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“It is the mark of an educated mind to be able to entertain a thought 
without accepting it.” 

-Aristotle 
 

  “The mind is everything. What you think, you become” 
             -Buddha 



 
ABSTRACT 

Sethi, Ritika 
Inter-domain interactions in filamins 
Jyväskylä: University of Jyväskylä, 2014, 56 p. 
(Jyväskylä Studies in Biological and Environmental Science 
ISSN 1456-9701; 279) 
ISBN 978-951-39-5673-8 (nid.) 
ISBN 978-951-39-5674-5 (PDF) 
Yhteenveto: Filamiini-proteiinien domeenien väliset vuorovaikutukset 
Diss. 

Filamins (FLNs) are large multi-domain proteins that cross-link filamentous actin 
and also act as a scaffold for various cytoskeletal, signaling and transmembrane 
proteins. Multiple studies have suggested that FLNs also function as 
mechanosensors in cells. In humans, there are three isoforms, FLNa, FLNb and 
FLNc. FLN mutations cause a spectrum of diseases that primarily affect the 
skeleton, brain and heart. Vertebrate FLNs are composed of an actin-binding 
domain (ABD) followed by a stretch of 24 immunoglobulin-like (Ig) domains. 
Domains 1-15 are termed as Rod 1 region and 16-24 as Rod 2 region. Previous 
studies have shown existence of three inter-domain interactions in the Rod 2 region 
that form the mechanosensor module in FLNs. Two of these interactions have been 
shown to negatively regulate ligand binding to these domains. On the other hand, 
Rod 1 region domains were predicted to be arranged in a linear manner. In this 
thesis, I have studied two hypotheses: (i) There are structural arrangements in the 
Rod 1 region that allow mechanosensing and (ii) the mechanosensor function of 
Rod 2 region is conserved also in Drosophila. For this, I first used low-resolution 
structural techniques to investigate if there were any inter-domain interactions in 
the Rod 1 region of FLNc. As a result, four compact regions were revealed, FLNc3-
4, 4-5, 11-12 and 14-15. Crystal structures of FLNa3-5 and FLNc4-5 showed novel 
type of interactions between Ig domains. Next we showed that domain 4 is able to 
bind a ligand and domain 5 stabilizes the structure of domain 4. Hence, in context 
of FLN3-5 module, the inter-domain interactions seem to positively regulate ligand 
binding. To study the structural conservation of the Rod 2 region, mutations that 
affect the mechanical properties of human FLNs were introduced in the Drosophila 
melanogaster orthologue protein Cher. Low-resolution scattering techniques showed 
that the overall structure of Cher mechanosensor region was similar to that of 
human and that the open mechanosensor mutant significantly altered the structure. 
 
Keywords: Crystallography; inter-domain interactions; filamins; immunoglobulin-
like domains; mechanosensor; small angle x-ray scattering. 
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1 INTRODUCTION 

Actin cytoskeleton is crucial for the formation and maintenance of cell shape 
and morphology. Processes like cell migration, spreading, cell -cell adhesion 
and cell-extra-cellular matrix (ECM) adhesion, are all dependent on the 
dynamic manipulation of the actin network in response to external or internal 
stimuli (Lee and Dominguez, 2010; Stossel et al., 2001). Actin remodeling is 
regulated by many different actin-binding proteins.  Filamins (FLNs) are one 
such family of actin binding proteins that cross-link filamentous actin (F-actin). 
They are large, flexible, multi-domain proteins that cross-associate the actin 
filaments at varying angles (Hartwig et al., 1980).  In addition, FLNs act as a 
scaffold for many proteins including transmembrane receptors, ion channels, 
intra-cellular signaling proteins and cytoskeletal regulators (Stossel et al., 2001; 
Nakamura et al., 2011). Hence, they are crucial in the development of tissues 
and organs and patient mutations in FLNs exhibit a wide spectrum of 
phenotypes (Fürst et al., 2012; Kley et al., 2012) .  

This thesis investigates the structure of FLNs and its effect on the 
regulation of ligand binding. To that end, low-resolution structures of the N-
terminal two-domain fragments of FLNc were obtained (I). Atomic structures of 
two fragments from the N-terminal of FLNa and FLNc were solved (II). And 
finally, in order to understand if the C-terminal mechanosensitive region of 
FLNs is structurally and functionally conserved in Drosophila and humans, low-
resolution structural parameters of a five-domain fragment were compared 
(III).  

In depth structural characterization of FLNs is crucial in understanding its 
functions as a mediator of the visco-elastic properties of actin network. This 
work has primarily focused on the structural aspects of FLN domain 
organization while striving to extrapolate the results to FLN function in cells.  



 

2  REVIEW OF THE LITERATURE 

2.1 Filamins  

Since their discovery in rabbit alveolar macrophages in 1975 (Hartwig et al., 
1975) several reports have confirmed the existence of FLNs throughout the 
animal kingdom, including Drosophila melanogaster (fruit fly) (Sokol and Cooley, 
1999) and Caenorhabditis elegans (round worm) (Kovacevic and Cram, 2010). 
Shorter FLN like proteins have also been reported in amoeba like Entamoeba 
histolytica (parasite) (Vargas et al., 1996) and Dictyostelium discoidium (slime 
mold) (Hock and Condeelis, 1987). In humans, there are three FLN paralogues, 
FLNA, FLNB and FLNC, with a conserved intron-exon pattern that expresses 
proteins (FLNa, FLNb and FLNc) (Van Der Flier and Sonnenberg, 2001). While 
FLNA and FLNB are expressed ubiquitously in many different cell types, FLNC 
is expressed only in cardiac and skeletal muscles (Van der Flier and 
Sonnenberg, 2001). The molecular weight of human FLN proteins ranges from 
276 - 289 kDa (Gorlin et al., 1990; Stossel et al., 2001; Xie et al., 1998; Xu et al., 
1998)  

Knock out mouse models for all three FLN isoforms have been reported 
(Bicknell et al., 2007; Dalkilic et al., 2006; Farrington-Rock et al., 2008; Feng et al., 
2006; Hart et al., 2006; Krakow et al., 2004; Leung et al., 2010; Lu et al., 2007; Zhou 
et al., 2007). FLNA deficient mice showed various developmental defects in 
heart, brain and skeleton, similar to those of otopalatodigital syndrome (OPD) 
and cardiac valvular dystrophy in humans caused by missense mutations in 
FLNA (Zhou et al., 2007; Hart et al.,2006; Kyndt et al., 2007). In mice, while 
monocytes derived from the bone marrow showed problems with migration 
(Leung et al., 2010), the fibroblasts, neurons (Hart et al., 2006) and endothelial 
cells (Feng et al., 2006) showed normal motility. Also, one of the most striking 
observations was abnormal vasculature, possibly an attribute of reduced VE-
cadherin levels in endothelial and neuroepithelial cells (Feng et al., 2006). 
Similarly, FLNB deficiency in mice is embryonically lethal with severe skeletal 
malformations of the vertebrae, sternum, and reduced cartilage in the carpal 
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and tarsal bones (Farrington-Rock et al., 2008; Zhou et al., 2007; Bicknell et al., 
2007). FLNb deficient chondrocytes showed reduced adhesion to the ECM due 
to loss of FLNb-integrin- 1 linkages (Lu et al., 2007). These phenotypes are 
similar to those of boomerang dysplasia (BD) and spondylocarpotarsal 
syndrome (SCT) in humans and suggested a role of FLNb in cartilage 
development (Bicknell et al., 2007; Krakow et al., 2004). FLNC deficiency causes 
postnatal respiratory failure and reduced number of muscle fibers. These 
phenotypes are consistent with that of human myofibrillar myopathies (MFMs) 
and emphasize the role of FLNc in muscle development and maintenance 
(Dalkilic et al., 2006). Altogether, these results suggested that both cell motility 
and scaffolding functions of FLNs may play a role in the disease phenotype. 

2.1.1 Overall architecture of human filamins 

As cross-linkage of actin requires presence of two actin binding domains (ABD), 
all FLNs exist as homodimers, where each subunit consists of an ABD at the N-
terminus followed by a long string of 24 immunoglobulin-like (Ig) domains 
(Figure 1) (Gorlin et al., 1990;  Van der Flier and Sonnenberg, 2001). Ig domains 
1 -15 are referred to as Rod 1 region followed by a protease sensitive flexible 
hinge of 25 residues known as hinge 1 (H1). Following H1there are domains 16-
24 that are referred to as Rod 2 region. In Rod 2, there is a second flexible hinge 
of 35 residues (H2) between domains 23-24 and domain 24 is the domain 
responsible for formation of the dimer (Pudas et al., 2005). The presence of the 
flexible hinges and the dimerization domain gives FLNs their characteristic V or 
Y shape (Gorlin et al., 1990). The overall sequence of the rod region is highly 
conserved between different isoforms with approximately 70% homology (Van 
der Flier and Sonnenberg, 2001) with the exception of FLNc, where there is an 
extra stretch of 81 residues in domain 20 (Xie et al., 1998), which has been shown 
to play a role in the sarcomeric Z-disk targeting of FLNc (van der Ven et al., 
2000). On the other hand, the hinge regions are not well conserved and share 
only 45% sequence homology between isoforms (Van der Flier and Sonnenberg, 
2001). For example, H1 is missing from some FLNb transcription variants and 
also from FLNc (Van der Flier and Sonnenberg, 2001). Rotary shadowing 
electron micrographs have showed each filamin monomer to be around 80 nm 
long (Gorlin et al., 1990;  Van der Flier and Sonnenberg, 2001) and recent studies 
have indicated (Nakamura,  et al. 2007) that Rod 1 region itself is around 57 nm 
in length suggesting it to be composed to a string of Ig domains connected in a 
tail to head fashion. On the other hand, Rod 2 region seems to be compact 
measuring around 20 nm in length (Nakamura,  et al. 2007).  
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FIGURE 1 Filamin dimer model: ABDs are shown in red, followed by 24 Ig domains. 
Rod 1 and Rod 2 regions are marked. The three known inter-domain 
interactions in the Rod 2 region (FLN16-17, FLN18-19 and FLN20-21) are 
shown in green, purple and orange, respectively. Isoform specific (FLNA, 
FLNB and FLNC) mutations in human patients are shown on the left subunit. 

2.1.2 Filamin actin binding domain  

The actin binding domain of FLNs is similar to that of -actinin ABD (Bañuelos 
et al., 1998). It is composed of two calponin-homology (CH1 and CH2) domains 
(Figure 2) of 110 residues each that are connected by a flexible linker. Each CH 
domain has 6  helices, 4 of which are major and 2 are short. 3 of the 4 major 
helices form a helical bundle against which the 1st  helix aligns in a 
perpendicular orientation. All helices are connected by long loops. The angle 
between the two consecutive CH domains is determined by the last  helix of 
the CH1 domain (Ruskamo and Ylänne, 2009). Mutation and biochemical 
studies have revealed three actin-binding sites (ABS) in ABDs. ABS1 and ABS2 
are mapped to the 1st and the last  helix of the CH1 domain, respectively while 
ABS3 is located on the 1st  helix of the CH2 domain. The ABS2 seems to be 
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crucial for F-actin binding ability of the domain whereas ABS3 is required for 
the avidity (Bresnick et al., 1991; Van Der and Sonnenberg, 2001; Kuhlman et al., 
1992). In FLNs, recent studies have also suggested that there is a second actin 
binding site between domains 9-15 which facilitates the binding of the F-actin to 
Filamin (Nakamura et al., 2007). Several patient mutations (Figure 1) causing 
otopalatodigital syndrome (OPD), periventricular nodular heterotopia (PVNH) 
(Robertson et al., 2003), Larsen Syndrome (LS) and Boomerang Dysplasia (BD) 
(Krakow et al., 2004) have been mapped at the ABD of FLNa. 

 
 

FIGURE 2 Crystal structure of the ABD:  helices shown in yellow, cyan and orange 
comprise CH1 and the helices in green and red are CH2. The first  helix of 
CH1 containing the ABS1 is shown in orange, ABS2 is shown in cyan and 
ABS3 located on the 1st  helix of the CH2 domain is shown in red. Notice the 
perpendicular orientation of the 1st  helix from each domain (orange and 
red) with respect to the helical bundle.  

2.1.3 Filamin immunoglobulin-like domains  

According to the structural classification of proteins (SCOP) database, all Ig 
domains in FLNs fit under the E subtype of Ig domain family (Pudas et al., 
2005). In this subtype, each domain has 7 -strands (A-G) made up of 6-10 
amino acids each (Figure 3A). -strands A, B, E and D form one  sheet that is 
aligned anti-parallel to the second  sheet comprising of -strands C, F and G. 
This  sandwich fold is conserved in all the human FLNs. Each domain is 
approximately 100 residues (Gorlin et al., 1990; Van der Flier and Sonnenberg, 
2001) and has dimensions of approximately 4.0-4.8 nm x 2.0-2.6 nm x 1.5-1.8 nm 
(Nakamura et al., 2007). In most of the single domain structures of FLNs 

CH1 

CH2

ABS1

ABS2 
ABS3 
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(solution NMR or crystal) available in the protein database, there is a 
characteristic 310 helix in the A strand (Figure 3A) with a consensus sequence of 
GXG (where X is either Proline or Arginine or Leucine). This helix interrupts 
the -strand A, thereby leading to a shorter -strand A’ prior to strand B (PDB 
ID: 2D7M, 2DI8, 2BP3 (Nakamura et al., 2006), 2W0P (Lad et al., 2008), 2NQC 
(Sjekloca et al., 2007), 2DI9, 2DIA, 2DMB, 3CNK (Seo et al., 2009), 2DJ4, 2DIB, 
2DIC and 4B7L (Sawyer et al., 2012)). Interestingly, in some FLN domains where 
the GXG motif is not present, the A strand is not folded in with the rest of the 
domain. Such structures are FLNc16 (PDB ID: 2D7N), FLNb18 (PDB ID: 2DMC) 
(Figure 3B) and FLNb20 (PDB ID: 2DLG). 

Similar to ABD mutations, patient mutations in FLN Ig domains have also 
been identified that cause a spectrum of disorders like PVNH (Zenker et al., 
2004), OPD (Robertson et al., 2003), X linked Cardiac Valvular Dysplasia (Kyndt 
et al., 2007), Larsen Syndrome (Bicknell et al., 2007; Krakow et al., 2004) and 
myofibrillar myopathies  (MFM) (Luan et al., 2010; Shatunov et al., 2009; 
Vorgerd et al., 2005). 

 

FIGURE 3  (A) Crystal structure of FLNa17 from PDB ID: 2BP3 showing the typical  
sheet topology of Ig domains.  sheet comprising -strands ABED is shown 
on the left side in the panel. The 310 helix in the A strand is marked with an 
arrow. Right side of the panel shows the -strands CFG.  (B) Solution NMR 
structure of FLNb18 (PDB ID: 2DMC) showing the unfolded A strand in red. 
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2.2 Known domain-domain interactions of Filamins 

Large multi-modular proteins are generally thought to be composed of domains 
that work independently of each other like beads on a string. FLNs do not seem 
to conform to this outlook. Although they are flexible proteins composed of 24 
similar Ig domains, some functional inter-domain interactions have been 
reported in the Rod 2 region of FLNs. 

2.2.1 Domain pair 16-17  

SAXS and NMR experiments have revealed inter-domain interactions between 
FLNa domains 16 and 17 (Heikkinen et al., 2009). Similar to the single domain 
structure of FLNc16 (PDB ID: 2D7N), the first -strand of FLNa16 is also 
detached from the rest of the domain in this domain pair structure (Figure 4). 
This leads to exposure of a hydrophobic core around the -strands B-G (BG 
face) of domain 16, which then bind tightly to the -strands A-G  of domain 17. 
This interaction is mainly hydrophobic and causes the  sheets of both domains 
to stack in parallel, hence leading to a large interaction surface area of around 
720 Å2. 

 

FIGURE 4  Structure of FLNa16-17 derived from PDB ID: 2K7P. Domain 16 is cyan and 
domain 17 is green. The unfolded A strand of domain 16 is shown in red. The 

-strands at the domain-domain interface are marked.  



18 
 
2.2.2 Domain pair 18-19 

The structure of FLNa18-19 (Figure 5) domain pair was solved with NMR 
(Heikkinen et al., 2009). Although the A strand of domain 18 is detached from 
the rest of the domain, like in domain 16, the mode of interaction between the 
two domains is different from that of FLNa16-17. Here, the A strand 
detachment from domain 18 leads to exposure of the hydrophobic core at the 
BG face which is then filled by the tyrosine 2077 (TYR 2077) located at the BC 
loop of domain 19. This orientates the two domains in an orthogonal fashion. 
Also, the A strand of domain 18 forms main chain hydrogen bonds with the 
strand C and interacts with the hydrophobic cavity between strands C and D of 
domain 19. This interface is called the CD face. The interaction creates an extra 

-strand, thereby extending the  sheet CFG. In addition, there are also some 
side chain hydrogen bonds between the A strand of domain 18 and the D 
strand of domain 19. The buried area at the A strand interface itself is around 
600 Å2.  

 

FIGURE 5 Structure of FLNa18-19 derived from PDB ID: 2K7Q. Domain 18 is cyan and 
domain 19 is green. The A strand of domain 18 is shown in red. The -strands 
CD of domain 19 are marked. 



19 
 
2.2.3 Domain pair 20-21 

The crystal structure of the triplet of FLNa domains 19-21 was the first structure 
revealing inter-domain interactions in vertebrate FLNs (Lad et al., 2007). It 
showed that in human FLNs, the organization of the domains is not sequential 
as seen in Dictyostelium (Popowicz et al., 2004). Since the atomic details of 
FLNa18-19 interactions have been mentioned earlier, only the domain-domain 
interactions of FLNa20-21 (Figure 6) will be discussed here. As in the domain 
pair of 18-19, the A strand of domain 20 also extends away from the domain 
and attaches to the groove at the CD face of domain 21. Here, the interaction 
mechanism is similar to that of FLNa18-19. However, the perpendicular 
orientation of domain 20 on top of domain 21 is attributed mostly to the 
interactions between the -strand G of domain 20 and BC loop of domain 21. 
The buried area at CD face interface is around 727 Å2. 

 

FIGURE 6  Crystal structure of FLNa20-21 derived from PDB ID: 2J3S. Domain 20 is cyan 
and domain 21 is green. The A strand of domain 20 is shown in red. The -
strands CD of domain 21 and the -strand G of domain 20 are marked. 

2.2.4 Human FLN dimerization  

Dimerization of FLN monomers is essential for FLN actin cross-linking function 
(Gorlin et al., 1990). The first crystal structure showing the details of the 
dimerization interface for human FLNs was solved for FLNc24 (Pudas et al., 
2005) (Figure 7). Here, single domains 24 interacted extensively with each other 
at the CD face leading to a large buried interface area of 1109 Å2. This 
interaction is attributed to the formation of six hydrogen bonds between -
strands D of each domain and hydrophobic stacking of methionine and glycine 
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at the -strands C from each domain. This leads to the formation of a 
continuous anti- parallel  sheet containing 8 -strands. It is interesting to note 
that although the interaction here is mediated by the CD face, the  sheet 
augmentation occurs via strand D rather than strand C. The crystal structure of 
FLNa24 that was solved later, also showed similar dimerization pattern (Seo et 
al., 2009). 

 

FIGURE 7  Crystal structure of FLNc dimerization from PDB ID: 1VO5. One domain is 
cyan and the other is green. The left side shows one view of the interface with 

-strands D from each domain aligned in anti-parallel orientation. The right 
side shows the interface at 180° rotation with -strands C from each domain 
aligned in anti-parallel orientation. 

2.3 Structural basis of Filamin-ligand interactions 

Filamins are known to interact not only with actin filaments, but also with a 
range of binding partners including transmembrane proteins, signaling 
molecules and cytoskeletal proteins (Stossel et al., 2001). Most of these 
interactions seem to occur at the C terminal Rod 2 region. Because of its large 
size and flexibility, full-length structures of FLNs are not available. However, in 
the recent years, there has been a substantial increase in the number of 
structural and biochemical studies involving shorter fragments of FLN that 
have revealed the atomic details of how FLNs exhibit their interactions with 
some of the binding partners. In this section, only the FLN interactions where 
high-resolution structures are available are discussed. 
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2.3.1 Transmembrane adhesion proteins  

Filamins interact with the cytoplasmic tails of the transmembrane adhesion 
proteins, Integrin  subunits and platelet Glycoprotein Ib  (GPIb ) (Meyer et 
al., 1997; Pfaff et al., 1998; Xu et al., 1998).  Many of the cell functions like cell 
migration, spreading, cell-cell and cell-extracellular matrix (ECM) signaling are 
regulated by a complex interplay between the extracellular matrix, 
transmembrane proteins, cytoskeleton, and intracellular signaling molecules. 
Integrins are one such key integrators of signaling that allow bi-directional flow 
of biochemical and mechanical cues (Hynes, 2002). Similarly, GPIb  is one of 
the components of the platelet von Willebrand factor (vWF) receptor complex 
which is required for normal platelet activation and function (López, 1994). 
FLNs may be involved in stabilization of these receptors on the plasma 
membrane via multiple different mechanism (Meyer et al., 1998; Williamson  et 
al., 2002) . The main function of FLN-adhesion receptor interaction seems to be 
involvement in signaling. In the case of integrins, FLNs negatively regulate 
integrin activation by competing with another cytoskeletal protein talin, which 
is the main positive regulator of integrins (Kiema et al., 2006; Tadokoro et al., 
2003). Both, talin and filamins, compete for the same binding site on the 
cytoplasmic tail of  integrin (Kiema et al., 2006). Loss and gain of function 
mutations have suggested a FLN brake-like mechanism where FLN binding to 

 integrin cytoplasmic domain is required for efficient cell migration but a 
stronger interaction between the two reduces the cell motility (Calderwood et 
al., 2001). In the context of platelet function, FLNa association with GPIb  is the 
essential first link that connects the chain of signaling proteins required for 
efficient platelet adhesion to vWF under high shear (Feng et al., 2003).  

These studies are further buttressed by biochemical and structural data 
confirming the sites for these interactions in FLNs,  integrins and GPIb . Pull-
down assays showed that while both, FLNa19 and 21, can interact with 7 
integrins, domain 21 has a higher affinity (Kiema et al., 2006). The crystal 
structure of 7 and 2 integrin peptide bound to FLNa21 (Kiema et al., 2006; 
Takala et al., 2008) then revealed the atomic details of this interaction where the 
interacting residues of integrin form an anti-parallel -strand next to the strand 
C at the CD face of domain 21. Similarly, the binding site for GPIb  was 
mapped at FLNa17-19 (Meyer et al., 1997) and within this fragment, FLNa17 
was shown to have the highest affinity (Nakamura et al., 2006). The crystal 
structure of FLNa17 in complex with GPIb  peptide then showed that residues 
560-573 of the peptide bind at the CD face of FLNa17 in a similar manner as in 
case of FLN-integrin interaction (Nakamura et al., 2006). In addition, there is 
ample evidence suggesting that both integrins and GPIb  bind multiple sites in 
FLNs, like domains 4, 9, 12, 17, 19, 21 and 23 (Ithychanda et al., 2009). 

2.3.2 Ion channels  

Cystic fibrosis is a hereditary autoimmune disorder characterized by impaired 
chloride ion gating that leads to high chloride ion concentration in sweat, 
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accumulation of mucus in lungs, and respiratory infections (Gadsby et al., 2006). 
The disease is mainly caused by F508 mutation in the chloride ion channel 
protein called cystic fibrosis transmembrane conductance regulator (CFTR). The 
mutated protein is abnormally folded, which causes its retention in the 
endoplasmic reticulum and inefficient trafficking to the plasma membrane of 
epithelial cells (Sharma et al., 2004). FLNa binds to the N -terminus of CFTR 
(Thelin et al., 2007). The S13F mutation in CFTR protein is also one of the 
documented causes of cystic fibrosis and has been linked to its inability to bind 
FLNs and therefore its reduced expression at the membrane. Smith and 
coworkers (Smith et al., 2010) have explained the biochemical basis of the FLN-
CFTR interaction using structural techniques. They have determined the FLN 
binding site on CFTR to be residing between residues 10-19 and emphasized on 
the importance of S13 residue that makes several hydrogen bonds with the 
strand C at the CD face of FLN domain 21. Playford and colleagues (Playford et 
al., 2010) have then showed using pull-down assays that CFTR peptide can 
interact with multiple domains in FLNa, i.e domains 9, 12, 17, 19, 21 and 23. The 
interaction, once again resembles that of the previously discussed FLN-integrin 
and FLN-GPIb , although the affinities are lower, ostensibly expediting the 
dynamic clustering of CFTR at the membrane (Playford et al., 2010).  

2.3.3 Adhesion adaptor protein 

Migfilin is a LIM-domain containing adaptor protein that localizes near the 
actin cortex and links the actin cytoskeleton to the integrin-ECM contacts (Tu et 
al., 2003). As mentioned earlier, the simultaneous association of integrin 
receptors with the ECM ligands and with the cytoskeleton is an important step 
in regulation of cell migration and adhesion. Migfilin has been reported to 
promote the talin associated integrin activation by binding to filamin and in 
turn disrupting its interaction with integrin (Ithychanda, Das, et al., 2009). 
Functional studies have shown that residues 1-85 from the N-terminal region of 
migfilin bind to FLNa and FLNc between domains 19-24 (Tu et al., 2003). NMR 
studies with migfilin deletion mutants aided in demarcating the precise binding 
region to be located between the first 24 residues (Lad et al., 2008; Ithychanda et 
al., 2009). Pull-down assays with His-tagged migfilin and single FLN domains 
showed that migfilin binds to FLNa21with the highest affinity (Lad et al., 2008). 
In the same paper, the crystal structure of migfilin bound to domain FLNa21 
showed that the mode of interaction is similar to that of the previously 
characterized FLNa21-integrin 7 involving contacts between Pro5 - Pro19 of 
migfilin and CD face of FLNa21.   

2.3.4  Common mechanism of ligand binding 

The aforementioned complex structures have provided valuable data to 
understand the mechanism by which the FLN Ig domains bind multitude of 
ligands. Strikingly, there seems to be a common mode of interaction where 
individual domains act as interaction modules. They interact with other 
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proteins using a  sheet augmentation mechanism. Here, the interaction partner 
forms an additional -strand in anti-parallel orientation next to the strand C of 
the FLN domain and simultaneously interacts with the hydrophobic alcove 
between the strands C and D, referred to as the CD face. Up to nine amino acids 
from the ligand corresponding to a typical -strand forming motif and 
containing alternating hydrophobic residues, form main chain hydrogen bonds 
with the -strand C of the FLN Ig domain. Hence, the driving mechanism of the 
interactions is primarily attributed to the main chain hydrogen bonding but the 
specificity is provided by the side chain interactions of five residues of the 
binding peptide with the cavity between the strands C and D (Razinia et al., 
2012). The pattern (shown in Figure 8 and Table I) is such that the first of these 
residues is either aliphatic or aromatic and the side chain points towards the CD 
loop.  The second residue is a serine that seems to be conserved in all the 
mentioned binding partners and is hydrogen bonded to the -strand D of the Ig 
domain. The following two residues are either aliphatic or aromatic and are 
buried in the hydrophobic groove. The fifth amino acid is usually aliphatic and 
points towards the BC loop of the Ig domain.  
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FIGURE 8 FLNa21 (green) with the superimposed ligand peptides of GPIb  (yellow), 
Migfilin (pink), Integrin 7 (cyan), Integrin 2 (red) and CFTR (blue). Top 
panel shows how peptides form an anti-parallel -strand next to the strand C 
of domain 21 at the CD face. Lower panel shows the orientation of the side 
chains of the five residues of the binding peptides that interact with the cavity 
between the strands C and D of FLNa21. 
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TABLE 1: Alignment of the ligand residues that interact with the CD face of FLN Ig 

domains$ 

 1#  2#  3#  4#  5# 

Integrin 
7 

Y K S A I T T T I 

Integrin 
2 

F K S A T T T V M 

GPIb  F R S S L F L W V 

CFTR V V S K L F F S W 

Migfilin V A S S V F I T L 

$Adapted from Razinia et al., 2012 (Razinia et al., 2012) 
# Numbers 1-5 in the first row refer to the peptide residues pointing towards the CD face 
 
Similar mechanism of interaction for FLN binding GTPase-activating protein 
(FILGAP) and FLN domain 23 was confirmed by pull-down and chemical shift 
assays (Nakamura et al., 2009).  

In addition to the above mentioned interaction partners, there are many 
FLN ligands (Nakamura et al., 2011), some of which do not correspond to an 
obvious -strand forming motif (Li et al., 2000) and for some, the interacting 
sequences are not known yet. Hence, it is likely that there are other mechanisms 
by which FLNs interact with ligands.   

2.4 Mechanosensing function of Filamins 

Mechanosensing has emerged as a universal mechanism to regulate 
multicellular development (Ricca et al., 2013). Cells grow in a highly dynamic 
environment where they are constantly subjected to mechanical forces or 
constraints. Cells are capable of sensing these mechanical inputs and respond 
by shape changes, adhesion, migration, protein expression, proliferation and 
differentiation. There are two aspects of mechanosensing, i.e rigidity sensing 
(Moore et al., 2010) (as in cells generate forces to pull on the ECM for stiffness 
probing) and force sensing (Glogauer et al., 1997) (cells perceive the externally 
applied force). These two aspects are difficult to distinguish as they may occur 
simultaneously and use similar cellular machinery (Puklin-Faucher and Sheetz, 
2009).  

Actin cytoskeleton is a key shared component of force and rigidity 
sensing. Studies have shown that force causes a) formation of focal adhesions at 
the cell-ECM junction; b) crosslinking of actin filaments along the stress fibers 
and near cytoskeleton-membrane edge; and c) actin filament assembly and 
treadmilling at the leading edge of the cell (Rossier et al., 2010).  In other words, 
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force modifies the interactions of actin-associated proteins that provide 
feedback signals to strengthen the cytoskeleton architecture. Five non-covalent 
interactions can be identified in this feedback cascade, ie. actin-myosin binding, 
formation of actin filaments from actin monomers, binding of actin filaments to 
linker proteins, binding of linker proteins to integrin and finally the binding of 
integrin to ECM ligands (Moore et al., 2010). In addition to these, protein 
kinases and small GTP binding proteins are also involved in signaling (Gardel 
et al., 2010) and the signals are also transmitted to the nucleus, thereby affecting 
gene expression (Wang et al., 2009). In the context of the cytoskeletal linker 
proteins, there are many potential force-sensitive proteins. The best 
characterized candidates are talin, vinculin,  actinin, titin and filamin (Moore 
et al., 2010).  In this section, I will focus on the evidence and the potential 
mechanism of filamin mechanosensing.  

Because filamins are one of the most potent F-actin cross linkers (Brotschi 
et al., 1978) and known to localize near the membrane and at the focal 
adhesions, it is possible that they are heavily involved in the mechanical 
signaling cascade (Glogauer et al., 1998; Nikki et al., 2002; Stossel et al., 2001). 
Experiments based on fluorophore labeling of force exposed cysteines in 
cytoskeletal proteins revealed that FLNs undergo conformational change upon 
force application (Johnson et al., 2007). In vivo experiments have indicated 
increased expression levels of FLNa in cells where force is applied via 1 
integrins (D’Addario et al., 2001) and also increased recruitment of FLNs to the 
site of force application (Glogauer et al., 1998). Glogauer et al (Glogauer et al., 
1998) have showed that FLN is required for reinforcement of adhesion sites 
when force is applied via integrin receptors, thereby suggesting its role in 
mechanoprotection.  There are also data supporting the role of FLN in rigidity 
sensing. The FLNa- 1 integrin complex formation is a prerequisite for the 
endothelial cells to detect the matrix stiffness and tune the cell contractility in 
order to differentiate (Gehler et al., 2009).  

As discussed in section 2.1, FLN mutations cause defects in tissue 
morphogenesis. These defects can be attributed to the role of FLN in mechanical 
sensing.  Similarly, in Drosophila FLN, Cheerio, that has been identified as a 
component of the ring canals in nurse cells, the mutations have been shown to 
disrupt the ring canal assembly and expansion (M. G. Li et al., 1999; Sokol and 
Cooley, 2003). 

Although the full picture of the FLN mechanical signaling is not known 
yet, some models have been proposed. As discussed in sections 2.2 and 2.3, it is 
now clear that FLN16-17, 18-19 and 20-21 form three closely interacting tandem 
domain pairs. In case of FLN18-19 and 20-21, the first -strand of the even 
numbered domain is masking the ligand binding site on the CD face of the 
subsequent odd numbered domain and this forms the basis of the auto-
inhibition of ligand binding in FLNs (Lad et al., 2007). Based on the previous 
steered molecular dynamics (SMD) simulations on titin Ig domains (Gräter, et 
al., 2005), it was predicted that FLNa18-19 and FLNa20-21 are arranged in a 
similar topological manner such that under force, the CD face masking 
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interactions would be disrupted first, thereby exposing the cryptic ligand 
binding sites, before any unfolding events would occur. In accordance with this, 
SMD simulations (Pentikäinen and Ylänne, 2009) using the crystal structure of 
FLNa19-21 and NMR structure of FLNa18-19 showed a sequential unmasking 
of the integrin binding sites on FLNs where the inter-domain interaction 
between domains 18 and 19 was disrupted first, followed by the disruption of 
domains 20-21. Next, Ehrlicher and colleagues (Ehrlicher et al., 2011) showed 
that there is a difference in the FLN-ligand binding kinetics upon force 
application. On one hand they observed a clear increase in the  integrin 
binding to FLNa under stress and on the other, they saw a marked decline in 
the FLNa-FILGAP binding. Furthermore, single molecule mechanical 
measurements using optical tweezers (Rognoni et al., 2012) showed that under a 
force range of 2-5 pN, FLNa20-21 undergoes a change in conformational 
equilibrium leading to a higher affinity binding of ligands. This force range is 
similar to that generated by single myosin II motor (Koenderink et al., 2009) and 
considerably lower than that required for unfolding of single FLN Ig domains 
(15 pN for FLNa20 and 30 pN for FLNa21) (Rognoni et al., 2012, Chen et al., 
2013). It is interesting to note that in Drosophila, Cher mutants lacking the C-
terminal domains corresponding to FLN domains 18-21, exhibit defective 
oogenesis phenotype in flies (Sokol and Cooley, 2003). 

All of these experiments conform to the role of filamins as transducers of 
mechanical and biochemical cues. It is clear that the non-contiguous 
arrangement of domains in FLNs plays a role in regulating ligand binding 
under physiological force. However, in order to fully understand how filamins 
exert their function as mechanically sensitive springs, further investigation into 
the structure of the entire Rod region is required.  



 

3  AIMS OF THE STUDY 

In order to test the hypothesis that there are mechanically regulated interaction 
sites in the N-terminal Rod 1 region of FLNs and that the arrangement of the 
Rod 2 domains in a Drosophila model is similar to that of the mechanosensor 
Rod 2 region in humans, this thesis has three main aims:  

 
1. To understand the inter-domain organization of the N-terminal Rod 1 

region of Filamins 

2.  To investigate the structure and possible functions of the newly 
found three domain module of domains 3-5 

3.  To investigate if the inter-domain organization of Drosophila 
melanogaster Filamin, Cher, is identical to human Filamins in the C-
terminal Rod 2 region 



 

4  SUMMARY OF THE METHODS 

TABLE 2 Summary of the techniques used in this thesis. Details of the methods are 
described in the original publications and manuscripts attached at the end of 
this summary.  

Method Article 
Ligation independent cloning I, II, III 
Site directed mutagenesis I, III 
Bacterial protein expression I, II, III 
Protein purification I, II, III 
Small angle x-ray scattering (SAXS) 
data collection 

I, II, III 

SAXS data processing I, II, III 
SAXS modeling - Ab initio and rigid 
body  

I, II, III 

Ensemble optimization method 
(EOM) 

I, II 

Crystallization I 
Crystal data collection I 
Crystal structure determination and 
refinement 

I 

NMR measurements * I 
ThermoFluor assays I 
Molecular dynamics* I 
Pull-down assays I 

 

*These techniques were performed by Dr Helena Tossavainen, Dr Perttu Permi 
(NMR) and Dr Ulla Pentikäinen (MD) 

 



 

5  RESULTS AND DISCUSSION 

5.1 SAXS studies revealed four compact domain-domain 
interactions in the Rod 1 region of Filamin 

At the beginning of this study, there was no direct evidence of any 
mechanically regulated interactions in the Rod 1 region. Previous investigations 
had always emphasized on the importance of Rod 2 domains in the 
mechanosensor role of filamins. On the other hand, there are several interaction 
partners (Zhou et al., 2010) and human point mutations in Rod 1 as well 
(Bicknell et al., 2007; Krakow et al., 2004; Kyndt et al., 2007; Robertson et al., 2003; 
Shatunov et al., 2009). Mutations in the Rod 1 causing OPD (Robertson et al., 
2003) and Myofibrillar myopathies (MFM) (Shatunov et al., 2009) show clinical 
symptoms of short stature, bowed bones and abnormal digits, and muscle 
weakness that could be attributed to loss of mechanosensing function of FLNs. 

In addition to the human patient mutations, there are other interesting 
features of the FLN Rod 1 region as well. For example, the first indications of a 
second actin binding site in the domains 9-15 came from the structural studies 
conducted by Nakamura et al. (Nakamura et al., 2007). Ithychanda and 
colleagues (Ithychanda et al., 2009) then characterized domains 4, 9 and 12 to be 
highly similar to the other ligand-binding domains of FLN and showed binding 
of GPIb  peptide to these domains. On the same lines, Djinovic-Carugo and 
colleagues (Djinovic-Carugo and Carugo, 2010) computed the isoelectric 
potentials (pI) of the Rod domains and showed a regular pattern of alternating 
pIs of neighboring domains in FLNa, b and c. This correlates with the existence 
of three domain pairs in the Rod 2 region of FLNa: domains 16-17, 18-19 and 20-
21. Furthermore, sequence comparisons of different FLNs showed a repeating 
pattern of tandem two domain duplications (Light et al., 2012). In this study, 
domains 4, 9 and 12 were highlighted as being highly identical to the pair 
forming domains 19 and 21.  

In order to obtain direct structural evidence of whether there are any 
domain-domain interactions in the Rod 1 region of FLNs, we studied all 
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possible two-domain fragments from this region of FLNc using SAXS. 
Altogether, 14 two-domain constructs were cloned, expressed and purified. 
First, the experimental scattering curves of three constructs, FLNc domains 3-4, 
4-5 and 14-15, showed globular features in the low angle range (I, Figure 1) 
suggesting that they exhibit different solution behavior as compared to the rest 
of the constructs (I, Figure 1). Next, the SAXS derived size related parameters 
were calculated for all constructs (I, Table I) and the average Rg (mean square 
distances from the centre of mass weighted by electron densities) and Dmax 
(maximum dimension of the particle) turned out to be 2.29 nm and 7.65 nm, 
respectively. Interestingly, here four constructs were designated as being 
compact, domains 3-4, 4-5, 11-12 and 14-15, on the basis of them having smaller 
than the average Rg and Dmax.  

 

FIGURE 9 Distance distribution profile of the four compact fragments vs. Domains 8-9 
(most extended) and domains 10-11 (with average Dmax).  

In addition, their values were in the same range as for the domain pairs in the 
Rod 2 region (Heikkinen et al., 2009). In the distance distribution plot, domains 
3-4 and 4-5 displayed a compact gaussian profile and although domains 11-12 
and 14-15 have a smaller than average Dmax, they showed bimodal peaks. These 
observations suggest that domains 3-4 and 4-5 are globular while 11-12 and 14-
15 exhibit some degree of flexibility (Figure 9). This is in accordance with the 
dimensionless Kratky plot analysis that showed domains 4-5 to be least and 
domains 11-12 to be most flexible (I, Figure 2 B) among the four compact 
domain pairs. 

Furthermore, we generated two types of models for each construct, ab-
initio (envelopes) and rigid body, based on the Dmax and hydrated particle 
volume, and experimental scattering data, respectively, to visualize the shape of 
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the domains in solution. The two models superimposed on each other with 
good quality indicators. The compactness and globularity (Figure 10) of the 
models of the putative domain pairs was in the order of, domains 4-5 being the 
most compact, followed by 14-15 and 3-4. The shape profile for the models of 
domains 11-12 was similar to that of the extended two-domain constructs with 
average Dmax (domains 10-11). The rigid body models in particular suggested 
that domains 4-5 interact with each other side-by-side as opposed to domains 3-
4, 11-12, and 14-15, where one domain seems to be tilted with respect to the 
other. The models for the rest of the two domain (I, Supporting information S5) 
constructs suggested them being elongated where two domains interact only at 
their ends.  

To summarize, in our SAXS screening, we have obtained structural 
evidence that shows existence of four inter-domain interactions in the Rod 1 
region of FLNc. Earlier studies (Ithychanda at al., 2009; Light et al., 2012) had 
predicted that domains 4, 9 and 12 might be involved in inter-domain 
interactions, however, in our experiments, we only noticed interactions 
involving domains 4 and maybe 12 but not domain 9. And even though the 
hydrodynamic parameters obtained from SAXS (Dmax and Rg) suggest domains 
11-12 to be compact, further data analysis and modeling shows these domains 
to be at the borderline between being compact and fully extended. Domains 3-4, 
4-5 and 14-15 are therefore clearly the new candidates with potential domain-
domain interactions brought forward as a result of this study.  

Interestingly, these interactions were not observed in the electron 
microscopic (EM) studies (Nakamura et al., 2007). A possible explanation for 
that may be that whilst the domain pairs in the Rod 2 region are consecutive 
and form a six-domain compact arrangement, the inter-domain interactions in 
the Rod 1 are interspersed with extended regions. In that case, the resolution of 
EM may be a limiting factor for detecting these regions in Rod 1.  
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FIGURE 10   Ab-initio envelopes (gray) and rigid body models (red cartoons) of selected 
two-domain constructs are superimposed. The order of most compact to least 
compact fragments is: domains 4-5 (B), 14-15 (D), and 3-4 (A); domains 11-12 
are intermediate (C). Domains 8-9 are the most extended two-domain 
fragment (E) and domains 10-11 are the average two-domain fragment (F).  
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5.2 First report of the crystal structures of FLNa domain 3, FLNa 

and    FLNc domain 4 and 5 

Before these studies, there were 8 NMR and 2 crystal structures available in the 
PDB for the individual domains from the Rod 1 region of FLNs. Amongst them, 
majority of the NMR structures were for FLNb (domains 9 (PDB ID: 2DI9), 10 
(PDB ID: 2DIA), 11 (PDB ID: 2DIB), 12 (PDB ID: 2DIC), 13 (PDB ID: 2DJ4), 14 
(PDB ID: 2E9J), 15 (PDB ID: 2DMB)) and for FLNc14 (PDB ID: 2D7M). The two 
crystal structures were that of FLNa10 (PDB ID: 3RGH) (Page et al., 2011) and 
FLNb1 (PDB ID: 4B7L) (Sawyer et al., 2012).  

In our attempt to achieve high-resolution structures of the four compact 
regions that we discovered in the SAXS screening, I was able to obtain crystal 
structure of FLNc4-5 and subsequently, Jonne Seppälä solved the structure of 
FLNa3-5. In this section, I analyze the structures of all these individual 
domains, i.e. FLNa3, FLNa4, FLNc4, FLNa5 and FLNc5.  

All the domains have a typical Ig domain fold with seven -strands and 
the GPG motif in the A strand preceding the 310 helix, except FLNa3 which has 
GRG in the same position. However, there are subtle differences in the 
conformations of the -strands C and D.  

In FLNa3, FLNa5 and FLNc5, the loop between the strands C and D is in 
an outward extended closed conformation (Figure 11, A, D, E, highlighted with 
an arrow). In FLNa3, the bend in the CD loop is introduced due to the Gly 521 
and Pro 522. In case of FLNa5 and FLNc5, the positioning of Pro 718 and Pro 
713, respectively, at the beginning of the D strand, contributes to this 
conformation. This extension may have been further stabilized by a salt bridge 
between a conserved Asp (713 in FLNa5 and 708 in FLNc5) and Lys (739 in 
FLNa5 and 734 in FLNc5).  

FLNa4 and FLNc4 (Figure 11 B, C), however, do not have this closed 
conformation of the CD loop. FLNc4, but not FLNa4, has a 310 helix (Figure 11 
C, highlighted with an arrow) in the beginning of strand C, formed by three 
residues 601-603. It is interesting to note that although FLNa4 also has the same 
amino acid sequence at the corresponding position (606-608), this 310 helix is not 
seen. One reason for this conformation may be a possible hydrogen bond 
between Thr 599 and Thr 603 in FLNc4. 

When superimposed with the available single domain structures of 
predicted ligand binding domains (FLNb9, FLNb12, FLNb17, FLNb19, 
FLNb21), FLNa4 and FLNc4 show a similar conformation at the CD face, except 
the 310 helix of FLNc4 (Figure 11 F).  
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FIGURE 11 Structures of individual FLN domains. (A) FLNa3, (B) FLNa4, (C) FLNc4, (D) 
FLNa5, and (E) FLNc5. The residues that are responsible for the special 
features at the CD face of these domains are labeled. In panels A, D and E, 
arrows indicate the extension in the CD loop. In panel C, the arrow indicates 
the 310 helix in the beginning of strand C. (F) Superposition of the known 
available single domain structures of predicted ligand binding domains 
(FLNb9- pink, FLNb12- yellow, FLNb17- cyan, FLNb19- blue, and FLNb21- 
gray) with FLNa4- green and FLNc4- red. 

5.3 Crystal structures of FLN domains 3-5 show a new type of 
interactions between Immunoglobulin-like domains 

The crystal structure determination of FLNc4-5 and FLNa3-5 was performed to 
find out details of the interactions between the domains. These structures 
revealed new type of interfaces between FLN domains. Instead of interacting 
along the edges of the  sheets (as seen in FLNa16-17, 18-19, 20-21 and FLN 
domain 24 dimer, see section 2.3 above), domains stack side-by-side along their 

 sheets forming a sandwich (Figure 12 A). In this sandwich, the  sheets of the 
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domains are roughly stacked on top of each other in parallel, except domain 3, 
which is slightly shifted. Here, the interaction between domains 3 and 4 is 
mostly mediated by polar residues at the edges of the  sheets, i.e involving 
residues at the A strand of domain 3 and at the F and G strands of domain 4. On 
the other hand, the interaction between domains 4 and 5 is mediated by three -
strands from each domain, where the highest contribution is of the large 
hydrophobic surface around a Trp residue in the A strand of domain 4 (Trp 582 
in FLNa and Trp 577 in FLNc) (II, Figure 2 B, C). The overall arrangement of 
domains 4 and 5 in FLNa is almost identical to FLNc4-5 with a root mean 
square standard deviation (rmsd) of 0.66 Å between 165 C-  atoms. The buried 
interface area between domains 4-5 is larger (830 Å2) than between domains 3-4 
(500 Å2) suggesting that the interaction between domains 4-5 is tighter than 
domains 3-4.   

The kind of domain-domain interface that is seen in FLN 4-5 is also novel 
with respect to the Immunoglobulin domain superfamily itself. In antibodies, 
for instance, typical immunoglobulin-immunoglobulin domain interactions are 
mediated either along the face of the  sheets from two domains or along the 
edges of the  sheets from the two domains, but always in perpendicular 
orientation (Biersmith et al., 2011; Müller et al., 2013; Wurzburg and Jardetzky, 
2009) (Figure 12 B).  

As these structures are unique, we used several complementary 
techniques to validate the existence of the domain-domain interactions in 
solution. The first check we conducted was to back calculate the scattering from 
the crystal structures of FLNa3-5 and FLNc4-5 and fit it with the experimental 
SAXS scattering of these constructs. The goodness of the fits, which is 
determined by the chi values (the lower the value, the better the fit), was 1.13 
and 1.80 for FLNa3-5 and FLNc4-5, respectively. Next, we superimposed the 
crystal structures in the SAXS-generated ab-initio envelopes and obtained good 
fits (Normalized Spatial Discrepancy (NSD) for FLNc4-5 was 2.41 and for 
FLNa3-5 was 1.63) (II, Figure 2 D, E). To check for conformational changes upon 
mutations of the interacting residues at the interface of domains 4 and 5, we 
made a combination of single and double mutations on the two-domain 
fragment of FLNc4-5 and screened them with SAXS. All the mutants showed a 
noticeable change in the Dmax and Rg parameters (II, Table 2), suggesting that 
the mutations loosened the tight packing between the two domains. The same 
mutations also abolished the interaction between single domains of FLNc4 and 
FLNc5 in pull down assays (II, Figure 4A and B). Finally, Drs Helena 
Tossavainen and Perttu Permi conducted NMR measurements to compare the 
1H- 15N HSQC spectra of FLNc5 against FLNc4-5 (II, Figure 4 C, D and Figure 
S2) and observed chemical shifts of more than 0.25 ppm for the residues at the 

-strands CFG of domain 5, which are the interacting with domain 4 in the 
crystal structure. All these experiments coherently confirm that the interface 
between FLN domains 4-5 in the crystal structure is the same as in solution. 

To gain some insight into the flexibility of domain 3, on the account of it 
occupying a comparatively small interaction area with domain 4, we performed 
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ensemble optimization method (EOM) analysis on the SAXS data of FLNa3-5, 
FLNc3-5 and FLNc4-5 (II, Figure 5 A, B). The Rg and the Dmax range obtained for 
the selected models of FLNc4-5 showed a narrow distribution suggesting that it 
is mostly compact. On the contrary, we noticed a bimodular peak distribution 
of Rg and the Dmax for the selected models of   FLNa and FLNc3-5 suggesting 
them to be flexible, i.e domain 3 being the flexible component. This conclusion 
was buttressed by molecular dynamics (MD) simulations with FLNa3-5 crystal 
structure performed by Dr Ulla Pentikäinen. Over a duration of 50 
nanoseconds, domain 3 oscillated between two extreme orientations with 
respect to intact domains 4- 5 (II, Figure 5 C).  

To summarize, the crystal structures solved in this study have disclosed a 
new type of Ig-domain packing where the interacting residues are conserved 
throughout the animal kingdom (II, Figure 3) suggesting that this arrangement 
of domains 3-5 may be a common feature in FLNs.  

FIGURE 12 Immunoglobulin domains interactions. (A) Crystal structure of FLNa3-5 
showing the stacking arrangement of the three domains. The CD faces of each 
domain are shown in red. (Reproduced with permission from © the American 
Society for Biochemistry and Molecular Biology) (B) Crystal structure (PDB 
ID: 4JVU) of Immunoglobulin M Fc domains. Each domain of the dimer is 
shown in a different color. Note the perpendicular arrangement of the 
domains. 
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5.4 Domain 4 is able to bind a typical -strand containing ligand 

peptide 

To gain insight into the function of the novel three-domain module, we next 
focused our attention on the interaction of this fragment with the -strand 
forming peptides. As discussed above, these peptides typically bind the CD face 
of FLN domains by forming a new strand next to the strand C. In our 
structures, the CD faces of all the three domains were exposed to the solvent 
(Figure 12 A). However, the CD faces of all the domains under investigation, 
except FLNa4, were in a conformation that seemed unlikely for a ligand to bind 
to (Figure 11).  

In order to test if FLNc domain 4 would still bind a ligand, in spite of the 
310 helix at the beginning of the strand C at the putative ligand binding site, I 
co-crystallized FLNc4-5 with a peptide derived from the GPIb  cytoplasmic tail 
(residues 573-596, RGSLPTFRSSLFLWVRPNGRVGPL), that is known to have 
the highest affinity amongst the known FLN binding ligands (Ithychanda et 
al.,2009a). The structure (Figure 13) showed that the peptide does interact with 
FLNc4 by forming an anti-parallel -strand next to the strand C at the CD face 
by using the previously characterized -sheet augmentation mechanism. The 
nine residues of the peptide (PTFRSSLFL) form main chain hydrogen bonds 
with the strand C of domain 4 and interact with the hydrophobic side chains of 
strand D in a similar way as seen with the same peptide and FLNa17 earlier 
(Nakamura et al., 2006) (Table I , and II, Figure 6F). Interestingly, in the ligated 
structure, the electron density was not seen for the residues forming the 310 
helix in the unligated structure. This suggests that this part is flexible and has 
been accommodated upon peptide binding. Likewise, the BC loop of FLNc4 
was not visible here, suggesting local flexibility in the ligated structure. 

The peptide interaction studies were validated and extended for FLNa by 
NMR. 15N- and 13C-HSQC spectra of FLNa3-5 and 15N-HSQC spectra of FLNc4-
5 were collected in the presence and absence of the GPIb peptide. In both 
isoforms, the chemical shift changes were observed at or close to the CD face of 
domain 4 (II, Figure 6G, H and Figure S3). Interestingly, two sets of cross peaks 
were observed in the spectra for the residues of the 310 helix in domain 4 of 
FLNc4-5 fragment in the absence of the peptide (Tossavainen et al., 2014). On 
the other hand, only a single set of peaks is observed for the same residues in 
the spectra of FLNa3-5 which doesn’t have the 310 helix. This suggests that helix 
is flexible in FLNc4 in the absence of the peptide. 

To summarize, our results have confirmed that the novel domain -domain 
interactions in FLNa3-5 and FLNc4-5 do not interfere with the binding of a 
small -strand forming peptide to domain 4 and also that the CD face of FLNc4 
is available for binding to the peptide and the 310 helix at the beginning of 
strand C does not interfere with this interaction.   

Although Ithychanda and colleagues (Ithychanda, Hsu, et al., 2009) had 
shown previously using NMR and ITC that FLNa4 binds to GPIb  peptide, this 
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is the first time that a high resolution structure has been solved showing the 
structural details of the interaction.  

 

 

FIGURE 13 Crystal structure of FLNc4-5 with GPIb  peptide. FLNc4 is shown in green 
and FLNc5 in cyan. The peptide is shown in blue. The CD face of domain 4 is 
shown in red. (A) The anti-parallel orientation of the peptide with the strand 
C of domain 4 is shown. (B) This panel shows the location of the interacting 
residues of the peptide and the orientations of their side chains. 

5.5 Domain 5 stabilizes the structure of domain 4 and positively 
regulates the ligand interaction with domain 4 

Previous peptide binding studies using NMR and ITC measurements had 
shown FLNa4 to be partially unstable (Ithychanda, Hsu, et al., 2009). In our 
hands, FLNa3-5 and FLNc4-5 behaved well for the GPIb  peptide binding 
experiments using NMR.  

In order to test if the neighboring domains have an effect on the stability 
of domain 4, we performed thermal melting assays (Thermofluor) using a 
hydrophobic fluorescent dye (Figure 14). Temperature dependent dye binding 
curve of single domain FLNc4 showed that the dye starts binding around 35-45 
°C. On the other hand, the curve of FLNc5 showed the dye to bind in the range 
of 70-80 °C. This suggests that FLNc4 is less stable than FLNc5. Next, the same 
experiment using FLNc4-5 showed two peaks where the first peak starts 
appearing around 55 °C and the second one around 70 °C. This indicates that 
domain 5 stabilizes the structure of domain 4. This can be explained by the 
large hydrophobic surface that is exposed to the solvent in domain 4 but is 
buried in the presence of domain 5. On the other hand, the thermal melting 
curve of the three-domain fragment of FLNc3-5 looked similar to that of FLNc4-
5, suggesting that domain 3 does not have any additional effect on the stability 
of domain 4.  
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FIGURE 14 Thermal stability of FLNc4, 5, 4-5 and 3-5. Thermal melting curves of FLNc4 
(red), FLNc5 (green), FLNc4-5 (cyan) and FLNc3-5 (blue) are shown. 
(Reproduced with permission from © the American Society for Biochemistry 
and Molecular Biology) 

5.6 Rod 2 domains in Cher have similar inter-domain interactions 
as in Filamins 

Filamins have been shown to play a role in cell differentiation and tissue 
morphogenesis (Zhou et al., 2010). As discussed in section 2.4, the three tandem 
domain pairs in the Rod 2 region of FLNs have been implicated to act as 
mechanosensor modules that tune the cell morphology.  

In order to gain a direct evidence of the mechanosensor role of FLNs in 
cell differentiation, Drosophila melanogaster isoform of FLN protein, Cher, serves 
as a good model for the following reasons: a) Even though Cher has 20 Ig 
domains as compared to 24 in vertebrates, sequence alignments have shown 
that the Rod 2 region of Cher has a domain arrangement similar to that of 
vertebrate FLNs (Heikkinen et al., 2009), b) Cher Ig domains share 34-52% 
sequence similarity with human FLNs (Van der Flier and Sonnenberg, 2001) 
where the A strands of Cher domains 14 and 16 look similar to FLN domains 18 
and 20 (III, Figure 1), and c) Rod 2 truncated mutants of Cher show inability to 
recruit actin filaments which causes ring canal defects leading to impaired 
oogenesis (Sokol and Cooley, 2003).  

However, prior to conducting any experiments in-vivo, we tested 
behavior of the Cher constructs in solution to gain information on the stability 
and hydrodynamic parameters of the five-domain fragment of Cher consisting 
of domains 13-17 that are orthologous to FLN domains 17-21. To this end, we 
have targeted mutations to the first -strand of domains 14 and 16. One mutant 
was made such that it would form an open mechanosensor, by substituting Ile 
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with Glu in the A strand of domains 14 and 16 to disrupt their interaction with 
domains 15 and 17, respectively. We refer to this mutant as Cher-Astr. The 
second mutation was made such that it would form a closed mechanosensor, by 
substituting some of the key interacting residues at the A strand of domains 14 
and 16 with the FLN domain binding motif of GPIb  peptide. We refer to this 
mutant as Cher-GP. The mutated residues are highlighted in article III, Figure 1.     

The wild type construct and the two mutants were successfully expressed 
and purified. Small differences in the elution volumes were already observed 
during purification using size exclusion chromatography (SEC) (III, Figure 2) 
indicating that Cher-Astr construct had a higher hydrodynamic volume as 
compared to the wild type Cher (Cher-WT) and Cher-GP. 

We further screened these three constructs using SAXS. The experimental 
scattering profile of Cher-Astr (III, Figure 3 B and C, marked with arrow) 
looked different in the small angle range, indicating it had a different 
conformation as compared to the other two constructs. Next, we calculated Rg, 
hydrated particle volume (Porod’s volume) and Dmax for these constructs (III, 
Table I). The Rg and Porod’s volume for Cher-WT and Cher-GP were in the 
range of a 4-6 domain fragment (Pentikäinen et al., 2011; Ruskamo et al., 2012), 
in contrast to Cher-Astr which has a higher Rg and Porod’s volume suggesting 
that it is extended or even a dimer. The distance distribution probability curve 
(Figure 15) also showed that Cher-WT and Cher-GP were more compact with 
maximum dimensions of 13 nm and 12 nm, respectively as compared to Cher-
Astr that showed an extended curve with Dmax around 15 nm.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 15  Distance distribution probability function plot of Cher-WT, Cher-Astr and 
Cher-GP constructs 

Next, we generated ab-initio (III, Figure 5 A, B, D, E, G and H, gray mesh) and 
rigid body models (III, Figure 5 A, B, D, E, G and H, cartoons) of these 
constructs to visualize the arrangement of the domains. We applied two 
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different approaches to generate the rigid body models in order to confirm the 
existence of the domain pairs. First, we generated models using single domain 
23 from FLNc (PDB ID: 2NQC) as a template (III, Figure 5 A, D, G) and checked 
the fit of these models to the ab-initio envelope (NSD) and to the experimental 
scattering (Chi values shown in III, Figure 5 C, F, I).  Then we generated models 
using FLNa domain pairs 18-19 (PDB ID: 2K7Q) and 20-21 (PDB ID: 2J3S) as 
templates (III, Figure 5 B, E, H) for Cher domains 14-15 and 16-17, respectively 
and calculated the fits. Comparison of NSD and Chi values between two types 
of rigid body models clearly showed that in Cher-Astr construct, the mutations 
in the A strands of domains 14 and 16 have disrupted their interactions with 
domains 15 and 17, respectively.    

In order to investigate if Cher-Astr construct exists as a dimer in solution, 
as was indicated by the Porod’s volume, we generated another set of rigid body 
models, but this time, with 10 domains and compared the fit of these models 
with the model containing 5 domains (III, Figure 6). Interestingly, the fits 
support the notion of Cher-Astr existing as a dimer in solution.  

To summarize, this is the first study investigating the hydrodynamic 
behavior and structure of the mechanosensor region in Cher. Our results show 
that Cher wild type fragment of domains 13-17 and the two mutants are stable 
in solution. We do not observe a big difference in the SAXS behavior of Cher-
WT and Cher-GP, which is in line with the assumption that Cher-GP construct 
is a tight mechanosensor. On the other hand, we clearly see that Cher-Astr 
construct is extended and the inter-domain interactions are disrupted. 
However, it is not clear whether it is a dimer or not as on one hand, the SEC 
elution volumes support the notion of a monomer, but on the other hand, the 
Porod’s volume and the rigid body models support the existence of a dimer.  

However, these results, altogether, form a good basis for testing the effect 
of an open or closed mechanosensor region on the ring canal development 
during oogenesis in Drosophila.  



 
 

6  CONCLUSIONS 

The main conclusions of this thesis are: 
 
1. There are 4 compact regions in the Rod 1 region of filamins. The evidence is 
stronger for the existence of inter-domain interactions between domains 3-4, 4-5 
and 14-15. However, domains 11-12 were on the borderline between interacting 
and extended domains.  

 
2. FLN domains 3-5 form a compact three-domain module. The inter-domain 
interactions between these domains revealed a new type of domain -domain 
packing for the Ig-domain family. The interactions between domains 4 and 5 are 
tighter than between domains 3 and 4. Domain 4 is able to bind a typical -
strand forming ligand peptide at the CD face using the previously known  
sheet augmentation mechanism. Interaction of Domain 5 with domain 4 
stabilizes the structure of domain 4, which most likely is a pre-requisite for 
ligand binding. Taken together, our results and previous studies suggest that in 
the Rod 1 region, inter-domain interactions, at least in context of domains 3-5, 
positively regulate ligand binding in contrast to the Rod 2 region, where the 
domain-domain interactions inhibit binding of the ligand. The finding that 
GPIb  binds to domain 4 supports the hypothesis of multiple similar ligand 
binding domains in filamins. It is also interesting to note that despite the fact 
that platelet tyrosine kinase Syk has been shown to bind to FLNa domain 5 
(Falet et al., 2010), in our crystal structures, the CD face of domain 5 is in a 
conformation that is unfavorable for ligand binding. This suggests that there 
may be a completely different mechanism by which Syk kinase binds to FLN 
domain 5.  

 
3. The organization of the mechanosensor region in Rod 2 of Cher is similar to 
that of human FLNa. The five-domain protein fragment of domains 13-17 along 
with the two mutants is stable in solution. The mutations designed to open the 
putative mechanosensitive sites (Cher-Astr) in Cher Rod 2, clearly caused a 
change in hydrodynamic parameters of the fragment. The mutation designed to 
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keep the mechanosensor closed (Cher-GP), did not change the hydrodynamic 
parameters of the fragment. 
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YHTEENVETO (RÉSUMÉ IN FINNISH) 

Filamiini-proteiinien domeenien väliset vuorovaikutukset 

 
Väitöskirjatyöni käsittelee ensisijaisesti proteiinirakenteita. Tutkimukseni koh-
teena on proteiiniperhe nimeltään filamiinit. Filamiinien tehtävänä solussa on 
liittää solunsisäisiä aktiinisäikeitä yhteen ja toimia sitoutumispaikkana näihin 
säikeisiin liittyville solukalvon proteiineille sekä erilaisille solunsisäisille vies-
tinvälittäjäproteiineille. Mielenkiintoiseksi filamiinien rakenteiden tutkimisen 
tekevät uudet tutkimustulokset siitä, että aktiinisäikeisiin kohdistuva vetovoi-
ma voi lisätä tai vähentää filamiinien sitoutumista toisiin proteiineihin. Ilmeistä 
on, että filamiinit osallistuvat solujen ja kudosten mekaanisten ominaisuuksien 
säätelyyn, mikä on tärkeää kudosten muodon ja koon määräytymisessä. Tutki-
musryhmämme oli aikaisemmin selvittänyt, miten tämä mekaaninen säätely 
toimii rakennetasolla filamiini A:n kahdessa sitoutumiskohdassa, immunoglo-
buliinin kaltaisissa domeeneissa 19 ja 21. Näissä kohdissa sitoutumispaikka on 
normaalisti peittynyt edellisen domeenin toimesta ja tämä peittyminen vapau-
tuu filamiinia venytettäessä. 

Väitöskirjani kahden ensimmäisen osatutkimuksen tavoitteena oli selvit-
tää, onko filamiiniproteiinien muissa osissa samantapaisia mekaanisesti säädel-
tyjä sitoutumispaikkoja kuin domeeneissa 19 ja 21. Lähtöhypoteesiksi otettiin, 
että tällaisissa mekaanisesti säädellyissä sitoutumispaikoissa kahden peräkkäi-
sen proteiinidomeenin välillä on tiiviimpi vuorovaikutus kuin muualla. Tutki-
muksen ensimmäisessä osassa tuotin ja puhdistin kaikki mahdolliset peräkkäis-
ten kahden domeenin palat ihmisen filamiini C:n domeeneista 1-15. Näitä ana-
lysoin röntgensirontatekniikoilla liuostilassa Saksan elektronisynkrotronilaitok-
sella (DESY, Deutche Electronensynchroton) Hampurissa ja Euroopan synkro-
tronisäteilytyslaitoksella (ESRF, Europan Synchrotron Radiation Facility) Gre-
noblessa, Ranskassa. Sirontatulosten analysointi erilaisilla laskennallisilla tek-
niikoilla ja mallintamalla osoitti, että neljä näistä kahden domeenin palasta oli 
tiiviimmin pakkautuneita kuin muut kymmenen. Näiden kokeellisesti löydetty-
jen uusien domeenien välisten vuorovaikutuspaikkojen sijainti filamiinissa on 
eri kuin mitä aikaisemmin oli ennustettu proteiinisekvenssivertailujen perus-
teella. Mielenkiintoista oli etenkin se, että domeenit 3, 4 ja 5 voisivat näiden tu-
losten perusteella muodostaa kolmen domeenin tiiviisti pakkautuneen alueen. 

Seuraavaksi keskityttiin filamiinin domeenien 3-5 muodostaman alueen 
tarkempaan analyysiin. Tässä käytettiin liuostilan röntgensironnan lisäksi myös 
proteiinikristallografiaa. Kiteiden sirontamittauksia tehtiin jälleen synkrotro-
neilla, koska proteiinikiteet olivat pieniä ja suhteellisen huonosti siroavia. Oma 
kokeellinen työni keskittyi etenkin filamiini C:n domeeniparin 4-5 atomitason 
rakenteeseen yksinään ja sitoutuneena verihiutaleiden kalvoproteiinin solunsi-
säiseen osaan. Lisäksi väitöskirjassani käsitellään yhteistyössä Jonne Seppälän 
kanssa analysoitua filamiinin A:n domeenien 3-5 rakennetta. Tuloksemme 
osoittivat, että domeenien 4 ja 5 vuorovaikutuspinta on filamiineissa suhteelli-
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sen suuri ja näin ollen vuorovaikutus on voimakas verrattuna aikaisemmin jul-
kaistuihin filamiinien domeenien välisiin vuorovaikutuksiin. Osoitimme, että 
tällä alueella domeeni 4 on tärkeä verihiutaleiden sitoutumispaikka ja domeeni 
5 stabiloi domeeni 4:n rakennetta. Kiderakenteessa havaitut domeenien väliset 
vuorovaikutukset ja kalvoproteiinin sitoutumispaikka varmennettiin mutaa-
tiokokeilla, biokemiallisilla kokeilla ja käyttäen ydinmagneettista resonanssi-
spektroskopiaa (NMR). Kokonaisuudessaan nämä rakennetutkimukset osoitta-
vat, että filamiinien domeenien 3-5 välinen pakkautumien on aivan erilainen 
kuin aikaisemmin oli löydetty domeenien 19 ja 21 lähellä. Tämä uusi pakkau-
tumistapa ei johda domeenin 4 sitoutumispaikan peittymiseen. On kuitenkin 
mahdollista, että mekaaninen veto irrottaa domeenit 4 ja 5 toisistaan, mikä 
muuttaa domeenin 4 epävakaaksi ja vähentää sen sitoutumiskykyä. 

Väitöskirjani kolmannessa osatutkimuksessa selvitimme Drosophila mela-
nogaster banaanikärpäsen filamiinin rakennetta. Erityisesti keskityimme ihmi-
sen filamiinin domeeneja 19 ja 21 vastaavaan osaan. Tavoitteena oli varmistaa, 
että pistemutaatiot, joiden tarkoitus on muuttaa banaanikärpäsen filamiinin 
mekaanisia ominaisuuksia, todella muuttavat proteiinin rakennetta suunnitel-
lulla tavalla. Tutkimuksessa osoitin, että suunnitellut mutaatiot eivät muuta yh-
distelmä-DNA -tekniikoilla tuotettujen proteiinipalojen stabiilisuutta. Osoitin 
myös, että mutaatio, jonka oli suunniteltu vähentävän domeenien välistä vuoro-
vaikutusta, teki proteiinipalasta huomattavasti joustavamman kuin vastaava 
alkuperäinen proteiini. Tämä luo hyvän pohjan näiden mutaatioiden käyttämi-
selle filamiinin mekaanisen säätelyn tutkimiseen banaanikärpäsen kudosten ke-
hityksessä. 

Kokonaisuudessaan tämä tutkimus on tuottanut uutta tietoa filamiinien 
rakenteesta ja vuorovaikutuksista. Pitkällä tähtäimellä toivon tämän tiedon aut-
tavan filamiinien toiminnan ymmärtämisessä ja sen selittämisessä, miksi jotkut 
ihmisten filamiinien perinnölliset mutaatiot aiheuttavat kehityshäiriöitä ja ku-
dosten epämuodostumia. 
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