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I.

Introduction

Actin is a 42 kDa globular protein. Actin forms microfilaments in eukaryotic cells that
are the major component of the cytoskeletal system. In muscle cells, actin filaments are
the main component of thin filaments and work as a scaffold of sarcomeres. In vivo actin
can be presented as monomer G-actin (globular) or polymer F-actin (filamentous). Both
of them are essential for important functions of a cell such as mobility, contraction, division, intracellular transport, signaling processes or maintaining the cell junctions and
cell shape. A significant aspect of actin activity is that many intracellular processes are
mediated by regulated interactions of actin with cellular membranes [1]. In vertebrates
there are three main actin isoforms, alpha, beta, and gamma. Alpha actins, found in
muscle tissues, are the major mass of the contractile apparatus. Beta and gamma actins
are represented together in many cell types as components of cytoskeleton and mediators of internal cell motility.
Nuclear actin may play a role as scaffold and to control of gene expression despite it that
it evolved in the cytoplasm as a defining feature of the eukaryotic cell [2]. The amount
of actin in nuclei is lower than that in the cytoplasm and it is found in the nuclei of various types of cells [3-6]. With the development of experimental tools, convincing evidence has been obtained that nuclear actin indeed does exist and plays crucial roles in
many nuclear processes. For example, actin is found in all types of RNA polymerase
complexes [7] and in a number of chromatin remodeling complexes [8, 9]. It also binds
to transcription regulators to control their activities [10]. Dynamic changes between
globular (G-) and filamentous (F-) forms of nuclear actin affect these nuclear events.
Nuclear actin polymerization is regulated by multiple mechanisms; more than 30 of actin-binding proteins that affect its polymerized states have been discovered in nuclei
[11-13]. It is of great interest to reveal how these actin-binding proteins orchestrate the
balance of monomeric/polymeric actin during the above-mentioned nuclear events. The
regulation of the total amount of nuclear actin is another critical factor that affects activities of actin mediated nuclear events. Nuclear actin is actively exported to the cyto-
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plasm by exportin-6 as the profilin-actin heterodimer [14]. Conversely, cytoplasmic actin together with cofilin is imported to the nucleus by importin-9 [15].
Cells control the production of F-actin based microfilaments and their dynamical length
regulation allows for rapid remodeling of cytoskeletal system, therefore allowing the
cell to respond to any external or internal signals [16]. The property of actin that it can
be polymerized to long filaments endow an important roles in different cellular processes such as morphogenesis [16, 17], membrane trafficking [18], and cell division [19].
Strong cell adhesions, in order to form tissues [20], or structural proteins in a protrusion
of cell membrane, can be anchored to this actin scaffold to allow processes such as endocytosis and cytokinesis [18, 21, 22]. Actin can generate force by its polymerization or
by the contribution of motor proteins, therefore actin plays important roles in processes
of intracellular transport of vesicles and organelles as well as muscle contraction and cell migration, and is implicated in embryogenesis and invasion of cancer cells
[17, 23-27]. To fulfill precisely these versatile functions, the spatial-temporal organization of actin network is controlled by a large number of actin binding proteins [28, 29].
These effectors can disassemble actin structures and assist in the formation of new actin
networks with diverse architecture depending on the cellular process in which they are
involved. To understand this actin-based machinery, it is necessary to explore the types
of conformational and dynamic changes that occur in the filamentous actin due to the
interaction with actin-binding proteins.
A huge number of disorders and somatic abnormalities are caused by mutations in the
genes of actin or actin-binding proteins. The production of actin is critical for the process of infection for some pathogenic microorganisms [30]. Mutations in the different
human genes what regulate actin production thus can cause myopathies [31], different
size and functional abnormalities of the heart [32]. The remodeling of the cytoskeleton
system can be related to the pathogenicity of intracellular bacteria and viruses, particularly in processes to avoid the actions of the immune system [33].

4

I.1 Actin

I.1.1. Actin polymerization
The polymerization of monomeric actin into filaments is a thermal diffusion mediated
process [34, 35]. The spontaneous association of monomers can be enhanced by high
magnesium and potassium concentration [36]. The polymerization starts with the formation of a few monomer based actin nuclei (Fig 1.). The nucleation is proceeds by an
imbalanced thermodynamical force where the entropy of dimers and trimers decreases
by the local concentration of monomers [35, 37, 38]. Afterward, when the actin seeds
are formed the filament elongation is started immediately with different kinetics at the
ends [38]. The fast growing end of the filament is the barbed end (+ end), and the pointed end is the slowly elongating end (- end) [36]. The kinetics of the elongation depends
on the concentration of the free actin monomers (Cfree) that are available in the solution
and determines the association rate (ka) of the actin subunits to filaments [37, 39, 40].
Finally, the elongation of filaments reaches a reversible dynamical state where subsequent change in the length of the filaments does not occur. At this stage of the actin
polymerization the steady-state equilibrium is maintained between the actin monomers
and filaments, resulting in the continuous presence of around 0.1 µM concentration of
actin monomers under in vitro conditions [31, 39].

5

Figure 1. Polymerization of actin. Nucleation is the promoting step of polymerization when under polymerizing conditions ATP actin monomers bind together and form nuclei. After several monomers bind
and form a nucleus, the elongation of filament proceeds rapidly triggering ATP hydrolysis with a slow
release of inorganic phosphate, leaving the older parts of the filament bound to ADP. The steady-state
length of filamentous actin is balanced by the continuous association of monomers at the barbed end and
dissociation of monomers at the pointed end. Recycling of the released monomers is proceeds by exchanging the bound ADP for ATP, allowing them to participate in further rounds of polymerization.

However the average length of the actin filament does not change, but continuous association and dissociation of the actin subunits take place at the barbed end and the pointed end of the filaments, respectively [40]. The nature of this dynamical growing and
shrinking of actin filaments arises from the structural and biochemical dissimilarity of
monomers at the pointed end with respect to the barbed end. During the assembly, actins
contact each together in a head to tail manner, which results in a structural difference
between the two ends of the two filaments [41]. This process is called annealing. The
association of actin monomers to the filament is accompanied by the irreversible hydrolysation of the bound ATP that leads to two different forms of actin, a newly incorporated ATP form and the older ADP-bound actin. These structural and biochemical dissimilarities between the barbed end and pointed end of the filament are manifested in
different association (kass) and dissociation (kdiss) rates of ATP actin (Fig 2.)[37]. It was
6

estimated by using electron microscopy that the association and dissociation rate constants of the ATP actin monomer at the barbed end are 11.6 µM-1s-1 and 1.4 s-1, respectively resulting in an appr. 0.1 µM dissociation constant (Kd) [36, 42]. The dissociation
equilibrium constant of the barbed end determines the critical concentration
(Cc = 0.2 µM) of polymerization, which reflects how easily the actin monomer can join
the barbed end [43, 44]. The dissociation rate constant at the pointed end for the ATP
actin subunits is 0.8 s-1, but the association rate constant is 1.3 µM-1s-1 around 10 times
lower than at the barbed end. Based on the measured association and dissociation rate
constants the critical concentration (Cc) of the actin monomers for the nucleation at the
barbed end is around 7 times lower than at the pointed end [44, 45]. Similar data were
measured by fluorescence spectroscopy [46]. In the view of these considerations, the
steady-state concentration of actin monomers in the solution is around 0.1 µM, which is
balanced by the polymerization at the barbed end and the depolymerization from the
pointed end [47]. This process of treadmilling is based on three steps: the dissociation of
ADP actin monomers at the pointed end; the replacement of ADP to ATP on G-actin;
and the subsequent incorporation of the ATP actin monomers at the barbed end. The
rate-limiting step of the actin filament treadmilling is the dissociation rate of actin subunits at the pointed end, with in vitro rate constant of 0.2 s-1 [47, 48].
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Figure 2. Actin association and dissociation rates. The orientation of monomers in the actin filament
decorated with myosin led to the naming of the two opposite ends of the actin filament as “barbed” and
“pointed” end. The cartoon of the actin filament indicating the association (µM-1 s-1) and dissociation (s-1)
rates of actin monomer species (ADP or ATP) and critical concentrations at the two ends of the filament
expressed as the ratio of dissociation and association rates [49]. The time course for ATP hydrolysis and
Pi release from the filament is shown on the right side of the image [50].

Interestingly, the in vitro treadmilling rate is around two times slower than the observed
treadmilling rate in vivo [51]. The faster rate of actin filament turnover in cells is probably caused by actin-binding proteins, which can modify the kinetics of each step in the
polymerization and treadmilling of actin filaments.

I.1.2. Actin binding proteins and their complexes
Actin-binding proteins (ABPs) are able to bind to actin monomers, polymers, or to both.
Not only ABPs but also small molecules can bind to actin, and therefore contribute to
the modulation of the dynamics of the actin cytoskeleton, and catalyze actin filament
polymerization or depolymerization [28, 52]. This is not only integral to broader cellular
processes such as cell migration and mechanosensing, but may also be exploited for
8

experimental purposes. Proteins that bind to actin filaments affect the location rate and
timing of actin filament assembly and disassembly. Actin monomers are polymerized
into filaments under physiological conditions, but spontaneous depolymerization is too
slow to maintain the fast actin filament dynamics observed in vivo [53]. Gelsolin, actin
depolymerizing factor ADF/cofilin, and several other actin severing/depolymerizing
proteins can enhance disassembly of actin filaments and promote reorganization of the
actin cytoskeleton [54-56]. Many ABPs can regulate G-actin pool sizes through monomer sequestration or promotion/inhibition of nucleotide exchange. Actin-binding proteins also mediate interactions between actin and other cellular components, such as
membranes, microtubules and other regulatory proteins [22, 51, 56]. While some actinbinding proteins regulate the actin cytoskeleton, others use the binding of actin monomers or filaments to regulate their own activities or direct their cellular location [56].
There is a great structural diversity in the types of proteins, which bind to actin, but the
actin binding domains (ABDs) themselves can be grouped according to the conserved
structures they form (Fig 3.)[56-64].

Common types of actin binding domains (ABDs):
-

calponin-homology (CH) domain

-

leucine rich repeat (LRR) domain

-

formin-homology-2 (FH2) domain

-

WASp-homology-2 (WH2) domain

-

actin-depolymerizing factor/cofilin (ADF/cofilin) domain

-

gelsolin-homology domain

-

myosin motor domain

9

Figure 3. Actin-binding proteins influence actin dynamics. (A) Treadmilling of actin filaments can be
altered by profilin and ADF, which generally increase and decrease the size of actin filaments, respectively. (B) New filaments are nucleated by the ARP2/3 complex, which binds both G-actin monomers and the
side of actin filaments to nucleate new filaments by branching. Formins nucleate new filaments by binding G-actin and through cooperation with profilin. (C) Actin cross-linking proteins influence the packing
and organization of actin filaments into secondary structures. (D) Capping and severing proteins promote
disassembly of actin filaments. (E) Actin filament assembly can be modulated by events such as controlled nucleotide hydrolysis (e.g. ATP on actin) and reversible modifications (e.g. phosphorylation) on
components that control actin assembly. [www.mechanobio.info]
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The function of fascin is an example of how actin-binding proteins can modify the dynamics and structure of the actin filament network by producing actin filament bundles
in case of filopodia formation [65]. Generally, different types of crosslinking proteins
will give rise to different types of filament-based structures and will also modulate physical dynamics of the network to increase diversity [16, 66, 67]. Other cross-linking proteins can initialize the formation of big networks, or filamentous structures, in different
parts of the cell. Basically, proteins with similar functions (e.g. fascin, α-actinin) act
cooperatively to enhance the mechanical stability and reactivity of the network [68]
[69].

I.1.3. Gelsolin and leiomodin are actin filament length regulator proteins
The intracellular functions of F-actin length regulator proteins are linked to their structural dynamics and physiologically relevant complexes, and through them the whole cytoskeletal system can be remodeled or the length of thin filaments can be optimized [70,
71]. Leiomodin is muscle specific and gelsolin is more common type of actin binding
protein [72, 73]. We are interested in their structural changes and the physiological processes, by which are activated for actin binding.
Activated gelsolin binds to the barbed-end, and leiomodin binds the pointed-end, and
both can bind to the sides of filaments. These two different F-actin length regulator proteins play different roles to modify the dynamics and kinetics of actin filament polymerization. Gelsolin is severing and capping, and leiomodin is nucleating and elongating
actin filaments [70, 71]. Gelsolin is mobilizing short-capped actin polymers, whereas
leiomodin is stabilizing the optimal length of filaments for an adequate contractible acto-myosin complex [72, 74], but their simultaneous intra-sarcomere presence and function have not studied yet. However, we can describe their muscle function as the summary of different independent data. Active gelsolin can be localized randomly along the
actin filament and reduce the length in sarcomere [75], tropomyosin competes with gelsolin on filaments, thus tropomyosin-gelsolin complex can regulate the length of thin
filaments [76]. Gelsolin enhances the ATPase activity of actomyosin is potentiated by
tropomyosin which is a Ca2+-insensitive acto-myosin enhancer [73]. Leiomodin can be
found near the M-lines and also shows diffuse distribution along the entire length of the
11

thin filaments [72, 77]. The expression and sarcomeric localization of leiomodins are
enhanced during myofibril maturation [78]. Leiomodins bind to different isoforms of
tropomyosin and this interaction affects the actin polymerization promoting effect of
leiomodins [79-82]. It was suggested that tropomyosin modifies the pointed-end interaction but not the de novo nucleation activity of cardiac leiomodin2, which can be explained by different structural compatibilities [72, 74]. There is no evidence concerning
how leiomodin decorates the whole thin filament or how it changes the ATPase activity
of myosin.

I.2. Gelsolin is a reorganizer of filamentous actin
Gelsolin plays an important role in the dynamics of the actin cytoskeleton, reorganization of filamentous actin and regulation of filament lengths [56, 70]. Calcium ions activate gelsolin to sever filaments leaving the gelsolin cap at their barbed ends.

I.2.1. The conserved gelsolin domain
Gelsolin contains six copies of homologous domain usually called as the gelsolin domain (Fig 4.). This domain is built up by 97 – 118 residues folded into a 5- or 6-stranded
β sheet sandwiched between a long helix that is almost parallel, and a short helix which
is nearly perpendicular, to the strands in the sheet (Fig 5.) [83, 84]. Different proteins
from gelsolin superfamily contain multiple copies of this domain by this way earn novel
functions of protein [85].
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Figure 4. Structure of inactive gelsolin. The gelsolin contains six homologous domains, all of them can
bind a calcium ion thereby through a step-by-step processes effectuate its activation. An ATP-binding site
is localized on the linker between G5 and G6 and forms a deep binding pocket (PDB ID: 3FFN).

Figure 5. X-ray crystallography, coupled with computer-generated simulations, to model activation of
gelsolin and villin in the context of calcium and actin. Hui, together with supervisor Les Burtnick of the
CBR and collaborators in the Bob Robinson and Ivana Mihalek laboratories in Singapore, discovered that
the long helix that forms the backbone of the calcium-free structure of the isolated V6 domain of villin is
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elongated, and closely matches that in the activated calcium-bound G6 domain of gelsolin. This conformation is in striking contrast to the kinked conformation of the long helix in intact inactive G6 found
under calcium-free conditions.

Eight mammalian proteins of the gelsolin superfamily contain at least one of this type of
domain: CapG, adseverin, gelsolin, flightless I, advillin, villin, villin-like protein and
supervillin. CapG has three, supervillin has five, and others have six gelsolin domains.
Severin, fragmin and fragmin60 [86, 87] have three gelsolin domains are known from
lower eukaryotes. The three- or six-domain contained proteins, probably developed by a
similar process from a single domain prototype protein, which was first triplicated then
duplicated [88, 89]. In addition to CapG, gelsolin, and villin type proteins [90], other
proteins from gelsolin superfamily are also found in invertebrates and adopt structures
that have two, four or five gelsolin-type domains, which indicates a complex evolutionary development which is still unresolved [91-94]. We should interpret the evolution of
the gelsolin superfamily as a whole in order to understand their functional and regulatory diversity, which leads to their roles in the background of disorders. Single domain
proteins of gelsolin superfamily have not been found yet, but the gelsolin domain partially resembles the ADF/cofilin family members [95] , which have been investigated.
The gelsolin domain is different from the cofilin domain since it has a calcium ionbinding site (termed type-2), which comprises a glutamic acid at the beginning of the
long helix and an aspartic acid on the β-sheet. An unrelated calcium ion-binding site
(type-1) exists at each of the actin interfaces with G1 and G4. The type-2 site is found in
many proteins of the gelsolin family, and in the case of gelsolin there is one on each
domains [96]. Sequence analysis shows that CapG, adseverin, advillin and villin have
the type-2 sites, however adseverin has a homologous site in domain 3 (Asp281Glu). By
contrast, flightless I contains only two of the six type-2 sites (domain 1 - Glu557Lys,
domain 2 - Asp646Phe, Glu668Ser, domain 3 - Asp774Cys, Glu796Val, domain 4 Glu996Gly). Domains 5 and 6 have complete type-2 sites and probably they can bind
calcium although one residue of domain 5 (Asp1083Glu) has a substitution to adseverin
domain 3. Villin-like protein is missing the domain 1 type-2 site (Asp39His, Glu72Ala)
while those in domains 4 (Asp418Asn) and 5 (Glu559Gln) may be compromised. Supervillin lacks the type-2 sites in domain 5 (Asp1484Thr, Glu1508Thr) and domain 6
14

(Asp1616Pro, Glu1641Lys), while the site in domain 3 (Asp1167Glu, Glu1189Gln) may
be compromised. These calcium-binding signatures suggest that flightless I, villin-like
protein and supervillin will be sensitive to calcium in a different manner and perhaps in
a different range than has been determined for the case of gelsolin. Asp to Asn and Glu
to Gln mutations made in gelsolin partially compromises the calcium-binding sites [97].
These mutations destabilize both the inactive and activate conformations of gelsolin and
the mutants are likely to lose some affinity for calcium. The structure in the type-2 sites
can be changed by calcium binding, changing the precise positioning of the long helix
relative to the β-sheet, and straightening of the long helices of domains 3 and 6 [98].
The long helix can be generalized in function as a calcium sensor that links the calcium
binding sites and other areas to transmit structural changes between domains and initialize large-scale rearrangements of domain positions, while keeping the structural integrity of the individual domains [96, 99, 100]. Previously published calcium dissociation
constants for gelsolin type-2 sites are between 0.2 µM to 600 µM, e.g., 600 µM [101],
0.7 µM [102], 1.8 µM [103], 100 µM [104], and 0.2 µM [103] for G1, G2, G4, G5, G6,
respectively. The Kd of G3 is unknown yet. It is possible that the domains bind calcium
sequentially on increasing calcium concentrations, thus defining a range of calcium concentrations that can potentially regulate protein activity. Calcium affinities of isolated
domains can be modified in the context of other domains, or by activator molecules, or
in the presence of actin as the target protein [101-103, 105, 106].

I.2.2. The role of calcium in activation
Calcium is a well-known intracellular signaling molecule and an important regulator of
gelsolin activity. It can cause large conformational change in gelsolin leading to its activation. Calcium binding dislodges the tail region that clamps G6 to G2 and straightens
the kink in the G4 long helix to induces steric clashes that assist in separating the G4-G6
half of gelsolin [98]. Additional calcium is necessary for adopting the active conformation that required for actin binding [103, 104]. Changes in interactions between the
two halves of gelsolin may encourage straightening of the G3 long helix, and separating
G1 from G3, resulting in its activation without addition of more calcium ions. The Nterminal half of gelsolin alone can sever actin filaments in the absence of calcium ions,
15

but addition of calcium improves severing efficiency. Accordingly, during the calciuminitialized conformational changes in the structure of gelsolin the actin-binding sites are
uncovered [107-111]. The comparison of active and inactive gelsolin structures refers to
the beginning and the end of the activation, though its mechanism of interchange is
mainly unknown. Our understanding of the intermediate stages during the activation is
based on contradictory data of variable assays of calcium dependent conformational
changes. The multidomain nature of gelsolin provides challenges to describe the specific
conformational changes of gelsolin by each calcium-binding event. Calcium affects the
affinity [112, 113] and the binding rate [111, 114] of gelsolin actin complex [115]. Previous publications did not resolve the number of calcium-binding events occurring during gelsolin activation, avoided the interpretation of which calcium levels can cause
structural transitions, and the function of calcium-binding sites in the activation process.
Two or three conformational changes happen in gelsolin activation when the calcium
concentration rises from 10 nM to ~5 µM, through the binding of two or three calcium
ions with dissociation constants estimated to be 0.1 µM and 0.3 µM and 6.4 µM [116,
117]. These events may refer to the release of the tail latch [96, 116-123], which implicates a cooperative event at the type-2 sites on G2 and G6 [97]. Sequence analysis
shows that members of human gelsolin superfamily which lack a full set of the six type2 sites still retain one site in domain 2 (supervillin) or domain 6 (flightless I), which
points to the importance of the interaction between domain 2 and domain 6 during activation. Additional calcium ions in the concentration range between 0.2 mM complete
the activation process [116, 117, 124-127] but the intracellular concentrations cannot
reach this level of calcium ions, despite that such levels exist in the extracellular space.
To resolve this contradiction, we must assume that actin is able to modify the affinity of
gelsolin for calcium, and can reduce the levels of calcium needed for conformational
changes leading to active gelsolin [119, 128]. Therefore, actin can stabilize the active
conformation of gelsolin thus facilitates the sequestration of calcium by gelsolin [100,
110, 116, 128]. Low pH also can reduce the calcium levels which are required for full
gelsolin activation, e.g. the severing activity at pH 5.0 and 40 nM Ca2+ is similar to that
observed at pH 8.0 and 1 mM Ca2+. Lower pH partially activates gelsolin even in the
absence of Ca2+ [120, 129, 130]. Thus their co-dependence, activation by pH and Ca2+
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occurs through different conformational states, and these mechanisms are less studied
[123, 130]. Therefore, calcium binding destabilizes interactions between domains of
inactive gelsolin and stabilizes the active state in a specific cooperative manner and it
also depends on the H+ and actin concentrations, both of which are able to destabilize
the inactive and stabilize the active conformation of gelsolin. In case of a genetic disease, familial amyloidosis (FAF) the effect of calcium on the structure gelsolin is significant [131]. A point mutation in the type-2 calcium-binding site of domain G2 (D187N
or D187Y) causes the calcium bound active gelsolin to be suitable for cleavage by furin
protease during the transport through the Golgi apparatus [102](Fig 6.). The cleaved
product undergoes further proteolysis in the extracellular space to produce 5 and 8 kDa
peptides. They are able to stack into, amyloid fibrils, causing proteotoxicity and cytotoxicity to cells. Amyloid fibril production results dysfunctional tissues and organs, with
the most severe cases associated with eyes, nerves, skin and kidneys. The partial calcium binding of G2 slightly destabilizes the domain structure during activation of gelsolin, contributing to the disease [99, 132, 133]. Thus, the loss of calcium binding by
mutant G2 most likely causes aberration in the activation process, holding it in an intermediate state in which the furin cleavage site is accessible and primed to initiate the first
step in the amyloidogenic pathway [97, 100].

I.2.3. Actin binding
The net result of conformational changes is to open up the actin-binding sites of gelsolin. The regulatory functions of gelsolin are localized in several regions in its structure. These are three major actin-binding sites of G1, G2 and G4, respectively. They are
able to bind to actin through residues on their conserved long helices [83, 96, 100, 103,
134-136]. The actin-binding sites on G1, on G2 and on G4 are well conserved in all human gelsolin superfamily proteins, excluding supervillin, which looks different by having incompatible residues on domain 2. Other actin-binding sites have been identified on
G3 [100] and G6 [136], in the G1-G2 linker [137], and on a second patch of G2 [100].
The G3 actin-binding site appears to be conserved in all human proteins of the gelsolin
superfamily, while that on the WH2-like G1-G2 linker is present in all proteins except
supervillin. It is also interesting that the G3-G4 linker can bind to actin. This region dis17

plays conservation between gelsolin, adseverin, advillin, villin and villin-like protein,
and rather weaker similarity in supervillin and flightless I. The actin-bound structure of
G1-G3 is similar to G4-G6 reveals that G4 binds to actin analogously as G1, in the gap
between actin subdomain 1 and 3. G5 acts as a bridge to allow G6 to bind to subdomain
3 on an actin monomer, by contrast the G1-G2 linker is extended on the surface of actin
to allow G2 to bind to subdomain 2. The role of G3 in this activated complex is to connect G2 to actin, at the junction between actin subdomains 1 and 2. In the actin-gelsolin
complex the domains of G1 and G4 each bind an additional calcium ion. These conserved type-1 calcium-binding sites are necessary for the interaction with actin on residue Glu167 and complete the coordination sphere of the bound calcium ion [83, 96,
136]. Thus, calcium forms bridges between actin and gelsolin, stabilizing interactions
and regulating the affinity between the two proteins. The type-1 site in domain 4 is
maintained in all members of human gelsolin superfamily, excluding flightless I (Asp to
Phe). In domain 1 this site is conserved in gelsolin, adseverin, advillin and villin, and
modified in CapG (Asp to Asn) and villin-like protein (Asp to Gln), and changed to arginine in flightless I, where the arginine may mimic a calcium-bound aspartic acid.
Maximal activation of gelsolin results by eight calcium ions saturating all type-1 and
type-2 sites on gelsolin. However, lower levels of calcium produce lower activity in
severing [96, 97]. In summary, calcium-activated gelsolin presents actin-binding sites on
the extended interdomain linkers and on each domain, excluding G5.

I.2.4. Actin severing by gelsolin
To understand how gelsolin interacts with actin, in the first instance, we should focus on
the mechanism of filamentous actin severing. Basically, the severing activity of gelsolin
refers to the braking of the polymers and capping their barbed ends, which results in
modified filamentous actin dynamics and a pool of short, capped oligomers. Domain G1
and G4-G6 terminal fragment are effective capping proteins, which are each able to bind
to one actin monomer. They compete for the same site on actin [134], that is located in
the gap between actin subdomain 1 and 3 [83, 136]. The minimum required set of domains for severing activity is G1 plus the G1-G2 linker [112, 118], in intact gelsolin the
interaction between G2 and F-actin is most likely the first step of severing. The G1-G2
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linker binds to the filament and localizes the position of G1 near its binding site on actin
[100, 137]. The first step is that gelsolin initially binds to the side of the filament, where
the G2G3 unit is targeted to subdomain 2 of actin, as observed in the structure of G1-G3
complex with actin [100, 138], and to subdomain 1 on the next axial actin monomer
(protomer 5). G3 fixed upon against G2 and aids it in anchoring gelsolin to the filament
at protomer 7. The extended G1-G2 linker interacts with the surface of actin protomer 7,
positioning G1 to bind between subdomains 1 and 3, connected to protomer 9 (Fig 6.).
Similarly, the G3-G4 linker extended between the two sides of the filament to fix the
activated C-terminal half of gelsolin near the gap between subdomains 1 and 3 of protomer 4, which forms contacts with protomer 6. As shown (Fig 6.), this model predicts
that the gelsolin domains bind actin cooperatively, and severing is the consequence of
clamping movement sourced from simultaneous parallel steps when G1 and protomer 9
compete for binding to protomer 7, while G4 and protomer 6 compete for binding to
protomer 4. We anticipate that this mechanism will apply to all human gelsolin superfamily members, excluding CapG and supervillin. Three-domain CapG caps but does
not sever actin filaments [139], and supervillin lacks many of the actin-binding sites
needed for severing.
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Figure 6. [100] Calcium‐induced activation of gelsolin and the severing of F‐actin. (A) Levels of calcium
activation. Ca2+‐free gelsolin domains are shown as hexagons and calcium‐bound domains are depicted as
ovals. Calcium ion concentrations are indicated for each step. The scissors represent the stage at which
FAF gelsolin is cleaved. (B) The sequence of events during severing of actin by fully activated gelsolin.
Actin protomers are shown in blue.

Actin severing by gelsolin is an event that relies on fluctuations in the structure of the
actin filament in order to access the G1 and G4 binding sites. However, binding of the
G2G3 fragment to actin may facilitate changes in the twist of the filament that could
weaken longitudinal interactions between neighbouring protomers and tip the scales in
favor of severing [140-142] [143]. Furthermore, previous reports have suggested that the
actin filament behaves as a mechanosensor of environmental changes, reacts with
changes in its twist, curvature and flexibility [144, 145]. These introduce proteinspecific activities, as cofilin binding is inhibited by increased tension on a filament,
while gelsolin severs more rapidly when a filament is under tension [144]. A possible
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mechanism for G2 induced actin filament changes belongs to the predicted interaction of
Arg221 from G2 with Glu167 from actin [100]. Actin residue Glu167 forms part of a
cation-binding site (K+ or Mg2+) that provides stiffness to the actin filament [146]. Thus,
binding of G2 may reorder this cation-binding site and alter the flexibility and twist of
the filament. Arg221 is conserved in all human gelsolin superfamily members, excluding flightless I (Asn) and supervillin (Gln), where the substitution for polar residues may
stabilize cation binding. However, actin residue Glu167 completes the coordination
sphere of the type-1 calcium-binding sites that are sandwiched between gelsolin domains G1 and G4 with actin subunits 3 and 4. Thus, exchange the K+ or Mg2+ bound to
Glu167 in the stiffness of actin-actin cation-binding site with Ca2+ bound to Glu167 at
the G1-actin and G4-actin type-1 sites will enhance the severing process. CapG and villin-like protein are similar in their domain 1 type-1 sites, containing Asn and Gln, respectively, which caused loss of severing in case of CapG. Flightless I lacks both type-1
sites, containing Arg and Phe in domains 1 and 4. The role of the potential flightless I
actin-binding sites on domains 1 and 4 is not clear as to whether they provide an interface for capping instead of severing. Gelsolin is partially activated at cytoplasmic calcium concentrations so that the actin binding or capping sites are only partially revealed,
and filament driven conformational changes and filament associations are thought to
compensate each other. Furthermore, cellular actin monomers are sequestered by monomer binding proteins, such as profilin and thymosin-β4, which reduce the free G-actin
concentration. Nucleation of actin filaments by gelsolin is likely to be prevented in vivo
by competition from G-actin complexes with profilin or with thymosin-β4 and being
sterically inhibited by partial activation. Furthermore, profilin or with thymosin-β4 are
prevented from joining to the free pointed ends of gelsolin-capped actin oligomers due
to steric reasons. Thus, gelsolin is able to bind on both sides of an actin filament and
order its capping domains to directly compete with actin:actin interactions in order to
disrupt the filament.

I.2.5. The gelsolin in vivo
Gelsolin plays roles in the dynamics and regulation of actin filament lengths [147]. Calcium ions activate gelsolin to sever actin filaments, leading to one of the two resulting
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filaments being capped at its barbed end. F-actin severing, capping and uncapping by
gelsolin, close to the cell membrane, are thought to contribute to cell movement and
shape [148, 149]. Gelsolin can dissociate from the barbed end of capped filaments to
provide a free interface for a directed polymerization near to the cell membrane. Phosphatidylinositides are involved in signaling to the actin cytoskeleton by modifying the
activity of various actin-binding proteins, including the gelsolin superfamily proteins
[150]. In particular, phosphatidylinositol 4,5-bisphosphate (PIP2) is a major regulator of
actin cytoskeletal organization [151, 152] that modulates many actin regulating proteins
[153], including: gelsolin [154]; capping proteins, CapG [155] and CapZ [156]; actin
monomer-binding proteins, profilin [157], cofilin [158] and twinfilin [159]; actin filament nucleation effectors, WASP [160], N-WASP [161] and dynamin2/cortactin [162];
actin filament crosslinking proteins, α-actinin [163], filamin [164] and cortexillin [165];
and actin filament membrane tethering proteins, vinculin [166], talin [166] and ERM
proteins [167]. Gelsolin localizes to PIP2-rich areas of a membrane [168], thus PIP2 inhibits interactions between free gelsolin and actin [154, 169-172] and removes gelsolin
caps from actin filaments [154]. There is a strong evidence to suggest that PIP2 islands
in the membrane lead to the uncapping of filaments, resulting a rapid, directed filament
elongation pushing the membrane [154, 173].
Three PIP2-binding sites have been identified on gelsolin, between residues 135-142;
161-169, which overlaps with F-actin binding site; and between residues 621-634,
which overlaps with the ATP binding site [172, 174-177]. The second site is well conserved within the gelsolin superfamily. The mechanism of uncapping is not fully understood, however PIP2 may either directly compete with actin for binding to gelsolin,
and/or it may change the conformation of the actin-binding sites to become incompatible
with binding to actin [84, 171, 176, 177]. There are several reports of a correlation between PIP2 and calcium binding to gelsolin, however it is controversial whether this
correlation is positive or negative [172, 174, 178].
Gelsolin can bind to the ATP-mimetic resin Cibracon-Blue and can be liberated from
the resin by a range of nucleotides including ATP, ADP, GTP and GDP [179, 180].
Equilibrium dialysis experiments were used to determine dissociation constants of 0.28
µM and 1.8 µM of gelsolin for ATP and GTP, respectively, at high NaCl concentrations,
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while ADP and GDP showed no significant association under these conditions [181].
The affinity of ATP for gelsolin decreases to 2.4 µM in the presence of 0.2-2.0 mM
Mg2+. No ATP binding to gelsolin was detectable in solutions that contain more than 10
µM Ca2+, and conversely, the presence of ATP reduces the affinity of gelsolin for Ca2+
[182]. Gremm and Wegner reported a lower affinity of calcium-free gelsolin for ATP
(Kd = 32 µM) than discussed above [182]. This may reflect differences in analytical
techniques, fluorescence analysis versus equilibrium dialysis, or differences in experimental buffer conditions, including pH, MgCl2 and CaCl2. Gelsolin does not show any
detectable ATPase activity [181, 183]. The discovery of the ATP: gelsolin interaction
led to the suggestion that ATP maybe important in some of the multiple functions of
gelsolin. At high calcium concentrations, gelsolin is almost fully activated, implying that
the loss of its ATP-binding ability is due to disruption of the interaction site within gelsolin due to a conformational change [181]. The structure of the gelsolin: ATP complex
revealed the basis for its sensitivity to calcium ion concentration. ATP interacts with the
two halves of calcium-free gelsolin, which change conformation on binding to calcium
[136, 176, 184-188]. The phosphate groups of ATP interact with basic residues of gelsolin domain 5 (G5). These residues also comprise part of a region that previously had
been determined as bind to PIP2 [172]. Gelsolin is also sensitive to the type of nucleotide, which bound by actin, severing ADP-actin but cannot ADP-Pi-actin filaments
[189]. Accordingly, G4-G6 shows a preference for ADP containing actin monomers
while G1-G3 binds to ATP- and ADP-actin with comparable affinities [190]. In contrast,
ATP (but not ADP) concentrations in the 0.5 mM range inhibit the binding of G1-G3 to
actin monomers [190].
Generally, the free calcium concentration in cells oscillates on the nanomolar scale [191,
192], while in stimulated cells these concentrations can increase to micromolar levels
[193, 194], In some species the calcium level can reach ten micromolar [195]. Local
calcium concentrations near a cell membrane may increase up to one hundred micromolar during the influx of millimolar calcium ion from the extracellular field [196]. Cytoplasmic free magnesium levels are regulated in the 0.5-1.0 mM range [197, 198]. Intracellular ATP concentrations vary on a wide range depending on the type, stage and state
of the cell, and these levels play a regulatory role in membrane channel function [19923

206]. Stimulated cells can display complex calcium oscillations and have high ATP consumption [207].

I.3. Leiomodin is a thin filament length optimizer

I.3.1. Leiomodins
Leiomodins (Lmods) are vertebrate members of the tropomodulin (Tmod) gene family,
which were recently recognised as regulators of muscle function. Lmods are expressed
in different muscle tissues [208]. Lmod1 can be found in smooth muscle [209, 210] and
was recently reported as a megacyst microcolon intestinal hypoperistaltic syndrome
(MMIHS) disease gene in humans and mice [211]. Transcripts encoding the LMOD2
gene are present in fetal and adult heart and also in adult skeletal muscle [72, 79, 212].
The human LMOD2 gene is located near the hypertrophic cardiomyopathy locus CMH6
on human chromosome 7q3, potentially implicating this protein in the disease [208].
The third form, the fetal Lmod3 is required for embryonic myofibrillogenesis and implicated in nemaline myopathy in both humans and mice [213-215].
Tropomodulins and leiomodins are built from homologous domain structures (Fig 7.).
Both proteins contain two tropomyosin-binding domains (TMBS1/2), an actin-binding
domain (ABS1) and a leucine-rich repeat (ABS2/LRR) that also binds to monomeric
actin [74, 77, 79]. In addition to these homologous domains, the structure of Lmods diverge from Tmods by possessing a C-terminal extension (Cterm), which contains a proline-rich region (PR, a potential recognition site of intracellular signalling), helical domains and a Wiskott–Aldrich syndrome protein (WASP)–homology 2 (WH2) domain
[74, 79, 216]. In cardiac sarcomeres the expression of Lmod2 and Tmod1 depends on
the maturation stage of myofibrils. Tmod1 is associated to actin filaments at the early
stages of myofibril assembly, before the striated pattern is established [217]. Lmod2
appears later and its expression correlates with the development of myofibrils in situ and
in some cases it associates with sarcomeres in matured cardiac muscle [72]. Depletion or
overexpression of either of these proteins compromises sarcomeric thin filament length
and organisation. Overexpression of Tmod1 or deletion of Lmod2 both caused the early
lethality of embryos by dilated cardiomyopathy [72, 218], suggesting that they regulate
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sarcomeric actin dynamics through different mechanisms. Both proteins localize to the
pointed end of actin filaments [72, 219, 220]. However it was proposed that their localisation is manifested through fundamentally different mechanisms to the pointed ends of
two distinct subsets of actin filaments in cardiac myofibrils [77]. While Tmods inhibit
sarcomeric actin filament lengthening by capping pointed ends [219, 221, 222], Lmod2
maintains pointed end dynamics and antagonises the capping effect of Tmod [72, 77].
Based on their effects on thin filament length in vivo, Lmods were proposed to act as
actin filament nucleators in muscle cells [77, 79]. Indeed, they accelerate actin assembly
in vitro [77, 79, 214]. However, the nucleating ability of Lmods has not been demonstrated in vivo. Chicken Lmod2 expression is first detected in the heart after it has started to beat [72], indicating that this protein plays a role in the regulation of thin filament
lengthening during the maturation of the heart tissues, rather than in initial filament nucleation. According to the recently proposed model of human cardiac Lmod2-actin interaction [74], Lmod2 can bind three actin monomers simultaneously through its
ABS1/2 and WH2 motifs (Fig 7). Efficient enhancement of actin polymerisation requires both the N-terminal ABS1 and the C-terminal WH2 domains [77, 79]. The WH2
domain alone is not sufficient for actin nucleation, in agreement with recent views [223,
224]. The WH2 domain of Lmod2 seems to be required for filament elongation because
its removal results in shorter actin filaments in rat cardiomyocytes, suggesting pointed
end capping by isolated N-terminal of Lmod2, similarly to Tmod1 [72]. Lmods interact
with tropomyosin (Tpm) in an isoform specific manner and this interaction affects the
actin polymerization promoting effect of Lmods [79-82]. It was suggested that tropomyosin modifies the pointed-end interaction but not the de novo nucleation activity of cardiac Lmod2, which can be explained by different structural compatibilities [72, 74].
Considering the functional and structural differences between Tmod1 and Lmod2, one
can hypothesise that the members of tropomodulin gene family were possibly developing through exon duplications and deletions, thus their evolution shows similarities with
fuzzy proteins [225]. Both in vitro and in vivo observations support that one of the main
functions of Lmod and Tmod proteins is related to pointed end-binding. Through this
interaction they tune the length of the thin filaments in a competitive fashion to maintain
the final organisation and sarcomere architecture.
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Figure 7. Domain structure of human tropomodulin1 and Rattus norvegicus cardiac leiomodin2. The
scheme compares the domain organisation of Tmod1 to the full length (Lmod2FL) and the C-terminal
region (Cterm) of cardiac leiomodin2. Tmod1 and Lmod2FL contain different tropomyosin binding domains (TMBS1/2), homolog actin binding domains (ABS1) and leucine-rich repeats (ABS2/LRR). Lmod2
contains an additional C-terminal extension (Cterm) comprising a proline-rich (PR) and a Wiskott–
Aldrich syndrome protein (WASP)–homology 2 (WH2) domain. Tryptophans used in our spectroscopy
experiments are marked with red.

I.3.2. Leiomodin binds to the sides and the pointed end of actin filament
Interestingly, while Tmod1 localises only to pointed ends towards the M-lines, Lmod2
can be found near the M-lines and also shows diffuse distribution along the entire length
of the thin filaments in rat cardiomyocytes, which belongs to its ABS2/LRR domain [72,
77]. A previous study reported that the expression and sarcomeric localisation of Lmod
are enhanced during myofibril maturation [78]. Immunofluorescent images of three days
old rat cardiac cells show comparable fluorescent emission intensities of actin as leiomodin. Lmod-GFP localises along the thin filaments, and more importantly anti-Lmod
antibodies reveal an elevated physiological expression level of leiomodin along the thin
filaments distinct from M-lines in matured chicken cardiac cells and zebrafish skeletal
muscle cells. Cellular localization of Lmod can be labelled at both sides from myomesin
in M-lines, and it is well separated from α-actinin in Z-discs, frequently flanks single or
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double bands of Tmod, and partially overlaps with the myosin thick filaments in matured cardiac sarcomeres. Probably, indirect effect of growth factors can enhance the
expression of leiomodin and by the absence of tropomyosin or by the low number of
acto-myosin complexes of unmatured thin filaments leiomodin can find several binding
sites therefore the localization and expression of leiomodin can be changed during the
maturation and by the actual state of muscle cells. This suggests that leiomodins bind
directly to the sides of thin filaments and besides the pointed end-binding related functions leiomodins may regulate other aspects of sarcomeric thin filament function/organization through their side-binding ability.

I.3.3. Lmod2 regulates thin filament lengths
Lmods and Tmods have different biochemical activities, domain organizations and
sarcomeric localizations. Functional studies have led to the idea that the two subfamilies
compete with each other for pointed end capping, and that Lmods might additionally
promote pointed-end elongation [72, 212, 213] a function proposed earlier for SALS, an
unrelated protein from Drosophila [226]. Thus, overexpression of Lmod2 in cardiac
myocytes reduces Tmod1 localization at pointed ends, resulting in slightly longer (by ~
6 – 8 %) thin filaments. The overexpression of a Lmod2 construct lacking the WH2
domain (residues 1–514) did not lead to longer thin filaments, nor did overexpression of
Lmod2 with a mutation in TMBS1 reduces TM binding [72, 82]. Interestingly, deletion
of LMOD2 in the developing mouse heart results in ~15% shorter thin filaments,
without affecting sarcomere organization, Tmod1 levels or localization in cardiac
myocytes Lmod3 levels are unaffected by Lmod2 deletion in cardiac myocytes [212].
Lmod2 appears to regulate thin filament lengths by enhancing actin assembly at pointed
ends, examined on adenovirus-mediated expression of GFP-Lmod2 in cultured Lmod2 /- neonatal cardiomyocytes, which increases the incorporation of rhodamine-actin at
pointed ends and rescues normal thin filament length [212]. Moreover, FRAP
experiments also show that GFP-Lmod2 increases mCherry-actin turnover near pointed
ends but not close to the barbed ends, again suggesting that Lmod2 promotes actin monomer incorporation in the vicinity of pointed ends. Lmod2 -/- mouse hearts with shorter
thin filaments show reduced systolic performance after birth, progressing to dilated
27

cardiomyopathy and juvenile lethality [212, 218]. Lmod2 -/- cultured neonatal cardiac
myocytes also display reduced contractile force, suggesting that abnormal thin filament
length regulation and force generation are the primary causes of cardiomyopathy.
Longer thin filaments may be required to sustain cardiac force generation at longer
sarcomere lengths during systolic function [212]. The cardiac Lmod2 deletion
phenotype is strikingly similar to a transgenic Tmod1 overexpression phenotype,
characterized by shorter thin filaments, sarcomere disarray, and heart degeneration that
progresses to dilated cardiomyopathy and results in death a few weeks after birth [227,
228]. In other words, loss of Lmod2 appears to functionally phenocopy overexpression
of Tmod1 in the mouse heart. Unlike the loss of Tmod1, the loss of Lmod2 does not
interfere with myofibril assembly during heart development, indicating that Lmod2
regulates thin filament lengths subsequent to sarcomere assembly. Furthermore, while
shorter thin filaments are detected as early as E12.5 phase of cell cycle, sarcomere
organization remains relatively normal until the development of cardiomyopathy
symptoms at phase of P15, indicating that sarcomere disarray is likely a degenerative
phenotype, possibly due to increased mechanical load on the heart after birth [212].
Possibly, sarcomeric formins could work synergistically with Lmods, whereby Lmods
nucleate new filaments whose barbed ends are then elongated by formins and mediate
thin filament organization in sarcomeres but not polymerization [229, 230] (Fig 8.). In
addition to sarcomere disarray, another study also observed abnormal intercalated disc
morphology and reduced expression of some intercalated disc genes at P25, which may
reflect degenerative processes in the absence of Lmod2 [218]. However, an additional
role for Lmod in myofibril assembly in the developing heart cannot be excluded,
because Lmod1 expression from E9.5– E12.5 may compensate for loss of Lmod2 during
this stage of development [210]. Possible effect of Lmod2 on myosin activity is
unknown yet.
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Figure 8. [71] A model for Lmod nucleation of new filaments that are integrated into sarcomeres during
normal filament turnover and repair in mature muscle, or during myofibrillogenesis in development.
Lmod catalyzes the formation of an actin nucleus (dark blue, ATP-bound actin subunits). After Lmod
dissociates from the actin nucleus, actin subunits add rapidly to free barbed ends, either spontaneously or
catalyzed by formins (green ring), leading to filament growth towards the Z-line. Actin hydrolyses ATP in
the filament, and older filament consist mainly of ADP-bound actin subunits (light blue). During
sarcomere turnover and repair, the barbed ends could either anneal to the pointed ends of preexisting
filaments damaged during contraction, or elongate to the Z line where they are capped by CapZ and
captured by α-actinin. Actin subunits also add slowly to the pointed ends of newly formed filaments,
resulting in elongation toward the M-line, where the pointed end can be dynamically capped by Tmod.
Cycles of Lmod nucleation, dissociation, and pause (possibly characterized by attachment of Lmod to thin
filament sides) could permit a single Lmod molecule to assemble many new thin filaments. During
myofibrillogenesis, new Lmod-nucleated filaments may also add to the periphery of sarcomeres,
contributing to circumferential growth. In the case of Lmod overexpression, abundant nucleation
generates an excess of free pointed ends, which are less frequently capped by Tmods. This can result in
increased actin subunit addition at pointed ends and longer thin filaments [71].
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II.

Issues addressed in the thesis

The aim of this work was to obtain more information about actin filament length regulator proteins by two important proteins that bind to its ends, the barbed end binding cytoplasmic gelsolin or pointed end binding cardiac leiomodin2. The description of missing
steps in recycling of gelsolin in its severing cycle are needed for a better understand of
cytoskeletal system remodeling nearby of the cell membrane. A deeper understanding of
the function of cardiac leiomodin2 in enhancing the length of actin filaments and modifying the actin-tropomyosin-myosin complex will lead to insights to the maintenance of
cardiac muscle cell contractility. The major goals were:

1.

Describe the interplay between ATP and calcium, which may modify PIP2 bind-

ing of gelsolin.

2.

Identify the missing steps in the recycling gelsolin from the membrane to the

cytoplasm.

3.

Characterize the intrinsic structural features of cardiac leiomodin2 and the dif-

ferences between leiomodin and tropomodulin.
4.

Investigate the actin assembly efficiencies of leiomodin2.

5.

Explore the thin filament side binding activity of leiomodin2 and its potential

functional consequences.
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III.

Materials and Methods

III.1. Protein preparation

III.1.1. Preparation of rabbit skeletal muscle α-actin
Calcium bound G-actin was prepared from rabbit muscle acetone powder (Pel Freez,
Biologicals) according to the method of Spudich and Watt with a slight modification
introduced by Mossakowska and co-workers. [231, 232]. For each gram of acetonedried muscle powder was extracted by stirring in 20 ml of buffer A containing (4 mM
Tris-HCl, pH 8.0, 0.2 mM ATP, 0.1 mM CaCl2, 0.5 mM DTT and 0.005 % NaN3) at 4
°C. After 30 minutes of gentle stirring the liquor was filtered through 4 layers of gauze
and then the extraction step was repeated with the same volume of fresh buffer A. After
the second filtration the filtered liquid was collected in a cylinder and was polymerized
at room temperature by the addition of 100 mM KCl and 2 mM MgCl2. 2 hours later
after the initiation of polymerization, 0.6 M solid KCl was added to the liquor which
was gently stirred and kept at 4 °C for 30 minutes. After which, the KCl had completely
dissolved, the liquid was centrifuged at 100,000 x g for 30 minutes. The pellets were
swollen on ice for at least 2 hours by the addition of given amount of storage buffer (4
mM Tris-HCl, 0.2 mM ATP, 0.1 mM CaCl2, 0.5 mM MEA, and 0.005% NaN3) needed
for further procedures. The swollen pellets were gently homogenized and then were dialysed against the same storage buffer at pH 8.0. The absorption of G-actin was measured
by a spectrophotometer and the concentration of G-actin was calculated by using an
absorption coefficient of 1.11 mg ml-1 cm-1 and 0.63 mg ml-1 cm-1 at 280 nm and 290
nm, respectively [233]. The relative molecular mass of 42,300 Da was used for G-actin
[234].

III.1.2. Preparation of rabbit skeletal muscle tropomyosin
Skeletal muscle tropomyosin (Tpm1.1/2.2) [235] was purified as described earlier [236,
237] then applied to hydroxyapatite chromatography and stored frozen in 5 mM TrisHCl, pH 7.8, 1 mM DTT.
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III.1.3. Expression and purification of human cytoplasmic gelsolin
To label selected domains of gelsolin with maleimide-conjugated fluorophores we needed to make constructs that lacked native cysteine residues. It was required to replace the
cysteines with other amino acids by mutation of DNA constructs to keep on structurally
intact gelsolin. First we mutated out the native cysteines (Cys93Thr, Cys304Val,
Cys645Val), which are not the members of the disulfide-bridge in G2 (Cys188, Cys201)
made by QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies)
the construct is referred to as gelsolin M3. M3 mutant was used as a tool to show if any
structural or functional change could happen if we mutate out cysteines compared to
wild-type gelsolin. If we retain any native cysteine we can have constructs for selective
labeling of G1, G3 or G6. The mutant gelsolin M2 contains only the mutations of
Cys93Thr and Cys304Val. Thus M2 retains Cys645 in G6 to provide a suitable construct for selective labeling of G2, Cys645 under oxidative than Cys188 and/or Cys201
under reductive conditions.
The plasmid constructs of wild type gelsolin, M3 and M2 mutant gelsolins containing
the nucleotide sequence of His-tagged human wild type gelsolin in a pSY5 plasmid
(Invitrogen), were transformed into E. coli Rosetta2 (DE3) pLyS cells. The cells were
grown on 37 oC in Luria Broth media until the optical density reached 0.6. Then the expression was induced by 1 mM isopropyl-β-D-1-thiogalactosidase (IPTG). After an
overnight induction at 20 oC, cells were harvested by centrifugation (90 mins, 4,000 rcf
at 4 oC) then dissolved in lysis buffer (4 mM imidazole, 10 mM Tris.HCl, 150 mM
NaCl, 1 mg/ml lysozyme, pH 8) and subjected to sonication. The slurry was ultracentrifuged (2 hours, 150,000 rcf, at 4 oC) then the supernatant was loaded onto a Ni-NTA
affinity column, followed by overnight on-column cleavage step by PreScission protease. The protein was eluted by elution buffer (20 mM Tris-HCl, 300 mM imidazole, 150
mM NaCl, pH 7.5) then loaded on a Superdex75 column in a gel filtration buffer (2 mM
Tris-HCl, 150 mM NaCl, pH 7.5). Chromatographies were carried out with ÄKTA purifier system (Amersham Biosciences, Piscataway, NJ, USA). The peak fractions were
collected and concentrated 5 times by Vivaspin 30 kDa mwco tube (4,000 rcf at 4 oC)
then dialysed against storage buffer (2 mM-Tris HCl, 1 mM EGTA, pH 7.5). The dia32

lysed sample was concentrated again. The absorption of gelsolin was measured by a
Nanodrop spectrophotometer and the concentration was calculated at 280 nm by using
an absorption coefficient of 115,530 M-1 cm-1. Purified human gelsolin sample was divided into small aliquots, frozen in liquid nitrogen, and kept at -80 °C. The frozen protein was used within few months and centrifuged prior to the measurements. Expression
and purification of mutant gelsolins M2 and M3 proceeded by same protocol for wild
type protein.

III.1.4. Expression and purification of cardiac leiomodin2 from Rattus norvegicus
Rattus norvegicus full length cardiac Lmod2 (NP_001094434.1; Lmod2FL) and the Cterminal fragment (373-549 aa; Cterm) were expressed and purified using the Twin-CN
(NE BioLabs) chitin-intein self-cleavage and purification system. DNA constructs were
obtained from Roberto Dominguez’s lab and cloned into pTyB1 vectors. Fusion proteins
containing chitin-binding and intein tags were expressed for 20 hours at 20 oC in
ER2566 E.coli cells. Cells were harvested by centrifugation (6000 x g, 10 min, 4 oC)
then lysed with sonication in Column Buffer (20 mM Tris-HCl, 500 mM NaCl, pH 8.5).
The supernatant of the ultracentrifuged (100.000 x g, 1 h, 4 oC) sample was loaded onto
a chitin column, where intein self-cleavage was induced by a thiol reaction using 50 mM
DTT, followed by the elution of the target protein from the column. Lmod2FL and Cterm
concentrations were determined by either measuring the absorption spectra (Jasco V-550
spectrophotometer) and using the extinction coefficients of 23950 M-1cm-1 and 12490
M-1cm-1, respectively, or with the Bradford Protein assay (Bio-Rad). The two methods
gave comparable results.

III.2. Fluorescent labeling of proteins

III.2.1. Labeling of actin
The labeling of the Cys-374 residue of actin with Alexa488-maleimide or Alexa532maleimide (Life Technologies) was performed in the form of F-actin (2 mg/ml) which
was incubated with 10-fold molar excess of Alexa for 16 hours at 4 °C. After the incu33

bation 1 mM DTT was added to the solution to terminate the labeling process. The sample was centrifuged at 100.000 rcf for 1 hour at 4 °C. The pellet was dissolved in buffer
A, homogenized and dialyzed overnight. On the following day the labeled actin was
centrifuged and the concentration of the supernatant was determined with a Nanodrop
spectrophotometer. The Alexa488 label has significant absorption at 495 nm, similarly
Alexa532 has at 532 nm, and the concentration of Alexa was calculated by using their
extinction coefficient of 71,000 M-1 cm-1 for Alexa488 and 81,000 M-1 cm-1 for
Alexa532. The measured absorbance of Alexa labeled G-actin was measured at 280 nm
and 290 nm, where the extinction coefficient is 1.11 mg ml-1 cm-1 and 0.63 mg ml-1 cm-1
respectively, were used for calculating the concentration of actin [233]. The labeling
ratio of five independent preparations was between 0.7 and 0.82. Cys374 of actin was
labelled with either IAEDANS (5-((((2-iodoacetyl) amino) ethyl) amino) naphthalene-1-sulfonic acid) as a FRET donor or IAF (5-iodoacetoamidofluorescein)
as FRET acceptor as described earlier [238-240]. Pyrene (N-1-pyrene-iodoacetamide)
labelling was carried out by a standard protocol as described earlier [241]. Actin concentration and labelling ratios were determined from the absorption spectra (Jasco V-550
spectrophotometer). The labelling ratios were 0.8-0.9 for IAEDANS, 0.7–0.8 for IAF
and 0.6-0.8 for pyrene.

III.2.2. Labeling of gelsolin
Alexa488-maleimide and Alexa532-maleimide (Life Technologies) were used to modify
the cysteine residues of gelsolin (Cys93, Cys188, Cys201, Cys304 and Cys645). Before
the labeling, gelsolin was dialyzed against in a calcium free buffer (2 mM Tris-HCl, 1
mM EGTA, pH 8); Alexa was dissolved in a same buffer and added to the gelsolin solution in 10-fold molar excess. The reaction mixture was incubated on ice overnight then
dialyzed overnight to eliminate the unbound fluorophores. The sample was centrifuged
at 100,000 rcf for 30 minutes on 4 °C. The measured absorbance of Alexa labeled gelsolin was measured at 280 nm where the extinction coefficient is 115,530 M-1 cm-1 were
used for calculating the concentration of actin. The absorption of Alexa488 was measured by a Nanodrop spectrophotometer at 495 nm, Alexa532 at 532 nm; the concentration of Alexa was calculated by using their extinction coefficient of 71,000 M-1 cm-1 and
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81,000 M-1 cm-1, respectively. The labeling efficiencies of five independent preparations
were between 60 and 68 %.
In case of M2 mutant gelsolin it was possible to label selectively G2 and G6, where
Cys645 was exposed under oxidative conditions. Therefore M2 was incubated overnight
in the presence of 2 µM CuSO4 and 10-fold molar excess of Alexa532. The next day 1
mM DTT was added to the solution to reduce the disulfide-bridge and dialyzed overnight before adding 10-fold molar excess of Alexa 488. Free fluorophores were removed by an additional dialysis.

III.3. Preparation of membrane vesicles

III.3.1. Preparation of Rhodamine590 filled phospholipid vesicles
Phospholipid vesicles were prepared by a modified protocol from James H. Morrissey
(Protocol from James H. Morrissey , Dept. of Biochemistry, University of Illinois at
Urbana-Champaign, Urbana, IL 61801, USA). A mixture of 1% PIP2 (PtdIns-(4,5)P2(1,2-dipalmitoyl)) (Cayman Chemicals), 79% PC (L-α-phosphatydilcholine) (SigmaAldrich) and 20% PS (3-sn-phosphatidyl-L-serine) (Sigma-Aldrich) was dissolved in 20
µM rhodamine 590 N-succinimidyl ester (Sigma-Aldrich) in chloroform. The dried lipid
mixture was suspended in 2 mM Tris-HCl, 200 mM NaCl, pH 7.4, and sonicated until
the solution became visually homogeneous. Vesicles were collected by centrifugation at
22 °C for 10 min at 5,000 x g, and stored at 4 °C.

III.4. Fluorescence spectroscopy methods

III.4.1. Characterization of intrinsic tryptophans fluorescence
Lmod2FL contains 3 tryptophans; one is in the N-terminal ABS1 (W73) and two are in
the C-terminal extension (W386, W404). These tryptophans were used as intrinsic
probes for the fluorescence emission coupled structural dynamics measurements in
Lmod2. Structural changes of amino acids neighbouring the tryptophans can affect the
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excitation and emission spectra. Fluorescence spectra were measured with Perkin Elmer
LS 50B spectrofluorimeter (λex = 282 nm, λem = 354 nm).
The intrinsic fluorescence emission assays from the tryptophans of gelsolin (residue
numbers: W67, W111, W203, W223, W341, W392, W446, W489, W601, W637,
W699, W706, W755, W759, W764) were carried out with a Perkin Elmer LS-50 spectrofluorimeter. The excitation and emission monochromators were set to 288 nm and
332 nm, respectively, and the excitation and emission slits to 5 nm. 5 µM gelsolin was
incubated under physiological salt conditions (100 µM CaCl2, 100 mM KCl, 1 mM
MgCl2, 0.2 mM ATP, 2 mM Tris-HCl, pH 7.4) supplemented with EGTA or CaCl2 to
vary

the

free

calcium

levels

(calculated

with

Maxchelator

Stanford

http://maxchelator.stanford.edu): pCa 9: 6 mM EGTA; pCa 6: 100 µM EGTA; pCa 3: 1
mM CaCl2. Steady-state fluorescence intensities were measured after sequential addition
of appropriate stock solutions to attain: 1) 2 µM PIP2, 2) 0.5 mM ATP, and 3) pCa 6.

III.4.2. Steady-state fluorescence quenching
Steady-state fluorescence quenching measurements were carried out on a Perkin-Elmer
LS55B spectrofluorometer equipped with a thermostable cuvette holder. Cys645 in the
M2 mutant gelsolin (M2 GSN) was labeled by Alexa488-maleimide the protein concentration was set to 5 µM in all measurements. The fluorescence signal of Alexa was
quenched by adding acrylamide in a final concentration of 2 mM in 10 steps. The excitation wavelength was set at 488 nm and the emission spectra were recorded between 505
nm and 600 nm at 22 °C. The ratio of the fluorescence intensity of Alexa488-M2 GSN
in the absence and presence of the quencher was plotted against the quencher concentration (so called Stern-Volmer plot). The Stern-Volmer constant (KSV) characterizing the
accessibility of the fluorophore was derived from the slope of the straight line fitted on
the experimental data according to the classical Stern-Volmer equation (Equation 1)



= 1 + 

(Eq. 1.)
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where F0 is the fluorescence intensity of the fluorophore in the absence of the quencher,
and F is in the presence of different quencher concentration [Q].

III.4.3. Steady-state and time dependent fluorescence anisotropy measurement
Steady-state anisotropy of gelsolin binding fluorescent derivatives of ATP and PIP2
were measured on a Safire2 monochromator microplate reader (TECAN). The steadystate anisotropy resulting from intrinsic fluorescence of the tryptophans in leiomodin2
was measured with Horiba Jobin Yvon spectrofluorimeter. Fluorescence lifetime and
anisotropy decay resulting from intrinsic fluorescence of the tryptophan of leiomodin2
were measured using the cross-correlation phase-modulation method (ISS K2 multifrequency phase fluorimeter) [239]. The emission polarizer was set to 0° and 90° as
compared to the excitation polarizer to measure IVV (t) and IVH (t), where V and H subscripts refer to vertical and horizontal setting of excitation and emission polarizers, respectively. The instrument response function (IRF) was determined by measuring light
scattering of a glycogen solution. The G value was determined by measuring the ratio of
IHV (t) / IHH (t). The intensity decay data were analysed assuming the following multiexponential decay law:
  

=

 + 2

 

= ∑  exp−/  

(Eq. 2.)

where ai and τi are the normalised pre-exponential factors and decay times, respectively.
Anisotropy values were calculated using Equation 3.[242]:
! =

"## $"#% 

"## &'"#% 

(Eq. 3.)

We used a fluorescent derivative of PIP2 (PtdIns-(4,5)-P2-fluorescein, Cayman Chemicals, NU-10010388, λex= 493 nm, λem= 520 nm, abbreviated as PIP2-F) and a fluorescent
derivative of ATP (N6-(6-amino)hexyl-ATP-ATTO-532, Jena Bioscience, NU-805-532,
λex= 532 nm, λem= 553 nm, abbreviated as ATP-N) as probes for the binding of PIP2 and
ATP to gelsolin.
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The dissociation constants of gelsolin for ATP and PIP2 were calculated using a hyperbolic model [243] from anisotropy data that had reached saturation during the gelsolin
titrations:
+, & - & . $/+, & - & . 0 $1 - .

! = !( + !) − !(  *

'.

2

(Eq. 4.)

where rf is the anisotropy of free ligand, rb is the anisotropy of gelsolin-bound ligand,
[L] is the total concentration of ligand, Kd is the dissociation constant and [G] is the
total concentration of gelsolin. The anisotropy of 0.5 µM ATP-N was measured in the
presence of gelsolin concentrations: 0, 0.2, 1.5, 2, 3, 5 and 8 µM. Saturation was evident
at 5 µM characterized by an anisotropy value of 0.15 ± 0.006. The calcium and magnesium sensitivities of ATP binding to gelsolin were characterized by the change in anisotropy of solutions containing 0.5 µM ATP-N in the presence of 5 µM of gelsolin over a
range of divalent cation concentrations of pCa 2-12 or pMg 1-12, where pCa and pMg
refer to -log[Ca2+] and -log[Mg2+], respectively. The affinity of the PIP2-gelsolin interaction was measured by the anisotropy change of 0.5 µM or 0.25 µM PIP2-F in the presence of 0, 0.2, 2, 1.5, 3, 5 and 8 µM gelsolin, which showed saturation at 4 µM. Anisotropy of 0.5 µM or 0.25 µM solutions of PIP2-F in the presence of 5 µM gelsolin was
used to probe the changes in binding of the complexes under different calcium, magnesium, salt and ATP conditions.

Anisotropy decay data of leiomodin were analysed using Equation 5.:
! = ∑ !3 exp−/4 

(Eq. 5.)

where roi are fractional anisotropies, which decay with rotational correlation time of θi.
Steady-state anisotropy values correspond to the rotational diffusion of the protein/protein complexes containing fluorophores, which reflect the rotational movement
of the whole protein and the flexibility of protein chains containing the fluorophore.
Rotational correlation times derived from anisotropy decay measurements depend on the
mobility of fluorophores, as well as on the protein chains.
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The steady-state anisotropy of intrinsic tryptophans in Lmod2FL (9 µM) and Cterm (4.8
µM) fragments was measured with λex = 282 nm, λem = 354 nm. Fluorescence lifetime
and anisotropy decay of the intrinsic tryptophan of Lmod2FL and Cterm were measured
using the excitation and emission wavelengths at 280 nm and 350 nm, respectively. The
average fluorescence lifetimes were found to be τLmod2FL = 2.92 ± 0.24 ns and
τCterm = 3.26 ± 1.41 ns for Lmod2FL and Cterm, respectively.

III.4.4. FRET measurements
For interdomain FRET we used 0.2 µM of an engineered mutant (M2) of gelsolin,
which contains only the disulfide-bridge and one more residual cysteine for labelling
with donor or acceptor in 1:1 ratio. Under oxidative conditions, provided by 1 µM
CuCl2 in a buffer of 2 mM Tris-HCl and pH7.4, Cys645 in G6 was amenable to be labelled with acceptor. This was followed by dialysis and 1 mM DTT treatment. Thus, the
disulphide-bridge in G2 was reduced and Cys201 became exposed for labelling with the
donor. From the two cysteines of disulphide-bridge only the Cys201 turned to be exposed, a situation we determined by solving the X-ray structure of Alexa488-maleimide
labelled M3-gelsolin (data not shown). The gelsolin M2 mutant was labeled with
Alexa488-maleimide as donor and with Alexa532-maleimide as acceptor to measure
FRET transfer in the presence of 100 µM PIP2 or 1 mM ATP or pCa6 or pCa3. The energy transfer between the two fluorophores was determined in a temperature dependent
manner between 5 °C to 35 °C in 5 °C steps. The excitation wavelength was set to 488
nm and the emission spectra were monitored between 505 nm and 600 nm, and was corrected for the emission of acceptor. Both side slits were set to 5 nm.
For inter-monomer FRET measurements actin monomers were labelled separately with
donor or with acceptor then mixed in a donor/acceptor ratio of 1: 10 [238, 244] then
polymerized under medium salt conditions (1 mM MgCl2, 50 mM KCl). To investigate
the Lmod induced structural changes in F-actin, IAEDENS was used as the donor and
IAF as the acceptor. The temperature-dependent inter-monomer FRET efficiency of
IAEDENS-IAF F-actin (4 µM) was measured in the presence or absence of Lmod2FL (5
µM) (Horiba Jobin Yvon spectrofluorimeter, λex = 350 nm, λem = 380 – 600 nm). The
temperature was set between 5-35 oC.
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The obtained intensities of the donor were corrected for the inner filter effect by applying the Equation 6.
5677 = 5)8 9:;<= >?@A + >?@B /2

(Eq. 6.)

where Fcorr is the corrected fluorescence intensity, Fobs is the measured fluorescence
intensity, and ODEX and ODEM are the optical densities of the sample at the excitation
and emission wavelengths, respectively. In order to calculate the fluorescence resonance
energy transfer efficiency (E), the intensity of the donor was measured in the presence
(FDA) and absence (FD) of the acceptor. The energy transfer efficiency was calculated
from the Equation 7.
C = D1 − 5EF ⁄GEF ⁄5E ⁄GE I/J

(Eq. 7.)

where β is the labeling ratio of the acceptor, cDA and cD are the concentrations of the
donor molecule in the presence and absence of the acceptor, respectively.
It was shown previously that the energy transfer efficiency (E) normalized by the intensity (FDA) of the donor in the presence of the acceptor could provide information about
the flexibility of the protein matrix between the FRET fluorophore pair. This normalized
energy transfer efficiency is called as relative transfer (f ’) that was introduced in 1984
by Somogyi et al [245]. The relative transfer can be calculated by using the Equation 8.
K L = C/5EF

(Eq. 8.)

The flexibility of the proteins is related to the thermal fluctuations of protein segments
relative to each other. It is expected that the increase in temperature generates higher
amplitude of relative motion between donor-acceptor fluorophores. Fluctuations with a
higher amplitude refers to a more flexible protein structure and results a higher value of
relative transfer [246]. In our experiments each relative transfer value was normalized
by the flexibility parameter obtained at the lowest temperature level (5 °C) and this relative flexibility parameter was plotted against the temperature. The slope of the curve
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corresponds to the flexibility of the protein structure between the donor and acceptor
fluorophores.

III.4.5. Actin polymerization assay
To study actin polymerization the time dependent intensity of pyrene-labelled actin was
measured. The actin concentration was 4 µM containing 5 % pyrene actin. The effects
of the Lmod2 constructs were investigated at different salt conditions: low salt (0.5 mM
MgCl2, 10 mM KCl); medium salt (1 mM MgCl2, 50 mM KCl); and high salt (2 mM
MgCl2, 100 mM KCl). The final ionic strength (IS) at each condition was derived using
the following equation:
N

M = ' ∑PQN G O

(Eq. 9.)

where ci and zi are the molar concentrations and charge of the ions, respectively. The
polymerization rates were determined in the absence or presence of Lmod2FL and Cterm
from the slope of the pyrene curves at 50 % of maximal change. The normalized
polymerization rate was calculated as the ratio of the slope obtained in the presence of
Lmod2 constructs to the slope determined for spontaneous actin assembly.

III.4.6. Critical concentration measurements
To determine the critical concentration of actin assembly, we measured the fluorescence
emission of 0.03; 0.05; 0.1; 0.3; 0.5; 0.7; 1; 3; and 5 µM actin (5 % pyrene labelled) in
the absence or presence of Lmod2FL (100 nM) or Cterm (4 µM) under high salt conditions. The critical concentration, corresponding to the free G-actin concentration at
steady-state was determined from the actin concentration ([a]) dependence of the pyrene
fluorescence emission (F) using Equation 10:
5 = 56 + RS8 + T8 

 $66
'

U − S8 − T8 

 $66
'

(Eq. 10.)
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where Fc is the fluorescence emission corresponding to the critical concentration, Ls and
Rs are the slopes of the function below and over the critical concentration, respectively,
and cc is the critical concentration.

III.4.7. Fast kinetic measurements of the interaction of Lmod2 with actin filaments
To measure the binding kinetics of leiomodin to F-actin, the real time change of pyrene
F-actin fluorescence (5 % pyrene labelled) mixed with leiomodin2 under medium salt
conditions was measured by a stopped-flow fast kinetic system (Applied Photophysics
Ltd.). The change in pyrene fluorescence as a function of time (y(t)) was fitted using the
following function:




V = WN X1 − YZ[ \− ^_ + W' X1 − YZ[ \− ^_
]

0

(Eq.11.)

where A1 and A2 are the amplitude of the first and second exponential, respectively, t1
and t2 are the corresponding times.

III.5. Crystallization

III.5.1. Crystallization and data collection of gelsolin mutants
Crystals of calcium-free, human gelsolin mutant M3 and Alexa488-maleimide labeled
gelsolin M3 were obtained after added 5 µl of a 10 mg/mL solution of protein to 5 µl
precipitating solution (24% glycerol, 1.7 M ammonium sulfate, and 100 mM Bis-TrisHCl, pH 8.5) at 22 °C by using the sitting-drop vapor diffusion method. The crystals
were frozen in liquid nitrogen after soaking in 20 % glycerol. X-ray diffraction data
were collected on beamline BL13B1 by an Area Detection Systems Corporation Quantum-315 CCD detector at the National Synchrotron Research Center (Hsinchu, Taiwan).
The wavelength was set to 1 Å and the data collected at 105 K. Data were indexed,
scaled, and merged in HKL2000. Molecular replacement and refinement were carried
out using the native gelsolin structure (3FFN PDB ID), in PHENIX 1.9 (NIH General
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Medical Sciences). The final statistics were: space group P4212, resolution: 3.04 Å, R
free: 0.2751, R work: 0.2155.

III.6. Critical micelle concentration

III.6.1. Determination of lipid critical micelle concentration
The critical micelle concentrations of PIP2 and 1-(1-octadecanoyl-fluorescein-2Roctadecanoylphosphatidyl)inositol-4,5-bisphosphate (Cayman Chemical, abbreviated as
PIP2-F) were determined by dynamic light scattering [247]. Fifty microliter samples
were prepared by serial dilution of PIP2 or PIP2-F into a low salt buffer (2 mM Tris-HCl,
pH 7.4), or the same buffer supplemented with 100 mM KCl, 1 mM MgCl2, and/or 1
mM CaCl2. After incubation for 30 min, the samples were centrifuged at 15,000 x g for
10 min, transferred into a 384-well clear bottom plate, and light scattering was measured
using a Wyatt Dynapro plate reader at room temperature. The concentrations of PIP2-F
were subsequently determined by light absorbance at 494 nm with a Nanodrop spectrophotometer.

III.7. Microscopy imaging

III.7.1. Confocal microscopy imaging of vesicles
10% (v/v) rhodamine590-filled vesicles and 5 µM Alexa488-labeled gelsolin were incubated together and a drop of the mixture was placed on a clean glass slide, which was
then covered by, and separated from, a second slide by a parafilm gasket. In this setup,
buffer conditions surrounding the vesicles can be changed by laminar flow between the
two slides. A 2 mm x 2 mm piece of tissue (KimWipes) was used to secure the vesicles.
The sample was washed (2 mM Tris-HCl, pH 7.4) for 1 min and then placed on the
glass slide before being covered. In the flow cell, vesicles were kept in the field of view
by the tissue fibres. Fluorescence emission-based imaging was carried out using a Zeiss
LSM 510 META Confocal Microscope. The two different fluorophores were detected in
two separate channels; Alexa488 (gelsolin) was excited by 477 nm laser light and emis43

sion was detected in the 505-530 nm channel, while rhodamine590 (vesicles) was excited by 545 nm laser light and emission was detected in the 585-630 nm channel.

III.8. Cosedimentation

III.8.1. High-speed cosedimentation assays
F-actin (4 µM) was incubated with Lmod2FL under medium and high salt conditions.
Samples were centrifuged at 258,000 x g for 30 min at room temperature. The pellets
were resuspended and analysed by SDS-PAGE. The band intensities were derived by
GeneTools software (Synaptics Ltd.) and corrected for the molecular weight of the proteins and for the staining efficiency of Coomassie blue. The ratio of the MW corrected
band intensities of pelleted Lmod2FL to pelleted actin was derived (protein ratio, y) and
plotted as a function of total Lmod2FL concentration. Data was fitted with sigmoidal
function (Eq.12.).
V=

`abc $`ade
N&fghi$ij /ki

+ Vli

(Eq. 12.)

where ymin and ymax are the protein ratios in the absence and presence of saturating
amount of Lmod2, respectively, x is the total Lmod2 concentration, x0 is the Lmod2
concentration corresponding to the inflection point and dx is the slope of the linear segment of the sigmoidal.

III.9. Coupled assay

III.9.1. Mg2+-ATPase activity of HMM in the presence of leiomodin2
The Mg2+-ATPase activity of HMM was measured with a Jasco V-550 spectrophotometer. The assay is based on a reaction in which the regeneration of hydrolysed ATP is
coupled to the oxidation of NADH. The reaction buffer contains 100 mM KCl, 20 mM
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MOPS, 0.5 mM MgCl2, 0.5 mM ATP, 1 mM PEP, 0.5 mM EGTA, 5-10 µl PK (2 U/µl),
10 µl LDH (4 U / µl) in 60 % glycerol, 0.15 mM NADH, pH 7.0. Following each cycle
of ATP hydrolysis of 0.5 µM HMM (heavy-meromyosin) with or without 1 µM F-actin
in the presence or absence of 1 µM Lmod2FL, the regeneration system consisting of
phosphoenol-pyruvate (PEP) and pyruvate kinase (PK) converts one molecule of PEP to
pyruvate when the ADP is converted back to the ATP. The pyruvate is subsequently
converted to lactate by L-lactate dehydrogenase (LDH) resulting in the oxidation of one
NADH molecule. The assay measures the rate of NADH absorbance decrease at
340 nm, which is proportional to the rate of steady-state ATP hydrolysis. The constant
regeneration of ATP allows monitoring the ATP hydrolysis rate over the entire course of
the assay. The rate of ATP hydrolysis is calculated from the following equation:
m=−

kFnoj
k

$N
$N
Z Cpq
Z rFst

(Eq. 13.)

where k is the ATPase activity, A340 is the measured absorbance at 340 nm, t is the
elapsed time, Epath is the molar absorption coefficient of NADH, MATP is the molarity of
ATP. k values were corrected for the HMM concentrations.
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IV.

Results and Discussion

IV.1. Results

IV.1.1. ATP and PIP2 binding to gelsolin
IV.1.1.1. Structural dynamics of ATP or PIP2 bound gelsolin under different salt conditions
In order to probe the interplay between PIP2, ATP and Ca2+ in binding to gelsolin, we
first characterized the binding of fluorescent derivatives of PIP2 and ATP to gelsolin
using steady-state anisotropy measurements. The fluorescent derivative of ATP (0.5
µM), N6-(6-amino)hexyl-ATP-ATTO-532 named ATP-N hereafter, binds to gelsolin
with a Kd of 0.71 ± 0.52 µM in the absence of divalent cations determined by analysis
of steady-state anisotropy measurements (Fig 10A). This value is within experimental
error of that previously reported for the gelsolin: ATP interaction (0.28 µM), as measured by equilibrium dialysis [183]. In case of M3 mutant of gelsolin, the affinity (Kd)
was changed to 1.55 ± 0.74 µM (Fig 10A). Interestingly, we found that the crystal structures of wild type and M3 mutant gelsolin were identical, only the Cys645 residue may
be implicated in ATP binding because it is directly linked to the ATP-binding pocket
thus the mutation of Cys645Val possibly modified the dynamics of ATP binding (Fig
9A, B). Micromolar levels of calcium ions or millimolar levels of magnesium ions were
able to effectively dissociate ATP-N from gelsolin (5 µM), characterized by 50% of the
ATP-N remaining bound at 6.3 ± 0.2 µM calcium or 5.0 ± 1.1 mM magnesium (Fig
10B). Furthermore, the first evidence of the competition between ATP and PIP2 in binding to gelsolin was observed from the elevated anisotropy (0.12, Fig 10C) of PIP2-F (0.5
µM), characteristic of its association with gelsolin (5 µM), being lost on the addition of
0.2 or 0.5 mM ATP, or 1 mM Ca2+ (Fig 10D).
The calcium range that induces ATP dissociation is in line with physiological calcium
signaling levels and with calcium concentrations that are able to initiate conformational
changes in gelsolin, which disrupt the ATP-binding site leading to ATP release [186].
However, the effective concentration of magnesium is higher than the normal free physiological levels (0.5 - 1.0 mM) [197]. The presence of potassium ions weakens the gel46

solin: ATP-N interaction (Fig 11A-B). Under physiological potassium ion concentrations, the ATP-N interaction with gelsolin was characterized by Kds of 1.27 ± 0.60 µM
and 1.42 ± 0.27 µM at 100 mM and 120 mM KCl, respectively, values which were reduced slightly by the addition of 1 mM MgCl2 (Kds of 1.58 ± 0.85 µM and 2.34 ± 0.73
µM, respectively) (Fig 11C,D). Similarly, in 50 mM KCl and 1 mM MgCl2, a condition
commonly used for in vitro actin polymerization experiments [248], gelsolin binding of
ATP-N and unlabeled ATP was determined by titration with gelsolin and via competition with ATP-N, and the Kd values were 1.8 µM and 2.2 µM respectively (Fig 12A,B).
The effect of calcium under the actin polymerization conditions recapitulated the observation made under the low salt conditions, with micromolar and higher concentrations
of calcium negatively impacting the gelsolin: ATP-N interaction (Fig 12A vs Fig 10B).
Collectively, these data indicate that under buffer conditions modelling the physiological state gelsolin binds to both ATP-N and unlabeled ATP in similar fashion, and that
calcium acts as a regulator for the binding.

Figure 9. Structural importance in ATP binding of gelsolin. (A) From the three mutations of native cysteines Cys93Thr, Cys304Val and Cys645Val in M3 gelsolin only the Cys645Val can be expected to influence ATP binding. (B) The structure of ATP-bound and ATP-free gelsolin around the Cys645 are almost
identical. Possibly, Cys645 is involved in structural dynamics of the binding pocket, therefore its mutation
to valine decreased the affinity for ATP.
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Figure 10. The interplay between calcium, magnesium, ATP and PIP2 for binding to gelsolin. (A) In the
absence of divalent cations, the anisotropy of ATP-N (0.5 µM) increased with increasing gelsolin concentration and reached steady-state at ~ 5 µM wild type gelsolin (grey circles) and M3 mutant gelsolin (orange squares), indicating saturation of binding. Dashed line shows the fit to the data (Eq. 4). (B) Micromolar calcium levels (C, open triangles, inflection point at pCa 5.2) or millimolar magnesium levels
(M, orange circles, inflection point at pMg 2.3) were able to reduce the anisotropy of ATP-N (0.5 µM) in
the presence of gelsolin (5 µM), indicating the dissociation of ATP-N from gelsolin. Dashed line means
simple sigmoidal fitting. (C) In the absence of divalent cations, the anisotropy of PIP2-F (0.5 µM) increased with increasing gelsolin concentration and reached steady-state at ~ 5 µM gelsolin, indicating
saturation of binding. Dashed line shows the fit to the data (Eq. 4). (D) The anisotropy of PIP2-F (0.5 µM)
in the presence of gelsolin (5 µM) was not changed on titration with magnesium (M, orange circles), but
inclusion of 0.5 mM ATP (MA, white circles) lowered the anisotropy to the value characteristic to free
PIP2-F, indicating complete dissociation of the gelsolin/PIP2-F complex by ATP. This effect was diminished by magnesium concentrations above 7 mM. In the absence of ATP, PIP2-F (0.5 µM) binds to gelsolin (5 µM), as revealed by the increase in anisotropy across a wide range of calcium concentrations (C,
white triangles). Inclusion of ATP (0.2 mM, CA, purple triangles) lowered the anisotropy to the value
characteristic to free PIP2-F, indicating complete dissociation of the gelsolin/PIP2-F complex by ATP.
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Figure 11. The interplay among calcium, magnesium and potassium ions on ATP-N binding to gelsolin.
(A) In the absence of divalent cations, the anisotropy of ATP-N (0.5 µM) increased with increasing gelsolin concentration and this interaction was potassium ion dependent. Dashed lines show the fit to the data
(Eq. 4). (B) The Kds calculated from the binding curves in Fig 11A showed diminishing affinities with
increasing potassium ion concentrations. (C,D) Inclusion of 1 mM MgCl2 slightly weakened the affinity
of ATP-N for gelsolin at (C) 100 mM and (D) 120 mM KCl (K, potassium ions, KM, potassium and
magnesium ions). Dashed lines show the fit to the data (Eq. 4).
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Figure 12. ATP binding to gelsolin under actin polymerization conditions. (A) The calcium-dependent
gelsolin binding affinity for ATP under actin polymerization conditions was determined by the change in
ATP-N anisotropy. Kds were calculated to be between 1.51 µM and 2.35 µM in the 1 nM to 10 µM calcium concentration range, and the value increased to 8.05 ± 1.32 µM above 100 µM calcium. (B) The anisotropy of ATP-N (0.5 µM) bound to gelsolin (5 µM) was measured upon titrating with unlabeled ATP in
the absence of calcium. 50 µM ATP was sufficient to remove the gelsolin bound ATP-N. The affinity of
unlabeled ATP for gelsolin, under actin polymerizing salt conditions, was calculated to be Kd = 2.2 ± 0.17
µM measured by labeled/unlabeled ATP competition on gelsolin, which is similar to the affinity of ATPN derived from Fig 11C (Kd = 1.58 ± 0.8 µM). Data were analyzed by the method of Kubala [249] with
the modification that the change in anisotropy of ATP-N was substituted for the change in fluorescence
emission as the indication of ATP competition.

Gelsolin has been shown to have three PIP2-binding sites, which have previously been
characterized to display Kd values for gelsolin binding in the 1-20 µM range [172, 174,
177]. In a similar strategy to that adopted for characterizing the ATP-gelsolin interaction, a soluble fluorescent derivative of PIP2, PtdIns-(4,5)-P2-fluorescein named PIP2-F
hereafter, was used to probe the gelsolin-PIP2 interaction using steady-state anisotropy
measurements. In this assay the binding of PIP2-F (0.5 µM) to gelsolin in the absence of
divalent cations was characterized by a Kd of 0.84 ± 0.39 µM (Fig 10C). This value increased to 1.35 ± 0.7 µM and 3.12 ± 1.7 µM in the presence of 100 mM and 120 mM
KCl, respectively, and these values remained constant within the experimental error on
the further addition of 1 mM MgCl2 (Fig 13A-D). Under high concentration of salt 400
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mM KCl or NaCl both removed PIP2, refers to ionic strength dependent interaction between PIP2 and gelsolin (Fig 13E). Briefly, the interactions of PIP2-F and ATP-N with
gelsolin lie in the same range under physiological salt conditions.

B

0.15
0.12

KCl (mM)
0
50
100
120
150

0.09
0.06
0.03
0.00
0

2

4

6

Kd of PIP2-F (µM)

anisotropy of PIP2-F

A
7
6
5
4
3
2
1
0
0

8

30 60 90 120 150
KCl (mM)

Gelsolin (µM)
KM

C

0.10
0.08
0.06

Kd=1.35 ± 0.7 µM
Kd=2.17 ± 1.3 µM

0.04
0.02

K

0.10

anisotropy of PIP2-F

anisotropy of PIP2-F

K
0.12

KM

D

0.08
0.06
0.04
Kd=3.12 ± 1.7 µM
Kd=3.31 ± 1.2 µM

0.02

0.00

0.00
0

2
4
6
Gelsolin (µM)

8

0

2

4
6
Gelsolin (µM)

8

E
anisotropy of PIP2-F

0.15

KCl
NaCl

0.12
0.09
0.06
0.03
0.00
0

200

400

KCl or NaCl (mM)

Figure 13. The interplay between calcium, magnesium and potassium ions on PIP2-F binding to gelsolin.
(A) In the absence of divalent cations, the anisotropy of PIP2-F (0.5 µM) increased with increasing gelsolin concentration and this interaction was potassium ion dependent. Dashed lines show the fit to the data
(Eq. 4). (B) The Kds calculated from the binding curves in Fig 13A showed diminishing affinities with
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and magnesium ions). Dashed lines show the fit to the data (Eq. 4). (E) Anisotropy of PIP2-F (0.5 µM) in
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the presence of gelsolin (5 µM) as a function of KCl or NaCl concentration. Fitted with simple sigmoidal.
The decrease in anisotropy indicates that PIP2-F is dissociated from gelsolin by increasing potassium or
sodium ion concentrations, with the half-effective concentrations of 141.2 ± 3.0 mM and 143.3 ± 1.6 mM,
respectively. This indicates the effect of KCl on gelsolin: PIP2-F binding is largely ionic and nonspecific.

In the absence of salts the ATP, PIP2 and calcium binding based structural dynamics of
gelsolin was investigated by using FRET measurements. PIP2 and ATP increased the
FRET transfer efficiency between the Alexa488 (donor) labeled G6 and Alexa532 (acceptor) labeled G2 (Fig 14A) and the relative transfer shows lower values in the presence than in the absence of ATP or PIP2 and increased in a temperature dependent manner (Fig 14B). Interestingly, gelsolin had less flexible dynamics by ATP binding but
PIP2 binding resulted the lowest flexibilty of the gelsolin. The FRET transfer efficiency
between the donor and the acceptor was decreased by the binding of calcium and caused
a more flexible structure of gelsolin in a concentration dependent manner (Fig 14C). The
relative transfer generated by the ratios of transfer efficiencies and donor emissions increases by the temperature relates to an increased thermal motion of protein matrixbetween Alexa labeled G2 and G6 (Fig 14D). Alexa488-Cys645 fluorescence emission was less sensitive to acrylamide quenching in the presence of PIP2 suggesting that
Cys645 was buried in the gelsolin structure but in the presence of millimolar calcium the
Alexa probe turned to become more exposed.
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Figure 14. ATP, PIP2 and calcium binding based structural dynamics of gelsolin. (A) PIP2 and ATP binding increased the FRET transfer between Alexa488 (donor) labeled G6 and Alexa532 (acceptor) labeled
G2 while the (B) relative transfer decreased by the temperature which indicates a less flexible structure of
gelsolin. In case of PIP2 binding gelsolin shows a stiff, well packed structure. (C) The FRET transfer
between donor and acceptor was decreased slightly by micromolar and intensively by millimolar calcium.
(D) Calcium ions caused a change in the gelsolin structure in becoming more flexible, which fits with the
higher relative transfer between Alexa labeled G2 and G6. (E) Alexa488-Cys645 fluorescence emission
was less sensitive to acryl-amide quenching in the presence of PIP2 suggesting that it was buried in the
gelsolin structure, but in the presence of millimolar calcium Alexa became more exposed.
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IV.1.1.2. ATP and PIP2 binding to gelsolin under physiological salt conditions
The ability of ATP to dissociate PIP2-F remained constant over a wide range of Mg2+
concentrations, from picomolar to the physiologically relevant millimolar range, becoming less effective above 7 mM magnesium. Hence, ATP can effectively compete with
PIP2 for binding to gelsolin under physiological Mg2+ conditions. In the absence of
ATP, PIP2-F was able to bind gelsolin, characterized by a steady-state anisotropy value
increment from approximately 0.002 to 0.12, over the 0-10 µM range of Ca2+ (Fig 10D).
At higher calcium levels the anisotropy decreased, reaching 0.04 at 1 mM Ca2+ (Fig
10D). The PIP2-F/gelsolin interaction was characterized by Kd values less than 20 µM
across the entire calcium range in line with previously reported PIP2/gelsolin affinities
[172, 174, 177], and below 1 µM in the 1-10 µM range (Fig 15A,B), in the absence of
KCl and magnesium. In the presence of 0.2 mM ATP in the 0-10 µM calcium range, the
anisotropy was close to the baseline characteristic of free PIP2-F, indicating the effective
dissociation of the PIP2-F from gelsolin (Figs 10D and 15C) with estimated Kds in excess of 300 µM (Fig 15B). Higher calcium levels were not obtainable in the presence of
ATP due to precipitation of these reagents in the absence of salt (Fig. 15D). In a control
experiment, PIP2 had no observable effect on the binding of calcium to FURA-2FF, implying that any calcium binding by PIP2 is substantially weaker than that of FURA-2FF
(Kd = 25 µM of calcium to FURA-2FF, Fig 15E), and it is unlikely to have had a significant effect in these experiments. Thus, these data suggest that ATP can release PIP2-F
from gelsolin effectively in the 0-10 µM calcium concentration range. With this results
we confirmed that the PIP2-F-gelsolin complex remained intact under actin polymerization conditions, and that PIP2-F was released from gelsolin when these conditions were
supplemented with 0.5 mM ATP (Fig 16A).
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(A) Gelsolin:PIP2-F binding under different calcium concentrations in the absence of ATP. Part of the
data have been shown in Fig 10D (white triangles). In the absence of ATP, PIP2-F (0.5 µM) binds to gelsolin, as reflected by the increase in anisotropy, across a wide range of calcium concentrations. Dashed
lines show the fit to the data (Eq. 4). (B) Kds were calculated from the data shown in Fig 15A. In the absence of ATP, the affinity of gelsolin for PIP2-F varied in the 0.5-20 µM range with calcium concentration. In the presence of ATP, the interaction of PIP2-F with gelsolin was very weak below 10 µM calcium
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gelsolin, calcium directly precipitates ATP-N (C, open triangles) with a half-maximum value of 70.4 ± 0.7
µM. Magnesium has no effect on the fluorescence emission of ATP-N either in the absence (M, orange
circles) or presence of calcium (MC, purple squares). Fitted with simple sigmoidal curve. (E) The reported FURA-2FF dissociation constant for calcium ions is 25 µM (A.G. Scientific Inc.). The calciumdependent fluorescence emission profile of FURA-2FF (2 µM) over pCa range of 5-7 was similar in the
presence and absence of 20 µM PIP2. Fitted with simple sigmoidal. The half-saturation pCa values were =
6.265 ± 0.004 and 6.217 ± 0.011 in the absence and presence of PIP2, respectively, suggesting that PIP2
does not interact with calcium with a Kd less than 25 µM. The measurement was carried out by Perkin
Elmer LS-55 spectrofluorimeter (λex = 340 nm, λem = 505 nm).

Subsequently, we used the intrinsic tryptophan fluorescence emission at 332 nm, emitted by the 15 tryptophan residues that are evenly distributed across the 6 domains of
gelsolin, to probe the effects of PIP2 and ATP on gelsolin at concentration higher than
could be probed by the PIP2-F and ATP-N anisotropy assays. Since gelsolin contains 6
calcium-binding sites, some of which have Kd values below the protein concentration
used in the experiment, we turned to an EGTA-buffered calcium system to control the
free calcium levels. Gelsolin was incubated under physiological salt conditions (100 µM
CaCl2, 100 mM KCl, 1 mM MgCl2, 0.2 mM ATP, 2 mM Tris-HCl, pH 7.4) and was
supplemented with various concentration of EGTA or CaCl2 to establish the free calcium levels. Gelsolin (5 µM) showed lower tryptophan emission levels when bound to
ATP (0.5 mM) relative to PIP2 (2 µM) at 1 µM and 1 nM CaCl2 (Fig 16B). This difference was used to demonstrate the cycling between gelsolin binding to PIP2 and ATP.
Gelsolin showed a decrease in tryptophan fluorescence in moving from 1 nM free calcium to activating levels of calcium (1 µM and 1 mM, Fig 16C). Subsequent addition of
PIP2 (2 µM) to these samples raised the intrinsic tryptophan fluorescence at 1 nM and 1
µM, but not at 1 mM free calcium, indicating that tryptophan fluorescence is a sensitive
signal to the gelsolin : PIP2 interactions in the 1 nM to 1 µM range. Subsequent addition
of ATP (0.5 mM) led to a reduction in the intrinsic fluorescence at both 1 nM and 1 µM
free calcium. Finally, the tryptophan fluorescence converged on adjusting each condition to 1 µM free calcium, indicating that the interplay between calcium with gelsolin in
PIP2/ATP was in equilibrium and reversible. Thus, the tryptophan assay showed that
ATP could exert competitive effects against PIP2 in the 1 nM and 1 µM calcium range.
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Next we probed the effect of actin on the competition between ATP and PIP2 in binding
to gelsolin. The association of PIP2-F (0.25 µM) with gelsolin (5 µM) was investigated
as a function of free Ca2+ concentration under physiological model conditions (100 mM
K+, 1 mM Mg2+). Addition of 0.5 mM ATP caused an almost complete loss of PIP2-F
anisotropy across the entire calcium range both in the absence and presence of 50 µM
actin (Fig 16D). Together these data indicated that ATP could release PIP2 from gelsolin
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Figure 16. PIP2 binding to gelsolin under actin polymerizing conditions. (A) The anisotropy of PIP2-F
(0.25 µM) was measured as a function of time in the presence of 5 µM gelsolin, 10 µM Ca2+, 1 mM Mg2+
and 50 mM K+ (gray circles). After 20 min, ATP (0.5 mM) was added. The resulting decrease in anisotropy indicates the release of PIP2-F from gelsolin. The calculated Kds (orange triangles) ranged from 2.7 ±
0.2 µM in absence of ATP followed by a substantial rise to 65.4 ± 6.2 µM after the addition of ATP. (B)
Tryptophan fluorescence emission of gelsolin (5 µM) was measured at steady-state at three free-calcium
concentrations: 1 nM (pCa 9), 1 µM (pCa 6) and 1 mM (pCa 3) in the presence of 2 µM PIP2 (red open
squares) or 0.5 mM ATP (filled black circles). (C) Tryptophan fluorescence emission of gelsolin (5 µM)
was measured at steady-state at three free-calcium concentrations: 1 nM (pCa 9, purple squares), 1 µM
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(pCa 6, orange triangles) and 1 mM (pCa 3, gray circles) through a cycle of 1) 2 µM PIP2 addition, 2) 0.5
mM ATP addition and 3) calcium levels set to 1 µM. (D) The steady-state anisotropy of PIP2-F (0.25 µM)
in the presence of gelsolin (5 µM) under physiological salt conditions (1 mM Mg2+, 100 mM K+, orange
circles) followed a similar profile to that without salt across a wide range of calcium ion concentrations
(see data presented on Fig 10D). Addition of F-actin (50 µM, gray squares) reduced the anisotropy, but
still indicated significant binding. Inclusion of ATP (0.5 mM) reduced the anisotropy to close to background levels, to the value characteristic to free PIP2-F both in the presence (white squares) and absence
(purple triangles) of F-actin (50 µM) indicating the dissociation of the gelsolin/PIP2-F complex across the
entire calcium concentration range.

IV.1.2. Membrane binding of gelsolin
IV.1.2.1. Micelle formation of PIP2 under different salt conditions
Subsequently, we studied the sensitivity of PIP2-F (0.5 µM) binding to gelsolin (5 µM)
in the absence/presence of ATP and divalent cations (magnesium and calcium). It is
known that divalent cations, calcium in particular, cause PIP2 to aggregate [250, 251].
Therefore, we evaluated the effects of cations on the critical micelle concentrations
(CMCs) of PIP2 and PIP2-F by dynamic light scattering [247]. Under the buffer conditions tested, PIP2-F was free from micelle formation at concentrations of 0.5 µM or below, whereas PIP2 was more sensitive to cations and had a greater tendency to form micelles (Fig 17). Thus, we used 0.5 µM PIP2-F to probe these interactions.
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Figure 17. Assessment of the solubility of PIP2 and PIP2-F in the experimental buffers. (A) Determination
of the actual concentrations of PIP2-F after incubation with different cations by light absorbance at 494
nm. T, 2 mM Tris-HCl, pH 7.4; K, 100 mM KCl; C, 1 mM CaCl2; M, 1 mM MgCl2. (B) Determination of
critical micelle concentrations of PIP2 and PIP2-F by dynamic light scattering.

The results clearly indicate that the CMCs are affected by the cations. Calcium, but not
magnesium or potassium ions, precipitated PIP2-F, causing a substantial amount of PIP2F being removed from solution by centrifugation (Fig 17A). After taking the concentration changes into account, the CMC of PIP2-F was estimated to be ~10 µM in the absence of calcium, and this value was lowered to ~ 0.5 µM in the presence of 1 mM
CaCl2, either in the presence of 100 mM KCl or 100 mM KCl and 1 mM MgCl2 (Fig
17B). These values are in agreement with those reported in the literature [247]. Unlike
PIP2-F, the actual concentrations of PIP2 could not be determined photometrically.
Therefore, the CMC of PIP2 reported here were estimated based on the nominal rather
than the actual PIP2 concentrations. The obtained values were 20 µM in the absence of
cations, 2 µM and < 1 µM in the presence of 100 mM KCl or 100 mM KCl and 1 mM
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MgCl2, respectively, which again are in concordance with the literature data [250]. Introduction of calcium into the buffer raised the CMC of PIP2 to ~ 10 µM, which is considered as an overestimation due to likely precipitation of PIP2 by calcium in a similar
way to that observed for PIP2-F (Fig 17A). Taken together we concluded that under the
buffer conditions tested PIP2-F was free from micelle formation at concentrations of 0.5
µM or below, whereas PIP2 was more sensitive to cations and had a greater tendency to
form micelles than PIP2-F.

IV.1.2.2. Gelsolin can bind to the membrane within PIP2 and can be released by ATP
We used the technique of confocal microscopy to determine whether ATP can be observed to release gelsolin from phospholipid vesicles. PIP2-containing rhodamine590filled phospholipid vesicles were observed to bind to Alexa488-labelled gelsolin in the
absence of ATP, calcium and magnesium (Fig 18, upper panel). This gelsolin was subsequently released by the addition of 0.5 mM ATP (Fig 18, middle panel). A second
round of labeled gelsolin could be bound to the vesicles after the solution had been exchanged to remove the ATP (Fig 18, lower panel). During the release of gelsolin by
ATP, some vesicles were observed to display shape changes (Fig 19, Fig 20). This suggests that gelsolin binds to PIP2 in the vesicles and may induce deformation or local
structural changes in the vesicles, and that ATP can effectively dissociate gelsolin from
the vesicles.
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Figure 18. Cycle of gelsolin binding to the surface of PIP2-containing membrane vesicles. GelsolinAlexa488 (GSN, 5 µM, red) was incubated with rhodamine590-filled, PIP2-containing membrane vesicles
(blue) and visualized by confocal microscopy. The merged image indicates that gelsolin and vesicles
colocalized (top panel). After ATP (0.5 mM) was added, the majority of gelsolin-Alexa488 was released
from the vesicles (middle panel). Following removal of ATP via buffer exchange and addition of fresh
gelsolin-Alexa488 (15 µM), gelsolin re-associated with the vesicles (bottom panel). Scale bar = 10 µm.
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Figure 19. ATP dependence of gelsolin binding to the surface of PIP2-containing membrane vesicles.
Representative image of gelsolin-Alexa488 (15 µM, red) localized to the surface of a large rhodamine590filled PIP2-containing vesicle (blue) (top panel). After the addition of ATP (0.5 mM) the vesicle changed
morphology concurrently with the release of gelsolin (red) from the vesicle surface (blue) (bottom panel).
Scale bar = 10 µm. Fig 20A and 20B show line scans across the images as indicated by the arrows. The
confocal slice thickness was ~ 3 µm. There are two vesicles in focus, a small (d = 7 µm) and a large (d =
22.5 µm) one, the outer layer of the bigger vesicle is attached to the coverslip.
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Figure 20. Line scans of fluorescence intensity versus distance along the arrows shown in Fig. 19. (A)
Profiles of gelsolin-Alexa488 (red) and PIP2-containing membrane vesicles filled with rhodamine590
(blue) in the absence of ATP. (B) Gelsolin-Alexa488 (red) was released and the size of vesicle (filled by
rhodamine590, blue) was changed by 0.5 mM ATP treatment in Fig 19.

IV.1.3. Intrinsic structural dynamics of leiomodin2
The crystal structure of the C-terminal regions of human Lmod2 in complex with actin
was recently reported [74], which shows that Lmod2 possesses well-structured regions,
as well as probably highly flexible elements, which are missing from the structure. In
agreement with this, our bioinformatics analysis predicts structural elements in Lmod2,
which are characterised by relatively large disorder probabilities, characteristic for intrinsically disordered protein regions (IDRs) (disorder probability > 0.5, Fig 21A) [252254]. Rattus norvegicus leiomodin2 contains three tryptophans (W73, W386 and
W404), which are located in segments with high predicted disorder (Fig 21A). Multiple
sequence alignment predicts that the W73 of cardiac Lmod2 is located at same position
as L71 in human tropomodulin1. W386 and W404 are conserved between Rattus
norvegicus Lmod2 and human Lmod1 (corresponding residues are W347 and W365 in
the human protein, respectively). L71 resides on a flexible chain of actin binding site
ABS1 in Tmod1 (PDB ID: 4PKG [222]). The structural similarities implicate that the
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W73 residue in Lmod2 would be localised on a flexible chain of the actin binding domain ABS1 (Fig 21B) [82]. The C-terminal tryptophan of human Lmod1 is found in a
highly flexible region (residues 339-388) that is missing from the crystal structure (PDB
ID: 4RWT [74], Fig 21C), suggesting similar structural environments for W386 and
W404 in Lmod2.

Figure 21. Intrinsic structural properties of Lmod2. (A) Bioinformatics analysis of Lmod protein sequences predicts intrinsically unstructured protein regions. The disorder probability in Homo sapiens
Lmod2 and Rattus norvegicus Lmod2 (Uniprot accession numbers are Q6P5Q4 and A1A5Q0, respectively). The analysis was performed by IUPred [255, 256]. The tryptophan residues of Rattus norvegicus
Lmod2 are highlighted by red. (B) Structural features of the interactions of Tmod1 with actin. The complex between Tmod1 ABS1 and actin is shown (PDB ID: 4PKG). The position of W73 of Rattus norvegicus cardiac leiomodin2 is predicted by multiple sequence alignment and highlighted by red. (C) Structural
features of the interactions of Lmod2 with actin. The complexes between Lmod2 ABS2/LRR or WH2
actin-binding sites and actin monomers are shown (PDB ID: 4PKG). The position of W386 and W347
(red) of Rattus norvegicus cardiac leiomodin2 are predicted to localize in a flexible protein region (blue)
by multiple sequence alignment (PDB ID: 4RWT). This flexible region between residues 339-388 is missing from the structure of 4RWT. (D) Tryptophan fluorescence spectra of Lmod2. Excitation (EX) and
emission (EM) spectra of the intrinsic tryptophans of Lmod2FL (1 µM, black line) and Cterm (4 µM, grey
line) were obtained at emission wavelength of 354 nm and excitation wavelength of 282 nm.

We used these intrinsic fluorophores to characterise the structural dynamics of full
length cardiac leiomodin2 (Lmod2FL) and its truncated C-terminal segment (Cterm) in
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fluorescence spectroscopic experiments. First, to describe the spectral properties of tryptophan residues we recorded their emission and excitation spectra (Fig 21D). The spectra obtained for Lmod2FL and Cterm showed identical excitation maxima at ~ 282 nm,
and the wavelength corresponding to the emission maxima were also close for the two
proteins (~ 354 nm). This indicates that the microenvironments of the tryptophan residues were similar in the full length leiomodin2 and its C-terminal fragment. We carried
out the subsequent spectroscopic measurements using the above identified maximum
excitation and emission wavelengths.
To describe the flexibility of the protein matrix we also measured the steady-state anisotropy (r) of the fluorescence emission. The values were 0.083 ± 0.015 and
0.038 ± 0.005 for Lmod2FL and Cterm, respectively. Taking into account the size of the
proteins (Lmod2FL: 62 kDa and Cterm: 19.5 kDa) and the theoretical maximum of the
steady-state anisotropy for a perfectly immobilised system (0.4), these are relatively low
anisotropy values, indicating that the tryptophans are located in unstructured and flexible protein regions in both Lmod2FL and Cterm. To further explore the structural properties of leiomodin we also carried out time-dependent anisotropy decay experiments. The
anisotropy decay was fitted with double exponential functions and the fits provided two
rotational correlation times for each protein (data not shown). The shorter correlation
times were sub-nanosecond values. Although, due to the resolution limits of the experiments the proper interpretation of the actual values is difficult, we attributed these short
correlation times to the wobbling motion of the tryptophan in their flexible protein environment [239, 257-259]. The longer rotational correlation time was 35.9 ± 6.5 ns and
6.9 ± 1.6 ns for Lmod2FL and Cterm, respectively. These values characterise the rotational diffusion of the entire protein in both cases. Lmod2 (62 kDa) is a larger protein
than Cterm (19.5 kDa), which explains the longer correlation times obtained for
Lmod2FL. In these experiments we observed that the probes located in a flexible protein
regions, where little limitation was posed on their wobbling rotational motion.
In conclusion, our experimental data suggests that the tryptophan residues of Lmod2 are
located in disordered and flexible regions, consistently with the structural and bioinformatics prediction (Fig 21A).
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IV.1.4. The effects of cardiac leiomodin2 on thin filaments
IV.1.4.1. The effects of purified cardiac leiomodin2 on actin assembly dynamics
To test whether our proteins are functional, pyrene actin polymerisation assays were
carried out in the absence or presence of Lmod2FL or Cterm (25-1500 nM) (Fig 22A). In
these experiments the increase of the pyrene fluorescence reported on the increase of the
actin filament concentration. The rate of actin polymerisation increased in the presence
of Lmod2FL (Fig 22A, B), in agreement with previous reports [72, 74, 79]. This increase
was Lmod2FL concentration dependent and followed a saturation curve, its maximal
value being ~ 12 times larger in the presence than in the absence of Lmod2FL. This substantial increase of the polymerisation rate indicated that Lmod2FL can effectively accelerate actin assembly. Cterm did not influence significantly actin polymerisation in the
concentration range tested (Fig 22A, B).
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Figure 22. The effects of purified cardiac leiomodin2 on actin assembly dynamics. (A) Effects of cardiac
Lmod2 and Cterm on the polymerisation kinetics of actin. The kinetics of actin assembly (4 µM, containing 5 % pyrene labelled actin) in the absence and presence of different concentrations of Lmod2FL or
Cterm. Pyrene fluorescence was measured at excitation and emission wavelengths of 350 nm and 404 nm,
respectively. Salt conditions: 100 mM KCl, 2 mM MgCl2. (B) Cardiac Lmod2 influences actin polymerisation in a concentration dependent manner. Polymerisation rates were determined from the slope of the
pyrene curves (shown on panel (A)) at 50 % polymerisation and normalised by the rate measured for
spontaneous actin assembly. The actin polymerisation rates are plotted as a function of Lmod2FL (empty
circles) and Cterm (filled circles) concentrations. (C) Ionic strength dependence of the effects of cardiac
Lmod2 and Cterm on actin polymerisation. Pyrene-actin (4 µM, 5 % labelled) was polymerised in the
absence or presence of 100 nM Lmod2FL (empty circles) or 4 µM Cterm (filled circles) under low (10 mM
KCl, 0.5 mM MgCl2), medium (50 mM KCl, 1 mM MgCl2) and high (100 mM KCl, 2 mM MgCl2) salt
conditions. Normalised polymerisation rates were derived as described above and plotted as a function of
ionic strength (Eq. 9.). (D) The effect of cardiac Lmod2 on the critical concentration of actin assembly.
Pyrene intensities as a function of actin concentration were measured in the absence (black circles) or
presence of 100 nM Lmod2FL (grey circles) or 4 µM Cterm (light grey circles) under high salt conditions
(100 mM KCl, 2 mM MgCl2). Actin (5 % pyrene labelled) concentrations were 30; 50; 100; 300; 500; 700
nM and 1; 3; 5 µM. The critical concentrations were determined by using Eq. 10. and were found to be
120 ± 83 nM in the absence of Lmod2FL and 117 ± 68 nM and 132 ± 58 nM in the presence of Lmod2FL
and Cterm, respectively. Dashed lines in the corresponding colour show the fit to the data. (E) Skeletal
tropomyosin (Tpm1.1/2.2) reduces the polymerisation activity of Lmod2. Pyrene-actin (4 µM, 5 % labelled) was polymerised in the absence (empty squares) or presence (empty circles) of 1 µM Lmod2FL or
4 µM Cterm (filled circles) under high salt conditions (100 mM KCl, 2 mM MgCl2) in the presence of
different concentrations of skeletal muscle tropomyosin. Data are presented as mean ± SD (n = 3).

Protein-protein interactions often depend on the ionic strength. To describe whether the
effect of leiomodin on actin polymerisation is salt dependent we measured the rates of
actin polymerisation under low salt (0.5 mM MgCl2, 10 mM KCl), medium salt (1 mM
MgCl2, 50 mM KCl) or high salt (2 mM MgCl2, 100 mM KCl) conditions in the absence
and presence of Lmod2FL (100 nM) or Cterm (4 µM). We found ionic strength dependence in all cases (Fig 22C), although the salt dependence was much more pronounced
for Lmod2FL than for Cterm. In the presence of Lmod2FL the increase in the rate of actin
polymerisation was 1.2 fold at low salt and 4 fold at high salt conditions.
To further investigate the effects of Lmod2 on actin dynamics, we measured the critical
concentration of actin in the absence and presence of Lmod2FL and Cterm (Fig 22D).
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Pyrene labelled actin was incubated under polymerising conditions at various concentrations and then the pyrene fluorescence intensity was measured. The plot of these intensities as the function of the actin concentration showed a breaking point, corresponding to
the critical concentration (Fig 22D). In the absence of Lmod2FL the critical concentration was 120 ± 83 nM at high salt conditions, in good agreement with the wellestablished value [238, 260]. In the presence of 100 nM Lmod2FL or 4 µM Cterm the
critical concentration was not significantly affected (117 ± 68 nM and 132 ± 58 nM,
respectively). The close agreement between these critical concentration values indicated
that the amount of actin that was polymerised in the absence and presence of Lmod2
proteins was similar. The lack of the shift in the breaking point is in agreement with the
observations that Lmod2 does not affect barbed end dynamics, consistently with its
pointed end localisation [72, 74, 79].
The above observations indicate that the Cterm, possessing a single actin-binding WH2
domain is not sufficient for enhancing actin polymerisation. The efficient actin assembly
promoting activity of Lmod2 requires the N-terminal actin-binding domains. Our data
are in agreement with previous reports and show that Rattus norvegicus cardiac Lmod2
behaves similarly to the human protein in terms of actin dynamics regulation [77, 79].

IV.1.4.2. Tropomyosin influences the leiomodin2-mediated actin polymerization
In muscle cells actin dynamics is regulated by a large repertoire of ABPs [261, 262]. An
essential member of this family in muscle cells is tropomyosin that decorates the side of
actin filaments [263, 264]. To extend our investigations, we tested whether the presence
of skeletal muscle tropomyosin (Tpm1.1/2.2) can change the effect of leiomodin on actin polymerisation. The polymerisation kinetics of pyrene labelled actin was monitored
in the presence of Lmod2FL (1 µM) or Cterm (4 µM) and in the presence of various concentrations (0-20 µM) of tropomyosin (Fig 22E). Tropomyosin did not affect actin
polymerisation in the absence of Lmod2FL. In the presence of Lmod2FL tropomyosin
induced a concentration dependent decrease in the rate of actin assembly. At the highest
concentration of tropomyosin (20 µM) the rate of Lmod2FL mediated actin polymerisation was decreased to ~ 70 % of its value measured in the absence of tropomyosin. Statistical analysis revealed that this change was not significant (p = 0.2017). We found
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that tropomyosin did not influence significantly actin assembly in the presence of Cterm
(Fig 22E).
In conclusion, skeletal muscle tropomyosin influences Lmod2 mediated actin polymerisation. Our observations suggest, that the inhibitory effect of tropomyosin on leiomodin
mediated actin polymerisation could appear due to enhanced capping activity of the Nterminal of Lmod2, consistently with recent findings [72].

IV.1.4.3. Lmod2 affects the structure of filamentous actin
In the above experiments the pyrene intensity after saturation was increased in a
Lmod2FL concentration dependent manner, addition of 5 µM Lmod2FL resulted in a ~ 4
fold increase (Fig 23A). The PDB structures of 4PKG and 4RWT clearly show that
ABS1 and helical domains from Cterm both bind nearby of Cys374 on actin, which can
affect the freedom and fluorescence emission of fluorophores on cysteine. Considering
that the actin polymerisation assays were carried out with 4 µM actin and assuming that
the value of the critical concentration is 100 - 150 nM, (Fig 22D and [224, 238, 260]),
we estimate that approximately 95 % of actin polymerises in the absence of leiomodin.
Therefore, the large (~ 4 fold) increase in the maximum fluorescence intensity observed
with Lmod2FL cannot be explained by assuming that more actin was in polymer form in
the presence of Lmod2FL than in its absence. Considering the above observations, we
interpret our data by proposing that Lmod2FL interacts with actin filaments and its binding substantially increases the fluorescence quantum yield and thus the intensity of pyrene.
To further confirm the fluorescence increase of leiomodin binding we carried out rapid
kinetic stopped-flow experiments using prepolymerised actin filaments. The adventage
of these experiment is that the optical properties of the solution are the same during the
recording of signals before and after the binding of leiomodin, therefore eliminating the
possible artefacts arising from the mixing of buffers. We wanted to characterise a second order binding process therefore the leiomodin concentration was designed to cover a
broad concentration range, where the faster binding rates could also be determined.
These rapid kinetic assays showed that Lmod2FL increased the fluorescence emission of
1 µM pyrene labelled actin filaments in a concentration dependent manner (Fig 23C). In
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subsequent experiments we found that Lmod2FL could also amplify the emission of
IAEDANS labelled actin filaments as well (data are not shown). These observations
suggest that Lmod2 affects the structure of actin filaments, and could serve as a basis for
further spectroscopic and kinetic experiments.

Figure 23. Lmod2 influences pyrene emission in actin filaments. (A) Polymerisation kinetics of actin
assembly (4 µM; 5 % labelled) in the presence of Lmod2FL show increased saturation of pyrene fluorescence emission in a concentration dependent manner. (B) Cterm does not affect the steady-state value of
pyrene actin fluorescence. The actin concentration was 4 µM, containing 5 % labelled actin. (C) Rapid
kinetics measurements of the time dependent change in pyrene F-actin fluorescence. Stopped-flow measurements of the kinetics of pyrene fluorescence emission of prepolymerised F-actin (1 µM, 5 % pyrene
labelled) in the absence or presence of different concentrations of Lmod2FL (1 µM, 6 µM and 12.5 µM, as
indicated). Salt conditions: 100 mM KCl, 2 mM MgCl2. Dashed lines show the fit using Eq. 11.

IV.1.4.4. Lmod2 binds to the side of actin filaments
The fluorescence quantum yield of actin bound probes increased in the presence of leiomodin. One explanation for this observation is to consider that leiomodin2 through its
pointed-end binding ability [72, 77, 79] induces structural changes in F-actin, which
affects the fluorescence emission of actin-bound probes. Similar long range effects were
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reported for other ABPs; e.g. for gelsolin and formins [141, 238, 239, 265]. As an alternative explanation one can consider that Lmod2, besides end binding, can bind to the
sides of actin filaments, i.e. it can decorate the filaments along their length [78]. This
way Lmod2 could directly alter the quenching processes that determine the fluorescence
intensity of the probes.
To test how Lmod2FL binds to the sides of actin filaments we carried out high-speed cosedimentation experiments (Fig 24). We tested only Lmod2FL for this ability, since
Cterm failed to increase the pyrene signal in spectroscopic experiments (Fig 23). In
these experiments actin (4 µM) and Lmod2FL (0-5 µM) were co-incubated and centrifuged. The pellets and supernatants were analysed by SDS-PAGE. We observed that
increasing the total concentration of leiomodin resulted in increased leiomodin concentration in the pellets (Fig 24A). In control experiments, Lmod2FL did not appear in the
pellet in the absence of actin (Fig 24B). Since the concentration of pointed ends of micromolar actin filaments is a few nanomolar, the amount of leiomodin detected in the
pellets was much greater than that expected from only filament end binding. Therefore,
our observation can only be explained by assuming that Lmod2FL bound to the side of
actin filaments and pelleted with them as a complex. The binding of Lmod2 to F-actin
was salt sensitive, its binding affinity was decreased by increasing ionic strength (from
medium salt to high salt conditions) (Fig 24C). In conclusion, in addition to its pointed
end binding ability, leiomodin binds to the sides of actin filaments in vitro.
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Figure 24. Cardiac leiomodin2 binds to the sides of actin filaments. (A) In high-speed cosedimentation
assays F-actin (4 µM) and Lmod2FL (0-5 µM) was incubated under high salt conditions (100 mM KCl,
2 mM MgCl2) and centrifuged at 258,000 x g for 30 min at room temperature. The pellets were analysed
by SDS-PAGE. Representative Coomassie stained SDS-PAGE gel of the pellets is shown. (B) Lmod2FL
(5 µM) does not sediment in the absence of actin. Leiomodin was centrifuged in the absence of F-actin
(left two columns) or F-actin (5 µM) was pelleted in the presence of Lmod2FL (right two columns). Pellets
and supernatants are indicated on the figure. (C) Actin-Lmod2FL ratios in pellet were calculated from
SDS-PAGE analysis of under high salt (HS, 100 mM KCl, 2 mM MgCl2) and medium salt (MS, 50 mM
KCl, 1 mM MgCl2) conditions, and plotted as the function of Lmod2FL concentration. Dashed lines show
the fit using Eq. 12. Data are presented as mean ± SD (n = 3).

IV.1.4.5. Structural consequences of F-actin binding by Lmod2
The above observations suggest that by binding to actin filaments Lmod2 can affect the
structural properties of F-actin. To address this issue, inter-monomer FRET measurements were carried out with double labelled actin filaments [238]. Actin monomers were
labelled separately with IAEDANS as a donor or with IAF as an acceptor. The two
pools of labelled actin monomers were mixed and then co-polymerised. Using this strategy, the energy transfer between neighbouring actin protomers in the filament, i.e. the
inter-monomer FRET can be investigated. As expected, we observed a decrease in the
donor emission in the presence of the acceptor (Fig 25A). The inter-monomer FRET
efficiency within filaments (4 µM) in the absence of Lmod2 was found to be 26 %. Addition of Lmod2FL (5 µM) resulted in an increase of the inter-monomer FRET efficiency
to 32 %. We interpret this increase as a consequence of binding of leiomodin to the filaments. The first possible explanation is that Lmod2FL binding changes the radial coordinate of the fluorescently labelled residue, whereas the second interpretation is that it
changes the flexibility of actin filaments [238, 244, 245]. In the first explanation would
assume that the fluorophores moved closer to the longitudinal axis of the filament, leading to a more compact and probably stiffer structure and thus to an increase in the FRET
efficiency. In the second case, the binding of leiomodin would make the structure of the
filament more dynamic, thereby increasing the frequency and/or the amplitude of the
relative oscillations of the fluorophores, resulting in larger FRET efficiencies [238, 245,
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259]. To test which of the two explanations are valid we carried out temperaturedependent FRET experiments, where the determined FRET efficiencies are normalized
by the fluorescence intensity of the donor measured in the presence of acceptor. The
resulted temperature dependence of the normalized energy transfer provides information
on the flexibility of the protein matrix between the donor and the acceptor [245]. The
theory has been shown to be valid even if multiple fluorophore systems are applied, e.g.
when one donor is in FRET interaction with more than one acceptor [266], as it is the
case here. Our normalized FRET data showed steeper temperature dependence in the
presence than in the absence of leiomodin (Fig 25B), indicating that the structure of the
filaments become more flexible upon the binding of Lmod2FL. Considering that the
Lmod2FL induced effects on the fluorescence emission of the probes, as well as on the
inter-monomer FRET efficiency were observed at relatively large protein concentrations
(~ 5 µM), we propose that these effects originate mainly from side-binding and that the
binding of Lmod2FL affects the structural dynamics of actin filaments.

Figure 25. The effect of leiomodin2 on the flexibility of actin filaments. (A) Emission spectra of
IAEDANS (D, donor) in the absence and presence of IAF (A, acceptor), and in the absence and presence
of Lmod2FL. The actin filament concentration was 4 µM. Note the acceptor induced decrease in the donor
emission due to FRET. (B) Temperature-dependent FRET measurements were performed on IAEDENSIAF actin filaments (4 µM) in the absence and presence of different concentrations of Lmod2FL. FRET
efficiencies calculated from the emission spectra (representative spectra are shown on panel (A) with Eq.
7.) were normalised by FRET efficiency measured at the lowest temperature (relative f ’, Eq. 8.) and plotted as a function of temperature. Data obtained in the absence (filled circles) or presence (empty circles)
of Lmod2FL (5 µM) are shown. Data are presented as mean ± SD (n = 3).
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IV.1.4.6. Functional consequences of F-actin binding by Lmod2
Myosin is a prominent actin-binding protein playing central role in muscle function. To
further elaborate on the functional consequences of the side-binding ability of Lmod2,
we investigated whether the ATPase activity of skeletal muscle myosin II is altered by
leiomodin. A truncated form of skeletal muscle myosin, the double-headed heavy meromyosin (HMM) was used in these studies. The Mg2+-ATPase activity of HMM was
measured by using a coupled assay in the absence or presence of actin filaments (1 µM)
and / or leiomodin (1 µM). In control experiments, in the absence of HMM, ATPase
activity was not detected for either F-actin or Lmod2FL (Fig 26A). The basal and the Factin (1 µM) activated Mg2+-ATPase activities of HMM (0.5 µM) were 0.04 µMATP s-1
µMprotein-1 and 0.164 µMATP s-1 µMprotein-1, respectively, consistent with previous data
[267]. We observed that the actin-activated Mg2+-ATPase activity of HMM decreased in
the presence of Lmod2FL in a concentration-depended manner (Fig 26) reaching ~ 40 %
of its original value at 3 µM Lmod2FL concentration (Fig 26B).
The above observations show that by binding to actin filaments Lmod2FL can regulate
the ATPase activity of myosin. This can be explained either by direct or indirect structural effects. Lmod2 may directly block the ATP binding cleft on HMM or the Lmod2
binding site may overlap with that of myosin II. Alternatively, a mechanism based on
allosteric structural changes in actin filaments can be considered; the binding of Lmod2
to filaments may induce long-range structural changes, which may affect myosin II and
F-actin interaction. Several ABPs, including formins, gelsolins and ADF-cofilins and
myosin were reported to impose allosteric effects to actin filaments upon binding [141,
238, 239, 265, 268-270]. Allosteric regulation upon cooperative structural changes in
actin filaments were shown to contribute to the mutually exclusive binding of myosin
and ADF/cofilin proteins [271].
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Figure 26. Functional consequences of F-actin binding by Lmod2. (A) The effect of Lmod2FL on the
Mg2+-ATPase activity of HMM measured with coupled assay. The Mg2+-ATPase activity of HMM (0.5
µM) in the absence and presence of actin and/or Lmod2FL was measured under low salt conditions
(10 mM KCl, 0.5 mM MgCl2). (B) The Mg2+-ATPase activity of HMM (0.5 µM) in the presence of Factin (1 µM) as the function of Lmod2FL concentration. Data are presented as mean ± SD (n = 3).
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IV.2. Discussion

IV.2.1. Activation cycle of gelsolin
ATP and PIP2 have been shown to compete in binding to KATP channels [207]. Here, we
have demonstrated that ATP can displace PIP2 from gelsolin in solution under physiological buffer conditions in vitro. Furthermore, ATP is able to release PIP2-bound gelsolin from the surface of phospholipid vesicles. These observations suggest that ATP is
likely to dissociate gelsolin from PIP2 at plasma membranes, and this ATP-driven dissociation is the missing step in recycling of gelsolin during its actin filament remodeling
cycle. In a background of high cellular ATP, PIP2 will not generally bind to gelsolin.
However, in the situation where gelsolin-capped filaments point at the plasma membrane, the filament barbed-end bound gelsolin becomes greatly reduced in its mobility,
and it is in close proximity to membrane-bound PIP2 that can move within the membrane and increase its local concentration by forming clusters [272]. All these factors
favor the binding between gelsolin and PIP2, and hence filament uncapping. We propose
that effective competition by ATP will dominate following filament uncapping and the
dissociation of PIP2-bound gelsolin is increased.
The cartoon presented in Figure 26 details the postulated stages of this remodeling cycle
under standard cellular conditions. Activation: elevation of calcium levels above 10 nM
leads to a conformational change in gelsolin that releases ATP and allows gelsolin to
recognize an actin filament. Severing: competition for actin-actin interactions by gelsolin-actin interactions leads to the severing of the filament. Capping: gelsolin remains
bound to the barbed-end of the severed filament, preventing its elongation. Uncapping:
when a gelsolin-capped filament encounters PIP2 in the plasma membrane, the cap is
removed through an unknown mechanism [190]. The uncapped filament is then free to
elongate and exert force on the plasma membrane. Release: gelsolin is released from
PIP2 at the plasma membrane through ATP competition, leading to diffusion of the gelsolin: ATP complex away from the plasma membrane. Gelsolin will return to its inactive state in low calcium environments. Thus, gelsolin is likely removed from PIP2 at the
plasma membrane in an ATP-dependent manner that distinguishes it from other PIP2-
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sensing actin-regulating proteins, allowing gelsolin to cycle in a background of elevated
PIP2.

Figure 27. Model of the severing, capping, uncapping and inactivation/release cycle of gelsolin. The
cartoon presents a model for the cycle of activation and function of gelsolin. Severing and capping: Free
calcium levels above 10 nM Ca2+ activate gelsolin, releasing ATP, leading to severing and capping of
actin filaments. Depolymerization: Gelsolin-capped filaments will depolymerize from their pointed ends.
Uncapping and polymerization: Gelsolin-capped actin filaments will be uncapped on encountering PIP2 in
the membrane, resulting in force being exerted on the membrane from the polymerization of the uncapped
filaments. Inactivation and membrane release: Gelsolin will be released from PIP2 and the membrane by
competition with ATP. Following its release gelsolin is able to undergo subsequent cycles of severing,
capping, uncapping and inactivation/release.

IV.2.2. Structural dynamics and function of cardiac leiomodin2
We have shown that Rattus norvegicus cardiac leiomodin2 possesses similar structural
and functional features as human leiomodin2. Rattus norvegicus Lmod2 contains highly
flexible, intrinsically disordered regions, similar to its Tmod homologues and other
Lmods [74, 222]. In terms of actin dynamics, we demonstrated that Rattus norvegicus
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Lmod2 influences the rate of actin polymerization in an ionic strength dependent manner (Fig 22). This indicates that leiomodin2 may play a role in the regulation of actin
filament generation in locations where tropomyosin and matured actin filaments are
present, and new actin filaments are not needed.
Apart from its already known colocalization with filament ends, Lmod2 was detected
along the length of thin filaments in rat cardiomyocytes, as well as in M-lines [77, 78].
Consistently with these observations, we demonstrated that Lmod2FL can bind to the
sides of actin filaments in vitro (Fig 24). The binding of leiomodin to actin filaments
made the structure of the filaments more flexible (Fig 25). As a functional consequence,
Lmod2FL decreased the actin enhanced Mg2+-ATPase activity of myosin upon F-actin
binding (Fig 26). These novel interactions of leiomodin have functional implications.
The localization of leiomodin in living muscle cells is not limited to the ends of the thin
filaments, the presence of Lmod along the actin filaments, as well as in regions where
myosin II is localized indicates that Lmod may influence acto-myosin activity in the
cellular context. Leiomodin by reducing the activity of myosin, as we detect in our experiments even in the presence of lower amount (≤ 1 µM) of Lmod2, may decrease the
generated force during the interaction of thin and thick filaments. Interestingly, the inhibition of myosin II activity with blebbistatin resulted in the delocalization of leiomodin
in cultured cardiomyocytes, which was interpreted as a lack of need for de novo actin
polymerization considering the in vitro nucleation activity of Lmod2 [78]. Blebbistatin
preferentially binds to the weak-binding ADP.Pi intermediate of myosin II and slows
down phosphate release, thereby it blocks myosin heads in their low-affinity complexes
[273]. This way blebbistatin alters the equilibrium between the actin bound and unbound
myosin populations. Considering this, we propose an alternative explanation for the
blebbistatin-induced Lmod2 dissociation from actin filaments. Active and contractile
sarcomeres require the actin filament localization of Lmod2 to properly tune the forcegeneration by the acto-myosin system. The inactivity of myosin II upon blebbistatin
treatment results in uncontractile machinery, which does not require the optimization of
acto-myosin interaction. This may result in the dissociation of Lmod2 from actin filaments. Our findings on the Lmod2 dependent activity of myosin II can supplement the
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recently published new model of cyclic activities of Lmod in sarcomeric functions and
provides an in vivo support for the interpretation of our results [71].
Considering that previous data indicated important roles of leiomodin in the developing
heart [212], the regulation of the acto-myosin cross-bridge activity by leiomodin maybe
essential in developing heart muscle cells, where larger than optimal forces may perturb
the proper formation of the sarcomeric structure.

IV.2.3. Plasticity of actin filaments provided by different length regulator proteins
The functions of actin polymers varies within a wide range of activities, and this variation is based on the plastic dynamics of filaments controlled by the effects of ABP proteins. Capping the barbed-end or pointed-end of a filament modifies the kinetics and
dynamics of filamental turnover, allowing actin oligomers to be mobilized to remodel
the whole cytoskeleton by gelsolin or for long polymers to be built in the stiff structural
system of sarcomeres by leiomodin. Gelsolin and leiomodin are both recycling and implicated in crucial steps of cell migration or maturation of embryonic muscle. They bind
the opposite ends of filament and show opposite effects on filament length, but both
bind to the sides of filaments for two different purposes. Their physiological functions
are composed by several different types of complexes for a well-tuned process of actin
filament length regulation.
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ABP: actin binding proteins

ADF: actin depolymerising factor

ADP: adenosine diphosphate

Arp2/3 complex: actin related protein 2/3 complex

ATP: adenosine triphosphate

FITC: fluorescein isothiocyanate
FRET: fluorescence resonance energy transfer

GSN: gelsolin
IAEDANS: 5-[2-[(2-Iodo-1-oxoethyl)amino]ethylamino]-1-naphthalenesulfonic acid

Kd: dissociation equilibrium constant
LmodFL: full-length cardiac leiomodin2

MOPS: 3-(N-morpholino) propanesulfonic acid

Pi: inorganic phosphate
PIP2: phosphatidylinositol 4,5-bisphosphate
PIP3: phosphatidylinositol (3,4,5)-triphosphate
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TRIS: tris(hydroxymethyl)aminomethane

VASP: vasodilatator-stimulated phosphoprotein
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