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ABSTRACT 

Seppälä, Jonne 
Structural Studies on Filamin Domain Interactions 
Jyväskylä: University of Jyväskylä, 2015, 49 p. 
(Jyväskylä Studies in Biological and Environmental Science 
ISSN 1456-9701; 302) 
ISBN 978-951-39-6198-5 (nid.) 
ISBN 978-951-39-6199-2 (PDF) 
Yhteenveto: Rakennetutkimuksia filamiini-proteiinin domeenivuorovaikutuk-
silla 
Diss. 

Filamins are cytoskeletal proteins that cross-link actin filaments into three-
dimensional gel-like meshwork, thereby contributing to the regulation of cell 
locomotion and membrane integrity. Filamins are also crucial linkers between 
the cytoskeleton and extracellular matrix by responding to mechanical clues 
and transforming them into biochemical signals, in a process known as 
mechanosensory signalling. This is achieved by conformational rearrangements 
on part of filamin domains. Filamins contain an actin binding domain followed 
by 24 immunoglobulin-like domains. Mutations along the protein cause 
developmental disorders affecting the brain, heart, skeleton and muscles. 
Because filamins have extended shapes and they are flexible, the detailed 
structure of the full molecule is unknown. However, studies with smaller pieces 
have revealed that filamins contain three interacting domain pairs, two of 
which have shown to be mechanically regulated ligand-binding units. The 
function of the third domain pair is still unknown. In this thesis, by using x-ray 
crystallography and small-angle x-ray scattering, first, a novel three domain 
ligand-binding structure of filamins was solved. Second, ligand induced 
conformational changes on one of the aforementioned mechanically regulated 
domain pairs were studied, and it was discovered that the ligand-bound 
domain pair is flexible, but restricted in conformations. This may be an 
important feature regarding the mechanosensing mediated at the site. Third, 
structural effects of disease-causing mutations on the domain pair of no known 
function were inspected, and it was discovered that the mutations destabilise 
the domain pair, possibly altering its ligand binding ability or potential 
mechanosensory functions. 
 
Keywords: Filamin, immunoglobulin-like domain, inter-domain interactions, 
mechanosensing, small-angle x-ray scattering, x-ray crystallography. 
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1 INTRODUCTION  

In order to function properly, cells must be able to control their shape, organise 
internal structures, move, and interact with their environment. These depend 
heavily on the cytoskeleton, which is composed of three families of filamentous 
proteins: intermediate filaments, microtubules and actin filaments, all with 
well-defined roles. Actin filaments are responsible for cell shape and 
locomotion. Diverse actin binding proteins function in conjunction with actin to 
regulate actin filament dynamics. One family of such proteins are filamins 
(FLNs). FLNs are actin cross-linking proteins that help in stabilising the actin 
network into three-dimensional gel-like sheets essential for lamellipodia 
formation. In addition, FLNs function as scaffolds during signalling and are 
partially responsible for the mechanosensitivity of cells. 

This thesis centres on the structures of FLNs and what the structure tells 
about the function. The latter is approached by examining how the internal 
organisation of FLNs regulates the ligand binding and what consequences 
disease-associated mutations have on the structures.  

1.1 Biological relevance of filamins 

FLNs were originally discovered in rabbit (Hartwig and Stossel 1975) and 
chicken tissues (Wang et al. 1975), and they were found to be potent actin 
gelators with a filamentous multi-domain structure (Gorlin et al. 1990). The FLN 
protein family spans the animal kingdom. Besides vertebrates, FLN orthologues 
have been described for Drosophila melanogaster, fruit fly (Sokol and Cooley 
1999); Caenorhabditis elegans, roundworm (Wilson et al. 1994); Dictyostelium 
discoideum, amoebic slime mould (Hock and Condeelis 1987); and Entamoeba 
histolytica, parasitic protozoan (Vargas et al. 1996). The domain composition and 
overall architecture of the protein varies depending on the species. Generally, 
the primitive species have fewer domains than vertebrates (Van Der Flier and 
Sonnenberg 2001) and a comparison of FLN sequences shows that the domains 
in higher eukaryotes have evolved via multiple tandem duplications (Light et 
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al. 2012). These findings suggest that FLNs evolved early, along with actin-
based amoeboid motility mechanisms (Fritz-Laylin et al. 2010). No FLNs have 
been described for plant or fungi. 

There are three human FLN encoding genes: x chromosomal FLNA, 
autosomal FLNB (Takafuta et al. 1998) and FLNC (Maestrini et al. 1993). All 
three genes are highly conserved, and their respective proteins (FLNa, FLNb 
and FLNc) have a near 70% sequence identity. FLNa is the most studied 
isoform and considered widely to be ubiquitously expressed (Van Der Flier and 
Sonnenberg 2001). The two other isoforms are more restricted in expression 
(Takafuta et al. 1998; Robertson and Daniel 2012), FLNc being a skeletal and 
cardiac muscle-specific isoform located within intercalated discs in cardiac 
muscles and myotendinous junctions in skeletal muscles (Van Der Ven et al. 
2000). All isoforms, however, are broadly expressed during foetal development 
and several disease states relating to defects in functions of the proteins arise 
from mutations in the genes (Robertson and Daniel 2012). 

The existence of a wide range of developmental malformations primarily 
affecting the brain, heart, bone and limbs suggests, and has in part contributed 
to understanding, that FLNs are involved in the regulation of many cellular 
processes besides their actin cross-linking ability. Indeed, FLNs function as 
scaffolds during signal transduction, regulate cell adhesion, migration and 
extracellular matrix composition, and mediate mechanosensation, which has 
received increased interest in the field (Zhou et al. 2010; Nakamura et al. 2011; 
Razinia et al. 2012). 

Thus, the study of FLNs not only contributes to understanding how the 
dynamic actin cytoskeleton is regulated, but also how multi-domain proteins 
regulate various cellular processes and how their malfunctions give rise to a 
multitude of developmental disorders.   

1.2 General structure of filamins 

Vertebrate FLNs are large (240–280 kDa) rod-like proteins with two polypeptide 
chains (Fig. 1). Each polypeptide chain is composed of an amino terminal actin 
binding domain (ABD) followed by a string of 24 homologous domains having 
an immunoglobulin-like fold (Gorlin et al. 1990; Fucini et al. 1997). These repeat 
domains are generally divided into two rod segments separated by a flexible 
hinge region of 25–52 residues that is not predicted to have secondary structure 
elements. Rod 1 comprises domains 1–15 and rod 2 comprises domains 16–23. 
There is a second hinge region of 32–40 residues between domains 23 and 24 
(Gorlin et al. 1990; Van Der Flier and Sonnenberg 2001). Carboxyl terminal 
domain 24 mediates self-association between the FLN polypeptide chains and 
forms an FLN dimer that is needed for actin cross-linking (Gorlin et al. 1990; 
Himmel et al. 2003; Pudas et al. 2005; Seo et al. 2009).  

The hinge regions bring additional flexibility to the rod segments and in 
part contribute to the FLN’s cross-linking ability of dispersed actin filaments 
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(Zhou et al. 2010). For example, hinge 1 is needed for the elasticity of FLN cross-
linked actin filaments against stresses (Gardel et al. 2006). Hinge 2, by contrast, 
is involved in the efficacy of the dimerization of two FLN polypeptide chains 
(Himmel et al. 2003). In addition, a recent study revealed that a short additional 
hinge region between the ABD and first repeat domain confers additional 
flexibility that may facilitate actin binding of the ABD (Sawyer and Sutherland-
Smith 2012). Rod 1 contributes to actin binding instead. Domains 1–8 are 
thought to provide additional flexibility that enables actin binding of the 
following domains upon initial binding of the ABD. Secondary actin binding is 
needed for high avidity binding of FLNs to actin (Nakamura et al. 2007). By 
contrast, the rod 2 domains do not contribute to actin binding but are available 
to interact with other proteins. Indeed, a vast majority of the over 90 FLN 
binding partners characterised thus far are mapped to rod 2 (Nakamura et al. 
2011). 

 

 

FIGURE 1 A schematic of an FLN dimer (blue) bound to actin filaments (grey). Each 
polypeptide chain has an amino terminal ABD trailed by 24 FLN 
immunoglobulin-like domains. These domains are divided into two rods. 
Hinge regions flank rod 2. The dimerization occurs through the carboxyl 
terminal end. Known inter-domain interactions in rod 2 are shown. 

FLNc differs from the two isoforms by having an additional-81 residue 
extension in domain 20 that targets muscle sarcomeres (Xie et al. 1998; Van Der 
Ven et al. 2000). Alternative splicing brings additional diversity on the 
structures of the three isoforms. The majority of the splicing affects the rod 2 
domains (Zhou et al. 2010). For instance, FLNa and b have a splice variant 
deleting parts of domains 19–20 (Van Der Flier and Sonnenberg 2001). In 
addition, some splice variants of FLNb and c lack the first hinge region (Van 
Der Flier et al. 2002). 
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In electron micrography images, functional FLNa dimer adopts a V- or Y–
shaped structure (Fig. 1) with a near perpendicular angle between the two 
polypeptide chains (Gorlin et al. 1990; Nakamura et al. 2007). The average length 
of rod 1 measured from the images corresponds nicely with the expected length 
of 15 Ig-like domains arranged as a string. However, the measured length of 
rod 2 is shorter than that expected for eight domains, suggesting peculiar 
domain arrangements (Nakamura et al. 2007). Indeed, rod 2 domains 16–21 are 
shown to form a propeller-like structure, where each of the three blades is 
composed of two neighbouring domains interacting with each other 
(Tossavainen et al. 2012; Ruskamo et al. 2012). The detailed structures of these 
domain pairs are discussed in the following sections. 

1.3 The actin-binding domain 

Crystal structures of FLNa and b ABDs have been solved (Clark et al. 2009; 
Ruskamo and Ylänne 2009; Sawyer et al. 2009; Sawyer and Sutherland-Smith 
2012; PDB code 3FER, Northeast Structural Genomics consortium). The FLN 
ABD is similar to those found in other actin cross-linking proteins such as –
actinin, fimbrin and plectin (García-Alvarez et al. 2003; Klein et al. 2004; Franzot 
et al. 2005). It is composed of two calponin-homology domains, CH1 and CH2, 
connected by a flexible linker (Fig. 2). The CH domain is  helical structure with 
four major (A, C, E and G) and two short (B and F) helices connected via long 
flexible loops. The CH domains interact with each other via several salt bridges 
and are packed closely forming a compact structure. Altogether, there are three 
actin binding sites, two of which lie in CH1 and one in CH2 (Ruskamo and 
Ylänne 2009; Sawyer et al. 2009). Mutation and truncation studies on several –
actinin-like ABD family members suggest that the full ABD is needed for 
proper actin binding. Most of the studies imply that the second actin binding 
site is needed for actin binding, whereas the third one contributes to the 
binding avidity (Bresnick et al. 1991; Hemmings et al. 1992; Kuhlman et al. 1992; 
Gimona et al. 2002). 
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FIGURE 2 Crystal structure of the FLNb ABD (PDB code 2WA5). The two CH domains 
are coloured green and cyan. The three actin binding sites (ABS) are shown in 
red.  

1.4 Filamin immunoglobulin-like domains 

Filamin rod repeats belong to the E set domains in the immunoglobulin 
superfamily and form a  sandwich fold (Fucini et al. 1997; Pudas et al. 2005). 
The domain is composed of two anti-parallel  sheets with strands A, B, D and 
E forming a four-stranded sheet and strands C, F and G forming a three-
stranded sheet (Fig. 3). The domains are approximately 100 residues long 
(Gorlin et al. 1990), except for FLNc20 (Xie et al. 1998), as discussed above. 
Usually, the A strand is interrupted by a 310 helix. However, domains 16, 18 and 
20 all lack this helical structure in the segment corresponding the A strand, but 
are either unstructured (domain 16) (Heikkinen et al. 2009) or form peculiar 
inter-domain interactions with the following domain (domains 18 and 20) (Lad 
et al. 2007; Heikkinen et al. 2009). Through detailed sequence analysis, the 
domains are divided into four subgroups A–D, of which group A domains have 
a conserved ligand-binding site (Ithychanda et al. 2009), which is discussed in 
detail in section 1.6. 
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FIGURE 3 A common structure of FLN immunoglobulin-like domain (crystal structure 
of FLNc23, PDB code 2NQC). The domain is composed of two antiparallel  
sheets covering strands ABED and CFG. The A strand is interrupted with a 
310 helix. 

1.5 Inter-domain interactions in filamins 

Multi-domain proteins may be organised as beads-on-a-string, with one 
domain following another without stable domain-domain interactions or the 
following domains may interact with each other (Vogel et al. 2004). FLNs exhibit 
features of both of the above, although thus far domain-domain interactions 
have only been found between two consecutive domains in sequence. In the rod 
2 region of FLNs, three domain pairs (domains 16–17, 18–19 and 20–21) form 
atypical inter-domain interactions (Lad et al. 2007; Heikkinen et al. 2009). 
Recently, rod 1 domains 11–12 and 14–15 of FLNc were reported to form 
putative inter-domain interactions (Sethi and Ylänne 2014). 

1.5.1 Domain pair 16–17 

The first two domains in rod 2 of FLNa form a tightly interacting domain pair. 
The segment corresponding to the A strand in most FLN repeats is 
unstructured in domain 16, which reveals the hydrophobic core at the face 
formed by B and G strands. This face forms a large interaction surface that is 
buried by the A and G strands of domain 17 and contains several aromatic and 
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hydrophobic residues. Hence, the domains lie in parallel next to each other with 
a relatively large interaction surface area of 720 Å2 (Fig. 4) (Heikkinen et al. 
2009). 

 

 

FIGURE 4 Structure of FLNa16–17 (PDB code 2K7P). FLNa16 is shown in cyan and 17 in 
green. The domains interact via the BG face of domain 16 and AG face of 
domain 17. Note the unstructured segment corresponding the A strand in 
domain 16 (in red). 

1.5.2 Domain pairs 18–19 and 20–21 

In domain pairs 18–19 and 20–21, the A strands of the even numbered domains 
are folded along the face formed by C and D strands of the odd numbered 
domains (Fig. 5). The A strand forms an additional  strand to the CFG sheet of 
the neighbouring domain. This leads to L–shaped structures, where the even 
numbered domain lies on top of the odd numbered domain roughly 
perpendicularly to its longitudinal axis. As the A strands of domains 18 and 20 
are not folded along the rest of the domain, the hydrophobic core of the 
domains are exposed, as for domain 16. In domain pair 18–19, the BC loop of 
domain 19 buries the exposed core of domain 18. As for domain pair 20–21, the 
BC loop of domain 21 interacts with the G strand of domain 20, leaving the 
hydrophobic core of domain 20 partially exposed (Lad et al. 2007; Heikkinen et 
al. 2009). 
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FIGURE 5 Structure of FLNa18–19 (PDB code 2K7Q) and 20–21 (2J3S). The domain pairs 
are similar in structure. Note that the A strand of the even-numbered 
domains (18 in magenta and 20 in cyan) folds along the CD face of the odd-
numbered domains (19 in yellow and 21 in green). Consequently, the even-
numbered domains lie on top of the odd-numbered domains leading to an L-
shaped structure. 

1.5.3 The dimerization domain 

The carboxyl terminal domain mediates the dimerization of FLN polypeptide 
chains (Gorlin et al. 1990) by interacting with its counterpart through the CD 
face (Fig. 6) (Pudas et al. 2005; Seo et al. 2009). The interaction has both polar and 
hydrophobic characteristics. The domains are faced towards each other in an 
anti-parallel fashion, so that the D strands of the interacting domains are 
connected to form a single eight-stranded  sheet structure. This leads to a large 
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interaction interface with 1109 Å2, almost a fifth of the accessible surface area of 
the monomeric domain (Pudas et al. 2005).  

In yeast two-hybrid assays, it was found that, besides domain 24, there 
might be an additional site in rod 2 that facilitates association between two FLN 
subunits (Sheen et al. 2002). This is supported by single particle electron 
microscopy experiments, where it was discovered that the segment of domain 
16–24 forms a parallel structure, suggesting that other interactions in addition 
to the dimerization via domain 24 may occur (Ruskamo et al. 2012). Indeed, a 
compensatory dimerization mechanism seems to be mediated via domains 16–
23, independent of domain 24 (van Kogelenberg et al. 2015).  

 

 

FIGURE 6 Structural basis for FLN dimerization. In the crystal structure of FLNc24 (PDB 
code 1VO5), the two domains (one in cyan and the other in green) interact 
with each other through their CD faces (indicated with the black oval). The C 
and D strands of the domains are connected leading to anti-parallel 
orientation of the domains. 

1.6 Common ligand-binding mechanism 

As briefly stated in section 1.1, FLNs interact with numerous proteins of 
different functions. These include membrane receptors, intracellular signalling 
proteins, ion channels, enzymes, cytoskeletal and adhesion proteins as well as 
transcription factors (Nakamura et al. 2011). Still, complex structures of FLN 
domains and their binding partners are limited. Structures are available for 
individual FLN domains and peptides derived from cytoplasmic tails of 
membrane receptors  integrins (Kiema et al. 2006; Takala et al. 2008), 
glycoprotein Ib  (Nakamura et al. 2006), adhesion adaptor protein migfilin (Lad 
et al. 2008) and cystic fibrosis transmembrane conductance regulator chloride 
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channel (Smith et al. 2010). Interestingly, they all have a similar mode of 
interaction. 

The ligand-peptides interact with FLN domains via a mechanism called  
sheet augmentation. The bound peptide forms an additional anti-parallel  
strand next to C strand, extending the CFG sheet of FLN domain (Fig. 7). The 
peptide interacts with the hydrophobic groove between the C and D strands, 
termed as the CD face. The peptide forms several main chain hydrogen bonds 
with the C strand that may account for the majority of the interaction energy 
(Razinia et al. 2012). However, the specificity of binding is determined by the 
side chain interactions. Five alternating hydrophobic residues point toward the 
groove and form either a single hydrogen bond or several hydrophobic 
interactions with the domain (Kiema et al. 2006; Nakamura et al. 2006; Takala et 
al. 2008; Lad et al. 2008; Smith et al. 2010; Razinia et al. 2012). 

 

 

FIGURE 7 Common ligand-binding mechanism on FLNs. Structure of platelet 
glycoprotein Ib  bound to FLNa17 (PDB code 2BP3) is used here as an 
example. Ligand-peptides interact with FLN immunoglobulin-like domains 
through  sheet augmentation. The peptide (in yellow) forms an additional  
strand next to the C strand of FLN domain and alternating hydrophobic 
residues interact with the hydrophobic groove (residues shown as sticks) 
between the C and D strands. 

In addition to the structures mentioned above, a similar binding was verified 
for signalling intermediate FilGAP, an FLNa-binding GTPase-activating 
protein, by mutagenesis and NMR chemical shift mapping (Nakamura et al. 
2009). Furthermore, since the FLN domain binding motif is characteristic  
strand forming sequence, it has been used to seek and model binding sequences 
of known binding partners in silico (Li et al. 2010; Lamsoul et al. 2011).  

Altogether, the evidence suggests that the  sheet augmentation to FLN 
domain CD face represents a common ligand-binding mechanism (Kiema et al. 
2006; Nakamura et al. 2006; Takala et al. 2008; Lad et al. 2008; Smith et al. 2010; 
Razinia et al. 2012). However, many of the reported FLN binding partners do 
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not have sequences corresponding to the  strand forming motif suggesting that 
alternative mechanisms for ligand binding on FLN domains exist (Razinia et al. 
2012). 

1.7 Filamins as cellular mechanosensors 

Tissue architecture and cell differentiation are regulated by mechanical forces. 
The cells must be able to sense and respond to different mechanical clues. This 
phenomenon is termed mechanosensor signalling, which eventually depends 
on force-induced changes in protein conformation. This, in turn, leads to 
changes in protein activity, ligand binding and stability. Many mechanically 
regulated proteins are parts of the cytoskeleton (Vogel and Sheetz 2006).  

Mechanosensing has two faces: on the one hand, the cells respond to 
forces applied from outside. This is powerfully exemplified in hearing, where 
the waves lead to the mechanical opening of ion channels in the inner ear hair 
cell stereocilia (Martinac 2004). On the other hand, the cells have a sense of 
touch by monitoring the differences in forces generated by the cell itself. This 
accounts for sensing the strength of pulling forces that cells generate to probe 
the stiffness of the environment in locomotion and adhesion processes (Vogel 
and Sheetz 2006). Stiffness of the extracellular matrix is a known regulator of 
cell differentiation (Engler et al. 2006). The endogenous pulling forces result 
from cytoskeletal contractility, namely, acto-myosin contraction. Myosin tenses 
actin filaments, and the resulting traction forces are ultimately transferred to the 
extracellular matrix (Vogel and Sheetz 2006). FLNs serve as a link between the 
actin cytoskeleton and extracellular matrix by anchoring actin filaments to cell 
surface receptors, such as integrins (Razinia et al. 2012). This places FLNs as 
potential sensors of mechanical forces. 

The first evidence for mechanoresponsive properties for FLNs came from 
experiments showing that FLNa protects the cells from integrin-mediated forces 
by stabilising the plasma membrane and the cell cortex (Glogauer et al. 1998). 
Soon, it was discovered that FLNa is also central to cell survival by preventing 
force-induced membrane depolarisation (Kainulainen et al. 2002). Direct 
evidence for mechanosensing function of FLNa came when FLNa– 1 integrin 
complex was reported to modulate cell contractility in response to matrix 
stiffness (Gehler et al. 2009). Recently, FLNa was also found to stabilise the cell-
matrix adhesions under force (Pinto et al. 2014). Through application of several 
force spectroscopy techniques, individual FLN immunoglobulin-like domains 
were found to undergo partial unfolding in response to pulling forces (Furuike 
et al. 2001; Yamazaki et al. 2002; Kolahi and Mofrad 2008). The unfolding is 
reversible and refolding occurs when the force is reduced to near zero (Furuike 
et al. 2001). The stretching of the domains brings additional flexibility to FLNs 
and protects the linkage between actin filaments and the cell membrane 
(Yamazaki et al. 2002). Partial unfolding of the domains is also a way to convert 
force sensing into a biochemical signal via modulation of interactions with 
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ligands (Lad et al. 2007; Razinia et al. 2012). The molecular basis for this was 
discovered in the rod 2 domain pairing, introduced in section 1.5.2. 

The function of the first  strand of even-numbered domains 18 and 20 is 
to hide the common ligand-binding interface – the CD face – of the adjacent 
odd-numbered domains (Lad et al. 2007; Heikkinen et al. 2009). Biochemical 
analyses have demonstrated that the A strand inhibits ligand binding to 
domains 19 and 21 and that weakening of the A strand interactions by 
mutations promotes ligand binding (Lad et al. 2007). As the inhibitory A strand 
is folded along the adjacent domain, the termini of the domains are located at 
the same end of the domain pair. Thus, pulling forces transmitted through the 
domains may cause the A strand to unfold in a zipper-like fashion, releasing the 
ligand-binding interface (Fig. 8) (Razinia et al. 2012). 
 

 

FIGURE 8 Mechanism for the force-induced exposure of the ligand-binding CD face of 
domains 19 and 21 (shown with structure of FLNa18–19, PDB code 2K7Q). As 
the termini of the domain pair are at the same end, pulling forces (indicated 
with the arrows) may cause the CD face masking A strand (in red) to be 
replaced in a zipper-like fashion, making the CD face open for interactions 
with ligands. 

Steered molecular dynamics simulations on the domain pairs showed gradual 
exposure of the ligand-binding interfaces upon application of pulling forces 
(Pentikäinen and Ylänne 2009). Later, single molecule force spectroscopy 
measurements in domain pair 20–21 demonstrated that A strand detachment 
occurs at a force range (2–5 pN) capable of being produced by single myosin 
motors (Rognoni et al. 2012). Indeed, myosin-driven actin contraction was 
shown promote integrin binding on FLNa in vitro (Ehrlicher et al. 2011), and 
recently, ligand-binding promoting changes in the 20–21 domain pair 
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organization were reported to happen in actively protruding leading cell edges 
(Nakamura et al. 2014). 

Thus, it is now evident that ligand-binding on at least two FLN domains 
(19 and 21) can be regulated by pulling forces. On the other hand, it has been 
demonstrated that FLNs mediate essential mechanoprotective functions in cells. 

1.8 Filamin-related diseases 

In light of the evidence of how FLNs are mechanosensitive proteins regulating 
cell motility and signalling, it is not surprising that FLNs are also reported to 
play a role in cell differentiation and morphogenesis (Zhou et al. 2010), 
processes in which the mechanical cues from the local environment are crucial 
for them to progress normally. Furthermore, this subjects FLNs as candidate 
genes for developmental disorders. That said, mutations in all three FLN genes 
cause a wide spectrum of rare congenital developmental disorders with broad 
phenotypic consequences that confer to both loss- and gain-of-function effects 
on the protein (Zhou et al. 2010; Robertson and Daniel 2012) (Fig. 9). 
 

 

FIGURE 9 Human genetic diseases linked with mutations in FLNs. The mutations cause 
a diverse array of developmental malformations primarily affecting the brain, 
heart, skeleton, and muscle.  

Nonsense mutations in FLNA lead to a brain malformation known as 
periventricular nodular heterotopia (Fox et al. 1998) and a cardiovascular 
disease called X-linked myxoid valvular dystrophy (Kyndt et al. 2007). Missense 
mutations in FLNA, by contrast, lead to otopalatodigital spectrum disorders, 
which are primarily associated with defects in the skeleton (Robertson 2007). 
Nonsense mutations in FLNB cause spondylocarpotarsal syndrome (Langer et 
al. 1994) and missense mutations in Larsen syndrome–atelosteogenesis 
spectrum disorders, both causing severe skeletal malformations (Krakow et al. 
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2004; Bicknell et al. 2005). Finally, mutations in FLNC develop skeletal and 
cardiac muscle dysfunctions known as myofibrillar myopathy and distal 
myopathy, characterised by slow progressive muscle weakness (Vorgerd et al. 
2005; Duff et al. 2011). 

Current understanding of the molecular level mechanisms behind these 
disorders is still relatively poorly understood (Robertson and Daniel 2012). 
However, many of the phenotypic consequences of the mutations match 
possible defects in mechanosensory functions of FLNs (Sutherland-Smith 2011). 
Further studies are required to explain the structural consequences of the 
mutations on FLNs and how they alter the function and downstream pathways. 
Interestingly, although mutations span the protein, many disease-specific 
mutations seem to cluster in particular locations in FLNs (Fig. 10) giving a clue 
to the possible pathophysiological mechanisms (Parrini et al. 2006; Robertson et 
al. 2006; Kyndt et al. 2007; Robertson 2007; Fürst et al. 2013; Duval et al. 2014). 
The majority of the mutations in FLNC are found in the ABD or the 
dimerization domain (repeat 24) and cause either truncated or misfolded 
protein that forms large cytoplasmic aggregates in muscle fibres (Vorgerd et al. 
2005; Duff et al. 2011; Kley et al. 2012). Similarly, FLNA and FLNB gain- and 
loss-of-function mutations are found in the ABD and are predicted to alter actin 
binding affinity (Robertson et al. 2003; Clark et al. 2009; Sawyer et al. 2009; 
Daniel et al. 2012). Many of the mutations also cluster to the immunoglobulin-
like domains, whose function and binding partners are not well characterised. 
Notably, among these domains are the ones known or predicted to form inter-
domain interactions and participate in high avidity actin binding. Possible 
mechanisms behind the disorders could be an altered force response due to 
conformational rearrangements that in turn affect downstream signalling 
pathways. Weakened actin binding might lead to premature FLN dissociation 
from actin, which would break the mechanical linkage between the 
cytoskeleton and extracellular matrix. Enhanced actin cross-linking activity in 
contrast could lead to increased force-induced stiffening of the actin network 
(Sutherland-Smith 2011). 

Taken together, FLNs have a central role in regulating mechanical signals 
during development, and deficiencies with these signals are associated with 
several congenital disorders. A study of the underlying mechanisms can help 
understand the role of FLNs as molecular springs. 
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FIGURE 10 Clustering of disease-causing mutations on human FLN isoforms. Although 
mutations are found over the length of the protein, disease-specific clustering 
of mutations is observed (FLNa-related diseases are marked with green, 
FLNb with magenta, and FLNc with orange). 



 

 

2 AIMS OF THE STUDY 

Over recent years, the knowledge on detailed structural arrangements on the 
FLN rod domains has increased significantly with the discovery of domain 
pairing, and this has contributed to the understanding of mechanosensory 
functions of FLNs. The full picture of how the domain pairs contribute to 
mechanosensing and whether more of such domain arrangements exist is 
unknown. With this in mind, the aims of the research conducted in this thesis 
were as follows: 
 
I To study whether domain-domain interactions exist in the N terminal 

region of FLNs and whether they regulate ligand binding. 
 
II To test how ligand binding changes the conformation of the 

mechanosensory domain pair 20–21 of FLNa. 
 
III To test how human patient mutations alter the structure of the FLN 

domain pair 16–17. 



 

 

3 SUMMARY OF THE METHODS 

TABLE 1 Summary of the methods used in the thesis. Detailed descriptions can be 
found in the original publications. 

 
Method         Publication 
 
 
Conventional cloning        II 
Ligation independent cloning       I, III 
Site-directed mutagenesis       III 
Bacterial protein expression       I, II, III 
Protein purification        I, II, III 
SAXS data collection and processing      I, II, III  
SAXS ab initio and rigid body modelling     I, II, III 
EOM          I, II 
Crystallisation         I, II, III 
X-ray diffraction data collection and processing    I, II, III 
Structure determination and refinement     I, II, III 
NMR measurements*        I, II 
Thermal stability assay        I, III 
Sequence alignment        I, II 
 
 
*The NMR measurements were performed by M.Sc. Nebojsa Rodic and Drs Helena 
Tossavainen and Perttu Permi. 
 



 

 

4 RESULTS AND DISCUSSION 

4.1 Filamin domains 3–5 form novel and conserved inter-domain 
interactions (I) 

As discussed in section 1.5, the FLN immunoglobulin-like domains are not all 
arranged simply as beads-on-a-string. The C-terminal rod 2 region domains 16–
17, 18–19, and 20–21 in FLNa form interacting domain pairs (Lad et al. 2007; 
Heikkinen et al. 2009). The function of even-numbered domains 18 and 20 is to 
hide the ligand-binding site on the following domain providing auto-inhibitory 
mechanism of ligand binding. These interactions can be revealed by external 
pulling forces or the ligand itself (Lad et al. 2007; Pentikäinen and Ylänne 2009; 
Ehrlicher et al. 2011; Ruskamo et al. 2012; Rognoni et al. 2012). In contrast, the 
ligand-binding site of domain 17 is unmasked, and the function of the inter-
domain interactions of domains 16–17 is unknown (Heikkinen et al. 2009). 
Domains 17, 19 and 21 belong to the same subgroup of  strand forming 
peptide-ligand binding domains, which are all able to bind the same ligands. 
Further, N-terminal domains 4, 9 and 12 belong in this subgroup (Ithychanda et 
al. 2009). To study whether similar inter-domain interactions exist in the N-
terminal region of FLNs and whether they regulate ligand binding, the crystal 
structures of FLNa domains 3–5 and FLNc domains 4–5 were solved. The 
structures revealed a novel domain packing among an immunoglobulin-like 
domain family, which is conserved throughout the species and positively 
regulates ligand binding in domain 4. 

I solved the structure of FLNa3–5, performed the respective SAXS 
analyses and conducted the sequence conservation analysis, which will be the 
focus of discussion in this and the following section. 

FLNa domains 3–5 are packed side-by-side interacting along their  sheets 
and form a slightly bent triple sandwich structure (Fig. 11). The  sheets of each 
domain are aligned roughly parallel on top of each other with domain 3 slightly 
shifted so that the interaction between domains 3 and 4 is mediated only via the 
edges of one  strand of both domains. The A strand of domain 3 is faced 
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towards the G strand of domain 4 forming mostly polar interactions. The 
interaction between domains 4 and 5 is mediated by residues belonging to three 

 strands interacting on each side. The face formed by CFG strands of domain 4 
forms a large hydrophobic interface around tryptophan 582 with the respective 
face of domain 5. The buried interface surface areas between the domains are 
approximately 500 Å2 for domains 3–4 and 830 Å2 for 4–5. Together, these 
results suggest that the interaction between domains 3 and 4 is significantly 
weaker than between domains 4 and 5. Simultaneously, my colleague Ritika 
Sethi solved the structure of FLNc4–5, which is largely identical to FLNa4–5 
(root mean square deviation of 0.66 Å between 165 C  atoms) with the key 
residues responsible for the interactions conserved (I, Fig. 2B and C).  

The ligand-binding CD faces of the three domains are solvent exposed 
(Fig. 11). However, the CD faces of domains 3 and 5 are in a closed 
conformation as bending of the CD loop towards the C strand partially 
occludes the ligand binding interface. This suggests that domains 3 and 5 are 
unable to interact with the ligands through  sheet augmentation. Similar 
features can be seen in the structures of several other FLN immunoglobulin 
domains that do not interact with known -strand-forming peptides (these 
include domains 10, 11, 13, 14, 15, 16, 18, 20 and 22, corresponding to PDB codes 
2DIA, 2DIB, 2DJ4, 2E9J, 2DMB, 2EE9, 2DMC, 2D9I and 2D7B, respectively). 
Notably, FLNa5 is reported to interact with spleen tyrosine kinase (Falet et al. 
2010); thus, the interaction between spleen tyrosine kinase and FLNa5 may 
represent a previously uncharacterised mechanism among FLN 
immunoglobulin-like domains. 
 

 

FIGURE 11 Crystal structure of FLNa3–5. The domains are packed side-by-side and form 
a bent triple sandwich structure. The CD faces (coloured red) are solvent 
exposed. Domain 3 is shown in yellow, 4 in green and 5 in cyan. 

The observed domain packing is unique among the immunoglobulin 
superfamily and, therefore, several complementary techniques were used to 
confirm the interactions. First, the calculated x-ray scattering from the FLNa3–5 
crystal structure was compared to experimental SAXS data. The structure was 
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in good agreement with the experimental SAXS data, rendering 2 value of 1.13, 
which indicates a very good fit ( 2 reports the minimised discrepancy between 
the scattering profiles; Svergun et al. 1995). In addition, SAXS-derived ab initio 
shape envelope had high resemblance with the overall shape of the crystal 
structure. The ab initio shape envelope was aligned with the crystal structure 
with a normalised spatial discrepancy of 1.61 (I, Fig. 2E) (the normalised spatial 
discrepancy reports the minimised dissimilarity, being zero for identical objects; 
Kozin and Svergun 2001). Ritika Sethi verified the interaction by mutagenesis. 
Mutations of the interacting residues led to changes in SAXS parameters and 
loss of interaction between individual domains 4 and 5 in pull-down assays (I, 
Table II, Fig. 4A and B). Finally, Drs Helena Tossavainen and Perttu Permi 
performed 1H-15N HSQC chemical shift mapping between FLNc5 and FLNc4–5 
to verify the interactions (I, Fig. 4C and D). 

To discover, whether the observed novel domain packing is conserved 
throughout the animal kingdom, sequence alignment was performed using 
human FLNa/b/c3–5 and FLNa3–5 of Mus musculus, Gallus gallus, Danio rerio 
and Drosophila melanogaster. The sequence alignment (Fig. 12; I, Supplementary 
Fig. S1) showed that key residues at the inter-domain interfaces are largely 
conserved, suggesting that the observed domain packing is a general feature 
among FLNs in the animal kingdom and thus functionally important. 
 

 

FIGURE 12 Surface residue conservation on the inter-domain interfaces of FLNa3–5. The 
key residues mediating the inter-domain interactions are largely conserved 
throughout the animal kingdom. 

4.2 Domain 5 stabilises domain 4 that interacts with ligand 
peptides (I) 

To investigate the function of the three-domain module, my colleague Ritika 
Sethi solved the structure of FLNc4–5 in complex with a peptide derived from 
glycoprotein Ib  (I, Fig. 6D), a receptor mediating platelet activation. The 
structure showed that domain 4 interacts with ligand peptides via the common 
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 sheet augmentation mechanism, as suggested by Ithychanda et al. (2009). The 
finding that the peptide interacted with domain 4 and not with the 
neighbouring domains is consistent with the closed conformation observed for 
domains 3 and 5. The thermal stability assay demonstrated that domain 5 
stabilises domain 4 (I, Fig. 7). This suggests that in contrast to the rod 2 domain 
pairs that negatively regulate ligand binding, the inter-domain interactions of 
domain 4 and 5 might positively regulate ligand binding in domain 5. The 
function of the inter-domain interactions between domain 3 and 4, however, 
remain to be explained. 

4.3 Ligand peptide-bound mechanosensory domain pair 20–21 is 
flexible but restricted in conformations (II) 

During recent years, the mechanisms underlying the cellular mechanosensory 
function of FLNs have begun to emerge. It is evident that the two domain pairs 
18–19 and 20–21, discussed in section 1.5.2, form the molecular basis for 
mechanosensing (Razinia et al. 2012). In silico and in vitro studies on FLNa20–21 
show that the ligand-binding inhibitory A strand of domain 20 can be released 
by applying an external pulling force on the domain pair to promote ligand 
binding (Pentikäinen and Ylänne 2009; Ehrlicher et al. 2011; Rognoni et al. 2012). 
Recently, Nakamura et al. (2014) demonstrated that acto-myosin mediated 
contraction leads to changes in the domain organisation in cells. However, 
detailed structural level information on how the mechanosensory domain pairs 
are deformed upon ligand-binding is unclear. To study this, extensive structural 
studies, including SAXS measurements, crystallisation and NMR measurements 
with FLNa20–21 and migfilin-derived ligand-peptide were performed.  

TABLE 2 SAXS-based structural parameters for FLNa20–21 and FLNa A20–21 in the 
absence and presence of migfilin peptide. 

 
Sample      Rg (nm) 1 Dmax (nm)2 

 
 
FLNa20–21     1.9  6.8 
FLNa20–21+migfilin    2.3  8.2 
FLNa A20–21     2.4  8.5 
FLNa A20–21+migfilin   2.4  8.2 
 

1Derived from the Guinier analysis. The error is ± 0.1 nm. 
2Estimate from the pair-distance distribution calculation in program DATGNOM (Svergun 
et al., 2001). The error is approximately 10%. 
 
SAXS analysis demonstrated that FLNa20–21 forms a compact structure in 
solution that is extended upon peptide binding (II, Fig. 2). Peptide binding 



30 

 

induced a clear increase in radius of gyration, Rg, and a maximum dimension, 
Dmax, of FLNa20–21 (Table 2). The conformational change was observed clearly 
from the pair-distance distribution function, P(r), that changed from a bell-
shaped curve, typical for globular particles, into an asymmetric curve, typical 
for extended particles (Fig. 13). 

As demonstrated in earlier studies, the observed changes are at least 
partially a result from the displacement of the A strand of FLNa20 (Pentikäinen 
et al. 2011; Ruskamo et al. 2012). Considering this, we performed the 
measurements with a domain pair lacking the inhibitory A strand, hereafter 
called FLNa A20–21. The data indicated that without the A strand of FLNa20, 
the domain pair is more elongated, and migfilin binding did not result in 
significant changes in the protein dimensions (Table 2 and Fig. 13A). 

Next, dimensionless Kratky and Porod-Debye analyses of SAXS data were 
used to assess the conformational flexibility of the domain pair. In 
dimensionless Kratky, deviation from a bell-shaped curve indicates flexibility, 
whereas in a Porod-Debye plot, the loss of a clear plateau at low scatting angles 
tells the same (Rambo and Tainer 2011). The plots suggested that both migfilin 
binding (in the case of FLNa20-21) and removal of the A strand (in the case of 
FLNa A20–21) lead to increased flexibility of the domain pair. The peptide-
bound profiles for both constructs were similar, whereas the non-ligated 
FLNa20-21 was significantly less flexible than FLNa A20–21 (Fig. 13B and C).  
 

 

FIGURE 13 Model-independent analyses of SAXS data. (A) Pair-distance distribution 
function, (B) dimensionless-Kratky, and (C) Porod-Debye analyses for non-
ligated and migfilin-peptide bound FLNa20–21 and FLNa A20–21. 

To model the flexible peptide-bound structure of the domain pair in solution, 
ensemble optimization method (EOM) analysis was performed (Fig. 14). EOM 
allows an ensemble modelling of flexible macromolecules when suitable rigid 
body models are available (Bernado et al. 2007). The EOM analysis showed that 
FLNa20–21 is mostly compact with an average Dmax (6.6 nm) comparable to 
those measured from the crystal structure. However, a minor population of 
extended conformations with an average Dmax of 8.5 nm, in conjunction with the 
compact ones, fitted the scattering data and was selected by the EOM. The EOM 
selected models for the extended population suggest that the two domains are 
detached from each other. For peptide-bound FLNa20–21, the EOM selected 
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conformations with a wide size distribution very similar to the random models 
and had an average Dmax of 7.5 nm. FLNa A20–21 differs from FLNa20–21. For 
FLNa A20–21, the EOM selected two populations of equal frequency with a 
Dmax of 7.0 nm and 8.5 nm, respectively. The rigid body models suggest that the 
domains are separated in both populations. The peptide-bound distribution, 
however, is similar to that of FLNa20–21 with an average Dmax of 7.5 nm. 
 

 

FIGURE 14 EOM analyses for FLNa20–21 (A–C) and FLNa A20–21 (D–F) with and 
without migfilin peptide. Rg (A,D) and Dmax (B,E) distribution histograms for 
the random pool and selected ensembles. (C,F) EOM selected models 
corresponding to the most typical conformations (i.e. selected model having a 
Dmax that roughly corresponds to the peak of the selected ensemble 
histograms). 

These results are in agreement with the dimensionless Kratky and the Porod-
Debye analyses discussed above. FLNa20–21 is compact, but the A strand 
deletion or peptide binding makes the domain pair flexible. Interestingly, the 
peptide-bound population falls between the compact and extended populations 
in terms of Dmax observed without the peptide. The peptide seems to restrict the 
conformational space of the domain pair. The wide size distribution suggests 
larger conformational space and is in accordance with the increased flexibility 
upon peptide binding observed in the flexibility plots. This agrees with the 
flexibility plots and implies that the A strand of FLNa20 is important for the 
rigidity of the domain pair.  

The crystal structure of FLNa A20–21 in complex with the migfilin 
peptide was solved to obtain detailed information on the conformational 
changes on the domain pair. The A strand deleted domain pair was used to 
avoid unstructured sequences that inhibit crystallisation. Residues 8–18 of the 
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peptide bind to the CD face of FLNa21, as reported by Lad et al. (2008). The two 
prolines at positions 19–20 bring structural rigidity to the peptide and bend it 
on top of domain 21, displacing domain 20 from its position in the FLNa19–21 
crystal structure (Fig. 15). If the peptide from our current structure is placed in 
domain pair structure 20–21, the peptide causes a steric clash that would 
prevent domain 20 from interacting with domain 21. This would likely cause a 
conformational change leading to a lack of domain-domain interactions, as seen 
in the current structure. 
 

 

FIGURE 15 Migfilin peptide induced conformational change on FLNa A20–21 (FLNa 
A20 in cyan and FLNa21 in green). On the left is the crystal structure of 

FLNa20–21 (from PDB code 2J3S). On the right is the peptide-bound crystal 
structure of the domain pair reported here. Migfilin peptide (in yellow) 
binding promotes a major conformational change to the domain pair. When 
the peptide is superimposed with the non-ligated domain pair structure 
(shown in the middle), the two consecutive prolines cause a steric clash with 
domain 20, presumably promoting the observed conformational change. 

To gain more information about the flexibility of the peptide-bound domain 
pair in solution, NMR measurements with FLNa A20–21 were performed. 
These experiments were conducted by M.Sc. Nebojsa Rodic, Dr Helena 
Tossavainen and Dr Perttu Permi. The analysis was difficult because a major 
fraction of FLNa A20 HSQC peaks disappeared upon peptide addition. 
Consequently, changes at the inter–domain interface could not be mapped. 
However, the domain-level flexibility could be evaluated through 15N T1 and T2 
relaxation parameters. The parameters were significantly different between the 
individual domains and larger than those estimated from the molecular weight. 
Together, these suggested that the domains move partially independently of 
each other. The inter–domain loop restricts the movement of the domains, but 
allows some flexibility both in the absence and presence of the peptide (II, 
Supplementary Fig. S2). These observations agree with the SAXS analyses 
presented above and have been recorded earlier by Tossavainen et al. (2012) for 
full-length FLNa20–21 in assembly containing domains 16–21. 
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4.4 Three-conformational states model for domain pair 20–21 (II) 

Together with the results presented above and reported earlier studies, a model 
of three-conformational states for FLNa20–21 can be proposed to explain the 
conformational changes on the domain pair (Fig. 16). These states are compact 
(i), open (ii) and ligand-bound (iii). The compact state represents the major 
population observed in the EOM analysis, when no ligand is present and is seen 
in crystal structure FLNa19–21. The compact state is in dynamic equilibrium 
with the open state, but when no force is applied, the compact state is favoured. 
These observations agree with recent single molecule force spectroscopy 
measurements. Small external forces – in a range capable of being produced by 
several myosin motors – shift the equilibrium towards the open state. However, 
extrapolation to zero force predicted that occasional opening of FLNa20 A 
strand can occur (Rognoni et al. 2012). In the open state, the domains are 
separated and can move rather freely via the inter–domain loop. Ligand 
binding to a compact or open state leads to the ligand-bound state (iii), 
characterised here. The ligand-bound state is less extended than the open one, 
and it is likely that the bound ligand restricts the mobility of the domains. In the 
crystal structure, the peptide was found to bend on top of domain 21 (Fig. 15). 
The following peptide residues presumably limit the movement of the inter–
domain loop preventing the domain pair from adopting the open state. Peptide 
binding is reversible with dissociation constants in mM to μM range 
(Ithychanda et al. 2009). 
 

 

FIGURE 16 Three-conformational states model for FLNa20–21. The domain pair 20–21 
adopts three conformations: compact (i) A strand bound, open (ii) A strand 
replaced and (iii) ligand-peptide bound conformations. 
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Closer inspection of previously solved complex structures of FLNa21 with 
different ligand-peptides revealed that all peptides have at least one proline 
and a bulky, charged amino acid following the residues responsible for the 
interaction with FLNa21 (II, Fig. 7) (Kiema et al. 2006; Nakamura et al. 2006; 
Takala et al. 2008; Smith et al. 2010). These structures suggest that all ligand-
peptides could behave similarly and limit the flexibility of the inter–domain 
loop leading to peptide-bound conformation of the domain pair described 
above. Notably, FLNa18–19 is similar to FLNa20–21 in terms of the domain pair 
organisation, and domain 19 binds the same ligands as 21 (Heikkinen et al. 
2009). Thus, it is possible that the model presented here also works for the 
FLNa18–19 domain pair. 

To summarise, the data presented here shows that peptide-bound 
mechanosensory domain pair FLNa20–21 is flexible but restricted in 
conformational space because of steric effects caused by the migfilin peptide. 
This may also hold for other ligand-peptides and be important for the 
mechanosensory function of the domain pair. 

4.5 Patient mutations lead to structural alterations in the domain 
pair 16–17 (III) 

As mentioned by Heikkinen et al. (2009), the function of domain interactions 
between 16–17 is unknown. Three known missense mutations (L1788R in FLNa, 
G1834R, and S1902R in FLNb) leading to skeletal dysplasia on the domain pair 
have been found (Robertson et al. 2006; Daniel et al. 2012). Based on FLNa16–17 
structure, they are all predicted to be located close to the inter-domain interface. 
As the molecular level mechanisms behind the disorders are imperfectly 
understood, these mutations were chosen for structural studies. 

To gain detailed information on the position of the FLNb patient 
mutations G1834R and S1902R, FLNb16–17 was crystallised (Fig. 17). The A 
strand deleted protein was used because in FLNa16–17 (Heikkinen et al. 2009) 
and FLNb16 (PDB code 2EE9) NMR structures the A strand is unstructured. 
This unstructured segment might hamper the crystallisation. The structure was 
very similar to its FLNa counterpart (root mean square deviation of 0.96 for 145 
C  atoms). The residues at the inter-domain interface are conserved, except for 
two minor substitutions. The disease-causing patient mutations are located 
close to the inter-domain interface, G1834R at the A strand and S1902R at the G 
strand, as predicted. 
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FIGURE 17 Crystal structure of FLNb16–17. (A) Structures of FLNa16–17 (in grey) and 
FLNb16–17 (FLNb16 in green and 17 in cyan) are superimposed. The location 
of the studied patient mutations are shown with red spheres. (B) Zoom-in to 
the key residues are responsible for the inter-domain interaction. 

The effect of the mutations on the domain pair stability was first studied with 
the Thermofluor thermal stability assay (Pantoliano et al. 2001) (Fig. 18A–C). In 
this assay, the exposure of hydrophobic areas of the protein upon temperature 
induced unfolding is probed by a dye, which gives a fluorescent signal only 
when bound to a hydrophobic environment. Thus, well-folded proteins should 
have a low initial fluorescence signal, which rapidly increases upon melting 
transition and then decreases as a result of aggregation of the unfolded protein 
and thermal energy lowered affinity of the dye on the protein (Pantoliano et al. 
2001). In Fig. 18, FLNa16 (in panel A) and FLNb17 (in panel B) show clearly 
interpretable melting curves. FLNb17 has a clear melting transition between 45–
60 °C, after which the fluorescence decreases. As for FLNa16, the fluorescence 
intensity gradually increases until 65 °C followed by a sharp decrease. The 
respective domains, FLNa16 carrying L1788R mutation (in panel A) and 
FLNb17 carrying G1834R or S1902R mutation (in panel B), however, show a 
very high dye binding at ambient temperatures, suggesting that the proteins are 
not in their native state. A high initial fluorescence signal that decreases as a 
function of temperature is typical for an un- or misfolded protein, or, for 
instance, proteins with exposed hydrophobic patches (Pantoliano et al. 2001). 
For the two-domain fragments (Fig. 18C), FLNa16–17 showed a sharp melting 
transition between 53–63 °C. FLNb16–17 showed some ambient dye binding 
and a major melting transition between 60–70 °C. For FLNa16–17 L1788R 
mutation, the fluorescence increases steadily until 60 °C followed by a sharp 
decrease, as for single domain FLNa16. In contrast, FLNb16–17 mutants both 
show a typical curve for a poorly folded protein, as for the single mutant 
domains FLNb17. Altogether, all three mutants have an effect on the thermal 
stability of the protein, and the FLNb17 G1834R and S1902R mutations seem to 
destabilize the domain. 
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FIGURE 18 FLN16–17 patient mutations destabilise the domain pair. The thermal 
stability assay of wild type and mutated single domains (A–B) and domain 
pairs (C). (D) The circular dichroism spectra of the wild type and mutated 
domain pairs. 

To further study the effect of the FLNa and FLNb mutations in the 
conformation of the domain pair, circular dichroism spectra were recorded for 
the purified two-domain fragments (Fig. 18D). Both FLNa16–17 and FLNb16–17 
showed spectra typical for proteins with  sheet structure with a major positive 
peak in molar ellipticity at 195 nm and a major negative peak at 218 nm 
(Greenfield and Fasman 1969). The FLNa L1788R mutation caused no major 
alteration in the spectrum. However, both the FLNb G1834R and S1902R 
mutants showed altered spectra, suggesting major changes in the  sheet 
content. 

Typically, poorly folded proteins are subjected to increased proteolysis in 
cells. The reduced stability caused by domain unfolding is known to lead to 
increased proteolysis of FLNc in myofibrillar myopathy (Vorgerd et al. 2005; 
Löwe et al. 2007; Kley et al. 2012). This may also be the case with the mutated 
FLN16–17. Domain 17 is also a known ligand-binding site (Nakamura et al. 
2006; Ithychanda et al. 2009), and unfolding of the domain may prevent binding 
of currently unknown ligands that are important during bone morphogenesis, 
thereby affecting downstream signalling from the site. 
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The above results suggest that the patient mutations in FLNb17, G1834R 
and S1902R lead to drastic changes in domain stability and folding, whereas 
FLNa16 mutation L1788R seems to have less severe effects. To model the 
changes of this mutation on the domain pair, SAXS measurements were 
performed. The proteins behaved well and no severe aggregation or repulsion 
was detected. The L1788R mutation had a clear effect on the structural 
parameters of the domain pair (III, Table II). Next, ab initio shape envelopes for 
the wild type and L1788R domain pairs were generated (Fig. 19). All three 
models fitted well with the scattering data (chi values of 0.85–1.40) and the 
structures of the wild type domain pairs agreed with the respective globular 
shape envelopes (the normalised spatial discrepancy between structures and 
shape envelopes were 1.50–1.62) (III, Supplementary Fig. S2). Interestingly, the 
envelope of L1788R patient mutant was clearly extended in shape, suggesting 
an opening of the inter-domain interface (Fig. 19). This may have an influence 
on the possible force sensing of the domain pair, for instance, by revealing 
hidden uncharacterised binding sites. Stiffness sensing is a key process 
regulating bone morphogenesis and well documented in pathological 
mechanisms of many diseases (Orr et al. 2006). Further studies are required to 
study the cellular effects of the conformational change. 
 

 

FIGURE 19 SAXS-derived ab initio shape envelopes for FLNa and b16–17 wild type and 
FLNa16–17 L1788R patient mutant. 



 

 

5 CONCLUSIONS 

The main conclusions of this thesis are as follows: 
 
I Filamin domains 3–5 form a compact, partially flexible three-domain unit, 

whose packing is conserved throughout the animal kingdom. This kind of 
domain packing has not been observed earlier within the immunoglobulin 
superfamily. The common ligand-binding interfaces (CD faces) of domain 
3 and 5 are in a conformation that may not be accessible for  sheet 
augmentation interactions. Instead, domain 5 stabilised domain 4, which 
is capable for such  strand forming interaction. 

 
II The mechanosensory FLNa domain pair 20–21 has three distinct 

conformational states. The non-ligated domain pair forms a compact 
structure with occasional opening of the domain 20 A strand that masks 
the ligand-binding CD face of domain 21. This leads to an extended open 
conformation of the domain pair, where the domains can move rather 
freely with respect to each other. Migfilin peptide binding in domain 21 
prevents interactions taking place between the domains. This is due to 
bending of the peptide on top of domain 21. In addition, the peptide likely 
restricts the movement of the inter-domain linker leading to reduced 
conformational freedom of the domains with respect to each other. 
Therefore, the migfilin peptide-bound structure of the domain pair is 
flexible but different in allowable conformations to a non-ligated A strand 
replaced open conformation. The represented model may be common to 
all ligand-peptides and also hold for the structurally similar domain pair 
18–19. 

 
III Skeletal dysplasia causing patient mutations in domain pair 16–17 

destabilise the domain pair by either leading to domain 17 unfolding or 
opening of the inter-domain interface by causing other structural 
rearrangements in the domain. These may make the protein prone to 
increased proteolysis, alter ligand binding ability and change the 
mechanical signalling of the domain pair. 
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YHTEENVETO (RÉSUMÉ IN FINNISH) 

Rakennetutkimuksia filamiini-proteiinin domeenivuorovaikutuksilla 

Monisoluisilla eliöillä solujen liikkuminen ja kiinnittyminen ympäristöönsä 
ovat välttämättömiä kudosten muodostumisen kannalta. Eläinsolujen liikkeen 
mahdollistaa säikeinen aktiinitukiranka, joka kasvaessaan työntää solukalvoa 
eteenpäin. Aktiinin toimintaa säätelevät lukuisat apuproteiinit. Filamiinit ovat 
yksi tällainen proteiiniperhe. Filamiinit ovat suurikokoisia proteiineja, jotka si-
tovat aktiinisäikeitä yhteen geelimäisiksi verkostoiksi solukalvon tuntumaan. 
Lisäksi ne toimivat kiinnittymisalustana toisille proteiineille ja osallistuvat tällä 
tavoin lukuisten solun toimintojen säätelyyn. Filamiinien monitahoisen toimin-
nan vuoksi ne ovat osallisina useissa perinnöllisissä sairauksissa, jotka aiheut-
tavat vakavia kehityshäiriöitä aivoihin, sydämeen, luustoon sekä lihaksiin.  

Filamiinit koostuvat useasta rakenteellisesti itsenäisestä osasta, domeenis-
ta. Proteiiniketjun päässä on aktiinia sitova domeeni. Tähän on liittyneenä 24 
immunoglobuliinin kaltaista domeenia, jotka toimivat proteiinivuorovaikutus-
ten välikäsinä. Nämä domeenit muodostavat taipuisan sauvamaisen rakenteen. 
Osan domeeneista on havaittu vuorovaikuttavan keskenään ja muodostavan 
domeenipareja. 

Erityisen mielenkiinnon kohteeksi filamiineissa on noussut niiden kyky 
toimia eräänlaisina voimamittareina. Solun normaalin kehityksen edellytyksenä 
on, että se aistii ympäristönsä mekaanisia ominaisuuksia. Tämän mahdollista-
vat proteiinit, jotka muuttavat muotoaan kohdatessaan mekaanisen ärsykkeen. 
Aikaisemmin on selvitetty, kuinka filamiinit aistivat niihin kohdistuvan ulkoi-
sen rasituksen. Lepotilassa proteiinien sitoutumispaikka filamiinin domeenipa-
rissa on peittyneenä, mutta se avautuu vetävän voiman vaikutuksesta ja mah-
dollistaa erityisten viestinvälittäjäproteiinien sitoutumisen. 

Väitöskirjani tutkimuksissa keskityttiin filamiinidomeenien rakenteisiin. 
Pääasiallisina tutkimusmenetelminä käytettiin proteiinikristallografiaa sekä 
pienkulmaröntgensirontaa. Nämä menetelmät mahdollistavat proteiinien ato-
mitason rakenteiden selvittämisen sekä proteiinivuorovaikutusten tutkimisen. 

Ensimmäisessä osatyössä ratkaistiin uusi kolmen domeenin filamiinira-
kenne. Tämän kolmen domeenin yksikön osoitettiin olevan verihiutaleiden so-
lukalvoproteiinin sitoutumispaikka. Rakenteessa havaitut domeenien väliset 
vuorovaikutukset vakauttavat solukalvoproteiinia sitovan keskimmäisen do-
meenin. Onkin mahdollista, että filamiiniin kohdistuvan vetävän voiman vaiku-
tuksesta domeenien väliset vuorovaikutukset purkautuvat ja solukalvoproteii-
nin sitoutuminen estyy. Tämä olisi uusi mekanismi, jolla filamiinit säätelevät 
proteiinivuorovaikutuksia ulkoisen voiman vaikutuksesta. 

Toisessa osatyössä tarkasteltiin voimamittarina toimivassa domeeniparis-
sa tapahtuvia rakenteellisia muutoksia solujen tarttumista säätelevän proteiinin 
sitoutuessa pariin. Tutkimuksessa havaittiin, että säätelyproteiinin sitoutuessa 
domeeniparin vuorovaikutukset purkautuvat. Domeeniparista tulee rakenteel-
taan joustava, mutta sitoutunut säätelyproteiini rajoittaa domeenien liikettä ja 
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lukitsee ne liikkumaan tietyissä kulmissa toisiinsa nähden. Tämä rakennemuu-
tos saattaa olla tärkeä säätelymekanismi voimamittarin toiminnassa. 

Viimeisessä osatyössä tutkittiin luuston kehityshäiriöihin johtavien mutaa-
tioiden rakenteellisia vaikutuksia aikaisemmin löydettyyn filamiinin do-
meenipariin, jonka toiminta solussa on epäselvä. Tutkimuksessa todettiin, että 
mutaatiot joko johtavat domeenirakenteen hajoamiseen tai muuttavat do-
meeniparin välisiä vuorovaikutuksia mahdollisesti irrottaen domeenit toisis-
taan. Rakenteen purkautuminen saattaa estää luiden kehityksen kannalta tärke-
än viestinvälittäjäproteiinin sitoutumisen domeenipariin sekä johtaa filamiinin 
ennenaikaiseen pilkkomiseen soluissa. Domeeniparin avautuminen puolestaan 
saattaa paljastaa aiemmin tuntemattoman proteiinin sitoutumispaikan parissa 
ja lisätä siten filamiinin aktiivisuutta. 

Väitöskirja tuo uutta tietoa filamiinien rakenteista ja toiminnasta voima-
mittareina sekä paljastaa syitä filamiinien rakenteen ja toiminnan muutoksista 
vakavien luuston kehityshäiriöiden taustalla. 
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Background: Filamins are actin cross-linking and 
signaling scaffolding proteins that contain 
mechanically regulated interaction sites in their C-
terminus.
Results: Crystal structures of filamin N-terminal
domains 3-5 reveal novel domain packing and
interaction details of domain 4.
Conclusion: Domain 4 is stabilized by interaction 
with domain 5.
Significance: Inter-domain interactions positively
regulate domain 4 interactions with ligands.

ABSTRACT
Immunoglobulin-like (Ig) domains are a widely 
expanded superfamily that acts as interaction 
motifs or as structural spacers in multi-domain 
proteins. Vertebrate filamins (FLNs), which are 
multifunctional actin binding proteins, consists 
of 24 Ig domains. We have recently discovered 
that in the C-terminal Rod 2 region of FLN, Ig 
domains interact with each other forming 
functional domain pairs, where the interaction 
with signaling and transmembrane proteins is 
mechanically regulated by weak actomyosin 
contraction forces. Here, we investigated if 
there are similar inter-domain interactions 
around domain 4 in the N-terminal Rod 1 
region of FLN. Protein crystal structures 
revealed a new type of domain organization 
between domains 3, 4 and 5. In this module,
domains 4 and 5 interact rather tightly whereas 

domain 3 has a partially flexible interface with 
domain 4. NMR peptide titration experiments 
showed that within the three domain module, 
domain 4 is capable for interaction with a
peptide derived from platelet glycoprotein Ib.
Crystal structure of FLN domains 4 and 5 in 
complex with the peptide revealed a typical 
sheet augmentation interaction observed for 
many FLN ligands. Domain 5 was found to 
stabilize domain 4, and this could provide a 
mechanism for the regulation of domain 4 
interactions.

Filamins (FLN) are actin cross-linking proteins 
that are required for multicellular tissue 
differentiation. All three FLN genes (FLNA, 
FLNB and FLNC) are essential in mouse and 
truncation or substitution mutations cause 
developmental defects in humans (1, 2) (Figure 
1). The diversity of phenotypes caused by FLN 
mutations can be explained by at least 90 proteins 
that interact with FLNs (3). The interaction 
partners can be classified to at least three different 
categories: transmembrane proteins, cytoskeletal 
proteins and intracellular signaling proteins. Thus, 
FLNs are involved in stabilization and regulation 
of plasma membrane, regulation of actin 
cytoskeleton and intracellular signaling (3–8).

Structurally, vertebrate FLNs consist of an N-
terminal actin-binding domain and 24 

JBC



                                                                 Structures and interactions of Filamin domains 3, 4 and 5  

2 

immunoglobulin-like (Ig) domains (Figure 1).
Domains 1 -15 are referred to as Rod 1 and 16-24 
as Rod 2. The structure of actin-binding domain is 
similar to that of -actinin and is composed of two 
calponin homology (CH) domains (9, 10). The 
FLN Ig domains have a characteristic structure 
and they can be regarded as protein interaction 
modules. They often interact with other proteins 
by a  sheet augmentation mechanism. In this 
mechanism, the interaction partner forms an 
additional  -strand next to the strand C of the 
FLN domain and simultaneously interacts with the 
hydrophobic groove between the strands C and D,
called the CD face (11–14). It is using this mode 
that ligands like transmembrane receptors of the 
integrin family (12, 15, 16), the platelet von 
Willebrand factor receptor subunit glycoprotein Ib
(GPIb) (11) and the cystic fibrosis transmembrane 
conductance regulator (17, 18) interact with FLNa 
domains 17, 19, 21, and 23. Also, signaling 
protein FilGAP uses the same mechanism for 
interacting with FLNa domain 23 (4) and migfilin 
with FLNa domain 21 (13, 14). Biochemical 
studies have suggested that also FLNa domain 4
interacts in a similar way with many of the ligands 
(19). Interestingly, in the dimerization interface of 
FLNc and FLNa, domain 24 also utilizes the CD 
face, but the  sheet augmentation occurs through 
strand D (20, 21).

There are three structurally characterized, closely 
interacting domain pairs in the C- terminal Rod 2 
region of FLNa: domains 16-17, 18-19 and 20-21
(15, 22). Interestingly, in FLNa domain pairs 18-
19 and 20-21, the function of the even numbered 
domain is to mask the CD face of the odd domain
(15, 22) and this masking can be relieved by low 
pico-newton range mechanical forces (23–25). To 
find out if similar structural mechanisms could 
regulate the interactions of FLN domain 4, we 
solved the crystal structures of FLNa domains 3-5,
FLNc domains 4-5 and FLNc domains 4-5 in 
complex with GPIb peptide. These structures 
disclosed a completely new type of interaction 
between three Ig domains. 

RESULTS 

Crystal structures of FLNa domains 3-5 and 
FLNc domains 4-5 show a novel domain-
domain organization

The crystal structures of FLNa domains 3-5
(Figure 2A and Table 2) and FLNc domains 4-5
(Figure 2B and Table 2) disclosed a completely 

new type of interaction between three Ig domains 
(Figure 2A) where the interfaces are highly 
conserved (Figure 3 and Figure S1). The domains 
interact side-by-side with each other along their  
sheets. This leads to a sandwich structure where 
the  sheets of each domain stack roughly parallel 
on top of each other (Figure 2A, left side), with 
domain 3 slightly shifted (Figure 2A, right side).
In this arrangement, the interaction between 
domains 3 and 4 is mediated via the edges of the  
sheets whereas domains 4 and 5 interact along 
three -strands from each side. The buried 
interface area is about 500 Å2 and 830 Å2 for 
domains 3-4 and 4-5 respectively, suggesting that 
the interaction between 4 and 5 is tighter than the 
other. There is a large hydrophobic interaction 
surface between domains 4 and 5 around a Trp 
residue in the A strand of domain 4 (Trp582 in 
FLNa and Trp577 in FLNc) (Figure 2C), whereas 
the interaction between domains 3 and 4 has 
mostly polar characteristics. The main chain 
structure of FLNc domains 4-5 is largely identical 
to FLNa domains (root mean square deviation 
(rmsd) of 0.66 Å between 165 C-  atoms) (Figure 
2B).

The domain-domain interactions observed in these 
crystal structures are, to our knowledge, unique 
among the entire Ig superfamily. Therefore, we 
used several complementary techniques to 
confirm that the domain arrangement and 
interactions exist also in solution and are not 
induced by crystal packing. First, we compared 
the crystal structures with the SAXS scattering 
data obtained in solution. The chi values for 
comparison of calculated scattering from the 
structures and observed solution scattering profile 
were 1.13 and 1.80 for FLNa domains 3-5 and 
FLNc domains 4-5, respectively. The structures 
fitted well in the SAXS-generated ab-initio
envelopes (Figure 2D and E). Mutations of the 
contact residues seen in the crystal structure made 
the two-domain fragment FLNc4-5 more extended 
in SAXS and the same mutations also diminished 
the interaction between individual FLNc domains 
4 and 5  in pull-down assays (Table S1 and Figure 
S2). Comparison of NMR chemical shifts between 
FLNc domain 5 and the domains 4-5 pair also 
verified the interaction surface (Figure 4). 

In line with the relatively small interaction area 
between FLNa domains 3 and 4, closer analysis of 
SAXS data using ensemble optimization methods 
(EOM) suggested that in both, FLNa and FLNc,
three domain fragments of domains 3-5 can be 
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flexible in solution. This is shown by the broader 
Dmax range for three domain fragments as 
compared to FLNc4-5 (Figure 5 A, B). To further 
test the flexibility of FLNa3-5 structure, we
performed molecular dynamics (MD) simulations 
on FLNa3-5 without any restraints. Analysis of 
the snapshot structures obtained from 50 ns MD 
simulations showed that domain 3 changes its 
orientations with respect to domain 4 and 5 whose 
interactions stay intact (Figure 5 C). This
flexibility of the three domain fragment observed 
in the MD simulations is in accordance with the 
observed solution scattering profile of FLNa3-5
(Chi values for snapshots of two extreme 
orientations in the range of 1.15 -1.23) and the
snapshots fit well in the SAXS-generated ab-initio
envelopes (Figure 5 D). 

Taken together, the crystal structures of FLNa 
domain 3-5 and FLNc domains 4-5 reveal a new 
type of Ig-domain packing that fits well with 
analyses performed in solution stage. The domains 
4 and 5 interact relatively tightly whereas the 
interface between domains 3 and 4 may be partly 
flexible.

Ligand peptide binds to domain 4 in the three 
domain module

Earlier, FLNa domain 4, but not 3 and 5, has been 
shown to interact with  -strand forming peptides 
(19). In FLNa3-5 and FLNc4-5 structures, the CD 
surfaces of all three domains are exposed. 
However, in domains 3 and 5, the CD loop 
partially occludes the groove between the  -
strands (Figure 6A, C), which is not seen in 
domain 4. This suggests that only domain 4 may 
interact via its CD face. However, in FLNc 
domain 4 but not FLNa, the  -strand C is 
preceded by a 310 helix (Figure 6B) that might 
interfere with  -strand augmentation interactions. 
To test if FLNc domain 4 can still bind a ligand, 
we co-crystallized the FLNc4-5 fragment with the 
model peptide derived from GPIb, that commonly 
has the highest interaction affinity among test 
peptides (19). The structure (Figure 6D and Table 
2) revealed that the peptide interacts with the
typical -sheet augmentation mechanism 
originally discovered for FLNa domain 17 (11)
(Figure 6E, F). Interestingly, the electron density 
for the 310 helix and for the BC loop is not visible 
in this structure, suggesting local flexibility. We
confirmed these interactions in solution by 
recording 15N- and 13C-HSQC spectra of FLNa3-5
and 15N-HSQC spectra of FLNc4-5 in the 
presence and absence of the GPIb peptide.

Chemical shift perturbations mapped at or close to 
the CD face of domain 4, indicating that it is 
available for interaction (Figure 6G, H). This 
indicates that the novel domain-domain 
interactions between domains 3-5 do not prevent 
the binding of small  -strand forming peptides to 
the CD face of domain 4. 

Domains 5 stabilizes the structure of domain 4

Isolated domain 4 has been shown to be partially 
unstable in previous studies (19). To investigate if 
neighboring domains have an influence on domain 
4 stability, we probed the thermal stability of the 
domains using a hydrophobic fluoroprobe (Figure 
7) (26). Comparison of the temperature dependent 
dye binding curves shows that isolated domain 4
starts binding the dye in the range of 35-45 oC
whereas domain 5 binds only in the 70-80 oC
range. This indicates that the structure of domain 
4 is less stable than domain 5. Furthermore, the 
dye binding curve of FLNc4-5 shows two 
transition temperatures. The lower temperature at 
around 55 oC is considerable higher than that 
observed with domain 4 alone, whereas the higher 
transition temperature is close to that of isolated 
domain 5. This suggests that domain 5 stabilizes
domain 4 in the two domain fragment. A similar 
curve is seen for FLNc3-5 indicating that domain 
3 does not have an additional effect on the 
stability of domain 4.

DISCUSSION

Traditionally, long multi-domain proteins are 
thought to work as beads on a string that allow 
great flexibility, but where individual domains 
perform their functions largely independent of 
each other. This seems not to be the case in FLNs. 
Although FLNs are flexible molecules composed 
of 24 similar Ig domains, we have earlier reported 
three functional domain-domain interactions in 
the C terminal Rod 2 region of FLNa. In this 
paper, we tested if there are similar inter-domain 
interactions in the Rod 1 region around domain 4.
Our major findings are: 1) Domains 3 and 5 
interact with domain 4 and this module of FLN 
domains 3-5 shows a new type of domain-domain 
arrangement; 2) We show the details of ligand 
binding to the CD face of FLN domain 4; and 3)
provide evidence of domain 4 stabilization by 
interactions with neighboring domains. We 
believe that each of these findings has wide 
implications to our understanding of the FLN 
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function. The findings and their implications are 
discussed below. 

Based on the sequence similarity with the pair-
forming domains in Rod 2 (19, 27), we 
hypothesized that domain 4 might be involved in 
domain-domain interactions. To study this, we 
crystallized FLNa domains 3-5, and FLNc 
domains 4-5. The structures revealed a novel type 
of domain packing that has not been observed in 
Ig domains before. Typically, FLN-type Ig 
domains interact with each other via the edges of 
the  sheets and via loop regions (10, 15, 22). On 
the other hand, many other Ig domains form 
dimers by interacting perpendicularly face-to-face 
along their  sheets (28–30). In the current 
structures, the domains stack on each other and 
interact face-to-back so that their  sheets are 
approximately parallel. Since  sheets are rather 
flat in the FLN-type Ig domains, this kind of 
arrangement allows maximal interface surface 
area. This seems to be true particularly between 
domains 4 and 5, where the interface is governed 
by several hydrophobic interactions. These 
features suggest that the interaction between 
domains 4 and 5 is rather stable. The interface 
between domains 3 and 4 is slightly shifted, has 
smaller area than between 4-5, and is mainly 
polar. These observations suggest that the 3-4
interface may be more flexible than that of 4-5.
This was also supported by analysis of SAXS 
results using EOM and by MD simulations. 
Residues on both interfaces are conserved 
throughout the animal kingdom and thus it is 
likely that the arrangement of domains 3-5
observed here is a general feature in FLNs. 

To study how domain 4 interacts with the GPIb
peptide derived from GPIb, which has been 
previously shown to interact with FLNa domain 4 
and other similar domains (19), we co-crystallized 
the peptide with FLNc domains 4-5 and used 
NMR methods to verify the interaction site in 
solution. The crystal structure showed that the 
interaction of the peptide with FLNc4 is almost 
identical as with FLNa17 (11): the peptide forms 
an extra  -strand next to the strand C of domain 4 
and interacts hydrophobically with the groove 
between strands C and D. Using NMR chemical 
shift perturbation mapping, we were able to show 
that also in solution the peptide interacts with 
FLNc4-5 and FLNa3-5 via the CD face of domain 
4. This fits well with the observation that in both 
domains 3 and 5 (FLNa3, FLNa5 and FLNc5), the 

CD face seems not to be accessible for similar  
sheet augmentation interaction because of the CD 
loop conformation. It is noteworthy that in the 
unligated FLNc domain 4 there is a 310 helical 
turn just before strand C that partially occludes the 
CD groove, but the peptide can induce a 
conformation change and displace this turn. In the 
absence of the peptide, NMR spectra revealed two
sets of cross peaks that could be assigned to the 
residues belonging to the 310 helix, suggesting that 
this structure has conformational flexibility in 
relatively slow (kex < 103 s-1) timescale
(Tossavainen et al., unpublished). This 310 helix is 
not seen in the structure of FLNa domain 4 and 
the corresponding residues show only a single set 
of peaks in 15N-HSQC spectrum. Taken together, 
these results demonstrate that the CD face of 
domain 4 is the preferred binding site for  -strand 
forming peptides within the module of FLN 
domains 3-5 and that this site is accessible for 
interactions in this module. It is of interest that the 
spleen tyrosine kinase, Syk, has been reported to 
interact with FLNa domain 5 (31). In our current 
structures the CD faces of FLNa and FLNc 
domain 5 is occluded by the closed conformation 
of the CD loop. Thus, the current structures
suggest that this interaction of Syk with FLNa 
domain 5 may use other kind of structural 
mechanism than  sheet augmentation next to 
strand C.

In the Rod 2 region of FLN the function of 
domain-domain interactions seems to be to mask 
the binding sites on domains 19 and 21. This 
masking can be relieved by mechanical force and 
thus these domain-domain interactions provide the 
basis for the mechanosensor function of FLN (5, 
23, 25, 32). In the module of domain 3-5, reported 
here, we do not see this kind of masking of the 
known interaction site in domain 4. Thus, CD face
masking cannot explain the function of this 
conserved module. An alternative possibility 
might be similar to the interaction of FILGAP 
with domain 23 where mechanical forces on FLN 
may destabilize interactions (24). It has been 
observed before that FLNa domain 4 is partially 
unstructured when studied by NMR (19). Here we 
show by hydrophobic fluoroprobe binding assay
that domain 5 is required for stabilization of 
domain 4. Structurally, this can be explained by 
the hydrophobic surface in domain 4 (particularly 
the conserved Trp residue at the domain-domain 
interface), which may cause problems in domain 
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folding when not allowed to interact with domain 
5.

In conclusion, our results highlight that multiple 
mechanisms have evolved for the inter-domain 
interactions in FLNs. We report here the presence 
of a novel three-domain module between domains 
3-5 that is conserved in FLNs and partially 
flexible. We suggest that one function of the three-
domain module is to stabilize domain 4 and to 
allow its interactions via the previously 
characterized  -strand augmentation mechanism. 

EXERIMENTAL PROCEDURES

Protein Expression and Purification
Fragments of the human FLNc and FLNa cDNA 
(GenBank AJ012737 and  AB593010.1) were 
PCR amplified according to the predicted domain 
boundaries (7) and cloned to the GST-fusion 
protein vector pGTVL1 (Structural Genomics 
Consortium, University of Oxford) according to 
the ligation-independent cloning method (33). The 
final products were verified by DNA sequencing. 
The proteins were expressed in Escherichia coli 
BL21 Gold cells (Agilent Technologies) at 37 oC
for 4 h with 0.4 mM Isopropyl -D-1-
thiogalactopyranoside (IPTG). The bacterial 
pellets were lysed using French press. The 
proteins were captured with Glutathione agarose 
column (Protino Glutathione Agarose 4B, 
Macherey-Nagel), released with Tobacco Etch 
virus protease (Invitrogen, Life technologies) and 
further purified by size exclusion chromatography 
with HiLoad 26/60 Superdex 75 column (GE 
Healthcare) in 100 mM NaCl, 1 mM dithiothreitol 
(DTT), 20 mM Tris pH 7.5 (FLNc fragments) and 
100 mM NaCl, 1 mM DTT, 20 mM Tris pH 8.0 
(FLNa fragments). Finally, the proteins were 
concentrated using Centriprep YM-10000 
(Millipore). Mutants were generated using the 
QuikChange Multi site-directed mutagenesis kit 
(Agilent Technologies). 13C/15N–labeled FLNc4-5,
FLNc5, and FLNa3-5 were expressed in E.coli in 
standard D-glucose/M9 minimal medium. These 
proteins were purified in 50 mM sodium 
phosphate, 100 mM NaCl, 1 mM DTT using the 
same protocol as described above for the 
unlabeled fragments.

Protein Crystallography 
Crystallization trials with hanging drop vapour 
diffusion method were set up for the purified 

recombinant proteins at room temperature. First 
crystals for FLNc4-5 were obtained in 1.4 M 
Sodium Potassium Phosphate. The condition was 
optimized using a gradient of salt concentration 
and the final crystals were mounted from 1.6 M 
Sodium Potassium Phosphate. These were first 
cryo-protected by adding 30% glycerol (final 
concentration) to the mother liquor and then 
frozen in liquid nitrogen. The crystals for FLNa3-
5 were obtained in 0.1 M Sodium Malonate pH 4, 
12% w/v Polyethylene glycol (PEG) 3,350 and 
were frozen in liquid nitrogen using 0.1 M 
Sodium Malonate pH 4, 35% w/v Polyethylene 
glycol 3,350. Equimolar mixture (1 mM each) of 
FLNc4-5 with GPIb peptide (residues 573-596,
numbering according to Uniprot ID P07359) was 
used to obtain co-crystals in 0.1 M HEPES pH 
7.5, 20% w/v PEG 8,000 using 1:2 ratio of protein 
to mother liquor. The crystals were cryo-protected 
with 6.6% ethylene glycol and 16.6% glycerol.

The diffraction data were collected at 100 K at the 
ESRF beamline ID23-1(wavelength = 1.07227 Å) 
(FLNc4-5) and ID29 (wavelength = 0.976250 Å) 
(FLNa3-5, FLNc4-5/GPIb). The data were 
processed with XDS (34) and the structures were 
solved using molecular replacement with the 
program Phaser (35) using FLNc23 (PDB ID: 
2NQC) chain A as the search model for FLNc4-5,
FLNc4-5 (PDB code 3V8O) and FLNc23 (2D7Q) 
as models for FLNa3-5 structure and FLNc4-5
(PDB code 3V8O) for FLNc4-5/GPIb structure. 
Refinement and model building were performed 
by programs Refmac5 (36, 37) and Coot  (38) for 
FLNc4-5 and FLNc4-5/GPIb. The model for 
FLNa3-5 was built using ARP/wARP 7.3 (39) and 
Coot and refined using Refmac5. The structure of 
FLNc4-5 was refined using medium non 
crystallographic symmetry restraints between 
chains A and B. Structure factors and coordinates 
were deposited in the PDB with ID 3V8O 
(FLNc4-5), 4M9P (FLNa3-5) and 4MGX
(FLNc4-5/GPIb). For FLNc4-5, 89.2% of amino 
acids were in the most favored region, 9.8% in 
additionally allowed regions and 1 % in 
generously allowed region of the Ramachandran 
plot. The values for FLNa3-5 were 92.1, 7.5 and 
0.4%, respectively and for FLNc4-5/GPIb, 77.6, 
19.0 and 3.4%, respectively. Crystal structure 
figures were generated using PyMOL. The 
domain-domain interface was analysed using the 
PISA server (40). Rendering was done in Chimera
(41) according to the sequence alignment made 
with Clustal Omega (42) using FLNa/b/c3-5,
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FLNa3-5 of M. musculus, G. gallus, D. rerio, and 
D. melanogaster.

Small-Angle X-Ray Scattering Measurements
Small-angle X-ray scattering (SAXS) data were 
collected on the EMBL (European Molecular 
Biology Laboratory) X33 beamline at the DESY, 
Hamburg (43) (MAR345 image plate, sample-
detector distance of 2.7 m and wavelength  = 
0.15 nm, covering the momentum transfer range 
0.08 < s < 4.9 nm-1 (where s = 4  sin(  )/ , 2  = 
scattering angle)); MAX IV Laboratory, beamline 
Cassiopeia I911-SAXS at the MAX II storage ring 
(Lund, Sweden) (44) (PILATUS 1M image plate, 
sample-detector distance of 2.2 m and wavelength 
0.091 nm, covering the momentum transfer range 
0.1 < s < 3 nm-1) and ESRF (European 
Synchrotron Radiation Facility), beamline BM29 
(45) (PILATUS 1M image plate, sample-detector 
distance of 2.9 m and wavelength 0.10 nm, 
covering the momentum transfer range 0.01 < s < 
5 nm-1).The protein concentrations were in the 
range of 1 - 10 mg/ml in purification buffer 
supplemented with 10 mM DTT. Buffer 
subtractions were conducted with either BioXTAS 
RAW software (46) or  ATSAS package program 
PRIMUS (47) and the scattering intensity (I) was 
extrapolated to zero solute concentration. The 
forward scattering I(0) and the radius of gyration 
(Rg) were calculated using the program GUINIER 
(48), where at very small angles (s × Rg < 1.3), the 
scattering intensity:

I(s) = I(0)exp (-1/3(Rg s)2 ) (1)

The distance distribution functions p(r) and the
maximum particle dimensions Dmax were 
calculated for all the fragments using program 
GNOM (49). The molecular mass of the 
constructs were evaluated by comparing the 
forward scattering with that from reference 
solution of bovine serum albumin (BSA) with 
molecular mass, 66 kDa using the equation:

Mwsample = I(0)sample × Mwref / I(0)ref . (2)

Assuming the samples are monodisperse, Porod’s 
law was applied to find out the excluded volume 
of the hydrated particle as: 

V = 2 2 I(0) / 2   Iexp (s)ds (3)

and to check the S-4 decay in scattering intensity at 
higher angles (50).  Kratky plot (51) (I(s) × s2

versus s) was evaluated to check for the flexibility 
of the protein at higher scattering angles. The 
scattering patterns were further used to generate 
low resolution ab-initio models of FLNc4-5 and 
FLNa3-5 by the program DAMMIF (52) or 
GASBOR  (53). Ten rounds of DAMMIF or 
GASBOR were done to generate models that were 
averaged using the program DAMAVER (54) to 
find the best model with common structural 
features. The scattering intensities of the crystal 
structures of FLNc4-5 (Protein Data Bank (PDB) 
ID: 3V8O) and FLNa3-5 (PDB ID: 4M9P) were 
calculated using CRYSOL (55) and the 
superposition of the DAMAVER generated 
envelope with the respective crystal structures are 
done with SUPCOMB program of the ATSAS 
package and the figures are made using PyMOL 
(Schrödinger LLC, Portland, OR) . To assess the 
flexibility of domain 3 in the FLNa and FLNc3-5
fragments, the ensemble optimization method 
(EOM) (56) was used. Similar analysis was 
performed for FLNc4-5 as an internal control. 
First, 10,000 randomized models (pool) were 
generated for each fragment using the native chain 
option in the program RanCH of the EOM 
package. The scattering profiles of each of these 
models were compared to the experimental 
scattering of respective fragments (FLNa3-5,
FLNc3-5 and FLNc4-5). A genetic algorithm was 
used to select a set of representative models 
(FLNa3-5 = 24; FLNc3-5 = 18 and FLNc4-5 = 
12) from the pool such that the average scattering 
from the selected models fits the experimental 
scattering. The results were represented as Rg and 
Dmax distribution profiles using GraphPad Prism 
version 4 for Windows (GraphPad Software Inc., 
La Jolla, CA). 

Protein Interaction Assay
Pull-down assays were performed using GST 
tagged FLNc4 bound to Glutathione agarose resin. 
1 - 20 M of FLNc5 and FLNc5R755D was 
allowed to interact for 1 hour at 23 °C after which 
the resin was washed three times with 500 l of 
PBS, 1mM DTT and eluted with 10 l of the 
SDS-PAGE sample buffer. Proteins were 
fractionated by SDS-PAGE and visualized with 
coomassie-stain. Intensities of the protein bands 
were quantified by ImageJ (57). Data were 
plotted using GraphPad Prism version 5 for 
Windows (GraphPad Software Inc. La Jolla, CA) 
to produce a non-linear regression curve for one 
site total and non-specific binding 
(Specific=Bmax × X/(X+Kd); Nonspecific=NS × 
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X + Background, where X = ligand 
concentration).

ThermoFluor Assay
Thermal stability of FLNc4, FLNc5 and FLNc4-5
was determined using Bio-Rad C1000 thermal 
cycler, CFx96 Real-Time system. Unfolding of 
the proteins was monitored using the fluorescent 
dye SYPRO Orange (Invitrogen) which binds to 
the hydrophobic core of the protein as it unfolds.
A temperature gradient was set up from 20 °C to 
95 °C with 0.5 °C/30 seconds increments. Each 
sample contained 100 M protein, except FLNc4 
(150 M), and 5X dye in 25 l total volume. 

NMR Experiments
NMR samples were prepared in 50 mM NaH2PO4,
100 mM NaCl, 1 mM DTT buffer at pH 7.0. D2O
was added to obtain ~8% solutions. Protein 
concentrations were 0.4-1.2 mM. Measurement 
temperature was 28 °C for FLNc5 and FLNc4-5,
and 35 °C for FLNa3-5. For the chemical shift 
assignment HNCACB and CBCA(CO)NH spectra 
were recorded with a Varian INOVA 500 MHz 
spectrometer equipped with a 15N, 13C, 1H triple-
resonance z-PFG probehead for FLNc5 and with a 
Varian INOVA 800 MHz spectrometer equipped 
with a cryogenically cooled, 15N, 13C, 1H triple-
resonance z-PFG probehead for FLNc4-5 and 
FLNa3-5. Peptide binding assays were performed 
by stepwise addition of the model peptide 
resulting in approximate concentration ratios of 1 
(protein):0 (peptide), 1:0.5, 1:1, 1:2, 1:3 and 1:5. 
At each step a 1H, 15N HSQC spectrum for the 
detection of backbone amide group chemical shift 
changes, and a 1H, 13C HSQC spectrum for the 
detection of methyl group chemical shift changes 
in the case of FLNa3-5 was recorded. Chemical 
shift changes were calculated as = (( H)2 +
(0.15× N)2)1/2. All spectra were processed with 
Vnmr 6.1C (Varian Inc.) and analysed with 
Sparky 3.110 (T. D. Goddard and D. G. Kneller, 
University of California, San Francisco).

Molecular Dynamics Calculations
The x-ray structure of FLNa3-5 (PDB ID: 4M9P) 
was used as the starting structure for MD 
simulations. Before energy minimizations and 
MD simulations, TIP3P water molecules 
extending 13 Å in all dimensions around the 
solute and counter ions to obtain neutrality were 
added with LEAP (58). All energy minimizations 
and MD simulations were performed with NAMD 
2.9 (59) using ff03 force field parameters (60).

Before MD simulations, the system was relaxed 
and equilibrated. First the water molecules and 
counter-ions were minimized using the steepest 
descent algorithm (3000 steps) keeping the rest of 
the system fixed. This was followed by similar 
minimization but only C -atoms were restrained 
to their crystallographic positions with a harmonic 
force of 5 kcal mol-2 Å-1 while the rest of the 
system moved freely. Before starting the 
production MD simulations, the equilibrium MD 
simulations for the whole system with C -atoms 
restrained were performed first at constant volume 
(for 300 ps) and then at constant pressure (for 
further 300 ps). Finally the whole system was 
equilibrated by simulating it at constant pressure 
without any restrains for 450 ps. After the system 
was fully equilibrated, the 50 ns production 
simulation was performed without constraints. 
Five parallel simulations were performed.  During 
the simulations, the system was kept at constant 
temperature (300 K) using Langevin damping 
coefficient of 5 ps-1 and constant pressure (1 atm) 
using a Nose´-Hoover Langevin piston (61) with 
an oscillation timescale of 200 fs and damping 
timescale of 100 fs. 2 fs integration time step was 
used under a multiple time stepping scheme (62),
where bonded and short-range interactions were 
computed every time step and long-range 
electrostatic interactions every third time step. A 
cutoff of 12 Å for van der Waals and short-range 
electrostatic interactions was used. To ensure a 
smooth cutoff for van der Waals interactions, a 
switching function was started at 10 Å. Long-
range electrostatic interactions were calculated 
using the particle-mesh Ewald method (63).
Periodic boundary conditions were used in all 
simulations. The SHAKE algorithm was applied 
to constrain the bonds containing hydrogen atoms 
(64). Snapshots from trajectories obtained from 
MD simulation were extracted with PTRAJ in 
ANTECHAMBER (58).

ACCESSION NUMBERS

The Protein Data Bank (PDB) accession number 
for the crystal coordinates and structure factors 
reported in this study are 3V8O (FLNc4-5), 4M9P 
(FLNa3-5), 4MGX (FLNc4-5/GPIb). Chemical 
shifts for NMR assignments have been deposited 
to the BioMagResBank database under accession 
numbers 19496 (FLNa3-5) and 19495 (FLNc4-5).
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FIGURE LEGENDS

Figure 1 Schematic representation of filamin dimer structure: Actin Binding Domains (ABDs) are 
red, followed by 24 Ig domains. Three known domain pairs in the Rod 2 region (16-17, 18-19 and 20-
21) are shown in green, purple and orange, respectively. The fragments of the Rod 1 region 
investigated in this study are labeled on the right subunit. Isoform specific (FLNA, FLNB and FLNC) 
substitution and local deletion mutations in human patients are shown on the left subunit.

Figure 2 New domain packing in FLNs: (A) Two views of the crystal structure of FLNa3-5, where 
domains 3, 4 and 5 are shown in yellow, green and cyan, respectively.  -strands C and D are shown 
in red; (B) Superposition of FLNc4-5 (orange) with FLNa4-5 (domain coloring as in panel A); (C)
Zoom-in view of the interface showing key residues; (D, E) Superposition of the FLNc4-5 and 
FLNa3-5 structures with their respective ab-initio SAXS envelopes. Normalized Spatial Discrepancy 
(NSD) of superposition for FLNc4-5 is 2.41 and for FLNa3-5 is 1.63.

Figure 3 Surface conservation of the domain-domain interfaces in FLN3-5. Corresponding cartoon 
models made using PyMOL are shown below the surface visualization. Sequence alignment is shown 
in Figure S1.

Figure 4 NMR data showing interaction between domains 4 and 5 in solution: (A) HSQC peaks of 
residues marked in orange have different chemical shifts in the spectra of FLNc5 and FLNc4-5; (B) 
Plot of the FLNc5 residues showing chemical shifts as compared to FLNc4-5. Further confirmation of 
the interface is shown in Figure S2 and Table S1.

Figure 5 EOM and MD data showing the flexibility of the three domain fragment: (A) Rg and (B) 
Dmax of the pools (dashed lines) and the selected models (solid lines) for FLNa3-5 (green), FLNc3-5
(black) and FLNc4-5 (red) as internal control. Note that the selected models of FLNc4-5 have a
narrow Rg and Dmax distribution whereas the selected models of FLNc3-5 and FLNa3-5 show a 
broader distribution. This suggests that there is more flexibility between domains 3-4 than between 
domains 4-5; (C) The superposition of FLNa3-5 crystal structure (domain 3, in yellow) with two 
snapshots from MD simulations (one snapshot with domain 3 in orange and the second snapshot with 
domain 3 in magenta). Domains 4 and 5 are shown in grey for crystal structure and MD snapshots and
are superimposed using VERTAA module in Bodil (Lehtonen et al., 2004). The snapshot structures 
shown represent the most extreme orientations between which domain 3 oscillates during MD 
simulations; (D) Superposition of one snapshot structure (orange) from MD simulations of FLNa3-5
with the SAXS generated ab-initio envelope (NSD of superposition is 2.05).

Figure 6 CD face conformation and interactions: (A, B, C) Conformation of the CD face (red) of 
individual domains. (A) FLNa3; (B) FLNa4 (green) and FLNc4 (grey). 310 helix of FLNc4 is labeled; 
(C) FLNa5 (cyan) and FLNc5 (grey); Closed conformation of the CD loop is marked with an arrow;
(D) Co-crystal structure of FLNc4-5 with GPIb peptide (orange); (E) Superposition of FLNc4 and
GPIb peptide with FLNa17 (grey) and GPIb peptide (magenta) (rmsd = 0.75 Å between 89 C-  
atoms); (F) Detailed view of the peptide conformation with FLNc4 (peptide in orange) and with 
FLNa17 (peptide in magenta); (G) NMR titration of GPIb with FLNa3-5: Residues undergoing 
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changes in peak intensity and chemical shifts are shown as red (amide group changes) and pink side 
chains (methyl group changes); (H) Residues mapped for the GPIb interaction with FLNc4: peaks 
vanish (red),  chemical shift difference more than 0.025 ppm (orange)

Figure 7 Thermal stability assay showing domain 5 stabilizes domain 4: Temperature dependent 
fluoroprobe binding curves of FLNc4 (black), FLNc5 (green), FLNc4-5 (magenta) and FLNc3-
5(orange) are shown. 

Table 1: Parameters derived from SAXS measurements of FLN domains 4-5 and FLN 3-5.

Protein §Rg (nm) ~Dmax (nm)$$

FLN domains 4-5 constructs
FLNc4-5 1.71 ± 0.01 4.8
FLNa4-5 1.90 ± 0.01 5.3

FLN domains 3-5 constructs
FLNa 3-5 2.32# 7.7#

FLNc 3-5 2.41# 7.9#

§Rg: Radius of Gyration (mean square of the distances from the centre of mass of the particle 
weighted by electron densities) from equation (1); ~Dmax: Maximum dimension inside the particle 
estimated from distance distribution probability function. $$ The values written here are with an 
approximate error of 0.5 nm.
# These are the average values reported using EOM.
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Table 2. Crystallography data collection and refinement statistics

FLNc4-5 (PDB 
ID: 3V8O)

FLNa3-5 (PDB 
ID: 4M9P)

FLNc4-5/GPIb 
(PDB ID: 4MGX)

Data collection 
Space group P 212121                     P65 P4322
Cell dimensions 

a, b, c, Å 63.62, 91.35, 
103.72

63.04, 63.04, 
136.60

111.80, 111.80, 
59.88

, , , degree 90, 90, 90 90, 90, 120 90, 90, 90
Resolution range, Å 46.63 - 2.8 (2.87 -

2.8)#
42.65 - 1.72 (1.76 -
1.72)

47.73 - 3.16 (3.24 -
3.16)

Rsym*,% 15.8 (76.3) 9.7 (67.9) 20.5 (242.7)
I/ I 9.92 (2.7) 18.24 (3.3) 9.53 (0.7)      
Completeness, % 100 (98) 99.7 (96.5) 98.2 (100)
Redundancy 4.2 (4.2) 10.9 (8.0) 10.42 (7.8)

Refinement 
Resolution, Å 46.63 - 2.8 (2.87 -

2.8)
42.65 - 1.72 (1.76 -
1.72)

47.73 - 3.16 (3.24 -
3.16)

No. of reflections 
Refinement 13602 (1012) 30839 (1623) 6556 (456)
Test set 1512 (113) 2204 (115) 345 (24)

Rwork /Rfree ,% 20/25.5 (33.4/40.1) 19.9/24.3 
(24.5/30.6)

22.6/27.7
(35.9/45.6)

No. of atoms 
Protein 2854 2173 1439
Heterogen 1 null null
Solvent 47 219 2

Root mean square differences 
Bond lengths, Å 0.022 0.019 0.012
Bond angles, degree 1.8 1.98 1.80

Average B-factor, Å2 29.3 22.18 108.48
Protein 29.28 21.95 108.45
Solvent 23.41 27.04 108.45

# Values of the last resolution shell in parentheses
* Diederichs and Karplus (1997)
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Figure 1
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Figure 2
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Figure 3
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Figure S1. Residue conservation in FLN 3-5 (Related to Figure 3). 

Figure S2. Overlay of the 1H- 15N HSQC spectra of FLNc5 (red) with FLNc4-5 (blue). Related to  
Figure 4C. 

Figure S3. 1H- 15N HSQC spectra overlay: (A) FLNa3-5 + GPIb peptide; and (B) FLNc4-5 + GPIb 
peptide (Related to Figure 6G and H).



Figure S1. Residue conservation in FLN 3-5. Related to Figure 3.  

Sequence alignment with the same color code as Figure 3 is shown with the interfaces highlighted with 
a black box 



Figure S2. Overlay of the 1H- 15N HSQC spectra of FLNc5 (red) with FLNc4-5 (blue). Related 
to Figure 4C. 

The residues shown in blue in Figure 4C are labeled here. The peaks of residue 722 are 
visible at a lower contour level and their positions are marked with crosses.



Figure S3. 1H- 15N HSQC spectra overlay: (A) FLNa3-5 + GPIb peptide; and (B) FLNc4-5 + GPIb 
peptide (Related to Figure 6G and H)

The black peaks represent the 15N HSQC spectrum of the protein alone. Overlaid with this is the 1:1 
protein:peptide 15N HSQC spectrum represented with red peaks.  
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