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Abstract 

The filamin family act as scaffolding proteins associating with actin filaments, acting 

through a highly conserved actin binding domain (ABD). The ABD of the filamins is 

homologous to that found in other F-actin binding proteins such as dystrophin. 

Mutations in the filamin A gene cause a wide range of disease symptoms in humans 

reflecting the diversity of the roles that filamin A has in cell structure and signalling 

pathways. The diseases fall into two separate phenotypic groups. Periventricular nodular 

heterotopia (PVNH) generally results from the complete loss of filamin A protein, and 

affects the central nervous system. The clinically separate otopalatodigital disorders 

(OPD) spectrum disorders are skeletal disorders and were hypothesised to be gain of 

function phenotype diseases. At the beginning of this work, there was very little 

structural data available for the human filamins, and none for the crucial highly 

conserved actin binding domain. This lack of structural data limited the interpretation of 

the biochemical and genetic data and constrained our understanding of the disease 

associated mutations that cluster in this domain. These studies aimed to provide insights 

into the structure and mechanism of actin binding domains, and thus provide a better 

understanding of the diseases caused when this domain is mutated. 

A secondary structural analysis and crystal structures of the wildtype and OPD2 

associated mutant ABDs were obtained. The overall fold of the three proteins was 

equivalent as determined by circular dichroism spectroscopy and x-ray crystallography. 

The ABD from filamin A E254K showed 3.7 fold increased F-actin affinity, 

accompanied by a reduced thermostability (of 5.6 °C). Western blotting of OPD2, 

frontometaphyseal dysplasia (FMD) and PVNH patient fibroblast lysates showed 

similar levels of filamin A compared to the control cells. In addition the OPD and 

PVNH patient fibroblasts were able to adhere to fibronectin and migrate with an 

equivalent rate to control cells.  

Together these results have allowed correlations to be developed between structure, 

protein stability, actin affinity, cellular phenotype and the overall clinical phenotype. 

Showing that, at least in one example, OPD2 may be due to an increased actin affinity 

providing further evidence for a gain of function mechanism of OPD2. 
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1 Introduction 

1.1 The Actin Cytoskeleton 

The cytoskeleton of cells is constructed of filamentous polymers composed of actin, 

intermediate filament proteins or tubulin proteins. Filamin A binds two actin fibres, 

cross linking actin to form the networks found in cells (Nakamura et al., 2007). The 

actin cytoskeleton is a dynamic and highly regulated entity involved in many cellular 

processes such as motility, endocytosis, phagocytosis, adhesion (Figure 1-1).  

 

 

Figure 1-1. Roles of the Actin Cytoskeleton. 

This stylised eukaryote cell shows the different roles of actin in the cell. Actin is involved in phagocytic 

events, membrane ruffles, filopodium, lamellipodium, endocytic events, stress fibres, and mediating cell-cell 

contacts. 

Doherty and McMahon, 2008
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Actin forms a mesh of filaments that associate with the plasma membrane, helping to 

maintain the cellular shape and form. Actin is also involved with endocytic and 

phagocytic structures at the cell membrane, and long actin filaments are seen in 

filopodia. There is an actin network at the leading edge of migrating cells and long 

bundles of actin fibres form cables (stress fibers) that anchor to sites of adhesion (focal 

adhesions) in migrating cells (reviewed in Doherty and McMahon, 2008). 

 

1.2 Regulation of Filamin A 

1.2.1 Gene Expression 

The family of filamins (filamin A, B and C) are a widely expressed family of actin 

binding proteins. The filamin A gene (filamin A; 300017) is encoded on chromosome 

Xq28 and is expressed in tissues almost ubiquitously from early development onwards. 

Filamin A and filamin B have similar patterns of expression in many tissues (Xu et al., 

1998), with filamin C expression is restricted to muscle tissues (Dalkilic et al., 2006). 

However, despite the similarities between filamin A and B, the two proteins clearly 

have distinct functional roles as seen in the distinct diseases associated with each.  

 

Filamin mRNA also uses a number of alternative poly(A) signals, which results in 

different turnover rates of mRNA (Takafuta et al., 1998). Alternative splicing in the 

mRNA was identified, enabling cells to produce a number of different filamin isoforms 

(Gorlin et al., 1990). The filamin A splice variants were at relatively low levels, but 

were expressed throughout the body. In two heart-specific filamin B splice variants the 

dimerisation domain is absent and the function of these is not well understood (Xu et 

al., 1998).  

 

1.2.2 Post Translational Regulation 

1.2.2.1 Phosphorylation and Proteolysis 

Filamin A is regulated by post-translational modifications such as proteolysis and 

phosphorylation (Gorlin et al., 1990; Woo et al., 2004; Sharma and Goldmann, 2004). 

Phosphorylation near the hinge regions decreases the actin binding activity and 

regulates filamin A-integrin interactions (Ohta and Hartwig, 1996; Goldmann, 2001). 
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Phosphorylation at repeat 23 regulates membrane ruffle formation and cytoskeletal 

reorganisation (Vadlamudi et al., 2002). Filamin A is a caspase and granzyme B 

substrate, and is cleaved during apoptosis (Browne et al., 2000). 

1.2.2.2 Phosphatidylinositol (4,5)-bisphosphate 2 

Phosphotidylinositol (4,5)-bisphosphate 2 (PIP2) is a phospholipid that plays a 

signalling role in cell division and proliferation, membrane trafficking, endocytosis and 

exocytosis, cell adhesion and polarisation. The general PIP2 binding site is not a specific 

amino acid sequence, and is thought to be a lysine-rich basic region (reviewed in Bella, 

2005).  

To remodel the actin cytoskeleton PIP2 dissociates the profilin:actin and gelsolin:actin 

complexes, in vitro, to promote actin polymerisation (Moens and Bagatolli, 2007). PIP2 

also inhibits the actin crosslinking activity and the F-actin-binding activity of smooth 

muscle filamin (Furuhashi et al., 1992). The mechanism by which PIP2 inhibits the α-

actinin-3 F-actin interaction is well characterised (Franzot et al., 2005). Disruption of 

this PIP2 α-actinin-3 interaction has been implicated as a mechanism of some disease 

causing mutations within α-actinin (Fukami et al., 1996).  

 

1.3 The Structure of the Filamin A Homodimer 

1.3.1 Domain Structure in the Dimer 

The filamin A open reading frame (ORF) encodes a 280 kDa monomer which forms tail 

to tail homodimers through the C-terminal domain. The filamin A dimer forms a ‘V’ 

shape as observed by electron microscopy (Tyler et al., 1980) (Figure 1-2a). Each 

filamin A monomer is composed of a C-terminal dimerisation domain, rod/repeat 

domains and a N-terminal F-actin binding domain (ABD) (Hock et al., 1990) (Figure 

1-2b).  
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The rod domain determines the flexibility, orientation and spacing of the F-actin cross-

linkage (Weihing, 1988; Furuike et al., 2001). The repeats of this domain have an Ig 

like domain fold, with a predominantly β-sheet structure, which are interrupted by two 

hinge regions that form the V-shape that the filamin requires for correct function (Bork 

et al., 1994; Fucini et al., 1997) (modelled in Figure 1-2). The dimerisation domain 

(repeat 24) is located at the C-terminus, and the structure of this domain in filamin C 

has been solved (PDB code 1VO5). Unlike some actin binding proteins, such as α-

actinin and spectrin, the filamins all lack a calcium-responsive domain (van der Flier 

and Sonnenberg, 2001).  

200 nm 

(a) (b) 

Hinge 2 

Filamin repeats 

Hinge 1 

Dimerisation Domains 

Actin Binding Domains 

Figure 1-2. Electron Micrographs of Filamin A Dimers and a Model of the Filamin A Dimer.  

a) Electron micrographs of tantalum–tungsten-cast filamin A dimers from rabbit macrophage (Tyler 

et al., 1980).  

b) Model of the filamin A structure, two monomers associate through the dimerisation domain at the 

C-terminus forming a V-shaped dimer. The two hinge regions allow flexibility. The ABD is 

located at each N-terminus. The ABD is linked to the dimerisation domain through the rod domain, 

which is constructed of 24 filamin repeats. This model is derived from homology studies only (and 

not experimental data). 
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1.3.2 The Actin Binding Domain (ABD) 

1.3.2.1 Interactions with Actin 

Filamin A is a cytoskeletal protein that binds to the dynamic actin filaments as a 

homodimer through the ABD, (Nakamura et al., 2007). The ABD is comprised of two 

calponin homology (CH) domains (Gimona et al., 2002). The filamin A:actin 

interaction is thought to occur though the actin residues 105-120 and 360-372 (Mejean 

et al., 1992). One filamin A monomer binds to an actin filament, with the second 

monomer binding another actin filament. This interaction crosslinks the actin filaments 

into an orthogonal network (Nakamura et al., 2007), with filamins the only proteins that 

organise actin in this way (Figure 1-3). Filamin A also helps to stabilize the actin 

filaments by slowing actin depolymerization (Koteliansky et al., 1981), and in actin 

crosslinking studies, increasing filamin A concentrations lead to tighter actin bundles 

(Brotschi et al., 1978; Dabrowska et al., 1985; Niederman et al., 1983). 

 

 

Figure 1-3. The Filamin A Dimer Bound to Actin.  

Two actin fibres (yellow) are shown cross linked by a filamin A homodimer. The domains of filamin A are 

labelled accordingly. The insert shows the alternative binding mechanism that has not been observed. 

Osborn 2007



C h a p t e r  1  | 
 

21 
 

1.3.2.2 Interactions with Calmodulin 

Increasing the Ca2+ concentration, in the presence of calmodulin (CaM), was shown to 

inhibit filamin A gelation of actin. However, in pull down assays CaM did not bind the 

native filamin A (Nakamura et al., 2005). When seven acidic residues, (Asp and Glu), 

were removed from the loop between the two calponin homology (CH) domains, CaM 

bound to the filamin A, in the presence of Ca2+ (Nakamura et al., 2005). Based on data 

from the α-actinin structure, the authors speculated that the loop between CH domains 

may block CaM binding to filamin A. In the α-actinin structure (PDB 1WKU) the loop 

between CH1 and CH2 lies close to the core ABD structure, and is located near the C-

terminus of the ABD. Because the CaM only binds native filamin A in the presence of 

F-actin, it was thought that this acidic loop may block CaM access to the binding site by 

binding to the basic C-terminus.  

1.3.2.3 Homology and Evolution of the ABD 

Many cytoskeletal proteins share a highly conserved ABD. This group of proteins 

include all three filamins (A, B and C), α-actinin, dystrophin, utrophin, fimbrin and β-

spectrin. The ABD is formed by the two sub-domains, CH1 and CH2 (Castresana and 

Saraste, 1995) (Figure 1-4). Each CH sub-domain shares high sequence similarity with a 

domain of the smooth muscle protein calponin. 
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Sequence comparisons show there is more similarity between the CH1, or the CH2, 

domains of different members of the F-actin binding family than between the CH1 and 

CH2 domains from the same protein. During early evolution, the fimbrin ABD was 

further duplicated, and the resulting ABD pair is present in the fimbrin of all phyla. 

Following this evolutionary event, plants and fungi have almost completely lost the 

single ABDs (Korenbaum and Rivero, 2002). The diversity of ABD-containing proteins 

is thought to have occurred through gene duplication followed by shuffling and 

intragenic multiplication (Dubreuil, 1991; Leung et al., 2001). The Dictyostelium
 

filamin (APB120) is the archetype filamin protein; this protein is thought to have given 

rise to the animal filamins by multiplication of filamin repeats (Korenbaum and Rivero, 

2002).  

 

1.3.2.4 The General Structure of the ABD 

The ABD is typically composed of two CH domains. Each CH subdomain typically 

contains four main α-helices and two shorter, less regular α-helices, designated A to G. 

Three α-helices (C, E and G) form a triple helical bundle with the N-terminal α-helix 

(A) lying perpendicular to this bundle. These helices are connected by variable loops 

Dystrophin* 

Utrophin* 

β-Spectrin 

α-Actinin* 

Fimbrin* 

Filamins 

Key: 
 

Actin Binding Domain 

CH1 CH2 

Figure 1-4. Schematic of the Actin Binding Domains in Proteins.  

Shown here are the F-actin binding proteins: filamins, α-actinin, dystrophin, utrophin, fimbrin and β-

spectrin. The location of the ABD is indicated within the overall protein architecture. The two sub-domains 

that make up the ABD, CH1 and CH2 are also shown. *Indicates the structure of the ABD had been 

determined before this work. 
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and two small helices B (only in CH2) and F (Franzot et al., 2005; Goldsmith et al., 

1997).   

 

1.3.2.5 The Actin Binding Surface of Filamin A 

The ABD binds filamentous actin, rather than actin monomers. Deletion studies of 

dystrophin revealed residues in three separate sites within the ABD were important for 

actin affinity (Corrado et al., 1994; Fabbrizio et al., 1993). The actin:utrophin ABD 

interaction was disrupted using antibodies to investigate the residues involved (Morris 

et al., 1999). Mutagenesis studies of the α-actinin ABD (Kuhlman et al., 1992; 

Hemmings et al., 1992) and filamin isolated from smooth muscle (Lebart et al., 1994) 

and Dictyostelium filamin (Bresnick et al., 1991) showed that the sequence 119 - 146 

(actin binding site 2, ABS2) is absolutely required and it is also a highly conserved 

region of the ABD (see alignment page 31).  

 

When the two CH domains of dystrophin are separated CH1 (containing ABS1 and 2) 

binds to actin, but CH2 (containing ABS3) does not, indicating that CH1 is the major 

contributor to the actin binding surface. However, the domains bind with a greater 

affinity when together as the complete ABD (Winder et al., 1997; Gimona et al., 1998), 

and the ABS are not functionally interchangeable (Lorenzi and Gimona, 2008). The 

filamin C:actin interaction, in contrast to α-actinin, is affected by ionic strength. 

Therefore, in addition to the hydrophobic residues, hydrophilic residues in filamin C are 

critical for the actin binding (Lebart et al., 1994).  Studies of fimbrin have shown 

G 
E 

C 

A 

F 

Figure 1-5. The Conserved Helical CH Domain Structure.  

The α-Actinin CH1 domain is shown (1WKU), the helices are labelled A to G. The small B and D helices 

are absent in this domain structure. 
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conformational rearrangements between the CH1 and CH2 sub domains with the ABD, 

though the functional significance of this remains unclear (Klein et al., 2004). NMR 

studies of the amino acids involved in the actin:dystrophin interface further highlighted 

the residues in ABS2, and confirmed the importance of ABS1 (Levine et al., 1990, 

1992). When the ABS surface is mapped to the ABD structure of fimbrin (PDB code 

1AOA) the residues do not form a continuous surface (Goldsmith et al., 1997). To study 

the interface between the ABD and actin the structure of the fimbrin ABD was fitted to 

electron density data and diffraction from 2D arrays, with good agreement (Hanein et 

al., 1998; Volkmann et al., 2001).  

 

In contrast to the fimbrin ABD, the way in which the utrophin and dystrophin ABDs 

bind to actin is less clear. The utrophin and dystrophin ABDs crystallised in a dimer in 

which the CH1 and CH2 domains are swapped (1QAG, Keep et al., 1999; 1DXX, 

Norwood et al., 2000). This structure was referred to as the 'open' or 'extended' form of 

the ABD. The CH1/CH2 interface is formed by the same region as α-actinin and 

fimbrin, but the CH1 forms an interaction with CH2 of the adjacent molecules in the 

crystal. In 2002 Galkin et al., modelled the 'open' utrophin structure into the electron 

density from negatively stained electron microscopy reconstruction. This showed the 

ABS was able to be modelled at the interface. However, data from another study 

supported the 'compact' monomer form of the utrophin ABD binding to actin 

(Sutherland-Smith et al., 2003; Lehman et al., 2004) (Figure 1-6a-c). This bound form 

of the utrophin ABD was a ‘lozenge-like’ shape, and like the other ABD-actin electron 

microscopy studies, correlated with a closed/compact ABD. This led the authors to 

propose a general mechanism by which this pair of CH domains (ABD) binds to F-actin 

(Figure 1-6d). However, an intrinsic flexibility of the CH1 and CH2 domain must exist 

to allow the domain swapping in dystrophin and utrophin to occur (Bennett et al., 

1994). In addition to the uncertainty surrounding the residues of the ABD that contact 

actin, other domains at the N-terminus (adjacent to the ABD) are also implicated in the 

actin binding in utrophin and filamin A (Sutherland-Smith et al., 2003; Nakamura et al., 

2007). 
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(a) (b) (c) (d) 

Figure 1-6. The Transverse Sections Reconstructed from EM Data of Utrophin Bound to Actin 

and the Resulting Model.  

a) A section through the actin fibre with the utrophin ABD bound.  Note the mass contributed 

by utrophin, (arrow) when compared to section (b).  

b) Undecorated F-actin, actin sub-domains are numbered 1-4.   

c) Difference densities (arrow) were constructed by subtracting maps of F-actin from those of 

the F-actin-utrophin map.  

d) The resultant model of utrophin (pink) binding to F-actin.  

Sutherland-Smith et al., 2003, Lehman et al., 2004  
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1.4 Cellular Roles of Filamin A 

1.4.1 Filamin A Binding Partners 

The filamin A homodimer binds not only to actin, but also to many signaling and 

membrane bound proteins in the cell, playing a role in integrating signaling and 

cytoskeletal remodeling for processes such as cell locomotion, organelle transport and 

cell division (Stossel et al., 2001) (Figure 1-7). 

 

These filamin binding partners include cytoskeletal, signalling and sorting and 

trafficking proteins (Nakamura et al., 2005; Hayashi and Altman 2006; Liu et al., 1997; 

Hjalm et al., 2001; Nagano et al., 2004; Calderwood et al., 2001; Loo et al., 1998; 

Sharma et al., 1995; Lad et al., 2008; Ohta et al., 1999; Bellanger et al., 2000; Stahlhut 

Actin binding domain 

Intracellular 

Cell membrane 

Extracellular 

F-Actin 

Filamin A dimer 

G-Actin 

Figure 1-7. Model of the Filamin A Homodimer Interactions.  

The actin binding domain (ABD) in green is located at the N-terminus of filamin A (blue). The two filamin A 

monomers associate through the C terminal dimerisation domain. Monomeric globular (G) and filamentous 

(F) actin are shown in red. Some other interaction partners of filamin A are also shown, the signaling proteins 

Rac, Trio, cdc42 and the integral membrane receptors, integrin and GP1bα. 

Stossel et al., 2001

Integrins 
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et al., 2000) (Figure 1-8). The nature and abundance of these interactions highlight the 

diverse roles of filamin A in cells (reviewed in Revenu et al., 2004).  

 

 

1.4.2 Membrane Stability 

In addition to a role in the cytoskeleton, filamin A is also implicated in membrane 

stability and structure (reviewed in Feng and Walsh, 2004). Human melanoma cell lines 

that naturally lack filamin A show cytoskeletal blebbing (Cunningham et al., 1992; 

Stossel et al., 2001). When a mechanical force is applied to the membrane of human 

fibroblasts and osteoblast cells, filamin A expression is upregulated (D’Addario et al., 

2001; Jackson et al., 2008). Filamin A also has an integrin dependent role in 

mechanoprotection in human melanoma cells, organising actin at the sites of force 

(Glogauer et al., 1998). Taken together, these results highlight the role of filamin A in 

membrane structural integrity.  

1.4.3 Sorting and Protein Transport 

Filamin A also has a role protein sorting within cellular compartments and organelles. 

Furin, which cycles between cellular compartments, requires filamin A for correct cell 

localisation and rate of internalisation (Liu et al., 1997). In addition to furin, filamin A 

Figure 1-8. Selected Filamin A Binding Partners. 

The filamin A monomer is shown with the ABD and the repeat domains numbered 1-24. The binding sites 

of proteins are indicated and coloured by function. Red: Cytoskeletal. Blue: Signalling. Green: Motility. 

Grey: Sorting/Protein transport. 
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interacts with caveolin, a protein involved in endocytosis of proteins from the cell 

membrane (Stahlhut et al., 2000).  

 

1.5 X-linked Filamin A Associated Diseases 

1.5.1 Pathogenic Filamin A Mutations 

Mutations in Filamin A are associated with otopalatodigital disorders 1 and 2 (OPD1; 

OMIM 311300, OPD2; OMIM 304120), frontometaphyseal dysplasia (FMD; OMIM 

305620) and Melnick Needles syndrome (MNS; OMIM 309350), periventricular 

nodular heterotopia (PVNH; OMIM 300049) (Figure 1-9). A number of the mutations 

cluster in the ABD, highlighting the importance of this domain for the correct function 

of filamin A. 
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1.5.2 The ABD and Disease  

The ABD is also associated with disease associated mutations in other proteins. 

Mutations in the filamin B ABD cause three distinct skeletal disorders, Larsen 

syndrome (OMIM 160250) and atelosteogenesis I and III (AOI, OMIM 108720 and 

AOIII, OMIM 108721) (Krakow et al., 2004; Zhang et al., 2006). Some of the 

mutations that cause these disorders are analogous to those found in filamin A that are 

associated with disease. Filamin C is critical to correct muscle development and 

maintenance of muscle structural integrity. There are no reported pathogenic mutations 

Figure 1-9. The Location of Pathogenic Point Mutation Sites in Filamin A.  

The sites of pathogenic mutations and the diseases that are caused are indicated. Disease mutations 

cluster in discreet domains. On the left are the PVNH (loss of function) associated mutations, and on the 

right are the OPD-spectrum disorders (OPD1, OPD2, FMD and MNS). 

Robertson, 2005
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in the ABD of filamin C; however, mutations in other domains of filamin C are 

associated with myofibrillar myopathy (Vorgerd et al., 2005; Dalkilic et al., 2006).  

 

Dystrophin contains analogous ABD mutations to those of filamin A that cause 

neuromuscular disease, enabling a comparison between the filamin A and dystrophin 

ABDs (Tyler et al, 1980; Roberts et al., 1994). Point mutations in the dystrophin ABD 

are associated with both Duchenne and Becker muscular dystrophy. The severity of 

these diseases ranges from the Duchenne form with a life expectantly of about 20, to the 

milder Becker form for which life expectancy can be in excess of 40-50 years old. 

Generally the Duchenne form is associated with deletions and frame shift mutations, 

resulting in the complete loss of dystrophin protein. However, both diseases are a “loss 

of function” phenotype (Murray et al., 1982; Prior et al., 1993; Emery, 2002). 

 

In the β-spectrin, ABD point mutations are associated with a hemolytic anemia disorder, 

hereditary spherocytosis (Agre et al., 1986), and, in α-actinin-4, mutations in the ABD 

are associated with the kidney disorder, focal segmental glomerulosclerosis (Kaplan et 

al., 2000). When these pathogenic point mutations are mapped to the ABDs most cluster 

in the CH2 domain (Figure 1-10).  
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Figure 1-10. Alignment of the Conserved ABD.  

The actin binding sites 1-3 (ABS1-3) are shown (section 1.3.2.5), and the CH1 domain (top) and CH2 domain (bottom) are shown separately. The sites of 

pathogenic mutations are coloured by associated disease. PVNH is shown in red; OPD spectrum disorders in purple; the Larsen, boomerang, AO1; and 

AO3 syndromes are shown in blue; focal segmental glomerulosclerosis are shown in grey; hereditary spherocytosis is shown in green; muscular 

dystrophy in yellow. Two residues associated with OPD2 (E254K and A200S) are highlighted: The pair of residues that contribute to the conserved salt 

bridge between E254 and K169 is shown in red text/arrow. The conserved A200 is shown in blue text/arrow. 

 

 

Filamin_A   38 DA PWKKIQQNTF TRWCNEHLKC VSKR-IANLQT DLSDGLRLIA LLEVLSQKKM HRKHNQRPTF RQMQLENVSV ALEFLDRESI KLVSIDSKAI VDGNLKLILG LIWTLILHYS ISMPMWD 156 

Filamin_B   11 DA PWKKIQQNTF TRWCNEHLKC VNKR-IGNLQT DLSDGLRLIA LLEVLSQKRM YRKYHQRPTF RQMQLENVSV ALEFLDRESI KLVSIDSKAI VDGNLKLILG LVWTLILHYS ISMPVWE 129 

Filamin_C   31 DA PWKKIQQNTF TRWCNEHLKC VGKR-LTDLQR DLSDGLRLIA LLEVLSQKRM YRKFHPRPNF RQMKLENVSV ALEFLEREHI KLVSIDSKAI VDGNLKLILG LIWTLILHYS ISMPMWE 149 

α_Actinin4  18 DP AWEKQQRKTF TAWCNSHLRK AGTQ-IENIDE DFRDGLKLML LLEVISGERL PKP--ERGKM RVHKINNVNK ALDFIASKGV KLVSIGAEEI VDGNAKMTLG MIWTIILRFA IQ----- 129 

α_Actinin3  40 DP AWEKQQRKTF TAWCNSHLRK AGTQ-IENIEE DFRNGLKLML LLEVISGERL PRP--DKGKM RFHKIANVNK ALDFIASKGV KLVSIGAEEI VDGNLKMTLG MIWTIILRFA IQ----- 151 

β_Spectrin  61 AD EREVVQKKTF TKWVNSHLAR VSCR-ITDLYK DLRDGRMLIK LLEVLSGEML PKP--TKGKM RIHCLENVDK ALQFLKEQRV HLENMGSHDI VDGNHRLVLG LIWTIILRFQ IQDIVVQ 177 

Dystrophin  10 CY EREDVQKKTF TKWVNAQFSK FGKQHIENLFS DLQDGRRLLD LLEGLTGQKL PK---EKGST RVHALNNVNK ALRVLQNNNV DLVNIGSTDI VDGNHKLTLG LIWNIILHWQ VKNVMKN 126 

Utrophin    26 SD EHNDVQKKTF TKWINARFSK SGKPPINDMFT DLKDGRKLLD LLEGLTGTSL PK---ERGST RVHALNNVNR VLQVLHQNNV ELVNIGGTDI VDGNHKLTLG LLWSIILHWQ VKDVMKD 142 

                     : *::** * * * ::    .   : ::   *: :*  *:  *** ::   :  :    : .  *   : **.  .* .:  : : .* .:..  * **** :: ** ::*.:**::  :.      

                          

 

 

 

Filamin_A       EEE DEEAKKQTPK QRLLGWIQNKL-- -PQLPITNFS RDWQSGRALG ALVDSCAPGL CPDWDSWD-AS KPVTNAREAM QQADDWLGIP QVITPEEIVD- PNVDEHSVMT YLSQFPKAKL 269 

Filamin_B       DEG DDDAKKQTPK QRLLGWIQNKI-- -PYLPITNFN QNWQDGKALG ALVDSCAPGL CPDWESWD-PQ KPVDNAREAM QQADDWLGVP QVITPEEIIH- PDVDEHSVMT YLSQFPKAKL 242 

Filamin_C       DED DEDARKQTPK QRLLGWIQNKV-- -PQLPITNFN RDWQDGKALG ALVDNCAPGL CPDWEAWD-PN QPVENSREAM QQADDWLGVP QVIAPEEIVD- PNVDEHSVMT YLSQFPKAKL 262 

α_Actinin4      --- DISVEETSAK EGLLLWCQRKTAP YKNVNVQNFH ISWKDGLAFN ALIHRHRPEL I-EYDKLR-KD DPVTNLNNAF EVAEKYLDIP KMLDAEDIVNT ARPDEKAIMT YVSSFYHAFS 242 

α_Actinin3      --- DISVEETSAK EGLLLWCQRKTAP YRNVNVQNFH TSWKDGLALC ALIHRHRPDL I-DYAKLR-KD DPIGNLNTAF EVAEKYLDIP KMLDAEDIVNT PKPDEKAIMT YVSCFYHAFA 264 

β_Spectrin      TQE GR--ETRSAK DALLLWCQMKTAG YPHVNVTNFT SSWKDGLAFN ALIHKHRPDL I-DFDKLK-DS NARHNLEHAF NVAERQLGII PLLDPEDVFT- ENPDEKSIIT YVVAFYHYFS 290 

Dystrophin      IMA --GLQQTNSE KILLSWVRQSTRN YPQVNVINFT TSWSDGLALN ALIHSHRPDL F-DWNSVVCQQ SATQRLEHAF NIARYQLGIE KLLDPEDVD-T TYPDKKSILM YITSLFQVLP 240 

Utrophin        VMS --DLQQTNSE KILLSWVRQTTRP YSQVNVLNFT TSWTDGLAFN AVLHRHKPDL F-SWDKVV-KM SPIERLEHAF SKAQTYLGIE KLLDPEDVA-V QLPDKKSIIM YLTSLFEVLP 255 

                        .  ..: . ** * : .       : : **   .* .* *:  * ::.  * *   .:        . . . . *: . *   *.:   :: .*::       *:::::  *:  :   . 

 

ABS1 ABS2 

ABS3 
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1.5.3 Loss of Function Phenotype: PVNH Disease 

PVNH female patients present with normal intelligence but suffer from late onset 

epilepsy and are diagnosed by the presence of periventricular nodules in the brain, 

which can be visualised with MRI (magnetic resonance image) (Poussaint et al., 2000; 

Sarkisian et al., 2008) (Figure 1-11). The epilepsy is attributed to the periventricular 

nodules in the brain, which are formed during foetal development, when 

morphologically normal neurons fail to migrate correctly (Fox et al., 1998).  

 

 

PVNH patients also have extracerebral features, heart anomalies, a tendency to 

premature strokes, small joint hyperextensibility and gut dysmotility (Kakita, et al., 

2002; Robertson et al., 2003; Moro et al., 2002). This disease is associated with a loss 

of filamin A function (or partial loss of function). However, there is a cluster of 

missense point mutations found in the CH1 domain of the ABD, highlighting the 

functional importance of this domain: A39G (Sheen et al., 2005), E82V (Moro et al., 

Figure 1-11. Magnetic Resonance Image of the Brain of a PVNH Patient and a Healthy Brain.  

Images of the brain of a healthy patient (top two panels) and a female PVNH patient (lower panels) showing 

multiple nodules of gray matter (arrows).  

Feng and Walsh 2004

Healthy brain 

PVNH patient 
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2002), M102V and S149F (Guerrinni et al., 2004) and A128V (Gomez-Garre et al., 

2006). In male patients PVNH is generally lethal before birth or during early infancy. 

However, in rare cases of PVNH in boys who survive some neurone’s are able to 

migrate, despite a lack of filamin A expression in these cells (Sheen et al., 2001). 

 

In an interesting parallel to PVNH, neuronal migration during brain development is also 

misfunctional in lissencephaly disease. This inherited brain disorder results from 

mutations in the microtubule binding proteins LIS1 and DCX and the disease is thought 

to arise from incorrect regulation of the microtubule cytoskeleton (Olson and Walsh 

2002). Given that PVNH is thought to be due to the incorrect regulation of the actin 

cytoskeleton, this highlights the importance of the cytoskeleton regulation in neuronal 

migration during brain development.   

 

1.5.4 Cell Motility and Shape 

Tumour cell lines that lack filamin A show no locomotion when compared to other 

melanoma cell lines that express filamin A. Transfection of one of the filamin A 

deficient human melanoma derived cell lines (M2) was able to rescue the cells, with the 

ability of the cells to migrate being proportional to the level of filamin A protein. 

Overexpression of filamin A (above WT filamin A levels) resulted in decreased 

locomotion, indicating the delicate balance of filamin A levels that is required in cells 

(Cunningham et al., 1992; Sarkisian et al., 2008). Mouse embryonic fibroblasts that 

lack filamin A are able to migrate; however, the mouse model of PVNH (filamin A null) 

does not result in missfunctional neuronal migration (Hart et al., 2006). When the 

amount of filamin A within the rat brain periventricular zone is varied, the polarity and 

orientation of neurons within this region change (Nagano et al., 2004). The filamin A 

binding protein FILIP induces filamin A degradation within the cortical ventricular zone 

of rat and mice brains. This filamin A - FILIP interaction controls the start of neuron 

cell migration from the ventricular zone (Nagano et al., 2002).  

 

Taken together, this evidence supports a role for filamin A in the integration of signals 

within the reorganisation of neuronal shape and position during motility (Robertson, 

2005). Filamin A has been shown to have roles in the MAP kinase pathway (Sarkisian 

et al., 2006), Wnt-c-Jun N-terminal kinase pathway (Nomachi et al., 2008) and an 
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interaction with CEACAM1 (Klaile et al., 2005) and integrin (Travis et al., 2004), 

which are all involved in the regulation of cell migration. Integrin is particularly 

important during development (Figure 1-12), which is when the filamin A associated 

diseases are manifested.  

 

The disorder PVNH is a result of defective neuron migration. However, in a separate 

filamin A associated disorder, OPD2, bone development is affected. While it is unclear 

why some mutations in filamin A may affect bone development, given what we know 

about PVNH, it seems reasonable to suspect that the migration of osteoblasts may be 

affected in OPD2.  

 

1.5.5 The Otopalatodigital Spectrum Diseases (Gain of Function) 

1.5.5.1 Gain of Function Disease and Filamin A 

These diseases have a distinct and separate phenotype to the loss of function disease 

(PVNH). The gain of function OPD spectrum diseases (FMD, OPD and MNS) are all 

skeletal disorders. Most of the symptoms can be attributed to defective 

intramembranous ossification of bone during development, as the diseases are not 

progressive (Robertson, 2007; Robertson, 2005). In females the genotype-phenotype 

Figure 1-12. Cell Adhesion and Shape During Development.  

Integrin plays a role in maintaining cell shape, cell-cell and cell-matrix adhesion by modifying the actin 

cytoskeleton. Integrin also integrates extracellular signals such as cytokine stimulation. These complex 

interactions control how cells are arranged during development. 

Engler et al., 2009
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correlation between certain filamin A mutations is often less predictable than would be 

expected, and skewed X-inactivation occurs in females with these filamin A linked 

diseases (Hidalgo-Bravo et al., 2005; Sheen et al., 2002; Robertson, 2005).  

1.5.5.2 OPD1 and OPD2 

Male OPD1 patients have conductive deafness, congenital dislocations of hips and 

knees, long metacarpals, spatulate thumbs, scoliosis, and craniofacial anomalies (Figure 

1-13). Patients with OPD2 have more severe symptoms and typically have skeletal 

dysfunction, bowed limbs, small head circumference, mental retardation and 

craniofacial disorders (Robertson, 2007; Robertson et al., 2003) (Figure 1-13).  

 

Mutations associated with OPD1 occur only in CH2 of filamin A. Mutations associated 

with OPD2 occur in CH2 and repeats 14-15. All these domains are thought to 

participate in actin binding (Nakamura et al., 2007); however, the underlying molecular 

basis of these mutations is unknown. This work will focus on the molecular basis of two 

OPD2 associated mutations, E254K and A200S (residues are shown in Figure 1-10). 

Both these pathogenic mutations occur in the CH2 domain within the ABD. E254K was 

predicted to disrupt a salt bridge between E254 and K169, and A200 is a highly 

conserved residue (Figure 1-10). 
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Figure 1-13. Gain of Function Diseases Associated with Filamin A. 

a) Facial appearance in MNS  

b) Decreased lung size, irregular ribs and curved spine in MNS  

c) Bowed long bones and under development of the big toe in OPD2  

d) Pattern defects in the foot of a male with OPD2  

e) Facial features in FMD 

f) Metacarpal and phalangeal modeling anomalies in FMD 

g) Skull base tissue hardening and supraorbital excessive bone growth in FMD 

h) Facial appearance in OPD1 

i) Metacarpal and phalangeal modeling anomalies in OPD1 including accessory growth plate 

ossification centre of metacarpal 

Robertson, 2007

MNS OPD2 FMD OPD1 

Increasing Disease Severity 
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1.5.5.3 FMD 

FMD is part of the OPD – type range of disorders, with FMD patients showing striking 

overgrowth of frontal facial bones and displaying features of OPD including deafness, 

bony dysplasia and digital anomalies (Figure 1-13) (Robertson et al., 2003). FMD 

associated mutations are distributed in CH2, repeats 3, 9-10, 14-15, and 22-23 of 

filamin A. 

1.5.5.4 MNS 

MNS is similar to OPD but symptoms also include deformities in ribs, clavicles, 

scapulae, pelvis, and bowed long bones (Robertson, 2007) (Figure 1-13). This is the 

most severe phenotype of the gain of function mutations and in males causes death in 

neonatal or in the first months of life. All mutations causing MNS are localised to the 

region encoding filamin repeat 10, suggesting a specialised role for this region of the 

protein (Robertson, 2007; Robertson, 2005).  

 

1.5.5.5 Bone Development 

Our lack of understanding about the role filamin A plays in bone development is 

limiting our understanding of the OPD spectrum disorders. Intramembranous bone 

ossification, which is defective in the OPD spectrum disorders, occurs during 

development by direct ossification of embryonic connective tissue and forms the 

membrane bones such as those of the skull (Roberson et al., 2003). Filamin A is also 

expressed in the cytoplasm of chondrocytes in the developing growth plate, and at the 

edges of the proliferating cells, indicating an additional role in endochondral bone 

development (Krakow et al., 2004).  

 

During intramembranous bone development osteoblasts are highly motile, which 

requires many cytoskeletal rearrangements, and these cells move through a number of 

cell transformations to become osteocyte cells (reviewed in Franz-Odendaal et al., 

2006) (Figure 1-14). Filamin A is also upregulated in osteoblast cells when a physical 

stress load is applied to the cells (Jackson et al., 2008). 
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Following the morphogenesis, in intramembranous bone development, osteoblast cells 

lay down the organic fibres of bone, such as collagen. The osteoblasts then either retreat 

or become entrapped as osteocytes in the bone. These organic bone fibres are calcified 

from the inorganic salts transported in the blood. These salts are deposited as fine 

crystals (hydroxyapatite crystals) within the collagenous fibers, and form the bone 

matrix (reviewed in Franz-Odendaal et al., 2006).  

 

The way in which bone cells migrate and adhere is slightly different to other cell types. 

Instead of focal adhesions, these bone cells mainly use podosomes for migration, 

adhesion, and bone absorption (Reviewed in Jurdic et al., 2006) (Figure 1-15). 

Podosomes are composed of an F-actin cone, the ‘podosome core’, containing actin 

polymerisation promoting proteins, surrounded by an actin network concentrating 

regulatory proteins and adaptor proteins (Saltel et al., 2004) (Figure 1-15). This 

structure is linked to the integrins in the cell membrane. Given that filamin A associates 

with integrins, Cdc42, RhoA and actin (see section 1.4.1) and is involved in cell 

migration it seems likely that filamin has a role in podosomes.  

 

Key: 

1. Preosteoblast 

layer 

2. Preosteoblastic 

osteoblast 

3. Osteoblast 

4-6. Developing 

osteocytes 

7. Young osteocyte 

8. Old osteocyte 

Gap junction 

Bone deposition 
front 

Mineralization 
front 

Figure 1-14. Cell Transformation during Intramembranous Bone Development. 

This shows the cell types between preosteoblasts and osteocytes during intramembranous bone ossification. 

A gap junction (for direct cell communication) is shown between an osteocyte and an osteoblast that is 

embedding. During this transformation process, cellular organelles decrease and the volume of the cell 

decreases substantially. 

Franz-Odendaal et al., 2006
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Figure 1-15. Podocyte Stuctures in Osteoclasts. 

a) The protein composition of podosomes. Asterisks indicate filamin A binding partners. 

b) The different actin structures (visualised with the actin stained) observed during osteoclast 

differentiation and activation. At the beginning of the differentiation, podosomes are organized in 

clusters, which develop into dynamics rings. The rings are stabilized at the cell periphery, forming a 

podosome belt. When osteoclasts are adherent on surfaces containing apatite crystals, a sealing zone 

is formed for bone resorption. 

Jurdica et al., 2006

(a) 

(b) 

Cdc42* 

Integrin* 

Gelsolin 

F-actin* 
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1.6 Aims  

This work aimed to complete structural and functional studies of filamin A – 

particularly focusing on the ABD, with a view to improving our understanding of the 

associated diseases. During this work there were six main aims: 

 

1. Clone the WT, E254K and A200S ABD and express soluble recombinant 

protein.  

Expression in E. coli can provide a ready source of recombinant protein for studies and 

allows the use of affinity tags for the rapid production of pure protein. The actin binding 

assay and the crystal trials ideally require large amounts (>20 mg) of highly pure active 

protein. 

 

2. Determine the crystal structure of the WT, E254K and A200S filamin A 

ABD  

Before this work the structure of the WT ABD structure had not been determined for 

any of the filamins. A structural model would enable a better understanding of disease 

associated residues that cluster in this domain. Therefore a primary aim of this project 

was to determine the X-ray structure of the WT filamin A ABD.  

 

In addition to the WT structure, solving the X-ray structures of two OPD2 associated 

mutations (E254K and A200S) was an aim. This was also to enable a comparison with 

the WT structure. These mutations result in the same disease, allowing the two mutant 

structures to be compared and contrasted – to highlight any common structural changes. 

This structural work, particularly when coupled with biochemical data, also aimed to 

increase our understanding of the way in which filamin A binds to actin. 

 

3. Determine the solution structure of the WT and E254K filamin A ABD 

using circular dichroism spectroscopy 

To allow a comparison of the secondary structure of the WT and E254K proteins in 

solution the CD spectra of each protein was determined. This study also enabled the 

crystal structures and the secondary structures to be compared and contrasted.   

 



C h a p t e r  1  | 
 

41 
 

4. Measure the actin affinity for the WT and E254K filamin A ABD 

The primary characterised role of the filamin A ABD is F-actin binding. Therefore the 

actin affinity (Kd) of the filamin A ABD was determined for the WT and E254K 

domain, to determine if the disease associated mutation changed the activity of this 

domain.   

 

5. Determine the thermostability of the WT and E254K filamin A ABD 

The E254K mutation results in the loss of the conserved salt bridge that links two 

helices. This salt bridge is predicted to have a structural role, and the loss of it may 

affect the stability of the domain. Therefore the difference in thermal stability between 

the WT and E254K was analysed by circular dichroism and differential scanning 

fluorimetry. 

 

6. Analyse the phenotype of fibroblast cells from patients with the filamin A 

associated diseases OPD2, FMD and PVNH. 

The molecular/physiological mechanism behind OPD2 is unknown, so three cellular 

phenotypes were chosen to study based on what was known about filamin A. Filamin A 

has a role in mobility and adhesion in cells, and results from this study showed a loss in 

thermal stability in the E254K mutant. Therefore the mobility, adhesion and the filamin 

A level of fibroblast cells was determined for WT and patient cells.  
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2 Experimental Procedures 

 

2.1 Water 

All water used for this work (referred to as milli-Q) was purified over two ion-exchange 

filters and two organic filters in a Barnstead NANOpure II system (Thermoscientific). 

 

2.2 Chemicals 

Chemicals used in this work were the highest grade available. 

 

2.3 Agarose Gel Electrophoresis 

Gels were made with 1 % agarose (w/v) (Roche) in 1X TAE buffer (40 mM Tris.HCl, 

20 mM acetic acid, 2 mM EDTA, pH 8.0), which was heated until the agarose had 

dissolved. Sample was mixed 1:1 with loading dye (0.2 % w/v bromophenol blue, 50 % 

v/v glycerol). Gels were run at 80V in an Easy-cast electrophoresis system (Owl 

Scientific). A 1 Kb Plus DNA ladder was run on all gels (Invitrogen). The DNA was 

visualised by staining the gels with ethidium bromide stain (0.5 µg/mL) for 15 min, 

followed destaining in water for 15 min. The images were captured under ultraviolet 

light on a GelDoc (BioRad), using QuantityOne software (BioRad). 

 

2.4 Media for E. coli Growth 

The Luria Broth (LB) media (Invitrogen) was made up in milli-Q water at 25g/L and 

autoclaved at 121 °C for 15 min before use. To make LB agar, 1 % agar was added to 

the broth before autoclaving.   

 

2.5 Antibiotics  

Ampicillin (Amp) (100 µg/mL) was added to the LB growth media to maintain 

plasmids in E. coli. The Amp was stored as a filtered stock solution (100 mg/mL) at -20 

°C and added to the media directly before inoculation. 
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2.6  PCR amplification 

A pRSET plasmid containing a fragment from the 5’ end of the filamin A cDNA was a 

kind gift from Prof. Stephen Robertson (Otago University). The actin binding domain 

(encoding residues 2-269) of filamin A was PCR amplified with the foward primer 

AGAAT TCAAG CTTTT ACAGC TTGGC CTTGG GGAAC TGGGA (NcoI) and the 

reverse primer TAAAC CATGG CAAGT AGCTC CCACT CTCG (HindIII) using the 

Pwo polymerase (Roche). The following program in a Tgradient thermocycler 

(Biometra) was used for the amplification: 94 °C for 5 min – for one cycle, then 94 °C 

for a min, 54 °C for a min, 72 °C for a min for 30 cycles. This was followed by 

incubation at 72 °C for 5 min. The PCR products were analysed by agarose gel 

electrophoresis, then purified using a high pure PCR product purification kit (Roche) 

according to the manufacturer’s instructions and eluted in 50 µL water.  

 

2.7 Digestion with Restriction Endonucleases 

The vector (pProEX™ HTb, LifeTechnologies) and PCR products were digested with 

the restriction endonucleases NcoI (Invitrogen) and HindIII (Roche). The following 

typical reaction was incubated at 37 °C for 3 ½ hours.  

 

Tube number 1 (Vector) 1 (Insert) 2 3 4 
10x Buffer 2 
(Invitrogen) 

3 µL 3 µL 3 µL 3 µL 3 µL 

DNA 8 µL vector 8 µL insert 3 µL vector 3 µL vector 3 µL vector 
NcoI 1 µL 1 µL  1 µL  
HindIII 1 µL 1 µL   1 µL 
H2O 17 µL 17 µL 24 µL 23 µL 23 µL 

Reactions Control reactions 
 

An agarose gel was run to confirm both enzymes were active. This was determined by 

the single enzyme digests in tubes 3 and 4, when compared to tube 2, the uncut vector. 

Following this, 20 µL of the reaction was loaded onto an agarose gel, the gel run stained 

and the bands cut out and purified using high pure PCR product purification kit (Roche) 

according to the manufacturer’s instructions and the DNA was eluted into 50 µL water.  
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2.8 DNA Ligation 

The purified products from the restriction digest (vector and insert) were mixed 3:1 

insert to vector molar ratio. The reaction was incubated at 18 °C for 3 hours with 5U (1 

µL) of T4 DNA ligase (Invitrogen) and 3 µL of the accompanying 5X buffer. 

 

2.9 Competent E. coli cells  

E. coli cells (either BL21(DE3) or Top10) were grown to an OD600 of 0.5-0.8 in 200 mL 

of LB broth at 37 °C. The cells were centrifuged at 4000g for 10 min at 4 °C and 

resuspended in 80 mL of  ice cold buffer 1 (7.5 mM KOAc, 25 mM RbCl2, 10 mM 

CaCl2, 50 mM MnCl2, 75 % v/v glycerol, pH 5.8). The cells were incubated on ice for 5 

min and then centrifuged at 4000g for 10 min. The supernatant was removed and the 

cells were resuspended in ice cold buffer 2 (0.1 mM MOPS, 0.75 mM CaCl2, 0.1 mM 

RbCl2, 15 % v/v glycerol, pH 6.5). The cells were then incubated on ice for 15 min, and 

stored in 100 µL aliquots at -80 °C. 

 

2.10 Transformation of Plasmid DNA into E. coli Cells 

The plasmid DNA transformations were based on the method of Hanahan et al. (1991). 

The competent cells (50 µL per reaction) were thawed on ice for 30 min, 2 µL of DNA 

was added and the mixture gently mixed. The cells and DNA were incubated on ice for 

30 min and then placed in a 42 °C waterbath for 45 sec and then cooled on ice for 20 

min. Then 200 µL of LB media was added and the cells incubated with shaking for 1 

hour. The transformed cells were plated on prewarmed LB/agar plates containing the 

appropriate antibiotics and incubated overnight at 37 °C. 

 

2.11 Isolation of Plasmid DNA from E. coli cells 

A single E. coli colony from an agar plate was picked and incubated overnight in 5 mL 

of LB broth at 37 °C with the appropriate antibiotics. Using 3 mL cells of this culture, 

the plasmid DNA was extracted using the high pure plasmid isolation kit (Roche), 

according to the manufacturer’s instructions.  
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2.12 Determination of DNA Concentration 

The DNA concentration of a solution, unless specified otherwise, was determined by 

absorbance at 260 nm on a nanodrop spectrophotometer (NanoDrop® ND-1000). The 

conversion value used (for dsDNA) was 50 µg/mL = 1 absorbance unit. 

 

2.13 DNA Sequencing 

DNA sequencing of the expression plasmids was performed at the Allan Wilson 

Sequencing service, at Massey University, on an ABI Prism 3730 capillary sequencer, 

using BIGDYE labelled dideoxy termination (Applied Biosystems).  

 

2.14 Centrifugation  

All centrifugations were performed in one of four centrifuges. In a SORVALL 

Evolution RC centrifuge with either the GS3 fixed angle rotor (at 6000g) or the SS34 

fixed angle rotor (at 30000g). Also used was a benchtop Centrifuge 5702 (Eppendorf) 

with an A-4-38 swinging bucket rotor (at 1700g). Smaller volumes (<1.5 mL) were 

centrifuged in a benchtop Minispin Plus centrifuge (Eppendorf). Ultracentrifuge spins 

(in the actin co-sedimentation assay) were performed in a TL Benchtop Ultracentrifuge 

(Beckmann Coulter) with a TLA100 fixed angle rotor (used at 214000g). 

 

2.15 Sonication 

Cells and cell lysate were sonicated by an Ultrasonic Processor (Misonix), at power 

level 4 on ice for 15-20 sec bursts, with one min rests on ice to allow the sample to cool. 

 

2.16 Glycerol Stocks 

E. coli cells were grown to log phase in LB broth at 37 °C, then mixed with 10 % 

glycerol and stored at -80 °C.  

 

2.17 Growth of E. coli for Protein Expression 

The LB media (1 L) and appropriate antibiotic was inoculated with 10 mL of an 

overnight culture of E. coli BL21(DE3) cells containing the expression plasmid. The 
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cells were grown with constant shaking at 37 ° for 2 hours then transferred to 25 °C to 

continue growing (for approximately one hour) to an OD600 of 0.6-0.7. The recombinant 

protein expression was induced with the addition of 0.1 mM IPTG and the cells grown 

for a further 5 hours at 25 °C. 

 

2.18 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS 

PAGE) 

SDS PAGE was based on the method of Laemmli (1970). Gels were 12.5% w/v 

acrylamide, with a 4% w/v stacking gel, unless stated otherwise. Samples were mixed 

1:1 with 5X loading buffer (60 mM Tris.HCl, pH 6.8, 50% v/v glycerol, 10% w/v SDS, 

0.5 M DTT, 0.1% w/v bromophenol blue) and boiled for 5 min, then loaded onto the gel 

along with precision plus protein™ molecular mass standards (Biorad). All gels were 

run in running buffer (25 mM Tris, 0.2 M glycine, 0.1% SDS) in a mightly small II tank 

(Amersham). Gels were run at 200V until the dye reached the end of the gel, then 

stained (0.125% w/v Coomassie brilliant blue R250, 40% v/v ethanol, 10% v/v acetic 

acid) for 1 hour and destained for at least 3 hours in destain solution (20% v/v ethanol, 

10% v/v acetic acid).    

 

2.19 Lysis of E. coli Cells for Protein Purification 

The cells were lysed by passing twice through a French press (at 5000 psi), followed by 

a 15 second sonication to shear the nucleic acids.  

   

2.20 Ni2+ Affinity Chromatography of Filamin A ABD 

Ni2+ affinity chromatography was performed at room temperature over a 5 mL 

HisTrap™ HP column (Amersham) using a peristaltic pump. The E. coli cell pellet was 

resuspended in 50 mL of ice cold lysis buffer (50 mM K2HPO4/KH2PO4, 0.5 M NaCl, 

10 mM imidazole, 1 EDTA free protease inhibitor tablet (Roche), pH 8). Following cell 

lysis (section 2.19) the resulting solution was then centrifuged at 30000g for 30 min at 4 

˚ C, to remove insoluble protein and cellular debris. The cleared cell lysate was filtered 

through a 0.45 µm filter and loaded onto the column at 1 mL/min. The resin was then 

washed at 2 mL/min with purification buffer (50 mM potassium phosphate buffer, 0.5 

M NaCl and increasing concentrations of imidazole, pH 8). The purification was 
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analysed by SDS PAGE and the fractions containing approximately >80 % protein of 

the expected molecular weight were pooled and concentrated. Following purification 

the column was washed with 500 mM imidazole, rinsed with water and stored in 20 % 

ethanol.  

 

2.21 Determination of Protein Concentration by A280 

The protein concentration of a solution, unless specified otherwise, was determined by 

absorbance at 280 nm on a nanodrop spectrophotometer (NanoDrop® ND-1000). The 

absorbance was converted into mg/mL using Beers law: Protein concentration (mg/mL) 

= (absorbance280 X molecular weight) ÷ (molar extinction coefficient280 X pathlength). 

The molar extinction coefficient (0.527 L/mol) and molecular weight (30 000 Da) of 

each protein was determined using ProtParam (ExPASy 

http://www.expasy.org/tools/protparam.html). 

 

2.22 Protein Concentration Determination by Bicinchoninic Acid 

The peptide bonds in protein reduce Cu2+ ions to Cu1+, and this copper reduction is 

proportional to protein concentration. Bicinchoninic acid then chelates the Cu1+ ions, 

forming a complex that absorbs light at 562 nm (Smith, et al. 1985). To determine the 

protein concentration of a solution, the BCA™ Protein Assay Kit (Pierce) was used 

according to the manufacturer’s instructions. A BSA standard curve of absorbance at 

562 nm was plotted (appendix 9.3), and the protein concentration of each unknown read 

off this graph. 

 

2.23 rTEV Production  

The plasmid containing rTEV open reading frame (pET19b-TEV) was transformed into 

BL21 (DE3+pARG). The cells were grown in a 5 L flask containing 1L of LB broth 

containing the antibiotics tetracycline and ampicillin. Cells were grown at 37 °C to an 

OD600 of 0.7, induced with 0.1 mM IPTG and expressed at 25 °C overnight. Cells were 

then centrifuged at 6000g for 30 min and lysed by French press (section 2.19) in lysis 

buffer (50 mM K2HPO4/KH2PO4, 0.5 M NaCl, 1 mM MgCl2, 10 % glycerol, 0.05 % 

Tween-20, 0.25 TCEP, 1 mM Benzamidine.HCL, 1 mM PMSF, pH 8). The lysate was 

then spun at 30000g for 30 min, to remove insoluble cell debris. The cleared lysate was 
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then loaded onto the HisTrap™ HP column at 1 mL/min. The column was washed with 

10 CV of lysis buffer then followed by stepwise elution (20, 50, 100, 150, 500 mM 

imidazole) in wash buffer also containing (50 mM K2HPO4/KH2PO4, 0.5 M NaCl, 1 

mM MgCl2, 10 % glycerol, 0.25 TCEP, pH 8), with 6 CV of buffer at each wash step. 

The purification was confirmed by SDS PAGE and the fractions containing the 30kDa 

rTEV were combined and dialysed overnight into 2X storage buffer (25 mM Tris.HCl, 

0.5 NaCl, 1 mM MgCl2, 10 % glycerol, 1 mM DTT, 0.5 EDTA, pH 8). The protein was 

then concentrated to 2 mg/mL, mixed with an equal volume of glycerol, snap frozen and 

stored at -80 °C. 

 

2.24 rhCalmodulin Production 

The pET23a(+) vector containing the open reading frame cloned from human 

calmodulin cDNA clone (source identifier 4801400) was a kind gift from Fumihiko 

Nakamura (University of Harvard). The rhcalmodulin was purified as previously 

described (Gopalakrishna and Anderson, 1982). Holocalmodulin has a hydrophobic 

cleft that binds to hydrophobic phenyl-sepharose resin. Apocalmodulin does not have a 

hydrophobic cleft, and does not bind the phenyl-sepharose resin. These properties were 

exploited to purify the protein in one step. The human calmodulin was expressed in E. 

coli BL21(DE3) for 5 hr at 37 °C and resulting cell lysate was passed over a 10 mL 

phenyl-sepharose (Sigma) column in a buffer containing CaCl2 (50 mM TrisHCl, pH 

7.5, 1 mM β-mercaptoethanol, 5 mM CaCl2). The resin (with the calmodulin bound) 

was then washed with a high salt buffer (50 mM TrisHCl, pH 7.5, 1 mM β-

mercaptoethanol, 5 mM CaCl2, 0.5 M NaCl). The calmodulin was then eluted in buffer 

containing EGTA (50 mM TrisHCl, pH 7.5, 1 mM β-mercaptoethanol, 1 mM EGTA). 

 

2.25 Cleavage of the N-terminal Hexa-His Tag 

The ABD protein eluted from Ni2+ affinity chromatography was exchanged into rTEV 

buffer (50 mM K2HPO4/KH2PO4, 150 mM NaCl, 0.25 mM TCEP, pH 8). The rTEV 

was added at a 1:50 w/w ratio and the reaction incubated overnight at 10 °C and His tag 

removal was confirmed by SDS PAGE (Carrington and Dougherty, 1988). Following 

rTEV cleavage the protein was exchanged into buffer (50 mM K2HPO4/KH2PO4, 0.5 

mM NaCl, 20 mM imidazole, pH 8) and run through a HisTrap HP column at 1 
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mL/min, the flow through was collected and concentrated. This step removes the His 

tagged rTEV, the cleaved His tag and any protein still containing a His tag. 

 

2.26 Protein Concentration and Buffer Exchange 

Protein was concentrated and/or the buffer exchanged using Vivaspin centrifugal 

concentrators (GE Healthcare) with a 10 kDa molecular weight cut off, following the 

manufacture’s instructions. With buffer exchange at least four >5 fold serial dilutions 

were made. After use, the filters were rinsed in milliQ water and the concentrator stored 

in 20 % ethanol. Each concentrator was only reused with the same protein, to avoid 

cross contamination between different proteins.  

 

2.27 Gel Filtration Chromatography  

Protein was concentrated to >5 mg/mL and DTT added to a final concentration of 5 

mM. Protein samples were loaded onto the Superdex 75 gel filtration column 

(Amersham Biosciences) in 250 µL aliquots on an AKTA Explorer system (Amersham 

Biosciences) at 4 °C. Buffer (50 mM K2HPO4/KH2PO4, 150 mM NaCl, 5 mM DTT, pH 

8) was run at 0.5 mL/min and the elutant collected in 0.5 mL fractions. To determine the 

molecular mass of the recombinant filamin A ABD the column was calibrated with 

molecular mass standards run on the column, to construct a standard curve (Appendix 

9.1). This standard curve then allowed the molecular mass of unknowns to be 

determined from the elution volume. 

 

2.28 Crystallisation 

Protein for crystal trials was exchanged into crystallisation buffer (20 mM HEPES, pH 

7.4, 100 mM NaCl) at concentrations varying between 4 - 15 mg/mL. The hanging drop 

crystal trials were set up with 500 µL of mother liquor in the wells of 24 well VDX 

plates (Hampton). Reservoir solution (from each well) was mixed 1:1 with protein (1 

µL + 1 µL) on siliconised cover slips (Molecular Dimensions), and sealed with 

petroleum jelly (Shell). For screens at 4 °C the plate was set up sitting on ice, before 

being moved into the 4 °C cold room directly after setting up the screen. Solutions 

screened were from the kit “Crystal Screen” (Hampton). Plates were examined under 

the microscope immediately after setting up, the following day, then at 2-3 day intervals 
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over a 2 week period. Conditions that gave crystals (or microcrystals) were identified by 

eye under a microscope (20X magnification) and further screens around these 

conditions were set up.  

 

2.29 X-ray Data Collection  

Crystals were briefly soaked by picking the crystal up in a nylon loop then dragging it 

through a cryoprotectant solution for approximately 10 seconds (if required), and then 

flash frozen in liquid nitrogen, before mounting into a stream of 120K nitrogen cooled 

gas for data collection. The X-ray diffraction data were collected on a R-Axis IV++ 

detector using a Rigaku MicroMax007 copper rotating anode generator with a copper 

rotating anode generating Kα radiation, which was monochromated with Osmic blue 

optics to a wavelength of 1.54 Å. Data collection was under the control of CrystalClear 

1.3.2 (Rigaku), and images were collected to insure at least 95 % completeness and 4 

times redundancy in the data.  

 

2.30 Actin Binding Assays 

An actin co-sedimentation assay based on the methods of Moores and Kendrick-Jones 

(2000) and Nakamura et al. (2005) was used to determine the F- actin binding affinity 

(Kd) of the WT and E254K proteins. Monomeric actin (Cytoskeleton) is polymerised, 

and incubated with the protein of interest. The solution is then spun in an ultracentrifuge 

to pellet the actin and any proteins bound to the actin. The pellet and soluble fraction 

can then be analysed by SDS PAGE to determine the amount of protein bound to actin. 

 

To polymerise the actin, 31.5 µL of monomeric actin (4 mg/mL as a suspension in 

water) was mixed with 3.5 µL of 10x F buffer (20 mM MgCl2, 10 mM ATP, 500 mM 

KCl, 20 mM Tris.HCl, pH 8) and incubated for 1 hour at room temperature.  The 

filamin A ABD, in ligand buffer (20 mM Tris.HCl, 6.25 mM DTT, 120 mM NaCl, pH 

8), was spun at 214000g for 30 min. This step removes any precipitated/insoluble 

protein. Then 40 µL supernatant is transferred into a clean centrifuge tube and mixed 

with 5 µL actin (3.6 mg/mL suspension in water) and 5 µL of binding buffer (120 mM 

Tris.HCl, 1.5 M NaCl, 20 mM MgCl2, 10 mM ATP, 1 mM CaCl2) to give a final 

concentration of actin binding buffer (36 mM Tris.HCl, pH 8, 108 mM NaCl, 5 mM 
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DTT 2 mM MgCl2, 1 mM ATP). The assay was incubated at 25 ºC for 30 min, then 

centrifuged at 214000g for 30 min. The entire supernatant was carefully pipetted away 

from the pellet, and the pellet mixed with an equal volume of ligand buffer. The soluble 

and pellet fractions were loaded onto an SDS PAGE gel, stained and the density of the 

protein bands in the supernatant and pellet fractions was determined using the 

QuantityOne software (Biorad). As a background control, the percentage of filamin A 

ABD that was in the pellet in absence of actin was subtracted from the pellet with each 

assay and was typically between 1-3 %. As an additional control, the F-actin in the 

absence of filamin A ABD was assayed to insure that the filamin A ABD did not alter 

the actin polymerisation. 

 

The percentage of actin and filamin A ABD in the pellet and supernatant (as determined 

by the densitometry) was calculated. Since the total concentration of each protein was 

known, to determine the mol/mol ratio of filamin ABD bound to actin the percentage of 

each protein in the pellet was used to determine the number of moles of each protein in 

the pellet. This allowed the ratio of filamin ABD:actin (mol/mol) to be calculated, 

which is the value graphed against the moles of filamin A ABD in the supernatant (free 

filamin A ABD). 

 

2.31 Actin Binding Assay with PIP2 or Calmodulin  

When PIP2 (Sigma) or calmodulin was added to the assays the assay was done as 

described above (section 2.30), with the addition of PIP2 or calmodulin (instead of 

ligand buffer) made before the first centrifuge step. The actin binding assays testing 

PIP2 were set up based on the method of Furuhashi et al. (1992). The actin binding 

assays testing calmodulin were set up based the method of Nakamura et al. (2005). The 

filamin ABD used in this assay contained a His tag, to enable immunodetection with an 

antiHis antibody (Sigma). Two sources of calmodulin were tested: recombinant human 

calmodulin (purified from E. coli - section 2.24) and native bovine calmodulin (Sigma). 

Apo or holo calmodulin (either bovine or human) was added to the assay (in place of 

ligand buffer) before the first centrifugation step (section 2.30). The resulting 

supernatant and pellet fractions from the assay were then run on a 15 % acrylamide gel. 

Proteins were then transferred from the gel onto Hybond-C nitrocellulose membrane 

(Amersham) in a mini Trans-Blot® tank (BioRad) overnight at 30V, in transfer buffer 
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(25 mM glycine, 20 mM Tris.HCl, 7.6 mM SDS, 20 % methanol).  The membrane was 

removed and stained with ponceau stain (2 % ponceau S (Sigma), 30 % w/v 

trichloracetic acid, 30 % w/v sulfosalicylic acid) to confirm the even transfer of 

proteins. The membrane was then blocked in 5 % w/v skim milk powder and TBST (20 

mM Tris.HCl, 150 mM NaCl, 0.05 % Tween20, pH 7.5) for 1 hr. Then the blocking 

solution was removed and the membrane rinsed with TBST and incubated with the 

antiHIS primary antibody (Sigma H1029) diluted 1/3000 in TBST for 1.5 hr. The 

membrane was rinsed 6 times for 5 min with TBST. The blot was then incubated with 

secondary mouse antibody (Sigma) diluted to 1/6000 in TBST. The blot was then rinsed 

6 times for 5 min in TBST. The detection system was the horseradish peroxidase 

reaction using the SuperSignal® west pico chemiluminescent substrate solution (Pierce), 

according to the manufacturer’s instructions. Images were captured by exposure to light 

sensitive film (Fujifilm). 

 

2.32 Differential Scanning Fluorimetry 

To determine the thermal stability of the proteins Sypro orange melts were performed in 

a RotorGene6000 thermocycler (Corbett). Assays were based on the method of Yeh et 

al. (2006) and Niesen et al. (2007). To assay the melting point, 13.5 µL of protein at 2 

mg/mL in ligand buffer (20 mM Tris.HCl, 6.25 mM DTT, 120 mM NaCl, pH 8) was 

mixed with 1.5 µL of Sypro orange dye (Sigma) at 100x concentration in water 

(sonicated briefly to solubilise), to make a final concentration of dye at 10x. The dye 

and protein solution was transferred into 0.3 mL PCR tubes (Axygen) and the tubes 

placed in a 36 well carousel. The thermocycler was programmed to heat from 30 °C up 

to 90 °C, at 1 °C steps (over 18 min). Data were collected with excitation at 470 nm and 

detection at 510 nm with a gain of 5. A background control of ‘buffer and dye’ along 

with a negative control containing ‘protein and buffer’ and a positive control with 

‘lysozyme and dye’ were also run. 

 

2.33 Circular Dichroism (CD) Spectroscopy 

To study the secondary structure of the proteins, circular dichroism spectra were 

collected on a Chirascan CD spectrophotometer (AppliedPhotophysics) in a 0.1 mm 

quartz precision cell (Hellma). The sample compartment was purged with O2-free N2 
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before use, to remove the oxygen absorption. A spectrum of the sample buffer (20 mM 

K2HPO4/KH2PO4, pH 8, 20 mM NaCl) was also measured and this was used to baseline 

correct the experimental data. The melting temperature was determined by taking a scan 

over 200 - 240 nm, from 5 °C - 90 °C in 5 °C steps. All data were processed (baseline 

correction and averaging) on the Chirascan software (AppliedPhotophysics). 

 

2.34 Fibroblast Cell Culture 

Fibroblast primary cells were grown in Dulbecco's Modified Eagle Media (DMEM) 

(GIBCO) in 20 % fetal calf serum (GIBCO) with pen/strep (10 units of penicillin and 10 

µg of streptomycin final concentration, GIBCO) and L-glutamine (2 mM final 

concentration, GIBCO). The flasks, containing cells, were incubated in 5 % CO2 at 37 

°C. Cells were removed from the flask using TrypLE™ Express (GIBCO) and passaged 

into fresh media when the monolayer reached 90-95 % confluence (about 3 days 

growth). Cells were stored in liquid nitrogen, in fetal calf serum supplemented with 

sterile 10 % DMSO (Sigma). 

 

2.35 Western Blotting of Fibroblast Lysate 

To measure the relative levels of full length filamin A in fibroblast cell lines, protein 

from each cell line was analysed by a western blot with filamin A antibodies. Cells were 

grown to 90 % confluence in T75 tissue culture flasks (Greiner) in 10 mL DMEM 

media. The growth medium was removed and the cells were washed with 2 mL PBS (50 

mM potassium phosphate, 150 mM NaCl). Then the PBS was removed and 0.5 mL of 

lysis buffer (10 mM Tris.HCl, pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 % 

Triton X-100, 10 % glycerol, 0.1 % SDS, 0.5 % deoxycholate, 1x protease inhibitor 

tablet (Roche)) was added to the flask. A cell scraper was then used to physically 

remove the cells. The cell lysate was removed centrifuged at 13 000 g for 10 min at 4 

°C and the supernatant stored as 50 µL aliquots at -80 °C. 

The protein concentration of the cell lysate was determined by a BCA assay (section 

2.22). Each protein sample was diluted to 0.5 mg/mL, mixed 1:1 with 5X loading 

buffer, boiled for 5 min and 15 µL was loaded onto a 10 % SDS PAGE gel. The gel was 

run at 150V through the stacking gel, then the voltage was increased to 200V until the 

dye reached the end of the gel. The stacking gel was removed and the remaining gel 
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transferred to a Hybond-C nitrocellulose membrane (Amersham) in a mini Trans-Blot® 

tank (Biorad) overnight at 40V, in transfer buffer (25 mM glycine, 20 mM Tris.HCl, 7.6 

mM SDS, 20 % methanol). The membrane was removed and stained with ponceau stain 

(2 % w/v ponceau S (Sigma), 30 % w/v trichloracetic acid, 30 % w/v sulfosalicylic 

acid) to confirm the transfer. The blot was then sectioned with a scalpel and blocked in 

5 % w/v skim milk powder and TBST buffer (20 mM Tris.HCl, 150 mM NaCl, 0.05 % 

Tween20, pH 7.5), for 1 hour. The blot was then rinsed with TBST buffer and incubated 

with the primary antibody for 1.5 hours. The filamin A antibody (Chemicon MAB1678) 

was diluted 1/15 000 in TBST buffer, and the α-tubulin antibody (Sigma) was diluted 

1/4000 in TBST buffer. The membrane was then rinsed 6 times for 5 min with TBST 

buffer. All blots were then incubated with secondary mouse antibody (Sigma) diluted to 

1/6000 in TBST buffer. The blot was then rinsed 6 times for 5 min in TBST. The 

detection system was the horseradish peroxidase reaction using the SuperSignal® west 

pico chemiluminescent substrate solution (Pierce), according to the manufacturer’s 

instructions. Data were captured on film (Fujifilm) and also using an intelligent dark 

box II (Fujifilm). The densitometry was calculated by the LAS-1000 pro software from 

the data collected on the intelligent dark box. 

 

2.36 Cell Motility Assays 

Motility assays were carried out as previously described (Liang et al., 2007). A 

confluent monolayer of cells is wounded (or scratched), and the rate the cells move into 

the wound is followed by microscopy and the rate of cell motility can then be 

calculated. As a reference point, a cross was drawn on the underside of the 30 mm 

coated tissue culture plates (Nunc). Then, to coat the plates with the protein matrix, 1 

mL of fibronectin (10µg/mL) in PBS (50 mM K2HPO4/KH2PO4, pH 8, 150 mM NaCl) 

was incubated in the plate overnight at 4 °C. The fibronectin solution was then 

removed, the plate rinsed with 2 mL of PBS and blocked with BSA (2 mg/mL) in PBS 

at 37 °C for 1 hour. The plate was then rinsed with 2 mL PBS.  Media (1 mL) with 20 % 

fetal calf serum was then added to the plate, which was then inoculated with 300 µL of 

cells (5.0 x 104) and grown 3 days (until the cells were 90 % confluent). A scratch was 

then made, across the reference cross, with a p200 pipette tip. The media was removed 

and replaced with media containing 10 % fetal calf serum (to slow cell growth). At this 

point an image was captured on a Zeiss Axiophot compound light microscope as 
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quickly as possible – this image is time point “0”. The plate was incubated at 37 °C with 

5 % CO2 and removed briefly at each time point for image collection. 

The images were processed using ImageJ (author Wayne Rasband, NIH) by the method 

described by Liang et al., (2007) using the crosses on the base of the plate as a reference 

point. The width of the scratch was measured at time “0”, and at the 8 or 10 hour point. 

The difference between these two measurements was termed distance travelled, and this 

was calibrated by the time incubated to give the rate (mm/hr). Each assay was 

performed in triplicate. 

 

2.37 Fibroblast Adhesion Assay 

The adhesion assay was carried out as described by Gillies et al., (1986). The amount of 

cells adhering to a plate is determined by a crystal violet stain. Cells were plated out at 

50 µL (2 x 104 cells/well) into a 96 well nunclon™ coated tissue culture plate (Nunc). 

The plate was incubated 1 hour at 5 % CO2 and 37 °C. The media (and any cells that 

had not adhered) were removed with a pipette and the plate washed with 50 µL of PBS 

(50 mM potassium phosphate, 150 mM NaCl). The remaining cells were then fixed with 

50 µL of 95 % ethanol for 10 min, and the ethanol was removed by inverting the plate 

onto tissue paper. The cells were then stained with 50 µL of 0.1 % crystal violet 

(Sigma) solution for 30 min. The excess stain (not bound to the cells) was then removed 

by carefully immersing the entire plate in a 5 L beaker of RO water for 15 min. The 

water was then removed by inverting the plate. To lyse the cells and solubilise the stain, 

50 µL of a 0.2 % TritonX solution was pipetted into each well, and the plate mixed by 

gentle inversion for 15 min. The absorbance at 570 nm was measured on a Powerwave 

XS spectrometer (Biotek). The background absorbance of a “media only” control well 

was removed, and these final absorbance values plotted.  

 

2.38 Crystallographic Methods 

Programmes from the CCP4 suite were used for much of the data processing 

(Collaborative Computational Project, 1994). All images were collected using strategy 

from CrystalClear (Rigaku). The diffraction intensities were then integrated with either 

MOSFLM (Leslie, 1992) or XDS (Kabsch, 1993). The images were scaled and 

averaged with SCALA (Evans et al., 2006). The phases of each structure was solved by 
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molecular replacement using PHASER (McCoy et al., 2005). Model building was done 

in COOT (Emsley and Cowtan, 2004), and refinement was performed by REFMAC 

(Murshudov et al., 1997) and PHENIX (Adams et al., 2002). Data validation was 

performed by PROCHECK (Laskowski et al., 1993) and MolProbity (Davis et al., 

2007). The graphics in this thesis were produced by PyMOL (DeLano Scientific), 

UCSF Chimera (Pettersen et al., 2004) and CCP4mg (Collaborative Computational 

Project, 1994).  

 

2.39 Bioinformatics and Sequence Analysis 

Sequence alignments were performed by ClustalW (Thomson et al., 1994), and T-

Coffee (Notredame et al., 2000). Protein domain boundary predictions were performed 

by the pFAM (Finn et al., 2008) and SMART (Schultz et al., 1998) databases. The 

protein:protein interactions were analysed by PROTORP server (Reynolds et al., 2009). 

Vector and plasmid maps were constructed using VectorNTI software (Invitrogen). The 

properties of the proteins (such as the molecular weight, pI, etc.) were calculated by the 

ProtParam server (http://au.expasy.org/). 



C h a p t e r  3  | 
 

57 
 

3 Cloning, Expression in E. coli and Purification  

3.1 Introduction 

To enable structural and biochemical studies of the actin binding domain, the DNA 

encoding the open reading frame of the ABD from filamin A (accession number 

P21333.4) was cloned in the E. coli expression vector pProEX™ HTb. In addition to 

this construct, two point mutants (with the amino acid substitutions E254K and A200S) 

were also cloned into pProEX™ HTb. This enabled recombinant protein expression 

with a Ni2+ affinity tag separated from the filamin A ABD by a tobacco etch virus 

(TEV) protease site. This recombinant expression system enabled a two step 

purification system, with Ni2+ affinity chromatography as the first step, followed by gel 

filtration as a polishing step.  

 

3.2 Filamin A ABD Wildtype 

3.2.1 Cloning 

To determine the domain boundaries, the amino acid sequence of filamin A was 

analysed by the pFAM database (methods section 2.39). This analysis predicted that the 

CH1 domain spanned from residues 40 to 149 and the CH2 domain from 168 to 269. 

Therefore the open reading frame encoding amino acid residues of the actin binding 

domain (2-269) from filamin A were PCR amplified (details methods section 2.6) and 

cloned into the NcoI and HindIII sites of the vector pProEX™ HTb by Andrew 

Sutherland-Smith (pers. comm.) (Figure  3-1).  
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3.2.2 Expression and Purification 

The expression plasmid containing the sequence encoding the filamin A ABD was 

transformed into E. coli BL21(DE3) and the protein expressed at 25 ˚C for 5 hr (see 

methods section 2.10). Following expression, the cells were lysed by French press, then 

sonicated to shear the nucleic acids (see methods section 2.19) and the lysate was 

centrifuged to remove any insoluble material. 

 

Purification was performed using a HighTrap™ Ni2+-NTA column, with a stepwise 

gradient of imidazole (see section 2.20). The column was washed with purification 

pProEx Htb-FLNa 

5580 bp

lacI

His Tag

rTEV recognition site

Filamin A 

ABD 

T7 promoter

Ampr 

NcoI 

HindIII 

Figure  3-1. Vector Map of the Plasmid Used in this Work. 

This map shows the key elements of the E. coli expression vector used in this work. 
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buffer containing 10 mM, 20 mM and 50 mM imidazole. The His tagged filamin A 

ABD protein was eluted from the column with 100 mM and 250 mM imidazole (Figure 

3-2). 

 

 

The affinity tagged protein was incubated with rTEV protease (Carrington et al. 1988) 

(see methods section 2.25). The pProEX Htb plasmid encodes the recognition site for 

rTEV (Glu-Asn-Leu-Tyr-Phe-Gln↓Gly) between the Ni2+ affinity tag and target protein. 

The rTEV cleavage occurs between the Gln and the Gly. The affinity tag, any uncleaved 

protein and the rTEV protease are removed after the digestion by passing through a 

clean Ni2+ column, with the WT filamin A ABD eluting from the column. The flow 

through from this second Ni2+ affinity purification is then collected and concentrated 

and analysed by SDS PAGE (Figure 3-2). 
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Figure 3-2. SDS PAGE Analysis of Ni2+ Affinity Purification and Affinity Tag Removal of the 

WT filamin A ABD.  

Protein was purified over a HisTrap™ HP column, containing Ni -NTA resin. The purified 

recombinant protein was then digested with the protease rTEV to remove the Ni affinity tag. 

a) The concentration of imidazole in the buffer is shown above the wash and elution fractions. 

The arrow indicates the 33.4 kDa filamin A ABD protein with the Ni affinity tag. The 

fractions labelled ‘Elution’ were combined for further purification.  

b) The rTEV protease processing of the recombinant protein that was purified in gel (a). The 

arrow indicates the 30 kDa filamin A ABD protein. 

 

Washes      Elution    

(a) 
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The ~30 kDa filamin A ABD protein was then further purified by gel filtration on a 

Superdex75 column, with 0.5 mL fractions collected throughout the purification. Two 

filamin A species eluted at molecular masses of 52 kDa and 26 kDa on the calibrated 

column (methods section 2.27), consistent with the filamin A ABD being in two forms; 

a monomer and a dimer. When gel filtration was done under reducing conditions (1 mM 

DTT), the dimeric species is converted to monomer (Figure 3-3). As a result of this 

observation, 5 mM DTT was added to all further gel filtration buffers to insure the 

protein eluted as one species (the monomer). However, the oxidised protein species 

(dimer) from the first purification was used for the first crystal trials resulting in a 

structure from this preparation. 
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The gel filtration fractions at 10-13 mL were pooled and concentrated. At this point the 

purified protein was either used for crystal trials or frozen at >5 mg/mL in ligand buffer 

with DTT (20 mM TrisHCl, 6.25 mM DTT, 120 mM NaCl, pH 8) for further studies. 

(a) (b) 

Figure 3-3. Gel Filtration Purification.  

The dimeric form of the filamin A ABD is converted to monomer in reducing conditions, resulting in 

the monomeric species eluting between 10 and 13 mL.  

a) The A280 traces from gel filtration of filamin A ABD. The filamin A ABD elutes as a 

monomer and as a dimer.  

b) Upon the addition of 1 mM DTT, to both the protein solution and the running buffer of the gel 

filtration, the dimeric species is converted to monomer. 

c) SDS PAGE analysis of the final purified product (in the presence of 1 mM DTT). Lanes are 

labelled with the volume that the fraction was eluted at. 
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Protein was tested before and after freezing in an actin binding activity assay, and no 

change in actin affinity was observed. 

 

3.3 Filamin A ABD E254K 

3.3.1 Introduction 

The mutant E254K was chosen as it is associated with OPD2, and this mutation was 

predicted to break a highly conserved salt bridge between E254 and K196. The 

contribution of salt bridges to protein stability is not straightforward. However salt 

bridges are important in maintaining protein structure and play an important role in the 

function of proteins (Perutz, 1978). The conservation of salt bridges is low, unless the 

interaction is involved in a particular function (Barlow, 1983). Also, loss of this salt 

bridge is disease associated in both filamin A and filamin B. Taken together these 

observations show this salt bridge is important for the function of the ABD. 

 

3.3.2 Cloning 

A plasmid construct containing the 5’ terminal 907 base pairs of filamin A gene with 

the mutation 760G>A, resulting in the amino acid substitution E254K, was a gift from 

Stephen Robertson (Otago University). The open reading frame encoding amino acid 

residues of the actin binding domain (2-269) from filamin A were PCR amplified (see 

method section 2.6). The pProEX HTb vector and PCR product were digested with the 

restriction enzymes NcoI and HindIII (methods section 2.7). The vector and insert were 

then ligated (see methods section 2.8) and transformed into E. coli Top10 cells (see 

methods section 2.10). The plasmid (from a single colony) was isolated and digested 

with the restriction enzymes NcoI and HindIII.  The restriction digest of the vector 

confirmed the presence of an insert of 804 base pairs, the expected size (Figure 3-4). 

This plasmid was then sequenced to confirm that the DNA sequence was error free (see 

methods section 2.13). 
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3.3.3 Recombinant Protein Expression in E. coli 

The plasmid containing the sequence encoding the filamin A ABD E254K was 

transformed into E. coli BL21(DE3) and protein expressed at 25 ˚C for 5 hr (see 

methods section 2.19). Cells were then seperated from the media by centrifugation 

(6000g) for 30 min at 4 °C. The media was removed and the pellet was either stored at -

80 °C or resuspended in lysis buffer (50 mM K2HPO4/KH2PO4, 0.5 M NaCl, 10 mM 

imidazole, 1 EDTA free protease inhibitor tablet (Roche), pH 8). 

 

3.3.4 Purification 

Following expression the cells were lysed by French press, then sonicated to shear the 

nucleic acids and finally the lysate was centrifuged (at 30000g) to remove any insoluble 

material. Purification was performed using a HighTrap™ Ni-NTA column, with a 

stepwise gradient of imidazole (see section 2.20). The column was washed with 
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Figure 3-4. Cloning of E254K into the Vector pProEX HTb.  

Agarose gels showing the DNA at each step of the cloning. 

a) The PCR product of the expected size (804 bp) is indicated by the arrow.  

b) Both the enzymes have cut the vector, as shown by the shift from the uncut vector. 

c) The plasmid digested with enzymes that cut either side of the insert generates the fragment 

of the correct size (arrow), indicating that this plasmid contains the insert. 
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purification buffer containing 10 mM, 20 mM, 50 mM and 50 mM imidazole. The His 

tagged filamin A ABD E254K protein was eluted from the column with 100 mM and 

250 mM imidazole. The protein yield from the E254K mutant purification is less than 

that of the WT protein (compare Figure 3-5 to Figure 3-2) 

 

 

Following the Ni2+ affinity chromatography and affinity tag removal the filamin A ABD 

E254K protein was then purified by gel filtration (see methods section 2.27). This 

protein behaved in the same way on the column as the WT and so the fractions from 10 

to 13 mL were pooled and concentrated. Protein was either used for crystal trials or 

frozen at >5 mg/mL in ligand buffer (20 mM TrisHCl, 5 mM DTT, 120 mM NaCl, pH 

8) for further studies.  
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Figure 3-5. SDS PAGE Analysis of the Purification of Filamin A ABD E254K.  

Protein was purified by Ni affinity chromatography, the affinity tag was then removed and finally 

purified by gel filtration. 

a) The concentration of imidazole in the buffer is shown above the wash and elution fractions. 

The fractions labelled ‘Elution’ were combined for further purification. The arrow indicates 

the 33.4 kDa filamin A ABD E254K protein.  

b) The rTEV protease digestion. The arrow indicates the purified filamin A ABD E254K protein 

without the Ni affinity tag.  

c) SDS PAGE analysis of the purified filamin A ABD E254K, after the Ni2+ affinity 

chromatography and gel filtration chromatography. 
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3.4 A200S 

A plasmid construct containing the 5’ terminal 907 base pairs of filamin A gene with 

the mutation 598G>T, resulting in the amino acid substitution A200S, was a gift from 

Stephen Robertson (Otago University). This fragment was cloned in the same way as 

E254K, with the same primers, as the E254K ABD. The protein was then expressed and 

purified as described for the E254K construct.   

3.5 Summary 

The DNA encoding the WT, E254K and A200S filamin A ABD were each cloned into 

an E. coli vector, providing a recombinant expression system that produced soluble 

filamin A ABD. The protein was purified, using a two step procedure, Ni2+ affinity 

chromatography followed by gel filtration chromatography. This provides a ready 

source of pure recombinant filamin A ABD protein for further studies. 
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4 Structural Studies of the Filamin A Actin Binding Domain 

4.1 Introduction 

The role in bone development that filamin A, and more specifically the ABD, plays has 

yet to be elucidated. However, mutations in the filamin A ABD are associated with the 

developmental bone disorders otopalatodigital spectrum disorder (OPD1 and OPD2), 

frontometaphyseal dysplasia (FMD) and the neurological disorder periventricular 

nodular heterotopia (PVNH). The mechanism of the actin binding by this domain is also 

yet to be elucidated fully. Structural data may help to understand the way that the 

filamin A ABD binds to actin, and eventually the role of filamin A in bone 

development. This, in turn, will assist our understanding of the molecular basis of the 

OPD type associated bone diseases, and the other diseases associated with mutations in 

this domain.  

 

The disease associated mutations highlight key areas of the ABD, providing a starting 

point for structure-function studies of this domain. Before this work there was no 

structural data for any of the filamin actin binding domains. Structural studies were 

completed for the wildtype filamin A actin binding domain (ABD) and two mutant 

filamin A ABD proteins associated with the disease OPD2, E254K and A200S. This 

was done to determine if there are structural changes that occur with these two 

pathogenic mutations, and, if so, can these changes explain the altered/gained function 

that is associated with the mutation. This chapter details the structural studies of these 

three proteins and presents an analysis of these structures. 

 

4.2 The X-Ray Crystal Structure of Wildtype Filamin A ABD 

4.2.1 Crystallisation of Wildtype Filamin Actin Binding Domain 

The dimeric (oxidised) species from gel filtration (in the absence of DTT) was 

concentrated to 9.6 mg/ml in the crystallisation buffer (20 mM HEPES, pH 7.4, 100 

mM NaCl). Crystals were set up using the hanging drop method, 1 µL protein solution 

was mixed 1:1 v/v with the well mother liquor and the trays were then incubated at 20 

˚C (see method section 2.28). Rod-like crystals were observed within 2 days. Final data 
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sets were collected from crystals grown from 20% polyethylene glycol 4000, 0.1 M Tris 

HCl (pH 8.5), 0.2 M lithium sulfate. Crystals were briefly soaked in a solution of 

mother liqueur containing 20% v/v glycerol as a cryoprotectant, then flash frozen in 

liquid nitrogen. The loop containing the frozen crystal was mounted in the beam with 

data collected at 120 K (see methods section 2.29).  

 

4.2.2 WT Structure Determination 

To generate a crystallographic model there are a number of prior steps to process the 

diffraction data. The first step is indexing the diffraction pattern. This allows the unit 

cell to be determined, and the space group to beassigned. Each spot is then integrated to 

determine the intensity. Following indexing and integration the data were, scaled, 

averaged and the cut off resolution assigned. The final step before a solution is to 

calculate the structure factor amplitudes from the merged intensity values (see methods 

section 2.38). 

 

4.2.3 Diffraction Collection and Indexing 

Two initial images were collected at 90°, from these the unit cell dimensions were 

calculated; a=58.07 Å, b=71.64 Å, c=158.91 Å, and the angles α=β=γ=90˚, which 

corresponds to an orthorhombic unit cell. Data were collected by CrystalClear, using the 

strategy recommended for this space group, unit cell and crystal orientation. Images 

were collected at a crystal to detector distance of 150 mm, with an exposure time of 10 

min for each image, and 400 images were collected over a total oscillation angle of 

100°. The initial diffraction images from screening at 0° and 90° showed the data were 

quite mosaic (1.1°). Therefore each frame of data was collected over a narrow 

oscillation angle (0.25°). With mosaic data collection there can be overlap problems and 

collecting finer slices of diffraction can counteract this problem. The diffraction was 

anisotropic, with a noticeable difference in the diffraction quality over the total 

oscillation range of 100° (Figure 4-1). 
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The resulting images were then indexed and integrated by XDS (Kabsch, 1993). The 

space group is P212121 (number 19), and was determined by analysis of the systematic 

absences in the reflections by CrystalClear (Rigaku), where h00: h=2n and 0k0: k=2n 

and 00l: l=2n, with only the even numbered reflections present along these axes. 

Matthew’s coefficient was used to determine the number of molecules in the 

asymmetric unit and the unit cell (Matthews, 1968). This method is based on the 

assumption that protein crystals typically contain ~40-60% solvent. Using the molecular 

weight of the protein, the volume of the protein is determined (assuming a sphere). The 

volume of the unit cell is known, and therefore the number of protein molecules that 

gives a value around 40-60% of the volume of the unit cell is considered the most likely 

solution. The filamin A ABD structure contains 8 molecules in the unit cell, which gives 

a solvent content of 47.2% v/v. The space group P212121 dictates that there are 4 copies 

of the asymmetric unit in the unit cell and therefore 2 molecules in the asymmetric unit. 

This crystal arrangement is shown in Figure 4-2 from the refined solution.  

 

(a) (b) 

Figure 4-1. Diffraction Images from the Data Collection of the WT Crystal.  

These images show the anisotropy of the crystal. These two diffraction images are taken from different 

angles of the same crystal. The diffraction in the second image (b) has much more clearly defined spots (and 

diffracts to a higher resolution) than the first image shown (a).  

a) Image number 201 

b) Image number 400 

The clear patch in each image is the beam stop shadow. 
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4.2.4 Scaling and Averaging the X-Ray Diffraction Data  

The diffraction images were scaled and averaged using SCALA, and the data quality 

and resolution range determined. Given the mosaic and anisotropic nature of this data 

(some angles of the crystal diffracted to a higher resolution), the resolution cut off point 

was not absolutely clear. To determine the resolution cut-off, the I/sigI, as a general rule 

the signal should be two times greater than the background. At 2.3 Å the ratio of I/sigI 

is 2.8. Ideally the Rmerge of the outer shell should also be less than 0.5, and the data in 

this structure at 2.3 Å give an Rmerge of 0.53 in the outer shell. Based on all this 

information, the data from 38.97 Å to 2.3 Å resolution were used (Table 4-1). 

 

4.2.5 Molecular Replacement 

When the reflections are collected, the location and intensity of the reflection (or spot) 

is measured; however, the phase is unknown. A similar structure can be used as a search 

model in molecular replacement to determine a starting phase (Read et al., 2001). In this 

case a structure with high sequence identity (which is indicative of structural similarity) 

was available in the protein data bank. For the determination of the initial phases 

Figure 4-2. The Crystal Packing of the WT Filamin A ABD Crystal.  

The crystal system is orthorhombic (a≠b≠c and α=β=γ=90°). The two molecules in the asymmetric unit are 

shown in green and blue, and the unit cell is shown as a white box. The phosphates are shown as sticks. The 

space group is P212121. 
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molecular replacement was used with one monomer of the α-actinin-3 ABD (pdb code 

1WKU) structure (Franzot et al., 2005) as the search model. The sequence identity 

between these domains was 37%, with a sequence similarity of 59%, as determined by a 

BLAST alignment. A PHASER rotation and translation search gave two solutions 

corresponding to the two molecules expected in the asymmetric unit (McCoy et al., 

2005). The resulting model had an initial R-factor of 41.0%, and a correlation 

coefficient of 0.752, with sensible crystal packing and good quality electron density 

maps. 

 

4.2.6 Refinement of the Structure 

Refinement is the process where the calculated structure factors (model) are compared 

to the observed data and the model improved. The improvement of the model was 

determined by following the Rwork/Rfree which are a measure of how well the observed 

data agree with those calculated from the model. To insure that the maps were not 

overinterpreted the Rwork and Rfree were kept within approximately 5% (Brunger, 1992). 

The Rfree is a set of reflections (5%) that are not refined against the model, and therefore 

contain no model bias. These reflections were automatically (and randomly) selected by 

SCALA during the data processing. Refinement was performed by REFMAC initially, 

with some rebuilding in COOT (Emsley and Cowtan, 2004). However, in the later 

stages of refinement the programme PHENIX was used, enabling refinement with 

simulated annealing, TLS and NCS techniques (Adams et al., 2002). These maps 

calculated from PHENIX were used to rebuild the model using rebuilding in COOT. 

Ordered waters (greater than 3σ peaks in the Fo-Fc map) were entered manually into 

chemically sensible positions in the maps using COOT.  

4.2.6.1 Density Modification 

The CCP4 program DM was used to calculate a mask around were the protein 

molecules in the unit cell. This technique is used to improve maps, by calculating 

structure factors with modified and potentially improved phase values (Cowtan and 

Zhang, 1999). New maps can then be calculated from these structure factors. This is a 

particularly powerful technique when there is non crystallographic symmetry (NCS), as 

this information can also be used to define the area/shape of the protein, which would be 

expected to be the same in each molecule in the asymmetric unit. There were two 
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molecules in the asymmetric unit with 47.2% v/v solvent, and the orientation between 

the two molecules was also defined. Using this information, 10 rounds of density 

modification refinement were performed with the DM program, and the output files 

containing maps in which the solvent area has been flattened. The maps generated by 

DM were used to build the model into in COOT, followed a round of refinement in 

REFMAC. Improved Rwork/Rfree values indicated that new information about the phases 

was provided by this technique.  

 

4.2.6.2 TLS Refinement 

The atomic displacement factors (B factors) describe the thermal motion of an atom. 

However, rather than the thermal motion of an atom being a sphere, the motion is often 

more ellipsoidal and this is described as anisotropic motion. Three tensors T, L and S 

describe the thermal motion of a molecule in a crystal. These TLS parameters describe 

the anisotropic thermal motion of the atoms, and are given as 6 parameters per atom, 

which define the shape of the ellipsoid - the atomic displacement parameter (ADP). This 

technique is referred to as TLS refinement (Schomaker and Trueblood, 1998). In small 

molecule crystallography it is possible to refine anisotropic B factors. However, in a 

protein structure, adding 6 further parameters to refine the B factor for each atom is not 

possible due to the number of atoms compared to the number of reflections. To solve 

this limitation the B factor from one atom (eg the Cα) can be assigned to a group of 

atoms (eg a residue), the other atoms are assigned a B factor correction based on the 

distance from the Cα. This group can be very large, such as a domain of a protein, or the 

whole protein molecule. An anisotropic B factor is derived for each atom in a TLS 

group. These B factors are correlated by belonging to the same “rigid body”, and only 

20 refinement parameters are required for each TLS group. This refinement of TLS 

parameters enables refinement of anisotropic displacements without using the large 

number of parameters that full anisotropic refinement demands (Winn et al., 2000). In 

this refinement the two peptide chains were assigned as the two TLS groups.  

 

4.2.6.3 Non Crystallographic Symmetry Refinement 

In this crystal arrangement there were two molecules of protein in the asymmetric unit 

(Figure 4-2) and the rms deviation between these molecules (chain A and chain B) was 
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0.48 Å over the 222 Cα atoms in the final crystallographic model. The relationship 

between the two molecules is described as non crystallographic symmetry (NCS). The 

two molecules are the same protein molecule but, due to crystal packing, they have 

slightly different structures and so can not be transposed exactly upon one another. In 

refinement this provides further restraints that can be applied. In this refinement the 

programme PHENIX automatically selected the conserved regions, and refined these 

with NCS restraints. Tight restraints were used on regions such as helices, and more 

loose restraints were applied to regions that differed slightly between the two molecules 

(such as loops at crystallographic interfaces).    

 

4.2.7 Determining the Reduced WT Filamin A ABD Structure 

The structure of the WT ABD in the presence of DTT was also determined. Crystals 

were grown from 5 mM DTT, 25% polyethylene glycol 4000, 0.1 M Tris HCl (pH 8.4), 

0.2 M lithium sulfate mother liquor. Images were collected with a scan width of 0.5 °, 

with a range of 0 to 113° with 23 min exposure time for each image. Data were 

processed (using the WT oxidised structure as a model) in the same way as the oxidised 

WT structure, with the same Rfree reflections (Table 4-1).  

 

4.3 Solving the X-Ray Crystal Structure of Filamin A ABD E254K 

The point mutation E254K in CH2 domain of the ABD of filamin A is associated with 

OPD2 highlighting the importance of this residue. This substitution would be predicted 

to disrupt the conserved salt bridge that between E254 (helix G) and K169 (helix A), 

which may also lead to further structural changes. The structure of filamin A ABD 

E254K was solved to study structural changes that may be associated with this 

pathogenic mutation.  

 

4.3.1 E254K: Crystallisation and Data Collection 

For the E254K the monomeric species was selected from gel filtration in 5 mM DTT 

and concentrated to 4.1 mg/mL in the same crystallisation buffer as the WT. Protein 

solution was mixed 1:1 with the well mother liquour containing 20% polyethylene 

glycol 4000, 0.1 M Tris HCl (pH 8.8), 0.2 M lithium sulfate, 5 mM DTT, and set up as 

hanging drops (see methods section 2.28). Crystals were obtained in two days, and were 
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a similar crystal form (rod shape) to the WT crystals. Crystals were mounted as 

described for the WT crystals. The mosaicity was 0.57°, and so data were collected with 

a 0.5° oscillation angle, using the strategy suggested by CrystalClear. Images were 

collected over 110°, with a collection time of 20 min per image and a crystal to detector 

distance of 100 mm. Other than these parameters, the crystal mounting, Rfree reflections 

and data collection were the same as described for the wildtype protein crystals.  

 

4.3.2 E254K: Integration, Indexing and Scaling 

The diffraction images were indexed and integrated by MOSFLM. The unit cell 

dimensions were a=57.66 Å, b=73.94 Å, c=154.44 Å, with all the angles equal to 90˚ 

corresponding to an orthorhombic unit cell with a solvent content of 55 % v/v 

(corresponding to two molecules in the asymmetric unit). The crystals belonged to the 

space group P212121. The data from 57.64 Å to 2.3 Å were scaled and averaged with 

SCALA. Data quality statistics are provided in Table 4-1.  

 

4.3.3 E254K: Molecular Replacement 

The phase problem was solved by molecular replacement using chain B of refined 

wildtype filamin A ABD structure (with residues 253, 254 and 255 omitted) as a search 

model in a PHASER search (McCoy et al., 2005). These maps resulted in an initial 

Rwork of 0.30, and a correlation coefficient of 0.85.  

 

4.3.4 E254K: Refinement  

The maps were then used to rebuild the model using rebuilding in COOT and several 

rounds of refinement in REFMAC followed by PHENIX refinement, using the same 

Rfree set as the WT structure. The same refinement method was used as described for the 

refinement of the WT structure.  
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4.4 Solving the X-Ray Crystal Structure of Filamin A ABD A200S 

A200 is a highly conserved residue in helix C in the CH2 domain of the filamin A ABD 

(Figure 1-10). The amino acid substitution A200S is associated with OPD2, which 

further highlights the importance of this residue. However, no clear role for the A200 

residue could be predicted from an inspection of the WT structure. This amino acid 

position may be restricted to a small residue. However, this alanine to serine mutation is 

a relatively conservative amino acid change. The two OPD2-associated residues are not 

co-localised; in the WT structure A200 is 19 Å away from E254. Solving the structure 

of this protein would allow it to be compared and contrasted to both the WT and the 

E254K structures. The aim of this structural study of A200S was to investigate any 

structural changes that may be associated with OPD2. 

 

4.4.1 Crystallisation and Data Collection 

The monomeric species was selected and concentrated to 4.0 mg/mL in the same buffer 

as the WT. Protein solution was mixed 1:1 with a mother liqueur containing 25% 

polyethylene glycol 4000, 0.1 M Tris HCl (pH 8.0), 0.2 M lithium sulfate, and set up as 

hanging drops (see methods section 2.28). Crystals were obtained in two days, and were 

a similar crystal form (rod shape) to the WT crystals. The crystals were frozen using 

mother liquor with 10% PEG 550 as a cryoprotectant. Data collection, equipment, Rfree 

relflections and methods were the same as those used for the wildtype protein. 

 

4.4.2 A200S: Data Collection, Structure Determination and 

Refinement 

Data were collected in 0.5° scans using the strategy as determined by crystal clear 

software. Images were indexed and integrated by MOSFLM. From the systematic 

absences the crystals were assigned to the space group P212121. The unit cell 

dimensions were a=57.29 Å, b=74.27 Å, c=156.19 Å, with all the angles equal to 90˚ 

corresponding to an orthorhombic unit cell. The number of molecules in the asymmetric 

unit was determined to be most likely two, with a solvent content of 56% v/v. The data 

from 37.1 Å to 3.0 Å were scaled and averaged (SCALA). The resolution was cut off at 

3.0 Å, corresponding to an I/sigI of 3.1, and an Rmerge of 0.49 in the outer shell. The 

wildtype chain B structure was used as a search model in a PHASER molecular 
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replacement search (McCoy et al., 2005). This resulted in 2 peaks of Z-scores (of 12 

and 14) corresponding to the two molecules expected in the asymmetric unit. 

 

4.4.3 A200S: Refinement  

The maps calculated with PHASER coefficients were then used to rebuild the model 

using the same refinement methods described for the WT structure.  
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4.4.4 Statistical Validation of All the Structures 

There are a number of parameters that can be measured to determine the accuracy of the 

diffraction data and the resulting crystallographic model. Following refinement to 2.3 Å 

(E254K), 2.3 Å (WT), and 3.0 Å (A200S), the structures were analysed by MolProbity 

(Davis et al., 2007). The statistics from all structures are summarised in Table 4-1.  

 

 

4.4.5 Ramachandran Plots 

The Psi (between Cα-C) and Phi (between the N-Cα) angles of the peptide backbone are 

not restrained during the refinement process, and are useful to check of the validity of 

the structural model (Ramachandran et al., 1963). Ramachandran plots provide a visual 

Table 4-1. Crystallographic Data.  

The data collection parameters are listed, along with the refinement statistics. These statistics were analysed 

to determine the validity of the crystallographic model. The outer shell values are shown in parenthesis. 

Parameter Wildtype (oxidised) Wildtype (reduced) E254K A200S 

Data Collection     

Wavelength (Å) 1.5418 1.5418 1.5418 1.5418 
Space group P212121 P212121 P212121 P212121 
Cell parameters:     

a (Å) 57.85 57.67 57.66 57.29 
b (Å) 71.22 72.29 73.94 74.27 
c (Å) 158.28 155.32 154.44 156.19 

α = β = γ  90 90 90 90 
Reflections 116 874 72 824 122 444 69 664 
Unique reflections 29 893 17 832 29480 13 989 
Resolution (Å)  44.9-2.30 (2.42-2.30) 42.1-2.7 (2.79-2.7)  57.6-2.3 (2.42-2.30)  37.1- 3.16 (3.16-3.0) 
Redundancy  3.9 (3.9) 4.1 (3.9) 4.2 (4.1) 5.0 (5.0) 
Completeness (%) 100 (100) 96.7 (94.5) 98.0 (93.9) 99.93 (100) 
R merge  0.10 (0.53) 0.12 (0.59) 0.088 (0.53) 0.085 (0.49) 

Data Refinement     

I/sigI 9.4 (2.8) 11.4 (2.0) 11.7 (1.8) 15.3 (3.1) 
Rwork (%) 21.0 22.8 22.4 21.4 

Rfree (%) 26.1 29.4 26.3 27.4 

Rmsd from ideal geometry:     
Rmsd bonds (Å) 0.018 0.008 0.006 0.011 
Rmsd angles (°) .65 1.2 0.9 0.91 

Number of protein atoms 3623 3512 3375 3557 
Number of H2O molecules 140 31 103 0 
Ramachandran plot:     

Outliers (%) 0.2 0.2 0 0.92 
Allowed (%) 99.8 99.8 100 99.1 

Most favoured (%) 96.4 96.8 98.8 94.2 
Rotamer outliers (%) 3.5 1.8 1.53 3.25 

Wilson B-value (Å2) 45.3 60.3 38.4 78.2 
Overall B-value (Å2) 37.7 47.1 39.5 61.7 
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check of the Psi and Phi angles (Figure 4-3). Given the alpha helical nature of all these 

proteins there would be a cluster expected in the lower left hand quadrant (where amino 

acids that are in right hand helices are found) in the Ramachandran plots. 
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(b) E254K (a) WT (oxidised) 

Figure 4-3. Ramachandran Plots of the WT, E254K and A200S Filamin A ABD Structures.  

These maps show the Phi and Psi angles of the main chain atoms in the three crystallographic models.  

a) The WT ABD has one (0.2%) outlier residue, Pro 97 in chain B. 

b) The E254K ABD plot has no outliers.  

c) The A200S plot has four outliers.  

For each plot, the top left grid shows the general case, the top right shows the glycines, the bottom left shows the prolines and the bottom right shows 

the pre-proline residues. These maps were generated by the MolProbity server. 

 

(c) A200S 
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4.5 The Filamin A ABD Structure 

4.5.1 The Crystallographic Dimer 

The ABD protein crystallised with two molecules in the asymmetric unit. The cysteine 

59 in each monomer forms a disulfide with the cystine 59 of the other monomer in the 

asymmetric unit. This disulfide bond is assumed to be a non native interaction formed 

when the protein is removed from the reducing environment of the E. coli cytoplasm. 

This prediction is supported by electron microscopy data of the ABD of full length 

native filamin A which shows that the two ABDs within the homodimer are located 

distal, and do not associate (Tyler et al., 1980, Nakamura et al., 2007). When the 

interface between the molecules was analysed by PROTORP the area was 470 Å2, 

indicative of a crystal interface rather than a native interaction (Reynolds et al., 2009). 

The interface is comprised of 18 residues that form 4 hydrogen bonds, 11 salt bridges 

and a disulfide between chain A and chain B. When the ABD was purified by calibrated 

gel filtration there are two species; the expected monomer of 29 kDa, but also a dimer 

of 58 kDa. The 58kDa species was converted to a 29 kDa monomer upon addition of 1 

mM DTT to both the protein solution and the running buffer of the gel filtration. When 

the protein is crystallised in the presence of 5 mM DTT the crystals diffracted to a lower 

(2.7 Å) resolution than the oxidised structure (2.35 Å), indicating that the disulfide may 

be assisting in the crystallisation. This has been observed in other proteins, and 

introducing a cysteine pair on the surface of a protein can assist crystallisation (Banatao 

et al., 2006). Both oxidised and reduced structures form the same interface between the 

monomers of the asymmetric unit, and the same crystal packing and space group (Table 

4-1). The reduced structure contains a free cysteine at residue 59; however, there is a 3σ 

peak in the Fo–Fc (difference) map where the disulfide would be located, indicating that 

less than 5% of the cystine 59 is oxidised.  
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The Cα backbone residues of the oxidised and reduced structures were overlaid (with 

Superpose, in the CCP4 suit). There are very few structural changes and the rms 

deviation between the monomers is 0.41 Å. This indicates that this disulfide formation 

Figure 4-4. The Monomer of Oxidised Crystallographic Model Represents the Filamin A ABD Native 

Structure.  

a) The structure of the asymmetric unit in the oxidised WT filamin A ABD structure. The monomers 

are both coloured blue (N - termini) to red (C - termini) and the disulfide at cystine 59. The inset 

shows a close up of the disulfide bond with the 2F0-Fc map contoured at 1σ. 

b) A close up view of the disulfide in the oxidised structure (grey), compared with the reduced 

structure (green). This overlay was produced from superimposing the entire asymmetric unit from 

each structure in COOT.  

c) An overlay of chain B from reduced structure (green) and the oxidised structure (grey), with the 

cystine 59 of each protein shown as sticks. The 222 Cα atoms of each monomer were overlaid in 

COOT. This shows that the changes are minimal and localised when the monomeric structures are 

compared.  

(a) Oxidised Crystallographic Dimer 

(b) Oxidised/Reduced Cystine (c) Cα Chains of the Oxidised/Reduced 

Chain B 
Chain A 

Cys59 

Cys59 

Helix A 
Helix A 

Reduced 

Oxidised 

Cys59 Cys59 
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has not affected the structure of the ABD (Figure 4-4). This difference is equivalent to 

the difference seen between the chain A and chain B of the crystals in the WT oxidised 

filamin A ABD (rmsd is 0.42 Å). At the site of the disulfide bond the Cys59 Cα have 

moved apart by 2.3 Å. The 3 residues either side of the Cys59 in both chains are 

perturbed by 0.2–0.5 Å but this is a localised and small change. The changes seen in the 

overlay are mainly due to the two ABD moving relative to each other, and not to 

changes within the ABD structure. So given this data, the higher resolution (oxidised) 

structure only will be discussed further.  

 

4.5.2 The WT Monomer Structure 

The filamin A ABD monomer (residues 2 – 269) is an all helical protein domain. The 

first 38 residues (chain A) and 36 (chain B) do not have sufficient density present to 

model and are assumed to be disordered. CH1 is comprised of six alpha helices, A-G: A 

residues 41-58, B 70-72, C 75-85, E 100-117, F 126-131, G 134-152 (D is absent in 

CH1). CH2 is comprised of seven alpha helices: A’ 168-176, B’ 196-205, C’ 213-215, 

D’ 213-215, E’ 221-236, F’ 244-248, G’ 254-267. Each CH domain contains four major 

helices, A, C, E and G, that are arranged in the typical ABD fold. Three of these helices 

(C, E and G) lie roughly parallel to each other, with the fourth helix (A) roughly 

perpendicular to the other three (Banuelos et al., 1998; Keep et al., 1999; Norwood et 

al., 2000; Borrego-Diaz et al., 2006). The two minor helices B and F are each 

comprised of one helical turn (Figure 4-5).  
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The two calponin homology (CH) domains pack together with the A and G helices as 

observed in the structure of α-actinin. The CH1/CH2 interface was analysed by the 

Protorp server (Reynolds et al., 2009), and is an extensive interface of 854 Å2, 

containing 9 hydrogen bonds and 13 salt bridges, with solvent molecules completely 

excluded. In context the CH domains of utrophin and dystrophin form an extended 

dumbbell shape with the loop linking the two distal CH domains. However, in utrophin 

(a) 

(b) 

Figure 4-5. The Structure of the Filamin A ABD Monomer.  

a) The filamin A ABD monomer. The polypeptide backbone is coloured blue (N-terminus) to red (C-

terminus). Each CH domain is comprised of α helices designated A-G. 

b) The monomer (from above) is shown in stereo.  

CH2 CH1 
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and dystrophin the same CH1/CH2 interface is formed in the crystal structure, but it is 

formed with the CH domain of a different peptide chain (Figure 4-6).  

 

The filamin A ABD structure was compared to other homologous domains, and the 

rmsd determined for the ABD (residues 38-269), CH1 (residues 38-153) and CH2 

(residues 167-269) using the DALI server (Holm et al., 2008). These superposition 

results (and an overlay of some of these structures) are shown in Figure 4-7. 

CH2 

Chain A 

CH1 

Chain B 

CH1 

Chain A 

CH2 

Chain B 

CH1 

Chain A 

CH2 

Chain A 

(c) Dystrophin 

(b) α-Actinin (a) Filamin A 

Figure 4-6. Comparing the Overall Fold of Three Actin Binding Domain Structures.  

a) The filamin A ABD monomer, in the ‘closed’ form.  

b) The α-actinin ABD monomer, in the ‘closed’ form (PDB 1WKU).  

c) The dystrophin ABD. Showing the 'open' ABD form, with the head-to-tail dimers (PDB 1DXX). 

In each structure one monomer is shown circled in red.  
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When the putative actin binding sites (ABS) are mapped to the filamin A ABD structure 

the residues do not form a continuous surface (Figure 4-8). Also included in the ABSs 

are residues that are not located at the surface and therefore appear unlikely to form a 

direct interaction with actin in this structural arrangement of the ABD (see alignment 

section 1.5.2).  

 PDB code ABD RMSD (Å) CH1 RMSD (Å) CH2 RMSD (Å) 

Filamin B 3FER 1.0 (234 Cα) 0.7 (111 Cα) 0.9 (102 Cα) 

Plectin-1 3F7P 1.6 (231 Cα) 1.4 (113 Cα) 1.5 (102 Cα) 

Alpha-actinin-4 2R0O 2.1 (229 Cα) 1.6 (114 Cα) 1.8 (102 Cα) 

Alpha-actinin-3 1WKU* 2.1 (227 Cα) 1.5 (112Cα) 1.8 (102 Cα) 

Alpha-actinin-1 2EYI 2.1 (234 Cα) 1.6 (112 Cα) 1.8 (102 Cα) 

T-Fimbrin 1AOA 2.7 (247 Cα) 2.7 (111Cα) 1.8 (93 Cα) 

Utrophin 1QAG  1.3 (108 Cα) 2.0 (101 Cα) 

Dystrophin 1DXX  2.8 (113Cα) 1.9 (102 Cα) 

 

Figure 4-7. Structural Comparison with other ABDs. 

a) Stereo diagram of an overlay (performed by COOT) of the Cα chains of ABD of filamin A, α-

actinin-3, dystrophin and utrophin. This shows the highly conserved ABD fold. 

b) When the filamin A ABD is compared to the ABD from a number of different proteins by the DALI 

server, the RMSD between the ABD domains is small (1-2.7 Å) showing this domain is highly 

structurally conserved. 

Key: 

Grey: Filamin A 

Green: α-Actinin-3 

Purple: Dystrophin 

Pink: Utrophin 

(a) Overlay of ABD 

(b)  
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Some of these ambiguities about the amino acids that interact with actin can be 

attributed to the lack of available structural data when these sequences were being 

characterised. A ClustalW alignment of filamin A, B & C, α-actinin, β-spectrin, 

utrophin and dystrophin (shown in section 1.5.2) was performed. The alignment was 

used to colour the residues in the structure according to sequence conservation. This 

analysis showed that the ABS corresponds to highly conserved regions on the surface of 

the protein and buried in the protein at the CH1/CH2 interface (Figure 4-9). 

 

Figure 4-8. The Residues of the Putative ABS do not Form a Continuous Surface on the Filamin A 

ABD Structure.  

The structure is shown from two angles, 90° to one another. The three actin binding surfaces (ABS) are 

shown in red (ABS1), yellow (ABS2) and orange (ABS3). The two CH domains are labelled. 

 

CH2 CH1 CH2 CH1 

90° 
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The acidic loop connecting the CH1 and CH2 sub-domains, residues 155-164 

(DEEEDE EAKK), is assumed to be disordered in the “A” monomer of the asymmetric 

unit, as there is insufficient density to model these residues. The acidic loop, which is 

ordered in monomer B (Figure 4-5), lies out from away from the core structure of the 

protein and there is sufficient density for the peptide backbone to be modelled; however, 

the side chain positions were not clear. As a result the backbone has been modelled, 

with the side chain occupancy set to zero.  

 

The acidic loop connecting the CH1 and CH2 sub-domains was predicted by Nakamura 

et al. (2005) to lie over the putative CaM binding site (residues 50-60), binding in a 

basic pocket nearby (Figure 4-10). The basic pocket that was also described can be 

CH1 CH2 

90° 

Figure 4-9. The Putative ABS of Filamin A is Comprised of Highly Conserved Residues.  

a) The structure of the filamin A ABD, showing two sides of the molecular surface. 

b) The interface of the CH1/CH2 domains.  

Residues of the putative ABS are outlined with the black lines. Amino acids are coloured dark blue – 

absolutely conserved to light blue – not conserved. 

(a) 

(b) 

180° 

CH1 CH2 
CH2 CH1 
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identified in the electrostatic potential surface; however, the acidic loop does not lie 

over this basic pocket, and it would take a considerable structural rearrangement for this 

to take place. 

 

 

 

Density equivalent to a phosphate or sulfate is present in both molecules in the 

asymmetric unit, and is located at the base of helix E’ of CH2 near Thr223 and the N-H 

groups of Pro221 and Val222.  Given this chemical environment and the observation 

that protein was purified and crystallised in buffers containing phosphate, this was 

determined to be the most likely molecule. However, it is possible that this is a SO4 

molecule which was present in the crystallisation mother liquor. These two molecules 

are indistinguishable by the electron density maps, or by chemical environment. 

Therefore this molecule will be referred to as a phosphate; however, it equally may be a 

sulphate.  

 

Flanking these phosphate molecules are two highly acidic patches on the surface of the 

protein (Figure 4-11). This PO4 binding site was inspected for suitability as a 

phosphotidylinositol 4,5-bisphosphate (PIP2) binding site, as the PO4 may mimic the 

Figure 4-10. The Acidic Loop Does Not Block Access to the Putative Calmodulin Binding Site.  

The filamin A ABD is shown with the surface coloured by electrostatic potential. The putative CaM 

binding site (residues 50-60) is shown as a black oval, and located just above this is the pocket of basic 

residues predicted (Nakamura et al., 2005) and at the top is the acidic loop. The surface is coloured 

according to electrostatic potential, using a linear colour ramp with −0.5 V (red) to 0.5 V (blue). 

Acidic loop 
Basic pocket 

CaM 

CH1 CH2 
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phosphates on the head of PIP2. PIP2 is an inositol lipid that binds to a variety of 

proteins and has a regulatory role in a number of signalling pathways. The primary PIP2 

binding site is thought to generally be a arginine/lysine-rich basic region (reviewed in 

Bella, 2005). Therefore this site where the PO4 is bound is not a suitable PIP2 binding 

site, given its highly acidic electrostatic potential (Figure 4-11).  

 

 

 

In the dystrophin and α-actinin-3 ABD, PIP2 binds near the ABS3 (Mejean et al. 1995; 

Fukami et al., 1996; Franzot et al., 2005). In α-actinin the site was predicted to be 

formed by a triad of arginine residues on the surface on the ABD; however, these 

residues are not conserved in the filamin A sequence (Figure 4-12). Upon further 

inspection of the surface no suitable PIP2 binding sites were found. 

 

Figure 4-11. The Phosphate Binding Site on the Filamin A ABD Structure.  

The surface coloured by electrostatic charge. Showing the phosphate binding site is flanked by two acid 

regions on the surface. The CH1 and CH2 domains are labelled. The phosphate molecule is shown as sticks 

bound in the CH2 domain. The surface is coloured according to charge, using a linear colour ramp with 

−0.5 V (red) to 0.5 V (blue). 

CH1 CH2 
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Figure 4-12. PIP2 Binding Site Showing the Basic Triad of Arginines on the α-Actinin-3 Structure.  

These putative PIP2 binding arginine residues are not conserved in the filamin A sequence, and are also not 

conserved in the structure. 

a) The α-actinin-3 ABD structure (1WKU). The putative PIP2 binding site formed by residues Arg 

170, 176 and 199, shown as green ball and sticks. 

b) The filamin A ABD structure. The filamin A residues that are in equivalent positions (178, 181 and 

204) to the three arginine in α-actinin, also shown as green ball and sticks.  

The surface is coloured according to charge, using a linear colour ramp spanning  −0.5 V (red) to 0.5 V 

(blue). The carboxyl terminus (C-ter) is shown and the helix of ABS3 is also labelled. 

 

CH1 
CH2 

C-ter 

CH1 CH2 

Arg176 

Arg199 

Arg170 

C-ter 

ABS3 

ABS3 

(a) α-Actinin-3 ABD 

(b) Filamin A ABD  
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4.6 The Structure of E254K  

To confirm that an amino acid change has occurred in a structure, an omit map was 

constructed. An omit map removes the potential model bias. If the density for the 

residue is observed in the difference map (Fo-Fc) after simulated annealing refinement, 

the density is real and unbiased (Bhat 1988). The omit map of the E254K of structure 

shows the amino acid substitution, from a Glu to a Lys (Figure 4-13). This was an 

important experiment, to confirm that this structure was not also the WT structure. 

 

4.7 A Comparison of the WT and E254K Structures 

The salt bridge between E254 and K169 links ABS3 (residue 169) in helix A and helix 

G on the surface of the CH2 domain. The WT and E254K structures have an RMSD of 

0.41 Å (over 222 Cα), showing very few structural changes occur to the overall 

structure.  

 

Figure 4-13. Omit Map of the Residue 254 to Confirm the Substitution E254K.  

The maps were generated by simulated annealing and refinement (in PHENIX) against the initial model 

(from PHASER) with residues 253, 254 and 255 absent from the model. Residues are shown modelled into 

the density for clarity, and the phosphate is also shown (depicted in orange). The map shown is the 2Fo-Fc 

map is contoured at 1.0σ.  

Lys169 

Lys254 
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When the structures are overlaid the Cα of residue 254 moves 0.96 Å, between the structures, 

and the Cα of the Lys169 moves 0.17 Å. The loop between the CH1 and CH2 domains (acidic 

loop) is disordered in both molecules of the asymmetric unit. However, despite these minor 

changes, there are no significant structural changes to the amino acids surrounding this region, 

and the two helices A and G (that this salt bridge links) remain the same. There is a 

phosphate/sulfate at the site of the amino acid change for one of the two molecules, perhaps to 

compensate the two adjacent positive charges from the lysine side chains (Figure 4-13). The 

region surrounding the site of the substitution changes chemically, becoming much more 

neutrally changed in the mutant structure (Figure 4-15). This is also seen in an α-actinin-4 

structure (2R0O), with a pathogenic mutation, that is in the adjacent residue in filamin A (Lee et 

al., 2008). 

Figure 4-14. A Comparison of the WT Structure to the E254K.  

The 222 Cα atoms were overlaid in COOT, the WT structure is shown in grey and the E254K structure in 

cyan. The salt bridge between E254 (in helix G’) and K169 (in helix A’) in the WT structure is shown with 

a dashed line. An insert (right) shows a close up view of the salt bridge. 

(a) 
Helix A’ 

Helix G’ 
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4.7.1 The Importance of the Salt Bridge between E254 and K169 

Salt bridges do not tend to be conserved unless they are important for a particular 

function (Barlow and Thornton, 1983), and this salt bridge is conserved across the ABD 

(Figure 1-10). In filamin B E227K (the equivalent mutation to filamin A E254K) results 

in Larsen syndrome (Krakow et al., 2004; Bicknell et al., 2007). Given that the polarity 

of this interaction is reversed in both utrophin and dystrophin, it seems more likely that 

this is a structural element rather than a binding surface (Borrego-Diaz et al., 2006). 

There is no equivalent interaction between helix A and helix G for CH1.  

(a) Wildtype (b) E254K 

Figure 4-15. Electrostatic Potential Surface Analysis.  

The mutation E254K changes the electrostatic potential of the surface of the protein, with the loss of an 

acidic patch (circled). The surface is coloured according to charge, using a linear colour ramp with -0.5 V 

(red) to 0.5 V (blue). 

 

CH1 CH2 CH1 CH2 

Acidic loop 
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Figure 4-16. A Conserved Salt Bridge Shown on the WT Filamin A ABD Structure.  

This salt bridge is a conserved feature in the ABD, and lies in a pocket of conserved residues near the ABS. 

All structures are shown in approximately the same orientation. 

a) An overlay of the entire ABD from a number of human actin binding proteins; the filamin ABD 

structure is shown. This shows the conservation of the salt bridge. The residues of the saltbridge are 

shown as sticks. Grey: Filamin A. Cyan: Spectrin. Green: Actinin. Purple: Dystrophin. Pink: 

Utrophin. The two helices linked by the salt bridge are labelled A’ and G’. 

b) The WT filamin A ABD, coloured by amino acid conservation: Least conserved residues are 

coloured light blue, with the most conserved residues coloured dark blue. The location of the salt 

bridge is indicated by a yellow circle. 

c) The WT filamin A ABD with the putative actin binding surfaces coloured red. The location of the 

salt bridge is indicated by a yellow circle. 

 

(a) A Conserved salt bridge 

(b) Conservation (c) The ABS  

ABS1  

ABS2  
ABS3 

CH2 CH2 CH1 CH1 

Helix A’ 

Helix G’ 
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4.8 The Filamin A ABD A200S Structure  

The omit map was essential to confirm that the amino acid change had taken place, 

given the similar size of these two amino acids. Also contributing to the uncertainty was 

the resolution of the structure – as 3 Å makes it difficult to distinguish the difference 

between a Ser and an Ala in the 2Fo-Fc map. This omit map of the filamin A ABD 

A200S confirms the amino acid substitution has occurred (Figure 4-17). 

 

 

 

When the 215 Cα atoms of the WT and A200S structures are overlaid the overall rmsd is 

0.3 Å. There are no observable structural changes, and within the helix in which the 

A200 is located there are only some very minor changes in the position of the Cα atoms 

(Figure 4-18a-b). However, given the low resolution of this structure (3.0 Å) these 

changes are within the error range of the resolution. The more significant changes occur 

in the surrounding residues sidechains of Leu180 and Leu183 to accommodate the 

larger Ser residue (Figure 4-18c). However, from a purely structural point of view it is 

unclear why these subtle structural changes are causing disease.   

Figure 4-17. Omit Map of Residue 200, Confirming the A200S Substitution.  

The maps were generated following simulated annealing refinement (in PHENIX) against the initial model 

generated from PHASER, A200S with an Ala modelled at position 200. The 2Fo-Fc map contoured to 1.5σ 

and the Fo-Fc (difference map) is scaled to 3.5σ. The peak in the difference map shown here is a 5σ peak. 

S200 
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Figure 4-18. An Overlay of the WT and A200S Filamin A ABD Structures.  

The 221 Cα atoms of the backbone of the two structures were overlaid in COOT; the resulting overlaid 

structures are shown in a-c. The WT structure is shown in grey and the A200S is shown in cyan. 

a) The Cα trace of the overall structure is shown here. A200 and S200 are represented as sticks. 

b) A close up of the C’ helix (CH2) from the overlay shown in ‘a’. The amino acid substitution 

A200S is depicted, and the change in position of the Cα atoms is listed (in Å) alongside the Cα 

atoms. 

c)  The site of the substitution in shown in stereo. The van der Walls radii of the surrounding residues 

are shown as dots, of the same colour as the sticks of the residue. The VDW radius of the serine 

OHγ side chain is shown as a cyan sphere. The changes in the surrounding amino-acid side-chain 

positions are shown.  

a) 

c) 

b) 

CH2 CH1 

S200 

A200 Helix C’ 
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4.9 The WT Filamin A ABD Structure – Insights into Disease 

Associated Mutations 

Solving the structure of the WT ABD of filamin A has provided us with some insight 

into the disease associated mutations that cluster in the ABD. The residues that are 

associated with pathogenic mutations are mapped to the WT ABD structure (Figure 

4-19). The mutations associated with PVNH all map to the CH1 domain, with mutations 

associated with the OPD and FMD disorders mapping to CH2 (Figure 4-19). 

 

4.9.1 PVNH Associated Amino Acid Substitutions  

The PVNH disorder is the loss of function phenotype, typically associated with a 

complete absence of filamin A. The PVNH associated mutations in the CH1 domain of 

the ABD highlight the importance of the function of this domain. The substitution 

M28K (unpublished results – Robertson pers. Comm.) is in the N terminal residues that 

are presumed to be disordered, so predictions about the basis of the disease associated 

mutation are not possible. The substitutions N54I and N54Y (unpublished results – 

Robertson pers. Comm.) would both break two hydrogen bond interactions between the 

Figure 4-19. The Structure of the WT Filamin A ABD with Pathogenic Mutations Mapped onto it.  

Residues are coloured by the associated disease. Cyan is OPD2, green is OPD1, yellow is FMD and red is 

PVNH. The two calponin homology (CH) domains and the helices are labelled. The ABS residues are 

coloured purple. 

CH2 CH1 

C

αA 

αF 

αE 

αB 

αC 

αG 

αG’ 

αE’ 

αD’ 
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αF’ 
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N54 side chain and the backbone of residues I64 and R63 in the helix A of ABS1 and 

the following loop that connects helix A and B (Figure 4-20a).  

 

The mutation G74E is in a loop between helices B and C. This mutation would be 

expected to disrupt the packing, as this loop lies adjacent to V107 and N106 in helix E. 

The substitution of Gly by the bulkier Glu would result in a steric clash, disrupting the 

packing of this loop (Figure 4-20b). The mutation I78T results in the slightly smaller 

and polar residue, Thr (Figure 4-20c), introducing a cavity that may disrupt this 

hydrophobic pocket. The E82V mutation (Moro et al., 2002) would result in the loss of 

(a) N54I/Y (b) G74E 

N54 

R63 

I64 

V107 
N106 

G74 

(c) I78T 

A110 
I78 

V109 
H93 

(f) L111V 

Figure 4-20. The WT Structure Showing the Sites of PVNH Associated Mutations.  

The images a) to h) are labelled with the pathogenic mutation associated with the residue. 

Dots or transparent spheres, where shown, indicate the VDW radii of the atoms. The Cα backbone of the 

ABS residues is coloured purple. Salt bridges and H-bonds are shown as black dashes. 

L140 L121 

L81 V107 L77 

L111 
L114 

I129 

(d) E82V 

3.2 Å 

M89 

E82 

(g) A128V 

A128 

A128 N138 

L136 

D128 

M102 

S149 
S262 

Helix G 

CH1 

Helix G 

CH2 

(e) M102V 

(h) S149F 
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a hydrogen bond between the side chain of E82 and the backbone nitrogen of M89 

(Figure 4-20d). The residue E82 is absolutely conserved across the ABDs (Figure 1-10). 

It is interesting to note that the E82V mutant was cloned and expressed in this work, 

however it was largely insoluble when expressed in E.coli. The mutation M102V results 

in a change to a surface residue; however, it is not clear why this is pathogenic (Figure 

4-20e). The mutation L111V is a conservative amino acid change. This residue lies in a 

hydrophobic pocket formed, in part, by residues from ABS2 (Figure 4-20f). The Val is 

one CH2 shorter, and it seems most likely that the substitution introduces a cavity in this 

large hydrophobic pocket, which may destabilise the structure. The amino acid 

substitution A128V (Gomez-Garre et al., 2006) occurs in helix F within ABS2. The Val 

could result in a steric clash, as the A128 sits in a small pocket in close proximity to 

helix G (Figure 4-20g). This mutation is associated with the Ehlers-Danlos variant of 

PVNH; however, it is not known if the Ehlers-Danlos phenotype is due to an additional 

mutation in an unknown gene. The mutation S149F disrupts a hydrogen bond between 

helix G of CH1 (Ser149) and helix G’ of CH2 (Ser262). The substitution A39G (Sheen 

et al., 2005) is also associated with the Ehlers-Danlos variant of PVNH. The residues 

from residue 2 – 39 are assumed to be disordered in the WT filamin A ABD structure 

and so a structural analysis is not possible. It is, however, interesting to note that both 

these residues (A128 and A39) that are associated with this Ehlers-Danlos variant of 

PVNH are conserved within the filamins but not in the ABD of other proteins.  These 

observations are summarised in Table 4-2. 
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A point mutation, L54R, in the CH1 domain of the dystrophin ABD results in lower 

levels of dystrophin in vivo, resulting in the Duchenne muscular dystrophy (DMD) 

(Prior et al., 1993). DMD disease is, like PVNH, associated with the complete loss of 

functional protein. A similar underlying mechanism may occur in filamin A and PVNH, 

particularly with respect to the three filamin A mutations (G74E, I78T and E82V) in 

close proximity to the equivalent residue in filamin A (L81). At least three of these 

mutations would be predicted to affect the actin binding regions of the protein, 

suggesting an alternative basis behind these PVNH mutations, although these are not 

conflicting hypothesises. The CH1 domain is known to be critical in the actin binding 

activity of the ABD (Way et al., 1992). Studies of the CH domains in the dystrophin 

ABD showed that the CH1 domain (containing ABS1 and 2) binds to actin, but the CH2 

(containing ABS3) does not, indicating that CH1 is the major contributor to the actin 

binding surface (Winder et al., 1997). 

 

Table 4-2. A Summary of PVNH Mutations.  

The putative structural consequences are shown and the amino acid conservation across ABDs from α-

actinin, β-spectrin, utrophin, and dystrophin is listed. The associated disease is listed for each pathogenic 

mutation; periventricular heterotopia (PVNH) and Ehlers-Danlos syndrome (EDS). A number of these 

pathogenic mutations were provided by a collaborator Stephen Robertson (University of Otago), and the data 

are yet to be published. 

Mutation Disease Location Reference Putative structural consequences Conservation 

A39G PVNH/EDS N termini Sheen, 2005  Only in filamins 

N54I/Y PVNH Helix A Robertson, pers. com. Loss of two hydrogen bonds Absolutely 

G74E PVNH Loop B-C Robertson, pers. com. Steric clash Absolutely 

I78T PVNH Helix C Robertson, pers. com. Introduction of a cavity Non polar 

E82V PVNH Helix C Moro, 2002 Loss of a hydrogen bond Absolutely 

M102V PVNH Helix E Guerrini, 2004 Surface residue - unclear Only in filamins 

L111V PVNH Helix E Robertson, pers. com. Introduction of a cavity Leu/Ile 

A128V PVNH/EDS Helix F Gomez-Garre, 2006  Steric clash Only in filamins 

S149F PVNH Helix G Guerrini, 2004 Loss of a hydrogen bond Only in filamins 
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4.9.2 OPD Associated Amino Acid Substitutions in the X-linked 

Filamin A ABD 

4.9.2.1 The CH2 Structure and OPD Disorders  

OPD-spectrum disorders are split into the more severe disorder OPD2 and the less 

severe OPD1. All the ABD mutations associated with OPD disease are in the CH2 

domain, but are distributed throughout the CH2 domain, and are both surface and buried 

residues. There is no clear pattern that could be discerned from simply the amino acid 

position in the CH2 domain. The mutations R196W and P207L can result in either 

OPD1 or OPD2 in patients. This suggests that they may also be additional factors 

contributing to the severity of the disease, and therefore the clinical diagnosis of either 

OPD1 or OPD2. The disease is less severe in heterozygous females. Skewing of X-

inactivation that favours the expression of the non-mutant allele is strongly correlated 

with the severity of the diagnosis (Robertson et al., 2003).  

 

 

Figure 4-21. The CH2 Domain of the Filamin A WT ABD Showing the Residues that are Associated 

with Pathogenic OPD Mutations.  

The residues are shown as sticks are coloured by the associated disease. Yellow denotes OPD1 and blue 

denotes OPD2. Green denotes that either the OPD type was not specified by the clinician, or the mutations 

can be associated with either OPD1 or OPD2. The ABS3 residues are shown in pink. 
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4.9.2.2 OPD2 Associated Amino Acid Substitutions 

The Arg 196 is not absolutely conserved (see alignment Figure 1-10); however, at this 

position there is a large basic residue in all filamins, Arg in filamin A and Lys in filamin 

B and C. At residue R196 two different amino acid changes are each associated with 

two different disease phenotypes. The R196 makes a hydrogen bond with the backbone 

carbonyl group of Trp216 (Figure 4-22a). When the Arg is replaced by a Gly the disease 

associated is OPD2; however, when the Arg is substituted for Trp this is, in some 

patients, associated with the milder phenotype OPD1. This suggests that the Trp is, in 

part, able to recover some function that is lost when the substitution is Gly. This also 

illustrates an interesting relationship between OPD1 and OPD2. These diseases are most 

likely resulting from a disruption of the same cellular/molecular function – and are 

simply a milder (OPD1) and more severe (OPD2) form of the same phenotype. OPD1 in 

boys results in some mild skeletal anomalies, but often goes undiagnosed in females. 

Boys with OPD2 have disabling skeletal anomalies, and are often unable to survive past 

infancy (reviewed in Robertson et al., 2005). 

 

The mutation Q170P introduces a proline into a helix in the putative ABS, this amino 

acid change could disrupt or bend the helix causing it to terminate prematurely (Figure 

4-22b). The amino acid proline cannot form a regular α-helix structure due to the steric 

(b) Q170P 

Figure 4-22. The WT Structure Showing Three Mutations Associated with OPD2.  

The images a) to c) are labelled with the pathogenic mutation associated with the residue shown. In a) the 

residue at position 196 has two different reported disease associated mutations.  

Dots, where shown, indicate the VDW radii of the atoms. The ABS residues are coloured purple and H-

bonds are indicated by black dashes. 
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hindrance from its side chain and also the cyclic side chain also blocks the main chain N 

atom preventing it forming a hydrogen bond. The Q170 is conserved in the filamin 

family, however it is not conserved in other ABDs (see alignment page 31). The 

mutation C210F would be expected to cause a steric clash with residues surrounding the 

210 position (Figure 4-22c). The residue C210 is only conserved in filamins, and there 

is no conservation in the other ABDs. 

 

The residue G195 is in a tight turn between helices B and C (Figure 4-23). Gly has the 

largest conformational flexibility of all the amino acids and the Phi and Psi angles of 

G195 in this structure are 90°/-1° (in chain A) and 81°/-9° (in chain B). These angles can 

not be formed by Ser. The role of this Gly is absolutely conserved across the ABDs.  

 

 

 

4.9.2.3 OPD1 Associated Amino Acid Substitutions 

The L172F mutation would result in a steric clash, as there is not enough room for the 

bulky Phe sidechain (Figure 4-24a). The substitution D191N disrupts a turn in the 

backbone (Figure 4-24b). D191 makes two H-bonds with the side chain and the 

backbone nitrogens of N187, with lengths of 2.9 Å and 2.8 Å respectively. To create a 

tight turn that loops back to ABS3. The D203 substitution also disrupts a turn (Figure 

4-24c). D203 also forms turn by forming an H-bond (3.2 Å long) with the backbone 

nitrogen of L209. P207 forms a tight turn to end a helix, and the Leu may not provide 

(a) G195 – Filamin A 

G195 

S194 

R196 G166 G190 

L191 

D189 

(b) α-Actinin-1 

D165 

L167 

(c) Dystrophin 

Figure 4-23. G195 Forms a Conserved Turn.  

The mutation G195S Associated with OPD2. The images a) to c) are labelled with the ABD that the 

structure is from. The hydrogen bonds are indicated by black dashes. 



C h a p t e r  4  | 
 

103 
 

the rigidity required (Figure 4-24d). This mutation also introduces a surface exposed 

Leu. 

 

4.9.2.4 FMD Associated Amino Acid Substitutions 

There are two reported mutations D253E and E245K (Robertson pers. Comm.) that are 

associated with FMD; these both involve highly conserved residues located in CH2 near 

the CH1/CH2 interface (Figure 4-25).  

 

Figure 4-25. FMD Associated Mutations are Located at the CH1/CH2 Interface.  

This figure shows location of the two surface residues which, when mutated (D253E and E245K), are 

associated with FMD.  

a) Both these highly conserved residues are on the surface of the ABD, but also near the CH1/CH2 

interface.  

b) These residues are shown in a view (rotated 90° from a) looking from the CH1 domain – down the 

interface at CH2. 

Residues are coloured by amino acid conservation with light blue = not conserved to dark blue = absolutely 

conserved. In b) the surface is shown as a mesh. 

CH2 

E245K 

D253E 90° 

CH2 

C
H

1/
C

H
2 

In
te

rf
ac

e 

E245K 

D253E 

(a)  (b)  

(a) L172P (b) D191N (c) D203Y (d) P207L 

D191 

N187 

ABS3 

L172 
ABS3 

ABS3 

D203 

L209 

P207 
ABS3 

Figure 4-24. The WT Structure Showing the Mutations Associated with OPD1.  

The images a) to d) are labelled with the pathogenic mutation associated with the residue shown. 

The ABS residues are coloured purple, with hydrogen bonds and salt bridges are indicated by black dashes. 
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The D253E is a relatively conservative amino acid substitution, as both amino acids are 

negatively charged. The D253 forms a hydrogen bond to Q45 linking the CH1 and CH2 

domains. The Glu sidechain is only one carbon longer than the Asp; however, the length 

of this residue is important, presumably to form the hydrogen bond that links two 

helices from CH1 and CH2 (Figure 4-26a). This residue is on the surface of the ABD, 

and so the larger residue would not be expected to interrupt the internal packing – which 

may be expected with residues within the protein. The E245K swaps a negatively 

charged residue (Glu) for a positively charged residue Lys. Both these residues are 

conserved and on the surface of the ABD. The E245 residue is absolutely conserved 

across all ABDs, and it links helix F with helix E in CH2; however, the salt bridge it 

forms in filamin A is not conserved. 

 

 

In α-actinin a pathogenic mutation (K255E) results in kidney disease. This residue is 

located in the CH1/CH2 interface, and structural studies of the mutant protein revealed 

that it retains the compact ABD structure (Weins et al., 2007; Lee et al., 2008). 

However, the mutation in α-actinin is accompanied by an increase in actin affinity. It is 

conceivable that these filamin A mutations D253E and E245K result in similar 

molecular consequences to this α-actinin mutation. 

 

 

(a) D253E 

Figure 4-26. The WT Structure Showing Two Mutations Associated with FMD.  

The images a) and b) are labelled with the pathogenic mutation associated with the residue shown. The ABS 

residues are coloured purple, and hydrogen bonds and salt bridges are indicated by black dashes. 

 

(b) E245K 

2.7 Å 

3.0 Å R226 

E245 
3.0 Å 

Q45 

D253 

CH2 
CH1 

Helix F 

Helix E 
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4.10 Comparing and Contrasting the Three Structures 

The E254K and A200S are both associated with OPD2, so an analysis of these 

structures may provide insight into structural changes, found in both mutant structures, 

which may be associated with OPD2. When the 222 Cα atoms are overlaid there are 

very few structural differences that are common to both mutations (Figure 4-27). 

 

 

(a) ABD (b) CH2 ABS3 

Figure 4-27. Overlay of Three Structures.  

Comparing the WT structure to the E254K and A200S, mutations both associated with OPD2. 

a) An overlay of the 222 Cα of the three structures. WT is shown in grey, A200S in cyan and the 

E254K in green. 

b) A close up of the overlay, showing the CH2 domain coloured by B-factor. From dark blue = low B-

factor to yellow = higher B-factor.  

The two pathogenic mutation sites are shown as spheres. 

A200S 

E254K A200S E254K 

CH2 CH1 

C

CH2 
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4.11 Summary 

This chapter described the crystallographic studies of WT filamin A ABD and two 

mutant forms of this domain associated with the disease OPD2. The WT filamin A 

ABD has the typical ABD fold, with two CH domains arranged in a compact 

monomeric globular fold. The WT ABD structure is a resource for studies to understand 

the actin binding mechanism and disease associated point mutations that cluster in this 

domain.  

 

The two mutant forms of the ABD associated with OPD2 (E254K and A200S), reveal 

largely unchanged structures, with only subtle and localised structural changes. As 

predicted, the E254K breaks a conserved salt bridge; however, there were very little 

other structural changes in the protein. The A200S causes a steric clash, displacing the 

side chains of the surrounding amino acids; however, the Cα chain of the surrounding 

helices remains unaffected. The reason these two amino acid changes are associated 

with a severe disease like OPD2 remains unclear from these structural studies.  

 

The OPD2, FMD and OPD1 associated mutations cluster in the CH2 domain of the 

wildtype structure. The OPD1 associated mutations localise to amino acids 172-207, 

which is near ABS3. The FMD associated mutations are two conserved surface residues 

located at the CH1/CH2 interface, one of which forms a link between the CH1 and CH2 

domains.  

 

The PVNH associated mutations cluster in the CH1 domain. This is a loss of function 

disease associated with the absence of filamin A. A number of these mutations are in or 

near the ABS residues. However, these PVNH associated residues are also in a similar 

region of the domain to a mutation in dystrophin which causes instability and the loss of 

dystrophin protein in cells. Therefore, given these two observations, it seems likely that 

these mutations typically reduce or abolish either the activity of the actin binding 

domain or the filamin A protein level in cells.  
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5 In Vitro Studies of the Recombinant Actin Binding Domain 

from Filamin A 

5.1 Introduction 

This chapter details biochemical studies to characterise the WT filamin A ABD. The 

mutation E254K is associated with the disease OPD2, which is a gain/altered function 

phenotype and these biochemical studies were aimed at improving our understanding of 

the ABD and the molecular basis of OPD2. In order to study the ABD activity, actin co-

sedimentation assays were performed. Changes in actin affinity of filamin A may alter 

the function of this cytoskeletal protein. Studies of the secondary structure of the WT 

and disease associated mutant proteins was determined by circular dichroism. A 

comparison of the stability of the WT and E254K was done using both differential 

scanning fluorimetry and circular dichroism. These two techniques measure the 

thermostability of the proteins in two slightly different ways. The differential scanning 

fluorescence followed the loss of structure, by the exposure of hydrophobic regions of 

the proteins. The circular dichroism follows the changes in secondary structure. 

 

5.2 Actin Binding Assays 

The F-actin affinity was determined by an actin co-sedimentation assay. The 

polymerised actin is mixed with the actin binding protein of interest and the polymeric 

actin is pelleted (with any associated protein) by high speed centrifugation. The pellet 

and supernatant fractions are then separated and run on a SDS PAGE, and the bands 

quantified by densitometry (see methods section 2.30). Thus the Kd of proteins can be 

determined by determining the percentage of actin binding protein in the pellet fraction 

when different concentrations of actin binding protein are added to the assay (Figure 

5-1). A standard curve was constructed to confirm the linearity of the Coomassie stain 

with the WT filamin A ABD within the range used in the assay (see appendix 9.2).  
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The wildtype ABD bound to F-actin with a dissociation constant (Kd) of 48 ± 11 µM 

and the E254K ABD bound with a Kd of 13 ± 5 µM, under the conditions of this assay. 

The data were fitted to a single binding site saturation curve: Y = Bmax x X ÷ (Kd + X). 

The R2 for each of the data sets was 0.95 for the WT and 0.81 for the E254K, indicating 

that these are both statistically valid fits. There is some variability seen in the F-

actin:ABD stoichiometry, it is expected to be 1:1 (mol/mol) for the WT. The calculated 

F-actin:ABD (mol/mol) stoichiometry was 1:1.6 for WT and 1:1.3 for E254K. This 

variability is consistent with assays with other ABD binding domains (such as 

dystrophin) – and can be largely attributed to the limitations/errors of the assay, and non 

specific interactions at higher protein concentrations (Sutherland-Smith et al., 2003). At 

the higher ABD protein concentrations (60-100 µM) more may be pelleting non-

specifically. The WT would be more susceptible to this due to the higher protein 

concentrations required for binding saturation. This Kd also differs from the filamin A 

ABD literature value reported in 2005; 17.3 µM (Nakamura et al., 2005) (Table 5-1). 

The construct used in this work was 268 amino acids (residues 2-269) and the construct 

used by Nakamura et al., (2005) was 9 residues longer (residues 2-278). This was due to 

different predictions of the boundaries of the ABD. In this work pSMART predicted the 

ABD includes amino acids up to 264 and pFAM predicts the ABD ends at 269. Both 

these constructs of the ABD were separately cloned into the expression vector (pers. 

com. Andrew Sutherland-Smith); however, the 2-269 construct expressed more soluble 

recombinant protein in E. coli which is the reason that this construct (2-269) was chosen 

to study in this work.  

Protein Kd (µM) ABD (Residues) Stoichiometry (mol/mol) Reference 
Filamin A 48 2-269 1:1 This work 
Filamin A 17.3 2-278 1:1 Nakamura et al., 2005 
Filamin B 7.0 2-242 1:1 Sawyer et al., 2009 
α-Actinin 31.7 1-271 1:1 Weins et al., 2007 
Dystrophin 44 1-246 1:1 Way et al., 1992 
Utrophin 67 1-261 1:1 Keep et al., 1999 
Plectin 22.3 59-293 1:1 Garcia-Alvarez et al., 2003 

 

Table 5-1. The Actin Affinity of the ABD of Human Actin Binding Proteins.  

The binding stoichiometry between actin:ABD mol/mol is shown. The actin affinity of the filamin A ABD 

residues 2-269 is consistent with other ABDs. 
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The E254K ABD (2-269) bound to F-actin with a significantly higher affinity (Kd of 13 

± 5 µM) under the same assay conditions; this is a 3.6 fold increase when compared to 

(c) 

(a) WT (b) 

2 µM 8 µM 15 µM 

5 µM 40 µM 50 µM 

20 µM 15 µM 

64 µM 30 µM 10 µM 5 µM 12 µM 15 µM 30 µM 
S        P              S        P              S         P             S         P 

6 µM 8 µM 
S           P            S           P     

20 µM 40 µM 80 µM 100 µM 
S         P             S          P             S         P            S          P 

S           P           S            P  

S            P             S            P            S           P  

S            P           S           P            S           P  

S           P             S         P             S           P   

Figure 5-1. Actin Co-Sedimentation Assays.  

a) The WT raw data. SDS PAGE gels* 

b) The E254K data. SDS PAGE gels* 

c) Densitometry of SDS PAGE (above) was graphed; the Kd of each protein is indicated on the x axis; 

WT= 48 µM and the E254K=13 µM. 

*The soluble fraction (S), and and pellet fraction (P), the total ABD concentration is shown. In each SDS 

PAGE the top band is actin (42 kDa) and the lower band is the filamin A ABD (30 kDa).  

Each curve on the graph was fitted by GraphPad using non linear regression. 
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the wildtype affinity. The disease associated with this mutation is consistent with a gain 

in or altered function. These results also agree with studies on filamin B and α-actinin-4, 

where the disease associated gain of function mutations also result in an increased 

affinity for actin (Sawyer et al., 2009; Lee et al., 2008).  

 

5.3 The Effect of PIP2 on the Actin Affinity of the Filamin A ABD 

Phosphatidylinositol 4,5-bisphosphate (PIP2) is an inositol lipid that binds to a variety of 

proteins and has a regulatory role in a number of signalling pathways (reviewed in 

Bella, 2005) (also see structural studies in Figure 4-12 ). PIP2 inhibits the actin-filamin 

interaction in both actin gels formed by native smooth muscle filamin crosslinking and 

in co-sedimentation assays (Furuhashi et al., 1992). Mejean et al. (1995) investigated 

PIP2 interaction with dystrophin, and showed that the PIP2 site was in the ABD. The 

ABD of α-actinin also contains a putative PIP2 binding site (Fukami et al., 1996; 

Franzot et al., 2005). Therefore it seemed possible that filamin A may also be regulated 

through an interaction with PIP2 at the N-terminal ABD. In this work the actin co-

sedimentation assays of Furuhashi et al. (1992) were repeated with PIP2 at 

concentrations that had shown significant inhibition (with the full length protein), but 

with recombinant ABD in place of the native full length protein. These experiments 

aimed to determine the difference between WT and E254K with respect to PIP2 

inhibition. These actin binding assays with filamin A ABD and PIP2 showed no change 

in the actin affinity (Figure 5-2). 

 

  

Figure 5-2. PIP2 Does not Inhibit the Actin:ABD Interaction.  

Four assays are shown on this SDS PAGE. The soluble fraction (S) and the pellet fraction (P) are 

loaded for each assay. In assay one (negative control) the filamin A ABD is assayed in the absence of 

actin, assays 2, 3 and 4 all contain 8.8 µM actin. Assays with 0 mM, 20 mM and 40 mM PIP2 show 

no change in the filamin A ABD co-sedimentation. All assays contain 10 µM filamin A ABD. 

Assay 1 2 3 4 
Fraction S P S P S P S P 
PIP2 -ve control 0 mM 20 mM 40 mM 

 Actin (42 kDa) 

ABD (30 kDa) 
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The recombinant filamin A ABD:actin interaction, under the conditions in this assay, is 

not inhibited by PIP2. There are a number of possible reasons for this result. The PIP2 

inhibition may only occur with native and/or full length filamin A. However, this does 

not rule out the PIP2 binding site being in the ABD. It is possible that the PIP2 interacts 

with the ABD of filamin A but requires the protein to be full length for inhibition. In 

vinculin PIP2 binds and activates the actin binding activity; however, the PIP2 must then 

be hydrolysed to promote actin binding (Fukami et al., 1994). Given that filamin A co-

localises with SHIP-2, a phosphatidylinositol 3 kinase, processing of the PIP2 may be 

required to inhibit filamin A (Dyson et al., 2001). As the assays showing inhibition 

were with native protein it is possible that this protein was either co-purified with an 

additional factor (such as a SHIP-2) or that the native ABD is modified is some way that 

the recombinant ABD is not. However, it can be concluded that, under the conditions in 

this assay, PIP2 does not significantly inhibit the actin:filamin A ABD interaction. 

 

5.4 The Effect of Calmodulin on the Actin Affinity of the Filamin A 

ABD 

In 2005 Nakamura et al. showed that the filamin:actin interaction was disrupted by the 

presence of holo-calmodulin. The authors proposed that, like actinin and dystrophin, the 

camodulin (CaM) binding site of filamin may be in the ABD. There is no strict 

consensus amino acid sequence for CaM binding; however, several different binding 

motifs have been recognised based on factors such as alpha-helical propensity, residue 

weight, residue charge, hydrophobic residue content, helical class and the occurrence of 

certain residues (Afshar et al., 1994). Proteins may also have more than one CaM-

binding domain. These criteria mean that determining a CaM binding site is not straight 

forward from sequence anaylsis. When the filamin A sequence is submitted to the CaM 

binding database (http://calcium.uhnres.utoronto.ca/ctdb/ctdb/home.html) a binding site 

in the C-terminal region, within the dimerisation domain is predicted comprised of 

residues: SRLYSVSYLLKDKGEY. A less likely binding site is predicted in the ABD 

(LEFLDRESIK LVSIDSKAIV DGNLKLI); however, this is not the hypothesised 

binding site described by Nakamura et al. (2005). 
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In this work actin co-sedimentation assays were performed with the addition of apo and 

holo human and bovine CaM (see methods 2.31) to investigate whether the E254K 

mutation affected CaM regulation of filamin A binding (Nakamura et al., 2005). Due to 

the low levels of filamin (0.1 µM), and the vast excess of CaM required to see an effect 

(800 fold excess), a western blot was used to visualise the filamin A. The blot was then 

analysed by densitometry using Quantity One® software (Biorad). In the work of 

Nakamura et al. (2005) filamin A ABD was tagged with GST and detected by 

antibodies to GST. No antibodies to the filamin A ABD were available. Therefore, the 

His tag was not removed and anti-His antibodies were used to detect the ABD. The His 

tag is a much smaller immunodetection tag than GST and would be expected to interfere 

less with any protein-protein interactions.  

 

Figure 5-3. Calmodulin as an Inhibitor of the Filamin Actin Interaction.  

The contents of the assay are shown in the table with the corresponding SDS PAGE below and the subsequent 

western blot of the SDS PAGE is shown at the bottom of this figure. 

a) In this assay recombinant human calmodulin was used. 

b) In this assay native bovine calmodulin was used. 

0.1 µM of His tagged ABD (30 kDa) was added to all assays and detected by a western blot with anti-His 

antibodies; this blot is shown below each gel. Assays are shown as the soluble (S) and pellet (P) fraction. To 

all assays except assay one (the negative control) 8.8 µM actin (42 kDa) was added. The assay and 

subsequent blot was done in triplicate for each calmodulin (11 kDa) source, human/bovine, and typical results 

are shown. 

Western Blot: 

Anti-His 

SDS  

PAGE 

(a) Recombinant Human CaM (b) Native Bovine CaM 

Assay 1 2 3 4 
Fraction S P S P S P S P 
rhCaM - - 100 µM 100 µM 
EGTA - - 5 mM - 
Ca2+ - - - 0.2 mM 

 kDa 
250 

 

75 
50 
37 

 

25 
20 

 

15 

kDa 
250 

 

75 
50 

 

37 
 

25 
20 

 
15 

Assay 1 2 3 4 
Fraction S P S P S P S P 
bCaM - - 100 µM 100 µM 
EGTA - - 5 mM - 
Ca2+ - - - 0.2 mM 

 

CaM  

ABD  
Actin  
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The assay was visualised on SDS PAGE to confirm that the actin in the pellet of each 

assay was consistent, and the actin was evenly pelleted in each assay (Figure 5-3). The 

SDS PAGE also showed the typical shift of CaM in the presence/absence of Ca2+ 

(Burgess et al., 1980). The activity of the recombinant CaM was confirmed as active by 

testing the Ca2+ specific affinity of the CaM for a known CaM binding peptide 

immobilised on resin (Greg Sawyer, pers. Com.). The even transfer of the proteins from 

the SDS PAGE onto the membrane was confirmed using Ponceau stain of the 

membrane, to visualise the actin bands (other proteins were not visible). No difference 

in the percentage of filamin A ABD was detected in the pellet of the assay with Ca2+ as 

was observed in previous work (Nakamura et al., 2005). However on inspection of the 

western blot the bands of filamin A ABD appear much broader in the assays containing 

CaM. This is most likely due to the high concentration of protein in these lanes on the 

SDS PAGE. To negate any errors caused by this difference, the assay with CaM and 

EGTA can be compared with the assay containing CaM and Ca2+, and there is no 

difference in the filamin A ABD pellet. This assay was repeated in triplicate with 

constant results each time. The assay was also repeated with bovine CaM (Sigma), with 

the same results (Figure 5-3).  

 

This indicates that, under the conditions of this assay, holocalmodulin does not inhibit 

the actin:filamin A ABD interaction. Given these results, this work was not continued 

with the filamin A ABD E254K mutant. These results were also consistent with results 

seen with the filamin B ABD (Sawyer et al., 2009). 
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5.5 Stability Studies 

One obvious difference between the WT and E254K is removal of a conserved salt 

bridge between two helices (A’ and G’) in CH2. As this salt bridge may contribute to 

the structural stability of the protein, therefore it seemed logical to compare and contrast 

the stability of these proteins. Two techniques were utilised, differential scanning 

fluorometry and circular dichroism, to investigate the stability in two slightly different 

ways. 

 

5.5.1 Differential Scanning Fluorometry 

The sypro orange dye is a dye that specifically fluoresces when in a hydrophobic 

environment, such as the interior of proteins (Yeh et al., 2006; Niesen et al., 2007). The 

protein of interest in buffer and dye is heated in a thermocycler while measuring the 

fluorescence, and as the protein unfolds the hydrophobic interior is exposed causing an 

increase in fluorescence (see methods 2.32). This technique enabled a comparison of the 

WT filamin A ABD with the E254K filamin A ABD. The melts were performed in 

triplicate, and the Tm (point of inflection of the curve) of each protein was determined 

by the Rotogene600 software (Figure 5-4). A cut off value of 1.1 for the first derivative 

of the fluorescence signal eliminated background peaks and gave a melting point for 

each protein. Lysozyme (at 10 mg/mL) was used as a standard as it is expected to melt 

at 74.8 °C, as determined by CD and sypro orange melts (Knubovets et al., 1999). The 

results shown here agree well with this value (Figure 5-4). 
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The WT ABD Tm is 50.3 ± 0.8 °C (± standard deviation) is a more thermostable protein 

than the E254K with a Tm = 45.7 ± 0.7 °C. The melting curve shows that the E254K 

fluorescence peak starts earlier (37-39 °C) than the WT (43-45 °C) (Figure 5-4a) and 

the florescence lasts for a longer temperature range reaching a plateau at approximately 

the same temperature as the WT (75-80 °C). This also corresponds to (on average) a 

lower fluorescence maxima, although there is considerable florescence maximum signal 

variability, even between samples of the same protein at the same concentration. The 

signal variability in this assay is consistent with previous literature (Lavinder et al., 

2009). Despite this variation in the signal intensity the Tm of each protein is very 

reproducible, resulting in a clear distinction between the melting curves of these two 

proteins (Figure 5-4). The structural difference between these two proteins is one salt 

Figure 5-4. Differential Scanning Fluorometry Studies of the Filamin A ABD.  

a) Graph of the fluorescence signal with respect to temperature. The fluorescence is expressed 

relative to the fluorescence value set as 100%.  

b) Graph of the first derivative of the florescence melting curves. The calculated Tm of each 

protein is shown in the key in parenthesis.  

(a) 

(b
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bridge between helix A’ and G’. The difference between the WT (50.3 °C) and the 

E254K (44.7 °C) Tm is 5.6 °C. However, due to irreversibility of the melts, the free 

energy change can not be determined, but this value is consistent with literature reports 

of changes in stability of proteins upon the loss of a salt bridge (reviewed in Bosshard et 

al., 2004). The energy of a salt bridge depends largely on the environment in which it is 

found. Those on the interior of proteins have a different energy of formation to those on 

the exterior, where they are exposed to the solvent. The energy contribution that a salt 

bridge has to a protein structure is not possible to predict, it is determined by changes in 

both entropy and enthalpy (Barlow and Thornton, 1983). As a rough estimate the range 

of the energy is about 5-10 kcal.mol-1 (Fersht, 1972; Perutz and Raidt, 1975).  

 

5.5.2 Circular Dichroism  

Circular dichroism spectroscopy measures the difference in the absorption of left-

handed circularly polarised light and right-handed circularly polarised light (Johnson, 

1990). Proteins contain different chiral chromophores (light-absorbing groups), with the 

most prevalent chiral chromophore being the peptide bond. Changes in light absorption, 

due to the orientation of the peptide bond, provides information about the secondary 

structure of the protein in solution. The recombinant ABD from filamin A was studied 

by circular dichroism to analyse the solution structure of the WT compared to the 

E254K, and also to compare the temperature stability followed by changes in secondary 

structure (Kelly et al., 2005). 

 

5.5.2.1 Structural Studies by Circular Dichroism Spectroscopy 

Each spectrum was measured from 180 nm to 260 nm, with proteins at a concentration 

of 1.7 mg/mL in CD buffer (20 mM K2HPO4/KH2PO4, 20 mM NaCl, 1 mM DTT). To 

determine the secondary structure of the WT and E254K, spectra were recorded with a 1 

nm bandwidth and a 2.5 sec per time point (see methods section 2.33). Each spectra was 

collected 10 times, blanked against the buffer, and the blanked traces averaged and 

smoothed using the Chirascan software (AppliedPhotophysics). The resulting traces 

from the WT and E254K measured at 4 °C and were compared and contrasted (Figure 

5-5).  
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The cdnn software was used to predict the secondary structure of each protein (Bohm et 

al., 1994). This software compares the spectra of the test protein to the spectra of 

proteins where the structure is known (Andrade et al., 1993). The data from the CD 

structural analysis was compared to the structure determined by x-ray crystallography 

(Table 5-2). There is a small difference between the predicted helices for CD and the 

helices in the X-ray structures; however, CD structural predictions are rudimentary and 

this difference is within the error range expected (Kelly et al., 2005). These data also 

show that there is no significant difference in the CD spectra between the wildtype and 

E254K proteins (Table 5-2). When the sample is heated to 90 °C the helical content is 

reduced, and this is reduction is accompanied by an increase in the percentage of 

random coil. 

Figure 5-5. Circular Dichroism Spectra Comparing the WT and E254K ABD.  

The ellipticity of the signal is plotted against the wavelength at which it was measured. The spectra of both 

samples were taken at 4 °C. 
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5.5.2.2 Circular Dichroism Thermostability Studies  

The temperature stability (Tm) was determined for each protein by scanning the protein 

over a range of increasing temperatures. As with the 4 °C experiments, the data was also 

collected with a 1 nm bandwidth and a 2.5 sec per time point. The curvette was heated 

from 5 °C to 90 °C in 5° steps with a 1 min equilibration before each spectra was 

recorded (Figure 5-7). After the melt, the temperature was dropped back to 4 °C and the 

spectrum was remeasured. This spectrum was the same as the spectrum at the end of the 

melt (taken at 90 °C), indicating the melting process was irreversible. Therefore the 

energy difference between the two states, was not able to be calculated (Johnson, 1990).  

 

The thermostability of the WT compared to the E254K was measured by following the 

loss in secondary structure (at 222 nm) with increasing temperature. This wavelength is 

plotted against the temperature, showing the loss of secondary structure as the protein is 

denatured (Figure 5-7). The 222 nm wavelength chosen is a strong α-helical signal, with 

no buffer interference. While the protein is largely denatured at 90 °C, some secondary 

structure remains (see Table 5-2).  

 

Technique Helical content Random coil 

 WT (%) E254K (%) WT (%) E254K (%) 

X-ray 47  47    

Circular Dichroism (4 °C) 37 (97) 38 (95) 29 27 

Circular Dichroism (90 °C) 23 (114) 24 (112) 36 35 

 

Table 5-2. A Structural Analysis of the WT and E254K by Circular Dichroism Spectroscopy.  

A comparison of the X-ray and circular dichroism data. The CD spectra were measured over 180 – 260 nm at 4 

°C and 90 °C and the predicted secondary structure (helical and random coil) determined by cdnn software. 

Shown in parenthesis is the total of all secondary structural features predicted by cdnn. 
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Figure 5-6. Thermostability as Measured by Circular Dichroism.  

The spectra between 180 and 240 nm of protein at 5 - 90 °C, showing changes in the secondary structure signal 

(circular dichroism).  

a) Spectra from WT protein 

b) Specta from E254K protein 
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The Tm is determined as the half way point between the folded and unfolded protein 

transition, assuming a two state transition (Gupta et al., 1999). The wild type Tm is 36 

°C and the E254K Tm is 37 °C, shown by graphing the slope of the melting curve 

(Figure 5-7). The Tm values that were determined by CD and fluorescence for each 

Figure 5-7. The Thermostability of the WT and E254K Proteins Measured by Circular Dichroism.  

The loss of secondary structure measured at 222 nm. 

a) WT CD signal graphed against temperature*. 

b) E254K CD signal graphed against temperature*. 

c) Graph of the first derivative of the CD melting curves. The wild type Tm is 36.2 °C and the E254K Tm 

is 37.2 °C. Lysozyme is shown as a positive control and has a Tm of 65.3 °C. 

*The data were collected at 222 nm in 5 °C steps from 5 - 90 °C. The data were fitted to the sigmoid model by 

SigmaPlot (SYSTAT). The first derivative of the line of best fit is shown in (c). 

(a) Wildtype (b) E254K 

(c) Melting Peaks 
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protein are different (including the lysozyme standard). In contrast to the differential 

scanning fluorometry, there is no significant difference in the melting points of the 

wildtype and the E254K proteins in the CD temperature analysis. 

 

5.5.2.3 Comparing the Differential Scanning Fluorometry and 

Circular Dichroism Data 

Both these techniques were used to investigate the thermostability of the proteins; 

allowing us to compare the WT to the E254K mutant stability. However, when the 

results from these two techniques are compared, we get slightly different information. 

For the wildtype the differential scanning fluorometry gave a melting point of 45.5 °C 

and the Tm as determined by CD was 36 °C. This has two possible explanations. 1. 

There are different buffers used in these two experiments. 2. By measuring different 

properties in these two techniques we are following a slightly different process.  

 

In the differential scanning fluorometry the salt concentration was 120 mM, which was 

lowered to 20 mM in the CD experiments to reduce buffer signal. The buffer system 

was different as the Tris group (used in differential scanning fluorometry) interferes 

with the CD signal, so a phosphate buffer was used. These two techniques measure 

different properties during protein unfolding. CD measures the change of secondary 

structure and the differential scanning fluorometry measures the exposure of 

hydrophobic surfaces. In addition to these changes the total time of the CD melt was 

different to the fluorescence melts. This is due to the time taken at each step to 

equilibrate the CD curvette and take the scan. So while the fluorescence melts took 15 

min, the CD melts occurred over 2 hours. What is most concerning is the difference in 

the standard control protein lysozyme. This inconsistency in the CD melts needs further 

investigation. Therefore, for all of the reasons listed above, each melting temperature 

stability study must be analysed separately – rather than treating these two studies as 

complementary results.  

 

The loss of this salt bridge between Lys169 and Glu254 does affect the stability of the 

ADB, as observed with the differential scanning fluorometry. This is consistent with the 

X-ray structural studies that showed this salt bridge is a tertiary structure element, 

linking helix A’ and G’. The loss of this tertiary structural element (in E254K) exposes 
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a hydrophobic surface at a lower temperature than WT. The exact nature of this 

hydrophobic surface is not able to be predicted. The secondary structure stability of 

these helices (A’ and G’) is not affected when the WT and E254K are compared by CD. 

In addition to these studies, following the thermal denaturation by tryptophan signal 

may provide useful information about the tertiary structure.  

 

5.6 Summary 

The protein structures, as determined by X-ray crystallography and CD spectroscopy, 

show very little difference between the WT and the E254K mutant proteins, in crystals 

and in solution. However, a limitation of both these techniques is that very little 

information on the protein dynamics is provided. The crystallographic B-factors were 

analysed and regions absent from the crystallographic model provide some information 

about dynamics. A comparison of these proteins by NMR would provide more 

information about the structural flexibility/mobility of domains and regions of the 

protein. However, at 30 kDa this protein is on the edge of the NMR size limit, and in 

initial spectra of unlabelled protein we were only able to identify 30 out of the 268 

amino acids (data not shown); therefore further studies were not pursued.  

 

The WT and E254K proteins differ in the biochemical properties that were investigated 

in this work – actin affinity and thermostability. The actin affinity is 3.6 times higher for 

the E254K protein – consistent with the gain of function phenotype associated with this 

mutation. The actin affinity of the recombinant WT filamin A ABD was not inhibited 

by calmodulin or PIP2 under the assay conditions tested in this work. Therefore studies 

with the E254K protein were not carried out.  

 

There was a difference in the thermostability of the WT and E254K proteins. When the 

proteins were melted the E254K has a Tm that is 5.6 °C lower than the WT protein by 

differential scanning fluorometry. The thermostability was also investigated by CD 

spectroscopy with the signal at 222 nm followed as the sample was heated and there 

was no significant difference in the thermostability between the WT and the E254K. 

This indicates that the loss of this salt bridge does not significantly influence the 

stability of the secondary structure of the filamin A ABD. This is not surprising as the 
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salt bridge is part of the tertiary structure of the ABD linking the G and A helices of the 

CH2 domain.  
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6 Ex vivo Studies in Fibroblast Cells 

6.1 Introduction 

To further understand the effects of filamin A disease associated mutations, the 

phenotype of primary human fibroblast cells from OPD2, FMD and PVNH patients was 

compared to control wildtype cells. The cell lines were a kind gift from Professor 

Stephen Robertson at the University of Otago, and are all from male patients, to ensure 

that only one gene product of filamin A is present throughout each cell line. The 

“OPD2” cell line is from a patient with OPD2 that was described by Robertson et al. 

(2003). This point mutation (E254K) is in the ABD of filamin A, and the structure and 

actin affinity have been described in chapters four and five of this thesis. The “FMD” 

and “PVNH” cell lines are from patients identified with FMD and PVNH (respectively) 

by Professor Robertson’s group. The mutation associated with PVNH is found in repeat 

24 (G2593E), and the mutation associated with FMD is in the ABD (D253E) 

(Robertson, pers. Comm.). 

 

PVNH is generally associated with a loss or reduction of filamin A in cells, and it is 

unknown whether any changes in filamin A levels are found in OPD2 or FMD patient 

cells. Therefore in these studies the level of full length filamin A was measured by 

western blotting in cells from OPD2, FMD and PVNH patients. Given that cell mobility 

is dysfunctional in at least one filamin A associated disease, the adhesion and motility 

of the OPD2 and PVNH patient cells were also investigated.  

 

6.2 Western Analysis: Filamin A Levels in PVNH, OPD2 and FMD 

Patient Cells 

To study if full length filamin A is expressed to wildtype levels in fibroblasts from 

PVNH, OPD2 and FMD patients western blots were carried out (see methods 2.22 and 

2.35). The western blots of cell lysate were done in triplicate and the chemi-

luminescence from the blot was measured and quantified and α-tubulin was used as a 

loading control. The filamin A levels calculated relative to the α-tubulin and the 

wildtype protein level were normalised to one and the other cell lines expressed relative 
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to the wildtype. There is no significant change in the filamin A levels in all cell lines 

tested (Figure 6-1). 

 

While it is not surprising that the level of filamin A in the OPD2 and FMD patients was 

the same as wildtype, the PVNH filamin A level was somewhat unexpected. PVNH is 

typically associated with a reduction in filamin A expression and is often found in 

patients with mutations that result in frameshifts or stop codons in filamin A. This 

analysis measured the total protein; however, additional factors to consider are turnover 

rate (T1/2) in the cell, post-translational modifications and the cellular location. These 

factors may also contribute to the disease phenotype. This PVNH patient is a very mild 

phenotype (Robertson pers. comm.) whereas male PVNH is typically embryonic lethal 

but not in this instance.  

 

WT OPD FMD PVNH Antibody 

    
Filamin 

A 

    
α-

Tubulin 

 

Figure 6-1. The Levels of Filamin A in Fibroblast Cells from Patients with Disease Associated with 

Filamin A Mutations.  

a) Western blots of fibroblast lysate showing the 280 kDa filamin A and the 50 kDa α-tubulin. 

b) Normalised filamin A levels from western blots of filamin A from fibroblast cell lysate, bars are 

labelled with the filamin A mutation (top) with the associated disease listed below.  

Each blot was done in triplicate (as shown in the blots) and the error bars shown are one standard deviation. 

Three different “WT” control cell lines were used. 

* Expression is shown relative to the α-tubulin. The wildtype filamin A level is normalised to one and the 

other cell lines are shown relative to this wildtype level. 
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6.3 Adhesion Assays of Fibroblast Cells to a Fibronectin Matrix 

In α-actinin null mice podocyte cells there is a reduction in the cell-matrix interaction 

mediated by integrin (Dandapani et al., 2007). Filamin A also interacts with integrin, 

which is an important protein in the interaction between cells and the extracellular 

fibronectin matrix (Calderwood et al., 2001; Loo et al., 1998; Engler et al., 2009). 

Therefore, the adhesion of the disease associated cell lines was compared, relative to the 

wildtype control cell lines. The cells and media were passaged into a fibronectin coated 

plate, and the amount of cells that adhere was measured after one hour (see method 

2.37). This time frame was chosen because after one hour about 90% of the wildtype 

cells are have adhered to the fibronectin matrix on the plate. To determine the amount 

cells that have adhered, the media and free cells are removed and the remaining cells are 

rinsed. These cells are stained with crystal violet, the excess stain rinsed off, the cells 

lysed and the absorbance measured at 570 nm (Figure 6-2). The stained and rinsed cells 

were also inspected under the microscope before lysis – and no difference in the number 

of cells could be detected. The background absorbance from a negative control (without 

cells) was subtracted from the absorbance of each well. 

 

The 5 cell lines tested (2 wildtype and 3 mutants) showed no significant difference, 

under the conditions tested, in adhesion to tissue culture 96 well plates. There are a 

number of different ways that this assay could be set up. A time course of adhesion 

could be conducted; however, in this experiment only one time point (at 1 hr) during the 

adhesion process was measured. In addition, increasing force may be used to disrupt the 

cell-matrix interaction, allowing a comparison between patient and control cells 

Figure 6-2. Adhesion Assay of Fibroblast Cells.  

The average absorbance readings at 570 nm from an adhesion assay. Each bar (on the graph) is labelled 

with the mutation and associated disease, error bars show one standard deviation and each experiment was 

repeated at least 3 times. *Data are normalised, with the absorbance shown relative to the wildtype. 
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(Dandapani, et al., 2007). However, further experiments were outside the scope of this 

work, and therefore this is described as preliminary data.  

 

6.4 Migration of Cells from PVNH and OPD2 Patients 

Cell migration is made of three stages a) protrusion of the leading edge, b) contraction 

of the cell body and finally c) detachment of the trailing edge of the cell. As the leading 

edge contacts the substrate, adhesion receptors (such as integrins) form focal contact 

leading to stress fibre formation. These steps depend on a number of dynamic 

cytoskeleton rearrangements (reviewed by Friedl and Brocker, 2000). The level of 

functional filamin A in M2 cells correlated with the motility of cells, with decreasing 

filamin A cells migrating more slowly and cells null for filamin A being unable to 

migrate (Cunningham et al., 1992; Klaile et al., 2005). This phenotype may be 

explained by the filamin A:integrin interaction, as increased affinity of β-integrin for 

filamin A inhibits cell migration (Calderwood et al., 2001). The interaction between 

filamin A and the carcinoembryonic antigen-related cell adhesion molecule has also 

been proposed as a molecular mechanism behind the loss of mobility (Klaile et al., 

2005). However, in contrast to these studies, mouse embryonic fibroblasts (MEF) null 

for filamin A are able to migrate, equivalent to WT levels (Hart et al., 2006). 

 

Integrins provide a physical link between the actin cytoskeleton and the extracellular 

fibronectin matrix, also playing essential roles in integrating the biochemical and 

physical signals during cellular migration. Large cells, such as fibroblasts, have well 

documented integrin dependent migration (Friedl and Brocker, 2000). Therefore, this 

work looked at whether human fibroblasts expressing filamin A with these point 

mutations (that do not change the level of filamin A in the cells) were able to migrate at 

the same rate as wildtype fibroblasts. Patient cells from both gain of function (OPD2) 

and loss of function (PVNH) diseases were used in these experiments. Fibroblast cells 

were cultured on a fibronectin matrix, the cell monolayer was wounded with a pipet tip, 

and the plate followed by time course microscopy to determine if the cell lines were 

able to migrate into the wound (see method 2.36). Images were analysed and the 

distance that the cells moved calculated using ImageJ software (Liang et al., 2007). The 

cell lines from patients were compared to the wildtype control fibroblast cells (Figure 

6-3). 
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(b) OPD2 

(a) WT 

Figure 6-3. Cell Migration Assays.  

Images show the monolayer of live fibroblast cells growing in DMEM media on the surface of the 30 mm 

plate. On the left are the images captured at time =0 after the wound was made, and on the right is the same 

area of the plate, after incubation for 8 or 10 hours.  

a) Control cells. WT fibroblast cells at 0 and 10 hours.  

b) Fibroblast cells from an OPD2 patient containing the E254K mutation at 0 and 10 hours. 

c) Fibroblast cells from a PVNH patient containing the G2593E mutation at 0 and 8 hours. 

d) A summary graph showing the movement rate of each cell line in the migration assays from 

triplicate experiments, with error bars of one standard deviation. 

The images shown are typical, and all scale bars shown are 0.5 mm in length. 
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The wildtype cells moved at a rate of 0.026 mm/hr (± 0.008). This is not significantly 

different to the rate of the E254K cells, 0.022 mm/hr (± 0.003). However, the filamin A 

G2593E cells with moved at a greater rate, 0.040 mm/hr (± 0.014), but at a more 

inconsistent rate. This rate was not significantly different to that of the wildtype control 

cells (with a P-value of 0.16, where less than 0.1 is statistically significant). This 

confirms that each cell line tested could migrate across the fibronectin matrix, at least at 

that same rate as the wildtype lines tested.  

 



C h a p t e r  6  | 
 

130 
 

6.5 Summary 

This chapter described a number of studies that were done with the aim of comparing 

and contrasting the phenotypes of patient and control fibroblast cells. To confirm that 

full length filamin A was expressed, western blots were performed on fibroblast lysate 

from OPD2, FMD and PVNH patients. The cell lines tested in this work all had 

wildtype levels of full length filamin A protein. The adhesion of these fibroblast cells 

was also investigated because a) filamin A interacts with integrin (which is involved in 

adhesion) and b) cell motility, which filamin A is involved in, requires cell adhesion. 

There was no significant difference in the adherence to a fibronectin matrix between 

wildtype, PVNH, FMD and OPD2 cells. The ability of these fibroblast cell lines to 

migrate across a fibronectin matrix was also investigated. Cells from PVNH and OPD2 

patients were able to migrate with comparable rates to wildtype cells.  

 

The PVNH associated mutation (G2593E) is in the dimerisation domain of filamin A, 

and results in the disruption of the dimer interface (Andrew Sutherland-Smith, pers. 

Comm.). Fibroblasts from this PVNH patient have wildtype levels of filamin A and are 

able to migrate with comparable rates to wildtype control cells. This demonstrates that, 

although filamin A is required for M2 cell migration (Cunningham et al., 1992), filamin 

A does not need to be dimeric for fibroblast migration. This is consistent with results 

from mouse embryonic fibroblasts null for filamin A, which are able to migrate, at an 

equivalent rate to WT cells (Hart et al., 2006). However, for correct neuron migration, 

filamin A dimerisation is required. This provides further support for the idea that these 

disease phenotypes are due to specific CNS signalling pathways being interrupted by 

the mutations in filamin A, rather than a general physical disruption of cellular 

migration (Robertson et al., 2005). The fibroblast cells from the gain of function 

mutation (E254K) associated with OPD2 have no significant change in the filamin A 

level, adhesion to fibronectin and are able to migrate at wildtype rates, despite an 

increased actin affinity. In summary, no phenotypic differences in the fibroblast cells 

from OPD2, FMD and PVNH patients could be detected when compared to wildtype 

control cell lines in the experiments performed. 
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7 Discussion 

7.1 Introduction 

The work described in this thesis takes a three pronged approach to teasing out the role 

of the filamin A ABD in the cell, and understanding how disease results when this 

domain is mutated. Structural studies were completed, the biochemical properties of the 

domain were analysed and the phenotype of fibroblast cells were characterised. Here the 

results are compiled for each associated disease and discussed with respect to each 

other. 

 

7.2 Understanding the Actin Bound Structure 

When the ABSs on the ABD are mapped onto the crystal structure they do not form a 

continuous surface, and there are conflicting arguments about how the ABD interacts 

with F-actin. There are likely to be structural rearrangements, but the extent and nature 

of these rearrangements are not well understood. There must be a structural 

rearrangement for ABS1 to contact the actin at the same time as ABS2 and ABS3. The 

electron microscopy structure of utrophin bound to actin indicated the domains move 

apart and bind F-actin with a separate monomer (Moores et al., 2000; Galkin et al., 

2002) (Figure 7-1). The higher resolution structure of the fimbrin actin binding domain 

bound to actin also shows the domains moving apart (Galkin et al., 2008). However, 

there is a second hypothesis, where a small structural rearrangement occurs upon actin 

binding that allowing all of the ABS to contact actin (Sutherland-Smith et al., 2003) 

(Figure 7-1). A third possibility is that ABS1, which is largely buried in the ABD 

structures, is a region of the protein that is important for actin affinity, but does not 

directly contact actin.  
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The uncertainty surrounding the actin bound structure of the ABD makes understanding 

the disease mutations, and how they may affect actin binding, difficult. In this thesis a 

reduction in stability of the E254K mutant accompanies an increase in F-actin affinity. 

This is consistent with a structural rearrangement of the ABD upon actin binding, but 

this rearrangement does not have to be the CH domains moving apart. A disease 

associated α-actinin mutation at the CH1/CH2 interface binds to actin with a higher 

affinity (Weins et al., 2007). This is interesting, and the authors propose that the 

increase in actin affinity was due to the CH domains being able to move apart more 

easily. The filamin A E254K mutation may also allow the domains to separate more 

easily, however it is less clear how this may occur. Filamin B also has disease 

associated mutations that result in an increase in actin affinity, and these mutations are 

not located at the CH1/CH2 interface (Sawyer et al., 2009). Therefore the CH1/CH2 

interface location of this α-actinin mutation may not be as significant as first thought.  

 

The ABD only binds to F-actin, and not monomeric actin, which makes studying this 

interaction difficult. Co-crystallisation studies are not possible and even a high 

resolution structure of F-actin is not available for modelling. Therefore, the models we 

have are low resolution and based largely on electron microscopy data, fibre diffraction 

Figure 7-1. A Schematic Showing How the ABD may Interact with Actin. 

Either:  

a) There are some minor structural rearrangements.  

b) There is a large structure rearrangement in which the CH domains move apart allowing the ABS 

to contact actin.  

 

Actin 

b) 

CH domains move apart 

a) 

Minor structural rearrangements 

CH2 CH1 
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and the monomeric actin structure. The structures presented in this thesis provide us 

with some information about how the disease associated mutations may cause disease; 

however, what is required to really understand how mutations in the ABD cause disease 

is a high resolution actin bound structure of this protein.       

 

7.3 Mutations in the Filamin A CH1 Domain: Understanding PVNH 

Point mutations in the CH1 domain are associated with the disease PVNH, typically 

associated with complete loss of filamin A protein (Figure 4-19). Two likely disease 

mechanisms for the CH1 point mutations are the loss of stability of the ABD, leading to 

the reduction of the filamin A protein level, or the loss of actin binding and crosslinking 

activity. These are not mutually exclusive, and a substantial loss of ABD stability would 

likely result in loss of actin binding as well. 

 

7.3.1 Do Mutations in CH1 Result in a Reduction in the Filamin A 

Level? 

A point mutation, L54R, in CH1 of the dystrophin ABD results in lower levels of 

dystrophin in vivo, resulting in Duchenne muscular dystrophy (DMD) (Prior et al., 

1993). DMD is, like PVNH, associated with the complete loss of functional protein. A 

similar mechanism in filamin A and PVNH, particularly with respect to the three 

filamin A mutations (G74E, I78T and E82V) in close proximity to the equivalent 

residue in dystrophin (L81) is likely (Figure 7-2). Expression of the E82V ABD in E. 

coli resulted in expression of insoluble protein (results not shown), indicating that this 

mutation may substantially disrupt the structure of the ABD. 
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7.3.2 Actin Crosslinking and PVNH: Studies of Filamin A G2593 

Two putative ABSs are located in this sub-domain and although these mutations do not 

cluster in these regions the mutations could disrupt the structure or stability of the CH1 

domain affecting the domains F-actin binding surface. Results from this work show that 

PVNH associated mutations (E.g. G2593E) can have WT levels of filamin A, but still 

be associated with PVNH (Figure 6-1). The G2593E mutation disrupts the dimer 

interface of filamin A (Andrew Sutherland-Smith, pers. comm.). This shows that the 

(presumably) monomeric filamin A is not degraded. Therefore this mutation would be 

predicted to abolish the actin cross linking activity of filamin A. Fibroblasts from this 

PVNH patient are able to adhere and migrate with comparable rates to WT control cells 

(Figure 6-2; Figure 6-3). This is consistent with the rat and mouse models where filamin 

A null mouse embryonic fibroblasts are able to migrate with comparable rates to WT 

control cells (Hart et al 2006). This evidence supports a specialised role of filamin A in 

neuronal migration (explaining why these cells are specifically affected in PVNH) and 

not a purely general structural role in migration. Robertson et al., (2005) predicted a 

signalling role for filamin A – based on the disease phenotype. Even in the complete 

absence of filamin A (in some PVNH patients) neurons are able to migrate, and it is 

incorrect migration, not a lack of migration that is observed. The likely mechanism for 

Figure 7-2. Mutations in Close Proximity to Leu81. 

This overlay of the dystrophin (purple) and filamin A (grey) ABD shows the conserved Leu which is 

associated with DMD disease in dystrophin. The PVNH associated residues (in filamin A) are shown as red 

spheres.  

G74E 

I78T 
E82V 

Helix A 
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the signalling role of filamin A in migration is through integrin, as migration is inhibited 

with increased integrin affinity for filamin A (Calderwood et al., 2001). Based on this 

hypothesis, it can also be concluded that dimerisation is not required for migration in 

fibroblasts; despite being required for the correct migration in neurons.  

 

7.3.3 PVNH: Why Does LOF/Null Mutation Affect Neuronal 

Migration? 

Why there are such localised phenotypic effects (in the brain/heart/joints/gut) with a 

ubiquitously expressed protein remains unclear. It is proposed that there is an additional 

role of filamin A in neurones, or that the role is different to that in other cells in the 

body (Robertson et al., 2005; Sarkisian et al., 2008). It is this role that is affected by 

mutations in the CH1 (PVNH). There may be a functional compensation by another 

protein (such as filamin B) in other cell types not affected to the same extent. Filamin B 

is expressed in a similar distribution as filamin A (Xu et al., 1998) and would function 

as an actin cross linking protein in a similar way to filamin A. However it is unlikely to 

compensate for a specific (putative) signalling role of filamin A in neurones. This role is 

also particularly sensitive to the filamin A level, with increases and decreases in filamin 

A levels at the periventricular zone leading to incorrect neuron migration, and to 

changes in the polarity and orientation of neurons (Nagano et al., 2004). However, we 

can conclude that increases in actin affinity (such as E254K) do not affect this unknown 

role because the OPD2 patients do not share the brain abnormalities seen in the PVNH 

patients. 

 

7.4 The OPD Spectrum Diseases 

7.4.1 Structural Studies 

The WT filamin A ABD has the typical ABD fold, and provides a valuable resource for 

improving our understanding of the actin binding mechanism and disease associated 

point mutations that cluster in the CH2 domain (Figure 4-19). The x-ray crystal 

structure of two OPD2 associated (E254K and A200S) ABDs, and the solution structure 

of E254K (determined by circular dichroism) were essentially unchanged from the WT 

structure (Table 5-2). The pathogenic mutation E254K breaks a conserved salt bridge; 

and the electrostatic surface charge is changed (Figure 4-15). The A200S mutation 
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causes a steric clash, causing localised and small side chains rearrangements (Figure 

4-18). However, the reason these two amino acid changes are associated with a severe 

disease like OPD2 remained unclear from these structural studies.  

 

7.4.2 Protein Thermal Stability and a Conserved Salt Bridge  

The circular dichroism showed no change in thermal stability between the WT and 

E254K. However, the differential scanning fluorimetry (which followed unfolding in a 

different way) showed the E254K has a Tm 5.6 °C lower than WT. Helices A’ and G’ in 

the CH2 domain are linked by the salt bridge between E254 and K169 (Figure 4-16) 

The E254K structure shows that the tertiary structure (link between two helices) is 

disrupted with E254K, and not the secondary structure. Circular dichroism measures 

secondary structural changes and not tertiary structure.  

 

The loss of a salt bridge is often accompanied by a reduction in thermostability (Bae 

and Phillips, 2005). This salt bridge was predicted to have an important structural role 

for two reasons. 1. It is highly conserved and causes disease when mutated – indicating 

that it has a role in either structure/function and 2. In dystrophin and utrophin the 

polarity of the side chains is reversed – indicating that it is a structural role rather than a 

recognition site at the surface (Figure 4-16). The importance of this interaction was also 

highlighted by Borrego-Diaz et al. (2006) who postulated that this salt bridge in α-

actinin is surrounded by two conserved areas that are connected by a salt bridge 

between Lys147 (in ABS3) and the Glu235. It links the helix A to helix G of CH2, 

which contains ABS2. It was hypothesised that this highly conserved salt bridge could 

be part of a continuous binding surface in ABDs. In filamin B the mutation in the 

equivalent residue (E227K) is associated with Larsens disease, indicating that the salt 

bridge in filamin B is also critical for function (Krakow et al., 2004). Larsens disease is 

a bone disorder like OPD2; however, it results in a clinically separate disease. This is 

consistent with the different cellular distribution of filamin A and filamin B (Krakow et 

al., 2004).  

Together these observations highlight an interesting point: Filamin B has a slightly 

different role in the body to filamin A, however this particular residue is important for 

the function of both filamin A and filamin B.  
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The decreased domain stability (in section 5.5.1) of E254K is not accompanied by a 

decrease in the total filamin A protein levels (Figure 6-1). While western blotting does 

not tell us about turnover rate, this result is consistent with the gain-of-function 

hypothesis for the OPD spectrum disorders, as the absence or reduction of filamin A 

level results in PVNH. A decrease in protein stability can be accompanied by an 

increase in activity (Shoichet et al., 1995). This could be explained by the structural 

rearrangement of the ABD that may be required upon actin binding. 

 

7.4.3 An Increase in Actin Affinity: The Underlying Disease 

Mechanism? 

This increase in actin affinity is consistent with the gain of function phenotype of 

OPD2. It is interesting to note that mutations in the repeat domains (14 and 15) are also 

associated with OPD2, and repeats 9-15 have been implicated in actin binding 

(Nakamura et al., 2007). In addition, increased actin affinity is emmerging as a common 

theme in disease associated with point mutations in the ABD of actin cross linking 

proteins. Pathogenic mutations in filamin B (Sawyer et al., 2009) and α-actinin-4 

(Kaplan et al., 2000; Weins et al., 2007) result in an increased actin affinity.  

 

Mutations in the CH2 domain of filamin B are associated with the bone dysplasia 

atelosteogenesis disease. Two disease associated mutations studied recently, W148R 

and M202V, result in a 3.5 fold and a 12 fold increase in actin affinity (respectively) 

when compared to the WT filamin B ABD (Sawyer et al., 2009). In α-actinin-4 the 

point mutation K255E (adjacent to filamin A residue Glu254) results in the kidney 

disease focal segmental glomerulosclerosis and results in a increase in affinity for actin 

from 31 µM to 5.3 µM (5.8 fold) (Weins et al., 2007) (Figure 7-3). These increases in 

affinity are similar to that seen in this work with filamin A where the mutation results in 

an increase from 48 µM to 13 µM (3.7 fold).  
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Other mutations in α-actinin-4 are associated with glomerular disease and also show a 

higher affinity for actin than WT (Kaplan et al., 2000). How this increase in actin 

affinity with the filamin A pathogenic mutation may result in dysfunction in the cell is 

unknown (see future directions). However, this question has been extensively studied in 

α-actinin-4. The structural and bio-mechanical properties of actin filaments that were 

crosslinked by the mutant α-actinin were different when compared to WT α-actinin 

cross linking, particularly stress fibres and focal adhesion formation. The cellular 

localisation of the mutant α-actinin was also disrupted (Weins et al., 2007; Kaplan et 

al., 2000). Filamin A has cellular roles in the cytoskeleton, cytoplasm and the nucleus 

(Krakow et al., 2004; Loy et al., 2003). Therefore, like α-actinin, a complex disease 

mechanism would be predicted for an increase in actin affinity for filamin A (some are 

discussed in section 7.4.5).  

 

So while the increased actin affinity may not be the only cause of disease, it is likely to 

contribute to the phenotype. However, it is possible that a number of mutations have 

different immediate molecular consequences, but lead to the same cellular/physiological 

consequences, and the same disease. Therefore, there may be more than one molecular 

mechanism underlying the OPD spectrum disorders. 

Figure 7-3. Overlay of the ABD of WT Filamin A (grey) and α-Actinin-4 K255E (green).  

Both residues are pathogenic when mutated and both result in an increase in actin affinity. In filamin A the 

pathogenic mutation E254K results in a bone disorder and in α- actinin K255E it results in kidney disease. 

The α-actinin structure shown is pdb 2RO0. 

Glu254 

Glu255 Filamin A: 

OPD2 

α-actinin: 

glomerular disease 

Helix G’ 
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7.4.4 The FMD Associated Mutations 

The filamin A mutations, D253E and E245K, are both associated with FMD, an OPD 

spectrum disorder. Currently the molecular basis of FMD is unknown. Both these point 

mutations are located at the surface of the ABD, but are also near the CH1/CH2 

interface, with D253E forming a salt bridge between CH1 and CH2 (Figure 4-25). 

These mutations highlight the importance of the CH domain interface function, 

previously brought to our attention in α-actinin (K255E), in which there is an increase in 

actin affinity, with a mutation in a residue at the CH1/CH2 interface (Weins et al., 

2007). Based on the disease phenotype and the location of the mutations (near the 

CH1/CH2 interface) an increase in actin affinity would be predicted with these 

mutations. However, the mutations are located close together at the surface of the ABD 

and could also conceivably disrupt an interaction with binding partners other than actin.  

 

7.4.5 How Does an Increase in Actin Affinity Affect Primarily Bone 

Development? 

OPD spectrum disorder mutations in the ABD of filamin A, a ubiquitously expressed 

protein, primarily affect bone development and not other organs/tissues where filamin A 

is also expressed. Therefore either bone development is more sensitive to filamin A 

actin affinity changes or there is an additional role of filamin A in bone cells (as 

predicted for neurons and PVNH) that is disrupted by mutations associated with the 

OPD spectrum disorders.  

 

Assuming that the increase in actin affinity underlies the disease, there a two ways that 

this may disrupt bone development. 1) The increased affinity may change the ratio of 

cytoskeletal/cytoplasmic filamin A, which may have far reaching effects within the cell. 

2) The rate of filamin A association/dissociation from actin may be more critical during 

bone development, to physically allow the dynamic actin rearrangements that are 

required (Figure 1-14).  

 

There are a number of proteins involved in bone development that filamin A interacts 

with that may require filamin A to be located correctly with the cell. This includes 
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signalling proteins in the MAP kinase pathway (Sarkisian et al., 2006), Wnt-c-Jun N-

terminal kinase pathway (Nomachi et al., 2008). In osteoclast cells Rho A plays a 

regulatory role in the mobility of cells mediating the formation of actin stress fibers and 

podosomes, and it is also involved in integrin-mediated signalling events (Chellaiah et 

al., 2000). Both RhoA and integrin are filamin A binding partners (Calderwood et al., 

2001; Ohta et al., 1999) (Figure 1-8). Integrins play a role in intramembranous 

ossification by mediating cellular adhesion of migrating cells. The repeat 21 domain of 

filamin A binds to integrin and inhibits integrin-dependent cell migration by preventing 

membrane protrusion and cellular polarisation required for migration (Calderwood et 

al., 2001). Migfilin associates with filamin A at cell matrix adhesions to modulate actin 

assembly, cell spreading and cellular shape (Tu et al., 2003; Nagano et al., 2004). 

Calcitonin (a filamin A binding partner) regulates osteoclast adhesion mechanisms 

during bone development (Seck et al., 2003). There may be a specifically bone 

expressed protein (yet to be found) that interacts with filamin A, and it is this interaction 

is disrupted with the pathogenic mutations.  

 

Therefore, it would be expected that cellular location of filamin A is important for the 

filamin A interaction with one or more of these proteins. The change in actin affinity 

may change the cellular location of filamin A, which would affect the interactions with 

these binding partners. This could results in the protein:protein interaction occurring at 

the incorrect time, at the incorrect cellular location or not at all. This would have far 

reaching cellular consequences, which could result in the cell differentiation or mobility 

being affected, resulting in bone development disruption.   
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7.5 Summary 

The structure of the ABD of filamin A is a typical ABD fold, similar to the ABD of 

other proteins, and mutations associated with OPD2 (A200S and E254K) do not 

significantly perturb the ABD structure. The filamin A protein level, mobility and 

adhesion in OPD and PVNH patient fibroblast cells is indistinguishable from that of 

wildtype cells. However, in at least one OPD2 associated mutation (E254K) the ABD 

stability is decreased, accompanied by an increase in actin affinity. These results are 

consistent with the gain of function phenotype of OPD2 and also with disease 

associated mutations in other ABD such as filamin B (Sawyer et al., 2009) and α-

actinin-4 (Kaplan et al., 2000; Weins et al., 2007).  

 

In summary, while it remains unclear exactly how point mutations in the ABD of 

human filamin A may disrupt development, these studies have shown some of the 

biochemical and cellular consequences of these mutations.  
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7.6 Future Directions 

• In Vivo Studies 

Study the actin cytoskeleton of fibroblasts (or osteocytes) to see the actin and filamin A 

localisation – particularly in migrating cells. It would be useful to compare cells from 

OPD spectrum disorder and PVNH patient to WT cells. Confocal microscopy would be 

a useful method to use, with fluorescently labelled antibodies to actin and filamin A.  

• Actin Binding Assays 

Determine the actin affinity of the ABD with point mutations in CH1 associated with 

PVNH with the actin co-sedimentation assay – if enough soluble protein can be 

obtained. Also studies of the other OPD spectrum associated mutants – to determine if 

increased actin affinity is a general trend. 

• Actin Crosslinking Studies 

Microscopy studies of the actin networks cross linked by full length filamin A disease 

associated mutants, compared to WT filamin A to determine if the way that the actin is 

cross linked changes due to the disease associated mutations. 

• Westerns of Filamin B in Patient Cells 

Western blots of cells from patients with OPD spectrum disorder or PVNH. This is to 

determine if filamin B is being up regulated to compensate for the filamin A 

misfunction. 

• NMR Studies 

NMR studies to investigate the flexibility/mobility of helix A’ and helix G’ of the 

E254K mutations compared to WT. Preliminary studies of the WT ABD revealed that 

the spectrum was not suitable for amino acid assignment, which was not surprising as 

the ABD (30 kDa) is on the edge of NMR size limit. However NMR studies of the 

smaller CH2 fragment may provide more useful spectral data. 

• Cryo-Electron Microscopy 

Microscopy of actin decorated filaments to determine the “actin bound” structure of the 

filamin A ABD. The crystal structure of the filamin A ABD could be modelled into the 

lower resolution microscopy data. A better model of the actin bound structure would 

allow a better understanding of how the disease associated mutations may cause disease. 
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• Further Stability and CD Spectroscopy Studies 

Three additional studies that may be useful are a) look at tertiary structure by CD 

spectroscopy; b) reversible chemical denaturation; c) differential scanning calorimetry. 

Following the Trp signal in the near UV and the protein is heated would allow studies of 

the tertiary structure. Reversible chemical denaturation would allow an energy changes 

to be determined and quantified. Differential scanning calorimetry would allow a very 

accurate determination of the energy required for denaturation. 
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9 Appendix 

9.1 Gel Filtration Standard Curve 

 

 

Alcohol  
dehydrogenase 

Bovine serum albumin 

Carbonic anhydrase 

Ova albumin 

Cytochrome C 

Figure 9-1. Calibration of the Superdex 75 Gel Filtration Column.  

The column was calibrated using the standards;  

Cytochrome C (12.4 kDa)  

Carbonic anhydrase (29 kDa) 

Ova albumin (45 kDa)  

Bovine serum albumin (66 kDa)  

Alcohol dehydrogenase (150 kDa) 

The void volume, (Vo), was determined by β-amylase, (200 kDa). The standards, (and samples), were 

injected and run in 50 mM K2HPO4/KH2PO4, pH 8, 150 mM NaCl buffer. 
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9.2 Densitometry of Coomassie Stain with Filamin A ABD Standards  

 

 

 

 

 

 

Figure 9-2. Calibration of the Linearity of Coomassie Stain in SDS PAGE Analysis.  

Samples were run in a 12% SDS gel, stained and the density of the protein bands in the supernatant and 

pellet fractions was determined using the QuantityOne software (Biorad).  
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9.3 BSA Standard of the BCA Assay 

 

 

 

 

 

Figure 9-3. Standard Curve of BSA for the BCA Assay. 

Standards were made up from 0-2mg/mL to construct a standard curve for the BSA assay to determine 

the concentration of the unknown protein samples. 


