosis [1-12]. 

Beyond facilitating events such as cell adhesion and migration, actin filaments in stress fibers and 

their binding proteins provide a scaffold for cytoplasmic-nuclear shuttling of mitogen-activated protein 

kinase (MAPK) to control cell proliferation and facilitate entry into the cell cycle [13, 14]. Dynamic 

remodeling of SFs aids normal biological processes, such as regulation of tissue permeability and 

differentiation [15, 16]. Aberrant processes, such as pre-malignant stages of cancerous transformation, 

can be accompanied by cell stiffening, rapid filament assembly, enhanced formation/numbers of stress 

fibers, followed by upregulation of proliferation signals, and finally, disassembly of stress fibers [17]. 

Ventral stress fibers especially translate tension to activate or inhibit the focal adhesion assembly and 

thus direct cell movement. Actin binding proteins assist with assembly and execution of these functions 

through modulation of shape and directionality of actin filaments and are thus at the core of cell decision 

processes. 

ASAP1 (DDEF1 (Development and Differentiation Enhancing Factor 1), AMAP1 (A Multiple-

domain ArfGAP Protein 1), centaurinb4) is a 130 kDa multi-domain ArfGAP that regulates the actin 

cytoskeleton. The presence of a BAR (Bin-Amphiphysin-Rvs) domain also places ASAP1 into the BAR-

domain superfamily. BAR domains are best studied for their membrane curvature inducing and sensing 

properties, although other functions have emerged in the past decade. ASAP1 was shown to play an 

important role in normal processes, such as mesenchymal cell differentiation, but also aberrant 
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processes, such as promoting migration and epithelial-mesenchymal transition (EMT) of ovarian cancer 

cells [18]. ASAP1 has been best studied as a GTPase-activating protein (GAP) for Arf GTPases. 

Although GAP activity is essential for many functions, interaction with Arf does not explain all its observed 

cellular effects. Our group has recently found that ASAP1 interacts with non-muscle myosin II A (NMIIA) 

to control actin cytoskeleton organization and we now have observed that ASAP1 directly binds to the 

actin filaments in vitro [19]. My central hypothesis is that ASAP1 directly regulates the actin cytoskeleton 

remodeling via its N-terminal BAR-PH region. I posit that the BAR-PH tandem organizes actin filaments 

into actin bundles, thereby modulating the dynamics of higher order organization of actin structures, such 

as stress fibers. I also propose that actin reorganizing activity of ASAP1 BAR-PH is under inhibitory 

autoregulation mediated by its C-terminal ArfGAP and SH3 domains. To test this hypothesis, I 

investigated the following specific aims: 

Aim 1. Determine domain boundaries of ASAP1 responsible for binding to filamentous actin and 

regulating the bundling activity. 

Aim 2. Examine the regulatory role of intra- and intermolecular interactions between the C-terminal GAP 

and SH3 domains and the BAR domain. 

Aim 3. Dissect the structural basis of auto-inhibitory regulation.  

Together, the studies in this research project are aimed at: 1) improving our understanding of, 

and expanding our view on the role that multi-domain signaling proteins, such as ASAP1, play in the 

regulation of the actin cytoskeletal dynamics, and 2) elucidating the role signaling and adapter proteins of 

the cytoskeletal compartment play in controlling ASAP1 activity. 
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CHAPTER 1. INTRODUCTION  

The Actin Cytoskeleton and Its Modulators 

Assembly, maintenance, and regulation of the actin cytoskeleton are important for normal cell 

functions, such as cytokinesis, immune function, morphogenesis and migration [20-26]. To perform all of 

these functions, the actin machinery takes on multiple forms, all of which arise from actin monomers as 

basic building blocks. Monomeric actin (also called globular or G-actin) is an evolutionarily highly 

conserved and abundant protein, which assembles into actin filaments and actin bundles via 

polymerization. Actin polymerization is a multi-step process, which involves actin nucleation, where three 

actin monomers form a stable nucleation point, actin elongation, where more actin monomers are added 

to the positive end to form a filament, and a steady-state phase, where the rate of monomer addition to 

one end of the filament is equal to the monomer dissociation at the other (Fig 1.1.). This last steady-state 

step is known as the actin filament treadmilling and is dictated by the concentration of globular actin pool 

in the cytosol.  

Figure 1.1 Simplified schematic of cellular actin dynamics. Cellular actin treadmills between actin 
monomers (globular actin) and actin filaments (filamentous actin). Each stage is facilitated by actin 
binding proteins, e.g. elongation factors, capping and severing proteins. Treadmilling allows for constant 
actin remodeling. Drawn with BioRender.   
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Under physiological conditions, this process is governed by actin-binding proteins, such as the 

actin monomer binding proteins profilin and thymosin, the actin-severing proteins gelsolin and cofilin, and 

actin-capping proteins, such as tropomodulin and CAPZ [10, 27-30]. Under in vitro conditions, actin 

polymerization can be achieved by perturbing ionic strength of  monomeric actin solution, usually by 

adding KCl (50 – 100 mM) and divalent ions (Mg+2 and Ca+2) for stability [31-33].  

In cells and tissues assembled actin filaments can be used to form actin networks and actin 

bundles. Actin networks are loose three-dimensional gel-like nets, which participate in cell migration and 

turnover, quickly to respond to various stimuli [34, 35]. Networks are formed by large bundling proteins, 

such as filamin, that are able to crosslink actin filaments into orthogonal arrays [36, 37]. Actin bundles are 

parallel arrays of actin filaments of variable widths that are crosslinked by actin bundling proteins (Fig 

1.2.). The spacing between filaments is determined by the domain organization and fold of the bundling 

protein, with smaller proteins, such as fimbrin, forming tighter bundles and larger proteins, such as a-

actinin, forming looser bundles, which may accommodate other proteins on the filaments, such as myosin 

motors [38-42].   

Figure 1.2. Bundling of actin filaments by actin bundling proteins. Individual actin filaments can be 
further cross-linked into bundles by actin bundling proteins. Distance between filaments in a bundle is 
dictated by the domain architecture and structure of the actin bundling protein. Smaller actin bundling 
proteins, e.g. fimbrin (shown on the left) crosslink actin into tighter bundles, while larger multi-domain 
proteins, e.g. actinin, crosslink actin filaments into looser bundles (shown on the right). Drawn in 
BioRender. 
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A stress fiber is an example of an actin cytoskeletal structure made up of actin bundles. There are 

four major types of stress fibers – ventral stress fibers, dorsal stress fibers, transverse arcs and the 

nuclear actin cap (Fig 1.3.). Ventral stress fibers are the most commonly observed type of stress fibers, 

especially in stationary cells and lie along the base of the cell and anchor to focal adhesions at both ends. 

Dorsal stress fibers attach to the focal adhesions at one end only, which secures them to the bottom of 

the cell and allows the free end to rise towards the dorsal part of the cell [1, 11, 12]. Transverse arcs do 

not anchor to the focal adhesions, form during cell migration and have the ability to flow away from 

periphery towards the center of the cell. Two dorsal stress fibers and a transverse arc or two dorsal stress 

fibers can merge to form ventral stress fibers [1, 43, 44]. The nuclear actin cap is made up of stress fibers 

that position themselves above the nucleus and control its shape during mitosis [2, 4-6]. Although most 

prominent in static cells, stress fibers participate in dynamic processes during cell migration and adhesion 

to substratum and are assembled via different mechanisms. 

  

 

 

 

 

Figure 1.3. Schematic of stress fiber organization. In a spreading cell, the leading edge is formed by rapid 
actin polymerization in the front and formation of transverse arcs and dorsal stress fibers. Ventral stress 
fibers are producers of contractile force and are important for tail retraction. Drawn in BioRender. 
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Aside from facilitating events such as cell adhesion and migration, actin filaments in stress fibers 

and their binding proteins participate in processes that define cell decisions. For example, stress fibers 

serve as a scaffold for cytoplasmic-nuclear shuttling of MAPK (mitogen-activated protein kinase) to 

control cell proliferation and facilitate entry into the cell cycle [13, 14]. Dynamic remodeling of stress fibers 

aids normal biological processes, such as regulation of tissue permeability and differentiation [15, 16]. In 

many cell types that undergo terminal differentiation, such as myoblasts, actin stress fiber rearrangement 

guides cell signaling and fusion processes, therefore myogenesis relies on carefully executed actions by 

actin regulators Ena/VASP (Vasodilator-stimulated phosphoprotein), Arp2/3 (actin-related proteins 2/3), 

WASP (Wiscott-Aldrich syndrome protein), N-WASP (neural WASP), drebrin and their associated 

networks, such as integrin-adhesion, Hippo, and mitogen-activated protein kinase pathways [45-52]. 

Similar processes govern osteogenesis – differentiation of mesenchymal stem cells into bone [53-57]. 

Actin remodeling may also control the direction of cell differentiation - at least in pluripotent stem cells - by 

perturbing actomyosin interactions, which then shifts differentiation fate from mesodermal to endodermal 

lineage [58, 59]. In aberrant processes, such as pre-malignant stages, stress fibers and general actin 

remodeling can be accompanied by cell stiffening, rapid filament assembly, enhanced stress fibers, 

followed by upregulation of proliferation signals, and finally, disassembly of stress fibers [17]. Ventral 

stress fibers especially translate tension to activate or inhibit the focal adhesion assembly and thus direct 

cell movement [60].  

The role of non-muscle myosin, Arp2/3, WASP, formin and a-actinin families in the formation and 

maintenance of actin  stress fibers are well-defined, but other actin binding proteins are also present 

along the stress fibers. Although their exact function is still being defined, some facilitate bundling of actin 

filaments and some may also provide additional scaffolding or signaling functions to modulate actin 

dynamics. By no means an exhaustive list, these proteins include fascins, palladins, calponins, villins, 

espins, and plastins. Such abundance of bundling proteins with varying bundling activity provides 

diversity to cellular actin suprastructures.    
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The BAR Domain Superfamily: Structure, Function and Regulation 

Sequence and structural homology between vertebrate BIN1 and Amphiphysin and yeast Rvs 

proteins led to identification of a new class of protein domains, collectively known as the BAR domains. 

The BAR domain-containing protein superfamily has since expanded to include oligophrenins, ArfGAPs, 

arfaptins, sorting nexins, nervous wrecks, endophilins and syndapins. There are now around 55 known 

human BAR-domain containing proteins, including  oligophrenins, arfaptins, ArfGAPs, sorting nexins, 

nervous wrecks (Nwk) (Fig 1.4.) [61]. Early structural studies using X-ray crystallography on the 

Drosophila amphiphysin BAR domain showed that the domain assembles into a banana-shaped 

homodimer, with each monomer comprised of a three-helix bundle and with a highly hydrophobic 

interface between the monomers [62]. As more structural information on some of the BAR-domain 

containing proteins became available, it allowed the identification of further diversity in their now familiar 

banana-shaped fold, leading to the establishment of new protein subgroups in addition to those 

containing the classical BAR domain. These new subgroups are characterized by the presence of a BAR 

domain with an N-terminal amphipathic helix (N-BAR), a BAR domain with homology to Fes/CIP4 proteins 

(F-BAR), and an inverse BAR domain (I-BAR). The sequence homology is low among all of the members 

of the BAR-domain superfamily with divergence further arising from the length of helices and the angle of 

dimerization. For example, the F-BAR domain containing proteins tend to have a shallower fold and 

longer distances between the tips of the dimer (Fig 1.5.), while N-BAR domains tend to be the most 

curved. However, the majority of BAR domains have an abundance of positively charged residues, such 

as lysine and, to a lesser extent, arginine, throughout the concave side of their dimers. These structural 

differences may thus dictate the way that BAR domain proteins interact with their targets – membranes 

and other proteins. 
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Figure 1.4. Schematic overview of the members of the BAR/ N-BAR, F-BAR and I-BAR domain 
superfamily. Domains are named according to EMBL-EBI InterPro classification. Drawn in BioRender.  
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Except for the simplest member of the superfamily, arfaptin, most BAR domain-containing 

proteins also contain other auxiliary domains. The most common domain combined with the BAR/N-

BAR/F-BAR/I-BAR domains is the Src Homology 3 domain (SH3), important for protein-protein 

interactions via proline-rich domains and motifs. The SH3 domain found on various BAR domain 

containing proteins to date has been described to be in association with actin regulators, such as 

dynamin, formins, the Arp2/3 complex and Ena/VASP family members [63-72]. Many BAR domain 

proteins also contain domains that regulate the activity of GTPases involved in actin cytoskeleton 

remodeling, such as RhoGEF, RhoGAP and ArfGAP, but also CRIB (Cdc42/Rac interactive binding motif) 

domains. GEFs, guanine nucleotide exchange factors, are responsible for turning small GTPases on by 

stimulating the exchange of GDP for GTP. GAPs, GTPase activating proteins, on the other hand, are 

responsible for turning GTPase signaling off by stimulating hydrolysis of GTP to GDP. CRIB, or 

Cdc42/Rac interactive binding, domains bind active (GTP-bound) GTPases and act as effectors in 

downstream signal transduction. For example, some F-BAR domain proteins, such as Toca1, CIP4, and 

syndapin2, as well as all reported members of the I-BAR family interact with Rho GTPases, whose activity 

is essential for the function of the actin cytoskeleton [66, 73-80]. A consequence of having multiple 

domains that may regulate actin remodeling is difficulty in parsing and assigning specific domain 

functions in the context of full-length protein. As a result, actin-remodeling activity for some have been 

contested.  
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Figure 1.5. Structure and curvature of BAR domains. BAR domains adopt a classical six-helix dimer 
shape, composed of two anti-parallel BAR domain monomers (each monomer is colored in grey and 
orange). Ribbon diagrams of representative members of each subfamily with side (left) and bottom (right) 
views are shown, based on RCSB PDB IDs. Approximate distances between the tips of the represented 
BAR domains are shown below each cartoon. Cartoons were rendered in PyMOL (Schrödinger, LLC). 

 

BAR-/N-BAR Domain Containing Proteins  

The founding members of the BAR superfamily, vertebrate BIN1 (Amphiphysin II), Amphiphysin I, 

and yeast Rvs, were discovered in the early 1990’s. Amphiphysin I was found to be enriched in neuronal 

tissue and possibly play a role in synaptic vesicle endocytosis, while also discovered as an autoantigen in 

the Stiff-person disease associated with breast cancer [81]. It was predicted to have a coiled-coil, highly 

homologous to yeast Rvs proteins, which play an important role in endocytosis [82, 83] . Later, 

independent studies reported on multiple proteins (BIN1, SH3P9, amphiphysin-like, amphiphysin II), 

which turned out to be splice isoforms of the same gene, BIN1 [84, 85]. As more BAR-domain containing 

proteins were discovered, further bioinformatics analyses revealed subgroups, and amphiphysin II is now 

considered an N-BAR family member, although many review articles still group classical BAR and N-BAR 

domain family members into one group.  

N-BAR domains, although sometimes grouped together with the classical BAR proteins, differ 

from BAR domains in that they contain a short amphipathic helix at the very N-terminus of the BAR. 

These helices are predicted to be very dynamic in nature, due to poor density in crystal structures (and 
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may play a role in strengthening interactions with the membrane). This subfamily is diverse and the 

largest of the BAR domain superfamily–from small proteins, such as endophilins and amphiphysins, 

which contain N-BAR and an SH3 domain, to larger multi-functional modules, such as ASAPs, ACAPs, 

and GRAFs that have additional protein-protein interaction and catalytic domains. In the BAR/N-BAR 

subfamily, many proteins perform membrane remodeling functions, a characteristic this superfamily is 

best known for, but many also remodel the actin cytoskeleton indirectly, directly or both.  

One of the founding members of this family, amphiphysin II gained a renewed scientific interest 

due to its identification as a risk factor for the Alzheimer’s Disease (AD), its association with tau pathology 

(tau protein aggregates, or tangles, in AD), and recent evidence that actin dynamics are disrupted in AD 

[86]. Amphiphysin II (also known as BIN1, Bin1, and Myc box-dependent-interacting protein 1) is a BAR- 

and SH3-domain containing protein of 65 kDa. It is a predominantly nuclear ubiquitously expressed 

protein highly abundant in the brain and muscle, with at least ten alternatively spliced isoforms of varying 

tissue distribution. The cellular localization of amphiphysin II changes depending on the proliferative 

versus differentiating state of the cells, and this phenomenon is also isoform dependent. Amphiphysin II 

was initially identified in a yeast two-hybrid screen as MB1 (Myc Box 1)-interacting nuclear protein with 

anti-transforming activity directed against the Myc transcription factor [84]. It has been shown to 

participate in actin and membrane remodeling via interactions with dynamin (a GTPase involved in fission 

and fusion of endocytic vesicles) and N-WASP (neuronal Wiscott-Aldrich syndrome protein that regulates 

actin polymerization by promoting actin nucleating activity of Arp2/3) through its SH3 domain [87, 88]. 

Dräger and colleagues showed that the N-BAR domain of amphiphysin II has direct actin binding, 

bundling activity, and interacts with the actin filaments [89]. Moreover, its N-BAR domain may collaborate 

with tau to remodel actin as addition of amphiphysin N-BAR stabilized tau-crosslinked actin filaments. 

Although it remains to be determined how amphiphysin II-tau interaction contributes to the development 

and progression of the AD, this study suggests that some BAR-domain proteins exhibit both indirect and 

direct actin remodeling activity and collaborate with other actin bundling proteins to remodel actin. 
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F-BAR Domain Containing Proteins 

 The F-BAR (FCH-BAR) domain derives its name from the identification of homology between the 

first 300 amino acids of Fes and CIP4 (Cdc42 interacting protein 4) collectively termed as FCH (FER-

CIP4 homology) [90]. Further bioinformatics analyses revealed that the conserved sequence is part of a 

larger domain, which includes a predicted coiled-coil region [91]. Although, as with other BAR domain-

containing proteins, the amino acid conservation is low, the secondary structure analysis predicted that 

members of this family belong to the BAR domain superfamily due to their fold. In comparison with the 

members of BAR and N-BAR families, the F-BAR proteins take a shallower fold, therefore, leading to a 

shallower degree of membrane bending (Fig 1.5.) [92]. As members of the BAR and N-BAR families, 

members of the F-BAR family are structurally and functionally diverse, with additional subunits such as 

SH3 (Src homology 3), asparagine-proline-phenylalanine (NPF) repeats, proline-rich motifs (PXXP), and 

RhoGAP (Rho GTPase activating protein) domains.  

PACSINs (Protein kinase C and casein kinase substrate in neurons protein), or syndapins, are F-

BAR domain proteins that can serve as an example of proteins that have both overlapping and isoform 

specific functions, and proteins whose activity is under intramolecular regulation. Syndapins are ~50 kDa 

proteins with an F-BAR and SH3 domains connected via a long unstructured linker. Syndapin1 was 

originally identified in neurons as encoded by a gene downregulated after entorhinal cortex (part of 

hippocampal memory system) lesion and containing potential casein kinase and protein kinase C 

interaction sites and thus termed PACSIN1 [93]. In an independent study, it was isolated as a dynamin-

interacting protein in rat brain and named Syndapin1 [94]. Syndapin1 was found to interact through its 

SH3 domain with dynamin I, N-WASP and with synaptojanin (a polyphosphoinositide phosphatase 

regulating synaptic vesicle uncoating), and to co-localize with dynamin I in neurons [95]. It is also post-

translationally modified via phosphorylation by casein kinase 2 on Ser358, which is critical for the 

formation of dendritic spines, but is dispensable for the association of Syndapin1 with lipid membranes 

[96]. Isoform 1 is expressed exclusively in cells of neuronal origin, while isoform 2 displays ubiquitous 

tissue expression [97]. A third isoform containing proline-rich motifs was discovered later with expression 

restricted to skeletal and cardiac muscle tissues. Despite differences in tissue distribution, all three 

isoforms were shown to co-localize with dynamin and clathrin, and inhibit endocytosis [98]. Syndapin 2, 
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however, was also recently shown to directly interact with actin filaments through its F-BAR domain. And 

although both the full-length protein and the isolated F-BAR domain were able to bind to actin, the binding 

was stronger for the F-BAR domain alone [99]. The SH3 domain itself was previously shown to be critical 

in mediating activity of  PACSINs, at least for isoform 1. Rao and co-workers have shown that the isolated 

F-BAR domain of Syndapin 1 induces membrane tubulation in COS-7 cells, but this phenotype is not 

observed in cells expressing the full-length protein (F-BAR + SH3) [100]. The structural basis of auto-

inhibition was confirmed by solving the crystal structure of the full-length protein, which revealed the 

folding of the SH3 domain onto the BAR domain, creating an auto-inhibitory clamp, which may explain the 

results from cell-based experiments and can be extrapolated to observations in the actin remodeling 

study. Kostan and colleagues also compared actin binding to two other F-BAR domain-containing 

proteins FCHO2 and CIP4, but no actin binding was detected, further highlighting the functional 

complexity within the F-BAR subfamily [99].  

 

I-BAR Domain Containing Proteins 

I-BAR (inverse BAR) domains, also referred to as IMD (IRSp53 and Missing in metastasis 

homology Domain), are distant relatives of the classical BAR domains. They are named so due to the 

inverse shape of the dimer, leading to a negative membrane curvature (Fig 1.5.). In comparison to the N-

BARs and F-BARs, the shape of the dimer is flatter. Known members of the I-BAR family in vertebrates 

include MIM (missing-in-metastasis) and ABBA, both of which contain WH2 (WASP-homology 2) domain, 

and IRSp53 (insulin receptor substrate of 53 kDa), IRTKS (insulin receptor tyrosine kinase substrate) and 

Pinkbar, which contain an SH3  domain (Fig 1.4.). It is thus far the smallest, but the most controversial 

subfamily to date. Although several members, including MIM, IRTKS and IRSp53 were shown to remodel 

actin via direct and indirect mechanisms, evidence whether it is a physiological or purely an in vitro 

phenomenon is conflicting. 

IRSp53, also known as BAIAP2 (Brain-specific angiogenesis inhibitor 1- associated protein 2), is 

a 61 kDa protein, containing I-BAR, CRIB (Cdc42/Rac Interactive Binding) motif, and SH3 and WH2 

domains. IRSp53 was originally identified through production of antibodies to proteins phosphorylated in 

insulin-stimulated CHO.T and HTC.IR cells. Although its function was undetermined, it was deduced that 
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the protein is a novel phosphorylation target of the insulin receptor, which normally associates with the 

cell membrane or a subcellular compartment due to its presence in the particulate fraction of cell lysates 

[101]. Later, through a yeast two-hybrid screen using WAVE1, a protein that is part of the complex 

involved in reorganization of actin cytoskeleton, as bait, IRSp53 was identified as a potential interactor. 

Further inquiry confirmed that WAVE1 and IRSp53 interact through the SH3 domain of IRSp53 and this 

interaction is important for induction of membrane ruffling provoked by Rac1 [102]. Physiologically, 

IRSp53 may be involved in antagonizing the myogenic differentiation process, as downregulation via RNA 

interference greatly enhanced differentiation of immortalized mouse myoblasts, leading to thicker 

myotubes compared to control. Conversely, overexpression of the protein led to poor differentiation [103].  

IRSp53 is also subject to autoinhibitory regulation as interaction with activated Cdc42 

(Cdc42×GTP) was required for induction of filopodia. This also suggested that IRSp53 may contain a 

CRIB motif. The auto-inhibitory region was mapped to the amino-terminal half of the I-BAR domain 

(amino acids 1-180), and co-expression of this fragment along with the full-length protein led to significant 

reduction in the number of cells with filopodia. In order to investigate what other components of the actin 

remodeling machinery were present downstream of active Cdc42/IRSp53, a N-terminal deletion fragment 

of IRSp53 was used to pull-down potential partners that interacted with uninhibited IRSp53. Mena, a 

member of the Ena/VASP homology proteins that regulate actin polymerization was discovered. 

Interestingly, domain mapping showed that interaction with Mena was through the SH3 domain of IRSp53 

as well as the carboxy-terminal half of the I-BAR domain. Furthermore, association of IRSp53 with Mena 

in Swiss 3T3 cells, used as the model, was mediated by Cdc42, indicating that interaction of Cdc42 with 

the CRIB motif of IRSp53 is required to release the auto-inhibitory conformation of IRSp53 in order to 

induce actin reorganization [104]. However, in a fluorescence microscopy – coupled actin bundling assay, 

Cdc42 did not have an effect on the actin bundling activity of IRSp53. Instead, interaction with Eps8, an 

actin capping protein, was shown to be enough to promote actin bundles in vitro [105]. The exact role of 

IRSp53 activation by Cdc42 may be thus dependent on the signaling environment. A yeast two-hybrid 

screen by a different group also identified interactions of IRSp53 with WIRE (WIP-related, which is a 

WASP interacting protein), another modulator of the actin cytoskeleton. Co-immunoprecipitation 

experiments demonstrated that both the CRIB motif and the SH3 domain of IRSp53 are required for the 
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interaction with WIRE [106]. Thus, the actin cytoskeleton modulating properties of IRSp53 were thought 

to be indirect and produced via its C-terminal interactions with bona fide actin regulators. However, 

expression of both full-Iength and delSH3 IRSp53 forms in B16 melanoma cells localized the protein to 

the lamellipodia and filopodia, suggesting that interaction with SH3-specific binding partners is not 

required. Expression of the SH3 domain alone failed to localize to actin-enriched structures, suggesting 

that the actin reorganizing activity of IRSp53 may lie in the N-terminal region [107]. Expression of the I-

BAR domain alone in HeLa cells led to filopodia formation, regardless of Rac or Cdc42 activity.  

The above observations suggested that I-BAR domains may also be involved in direct actin 

remodeling. Three independent studies confirmed that IRSp53 I-BAR domain directly binds to and 

bundles actin filaments [108] [109, 110]. Cross-linking and sedimentation velocity experiments 

determined that the I-BAR domain is a dimer, consistent with observations about other BAR domain 

proteins. The structural basis behind the actin reorganizing activity were shown by Millard and co-

workers, through determination of the crystal structure of the IMD domain by X-ray crystallography at a 

2.2Å resolution. At the tips of the dimer are four lysines conserved across mammalian IMDs, which were 

shown to be responsible for the actin-binding activity. In co-sedimentation experiments, a quadruple 

K142/143/146/147A mutant of the isolated IMD domain failed to bind F-actin, and both the isolated IMD 

domain and the full-length protein with these mutations failed to produce filopodia in COS-7 cells [111]. 

Subsequently, however, Mattila and colleagues argued that any cellular effect on actin is a result of 

membrane deformation by the I-BAR domain of IRSp53 because lipid-binding sites mapped to the 

apparent actin-binding sites and actin bundling was highly dependent on the ionic strength of the assay 

solution [112]. Thus it was proposed that IRSp53 serves to bridge membrane phospholipids and actin 

filaments together at the needed membrane sites and presence of bundled actin is required for the 

maintenance of membrane protrusions [113, 114]. Regardless of their primary function, the conserved 

lysines (K142/143/146/147) are critical for interfering with the role of IRSp53 as a suppressor of 

myogenesis, as overexpression of this mutant restored myoblast differentiation [103].  

The past fifteen years have brought forth a plethora of primary literature identifying and describing 

novel proteins that now make up the BAR domain superfamily. Although the structure and functions are 
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known for some of them, much, including how these proteins are directed to the sites of actin or 

membrane remodeling and how their activity is regulated, still remains to be discovered.   

 

ASAP1 and the Human ArfGAP Family 

Small GTPases, together with their regulators and effectors, play a central role in signal 

transduction pathways important for nearly every cell decision. Most known human GTPases belong to 

the Ras GTPase superfamily, of which there are 5 further subfamilies – Ras, Rho, Ran, Rab, and Arf with 

a common biochemical activity – to bind the GTP (guanosine triphosphate) nucleotide and to hydrolyze it 

to GDP (guanosine diphosphate). In general, binding of GTP renders the GTPases active and allows 

them to activate downstream pathways, while GTP hydrolysis switches them into inactive state. 

Nucleotide binding to members of the superfamily is in the pico- to nanomolar range, and thus involves 

assistance from a GEF (guanine nucleotide exchange factor) in order for the reaction to proceed in a 

timely manner [115, 116]. GEFs bind to their respective GTPases to stabilize and stimulate the release of 

GDP to allow the binding of GTP. GTP hydrolysis, likewise, is a high-energy process and requires help 

from a group of proteins, known as GAPs (GTPase activating proteins). It is important to note that unlike 

other GTPases, which eventually hydrolyze GTP and are most likely to be purified in their GDP form, 

ARFs have no detectable intrinsic GTP hydrolysis activity and rely on their respective GAPs to hydrolyze 

GTP to GDP. One of the earliest insights into the GAP-mediated hydrolysis was derived from the 

structure of Ras-RasGAP complex, which showed that essentially by binding to Ras, the GAP stabilizes 

the switch regions, thus increasing the rate of hydrolysis by entropic effect. At the same time, an arginine 

residue on GAP, also known as the “arginine finger,” neutralizes the negative charge built up on the g-

phosphate during the hydrolysis. RhoGAPs act on Rho GTPases function in a similar manner, but some 

GAPs, such as Rap1GAP use an “asparagine thumb” to stabilize Rap1, and GTPase Ran employs purely 

correct positioning with its RanGAP to initiate hydrolysis [117-123].  

Mammalian cells express a variety of proteins that contain an ArfGAP domain and different 

ArfGAPs have varying specificity towards the 5 human ARFs. Also, just as with the BAR-domain 

superfamily, which contain simple single domain modules and complex multi-domain proteins, the ArfGAP 

family members also vary in their domain composition (Fig 1.6.). Although many ArfGAP-ARF pairs have 
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been defined, specificity and biological function of some pairs have been contested. ArfGAP1, at 45 kDa, 

is the smallest member of the family with a single domain, while ARAPs and AGAPs can reach upwards 

of 200 kDa. The GTPase hydrolysis-stimulating activity of ArfGAPs is dependent on the conserved 

“arginine finger,” but in some ArfGAPs, such as ASAP1, there is an additional regulatory layer of GAP 

activity – the adjacent PH domain (Fig 1.6.), which boosts the GAP activity upon binding to phospholipids 

[121, 123-126]. The ArfGAP family has been shown to regulate actin-based structures through 

modulating the state of ARF GTPases and through interacting with actin modifiers via protein-protein 

interactions domains (reviewed in [127]). 
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Figure 1.6. Schematic of the human ArfGAP family. There are 31 human genes that code for ArfGAP 
domain-containing proteins. Drawn in BioRender.  
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Two groups of the human ArfGAP family of proteins contain BAR domains and thus also belong 

to the BAR-domain superfamily. These are ACAPs and ASAPs, which possess high domain structure 

conservation and only differ in their C-termini, with ACAP members lacking the PXXP-SH3 extensions 

(Fig 1.4). ACAP1 and 2 were described to have ArfGAP activity toward Arf6, while ASAPs have 

preference for Arf 1 and 5, and interact weakly with Arf6 [128, 129]. The BAR domain of ACAP1, ACAP2 

and ASAP1 have been shown to tubulate membranes, as described for some other BAR domain-

containing proteins [62, 128, 130, 131].  

ASAP1 (also known as AMAP1, centaurinb4, and DDEF1) is a 130 kDa protein composed of N-

BAR, PH, ArfGAP, ankyrin and a stretch of 8 E/DLPPKP repeats, a proline-rich and SH3 domains. At 

least two isoforms – a and b – exist in human cells, while cells of rat origin also have isoform c. Isoforms a 

and b differ in their proline-rich regions, with the a isoform having an extra proline-rich motif. Isoform c 

also has a short insertion between BAR and PH domains [125, 126, 132]. ASAP1 was first discovered on 

the basis of GAP activity and association with Src and as a differentiation enhancement factor in 

adipogenic fibroblasts [125, 133, 134]. Predominantly a cytoplasmic protein, ASAP1 is thought to localize 

to the focal adhesions via a complex with focal adhesion kinase (FAK) and adapter protein CrkL and to 

the membrane ruffles through adapter protein CD2AP [135-138]. ASAP1 has been shown to regulate 

formation of some actin structures, such as podosomes and invadopodia [139, 140]. At least on a cellular 

level, ASAP1 is a factor in processes such as neurite outgrowth, adipocyte differentiation, 

ciliogenesis/ciliary transport [132, 134, 141-146].  

Insights into the physiological roles of ASAP1 have been lacking until recently, when Schreiber 

and colleagues showed that mice with gene-trap-inactivated ASAP1 locus (ASAP1GT/GT) have a 

perturbation in differentiation of mesenchymal stem cells. This stem cell lineage gives rise to myogenic 

precursors (future muscle), osteoblast progenitors (future bone), pre-adipocytes (future fat depot), 

transitory fibroblast (future ligaments), chondrocytes (future cartilage) and marrow stroma [147]. ASAP1 

GT/GT (gene-trap) mice were prone to perinatal lethality, exhibited delayed perinatal ossification of hind 

limbs and phalangeal joints, but had enhanced chondrogenesis. These effects were transitory in nature 

and surviving pups were able to thrive and reproduce normally. Mechanistically, differentiation impairment 

was attributed, at least in part, to deregulation in FAK/Src and AKT signaling. In addition, the animals had 
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low birth weight and lower body weight throughout their lifetime, most likely due to defects in adipocyte 

generation and subsequent lipid depot accumulation [18]. No other tissue or organ was found to be 

significantly affected, therefore it remains to be elucidated why only certain endpoints of mesenchymal 

origin, specifically osteoblasts, chondrocytes, and adipocytes, but not others, such as myocytes, were 

affected.  

Based on reports from small patient cohorts and TCGA databases, expression of ASAP1 is 

correlated with poor prognosis in many cancers, including prostate, pancreatic, breast, ovarian, and 

laryngeal cancers and uveal melanoma [132, 140, 145, 146, 148-150]. In a murine breast cancer model 

(MMTV-PyMT) ASAP1 expression was found to be elevated both in the primary site and in lung 

metastases and these cells tend to have higher mesenchymal markers [149]. A different study compared 

the effect of ASAP1 knockout in the MMTV-PyMT background and found no significant differences in the 

survival but noted that tumor colonization in the lung occurred earlier and more lung metastases were 

found in the ASAP1 knockout model [151]. Overexpression of ASAP1 in ovarian cancer cells, OVCAR3 

and SKOV3 specifically, promoted cell migration in Transwell migration assay and invasion into Matrigel. 

It was also associated with promoted expression of EMT markers vimentin and N-cadherin [148]. Similar 

trends were observed in studies using laryngeal squamous cell carcinoma [152]. Extensive in vivo studies 

of the role of ASAP1 on human cancer progression, however, are lacking and the exact role of ASAP1 in 

initiating or promoting cancer cell proliferation and/or dissemination remains to be delineated. 

ASAP1 has been shown to translocate to the cytoskeletal compartment upon growth factor 

stimulation [135, 138] to control focal complex/focal adhesion formation as well as formation and 

maturation of actin circular dorsal ruffles [19, 135]. Most recently it was found to directly interact with non-

muscle myosin II A (NMIIA) through its BAR-PH region, complex with NMIIA in NIH/3T3 cells and control 

localization of NMIIA in stress fibers [19]. Another direct interactor of the BAR domain includes Rab11 

effector FIP3, which was shown to stimulate the ArfGAP activity of ASAP1 and to colocalize with ASAP1 

in pericentrosomal recycling endosome [141]. FIP3 was interestingly identified using the isolated BAR 

domain of ASAP1, unlike for NMIIA, where the BAR-PH region was used. Regardless, the majority of 

binding partners of ASAP1 were found using isolated domains, as in case of CrkL, where the SH3 domain 

of CrkL fused to GST was used as bait to pull down interacting partners from platelets; FAK, where the 
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GST-fused “site II-PXXP-FAT” motif of FAK was used to pull down potential SH3 domains in a two-hybrid 

screen; FIP3, where the isolated BAR domain was used in a yeast two-hybrid screen, or in case of NMIIA, 

where isolated BAR-PH region of ASAP1 was subjected to vesicle-based sedimentation of cell lysates 

[19, 137, 138, 141]. Aside from focal adhesion kinase members Pyk2 and FAK and a Ral GTPase 

effector POB1, no other ASAP1-SH3 interactions have been described [129, 137, 153]. Given that SH3 

domains are protein-protein interaction hubs, it is surprising that so few interacting partners of ASAP1 

SH3 domain are known. It is not well understood how ASAP1 is preferentially targeted to a particular site, 

be it podosome and invadopodia remodeling, membrane tubulation, actin circular dorsal ruffles and 

ARFs, or focal adhesion maturation. Building ASAP1 interaction network should provide a map of 

pathways and further clarify biological roles ASAP1 plays in actin cytoskeleton remodeling. 

 

 

 

 

Figure 1.7. Schematic of the high-speed actin co-sedimentation (actin binding) assay. Actin 
filaments (F-actin) with residual globular (G) actin are incubated with a protein of interest (test protein) to 
assess potential actin filament binding activity and subjected to high speed sedimentation. Unlike G-actin, 
actin filaments sediment at 150,000 x g, bringing down any proteins bound to them. The pellet (P), 
containing actin filaments and bound proteins is separated from the supernatant (S), containing globular 
actin and unbound proteins, resolved on SDS-PAGE and quantified by densitometry. Several actin 
concentrations are typically tested at a fixed test protein concentration, or vice versa, to establish the 
relative binding affinities. MW – molecular weight marker, ABP – actin binding protein. Drawn in 
BioRender. 
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Cellular and Biochemical Models for Studying Actin Remodeling 

In a simplified scenario, actin remodeling by a given protein can occur via a signaling cascade, 

where the protein of interest itself has no direct actin binding activity, but directs other actin binding 

proteins to remodel actin, or the protein of interest is itself an actin binding protein and can exert effects 

on actin directly. It is important to note that the two mechanisms are not mutually exclusive. The past four 

plus decades brought forth several robust tools that address actin remodeling activity for a protein of 

interest.  

Actin co-sedimentation assay is the preferred biochemical technique to analyze binding of a 

particular protein or protein fragment to actin filaments. This assay takes advantage of the fact that actin 

filaments sediment at high speeds (100,000 – 150,000 x g). It involves incubation of the protein of interest 

with actin filaments, subsequent ultracentrifugation step to separate actin filament pellet fraction from the 

soluble fraction and analysis of what fraction of the protein of interest, if any, is found in the pellet with 

actin filaments (Fig 1.7.). Although multiple sources of actin can be used for this assay [154], commercial 

actin sources are typically preparations from rabbit muscle or human platelets, which are readily available 

raw materials. Actin is typically purified using sequential steps of polymerization in the presence of KCl 

and centrifugation, which isolates actin filaments away from actin binding proteins, such as tropomyosins, 

actinins and myosins. Purified filaments are then used immediately in an assay or depolymerized to G-

actin and stored at -80°C [155]. 

Many assays exist to assess if the protein of interest is able to bundle actin - crosslink two or 

more filaments together into a parallel array. A modification of the classical high-speed co-sedimentation 

assay that now tests bundling is a low-speed co-sedimentation assay. Under low speed (10,000 – 14,000 

x g) centrifugation conditions, only actin bundles, which are heavier than individual actin filaments, would 

sediment, indicating that the protein of interest is potentially an actin bundling protein (Fig 1.8.). For this 

type of assay, purity and homogeneity of actin preparation is critical to the successful interpretation of 

results. Other bundling proteins may commonly be found as contaminants in actin preparations, which 

may interfere with the assay outcome and analysis, therefore actin preparations with better than 95% 

purity are necessary. Improper storage of actin filaments may also affect the interpretation, as prolonged 
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storage at improper temperatures or frequent freeze-thaw may lead to filament aggregation and 

subsequent pelleting at low speeds, which may be misinterpreted as bundling.    

 

Microscopy offers many methods that allow studying actin bundling. Electron microscopy (EM), 

for example, allows direct quantification of bundle width and the number of filaments per bundle for a 

given actin bundling protein. In this technique, the bundling reaction is applied to carbon-coated copper 

grids and negatively stained with uranyl acetate. The bundles can then be visualized using transmission 

electron microscopy. This technique is particularly advantageous when the protein of interest relies on the 

presence of cofactors, such as lipids or other binding partners for its bundling activity, as these do not 

interfere with data acquisition [39, 89, 156, 157]. Total internal reflection fluorescence (TIRF) microscopy 

using fluorescently labeled actin filaments and purified protein of interest allows for determination of actin 

filament growth dynamics and assessment of filament polarity [158]. Since it relies on fluorescence, it is 

also possible to use many fluorophores and thus address questions of inhibition, competition, 

cooperativity, etc., using multiple actin binding proteins. One of the most critical questions that TIRF 

answers is the directionality of actin bundle arrangement – filaments arranged in parallel bundles are 

found in filopodia, at the base of the focal adhesion/actin interface, dorsal stress fibers, podosomes and 

Figure 1.8. Schematic of the low-speed actin co-sedimentation (actin bundling) assay. Actin 
filaments (F-actin) with residual globular (G) actin are incubated with a protein of interest (test protein) to 
assess potential actin filament bundling activity and subjected to low-speed sedimentation. Actin bundling 
proteins crosslink actin filaments into bundles, which are heavier than individual filaments, causing 
sedimentation at lower speed. The pellet (P), containing actin bundles and actin bundling protein, is 
separated from the supernatant (S), containing globular actin, filamentous actin and unbound proteins, 
resolved on SDS-PAGE and quantified by densitometry. A “no test protein” control is critical here to 
assess the degree (if any) of aggregation of F-actin, which may lead to false positive interpretations. MW 
– molecular weight marker, ABP – actin binding protein. Drawn in BioRender. 
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invadopodia, while filaments arranged in antiparallel bundles are those found in ventral stress fibers and 

transverse arcs [159-164]. Along with EM, TIRF allows for accurate quantification of filament numbers 

and bundle length, as well as distances between individual filaments.  

Cell-based microscopy allows for both gross and fine assessment and quantification of actin 

remodeling events and can be done in live and fixed cells. For studying actin remodeling in stress fibers, 

cells with high cytoplasm-to-nucleus ratios are preferred, but consideration should be given as to rates of 

cell motility. Cell types with prominent stress fibers tend not to be dynamic in nature and cells that are 

very dynamic, such as cells of hematopoietic lineage, typically do not have prominent stress fibers. Some 

fibroblastic cell lines, such as mouse embryonic,  Swiss-3T3, NIH/3T3 and primary human foreskin 

fibroblasts [165-168] and soft tissue sarcoma cell lines such as the osteosarcoma cell line U2OS are one 

of the most widely utilized cell models to study the actin cytoskeleton, especially for questions that deal 

with actin remodeling during directed motility [1, 12, 44, 169-172]. COS-7 cells are also utilized, but their 

monkey (Cercopithecus aethiops) origin puts them at a disadvantage due to the requirement of a whole 

new sets of reagents (siRNAs, shRNAs, packaging plasmids and antibodies) that are validated 

specifically for this organism. 

The thesis work described hereafter relies on the above described methodology to address a 

novel mechanism of actin remodeling by ASAP1 ArfGAP and proposes a new functional role for the 

members of the human ArfGAP family. 
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CHAPTER 2. ASAP1 REGULATES STRESS FIBER MAINTENANCE AND REMODELS 

FILAMENTOUS ACTIN VIA ITS N-BAR DOMAIN1 

Introduction 

Recently, we have determined that the BAR-PH region of ASAP1 binds non-muscle myosin IIA 

(NMIIA), ASAP1 and NMIIA colocalize at circular dorsal ruffles upon mitogen stimulation, and 

downregulation of ASAP1 leads to disruption in actin and NMIIA colocalization [19]. The proteomics 

screen that was used to identify non-muscle myosin IIA also identified actin as a putative binding partner 

of the BAR-PH region. We have additionally detected irregular F-actin staining in the fibroblasts depleted 

of ASAP1. The emerging field of the BAR-domain superfamily as actin regulators has led us to 

hypothesize that ASAP1 could also be directly involved in assembly or maintenance of actin structures. 

ASAP1 contributes to the focal adhesions assembly and regulates association of NMIIA with actin 

filaments. NMIIA is a critical part of stress fiber contractility and is found in ventral stress fibers. Focal 

adhesion maturation and ventral stress fiber assembly and maintenance are closely interconnected. 

Therefore, I focused on the ventral stress fibers as a model of bundled actin filaments.  

 

Materials and Methods 

Plasmids and Cloning  

Oligonucleotides were from Eurofins Genomics and all cloning reagents were from New England 

Biolabs. FLAG (DYKDDDDK)-tagged mouse ASAP1b full-length (amino acids 1-1090), BARPZA (BAR-

PH-GAP-Ank) (amino acids 1-724), PZA (PH-GAP-Ank) (amino acids 325-724), BAR-PH (amino acids 1-

431), DBARPZA (PXXP-E/DLPPKP8-SH3) (amino acids 704-1090), DBARPH (GAP-Ank-PXXP- 

E/DLPPKP8-SH3) (amino acids 431-1090), and DSH3 (BAR-PH-GAP-Ank-PXXP- E/DLPPKP8) (amino 

acids 1-1022) were subcloned into pCDNA3.1 (+) vector using EcoRI and NotI restriction sites. See Fig. 

2.4. for graphical description. FLAG (DYKDDDDK) – or HA (YPYDVPDYA) – tagged human ACAP1 full-

length (amino acids 1-740), BAR-PH (amino acids 1-377), and DBARPH (GAP-Ank) (amino acids 376-

740) were cloned into pCDNA 3.1 (+) using HiFi Assembly (NEB). ACAP1N-ASAP1C chimera, where the 

                                                
1 This chapter is published, in part, as a research article in iScience [173]. 
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BAR-PH region of ASAP1 is replaced by that of ACAP1 was generated by an overlap PCR of human 

ACAP1 (amino acids 1-377) and mouse ASAP1b (amino acids 431-1090), was cloned as an N-terminal 

FLAG (DYKDDDDK) construct into pCDNA 3.1 (+) using NheI – NotI sites. Ligation transformants were 

screened for the presence of insert by colony PCR with insert- and vector- specific primers using GoTaq 

Green Master Mix (Promega). 8 – 16 colonies were screened per ligation transformation. Positive 

colonies were further used for small scale DNA isolation and verified using Sanger Sequencing in CCR 

Genomic Core (National Cancer Institute, Bethesda, MD). For subsequent use in transfections, plasmids 

were transformed into NEB10beta cells and purified from a 100 mL culture using Qiagen Plasmid Plus 

Maxi (Qiagen, Inc.) or ZymoPURE II Plasmid (Zymo Research) kits. 

 

Cell Culture and Transfection 

Primary human foreskin fibroblast cells (HFF-1, pooled population from newborn males, ATCC 

SCRC-1041) were maintained in DMEM supplemented with 15% heat-inactivated fetal bovine serum, 

NIH/3T3 clone 7 cells (mouse, a kind gift from Dr. Douglas Lowy, National Cancer Institute) , HEK293T/ 

clone 17 (human embryo, ATCC CRL-11268) and HeLa (human female) were maintained in DMEM 

supplemented with 10% heat-inactivated fetal bovine serum and 50 µg/mL penicillin/streptomycin 

(ThermoFisher). U2OS cells (human female, osteosarcoma ATCC HTB-96) were maintained in McCoy’s 

5A supplemented with 10% heat-inactivated fetal bovine serum and 50 µg/mL penicillin/streptomycin 

(ThermoFisher). Cells were checked for mycoplasma contamination using LookOut Mycoplasma PCR 

Detection Kit (Sigma-Aldrich) prior to transfection/ transduction. 

For knockdown experiments, cells were transfected with 50 nM siRNAs using JetPrime reagent 

(Polyplus) in full-serum antibiotic-free media. Mock-transfected (reagent only) cells and cells transfected 

with two independent control and two independent ASAP1 siRNAs were used for knockdown 

experiments. Dharmacon Control #3 and #5 siRNAs were used for mouse cell lines and Dharmacon 

Control #4 and #5 were utilized for human cell lines. For transfections in a 6-well format, 300,000 – 

400,000 cells were plated per well and 4 µL of JetPrime reagent was used.  

For rescue experiments, cells were transfected with 50 nM control siRNA or siRNA against 3’UTR 

region of ASAP1 as done for the knockdown experiments. After 48 hours, cells were transfected with 
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empty pCDNA vector or vector encoding for full-length ASAP1b or ACAP1 using Lipofectamine LTX 

reagent at 1:3 ratio (DNA: reagent) (Life Technologies). Typically, 2.5 – 3 µg of DNA was used in a 6-well 

format.  

For overexpression studies, cells were transfected with empty vector plasmid or plasmid 

encoding full-length and domain truncations of ASAP1 and ACAP1 with Lipofectamine LTX reagent at 1:3 

ratio (DNA:reagent). 0.5 – 1.5 µg of DNA was used for smaller inserts and 2.5 – 3 µg of DNA was used 

for larger inserts to equalize levels of expression. Cells were processed for analysis 24 h later. 

 

Lentivirus Packaging and Transduction 

Plasmids encoding for shRNA against mouse ASAP1 (track TRCN0000311400 (sh1) and 

TRCN0000093430 (sh2)) were from Sigma-Aldrich. Packaging plasmids psPax2 and pMD2.G were from 

Addgene (#12260 and #12259, respectively), packaging plasmids pCDLN and pMICK were a kind gift 

from Dr. Gang Huang (Cincinnati Children’s Hospital Medical Center, Cincinnati, OH). Lentiviral particles 

were produced in HEK293T/clone17 cells using psPax2 and pMD2.G or pCDLN and pMICK packaging 

plasmids as previously described [174, 175]. HEK293T/clone 17 cells were plated onto poly-L-lysine or 

porcine type A gelatin coated T175 flasks and allowed to grow to 80% confluence. Transfer vector (pLKO) 

was mixed with the gag-pol and the VSV-G envelope plasmids at a ratio of 7:3:1, respectively, and cells 

were transfected using JetPRIME transfection reagent in DMEM, supplemented with 10% FBS. A total of 

20 µg of DNA and 50 µL of JetPRIME was used for one flask. 16 h post-transfection, the medium was 

replaced with Advanced DMEM, supplemented with HEPES (10 mM, pH 7.0), FBS (2% (v/v) and BSA 

(2% (w/v) (ThermoFisher). Viral supernatant was collected every 8-12 h, up to 96 h and filtered through a 

0.45 µm PVDF filter (Millipore). Lentiviral particles were further concentrated by precipitation using PEG 

3350-based Lenti-X concentrator (Clontech). NIH/3T3 cells were infected using two rounds of infection in 

the presence of polybrene (10 µg/mL, Millipore) overnight, followed by daytime recovery in complete 

media. Cells were selected with puromycin (3 µg/mL) (ThermoFisher). 
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Recombinant Protein Purification 

Protein purification was carried out as described previously [19, 176, 177] with modifications. 

Plasmids were transformed into BL21(DE3)-RIL (Agilent) or BL21(DE3) LOBSTR (Kerafast), and grown in 

LB supplemented with 0.5% glycerol and 1X metals mix and induced with 0.25 mM IPTG overnight at 

18°C or grown in auto-induction media for 48 hours at 23°C [178]. Both His6 – and GST- tagged 

recombinant protein expression systems were used. Full-length ASAP1 and BAR-PH, BAR-PH-GAP-Ank, 

and PH-GAP-Ank fragments were C-terminally His6-tagged. SH3 and DBARPZA fragments were N-

terminally GST-tagged. GST-based expression system was chosen to facilitate purification, quantification 

and visualization of the SH3 domain due to its small (~10 kDa) size. Expression levels of ASAP1 

DBARPZA were found to be higher as a GST-tagged protein during an unrelated study compared to the 

His6-tagged  system, although the presence of an internal thrombin recognition sequence prohibited 

subsequent tag removal. Therefore, both the SH3 and DBARPZA fragments were used in all biochemical 

assays as GST-tagged proteins. 

 Cell pellets expressing His6-tagged proteins were lysed in buffer A (20 mM HEPES pH 7.7, 500 

mM NaCl, 10 mM imidazole) supplemented with protease inhibitors (Roche), 0.1% Tween-20, 0.5% 

sodium deoxycholate using 3 rounds of sonication. Pre-cleared lysates were passed through Ni-NTA 

(Qiagen) packed gravity column pre-equilibrated with Buffer A and bound His6-tagged proteins were 

eluted with Buffer B (20 mM HEPES pH 7.7, 500 mM NaCl, 250 mM Imidazole). After Ni-NTA purification, 

ASAP1 PZA was dialyzed against 20 mM HEPES 7.7, 200 mM NaCl, 0.1% beta-mercaptoethanol 

overnight, concentrated using Amicon filter and further purified using a Sephacryl S-100 16/60 size 

exclusion gel filtration column (GE Healthcare). After Ni-NTA elution, ASAP1 BARPH and BARPZA were 

purified on hydroxyapatite column (Bio-Rad), followed by Sephacryl S200 16/60 size exclusion gel 

filtration without further concentration. GST- tagged SH3 and DBARPZA or GST alone were lysed in 1X 

PBS by passing through cell disruptor (Microfluidics M-110P) 3 times, followed by addition of Triton X-100 

(1% v/v final). Pre-cleared lysates were passed through glutathione bead packed gravity column (GE 

Healthcare) equilibrated with lysis buffer, eluted with 20 mM Tris, pH 8.0, 100 mM NaCl, 10 mM 

glutathione and the elution buffer was exchanged into 1X PBS using PD-10 desalting column. Full-length 

His6-tagged ASAP1 was expressed in Sf9 cells using baculovirus-mediated infection (Protein Production 
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Core, Leidos Biomedical Research, Frederick National Laboratory for Cancer Research), lysed using a 

Dounce homogenizer in 20 mM HEPES pH 7.7, 500 mM NaCl, 5% glycerol, followed by purification using 

Ni-NTA IMAC and size exclusion gel filtration without concentration. All chromatography steps were done 

at room temperature. 

For actin binding and bundling assays, proteins were exchanged into actin filament compatible 

buffer (20 mM HEPES pH 7.7, 150 mM NaCl, 5% glycerol, 1 mM DTT or 20 mM HEPES pH 7.7, 100 mM 

KCl, 5% glycerol, 1 mM DTT) using Zeba desalting columns (ThermoFisher). 

 

SDS-PAGE and Immunoblotting 

To assess efficiency of knockdown, equal numbers of cells were lysed directly in 2X Laemmli 

sample buffer + 0.05% beta-mercaptoethanol + protease inhibitors or sonicated in SDS boiling buffer 

(2.5% SDS, 50 mM Tris pH 8.0, 150 mM NaCl with protease and phosphatase inhibitor cocktail, modified 

from [44]), separated by SDS-PAGE (Bio-Rad) and transferred onto nitrocellulose or PVDF membranes 

using semi-dry TurboBlot apparatus (Bio-Rad) using manufacturer’s suggested settings.  

For quantitative immunoblotting, after blocking (LI-COR PBS blocking buffer + 0.1% Tween-20), 

membranes were incubated with primary antibodies diluted in blocking buffer overnight at 4°C (See 

Appendix B). Membranes were washed thrice in PBS + Tween-20 (0.1%) and incubated with 

fluorophore-conjugated secondary antibodies diluted 1: 10,000 in LI-COR blocking buffer in the dark. 

Membranes were washed thrice in PBS-Tween-20 (0.1%), once in PBS, and scanned using an Odyssey 

imaging system. Band intensities were determined using Image Studio Lite (LI-COR Biosciences). 

For ECL-based immunoblotting, after blocking (5% BSA in TBS + 0.1% Tween-20), membranes 

were incubated with primary antibodies overnight at 4°C diluted in the blocking buffer. Membranes were 

washed thrice in TBS + Tween-20 (0.1% v/v) and incubated with HRP-conjugated secondary antibodies 

at 1:3,000 dilution, washed and processed with ECL reagent using Bio-Rad Chemiluminescent system. 

 

Immunofluorescence and Confocal Microscopy 

For immunofluorescence experiments, #1.5 German glass coverslips (Electron Microscopy 

Sciences) were coated overnight with 10 µg/mL bovine plasma fibronectin (Sigma-Aldrich) and washed 
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thrice in PBS immediately prior to use. Transfected cells were re-plated in single cell suspension on 

coverslips in serum-free Opti-MEM for 5.5 hours and fixed in 4% paraformaldehyde in PEM (PIPES/ 

EDTA/ MgCl2) buffer or PBS for 20 min at room temperature [179]. For staining with focal adhesion 

markers, cells were fix-permeabilized on ice in 0.1% Triton-X 100 and 4% PFA in PEM or PBS for 3 min, 

followed by 4% PFA fix on ice [180]. Approximately 20 - 30,000 cells and 50 – 60,000 cells were used for 

12 mm and 18 mm coverslips, respectively. Free aldehydes were quenched with 100 mM glycine in PBS, 

and cells were permeabilized and blocked with buffer containing BSA (5% w/v), goat serum (5% v/v), and 

saponin (0.2% w/v) in PBS for 1 hour, followed by staining with primary antibodies (1 hour in blocking 

buffer) and fluorescently labeled secondary antibodies and fluorescently labeled phalloidin (30 min in 

buffer containing BSA (1% w/v) and saponin (0.1% w/v)) (See Appendix B). Coverslips were mounted 

with DAKO mounting medium or ProLong Glass (ThermoFisher). Confocal microscopy was performed on 

Leica TCS SP8 confocal laser scanning microscope using system optimized z-stack parameters, pinhole 

= 1.00 Airy Unit, an HC PL APO CS 63x/1.4 oil objective, at 700Hz with bidirectional X enabled. Data of a 

given experiment were collected the same day using identical settings. To account for differences in sizes 

for different cell types, the following parameters were used - NIH/3T3, U2OS and HeLa cells, XY = 1024 x 

1024 with zoom factor of 1.78 and pixel size of 101.33 x 101.33, for primary HFF-1 cells, XY = 1400 x 

1400, with zoom factor of 1.28 and pixel size of 103.45 x 103.45. Sum of stacks or whole cell volumes 

were used for quantification and analysis, while maximum intensity projections or single slices were used 

for presentation purposes. 

Total cell fluorescence and line scan fluorescence were quantified using Imaris (Bitplane) with 

Surface module on the whole volume of cell spheroid and ImageJ/Fiji with total fluorescence calculated 

on sum of stacks. Approximation of actin filament length and number of stress fibers was done using L 

Pixel ImageJ plugin Filter2D/ThinLine to extract filaments (on sum of stacks) with length quantified using 

Ridge Detection Plugin at Sigma 1.50, Lower Threshold 3.00, Upper Threshold 8.00 and Filament Sensor 

using default parameters [181-183]. 
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Preparation of Large Unilamellar Vesicles (LUVs) 

Lipids were from Avanti Polar Lipids. Vesicles (40% phosphatidylcholine (PC), 25% 

phosphatidylethanolamine (PE), 15% phosphatidylserine (PS), 7.5% phosphatidylinositol (PI), 2.5% PIP2, 

and 10% cholesterol) were prepared by extrusion through Whatman Nucleopore 1.0 µm filter, as 

described previously [176]. Lipids mixes were prepared in borosilicate tubes, allowed to dry, then 

resuspended in PBS using 5 freeze-thaw cycles in ethanol-dry ice bath. Mixed vesicles were then 

extruded by passing 11 times through Hamilton syringes lined with filters. Lipids were used within one 

week.  

 

In Vitro Actin Binding and Bundling Assay 

Two sources of rabbit skeletal muscle actin were used: (i) filamentous actin prepared from rabbit 

skeletal muscle as described [184], a kind gift from Dr. James R Sellers (National Heart, Lung, Blood 

Institute, Bethesda, MD), and (ii) G-actin purchased from Cytoskeleton, Inc. Preformed filaments were 

used within one month, while G-actin was polymerized to F-actin according to the manufacturer’s protocol 

and efficiency of polymerization was assessed by sedimentation at 120,000 x g at 24°C, followed by 

SDS-PAGE of the pellet (F-actin) and the supernatant (G-actin) fractions. High- and low- speed actin co-

sedimentation assays were performed according to the manufacturer’s protocol (Cytoskeleton, Inc.). Per 

manufacturer’s recommendations, BSA was used as a negative control and a-actinin was used a positive 

control for both high-speed and low-speed cosedimentation assays. Prior to performing the assays, all 

test proteins were spun at 150,000 x g for 1 h at 4°C to sediment aggregates and particulates. For F-actin 

binding experiments (high-speed cosedimentation), test proteins (2 μM) were incubated with varying 

concentrations of F-actin (0 – 25 μM) in F-actin buffer (5 mM Tris pH 8.0, 50 mM KCl, 2 mM MgCl2, 0.2 

mM CaCl2, 1 mM ATP) for 30 min and centrifuged at 150,000 x g for 90 min at 24°C in Thermo Scientific 

Sorvall MTX150 ultracentrifuge in Beckman-Coulter ultracentrifuge tubes. For F-actin bundling 

experiments (low-speed centrifugation), test proteins were incubated with F-actin as before and 

centrifuged at 14,000 x g for 30 min at 24°C in a tabletop centrifuge (Eppendorf 5415R). Immediately 

post-centrifugation, supernatants were removed, placed into a microcentrifuge tube and resuspended in 

an equal volume of 2X Laemmli sample buffer. Pellets were dissolved in 1X Laemmli sample buffer in a 
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volume equal to that of the supernatant fraction. Equal amounts of supernatant and pellet fractions were 

separated on 12% SDS-PAGE, stained with GelCode Blue stain and quantified using ImageJ or Image 

Studio Lite software. At least three independent experiments were performed with each test protein. 

For fluorescence-based actin bundling assays, reactions were prepared as for co-sedimentation 

assays and spotted in 2-5 μL drops on poly-L-lysine covered coverslips. Coverslips were fixed on ice with 

4% paraformaldehyde in PBS and stained with Rhodamine Phalloidin on ice, mounted and imaged on 

Leica TCS SP8 as above [185]. For immune-localization of ASAP1 BAR-PH on actin bundles, samples 

were incubated with 1% BSA and 3 μM phalloidin after fixation to stabilize filaments, followed by primary 

antibody incubation, three PBS washes and incubation in fluorescently labeled secondary antibody and 

phalloidin [88, 186]. 

 

Stress Fiber Extraction 

Stress fiber extraction from human foreskin fibroblasts was performed as described [187]. 72 h 

post-transfection with siRNAs, cells were incubated in serum-free media on fibronectin-coated coverslips 

for 5.5 h. Cells were briefly washed with ice-cold PBS, followed by 10-20 washes in low-ionic strength 

solution (2.5 mM triethanolamine, TEA) to remove dorsal side of the cells (Alfa Aesar). Remnants of the 

dorsal components as well as nuclei were removed with Extraction Buffer I (0.05% NP-40 in PBS), 

followed by a brief wash in Extraction Buffer II (0.5% Triton-X 100 in PBS). The remaining detergent was 

removed by triple washing with PBS. All buffers were supplemented with protease inhibitors and all steps 

were done on ice with continuous rocking. Extracted stress fibers were fixed and processed for confocal 

microscopy analysis as before. 

 

Statistical Analysis 

Statistical analyses were carried out using SigmaPlot and GraphPad Prism. Comparison of two 

groups was carried out using Student’s t-test, and comparison of data sets with more than two groups 

was carried out using ANOVA. Alpha was set to 0.5 for all experiments. Values represented are mean ± 

SEM, unless otherwise noted. For figures describing cell biology experiments, “n” indicates number of 

cells per group per experiment, unless otherwise noted. 
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Results 

We have previously observed that the knockdown of ASAP1 in NIH/3T3 fibroblasts leads to 

reduced colocalization of NMIIA and F-actin [19]. Incidentally, the cell morphology appeared irregular with 

presence of thinner, misaligned stress fibers. To further evaluate the effect of ASAP1 on actin stress 

fibers, I transiently transfected mouse NIH/3T3 fibroblast and primary human foreskin fibroblast (HFF-1) 

cells with two independent control and ASAP1 siRNAs, re-plated the cells on fibronectin in serum-free 

media for 5.5 h, stained with fluorescently labeled phalloidin and examined single cells using confocal 

microscopy. Total phalloidin fluorescence intensity, a readout of total filamentous actin content, 

decreased by 20-30% in NIH/3T3 cells (Fig 2.1.A) and 30-40% in HFF-1 cells (Fig 2.2.A). Independently, 

stable ASAP1 knockdown NIH/3T3 cell lines were made to assess long-term effects of ASAP1 depletion. 

Although no changes in cell proliferation were observed (data not shown), cells stably expressing ASAP1 

shRNA, but not scrambled control began to exhibit spindle-like morphology. To assess changes in F-actin 

distribution, transduced cells (approximately three weeks post-transduction) were plated on fibronectin for 

5.5 h, fixed, stained and examined as before. As shown in Fig 2.1.B, long-term knockdown of ASAP1 

lead to appearance of protrusions (white asterisks), qualitative reduction of stress fibers, similar to the 

short-term knockdown, and presence of mesh-like actin network rather than bona fide actin bundles 

(open arrowheads). The effect was more pronounced in ASAP1sh1 cell line, most likely due to a more 

efficient level of knockdown. 
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Under conditions used in the above experiments, the majority of stress fibers present were 

typically ventral stress fibers, as opposed to transverse arcs or dorsal stress fibers, as the cells were no 

longer actively moving. Human foreskin fibroblasts are a particularly suitable model for studying changes 

in ventral stress fiber assembly using a method known as “stress fiber extraction.” In this method, matrix-

attached fibroblasts are subjected to a series of washes, supplemented with detergents of varying 

strength and nature. Continuous washing removes organelles and dorsal components of the cells, leaving 

behind isolated stress fibers that retain their contractility. This “deroofing” also removes any residual 

filamentous actin that is not incorporated into stress fibers, reducing background and enabling more 

accurate quantification of the number of stress fibers. Using this technique, HFF-1 cells were transiently 

transfected with control or ASAP1 siRNAs as done for above described experiments and re-plated on 

fibronectin-coated coverslips. Isolated stress fibers from HFF-1 siControl or siASAP1 attached to the 

Figure 2.1. Downregulation of ASAP1 expression leads to reduced levels of filamentous actin in 
3T3 fibroblasts and affects short- and long-term maintenance of stress fibers. A - Mouse NIH/ 3T3 
fibroblasts were transiently transfected with two independent control or ASAP1 siRNAs. 72 h post-
transfection, cells were replated on fibronectin coated coverslips for 5.5 h, fixed and stained with 
Phalloidin Alexa Fluor 488. Single cell z-stack images were acquired on Leica SP8 confocal microscope 
using 64x oil objective. MIP (maximum intensity projections) of representative cells are shown with 
quantification of phalloidin fluorescence as a measure of filamentous actin, n = 15. Results are 
representative of three independent experiments. B - Mouse NIH/3T3 fibroblasts were transduced with 
control or two independent ASAP1 shRNAs and selected with puromycin. Approximately three weeks 
post-transduction, cells were plated on fibronectin coated coverslips and processed for microscopy as 
before. Images of representative cells are shown. White asterisks indicate presence of protrusions and 
white open arrowheads indicate thinning of bundled actin. Results are representative of two independent 
transductions.  

* 

 

V  
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fibronectin matrix were stained to observe changes in stress fiber organization [187]. Cells transfected 

with ASAP1 siRNA had fewer ventral stress fibers than the control or mock-treated cells, as indicated by 

the red asterisks in Fig 2.2.B. Quantification of the number of stress fibers per field was performed 

independently with Filament Sensor or Ridge Detection Plugin. Quantification results confirmed that the 

ASAP1-depleted cells had fewer filaments per cell than the control- or mock-treated cells.  

 

 

 

Figure 2.2. Downregulation of ASAP1 specifically affects ventral stress fibers. A - Primary human 
foreskin fibroblasts (HFF-1) were mock treated or transiently transfected with two independent control or 
ASAP1 siRNAs. Post-transfection, cells were replated on fibronectin coated coverslips, fixed and stained 
with Phalloidin Alexa Fluor 488. A – Representative MIP images with a line scan profile below each 
image showing changes in intensity and distribution of phalloidin fluorescence as an indication of changes 
in stress fiber morphology (white lines indicate approximately where scans were measured. Quantification 
of whole cell phalloidin fluorescence indicates relative filamnetous actin content in every treatment group. 
B – Cells were transfected as in A. Post-transfection, cells were replated on fibronectin coated coverslips, 
followed by stress fiber extraction. Isolated stress fibers were fixed and stained with Phalloidin Alexa 
Fluor 488. Representative MIP images shown (LUTs (look up tables) inverted in Fiji and contrast 
enhanced equally across all images for presentation purposes). Red asterisks indicate lack of 
substratum-attached stress fibers in siASAP1 cells. # of filaments per cell summarizes approximation of 
number of stress fibers between treatment groups. ***p<0.001, n.s. – not significant.  
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These results indicate that ASAP1 depletion causes defects in either ventral stress fiber 

assembly or stress fiber maintenance. As described in Chapter 1, ventral stress fibers assemble from 

transverse arcs and dorsal stress fibers, so the defect seen could be due to improper assembly and 

linkage of actin filaments and/or anchorage of the formed fibers to focal adhesions. Maintenance of stress 

fibers is an interplay between maintenance of bundled actin and maintenance of focal adhesion 

structures. Disassembly of focal adhesions leads to disassembly and increased contractility of detached 

stress fibers. On the other hand, stress fibers guide focal adhesion maturation and stress fiber disruption 

leads to disassembly of focal adhesions [188-192]. The osteosarcoma cell line U2OS is one of the best 

described models for studying stress fiber assembly and, therefore, was chosen for the following 

experiment. In order to address whether there are specific events that are perturbed during cell spreading 

and actin stress fiber formation in the siASAP1 background, U2OS cells were transfected with control 

siRNA or two independent siRNAs against human ASAP1, replated on fibronectin in serum-free media 

and fixed at different time intervals. As shown in Fig 2.3., transverse arcs formed normally among all 

treatment groups, although siASAP1 cells had a faster rate of spreading, as exhibited by a larger cells 

area (see also Fig S1.). At 2 – 3 h, cells started to form ventral stress fibers that extended the entire 

length of the cell and the extent of stress fiber formation was similar across treatment groups. At 5 h, 

however, cells depleted of ASAP1 exhibited diminished stress fiber staining and this persisted through the 

30-hour time point.  
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Figure 2.3. ASAP1 is dispensable 
for stress fiber formation, but 
important for stress fiber 
maintenance in U2OS cells. U2OS 
cells were transfected with control 
siRNA or two independent siRNAs 
against ASAP1. 72 h later cells were 
plated on fibronectin coated coverslips 
and fixed at the indicated timepoints. 
Cells were stained with phalloidin 
Alexa Fluor 594 (for F-actin) and 
processed with confocal microscopy 
as before. Representative images 
show cell spreading (0.5 – 2-h 
timeframe) and transition from 
primarily actin arc-containing cells to 
ventral stress fibers spanning the 
whole length of the cell (2 – 3-h  
timeframe). Results are representative 
of two independent experiments.  
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Figure 2.4. Overexpression of the BAR-PH region of ASAP1 induces aberrant actin protrusions in 
NIH/3T3 cells and increases filamentous actin content. A – schematic of the domain architecture of 
ASAP1, showing constructs and nomenclature used for Figures 2.3 and 2.4. BAR –Bin/Amphiphysin/Rvs, 
PH – Pleckstrin Homology, ArfGAP – Arf GTPase Activating Protein, ANK – ankyrin repeats, PXXP – 
proline-rich motif, E/DLPPKP – a stretch of eight repeats of E/DLPPKP, SH3 – Src homology 3. B – F 
NIH/3T3 fibroblasts were transiently transfected with empty pCDNA vector, FLAG-tagged full-length or 
domain truncations of ASAP1, re-plated after 24 hours on fibronectin-coated coverslips, fixed and stained 
with anti-FLAG antibody (Alexa Fluor 488) and fluorescently labeled phalloidin (Alexa Fluor 594). Image 
acquisition was executed as in Figure 1. B - representative (maximum intensity projection) MIP images of 
the FLAG channel (upper) and phalloidin channel (lower) C – quantification of total phalloidin 
fluorescence as a measure filamentous actin content, D – measurement of length-to-width ratio to reveal 
morphology changes, E - quantification of percentage of FLAG-positive cells with actin protrusions, 
*random empty vector cells were counted for presence of protrusions, F – cell area measurements 
(ImageJ). Results shown are one representative of three independent experiments, shown mean ± S.E.M, 
for panel C, D and F, n = 15 cells. 



 39 

I next examined the effect of overexpression of ASAP1 on the filamentous actin content and 

stress fibers. NIH/3T3 cells were transiently transfected with FLAG-tagged full-length or domain 

truncations of ASAP1 (see Fig 2.4.A for domain boundaries and nomenclature), re-plated the cells on 

fibronectin in serum-free media for 5.5 h, stained with anti-FLAG antibody and phalloidin and examined 

cells using confocal microscopy (representative images shown in 2.4.B). Quantification of total phalloidin 

fluorescence indicated that only constructs containing the BARPH tandem led to the increase of 

filamentous actin content (2.4.C). Phalloidin staining also revealed multiple actin microspikes and 

protrusions in cells expressing ASAP1 BARPH (2.4.E), while overexpression of BARPZA had lower 

number of cells with actin protrusions (30%  

compared to 70% of BARPH-positive cells). In addition, I observed that cells expressing the BARPH have 

a collapsed, elongated cell morphology (2.4.D), and reduced cell area (2.4.F). 

 Previous reports suggest that at least some of actin remodeling functions of ASAP1, such as 

formation of invadopodia and podosomes, require the presence of intact PXXP/SH3 domains [140, 193, 

194]. Downregulation of ASAP1 is also known to reduce the number of mature adhesions [195]. Stress 

fibers are known to guide focal adhesion maturation, but proper focal adhesion assembly is also required 

for anchorage and maintenance of ventral stress fibers. To determine if localization to focal adhesions is 

required for actin remodeling function of ASAP1, I overexpressed BAR-PH and DBAR-PH in 3T3 and 

HeLa cells and examined their localization to focal adhesions. As shown in Fig 2.5. BAR-PH, which 

induces actin remodeling, did not co-localize with paxillin, a marker of focal adhesions, while DBAR-PH, 

which does not induce actin remodeling, localized to the focal adhesions.  
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The observation that overexpression of ASAP1 BAR-PH leads to reorganization of actin stress 

fibers and formation of actin microspikes in cells led me to hypothesize that direct interaction between the 

BAR-PH tandem of ASAP1 and actin filaments mediates actin remodeling. To determine if ASAP1 binds 

directly to actin and to dissect the region that binds to filaments, I purified recombinant full-length and 

fragments of ASAP1 (see Fig S2. for protein purity) and performed binding assays using high-speed actin 

co-sedimentation. Purified ASAP1 and ASAP1 fragments, as well as negative (BSA) and positive (a-

actinin) controls, at 2 µM, were incubated with increasing (0 – 25 µM) concentrations of F-actin for 30 min 

at room temperature in F-actin buffer and subjected to high-speed centrifugation at 150,000 x g for 1.5 

hours at 23 ºC to pellet actin filaments and proteins bound to filaments. Pellet (actin filaments and bound 

proteins) and supernatant (unbound proteins and residual G-actin) fractions were resuspended in an 

equal volume of Laemmli sample buffer and resolved on SDS-PAGE. Pellet fractions were analyzed as a 

Figure 2.5. ASAP1 effect on actin remodeling can be separated from targeting to focal adhesions. 
Human cervical carcinoma cells HeLa were transiently transfected with plasmids encoding empty vector 
(pCDNA EV), ASAP1 BAR-PH or ASAP1 DBAR-PH. After 24 h cells were re-plated on fibronectin as 
before and stained with FLAG (epitope tag) and paxillin (focal adhesion marker) antibodies and 
processed for microscopy. Representative images of transfected cells indicate localization DBARPH 
mutant of ASAP1 to the immature adhesions (closed arrowheads). 
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percentage of total (pellet/ (supernatant + pellet)) and plotted for all proteins examined. The majority of 

actin was in the filamentous form (Fig 2.6.A). I observed that, similar to the positive control a-actinin (Fig 

2.6.B), ASAP1 BAR-PH bound to actin filaments in a concentration-dependent manner (Fig 2.6.C). PZA, 

the fragment that contains the PH domain, but lacks the BAR domain did not co-sediment with actin 

filaments, suggesting that the BAR domain is the actin-binding module in the BAR-PH tandem (Fig 

2.6.D). ASAP1 BARPZA and FL, which in addition to the BAR-PH have the GAP and ANK repeats and 

GAP, ANK, and PXXP, E/DLPPKP, and SH3 domain, respectively, bound less efficiently. 42% and 43% 

of BARPZA and FL proteins were found in the pellet, respectively (Fig 2.5.E-F). There was no detectable 

binding of DBARPZA, which only contains PXXP, E/DLPPKP and SH3 domains, to actin (Fig 2.6.G). The 

isolated SH3 domain, likewise, did not bind actin filaments (GST-SH3) (Fig 2.6.H). No sedimentation was 

observed with the purified GST tag or the negative control BSA (Fig 2.6.I-J). The results from the high-

speed actin co-sedimentation assay (summarized in Fig 2.6.K) thus indicate that the BAR domain of 

ASAP1 binds to actin filaments in vitro. 
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Figure 2.6. ASAP1 directly interacts with actin filaments through its N-BAR domain. Purified 
recombinant ASAP1 full-length and domain fragments (2uM) were subjected to high-speed co-
sedimentation assay with indicated concentrations (0 - 25uM) of rabbit muscle F-Actin, resolved on single 
percentage (10 or 12%) SDS-PAGE and stained with GelCode Blue. A – F-Actin alone to assess 
successful polymerization, B – F-Actin with positive control actin-binding protein a-actinin, C – with 
ASAP1 BARPH, D – with PZA (lacks BAR), E – with BARPZA (has ArfGAP and ANK in addition to BAR), 
F – full-length ASAP1, G – GST-DBARPZA, H – GST-SH3, I – GST negative control for GST-tagged 
constructs, J – BSA negative control, K – quantification of binding experiments, showing test proteins 
bound as percentage of protein in the pellet. Gels are representative of at least three independent 
experiments; graphs are combined data from all the experiments. S – supernatant, P – pellet, SE – 
standard error.  
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The in vitro biochemical data indicated that ASAP1 interacts directly with actin filaments and 

experiments in cells are consistent with the idea that ASAP1 controls stress fibers. Actin structures, such 

as stress fibers and microspikes, are made up of F-actin bundles, which are crosslinked aligned actin 

filaments. ASAP1 is a homodimer, so it may be able to bind two or more actin filaments simultaneously. 

These results taken together led me to hypothesize that the BAR domain of ASAP1 bundles actin. I used 

two independent assays to assess bundling activity of ASAP1 – a fluorescence-based actin bundling 

assay, where actin bundles can be examined by staining with fluorescent phalloidin and a low-speed co-

sedimentation assay, where actin filaments cross-linked by a bundling protein sediment at a low speed 

(10 -14,000 x g range) [185, 186, 196]. As shown in Fig 2.7.A-B, the BAR-PH region induced thick actin 

bundles similar to a-actinin, a known actin bundling protein, while BARPZA and full-length proteins, which 

have a reduced actin binding, did not bundle F-actin efficiently as determined by fluorescence microscopy 

and no F-actin bundling was detected by the low-speed cosedimentation assay. PZA, which does not 

bind actin filaments, had no actin bundling activity. To approximate bundling efficiency of BAR-PH, I then 

tested actin bundling at different concentrations of BAR-PH. As shown in Fig 2.7.C, titration of increasing 

concentrations of BAR-PH induced longer, more prominent bundles as examined by fluorescence 

microscopy, with maximum length achieved around 1 µM of BAR-PH. Low-speed co-sedimentation 

assays with increasing concentration of BAR-PH produced similar results. I next sought to determine how 

ASAP1 BAR-PH is incorporated into bundled actin. F-actin was incubated alone, with ASAP1 BAR-PH, or 

with a-actinin, spotted on poly-L-lysine coated coverslips, double-stained with mouse anti-His6 antibody, 

followed by anti-mouse Alexa Fluor 594 and Phalloidin Alexa Fluor 488 and imaged by confocal 

microscopy. Single z-slices in Fig 2.7.D indicate actin bundle formation in the presence of a-actinin 

(upper panel, F-actin), although there was no signal in the His6 channel, as a-actinin has no polyhistidine 

tag. In the representative slice from BAR-PH/F-actin immunofluorescence data set, actin bundle formation 

is observed (upper panel, F-actin), with punctate signals from anti-His6 staining decorating the bundles 

(lower panel, His6), indicating incorporation of ASAP1 into the bundles at discrete intervals.   
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Interaction of actin-binding proteins with actin filaments may be driven by interactions between 

specific amino acid patches, may be electrostatically driven, or a combination. If electrostatic, the strength 

of interaction with actin may depend on the ionic strength [89, 105, 112, 197, 198]. Therefore, I performed 

the bundling assay between ASAP1 BAR-PH and F-actin at a 50 – 150 mM range of KCl concentration. 

As shown in Fig 2.7.E, full actin bundling activity of BAR-PH is retained at KCl concentration of 150 mM, 

suggesting that the binding is not based on solely electrostatic interactions. 

As discussed in Chapters 1 and 2, there are two BAR domain-containing subgroups in the human 

ArfGAP family - ACAPs and ASAPs (Fig 1.6.), with each subgroup containing three members each 

(ASAP1-3 and ACAP1-3). To investigate whether actin-modulating activity of BAR-PH is unique to 

ASAP1 or is shared between the groups, I overexpressed BAR-PH, DBARPH or full-length ASAP1 and 

ACAP1 in 3T3 and HFF-1 fibroblasts and compared their effects on cell morphology and actin 

remodeling. ACAP1 is known to induce membrane protrusions, which I have observed; however, I did not 

detect actin microspikes or thickening of actin stress fibers in ACAP1 BAR-PH overexpressing cells 

(closed white arrowheads) (Fig 2.8.A and C and Fig S3.A). Cells overexpressing ACAP1 BAR-PH were 

Figure 2.7. ASAP1 bundles actin filaments in vitro through its N-BAR domain and C-terminus of 
ASAP1 negatively modulates the bundling activity. A - Immunofluorescence-based bundling assay to 
assess actin crosslinking by microscopy. Rabbit muscle F-Actin (3.3 µM) alone or with full-length ASAP1 
or indicated domain truncations or a-actinin (positive control) (3.3 µM) were mixed in polymerization 
buffer and spotted on poly-L-lysine coated coverslips. After 30 min, coverslips were fixed and stained with 
Rhodamine Phalloidin. Images were taken on Leica SP8 confocal microscope using 64x oil objective. 
Images are MIPs and are representative of 5 independent experiments. B - Gel summarizing actin 
bundling activity of ASAP1 FL or domain truncations with graphs indicating degree of bundling. F-Actin (5 
µM) alone, indicated test proteins alone (2 µM), or F-Actin with indicated test proteins were subjected to 
low-speed co-sedimentation assay. Equal volumes of the supernatant (S) and resuspended pellet (P) 
were resolved on gradient SDS-PAGE and stained with GelCode Blue. Specific bundling for test proteins 
was assessed by comparing the pellet fraction in the presence and absence F-Actin (% protein in the 
pellet) and ability to bundle filaments was quantified by calculating the fraction of actin found in the pellet 
(% bundled F-Actin) Gel representative of at least three experiments, graphs are combined data from all 
the experiments. C - Immunofluorescence-based actin bundling assay to approximate efficiency of 
ASAP1 BARPH in bundling actin filaments. F-Actin (1 µM) was incubated with the indicated 
concentrations of BAR-PH and subjected to IF-based bundling assay as in A. Filament length was 
approximated using the ridge plugin in Fiji/ImageJ. Results are representative of three independent 
experiments. D - Colocalization of BARPH with actin filaments was assessed using IF-based bundling 
assay. F-Actin alone (1 µM), with a-actinin (1 µM), as a positive actin-bundling control (tagless), or with 
ASAP1 BARPH (His6-tagged) was incubated as in A and double-stained with Phalloidin Alexa Fluor 488 
and anti-His6 (Alexa Fluor 594) and analyzed as before. A single Z-slice is shown for each condition, with 
rectangles indicating enlarged images for clarity. E - Effect of ionic strength on actin bundling induced by 
ASAP1. F-Actin alone (5 µM ) or with ASAP1 BAR-PH (2 µM ) was incubated in F-actin buffer, containing 
indicated concentrations of KCl. Low-speed centrifugation was performed as in A and F-Actin in the pellet 
in the presence of BAR-PH (% bundled F-actin) was determined as described in B. 
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similar to that of the empty vector cell area and shape (Fig 2.8.C-D). Likewise, full-length ACAP1 

overexpression did not increase filamentous actin content, compared to the empty vector control (Fig 

2.8.B and Fig S3B).  

 

I then examined whether ACAP1 BAR-PH is able to rescue the loss of filamentous actin caused 

by ASAP1 knockdown. The BAR domains of ACAP1 and ASAP1 have a homologous structure, but only 

share 16% amino acid sequence identity. The ability of ACAP1 BAR-PH to compensate for the loss of 

ASAP1 was assessed in two ways - overexpression of full-length ACAP1 in cells with siASAP1  

Figure 2.8. The ASAP1, but not the ACAP1, BAR-PH tandem induces actin remodeling and cell 
area collapse. Primary human foreskin fibroblasts (HFF-1) were transfected with the empty vector 
(pCDNA) or vectors for the expression of indicated domains of ASAP1 or ACAP1 and were processed for 
imaging as before. A - Representative images of the transfected cells. MIPs of cells stained for the 
epitope tag on the indicated protein and with Phalloidin Alexa Fluor 488 to visualize actin filaments. White 
open arrowheads indicate thickening of stress fibers at the cell periphery as a result of ASAP1 BAR-PH 
overexpression, closed white arrowheads indicate thickening of stress fibers and increased intensity 
induced by full-length ASAP1 overexpression. B - Effects of ASAP1 and ACAP1 on cellular F-actin levels. 
Relative levels of F-actin in cells were estimated by measuring total surface fluorescence of Phalloidin 
Alexa Fluor 488. The signal was normalized to cell area. C - Effect of ASAP1 and ACAP1 on cell shape. 
The ratio of cell length-to-width was measured as described in Figure 1 as an indicator of cell shape. D - 
Effect of ASAP1 and ACAP1 on cell area. The total area of cells expressing the indicated proteins was 
measured. *p<0.05, **p<0.01, ****<0.0001, n.s. – not significant, one-way ANOVA with Tukey’s post hoc 
test, n = 10 cells, scale bar = 10 μm, results are presented as mean ± s.e.m. and are a representative of 
three independent experiments. 
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background and overexpression of ACAP1-ASAP1 chimera, where the BAR-PH region of ASAP1 is 

replaced with that of ACAP1, in cells with siASAP1 background. I justify this approach as follows – 

ACAP1 lacks the C-terminal extension that contains PXXP-SH3 protein-protein interactions sites that may 

be needed to localize it to the site of actin remodeling. Therefore, if the BAR-PH region of ACAP1 is able 

to remodel actin, but lacks the needed localization/ targeting signal, the chimera approach satisfies that 

requirement. As shown in Fig 2.9.A overexpression of ACAP1 into siASAP1 background did not lead to 

restoration of F-actin or reappearance of stress fibers. Quantification of the filamentous actin content 

represented by phalloidin fluorescence indicated that ACAP1 is not able to restore depletion of F-actin 

caused by ASAP1 downregulation (Fig 2.9.C). 

Figure 2.9. ACAP1 is unable to restore filamentous actin depletion caused by decreased ASAP1 
expression. Human cervical carcinoma cells HeLa were transiently transfected with a control siRNA or 
siRNA against the 3’UTR region of human ASAP1. After 48 hours, siControl and siASAP1 cells were 
transfected with empty vector (pcDNA 3.1+), or pcDNA with the open reading frame for FLAG-tagged full 
length ASAP1 or ACAP1. 24 h later (72 h total), cells were replated on fibronectin-coated coverslips and 
processed for confocal imaging as before. A. Representative images of cells transfected with the 
indicated siRNA (closed white arrowheads indicating restored stress fibers). B. ASAP1 levels in cells 
treated with control and ASAP1 3’UTR siRNA. ASAP1 was detected by immunoblotting. C. F-actin levels 
in transfected cells. Relative actin levels were estimated by quantifying total Phalloidin Alexa Fluor 488 
fluorescence. The signal was normalized to cell area. AU is arbitrary fluorescence unit. Results are 
presented as mean ± s.e.m. and are representative of three independent experiments, scale bar = 10 µm, 
n = 15 cells, ****p<0.0001, one-way ANOVA with Tukey’s post hoc tests.  
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Moreover, overexpression of ACAP1-ASAP1 chimera, did not rescue the effects of ASAP1 loss 

(Fig 2.10. A and C) and no differences were detected between ACAP1 and ACAP1-ASAP1 chimera 

groups. These results indicate that only ASAP1 BAR domain remodels actin structures. 

 

 

 

Figure 2.10. ACAP1 is unable to restore filamentous actin depletion caused by ASAP1 loss. 
NIH/3T3 cells were transfected with a control siRNA or siRNA against 3’UTR region of mouse ASAP1. 
After 48 h, siControl and siASAP1 cells were transfected with empty vector (pcDNA), full length ASAP1, 
ACAP1 or a chimera of the BAR-PH of ACAP1 and the ArfGAP, Ank repeat, proline-rich, E/DLPPKP and 
SH3 domains of ASAP1. 24 h post-transfection (72 h total), cells were replated on fibronectin-coated 
coverslips and processed for imaging as before. A. Representative mages of cells transfected with siRNA 
and expression plasmids as indicated. White arrows indicate loss of stress fibers in the cell body induced 
by ASAP1 knockdown (siASAP1 pcDNA) and the rescue of stress fibers following reconstitution of 
ASAP1 (siASAP1 ASAP1). B. Relative ASAP1 expression levels in the control and knockdown cells used 
for rescue. Protein levels were determined by immunoblot of cell lysates. C. Relative F-actin content of 
transfected cells. F-actin content was quantified as described in Figure 1. Data are mean ± s.e.m. of a 
representative experiment, n = 15 cells, scale bar = 10 µm. ****p<0.0001, n.s. – not significant, one-way 
ANOVA with Tukey’s post hoc tests, no significance was found in any other groups. 
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BAR domains are well known for their membrane binding properties and with some BAR domain-

containing proteins, actin and membrane remodeling are interconnected processes. PH domains are best 

known for their ability to bind phosphoinositides, acidic phospholipidic components of the cell membrane. 

To assess how phospholipid binding to the PH domain affects actin bundling activity of the BAR domain, I 

performed actin bundling assay in the presence of phospholipids. As the PH domain of ASAP1 binds to 

phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), I tested if PI(4,5)P2 affected the actin bundling activity 

of the BAR domain. Since the classical sedimentation assay for actin bundling does not perform well in 

the presence of lipids, I performed the fluorescence-based bundling assay as described previously, in the 

absence or presence of large unilamellar vesicles (LUVs), containing 2.5% PI(4,5)P2. As shown in Fig 

2.11.A, the presence of phospholipids did not produce an appreciable effect on bundle length.   

I also considered that the PH domain may affect the actin binding and remodeling activity 

independently of phospholipid binding. Our laboratory and others have previously observed that the 

stability of the BAR domain in some domain-containing proteins requires the presence of its PH domain 

mate [131, 199], suggesting that the two domains fold together with integrated function. As I was 

unsuccessful in purifying the isolated BAR domain as a recombinant protein, the effects of the BAR 

domain on actin filaments were assessed using a cellular assay, as was done previously. As shown in 

Fig 2.11.B-F, overexpression of the BAR domain alone did not produce an effect on total F-actin content, 

did not lead to stress fiber reorganization or changes in cell shape, compared to the BAR-PH. Thus, the 

PH domain is required for BAR domain mediated bundling, although by itself PH(ZA) (see Figs 2.6. ad 

2.7.) or the isolated PH domain (data not shown) were not sufficient to induce bundling.  

Together these results indicated that the BAR-PH of ASAP1 bundles actin filaments, which may 

regulate actin stress fibers, cortical actin and actin microspikes. 
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Figure 2.11. The BAR domain is inactive without the PH domain. A - Effect of lipid binding on the 
actin bundling activity of BARPH. Rabbit muscle F-actin (3 µM) alone or with ASAP1 BARPH or PZA (1 
µM) was mixed in F-actin buffer in the absence or presence of large unilamellar vesicles (LUVs) 
containing 2.5% PI(4,5)P2 and spotted on poly-L-lysine coated coverslips. Samples were processed as in 
Figure 2.5. Average bundle length in two treatment groups was quantified using the Ridge Detection 
plugin, as described in Materials and Methods. The data for all experiments are summarized as means ± 
s.e.m. B - Effect of BAR and BAR-PH on cellular F-actin. NIH/3T3 fibroblasts were transiently transfected 
with the empty vector (pcDNA) or vector encoding BAR or BAR-PH of ASAP1. Cells were processed as 
before. Representative images of transfected cells are shown. White open arrowheads indicate 
protrusions and white closed arrowheads indicate actin microspikes formed as a result of ASAP1 BAR-PH 
overexpression. Note no protrusions or actin remodeling induced by the BAR domain alone. C - Relative 
levels of F-actin were estimated by measuring total cell fluorescence of F-actin, with signal normalized to 
the cell area. D - Effect of BAR and BAR-PH on cell shape. The length-to-width ratio of cells was 
measured as an indicator of cell shape. E - Effect of ASAP1 BAR and BAR-PH on actin protrusions. The 
percentage of FLAG-positive cells with actin protrusions is presented. Random empty vector cells were 
counted for presence of protrusions as the control. F - Effect of overexpression of BAR and BAR-PH on 
cell area. A representative experiment of three independent experiments is shown.  The data were 
analyzed with one-way ANOVA followed by multiple comparisons using the Tukey’s post hoc test, scale 
bars = 10 µm, n.s. – not significant, ** = p<0.01, *** = p<0.001, **** = p<0.0001. 
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Discussion 

ASAP1 has been previously implicated in modulating the actin cytoskeleton through its regulation 

of focal adhesion complexes [19, 200]. The study in this chapter reports that 1) downregulation of ASAP1 

results in perturbation of F-actin content and diminishes stress fiber network 2) ASAP1 directly interacts 

with actin filaments through its N-BAR domain and 3) the BAR-PH module is sufficient for actin binding 

and cellular actin remodeling. The effects of ASAP1 on the actin cytoskeleton may contribute, at least in 

part, to the reported effects of ASAP1 on differentiation, proliferation, invasion, and metastasis [22, 201, 

202]. 

This study also shows that expression of ASAP1 is critical for maintenance of stress fiber 

alignment and continued bundling of actin filaments. Moreover, although ASAP1 is dispensable for ventral 

stress fiber formation, it is required for their long-term maintenance. Although we lack insight into the 

polarity of bundles induced by ASAP1, it is plausible that ASAP1 either controls antiparallel bundles in the 

contractile regions of stress fibers or facilitates the anchoring of the parallel actin filaments that are 

present at the focal adhesion/actin interface. Since ASAP1 is involved in controlling the dynamics and 

size of focal adhesions, the latter scenario is more likely.  

Regulation of actin is specific for a subset of BAR-domain-containing proteins. Several members 

of the N-BAR domain subfamily have been reported to directly bind to actin filaments – BIN1, PICK1 and, 

as described in this study, ASAP1 [89, 203] whereas two members, endophilin and oligophrenin-1, do not 

directly interact with actin through their BAR domains [99, 204]. To evaluate if actin-remodeling properties 

are conserved within the BAR-containing group of the ArfGAP family, the effect of the overexpression of 

ACAP1 and ASAP1 on actin was compared in cultured cells. Although both are N-BAR-domain containing 

ArfGAPs, ACAP1 did not exert the same effect on the actin structures as ASAP1. Expression of the 

ACAP1-ASAP1 chimera, where the localization signal through the PXXP/ SH3 domains is preserved, but 

the BAR-PH of ASAP1 is replaced with that of ACAP1, did not produce the same cellular effect as the full 

length ASAP1. These results support the idea that, among the Arf GAPs, this mechanism for regulating 

actin is specific for the ASAP subtype, and the difference between the ASAP1 and ACAP1 BAR-PH 

domains is another example of disparate functions of BAR domains [104, 198, 205-207]. Some BAR 

domain-containing proteins, such as oligophrenin-1, were shown to interact with actin through their SH3 
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domain [204], however this is not the case with the ASAP1, as fragments containing only the C – terminal 

regions of the protein (e.g. SH3, DBARPH, DBARPZA) did not bind or bundle actin in vitro or produce an 

effect in cells. Investigation is warranted into the structural determinants of interaction of the BAR 

domains with F-actin and whether this mechanism for regulating actin is preserved in the entire ASAP 

subfamily. 

In the course of this study, I observed that actin binding activity of ASAP1 BAR-PH is inhibited by 

the ArfGAP domain. The presence of the ArfGAP domain reduces binding and bundling activity of BAR-

PH and leads to a less pronounced effect on cellular actin. Our lab has previously reported that the BAR 

domain decreases the catalytic power of the ArfGAP domain towards its GTPase substrate, and a similar 

observation was made for other BAR-domain containing GAPs, such as RhoGAPs oligophrenin-1 and 

GRAF1 [176, 199, 204]. This may suggest a reciprocal inter-domain regulation that coordinates spatio-

temporal interaction of the ASAP1 GAP domain with Arf and of the N-BAR domain with actin, non-muscle 

myosin IIA or the membrane. Future studies should examine how binding of Arf GTPases contributes to 

the activity of the BAR domain of ASAP1. 

Activity of the BAR domain of ASAP1 may also be regulated via C-terminal auto-inhibition. I 

observed that the fragments with intact SH3 domain inhibited formation of the actin microspikes and 

weakened actin binding, suggesting an auto-inhibitory role, although in vitro, no difference in actin binding 

was found between BAR-PH-GAP-Ank and BAR-PH-GAP-Ank-PXXP-SH3, suggesting that the auto-

inhibition is primarily through the GAP domain. Regulation of the BAR domains by their C-termini is well 

documented. I-BAR domain member IRSp53 requires interactions of Esp8, WAVE1 and Mena and Cdc42 

to induce bundling activity and filopodia formation and SH3 domain serves both as an auto-inhibitory 

module and a localization signal [102-108, 208]. F-BAR domain member syndapin I (PACSIN1), which 

contains an SH3 domain, connected by a long linker, is also a subject to auto-regulation. The solved 

crystal structure of auto-inhibited syndapin I shows that the linker acts as a flexible arm allowing the SH3 

domain to associate with F-BAR domain [100]. Interaction of syndapin I SH3 domain with dynamin and 

WASL (Wiscott-Aldrich Syndrome Like) family of proteins might release autoinhibition at sites of 

membrane remodeling [91, 94, 95]. N-BAR domain member endophilin is also auto-inhibited by its SH3 

domain and interaction with dynamin through its proline-rich domain is required for recruitment of 
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endophilin to the membrane [209]. The C-terminal SH3 domain of ASAP1 connects to the GAP domain 

and ankyrin motifs through the proline-rich sequences and a stretch of E/DLPPKP repeats of unknown 

function and structure. This stretch is predicted to be intrinsically disordered and may be a flexible linker 

arm similar to that in syndapin I. Hypothetically, the SH3 domain of ASAP1 may also bind to the PXXP-

E/DLPPKP region either inter- or intra-molecularly, and interaction with other actin-regulating proteins 

may boost ASAP1 activity.  Future studies should explore how ASAP1 actin remodeling activity is 

regulated and what role known interacting partners play in directing ASAP1 actin remodeling activity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 54 

CHAPTER 3. ASAP1 BAR/ F-ACTIN BINDING INTERFACE 

Introduction 

The majority of actin binding proteins, for which the mechanism of actin binding has been defined, 

contains conserved actin binding interfaces, such as tandem CH domains. Even so, there is great 

variation in affinity of different tandem CH domain-containing proteins for actin filaments, suggesting that 

minute differences in folds and sequences modulate actin binding properties [210-214]. For others, such 

as members of the BAR domain superfamily, the interfaces have been contested or entirely undefined 

[111, 112, 215-218]. In the previous study, I found that the BAR domains of ASAP1 and ACAP1 do not 

exert the same effects on cellular actin in fibroblastic and epithelial cell lines and the BAR domain of 

ACAP1 specifically is not sufficient to compensate for the loss of BAR domain of ASAP1, leading me to 

hypothesize that critical structural and/or sequence differences dictate affinity of ASAP1 BAR domain 

towards actin. Moreover, considering that the BAR domain/ BAR-PH region of ASAP1 was shown to bind 

to the membrane lipids, non-muscle myosin IIA (interface unknown), effector of Rab11 FIP3 and, as 

described in Chapter 2, actin filaments, it is imperative to delineate how the BAR domain of ASAP1 

interacts with the actin filaments and if there are critical motifs in BAR/actin interaction. 

Important approaches to identify critical interacting surfaces are high-resolution structural 

methods, such as X-ray crystallography. This technique requires the molecular complex in question to 

pack into an array of molecules with a particular symmetry under supersaturated conditions. The nature 

of actin filament, however, is incompatible with such requirements. The advances made in single particle 

cryo-electron microscopy and the most recent RCSB PDB protein data bank deposited structures of 

cofilin-decorated actin filaments and filamin A-bound actin filaments at near-atomic resolution offer 

exciting glimpses into possibilities ahead [219-221]. Largely though, questions that deal with defining 

binding surfaces are still answered using classical biochemical assays, such as mutagenic analysis, mass 

spectroscopy, and chemical crosslinking.   

Chemical crosslinking between actin filaments and the actin binding protein, followed by mass 

spectrometry to identify crosslinks and potential amino acid interaction pairs serves as an unbiased 

approach to map out the interface. The disadvantage of this approach is the nature of the crosslinker, as 

some required a specific pH or buffer and some require further purification of the complex through a 
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desalting column. Since stability of actin filaments relies on neutral pH and presence of divalent cations, 

the range of crosslinkers one can use to identify the binding sites is limited.  

Another approach, which was used in this chapter, is classical mutagenesis-based mapping, 

where putative binding sites are mutated to a conserved amino acid or an alanine and the resulting 

mutants are probed for any differences in their interaction with actin using established actin binding and 

cellular assays.  

This study aims to define the differences between actin binding between the BAR domains of 

ASAP1 and ACAP1 and key residues and residue clusters in the BAR domain of ASAP1 that are required 

for its interaction with the actin filaments. 

 

Materials And Methods 

Homology Modeling  

Homology modeling of ASAP1 BAR-PH was performed in SWISS-MODEL server 

(swissmodel.expasy.org). Template search yielded structures 4NSW.1.A and 4NSW.1.B (ArfGAP with 

coiled-coil, ANK repeat and PH domain- containing protein 1, or ACAP1) as top template candidates 

[130]. Two models, each with a GMQE (global model quality estimation) score of 0.52, were built. Both 

models were energy minimized using YASARA server (www.yasara.org) [222]. Energy minimized 

structure was then uploaded to MOLProbity (Duke University, NC). Hydrogens that were attached to polar 

residues were removed and “Reduce” was run on the model to add 6,712 hydrogens at electron-cloud 

positions, further optimize 208 hydrogens, and finally optimize and flip Asn, Gln, and His. The model was 

then assessed for protein geometry. The model was visualized at every step in PyMOL (Schrödinger, 

LLC).  

 

Plasmids and Cloning  

Mutagenic primers were designed using Stratagene Quick Primer Design (Agilent Technologies) 

and synthesized by Integrated DNA Technologies or Eurofins Genomics (see Appendix B). Cloning 

reagents were from New England Biolabs. Site-directed mutagenesis of C-terminally His6-tagged ASAP1 

BAR-PH (1-438) (in bacterial expression vector pET21a) and N-terminally FLAG (DYKDDDDK)-tagged 



 56 

ASAP1 BAR-PH (1-431) (in mammalian expression vector pCDNA3.1(+)) was performed using Q5 High 

Fidelity Master Mix. DNA sequencing on constructs was performed by the CCR Genomics Core 

(Bethesda, MD).  

 

Immunofluorescence and Confocal Microscopy 

For immunofluorescence experiments, #1.5 German glass coverslips (Electron Microscopy 

Sciences) were coated overnight with 10 µg/mL bovine plasma fibronectin (Sigma-Aldrich) and washed 

thrice in PBS immediately prior to use. Transfected cells were re-plated in single cell suspension on 

coverslips in serum-free Opti-MEM for 5.5 h and fixed in 4% paraformaldehyde in PBS for 20 min at room 

temperature [179]. Approximately 20 - 30,000 cells and 50 – 60,000 cells were used for 12 mm and 18 

mm coverslips, respectively. Free aldehydes were quenched with 100 mM Glycine in PBS, and cells were 

permeabilized and blocked with buffer containing BSA (5% w/v), goat serum (5% v/v), and saponin (0.2% 

w/v) in PBS for 1 h, followed by staining with primary antibodies (1 h in blocking buffer) and fluorescently 

labeled secondary antibodies and fluorescently labeled phalloidin (30 min in buffer containing BSA (1% 

w/v) and saponin (0.1% w/v)) (See Appendix B). Coverslips were mounted with DAKO mounting medium 

or ProLong Glass (ThermoFisher). Confocal microscopy was performed on Leica TCS SP8 confocal laser 

scanning microscope using system optimized z-stack parameters, pinhole = 1.00 Airy Unit, an HC PL 

APO CS 63x/1.4 oil objective, at 700Hz with bidirectional X enabled. Data of a given experiment were 

collected the same day using identical settings. The following parameters were used XY = 1024 x 1024 

with zoom factor of 1.78 and pixel size of 101.33 x 101.33. Sum of stacks or whole cell volumes were 

used for quantification and analysis, while maximum intensity projections or single slices were used for 

presentation purposes. 

 

Recombinant Protein Purification 

Protein purification was carried out as described previously [19, 176, 177] with modifications. 

Plasmids were transformed into BL21(DE3) LOBSTR (Kerafast) and grown in LB supplemented with 

0.5% glycerol and 1X metals mix and induced with 0.25 mM IPTG overnight at 18°C or 3 hours at 37°C. 

Cell pellets expressing His6-tagged constructs were lysed in buffer A (20 mM HEPES pH 7.7, 500 mM 
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NaCl, 10 mM imidazole) supplemented with protease inhibitors using M-110P microfluidizer. Pre-cleared 

lysates were passed through Ni-NTA (Qiagen) packed gravity column pre-equilibrated with Buffer A and 

bound His6-tagged protein were eluted with Buffer B (20 mM HEPES pH 7.7, 500 mM NaCl, 250 mM 

imidazole). Proteins were exchanged into actin filament compatible buffer (20 mM HEPES pH 7.7, 150 

mM NaCl, 5% glycerol, 1 mM DTT) using Zeba desalting columns (ThermoFisher) or PD10 columns (GE 

Healthcare). 

 

Protein Thermal Stability Assay  

Purified proteins (2 µM in 50 µL volume) were distributed into thin-walled PCR tubes in three 

technical replicates and heated in a thermocycler at the indicated temperatures (temperature gradient of 

30°C - 63°C with 3°C increments), with a 3 min hold at every temperature increment. Samples were 

allowed to cool at room temperature for 15 min and centrifuged to sediment precipitated protein. 

Remaining soluble fractions (stable protein) were transferred into microcentrifuge tubes and resuspended 

1:1 in 2X Laemmli sample buffer. 1/10 of samples were separated on 12% SDS-PAGE and quantified by 

densitometry in ImageJ. Melting curves were fitted using sigmoidal (variable slope) curve fit.  

 

In Vitro Actin Binding and Bundling Assay 

G-actin was purchased from Cytoskeleton, Inc. Actin was polymerized to F-actin according to the 

manufacturer’s protocol and efficiency of polymerization was assessed by sedimentation at 120,000 x g 

at 24°C, followed by SDS-PAGE of the pellet (F-actin) and the supernatant (G-actin) fractions. High-

speed actin co-sedimentation assays were performed according to the manufacturer’s protocol 

(Cytoskeleton, Inc.). Prior to performing the assays, all test proteins were spun at 150,000 x g for 1 h at 

4°C to sediment aggregates and particulates. For high-speed cosedimentation, test proteins (2 μM) were 

incubated with varying concentrations of F-Actin (0 – 25 μM) in F-actin buffer (5 mM Tris pH 8.0, 50 mM 

KCl, 2 mM MgCl2, 0.2 mM CaCl2, 1 mM ATP) for 30 min and centrifuged at 150,000 x g for 90 min at 

24°C in a Thermo Scientific Sorvall MTX150 ultracentrifuge in Beckman-Coulter ultracentrifuge tubes. 

Immediately post-centrifugation, supernatants were removed, placed into a microcentrifuge tube and 

resuspended in an equal volume of 2X Laemmli sample buffer. Pellets were dissolved in 1X Laemmli 
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sample buffer in a volume equal to that of the supernatant fraction. Equal amounts of supernatant and 

pellet fractions were separated on 12% SDS-PAGE, stained with GelCode Blue stain, and quantified 

using ImageJ or Image Studio Lite software. At least three independent experiments were performed with 

each test protein. 

For fluorescence-based actin bundling assays, reactions were prepared as for co-sedimentation 

assays and spotted in 2-5 μL drops on poly-L-Lysine covered coverslips. Coverslips were fixed on ice 

with 4% paraformaldehyde in PBS and stained with Rhodamine Phalloidin on ice, mounted and imaged 

on Leica TCS SP8 as above [185] using Navigator module in LSX software. 

 

Results 

Evidence suggests that actin filaments interact with their binding proteins via charge-charge 

interactions. For several proteins that do not have conserved tandem calponin homology domains, such 

as palladin, pacsin2, and IRSp53, actin binding is thought to occur through surfaces that contain lysines 

[99, 223-225]. The relatively large negative surface of the actin filaments would bind to positively charged 

surfaces on a given actin binding protein, as is the case with the actin-binding surface of IRSp53 and 

pacsin2, localized on lysine and arginine clusters on the BAR dimers.  I therefore hypothesized that actin 

binding surface on the N-BAR domain of ASAP1 may be located on areas with concentrated positive 

charges. Lacking a high-resolution structure of the N-BAR domain of ASAP1, a homology model was built 

from the known ACAP1 structure [130] using Swiss-Model server (Fig 3.1.). 

 

Table 1. Input and output parameters of energy minimization runs of ASAP1 BAR-PH model on 
YASARA server. 

 

 

 

 

Parameters at start Energy = -340,960.0 kJ/mol Score = -2.56 

Parameters at end Energy = -467,741.5 kJ/mol Score = -0.98 
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Figure 3.1. Model of ASAP1 BAR-PH used for subsequent biochemical studies. Homology model of 
BAR-PH of mouse ASAP1 was built in Swiss-Model using the crystal structure of human ACAP1 as 
template. The resulting models were further energy minimized in YASARA using YASARA force-field, 
with parameters and start and end of the run summarized in the table. The resulting model was further 
checked for protein geometry deviations in MOLProbility. Rendered in PyMOL (Schrödinger, LLC). 
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Guided by the model, several positively charged patches were identified, including but not limited 

to the concave side of the dimer. This resulted in the following set – K75/76/79, K101/105, K159/163/164, 

K229/231/232 and K283/284, which were mutated to Ala and Glu, to examine the contribution of both size 

and charge (Fig 3.2.). Prior to assessing  actin binding properties of the mutants, their stability was 

assessed using a modified CETSA assay [226]. CETSA (CEllular Thermal Shift Assay) is a modification 

of a widely-used fluorescence-aided thermal shift assay, Thermofluor, or DSF (differential scanning 

fluorimetry), which assesses protein stability or protein-ligand interactions based on proteins thermal 

stability [227]. Original thermal shift assay uses purified protein and a real-time PCR machine to monitor 

temperature-induced protein denaturation that can be quantified by measuring fluorescence of a dye 

(typically Sypro Orange) that preferentially binds to hydrophobic regions. This assay is dubbed a thermal 

“shift” due to an apparent shift in the melting temperature when the protein is stabilized by ligands and 

additives. This assay gained popularity due to its low cost and high throughput and has been used 

successfully to screen for small molecule and peptide inhibitors, as well as to optimize protein purification 

Figure 3.2. Proposed set of mutants. Guided by the model, several positively-charged patches were 
identified (shown as sticks, in red) for the initial round of mutagenesis. Rendered in PyMOL (Schrödinger, 
LLC).    
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conditions or refine and optimize crystallization hits. One of the few drawbacks is the availability of 

sufficient quantity and concentration of purified protein to perform the assay. I have previously performed 

a differential scanning fluorimetry assay to optimize purification conditions of BAR-PH fragment of ASAP1 

(Fig S4), namely the optimal pH and nature of buffer. During preliminary stages of these experiments it 

was evident that approximately 5 -10 µM concentration of purified ASAP1 BAR-PH is needed to get a 

reasonable signal-to-noise ratio. However, because yields for some of the mutant proteins were lower 

than that of the wild type and the BAR domain of ASAP1 is not suited for standard concentration  

methods, differential scanning fluorimetry could not be utilized to assess stability of the mutants. CETSA 

uses whole or fractionated cell extracts and SDS-PAGE/ immunoblotting-based methods to approximate 

protein stability, bypassing the need for purified protein. I sought to combine the advantages of both 

assays and performed a modified CETSA – SDS-PAGE - based quantification method based on thermal 

denaturation of purified protein. As shown in Fig 3.3, thermal stability of all mutants was within the 

standard error of the mean of the wild type protein, except the triple mutant K229E/ K231E/ K232E, for 

which the Tm could not be derived and K159E/ K163E/ K164E, for which the Tm was approximately 4°C 

Figure 3.3. Thermal stability of the initial set of BAR-PH mutants. Alanine-scanning or conservative 
mutants of ASAP1 BAR-PH were heated to the indicated temperatures and remaining soluble (stable) 
fractions were resolved on SDS-PAGE and quantified. Representative gels are shown for each mutant. At 
least two biological replicates with three technical replicates each were performed for each mutant. 
Results are shown into two graphs for clarity. Tm -melting temperature. Data shown are combination of all 
experiments represented as mean ± SEM.  
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lower. Based on these results, K229E/ K231E/ K232E mutant was excluded from further investigation. 

K101A/K105A mutant did not express despite all attempts (varying E. coli strains, richness of media, 

induction temperature, and duration of induction) and K159A/K163A/K164A did not express at levels 

sufficient to perform any assays.  

The rest of the mutants and the wild type BAR-PH were subjected to actin binding (high-speed 

sedimentation) assay, as was previously done for Chapter 2 studies. Both alanine and glutamate mutants 

of the 75/76/79 patch showed the most profound effect on actin binding in co-sedimentation assays, 

suggesting that this is the region on the BAR domain of ASAP1 that is part of the actin binding interface 

(Fig 3.4.).  

Figure 3.4. The effect of mutants on actin filament binding. Wild type and the indicated mutants of 
ASAP1 BAR-PH (2 µM) were subjected to high-speed cosedimentation with varying (0 – 20 µM) 
concentrations of F-actin (actin filaments). Pellet (filaments with bound protein) and supernatant (residual 
G-actin and unbound protein) were separated by SDS-PAGE, stained with GelCode Blue and quantified 
by densitometry. Quantified results (three independent experiments) are summarized in the graph, with 
relative binding affinities shown in the table. SE – standard error. 

Fluorescence-based actin bundling assays also showed that the K75/76/79 triple mutant has a 

reduced capacity to bundle actin filaments in vitro (Fig 3.5.). Although the K159E/K163E/K164E triple 

mutant showed a reduced binding (~ 53.20%) to the actin filaments in high-speed actin sedimentation 

assays, its bundling activity was not greatly reduced.  
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 I next examined the effect of mutants on cellular actin remodeling. U2OS cells were transfected 

with the empty vector, wild type BAR-PH or the indicated mutants, stained for epitope tag (FLAG) and F-

actin (phalloidin) and processed for confocal microscopy. Compared to the wild-type protein (WT), the 

K75/76/79E triple mutant had no effect on the cell shape and failed to remodel actin (Fig 3.6.). The 

K283E/K284E double and K159E/K163E/K164E triple mutants produced an effect similar to the wild type, 

with cells exhibiting a collapsed cell shape and numerous protrusions rich in actin.  

 

 

Figure 3.5. Effect of ASAP1 mutants on actin bundling in vitro. Bundling activity of selected ASAP1 
BAR-PH mutants (3 µM) was compared with the wild type protein (WT) as described previously in 
Chapter 2. Results are representative of three independent experiments.  

Figure 3.6. K75E/K76E/K79E triple mutant of BAR-PH fails to remodel cellular actin. U2OS cells were 
transiently transfected with empty pCDNA vector, FLAG-tagged wild-type or the indicated mutants of 
ASAP1 BAR-PH, re-plated after 24 hours on fibronectin-coated coverslips, fixed and stained with anti-
FLAG antibody (Alexa Fluor 488) and fluorescently labeled phalloidin (Alexa Fluor 594). Images were 
acquired as described in Materials and Methods and Chapter 2. Representative MIPs of the FLAG channel 
(recombinant ASAP1 protein, upper panels) and phalloidin channel (F-actin, lower panels) are shown. 
Results are representative of two independent experiments. 
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Having narrowed down the putative binding site, a second set of mutants sampling the area 

around the 75/76/79 patch was made, specifically Q72/ Y82/ N83, K153/ K156/ K159, as well as R68/ 

K156/ K159 triple mutants. The stability of these mutants was also assessed by a modified CETSA (Fig 

3.7.). No differences in actin binding or defects in cellular actin remodeling were found in these mutants 

(data not shown). 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Thermal stability of BAR-PH mutants. Second sets of alanine-scanning or conservative 
mutants of ASAP1 BAR-PH were heated to the indicated temperatures and remaining soluble (stable) 
fractions were resolved on SDS-PAGE and quantified. Representative gels are shown for each mutant. At 
least two biological replicates with three technical replicates each were performed for each mutant. 
Results are shown into two graphs for clarity. Data shown are combination of all experiments represented 
as mean ± SEM. Tm – melting temperature.  
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Discussion 

 This chapter set out to identify how the BAR domain of ASAP1 interacts with actin filaments. 

Using site-directed mutagenesis, the putative actin binding site was localized to the 75/76/79 lysine patch. 

However, further sampling around this site, on amino acids 72, 82, and 83, showed that these residues 

do not participate in actin filament interactions, suggesting that the interaction between ASAP1 and the 

actin filaments may be primarily electrostatic. Therefore, further confirmation of the specificity of this 

interaction by orthogonal methods is needed. TIRF (total internal reflection fluorescence) microscopy and 

electron microscopy may provide as an additional test for acting binding and bundling by the mutants, as 

these assays are more sensitive and may detect small variations in binding and bundling efficiency. 

ASAP1 is one of three members of the ASAP subfamily of human ArfGAPs. Although control of 

actin stress fibers assembly has been shown for ASAP3 in MDA-MB-231 cells, direct actin modeling 

activity has not been reported [228]. Given the high sequence homology between the three isoforms, 

steps should be taken to identify if direct actin binding activity is conserved in ASAP2 and ASAP3.  

Ultimately, these mutations should be further examined in the context of relevant physiological 

system, for which ASAP1 is important, such as mesenchymal cell differentiation. Knock-in animal models 

of actin-binding mutants of ASAP1 should pinpoint if ASAP1 interaction with actin filaments plays a 

biological role. 
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CHAPTER 4. ASAP1 IS PART OF THE MULTI-COMPONENT CYTOSKELETAL NETWORK 

AND ITS ACTIVITY IS REGULATED BY THE C-TERMINUS 

Introduction 

To date, it is accepted that ASAP1 regulates organization and dynamics of distinct actin 

assemblies through its interaction with Arf GTPases (circular dorsal ruffles), protein tyrosine kinase Src 

and adapter proteins (invadopodia and podosomes), and as described in Chapters 2 and 3, directly 

through actin filaments (stress fibers).These actin assemblies vary greatly in their duration, content, 

organization, and location in the cell. How ASAP1 is differentially directed and activated to remodel these 

distinct structures is not well understood. And although there is some insight on the contribution of certain 

interactions that control multi-functionality of ASAP1, the pathways elucidated by these studies are not 

integrated. Coordination in execution of specific distinct processes relies on the integration of various 

signals and such coordination has been described for multi-domain proteins that regulate disparate 

processes. For example, the SH3 domains of Rho exchange factors intersectin and ASEF regulate the 

GEF activity by blocking the access of Cdc42 to the their respective DH/PH domains [229-232]. At least 

for intersectin, a protein that is involved in endocytosis, exocytosis and actin remodeling, concerted 

binding of dynamin and N-WASP is required to unlock the DH/PH domain and further stimulate actin 

cytoskeleton remodeling [229]. Interaction with the SH3 domain of endophilin promotes remodeling of 

endocytic components [233]. For Rho exchange factor Vav1, the regulatory machinery consists of at least 

two known interactions – a phosphorylation event and intra-molecular inhibition by adjacent domains. 

Phosphorylation of Vav1 at Tyr174 is important for its activation, yet it is not the single activating signal in 

the regulation of the protein [234-241]. The adjacent CH domain also serves as a regulatory element, as it 

and the N-terminal portion of the acidic domain bind to each other, and together they form an inhibitory 

module that binds to the PH and DH domains, occluding the binding of Rac1 [235, 238, 239, 242-246]. It 

is plausible that such coordinated multi-modal activation can be translated to other proteins, such as 

ASAP1. 

During my Aim1 studies, I gained some insights into potential molecular mechanism for targeting 

and regulation with the discovery that in vitro the full-length ASAP1 is autoinhibited from binding to actin 

filaments by its PXXP-SH3 region, but in cells it is able to produce an effect on stress fibers. This result 
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led me to hypothesize that activating stimuli and/or interacting partners relieve the inhibition induced by 

the SH3 domain to allow for control of stress fibers. Based on previous research findings, ASAP1 

translocates into the cytoskeletal milieu by associating with adapter proteins, such as CrkL, CIN85, and 

CD2AP [136-138] to direct its effects on focal adhesions. A separate report also suggests that interaction 

and phosphorylation by the Src family of kinases is required for facilitation of invadopodia and podosome 

formation by ASAP1. Aside from these studies, information about the nature and dynamics of ASAP1 

interaction network remains limited.  

Major challenges in identification and characterization of protein-protein interactions in the 

cytoskeletal network are the low solubility in buffers commonly used for pull-downs and 

immunoprecipitation experiments, and the transient nature of such interactions. One approach to 

circumvent these problems is to use an in vivo biotinylation approach to study proximal interacting 

partners of ASAP1. First described by Roux and colleagues [247], in vivo proximity biotinylation, also 

known as BioID, has been since successfully used to validate known interactors, previously identified by 

other methods, as well as to identify novel functional protein-protein interactions in various cellular 

compartments, such as the nuclear pore [248-251], mitochondria [252-254], yeast vacuole [255, 256], 

integrin adhesome [257], and cell receptor signalosome [258] .  

The BioID technique takes advantage of the strong (~10-14 M) affinity of the biotin-streptavidin 

interaction to probe for proximal and temporal endogenous interacting partners in vivo. It employs a 

fusion construct between the gene of interest and a promiscuous bacterial (from E. coli) biotin ligase BirA 

to specifically and irreversibly label proteins with biotin. This technique has several advantages compared 

to the classical pull-down and immunoprecipitation experiments: 1) it identifies transient interaction 

events, such interactions with kinases/phosphatases, proteins of the ubiquitin-mediated degradation 

network, etc.; 2) It provides temporal control via user-defined timing of biotin addition and withdrawal; 3) it 

allows for probing of cell compartment-specific interactions; and 4) it is insensitive to harsh detergents, 

such as SDS, allowing for the study of interactions in poorly soluble structures and signalosomes. Most 

recently, newer generations of biotin ligases have been implemented, including BioID2, a smaller biotin 

ligase from Aquifex aeolicus and TurboID, which catalyzes biotin addition with greater efficiency, allowing 

biotinylation within a few hours [248] [259]. 
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In this technique a biotin ligase of choice is linked to the protein of interest and the fusion is either 

transiently or stably expressed in the cell of interest (Fig 4.1.). The original and improved biotin ligases 

are approximately 25 – 35 kDa proteins, far larger than tags typically used in cellular assays, therefore 

important factors such as placement of the ligase in the fusion, length and nature of linker between the 

protein of interest and the ligase, as well as method of overexpression should be considered. Typically, 

multiple fusion constructs are made, with the ligase either on the C- or the N-termini of the protein of 

interest, unless it is known that a particular fusion will interfere with activity, e.g., dimerization or post-

translational modifications. Larger multi-domain proteins may also benefit from including longer linkers to 

optimize the radius of labeling. Finally, although transient overexpression may work for some biotinylation 

studies, it is more common for studies in readily transfectable cell line models, such as HEK293T or 

HeLa. In other cell lines and platforms, where the transfection efficiency is low, lentiviral or CRISPR/Cas9-

mediated overexpression should be used. Levels of overexpression should also be monitored and tuned 

appropriately to avoid potential toxicity and overexpression artifacts. Finally, prior to attempting large-

scale BioID experiments, verifying that the BioID fusion localizes and functions similarly to the native 

protein will exclude any false positives and maximize chances of building an accurate interaction network.  

This particular technique requires a long (over 18 h) labeling time, therefore it is not amenable to 

capturing a particular interaction snapshot, but rather a cumulative view of all interactions over several 

hours. Biotinylated molecules are then enriched via streptavidin pull-down and sent for spectrometric 

identification. Although monolayer culture is the most popular method to perform BioID experiments, there 

are studies that tailored BioID to 3D culture formats, such as organotypic rafts of epidermal keratinocyte 

cultures [7], tumor xenografts and whole animal tissue [260, 261], pointing to the versatility to BioID as a 

screening technique.  

I hypothesize that the actin remodeling activity of ASAP1 is under control by inter-domain 

autoinhibition, which is relieved by post-translational modifications and interactions in the cytoskeletal 

milieu. Using an unbiased and robust technique, such as BioID, multiple interacting partners that regulate 

the ASAP1/Actin axis can potentially be identified. 
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Figure 4.1. Overview of 
BioID technique. Bait protein 
fused to the biotin ligase via a 
linker is transfected or 
transduced into the cell line of 
interest. Upon addition of 
biotin, proteins proximal to the 
bait-ligase fusion are 
covalently modified 
(biotinylated). Cells are 
subsequently lysed under 
denaturing conditions and 
subjected to streptavidin 
affinity capture. Complexes 
are then separated by SDS-
PAGE and analyzed by mass 
spectrometry. Drawn in 
BioRender. 
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Materials and Methods 

Plasmids and Cloning 

Oligonucleotides for cloning and sequencing were from Integrated DNA Technologies and 

Eurofins Genomics. All reagents used for cloning were from New England Biolabs. pCDH-CMV-T2A-puro-

copGFP and cDNA encoding biotin ligase from Escherichia coli BirA R118G, also termed BioID, were a 

kind gift from Drs. Robert Hannigan, Jose Cancelas, and Nicolas Nassar (Cincinnati Children’s Hospital 

Medical Center, Cincinnati, Ohio). Improved biotin ligase from A. aeolicus and biotin ligase from A. 

aeolicus with an extended (GSSG)13 linker, also termed BioID2 and 13X BioID2, respectively, were from 

Addgene (#80900 and #92308). pCDLN and pMICK packaging plasmids were a kind gift from Dr. Gang 

Huang (Cincinnati Children’s Hospital Medical Center, Cincinnati, Ohio). Bacterial expression clones for 

the kinase domain of chicken c-Src (Src KD) and phosphatase YopH, originally described by Dr. Marcus 

Seeliger [262], were a kind gift from Dr. Nicolas Nassar (Cincinnati Children’s Hospital Medical Center, 

Cincinnati, Ohio). FLAG (DYKDDDDK)-tagged BirA, BioID2 and 13X BioID2 or ASAP1a and ASAP1b 

fusions were created via Hi-Fi NEB assembly (New England Biolabs). BioID and BioID2 were fused to the 

C-terminus of ASAP1 with a linker sequence (GGSGGHMGSGG) preceeding BioID. Clones were verified 

using Sanger sequencing at CCR Genomics Core (NCI, Bethesda, MD). 

 

Cell Culture and Transfection 

HEK293T/ clone 17 (human embryo, ATCC CRL-11268) and HeLa (human female) were 

maintained in DMEM supplemented with 10% heat-inactivated fetal bovine serum and 50 µg/mL 

penicillin/streptomycin (ThermoFisher). U2OS cells (human female, osteosarcoma ATCC HTB-96) were 

maintained in McCoy’s 5A supplemented with 10% heat-inactivated fetal bovine serum and 50 µg/mL 

penicillin/streptomycin (ThermoFisher). Cells were checked for mycoplasma contamination using LookOut 

Mycoplasma PCR Detection Kit (Sigma-Aldrich) prior to transfection/ transduction. 

For rescue experiments, cells were transfected with 50 nM control siRNA or siRNA against 3’UTR 

region of ASAP1 as done for the knockdown experiments. After 48 hours, cells were transfected with 

empty pCDNA vector or vector encoding for full-length ASAP1b and mutants using Lipofectamine LTX 
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reagent at 1:3 ratio (DNA: reagent) (Life Technologies). Typically, 2.5 – 3 µg of DNA was used in a 6-well 

format.  

 

Lentivirus Packaging and Transduction 

Lentiviral particles were produced in HEK293T/clone17 cells using psPax2 and pMD2.G or 

pCDLN and pMICK packaging plasmids as previously described [174, 175]. HEK293T/clone 17 cells were 

plated onto poly-L-lysine or porcine type A gelatin coated T175 flasks and allowed to grow to 80% 

confluence. Transfer vector was mixed with psPAX2 and pMD2.G at a ratio of 7:3:1, respectively, and 

cells were transfected using JetPRIME transfection reagent in DMEM, supplemented with 10% FBS. After 

16 h post-transfection, the medium was replaced with Advanced DMEM, supplemented with HEPES (10 

mM, pH 7.0), FBS (2% (v/v) and BSA (2% (w/v). Viral supernatant was collected every 8-12 h, up to 96 h 

and filtered through a 0.45 µm PVDF filter. Lentiviral particles were further concentrated by precipitation 

using PEG 3350-based Lenti-X concentrator (Clontech) or by centrifugation using Amicon 100 kDa cut-off 

centrifugal devices. U2OS cells were infected using three rounds of infection in the presence of polybrene 

(10 µg/mL) overnight, followed by daytime recovery in complete media and selected with puromycin (4 

µg/mL). Expression of transgene was validated by immunoblotting. 

 

Immunofluorescence and Confocal Microscopy 

For immunofluorescence experiments, #1.5 German glass coverslips (Electron Microscopy 

Sciences) were coated overnight with 10 µg/mL bovine plasma fibronectin (Sigma-Aldrich) and washed 

thrice in PBS immediately prior to use. Transfected cells were re-plated in single cell suspension on 

coverslips in serum-free Opti-MEM for 5.5 hours and fixed in 4% paraformaldehyde in PEM (PIPES/ 

EDTA/ MgCl2) buffer or PBS for 20 min at room temperature [179]. For staining with focal adhesion 

markers, cells were fix-permeabilized on ice in 0.1% Triton-X 100 and 4% PFA in PEM or PBS for 3 min, 

followed by 4% PFA fix on ice [180]. Approximately 20 - 30,000 cells and 50 – 60,000 cells were used for 

12 mm and 18 mm coverslips, respectively. Free aldehydes were quenched with 100 mM glycine in PBS, 

and cells were permeabilized and blocked with buffer containing BSA (5% w/v), goat serum (5% v/v), and 

saponin (0.2% w/v) in PBS for 1 hour, followed by staining with primary antibodies (1 hour in blocking 
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buffer) and fluorescently labeled secondary antibodies and fluorescently labeled phalloidin (30 min in 

buffer containing BSA (1% w/v) and saponin (0.1% w/v)) (See Appendix B). Coverslips were mounted 

with DAKO mounting medium. Confocal microscopy was performed on Leica TCS SP8 confocal laser 

scanning microscope using system optimized z-stack parameters, pinhole = 1.00 Airy Unit, an HC PL 

APO CS 63x/1.4 oil objective, at 700Hz with bidirectional X enabled. Data of a given experiment were 

collected the same day using identical settings. To account for differences in sizes for different cell types, 

the following parameters were used - NIH/3T3, U2OS and HeLa cells, XY = 1024 x 1024 with zoom factor 

of 1.78 and pixel size of 101.33 x 101.33. Sum of stacks or whole cell volumes were used for 

quantification and analysis, while maximum intensity projections or single slices were used for 

presentation purposes. 

 

Recombinant Protein Purification 

Full-length His6-tagged ASAP1 was expressed in Sf9 insect cells via baculovirus-mediated 

infection (Protein Production Core, Leidos Biomedical Research, Frederick National Laboratory for 

Cancer Research), lysed using a Dounce homogenizer in 20 mM HEPES pH 7.7, 500 mM NaCl, 5% 

glycerol, followed by purification using Ni-NTA IMAC and size exclusion gel filtration without 

concentration. All chromatography steps were done at room temperature. 

The kinase domain (aa 251 – 533) of c-Src was purified essentially as described [262]. Plasmids 

encoding c-Src KD (pET28a with a TEV-cleavable His6 tag) and YopH phosphatase (pCDFDuet) were co-

transformed into BL21 (DE3) cells and plated on kanamycin/ streptomycin agar plates. Single colonies 

were picked and grown as starter cultures in kanamycin/streptomycin containing terrific broth. Large-scale 

cultures were grown in LB supplemented with 0.5% glycerol and 1X metals mix and induced with 0.25 

mM IPTG overnight at 18°C. Cell pellets were lysed in buffer A (20 mM HEPES pH 7.7, 500 mM NaCl, 10 

mM imidazole) supplemented with protease inhibitors using M-110P microfluidizer. Pre-cleared lysates 

were passed through Ni-NTA (Qiagen) packed gravity column pre-equilibrated with Buffer A, washed 

extensively with Buffer A supplemented increasing concentrations of Imidazole (20, 40, and 70 mM 

Imidazole) to remove YopH phosphatase and bound His6-tagged c-Src KD was eluted with Buffer B (20 

mM HEPES pH 7.7, 500 mM NaCl, 250 mM imidazole). Protein was dialyzed overnight against 4 L of 
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buffer containing 20 mM HEPES pH 7.7., 150 mM NaCl, 0.1% beta-mercaptoethanol, concentrated and 

further purified in same buffer on size-exclusion gel filtration using HiLoad Superdex 200 16/600 column 

(GE Healthcare) to remove residual YopH phosphatase and any aggregated kinase. C-Src KD was 

concentration to 10 mg/mL using Amicon concentrator (10 kDa cut-off), frozen in liquid nitrogen and 

stored at -80°C.  

 

In Vitro Phosphorylation of Full-Length ASAP1 

 The Src KD was autophosphorylated overnight at 4°C in the presence of 10 mM MgCl2, 5 mM 

ATP and 1 mM DTT. ASAP1 (1 mg/mL) was incubated with autophosphorylated Src KD (1 µg/mL) in the 

presence of 10 mM MgCl2, 5 mM ATP and 1 mM DTT for 12 h and aliquots were removed at 0, 15 min, 1, 

3 and 12 h to monitor the extent of phosphorylation. Purified GST-tagged C-terminal regions of ASAP1 

(DBARPZA and SH3) were used as positive and negative controls, respectively.  

 

In vivo Biotinylation (BioID) and Streptavidin Pull-Down 

U2OS stably expressing FLAG-BioID2 alone or FLAG-ASAP1-BioID2 were plated on three 

fibronectin-coated 150 cm2 dishes each and allowed to grow to 80% confluence. Cells were processed for 

lysis and streptavidin capture essentially as previously described [251]. Biotinylation was induced by 

addition of 50 µM D-(+)-biotin for 24 h. Cells were subsequently rinsed with room temperature PBS and 

lysed in high-detergent buffer (Tris (50 mM, pH 7.5), NaCl (200 mM), SDS (2% w/v), Triton X-100 (1% 

v/v)) by sonication. Cell lysate concentration was quantified by BCA assay (ThermoFisher). Lysates were 

equalized in lysis buffer and further diluted in detergent-free buffer (Tris (50 mM, pH7.5), NaCl (200 mM)) 

to 1 mg/mL. Lysates were incubated overnight with neutravidin agarose to capture biotinylated proteins, 

washed thrice with room temperature lysis buffer, followed by a single wash in detergent-free buffer. 

Complexes were eluted by boiling in 2X Laemmli sample buffer. Quantitative immunoblot analysis was 

performed on ~1/20th of total eluate to confirm enrichment of biotinylated proteins prior to mass 

spectrometry analysis.  
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SDS-PAGE and Immunoblotting  

Input lysates (1-10%) and streptavidin capture eluates were separated by SDS-PAGE and 

transferred onto nitrocellulose membranes using TurboBlot semi-dry transfer apparatus (Bio-Rad). For 

quantitative immunoblotting, after blocking (LI-COR PBS blocking), membranes  

were incubated with primary antibodies diluted in blocking buffer + Tween-20 (0.1%) overnight at 4°C 

(see Appendix B). Membranes were washed thrice in PBS + Tween-20 (0.1%) and incubated with 

fluorophore-conjugated secondary antibodies diluted 1: 10,000 in LI-COR blocking buffer in the dark. 

Membranes were washed thrice in PBS-Tween-20 (0.1%), once in PBS, and scanned using an Odyssey 

imaging system. Band intensities were determined using Image Studio Lite (LI-COR Biosciences). 

For cell signaling studies, cells were harvested by scraping in ice-cold modified RIPA buffer (25 

mM TRIS pH 7.6, 250 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.4% SDS) supplemented with 

protease and phosphatase inhibitors (ThermoFisher). Lysates were lysed using three rounds of 

sonication in 3 s ON/ 3 s OFF intervals. Protein quantification was determined using BCA assay. Lysates 

were diluted 1:1 with Laemmli sample buffer and boiled. 

For ECL-based immunoblotting, after blocking (5% BSA in TBS + 0.1% Tween-20), membranes 

were incubated with primary antibodies overnight at 4°C diluted in the blocking buffer. Membranes were 

washed thrice in TBS + Tween-20 (0.1% v/v) and incubated with HRP-conjugated secondary antibodies 

at 1:3,000 dilution, washed, processed with Clarity Max ECL Western Blotting Substrate (Bio-Rad) or 

SuperSignal West Pico Substrate (ThermoFisher) and imaged using Bio-Rad Chemiluminescent system. 

 

Mass Spectrometry 

Mass spectrometric analysis was performed by Dr. Lisa M. Jenkins (Laboratory of Cell Biology, 

National Cancer Institute) as previously described [19]. Samples (BioID2 alone and ASAP1-BioID2) were 

separated by SDS-PAGE and each lane was cut into slices. Gel slices were reduced, alkylated with 

iodoacetamide and trypsin digested, as described [263]. Digested peptides were extracted, lyophilized to 

dryness, resuspended in acetonitrile (2%) and 0.5% acetic acid, and injected into a 0.2 x 50 mm reverse 

phase column using UltiMate 3000 RSLCnano HPLC. Peptides were eluted into a Thermo Orbitrap 

Fusion mass spectrometer using a linear gradient. Raw mass spectrometry data were search against the 
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IPI database using TurboSEQUEST (ThermoElectron). “ASAP1-BioID2” peptide counts were further 

interrogated against “BioID2 alone” to eliminate non-specific interactions. 

 

Results 

 In an effort to understand how ASAP1 may be targeted to the sites of actin remodeling and how 

its activity is regulated, I examined the effect of well-characterized ASAP1 mutants on the actin 

remodeling activity. I performed a rescue experiment, where endogenous ASAP1 was depleted by siRNA 

to the 3’ UTR region of ASAP1 and either not replaced (cells were transfected with the empty vector) or 

replaced with wild type (WT) ASAP1 or R811A and Y782F mutants of ASAP1. R811A is well 

characterized for its reduced ability to bind Src and CrkL [125, 132, 193], while Tyr782 is the site for Src 

Figure 4.2. Effect of ASAP1 on actin remodeling is dependent on Src/ CrkL binding and tyrosine 
phosphorylation. NIH/3T3 fibroblasts were transiently transfected with a control siRNA or siRNA against 
the 3’UTR region of human ASAP1. After 48 h, siControl and siASAP1 cells were transfected with empty 
vector (pCDNA), or pCDNA with the open reading frame for full length ASAP1 WT, R811A (reduced Src 
binding) or Y782F (Src-phosphorylation site mutant). 24 h later (72 h total), cells were replated on 
fibronectin-coated coverslips and processed for confocal imaging as before. A- Representative images of 
the transfected cells. MIPs of cells stained for the epitope tag (FLAG) on the indicated protein and with 
Phalloidin Alexa Fluor 594 to visualize actin filaments in control and knockdown cells. B- Filamentous 
actin levels in transfected cells. Relative actin levels were estimated by quantifying total Phalloidin Alexa 
Fluor 594 fluorescence. The signal was normalized to cell area. AU is arbitrary fluorescence unit. C - 
estimation of the number of filaments per cell in transfected cells. Results are presented as mean ± s.e.m. 
and are representative of two independent experiments, n = 15 cells, n.s. = not significant, * p<0.05, ** 
p<0.01, ****p<0.0001, one-way ANOVA with Tukey’s post hoc tests. IB- immunoblot. 
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family of kinases-mediated phosphorylation of ASAP1 [193]. As shown in Fig 4.2, in comparison to the 

wild-type protein (ASAP1 WT), ASAP1 mutants that confer reduced binding affinity to adapter proteins 

and to the Src kinase (R811A) or abrogate phosphorylation by the Src family of kinases, are unable to 

restore actin stress fibers caused by depletion of endogenous ASAP1.  

I next tested if in vitro phosphorylation is sufficient to relieve or increase the ability of full-length 

ASAP1 to bind to actin filaments. Unphosphorylated or in vitro phosphorylated ASAP1 (2 µM) were 

subjected high-speed cosedimentation assay with actin filaments as described for Chapter 2 and their 

relative binding affinities to actin were compared. No appreciable differences in binding were found 

between unphosphorylated and phosphorylated ASAP1, suggesting that phosphorylation alone is not 

sufficient to relieve autoinhibition (Fig 4.3.). 

 

To probe how multimodal regulation of ASAP1 is achieved and to identify possible regulators and 

interactors of ASAP1, I employed BioID2 as a tool to identify neighboring proteins in vivo. Although 

HEK293T (or its derivatives) is the most widely used cell line for BioID studies [264-269], it is not well 

suited for addressing how ASAP1 regulates the actin cytoskeleton, because HEK293T cell line is not the 

best model to study processes that govern stress fiber remodeling as they lack resolved actin structures 

Figure 4.3. In vitro phosphorylation of full-length ASAP1 is not sufficient to induce actin binding. 
A - Purified ASAP1 was phosphorylated in vitro by kinase domain of c-Src as described in Methods and 
subjected to sedimentation prior to actin binding assay. Phosphorylation was assessed by Y782-epitope 
specific and pan-tyrosine phospho- antibodies. B - Phosphorylated and non-phosphorylated full-length 
ASAP1 (2 µM) were subjected to high-speed cosedimentation assay with the indicated concentration of 
actin filaments (F-actin), resolved on gradient SDS-PAGE and stained with GelCode Blue. Percentage of 
protein bound to actin were quantified and results are presented as % protein in the pellet. S - 
supernatant, P - pellet.   
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such as stress fibers and are predominantly enriched in cortical actin. Therefore, other cell lines, such as 

MEF, 3T3 or foreskin fibroblasts, MDCK, COS7,  or U2OS would serve as a better host for these studies 

and U2OS have been previously successfully used in BioID studies [171]. To control levels of expression 

between BioID and ASAP1 fusions, I switched to lentivirus-mediated gene delivery. Attempts to generate 

stable cell lines using NIH/3T3 or primary foreskin fibroblasts were unsuccessful however, I was able to 

achieve moderate levels of overexpression in U2OS cells. After validation of overexpression by 

immunoblotting (not shown), larger scale BioID experiment was performed to test the hypothesis that 

known interactors of ASAP1 should be enriched and previously unidentified interactors should be 

identified. Towards this goal, biotinylation was induced with 50 µM biotin for 24 h for cell expressing BioID 

alone and ASAP1-BioID fusion, and cells then were lysed under harsh SDS conditions (three 90% 

confluent 150 mm dishes were pooled per each condition). 

Biotinylated proteins were captured using neutravidin agarose and analyzed by immunoblotting. 

As shown in Fig 4.4., BioID and ASAP1-BioID were enriched (IB: FLAG blot) and biotinylated  

 (IB: Streptavidin blot). To probe if the assay conditions successfully enrich cytoskeletal interactors of 

ASAP1 and if the radius of interactions includes both N-terminal and C-terminal interacting partners, the 

pull-downs were probed for non-muscle myosin IIA (MNIIA), a previously identified N-terminal binding 

partner of ASAP1 and FAK, which is thought to complex through the C-terminus of ASAP.  

Figure 4.4. Representative results of BioID2 experiments. U2OS cells stably expressing FLAG-
BioID2 alone (1), FLAG-ASAP1-BioID2 (2) or FLAG-ASAP1-13X-BioID2 (3) were subjected to 
streptavidin pull-down post 24-hour incubation with biotin. Inputs and pull-down eluates were separated 
on SDS-PAGE, transferred and immunoblotted with the indicated antibodies. Known interactors of 
ASAP1 used for system validation are indicated in red. Results are representative of three independent 
experiments, including two independent lentiviral transductions. IP – immunoprecipitation, IB – 
immunoblot.  
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As shown in Fig 4.4.(right panel) both NMIIA and FAK were found enriched in the ASAP1-BioID, 

but not BioID fusion. Enrichment of NMIIA was also not detected in the ASAP1-13X-BioID2, the construct 

that utilizes (GSGS)13 linker, which is thought to increase the radius of biotin ligase tagging. On the 

contrary, the presence of this extra-long linker appeared to inhibit certain interactions, including with two 

types of non-muscle myosin examined and actin, which could be due to mis-localization and poor folding 

of the fusion, among others. Therefore, this construct was not further utilized.  

The ability of ASAP1-BIoID fusion to remodel the actin cytoskeleton was examined by confocal 

microscopy. As shown in Fig 4.5., C-terminally fused ASAP1 is able to induce thickening of the actin 

stress fibers, compared to the BioID alone, suggesting that the fusion is functional. 

 

Based on the above validation parameters, the eluates from streptavidin pull-downs were sent for 

Mass Spectrometry analysis. In collaboration with Dr. Lisa M. Jenkins, analysis of data from mass 

spectrometric experiments was performed, including peptide identification, enrichment analysis and 

comparison of peptide spectral matches in BioID2 alone and ASAP1-BioID2 samples. Mass Spectrometry 

experiments were performed twice with two separate lentiviral transductions and streptavidin pull-down 

from U2OS cells. Results from a single representative experiment are presented in Table 2. The top 

biotinylated hit was identified as ASAP1 itself, which is fused to BioID2. Among the already known 

interacting partners, BioID2 identified non-muscle myosin IIA (NMIIA), Src substrate cortactin, Crk-like 

protein (CrkL), SH3-containing kinase binding protein 1 (CIN85, SH3KBP1), and CD2-associated protein 

(CD2AP). 

 

Figure 4.5. Actin organization in BioID-expressing U2OS cells. U2OS cells expressing BioID or 
ASAP1-BioID were plated on fibronectin-coated coverslips and processed for phalloidin (F-Actin) staining 
as before. ASAP1-BioID cells exhibit thickened stress fibers, similar to fibroblasts overexpressing full-
length ASAP1 (Figs 2.4 and 2.8). Scale bar = 10 micron. 
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Table 2. Spectral counts of biotinylated proteins by produced by the BioID2 and BioID2-tagged 
ASAP1 streptavidin pull-down mass spec in U2OS cells. Data are representative of two independent 
experiments. 
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A putative interaction network, built using the STRING database, is presented in Fig 4.6. From 

the results of biotinylation experiments it appears that ASAP1 interacts with at least some of the 

components of all cytoskeletal networks – microfilaments, intermediate filaments, and microtubules. 

 

 

 

 

 

 

 

Microfilaments 
Actomyosin network 

Desmosomes 
Intermediate filament network 

microtubules 

Figure 4.6. Proximity biotinylation-based ASAP1 interaction network. Top scoring peptides ( ³ 3 
counts) were fed into the STRING database of functional interaction networks. Interaction networks were 
built and represented as nodes.  
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Discussion 

 This chapter attempts to shed light into the intra- and inter-molecular regulation of actin 

remodeling activity by ASAP1. Although on the cellular level it appears that interaction and/or 

phosphorylation of ASAP1 is required to induce actin bundling, the phosphorylation event alone is not 

sufficient to activate ASAP1. As described in the introduction, other multi-domain multifunctional proteins 

have multiple levels of regulation and required concerted efforts by several interacting partners to achieve 

full functionality. This phenomenon may also be true for ASAP1. At present, however, it is difficult to 

reconstitute all components of known ASAP1 network in vitro. 

 In vivo biotinylation gave us some insights into the proximal interaction network of ASAP1. 

Among known interacting partners, multiple others, from other cytoskeletal systems were identified. 

Moreover, several actin binding proteins, such as fascin and drebrin, were found to be enriched, further 

confirming that actin binding and bundling proteins collaborate with each other and coordinate activities to 

remodel actin. It is, however yet unknown what role ASAP1 plays in the regulation, assembly or dynamics 

of the other cytoskeletal systems – microtubule network and intermediate filaments.  
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CHAPTER 5. DISCUSSION 

The best-characterized cellular functions of ASAP1 are associated with its ArfGAP activity and its 

effect on the focal adhesions. ASAP1 acts as a GAP and effector for Arf GTPases, maintaining the 

balance in the GTPase cycle, but its other functions include regulation of focal adhesions. It is also linked 

to processes such as cancer cell proliferation, invasion and metastasis, although the exact role and 

mechanism are unclear. ASAP1 has been previously shown to regulate the formation or stability of actin-

containing structures, such as circular dorsal ruffles, invadopodia and podosomes. This study describes 

yet another mode of actin remodeling activity of ASAP1. Chapter 2 identifies that ASAP1 is important for 

the maintenance of actin stress fibers and the alignment and bundling of actin filaments within them. 

Moreover, it shows that ASAP1 directly binds and bundles the actin filaments and this property is not 

shared with a related ArfGAP ACAP1. Further inspection of the functional divergence between the BAR 

domains of the two ArfGAPs in Chapter 3 identifies key clusters of lysine residues present only in the 

ASAP subfamily. These lysine clusters localize the actin binding interface on the BAR domain and are 

required for the robust in vitro and cellular actin remodeling activity of the BAR domain. In addition, 

structure – function analyses reveal that the BAR domain activity is controlled by the C-terminus of the 

protein and the deletion of the latter leads to inappropriate actin remodeling. The regulation of ASAP1 is 

most likely more complex than is understood. Chapter 4 identifies the importance of PXXP- domain 

interactions and phosphorylation events in the regulating the actin remodeling activity of ASAP1, but also 

attempts to build and integrate pathways in which ASAP1 is a participant, and lays the groundwork for 

future hypotheses.  

Although the exact mechanism by which many actin binding proteins crosslink actin filaments into 

bundles is understood only for a handful of proteins, it is generally accepted that actin filament 

crosslinking requires at least two actin binding sites. This is achieved either by providing two related 

binding sites on the same polypeptide chain (such as fimbrin and other monomeric tandem calponin 

homology domain-containing proteins) or a single binding site on a polypeptide chain that have an ability 

to form dimers (such as homodimers of the formin family). In this fashion, the BAR domain-containing 

proteins acquire actin filament crosslinking properties by providing a pair of actin binding surfaces upon 

homodimerization. Determination of precise actin binding surfaces and the strengths of the interactions 
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between the growing list of actin binding and bundling proteins is imperative for advancement of our 

understanding how these actin binding proteins collaborate or compete with each other to crosslink actin 

filaments. Both competition and cooperation in actin filament remodeling among a given set of actin 

binding proteins may have distinct consequences in the final organization and function of the actin 

cytoskeleton. To extrapolate further, many of the actin binding and bundling proteins, each with a diverse 

repertoire of actin binding and remodeling properties, are found overexpressed or downregulated in 

disease processes [270-275]. Such disruption of normal ratios of actin binding proteins may affect the 

dynamics in concerted actin remodeling activity and shift the balance towards a particular actin structure 

and organization. For example, fascin is a well-studied actin bundling protein that regulates filopodia 

formation and is important for cell motility. It is also, however, overexpressed in many carcinomas, and 

cells that overexpress fascin acquire a motile phenotype, characterized by enrichment of invasive 

filopodia [276-278]. 

This study identifies the BAR domain of ASAP1 as the actin filament crosslinking surface and 

further sets the groundwork for the precise identification of the actin binding interface. The in vitro 

biochemical results show that the BAR domain is sufficient and necessary to bind and bundle the actin 

filaments and it is regulated by the C-terminal portion of the protein. The full-length protein requires the 

interaction with its proline-rich domain-associating partners and tyrosine site phosphorylation, as the 

previously characterized R811 and Y782 mutants fail to remodel cellular actin due to their inability to 

interact with adapter proteins and/or the Src family of kinases. In vitro, however, phosphorylation alone is 

not sufficient to induce actin binding, suggesting that more than one event is needed to release the auto-

inhibition. Surprisingly, the interaction with the SH3 domain-associating partners is not required and may 

indeed be regulatory, as mutation of the conserved tryptophan (W1065) has a stimulatory effect on actin 

remodeling. The presence of two proline-rich motifs, PXXP and (E/DLPPKP)8 proximal to the SH3 domain 

leads to hypothesize that there is an inter- or intramolecular interaction between the proline-rich and the 

SH3 domains of ASAP1. An intermolecular interaction where the SH3 domain of one monomer binds to 

the proline-rich sequence on the other monomer may create a scenario in which the dimer is shaped into 

a closed conformation, thereby prohibiting the interaction with actin filaments. Such hypothesis should be 

further tested using structural methods, such as electron microscopy. Even at low resolution, 
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reconstruction and view of the changes in conformation can be evaluated, as was previously performed 

on multi-domain proteins such as the RasGAP neurofibromin and Vav family of RhoGEFs [246, 279]. 

 

This work thus contributes to the growing body of research that shows the multi-functional nature 

of actin remodeling activity of ASAP1. Among the many questions that remain in the field, one of them, 

the interaction of the BAR domain of ASAP1 with so many distinct units, is very intriguing. To date, the 

BAR domain of ASAP1 alone was shown to bind to the actin filaments, non-muscle myosin IIA, FIP3 and 

membrane lipids. Although this thesis work gives some insight into the actin filament-binding surface, it is 

presently unknown where the other three interacting partners bind on the BAR domain. This work also 

provided an insight that actin filament binding activity is auto-inhibited in vitro by the C terminus of the 

protein, therefore it is of importance to investigate whether this is a phenomenon unique to ASAP1-actin 

Figure 5.1. Proposed model for the auto-regulated actin remodeling activity by the N-BAR domain 
of ASAP1. A – At equilibrium full-length ASAP1 exists in active (actin binding high) and inactive (actin 
binding low) states. In the absence of stimulating signals or localizing/activating binding partners, full-
length protein exhibits low acting binding and bundling activity, as described in Chapter 2, aided by 
inhibition by the GAP and SH3 domains. B - Under stimulating conditions, e.g. binding of partners, full-
length ASAP1 is primarily in its active (actin binding high) conformation. 
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interaction or whether such auto-inhibitory mechanism is conserved for the ASAP1 interaction with 

myosin, FIP3 and membrane lipids. Determination of the precise binding interfaces and the respective 

affinities of each partner should provide the biological basis behind each interaction and improve our 

understanding of the exact role of ASAP1 in physiological processes.  
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APPENDIX A. SUPPLEMENTAL FIGURES 

  

 

 

 

 

 

 

 

 

Figure S1. Downregulation of ASAP1 increases rate of U2OS cell spreading on fibronectin. U2OS 
cells were transiently transfected with control siRNA or siRNA against human ASAP1. 72 h post-
transfection cell were plated on fibronectin and fixed in 4% (v/v) paraformaldehyde at 15, 30, 45, 60, 75, 
90, or 120 min. Cells were stained with fluorescent phalloidin (for F-actin) and processed for confocal 
microscopy as before. Representative images at 30 and 60 min are shown. The graph summarizes 
quantification of the cell area at each timepoint, indicative of the rate of cell spreading. Results are 
representative of two independent experiments. N = 30 cells, scale bar = 10 µm. 

 

Figure S2. Purity of the recombinant and commercial proteins used for this study was assessed by 
SDS-PAGE (4 - 20% Bio-Rad), 1 – 7 were purified in the lab, 8 – provided by Dr. James R. Sellers, 9 – 10 
are from commercial sources. 
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Figure S3. The ASAP1, but not ACAP1, BAR-PH tandem induces actin remodeling and leads to cell 
area collapse. NIH/3T3 fibroblasts were transiently transfected with empty vector pCDNA or tagged 
BAR- PH, BARPH or full-length ACAP1 and ASAP1. Cells were processed as in Figure 2. A -
Representative images of transfected cells. MIPs of representative transfected cells stained for FLAG- or 
HA- tag (upper panel) and F-actin (Phalloidin) (bottom panel) are shown. Closed white arrowhead 
indicates thickening of cortical actin induced by ASAP1 BAR-PH expression, open white arrowheads 
indicate increased intensity of F-actin staining induced by full-length ASAP1. Scale bar = 10 μm. B - 
Effect of ASAP1 and ACAP1 on F-actin content. F-actin content was estimated from quantification of 
fluorescence from Phalloidin Alexa Fluor 488 as described in Figure 1. The mean ± s.e.m. of total 
fluorescence (arbitrary units) divided by cell area is presented. C -. Relative effects of ASAP1 and ACAP1 
overexpression on the formation of microspikes. The average percentage, mean ± s.e.m., of cells 
expressing the indicated proteins that formed microspikes, labeled actin protrusions in the figure axis is 
presented. As a control, random empty vector cells (labeled pCDNA in the figure) were counted. D -
Relative effect of ASAP1 and ACAP1 on cell shape. The length-to-width ratios of cells expressing the 
indicated proteins were determined, the mean ± s.e.m. is presented. E - Relative effect of ASAP1 and 
ACAP1 on stress fibers. In cells expressing the indicated proteins and labeled with Phalloidin Alexa Fluor 
488, two lines/cell were drawn perpendicular to the visualized stress fibers. The fluorescence intensity 
through the line was determined and the number of peaks with intensity greater than half of the maximum 
intensity peak was determined for 15 cells under each condition. The results are presented as the mean ± 
s.e.m. For B, D and E, n = 15 cells. * = p<0.05, *** = p<0.001, **** = p<0.0001, n.s. – not significant, 
compared to the empty vector control, one-way ANOVA with Tukey’s post hoc tests. Results shown are a 
representative of at least three independent experiments. 
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Figure S4. Results of differential scanning fluorimetry of ASAP1 BAR-PH buffer screen. 
Recombinant ASAP1 BARPH was subjected to fluorescence-based thermal shift assay in the presence of 
different buffers and PH conditions to optimize purification conditions. Relative shifts (DTm) were 
calculated using storage buffer as reference. DMAN plugin was used for analysis. 
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MolProbity Ramachandran analysis

http://kinemage.biochem.duke.edu Lovell, Davis, et al. Proteins 50:437 (2003)
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Figure S5. Ramachandran plot of ASAP1 BAR-PH model. Post MOLprobity analysis and energy 
minimization the final model was analyzed using Ramachandran plot. 
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APPENDIX B. CRITICAL REAGENTS 

List of oligonucleotides 

Kozak FLAG-BioID2 aa1-NheI 

5’-cggctagcgccaccatggactacaaggatgacgatgacaaggaacaaaaactcatctcagaa-3’ 

BioID2 -STOP-BglII 

5’-cgagatcttcactcgaggcttcttctcaggctgaactcgccgctcaggatc-3’ 

Kozak 13xGS linker FLAG-BioID2 aa1-NheI 

5’-cggctagcgccaccatggactacaaggatgacgatgacaagggatccggtggaggcgggt-3’ 

mASAP1 Q97A/ K101A/ N105A 

5’-atgtacaaaatgaagaaaactatgcagcagttctggatgcgtttggaagtgcttttttaagcagagacaaccctgacc-3’ 

5’-ggtcagggttgtctctgcttaaaaaagcacttccaaacgcatccagaactgctgcatagttttcttcattttgtacat-3’ 

mASAP1 K283A/ K284A  

5’-cttatataatataaagcaaacccaagatgaagaagcagcacagctaactgcactccgagatctaata-3’ 

5’-tattagatctcggagtgcagttagctgtgctgcttcttcatcttgggtttgctttatattatataag-3’ 

mASAP1 K152A/ K156A/ K159A 

5’-cttgagatctcctgcgacccccgccaggtctcctgctaacaaggaatccaaggtgaagatc-3’ 

5’-gatcttcaccttggattccttgttagcaggagacctggcgggggtcgcaggagatctcaag-3’ 

mASAP1 R68A 

5’-tgtagggctgttgcatcttggtctagagcctcctcc-3’ 

5’-ggaggaggctctagaccaagatgcaacagccctaca-3’ 

mASAP1 K75A/ K76A/ K79A  

5’-ctagaccaagatagaacagccctacagaaagtggcggcatctgtagcagcaatatataattccggtcaagatc-3’ 

5’-gatcttgaccggaattatatattgctgctacagatgccgccactttctgtagggctgttctatcttggtctag-3’ 

mASAP1 Y82A/N83A 

5’-agccctacagaaagtgaagaaatctgtaaaagcaatagctgcttccggtcaagatcatgtac-3’ 

5’-gtacatgatcttgaccggaagcagctattgcttttacagatttcttcactttctgtagggct-3’ 

mASAP1 Q72A 

5’-cttttacagatttcttcactttcgctagggctgttctatcttggtcta-3’ 
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5’-tagaccaagatagaacagccctagcgaaagtgaagaaatctgtaaaag-3’ 

mASAP1 K159A/ K163A/ K164A  

5’-aggagacctgaagggggtcgcaggagatctcgcggcgccatttgacaaagcctgg-3’ 

5’-ccaggctttgtcaaatggcgccgcgagatctcctgcgacccccttcaggtctcct-3’ 

mASAP1 K229A/ K231A/ K232A  

5’-cagatgtgtgaatatctcattaaagtaaatgaaatcgcgaccgcagcgggtgtggacctgctgcagaac-3’ 

5’-gttctgcagcaggtccacacccgctgcggtcgcgatttcatttactttaatgagatattcacacatctg-3’ 

mASAP1 Q72E 

5’-agatttcttcactttctctagggctgttctatcttggtc-3’ 

5’-gaccaagatagaacagccctagagaaagtgaagaaatct-3’ 

mASAP1 Y82F/ N83D 

5’-tacagaaagtgaagaaatctgtaaaagcaatatttgattccggtcaagatcatg-3’ 

5’-catgatcttgaccggaatcaaatattgcttttacagatttcttcactttctgta-3’ 

mASAP1 K152E/ K156E/ K159E 

5’-tcttcaccttggattccttgttagagggagacctggagggggtcgagggagatctcaag-3’ 

5’-cttgagatctccctcgaccccctccaggtctccctctaacaaggaatccaaggtgaaga-3’ 

mASAP1 R68E 

5’-ctggaggaggctctagaccaagatgagacagccctacagaaag-3’ 

5’-ctttctgtagggctgtctcatcttggtctagagcctcctccag-3’ 
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Primary Antibodies 

Antibody Name Host/ Type Application 

(dilution) 

Company and Catalog Number 

anti-a-actinin rabbit polyclonal WB (1:1,000) Cell Signaling Technology #3134 

anti-Actin, beta 

isoform 

rabbit polyclonal WB (1:10,000) Cell Signaling Technology #8457 

anti-Actin, pan 

isoform 

mouse monoclonal WB (1:5,000) BD Biosciences #612656 

anti-Actin, pan 

isoform 

rabbit polyclonal WB (1:10,000) Cell Signaling Technology #8456 

anti-ASAP1 rabbit polyclonal WB (1:5,000) raised by the Randazzo group 

anti-ASAP1 mouse monoclonal WB (1:500) Abnova #H00050807-M01 

anti-ASAP1 

pY782 

rabbit polyclonal WB (1:1,000) Rockland #600-401-910 

anti-cofilin rabbit polyclonal WB (1:1,000) Abcam #ab42824 

anti-cortactin mouse monoclonal WB (1:1,000) Millipore #05-180 

anti-cortactin rabbit polyclonal WB (1:1,000) Cell Signaling Technology #3502 

anti-CrkL mouse monoclonal WB (1:1,000) Cell Signaling Technology #3182 

anti-CrkL pY207 rabbit polyclonal WB (1:1,000) Cell Signaling Technology #3181 

anti-FAK mouse monoclonal WB (1:1,000) BD Biosciences #610088 

anti-FAK rabbit polyclonal WB (1:1,000) Cell Signaling Technology #3285 

anti-FAK 

pTyr397 

rabbit polyclonal WB (1:1,000) Cell Signaling Technology #3283 

anti-Fascin  mouse monoclonal WB (1:2000) Cell Signaling Technology #54545 

anti-FLAG mouse monoclonal WB (1: 2,000) 

IF (1:1,500) 

Cell Signaling Technology #8146 

anti-FLAG rabbit monoclonal WB (1:5,000) 

IF (1:1,000) 

Cell Signaling Technology #14793 

anti-GAPDH mouse monoclonal WB (1:5,000) Cell Signaling Technology #97166 

anti-GAPDH mouse monoclonal WB (1:3,000) EMD Millipore #CB1001-500 
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anti-GAPDH rabbit monoclonal WB (1:5,000) Cell Signaling Technology #2118 

anti-HA tag mouse monoclonal WB (1:3,000) 

IF (1:1,000) 

BioLegend #901501 

anti-HA tag rat monoclonal WB (1:1,000) 

IF (1:500) 

Roche #11867423001 

anti-His6 tag mouse monoclonal WB (1:3,000) 

IF (1:500) 

BioLegend #906101 

anti-HSC70 mouse monoclonal WB (1:5,000) Santa Cruz Biotechnology #sc-7298 

anti-Myosin 

Light Chain 2 

rabbit polyclonal WB (1:2,000) Cell Signaling Technology #3672 

anti-Myosin 

Light Chain 2 

pSer19 

mouse monoclonal WB (1:1,000) Cell Signaling Technology #3675 

anti-Non-muscle 

myosin II A  

rabbit polyclonal WB (1:3,000) 

IF (1:1,000) 

BioLegend #909801 

anti-Non-muscle 

myosin II A 

Mouse monoclonal WB (1:3,000) 

IF (1:500) 

Abcam #ab55456 

anti-Non-muscle 

myosin II B 

rabbit polyclonal WB (1:3,000) 

IF (1:1,000) 

BioLegend #909901 

anti-Non-muscle 

myosin II B 

mouse monoclonal WB (1:2,000) 

IF (1:500) 

Abcam #ab684 

anti-p130Cas rabbit monoclonal WB (1:2,000) Cell Signaling Technology #13846 

anti-p130Cas 

pY410 

rabbit polyclonal WB (1:2,000) Cell Signaling Technology #4011 

anti-Paxillin mouse monoclonal WB (1:2,000) 

IF (1:500) 

BD Biosciences #612405 

anti-

phosphotyrosine 

(4G10 platinum) 

mouse monoclonal 

cocktail 

IF (1:5,000) Millipore #05-1050 
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anti-RFP 

(mCherry) 

mouse monoclonal WB (1:5,000) Invitrogen/ ThermoFisher #MA5-15257 

Anti-Src mouse monoclonal WB (1:1000) Cell Signaling Technology #2110 

anti-Src Family 

pTyr416 

rabbit polyclonal WB (1:2,,000) Cell Signaling Technology #2101 

anti-Tubulin, 

alpha 

rabbit polyclonal WB (1:1,000) Cell Signaling Technology #2144 

anti-Tubulin, 

alpha  

mouse monoclonal WB (1:2,000) Invitrogen #A11126 

anti-Tubulin, 

beta 

rabbit monoclonal WB (1:5,000) Cell Signaling Technology #2128S 

anti-TurboGFP rabbit polyclonal WB (1:5,000) Invitrogen/ ThermoFisher #PA5-22688 

anti-Vinculin mouse monoclonal, 

ascites 

WB (1:10,000) 

IF (1:800) 

Sigma-Aldrich #V9131 

 

Secondary Antibodies and Fluorescent Stains 

Antibody Name Host/ Type Application 

(dilution) 

Company and Catalog Number 

DAPI N/A F (1:10,000) Invitrogen #62248 

Hoechst 33342 N/A F (1:10,000) Invitrogen #H3570 

anti-mouse Alexa 

Fluor 350 

goat IF (1:500) Invitrogen #A21049 

anti-mouse Alexa 

Fluor 488 

goat IF (1:1,000) Invitrogen #A11001 

anti-mouse Alexa 

Fluor 594 

goat IF (1:1,000) Invitrogen #A11032 

anti-mouse HRP goat WB (1:3,000) Bio-Rad #1706516 

anti-mouse IRDye 

680RD 

goat WB (1:10,000) LI-COR #926-68070 
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anti-rabbit Alexa 

Fluor 350 

goat IF (1:500) Invitrogen #A11046 

anti-rabbit Alexa 

Fluor 488 

goat IF (1:1,000) Invitrogen #A11008 

anti-rabbit Alexa 

Fluor 555 

goat IF (1:1,000) Invitrogen #A21428 

anti-rabbit Alexa 

Fluor 594 

goat IF (1:1,000) Invitrogen #A11012 

anti-rabbit HRP goat WB (1:3,000) Bio-Rad #1706515 

anti-rabbit IRDye 

800CW 

donkey WB (1:10,000) LI-COR #926-32213 

anti-rat Alexa Fluor 

594 

goat IF (1:1,000) Invitrogen #A11007 

Phalloidin Alexa 

Fluor 488 

N/A F (1:500) Invitrogen #A12379 

Phalloidin Alexa 

Fluor 568 

N/A F (1:1,000) Invitrogen #A12380 

Phalloidin Alexa 

Fluor 594 

N/A F (1:1,000) Invitrogen #A12381 

Phalloidin Bodipy 

558/568 

N/A/ F (1:1,000) Invitrogen #B3475 

Rhodamine 

Phalloidin 

N/A/ F (1:1,000) Invitrogen #R415 

Streptavidin Alexa 

Fluor 568 

N/A F (1:1000) Invitrogen #S11226 

Streptavidin Alexa 

Fluor 647 

N/A F (1:1000) Invitrogen #S32357 

Streptavidin HRP N/A WB (1:5,000) Cell Signaling Technology #3999 

Streptavidin IRDye 

800CW 

N/A WB (1:5,000) LI-COR #926-32230 
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